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ABSTRACT

Isotactic polypropylene (iPP) can be synthesized using, conventional heterogeneous

Ziegler-Natta (zriiPP) and homogenous metallocene catalysts (miPP). Materials catalyzed

using the Ziegler-Natta catalysts typically have broad molecular weight distributions, high

peak melting temperatures, a heterogeneous distribution of stereo defects, and significant

portions of noncrystallizable (atactic) material. Metallocene resins typically have a narrow

molecular weight distribution, lower peak melting temperatures than zniPP resins, a more

uniform distribution of stereo and regio defects, and very small amounts of atactic material.

The purpose, of this work was to investigate and compare and contrast miPP resins to

zniPP resins.

The resins in this study were thoroughly characterized by cNMR and solution

fiuctionation to determine the number, type and distribution of defects. The resins were

then studied under isothermal and nonisothermal quiescent crystalliza^tion conditions to

determine the bulk and crystal growth kinetics, crystal structure, crystallinity and thermal

properties. The resins were also melt spun into fibers to ̂ ow the effects of molecular

weight md molecular weight distribution on as-spun filament properties to be determined.

The as-spun fibers were then characterized to determine the crystalline and noncrystalline

orientation functions, birefringence, density, thermal properties and tensile mechanical

properties (elongation-to-break, modulus, tensile strength). In addition, on-line

crystallization studies were also conducted using the resins to determine the locations in the

spinline where crystallization occurred. Selected resins were then used to study the effects

of as-spun fiber properties on nonwoven fabric mechanical properties using a thermal point

spunbonding process.
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The cNMR and xylene fractionation studies indicated the miPP resins had

substantially more total defects in the crystaUizable material than either of the zniPP resins

in this study. The miPP resins also contained regio type polymerization defects, which

were not present in the zniPP resins. The results also found that, in general, the miPP

resins contained much smaller portions of atactic material, as determined by xylene

fractionation. The totality of the stereoregularity results suggest the miPP resins have a

more uniform defect distribution than the zniPP resins.

Combined results from DSC, SAXS and WAXD indicated the miPP and zniPP

resins have similar a-monoclinic equilibritim melting temperatures (T„°), despite the

differences in defect content, type and distribution. The presence of atactic material was

found to lower the observed equilibrium melting temperature of a particular resin, whether

miPP or zniPP. The y-crystal structure, observed in the miPP resins using WAXD and

DSC, had a lower equilibrium melting temperature than the a-stmcture. The T„° of the a-

monoclinic structure was found to be 186+2°C, while the y-structure T^," was found to be

178±2°C, when crystallized at atmospheric pressures. The ntiPP resins were found to nielt

at lower temperatures than the zniPP resins, at similar crystal thicknesses, which is

attributed to the ntiPP resins having significantly higher fold surface free energies when

crystallized under isothermal conditions.

The isothermal crystallization studies showed the miPP resins readily produce the y-

crystal structure. The zniPP resins also produced small amounts of the y-structure, at high

crystallization temperatures. Defects were found to be excluded from the crystal under

isothermal crystallization conditions. The defects excluded from the crystal core are

thought to be rejected into the cryst^ fold surface region, increasing the fold surface fî e

energy. SAXS studies indicate the lamellae fold surface of isothermaUy crystallized miPP
V



resins might be rough, possessing a threb-diinensional topology instead of a two-

dimensional structure. The and fold surface,;ffee energy for each resin was determined

from the Gibbs-Thompson equation. The Gibbs-Thompspn equation normalizes to a two-

dimensional crystal fold smface, therefore the apparent fold surface free energy is higher in

the miPP resins with a three-dimensional topology. These conclusions are supported by

the nonisothermal crystallization studies which showed that defects are incorporated into

the crystal core and that the fold surface free energies of the nonisothermally crystallized

films using rruPP and zniPP resins are similar.

For crystallization under isothermal crystallization conditions, the observed linear

growth rates were found to be dependent upon defect content. Under nonisothermal

conditions, the growth rate was found to depend mostly on the molecular weight. For

resins with similar molecular weights, the number of defects was also found to be

important under nonisothermal crystallization conditions. The nucleation density was

found to have a strong effect on the overall bulk crystallization kinetics. The relative order

of bulk crystallization rates for the resins in this study was found to be strongly determined

by the relative nucleation density of a particular resin.

Fiber spinning studies showed that the molecular weight and molecular weight

distribution of an iPP resin is largely determined by the point of crystallization in the

spinline, the crystallization temperature and as-spun filament properties. Increasing the

molecular weight (also increasing the spinning speed) tended to increase the density and

crystallization temperature, i.e. c^stallization in the spinline occurs closer to the spirmeret.

Narrowing the molecular weight distribution and decreasing the molecular weight (also

with increasing the spinning speed) tended to increase the noncrystalline and crystalline

orientation function, birefringence and tensile strength (elongation-to-break was the

inverse) for most the resins. The more narrow molecular weight distribution resins also

delay crystallization to a distance further away from the spinneret and to lower
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crystaliization temperatures. The as-spun fiber tensile modulus was found to increase as

the spinning speed increased, a result of the birefringence and crystaUinity increasing. The

observed differences in fiber spiiming behavior between the miPP and zniPP resins are

mainly attributed to the differences in molecular weight and its distribution.

Studies on the mechanical properties of nonwoven fabrics made using the thermal

point spunbonding process were found to be dependent on the fiber properties, when

bonded at the optimum bonding temperature. , The optimum bonding temperature is the

temperature in the bonding curve where the fabric mechanical properties are the best.

Increasing the as-spun fiber noncrystaUine orientation function and birefringence increased

the optimum bonding temperature. Increasing the fabric basis weight also increased the

optimum bonding temperature. No significant differences in fabric properties between

miPP and zniPP resins could be found that are not explained by differences in the as-spun

fiber properties. The as-spun fiber properties were found to be different between the two

. catalyst systems, a result of differences in their molecular weight and molecular weight

distribution.
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Chapter 1

Introduction

Isotactic polypropylene (iPP) is a .major engineering thermoplastic that has

enjoyed widespread use due to its high strength to weight ratio, rheological properties and

cost effectiveness. Isotactic polypropylene is used extensively in fiber spinning

applications such as spunbonding and staple fiber formation to produce nonwoven
'  • ' '"i' n n '

fabrics. Polyproylene is also used in m^y injection molding applications where high

temperature dimensional stability is needed near the temperature of boiling water, a

region where most polyethylene systems 'do not have outstanding dimensional stability.

i
Isotactic polypropylene is also important ]ffom a scientific standpoint, in that it exhibits

several crystal structures, can be copolymerized to yield novel copolymers and is
1

polymerized from the most basic vinyl monomer, propylene.

Until very recently, iPP was produced using Zieglef-Natta catalysts that

polymerize through coordination chemistry. Ziegler-Natta isotactic polypropylene

"  i '• ' '(zniPP) resins typically have to be washed after sjmthesis to remove the large amounts of

noncrystaUizable material (atactic) produced during the polymerization process. Resins

produced using the Ziegler-Natta catalysts also are typiczilly peroxide degraded to narrow

the large molecular weight distribution found in as-produced zniPP resins. The large

molecule weight distribution and presence of atactic material is due to the heterogeneous

catalysts and cocatalysts used in zniPP production that have different numbers, and types

of catalyst sites. Recently, a new type of homogenous catalyst system was



commercialized for iPP that produces a very narrow molecular weight distribution resin

with very small amounts of atactic material, in the as-produced resin. The new catalysts

are called metallocene catalysts.

The pmpose of this work is to study and compare Ziegler-Natta and metallocene

catalyzed isotactic, polypropylene resins. The goal is to understand the behavior of each

type of resin individually and iPP resins collectively. Each resin will be thoroughly

characterized to determine its molecular weight, molecular weight distribution, amount

and type of defects, as well as the amount of:atactic material. This information is needed

before any understanding can be made of the properties of polypropylene resins in

general, and more specifically, the iPP resins in this study.

The materials in this work will be studied in a range of ways, from techniques and

purposes of purely scientific interest, to methods used in industries that consume billions

of pounds of iPP per year worldwide. This investigation can be divided into three

different, although intimately related, categories:

(1) Crystallization kinetics: Studies were conducted under isothermal and

nonisothermal conditions to study the behavior of the various resins. SAXS,

WAXD and DSC measurements were made on samples produced during the

course of the crystallization studies to investigate each sample's properties.

(2) The same resins were melt spun into fibers to study the effects of molecular

weight, molecular weight distribution and defect content on fiber properties. On

line studies using these materials were performed to elucidate the crystallization

kinetics in the steady state spinline. The properties of the as-spun filaments were
i, .

thoroughly characterized to determine and understand the important relationship



that exists between material and processing variables and final filament

moiphology in the production of melt spun fibers.

(3) Selected iPP resins were used to study the thermal point spunbonding process.

The emphasis in this work was to study the relationship between fiber properties

and nonwoven fabric properties.

The various chapters in this work are divided in a manner to reflect the important

areas of research involved in this investigation. Chapter 1 is an introduction to this work,

giving a brief review of the research and its division. Chapter 2 is a comprehensive

literature review of quiescent crystallization behavior under isothermal and

nohisothermal conditions, including regme analysis. Chapter 2 also reviews the theory

and previous investigations into melt fiber spinning, as well as, the conversion of melt

spun fibers into nonwoven fabrics via thermal point bonding. In each case, previous

studies on iPP have also been reviewed.

The purpose of Qiapter 3 is to present the theory and experimental methods used

in conducting the research in this investigation. Detailed instructions are given for why

and how the experimental techniques are used in the pursuit of elucidating sample

characteristics and properties. The techniques and methods used in this investigation

include; small and wide angle x-ray diffraction, optical microscopy, differential scanning

caloiimetry, tensile mechamcal properties, sonic velocity and birefringence.

The results and discussion in Chapter 4 deal with quiescent isothermal and

nonisothermal studies performed on the various iPP resins in this investigation. Bulk and

crystal growth kinetic studies have been carried out. Films crystallized with the various

resins under a variety of conditions were made and characterized to determine their



crystalUnity, crystal properties, morphology and thermal behavior. The influence of

defect type, content, distribution and location in the as-crystaUized sample under a variety

of crystallization conditions are discussed in relation to the observed film properties.

The results and discussion in Chapter 5 details the small scale monofilament fiber

studies performed on several iPP resins. On-line fiber studies were conducted to

determine the location of crystallization onset and when crystallization has been

completed, under a given set of processing conditions. This on-line data was then used to

calculate the on-line crystallization kinetics of the various resins for each processing

condition. The as-spun fibers were then fuUy characterized to determine their mechanical

tensile properties, birefringence, crystalline and noncrystalline orientation functions,

density and melting points. The underlying fiber morphology is then discussed in terms

of the molecular weight and molecular weight distribution of each iPP resin and its

mfiuence on structure development during the melt spinning process.

The results and discussion in Chapter 6 concern the studies conducted on thermal

point spunbonding of nonwoven fabrics. Chapter 6 develops and explains the

relationship between as-spun filament morphlogy as well as properties on determining

the optimum bonding temperature and its affect on final fabric mechanical properties.

A summary of results and conclusions from each chapter are in Chapter 7.

Chapter 7 also contains recommendations for future research.



Chapter 2

Theoretical Background

2.0 Polypropylene

Polymers are materials composed of many subunits called monomers. Monomers

can be composed of almost any type of atoms, but are most frequently composed of

carbon, oxygen, hydrogen and nitrogen. Many polymers are constructed with a carbon

backbone, although other atoms or ̂ oups may constitute the backbone structure, such as:

ethers, esters, amides etc. The composition of the backbone , along with any side groups

attached to the monomer, are important since tihe chemical nature of these species will

dictate what type of properties the polymer will have. For our definition, we will define a

polymer as any molecule having a molecule weight (MW) greater than 10,000 Daltons

or composed of 1,000 or more atoms^

Polypropylene (PP), is polymerized from the monomer propylene. Prior to 1950,

a propylene polymer was a branched low molecular weight oil with no practical interest.

Most polymers produced during this time were non-crystalline due to poor stereo

arrangement of the monomer units during polymerization. In the 1940s, the first

stereoregular polymer from an asymmetric monomer was first discovered, cis-1,4-

isoprene, natural rubber. In order to form cis-l,4-isoprene, all monomer units must

polymerize in a • head to tail manner. At the time, it was impossible for scientists to

duplicate this type of polymerization using existing chemical synthesis techniques.

In this era of polymer science, semi-crystalline polymers were in their infancy. A

few polymers were known to crystallize. For instance, low density polyethylene (LDPE)



was know to Have crystalline regions. However, at this time PP was not observed to have

any level of crystallinity. Ethylene, as a symmetrical monomer, has no head to tail or R/S

insertion stereo configuration needed during the polymerization process. Therefore,

ethylene could, in theory, polymerize from any known stereo arrangement of the

monomer. ^

When Ziegler synthesized a linear PE, it was found that branching affected the

levels of crystallinity for PE. Shortly after Ziegler formed linear PE, Natta produced a

roughly 40% crystalline PP product. Natta and his researchers went on to analyze the

crystalline material and found that PP had a helical chain. The researchers also

recognized the importance of stereoregular polymerization in achieving the crystalline

structure. They defined tluree different stereo conformations for PP, named after the

Greek terms; isotactic, syndiotactic and atactic.

2.1 Stereo Arrangements of Polypropylene

Polypropylene is a vinyl polymer, meaning it has a mono substituted group for a

hydrogen on the carbon backbone. In the case of propylene, a methyl group has been

substituted in place of a hydrogen. Ethylene and propylene monomers are shown in

Figure 2.1. The ethylene monomer is a flat planar molecule having sp^ hybridized

orbitals, in the monomeric formi Propiylene is very similar, except the substituted methyl

group is considerably l^ger, than the hydrogen. The methyl group also destroys the

symmetry found with ethylene molecules. Methyl substitution gives a side group

arrangement and handedness to a propylene chain. The methyl groups can be arranged in

a head to head, tail to tail or head to tail type organization, as shown in Figure 2.2. The



Ethylene Monomer

Propylene Monomer

Figure 2.1 PE and PP Monomers



-Jl_
Head-to-Head (regio defect)

Tail-to-Tail (regio defect)

Head-to-Tail or cis addition (meso diad = mm)

trans addition (racemic diad = mr, stereo defect)

Figure 2.2 iPP insertion and defect types.



vertical lines represent the methyl group. The methyl groups can also be arranged in R or

S type configuration, inducing a handedness on the chain, meaning there can be a left (R)

or right (S) addition of the monomer. Both the side group arrangement and handedness

in the polymerization of propylene is important in determining what type of stereo

arrangement the synthesized polymer chains will have.

Polypropylene is ah a-polyolefin, meaning it is prochiral, having two

enantiofaces, R and S. The absolute configuration of the tertiary carbon atoms of the

main chain (R and S) is dictated by the enanioface undergoing the insertion. This is

shown in Figure 2.3, where the stereocherhistry of the metal carbon addition to an

olefinic double bond is illustrated. The R and S orientation arises from which enantioface

gets inserted, determined by the stereochemistry, being either cis or trans^. If the

regioselectivity is high and insertion occurs only with cis stereochemistry, multiple

insertions of the same enantioface produce a polymer chain with chiral centers of the

same configuration; i.e. isotactic chains. The deuterated propylene monomer illustrates

the stereochemistry of isotactic polypropylene (iPP) is cis when using an isospecific

catalyst. Multiple insertions of alternating enantiofaces produces a polymer chain with

carbon chiral centers of alternating configuration; i.e. syndiotactic polymer chains. If

there is random enantioface insertion, an atactic polymer chain with no configurational

regularity is formed. The types of enantiomeric insertions described above can also occur

within the same polymer chain. Therefore, there can exist portions of each stereo

arrangement within a single polymer chmn. Shown in Figure 2.4, are the three different

stereo arrangements that may occur in PP polymerization. The carbon backbones are

placed in a plane so that the methyl side groups either fall on the same side (isotactic).
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Isotactic

Syndi otacti c

Atactic

n~in~'n~^—i~i i
Atactic

_i_i_i_j_i_i_j_i_i_i_)_j
I sotacti c

_1 ^ _J _l _J _J
Syndi Otacti c

Figure 2.4 Stereo Arrangements of PP.
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alternate sides (syndiotactic) or some random combination in between (atactic). The

remainder of this discussion and work will be centered on isotactic polypropylene (iPP).

Most iPP polymer chains contmn some defects. Even highly isotactic chains will

contain occasional configurational defects. The two types of configurational defects

found in iPP are regio and stereo defects, as shown in Figure 2.2. Regio defects result in

a head-to-head mbthy! group interaction'with the adjacent carbon atom and the formation

of a ethylene type sequence with the next monomeiic unit. Stereo defects result when the

enantioface has switched during polymerization so that the methyl groups on adjacent

monomer units lie on opposite sides of the carbon backbone. In fact, syndiotactic PP is

produced when the frequency of switching the enantioface is very high. If two adjacent

monomeric units have the same stereochemistry, a meso diad is formed, abbreviated with

an m. If two adjacent monomeric units have different stereochemistry, a racemic diad is

formed, abbreviated as r. The number of monomeric units between configurational

defects is called the meso run length.

2.2 Crystallographic Structures of iPP

Isotactic polypropylene forms a Sj helix, a result of the steric interaction of the

methyl groups. The repulsion of the electron clouds rotates the methyl groups into a

minimum energy conformation so there is a methyl group every 120°, with a repeat

periodicity of 0.650nm^'^. Three propylene units, or three monomers must be added until

the unit is repeated, as shown in Figure 2.5. The helix also has a rotational direction, a

non-identical "up" and "down" direction that is independent of the handedness. Often

12



L dw R dw L up R up

Figure 2.5 Isotactic Polypropylene Helix210
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these are referred to as right and left handed helices. In order for two chains to pack

close together, they must be of opposite handedness^'".

On a crystallographic level, iPP can assume one (or more) of four diffp.rp.nt

morphological forms, an pc, P, y or condis (smectic) form. These morphologies differ by

the arrangement of the polymer chains in:the crystal^"^®. The wide angle x-ray diffraction

(WAXD) patterns are shown in Figure 2.6 for the first three crystal structures.

2.2.1 a-MonocIinic Form

The most common crystal phase of iPP, in the absence of nucleating agents and at

atmospheric pressure, is the a-monoclinic form (a-iPP). The overall geometry of the

unit cell is monoclinic, with parameters a=0.665nm, b=2.096nm, c=0.65nm and

P=99.80°. The cell consists of 12 repeat units (four three-fold hehcal chains) and has a

crystal density of 0.938g/cm^. The space group that has been assigned is C2/c and Cc for

the statistically ordered arrangement of the up and down stems in the unit cell. Recent

research has supported these values with only slight changes in the c-axis^°'"'". These

values differ slightly from those proposed by Natta and Corradini in I960®.

The chain conformation is a ternary helix based on the tg^ and g"t conformations

which minimize the methyl-methyl steric conflicts characteristic of extended isotactic

chains and lead to the left and right handed helices, respectively. The packing of the

helices is such that any helix interacts mostly with helices of opposite hand. Therefore,

a-iPP is based on the alternation, in the b-a^s direction, of layers parallel to the ac plane

md made only of left-handed, or only of right handed helices. Research has shown^^ that

14,
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Figure 2.6 Crystal Structures of Isotactic Polypropylene^^".
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a-iPP shows various degrees of disorder in the up and down positioning of the chains in

the crystal, depending on the thermal and mechanical history of the sample.

2.2.2 P-Pseudohexagonal Form

The structure of P-isotactic polypropylene (P-iPP) is characterized by extensive

disorder"'^®. Formed under special crystallization conditions, using either a temperature

gradient method, nucleating agents or at high isothermal crystallization temperatures

(typically with a Ziegler-Natta catalyst using crystallization temperatures above 130°C),

large amounts of this crystal structure can be formed"'*®"^^. Keith et al." first identified

P-iPP but never fully characterized its structure, a result of this crystal structure's

thermodynamic and mechanical instabihty.

The simplest satisfactory model for P-iPP is hexagonal (P3i21 and

enantiomorphic P3i21) with a=b=1.103nm and c=0.649nm"'^^. Three monomers form

the asymmetric unit, with six chain stems in the unit cell. The crystal density is

significantly lower than the other forms of iPP, at 0.92g/cm^ The lower density,

combined with the faster ̂ owth rate, indicate that high degrees of disorder exist within

P-iPP. Other data exists for this structu^e'^'^^ but the cell is a subcell of the one indicated

above. However, the structure presented here is from the most recent research and

consists of further investigations done by one of the original investigators who

determined the initial P-iPP structure'®.

16



2.2.3 Y-Orthorhombic Form

The nature of the y-isotactic polypropylene (y-iPP) has drawn a considerable

amount of attention and The appearance of y-iPP is favored by

molecular features such as short chain length, chain molecular defects or high

pressures'"'^'''^'^'. Previous studies have shown the formation of y-iPP with the presence

of molecular heterogeneity in the chmn, caused be atacticity or by copolymerization^®.

Recent work has demonstrated the production of y-iPP at elevated pressures from high

molecular weight homopolymers with no appreciable defects, confirming an earlier

finding". ,

For many years the structure was labeled as triclinic. Recent work has shown the

triclinic unit cell is actually a sub-cell of a larger orthorhombic cell^°'^^'^®. The triclinic

cell has dimensions: a=0.655nm, b=2.140nm, c=0.650, a=97.4°,3=98.8° and y=97.4°.

The cell consists of ,12 repeat units having a crystal density of 0.935g/cm^. These

parameters allow the conversion to a larger face-centered orthorhombic unit cell of bighp.r

symmetry: a=0.854nm, b=0.993nm and c=4.241nm consisting of 48 repeat units with a

crystal density of 0.933g/cm^ The overall structure is best represented by the statistical

copresence of anticlined isochiral helices at each crystallographic position. This is

implied by space group Fddd. Local packing modes which cannot retain this feature are

satisfactorily described by space groups F2dd or Fd2d.

Much of the early confusion surrounding y-iPP has originated from the similarity

between the a and y-crystal structures. The WAJffi patterns for the a and y-crystal

structures are very similar, except for the shift of one peak to a slightly higher 20. As a

result, it was assumed that the y-triclihic cell differed from the a-monoclinic structure.

17



only slightly in chain conformation. Further confusion arose between whether the y-

triclinic or y-orthorhombic structure was correct. However, it was shown that the

relationship between the y-triclinic and y-orthorhombic structures is the c-axis of the

smaller triclinic cell is parallel to the .diagonals of the ab plane of the larger orthorhombic

cell. The orthorhombic y-iPP is very unusual in that it consists of non-parallel chains

packed into a fully ordered OTay!°''\ The structures of a-iPP and y-iPP are shown in

Figure'2.7., Notice the siinilarities between the crystal structures and the very unusual y-

orthorhombic structure composed of sheets of parallel molecules. The molecular

orientation between adjacent sheets becomes non-parallel every two sheets with the angle

between the non-parallel stems of approximately 81°. The new orthorhombic structure

accotints for all observed diffraction peaks in more satisfactory manner than the y-

triclinic'°'".

The data in Table 2.1 shows the collection of lattice parameters and crystal

densities determined for each crystal t^e, a, P and y respectively. The values in this

table yvill be used throughout this work.

2.2.4 Conformationally Disordered or Smectic Form

The conformationally disordered (condis) or smectic form is an intermediate

rnetastable crystalline structure®-^'*'". The smectic form is obtained by quenching thin

sheets if iPP from the melt into ice water, The smectic structure can also be found in

fibers spun with extremely high cooling rates under small stresses. The smectic structure

is thought to be a disordered a-structure, with some experimental evidence to support this

claim^®^. A comparison of amorphous atactic PP (aPP), the smectic structure
•- f
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a-monoclinic

50

Y-triclinic

81

Y-orthorhombic

Figure 2.7 Chain stem arrangements in a-monoclinic, y-triclinic and y-
orthorhombic"".
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(mesomorphic) and a-form is shown in Figure 2.8. The density of the smectic structure

is 0.88g/cm^ The density of aPP is 0.85g/cm^ which indicates the smectic structure has

a higher molecular order than aPP®. An annealed smectic form will gradually transform

to the a-form over time or when exposed to elevated temperatures above 70°C.

The morphology that will form is determined by the percent isotacticity of the

polymer chains, any monomer defects (such as ethylene instead of propylene) and

conditions that the polymer was placed under during the solidification process. The

remainder of this work is intended to deepen the understanding of these

structure/processing relationships of iPP.

2.3 Polypropylene Synthesis

Isotactic polypropylene is currently synthesized using two different catalyst

systems, Ziegler-Natta and metallocene. Ziegler-Natta catalysts produce polymer chains

that have a wide range of physical properties, resulting from one or more active

polymerization sites. The multiple polymerization sites produce two populations of

chains''®"®^ One population consists of high molecular weight (hMW), highly isotactic

polymer chains and the other population consist of atactic chains, that are generally non-

crystalhzable and increase the percent xylene solubles. Metallocene resins tj'pically have

very narrow molecular weight distributions (nMWD) with chains of similar molecular

structure and properties, a result of only one active catalytic site. Metallocene catalyzed

iPP resins have very small amounts of xylene soluble material, while the zniPP resins can

have a significant weight percent xylene solubles material'*®.

21



A

c
o

(0

©
X

\m>J
a-form

Mesomorphic Form

Amorphous aPP

10 15 20 25 30 35

26

Figure 2.8 Comparison of a-iPP, aPP and the smectic iPP structure^®'.
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2.3.1 Ziegler-Natta Catalysts

Ziegler-Natta catalysts, often referred to as heterogeneous catalysts, have gone

through several generations of development. The original iPP catalysts developed by

Natta had only isotactic contents of 30-40%. Current Ziegler-Natta isotactic

polypropylene (zniPP) catalysts can produce chains with greater than 99% isotactic

content. Due to continuous development, Ziegler-Natta catalysts are in the forth and fifth

generations of development. Metallocene catalysts are the sixth generation of iPP

catalyst technology, since they are the newest method for polymerization of propylene.

Current Ziegler-Natta polymerization techniques are achieved with supported

(MgClj) catalysts using a cocatalyst to improve catalyst activity and stereospecificity. A

current zniPP cat^yst/cocatalyst combination is MgClz/TiCVTB-diether-AlEta^'^l Since

the methods used to produce Ziegler -Natta catalysts are varied, a review would be both

time consuming and inaccurate, as many of the methods for Ziegler-Natta catalyst

formation are not completely understood. However, a review of the types of polymer

chains produced from zniPP polymerization is in order and justified.

Studies since the 1970s have shown that Ziegler-Natta catalysts have multiple

active polymerization sites. Multi-site polymerization produces pol5nner chains that are

unique to each site on the catalyst'^^'^l The molecules produced at each catalyst site differ

in the number and distribution of stereo defects. Stereo defects strongly influence the

crystallinity and thermal properties of the resin produced. In Ziegler-Natta

polymerization, one active site, which is called the "primary site", wiU produce highly

isotactic polymer chains that have very few stereo defects and a high molecular weight.

Research has revealed^'^^^, through MW fractionations and structural analysis (FTIR and

23



cNMR) of xylene, fractions, that as the molecular weight of a zniPP molecule increases,

the isotacticity of the molecule also increases. The molecular weight/tacticity

relationship is explained On the basis that higher molecular weight chains are produced

from sites having the highest activity; The high activity sites make very few monomer

insertion errors, which allows these sites to have the highest activity.. Thus, the primary

sites produce the highest MW and isotactic chains. The "secondary" catalyst sites

produce atactic chains, that ̂ e gener^ly aniorphous and do not crystallize. The atactic

chains are a significant portipn of the total xylene solubles material.

The xylene soluble fraction consists of atactic rnateiial, which is composed of

short run length isotactic sequences divided by stereo defects, and low molecular weight

isotactic chains produced during peroxide degradation. The higher molecular weight,

xylene insoluble chains, are composed of highly isotactic sequences. For zniPP resins, as -

the molecular weight decreases, there is an increase in defect content, producing a hon-

homogenous distribution of molecules.. Therefore, these materials show melting points

and breadths that reflect the diversity, of molecular architecture among the polymer

chains^"l

Based on these findings, iPP resins are viewed as being composed of ieither one or

two types of chains: asymmetric chains, where one configuration is dominant, or

symmetric chains, where two types of configurations have equal populations'*^.

Asymmetric chains are referred to as "enantiomorphic site controlled" and syrrunetric

chains as "chain end controlled"^. En^tiomorphic site control inserts a monomer in a

preferred configuration every time, regardless Of the orientation of the last monomer unit;

i.e. it will correct for any irregular insertion in the last step. Chain end control means the



catalyst has a precursor from the previous liibnomer and follows the stereosequence from

the previous unit, correct or not. Shown in Figure 2.9 are S5nnmetric and asymmetric

chains. Asymmetric chains'*^ have almost all the methyl groups located on the sflme side

of the carbon backbone, if a stereo error is made the catalyst will correct the error and

continue to polymerize. With symmetric chains, a series of isotactic sequences are maHft

with a switching back, and forth (racemic diad) of the methyl group along the backbone.

For clarification, a 100% syndiotactic polypropylene chain would be a 100% symmetric

chain.

As stated earlier, atactic chains are composed of symmetric sequences, which are

often called symmetric chains. Syrhmetric, chains are typically, very short, with meso run

lengths too short to crystallize, as the meso run length is often much shorter than the

crystal thickness. A meso run length or meso diad (denoted by an m), occurs when two

monomer units are inserted with the same stereospecificity. The meso run length is

typically used to compare how long the monomer sequence is between stereo defects in

polymer chains. A racemic diad, would be two monomer units with the same head to tail

insertion, but with different enantiomeric faces, i.e. a symmetric sequence. The

importance of this work, involves the significance of meso run lengAs on crystallization

behavior. The longer the meso run length, the fewer the defects and the faster the

material should crystalhze. In addition, longer meso run lengths will produce thicker

crystals that will melt at higher temperatures.
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Figure 2.9 Ziegler-Natta polymer chain defects.
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2.3.2 Metallocene Catalysts

Metallocene catalysts (homogenous catalysts) are catalysts which enable control

of both the molecular weight and defect distribution of polyolefins over a wide range of

synthesis conditions. Metallocene catalysts allow for a study and understanding of the

catalyst structure/polymer structure relationship. This is due in part to the full

understanding of how a metallocene catalyst polymerizes"^®.

Metallocene catalysts polymerize from the reaction of metallocenes and a

cocatalyst, which is generally an organoaluminum compound. The metallocene atoms

generally used for olefin polymerization, are group 4 metals, such as titanium, zirconium

or hafnium bent metallocenes. Zirconium produces the most active catalyst followed by

hafnium and titanium"®. These are the same metals used in Ziegler-Natta catalysts. Like

Ziegler-Natta catalysts, metallocenes operate by coordination chemistry among the

various substituents attached and surrounding the central metal atom. However,

metallocenes did not show much productivity until the discovery that the cocatalyst

methylaluminoxane (MAO) strongly activated the group 4 metallocenes for polyolefin

polymerization®®'®'.

Group 4 metallocenes are d°, pseudotetrahedral organometallic compounds in

which the transition metal has two T|®-cyclopentadienyl ligands (Cp ligands) which

remain attached during polymerization. The ligands (as with zniPP catalysts) define the

catalyst stereoselectivity and activity. The metallocene also has two a-ligands which are

removed when the active site is formed. A general structure of a group 4 metallocene is

shown in Figure 2.10. Note that X is the a-hgand, M is the metal atom, d is the Cp-M

distance and a is the Cp-M-Cp angle. The carbon atoms of the Cp ligands can bear
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Figure 2.10 General structure of a group 4 metallocene^"'.
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hydrogen or other groups, such as alkyl, aryl or silane: up to ten different substituents are

possible. This structural diversity is the reason for the high steric selectivity and'

versatility of the miPP catalysts. The different substituents change the size and shape of

the Cp ligand and determine the distance between the Cp and metaUocene, along with the

angle between the bonds of the Cp Ugands®"^. There is a high degree of freedom on the

metaUocene atoms, inspite of the bulky rings and the two a-ligands. However, the

structural rigidity of the bulky substituent groups is not sufficient to ensure a constant

steric environment at the coordination positions. Without sufficient stmctural rigidity,

the catalyst polymerization site can be compromised, producing poljmierization errors.

The structural rigidity problem was solved by linking the rings through a

bridge formed by one or more carbon or silicon atoms®^"®^. The linkage can then control

the structural rigidity of the metaUocene complex (these are caUed bridged metallocenes).

A general bridged metaUocene structure is shown in Figure 2.11, with the "x"

representing the bridge. The different classifications of metaUocene catzilysts are shown

in Figure 2.12. The shaded areas are the T|^-ligands. The classifications are broken down

and segmented with regard to planes of symmetry.

The key to the high polymerization activity of metaUocenes are the cocatalysts.

MAO is the most widely used, although some boron cocatalysts are beginning to show

promise. MetaUocenes are activated by alkylation of the halogens typicaUy found

attached to metaUocenes from their initial chemical synthesis®^. For activation of the

metaUocene catalyst to occur, at least one of the alkyl groups must be substituted. The

substitution reaction is shown in Figure 2.13a. Subsequent reactions yield a cationic

metaUocene, believed to be the active model center in olefin polymerization. The
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Figure 2.11 Generic formula for a chiral, racemic C2 -symmetric bridged
metallocene^"'.
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MAOorTMA MAO ^
Cp2M ► Cp2M ► Cp2M

^Cl ' Cl Me

(a) Activation of metallocene, substitution with a alkyl group

/Me /Me /^®
Cp2M 4 » Cp2M 4 ^ Cp2M0 q

(b) The activated charged system produced by MAO.

Figure 2.13 Acivation of a metaloocene catalyst46
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cationic species is shown in Figure 2.13b. The activated complex and other catalyst

structures are stabilized by Lewis acids and bases®®.

MetaUocene activity, as well as stereospecificity, is determined by the T|®-rings,

the a-ligahds and the metallocene ring bridge, if any. Through the use of NMR and x-ray

diffraction, synthesis and structure characterization has shown the true catalyst site for

metallocene polyolefin polymerization is a pseudotetragonal metal cation bearing the T)®-

ligands. The growing polymer chain has as a a-ligand and a new coordination vacancy

where the other a-Hgand was present®'"®'. The vacancy allows the coordination of the

incoming monomer. For the insertion, mechanism (shown in Figure 2.14), a chain

migratory mechanism is operating. For metallocene polymerization, pathway A is the

rule and pathway B the occasionally skipped step, or it can be made to be the rule if the

ligands are symmetric®'. Therefore, one reason for the high activity in metallocene

polyolefin poljnnerization is that the catalyst can insert a new monomer in two different

catalyst conformations.

The relationship between metallocene site symmetry and polymer ,

stereochemistry is fully understood and can be visualized using the lock and key

formalism (shown in Figure 2.15). The general mechanism for enantioface selectivity in

the chain migratory insertion, with site switching, operating using metallocene

(enantiomorphic site control) catalysts is: every metal atom has two available

coordination sites, which are the two locks, which can insert the olefin monomer that is

different in shape and chirality. For iPP, the two coordination positions available for the

incoming monomer and the growing polymer chain are Cj homotopic and chiral. The

configuration of the central metal atom does hot change after the shift of the growing
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chain to the position previously occupied by the coordinated' monomer^®'®. A chart of the

steric control as a function of metallocene symmetry is shown in Figure 2.16^®.

An aspecific met^ocene catalyst is shown in Figure 2.17, while a syndiospecific

catalyst is shown in Figure 2.18. Propylene polymerization with a C2 switching

metallocene with isospecificity is shown in Figure 2.19. In aU these metaUocene catalyst

systems, the polymerization site is . symmetrical, with the construction of the rings

dictating the type of growing polymer chain stereochemistry. These, catalysts have a

preferred insertion of the next monomer, with the methyl group orientation determined by

the ring structure.

2.4 Melting and Grystallization

;  , .Current theories of polymer crystallization are both complex and debated.

Crystallization is complex from the standpoint of mathematical modeling, where

developing models to explain the dynamic process for different materials has been

challengingi Crystallization theories are debated by how accurately they describe the

actual crystalhzation process and how well the theories predict future crystallization

behavior.

For polymers to crystallize, some basic conditions must be met. Polymers must

have a structurally regular, repeating pattern. The polymer niain chain must be flexible to

aUow for chain folding to take place. Polymer chains must be of sufficient length to

recover the excess free energy that occurs when a polymer chain folds.

There are three models to describe the way in which polymer chains can be

organized to form crystalline domains that diffract x-rays. The earhest was the fringed

micelle model™. The illustration in Figure 2.20 shows the Wunderlich triangle. Structure
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Symmetry Sites Polymer

C2v

Achirai O
A, A

Homotopic
Homosteric
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C2

Chiral o
1, 1

Homotopic
Homosteric
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CD

l.-i
Enantiotopic
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Ci

Chiral O
I,A

Diastereotopic Hemi-isotactic
Heterosteric

Figure 2.16 Steric control as a function of metallocene symmetry209
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A is an amorphous random coil polymer. Structures B represents a chain-folding

macroconformation with regular folding. Structure C is an extended chain

macroconformation. The stracture.in the middle (D), is the fringed miceUe model.

Proposed by Hermann'' et. al around 1930, the fringe micelle model was based on

x-ray diffraction results that showed, some crystalline regions in both synthetic and

natural polymers. However, there was a problem with the diffraction patterns of

polymers. The x-ray diffraction peaks were broader than those found for low molecular

weight, non-polymeric materials. The broad x-ray peaks were analyzed and studied, with

the results yielding a structure that was approximately lOOA x 400A. The x-ray structure

identified in these studies was a crystal lamellae, as shown in Figure 2.21. The crystal

thickness is , and the width W. After, this finding, the existence of two domains was

suggested for the polymer morphology found, Hermann termed these domains,

amorphous and crystalhne'"^. The crystalline domains are formed by the ahgnment of

the polymer chains along an axis, where the polymer chains align in a parallel fashion to

one another. In this model, each molecule travels from one crystallite to another, passing

through amorphous dommns into other lamellae. The illustration in Figure 2.22 shows

the crystalhne lamellae stacked on each other with , amorphous material in between the

crystalhne material. Tie molecules are amorphous chains that coimect the lamellae

together. The crystals formed were though of as physical crosslinks in a polymer sohd.

Tie molecules were used to explain the physical properties exhibited by bulk polymers.

The fringed micelle model was accepted for many years, until the discovery of chain

folded lamellae.

On a purely thermodynamic basis, one part of the fringed micelle model that was

questionable was the high free energy produced by the arrangement of molecules in the

micelle system'"*. From the standpoint of crystalhzation kinetics, crystal growth with

chain folds was found to be more favorable than the miceUe model, since the excess free

42



G
=2
8!
9

W

i

T

ideally £ « w « length

Figure 2.21 Lamellae Structure^^".

43



Sp
he

ru
li

te
 s
ur
fa
ce
^

L
a
m
e
l
l
a
r

■c
ha

in
-f

ol
de

d
cr

ys
ta

lli
te

■T
ie

 m
ol

ec
ul

e

W
i

Am
or

ph
ou

s
m

at
er

ia
l

Fi
gu

re
 2

.22
 

Sp
he

ru
lite

/L
am

el
la

e 
st

ru
ct

ur
e 

re
la

tio
ns

hi
p^



energy in the niicelle is much larger than the energy involved in the fold surface free

energies in a chain folded surface. However, until the discovery of lamellae, chain

folding was not thought to be possible.

Based upon electron diffraction experiments done using polyethylene single

crystals grown in dilute solutions, Bunn'^ proved that the polymer chain axis was

approximately ordiogonal to the flat planes of the polymer crystal. Keller'® then

suggested that the upper and lower planes of the crystal were composed of polymer chain

folds, where the polymer molecules fold back and forth on themselves. Chain folding

was proposed since crystal thicknesses were very much smaller than the polymer chain

molecule lengths. The illustration^ in Figure 2.22 and 2.23 clearly illustrate the

relationship of the spherulite, lamellae and crystallographic registry of polymer

molecules. Spherulites are composed of l^ellae that nucleate and grow from the center

of a spherulite. Lamellae are composed of the unit cells produced during the

ciystallization process. The crystal stem axis to basal plane relationship agreed with a

conclusion drawn by Stork" in .1938. In addition, the thickness of single polymer

crystals seemed to be independent of the polymer species, The crystal thickness for most

polymers was alrnost always near lOOA. The thickness was observed to depend upon the

crystallization temperature and pressure, with higher temperatures and pressures

producing thicker lamellae.

The discovery of the polymer stem axis laying perpendicular to the crystal surface

meant that chain folding had been proven to occur in semi-crystalline polymers.

However, another question developed as to whether or not the folds in lamp-Hap. formation

are adjacent reentry and/or non-adjacent reentry folding. Keller'® suggested the adjacent

reentry model and Flory'® the non-adjacent model (which is called the switch board

model). The idea of adjacent reentry seems reasonable from the relative proximity of the

fold and reentry into the crystal structure. The existence of tie-molecules giving

45



Sp
he
ru
li
ti
c 
Sc

al
e

1 -
5
0
 u
rn

'
 _ 

La
me

ll
ar

 S
c
a
l
e

1
0
0
-
3
0
0
 A

C
N

C
h

•
O

V
3
<

\
 «
»

\
 I
.

