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ABSTRACT “ - ’

Isotactic polypropylene (1PP) can be synthesrzed using conventlonal heterogeneous '
Zregler-Natta (zniPP) and homogenous metallocene catalysts (miPP). Matenals catalyzed |
-using the Zlegler-Natta catalysts typlcally ‘have broad- molecular weight d1stnbut10ns high |
peak melung temperatures, a heterogeneous drstnbutlon of stereo defects, and s1gmﬁcant
portions of noncrystallizable (atactlc) matenal Metallocene resins typrcally have ‘a Narrow’
molecular weight d1stnbutlon, lower peak meltmg temperatures than zniPP resins, a more
uniform d1str1but10n of stereo and regio defects and very small amounts of atactic material.
The ‘purpose _of this work was to mveshgate and compare | and contrast miPP resins to

zniPP resins. : . |

The resins in this study were thdroughly characterized by' c¢cNMR and solution |
fractionation to’vdetermine the number, type and dis'tn'hution of defects. The resins werek
then studied under isothermal and‘nonisothermal Qulescent crysta]lization conditions to
determine the bulk and crystal growth kinetics,‘crystal structure, crystallinity and thermal
properties The resins were also melt spu'n .lnto fibers to allow the 'effects of molecular
weight and molecular welght distribution on as- spun ﬁlament properties to be determined.
The as-spun fibers were then charactenzed to determine the crystalhne and noncrystalhne
orientation functions, brrefrmgence, density, thermal properties and tensile mechanical

properties (elongation-to-break, modulus, " tensile "st'rength) In addition, n-line

crystalhzanon studies were also conducted usmg the resins to determine the locations in the

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

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

spunbonding process.




The <NMR and xylene fractionation studies indicated the miPP resins had
substantlally more total defects in the crystalhzable matenal than either of the zniPP resins
in this study.' The m1PP resins also contamed regio type ‘polymerization defects, whlch’
were not present in the zniPP resins. The results also found that, in general, the miPP
. resins contained rnuch smaller portlons of atacuc material, as. deterrmned by xylene
fractionation; "The totality of the stereoregularit}-{ results‘ suggest the miPP resins have a
more umfonn defect distribution than the szP res1ns o | |

Combmed results from DSC SAXS and WAXD mdrcated the rmPP and zniPP
resins have - similar a—monochmc- ethbnum meltmg temperatures (T,%), despite the

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

found to lower th.e‘observed equilibrium melu'ng temperature of a particular resin, whether
- miPP-or zniPP. The y-crystal structure, ohserued in the miPP resins using WAXD and
DSC, had alower equi]lbrium meltinp, temperature than the d—structure. The ’I“,;’ of the o-
' monoclinic suucuue was found to be 186i2°é, while the Y-structure Tm° was found to be
178i2£’C, when crystallized at atmospheric,pressures. ThermPP reslns vuere found to melt

at lower temperatures than the zniPP resins at similar crystal hthicknesses, which is-
" attributed to the miPP resins having significantly 4higher 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 h1gh

crystalhzatlon 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 crystal fold surface region, increasing the fold surface free

energy. ‘SAXS studies indicate the Jamellae fold surface of isothermally crystallized miPP




(]

resins nﬁght be rough, possessing a ,ﬂnee-dirnensionai topology- instead of a two-

dimensional structure. The T,” and fold surface;free energy. for each resin was determined

from the Gibbs-Thompson equation. The: Gibb‘s-Thorhpson -equation normalizes to a two-

dimensional crystalﬂfold surface, therefore the apparent fold surface free energy is higher in
the miPP resins with a three-dimensionai topology. ’I_'hese 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 -nonjsothermally crystallized
films using miPP and zniPP resins are similar.