V
n
-
/

3
 
4
~
~
-
'

•'
 ^

O
,

\
j

b
=
2
0
.
8
A

=6
.6

 A

Cr
ys
ta
ll
og
ra
ph
ic
 S
ca
le
 .

=6
.5
 A

F
i
g
u
r
e
 2
.2
3 

P
o
l
y
m
e
r
 c

ry
st

al
 o
rg
an
iz
at
io
n 
fo
r 
i
P
P>

2
0
9



polymers the observed mechanical properties lead Flory to create and propose the

switchboard model.

Research has shown that lamellae crystallized from dilute polymer solution fold

according to the adjacent reentry model. Conversely, crystallization from polymer melts

produce lamellae that have both the switchboard and adjacent reentry folding. The extent

of adjacent reentry is dependent on the cooling rate, molecular weight, flexibility of the

main polymer chain and the stress placed on the crystallizing polymer melt'®'®^. The

higher the cooling rate, the lower the proportion of adjacent reentry due to a time

constraint placed on the crystallizing polymer chain. Chain inflexibility can preclude

adjacent folding from occurring, smce the entropy and energy barriers are very high in a

rigid polymeric material. Stress placed on a polymer melt during crystallization is

important, as it occurs in many processing type environments that lead to useful

mechanical properties. In bulk polymer crystallization, a combination of the micelle,

adjacent reentry and switchboard models 'is likely to take place, in all but extreme

crystallization conditions'^.

2.4.1 Melting

Crystals made up of small molecules generally exhibit a sharp melting point when

the temperature is gradually raised. Semi-crystalhne polymers do not exhibit a sharp

melting point, but melt over a broad range of temperatures. The melting temperature of a

polymer depends on AS and AH of phase transition from the solid to the liquid state.

Studies also have shown that the melting point of a polymer crystal depends on the

thickness of the crystal. Based on the Gibbs-Thomson®^ equation, for a lamellae

crystallite whose length is very much greater than its thickness, the experimental polymer

melting temperature, Tn,, is:
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(2.1) : t=t: 1--
2(j ' ̂

where Og is the fold surface free energy, AHu is the heat of fusion per unit volume of the

crystal and is the lamellae thickness. The equilibrium melting temperature (Tm") is

defined as the melting temperature of an infinitely thick crystal. The value of Tni° can be

determined by plotting Tm versus 1/ and extrapolating to infinite lamellae thickness.

The slope of the extrapolation also gives an average value of CTg.

The Tni° can also be determined by a method proposed by Hoffman and Weeks.

The Hoffman-Weeks approach®'"®® works by making a plot of Tm versus Tg, then making

an extrapolation to Tm = Tg. The Hoffman-Weeks method is both fast and convenient, as

it can be determined relatively quickly using a DSC.

2.4.1.1 a-iPP Equilibrium Melting Temperature

The equilibrium melting temperature of a-iPP has been quoted in the literature as

having two different values, 186°C and 210°C. Krigbaum®®, Miller®°, Campbell and

Mezghani'^ report Tm" values of 186°Ci wMe Fatou®', Monnassee'® and Fujiwara®^ report

values near 210°C. Kamide and Yamaguchi®®'®® observed changes in melting temperature

with crystallization time. The researchers observed that longer crystallization times lead

to increasing rnelting temperatures. This is now understood to be associated with

l^ellae thickening. Lamellae thickening increases as the crystalhzation temperature

increases.

Lamellae thickening is the most likely explanation for the two values of Tm" for

ot-iPP. Directly measuring the lamellae thickness and makirig extrapolations to the

will decrease the error found in making extrapolations from the crystallization

temperature alone'^
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The thickening ratio can be determined from the slope of a Hoffman-Weeks plot.

The crystals produced at high supercoolings are thinner and further away from

equilibrium than crystals produced at low supercoolings. Mezghani and Phillips®^

demonstrated the value of 210°C for Tm" is in error and can be explained due to the

lameUae thickening process.

2.4.1.2 y-iPP Equilibrium Melting Temperature

Until recently, there had been no, attempt at accurately measuring the Tm" for y-

iPP. Mezghani®' determined the T^® for y-iPP at elevated pressures and extrapolated the

Tni° to atmospheric pressures using the Clapeyron equation. Mezghani obtained a value

of 187°C for the T^" for y-iPP, slightly higher (186°C) than for a-iPP.

2.4.2 Crystallization Theories

There are several methods used for studying the crystallization kinetics of

polymers, which fall into two general categories: bulk or volumetric analysis and crystal

growth analysis. The simplest method for studying cryst^zatioh is to study bulk

kinetics. Bulk kinetic analysis describes the overall crystallization behavior of a polymer

nicltj grouping nucleation and growth events together into an overall numerical

description of the crystallization process. Crystal growth analysis involves directly

measuring linear growth rates, of growing crystals. In principle, the number of nuclei

present, can be counted, which allows the effects of nucleation and growth to be

separated, enabling a more detailed understanding of the crystallization process.

However, few investigations have carried out such measurements due to experimental

difficulties.

The importance of understanding the crystallization process can not be overstated.

The nature of the crystalhzation process, as determined by molecular microstracture and
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constitution (plus other additives, if any) dictate the behavior of a given polymer resin

under a set of crystallization conditions,

2.4.2.1 Bulk Crystallization Analysis

Bulk crystallization analysis is broken down into isothermal and nonisothermal

kinetic descriptions of the crystallization process. Bulk kinetic processes are usually

studied using DSC, dilatometry and light intensity measurements that rely upon the

experimentalist to determine the crystallinity as a function of time during the

solidification process.

2.4.2.1.1 Isothermal Crystallization

The most widely used approach for analysis of bulk polymer crystallization

kinetics was introduced by Melvin Avrami'®"'"". Avrami introduced an equation that is

assumed to work under isothermal crystallization conditions, with nucleation occurring

throughout the material. The general Avrami equation is:

(2.2) =

where 0(1) is the relative crystallinity at time t, k is the isothermal crystallization rate

constant, and n the Avrami index. In this equation, at t=0, t begins after an induction

time during which no nucleation is observed. This induction time may include the period

in which the sample is equilibrated at the crystallization temperature. The Avrami index

is used to indicate the nucleation mechanisni and growth morphology. A theoretical

description of some Avrami exponents are shown in Table 2.2. Two types of nucleation

kinetics are assumed in this approach: instamtaneous and sporadic. With instantaneous

nucleation the nuclei form at the beginning of crystallization and the number of nuclei

remain constant throughout crystallization. In the case of sporadic nucleation, the

number of nuclei changes with time. It is often assumed that the nucleation rate is
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constant, but this is just one extreme case of sporadic nucleation. More generally, there

may be a combination of both time independent and time dependent nucleation, and the

latter may involve variations in nucleation rate.

The method used to analyze and determine the Avrami exponents is by taking the

logarithm of both sides of equation (2.2), such that the equation can be linearized on a

log-log graph. Taking the log of both sides of equation (2.2) yields:

(2.3) In In
1  ̂

= Ink-l-nlnr

where the slope of a plot of the left hand side of this equation versus In t gives the

Avrami index (n) and the y-intercept the crystallization rate constant (k). It can further be

shown that the crystallization half-time, , is related to k and n by:

(2.4) k = an2)
1

hn

Rarely is the entire Avrami plot straight. The initial and final regions of the graph depart

from linear behavior. As shown in Figure 2.24, the initial part of the curve usually has a

lower slope than the middle "steady state" region, which typically is linear from 10-80%

of the relative crystallinity. Non-linearity of the Avrami plot identifies one of the

shortcomings of the Avrami method.

During the growth of poljoner spheraUtes, at least two types of crystallization are

occurring, these are referred to as primary and secondary crystalhzation. Primary

crystaUization is the process where virgin polymer molecules are reeled into a growing

crystal from the melt. Secondary crystalhzation involves the perfection of existing

crystals and the crystallization of any material trapped in the interzonal region between

the already formed crystals, often called intercrystaUine domains. The Avrami method

fails to accurately describe secondary crystallization, and as a result, can give a

misleading primary crystalhzation value, as secondary crystalhzation (for most polymers)

occurs simultaneously with primary crystalhzation. In addition, Avrami analysis fahs to
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Figure 2.24 Avraml plot of miPP resin.
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account for the volume contraction that occurs during crystallization, a result of the

change in density from the melt to cryst^ne solid.

2.4.2.1.2 Non-Isothermal Crystallization

The Avraim analysis was extended by Nakamura et al. to include non-isothermal

crystallization kinetics to describe the phase transformation processes with variable

nucleation and growth rates. The Nakamura et al. equation^°^''°^ is:
T' ■'1- jK(T)dt

(2.5) 0(O = l-e^^°
where the variables are the same in the Avrami equation except for K(T), which is the

non-isothermal crystallization rate constant. Equation 2.5 is based on the "isokinetic
assumption" in which the ratio of is constant. The non-isothermal crystallization

rate constant, K(T), is related to the Avrami isothermal crystallization rate constant, k, by

the following:

(2.6) _ , i§:(r)=[it(r)]« =(in2)i

The Nakamura equation does not address the difficulties with separating primary and

secondary crystallization.
»

Ozawa'°^ proposed a nonisothermal crystallization kinetics equation based on the
assumption that the sample is cooled at a constant rate. The Ozawa equation is:

r-.g(ro]
(2.7) -ly. ̂  = l-gk - ; " v- .'y- '
where K(T').is the cooling function of nonisothermal crystallization at temperature (T), a

is the cooling rate and n is the Avrami index. The variables aie solved in the same

manner as with the Avrami equation.

Another method for analyzing non-isothermal crystallization kinetics was

introduced by Ziabicki. The intention was to introduce an equation that would also work

for the melt spinning of polymers. Ziabidd^"^ introduced the kinetic crystallizability (Gc)
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which characterizes the ability of a polymer to crystallize. The assumption is that

pol5mier crystallization follows a first order kinetic equation:

(2.8) ^ = K(l-0) , ,
where 0 is the relative crystallinity (as above) and K is a crystallization rate constant with

the following temperature dependence:

-41n2'

(2.9a) K(T) =

where D is the half width of K vs T, Kmax is the maximum K value, and Tmax is the

temperature at Kmax • The kinetic crystallizability is calculated by:

(2.9b) G^ = jK(T)dT = n .

h^y

.0.5

^  D
K —max 2

such that Kmax and D can be determined from hon-isothermal crystallization conditions

using DSC.

More recently, Ziabicki^°^'^°^ proposed an equation for temperature-dependent

crystaUization rate derived from nucleatipn theory:

(2.10) = const^
'^TAT^

exp
\  m J kT

exp
—consuT„

TAT
exp

-const2T^

(TATf

where the constants are related to physical parameters of nucleation theory. The exact

equations depend on whether sporadic or predetermined nuclei are used.

Patel and SpruieU'"^ proposed a differential form of the Nakamura model:

(2.11a) — = nK(T)(l-d)
dt

. n—1

L nn

where n is the isothermal Avrami index. This form is useful for application to process

modeling in which crystaUization is important. Ding and Spruietf°® recently proposed a

power law nucleation rate function using the form of the Avrami equation. The Avrami

exponent (n) and crystallization rate constant (k) are then expressed as:

(2.11b) n = n'-t-m-t-l

(2.11c) \ k = N^n'Ap'''B(m + 2,n')
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where m is the nucleation index, n' is the geometric index determined by the growth

geometry, is the nucleation rate constant that is temperature dependent but time

independent, Ag is a constant that depends on the geometric shape of the transformed

entities and
1

(2.1 Id) B(m + 2,n') = J - qf'^dq.
0  : . . ' n

These relationships allow bulk transformation kinetics to be analyzed in greater detail

with more physical significance than in using the standard Avrami relationship.

,  . Dietz^°® introduced a kinetic equation for nonisothermal crystallization containing

an exponential factor to correct for secondary crystallization:

(2.12) ' e=]nk{i-e)rv'-'^'^
0

The formula proposed by Dietz is an extension of Nakamura equation.

Nonisothermal theories have historically been tested with cooling rates

determined from DSC and hot-stage light depolarizing microscopy (LDM). DSC and

LDM are adequate techniques for determining the bulk Avrami index and crystallization

rate constants up to cooling rates of 50-100°C/min. However, obtaining cooling rates

above 100°C/min that allow crystallization kinetics to be studied has proven difficult.

Recently, Ding and Spruiell introduced a technique for studying bulk and crystal growth

crystallization kinetics at high cooling rates. The technique utilizes high cooling rate

light depolarizing microscopy (HCR-LDM) and can achieve cooling rates in excess of

5000°C/min. This technique will be introduced and reviewed later.

2.4.2.2 Crystal Growth Kinetics

Crystal growth kinetics entails directly observing and measuring the growth rates

of polymeric materials. Experimentally, this usuafiy involves measuring the spherulite

radius (R) as a function of time. - The slope of the R versus time curve gives the linear
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growth rate, dR/dt=G. The most widely accepted approach to hnear growth rate analysis

is a kinetic description proposed by Lauritzen and Hoffman (LH theory)"®'^®'"^®'. This

analysis assumes that polymer crystal growth occurs by a mechanism referred to as

"secondary nucleation", in which the rate controlling step is the rate at which a new layer

can be nucleated on the surface of a growing crystal. Recently, Hoffman and Miller^°^

published an updated version of the original theory that included new developments made

since the original LH theory was published nearly 25 years ago. The general expression

of crystal growth in the LH theory is:
r -u' ^ (-K,

(2.13)

where G is the observed linear growth rate. Go is the growth rate constant, U* is the

activation energy of the polymer (related to diffusion and reptation), R is the universal

gas constant. To is the crystallization temperatm-e in Kelvin and is Tg -3 OK. The
ITsupercooling is AT=Tni° - To and the factor f is the correction factor = — which

Ta+T°
c  m

corrects for the change in the heat of fusion as a function of temperature. Kg is the

(secondary) nucleation rate constant and is defined as:

(2.14) K
'  kAHf

where bo is the width of the polymer chain (stem), o is the lateral surface free energy, Og

is the fold surface free energy, k is Boltzmann energy constant and j is the operating

regime constant. The regime is determined from the relative comparison of the rate of

deposition of secondary nuclei (i) and the rate of lateral surface spreading (g). An

idealized growth front is pictured in Figvure 2.25 (The variables are the same as before).

The observed linear growth rate (G) is in the same direction as the secondary nuclei

deposition (i). Three scenarios exist when comparing g and i:

1. i«g, which indicates Regime I, typically found at lower supercoolings (j=4): This

regime is characterized by a relatively smooth growth front, one in which most nucleated
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rows are completed before a new row begins. Regime I behavior would most often be

found at slow linear gro>^ rates, with relatively thick crystals and high degree of crystal

perfection. ,

2. ia=g (same order of magnitude),, which indicates Regime 11, found at moderate

supercoolings (j=2): Regime U is characterized by the fate of surface spreading and

nucleation being roughly equivalent, meaning there is spreading ffoih multiple nucleation

sites on the same row, with perhaps, several rows growing simultaneously. The growth

front would appear somewhat rough and jagged.

3. i>g, which indicates Regime in, found at. high supercoolings typically found in

processing environments (]=4): A regime HI growth front would appear very rough as

stems nucleate much faster than surface spreading occurs.

An ideal regime plot is shown in Figure 2.26. The slopes in regime I and HI are

the same.and ideally twice the slope found in regime

The overall picture of regime crystallization is best shown by plots of

logG+U /2,303R(T-7^) against 1/T(AT). The transitions between the regimes are shown

by distinct changes in the slopes on this plot. The values for Kg and Gq can be obtained

directly from the graph, where the slope in a particular regime is - Kg/2.303 and the

intercept equal to log Gq. Once Kg is. known, the other parameters characteristic of

. crystal growth can be determined.

If AHf is known, a can be estimated.from:

(2.15) =

where a<i is the width of the chain stem and bo the thickness of the chain stem. The factor

0=0.1 for most .polymers. For iPP, ao=0.549nm and bo=0.626nm''®. Together, these

factors constitute the cross-sectional area of an iPP stem or chain.

The principle contribution to the fold surface free energy is the work of chain folding

required to bend the poljnner chain back upon itself so that it may reenter the crystal in a
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manner consistent with the crystallographic structure. The work of chain folding (q) is

derived from Ge by:

(2.16) q=20ea<jbb

Combining equations ,2.13-2.16 allows the various parameters and variables to be

evaluated.

Regime behavior varies from polymer to polymer and within a single polymer

species. The fegiihes are affected by the chenoucal molecular structure of the polymer,

molecular weight, molecular weight distribution, pressure, polymer chain chemical

homogeneity and its distribution.- For instance, cis-polyisoprene"^ and low molecular

weight iPP exhibit aU, three regimes"^, as does High molecular weight iPP

produces only regime n and m behavior'".

2.4.2.2.1 Regime Behavior of IFF

Most of the regime studies in the past have been done on polyethylene. It is quite

surprising how little work has appeared in the scientific journals on regime behavior of

iPP. Despite the limited number of publications on iPP regime behavior, some

observations have been made.

All three crystallization regimes have been observed in low (15k) molecular

weight iPP. Regime HI exists aboye AT=48K, regime n exists between AT=37K and

48K, wMle regime I is observed below AT=37K. The aOe values for low molecular

weight iPP were found to be 119 qx^Icxcl in regime I, 784 erg^/cm"* in regime n and

731erg^/cm'^ in regime HI. For high molecular weight iPP (300k range), only regime n

and m have been observed with the regime transition occurring at similar undercoolings

as for the low molecular weight case. The high molecular weight aCe v^ues found were

590&ig lcTci in regime n and 602erg^/cm'^ in regime in"'.
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2.4.3 Random Copoiymer Crystallization

There are two extreme possibilities that may occur after crystallization of a,

random copoiymer with regard to comohomer locations, the exclusion and inclusion

models'®. The two models are shown in Figure 2.27. In the exclusion model, no

comonomer units are incorporated into the crystal. The inclusion model allows

comonomer units to be incltided into the crystal. One of the first researchers to study, in

depth, the relationship of comonomer content on crystallization was Hory.

Fldry developed his theory of copoiymer crystallization in a series, of elegant

papers that were based on equilibrium thermodynamic relationships Flory's model

assumed that a random copoiymer consisted of two monomers, A and B. Where

monomer A is capable of crystalhzation, while B is not. Further, B will not be included
9  n . - n

in the crystal (i.e. the exclusion model) during the crystallization process. The

configuration of copoiymer chains in the melt is determined by the chemical nature of A

and B, where the size and flexibility of the monomers becomes important. Flory made

some further assumptions in his model"®:

1. The ideal mixing law is obeyed (AHni=0).

2. The chain ends are excluded from the crystal.

3. The crystalline and amorphous regions have a sharp separation at equilibrium, while

intermediate situations are non-equilibrium and are not stable.

Flory added some concem about crystalhzation processes in general, but they are

more apphcable to copolymers. X-ray studies show the regular repeating structural unit

of a polymer plays a role in the crystalline state, which is analogous to that of a

monomeric molecule in its crystal lattice. Single molecules protruding from the crystal

may pass from one crystaUite to another (tie-molecules). The heat of interaction of a
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copolymer unit contributes a term equivalent to that found in a polymer diluent

mixture"^"^

Flory showed through experimental work with copolymers of decamethylene and

glycol (or dibasic acid radicals) that thermal properties of copolymers depend in a

systematic fashion on polymer constitution, and that quantitative relationships can be

traced. Flory also found that copolymers with ismaller end groups tended to have higher

melting temperatures"^.

Copolymers, that are able to crystallize, will be composed of crystallites of

various thicknesses, that can be expressed as a thickness (q), composed of A repeating

units in a single chain transversing the crystaUite. At equilibrium, crystallites of every

length q containing A units must be at equilibrium with the sequences of A units in the

amorphous phase"'. The equilibrium of the crystallizable A sequences, at a given

crystallization temperature, is the ultimate driving force in this theory that determines the

lamellae thickness. The equilibruim is produced by the chemical potential difference that

manifests as an entropy factor, similar to chemical potential in an osmotic cell. The

melting temperature (Tm ) for a copolymer is expressed by"':

(2.17) = ;
T  T
m  m

R
InX,

AH

where 2^ is the. equilibrium mel^g temperature of the homopolymer, R is the universal

gas constant, AH^ is the heat of fusion per unit and is the mole fraction of A units.

The standard free energy of fusion per mole of imits ( AG„) is:

(2.18) .AG„ = AH^ - TAS^

At equilibrium, this allows for the theoretical calculation of the melting temperature. The

standard free energy of fusion of a length q units from a crystallite length q is defined as:

(2.19) AGg = gAG,-2c,
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where o"/ is the fold surface free energy per mole. Notice that the fold surface

contributes to the instability of a crystal as a result of chain folding. An extended chain

crystal would not have this term, that is why it is the more stable crystal morphology.

At temperatures slightly below Tm, crystallization is restricted to only very thick

crystaUites (i.e. large values of 5), therefore only the longest sequences containing A units

will be able to crystallize. As the temperature is lowered, q decreases and progressively

thinner crystallites are formed requiring shorter sequences of A units"®""'.

Thus from a thermodyhamic point of view, the crystallite thickness is dictated by

the crystallization temperature and length of A unit sequences. Ultimately the length of

A unit sequences determines the properties. The length of A sequences is determined

from the mole content of the uncrystallizable B monomer and its distribution within the

chains. Recall that this is ah equilibrium thermodyhamic theory. The most stable semi-

crystalline state is when AG assumes a minimum value". So there is a tradeoff among all

the thermodjmamic factors and non-crystalUzable comonomer distribution that determine

the crystallite thickness'. Experiments.have shown that as the comonomer content is

increased, the copolymer melts at successively lower temperatures and the crystallinity

decreases®".

The model presented above was developed by Flory on the grounds that no B

units would be incorporated into the costal (exclusion niodel) and that the crystallite

thickness, was detennined from thermodynamic considerations. Flory stated his theory is

likely more applicable to low average weight molecular chains. The exclusion of B units

and chain ends was an assumption in the theory"'. We now know that in fact chain ends

and some commoner units can be and sometimes are included in crystallites®^'""'"".

Structural and morphological evidence has been found that suggests some

copolymers consist of lamellae with comonomer units in the crystals. The defects

incoiporated into crystals result in crystal distortions which increase (or decrease) the
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intermolecular distance and effect crystal enthalpy, thereby causing a decrease in the

melting temperature. Eby and Colson®' found the relationship between comonomer

concentration (x), melting temperature and lamellae thickness (^) to be:

(2-20) i = ±+
m  m

rpO
J .

x(l + x) + —TP

where A is the negative of the ratio of excess Gibbs free energy of melting for each

defect to the enthalpy of melting of a unit in a perfect crystal. The quantity B is related to

fold surface energy. This is the first modification to incorporate and predict the effects of

defects incorporated into crystals.

Colson and Eby"'"® used tetrafluoroethylene and hexafluoropropylene and found

that the variation of melting temperature with lamellae thickness and commoner

concentration is consistent with the concept of inclusion of comonomer units in the

, lamellae crystal as defects.

One of the most important aspects of crystallization, especially copolymer

crystallization, was a model presented by Price' Price presented a model that

incorporated finite growth rates under equilibrium conditions. Later, an improved model

of kinetic growth was presented by Lauritzen®^ et. al that incorporated a polymer chain

being able to lay down and then back off of a crystal at the growth front. This was an

important step forward in copolymer crystallization, in that this theory built in some of

the kinetic factors that figure so prominently in any type of defect/copolymer

crystallization.

In 1973, two elegant papers were put forth that proposed an explanation,

thermodynamically and kinetically, of copolymer crystallization. Helfand and Lauritzen

presented a theory on the crystallization of copolymers of A and B that do not achieve

equilibrium composition^'. The fraction of B (using Flory's terminology) included in the
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crystal was determined from kinetic considerations. This theory was based on one

developed by Lauritzen, DiMarzio and Passaglia (LDP)

The system is composed of A and B monomer units, as before. As each monomer

unit enters the crystal, the free energy of the system is lowered by AGq . However, when

a B unit enters the crystal (for whatever reason), the free energy of the system increases

by an amount e that is typically much larger than AGq . The B unit not only changes the

thermodynamic properties, but also the kinetic barriers to crystal growth and decay (or

removal of a deposited stem). The e is paid in several parts, 8i is paid as soon as the B

Unit lays down in the niche, £2 is paid when the next stem passes beside the incorporated

B unit and £3 is paid when the next stem lays down on top of the B unit®^'®^. The

illustration in Figure 2.28 shows defect inclusion in a chain folded crystal, with defects,

in black. The illustration in Figure 2.29 depicts the free energy of the system as stems are

deposited. The first section (£1, % and Qf) represents the large nucleation barrier to

initiation of a new growth strip by addition of the first stem onto the surface. The barrier

is largely due to the new lateral surface exposed on this stem. As more stems are added,

the energy barrier is lowered, on the average, as the initial energy barrier is the highest.

The depositioii Of the first stem is where the free eriergy penalty is at a maximum. If the

polymer crystal contained no B units (i.e. a homopolymer), the energy curve would

follow the dotted line. The addition of B units in the crystal, as well as other inclusions,

cause the energy well depth to decrease. Therefore, it is easier for the back reaction to

occur and the stem to be removed, represented by the solid line in Figure 2.29. Removal

occurs as a result of the extra free energy associated with incorporation of a defect. The

presence of defects in the growth front, will cause the growth rate to decrease, since the

probability that a stem will back off at a given crystallization temperature is greater. The

increase in the back reaction occurs as a result of the energy barrier decreasing from the

presence of the defects in the crystallization front.
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Through research done with copolymers, some qualitative features emerge™"®^'"''"

122.

1. The concentration of B in the crystal is significantly greater than predicted by

equilibrium theory. As a result, the crystals will melt at lower temperature relative to the

homopolymer from defect inclusion.

2. ̂ Increasing the growth rate, or increasing the crystallization kinetics leads to larger

inclusions of B. Since the growth rate is faster, the probability that a stem depositing

with a B unit increases. The drive toward deposition is higher, regardless of the B unit

3. The temperature influences kinetic processes in two ways. The energy barriers are

divided by kT, which is an energy normalization at a given temperature. Therefore, as

the temperature increases the term becomes smaller. The temperature also effects AGq

by the following relationship:

(2.21) AG, =
'AHf

n^O

V ■'m y
(C-r.)

where AH^ is the heat of fusion and T° is the equilibrium melting temperature of the

pure crystal.

4. The copolymer lamellae must be thicker than pure homopolymer lamellae, with the

extra thickness being necessary to compensate for the free energy increment associated

with the impurities incorporated into the crystal. Another consequence is that the growth

rate is reduced. If crystallite thickness increases, there are fewer chain folds, per unit

volume, resulting in a lower overall free energy that is needed to compensate for the

defect inclusion.

A consequence of this theory is that the concentration of B in the crystal is larger

than is predicted by equilibrium theory based on thermodynamics. The equilibrium

melting temperature depression will also be higher than the actual observed Tm. As the
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crystallization temperature decreases, the non-equilibrium inclusion of B increases due to

kinetic factors'®'^°'®^

In review of the theories presented for random copolymers:

1. Both the inclusion and exclusion models predict depression of the crystalline melting

temperature. For the exclusion model, Tn, decreases from the preferential ordering of the

copolymer chains necessary for crystallization, which increases the entropy of fusion and

produces a cherrucal potential difference. The inclusion model predicts a lowering of Tm

due to a lower heat of fusion resulting from the incorporation of defects into the crystal

structure.

2. The Idnetically determined lamellae thickness is expected to increase while the growth

rate decreases, as the concentration of B increases. The equilibrium exclusion model

predicts crystal thickness increases with increasing B, to recover the free energy lost in

the ordering process.

3. The crystal thickness is predicted to decrease with increasing B concentration, when

copoljuners are quenched. This is also the case with homopolymer crystzillization.

2.4.3.1 iPP Copolymer Cryst^zation

Most often iPP is copolymerized with ethylene to produce a useful copolymer.

Some researchers view metallocene homopolymers with tacticity defects as copolymers.

There also are researchers who view zniPP resins as being copolymers to some extent,

with the sanie reasoning as for rniPP resins.

Experiments haye shown the presence of comonomer significantly reduces linear

growth rates and overall crystallization Mnetics. The comonomer also decreases melting

temperature, while reducing cfystallinities. Turner-Jones showed the melting curves

for copolymers were very complicated and were regarded as indicative of fractionation

occurring due to major copolymer composition eiffects. Part of the complexity was
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attributed to large amounts of atactic material. Therefore, there are two significant

findings in copolymer research:

1. The presence of an atactic component that complicates understanding the effects of

copolymerization.

2. The distribution of copolymer units is not necessarily random, further comphcating

the effects of copolymerizatioh.

Mezghani and PhiUips^^ have shown that the equilibrium melting temperature of

propylene/ethylene copolymer drops as the percent ethylene content increases, as would

be expected. Mezghani found that a 0.5mol% copolymer had a Tm° of 180°C, while a

5.0mol% copolymer had a T^" of 151°C.

2.5 Oriented Non-Isothermal Crystallization

The practical aspects of studying crystallization begin when industrial processes

are considered.. Almost all industrially useful processing methods are non-isothermal in

nature and involve orientation of the mfeit during processing. Injection molding, film

blowing and melt fiber extrusion are just some methods in which polymers are

commercially processed. Melt fiber extrasion (fiber spinning) will be focused on in this

section. Fiber spinning is used in carpet manufacture, the garment industry, tire

manufacture and in many other applications. The melt spun filaments can either be used

directly or further processed, depending on the application in which they will be used.

The fibers can be thermally bonded together to make a non-woven fabric or drawn to

produce finer filaments with better mechanical properties, to name just a few

possibilities. The first commercial use of melt spinning was by Dupont in 1939 using

nylon 6,6 after an invention made by Carothers^^'^^ et.al.
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Melt spinning of a polymer involves melting and extrusion of a material through a

capillary die (usually multihole), followed by a cooling process in which the polymer is

drawn and soHdified. The solidified filaments are then taken up by a winder or further

processed. The basic process is illustrated in Figure 2.30. Polymer is placed into a

hopper or fed into the extruder, where the material is melted and delivered to a positive

displacement metering pump (spin pump). The spin pump controls the volume of

material being processed and provides a steady flow of molten polymer to the spin pack

in which the molten polymer is channeled into orifices (spinneret) for extrusion into

fibers. The spinneret can consist of a single hole, multiholes and other elaborate

constructions (such as bi-component multipolymer systems) depending on the particular

process. The extruded filaments are then drawn down into finer filaments and

crystallized in the cooling chamber. Cooling is achieved by blowing some type of gas

(usually air) across the molten filaments as they are being drawn toward the collector.

The collector, in the form of a bobbin or suction device pulls on the molten fibers; this

stress produces a finer filament than otherwise would be produced in a gravity puUed

system.

2.5.1 Analysis of Spinning Process

An engineering analysis of the melt spinning process is complex, with

assumptions, simplifications and approximations to make the math and understanding

tractable. An analysis of melt spinning process will include:

1) The dynamics involved in rhelt spinning.

2) Rheological constitutive equation(s).
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3) Crystallization behavior in a molecularly oriented system.

2.5.1.1 Force Momentum Balance

An overall force balance on. a single filament in a spinline may be written as

follows^^, with a total force diagram shown in Figure 2.31:

(2.22) Ffheo = Fo + Finert + Fdrag - Fgrav + Fsuif

where is the Geological force in the fiber at a distance z from the spinneret, F^ is the

rheological force at Ge exif of Ge spinneret, Fj^^n is Ge inertial force produced by Ge

acceleration of Ge polymer mass through Ge spinline, F^^ is Ge drag force caused by Ge

fiber moving through Ge cooling. meGum, Fg^^^ is Ge gravitational force acting on Ge

spiiGne and Fj^ is Ge surface tension force at Ge fiber/cooling meGum interface. The

surface tension force is typically neglected for most polymeric materials, since it is oGy

significant for low viscosity materials. The substiGent forces are defined as:

(2.23) n 'id=w-X)\: -

(2.24) F,^,^=[mOfdz..

(2.25) , . =.grav
f lib
4 dz

J

where D is Ge fiber Gameter and V Ge velocity at a given distance z away from Ge

spinneret. The subscript 0 is at Ge origin, z=0 of Ge spinneret. G is Ge shear stress at

Ge fiber/air interface due to air Gag, p is Ge filament density, g is acceleration due to

gravity and W is Ge mass-through-put per hole of Ge spinneret. A material balance of

Ge mass-through-put requires:
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(2.26) W = pAV = pn

Equation 2.26 is called the Continuity equation. It is necessary and true in all steady state

spinning processes.

In general, the transition from low spinning speeds to high spinning speeds also

changes from a rheology controlled process to one controlled by inertia and air drag. The

relationship of the various forces in a spinline as a function of spinning speed is shown in

Figure 2.32. Simple boundary layer theoi^ yields air drag controlled shear stress (Of) on

the surface of the fiber moving with velocity V in a fluid of density (Paj^) as:

(2.27) cy,=_ PaXC,
2

where is the relative axial velocity of the filament in air and the cooling medium, is

the dimensionless drag coefficient dependent upon the geometry of the moving body and

cooling conditions. If there is no parallel air flow to the fiber draw direction, Y='V. The

value of Cd has been correlated with the Reynolds number (R^) through:

(2.28) C, = K(R^y''

where K and n are material dependent. Sano and Orii^^® have found the empirical

relationship in equation 2i28 to hold true using values of K=0.68 and n=0.8.

Using the above assumptions and simplifications, equation 2.22 can be rewritten,

after appropriate substitutions as:

(2.29) ^ = + .
By definition, the rheological force is related to the axial spinline stress (cj) by:
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F  AF
(2.30) G =-ih£s. = Zlibs2.

"  A TOf

assuming cylindrical fibers. Since the spinline stress is difficult to measure, a directly

measurable quantity, Fl, the tension in the spinline at distance L away from the spinneret

can be measured using a tensiometer. Thus, equation 2.22 can be rearranged, with

iappropriate simplification and substitiition to yield:

which expanded is:

(2.32) F^oizy=F,-[p^fiy7tDdz-W[V{L)-V{z)l^^^

where the variables ̂ e de^ed as before. From this expression, the rheological force can

be calculated at any point along the spinline.

2.5.1.2 Constitutive Equation for Melt Spinning

The rheological behavior of a polymer during melt spinning will govern the

deformational nature and structure development that occurs in the spinning process. At

low spinning speeds, a Newtonian constitutive equation describing the melt behavior can

be used to predict the rheological response. In melt spinning, the shear viscosity is not of

primary importance, elongational viscosity becomes the dominate form that limits the

effective spinning speed of a polymer, under any given set of conditions. The general

Newtonian equation:

(2.33) Po+Po^,y=^Ve,y
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where po is the isotropic pressure, py is the stress tensor, e.j is the, deformation rate tensor

and Tj is the shear viscosity. Under steady state spinning, neglecting all forces but take-

up tension (F), equation 2.33 beconies:

(2.34) ^V = Ti'.V
W

where T|*=3T|=elongational viscosity and V'=dV/dx=e^, the elongation rate. In normal

spinning the elongational viscosity is a function of both temperature and deformation

rate:

(2.35) , r]*(x) = ii*[Tix),V\x)] .

This relationship is also true, by definition, for the shear viscosity. (Also note that the

dependence of elongational viscosity and velocity gradient is non-linear). The effect of

temperature on viscosity is strong, with the viscosity of polymers very sensitive to

changes in temperature. However, it is true for a Newtonian fluid that:

dV ■"(2.36) ^ =

if the viscosity is independent of the shear rate (by definition). Some researchers have

proposed work that incorporates the viscous elongational behavior of a material whose

viscosity decreases with the strain rate. This formula is a generalized pOwer law equation

of the Cross and Carreau^^'"^^® type:

(2.37) rjiT,E)= .l + ia-n^Ef

where T|o is the zero shear rate viscosity and a and b are constants. The viscosity follows

an Arrhenius temperature dependence at higher temperatures and switches to the
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Williams-Landell-Ferry (WLF) equation at lower temperatures. ne^ the Tg of the

polymer. , \

2.5.1.3 Thermodynamic iEnergy Balance

Heat can be removed from a spinning fiber via convection, conduction and

radiation. In polymer fiber spinning, radiation is negligible, since the temperature

differential between the fiber and coohng medium is typically not very large (relative to

what is found, for example, in inorganic glass fiber formation where extrusion

temperature may be greater than 1000°C). The conductive heat transfer along the fiber

axis is also negligible. Thus, convection is the main source for heat transfer away from a

filament. As a consequence of convection, the surface area to volume ratio becomes very

important in fiber spinning. Convection cooling can cause a radial temperature

distribution within the filament, which can be found in thick filaments and filaments

cooled under high speed spinning conditions. -

Another important aspect that must be considered when constructing an energy

balance for a melt spun polymer is the effect a crystaUizable polymer (semi-crystalline)

has on the spinline when the polymer undergoes crystaUization, resulting in a heat of

fusion (AHf). If an assumption of no radial temperature variation is made, only a single

filament is corisidered, an energy balance of a crystaUizable polymer is^^'""^:

(238) cfr MIfdX itPhiT-T;)
dz Cpdz WC^

where T is the fiber temperature, T^ is the temperature of the cooling medium (heat sink),

X is the percent crystallinity, h the heat transfer coefficient and Cp is the heat capacity of
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the molten polymer. The heat transfer coefficient is the difficult term to ascertain. It can

either be.measufed experimentally, which is extremely time consuming and difficult, or

calculated from an empirical cprfelatibn developed by Kase and Matsuo^^^""^:

042^,

(2.39) h = —— n  Vr
D

where is the thermal conductivity of air, is the kinematic viscosity of air and is

the cross component of the air velocity perpendicular to the filament spin direction.

2.5.1.4 Molecular Orientation

One of the industrially important consequences of fiber spinning is the generation

of an oriented filament as a final product. Since poljuners are macromolecules, and fiber

spiiming is typically done with undiluted molten polymer, there are many entanglements

of polymer chains with one another. These entanglements are what causes polymers to

deviate from Newtonian bqhavior, and fortunately, cause the molecular orientation found

in melt spun polymers. Molecular orientation occurs as a result of melt deformation and

chain entanglements.

The most comnioh and simplest way to measme molecular orientation is by

measuring a material's.birefringence. Birefringence (An) in a filament is defined as the

difference between the index of refraction in. the parallel and perpendicular direction to

the filament axis:

(2.40) An =

82



where is in the parallel direction Md n, the perpendicular direction. It has been

bbserved'^^^® that birefringence, at low stress levels, in an amorphous polymer is

proportional to an applied stress such that:

(2.41) An = C^C7, -

where Cop is the stress-optical coefficient. From rubber elasticity theory the stress-optical

coefficient is defined as:

(2.42) C = +
ASknT

where n is the refractive index of the polymer, (a^-a^) is the difference in

polarizabilities between the principle directions and k is Boltzman's constant.

Birefringence is typically measured using a microscope, by determining the retardation of

the wave of light passing through the sample.

Birefringence measiurements are composed of both crystalline and noncrystalline

portions, where each phase contributes to the total overall level of molecular orientation.

Often it is useful to know ,the amount each phase contributes to the overall amount of

observed birefringence.

Research has established that semicrystalline , polymers are composed of more

than two types of molecularly oriented regions. Originally, a two phase model consisting

of crystalline and amorphous regions was used. Research has shown that even isotropic

semicrystalhne polymers have at least a third domain, referred to as the rigid amorphous

phase. This region is amorphous, with a higher level of organization (density) than a true

amorphous domain. The molecules are not in crystallographic registry, although their

total entropy is lower than that of a true amorphous solid. Therefore, there exists an
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entire ̂ stributiori of states that run between totally amorphous and totally crystalline

phases. The methods used to interpret data are most often average results, that fall

somewhere between the two morphological extremes.

The level of orientation can be expressed by orientation factors developed by

Hermans'^'"^^® et.al. The average orientation of the crystallites, in a semicrystalline

material, can be described on a quantitative numerical basis using the Hermans'

orientation function (f). The , orientation function f describes the orientation of a phase

relative to some reference direction in a sample. The orientation function is defbaed as:

(2.43)

where x is the ciystallographic direction and cos^ jc is the average cosine squared value

of the ̂ gle (x) between the reference direction in the sample and the crystallographic

direction. Typically, these measmrements are done on crystalline polymers where, a

comparison is made between the fiber axis and c-axis of the crystal.

Stein and Norris^^® have shown that the crystalline and amorphous domains of a

semicrystalline polymer can be related to birefringence by:

(2.44) =

where is the crystalline fraction, f^g is the non-crystalline orientation function, fg is the

crystalhne orientation function, is the non-crystalline intrinsic birefringence, A° the

crystalline intrinsic birefringence and An^^,^ is the form birefringence resulting from light

interaction with the two phases, fri seniicrystalline polymers, form birefringence is srnall

and is typically neglected^^'"^'"'. The intrinsic birefringence values can be theoretically

calculated from bond polarizability values as given by Bunn''*^ and Denbigh"''^, with
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Denbigh's niethod being more accurate for some polymer systems. The theoretical

results often are not the same as those found experimentally, so careful consideration and

justification must be used in utilizing this procedure. One of the interesting findings from

this work, as pointed out be Stein^'^^ and Vuks^''^, is the intrinsic non-crystalline

birefringence is higher than the crystalline. This is a result of the ordered lattice

arrangement in the crystal of chains experiencing not only the electromagnetic field of

the incident light, but also the polarization field of the surrounding molecules. The

internal field of the crystal is more anisotropic in the crystal phase, resulting in a

difference in polarizabilities between the crystalline and. non-crystalline phases.