f‘or crystallization under isothermal crystallization conditions, the observed linear :
growth rates were found to be dependent upon defect content. Under nonisothermal
condmons the growth rate was found to depend mostly on the molecular weight. For
resins with s1m11ar molecular welghts the number of defects was also found to be
important under nonisothermal crystalhzatlon conditions. The nucleation density was
found to have a strong effect on the overall bulk crystallization kinetics. The relative order
of bulk crysta]liz_ation 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 welght and molecular weight
distribution of an iPP resin is largely determined by the point of crystallizatron 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. crystallization in the spinline occurs closer to the spinneret..
Narrowing the molecular uveight distribution and decréasing the molecular weight (also
with increasing the spinning speed) tended. to increase the noncrystalline and crystalline
onentatlon funcuon, b1refrmgence 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




- crystalhzatlon temperatures The as-spun ﬁber tensile modulus was found to increase as
the splnmng speed 1ncreased a result of the birefringence and crystalhmty increasing. The -
observed d1fferences in fiber spmmng behavior between the miPP and zniPP resins are
mamly attnbuted to the differences in molecular weight and its distribution.

Stud1es on the mechamcal properties of nonwoven fabrics made using the thermal

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

bonded at the optimum bondmg temperature .The optlmum bondmg temperature isthe -

. temperature in the bonding curve where the fabnc mechanical propertles are the best.

| Increasmg the as-spun fiber noncrystalline orientation functlon and b1refr1ngence increased :
’ the optlmum bonding temperature. Increasmg the fabnc bas1s weight also mcreased the
optimum bonding temperature. No significant differences in fabric propertres between
miPP and zniPP resins could be found 'tlrat are not explained oy differences in the as-spun
fiber propertres The as-spun fiber properties were found to be dlfferent between the two -
.catalyst systems, a result of differences in thelr molecular welght and molecular weight

drstnbutlon.
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'Chapter 1

Int"rdduction '

Isotactic polypropylene .(i'IPP)_ is a major engine_ering thermoplastic that has

8 enjoyed widespread use due‘ to its highstrength to weight ratio, rheological properties and
cost effectiveness. Isotactic polypropylene 1s used eﬁrtensively in fiher spinning
appl1cat10ns such 'as spunbondmg and staple ﬁber formatlon to produce nonwoven
. Afabncs Polyproylene is also used i in m&llny injection moldmg applications where high
':temperature d1mens1onal stab1l1ty is needed near the temperature of boiling water, a
:reg1on where most polyethylene systems 'do not have outstandmg d1mens1onal stability.
) Isotacnc polypropylere is also unportant'from a sc1ent1ﬁc standpomt in that 1t exhibits
several crystal structures, can be copolymenzed to yield novel copolymers_. and is
polymerized from the most basic vinyl mohbmer, propylene. |

Until very‘ recently, iPP was pfroduced using "Ziegler-Natta catalysts that

polymerize thro’ugh coordination chem'i{s‘try.- Ziegler-Natta isotactic polypropylene )

l(zniPP) resins 'typic’ally have to be Washed" after synthesis to remove the large amounts of
» |
l'noncrystalhzable matenal (atact1c) produced dunng the polymenzahon process. Resins

" produced usmg the- Z1egler—Natta catalysts ialso are typically peroxide degraded to narrow
. the large molecular we1ght dlstnbutwn found in’ as-produced zniPP resins. The large
‘molecu‘lar we1g_ht d1_stnbut10n and presence of atactic matenal is due to the heterogeneous
catalysts andl cocatalysts used in znil:’l"\pro‘[duc_tion 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 ﬂmaterial, in‘the as-produced resin. The new catalysts

are called metallocene catalysts.

E The purpose of this work is to »study and compare Ziegler-Natta and metallocene

‘ wcatalyzed 1sotacttc polypropylene resms The goal is to understand the behav1or of each

type of res1n 1nd1v1dually and 1PP resins collectively Each resin ‘will be thoroughly

charactenzed to deterrmne 1ts molecular welght molecular weight distribution, amount

‘and type of defects, as well as the amount of atdctic matenal This mformation is needed

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

R | general and more spec1ﬁcally, the 1PP resms in thJS study

The matenals in thlS work w1ll be stud1ed in a range of ways, from techmques and

E purposes of purely scientific mterest, to .methods used in industries that consume billions

of 'pounds of iPP per year worldWide _ This 1nvest1gat10n can be d1v1ded into three

different although 1nt1mate1y related categones -

(1) Crystalllaauon kinetlcs: Studies were. conducted under isothermal and “
nonisothermal conditions to study the behavior of the various resins. SAXS,
WAXD and DSC measurer'nent‘si’vyere made on samples produced during the

" course of the crystalhzation studles to mveshgate each sample § properties..

'(2)‘ ~ The same resins were melt spun 1nto ﬁbers to study the effects of molecular

» welght molecular weight distribution and defect content on fiber properties On-
line studies using these matenals were performed to elu01date the crystalhzatlon
kinetics in the steady state spmhne The propertles of the as- spun filaments were

thoroughly charactenzed to deterrmne and understand the 1mportant relationship




" that exists hetvi}een materfal and proceSsing veriables and ﬁnel filament
morphologyl in the pro_du.ctilon of melt spun fibers.

(3 | Selected iPP fesins were used 'to study the thermal point sp‘unbonding ;;rocess.

| The emphas1s in thlS work was to study the relatlonshlp between fiber propemes

and nonwoven fabnc propertles | |

The vanpus chapters. in this work ar"e' div%ded ‘in ‘a manr_ler to reﬂect the irhportant
areas of reseéreh in'volved in this inv"‘estigation., Chapfer 1 is an introduction to this work,
gi\}ing_a bnef review of the research and its division. vCh'apter' 2isa comhrehensjve _
literature ,~re\.'iew of quiescent erystallization behavior under isothermal and |
nohisomefhlal eonditipns, includjhg ;__egi.me analysie. ‘Chapter 2 also re\;iews the theory
ar‘lc.lprevi’ous inires,ti‘ggtions into _melt,‘ﬁber spinning, as \’:ve11>as, the conversion of melt
spun fibers ihto non&even fahrics via thermal point bonding. In each case, previqus
studies on iPP have also been reviewed.

The purpose of Chapter 3is to present the theory and expenmental methods used ‘
in conductmg the research in this investigation. Detalled instructions are given for why
and how the exPenmental techniques are used in the pursuit of elucidating sample
- characteﬂeﬁcs and prepei'ﬁes. The techniciues and methods used in this investigation
include; small and wide‘ angle x-ray dﬁﬁacﬁon, df;tieal nﬁeroseopy, differential seanning
calorimetry, tensile mechanical properties, sonic vifelocity and bireﬁihgence.

The reeults and discussion in: Chapter 4 deal with quieecent isothefmal and
nonisoiherrhél studies performed on: the various iPP resins in this investigation. Buik and
erystgl growth kinetic studiee have. been carried out. Films erj}Stallized with the vaﬁous

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



cry‘stallinity, ‘crystal p1l'opyerl':i‘es, ‘morphqlogy‘aﬁlcl tﬂermal behavior. The influence of
defect tybe, content, distri,bﬁﬁb'r; and lbcaﬁéﬁ in the as-crystallized sample under a variety
of crystalliza‘ltibri‘ bondiﬁons are discussed in relation to the 6bserved film properties.

The results and discussion in Chapter 5 details the small scale monofilament fiber
-studies performed on s’evéral iPP resins‘. On-line fiber studies were conducted to
~ determine the location of crystallizgt@on onset and when crystallization has been
completed, under a given set of processing éonditioﬁs. This on-line dat; was then used to
calculate thé 6n—1ine crystallization kinétics of the various resins for each processihg
condition. The as-spun fibers were then fully 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
influénce on structure development during the melt spinning process.