Experimental results with some polymers (e.g. polypropylene) have shown that the

theoretical prediction is true.

2.5.2 Crystallization with Forced Molecular Orientation

Crystalhzaition in the spinline is very different than crystallization found under

non-isothermal quiescent conditions. In melt spinning, there is molecular orientation of

the polymer chains in the melt at the time crystallization occurs. However, many of the

s^e parameters that govern, quiescent crystallization, those factors that influence

nucleation and growth rates, will be active in the spinline, along with the effects of

molecular orientation. Experience has shown'^'^^ that crystallization in the spinline

occurs at higher temperatures than what has been found under this same cooling rate

under quiescent conditions. The higher crystallization temperature has been attributed to

the role of molecular orientation in the spinning process. This has led to the phrase

"stress induced crystallization", meaning the addition of stress to the melt causes
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crystallization to occur, under stress, where it pAerwise would not. The illustration in

Figure 2.33 shows the transition from an amorphous molten polymer to a more ordered

semi-crystalline fiber: Overall moiecular orientation increases as the melt is cooled due

to an increase in viscosity. Figme 2.34 shows the radial variation of variable across a

fiber diameter in the spinline. The velocity gradient of molecules is uniform across the

filament radius. The temperature profile shows the fiber surface is slightly cooler tbgjn

the interior of the fiber. Understanding the temperature profile explains the viscosity,

stress and molecular orientation results. The coolest portion of the fiber will have the

highest viscosity, therefore more stress, producing more molecular orientation.

The basic crystallization theories were reviewed earlier. The sections on

quiescent isothermal and nonisothermal crystallization have developed the theories

presented below, only an extension of those theories will be piresented.

Ziabicki was the first researcher to attempt to describe the effects of molecular

orientation on the melt spinning process. Ziabicki*'*^'^^^ proposed that the overall

crystallization rate constant, K, was a function of not only the temperature, but of

molecular orientation ̂ d wrote:

(2.45) K{T,f) = K(T,0) + a,f + a,f + a,f +...

The series expansion can be simplified by symmetry and under normal orientation levels:

'KiTjy
(2.46) In = A{T)f

K(T,Q).

where A(T) is an experimental quantity that is sensitive to temperature and molecular

orientation. Ziabicki also developed the following relationship for quiescent

crystallization:
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r-2.78(r-r^)1
(2.47) K{T) = K^e^ ' ^ .

where is the maximum crystallization rate constant at temperature and D is half

width value on the K vs T graph. By substitution of equation 2.47 into equation 2.46 an

expression incorporating molecular orientation on the crystallization rate can be obtained.

The problem with this theory is that it does not separate and address nucleation and

growth rates, as separate stejps, that may operate independent of one another.

Utilizing the Hoffman theory of molecular nucleation and growth, as well as

rubber elasticity theory, Katayama and Yoon"^ introduced, a kinetic equation that

included the effects of orientation on crystallization. The authors stated the change in

crystallization rates was = a result of Ihe thermodynamic effect of deformation on a

molecular network. Dbi and Edw^ds^°', while not specifically addressing the issue,

came to a similar conclusion. The authors state that a change of free energy in the melt

due to deformation and orientation (AF^ef) is the difference in the free energy of the

crystal and amorphous melt for an isotropic system ( and with crystallization from

^ ordered melt (Ai^J is:

(2.48) AF^ = AF„-AF^„

Assuming = AH^^, equatiqn 2.48 can be rewritten as:

(2.49) AF^=-T(AS„,-AS^„) = -TAS,^

by definition. Where AS^ is the entropy difference between the isotropic and oriented

amorphous melt. From rubber elasticity theory, AS^^ is related to molecular extension

ratio (A.) and birefringence by:
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(2.50)

and

(2.51) An = ̂2

For small extensions (A = 1),

(2.52)

Where Iq are material constants. An orientation function can be defined as:

(2.53)

where A° is the total intrinsic birefringence of the material. Therefore, from orientation

ff-^o

arguements^''® we may write:

(2.54) . .

These results can then be directly inserted into Hoffman's nucleation and growth rate

equations by substituting for to yield:

r. -u' " r  -c, 1

e
TAT+Cr^f^(2.55) iv(r,/) = v

for the heterogeneous nucleation rate in the presence of orientation and

r  -u' 1 r  -Q 1

(2.56) G(T,f) = G,e R(,T-T„)
e
jat+ct^F

for the growth rate in the presence of orientation.

From this work, Katayama and Yoon, as well as Patel and Spruiell assumed that

the overall crystallization kinetics rate constant has the same form.

r. -v. 1 r  -C3 1

(2.57) K(T,f) = K,e R(T-T^) 1 T-AT+CT^/^gL J

90



where IQ, C3 can be obtained from quiescent crystallization data. The value of C can

only be obtained from back calculation froria experimental data on the spinline.

2.5.3 iPP Fiber Spinning Behavior

One of the first researchers to study the dynamics and structure development of

melt spun polymeric fibers was Ziabicki and Keckierska*"^®'^^^. These authors studied the

effects of changing melt spinning variables, both processing and resin variables that led

to a more fundamental understanding of the melt spinning process. They were the first to

offer quantitative formulations as to what was taking place during the spinning process.

The main variables that affect the spinning process were elucidated and studied. The

major processing variables that affect the melt spinning process are:

1) Polymer extrusion temperature (TJ

2) Mass-throughput (Q)

3) Take-up velocity or spinning speed

4) Cooling rate of the filaments (C^)

5) Spinneret orifice shape, size and relative location to one another

6) Length of the spinline (Lj)

These process variables are not independent of one another and their interdependency is

important to understand.

The major materials variables are:

1) Those that effect the rheology of the melt

a) molecular weight

b) molecular weight distribution
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c) chain stiffness

d) other additives and fillers

2) Those that effect the crystallization kinetics

a) chain stereoregularity

b) molecular weight

c) additives such as nucleating agents, antioxidants and pigments etc.

2.5.3.1 Influence of Process Variables

The processing variable effects are considered from the point of view that changes

in &em are made with aU other conditions held constant.

2.5.3.1.1 Take-up Velocity

The take-up velocity is generally the most important process variable. The speed

at which the molten resin is drawn down significantly affects the resulting crystaUinity, as

measured by density, ̂ d overall; molecular orientation, as measured by birefringence.

At a constant mass throughput, the final, filament diameter decreases with increasing

take-up velocity and the cooling rate along the running spinline is increasing. As the

spinning speed increases, the spinline stress increases and both crystaUinity and

molecular orientation increase in spite of the increase in cooling rate which should

suppress the development of crystaUinity. This is strong evidence that the stress and

molecular orientation lead to stress-enhanced crystallization. On-Une measurements of

temperature, birefringence and x-ray diffraction patterns show that crystaUization begins

92



at higher temperatures in the spinline than under quiescent conditions with similar

cooling rate^^'^'^^. This is further evidence of stress-enhanced crystallization.

The crystal structure of melt spun iPP is most often the a-monoclinic form'^®.

However, if the fiber is quenched rapidly or the stress in the spinline is low, a

conformationally disordered (condis) or smectic structure is formed. The smectic

structiire is not thermally stable and transforms to, the monoclinic form when annealed

above 70°C.

2.5.3.1.2 Extrusion Temperature

As the extrusion temperature is increased, the elongational viscosity in the upper

part of the spinline decreases, thereby lowering the stress in the spinline and reducing the

molecular orientation and ciystallinity developed at a given spinning speed. However, as

the spinline stress is increased (by increasing the spinning speed) the density and

birefringence tend to become independent of the extrusion temperature, indicating that

the increased stress due to increased spinning speed eventually overrides the decreased

stress due to. higher extrusion temperature.

2.5.3.1.3 Mass Through-I^t

Increasing mass through-put per spinneret hole, while keeping take-up speed

constant, produces larger filament diameter (continuity conditio(n) and lowers the stress in

the spinline. This in turn leads to lower filamerit birefringence. Increasing mass

throughput also reduces the cooling rate in the spinline due to the greater amount of

material that must be cooled. One might expect that the slower cooling rate would
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increase, crystallinity and density due to more available time for crystallization.

However, the lower stress decreases molecular orientation and causes less stress-

enhancement of the overall crystallization rate. The final crystallinity results from a

balance between these two factors which also depends on the nature of the cooling

process and the characteristics of the specific resin.

2.5.3.1.4 Cooling Conditions

As with the take-up velocity, the cooling conditions have a significant influence

on the .crystallization behavior during the spinning process. As the cooling air

temperature decreases or volume of air blown across the filament increases, the cooling

rate of the spinning filaments increases. This moves the solidification point in the

filament closer to the spinneret. As the freezing point moves closer to the spinneret, the

deformation rate increases since the filament must reach its final diameter closer to the

spinneret; this produces an increase in the spinline stress. This increase in stress closer to

the spinneret results in an incre^e in molecular orientation which is more readily frozen-

in due to the higher cooling rate. There is again a balance between the retardation of

crystallinity development due to faster cooling and the enhancement of crystallinity

development due to increased stress. ^

2.53.1.5 Length of Spinline

The length of the spinline is important for two reasons. First, the spinline must

be long enough to allow the polymer to freeze before being contacted by guides or godet

rolls. Because of this, the spinline length is controlled by the efficiency of spinline
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cooling; longer spinlines are required for slower cooling. However, longer spinlines also

increase the gravitational contribution to Frheo which increases the spinline stress. In most

Cases, especially for fine filaments, spinline length will have relatively little effect on the

stracture and properties of the spun filaments due to the low value of relative to

other contributions to .

2.5.3.1.6 Filament Shape

The filament shape and die orifice design affect the heat transfer rate between the

filament and surroundings. The larger the surface area for a given volume of material,

the faster the polymer will transfer heat away and crystallize. This case is similar to the

effect of increasing the codling rate by other means described above.

2.53.2 Material Variables

The material variables effects are considered from the point of view that changes

in them are made with all other conditions held constant.

2.5.3.2.1 Molecular Weight

Both molecular weight and its distribution (MWD) strongly affect the

spinnability of iPP. Generally, spinnability, as measured by the maximum take-up speed

at which spinning can be carried out in the absence of instabilities, increases as

molecular weight distribution is narrowed. There tends to be a niaximum in the

spinnability with increase in molecular weight. At very low molecular weight the

spinline exhibits instabilities due to low melt strength. For high molecular weight,
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various other instabilities, including melt fracture spinline breaking arise due to the

high stresses in the spinneret capillaries and in the spinline.

Within the range of molecular weight and MWD where spinnability is relatively

good, these characteristics ̂ so affect the resulting crystallinity and molecular orientation

in as spun fil^ents. This can be understood on the basis that increasing produces

higher spinline stress and molecular orientation in the melt which, in turn, causes

crystallization rates to increase and crystallization to occur closer to the spinneret and at

higher temperatures^^®. There is also an effect of MWD; broader distribution resins with

the same MFR develop higher crystallinity at equivalent spinning speeds. This appears to

be caused by broader MWD resins being more susceptible to stress-enhanced

crystallization as a result of the high molecular weight tails in the distribution providing a

source of "row nuclei" which seed the stress-induced crystallization^®^.

Die higher molecular, orientation in the melt state produced by higher molecular

weight usually results in higher birefringence in the spun filaments. Lower orientation in

the broader distribution samples has been attributed to a bimodal orientation that occurs

preferentially in broader distribution resins^®'. This bimodal orientation has one

component in which the polymer chains are parallel to the fiber axis and a second

component in wWch the chains are approximately perpendicular to the fiber axis. This

latter component lowers the,Overall molecular orientation with respect to the fiber axis

and hence the fiber birefringence. Another possible contribution to the difference

between the broad and narrow distribution samples is a difference in the non-crystalline

orientation developed by a given spinning condition.
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2.5.3.2.2 Percent Isotacticity

As percent isotacticity decreases, both the crystallization rate and ultimate

crystallinity of iPP generally decreases. During melt spinning this causes the

crystallization to occur farther from the spinneret and at lower crystallization

temperature'^^ The resulting as-spun filaments have lower density, but their overall

molecular orientation and birefringence are mostly unaffected.

2.5.3.2.3 Propylene/Ethylene Copolymers

The addition of ethylene units to form a random copolymer (RCP) lowers the

crystaUinity that can be developed by virtue of the lower stereoregularity of the chain.

This is analogous to the effect of stereo defects when decreasing the isotacticity of the

chain.

2.5.3.2.4 Nucleating Agent Additions

The addition of nucleating agents raises the crystaUization temperature and the

resulting crystalhnity substantially for quiescently crystalhzed iPPs. These effects also

occur during melt spinning of iPP fibers, but they are more pronounced under conditions

of low spinline stress (i.e. low spinning speeds) At high spinning speeds and/or other

conditions that produce high stresses in the spinline, the differences due to nucleating

agents are smaller, but not eliminated, arising from the influence of stress in raising the

rate of crystaUization. Nucleating agents tend to lower the molecular orientation in the

filaments. This is a result of crystaUization occurring at higher temperatures and nearer

the spinneret, where the molecular orientation in the melt is lower.
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2.5.3.3 Tensile Properties of Melt Spun iPP Filaments

As noted above, increasing the istress in the spinline tends to increase the overall

molecular orientation of filaments in the spinning process. Recall that overall molecular

orientation is composed of both crystalline and amorphous orientation. Research has

shown that the amorphous region most strongly contributes to the tensile strength of iPP

fibers. This arises froiii the fact that tie molecules connect the various crystalline regions,

; thereby allowing the transfer of stress and the load from one crystallite to another. The

crystalline regions are important in providing a medium in which to anchor the various

molecules that make up and run throughout the fiber, but the crystallinity alone is a poor

indicator of mechanical properties. Under normal spinning conditions, a strong

correlation of tensile strength with birefringence is observed. The elongation-to-break

obeys a somewhat similar, but inverse dependence on the molecular orientation in the

spun filament; it decreases from several hundred piercent (-1000%) at low birefringence

values to less than 200% at a birefringence of about 0.025.

Although the initial;elastic mbdulus (Young's modulus) increases as molecular

orientation increases, it is also a function of crystallinity. Since the higher crystalline

modulus contributes roughly according to the rule of mixtures, the overall modulus of the

filament increases as the crystallinity increases. For this reason, the modulus does not

correlate well with birefringence alone, as do the tensile strength and elongation-to-break.

In the case of modulus, both the level of molecular orientation and degree of crystallinity

must be considered. For this reason the inodulus of ethylene copolymer melt spun

filaments is substantially lower than for the homopolymers when prepared under similar
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spinning conditions, eVen though their tensile strengths are equal or slightly higher. On

the other hand, nucleatihg; agent additions may lead to lower modulus because of lower

molecular orientation^ in spite of a higher degree of crystallinity.

2.6 Theiinal Spunbonding;

Feminm^-hygiehe, disposaWe-^aper and medical-products businesses combine for about

biUipn in retail and institutiohai sales of non-woven fabrics. One component of the

non-woven fabric market is thermal spunbonding. Thermal spunbonding offers high

production rates because bonding is accomplished at high productivity with heated

calender roUs or oyens in a continuous process.

Thermal bonding requires a thermoplastic component, which is typically a fiber,

powder or film that are bonded together. There are several options available in thermal

bonding: area bond calendering, point bond-calendering, through-air bonding, ultrasonic

bonding and radiant bonding. The most widely used method for thermal bonding is point

bonding, which will be used in this work. '

2.6.1 Point Bonding Process

A typical thermal point spunbonding line will be arranged similar to the set-up

illustrated in Figure 2.35. The process consists of polymer fed into an extruder, where

the polymer, (either pellets or granules) is melted and pumped via a positive displacement

pump to the melt spin pack. The spin pack consists of filters and channels that supply

molten polymer to the die aperture, where the polymer is extruded into the cooling

environment. The cooling environment consists of quenching air that is blown across the

filament, or more simply, ambient conditions. However, often elaborate chambers can

be constructed so the cooling environment can be strictly controlled, depending on the

process. The extruded filaments are then drawn down into finer filaments by the
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application of force by some type of suction device or wound onto a bobbin. The take-up

process is largely dependent upon the end use of the polymer filaments. In thermal

spunbonding, the web is fed by an apron leading to a calender nip consisting of one

engraved and one smooth roU.

When the web enters the hot calender nip, the fiber temperature is raised to the

point at which tackiness and melting cause fiber segments caught between the tips of the

engraved points and the smooth foil to adhere together^^®"^®. The thermal point bonding

process is illustrated in Figure 2.36. The unbonded fabric is melt pressed together under

pressure between an upper and lower calender roll and partially melted to bond the fibers

together. Filament fusion is desirable on the web surfaces for abrasion resistance, but for

maximum tensile properties and toughness, the bonds in the interior of the web need to

be just weaker than the filaments. The general idea is when strain is applied to the web,

some filaments release frotn each other at the bond site, permitting more homogenous

load-sharing, which increases strength and toughness. Producing release bonds requires a

careful balancing of bond pressure, bonding roll temperature, process speed and initial

fiber structure.

In the thermal spunbonding process, the main factors that affect the optimization

of the bonding process can be broken down into three categories: process related factors,

fiber related factors and polymer related factors.

2.6.1.1 Process Related Factors

Process related factors include orientation of fibers in the web, bonding

temperature, bonding pressure, contact time, quench rate and calender pattern. The two

major process factors influencing thermal point bonding most are the roll temperature and

nip-line pressure. Residence time in the. nip is determined by the production or line speed
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and roll diameters. Once the line speed is set, the temperature and pressure are adjusted

to get the desired fabric properties'®^. .

2.6.1.1.1 Bond Temperature

The bonding temperature refers to the temperature of the heated calender roUs. A

temperature profile is established through the web, which is produced by heat transfer

from the rolls to the web and governed by the thermal characteristics of the compressed

web.

Studies have shown that for a given nip-hne pressure and line speed, the breaking

strength reaches a maximum at a critical bonding temperature. Below the critical

bonding temperature, fabric failure is attributed to poor fiber adhesion at the thermal

bond point. The decrease in breaking strength above the critical temperature level is

aittributed to the loss of fiber integrity and the formation of film-like spots at high

temperatures in the fabric'®^"®'. In addition, fabric damage due to adhesion to the

calender roUs can occur.

The general finding is that each set of fibers has a set of critical bonding

temperaturesi above and below which, the fabric properties decrease. The critical

bonding temperature lies near the melting point of the formed fibers.

2.6.1.1.2 Bonding pressure

Studies have shown the effect of bond pressure is less significant than that of line

speed or bonding temperature. The bonding temperature at which the TnaximiiTn fabric

strength occurs is unaffected by bond pressure. However, the ultimate maximum strength

of the fabric is influenced by the bond pressure. The influence depends on the melting

behavior of the fibers. If &e position of the bonding maxima occurs in the softening

region of the fibers, a higher pressure will increase fabric strength. If the maxima occurs
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in the early melting zone, a low calendering pressure is desirable so that the bonding zone

is not disturbed^^^®'. ,

The bond pressure is ̂ sp important since it influences the heat transfer from the

calender to the web. The main mechanism of heat transfer into the fabric is

conduction'®^^®'. The line speed being so rapid that little convection heating occiurs. The

application of pressure squeezes the air out of the web, increasing fiber-to-fiber contacts

and enhances the heat transfer throughout the material. The application of pressure also

forces the fibers together and deforms them to form the point bond.

2.6.1.1.3 Line Speed or Contact Time

Contact time is primarily influenced by the line speed and roll diameters. Contact

time in the bonding zOne is oh the order of milliseconds. Studies have shown that as line

speed increases:

1. The calender temperature required for maximum strength increases to compensate

for the reduced contact time.

2. The influence of calendering pressure is greater at faster line speeds.

3. The maximum achievable strength increases.

The important parameter when considering the effects of bond temperature, bond

pressmre and contact time is the temperature of the fibers in the bond zone (nip)

The combination of these factors all influence the fabric properties, but they mostly effect

the temperature profile of the fibers in the bond zone.

2.6.1.1.4 Quench Rate

The critical quench rate for achieving maximum bond strength results from two

competing processes. Increasing the quench rate initially reduces crystal sizes and flaws

between the crystals, leading to stronger bonds. As the quench rate further increases, the
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stress concentrations are not able to relax after the bonding process, decreasing the fabric

strength. Therefore, there exists an optimum quench rate for achieving a maximnm

fabric strength'®"-'®-™. .

2.6.1.2 Fiber Structure Factors.

Fiber spinning in thermal spunbonding is the same as described in the oriented

non-isothermal crystallization section.

2.6.1.3 Polymer Related Factors

Fiber spinning in thermal spunbonding is the same as described in the oriented non-

isothermal crystallization section.

2.6.2 Thermal Spunbonding of IP?

There are several advantages to using iPP for thermal spunbonding applications.

One of the most important factors is cost, PP monomer is much cheaper than other

non-woven grade polymers such poly-ethyleneterephthalate (PET). Other advantages

of using iPP are:

1. siuface smoothness

2. , resistance to microorganisms

3. chemical reisistance .

4. hydrophobicity

5. low density, meaning the fabrics are light

6. low melting point, operating costs are lower
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Since the fiber spinning behavior of iPP has already been reviewed, the effects of

fiber properties on the actual bonding process will be reviewed. The influence of

crystallinity, molecular weight and fiber molecular orientation will be discussed.

2.6.2.1 Crystallinity

Very little research has been published on the effects of crystallinity on the

thermal spunbonding process. Most of the information available is on fabric property

relationships and how they correlate with crystallinity.

The effects of crystallinity are most often grouped with changes in fabric strength

on pre-annealing of non-bonded fibers. The researchers don't directly say crystallinity,

but it is implied. Annealing causes a higher order of crystalhne perfection ,which

smoothes the crystal surface and decreases fabric strength. The basic trend is to keep

crystallinity down to improve the bonding properties of the fabric. However, keeping the

crystallinity down tends to make fabric shrinkage a problem"^""^.

2.6.2.2 Molecular Weight

The effects of molecular weight have been linked with determining melt spun

fiber properties, but not linked directly to the bondabihty of any given fabric.

Wamer'®® calculated diffusion rates of polymer molecules across the contact

boundary. The rough calculations showed the diffusion rate was much to slow to have

any effect on the bonding process. The molecular weight and tacticity distribution could

be very important in any type of diffusion process. Warner may have been too quick in

ignoring diffusion parameters in the bonding process.

Experimental studies have shown that increasing the molecular weight

distribution produces fabrics that bond better, although the fiber mechanical properties

generally decrease. It has been argued that this is a result of higher crystallinity produced
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by the wider molecular weight distribution resin over a narrow distribution polymer of

similar molecular weight with all other factors remaining constant"^'"^.

2.6.2.3 Molecular Orientation

The effects of molecular orientation of the fibers on fabric properties have been

studied extensively. Most all studies have shown there is an inverse relationship between

fiber molecular orientation anci fabric mechanical properties.

The studies on molecular orientation effects have indicated that having lower

molecular orientation on the surface may help the bonding process. Lower molecular

orientation increases the cocrystallization (inter fiber bonding) of fibers, as cited by one

author. Experimental"^""^: studies have shown that degrading the outer skin of a fiber

during the spinning process increases fabric sttength. Degradation of the skin achieves

two results, lowers the molecular weight on the surface and produces less orientation, as

the stress is transferred more toward the core since the viscosity and stress is higher in

that region.

2.6.3 Studies are Needed

It is clear that more studies are needed to understand the complex relationships

that exist in the thermal spunbonding process. Much of the work has been done by

researchers trained in textiles. Very little work that has appeared in the open literature

has been done by polymer physicists, researchers that understand polymer behavior first

and foremost.

107



Chapter 3

Experimental Methods

3.0 Materials

The materials examined in this study were nine isotactic polypropylene resins

catalyzed by one of two different methods. Three of the resins were conventional Ziegler-

Natta catalyzed iPP resins, while the other six resins are metaUocene catalyzed iPP resins.

All nine resins were not used in each and every aspect of this investigation, the use of a

particular resin was dependent upon the experimental method. The zniPP resins were

given the code names ZN35, ZNHT and ZN-5RCP. The miPP resins were named MIO,

M22, M32, M45, M70 and MIOO. The numerical number in each case is the nominal melt

flow rate of each resin. A more detailed description of the resin characteristics is presented

in section 3.8.

3.1 Sample Preparation

The samples in this work were prepared in different ways, depending on each

sample's use. Sainples were prepared for use in x-ray analysis (both small and wide angle

x-ray diffraction), differential scanning calorimetry (DSC) and optical microscopy. In

addition, the fibers and fabrics produced by melt spinning and thermal spunbonding were

also characterized without further treatment..

3.1.1 X-Ray Analysis

Samples for x-ray analysis were prepared using a calibrated Metder hot stage as

40mm X 20mm x 1mm films. These samples were prepared in a hollow A1 mold that fits

the hot stage sample chamber and has glass slides on either side. The samples were

prepared under a nitrogen atmosphere to minimize thermal oxidation degradation. The
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samples were held in the melt at 230°C for, 10 minutes to erase its thermal history. The

samples were then isothermally crystallized at the desired temperature. X-ray diffraction

patterns of the as-produced films were then made for crystal structure and crystaUinity

determination.

The high cooling rate smrples were produced in a similar manor, except the films

were cooled at high cooling rates in the HCR-LDM apparatus. The HCR-LDM samples

also had a, variety of sample thicknesses, depending on the cooling rate and thermocouple

thickness. X-ray pattenis of the as-produced films were then made for crystal structure and

crystaUinity determination.

X-ray patterns of fibers were also obtained. The fiber pattems were obtained on as-

spun fibers aligned paraUel to one, another for crystaUine orientation measurements and

crystal structure determination using a wide angle diffractometer and flat plate x-ray film

techniques.

3.1.2 Differential Scanning Calorimetry (DSC)

The samples used in the DSC study were made from a stock film melt pressed to a

nominaUy 0.2mm film. The DSC samples were then punched from the stock film using a

hole punch, with a sample typicaUy weighing 7-9mg.

The heat of fUsion(AE[f) used in crystaUinity calculations was 167J/g for the a-

monocUnic crystal structure and 150J/g for the y-orthorhombic for 100% crystaUine

samples. The DSC samples were typicaUy scanned from -20°C to 230°C at 20°C/min,

unless stated otherwise.
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3.1.3 Optical Microscopy

The optical microscopy films were made from the stock film used in the DSC

study. Polymer disks were punched out of the stock film and placed on the glass slide until

the desired thickness and surface area is achieved.

3.1.3.1 Linear Growth Rate

The samples are prepared under a nitrogen atmosphere to minimize thermal

oxidation degradation. The samples were held in the melt at 230°C for 10 minutes to erase

the samples thermal history. While melting the sample, the thickness was decreased to

approximately O.lnun. The sample was then rapidly transferred to a calibrated hot stage

and isothermaUy crystallized at the desired temperature. The process of crystallization was

recorded using a video camera and VCR. The tapes were then played back to allow the

spherulitic diameter to be measured as a fimction of time.

3.1.3.2 High Cooling Rate Light Depolarizing Microscopy (HCR-LDM)

The samples were made as films between 0.05mm and 0.15mm thick, using the

stock DSC film. A thermocouple was embedded in the sample during preparation so the

temperature profile of the sample could be recorded. Two types of thermocouples were

used; a 0.0762mm and 0.0254mm, depending on the thickness of the sample and the

cooling rate to be used. The sample/thermocouple arrangement is illustrated in Figure 3.1.

The thermocouple is embedded in the sample which is sandwiched between two glass

slides. Further details of the technique are described later in section 3.5.2.

3.1.4 Melt Spun Fibers

Fiber samples were produced using a Foume extruder. The samples were extruded

at 210°C through a single hole die, 0.762mm in diameter with an L/D ratio of 5. The
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samples were drawn down using a venturi pneumatic suction device located 260cm below

the die orifice. The force drawing the fibers down was controlled by adjusting the air

pressure to the venturi. Four to six air pressures were used to collect fiber samples with

each polymer.

3.1.5 Thermal Spunbond Fabrics

M thermal spunbond fabrics were produced at the Textiles and Nonwovens

Development Center (TANDEC) located on the UTK campus. The spunbond line used

was a second generation Reicofil (Im wide) thermal point bonding research line. The die

used in fiber production had 4036 holes, of 0.60mm with an L/D ratio of 2. Mass-

throughput capabilities ranged from 0".i5-0.4g/min-hole with the mayimnm line speed of

60m/min.

The thermal spunbond fabrics were produced imder a number of different

conditions. The extrasion temperature was varied between 210-250°C for samples to be

made. Other factors adjusted during sample preparation were bond pressure, bond

temperature, prim^ air speed (PAS), cooling air speed (CAS), belt speed and mass-

through-put.

3.2 Material Cbaracterization Techniques

The materials in this investigation were characterized using cNMR, FTIR, GPC and

xylene solubles to ascertain the average molecular properties of the matftriak In some

cases, the data were determined by Exxon Chemical Company.

3.2.1 Percent Xylene Solubles

The percent xylene solubles was determined according to ASTM standard D5492-

94. This test provides a relative measure of the total soluble fraction of propylene and
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propylene copolymers. The soluble fraction is approximately correlated with the fraction of

atactic material in bulk polymerized iPP.

3.2.2 Carbon-13 Nuclear Magnetic Resonance

3.2.2.1 Theory

One of the most powerful techniques used in polymer characterization, is carbon-13

nuclear magnetic resonance (cNMR). cNMR allows the measurement of polymer

stereocheinical configuration.

Like electrons, the nuclei of certain atoms are considered to spin. The spinning of

charged particles generates a magnetic moment along the axis of the spin, so that each

nuclei acts as a magnet. If a proton is placed in a magnetic field, according to quantum

mechanics, the proton will align its field either with or against the extemal magnetic field,

^^gnment withi the field is more stable, energy must be absorbed by the proton to "flip" it

to the less stable alignment against the field"'^.

The ener^ to flip the proton depends on the extemal field strength: the stronger the

field, the greater the tendency of the proton to remain lined up with it and the bighPT is the

frequency of the radiation needed to induce the proton to flip. The frequency at which the

jproton absorbs energy depends on the magnetic field the proton feels, this effective field

. strength is not the same as the applied field strength. The effective field strength depends

on the envkonment of that proton; the electron density at the proton and presence of other

protons. Each set of equivalent protons will have a slightly different environment from

every other set of protons and will require a slightly different applied field strength to

produce the same effective field strength. At a given radio frequency, all protons absorb at

the same effective field strength, but they absorb at different applied field strengths. cNMR

information can be broken into four primary groups"'':
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1. the number of signals tells how many different kinds of protons are present

2. the position ofthe signals tells the.electronic environment of the proton

3. the intensity of the signal tells how many protons of each type are present

4. splitting of a signal into sevej^ peaks, which tells about the environment of a proton

with respect to each other and nearby protons.

From a practical NMR standpoint, a tabtic polymer can be considered a copolymer,

with dyad configurations of sin^ar configuration called meso and unlike dyads are called

racemic. The magnitude of the chemical shift between distinguishable structures is

dependent upon the screening of the nuclei by the electron cloud.

One of the powerful aspects of cNMR is that the range of chemical, shift of carbon-

13 (c-13) nuclei is about 30 times that of standard proton NMR. Therefore, very small

differences in chemical and steric environment are visible using cNMR"^""®.

The illustration in Figure 3.2 shows the cNMR spectra of iPP, aPP and sPP. Each

carbon substituent in PP, CH, CHj and CHj has a characteristic pe^. iPP and sPP have

well defined peaks diat are nonidentical with respect to one another, while aPP has peaks

that are intermediate between iPP and sPP. Figure 3.3 shows the full cNMR spectra of a

highly isotactic iPP. The region of interest in stereochemical analysis is the methyl region

in iPP, between 20-25ppm from tetramethylsilane (TMS). As shown in Figure 3.3, there

are three triads, the peaks of interest are nun, mr and rr. As the isotacticity decreases, the

mr and rr peaks increase, as shown in Figvure 3.4. The illustration in Figure 3.5 shows that

each triad is composed of many pentad peaks, with each pentad corresponding to a specific

stereochemical sequence, as indicated in the figure"^""®.

3.2.2.2 Experimental Procedure

The carboh-13 idata was obtained at lOOMhz at 125°C on a Varian VXR 400 NMR

spectrometer. A 90° pulse, acquisition time of 3.0s and a pulse delay time of 2ps were
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. used. A typical number of tr^sients collected was 2500. The samples were dissolved in

tetrachloroethane-dj at concentrations between 10 and 15%, by weight. Spectral

frequencies were recorded with respect to 21.81ppm for mmmm, which was determined

with respect to intemal reference IMS; and is close to the reported literature value of

21.855ppm^V

3.2.3 Fourier Transform Infrared Analysis

Infrared analysis is an important tool used in physical characterization of polymers.

IR absorption bands are known for iPP and allow determination of configuration and

conformation for a particular sample. IR bands can be strongly affected by physical factors

of the polymer, such as crystal structure, crystallinity and sample thermal history. As

such, sample preparation is critically important if using peak absorption values. Using

integrated peak areas allows a somewhat less strict approach, although peak overlap

becomes an important factor.

3.2.3.1 Theory

Infrared spectroscopy has proven to be a valuable tool in the analysis of polymer

structure (molecular identification, determination of chemical functionality, f^hain and

sequence length, quantitative analysis, stereochemical configuration and rhair)

conformation). Infrared spectroscopy is based on the principle that the total energy of a

molecule consists of contributions from the vibrational, rotational, electronic and

electromagnetic spin energies (van der Waals forces, the nature of the bonds, masses of the

bonded atoms, etc.).

The infrared region of the electromagnetic spectrum covers the range from 13,300

cm"l to about 10 cm'^, with the range used depending on the type of IR being used (near,

rmd or far IR). Infrared spectra are obtained by passing infrared radiation through a sample
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and observing the wavelengths of absorption. The absorption peaks are caused by

conversion of the electromagnetic radiation into specific molecular motions. Molecular

bonds are constantly stretching, bending, contracting and expanding. When a molecule is

exposed to electromagnetic radiation, the vibrating bond will absorb energy from the light if

the frequencies of the light and lhe vibration are the same. Since each light firequency

absorbed by the molecule corresponds to a specific bond vibration, one can see what kind

of molecular vibrations a s^ple.has by measuring its infrared spectrum. Interpreting the

infrared spectrum aUows the kind of bonds or functional groups present to be determined.

Thus a specific molecular bond can be assigned to a specific electromagnetic radiation

frequency '' "/•

3.2.3.2 Experimental Procedlure

Some of the films used in the isothermal crystallization study were used for

characterization by FTIR. The films were aged at room temperature for a minimum of 30

days before testing. To the extent possible, the crystallinity and sample thicknesses was

kept constant from sample to sample. The bands investigated were 809, 841, 941 and

973cm"^ Ihe first three are crystalline bands that characterize the tacticity and the last is an

amorphous band that contributes to all known groupings, as such it is treated as a

normalization band for relative comparisons between samples.

3.3 X-Ray Analysis

Two x-ray techniques were used to characterize the various samples in this work.

WAXD was used to characterize the crystal mo^hology, calculate the crystallinity and

determine the crystalline orientation function. SAXS was used to determine die long period

and estimate the interfacial thickness of the samples.
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3.3.1 WAXD

3.3.1.1 Theory

WAXD is based on the Bragg equation for determining the crystal properties of any

crystalline or semi-crystalline material. The Bragg equation is:

(3.1a) nA = 2</^sin.0

where n is an integer and mdicates the order of the reflection, X is the wavelength of the

scattering radiation, d^^ is the spacing between (hid) planes and 6 is the Bragg scattering

angle.

WAXD is used on polymers to determine the crystal morphlogy and crystaUinity.

UtUizing WAXD is the only method for directly measuring the crystalline component of a

material. However, WAXD is not an absolute measurement technique since the location of

the background and amorphous contribution of the combined pattern lead to uncertainty.

The uncertainty arises from two principle sources, crystalline peak overlap and thRrmal

motions of atoms that are in quasi-crystallographic registry i.e. atoms that are vibrating and

moving about due to thermal motions. Techniques exist for correcting these problems, but

utilizing these methods does little to iniprove on the experimental accuracy of the technique,

which is 2-5% (or more), depending on the technique and researcher'®'*"'".

Shown in Figure 3.6 is the diffraction pattern of a semi-crystalline iPP sample. The

technique for determining the ciystollinity involves separating the background, amorphous

and crystalline components of this pattern, as illustrated. After subtracting out the

background, the amorphous contribution is estimated by the shaded curve. The percent

crystaUinity is then calculated from the relative area of the two domains.
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3.3.1.2 Experimental Procedure

Wide angle x-ray diffraction studies were carried out using a Rigaku DenM

diffractometer (A^0.1542nm) calibrated with a silicon powder standard. The WAXD

crystallinity measurements were made by subtracting the background and curve fitting the

amorphous contribution to the peak crystalline intensities and using relative integrated areas

for calculation. The crystallinity calculations were made using software on a recently

upgraded computer system utili?ing a software package called JADE 3.0. The technique

used was proposed by Hermans and Weidinger^®'^^®^.

The samples were scanned from 20 values of 5-35°, as the peaks of primary

interest fall in that range. The relative crystallinity was calculated by using the volume

fi:action of crystalline aid amorphous ̂material estimated from the area of each phase

according to: • , 1=

(3.2)
crystal ^^^amorphous

where K is typically set to unity for coinparative purposes. For an absolute crystallinity

measurement, K should be determined froni another accurate method for determining

crystallinity, such as a density gradient colimm^^^®^.

Another method for determining the degree of crystallinity (W) using WAXD was

the graphic multipeak resolution technique developed by Mo and Zhang^^^. Each

ctystalline reflection is indexed and its peak intensity measured. The amorphous peak

intensity is also measured. The degree of crystallinity is then determined according to^^:

(3.2b) W,,=^—S,q.».(»)^M,(e)

where is the relative intensity of the crystalline peaks; is the relative intensity of the

amorphous peak; Cyjjj correction factor of the crystalline peaks; is the correction factor

for the amorphous peak. Based on x-ray diffraction intensity theory, Kx is defined as
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Kx=Ca(0)*ki, where Kx is the relative scattering coefficient for the unit weight of

crystalline and amorphous polymer i.e. a calibration constant. The correction of lost

coherent intensity in this method is very import^t. ki=21^^3j/EI^„^,(ki<l); kj is the relative

scattering coefficient, which is the ratio of the calculated diffraction intensity (SI, ,,,) to total

scattering intensity for the crystalline polymer specimen of unit weight. Cj^ or

can be calculated by the following equation;

(3.2c) C7l,(.e)orc:'m° /y ='ZN,f, ^
sm 0COS0 ; . sm 6cos0

where f is the atomic scattering factor of a repeating unit, fj is the scattering factors of the

zth atom, Nj is the number of the ith atom in a repeating unit, 20 is the Bragg angle, B=5,

is rtlPL nntrlf fantrsr C\ P^ . fho o-rnrtnanfiq1 torm C ̂-2B(sm6/X)^
sin^0cos0

angle factor (LP) and the exponential term (g 2B(sm0/;i) ̂

temperature factor. The formula for calculating the degree of crystallinity of iPP at room

temperature using the indicated hkl reflection is:

Aoo +•.1.63/040 +2.147j3o + 3.51/jjj
(3.2d) W = 040

/joo+1-63/040+2. 14/j3o+3.51/111+1.25/g
-  040

This technique was also used to calculate crystaUinity of our iPP samples.

3.3.2 SAXS

3.3.2.1 Theory

When performed properly, the most accurate method for determining the

equihbrium melting temperature (TJ') of a material is to directly measure the crystal
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thickness or lamellae thickness ( , ) of the material and the melting temperature of that

sample with a specific therinal history,

T^e lamellae thickness is derived from the SAXS measurements. SAXS is used to

determine the long period ,(L) of semicrystalline materials. The long period is derived from

the scattering peak (Q^) by using Bragg's Law (Equation 3.3) and the momentum transfer

equation (Equation 3.4):

(3.3) nA = 2Lsin6

where n is the order of the reflection, ̂  is the wavelength of the radiation and 20 is the

scattering angle. Expressed in terms of:

(3.4) j2 = 4;rA"'sin0

Bragg's law becomes:

(3.5a) L = —
Onax

where is the value of Q at the scattering maximum, which is determined from the

Lorentz corrected data. It also must be noted that the long period consists of the crystal

thickness, interfacial thickness and any amorphous material separating the domains; i.e., it

is the repeat distance between identical points in the long period, as shown in Figure 3.7.

The interfacial thickness is not shown in this figure, it is simply the two phase model.