The results and discussion in Chapter 6 concern the studies conducted on thermal
point spunbonding of nonwéven fabrics. Cha’_pter 6 develops and explains the
rel‘ationshib between as-spun ﬁlaméﬁt 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

Theoretlcal Background

2 0 Polypropylene

Polymers are matenals 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

b_ackbone, although other atoms or groups"may constitute the backbone structure, such as:

ethers, esters, armdes etc The composmon of the backbone , along with any s1de groups

attached to the monomer, are unportant since the chemical nature of these specres w111

d1ctate what type of propernes the polymer will have. For our definition, we wﬂl deﬁne a

polymer as any molecule havmg a molecular we1ght 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 producedﬂ during this time were non-crystalline due to poor stereo

) arrangement of the. monomer umts dunng polymenzatlon In the 1940s, the first

stereoregular polymer from an asymmetnc monomer was first d1scovered cis-1,4-

- isoprene, ‘natural rubber.: In order to form' cis-1,4-isoprene, all monomer units must

polymerize in a -lread to tail manner. At the time, it was impossible for scientists to
duplicate this type of polymerlzation using existing chemical syntllesis 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)
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was know to have crystalline regions. However, at this time PP was not o_bserved to have

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

N insertion stereo conﬁguranon needed dunng the polymenzatlon process Therefore,
. ethylene could, in theory, polymer-ize from any k'nown stereo arrangement of the

: -lmonomer o

When Ziegler synthes1zed a hnear PE, it was found that branching affected the -

‘ Llevel‘s of crystallinity for PE. Shortly after Ziegler formed linear PE, Natta produced a

ro‘ughly 40% crystall_ine pp p'roduct., _:Natta and his ’researchers went on to analyze the

e crystalline material and found that 'PP“ had- a helical chain. The researchers also
~recognized thewimpc‘)rtanc’e of stereoregular polymerizatjon in achieving the crystalline
structure They deﬁned three d1fferent stereo conformatrons for PP, named after the

'Greek terms isotactic, syndlotacuc and atactlc

" 2. 1 Stereo Arrangements of Polypropylene

Polypropylene is a vinyl polymer meamng it has a mono substituted group for a

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

: subsututed in place of a hydrogen Ethylene and propylene monomers are shown in

Figure 21 The ethylene monomer is a flat planar molecule having sp® hybridized
orbrtals, in‘the monomenc form. Propylene is very similar, except the substituted methyl
group is considerably larger,;,thjan the hydrogen. The methyl group also destroys the

syrnrne'try found with ethylene molecules. ,-Me.thyl 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



Ethjlené ‘Monomer

Propylene Monomer

Figure 2.1 PE and PP Monomers
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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.




vertlcal hnes represent the methyl group The methyl groups can also be arranged in R or

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

or nght S) addmon of_ the monomer. Both the side group arrangement and handedness ]

in the polymerization of propylene is important in determining what type of stereo
larrangerrtent the synthesized polymer chains will have.

Polypropylene is an o-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 dmtated by the enamoface undergoing the 1nsert10n This is
shown in Figure 2 3, where the stereochemlstry of the metal carbon addition to an
olefinic double bond is illustrated. The Rand 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.,isotactie chains. The tleuterated propylene monomer illustrates
the stereochemistry of isotactic pblybropirleﬁe (iPP) is cis when using an isospecific
catalyst. Multiple insertions of elternating enantiofaces produces a polymer chain with
. ee.tbon chiral centers of alternating eonﬁguratiot:; i.e. syndiotactic polymer chains. If
there is random enantioface insertion, an atactic polymer chain with no cortﬁgurational
regularity is formed. The types of ené;nﬁertietic insertions described above can also occur
within the same polymer chain. Tﬁerefdre, t.here can exist portions of each stereo
arrangement wit‘hinAa single polymer ehain;' Shown in Figure 2.4, are the three different
‘Stereo, arrangements that may oeeurﬁin PP polymerization.' The carbon backbones are