Stacked lamellae structures produce electron density fluctuations due to the various

packing densities of molecules in polymers, meaning the amorphous, crystalline and

interfacial regions. The density fluctuations produce x-ray scattering at small angles and

allow the measurement of the long period or spacing^®®" The long period relates the

center-to-center distance of the stacked lamellae averaged over the entire irradiated volmne

of the sample. The long period will have a maximum where the population of spacings of a

given distance occurs most often. This is called the scattering maximum. The scattering

maximum is then converted from three dimensional to one dimensional space by using a
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method developed by Lorentz, called the Lorentz correction. This is done by taking the

raw data, typically the Intensity (I) and distance function (Q), and plotting Q^I vs Q. The

peak is then the scattering maximum

In this study, it was of interest to determine a qualitative value for the interfacial

thicknesk The interfacial region in a polymer system composed of crystalline lamellae and

amorphous domains would be the interface between the two phases, in essence it is a third

phase located between the lamellae and &e truly amorphous regions. This region is

important because it is where the fold surface free energy determined from the Gibbs-

Thomson equation and secondary nucleation malysis is located.

The method used to estimate the interfacial thickness in this study was put forward

by Ruland; it is a modified vers;ion of Porod's law^^®'^". It should also be stated that

another method for determirung the interfacial thickness is by use of a correlation

function^^®"^'*". However, the modified Porod's law has been recommiended for use in

polymers^^®. SAXS raw intensity (I^^J data must be corrected for thermal density

fluctuation to give a corrected absolute intensity (I<,orr)- Ruland's expression for correcting

the intensity is:

(3-5b) hoM = C{.q)-GX^(b-q^)

where C(q) is the thermal density fluctuation constant and b is the slope of the line on a log-

log plot of equation 3.5b. The tail region of the log-log plot is linear curve fit to obtain

C(q). This value is then subtracted from I^„ to give 1^^.

The transition layer tMckness (E) can then be determined in a qualitative manner

(the treatment is more rigorous for an absolute determination) by plotting Igo^.q'* versus q^,

which uses the assumption of a sigmodal electron density gradient across the boundary.

The tail region again is then linear curve fitted to determine the slope and intercept of the

line and used in the following equation to calculate E:
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(3.50 - r^SWPE- - - -
■" \ INTERCEPT

The range of applicabnity for this version of Porod's law is for all interfaHal

thickness values. However, this method introduces a 5% error in the estunate of E. Note:

This method was used since the I vs Q data was obtained from 5m. If data had been

obtained from Im (meaning larger Q values), a correlation fimction could have been used to

determine the long period and interfacial thickness. However, a previous researcher using

a similar homogenous and heterogeneous polyethylene samples with different branch

contents found that the relative differences were accurate using the method described

above^^

3.3.2.2 Experimental Procedure

The SAXS work was carried out at Oak Ridge National Laboratory's 10m SAXS

instrument using a source to sample distance of 3m and sample to detector distance of 5m;

the x-ray generator was operated at IGOmA and 40kV using CuK„ radiation (0.1542rmi).

A schematic of the ORNL SAXS system is shown in Figure 3.8. A 20cm x20cm two-

dimensional position-sensitive detector was used with each virtual cell elemftnt 3mm apart.
The scattering intensity was stored in a 64x64 data array. Corrections were made, for

instrumental background, dark current due to cosmic radiation and electronic noise, and

detector non-uniformity and efficiency (via an Fe^^ radioactive standard which emits y-rays

isotropically) on a cell-by-cell basis. The data were radially averaged and converted to an

absolute differential scattering cross section by means of pre-calibrated secondary

standards. The Lorentz correction method was used to change the raw data from 3-d to 1-d

for long period interpretation.
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The intensity data was corrected by subtracting the background and dark current,

which are collected in separate runs. The net corrected scattering intensity is defined

as: . ..

(3.6) ^ ':s ^DC
V  ̂DC T

^Mon,
*Hjrr in%jr "AfT ^ ^DCyMon^fj. j

where Mon is the monitor counts of the scattering measurement (s for sample, DC for dark

current and MT for empty chamber for all the subscripts), I is the scattering intensity, t is

time of sample run, T is the transmission coefficient, d is the sample thickness, s. • is the
i«3

detector pixel sensitivity factor and is. the absolute intensity conversion factor from

derived standards. The sensitivity of the detector was determined by collecting data of a

radioactive material, Fe^^. The sample transmission coefficient (Tj,,) was determined from a

40s collection of data with the sample, sample plus glassy carbon, empty beam and dark

current. The sample transmission coefficient for each sample was calculated by:

(3 7) j (/^-4c)-0-686(/.-V)
' (V--f.c:)-0.686(/„-/^)

where I is the intensity, gcs is glassy carbon plus sample, DC is dark current, s is the

sample, gc is the glassy carbon and MT is the empty beam.

Each sample was mounted onto a sample wheel (shown in Figure 3.9) that allowed

many samples to be mn in succession. A typical run consisted of ten samples, plus an

empty beam and dark current measurement for each set of samples run on a sample wheel.

3.4.0 DSC

DSC is the most common experimental method used in studying and characterizing

polymeric materials, and for good reason. DSC is a relatively fast and simple method for

determining a material's thermd properties. DSC was used to study the mp.lting and

crystallization temperatures of different samples and to obtain the heat of fusion.
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3.4.1 Theory

A DSC typically consists of a sample and reference arrangement with the chambers

made of a Pt/Rb alloy. Each chamber is a separate calorimeter and has a resistance heater

and sensor for temperature measurement and control. Instead of relying on a heat reference

from a single sample, governed by the temperature difference, reference and sample are

heated separately as required by their temperature and temperature difference. The losses

from the two calorimeters are .equalized as much as possible, and residual differences

between the two calorimeters are elirninated through calibration. In reality, this type of

calorimeter operates by a difference potential generated by the presence of a sample. The

temperature difference is proportional to the differential power applied and gives

information on the difference in heat input per second into each calorimeter. The heat input

difference is then displayed and used for any sample characterization (i.e. glass transition,

heat of fusion, etc.).

3.4.2 Experimental Procedure

DSC scans were carried out using a Perkin-Elmer DSC-7 calibrated with iTidinm

stand^d every 5 hours. The themial cycle is heating and cooling rates of 20°C/min, with a

cycle temperature from 0-230°C and a hold time of five minutes at 230°C. For isothermal

dystallization studies, the sample is cooled from 230°C to the desired temperature at

100°C/min. The sample was then heated at 20°C/min from the isothermal crystallization

temperature until fidly melted. ;

The heat of fusion(AHf) used in crystallinity calculations is 167J/g for the a-

monoclinic crystal structure and 150J/g for the y-orjhorhombic for 100% crystalline

sarriples®'. The percent crystallinity can then be calculated:
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MI,
(3.8) X, = ^a:100

^ ^fc

where AH^ is the heat of fusion of the sample, AHf^ is the heat of fusion of a 100%

crystalline sample.

3.5 Optical Microscopy

An Olympus microscope was used to study linear growth and nucleation rates, as

well as, for the high cooling rate light depolarizing microscopy (HCR-LDM) investigation.

The samples were typically monitored between crossed polars during the crystallization

process. For the linear-growth rate and nucleation density measurements, a 1/4X- waveplate

was often used to follow the crystallization process.

3.5.1 Optical Nucleation Study

A microscope stage was used to mount a Mettler hot stage. The microscope and hot

stage were then used to perform optical nucleation and linear growth rate measurements.

The crystaULzing sample was viewed through the eye pieces, while the sample was also

recorded for further study using a SSrrun film or recording the image using a video camera

and VCR. Obviously, for any type of accurate growth and nucleation measurement, the

various lens/objective/camera combinations must be calibrated to make absolute length

measurements. The calibration was performed using a calibrated microscope shde placed

under the microscope using conditions under which the sample was studied.

3.5.2 High Cooling Rate Light Depolarizing Microscopy (LDM-HCR)

3.5.2.1 Theory

Ding and SpruielF®^'^®'^ developed a method to study quiescent non-isothermal

kinetics of polymer at very high cooling rates. The technique utilizes a polymer film with a
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thermocouple embedded. Thfe film is then subjected to a flow of hot air to melt the sample

and erase the therm^ history. The s^ple is then cooled by blowing constant temperature

nitrogen over the s^ple. The cooling rate is changed by the yoluine of air moving across

the sample. The technique has been reviewed extensively^®^^'®. .

The main assuihption for this technique is to have a . uniform temperature

distribution across the thickness of the film. A uniform temperature distribution is obtained

by balancing sample thickness with the cooling rate. In order to quantitatively analyze the

temperature behavior of tire system, a heat transfer analysis was performed. The heat

transfer equation is:

.rPCJT
(3.9)

dt

where p is the density, Cp is the specific heat, V the volume of the specimen, A is the area

of heat transfer, Hg^ is the ovei^ heat transfer coefficient and T^ is the temperature of the

cooling medium. H is defined as:

(3.10)
I  h .1_g_

ka

where kg and Ig are the thermal conductivity and tliickness of the cover glass (respectively),

while ka and 1^ are the thermal conductivity of air and the thickness of the air boundary. By

assuming that kg, kj,, p, and Cp are constant in the cooling process prior to crystallization,

equation 3.9 can be solved to give: ' .

(3.11) 7'-r, = (t-r,)exp 12.

where the term in (brackets) is defeed as the cooling rate factor (CRF) and T^ is the initial

temperature of the sample.

(3.12) CRF = go

p J
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During HCR-LDM crystallization, significant light scattering occurs from the large

number of nuclei that form. To correct for this problem, the measurement of light intensity

with and without analyzer ̂ e used. The analyzer contains a polarizer so that the total light

intensity can be recorded (without analyzer) and light under cross polars (with analyzer)

can be recorded.

Under quiescent crystallization conditions, the light intensity transmitted through

crossed polars is proportional to the absolute crystahinity (X,) at any time (t), sample

thickness (1) and intensity of incident light (IJ. The intensity of the transmitted hght (I) can

be expressed as:

(3:13) I=CJJIX,+I^

where Cj is a proportionality constant related to the optical properties and geometry of the

sample, \ is the small amount of light that leaks through the cross polars in the absence of a

sample. can be expressed as:

(3.14) + Q ,

where Cj is a polymer relat^ constant that is determined experimentally. Substituting

equation 3.14 into equation 3.13 gives: ,

(3.15) R = C^IX, + ̂

where R is the relative light intensity and R„ is the light intensity at zero crystallinity (i.e. in

the melt for a crystallizable polymer). At time t=I , the absolute crystallinity is denoted as

X} and the relative light intensity as Rj. Therefore, equation 3.15 can be expressed as:

(3.16) e{t) = ̂ = ̂'^0

This relation provides the relative crystallinity, 0(t), needed for the measurement of the

bulk crystallization kinetics.
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The power in this technique arises from the ability of determining the bulk

ciystallization kinetic component of a crystalbzmg polymer, while simultaneously knowing

the temperature at that given instant, not simply the time ftame over which the

crystallization occurred. A thermocouple is embedded into the sample in the region where

the light intensity data is collected. Therefore, the ability to track the behavior of the

polymer as a function of cooling fate is allowed.

Studies from this system^®^''®!*"'®® have shown that induction time and plateau

crystallization temperature can be determined from this work. It is also possible to coUect

growth and nucleation rate data by optically recording the process with the microscope.

The limitation of the cooliug rate range is determined by the mass of the sample and the size

of the thermocouple. Thirmer samples can be cooled more rapidly while still maintairimg

an approximately uniform temperature distribution across the sample. For growth rate

measurements at high cooling rates, the cooling rate may also be limited by the speed of the

recording media. ,

3.5.2.2 Experimental Procedure

A schematic diagram of the HCR-LDM set-up is shown in Figure 3.10. The set-up

consists of an Olympus BH2 optical microscope, IBM PC, a very low noise light source, a

cooling unit, heating unit, sample chamber, gas controller board and electronics gear to

amplify and relay the light intensity and temperature data to the computer. The sample

chamber is placed on the microscope stage and the heating and cooling lines are attached.

The gas control board allows the volume of Nj to be controlled, upon both heating

and cooling. The sample is nielted by controlling the temperature of the Nj that passes over

the sample. The temperature of the sample is monitored using the computer. Once the

sample is melted to erase its thermal history, die heated Nj can be turned off and cool Nj

channeled to the sample ch^ber. There is some amount of control of the volume of N2
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passiiQg through the gas control board, although exact reproducibility is not possible. The

light intensity and temperature profiles can be recorded as the sample cools and crystallizes.

Experimental determination of .constants and system calibration instructions can be

found elsewhere^®^'^®''.

3.6 Melt Fiber Spinning

3.6.1 Melt Spinning Equipment

The melt spinning machine used in this study was designed by Foume Associates

of Germany. TheFOurne extruder had a single screw SOOnun long by 13mm in dimeter.

The polymer is fed to the extruder in the form of pellets fi:om a seven liter nitrogen purged

hopper. The extmder is heated by two band heaters along the extruder barrel. Molten

polymer is then delivered at pressure (l-3000psi) to a Zenith constant volume displacement

gear pump (spin pump). The spin pump and extruder pressure control the volumetric flow

rate of the polymer. The polymer is then fed to the spiimeret, which can consist of one or

more holes. The spin pump and spinineret are heated by two large band type heaters similar

to the. extruder heaters. The extruder and spin block are mounted on a head that can move

up and down vertically, to control the length of the spinline. The fiilament exiting the die

can be drawn by either a winder or aiijet drawdown device with air pressure.

In this study, a single hole die was used. The die is 0.762rhm in diameter with an

L/b ratio of 5.0. The mtp in the present study was kept constant at approximately

1.52±0.05g/min. ,

3.6.2 On-Llne Measurements

3.6.2.1 Diameter

The on-line diameter measurements were done using a Zimmer diameter monitor

(model 460A/2) and Digital Display Controller, (model 466/2) from Zimmer OHG,
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Germany. The Zinuner works on a non-contact electro-optic principle, which allows

measurement of opaque and semi-transparent materials. The Zimmer can accurately

measure diameters from 0-2inm with a resolution of 0.5pm and is calibrated using standard

wire diameters. The system is mounted on a movable platform that allows data collection at

various heights along the spinline.

The Zimmer is connected to an IBM PC that directly collects the data. The data is

then transferred to another IBM PC for diameter calculation using a program in Quick Basic

that allows for accurate analytical analysis of fiber diameters, including a correction for

fiber transparency. At least five measmements were made for each spinning condition with

2000 data points collected for each sample.

3.6.2.2 Birefringence

On-Line birefringence measurements were made using an Olympus polarizing

microscope (model 206080). This is the same microscope used in off-hne measurements.

A six-order compensator was used for retardation measurements. The same stand on

which the Zimmer is mounted contains space for the microscope. The only change from

off-line measurements is the addition of a V-grooved guide that stabilizes the filament

during measurement. The experimental set-up is shown in Figure 3.11.

3.6.2.3 Filament Tension

The tension was measured using a Rothchild Tensiometer (model INTEG R-1198)

as a function of fiber diameter and air pressure. The tension was measured at the bottom of

the spinline near the draw down device (within 10cm). The Tensiometer was calibrated

off-line using fibers of known diameter with calibrated weights attached.

3.6.3 Off-Line Fiber Characterization
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Figure 3.11 On-Llne birefringence set-up^".
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The melt spun fibers were characterized by determining their density, birefringence,

mechanical properties, crystalline orientation and morphlogy and sonic velocity.

3.6.3.1 Density

The density of iPP simply reflects the crystallinity of a sample. Although,

molecular orientation of non-crystalline molecules can add some error in density

crystallinity measurements, it is the best way to ascertain a fibers crystallinity. Percent

crystallinity can be calculated from density according

(3.17)
Pc-Pa

where v is the volume crystallinity, p is the sample density, is the density of amorphous

material and p^ is the density of the unit cell. For is 0.85g/cm^ and p^ is

0.936g/cm^

The density of the fibers was determined using a density gradient column made of

isopropanol and ethylene glycol. The column was calibrated using DGC beads that have a

known density. The density range of the columns in this work ranged from 0.870-

0.920g/cm^.

3.6.3.2 Birefringence

The significance of birefringence and overall molecular orientation was discussed

earlier. Birefringence is determined by measuring a sample's retardation and dividing by

the sample's thickness (in the case of fibers, fiber diameter).

Retardation involves measming the phase difference between two mutually

perpendicular, plane polarized waves emerging from a sample. The phase difference was

measvued using an Olympus microscope with a six order compensator. The diameter was

then, measured on the same sample in the same region where the orientation measurement
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was made. Once the retardation was computed, it was divided by sample thickness to

determine the sample's bireftingence.

The birefringence measurenaents are related to the crystalline and non-crystalline

orientation functions by: , ^

(3.18) An = )8AU+(l-i3)AL/„c

where A° is the intrinsic crystalline birefringence (for iPP A° =0.0291) and A°^ is die

intrinsic non-crystalline birefiingence (for iPP A°^=0.0600) 201-203 discussed in

section 2.5.1.4.

Ten measurements were made on each set of fibers. The reported values are the

average of these ten measurements.

3.6.3.3 Mechanical Properties

3.6.3.3.1 Theory

When a polymer is deformed above its glass transition temperature, the samples

morphlogy wiU determine its mechanical properties. Research has shown that preferential

molecular orientation in the test direction has a substantial impact on the low strain rate

tensile mechanical properties of a polymer, both modulus and tensile strength. Absent of

any molecular orientation, the crystallimty and detailed morphlogy are the primary factors

that determine the mechanical properties.

The deformation of a semi-crystalline polymer occurs in two basic steps under

uniaxial extension. The crystalline regions begin to become oriented in the applied stress

direction at small deformations, before orientation of the chain axis of the amorphous

component. As extension continues, the amorphous component begins to orient in the

applied stress direction. If the sample is highly crystalline, these transitions happens very

rapidly and is accompanied by necking in the sample.
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Stress (a) is defined as the force per unit cross-sectional area of sample. Stress can

be shown mathematically in two different ways, as engineering stress and true stress.

Engineering stress is defined as:

(3.19)
0

where is the engineering stress, F is the force and = initial cross section area.

Engineering strain is defined as: ,

(3.20) Ye='%
0

where 7; is the engineering strain, AL is the change in length and is the initial length.

Engineering values are determined from the initial cross sectional area and length.

True stress and tme strain are defined in terms of very small deformation increments that

take place during the deformation pirocess. Typically, the actual true stress must be

calculated and requires more work than the engineering stress to calculate. The true stress is

defined as:

(3.21) ^i=yA

where a, is the true stress and A is the actual cross section area of the sample.

The differential of true strain is defined as:

3.8 <(r,=f

where = true strain and L = actual length. Integrating from the initial sample length (LJ

to the final sample length (L), we obtain:

(3.23) Y, =ln(^^J
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At sufficiently small deformations, the deformation is recovered when the load is

removed, i.e. the deformation is elastic. In this case, the relation between stress and strain

is a linear one and is known as Hooke's law: a = Ey, where a is the stress, y is the strain

and E is the Young's elastic modulus. The slope of the stress-strain curve in this initial

section is equal to E.

The important material properties determined in this study were the Young's

modulus, elongation-to-break (ETB) and ultimate tensile strength (UTS). ETB is simply

AL/L at the time of sample fracture or failure and UTS is the maximum load divided by the

initial cross-sectional area of the sample.

3.6.3.3.2 Experimental Procedure

A table model Instron tensile testing machine was used to determine the tensile

properties, of the as-spun fibers. At least ten fibers for each set were tested. The sample

gauge length was 25mm with an extension rate of 50mm/min (200%/min). The data was

recorded and averaged using the Instron software.

This testing procedure is in accordance with ASTM stanctod D3218-93.

3.6.3.4 Flat Plate X-Ray Patterns

The morphlogy and orientation of the fiber samples were studied using a flat plate

x-ray film technique. The samples were prepared by aligning filaments parallel to one

another on an A1 frame. This sample was then exposed to a coUimated beam of x-rays.

The scattered x-rays then strike the fihn and allow qualitative orientation and crystal

morphlogy determinations to be made.
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The patems were produced using a pin-hole technique with CuKa radiation at

SSkV and 17mA settings. The s^ple chamber is not evacuated. Typical exposure time

was four hours.

3.6.3.5 Sonic Modulus

3.6.3.5.1 Theory

When a polymeric material is oriented, deformation leads to a change in the

crystalline and noncrystalline (sometimes referred to as amorphous) regions of the sample.

In order to characterize the final morphlogy, the orientation of the crystalline and

noncrystaUme regions must be known. Crystalline orientation can be determined fi:om

WAXD measurements, utilizing Hermans^^^ orientation functions. In principle, the diffuse

halo produced by the scattering from the non-crystalline regions can yield the noncrystalline

orientation function, but has proven elusive experimentally since the intensity distribution is

not known to a high level of accuracy. One technique for estimating the level of non-

crystalline orientation is to use sound waves.

Ward^®^'^®® initially examined sound propagation in uniaxiaUy oriented fibers.

Ward demonstrated the relationship between the sonic modulus (E), the intrinsic lateral

(transverse) modulus of a perfectly oriented fiber (E°), and the average angle (0) between

the direction of sound propagation and the symmetry axis is:

(3.24)
1  1 — cos^ 9

E  e;

Mosely^ came to a similar conclusion using a single phase model.

Samuels^®' extended the sonic modulus equation to a two-phase system by use of a

mixing equation involving bulk compressibilities. For a homogenous mixture, both the

density and bulk compressibility are additive properties and the equation takes the form:
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Figure 3.12 Molecular alignment of polymer molecules with sound
propagation^ .
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(3.25), K =

where K is the bulk compressibility, of

crystalline and amorphOus)and P is tl

the mixture (the subscripts c and am stand for

le fraction of crystalline material. The bulkK

compressibihty (K) is related to the bulk modulus (B), Young's Modulus (E) and

Poisson's ratio (d) by:

(3.26)
1 _3(l-2v)

B  E

modulus (E ):

(3.28) J-](i-cos'e,)+
F'\^t.c

5202.For iPP at room temperature, d=0.33. Fifrther, for iPP'

(3.27) - E = pC^

Thus for an oriented sample we obtain the following expression for the measured sonic

IzA|(l-cos'0^)

for an unoriented sample cos^ 6 = 1/3 and equation 3.28 reduces to:

(3.29) 3 _ jS , 1-A
2F F° F"

where E„ is the measured sonic modulus of an unoriented sample. Combioing equation

3.27 and 3.28 gives the expression for the sonic modulus of oriented iPP at room

temperature:

(3.30) -(AE~'^) = -^+^—
o \ ) v"2^ ' F" ; F"̂t,am

where (AE-') = (£:'-£7,'). ^ For

E;<^=1.06xl0^°dyne/cml

iPP
201-203 £'°^=3.96xl0^°dyne/cm^ and
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3.6.3.5.2 Experimental Procedure

The sonic velocity of the fiber samples was determined using a KLH Series Four

Pulse Propagation Meter. The sonic velocity reported is the average measurement made on

five different samples. The experimental set-up consists of transmitter and receiver

transducers that measure the velocity of sound propagation through the material, as

illustrated in Figure 3; 13. Ihe deiisity was deteiinined using a density gradient column, as
>

indicated in 3.6.3.1.

3.7 Thermal Spunbonding

As previously discussed, there are resin, fiber and process factors that effect fabric

properties in the spunbonding process.

3.7.1 Resin Factors

Resins having different molecularj weight and molecular weight distributions were

studied. Resins M22, M32 and ZN35 (see section 3.8) were used to study the effects of

resin characteristics on fiber structure development in the spunbonding process. These

resins were used to produce fibers with differing properties under identical processing

conditions, so that effects of fiber properties on the bonding process could be investigated.

In effect, different resins were used to change the fiber properties since the range of

processing variables is somewhat limited with the current spunbond line.

3.7.2 Fiber Properties

Extrusion temperature, mass-throughput, cooling air fan speeds and draw down air

fan speeds were adjusted to inake changes in the unbonded fiber properties. These fiber

spinning process variables were utilized to produce fibers of different diameter, overall

molecular orientation and crystallinity.
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3.7.3 Bonding Process Conditions

Bonding temperature, bonding pressure, and line speed were the processing

conditions changed to study the thermal point spunbonding process. The main emphasis

was to evaluate the effects of changing process conditions on fabric mechanical properties

as determined by fabric tensile strength and elongation-to-break.

3.7.4 Experimental Procedure

The fabric mechanical properties of interest are elongation-to-break and tensile

strength in the machine direction and transyerse directions. The testing procedure was in

accordance with ASTM standard D1117-80. The sample gauge length is 5" and 1" wide

with an extension rate is 5"/min. The results for strength are reported as load per unit

width at a certain basis weight. The acmal fabric thickness is not used iu these

measurements since it is difficult to measure. Therefore, the width is standardized and the

strength of the fabric is reported for a given width and mass of fabric.

Basis weight is the mass of material per unit area and is determined using ASTM

standard D3776-85.

3.8 Characterization of Materials

Seven isotactic polypropylene resins typically used in fiber spinning and two

experimental resins were kindly supplied by

were prepared with a metaUocene catalyst

Exxon Chemical Company. Six of the resins

system and the other three by a Ziegler-Natta

catalyst system. The zniPP resins are viscosity broken with peroxides to lower their

average molecular weight and to narrow

Ziegler-Natta resins differ substantially in

their molecular weight distribution. The two

their isotacticity as discussed below. The

molecular weights were determined by gel permeation chromatography (GPC) and are
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lower than the ZN35 resin and more than

The crystallization temperatures for the

given in Table 3.1. The ZN35 resin has a higher polydispersity than the other resins, but is

still quite narrow for a vis-broken zniPPj.

Thermal Analysis

DSC scans were carried out using a Perkin-EImer DSC-7 calibrated with indimn

standard every 5 hours. Unless stated otherwise, the thermal cycle was heating and

cooling rates of 20°Cyniin, with a cycled temperature from 0-230°C and a hold time of five

minutes at 230°C. The heat of fusion(ZkHf) used in crystallinity calculations is 167J/g for

the a-monoclinic crystal structure and 150J/g for the Y-orthorhombic for 100% crystalline

samples^^"^'. The basic thermal properties for these resins are shown in Table 3.2. The

measured melting temperatures of the mutallocene catalyzed resms are approximately 13°C

16°C lower than the higher tacticity ZNHT resin.

miPP resins are about 2-3°C lower than for the

ZN35 resin, but they are 14-15°C lower han the ZNHT resin.

the properties of the resins in this work, shown in Tables 3.1 and 3.2, point out

some of the difficulties found in studying isotactic polypropylene. The thermal properties

data show, that the miPP resins have significantly lower melting temperatures than.ZN35,

while having only slightly lower crystallization temperatures. The difference in melting and
i

crystallization temperatures is also similar when comparing the metallocene resins to the

ZNHT resin. In previous, rese^ch, these differences would be attributed to the resins

having different isotacticities, as; this has been the classic explanation for explaining

differences in quiescent thermd properties®.

Stereoregularity of the Resins

The stereoregularity of these sam ples was characterized using both xylene solubles

and carbon-13 NMR. Percent xylene solubles was determined according to ASTM

standard D5492-94. The carbon-13 data were obtained at lOOMhz at 125°C on a Varian

VXR 400 NMR spectrometer. A 90° pulse, acquisition time of 3.0s and a pulse delay time

.  n ' 51
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of 20s were used. A typical number of transients collected was 2500. The samples were

dissolved in tetrachloroethane-dj at concentrations between 10 and 15%, by weight.

Spectral frequencies were recorded with respect to 21.81ppm for mmmm, which has been

determined with respect to internal reference tetramethylsilane and is close to the reported

literature value of 21.855ppm. This part cf the work was carried out by Dr. J. C. Randall

at Exxon Chemical Company.

The stereoregularity data for these materials is shown in Table 3.3. The xylehe

solubles data show that the miPP resins and ZNHT have very little soluble material, while

the ZN35 resin has a significant portion of material soluble in xylene. This is in agreement

with the non-uniform defect distribution previously found in most zruPP resin research. It

is also worth noting that MlOO also had significantly more xylene solubles material than

any other rrdPP resin. The cNMR data were obtained with the xylene soluble fraction

removed, i.e. a purified polyrner. This is particularly important for the ZN35 resin, since it

contains a substantial atactic fraction. As discussed in the iritroduction, the xylene soluble

material is composed primarily of atactic chains. The atactic chains have very short

isotactic sequences that are not typically capable of crystallization, resulting from defects

incorporated into the polymer chain during the polymerization process. The total [meso]

diads for the first three rriaterials are very similar, after the removal of the atactic component

for each resin. The [meso] content of the ZNHT resin is substantially higher than that of the

other homopolymer resins.

The average meso run length is determined by taking the inverse of the total number

of defects per 10,000 monomer units.

The total number of defects per 10,000 propylene units is composed of regio (head-

to-head and tail-to-tail) and stereo defects. Regio defects occur with metallocene catalysts

and depend upon the 7i-hgands, polymerization temperature and monomer concentration;

they are generally 2,1 addition type polymerization errors found in high activity catalysts,25-
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Regio defects are not typically found in Ziegler-Natta catalyzed materials as these

defects terminate the polymerization process, i.e. it is a chain termination step^'. Stereo

defects occur when the cis enantioface changes to trans (propylene is chiral), which can

occur at low temperatures or when the active site structure of the catalyst is compromised.

Research has indicated that miPP resins are site controlled, therefore stereo errors during

polymerization are corrected by the catalyst^. Conversely, zniPP resins are chain-end

controlled, meaning the stereo error is propagated^®. The chain-end control mechanism is

thought to be responsible for producing the atactic material found in zniPP resins. As

Table 3.3 indicates, the miPP resins ha\e almost twice the number of total defects as the

ZN35 resin after removal of the xylene soluble fraction. The ZNHT resin has even fewer

defects than the ZN35 resin. The M32 resin has 11 more defects per 10,000 units than the

M22 resin. If the xylene solubles material were included in these defect calculations, the

total defects for the ZN35 resin would be: much higher. However, since the atactic chains

do not crystallize, they are removed and not considered part of the crystallizable material,

On this basis, the average meso run length is slightly longer for ZN35 than for the rniPP

resins, as it has fewer defects in the crystallizable rriaterial. The meso run length for the

2NHT material is almost twice that of the ZN35 resin and approximately three times that of

the miPP resins.

Infrared Spectrum

Raman infrared spectrum for M22 and ZN35 are shown in Figures 3.14 and 3.15.
, \ . r

Virtually all the peaks are accounted for by crystalline and amorphous absorption

assignments. There is not evidence of an ether and/or vinyl methyl ether due to oxygen

degradation in any material. However, this can not be ruled out as some of these

absorptions may be masked by the much stronger bond absorptions located near these

spectral locations.
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Chapter 4

Results and Discussion of Quiescent Isothermal and Nonisothermal

Crystsdlization Studies

4.0 Introduction

In this chapter the results of quiescent isothermal and nonisothermal studies

performed on MIO, M22, M32, ZN35, and MlOO will be presented and discussed.

Films made from each, resin were crystallized isothermally and nonisothermally and

studied to determine each sample's morphology, thermal characteristics and

crystallization kinetics. The morphology and properties after crystallization depend on

thermal history and the detailed microstructure of the polymer molecules. Emphasis was

placed on understanding and relating a particular resin's underlying chain microstructure

to final sample properties and characteristics.

The morphology and melting behavior of isothermally cry stallized samples using

the various iPP resins will be discussed in section 4.1, while the crystallization kinetics

during isothermal crystallization are presented in section 4.2. The morphology and

melting behavior of nonisothermally crystallized samples using the high cooling rate light

depolarizing microscopy (HCRLDM) technique are presented in section 4.3. The

crystallization kinetic studies under noiiisothermal conditions using HCRLDM are

discussed in section 4.4. Studies involving crystallinity and interfacial thickness
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measurements made from isothermally and nonisothermally crystallized samples will be

presented in section 4.5.

4.1 Morpholo^ and Melting Behavior of Isothennally Crystallized Resins

The morphlogy of films isothennally crystallized in a Mettler hot stage were

investigated using WAXD and SAXS. The thermal properties of each sample were

characterized using DSC. These results are combined in the present presentation to

determine the equilibrium melting temperature and heats of fusion for each resin.

4.1.1 WAXD of iPP Resins

Isotactic polypropylene is known to crystallize in several different crystalline

forms. Polypropylene can crystallize into an a-monoclinic, P-pseudohexagonal Md y-

orthorhombic form. The most common form of iPP is the a-monocUnic, with |3-

pseudohexagonal and y-orthorhombic formed under special conditions. The P-

pseudohexagonal can be formed by using special nucleating agents or a temperature

gradient crystallization method"®. The y-orthorhombic structure can be produced with

zniPP resins at elevated pressures or utilizing low molecular weight iPP that has little or

no chain folding^®. ^The y-structure has also been observed when PP is copolymerized

with ethylene or butene"-^^-^^. Recently, it has been shown that metallocene catalyzed iPP

homopolymers can produce the y-orthprhombic structure at atmospheric pressures^^

Each of the tfeee crystal fonns of iPP has a distinctive reflection in a WAXD

scan. These peaks , are found betweeii 20 values of 18-19° for the a-monoclinic structure,

16-17° for the P-pseudohexagonal structure and 19.2-20.5° for the y-orthorhpmbic

structure.^ The appearance of these characteristic peaks indicates the presence of that
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particular structure. Samples used in x-ray analysis were isothermally crystallized into

films. WAXD pattems for several samples used in this study for each resin are shoAvn in

Figures 4.1-4.6. The isothennal crystallization temperature is indicated near each

WAXD scan.

The WAXD pattems for the miPP resins show the existence of both the a and y

crystal structures, with the y intensity generally increasing as the isothermal

crystallization temperature increases. For the miPP resins, as the total number of defects

increases, the percent y-iPP content also increases. Recall that total defects for these

materials decreased in the order ]Vil00>M10>M32>M22>ZN35>ZNHT. (Note: The

percent y content for each material is shown in Figure 4-22 as a function of lamellae

thickness.) Initially this was a quite surprising result, as the literature had only recently

reported a non-copolymer iPP producing the y stmcture" at atmospheric pressure.

Studies by-Tumer-Jones"*^'^® showed that the y structure was produced when propylene

is-polymerized with ethylene and other copolymers. Additionally, Tumer-Jones found

that the slower the crystaUization process, the greater the amount of y-crystal structure is

formed. More recently^ \ work was done on highly isotactic propylene ethylene

copolymers that indeed repeated the findings of Tumer-Jones.

As the WAXD scans for the zniPP resins (ZN35 and ZNHT) show (Figures 4.4

and 4.5) a small amount of y. stmcture is also produced at higher isothermal

crystallization temperatures in these resins. As there exist no regio defects in the zniPP

resin, the appearance of the y stmcture in the zniPP material suggests that it is not the

type of stereochemical defect that induces the y stmcture, but the presence of these

defects and their distribution. This is in agreement with earlier speculation proclaiming
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Figure 4.1 Isothermal WAXD of resin MIO.
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the nature of the defect being less important than the mere presence of the defect^^'^'^'-^^

The possibility also exists that the y-c^stal structure is formed in the zniPP resins as a

result of low molecular weight chains crystallizing. The low molecular weight chains are

produced from the peroxide degradation process to narrow the molecular weight

distribution of most zniPP resins. , It should be noted that some |3 structure is formed in

the ZN35 resin at some intermediate conditions.

4.1.2 Differential Scanning Calorimetry

The results in Figure 4.7, show heating curves for M22 crystallized in the DSC

over a range of temperatures, from 120-125°C, as indicated in the figure. Notice in

Figure 4.7 that, at a crystallization temperature of 120°C there exists one peak with a

rather broad low temperature shoulder. As the crystallization temperature is increased a

broad, but definite, endotherm develops at a temperature in the neighborhood of 143°C.

In Figure 4.8, the crystallization temperature range has been expanded for M22.

There exists no low temperature endotherm when the sample is crystallized non-

isothermaUy at a cooling rate of 20°C/min. As the isothermal crystallization temperature

increases firom 110°C to 120°C, a shoulder and low temperature endotherm develops.

The shoulder becomes a pronounced peak at 130°C. At 140°C, the low temperature

endotherm has all but disappeared. This procedure was also conducted on the other miPP

resins with similar results.

The low temperature endotherm in Figure 4.7 is indicated as being associated

with the melting of the y-phase and the higher temperature endotherm with the melting

of the a-phase. Two experiments were conducted to prove this assertion.
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The first experiment involved crystallizing a film at 130°C in a Mettler hot stage,

to reproduce a sample similar to the one found in Figure 4.8 at 130°C. The sample was

then placed in the Rigaku diffractometer to obtain the WAXD pattern. The pattern is

shown in Figure 4.9, and is labeled as "virgin". Notice for the virgin WAXD pattern that

both the a and y structures are present in significant amounts. The film was then

aimealed at 152°C for one minute in the Mettler stage, ̂ d quenched in ice water. The

annealing temperature picked is the saddle point between the two melting peaks of a

sample crystallized at 130°C, as indicated by T^ in Figure 4.8. The WAXD pattern

labeled "annealed" in Figure 4.9 shows that the y-structure peak decreased significantly

such that only a small amount of the y-orthorhombic structure remains. A similar WAXD

crystal melting procedure was performed on all other resins. As the results in Figures

4.10-4.14 show, the y peak decreased significantly for all miPP resins and even for

ZNHT. In Figures 4.10-4.14, the annealedjand virgin WAXD patterns are overlaid so

that the change in the diffraction pattern can be seen. Additionally, each pattern is of the

same region of the same sample befoire and iafter the thermal cycle. According to Pae^'",

the yto a transition occurs very slowly and can not be detected by DSC scanning at 10

°C/min.

The second experiment was to crystallize a film in the DSC at 130°C for six

hours, followed by annealing at 152°C to ,simulate in the DSC the thermal treatment of

the annealed film whose x-ray pattem is shown in Figure 4.9. The sample was then

cooled at 20°C/min to room temperature before reheating in the DSC. The heating curve

following this treatment is shown as the lower curve in Figure 4.15. The higher melting

temperature peak associa,ted with the initial a-phase annealed at 152°C remains, but a
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Figure 4.9 WAXD pattern of virgin and annealed M22.
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lower melting peak is also observed almost identical to the one found when crystallizing

the sample by cooling from the fully, melted condition at 20°C/min, as in the upper curve

in Figure 4.15. This lower temperature melting peak also represents melting of a-phase,

but the lamellar thickness is smaller and the melting point is lower, due to the

nonisothermal crystallization. These results establish with a high degree of certainty that

the lower temperature endotherm found m these miPP samples at higher crystallization

temperatures is indeed associated with melting of the y-crystal structinre.

One reason for using a multiple technique analysis of the miPP resins was to rule

out the two melting peaks of Figures 4.7 and 4.8 being a .result of the melting

recrystallization phenomena observed in polymers^'^"^". Careful experimental work

could rule out this possibility using DSC alone. However, a check of the crystallographic

structure revealed information about the underlying morphology and determined that the

melting recrystallization phenomena is not responsible for the observations. The WAXD

and DSC work show that each melting peak is associated with a crystal phase.

4.1.3 Lamellae Thickness and Equilibrium Melting Temperature

The results of the SAXS analysis to determine the lamellae thickness for each of

the resins is shown in Tables 4.1-4.6. The crystallinity values were determined from

WAXD analysis. The total crystallinity values represent the total crystalline fraction; no

attempt was made to separate a and y-phase fractions in the bulk crystallinity analysis.

Also included in these tables for reference are the calculated stem length and number of

monomer units traversing the crystal lamellae for the a-phase.
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There existed only one maxima on the raw SAXS 1-d azimuthally averaged scan.

Based on this and the lack of, information to the contrary, we assumed a similar crystal

thickness for both the a and y-crystal structure when two phases were present. For the

samples that have a significant fraction of y-phase, stem length in the y-phase and the

number of monomer units traversing the y-crystal is also given. The difference between

these values for the a and y phases is due to the inclination of the chains to the lamellae

surface in the y-phase.

The assumption of similar crystal thickness for both a and y-crystal structure is

supported by the uncorrected and Lbrentz corrected SAXS data for the miPP resins, as

shown in Figures 4.16-4.21. MIO raw and Lorentz corrected data are shown in iFigures

4.16-4.17, M2i2-Figures 4.18-4.19 and MlOO-Figures 4.20-4.21. M22 had the fewest

number of configuration^ defects of the mebillocene resins, and in general had the lowest

percent y-content as shown in Figure 4.22, which shows y content as a function of

lamellae thickness for all the'metallocene resins. Hie largest percent y-content for M22

was roughly 42%. However, MIO and MlOO had more configurational, defects that

produced percent y-content values greater than 70% for some samples. Therefore, if a

bimodal population of crystal thicknesses exists, it should show up for MIO and MlOO in

the SAXS data. Clearly it does not. The peak value of Q for MIO, M22 and MlOO

(Figure 4.17, 4.19 and 4.21 respectively) all have similar long period values, which

further indicates our assumption of similar crystal thickness for each crystal structure is

. most likely correct.

An additional high temperature in situ experiment was performed on isothermally

crystallized films using SAXS to further support the assertion of a single maxima or long
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period for both the a and y crystal structures. The sample chamber was heated to 154°C,

a temperature sufficient to melt the y-phase present in samples of MIO and M22, along

with ZNHT isothermially crystallized at 130°C.. The results showed that the long period

increased for all the samples over the long period at room temperature with the miPP

resins long period increasing more, than ZNHTi However, when the lamellae thickness

was calculated using the room temperature crystallinity values adjusted for the removal

of the y-phase, the lamellae thicknesses changed by roughly similar amounts for MIO,

M22andZNHT.

The results in Figure 4.23 show the observed melting temperature of the a-iPP as

a function of lamellae thickness. Figure 4.23 illustrates quite clearly that the miPP resins

ha,ve lower melting temperatures than the zniPP resins with similar lamellae thickness

values.

The Gibbs-Thomson extrapolation for the resins in this study are shown in

Figures 4.24-4.28. In Figures 4.24-4.26 and 4.28, two extrapolations are shown ~ one for

the a-phase and one for the y-phase. The extrapolation for the a-phase is based on the

measured lamellae thickness values and the high temperature endotherms firom DSC data.

Since we have established that the lower temperature endotherm is associated with the y-

phase, we can determine the T,j,° value for the y-phase with the assumption described

above, that the lamellae thickness is the same as that of the a-phase. This was done for

the lower curves in Figures 4.24^.26 and 4.28.

The extrapolation for the a-phase of the M22 resin gives a T„° of 186±2°C, as

does the M32 resin. The Ziegler-Natta resins give a value of 186±2°C for the ZNHT
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resin and 178±2°C for the ZN35 resin. The higher defect content resin MIO had a TJ' of

185±2°C and MlOO a T^° of 183±2°C. For resins M22, M32 and ZNHT, the a-phase TJ

values are nearly identical and agree with recent literature values published for the a-

phase Tn,° of highly isotactic zniPP. Mezghani et al. and others have found the T„° of

various iPP resins to have a.value near It also should be pointed out that

Ihe miPP resins have similar lamellae thicknesses as those found in the zniPP resins, as

was shown in Figure 4.23. Since the lamellae thicknesses are similar and the miPP resins

melt at lower temperatures than the Ziegler-Natta resins, the differences in melting

temperatures must be a result of either'differing fold surface free energy or differing heat

of fusion (or both), according to the Gibbs-Thomson equation (see equation 2.1).

The results in Figures 4.29 and 4.30 show a plot of the measured heat of fusion of

the iPP resins as a function of the crystallinity as measured by WAXD. By extrapolation

to 100% crystallinity, the valtie of AHf for a-iPP can be obtained. Figure 4.30 shows

that the difference between the values of AHf for the miPP resins is small and likely lies

within our experimental error (±5J/g for each resin). Figure 4.29 shows that the

difference between the values of AHf for the zniPP resins is small and also lies within

our experimental error (±5J/g for each resin) for all the resins considered. The values of

AHf for all of the resins represented in Figures 4.29 and 4.30, lie within the range 166-169

J/g, in good agreement with the literature value of 167 xh^s, it is unlikely that

a difference in AHf is responsible for the difference in actual measured melting

tempera.ture of the miPP and zniPP resins. The data also further suggest that there is little

to no defect incorporation into the crystal matrix, since the heats of fusion are basically

equivalent for all the materials.
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The decrease in Tn,° for ZN35 can be explained by the presence of the atactic

material in the xylene fractionation. The atactic material acts as a diluent for the

polymer, lowering its T^," according to Flory's model^^®. This observation and others on

the Tni° of iPP will be the discussed shortly.

The extrapolated T„° for the y crystal structure is 177±2°C for MIO and M22,

while M32 had a y-T„° of 178±2''C. MlOO had a y-T^" of 176±2°C. Clearly, these

variations are within experimental error, and they are significantly lower than the T^^® of

the a-phase. There exists little literature®''^^° on the T^® for the y-crystal structure.

Mezghani and Phimps^"-^^ report a y-T„° of 187.2°C. However, this value is for samples

crystallized at elevated pressines and melted at atmospheric pressure.

The x-ray and DSC results of this section on the isothermal crystallization of

films indicate that iPP polymer chain defects are rejected from the crystal matrix when

the crystallization is slow. This was shpwn by the extrapolation of the heats of fusion to

100% crystalhnity. Under isothermal ctystalhzation conditions, it would be reasonable

for the defects to be rejected. In any system undergoing a phase change, there exists a

Gibbs free energy difference (AG) associated with the change from solid to liquid. This

is given by: n • • . ..

(4.1) AG = AH-TAS

where AH is the heat of fusion associated with the phase change and AS is the entropy of

fusion. At a particular temperature, the most stable phase for a particular substance is the

one with the lowest value of G. At the melting temperature, T„°, AG=0; i.e., Gs=Gl.

Above T^", Gl<Gs, below T^", Gs<Gl. Therefore, at higher, crystallization temperatures,

AG begins to favor the melt more, which is the reason polymer crystals melt. The AG is a
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function of both the change in enthalpy and change in' entropy upon crystallization,

meaning the stability of a particular phase is a function of both H and S. During the

crystallization process, at a given crystal thickness, there is an amount of heat associated

with a polymer stem attaching itself and snapping into crystallographic registry. There is

also a loss of entropy associated with that particular length of molecule crystallizing. If a

defect is incorporated into the crystal, the heat released will decrease, while the change in

entropy of that length of molecule is yery nearly the same. The net result of the defect

being present in the crystal causes the sohd phase to be less stable since the overall AG

will not decrease to the level that it would had the defect not been present. At

crystallization temperatures approaching T^,®, the value of G of the melt and crystal are

very similar. If a defect is present in a crystallizing chain, a reduction in the heat of

fusion due to the presence of a defect could cause that chain to not crystallize, a result of

the liquid phase being more stable than the crystal. This would, in turn, cause the growth

front to sort through regions of molecules until a segment of a molecule is found, similar

to the lamellae thickness, free of defects. This sorting process is sure to involve polymer

chain deposition and removd. The removal process, essentially a back reaction, would

cause the observed spherulitic, growth rate to decrease.

4.1.4 Discussion of the of a-iPP

Polymer solution thermodynamics, to a very large extent, was first developed by

Flory and coworkers""^"'"^^®'^^^. The thermodynamic relationships of interest, those

pertaining to atacticity, copolymerization and configurational defects have been

developed from the theory of melting point depression. The change in melting point
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occurs due to a difference in chemical potential of the various chemical species in the

system under consideration.

In general, the chemical potential of a substance J in a given phase is defined as;

(4.3) liij =
p,i ,n

where G is the Gibbs free energy, p is pressure, T is temperature, n is the number of

moles. The subscript n' signifies the amount of other components in the system. When

equilibrium is present between the crystal and hquid phases of the polymer, the chemical

potential of the polymer repeat unit in the two phases must be equal This

thermodynamic relationship defines the melting temperature (T^,) of the mixture, which

varies with the composition of the Liquid phase. If a diluent is present in the liquid phase,

Tn, is the temperature at which the composition is a saturated solution. In a pure liquid

polymer where is the chemical potential in the standard state of the pure

liquid. At the equilibrium melting point (T°) of the pure polymer, ̂ 1= jxl. In the

presence of impurities, will be less than . After the addition of a diluent

(impurities dilute the pure polymer), will be less than . At the previous value of

T°, < fJLl which necessitates a decrease in temperature to reestablish equilibrium

after addition of the diluent. Thus, the decrease in equilibrium melting

temperature with addition of impurities results from a change in free energy associated

with the dilution of the pure liquid polymer at the same temperature and pressure.

The impurity/melting temperature depression relationship has been applied to

situations where there is a non-crystallizable diluent, which can be a small molecule

206



solvent, a polymer blend, polymer chain end groups and copolymerization. This

discussion shall concern diluent and copolymerization effects. Configurational defects

are treated in a similar manner as copolymerization, as explained below.

Diluent: For the case of a diluent at equilibrium with the crystalline polymer {T = T°,

the Hory-Huggins expression is:

m m u 1

where V is the molar volumes of the chain repeat unit (subscript u) and diluent (subscript

1), X is the Hory-Huggins interaction parameter and x>2 is the volume fraction of the

crystallizable polymer in the mixture and T„° is the equilibrium melting temperature of

the homopolymer. Using the solubihty parameter concept, % can be obtained using^^'^":

(4.5) ^ =

where Sj and 82 are the solubihty parameters (square of the cohesive energy density) of

the two components, and V, is the reference volume. The solubihty parameter concept is

based on a set of molar attraction constants that aUow solubihty to be approximated. If

the two components form an ideal solution, or the diluent is present in small

concentrations, equation 4.4 reduces to the copolymerization expression below.

Copolymerization: In a copolymer consisting of A units which crystaUize and B units

that do not crystahize, with the two units occurring in random sequence along the chain,

the presence of B units depresses the melting point according to :

(4.6) =
T  AH, ^
m m u
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where is the mole fraction of A units in the random copolymer. Equation 4.6 holds

only if the copolymer units are distributed at random along the polymer chains. If the A

and B units of a copolymer occur in separate sequences, the melting point depression will

be less than predicted by equation 4.6. If the B units tend to alternate with the A units

along the chain, the melting depression wiU be greater.

According to Rory's original description^'® of what is classified as a copolymer,

vinyl polymers that possess asymmetric carbon atoms consist of mixtures of d and I

structural units. A rigorous application would include iPP as a copolymer.

Resin Defect Type and Content

The molecular weight distributions for the resins used in this study are narrow

with all materials having a relatively high degree of polymerization, as shown in Table

3.1. Resin MlOO has the lowest degree of polymerization (M^), with aii average of 1298

monomeric units. Therefore, the effects of chain ends can be neglected, as the mayimnm

depression will be 0.4K when considering chain ends as defects^'®.

The thermal properties for these materials were given in Table 3.2. The Ziegler-

Natta catalyzed homopolymer resins have the highest observed peak melting

temperatures, with the miPP homopolymers having significantly lower melting

temperatures. The copolymer (ZN-5RCP) has an even lower peak melting temperature

than the miPP resins, by roughly lOK. The melting enthalpy follows the same trend as

inelting temperature. The for each resin has already been determined, as was shown

in Figures 4.24-4.28, with the exception of the copolymer. ZNHT, M22 and M32 all

have extrapolated .T° values of 186±2°C, while the other materials fall below 186°C. The
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copolymer has the lowest at 151±2°C, as determined by the Hoffman-Weeks method.

One interesting finding is that ZN35 has the lowest homopolymer 7^, despite having the

second highest peak melting temperature.

Stereoregularity and xylene solubles data are shown in Table 3.3. The copolymer

contains 5.91 weight% ethylene, of which 79% can be found in -PPPEPPP- sequences.

TTie mole fraction of meso diads is very similar for all materials. The difference between

the highest and lowest mole fraction of meso diads is roughly 1%. The average meso run

length is determined by the number of defects per 10,000 nionomeric units. The ztuPP

homopolymer and copolymer resins had the fewest configurational defects, which we

define as stereo and regio insertion errors during polymerization. It is also worth noting

that the miPP resins have stereo and regio defects and that their total configurational

defect level is twice that of the zniPP homopolymer resins.

Influence of Defect Tyjpe and Content , ,

Xylene Insolubles or Diluents ; . , ,

Atactic pol5^ropylene (aPP) ̂ d iPP are soluble in all proportions under most

experimental conditions in the liquid melt. Recent work^^® has determined that aPP has a

value of 5=15.14M-Pa''^ and iPP has a value of 6=15.11M-Pa°^ When IA5l<2, solutions

usually form. The solubility pararneters for iPP and aPP are extremely close, which

allows the use of an ideal solution for an aPP/iPP blend^^®*^®. Therefore, we shall treat

the xylene solubles fraction as a diluent and use equation 4.6 directly as the limitiTig form

for the diluent relationship. /.

The mole fraction of diluent for each resin is calculated and tabulated in Table 4.7.
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Copolymerization

For the case of iPP copolymerized with PE, the assumption is made that PE units

are preferentially rejected from the growth front under most crystallization conditions.

The samples in this study were crystallized slowly at high crystallization temperatures, an

environment which should reduce or prevent any defect incorporation into the crystal.

This is not without fautf^—V.experimental results have shown that at high cooling rates

or uhder quench conditions some defect inclusion can occur due to kinetic reasons.

The mole percent ethylene content for the copolymer is calculated and given in

Table 4.7.

Configurational Defects

Isotactic polypropylene can be treated as a copolymer consisting of meso and

racemic diads''^'^^®. Defects found (ignoring branching) in zniPP resins are stereo, while

miPP resins have both regio and stereo defects. There has been no direct experimental

evidence to show rejection of configurational defects during the crystallization process in

iPP. However, it seems most probable based on the knowledge that configurational

defects disrupt the helical structure of an iPP chain. Regio defects would seem to be even

more disruptive to the helix, due to severe methyl group repulsion.

The mole percent configurational defects is given in Table 4.7.

Calculations

The mole fraction of crystaUizable units is defined as and non-crystallizable

units Xg. Xg is the total mole fraction non-crystallizable units, combining diluent,

copolymer and configurational defects for each resin:

(Al^ Y = Y + Y
^  / B diluent copolymer configurational

,  211 .
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Using this approach, the calculations in Figures 4.31-4.33 show the relationship

between Flory's melting depression relationship with experimental equilibrium melting

temperatures as a function of molar defect content. The data are plotted as 7^ vs Xg,

where Xg consists of just the diluent portion in Figure 4.31 for each material. The

experimentally determined is plotted on the abscissa. In Figure 4.32, Xg includes

both the diluent and copolymer content. Figure 4.33 includes diluent, copolymer content

and configurational defects. In each case, the solid line is the theoretical prediction using

Flory's method. For the calculation of Floiy's prediction, a 7^ of 186°C was used. The

heat of fusion (AHf) was assumed to be 167J/g, based on experimental results on these

same samples.

Flory noted that defect impurities less than 1 mole percent, will not likely effect

T° appreciably, due to the low AH^ found in most polymers^^®.

Diluent

When considering only the diluent, effect for each resin, the comparison between

theory and experiment are close for the homopolymers. However, the theory does not

accurately predict the cOpolymer melting value.

Copolymer

. The effects of diluent and copolymer together are predicted very accurately by the

Flory theory, as shown in Figure 4.32. AU data points faU on the theoretical prediction

using the Flory treatment.

The mole percent ethylene has been modified from the original total of 5.91

weight percent. This was necessary due to only 79% of the ethylene units being isolated

n  2,15 n '



among blocks of propylene units. The exact distribution is not known for all ethylene

units, therefore, we split the difference and used an aggregate of 5.32% as the portion

contributing to the ej^Bcrive r^dom copolymer content.

Configurational

When all defects (i.e. diluent, copolymer and configurational) are included in the

molar defect ffiactibn calculation, none of the experimental points lie on the theoretical

prediction line. Clearly, the theoretical prediction and experimental work disagree for

these conditions. There ̂ e three possible reasons for the observed difference:

-The Mlj used in the theoretical calculation is wrong.

5. The used in the calculation is wrong.

6c Another possible reason is that all previous researchers failed to account for

,  configurational defects in their iPP resins.

We know that the AH^ is not the problem from experimental verification of AH^ on

these resins, within experimental error, the AH^ is 167J/g. The equilibrium melting

temperature of a highly isotactic a-iPP has been quoted in the literature as having two

different values, 186°C and 210°C. Krigbaum®®, Miller®", Campbell et. al.®' report Tm"

values of 186°C, while Fatou®^, Monnassee®^ and Fujiwara®"^ report values near 210°C.

Kamide and Yamaguchi®^"®® observed changes in melting temperature with crystallization

time. The researchers observed that longer crystallization times lead to increased melting

temperatures. This is now understood to be associated with lamellae thickening.

Lamellae thickening increases as the crystallization temperature increases. Lamellae

thickening is the most likely explanation for the two Tm® for a-iPP. Directly measiuing
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the lamellae thickness and making extrapolations to the Tni° will decrease the error found

in making extrapolations from the crystallization temperature alone®\ as we have done to

obtain the Tm" for our materials.

Only recently has stereoregularity information begun to appear with work associated

with determining the Tm® of iPP resins. It is quite possible that most highly isotactic iPP

resins studied in the past have roughly the same amount of configurational defects,

therefore all obtain similar Tm" values.

A calculation using the mole percent configurational defects for each resin, with

the corresponding melting temperature for each resin gives a defect free Tm® for a-iPP of

192±2°C, for each resin within experimental error. Using this new Tm® for defect free a-

iPP, Figures 4.33 shows the new theoretical prediction using Flory's model and the

accuracy of the fit, indicated by the broken line.

The theoretical prediction for only diluent, as well as, diluent and copolymer

defect content do not coincide with the experimental data, as it did using a Tm® of 186°C

for the diluent and copolymer defect plot. However, the new theoretical model does

accurately fit the experimental data when all defect types are included. This would

indicate that 192±2°C would be the experimentally determined Tm® for defect free, high

molecular weight a-iPP. This does imply that all previous experimental work is faulted,

it means that previous investigators did not account for configurational defects that were

present in all materials studied. These results would indicate that the Tm" for all iPP

determined thus far are for metastable crystals.

217



4.1.5 Fold Surface Free Energy

Using the value of 167 J/g for the value of AHf for a-phase iPP, the fold surface

free energy for the materials in this Study can be evaluated. We have chosen to

compute this for each crystallization condition, in order to show the variation in the

result, rather than just from the slope of the Tn, versus 1/ curve. The results are shown

in Figure 4.34. The values for the y-phase in the miPP resins are shown in Figure 4.35.

In each case the appropriate T„° and heat of fosion was used for the calculation.

The a- values for the miPP resins are similar to each other, but substantially

higher than for the zniPP resins. The higher defect content MIO and MlOO miPP resins

have slightly higher a- CTe values than M22 and M32. The data for all the miPP resins

falls in the general order of increasing defects, increasing a- However, on this basis,

it would be expected that MlOO should have the highest a- since it had the highest

defect content of any of the homopolyniers measured. The fact that it does not will be

discussed below. The y- values for the miPP resins were slightly lower than their a-

values, though the differences are only slightly outside experimental error. The a- q

values for the ZNHT resin is also substantially higher than for the ZN35 resin.

The results from this wort indicate y-structure has a slightly lower value when

compared.to the a-structure for the miPP. resins. A likely explanation is the partial relief

of stress in the y-structure arising from the angle of inclination of the stems relative to the

basal plane^^-^^. It is also clear from these findings that the miPP defects clearly

influence the fold surface structure and increase the fold surface free energy for aU miPP

resins.
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The behavior of the Ziegler-Natta resins is also interesting. The behavior of

ZNHT should be considered the standard against which the other iPP resins are compared

since it has very few defects and a low xylene solubles content. The diluent present in

ZN35 has clearly lowered the equilibrium melting temperature and value. MlOO also

has a significant portion of xylene solubles material, which may explain why its observed

a- Oe is lower than MIO, even though it has more total defects. The nature of the fold

smface/interfacial region and the influence of atactic material will be discussed further in

section 4.5.

4.1.6 Nature of y-Structure Formation

The y-orthorhombic crystal structure of iPP is known to be formed in at least three

different situations:

1) Low molecular weight material that has little or no chain folding^^.

2) iPP resins with defects in the chains, typically propylene ethylene copolymers and

more recently in the present work and others with metallocene catalyzed

mere presence of these defects may not be enough, as the samples must also be

crystallized slowly, indicating lamellae thickness is important. These findings indicate

there must not be only a thermodynamic driving force, but the crystallization kinetics

must also be favorable.

3) The y-structure is formed exclusively (as best can be' determined) at high pressures in

highly isotactic zniPP resins with little or no stereo defects or atactic material^^'^^.

The proposal presented here is that these seemingly different situations where y-

iPP is formed have a common thermodynamic property, a higher fold surface free energy.
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As will be discussed in section 4.5, the higher fold surface free energy likely results from

a rough fold surface. Now we shall consider each situation using the concept of higher

producing the y-iPP crystal structure.

Case 1. Low molecular weight Low molecular weight material that does not chain

fold fonns a high siuface free energy system. Depending on where the cilia lie relative to

the crystal surface, they may strongly influence the amount of interfacial or fold surface

free energy. It is known that if the cilia protrude into the amorphous material the surface

energy decreases. However, if the end is trapped near the surface in the interfacial

region, it increases the surface free energy even higher than that found with tight chain

folding'"®-''®.

As stated in the introduction, there are some differences between the a and y-

lameUae structures. In the a-lameUae, the crystallizing stems are nearly perpendicular to

the basal planes of the crystal. In the y-crystal, the chains are oriented at roughly a 40°

angle to the basal plane (see Figure The difference in stem to bhsal plane

geometry means that a stem in a y-crystal is approximately 1.3 times longer than the

actual crystal thickness, dictating that more of the molecule is embedded in the crystal

per unit crystal thickness for y-iPP. Longer stem lengths embedded in the crystal would

seem to counteract a higher fold surface free energy, since there is more enthalpy

released in this y-structure per unit crystal thickness than a-iPP, due to the longer y stem

length. It has also been shown in this work (see section 4.1.5) that y- is slightly lower

than a- a^.
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The calculations shown in Figure 4.36 demonstrates the relationship in Gibbs free

energy, the melting enthalpy and fold surface free energies between the a and y crystal

structures. The change in entropy from the melt for a a crystal is 0.364J/gK and

0.333J/gK for the y crystal structure. These are determined from the equilibrium melting

temperature and heat of fusion for each phase. The energies shown are for a single stem

in each crystal structure, assuming the same crystal thickness for each crystal structure.

The a and Og values remain constwt with a change in lamellae thickness (as was shown

experimentally in Figures 4.34 and 4.35). The absolute value of the heat released

increases as the crystal thickness increases. It is clear that the y-crystal releases more

heat than a comparable a-crystal of similar thickness (not stem length and not the same

bulk volume), causing the Gibbs free energy to be slightly lower for the y crystal

structure, in agreement with theoretical packing energy calculations^^ this is in spite of

the a-enthalpy of fusion being approximately 10% higher (167J/g for the a-phase and

150J/g for the y-phase). Therefore, from a thermodynamical standpoint, the y crystal

structure becomes the preferred structure thermodynamically, as crystal thickness

increases. .

Case 2. iPP with Chemical Defects The reason that zniPP resins have not previously

produced-amounts of y-crystals in large amounts is likely due to the non-uniform

distribution of these defects in bulk form. Recall in Figure 4.4, the WAXD pattems for

the ZN35, that some y-crystals are formed at relatively high crystallization temperatures.

ZN35 has no regio defects, therefore, it is not a regio type defect that produces the y-

structure in this resin. In addition, there is also a small hump in the WAXD pattern of
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ZNHT (Figure 4.5) where the y-crystal structure peak appears. The miPP resins clearly

produce the y-structure quite easily at moderate supercoolings. Other researchers^^'^'®"^^

have also indicated it is not the nature of the defect in the chain, but the mere existence of

the defects. Therefore, it is not the type of defect in the chain, but the number and

distribution of defects within- the polymer chains, along with any kinetic factors, that

determine the formation of the y-phase.

It has been clearly stated here and elsewhere that the distribution of defects is not

uniform in zniPP resins. However, when copolymerized, the zniPP distribution of

comonomer is much more uniform than the inherent tacticity defect distribution. Thus

chains that are highly isotactic, except for comonomer defects occasionally can be

synthesized. In a zniPP copolymer, the meso run length between comonomer defects is

important in the formation of the y-phase. Mezghani and others'^'^'^®"'^ have shown that

zniPP propylene/ethylene copolymers easilyrproduce y-iPP at atmospheric pressure. The

meso run length between defects also leads to an explanation of why the miPP resins

produce the y-structure.

The data in Tables 4.1 through 4.6 contain calculations for the a and y stem

length and requisite number of monomers to constitute a stem of that length. These

values are calculated from the stem orientation to basal plane relationship and knowing

that iPP is a 3/1 helix with repeat unit of 0.65nm. Recall the average meso run length for

M22 is 68 monomers and 64 monomers for M32. The word "average" is used since the

distribution of defects is not uniform, but is more uniform for miPP than zniPP, as

discussed earlier. For M22, the shortest y-stem length is 48 monomeric units and the

longest is 84. The y-stem lengths mean, statistically, that a defect will be located on at
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least every molecule transverse through the crystal. If tight chain folding occurs, then a

defect would be included in the crystal as that part of the molecule traverses the crystal

due to the mesp run length betweeii defects. The samples in this study are not rapidly

cooled, they; are slowly crystallized isothermally and annealed at the crystallization

temperature. Therefore, defect incorporation into the crystal matrix is not expected. In

addition, the AHf values do not suggest any defect incorporation. Studies and theory'®'®^

have shown that as supercooling decreases, the amount of crystal defects also decreases.

The meso run length between defects for the miPP resins is such that, if defect exclusion

dominates, the basal plane folds would be necessarily loose. If the defects are trapped in

the interfacial region, they can significantly raise the fold surface free energy'"®'^"®. As

the crystal becomes thicker, the statistics are favorable for more and more defects to be

trapped in the interfacial region.

Although not conclusive, the DSC crystallization of M22 at 140°C, as shown in

Figure 4.9, may indicate the explanation of defect concentration in the fold surface

produces the y-phase. Crystallization at 140°C shows only one melting endotherm and

would produce crystal thicknesses of approximately 15nm with y-stem lengths of

19.58nm, a stem length that requires 90 monomers. Crystal thicknesses of this size

would require that a defect be included in the crystal. Defect inclusion would be

necessary to allow defects to be in the fold regions as the meso run lengths between

defects is not long enough for a molecule segment to traverse the lamellae. There is also

the possibility that all defects are included in the growing crystal structure and that

internal crystalline defects generate the structure. Based on the crystallization

temperatures and AHf results used in this study, crystal defect incorporation producing the
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y-crystal structure is not reasonable. The results may indicate that the chains with meso

run lengths shorter than the crystal thickness do not crystallize, as the crystal thickness is

too large. Therefore, the y-crystal structure endotherm peak reduces in intensity in the

melting endotherm after crystallization at 140°C.

Additionally, the mechanism presented here would explain why the y -structure

occurs at lower supercoohngs. As the supercooling increases, the crystal thickness

decreases, presenting statistically fewer opportunities for the defects to be in the critical

fold surface region. The defects could be in the amorphous region or embedded in the

crystal matrix.

Case 3. High Pressure The application of a hydrostatic pressure to a polymer melt

increases the density of the melt phase. The density of crystalline material also increases,

but the change in relative density is higher for the amorphous state. The crystalline

density does not change as much since the atoms are in crystallographic registry and

compression of the crystalline matrix will meet with severe atomic repulsion. As the

density in the melt increasesi chain mobility decreases as the barriers to various thermal

motions increase. Therefore, it may be expected that the crystal surface may become

rough due to the limited mobility of the molecules as a result of the high pressure

increasing the density of the noncrystalline material.

Another possible or additional increase in fold surface energy for this system may

result from the application of the pressure on a growing crystal. The application of a

pressure is felt throughout the body of the fluid that the pressure is acting on.

Microscopically, the pressure exerted by a fluid on a surface in contact with it is caused

by collisions of molecules of the fluid with the surface which imparts energy onto the
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surface. The energy will manifest itself and effect the region where crystallization is

occurring, as it is the one undergoing the phase transformation. The pressure increase

will affect both chain folding and the energy of the fold surface. Recall in Case 1, the y-

structure has a longer crystalline stem length embedded in the crystal per unit crystal

thickness than the stems found in a-iPP. Again in a similar manner, the surface free

energy is higher, so in order to compensate, the stem length increases to regain more

energy through crystallizing (enthalpy release). Crystallization studies at elevated

pressures have shown that as pressure is increased, the percent y-iPP increases at the

s^e crystallizaition temperature.

From the rational presented above, it would seem that the fold surface free energy

must be higher during the crystallization process (perhaps a result of a rough surface in

each case). This explanation can then be used to induce the formation of y-iPP in the low

molecular weight, high defect content and high pressure situations.

4.2 Crystallization I^etics of Isothermally Crystallized Resins

.  Crystallization kinetics are an important polymer property that is highly

influenced by the various molecular variables a polymer chain may possess. In

crystallization studies, it is often necessary to separate the effects of nucleation and

growth rates of a polymer sample. These two factors are combined in bulk analysis.

However, bulk crystallization behavior gives a good approximation of the behavior a

particular resin will exhibit in various apphcations. In this work, both isothermal bulk

and crystal growth kinetics were investigated.
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The results in Figures 4.37 and 4.38 show the various resins overall buUc

isothermal crystallization, kinetics as determined by crystallization half-time versus

crystallization temperature and degree of supercooling, respectively. At a given

temperature, ZNHT has by far the fastest crystallization half-time (tyj) followed by

MlOO, ZN35, MIO, M22 and M32. This is a rather interesting finding since this is not

the order in which the resins go from fewest to most defects.

Plotted in terms of supercboling, the ty2 data show that the bulk rate of ZNHT is

the fastest followed by ZN35; MlOO, MIO, M22 and M32. These results do not

correspond to the order of defect content for each material, except for the zniPP resins.

In order to understand this result, the effects of nucleation and growth rates must be

separated.

The plot in Figure 4.39 shows the linear growth rate of spheralites as a function of

crystallization temperature. This work indicates that ZNHT had the fastest linear growth

rate at a given crystallization temperature, followed by ZN35, M22, M32, MIO and

MlOO. MIO and MlOO had very similar linear growth rates, with MIO having a slightly

higher rate, within experimental error. These growth rates fall in the order of fewest

defect content (ZNHT) resin having the fastest linear growth, to the slowest linear growth

rate belonging to the resin with the highest amount of configurational defects, MlOO.

This result would be expected for polymers with configurational defects at high

crystallization temperatures. The slower growth rate is due to the back stem reaction, as

explained in section 2.4.3 and shown in Figure 2.29. This term dominates due to the loss

of enthalpy from the presence of the defect at the growth front interface which allows the

stem to back off the substraite more readily. Defects present in the growth front should
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slow the macroscopically observed linear growth rate at higher crystallization

temperatures, where the defects cause a lowering of the heat of fusion upon obtaining

crystallographic registry. The lowering of the heat of fusion may be significant enough at

higher crystallization temperatures that the just added stem becomes more stable in the

melt than the crystal, due to the AG favoring the melt over the crystal. This will cause

that stem to back off in part or total from the crystal. This was briefly discussed at the

end of section 4.1.3.,

When the linear growth rates are plotted against supercooling, ZN35 has the

highest growth rate. This is shown in Figure 4.40. ZN35 is followed by ZNHT, with the

group of miPP resins packed closely together. Within the miPP resins, M22 was the

fastest with M32 and MlOO virtually identical and slightly slower than M22, with MID

the slowest. These thermodynamically adjusted growth rates agree with those found in

linear growth rates versus ciystallizatibn temperatinre except for the behavior of ZN35

and MlOO. , . .

There is one common factor between ZN35 and MlOO that may explain their

thermodynamically adjusted line^ growth rate behavior. Both of the resins contain a

significant amount of xylene solubles material that was shown to lower the equilibrium

melting temperature for each resin in an amount proportional to the xylene solubles

material. It was stated that xylene solubles material acts as a diluent, thereby lowering

the observed T^°. Studies have shown that noncrystallizable material present in a

crystallizable polymer (such as iPP) will slow the observed linear growth rates.

However, most of these studies have used large fractions of noncrystallizable material

and the amounts of non-crystaUizable material present in this work is smaller. Therefore,
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the amount of xylene soluble material for ZN35 and Ml00 may not significantly decrease

the linear growth rates in relation to its effect on the depression of the due to the

diluent effect at the levels of xylene soluble material in this study. This then would

explain why ZN35 and MlOO have the observed linear growth rates when adjusted for

supercooling, which raises the question concerning the validity of studying growth rates

as a function of supercooling.

The experimentally determined nucleation density (N) for each material is shown

in Figure 4.41. The nucleation density is the total number of primary nuclei of the

sample, in an area over all time using a given sample thickness. In reality, unless the

sample thickness is very thin, the observed nucleation density is only for the nuclei in the

field of focus at the time of observation. If the sample thickness is quite large, the

reported N will be much smaller than the actual N for that sample. In order to minimize

this error, each sample used was made as thin as possible, typically 50-70|im. For the

present purpose of comparing the nucleation process in these different resins, we believe

that this approach is satisfactory, though' the overall number densities of nuclei may be

somewhat in error.

MlOO has the highest nucleation density, followed by MIO, ZN35, ZNHT, M22

and M32. It is difficult to make any conclusions about the polymer characteristics on the

nucleation rate from these results since the nucleation mechanism for iPP is usually

heterogeneous with aU nuclei appearing at approximately the same time under isothermal

conditions due to foreign matter present in the sample nucleating spherulites. Unless

samples are highly purified, it is unreasonable to presume the origin of nuclei is anything

other than foreign objects. The resins in this study are all production grade type materials
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that surely contain a significant amount of additives, which may act as nucleating agents.

However, to overlook the contribution of the nucleation density to buUc kinetics would be

factually incorrect, as the data in Figure 4.37 show.

The results here show that the observed linear growth rates follow the order for

each material of most defect free resin (ZNHT) having the highest linear growth rate to

the resins containing the most defects (MlOO) having the lowest linear growth rates.

Therefore the explanation for the bulk crystallization half-time behavior must be

attributed to the differences in nucleation density for each material. If a resin has a higher

nucleation density, it will form more nuclei per unit volume than another material.

Producing more nuclei in the same volume as another resin will accelerate the bulk

observed kinetics, with all other factors the same. So, if the resin with the lower linear

growth rate has a higher nucleation density, the effect of more nuclei per unit volume can

make it crystallize faster than the other resin with a lower nucleation density, but with a

higher linear growth rate. This if the explanation for the observed trend in the

crystallization half-time versus crystallization temperature plot (Figure 4.37).

The major point to be learned from this is that it is the combination of nucleation

and linear growth rates together that dictate the overall bulk crystallization rate.

4.2.1 Regime Analysis for a-iPP

The use of the secondary nucleation rate analysis for understanding the

microscopic activity of chain folding and observed linear growth rates has provided a

technique for interpreting experimental findings for scientific and industrial use.

Recently, Hoffman and Miller'"® updated their original theory and some of the changes
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will be used in this work. The differences used in this work will be pointed out and

discussed as needed.

The linear growth rate is now expressed as^°^:

fSl(4.8) G =

where the changes have occurred in the first exponential or the diffusion term. T is still

the crystallization temperature and Qd is the observed activation energy for centre-of-

mass diffusion, which is 5736cal/mol for PE. We will use 5736cal/mol^°® for iPP also.

The analysis is then carried out as outlined in section 2.4.2.2.

In order to identify a regime transition, it is best to plot In G versus either the

supercooling or crystallization temperature^"®. This is illustrated for ZN35 in Figure 4.43.

The transition is clearly seen as occurring at 43.2K supercooling. A similar procedure

was performed on aU resins to ensure that the a true regime transition had occurred.

The results in Figure 4.44 show a regime plot for MIO. The Roman numeral

subscript indicates the regime operating in the crystallization process. Previous

studies"^'""* for high molecular weight iPP have operated in Regime n and HI under

similar crystallization temperatures. Also the slope of the region indicated as regime in

has nearly twice the slope of the other region indicated as regime II. These facts

combined make the assertion of the operating regime for this resin as n and m highly

certain. A similar procedure was performed on all resins and the results are shown in

Table 4.8. Figure 4.45 shows all the resins on a single regime plot.

The regime transition temperature for ZNHT occurs at a AT of 48K, in agreement

with earlier work for high molecular weight iPP"\ As stated previously, the
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crystallization behavior of ZNHT should be considered as the standard. The regime

transition temperatures for each resin falls in order of decreasing regime transition

temperatures with increasing defect content and decreasing meso run length. ZNHT has

the highest meso run length and Ml00 the shortest meso run length. Since we have

postulated and shown that defect incorporation at these crystallization temperatures is

, highly unlikely, rejectibn of defects pushes the regime transition temperature lower as the

number of defects increases and the meso run length decreases. Decreasing the regime

transition temperature means that the lamellae thickness also decreases since the crystal

thipkness is a function of crystallization temperature and time. Since defect exclusion

dominates, the resin with more defects has to have a lower transition temperature to

match its decreased meso run length. Therefore, increasing the number of

configurational defects in iPP, in a random manner, decreases the regime transition

temjperature in a way similar to decreasing the average meso run length. The lowering of

the regime transition temperature is also a further indication that defect exclusion is

occurring.

The ratio of slopes for regime HI and regime n show aU resins have a value very

nearly 2, as shown in the last column of Table 4.8. The theoretical value is two and the

values in this work are very close to this ratio, in agreement with work from other

researchers"°'^^\

The slope of the line in a crystallization regime is the value for the formation of

the critical nucleus (Kg). The nucleation equation for a given regime (see equation 2.14)

allows the value of to be calculated. The value of a used in the determination of in

the regime analysis is 9.2mJ/m^, since the average AHf was taken as 167J/g (the
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relationship between AHf and a can be found in equation 2.15). The values for

calculated for each resin using regime analysis is listed in Table 4.9, along with the

determined from SAXS measurements. The value of G<, in each represents the pre-

exponential growth factor that contains terms not strongly dependent upon

temperature^"®'^*®. This expression contains terms , that develop the factors controlling

growth in a given regime.

As shown in Table 4.9, there is a substantial difference in between the values

determined by SAXS and regime analysis for all the resins studied. The order of the

values is consistent with those determined by SAXS (meaning as the number of defects

increases, also increases), but the values using regime theory are nearly twice what

is found using SAXS. This is not the first serious difference^*" found between the two

methods using the primary method (SAXS) and secondary technique (regime analysis)

for iPP. The authors of regime theory'®'®®-*"^"*** clearly state that the theory, as they have

developed it, works for polyethylene (PE). The values determined for PE using SAXS

and regime theory agree quite well. Therefore, this suggests the problem must he in

using the surface nucleation equation for PE for iPP.

4.2.2 Regime Analysis for y-iPP

A regime II-III analysis was also carried out for the y-iPP crystal structure. Since

y-iPP was found in all the isothermally crystalhzed films (as determined by WAXD) for

the miPP resins, it was assumed that the y-iPP was present for all of the hnear growth rate
1

measurements made. The growth rate of y-iPP was taken to be same as a-iPP since no
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distinct morphological differences could be found to suggest otherwise. Also, it has been

previously stated that both the a and y crystal structure can occur within the same

lamellae and spherulite. Where appropriate, each resins Y-T„° was used and the AH^ was

assumed to be 150J/g. For obvious reasons, the zniPP resins did not undergo the y

regime analysis.

The yalues for Kg and Gq determined from the slopes of the plot for each regime

in the miPP resins is.given in Table 4.10. The ratio of slopes in regime n and HI is now

slightly higher than two for each resin. The numerical values for Kg have also decreased

for each resin in each regime. Gq has ilso decreased for each resin in each regime, but

not as significantly as Kg.

The slopes (Kg) have decreased in eaich regime for y-iPP from the changes in

equilibrium melting temperature and heat of fusion, which are also smaller in y-iPP when

compared to a-iPP. was calculated for y-iPP using the PE surface nucleation equation.

These values are shown in Table 4.1.1 along with the SAXS values. The regime

analysis values for y-iPP are significantly higher than those determined by SAXS.

Thus, it would appear, that the surface nucleation equation (Kg) derived for PE does not

work for iPP.

4.2.3 Discussion of Regime Analysis and SAXS Values

An interesting question arises in the discussion of Og values determined by SAXS

and regime analysis, should the surface nucleation have the same numerical value as

the Og determined from the primary measurement method of SAXS? The answer is yes.
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they should if in fact they represent the same thermodynamic quantity. The argument

made here is that the determined from the kinetics is in fact the determined from

SAXS. measurements. Also, the importance of defects on growth rates can not be

overlooked. The work here has shown without doubt the effect of on the observed

melting temperamre. The miPP resins have significantly lower melting temperatures

with similar lamellae thicknesses (see Figure 4.23).

Another question that arises concerns whether or not the measured kinetically

represents the fold energy of the: critical^ nucleus and should it be compared to a post

annealed mature crystal structure (i.e. the one determined from SAXS). If there is a

difference between the kinetic and SAXS then during the mnealing process, the fold

surface free energy decreases from the nearly twice the kinetic determined amount to the

amount we measure using SAXS. The decrease in would presumably be a result of

perfection and the relief of stress in the interfacial region. While this sounds good for an

explanation, it is false.

Studies have shown that lamellae thickening, becomes greater as the

crystallization temperature increases. If we consider the data in Table 4.2, M22

crystallized at 135°C, we see that four different lamellae thicknesses are produced due to

differences in crystallization time. However, all the samples crystallized at 135°C have

virtually identical values with a spread of over 2mn in thickness. Also, over the entire

range, Oe, is relatively constant with crystallization temperature. Therefore, it is not

reasonable to assume the value decreases any appreciable amount after initial stem

deposition and the resulting fold of the stem, If annealing and lamellae thickening take

place, the fold would have to be loose initially. It would necessarily tighten up producing
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more stress in the interfacial region as the crystal thickens. This would, in turn, likely

increase the fold surface free energy over the structure initially formed after stem

deposition. So if anything, the post annealed lamellae structure measured by SAXS

might be expected to have a higher fold surface free energy than the initial structure

determined from linear growth rates and regime analysis. This is simply not found

experimentally.