- placed in a plane so that the methy! side groups either fall on the same side (isotactic),
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Figure 2.4 Stereo Arrangemenfs of PP.
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alternate sides (syndiotactic) or some random combination in between (atactic). The

refnaindér of th1s diécﬁssion and work w111 be centered on isotactic polypropylene (iPP).
Most iPP polymer chains contéin some defecfs. .Even highly isotactic chains will
contain occasional configuratiénal défects. The tw6 typés of configurational defects
found in iPP é:e fégio and 'srfe'fé;' defects, as shown in Figure 2.2. Regio defects result in
a head-tb-hc;ad methylgroup i:l;teraéﬁdﬁ:-;iif; the adjacent carbon atom and the formation
ofa ethyieﬁe fype séqﬁeﬁcé w1th thenext 'tl‘n:bnomelic unit. Stereo defects result when the

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

monomer units lie on opposite sides of the_c‘ar'bon backbone. In faét, syndiotactic PP is'

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

monomeric units have the same stereochemistry, 2 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 leﬂgﬂl. »

2.2 Crystallographic Structures of iPP B
| .‘Isotactic polypropylene forms a 3, helix, a result of the steric interaction of the
methyl groups. The repulsion of the'ele_ctroﬁ clouds rotates the inethyl 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 rcpeated, 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



Figure 2.5 Isotactic Polypropylene Helix*!.
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these are referred t-'o) as nght and left hande_d helices. In order for two chains to pack

close toéether, ‘they must be of opposite handedness3'“.

- On a ci‘ystallographic 'level, iPP can assume one (or more) of four different
morphological fcnns, an o, B, yor ccndis (smectic) form. These tnorphologies differ by
' the ‘arra-ngement of the polymer chains inithe crystal“f‘. The wide angle x-ray diffraction

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

2.2.1 o-Monoclinic Form
The most common cfystal phase of iPP, in the absence of nucleating agents and at

-, atmospheric pressure, is the a-nionoclinic form (0-iPP). The overall geometry of the

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

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

crystal density of 0. 938g/cm The space group that has been assigned is C2/c and Cc for

the stat1st1cally 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-lax1s1°’1'"”. These
values diffet slightly from those i)rcposed by Natta and Corradini in 1960°,

The chain conformation is a temai'y 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,
- PP is based on the altemanon in the b- ax15 d1rect10n of layers parallel to the ac plane

: and made only of left-handed or only of nght handed helices. Research has shown" that

VO
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Figure 2.6 Crystal Structures of Isotactic Polypropylene®*.




o-iPP shows various degrees of d1sorder in the up and down pos1t10mng of the chains in

the crystal, dependmg on the thermal and mechanical hlstory of the sample.

222 B-Ifseudoheyragonal Form =
The structure of B-isotactio polypropylene (B-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 ICrystallization temperatures above 1305C),

- large amounts of this crystal st'ructnre can be formed™ 2, Keith et al. ﬁrst'identiﬁed
B-iPP but never fully characterized its structure, ‘a result of this crystal structure’s

‘ thermodynarnic and mechanical mstablhty |
' The: simnlest satisfactorj" model | for B -iPP is hexagonal (P3 21 and
venantlomorphlc P3,21) w1th a=b=1. 103nm and c=0 649nmm4‘ s Three monomers form

the asymmetnc unit, fw1th six cha1n stems in the unit cell. The crystal dens1ty is

s1gn1ﬁcant1y lower than the other forms of 1PP at 0. 92g/crn The lower density, -

comblned w1th the’ faster growth rate 1nd1cate that high degrees of d150rder exist within
B-1PP Other data exists for this structure12 3, but the cell is a subcell of the one 1nd1cated
above Howeve‘r‘ the structure presented here is from the most recent research and
'cons1sts of further 1nvest1gat10ns, done by one of the original inVestigators who

determined the initial B-iPP structure®.



223 y-Orthorhombic Form

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

10,11.13.17.19.22,?3,26—30

amount of attention and work . The appearance of 7-1PP is favored by

molecular features such as short cham length cham molecular defects or h1gh

Lo

pl'eSSlerSm‘zg 32,33

of molecular heterogenelty in the cham ’caused be atact1c1ty or by copolymenzatron
Recent work has demonstrated the productlon of y-iPP at elevated pressures from high
: molecular weight homopolymers 'with no apprec1able defects, confirming an ‘earlier
finding®. | | o | S o

. for many years the structure was labeled as triclinic. Recent work has shown the
tnchmc unit cell is actually a sub- cell of a larger orthorhombic cell'®?, The triclinic

cell has d1mens1ons a—O 655nm b-2 140nm ¢=0.650, a—97 4° B—98 8° and y—97 4°,

.. The cell cons1sts of 12 repeat umts havmg a crystal dens1ty of 0. 935g/cm These-

parameters allow the conversron toa larger face-centered orthorhomblc unit cell of higher
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 helice's .at each crystallographic position. - This is

1mphed by space group Fddd Local packrng modes which cannot retain this feature are

A sansfactonly descnbed by space groups F2dd or Fd2d.

Much of the early confus1on surroundmg Y¥-iPP has ongmated from the s1m1lar1ty -

between the o and y-crystal structures. The, WAXD patterns for-the a.and y-crystal

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

result, it was assumed that the y-triclinic cell differed from the a:-monoclinic structure.
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o _ only slightly in chain conformation. - Further confusion arose between whether the -

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 tnchmc cell is parallel to the d1agonals of the ab plane of the larger orthorhombic

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

packed into a fully ordered array1° 1

. The structures ot‘ a-iP‘P‘ and Y-iPP are shown in
‘Fl,c,v.ure’Z."Z_.,~ : Notrc‘e the 'Sumlarmes ,b:et\';;e'_en the crystal structllres and the very unusual y-
orthorhomblc structure composed of sheets of parallel molecules. The molecular
orientation between adjacent sheets becomes non-parallel every two sheets w1th the angle
between the non-parallel sterns of approhmately 81°. - The new orthorhombic structure
' 'A', accounts for all observed diffraction .peaks rn mor'e_'satisfactory manner than the y-
' tr1c11mc‘°11 | | |
- Thev data in Table 2.1 shovt/s the collectron of lattice parameters and crystal

' dens1t1es deterrmned for each crystal type o, B and 'y respectively. The values in this

table will be used throughout th1s work. f

| 224 Conformationally Disordered "or Smectic Form '
| - The conformatlonally dlsordered (cond1s) or smectic form is an intermediate
metastable crystalline st:r'uctllre“'3"’37 ‘The smectrc form is obtained by quenching thin
sheets 1f iPP from ,the melt into ice water, The smectrc structure can also be found in
fibers ‘spu‘n w1th extrernely high.‘coolingy rates ,under small stresses. The smectic structure
is thought to be a disordered 0t_-st1"l1ct11re; w1th some experimental evidence to support this
- claim®*, " A comparison -of amo.rphons'y‘ atactic PP (aPP), the smectic structure

?
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chains

(mesomorphic) and a—forrh is éhown in Figﬁre 2.8. The density of the smectic structl)xre'
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 o-form over time or when exposed to elevated temperatures above 70°C.

The morphology that will form is déterrrﬁned by the percent isotacticity of the
polymer chainé, any monomer defects ‘(such as ethylene instead of propylene) and
conditions that the polymer wﬁs blace_d under duﬁng the solidification pl;ocess. The
remainder of this work is intended to deépen the understanding of these.

structure/processing relationships of iPP..

23 Polypropylene Synthesis

Isotactic polypropylene is currently synthesized using two different catalyst
systems, Ziegler-Natta and metallocene. Ziegler-Natta catalysts produce i)olymer chains
that have a wide range of physical 'properties, resulting from one or more active
polymerization sites;. The multiple’polyn}erization’ sites produce two populations of

45-51

. ’Onelpopulati’on consists é'f high molecular weight (hMW), highly isotactic
polymer chains and the other pobulation consist of atactic chains, that are genérally non-
crystallizable and increase the percent xylene solubles. Metallocene resins typically have
very narrow molecular weigi}t distributions (nMWD) -with chains of ‘similar molecular
s&uctme and properties; a result of only_one activeAca'talytic site. Meta;lloccne catalyzed