The alternative explanation for the difference in Oe determined by nucleation

analysis and SAXS, is that the surface nucleation equation derived for PE is not adequate

for iPP.

4.2.4 Calculated Growth Rates using Flux Based Nucleation Theory

The theory proposed by Hoffman et al. allows for the theoretical (as will be

shown in the present case, pseudo theoretical) calculation of linear growth rates. Since

inost often iPP is crystallized in regime in with moderate to high supercoolings, the

linear growth will be calculated and compared to the experimentally determined linear >

growth rate for the resins considered in this work.

In regime HI, the linear growth rate (G) is defined as'°®:

(4.9) Gjj,inmls) = boi(nji,ao)

where nm is a number which depends on the spacing between adjacent stems and is taken

to be 1.5 for PE at the onset of regime HI behavior. The same value will be used here for

a-iPP. Physically, Um is the spacing between stems in a single layer of substrate. Recall

in Figure 2.26 in regime HI there are multiple stems depositing on the same layer
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simultaneously. Equation 4.9 also dictates that the linear growth rate is only a function of

i, the surface nucleation rate. Terms ao and bo are the same as before in section 2.4.2.2.

In the context of Hoffman et. al.^°^"^", the surface nucleation rate (i) is defined

exactly by the following equation"'^

kT kT
(4.10) i = g (AC)4r

2bQG 2bQO + a^bgAG

where AG is defined as AHfAT/Tn,°. Cq is the configurational path degeneracy and is

defined by'"®:

(4.11) N, = C,n,

where Nq is the number of reacting species and is proportional to the substrate length (L),

which is L = n^ao- Th® substrate length is the same as W in Figure 2.25. is the

number of stems of width ao comprising the substrate of length L. in equation 4.10 is

the monomer length, which for iPP is taken to be 0.650nm/3 or 0.2167nm. The factor p

represents the retardation of the nucleation process associated with transport of chain

segments through the subcooled melt to or from the growth front. The factor P has units

of events per second. The factor P is defined as^°^

(4.12) /3 = - ̂
n \ h

where k is a numerical constant evaluated from the monomeric friction coefficient. K

enters into the rate constant for a molecule that is reeled onto the surface as given by

reptation theory, k has been determined to be roughly 0.77 for PE and we shall use this

value for iPP. The letter n is the degree of polymerization of a particular molecular
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weight (i.e. the number of monomer units). For regime III, the calculation of n is

determined

(4.13) n = ̂{M.MX ;

It.is also wprth while to calculate the rate constant for attainment of the first stem onto a

substrate, which is the rate determining step (Ao) in secondary nucleation^"^:

-2bi,at , • n

(4.14) Ao=pi~^

where ^is the substrate thickness at crystallization temperature T. The backward

reaction or removal of the first stern rate constant is given by'"®:

-a^b„t(AG)

(4.15) .

The .substrate thickness (same as lamellae thickness) as a function of

crystallization temperature was determined by curve fitting the data shown in Figure

4.46. Notice that the zniPP resins form thicker crystals at simile crystallization

temperatures. Also notice that, there is scatter in the data, likely due to lamellae

thickening that has occurred during the prolonged crystallization under isothermal

conditions.. Lamellae thickening is not taken iiito account in this plot since the

independent variable in this, figure is the crystallization temperature. Other variables not

specified thus far are listed in Table 4.12 for the calculations to follow.

The calculated primary -stem deposition rate constant (A^,) as a function of

crystallization temperature is shown in Figure 4.47. Aq is also shown as a function of

supercooling in Figure 4.48. MlOO has the highest primary stem deposition rate constant,

followed by M22 and M32 which are nearly identical, then ZN35 and ZNHT. The
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behavior of MIO seems quite peculiar. Ignoring MIO, the primary stem,deposition rate

constant for each fesin seems to fall in an interesting order. The resin with the most

defects (Ml00) has the highest rate constant, and in order of decreasing defect content,

the rate constants decrease. It would seem based on equation 4.14 and the observation of

crystal thickness as a function of crystallization temperature in Figure 4.46, that the

crystal thickness dominates the primary stem deposition rate constant for all the resins. If

a careful observatidn of.MlO is made in iFigure 4.46 at lower crystallization temperatures

(or higher supeircoolings), MIO has a larger crystal thickness than the.other miPP resins,

but as the crystallization temperature increases further, the other miPP resins have similar

thicknesses or larger in some cases! The behavior of MIO has elucidated the most

prominent term for determining the primary stem deposition rate constant.

The primary stem deposition rate constant being a function of lamellae thickness

; at a given crystallization temperature indicates that the assumption of a polymer stem

chain "snapping" into place ̂ ter a pre-segmentalized alignment prior to obtaining

crystallographic registry is likely^°l We shall hereafter refer to this as quantized stem

deposition. Based on the experimental factors built into these calculations, and the

detailed understanding of polymer chain molecules, there appears to be no other

reasonable explanation for describing the behavior exhibited in Figures 4.47 and 4.48.

The primary deposition rate is clearly not directly dependent on defect content, fold

surface energy or molecular weight within the range of materials and conditions in this

work. Since the rate seems to depend mostly on crystal thickness, it would then be

reasonable to presume that it takes longer for a stem of greater length to develop stmcture

requisite for the substrate thickness at a given crystallization temperature. After aU, the
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longer the substrate the greater the loss of entropy needed before any enthalpy is released

upon quantized stem deposition. However, since the defects do affect and they

are indirectly responsible for the lamellae thickness (see below).

While Figure 4.48 and the ones to follow are calculated values, they are not

completely theoretical. As much as possible, values determined experimentally were

used in the calculations.

The defects for each resin were not directly inserted into any expression to be

accounted for explicitly. However, the effects of defects are indirectly accounted for by

their influence on the fold surface free energies and equilibrium melting temperatures,

which are used in the calculations. Thus, the calculated values in these figures do have

some legitimate claim to reality and should be a good representation of the microscopic

behavior, at least within the confines of secondary nucleation theory.

The calculations in Figure 4.49 and 4.50 show the stem removal rate constant as a

function of crystalhzation temperature and supercooling, respectively. In Figure 4.50,

MlOO and MIO had the highest removal rate, followed by Mil and M32 and then ZN35

and ZNHT. It would appear on the surface that these rates are in direct agreement with

the relative order of defect content for each material. Recall that defects were not directly

considered in this theory. While defect content causing this behavior can not be ruled

out, it is worth noting that the quantized stem length on the substrate may also influence

the back reaction. As the substrate thickness increases, the amount of heat released upon

crystallographic registry of a quantized chain attaching increases. Therefore, the

probability of a back reaction, once a quantized stem attaches should be expected to

decrease. If in fact the defect distribution is considered in this process, the observed
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order of back reaction as a function of resin and defect content is completely reasonable,

especially when combined with the effect of enthalpy release upon crystallographic

registry.

Based on equation 4.9 and 4.10, the linear growth rate for each resin was

calculated as a function of crystallization temperature. The results of these calculations

are shown in Figures 4.51 and 4.52. The calculated growth rates show that ZNHT has the

highest linear growth rate, followed by ZN35, M22, MlOO, M32 and MIO. Except for

the behavior of MlOO, the calculated growth rate is in very good agreement with the

values determined experimentally, when comparing Figure 4.39 and 4.51. When

comparing the calculated and experimental growth rates as a function of supercooling

(Figure 4.40 and 4.52 respectively), the order of predicted growth rates is also very good.

In order to test the accuracy of the calculated linear growth rates versus the

experimental growth rates, the percent difference between the two was determined. The

data shown are only for the miPP resins. The zniPP resins do not have a very uniform

defect distribution and were not included in these calculations and results. The results in

Figure 4.53 show that the percent difference between the calculated and experimentally

observed growth rates increases as the number of configurational defects increases. This

is an interesting observation in that it would appear that the calculated values do not fully

account for the presence of configurational defects. This would be reasonable based on

the fact that there existed no term or method of accounting for the average meso run

length (or number of defects) directly into any of the nucleation based terms.

The inherent accuracy or absolute magnitude of the differences shown in Figure

4.53 is certainly questionable. There exist many possible points in which error can be
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introduced in either the physically observed linear growth rates and the calculated growth

rates, as many assumptions and approximations have been made. As such, only a

qualitative point is made of the percent difference in growth rates versus number of

configurational defects. It would appear that configurational defects do slow down the

linear growth rate in a manner such that increasing the number of defects (decreasing the

average meso ran length) slows the hnear growth rate observed experimentally.

The result of the calculated linear growth rates using the nucleation based

equations show that the terms used in determining the growth rates do not directly take

into account the effects of defects. As such, a comparison between the experimentally

observed linear growth rates and the calculated growth rates can be made. The difference

in growth rates obtained experimentally and calculated showed that the deviation

increased as the number of defects increased.

4.3 Quiescent Nonisothermal Crystallization Studies

In most processing applications for iPP, crystallization occurs under temperature

conditions that are not isothermal in nature. Therefore, it is of practical interest to study

iPP under nonisothermal conditions that more closely simulate an actual processing type

environment. For that reason, studies were conducted using the HCRLDM system.

Films nonisothermally crystallized in the high cooling rate light depolarizing

microscopy system were also investigated using WAXD, SAXS and DSC. These results

are combined in the present section to determine the equilibrium melting temperature and

enthalpy of fusion for each resin under nonisothermal conditions, which will then be

compared to the results determined under isothermal conditions. Crystallization kinetic
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studies were also carried out on each resin using bulk and crystal growth analysis. A

nonisothermal regime analysis will be performed on the growth rates observed under high

cooling rate conditions.

4.3.1 WAXD of NonisothermaliPP Films

WAXD patterns of some films nonisothermally crystallized in the HCRLDM

system are shown in Figures 4.54-4.57. MIO, M22, ZNHT and MlOO have WAXD

patterns shown at the average cooling rate (ACR) indicated in each figure.

The main point of interest m the WAXD patterns is the virtual lack of any y-iPP

crystal peaks for any films. For the films in this study, a-iPP was observed for all films

crystallized under nonisothermal conditions. Isothermal studies show that MIO and

MlOO have up to 70% y-iPP when crystallized at low supercoolings. Figure 4.54 and

4.57 do not indicate ,the presence of y-iPP for any of the average cooling rates in this

nonisothermal study. A slight inflection exists for the MIO sample crystallized using a

ACR of 3000°C/min at a 29 value 20°. This is the only sample that shows any inflection

in the y-iPP region. As such, the presence of y-iPP to any large extent (as seen by

WAXD reflections) for any films crystallized nonisothermally can be ruled out.

One additional point of interest is that all the films studied contain a large fraction

of the a-monoclinic crystal structure, while the presence of any condis (smectic) crystal

structure is limited or nonexistent in the WAXD patterns. This would indicate that the

resins in this study are not capable of quenching to the level of producing the disordered

structure in the HCRLDM system, within the cooling rates obtained within this work for
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these iPP resins. Previous work^ indicated that cooling rates above 80K/s are needed to

produce the mesomorphic phase in dominate amounts.

4;3.2 DijEferential Scanning Caloi^etry

DSC was used to characteme the films shown in the WAXD section. The DSC

was used to determine fiie Tn, and AHf of each resin crystallized under nonisothermal

conditions.

4.3.3 Melting Temperature of Infinitely Thick Crystals from Nonisothermal

Crystallizaition Studies

Fihns were used to determine the melting temperature of an infinitely thick crystal

produced under nonisothermal (hence far away from equilibrium, i.e. nonequilibrium)

conditions (T^^). This teiin is in fact analogous to the equilibrium melting temperature

measured under isothermal conditions, and in some cases we shall discuss the two

interchangeably, where appropriate. Determining the T^'® under nonisothermal

conditions and comparing it to the isothermal T„° is of interest to study the effect of the

defects on an infinitely thick crystal under crystallization conditions far away from

equilibrium. The Tn,'^ for each material was determined in a similar manner to the

procedure used for isothermally crystallized films. SAXS was used to determine the long

period. WAXD was used to determine the crystallinity and DSC the melting temperature

of each film.

The results in Figure 4.58 show the lamellae thickness versus cooling rate. The

lamellae thickness is plotted versus plateau temperature in Figure 4.59.
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The determination of for each of the iPP resins is shown in Figures 4.60-

4.62.' MIO and M22 are shown in Figure 4.60. M32 and MlOO are shown in Figure 4.61

and ZN35 and ZNHT are shown in Figiure 4.62. The melting temperature at infinite

thickness for. MIO has decreased froni 185°C in the isothermal case to 177°C for the

nonisbthermal data. M22 has shown a decrease from 186°C to 180°C, while M32 has

decreased from 186°C to 179°C. MlOO had the largest decrease from a T„° of 183°C to a

Tm'^ of 173°C. Within experimental error, the T„° and T^,^ are the same for ZN35 and

ZNHT. The experimental error for the nonisothermal T^'® for each resin is ±3°C.

The explanation for the lower T^^ for the miPP resins under nonisothermal

conditions can be explained by the decrease in the extrapolated heat of fusion for a 100%

crystalline material. The extrapolation for the heat of fusion for a 100% crystalline

sample for each material is shown in Figure 4.63 for the nuPP resins and Figure 4.64 for

the zniPP resins.

T^e results shown in Table 4.13 allow a direct comparison of the T^" and AHf

obtained under isothermal (I) and nonisothermal (NT) conditions using the same

experimental procedure. The decrease in Tm"^ follows the trend that increasing the

number of configurational defects causes a larger change and decrease from the

isothermal Tj'. The explanation for the decrease in Tn,^ comes from the decrease in AHf

under isothermal conditions, with increasing configurational defects. The decrease in

AHf appears to be a result of defect incorporation into the crystal matrix. Defect

incorporation into the crystal matrix causes the total amount of heat released for a given

volume of a-iPP crystd to decrease over an otherwise defect free crystal. The more

numerous the number of defects present in the crystal, the larger the decrease in the AHf.
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This lowers the observed of a sample by requiring less heat (i.e. a lower temperature)

to melt a crystd of a given thickness yersus a defect free cryst^ of the same thickness.

Defect incorporation becomes cpnunon at higher supercoolings (synonymous

with higher cooling rates), as previous studies have shown''®■^^ This is due in large part to

the speed at which a resin must crystallize at higher supercoolings. The thermodynamic

driving force (Gibbs free energy) to crystallize becomes greater as the supercooling

increases, the ciystal becomes the thermodynamically more favorable phase. This in turn

drives crystallization to occur at more rapid speeds. Higher crystallization speeds can be

partially credited to lower crystallization temperatures producing thinner lamellae which

require less time for a stem to deposit onto. The higher crystallization speeds mean that

configurational defects present in stems depositing onto a substrate are not going to be

rejected as frequently as in the isothermal case. The heat of fusion lost due to the

disruption of the crystal matrix around the incorporated defect is offset by the Gibbs free
\Nw

energy favoring the phase change. The penalty for defect incorporation is paid when the

sample is melted, the sample will melt at a lower temperature as outlined above. The

data here suggests that the more numerous the defects in the resin, the larger the

incorporation into the crystal matrix with the subsequent lowering of the nonisothermal

AI^.andT„ NE

43.4 Fold Surface Free Energy

The fold surface free energies were determined for the nonisothermally

crystallized films used in the SAXS and WAXD studies. The Tj„^ and AHf determined
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experimentally (Table 4.13) for each resin under nonisothermal conditions was used in

the calculation of Og.

n The results in Figure. 4.65 show the values for each resin under nonisothermal

conditions using SAXS,/WAXp and pSC and the Gibbs-Thomson equation. MIO has

the highest values followed by M22,:M32, ZNHT, MlOO and ZN35. Table 4.14 shows

a direct comparison of determined under isothermal (I) and nonisothermal (NI)

conditions using SAXS as the experimental method for each resin. In each case, the

experimentally determined Tj and AHf are used (Table 4.13) in the calculation of

All values determined from SAXS work crystallized under nonisothermal

conditions showed a decrease in when compared to the Og for films crystallized using
/

isothermal conditions. The change in (isothermal - nonisothermal) indicates that

ZNHT decreased only slightly, from 33.5mJ/m^ to 32.0mJ/m^. ZN35 showed a decrease

of S.OmJ/m^, while the miPP resins all showed a much greater decrease in a^. M22 and

M32 had a decrease of ll.OmJ/m^, while MIO decreased by 16.0mJ/m^ and MlOO

decreased by 17.0mJ/m^. The general order of decrease in Og follows the trend of

increasing configurational defects. The more numerous the configurational defects, the

larger the decrease in Og under nonisothermal crystallization conditions. A main point of

interest is that the Og values are iiow quite similar for both the miPP resins and the ZNHT

resin. The ZN35 resin is still lower, presumably as a result of the influence of the xylene

solubles fraction.

A slight reduction in Og would be expected under nonisothermal conditions

regardless of the presence of defects. Studies on PE have shown that rapid crystallization
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forms less adjacent reentry and tight chain folding. A similar finding would also be

eixpected for iPP. ZNHT shows a slight decrease in It has been stated that the

crystallization behavior of ZNHT should be considered average or normal, in that ZNHT

contains few defects and has a low percent of xylene solubles. Therefore, at least a

0.2mJ/m^ decrease in should be expected for all resins.

The significance of the decrease in Ge arises from an earlier point in the study of

isothermally crystalhzed films. The explanation for the formation of y-iPP was that

configurational defects were preferentially rejected from crystal incorporation under

isothermd conditions. The rejected segments that contain the defects were put into the

fold surface region, more generally called the interfacial region. The defects in the

interfacial region produced higher values that made the y structure more

thermodynamically favorable. It was also pointed out that the values for the miPP

resins was significantly higher than for the zniPP materials.

Under nonisothermal crystallization conditions, preferential rejection of

configurational defects does not occur as frequently due to kinetic and thermodynamic

considerations, discussed previously. Therefore, if the defects are not present (or the

concentration have; decreased) in the fold surface region, a decrease in would be

expected. Further, since defect numbers'are reduced in the' fold surface region, the

presence of y-iPP should be greatly reduced or eliminated. Both a reduction of and the

absence of y-iPP in the WAXD patterns is observed. These findings are also supported

by the miPP resins with the most defects showing the largest decrease in g^ in

nonisothermal crystallization.
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4.4 Nbniso^ermal Cryst^lization Kmetics

Nomsothermal prystallization kinetics were investigated using the HCRLDM

system. Bulk and crystal growth kinetics were investigated. Bulk analysis was used to

determine the crystallization half-time, plateau temperature, induction time and

crystallization onset temperature. Direct crystal growth measurements were made to

determine the linear growth rate and nucleation density for films crystallized under

nonisothermal conditions. A regime an^ysis was applied to the linear growth rates under

nonisothermal conditions.

i  _ , ' _

4.4.1 Terminology used in Bulk Nonisothermal Crystallization Kinetics

Bulk kinetics were studied using the HCRLDM system previously described here

and elsewhere^®^"^®®. The experimental variables of interest are the cooling rate, plateau

temperature, crystalhzation half-time, crystallization onset temperature and induction

time.

Important Bulk V^ables

A brief discussion and definition for each important variable determined in

nonisothermal kinetic analysis wiU be discussed and defined below.

Cooling Rate The cooling rate is determined from the slope of the plot, temperature

versus time collected using a thermocouple embedded directly into the sample. While

strictly speaking, the cooling rate factor (CRF) is more correct in describing the change in

sample temperature versus time, the cooling rate is used here since it has a more useful

physical meaning outside the confines of nonisothermal crystallization studies using the

,; HCRLDM system. The cooling rate discussed here is actually a time averaged cooling
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rate. Additionally, it has been shown^°®'^°^ that the relationship between average cooling

rate (ACR) and CRF is Unear for iPP and PE over the range of crystallization rates used

in this study. ^ ,

Clearly there exists some eirqriin using a linear expression to describe the curved

experimental behavior of the temperature versus time profile in a HCR-LDM run. To

minimize this error, the linear curve fit for the cooling rate was extended to the onset

temperature of crystallization. At the onset of crystallization, heat is beginning to be

released which influences , the slope, of the temperature profile, making the curve fit to

points located after the onset of crystallization questionable.

Plateau Temperature The plateau temperature (Tp) is the temperature at which the

cooling rate of the sample is just matched and equaled by the heat released upon

crystallization. As the ACR increases, the plateau region becomes smaller and all but

disappears at extremely high cooling rates. In this situation, the point of inflection of the

intercept of the line extending down from the liquid state polymer to the solid state semi-

crystalline polymer is taken to be the plateau temperature. Although it is intuitive,

crystallization begins before the plateau temperature and continues somewhat after

reaching the plateau temperature. It is similar in many respects to the peak crystallization

temperature in DSC type measurements.

Figure, 4.66 shows the temperature versus time profile for ZNHT crystallized at

260°C/min (A) and 2000°C/min (B). The arrows point to the plateau region for each

sample run. Notice that the A contains a much longer plateau temperature than B, a

result of a much longer crystallization time at a lower cooling rate.
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Crystallization Onset Temperature The crystallization onset time is determined from

the plot of lo versus time (t), which is shown for mn A of Figure 4.66 in Figure 4.67. The

crystallization onset time is then used to. determine the crystallization onset temperature

(To). The crystallization onset time starts when the light intensity begins to decrease,

indicated by the arrow in Figure 4.67, which corresponds to nuclei formation and

absorption of light. The temperature versus time plot (or more accurately data) is used to

determine the temperature at that time when light absorption begins. It is also closely

related to the cooling rate of the sample.

Induction Time The induction time is defined as the amount of time which the

polymer takes as it passes below its T^° until the crystalhzation onset temperature is

reached. The induction time gives an indication of the nucleating ability of the resin, by

either heterogeneous or homogenous mechanism.

CrystaiOizatinn Half-Time The nonisothermal crystallization half-time is determined

from a plot of relative crystallinity versus time. The time at which 50% of the total

relative crystaUinity has been reached is determined. The crystallization half-time is the

difference between this time Md the induction time.

4.4.2 Bulk Kinetics Results and biscussion

The results in Figure 4.68 show that the relationship between plateau temperature

and cooling rate is not linear. At lower cooling rates, the plateau temperature decreases

more rapidly than at higher cooling rates. ZNHT has the highest Tp at all ACR. MlOO

and ZN35 have a similar Tp versus ACR profile, while MIO has a shghtly higher Tp than

M22 and M32 at most cooling rates. Figure 4.69, which shows To versus ACR, indicates
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that ZNHT also begins crystallization at much higher teniperatures than any other resin in

this study. The remaining resins are^ouped together at lower temperatures with similar.

To values. More specifically, the miPP resins all have similar To values regardless of

cooling rate. While the ZN35 resin has similar To values at most ACRs, but begins to

level off at ACRs above 35pO°C/inin. ZNHT exhibits a similar leveling off at

2500°C/min. The miPP resins To values continue to decrease.

A further observation (from Figure 4.68) is that miPP resins with ACRs above

3500°C/min have a significantly lower Tp than ZN35 and ZNHT. The significance of

this finding is very great, especi^y in a processing environment, which typically have

very high ACRs. This result indicates that miPP resins having similar sample mass and

thicknesses using high cooling rate conditions, have a delayed crystallization that starts at

a lower temperature and occurs, in bulk, at a lower temperature (i.e. lower Tp) than dO

similar zniPP resins.

The reason for delayed crystallization can be determined from Figure 4.69. The

crystallization onset temperature at high ACRs for the miPP resins is considerably lower

than the zniPP resins at 4500°C/min. Beginning at 3500°C/min ACR, the miPP resins

cool to a lower temperature before crystallization begins. At a ACR of 3000°C/min, the

zniPP resins have leveled off and their To remains relatively constant, even as the ACR

increases further. Therefore, at a given thickness and air flow rate, the zniPP resins

cannot have the onset of crystallization delayed, which means the zniPP resins reach an

upper limit critical supercooling value. The miPP resins do not appear to exhibit this

behavior. The likely explanation is a result of the configurational defect distribution

differences between the miPP and zniPP resins, as has been previously discussed. Nuclei
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formation is inhibited in the ihiPP resins due to the presence and distribution of the

configurational diefects. In any case, these findings indicate there is good reason to

proceed to meastne growth iand nucleation fates.

The results in Figure 4.70 show the nonisothermal crystallization half-time versus

ACR. The data for all resins seems to be grouped together in a narrow band. However,

when the nonisothermal crystallization half-time is plotted against the plateau

temperature, as in Figure 4.71, somd trends emerge. ZNHT and MlOO have quite similar

ti/2, as do ZN35 and MID., M22 appears to crystallize slightly faster than M32 at higher

plateau ternperatures. Smce bulk ti/2 rates are a function of both the linear growth rate

and nucleation density, it is difficult to make any kind of generalization about these

results.

The results in Figures 4.72 and 4-73 show the nonisothermal induction time as a

function of ACR and plateau temperature. The induction time should be largely

dependent upon the nucleating ability of a particular resin, whether the origin is

inst^taheous or spontaneous. The results in Figure 4.72 show that the resins are grouped

rather close together in a narrow band as a function of cooling rate. However, with

careful observation, it can be noticed that generally, MlOO and ZNHT have the smallest

induction times, followed by ZN35, M22 and M32 with nearly identical values and

MlOO, which appears to take the longest for nuclei to form. It is of interest to note that

the order observed for the induction time as a function of cpohng rate is similar to the

order of each resin's number average molecular weight. The results in Figure 4.73,

induction time versus plateau temperature, follow a trend close to the induction time

versus ACR, although the data has more scatter. MIO, M22 and M32 appear to be

:  n' :■ '■ - .295
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grouped quite close together with the longest induction timeS; ZNHT has the fastest

induction times, especially with Tp values greater than 90°C. Ml00 and ZN35 were

grouped rather close together above 90°C also, with slightly shorter induction times than

the MIO, M22 and M32 group.

The results suggest that miPP and ZN35 have similar nonisothermal bulk

crystallization kinetics, with MIO and Ml00 crystallizing slightly faster in some cases.

The major difference is that the miPP resins and ZN35 have lower To and Tp values

when compared to ZNHT. In the bulk kinetics, the influence of nucleation and growth

rates can not be separated. It is, therefore, difficult to attribute a crystallization kinetic

behavior to any one resin characteristic.

4.4.3 Nonisothermal Crystal Growth Nucleation Kinetics

The effects of nucleatioh and crystal growth rates were measured directly under

nonisothermal crystallization conditions. The nonisothermal kinetics were performed

using the HCRLDM system with a thermocouple directly embedded in the sample to

enable accmate temperature profile to be obtained under ea.ch cooling condition. The

growth and nucleation rates were recorded using a video camera and VCR.

1
1  -

i

4.4.3.1 Nonisothermal Growth Rates ,

The growth rates were assumed to be linear, although at high ACRs (above
I

2000°C/min) this is highly doubtful. This could not be accurately tested since the timp.

scale for growth is so rapid that obtaining more than two frames in focus during

nonisothermal growth is virtuaUy.impossible at the highest cooling rates with the present

-  ' 'sdO'- !



video equipment. Due to the vibrations of the sample chaihber, several attempts must be
j

made at one set of mass flow settings to achieve, at best, one run in focus that allows for

i

accurate analysis of growth rates and nucleation density. However, only the last couple

of data points in each case are subject to this uncertainty. !

The results in Figure 4.74 show the nonisothermal growth rate as a function of the
I

ACR. Figure 4.75 shows the nonisothermal growth rate as a function of Tp. Figure 4.76

shows the isothermal and nonisothermal growth rates together. The data seem to form

continuous curves for each resin. However, there is a break between the two sets of data

(the left set of points is imder isothermal conditions and right side data is nonisothermal),

with the long break separating the two groups of data for each material. At a given Tp,

ZNHT had the highest growth rate, followed by MlOO, ZN35, M32, M22 and MIO, The

observation is made that the trend in nonisothermal growth rate follows the same order as

the number average molecular weight, except for MlOO: again. (Recall that under

isothermal conditions the growth rate was determined by the number of configiurational

defects). ZNHT and MlOO have very similar number and weight average molecular

weights. With similar molecular weights, the deciding factor in determining which resin

has the highest growth rate would go to ZNHT since it has far fewer configurational

defects than MlOO. However, the data most closely reflect the order of number average

molecular weight for each polymer.

The present data suggests that the limiting factor in determining the growth rate

under nonisothermal conditions (for highly stereo regular iPP) is the molecular weight of

a particular resin. Molecules with less repeat units will diffuse faster and have a higher

mobility at similar Tps since these molecules have fewer entanglements. The viscosity of
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a resin is strongly dependent upon temperature. Under nbnisothennal conditions, the
j

temperature at crystallization is approximately 90K or more below the equilibrium

'  i ' '
melting temperature. Therefore, the mobility of polymer chains under isothermal

,  I
1

conditions is very different than polymer chains crystallized under nonisothermal

conditions, when the temperature is substantially lower at crystallization onset. Based on

viscosity as a function of temperature, the experimental growth rates under nonisothermal

conditions do not seem umreasonable. However, molecular'weight alone is not the only

determining factor. The chemical homogeneity (tacticity or number of configurational

defects) is also important and is a factor in determining the ̂ owth rate. For instance, as

pointed out above for ZNHT and Ml00, when the molecular weights are similar, the

.  . , • i
highest growth rate will then go to the more stereoregular resin.

I

Section 4.3.3 discussed the reason for defect incorporation into the crystal. It was
'  , / ' i •

stated that the driving force to form the crystal increased as the crystallization

temperature decreased. Under! nonisothermal crystallization conditions, the loss in

enthalpy due to defect incorporation is naore than offset by the huge driving force to

crystallize. The present growth rate data further suggest that when the driving force to

crystallize is high, the molecular weight of a p^cular resin becomes the most important

factor in controlling the linear growth rate under nonisothermal conditions. For both

isothermal and nonisothermal linear growth rates, thermodynamics controls the linear

growth rates of a resin at a particular crystallization temperature. However, the marmer

in which the thermodynamics influences the isothermal anb nonisothermal process is

quite different. . , n ! , i .
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I  :

In isothermal crystallization, the crystallization temperatures are usually quite
!

high and near the equihbrium melting temperature. Therefore, stem deposition occurs

when the stability (AG) of the melt and crystal are quite simhar (see section 4.1.3). When

1

the enthalpy released upon crystallization is decreased, with the same loss in entropy, the

driving force for that stem to back off is high since the full effect of the phase change is

not realized. This factor then causes defects to be rejected for the most part from the

crystal matrix, as was discussed in section 4.1.3.

For nonisothermal crystalhzation, the thermodynamic driving force for a stem to

crystallize is much greater i.e. the stem depositing onto a crystal substrate with defects,

present is still more stable than the melt. The limiting factor in the rate of linear growth

in this case will then be how fast the molecules can disentangle, align and snap into

crystallographic registry. In this case, the thermodynamics cedes control of the
I

crystalhzation process to the diffusion rate of the polymer molecules, which could be

referred to as kinetic control. The kinetics in this case being temperature and molecular

weight sensitive. However, the present data further suggest that the influence of

stereoregularity is not completely lost, as ZNHT has a higher hnear growth rate than

similar molecular weight MIOO. i

4.4.3.2 Nonisothermal Nucleation Density

The data in Figure 4.77 and 4.78 show the nucleation density as a function of both

ACR and Tp (respectively). The data show that MIOO has the highest nucleation density,

followed by MIO, M22, ZN35, M32 and ZNHT. Resin ZN35 shows a rather strange

upturn at higher cooling rates. It is rather difficult to make any type of conclusions
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I

regarding molecular weight effects and tacticity effects on the nucleation density, a result

of foreign debris being the most active form of nucleation in any particular resin.

Without detailed information about the resin preparation procedure one can not know a

priori whether a resin has more foreign nucleating material in it than any other resin.

This is rather unfortunate since primaiy nucleation is the most important factor in

crystallization in regime HI and most definitely in any type of processing environment.
i

Howbver, the story of primary nucleation in this work does npt end here.

It was observed during honisothermal crystallization Aat a: significant niunber of

nuclei formed after the initial instantMeous burst of nuclei; the nuclei formed after the

initial burst are termed athermal nuclei. Notice that the nucleation density increases as
1  5

the ACR increa,ses and Tp decreases, with the exception of ZNHT which is relatively

constant. Athermal nuclei are homogenous in origin and are produced as initially

transient metastable nuclei that become stable as the temperature continuously decreases

during the rapid cooling of the sample. Therefore, more athermal nuclei are formed as

the ACR increases. Recent theoretic^ and experimental w6rk^°^'^°^ on athermal nuclei

has demonstrated that under nonisothermal conditions, conditions where a temperature

gradient and/or molecular orientation are involved, athermal nucleation can become the

dominate form of nucleation, in the absence of large scale addition of any type of

nucleating agent. i

In principle, the same molecular factors that influence' growth rates are important

in the nucleation process. In the production of athermal nudlei, both molecular weight

and tacticity become important, with molecular weight likely the dominate term. The
'  ' n , i

relaxation time for particular molecule depends on its number of repeat units or
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molecular weight. The higher the molecular weight, &e more entanglements the

molecule will have with other molecules and the longer its relaxation time. A shorter

relaxation time allows a low molecular weight molecule to relax before the athermal

nucleation can be triggered at a given temperature. Tacticity becomes important because

it wiU determine the local stability of a nucleus during nucleus formation, i.e. athermal

nucleation occurs due to metastable nuclei becoming stable as a result of the temperature
.  ̂ n i n

change. If the further complication of a defect is present it will further destabilize the
1,

metastable nucleus and cause a higher decay rate than otherwise would be found had the

defects not been present at a given temperature. As noted earlier, defects present lower

the enthalpy released upon crystallization. Therefore defects! present in a forming critical

nucleus will alter the stabihty of that nucleus under a given set of crystallization

"conditions (temperature,and cooling rate most notably). However, the present

nonisothermd nucleation density results do not seem to directly confirm or support the

influence of molecular weight and defects on nuclei formatioii.
I  ' ' '

The nonisothermal liucleation density results generally agree in resin order with
I

the isothermal nucleation density results (see Figure 4.41) for [the miPP resins. MlOO still

has the highest nucleation density, witli MIO and M22 having similar nucleation density

values as a function of plateau crystallization temperature. M32 had the lowest

nucleation density, although M32 was higher than ZNHT.| ZNHT in the isothermal

nucleation density case was intermediate between MIO and M22, so its relative behavior

has changed. Again it is difficult to atttibute any type of nucleation behavior to any

particular resin characteristic since the factors affecting the nucleation process are not
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completely known and these resiiis have not been purified to remove any atactic material

or contaminants.

'  n I

4.4.4 Nonisothermal Regime Analysis I

A nonisothermal regime analysis was conducted on the resins in this study in a

manner similar to the one carried out under isothermal conditions outlined in section

4.2.1. The plateau temperature wasnsed as the crystallization temperature. With the

present resins, all nonisothermal crystallization occurred in regime in. These details are

known since the lowest regime U-Ili temperature was 127.3°C for MIOO. The highest Tp

for any resin in this growth rate study was slightly under 110°C for ZNHT (see Figure
n  n , ' n ' n ' ! '' ' n

4.75). Where needed, the SAXS and DSG determined values for T„^ and AHf under

nonisothermal conditions are used from Table 4.13. The rionisothenrial Tm"® and AHf

were used since they more accurately reflect the thermodynalmic state of polymer chains

during the course of cryst^hzation, under nonisothermal conditions.

The results in Figures 4.79 shows the regime jplot ̂ or MIO, M22, M32, ZN35,

ZNHT and MIOO. Figure 4.80 shows the isothermal and nonisothermal regime data aU

on one plot. All resins exhibited a linear relationship within the temperature range

investigated. The slope (Kg) and intercept (GJ are tabulated in Table 4.15, along with the

isothermal slopes and intercepts in regime IH. The results ̂ e clearly divided into two

groups. The zniPP resins have ve^ similar Kg and iG^ under isothermal and

nonisothermal crystallization conditions, the Kg and G^ values have all decreased for the

miPP resins. '
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The zniPP resins showed good agreement when comparing the regime analysis

under isothermal and nonisothermal conditions. This confirihs earlier work by Ding and
-!

SpruieU for the HCRLDM system using similar zniPP resins"®.

The changes in Kg and G^ for the miPP resins may be'explained by understanding

that &e Tn,°, AHf, a and all changed for the miPP resins under nonisothermal

conditions, due to configuration^ defect incorporation into the crystal matrix. Therefore,

Ae value of the slope and intercept of the regime plot could also be expected to change in

a manner consistent with the ch^ges in thermodynamic properties since it is composed

, of these terms (recall equation 2.14).

In order to resolve the factors affecting the change in Kg (which is the nucleation
j  n ' ' • ' ' ' n '

term) for the miPP resins, the ratio of (3^ / was studied for any changes for each

resin.. The ratios are shown in Table ,4.16. The change in the ratio from isothermal to

nonisothermal crystallization does not change dramatically for any resin and can not be

used to explain the differences in Kg from isothermal to nonisothermal regime analysis.

In fact, with the exception of Ml0, the change in ratios for tliese two thermodynamic

quantities would predict an increase in Kg. The supercooling term, AT, also decreases or

remmns constant for each resin as. the Tm" for each resin has remained the same or

decreased. Slight changes in a are expected since it depends on AHj, but not enough to

explain the nearly 40% reduction in Kg. Therefore, the decrease in Kg is attributed to the

change in o^. As was shown earlier in Table 4.14, the change in was very dramatic for

the miPP resins when comparing the isothermal and nonisothermal determined by

using SAXS, WAXD and DSC. The has been determined from nonisothermal regime
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analysis using the appropriate nonisothermal thermodynamic quantities and is shown in
I  n , n

Table 4.17, along with the isothermal regime analysis calculated values.

The nonisothermal regime analysis values exhibit a decrease in when

compared to the isothermal values. Clearly, the values of Kg for the miPP resins has

1

decreased due to the decrease in 0^ values under nonisotherinal conditions and these <7^

values are close to the values of the zniPP resins.

4.5 Crystallinity Measurements and Interfacial Thickness Values of Isothermally

and Nonisothermally Crystallized Samples
[

The results of crystallinity measurements on the isothermally and nonisothermally

crystallized fihns are discussed in this section. In addition, qualitative interfacial

thickness measurements made on each set of films are presented. Theise data and

calculations wiU be discussed in terms of and the nature of the fold surface region
I

under isothermal and nonisothermal crystallization conditions;.

Crystallinity for each film was determined using WAXD, DSC and density
I

gradient column. DSC melting enthalpies were corrected for the amount of y-content, if

applicable, since the heat of fusion is lower for that crystal structure;

I

4.5.1 Isothermal Results ;

The crystallinity data for the isothermally crystallized films of the various resins

is shown in Table 4.18, 4.19 and 4.20. The WAXD and DSC data for all resins agree

I  ,

quite weU, with iriost of &e crystnllinities within ±2% of one another for each sample of a
f

particular resm. (It should be noted that the DSC crystallinities are determined from AH
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and WAXD measurements extrapolated to 100% crysmllinity under isothermal
'  I . n

crystallization conditions. Therefore, they are not completely independent of one
I

another) When the crystallinity by density data is compared to the DSC and WAXD

crystallinities, two definite trends emerge. The zniPP resins, ZN35 and ZNHT, have

crystallinity hy density values that are typically 2-4% higher than either the WAXD or

DSG values for each sample. The miPP resins all show a 6-10% higher crystallinity by

density when compared to the WAXD and DSC crystallinities, which is significantly
I

higher than that of the zniPP resins. As stated previously, the behavior of ZNHT should

be considered the standard, since it has low xylene solubles and very few defects.

Therefore, one might expect a 2-4% higher crystallinity by density for all iPP samples.

This observation has been made previously by other researchers and has been attributed

to the interfacid region surrounding lamellae having a higher packing density than the

totally amorphous region^^'^^'^^"^^ With this in mind, the miPP resins exhibit increases
i

in crystallinity by density of 1-6% higher than those foimd with zniPP.'

The data in Figure 4.81 shows the interfacial thickness as a function of lamellae

thickness, as determined from SAXS studies. The data show that thie zniPP resins have a

significantly thicker interfacial region than any of the miPP resins. The zniPP resin's
n !'

interfacial thickness values remain constant or increase slightly with increasing lamp.llap.

thickness. The miPP resins are grouped fairly close together and tend to decrease in

interfacial thickness as lamellae thicloiess increases. It is also worth noting that the

general order of interfacial thic^ess; ffpm thinnest to thickest, follows the order of

highest to lowest fold surface free energy, i.e. MIO has the smallest interfacial thickness

and the highest fold surface free energy. ^
.  i ' '
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4.5.2 Nonisothennal Results j

The crystallinity data for the nonisothermally crystallized films is shown in

Tables 4.21,4.22 and 4.23 .> For all resins, the crystallinity by density data are higher than

the WAXD values by roughly 5-7% for the same sample. The DSC crystallinity values

are significantly lower, by roughly 10%, than the WAXD ciystallinity for all samples of

each resin except those of ZNHT. ZNHT had DSC crystallinity values roughly 15%

lower than either the density or WAXD values.

The interfacial thickness of the nonisothermally crystallized films as a function of

lamellae thickness is shown in Figure 4.82. The data indicates that the interfacial

thickness decreases as the lamellae thickness decreases for each resin. Additionally, the

interfacial thickness for these samples are generally thinner than for the isothermally
n  i

crystallized films. The interfacial thickness of the miPP resins have not decreased as

significantly as the zniPP resins. The data points in Figure 4.82 seem to faU on a rather

broad.common line for all materials as a function of lamellae thickness.

4.5.3 Discussion of Interfacial Thickness and Crystallinity Values

The results found in studying the crystallinities and interfacial thickness of the

isothermally and nonisothermally crystallized films may further explain the reason why

the miPP resins have lower overall melting temperatures for similar lamellae thickness.

In this chapter it has been stated that crystallization under isothermal conditions,

i.e. relatively near equilibrium, causes configurational defects to be preferentially

excluded from the crystal matrix. The excluded defects are thought to be present in the

interfacial region, where the defects increase the fold surface free energy in a mamer

324 - j \ •
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consistent with the number of defects in the resin. This was offered as the explanation

for why the miPP resins could have much lower overall melting temperatures at the same

lamellae thickness. |

The nonisothermal crystallization results, which occur far away from equilibrium,

indicated that defects were not as preferentially rejected. Defect incorporation and

crystallization under nonisothermal conditions gave fold surface free energies for the

miPP resins quite similar to tihose determined for the zniPP materials. Based on the

isothermal and nonisothermal studies, combined with the crystallinity results and

ihterfacial thickness findings in this section, a theory can be constructed to explain the

melting behavior of the iniPP resins. An explanation can also be presented to explain

why ZN35 has such a low isothermal fold.surface free energy:!

The nonisothermal DSC crystallinity data indicate i that all materials have a

significant amount of interfacial material that relaxes before the peak melting temperature

region is reached. This would explain the large discrepancy between the crystallinity by

DSC and WAXD results. ZN35 did not exhibit such a large difference in crystallinity

results determined by the various methods. This is of particular interest since it is the

resin with the most xylene solubles. ZN35 also generally has the thickest interfacial

region under both isothermal and nonisothermal conditions. It seems plausable that the

atactic chains are rejected into the interfacial region, interfering with the folding process.

In the interfacial region, the atactic chaiiis are likely to cause the folds to be loose or

produce considerable nonadjacent reeritry folding due to the interference of these atactic

chains dining the crystallization process. Additionally, it is worth recalling that the

atactic chains have a chemical potential difference with the crystal, therefore they would,
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if anything, diffuse toward the interface regions of the crystal. Therefore, based on these

arguments, it might be expected that these atactic chains are located at the ciystal surface

interface. At the interface, the atactic chains lower the interfacial tension since the chains

. in the interface are able to assume more total conformations.' A similar argument can be
. . . i n

made for Ml00, since it has a significant amount of atactic material and a lower than

expected Ge- . ' !

The structures in Figure 4.83 show two different depictions^®'^' of what a fold

surface region may look like for a crystalline lamellae. The bottom part shows three

figures, a, b, and c. The schematic in part a represents a laniellae growth surface before

nucleation. The schematic in part c represents a lamellae with some surface roughness.

The. schematic in section b depicts a lamellae with a consWerable amount of surface

roughness. The top illustration in Figure 4.83 is the side view of what a rough surface

would appe^ like. For whatever reason, the Stems are not aligned from surface to

surfaice of the lamellae in a smooth manner, which produces a rough lamellae siuface.

The uneven surface creates niches in the top and bottom basal planes of the lamellae

crystal exposing more lateral surface of stems. Based on a rough crystal surface

proposed aboye, it would seem reasonable that these niches would increase the total

surface area (hence increase the total value, even though part of the energy is

attributed to the lateral surface of the stems) of the lamellae over a relatively smooth two-

dimensional lamellae type crystal surface. |

The schematic in Figure 4.83(b) c, riiight represent the nature of the fold surface

)  ' •

under isothermal conditions for a polymer that is relatively defect free and produces, a

rather smooth lamellae surface.. The illustration of b in Figure 4.83(b) might be thought
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of to represent crystallization under nonisothermal conditions, in which crystallization

occurs very rapidly producing a rough crystal surface. ,'However, it may also be

reasonable to expect the miPP resins, with more total defects that are uniformly

distributed, to have a lamellae surface that is rough when crystallized under isothermal

conditions. The defects may be rejected to near/at/below/or /and slightly above the

crystal surface. Defects located in this region would seem! to surely cause a rougher

surface than in an otherwise defect free polymer, sic ZNHT. Therefore for a lamellae of

the same dimensions, a miPP resin would have a rougher crystal surface with more

effective surface area, than say ZNHT.

Obtaining the fold surface free energy from the Gibbs-Thomson plot assumes a

flat ciystal surface, where the dimensions Me in energy per unit area. The total energy in

the mathematical calculation using the Gibbs-Thomson equation is such that it

normalizes to a 2-d surface. However, a rough surface with identical length (1) and width

(w) will have more total surface area than Iw (since it really is 3-d), while a 2-d surface

area will be an area Iw. This can be said succinctly by stating that a rough lameUae

crystal surface has a larger crystal surface area for the interfacial free energy to act upon

than a smooth 2-d surface. Since &e Gibbs-Thompson equation normalizes to a 2-d flat

surface, the total free energy per uiut area is going to be indicated as greater in the 3-d

rough siuface in order to account for the total effect of the crystal surfaces on the melting

temperature.

The rationale presented above would also explain why the surface energies for the

miPP and zniPP change from very different values under isothermal crystallization to
1

similiar values using a nonisothermal crystallization environnient. Under nonisothermal
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crystallization conditions, there is less preferential rejection' of defects and the surface

regions of the crystal may actually become smoother than under isothermal conditions for

the miPP resins. For the ZNHT resin, the nature of the fold surface under nonisothermal
1

conditions is quite similar to the one formed under isothermal crystallization. In this

case, the net result is that normalized lamellae surface areas are quite similar for the miPP

resins and ZNHT under nonisothermal conditions (even though they are really 3-d

structures), therefore they have similar fold surface free energies.

The crystallinity by density, under isothermal condition differences can be
'  ' ' ' ' ' !

explained by using the. same rough crystal surface argument. The rough surface will

have, in essence, a thicker interfacial regipn due to the unevenness of the surface. A

thicker interfacial region would cause the density to increase, qven though it would not be

reflected in the DSC and WAXD data. The thicker interfacial region would be caused by

the niches on either side of the basal plane. A molecule emerging from the crystal

siirface inside a niche would have to clear the top surface of the crystal and any other

rigid molecules restricting its motion before it may assume its full range of

conformations. The molecule would not be able tp relax, and would in essence, be in a

rigid amorphous structure with an orientation above that of a truly amorphous molecule

and below that of a molecule in ciystallographic registry. Therefore, the density of these

molecules would be intermediate between amorphous and crystalline states. This would

be reflected in any density measurements, which are higher than the WAXD for all

nonisothermal films and for themiiPP resins under isothermal crystallization conditions.

The interfacial data seem tP Contradict the miPP resins having a thicker interfacial

region, as the data in Figure 4.78 clearly show they are thinner., The nonisothermal
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interfacial thickness data tends to become thinner as the lamellae thickness decreases (or

the plateau temperature decreases); It would be expected that as crystallization becomes

more rapid the surface organization, would become more nonuniform or rough.

Therefore, it might be expected, intuitively, that the interfaci^ thiclaiess would increase.

However, the nonisothermal interfacial thickness v^ues decrease as lamellae thickness

decreases. In addition, the nonisothermal interfacial thiclmess values are becoming

smaller. These results suggest that a rough interfacial surface has a thinner interfacial

thickness, as determined by SAXS.

The interfacial thickness is determined from an electron density measurement

using SAXS. For a rough crystal surface, the interfacial region/crystal surface boundary

is somewhat diffuse or none distinct. Since this boundary is rough, it would stand to

reason that the interfacial region/amorphous region boundary would be somewhat rough

or nondistinct. The outer interfacial boundary being diffuse would affect the measured

interfacial region thickness, since a rough boundary between to interfacial region that has

many characteristics of a truly amorphous region would fall off in electron density much
I

closer to the crystal surface (on the average) than a more unifprm interfacial

region/amorphous boundary. This would, in turn, explain the observed interfacial

thickness values and why the miPP resins have a much lower experimentally determined

interfacial thickness and that nonisothermally crystallized filnis thickness decrease as the

crystallization temperature decreases;

The iiet result of crystallinity and interfacial work indicates that the differences in

Ce of the various resins can likely be attributed to differences iri the lamellae fold surface
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roughness. The amount of surface roughness depends on the nmnber and distribution of

defects, presence of atactic material and the crystallization temperature.
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Chapter 5 i
'  i

Fiber Spinning Behavior of Metallocene Catalyzed

Isotactic Polypropylene '

r  , - i

5.0 iritroduction j
I

The melt spinning of iPP into fibers has been studied since the early 1960s and

continues today. Several important material characteristics have been identified in the

melt spinning process of polymers, as was discussed in section 2.5.3. The present set of

metallocene isotactic polypropylene (miPP) resins differs frorn previous investigations^^

of zniPP resins in that the molecular weight distribution (MWD) is quite narrow for
i

the present set of miPP resins.

A preliminary study of two miPP resins and a third zniPP resin indicated that

1

something very different was taking place with the miPP resins. The data in Figure 5.1

show some early results on the as-spun fiber tensile strength yersus spinning speed. The
I

resins in this figure are M22, M32 and ZN35. The results were surprising in that M32

produced stronger fibers than M22, which were stronger than ZN35. The M22 resin

producing stronger fibers than ZN35 can be explained by M22 having a more narrow

MWD, which previous studies^^^"^^' found produced stronger fibers with similar Mw

However, thiere is no expiration for M32 producing stronger as-spun filaments than

M22. Both resins have similar polydispersity values, with M22 having a larger number

and weight average molecular weights. According to previous, research^^^"^", M22 should
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form stronger filaments due to its higher weight average molecular weight. This chapter

will explore the differences in structure and property development in a series of miPP

,  - ' . I i

resins. The miPP resin's fiber spintdng behavior will be compared to a standard zniPP

resin. On-line and off-line fiber structure and fiber property measurements will be made
-  ,. ' ' ' _ ' I ' .

on each set of fibers to allow a comparison of each resin's fiber spinning properties.
I

r
!

The resins used in the fiber spinning study will be MlO, M22, M32, ZN35, M45,

M70 and MIOO. Each resin was melt spun and drawn down using a pneumatic suction

device at a constant mass-throughput and extrusion temperature. Selected process

conditions using MlO, M22, M32, ZN35 and MIOO were studied on-line. The on-line

studies include determining the bulk crystallization kinetics,! molecular orientation, on-
I  1

line diameter profile, crystallization onset distance from spinneret and stress at

crystallization onset. The as-spun fibers were characterized using WAXD, SAXS,

birefringence and tensile mechanical properties.

Section 5.1 will present tabulated dam oh the processing conditions, as well as

experimental results of most properties discussed throughout |the chapter. The results of

on-line fiber formation studies will be presented in section 5.2, followed by the stracture

of as-spun filaments in section 5.3. The tensile mechanical properties of the as-spun

fibers will be presented in section 5.4. Section 5.5 will have a discussion and

mterpretation of the results found in the fiber study of the miPP resins. A summary of the

results and conclusions will be presented in section 5.6. | n

n  i i
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5.1 Tabulated Results

The data in Tables 5.1-5.28 give the processing conditions for each resin and most

of the other experimental results presented throughout this chapter.

Each fiber sample was drawn down by use of an air jet suction device. An air

pressure (in psig) is applied to the device which results in high speed air surrounding the

fiber. The high velocity air applies a drag force which draws the fiber down. The fiber is

then blown into a container and collected for further use, if necessary. The applied

pressure to the draw down device is varied to change the spinning speed. Higher applied

^ pressures produce higher spinning speeds. The spinning speed is calculated from the

continuity equation (equation 2.26). The actual spinning speed is calculated from the

density, mass-throughput and ̂airieter of the filament. Figure 5.2 shows the spinning

speed of each resin as a functioh of applied draw down pressure. It is important to note

that the spinning speed is not the same for each resin at a given draw down pressure. The
I

•  t '

spinning speed for a particular resin at a given applied pressure depends on the rheology

and crystallization kinetics of the resin.

The Tables 5.1-5.28 contmn the extrusion temperature and mass-throughput for

each sample. The extrusion temperature and mass-throughput were kept as constant and

consistent as possible for all samples produced. The extrusion temperature was 210°C

and the mass-throughput was 1.55±0.03g/min. The mass-tooughput was measured

before and after each set of fibers were spun. The diameter used in calculating the

spinning speed came from the on-line, steady state diameter measured 2.20m from the

spirmeret. The off-line diameter is the final diameter of the filament after 30 days of
t

annealing at room temperature. The fibers were aimealed at room temperature to relax
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any rbsidual stresses after the initial spinning process. Initial studies indicated that the

fiber properties were not constant with time after the initial spinning process and that the

fiber properties became relatively constant after 30 days. The birefringence indicated in,

the tables is measured at the same time as the off-line diameter. As-spun filament

density, mechanical properties, long period, melting temperature and orientation
I

functions were also measured after the annealing period.

The tables contain part of the on-line data collected in the fiber spinning

experiments. The drag tension and onset stress were determined from on-line data. On

line diameter and birefringence profiles were obtained under different applied stresses,

though the data at each position is hot included in the tables.

I. * ' ' j ', • ' ' '

5.2 Results and Discussion of the On-line Fiber Spinning Studies

Previous research^'*^"^^® has indicated that the plateau and leveling out in the

diameter versus distance from the spinneret profile is a strong indication of crystallization

occurring in the spinline. Figure 5.3 shows the diameter in the spinline as a function of

distance from the spinneret for applied air pressures of 5, 15| and 25psig of resin M32.

The data in Figure 5.3 indicates the fiber diameter attenuates at distances roughly 90 to

110cm from the spinneret, depending on the applied air pressure. As the draw down

force is increased, or the spinning speed increases, the fiber draw down moves closer to

the spinneret and the final filament diameter decreases. The fiber draw down process

stops and the filament diameter becomes constant as a result of crystallization.

A considerable amount of information can be learned from an on-line study of a

mnning filament using birefringence measurements. Birefringence is itself a measure of
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orientation. The growth of crystals from oriented nuclei during stress enhanced

crystallization causes a rapid increase in orientation and birefringence^^'^^^. Therefore,

with these facts in mind, the birefringence can be measured on-line to estimate where

crystallization has started and when crystallization has been completed. Crystallization

onset occurs near the position in the spinline where the birefringence increases rapidly

from a small value near zero. Crystallization is essentially complete when the

birefringence plateaus to a relatively constant final value. The results in Figure 5.4-5.6

show the on-line birefringence profile as a function of distance from the spinneret, at air

pressure settings of 5,15 and 25psig, respectively. !

The on-line birefringence study at 5psig in Figure 5.4 shows that crystallization

begins at a distance from the spinneret of approximately 70cm for MIO, followed by
f

M22, ZN35, M32, M45, M70 and finally MlOO at a distance of 140cm away from the

spinneret. A diaw down pressure of 15psig in Figure 5.5 shows that ZN35 now begins

crystallization closest to the spiimeret at 50cm, followed by MIO, M22, M45, M32, M70

and MlOO at 110cm. Increasing the draw down pressure to 25psig, as indicated in Figure

5.6 induces crystallization closer to the spinneret for all resins. MIO and ZN35 both

begin crystallizing at 40cm, followed by M22, M45, M32, M70 and MlOO at 100cm. As

discussed above, the birefringence changes from a very small value rapidly in the spinline

as a result of the oriented crystaliization that is occurring in the spinline. The initial

nuclei formed in the spinline are highly oriented, with subsequent growth of other

oriented crystals. The plateau in the on-line birefringence profile indicates that

crystallization is complete. The differences in the final birefringence profile after the
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completion of crystallization is a result of differences in final overall molecular

orientation.

As stated previously, the onset of crystallization was taken to corresponded to the

point on the spinline at which the birefringence increases rapidly from a small value near

zero. Figure 5.7 shows the crystallization onset distance from the spiimeret as a function

of spinning speed. With the exception of ZN35 and M45', the crystallization onset

distance gets closer to the spinneret as the resin molecular weight increases and the

spinning speed increases.

The onset distance of crystallization for M45 and ZN35 shows the effects of their

broader MWD. For a broad MWD resin, as the spinning speed increases, the larger

molecular weight chains become oriented faster due to the larger relative number of

entanglements. A broader MWD resin has a (relative to another resin with a more narrovv

MWD and same weight average niolecular weight) more numerous population of higher

molecular weight chains, referred to as the higher molecular weight tail. For a broader

MWD resin, the high molecular weight chains align with one another and with the draw

down direction early in the spinline. The oriented high molecular weight chains then

initiate the growth of row nuclei. A more uniform molecular weight distribution would

produce a more uniform alignment of the melt in the spinlinCj and at the same average

molecular weight, results in a smaller amount of preferential early alignment since the

population of chains in a nMWD resins is more uniform. Therefore, with a broader

MWD, M45 and ZN35 initiate crystallization closer to the spiimeret, even though they

have lower weight average molecular weights when compiared with M32 and MIO,

respectively. The effects of MWD have been reported elsewhere, with a similar result^^'
i

n  361
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using similar reasoning. The authors in the previous study^^' suggested that

crystallization occurs closer to the spinneret and at higher teinperatures in broad MWD

resins (this is of course relative to a more narrow MWD simUar mfr resin) because they

are more susceptible to stress enhanced crystallization.

The data in Figure 5.8 shows, the final filament diameters are very nearly a

function of spinning speed only, all results lying in a narrow band of final filament

diameters as a function of spinning speed. This band is determined by the continuity

equation and the fact that the mq) and density of as-spun fibers are relatively constant

from sample to sample.

The diameter at crystallization onset as a function of spinning speed is shown in

Figure 5.9. The trend generally foUows from lowest to.highest molecular weight resins

having the smallest to largest diameters at the onset of crystallization. The low molecular
r

weight Ml00 draws down to the smallest diameter fibers at crystallization onset, while

MIO and ZN35 have the largest fiber diameters. M45 and ZN35 exhibit slightly different

behavior, due to their broader molecular weight distributions. M45 and ZN35 crystallize

closer to the spinneret, where the filament diameter is larger.' Therefore, the explanation

for &e low molecular weight resins having smaller diameter at each spinning speed is

that the lower MW resins have a delayed crystallization, which allows the fiber to draw

down into a much finer filament before the onset of crystallization. This is most easily

seen when MIO and M22 are compared, as well as M45 and MlOO in Figure 5.9. It is

also quite clear that the onset diameter for aU resins do not fit a uniform master curve as a

function of spinning speed- Therefore, each fiber's draw down behavior in the spinline is

363



C
O
 
.

a
>
 
,

d

5
0

4
5

4
0

U
 

3
5

O
 

nn
nn

U (
U

Q

3
0

2
5

2
0

1

¤
,
M
I
O

-
O
—
 
M
2
2

M
3
2

A
 Z
N
3
5

-
{
>
—
 
M
4
5

—
0
—
 
M
7
0

—
B
—
 
M
l
O
O

-

S
I

-

%
^
 

.

1
0
0
0

2
0
0
0

3
0
0
0
 

4
0
0
0
 

5
0
0
0

Sp
in

ni
ng

 S
pe

ed
 
(
m
/
m
i
n
)

<
0
0
0

Fi
gu

re
 5
.8
 F
in

al
 d
ia

me
te

r 
of
 fi

be
rs
 v
er

su
s 
sp
in
ni
ng
 s
pe

ed
.



7
0

L
H

B 3 U B a a o N V
i

U U w e O

6
0

5
0

4
0

3
0

2
0

n
 -

—
M
I
O

—
O
—
 
M
2
2

n
 

M
3
2

'
A
'
 

Z
N
3
5

M
4
5

—
®
—
 
M
7
0

—
B
—
 
M
l
O
O

C5
'

-

1
0
0
0

2
0
0
0
 

3
0
0
0
 

4
0
0
0
 

5
0
0
0

S
p
i
n
n
i
n
g
 
S
p
e
e
d
 (
m
/
m
i
n
)

6
0
0
0

Fi
gu

re
 5.

9 
Fi
la
me
nt
 d
ia

me
te

r 
at

 th
e 
on

se
t o

f c
ry
st
al
li
za
ti
on
 v
er
su
s 
sp
in
ni
ng
 s
pe

ed
.



detennined by the rheology of the resin, which is molecular weight and MWD dependent,

and to a lesser extent, by variations in the crystallization Idnetips of different resins.

The rheology of a particular resin is very important in the fiber spinning process.

1

The viscosity of a resin is determined by the material properties and processing

conditions. For iPP, the material properties ̂ e the molecul^ weight distribution (M„,

and MJ. The most important processing factors are temperature and shear rate. The

complex viscosity data for M22, M32 and ZN35 are shown in Figure 5.10. Although
j  . ' n

these three resins are not the complete set of resins, they do illustrate the substantial

differences in viscosity in the low shear rate region. M22 has the highest complex

viscosity followed by ZN35 and M32. ZN35 shows a slightly greater shear thinning

behavior at high shear rates than either M22 or M32. This behavior would seem to

correlate with its broader MWD. In fiber spinning, shear deformation occurs within the

spinneret capillaries, followed by elongation of the molten filament after extrusion. The

elongational viscosity of a material can be roughly approximated as three time the shear

viscosity. This is important in that polymers with low shear viscosities also have lower

elongational viscosities, with a low elongational viscosity being generally desirable as it

produces finer fil^ents in the spinline. Thus, within the three resins in the complex

viscosity figure, it would be expected that M32 would form finer filaments at a given

draw down stress than either M22 or ZN35, which it does. Therefore, if finer filaments

are desired, resins with low elongational viscosities should be used. Another important

point to note is the different shear viscosity behavior of similar mfr resins M32 and

ZN35. ' n n
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The drag load or tension on each fiber as a fiinction ofj spinning speed is shown in

Figure 5.11. The trend indicates that as the spinning speeds increase, the drag tension

increases for all resins. The drag load also increases as a function of increasing

molecular weight. The drag load is related to fiber diameter, the higher molecular

weight resins have larger diameters, initially during crystallization onset and as final

filament diameter. The force the air suction device prpvides on the fiber during

deformation becomes greater at larger diameters, as the surface area increases as a

function of filament radius. It is worth noting that M22 and ZN35 carry a sinailar load as
n  , ' ' ' ' ' ' ' .

a function of spinning speed, as shown in Figure 5.11.

The load on the filament is maintained throughout the length of the spinline.

Therefore, the stress at crystallization onset can be calculated since the diameter at

crystallization onset is dso known. The stress at crystallization onset is shown in Figure

5.12 as a function of spinning speed. The stress at crystallization onset for each resin

appears to be, a function of spinning speed, with the spinning speed a function of

molecular weight and molecular weight distribution. TTie lower molecular weight and

more narrow MWD resins crystallize under a higher stress since their spinning speeds are

higher at the same applied air pressure. , :

Figure 5.13 shows the stress at crystallization onset asi a function of distance from

the spinneret. The data appears to faU in bands according to the resin molecular weight

and MWD, with higher molecular weight and broader MWD resins crystaUizing closer to

the spiimeret. The order is ZN35 followed by MIO, M22, M45, M32, M70 and MIOO. It

would seem that each resin has a characteristic stress that must be produced at a given

distance from the spinneret for crystallization to occur. The characteristic stress depends

. 368
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upon the molecular weight characteristics (number and weight average molecular weights
-  ' ' j n

and their distribution), as indicated by the finding in Figure 5,13.

The results thus far are reasonable when the rheology of the resins is considered.

As the molecular weight increases, the relaxation time and number of chain

entanglements increases. Studies have indicated^°^'^°^ that fuU relaxation does not occur

in polypropylene melts (entanglement density is too high for |the process time) during a

high speed cooling process, as the crystallization times are to short. The larger molecular

weight resins have many more entanglements and will take longer to relax. However,

partial relaxation might be expected for some of the lower! molecular weight chains.

Therefore, higher, MW chains would seem statistically more probable to produce a

nucleus at any given temperature. Broader MWD resins with the same mfr initiate

nucleation even closer due to the formation of row nuclei, as discussed earlier. Research

has indicated that higher molecular weight chains are more likely to produce a critical
I  I

nucleus even under quiescent conditions due to athermal hucleation^°'*'^°'. This was

discussed in Chapter 4 section 4.4.

In order to further understand the properties of the as-spun fibers, the fibers were

studied to determine their crystallization temperature as a function of spinning speed in

the spinline. Since it was not possible to obtain the on-line temperature profiles directly,

the approximate on-line crystallization temperature was determined by using the long

period of the as-spun fibers determined using SAXS. The lamellae thickness was

obtained by multiplying the long period by the percent crystallinity, as determined by

density. Additionally, in order to convert the lamellae^ thickness into an actual

crystallization temperature, a plot of lamellae thickness versus plateau crystallization
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temperature was constructed for MIO, M22, M32i ZN35 and MlOO, using the

nbnisothermal films studied previously in Chapter 4. A curve fit of these data (where the

original data is shown in Figure 4.59) will allow the crystallization temperature of the as-

spun fibers to be estimated. It is assumed implicitly that the lamellae thickness is

determined only by the crystallization temperature, whether under quiescent

crystallization conditions or otherwise. M45 and M70 could not be studied using this

method since they were not studied under quiescent nonisothermal conditions. While this

method is not perfect, it should provide a reasonably valid and useful method for

approximating the crystallization temperature of the fibers.

The long period of each fiber as a function of spinning speed is shown in Figure

5.14. After multiplying the long period by the cryst^nity (which is given in Tables 5.1-

5.28), the lamellae thickness for each fiber sample is shown as a function of spinning

speed in Figure 5.15. Figure 5.16 shows the estimated crystallization temperature as a

function of spinning speed. The data are clearly grouped by M„. The high MW resins,

have significantly higher T^. value compared to M32 and MlOO at similar spinning

speeds. The high molecular weight resins have similar T^ to the values obtained under

quiescent nonisothermal studies (see Figure 4.68), which range from 80°C to 100°G. At

the medium to high spinning speeds M32 and MlOO have similar T^ to the quiescent

nonisothermal conditions. At low spinning speeds, M32 and MlOO have very low

crystallization temperatures, in the 40-60°C range well below any crystallization

temperatures observed using the HCRLDM system. It should'be pointed out here that the

cooling rates involved in this type of fiber spinning are well in excess of 150,000K/min.

Therefore, it is quite remarkable that the crystallization temperatures of the fibers in the
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spinline are comparable with those obt^ed quiescently at inuch lower cooling rates.

The effect of stress enhanced crystallization is clearly evident and will be" discussed

further in section 5.5.

; The results of on-line fiber spinning studies have shown that each resin has a

different spinning speed at the same applied draw down pressure. The differences in

spinning speed are a result of differences in rheology, which is primarily determined by

Mw and MWD. On-line birefringence studies show that decreasing the molecular weight

for a series of narrow MWD resins, delays crystallization in the spinline to distances

further away from the spinneret. Increasing the molecular weight initiated crystallization

closer to the spinneret, at higher crystallization temperatures and at larger filament

diameters in the running spinline. Stress at c^stallization onset and final filament

diameter results indicated that each parameter was a function of spinning speed only,

with the series of resins at each spinning condition forming a broad band of values.

5.3 Structure of As-spim Filaments

In this section it will be of use to compare some of the properties of as-spun fibers

with results of previous investigations^'*^^^® on the fiber spinning properties of iPP with
I

broader MWD values. This is useful since the present set of resins all have very narrow

MWD, which as will be shown, have different filament properties.

The density of as-spun filaments is presented in Figures 5.17. The results in
1

Figure 5.17 show that MIO and M22 have very similar densities (i.e. crystallinities),

which are clearly higher than the others, followed by ZN35, M45, M32, M70 and MlOO
n  ' I '

at higher spinning speeds. At spinning speeds below 2500m/min, M32, M45, M70 and
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MlOO have similar crystallinities, with M70 slightly below the others. The resms follow

the weight average molecular weight trend for increasing density with increasing

molecular weight. The density of these films span a range of 0.8900g/cm^ to

0.905bg/cm^, 'similar to previous studies of iPP fibers'^^"^^^ However, two interesting

observations are made, the behavior of ZN35 and M45.

Typically, the melt flOw rate (MFR) of a resin would be compared to a similar

MFR resin in fiber spinning behavior. In the present case M32 and ZN35 have similar

MFR yalues, but as has already been, shown in this work, ZN35 and M32 behave very

differently in their spinning behavior due to their differences in MWD. (This was also

pointed out in the discussion of the shear rate behavior in Figure 5.10) Therefore,

inaking MFR comparisons, at least within the present work, may lead to difficulty in

explaining a resin's fiber spinning behavior. For this reason we shall use molecular

weight and MWD values in understanding and explaining the fiber spinning behavior of

these materials.

ZN35 and M22 have very similar M^. However, their polydispersity values are

different. Studies have shown that increasing polydispersity produces a more crystalline

filament, with all other conditions identical^^^^^ Clearly, this is not true for the present

situation. The likely explanation is the method of determining the density/crystallinity of

the fibers. It is weU known that oriented amorphous polymers have higher densities than

their unoriented isotropic states. This is also true for semicrystalUne polymers. As the

I  '

final filament birefringence data in Figure 5.18 shows, ZN35 has a significantly lower

overall molecular orientation when compared to M22. M45 also has a higher density and

birefiingence than M32, even though M32 has a higher weight average molecular weight.
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M45 also has a slightly broader MWD than M32. The (density of a semicrystalline

polymer is determined by the crystallinity and overall molecular orientation. Therefore,

the combination of a fiber's crystallinity and overall molecular orientation must be taken

into consideration when comparing the densities of various fibers and can explain the

densities observed in the present set of fibers.

The birefringence results in Figure 5.18 show that as the spinning speed increases

the final birefringence increases for all resins, except for MIO and ZN35. Figme 5.18

also indicates that as the molecular weight decreases the final birefringence generally

increases for all resins. MIO and ZN35 birefringence values decrease with increasing

spinning speed in the range of spinning speeds investigated in this study. This result

contradicts previous experimental work^®'^^^®. Previous studies have stated that increasing

molecular weight produces a higher birefringence, a result of more stress in the spinline

when compared at the same spinning speed. The present data suggest the stress at

crystallization onset is quite similar for all the resins as a function of spinning speed as

was shown in Figure 5.12. Additionally, the present data (see MID, M22 and ZN35 in

Figure 5.16)^ further indicates that the higher molecular weight resins crystallize closer to

the spinneret at higher temperatures at the same spinning speed. However, in the present

case, we observe that the order of birefringence of the resins is a strong function of

spinning speed as well as their molecular weight. In the lower spinning range, the higher

molecular weight resins tend to lead to higher birefringence values, as previously

reported. But at higher spinning speeds this trend is reversed according to Figure 5.18.

At higher spinning speeds the lower molecular weight samples crystallize further from

the spinneret and at lower temperatures. Crystallizing further away from the spinneret'
1
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allows the molecules to become more highly oriented beforie the onset of crystallization

since the melt is, being continuously elongated until crystallization is complete. In

addition, crystallizing at a lower temperature means crystallization is more rapid. Rapid

crystallization would tend to produce , more tie molecules that are frozen in more

effectively due to the lower crystallization temperature. !

Preceding studies"*®'"® on zniPP resin with different MWD values indicated that

broad MWD samples develop a Wgher crystallinity and lower final birefringence than do

samples spun: with narrow MWD resins with similar mff. In this case the authors took

the density measurement and directly used its value as the crystallinity, with no

qualification that noncrystalline orientation can effect the observed density, hence the

j

crystallinity. Filament birefringence values tended to decrease as the molecular weight

decreased or the MWD broadened. Typical birefringence values ranged between 0.013

and 6.022, while the present studies birefringence values range from 0.016 and 0.030.

Clearly there are substantial differences in the birefringence values in the two sets of

work. However, it must be noted that the present set of miPP resins have a very narrow

range of polydispersity values' It naust also be stated that any work done using a series of

resins with these MWD values has not been published in the literature, i.e. there is no

basis for comparison with this series of resins for iPP.,

Previous researchers"'*'"® indicated that higher molecular weight resins, or

broader MWD resins compared to similar molecular weights had a more pronounced

bimpdal orientation of crystals, indicated by the a' axis reflection in Figure 5.19. The

crystals responsible for these reflections are approximately perpendicular to the primary

row nucleated discs. The bimodal orientation causes a reduction in the measured
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birefringence in iPP. The flat plate x-ray patterns for the as-spun filaments in this study

are shown in Figures 5.26-5.i26 for the indicated resin. As can be clearly seen in all the

figures, crystalline orientation increases as the spinning speed increases. Also, most if

not all the films, exhibit an a' 110 reflection, indicating that all the fiber samples have

some bimodal orientation. The only samples that exhibited any significant a' .130

reflection were Ml0 and ZNBS^ although M22 did also at the higher spinning speeds.

The a' 130 reflection has a weak intensity for the bimodal population of crystals, its

presence indicates a significant amount of bimodal orientation in a fiber sample. MIO

and ZN35 crystalhze closest to the spinneret at the highest crystallization temperatures.

These resins are also the ones with the lowest observed filament birefringence. The flat

plate patterns also show that there is a sigi^cant amount of smectic structure in the miPP

resins at lower spinning speeds. As the molecular weight decreases, the presence of the

smectic structure is present even at spinning speeds approaching 4000m/min for M70 and

MIOO. , . '

In order to determine the origin of the higher birefringence in the miPP resins, the

crystalline and noncrystalline orientatioh functions were determined for each fiber.

Separating the birefringence for.each phase then allows the contribution of each phase to

the total birefringence to be calculated. The basic method for. determining the orientation

functions is described in section 2.5.1.4 and section 3.6.3.2. For iPP, the 110 and 040

reflections are used for determination of the crystalline orientation function.

The crystalline orientation function (fl) for the as-spun filaments is shown in ,

Figures 5.27. The data show that for each resin, as the spinning speed increases, the

crystal orientation function generally increases, most dramatically for all resins at lower
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spinning speeds. Most, of the resins had a gradual increase in f,. even at the highest

spinning speeds. Moreover, as the molecular weight increases, the crystalline orientation

function also increases, i.e. the crystalline orientation function for M10>M22> etc. at the

same spinning speed. The on-line birefringence studies showed that the higher MW

resins crystallized closer to the spinneret, which seem to produce more highly oriented

.row nuclei. Another result of crystallization at higher temperatures and closer to the

spinneret is more time for the noncrystalline regions to relax.

The noncrystalline orientation function (fnj.) for each resin is shown in Figure

5.28. The value of f^^ for the iniPP resins increases with spinning speed, except for the

behavior of MIO, which decreases as spinning speed increases. MIO and ZN35 show a

decrease in f^^ as a function of increasing spinning speed. Some of the resins exhibited a

maximum in f„c, then either a plateau or slight decrease in as the spinning speed is

increased further. M22 increased slightly, but not as dramatically as the low MW resins.

It is worth recalling that as the spinning speed increases for a given resin, the

crystallization temperature increases. As the crystallization temperature increases, it

becomes possible for oriented noncrystalline chains to relax, due to increased thermal

energy. The data suggest that there is a critical crystallization temperature, above which

for a given resin, noncrystalline regions will relax. The temperature at which the

noncrystallinie regions relax would seem to depend on the molecular weight, most likely

in some rough correspondence with the WLF equation.

Figures 5.29 and 5.30 show the crystalline and noncrystalline birefringence

contributions for each resin as a function of spinning speed, respectively. The total

observed birefringence of the as-spun fibers has been broken down by phase for each
[  n
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fiber. The relative contribution of each phase has been calculated according to equation

2.44. The crystalhne birefringence contribution is much higher than the noncrystalline

birefringence for the higher MW resins; MIO, M22 and ZN35 at all spinning speeds. The

I  \

crystalline birefringence values ̂ e still increasing for the miPP resins at the highest

spinning speed, while ;ZN35 hasv leveled off. The noncrystalline birefringence

contribution is very much the reverse of the crystalline birefringence, with regard to the

effects of MW. The noncrystalline birefringence is virtually identical to the f„g figure

(Figures 5.28) with regard to general shape. Decreasing MW for the miPP resins tended

to increase the f^j contribution to the total birefringence. Also noteworthy is the fact that

at lower spinning speeds, the noncrystalline birefringence is higher than the crystalline

birefringence for the miPP resins, except for MIO and M22. ,

The structure developed in as-spun filaments in the present study was found to be

strongly dependent on the molecule weight and its distribution. For the miPP resins at a

given spinning speed, increasing the, molecular weight generally increased the density,

crystalline orientation function, crystalline contribution to the total birefringence and

decreased the birefringence, noncrystalline orientation function, and noncrystalline

contribution to the total biriefringence. The properties above ̂ e largely determined by

the spinning speed, which for a given resin, determines the crystallization temperature

and stress at crystallization onset, as discussed in the on-line fiber spinning section 5.2.

Therefore, the differences in fiber structure can be traced to the differences found in the

on-line fiber spinning studies for all the resins in this study, including ZN35.
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5.4 Tensile Mechanical Properties of the Melt Spun Fibers

The tensile modulus for each resin as a function of spinning speed is shown in
I

Figure 5.31. For all resins, the tensile modulus increases as the spinning speed increases.

The results in Figure 5.31 indicate that the tensile modulus values for all resins in this

study seem to cluster near a common line as a function of spinning speed. Tensile

modulus is a function of both crystallinity and overall molecular orientation. As the

spinning speed increases, both the crystallinity (i.e. density) and birefringence increase

for most of the resins. The tensile modulus increases in a manner consistent with the

combination of these factors, even though the crystallinities and birefringence values are

not independently identical for the resins under any given spinning speed.

Previous work^^^"^^' on iPP fibers found that the tensile modulus increases as the

molecular weight, MWD and spinning speed increases. The present data does not exhibit

this trend, save for the effect of spinning speed which seems to be the only important

parameter. However, the present resins have a much more narrow MWD than any

previously published studies which produce orientation levels (as measured by

birefringence) that are also contrary to other investigations. It would, in light of the

present work, stand to reason that a more highly oriented sample would have a higher

tensile modulus as the present data suggest.

The tensile strength for the fibers in this study are shown in Figure 5.32, as a

function of spinning speed. Except for Ml00 at the lowest spinning speed, all miPP

resins have significantly higher tensile strength than ZN35. In general, the tensile

strength increases as the spinning speed increases, with the exception of MIO and ZN35.

The tensile strength of MIO decreases slightly as the spinning speed increases, while the
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tensile strength of ZN35 is relatively constant with spinning speed. Tensile strength

depends strongly on the number of tie molecules connecting the various crystallites
r

together. Tensile strength is also dependent upon the crystalliiiity to a small extent. The

crystallites act as an anchor for the tie molecules, which allows the stress to be transferred

throughout the material during deformation. Also, an experimental relationship has been

found between the observed birefringence and tensile strength for iPP resins^^'. As the

total birefringence increases, the tensile strength has been observed to increase. The

noncrystalline portion of the birefringence is likely the key component in this

relationship. The tie molecules are in the noncrystalline regions and become oriented

during the fiber spinning process.

The results in Figure 5.33 show the tensile strength of the fibers versus the fiber's

overall molecular orientation (birefringence). The results indicate there exists a strong

correlation between the birefringence and strength of a fiber, as the fiber birefringence

increases the tensile strength increases. This type of observation has been made

previously'^^ with iPP. It is also noteworthy that the data in Figure 5.33 fits in a narrow

band regardless of molecular weight or MWD. The present results further validate the

relationship between overall molecular orientation and fiber strength.

The results in Figure 5.34 show the fiber tensile strength plotted against the

noncrystalline orientation function for each fiber sample. Figure 5.34 indicates there

exists a strong relationship between the orientation of the noncrystalline chains and the

I

strength of the fiber, as .fn;. increases the tensile strength increases. The orientation of the

noncrystalline chains strongly influences the observed birefringence, according to

equation 2.44. The results in Figure 5.34 do not form a band quite as narrow as the data

401



4
0
0

o N
J

a
 
3
0
0

P
k

2
0
0

M u C/
3

V •
a
 
1
0
0

a 0
)

H

M
I
O

o
M
2
2

m
M
3
2

s
Z
N
3
5

>
M
4
5

®
M
7
0

B
M
l
O
O

0 1
0
.
0

>

o

©
 
®

o

o

>

s

1
5
.
0

2
0
.
0

2
5
.
0

3
0
.
0

Bi
re

fr
in

ge
nc

e 
(
x
l
O
O
O
)

Fi
gu

re
 5
.3

3 
Fi
be
r 
te

ns
il

e 
st
re
ng
th
 v
er
su
s 
to

ta
l f

ib
er
 b
ir

ef
ri

ng
en

ce
.



4
^
O U
J

a P
k e
n

f
l

u ■4
-)

C
/)

•
 P

H & <a H

30
0

o

>
A

i
A

10
0

0
.2

5

2
0
0

M
IO

,

o
M

2
2

■
 ■

M
3

2

A
Z

N
3

5

>
M

4
5

M
7

0

B
M

lO
O

0
.7

5

n
c

Fi
gu

re
 5

.3
4 

Fi
be

r t
en

si
le

 s
tre

ng
th

 v
er

su
s 

fib
er

 n
on

-c
ry

st
al

lin
e 

or
ie

nt
at

io
n 

fu
nc

tio
n.



in Figure 5.33, perhaps due to experimental error. Birefringence can be directly

measured using a compensator. The noncrystalline orientation function (which is a more

fundamental property than birefringence) is determined from measuring the f^ using

WAXD, density and birefringence measurements. Therefore, there are several possible

experimental errors involved in the measurement of each data point in Figure 5.34.

However, the possible error in calculating f„c does not seem to have altered the

correlation between the tensile strength and f„^.

Elongation-to-break (ETB) data is typically the inverse of tensile strength since

the added strength produced by inore tie molecules that are highly oriented is offset by

the fact the taunt tie molecules don't draw as far before fracture upon uniaxial extension.

The data in Figures 5.35 shows the ETB versus spimiing speed. The data indicate that as

the spinning speed is increased, the ETB decreases, a result of higher overall molecular

order for the same material as the spinning speed increases. The only seemingly odd

behayior in this graph is the position of MIO. MIO would be expected to have a slightly

higher ETB based on its,relative position in the tensile strength data. However, MIO had

a very high density, which could have influenced the drawability of the fibers under

uniaxial extension. At relatively low draw temperatures, a highly crystalline material

would be expected to fracture much sooner than a material with a lower portion of

crystalline material at the uniaxial extension rates (200%/min) used in this work.

5.5 Discussion of Results for Fiber Formation and Crystallization

Stress-enhanced crystallization is the concept in fiber spinning responsible for the

massive acceleration of crystallization kinetics in the spinline. Stress-enhanced
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crystallization results from molecular orientation of the melt in the spinUne. Previous

reseafch"®"^^.® has found that the effects of stress-enhanced crystallization increase as the

molecular weight and MWD increase. Since the data for the present set of resins under

quiescent isothermal crystallization conditions is available, it would be insightful to

calculate the effects of molecular orientation on the crystallization process in the spinline

for the current set of resins. Since nucleation is the major component of crystallization

that changes with molecular orientation in the spinline, calculating the effects of

orientation on the effective nucleation density was done. The ratio of nucleation density

of an oriented sample to unoriented sample at the same cooling rate was calculated using

an Avrami tj^e relationship.

The results in Figure 536 show the ratio of the total nucleation density of the

oriented sample divided by the nucleation density of an unoriented sample, as a function

of spinning speed. The Avrami equations in Table 2.2 were used to compute the

nucleation density from,crystallization half-time data; The crystallization kinetics in the

on-line fiber spinning studies were used to calculate the oriented nucleation rate density

of the fibers, while the unoriented nucleation density was computed using the quiescent

nonisothermal half-time data obtained using the HCRLDM system. The specific manner

m which each nucleation density was determined is:

Fiber Spinning

The on-line birefringence measurements were, used to determine the

crystallization half-time (see Figures 5.4-5.6). The onset of crystallization was.

determined to be the point at which the birefnngence increased from values near zero.

Crystallizatiori was iassumed to be coiriplete when the birefnngence leveled off. The total
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crystallization time was calculated by dividing the spinning speed into the total distance

in the spinline between the onset and conipletion of crystallization. Hiis is the total

crystallization time, , n .

Sporadic nucleation was chosen as the nucleation mechanism using a disc growth

geometry. Sporadic nucleation; was chosen because the nucleation is assumed to be

homogenous, a result of. an oriented inelt accelerating the nucleation process.. Studies

also have shown that the crystal morphlogy is disc shaped at high spinning speeds'^®"^^''.

The Ayrami expression for calculating the fiber crystallization kinetics has the form:

(5.1) K = -NG^D
3

rearranged to obtain the nucleation rate gives: i '

(5.2) , N =
G^Dn

The definition of the terms was given in table 2.2. The disc thickness (D) was taken to

be the same as the lamellae thickness for the calculation of the. crystallization temperature

of the fiber samples. The lamellae thickness was determined from the fiber samples

using SAXS. The growth rate was obtained from a curve fit of the growth rate versus

plateau temperature data shown in Figure 4,75. The plateau temperature for each fiber

sample was determined e^lier in this chapter and was given in Figure 5.16. The on-line

fiber spinning crystallization rate constant was calculated using the crystallization half-

thrie of each fiber sample. Since the spiiming speed for each sample is known, the point

at which crystallization begins and ends (from the on-line birefringence profiles), the

crystallization half-time can be detennined. The half-time data was used along with
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i  :

equation 2.4, using an ideal Avrami constant of 3, to determine the crystallization rate

constant.

The nucleation rate was converted into nucleation density by multiplying the

nucleation rate by the total crystallization time.

The results of the nucleation density in the running spinline are similar if

instantaneous nucleation is assumed. The mathematical number is not identical, but the

order of magnitude is similar and would not affect the oriented to nonoriented nucleation

density ratio calculations and conclusions.

Quiescent Nonisothermal

The quiescent nonisothermal nucleation density was calculated to simulate the

behavior of the same material under, quiescent conditions and at similar crystallization

temperatures of the fibers in the spinline. In order to do this, the plateau crystallization

temperature of the fiber was used as the crystaUization temperature. The crystallization

half-time was determined from the plateau temperature by applying a curve fitting

equation to the data shown in Figure 4.71.

The growth mechanism was assumed to be sporadic in nature and to have the

growth geometry of a sphere. The Avrami equation for this is:

5.4 K = -NG^
n  3 ... . ,

which gives the following when solved for the nucleation rate:

3K '' ' '
5.5 N =

G^n

The growth rates used in the fiber spinning calculation as a function of plateau

crystallization temperature are used in these nucleation density calculations. An Avrami
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, exponent of 4 was used in the calculation of the crystallization rate constant for sporadic
'  ' n * ' ' ' . ' i'. '

spherulitic growth.

The results in Figures 5.36 and 5.37 clearly show that the higher MW resins have

a significantly higher oriented to uhoriented nucleation density ratio than M32 and MIOO.

M32 also has a higher ratio than does MIOO, further indicating that MW significantly

enhances the nucleation density ratio. This data is very similar to the crystallization

temperature versus spinning speed data in Figure 5.12. All resins had at least a 10^

increase in nucleation density when placed in an oriented melt, which shows the effects

of molecular orientation on accelerating the crystallization rate. The results in Figure

5.37 show the apphcation of stress on a higher molecular weight polymer has a more
i ^

pronounced effect on accelerating the nucleation rate for higher molecular weight resins

than narrow or lower molecule weight resins. It was concluded in the crystallization

chapter that higher MW resins have a slightly higher nucleation rate under quiescent

conditions. It would appear that they have a much higher nucleation rate (density) in

fiber spinning. It is quite remarkable that the higher MW resins have similar plateau

crystallization temperatures to those obtained under quiescent nonisothermal conditions,

despite the fact that the cooling rates in fiber spinning are from 100,000 to

500,000°C/min. Fpr most of these resins the total crystallization time in melt spinning

was on the order of 10ms.

As has been pointed out in this work, ZN35 has a mfr approximately equal to

M32. When comparing M32 and ZN35 molecular weight characteristics, the weight

average molqcular. weights differ only ,by 7% and the number average by 25%.

Cornparing . the fiber spinning properties of these two resins illustrates the powerful
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effects of MWD on the various fiber properties, as these resins produced fibers with very

different properties. ;

One factor that affects fiber formation not explicitly addressed thus far in this

study is the effect of crystallization kinetics. Crystallization kinetics can be separated

into nucleation and growth rate effects: There is no reason a priory to think the lamellaft

growth rate changes in fiber formation, after all, the growth rate is determined by the

crystallization temperature. The crystallization temperature of the fibers were quite

similar to the nonisothermally crystallized films for most of the fiber samples. Within the

range of temperatures in the honisothermal film studies, the linear growth rates were

determined by molecular weight. , Nucleation effects in the spinline have already been

discussed above. As the data showed in Figure 5.36, the nucleation density has changed

by at least five orders of magnitude in the spinline over the quiescent values. The

changes in nucleation density are consistent with increasing molecular weight increasing

the nucleation density. The present results of on-line and quiescent crystallization

kinetics suggest the influence, at least with the present set of homopolymers, of the

quiescent crystaUizatioii kinetics is not significant. Meaning the effects of defect t5q)e

and distribution do not appear to appreciably influence these resins in the fiber spinning

process. However, this is not to say they are never important in fiber spinning. At very

low spinning speeds, where the stress levels are very low in the spinline, the effects of

quiescent kinetics are likely more significant. Additionally, if iPP were copolymerized,

as was done in an earlier study (with ethylene), the effects, of the quiescent kinetics

may also influence structure development in the spinline. ,A careful review of the iPP

fiber spinning paper with some PP-PE copolymers by the present author indicates the
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differences found between the homopolymer and copolymer can be explained by

differences in molecular weight and MWD, as easily as the differences in copolymer

content as the paper's authors explained for the observed fiber property differences.

Clearly, this topic needs to be studied further to fully understand the effects of quiescent

crystallization kinetics in the running spinhne.

The data shown in Figure 5.38 shows the melting temperature of each fiber as a

function of spinning speed. As the spinning speed is increased, the melting temperature

increases. M32 and Ml00 show a much higher sensitivity to melting temperature as a

function of spinning speed in the range of spinning speeds investigated. When the data in

Figure 5.36 is compared with the lamellae thickness data for each resin in Figure 5.15,

the observation is made that M32 and Ml00 at higher spinning speeds have similar

melting temperatures to MIO and M22. This is spite of the fact that MIO and M22 have

thicker lamellae. This indicates that the level of molecular, orientation has an effect on

the observed melting temperature of these fibers.

The effect of molecule orientation of fibers on a thermal spunbonding process

will be investigated in Chapter 6. The results in Figure 5.38 suggest that molecular

orientation can effect the thermal behavior of the present set of fibers, which is itself

important.

5.6 Summary of Results and Conclusions

The results of the fiber spinning study show that the molecular weight and

molecular weight distribution of iPP resins have a significant influence on the fiber

spinning properties of the resins considered in this work.
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On-line studies using diameter and birefringence measurements showed that as

the molecular weight increases, crystallization occurs closet to the spinneret at higher

crystallization temperatures; the fibers have a larger diameter and crystallize under a

'  ' ' I ' . .
lower stress at the point of crystallization onset. As the draw down pressme is increased,

or as the spinning speed increases, crystallization occurs closer to the spinneret, the onset

disbneter decreases and the stress at crystallization onset increases. ,

Density measurements showed that as the spinning sjpeed and molecular weight

increaised, the as-spun filament density increased. Slight variations in this trend were

observed for ZN35 and M45. These variations were explained by the higher MWD

found for these resins. Fiber density increases as a function of spinning speed and

molecular weight due to crystallization occurring at higher temperatures, which allows

more time for the fiber to crystallize before the molecular mobility becomes too low.

The as-spun filament birefringence values show that as spinning speed increases,

the birefringence increases. Fiulher, as the molecular weight decreases, the final filament

birefringence increases. The contributions of birefringence from the crystalline and

noncrystalline domains were separated by determining the crystalline orientation function

using WAXD and using the total observed birefringence. The results showed that as the

MW decreased, the noncrystalline orientation function increased and crystalline

orientation function decreased at a given spinning speed. Tlie orientation functions both

generally increased as the spinning speed increased, with the exception of MIO and

ZN35. The tensile strength showed a similar trend; as MW decreases, the tensile strength

increased. A very strong correlation was found between the noncrystalline orientation

function, birefringence and the tensile strength. Tensile strength is strongly dependent on
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the number of tie molecules connecting the various crystallites together. The tensile

strength is also somewhat dependent oh the crystallinity, in that the number and size of

the crystals will also influence the tensile strength since the crystallites act as an

anchoring point for the tie molecules. If the population of crystallites is small or they are

very thin, the tie molecules may easily pull out of the crystal.

The tensile modulus is a function of both crystallinity and molecular orientation.

The tensile modulus was observed to be determined primarily by the spinning speed at

which the fibers were spun. It was observed that as MW decreased, the tensile moduli of

the filaments were gener^y higher than for the higher MW, more crystalline resins, a

result of higher overall molecular orientation. This illustrates the importance of both

crystallinity and overall molecular orientation on tensile modulus.

Elongation-to-break data was shown to be the inverse of the tensile strength data.

This again is attributed to the nurhber of tie molecules. As the number and orientation of

the tie molecules increases, the elongation-to-break decreases since less extension and

drawing is allowed before rupture of the molecules and specimen failure.

Estimates of the bulk nucleation densities were carried out using the on-line

birefringence profiles.. ; The results showed that the nucleation density'ratio under

oriented and quiescent conditions increased more significantly as the molecular weight

increased, where the stress was lower at crystallization onset. The higher MW resins

apparently need a smaller level of stress to initiate crystallization in the running spinline.

Lower MW resins require a higher onset stress to compensate for the lower entanglement

density to initiate crystallization, i.e. more work must be done to orient the melt to initiate
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crystallization as the MW decreases. Therefore, the stress needed to initiate

crystallization varies from resin to resin and depends on the MW and MWD.
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Chapter 6

Results and Discussion

. on the Influence of Fiber Properties

)  on the Thermal Spunbonding Process

6.0 Introduction

The results of thermal spunbonding work using M22, M32 and ZN35 will be

presented and discussed in this chapter. Each material was used to melt spin fibers that

were then thermally bonded together using a point bonding calender. The extrusion

temperature was kept constant for all studies. The mass-throughput, basis weight,

primary and cooling air speeds were all changed to produce fibers with differing

properties. Additionally, a given set of fibers were bonded over a range of bonding

temperatures to optimize the fabric/fiber strength relationship.

This work is separated into two sections due to the manner in which the research

was conducted. The first part wiU present initial studies conducted using M32 and ZN35

in which the bonding temperature was kept constant. The primary and cooling air speed

were changed to produce fibers with different diameters and birefringence values. Two

basis weight fabrics were produced, 25 and 40g/m^. The mass-through-putt was also

changed from 0.2 to 0.3 and 0.4g/hole-min. The fiber properties (diameter and

birefringence) are then compared as a function of primary and cooling air speeds, as well

as basis weight and mass-through-putt. The fiber diameter and birefiingence were then

plotted with fabric strength to determine if a correlation exists. This section concludes
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with scanning electron micrographs detMling the structure of thermal bond points before

and after deformation.

The second part of the thermal spunbonding studies was more focused on

producing fabrics with the best mechanical properties. This study was carried out using

M22, M32 and ZN35 spun under very high and low primary and cooling air speeds to

produce fibers with the highest and lowest mechanical properties. The fibers were

thoroughly characterized to determine their density, birefringence, crystalline and

noncrystalline orientation functions, diameters and uniaxial mechanical properties. These

fibers were thermally bonded together over a range of bonding temperatures to produce

bonding curves. The optimum bonding temperature was taken to be the point in which

the fabric strength was greatest. The fiber properties were then plotted with fabric

mechanical properties to determine if any correlation exists.

6.1 Results and Discussion of Initial Studies

The initial studies were ;carried put to leam about the importance of fiber

properties on the thermal point bonding process, without optimizing he bonding

temperature. The effective spinning speed for each polymer was changed by adjusting

the mass-throughput, primary air suction fan speed (PAS) and cooling air fan speed

(CAS). The bonding temperature was kept constant at 140°C.

The data in Figure 6:1 show the average fiber diameter of fibers spun at the

indicated mtp using a constant CAS of 2000rpm. Resin M32 and ZN35 were used in this

part of the research. The nomenclature in the box indicates the resin identification, the

m^ and the basis weight. For instance, M32q2bw25, means the resin is M32 at a inass
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through-put of 0.2g/niin-hoie (the mtps are 0.2, 0.3 and O.^g/min-hole) and the basis

weight is 25g/m^. The only other basis weight tested was 40^in^. The data show that as
L  -

the PAS is increased, the fiber diameter decreases for each jesin at all mtp. The fiber
'  ' i'

diameters are similar for each niaterial at 0.2 and 0.3g/min-hble mtps. At the highest

mtp, 0.4g/min-hole, M32 produced finer filaments under all spinning conditions. These

results were explained in Chapter 5 and'results fi"om the more narrow MWD of M32.

The more narrow MWD delays crystallization in the spinline which allows the fiber to

draw down to a smaller filament before crystallizing. Figure 6.2 shows the same

materials processed under the same conditions except the basis weight of the fabric has,

been increased to 40g/m^. This means that the belt speed has decreased in order to

produce a higher weight fabric using the same mtp. The fiber diameters are very similar

to the 25g/m^ fabrics. , :

Figure 6.3 and 6.4 show the birefringence values of the fibers before bonding

under the various processing conditions. The birefringence values are for the same fibers

used in diameter measurements. The data show that the birefringence values for M32 are

at least equal to or higher than the ZN35 resin under similar processing conditions. These

differences also appeared in the small scale spinning behayior (see Chapter 5) and were

attributed to the more narrow MWD of the M32 resin delaying crystallization which

produces a more oriented npncrystalline region. Notice that the heavier basis weight

fabric had similar birefniigence values (Figure 6.4). The combination of the diameter

and birefringence values for fibers differing orily in basis weight, allows for fibers to be

collected only once, for each processing condition, i.e. fibers will not haye to be collected

for a basis weight change fi:om 25 to 46g/m^
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The data in Figure 6.5 and 6.6 show the maximum tensile load of nonwoven

fabrics of basis weight 25g/m^ in the machine and transverise directions, respectively.

The maximum load for each fabric gener^y increases as the PAS is increased. As the

PAS is increased, the fibers are generally becoming more oriented, hence the

birefringence increasing. As the birefringence increases, the tensile strength generally

increases as was shown in Chapter 5 and other previous works. It is difficult to

determine if any comparisons can be made between M32 and. ZN35. Each fabric has not

been bonded under optimum conditions. However, two trends exist. The first, as has

already been pointed out, as the PAS increases the fabric maximum load increases. The

second, the machine direction maximum load is higher than the transverse direction load.

Figure 6.7 and 6.8 illustrate the maximum load in the machine and transverse direction

for the heavier basis weight fabric. The same trends emerge for the heavier fabrics as for

the lighter ones. A notable difference is that the maximum load for the heavier fabrics is

higher than the lighter fabrics, a result of more total fibers present.

Figure 6.9 shows the machine direction (MD) divided by transverse direction

(TD) maximum load ratio as a function of belt speed. The belt speed is determined from

the mtp and basis weight of the fabric and Comes on the run data collected for each fabric.

There are two points of interest in this figure. The first is that the MD/TD ratio for most

all points falls in between 1.25 and 2.00. The second is that there seems to be no increase

in MD/TD ratio as the belt speed increases. One might expect the fibers to become more

ahgned in the MD due to mechanical alignment by the belt as belt speed increases. This

does not seem to occur under these processing conditions.
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The data in Figure 6.10 and 6.11 show the maximum load of the fabrics as a

function of diameter and birefiingence, respectively. Figure 6.10 indicates that as the

diameter decreases, the maximuin load increases. There are two lines present, one for

each basis weight, with the upper line for the 40g/m^ fabric. It might be expected that the

load of the fabric would increase as the diameter decreases, since there will be more total

fibers per unit area to carry the load. Figure 6.11 indicates that as the birefringence

increases, the maximum load increases for each basis weight fabric. As the birefringence

increases, overall molecular orientation increases and the tensile strength of the

individual fibers increases. Therefore, the increase in fiber , tensile strength seems to be

increasing the fabric tensile strength.
I

The pictures in Figures 6.12, 6.13, 6.14 and 6.15 are bond points of the fabrics in

this study photographed using SEM. In Figure 6.12, weak fabric bond points are shown.

The weak bond point exhibits some melting outside the calender contact area. The weak

bond also has a film-like appearance with very little of the underlying fiber morphlogy

visible. Figure 6.13 shows the strong bond point has a weU defined bond pattern with the

underlying fiber structure still clearly visible. Figure 6.14 shows a bond point in a fabric

that has fractured under uniaxial extension. The bond point remains intact while the fibers

connected to it have fractured. This failure mechanism, is typically observed in the

fabrics with better mechanical properties. Figure 6.15 shows a fabric in which the bond
[

point has failed. This sample is overbonded, which results in the bond becoming

weakened. The film-like bond point begins to pull apart, resulting in fabric failure.
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Conclusions from Initial Studies

1. Each set of fibers spun using a specific set of processing variables has a set of

corresponding bonding conditions that need to be used in order to maximize the fiber

property/fabric strength relationship.

2. Within the range studied, line speed (belt speed) has a very small effect on the

MD/TD ratio.

3. Three types of failure were observed in the thermally bonded non-woven fabrics in

this study;

a. Underbonded-the bond points pull apart with the substituent fibers maintaining

their integrity. The fabric fails in a ductile manner.

b. Overbonded-the bond point is weakened due to the melting of the fibers into a

film-like state. The fabric fails abruptly.

c. Ideally bonded-the bond point maintains its integrity while the fibers entering the

bond draw down and then fail by a cohesive mechanism. The fabric fails abruptly

after appreciable initial elongation.

6.2 Results and Discussion of Ideally Bonded Fabrics

In this section, M22, M32 and ZN35 were melt spun into fibers to produce

nonwoven fabrics. The resins were spun at very high and low CAS and PAS values

using a mtp of 0.2 and 0.4g/min-hole. Fibers were collected before bonding and

characterized. The as-spun fibers were characterized in the same manner as those in

Chapter 5, for the small scale monofilament conditions. The as-spun fiber properties are

given in Tables 6.1 and 6.2. The fibers were then thermally bonded over a range of
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temperatures to optimize the fabric properties. The fabric properties were characterized

for maximum tensile load and elongation-to-break in both the machine.and transverse

directions. Only the fabric properties in the TD direction are presented from here

forward.

In order to understand the effects of overall molecular orientation on the bonding

temperature and fabric properties, bonding curves were obtained using M22, M32 and

ZN35 spun under different conditions. The resins were spun using two mass-throughputs

(mtp) and three different applied fan speeds. The goal was to produce highly oriented

fibers at the lowest and highest mtp. The highest mtp was also spun at a reduced cooling

air speed (the speed indicated is the number of r.p.m. the fan is turning) to study this

effect on fiber properties. A total of nine different fibers were made to produce a total of

eighteen different non-woven fabrics. Each set of fibers were used to produce a 25 and

40g/m^ basis weight fabrics. The conditions under which fibers were produced, as well

as the mechanical properties for each set of fibers are shown in Tables 6.1 and 6.2.

The results in Table 6.1 and 6.2 indicate that as the noncrj'stalline orientation

function (fj,(.) increases, birefringence (An) increases and the tensile strength increases.

The results and findings for the nonwoven fibers are similar to the behavior observed for

these resins in the small scale spinning line, as was discussed in Chapter 5. The densities

of the various fibers are grouped together and have similar values. The elongation-to-

break (ETB) generally decreases as the tensile strength increases. The spinning speed

was calculated using the diameter, density and mtp using the_ continuity equation.

The results in Figure 6.16 show the fabric peak load in the transverse direction as

a function of bonding temperature for a 25g/m^ basis weight fabric made using M22, in
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the transverse direction (all directions hereafter are transverse). The data indicated that

the lower mtp highest fan speed fibers produce the strongest web. The data also shows

that reducing the cooling air speed (CAS) for the higher mlp as-spun fibers lowered the

ideal bonding temperature by 5°C to 140°C, which was the ideal bonding temperature for

the lower mtp fibers. The low fan speed (or low spinning speed) fibers have significantly

lower fabric strengths and ideal bonding temperatures. The decrease in bonding

temperature is attributed to the decrease in the noncrystalline orientation function and

birefringence (these two properties are related). A more highly oriented noncrystalline

phase will need a higher temperature to relax these regions and allow diffusion to occur

during the bonding process, compared to a region with lower orientation in the

noncrystalline phase. It is most likely that the molecules in this region must relax, then

diffuse and entangle with other molecules of other fibers during bonding to allow a load

to be shared by multiple fibers.

The data in Figure 6.17 show the same fibers spun using M22 into a 40g/m" basis

weight fabric. The data indicate the same trend in strength as the 25g/m" basis weight

samples. However, two differences are observed. The first; the strength of the fabric has

increased significantly, an expected result since there are more fibers per unit area.

Hence, there are more fibers in each bond point. The second; each set of fibers now has a

different ideal bonding temperature. The, lower mtp fibers are still bonded the best at

140°C. The high mtp, low CAS fibers are bonded best at I45°C and the highest mtp,

highest CAS fibers are bonded best at 150°C. The added mass of fibers in a heavier basis

weight fabric has increased the bonding temperature for the higher mtp fibers.
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The reason for this increase in bonding temperature is likely due to the differences

in line speed or time in the bonding zone and sample basis weight. When the basis

weight is increased, the line speed decreases, which means one might expect the bonding

temperature to either decrease or stay the same. However, there is a larger sample mass

which requires more heat to bond the fibers together. At the higher mtp, the line speeds

are much higher. When the fabric basis weight is increased at higher mtp, the line speed

decreases, but is still much higher than a similar basis weight fabric at the lower mtp. In

other words, there is a heat transfer problem at higher mtp, heavier basis weight fabrics.

In order to ideally bond the fabrics, the temperature must be increased to ensure the

proper amount of heat is present to bond the heavier basis weight fabrics. Therefore,

when total contact time is changed, the amount of heat transferred. Depending on the

direction of the change, the temperature of the calender must also be changed for that set

of fibers to reestablish optimum bonding conditions.

The results in Figure 6.18 show the elongation-to-break of lower basis weight

(BW) fabrics as a function of bonding temperature (Tb) for M22. The data is the peak

ETB, meaning the elongation at the point of highest strength in the fabrics. When a

fabric is ideally bonded (and overbonded) the peak ETB and failure ETB are the same.

When the fabric is underbonded, there can exist large differences in peak and failure

ETB. This is illustrated in Figure 6.19. These are simulated patterns of what actual load

versus displacement plots would look like. Notice that the peak load and final ETB are

the same for each curve. Using the final ETB for the two underbonded curves would

give a misleading value of what the ETB would be for a sample. An overbonded fabric

has a load versus displacement curve similar to the ideally bonded curve, with the
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difference being the overbonded sample has a decreased ETB. The results indicate that

each set of fibers has an ideal T;, to maximize the ETB. The higher mtp, lower CAS

sample's ideal T,, has decreased by 4'^C. These results indicated that the ideal strength T^

and ideal ETB Tj, may not be at exactly the same temperature for all fiber/fabiic/BW

combinations. Additionally, the low spinning speed fibers produced higher ETB fabrics,

a characteristic of their prebonded structure and properties, i.e. the higher ETB of the

fibers. The higher mtp, lower CAS fibers have a lower f„^ and birefiringence, compared to

the higher mtp, higher CAS as-spun fibers, which appear to determine the fabric

properties.

The results in Figures 6.21-6.28 are similar plots of data obtained using M32 and

ZN35, as indicated in the figure. The results can be interpreted and explained using the

explanations found for M22 above. The lone exception to the behavior occurs in Figure

6.25, ZN35 load versus bonding temperature for the low CAS and PAS high mtp fibers.

This sample had a much higher maximum load than the other 25g/m^ fabrics. The

heavier basis weight fabrics in Figure 6.26 did not exhibit a pronounced higher load

capacity. The explanation for this behavior is not understood.

The data in Figure 6.29 shows the ideal bonding temperature as a function of

prebonded fiber as-spun birefringence for all fabrics and resins. The ideal bonding

temperature is where the maximum load is carried for each fabric, thus there exists one

ideal bonding temperature for each mtp and basis weight combination. The groups are

broken down into four categories, grouping the mtp and basis weights together. This

grouping allows the line speed to be kept constant for each processing condition of the

fibers/fabrics. While there exi.sts some scatter in the data, there is a general increase in
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the ideal bonding temperature as the as-spun fiber birefringence increases. When the

ideal bonding temperature is plotted against the noncrystalline orientation function for the

as-spun fibers, as shown in Figure 6.30, a general increase in bonding temperature is also

found. It should be noted again that the belt speed and time in the bonder are the same

for each of the four groupings. Therefore, the difference in bonding temperature and

fabric properties is directly related and attributed to the prebonded fibers structure and

properties. Again, there exists some scatter in this data. However, all three resins are

combined together in this figures and the data all seem to fit together quite nicely. Also,

there was a 5°C increase in the bonding temperature between points. Realistically, the

ideal bond temperature for many samples is likely between these temperature increments

for some samples. Additionally, the fiber properties were not checked for every sample

produced. Therefore, there is likely some variation in fiber properties from sample to

sample, further complicating the precision. However, the data clearly indicate for the

same line speed, increasing fiber birefringence and noncrystalline orientation function

dictates a higher bonding temperature to produce fabrics with ideal tensile properties.

n Figures 6:31 and 6.32 show the fabric maximum load as a function of as-spun

nonbonded fiber birefringence and noncrystalline orientation function, respectively.

Figure 6.31 clearly shows that as fiber birefringence increases, the maximum load

increases. The data in this figure also does not contain the scatter that was observed in

Figures 6.29 and 6.30. The data in Figure 6.32 contain even less scatter and show that as

the fiber noncrystaUine orientation function increases, the fabric load increases. Figure

6.33 shows that as the fiber strength increases, the fabric load increases. This is not a
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surprise based on finding that the fabric load increased with increasing fiber birefringence

and noncrystaliine orientation function.

The data in Figure 6.34 show the fabric ETB versus as-spun fiber ETB. The data

indicates a very strong correlation between the two since as fiber ETB increases, fabric

ETB increases.

The results found in this study indicate that as the as-spun fiber properties

increase in birefringence, noncrystaliine orientation function and tensile strength (these

properties are related) the ideal bonding temperature increases and fabric mechanical

properties increase. Further, there seemed to be no segregation of a particular resin into

its own fabric/fiber behavior. Once the fiber properties are determined, the bonding

temperature and fabric properties are then set. These results make scientific sense. One

would not expect fibers with similar properties made from slightly different resins to

have widely differing bonding temperatures and fabric strengths. These results also

strongly suggest that the mechanical properties of the fabrics are determined by the

mechanical properties of the as-spun fibers, provided optimum bonding conditions are

used.

The onset of melting and peak melting temperature are illustrated in Figure 6.35.

The onset of melting is when the melting endotherm breaks from the baseline, it is not the

same as the melting onset temperature a typical DSC would give. The onset of melting

and. peak melting temperature for each set of as-spun nonbonded fibers are shown in

Table 6.3. The data clearly shows that M22 and M32 have significantly lower peak

melting temperatures, as has been shown throughout this work. The onset of melting
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temperatures are quite similar for the various resins, with the range from 129 to 138°C.

In most cases, the ZN35 fibers are at the highest end of that melting range.

The melting data indicates that the melting window is much narrower for the

miPP resins since! the peak melting temperature of these resins is roughly 12°C lower than

the ZN35 resin. However, this does not seem to be important is this work as the bonding

conditions for both materials are approximately the same. This indicates that the

molecules involved in the bonding process must posses a similar morphlogy. Most likely

these molecules are at the surface of the fiber, where the highest level of orientation

exists and has been quenched with most rapidly. Therefore, in bonding, this molecules

must melt and diffuse together during the heat and deformation in the calender. The ideal

bonding temperature did not appear to be resin dependent. The ideal bonding

temperature data indicates that it depends mostly on J&ber molecular orientation, more

specifically the noncrystaUine orientation function. This result shows that in fact it is the

fiber structure that determined the ideal bonding temperature and that the properties of

the fibers do determine the properties of the webs when the bonding temperature has been

optimized..
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Chapter 7

Conclusions and Recommendations for Future Work

7.0 Conclusions

A brief summary of the results and conclusions from quiescent isothermal and

nonisothermal crystallization studies, fiber spinning and thermal spunbonding studies will

be presented in this chapter. Recommendations for future research will also be presented

based on the findings in this investigation.

7.1 Quiescent Isothermal and Nonisothermal Crystallization Studies

Isothermally crystallized films studied by WAXD indicate that miPP resins

produce a and y-crystal structure under high crystallization temperatures. SAXS,

WAXD and DSC studies were combined to determine the of. the miPP and zniPP

resins. Only one maximum could be found in the miPP raw and Lorentz corrected SAXS

intensity data, which indicates that the a and y crystal structure lamellae thicknesses are

quite close or identical. The lamellae thickness and melting temperature data was

combined to determine that the equilibrium melting temperature of the a-crystal structure

of the resins in this study was 186±2''C, unless a diluent (atactic material) was present.

The presence of atactic material lowered the Tj, as was the case with ZN35 and Ml00.

The y-crystal structure was found to have a T^„® of 178±2°C for the miPP resins, when

crystallized at atmospheric pressure.
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Defects excluded during isothermal crystallization are thought to be present in the

crystal fold surface region when crystallization occurs at low supercoolings. The

appearance of the y-crystal structure also occurred- in the miPP resins, which had

significantly higher fold surface free energies. The higher fold surface free energy is

attributed to a roughing of the crystal fold surface due to defect exclusion. As the

crystallization temperature decreases, defect incorporation increases, and the occurrence

of y-crystal structure decreased and the fold surface free energy for the miPP resins

decreases to a value near that of ZNHT. The zniPP resins formed very little of the y-

crystal structure and had significantly lower fold surface free energies. It was found that

the presence of atactic material in the iPP resins in this study had a lower fold surface

firee energy, notably for ZN35 and Ml00. The difference in the observed melting

temperature of the miPP and zniPP resins at similar lamellae thicknesses is attributed to

the higher fold surface free energy of the miPP resins causing the lamellae crystals to

melt at lower temperatures, according to the Gibbs-Thomson equation.

A theory was proposed to explain the formation of the y-crystal structure. The

theory asserts the formation of the y-crystal structure becomes more favorable as the

crystal thickness increases and ,the fold surface free energies increase. Higher fold

surface free energies are present when iPP resins with stereochemical defects are

crystallized at elevated temperatures, with low molecular weight iPP or when iPP is

crystallized at elevated pressures. The higher fold surface free energies are a result of a

rough crystal fold surface that is not two dimensional, but has a three dimensional

contour and much higher total basal plane surface area.
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The linear growth rates at high to moderate crj'stallization temperatures was

found to be determined by the number and distribution of defects for a given iPP sample.

Increasing the number of defects for the miPP resins decreased the observed linear

growth rates, which had slower linear growth rates than either zniPP resin. Under

nonisothermal crystallization conditions, where defects are included into the crystal, the

linear growth rate was found to be. determined most strongly by the molecular weight of

the resin, with the influence of defects becoming less important. The bulk crystallization

kinetics under isothermal and nonisothermal conditions showed the importance of both

the linear growth, rates and nucleation density in determining the overall crystalhzation

kinetics.

7.2 Fiber Spinning Studies

The results of the fiber spinning study show that the molecular weight and

molecular weight distribution of the iPP resin have a significant influence on the fiber

spinning properties of the resins considered in this work.

On-line studies using diameter and birefringence measurements showed that as

the molecular weight increases; crystallization occurs closer to the spinneret, at higher

crystallization temperatures, the fibers have a larger diameter and crystallize at a lower

stress at the point of crystallization onset. As the draw-down pressure is increased, or as

the spinning speed increases, crystallization occurs closer to the spinneret, the onset

diameter decreases and the stress at crystallization onset increases.

Estimates of the bulk nucleation densities were carried out using the on-line

birefringence profiles. The results showed that the nucleation density ratio under
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oriented and quiescent conditions increased more significantly as the molecular weight

increases, despite the lower stress at crystallization onset. It would be expected that the

higher MW resins have a higher entanglement density, therefore a lower stress is required

to form a critical size nuclei. The same approach also explains the behavior of the lower

MW resins. They require a higher onset stress to compensate for the lower entanglement

density to initiate crystallization, i.e. more work most be done to orient the melt to initiate

crystallization as the MW decreases. Therefore, the stress needed to initiate

crystallization varies from resin to resin and depends on the MW and MWD.

Density measurements on the as-spun filaments indicated that as the spinning

speed and molecular weight increased, the as-spun filament density increased due to

crystallization occurring at higher temperatures, which allows more time for the fiber to

crystallize in a given environment. Slight variations in this trend were observed for

ZN35 and M45. These variations were explained by the higher MWD found for these

resins.

The as-spun filament birefringence values showed that as spinning speed

increases, the birefringence increases. As the molecular weight decreases, the as-spun

filament birefringence increases. The contributions of birefringence from the crystalline

and noncrystalline domains were separated by determining the crystalline and

noncrystalline orientation functions. The orientation results showed that as the MW

decreased, the noncrystalline orientation function increased and crystalline orientation

function decreased. The orientation functions both generally increased as the spinmng

speed increased, with the exception of MIO and ZN35. The tensile strength of the as-

spun filaments showed a similar trend as the birefringence, as MW decreases, the tensile
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strength increased. Additionally, a strong positive correlation was found between the

noncrystalline orientation function and the tensile strength. The tensile strength of the

fibers is strongly dependent on the number of tie molecules which connect the various

crystallites together, and to some extent dependent on the crystallinity of the sample. The

crystallinity is important,in that the number and size of the crystals will influence the

tensile strength, since the crystallites act as an anchoring point for the tie,molecules. If

the population of crystallites is small (or perhaps they are very thin) the tie molecules

may easily pull out of the crystal.

The tensile modulus was observed to be very much dependent on the spinning

speed at which the resin was capable of being spun. It was observed that as MW

decreased, the tensile modulus of the filaments were generally higher than the higher

MW, more crystallixie resins, a result of higher overall molecular orientation. This

illustrates the importance of both crystallinity and overall molecular orientation on tensile

modulus.

Elongation-to-break; data was shown to be the inverse of the tensile strength data.

This again is attributed to the number of tie molecules. As the number and orientation of

the tie molecules increases, the elongation-to-break decreases since less extension and

drawing is allowed before specimen failure,

7.3 Thermal Bonding

The therrhal spunbonding results showed that when the'bonding conditions for the
i  . .

fibers are optimized, the relative order of the as-spun fiber properties tend to be a good

indication of the relative order of fabric properties, when processed under similar
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processing conditions. The fabric properties are said to be optimized when the fabric

strength and elongation-to-break are the highest in a bonding curve(a bonding curve is a

graph of fabric strength versus bonding temperature).

The results indicated that increasing the birefringence or noncrystalline

orientation function increased the ideal bonding temperature with constant mass-

throughput and basis weight. This is due in part to a higher temperature required to relax

the more highly oriented molecular chains in the fibers and to allow time for diffusion of

chains at the fiber/fiber interface during bonding.

Studies on the as-spun fibers in the thermal spunbonding line had similar

properties as those spun on the monofilament line under similar spinning speeds.

No significant differences were found between the bonding behavior of the zniPP

and miPP resins that could not be explained by their differences in fiber properties, which

are a result of the differences in molecular weight, molecular weight distribution and

tacticity.

7.4 Recommendation for Future Research

Although this work was comprehensive in its study of iPP behavior, several points of

speculation need to be investigated further. In addition, it would be of use to study other

types of iPP resins with different properties. Future studies should involve:

1) Studies of miPP resins at elevated pressures. The equilibrium melting temperature

and growth rates need to be determined at elevated pressures and compared to

atmospheric studies. The fold surface free energies need to be determined under

these conditions. Additionally, determining the melting temperature of samples
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produced at , elevated pressure in these studies should also be have the melting

temperature determined at elevated pressures.,

2) The interfacial region of polymers needs to be investigated thoroughly. The crystal

surfaces (both lateral and fold) need to be studied to ascertain the crystal surface

morphlogy of various iPP resins under isothermal and nonisothermal conditions, with

and without defects present. These same samples then need to be studied using

SAXS to correlate and understand the electron density measurements observed for

the crj'stal core, interfacial region and pure amorphous domain.

3) The fiber spinning behavior of miPP resins needs to be studied further, using broader

molecular weight distribution resins. These studies would complement the present

work and allow the true effects of chemical homogeneity to be resolved in the fiber

spinning process. It would also be of interest to study the effects spinning fibers into

an oxygenated, heated spinning chamber. The on-line crystallization kinetics and as-

spun filament properties could then be compared to conventionally spun fibers of the

same resins to further, resolve the infiuenfce of the quiescent crystallization kinetics in

the running spinline. , - .

4) Modifications to the high cooling rate light depolarizing microscopy equipment

should be made in order to study the effects of shear and shear rate on the overall

bulk crystallization kinetics. Primary nucleation seems to be the most important

factor in bulk kinetic studies. Most processing methods have moderate to high levels

of molecular orientation during the cooling and sohdification process. It would be

highly useful to not only qualitatively understand the importance of molecular

orientation on accelerating the nucleation rate, but quantitatively. For instance, it
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would be very useful to be able to predict the effect a given shear rate has on the

nucleation rate as a function of molecular weight, molecular weight distribution and

chemical homogeneity.

5) A model of the thermal bonding process needs to be formulated. The model needs to

contain the important as-spun fiber properties and processing conditions, namely belt

speed, bonding temperature and calender diameter. This model should also include

the heat transfer equations and be able to predict the optimum conditions under

which a given set of fibers need to be bonded to determine the best fabric properties.
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