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

have a significant weight percent xylene solubles material.
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Figure 2.8 Cﬁmparison of o-iPP, aPP and the smectic iPP structure?®,
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. 23.1 Ziegler-Natta _Catalysts'

| Zieéler-Natta cataiysts, 6fter) referred to as heterogeneous catalysts, have gone
through several geﬁerations of development. The oﬁginal iPP catalysts developed by
Natta had‘I dnly -isotactic contgnté of 30-46%. Current Ziegler-Natta isotactic
polypropylene (;niPP) catalysts cz;n produce chajns with greater than 99% isotactic
‘qonte#t. Du; t; cq’ntinuous' 'de\‘relopnjlént, Ziegler-Natm catalysts are in the forth and fifth
genérations c;f developmm‘lt.v M&élloﬁene catalysts are the sixth generation of iPP

catélyst téchnology, since they are the newest method for polymerization of propylene.
Current Ziegler-Natta polymerization techniques are achiéved with supported
: (MgClz)' catélysté using a cocatalyst to improve catalyst activity and stereospecificity. A
current zniPP cat,alyst)cocatalyst combinhtioﬁ is MgCl,/TiCl,/1,3-diether-AlIEt,’*%, Since

the methods used to produce Ziegler -Naﬁa 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 cafailysts have multipie
. active polymerization sites. Multi-site polymerization produces polymer chains that are

 unique to each site on the catalyst*

%, The molecules produced at each catalyst site differ
1n the number and distribution of stereo défects. Stereo defects strongly influence the
4‘crystalli1’1ity and thermal -properties of the resin produced. In Ziegler-Natta
polymerizaﬁbn, one active site, whiéh is called the “primary site”, will 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
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.. : ,cNMR) of xylenerfractions, that as the mo'le',cular ﬁweight of a zniPP molecule increases,
| Athe 1sotact1c1ty of the molecule also 1ncreases The moleCular weighﬂtacticity

relauonsh1p is. expla.med on the basrs that h1gher molecular we1ght chams are produced

from sites havmg the h1ghest act1v1ty The h1gh act1v1ty s1tes make very few monomer‘
. mseruon errors wh1ch allows these s1tes to have the h1ghest act1v1ty Thus the _primary
s1tes produce the h1ghest MW and 1sotactlc cha1ns The “secondary catalyst s1tes.

produce atacuc chains, that are generally amorphous and do not crystalhze The atactlc

' :chams are a s1gmﬁcant portron of the total xylene solubles matenal

The xylene soluble fractlon cons1sts of atacuc matenal wh1ch is composed of

short run length 1sotact10 sequences d1v1ded by stereo defects, and low molecular weight

o isotactic. chalns produced dunng perox1de degradatlon The h1gher molecular welght
‘ xylene msoluble cha1ns, are composed of h1ghly 1sotact1c sequences For szP resins, as
N the molecular welght decreases there is-an 1ncrease in defect content, producmg a non-

_homogenous d1stnbut10n of molecules Therefore these matenals show meltmg pomts

: :and breadths that reﬂect the d1vers1ty of molecular archrtecture among the polymer -

| chams“s ®,

BaSed on these findings, 1PP resins areﬂ viewed as beiné composed of either one or
two types of cha1ns asymmetnc cha1ns where one conﬁgurahon is dommant or
_symmetrlc chalns where two’ types of conf1gurat10ns have equal populat1ons
'Asymmetnc chams are referred to as “enanuomorph1c site controlled” and symmetnc

chains as cham end controlled” “. 2 Enanuomorphlc s1te control 1nserts a monomer in a

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

- ie. it will correct for any irregular insertion in the last step. Chain end control means the
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" catalyst has‘ a precursor from the previous monomer and follows the stereosequence from
‘the prev1ous umt correct or not. Shown 1n Flgure‘2 9 aré symmetnc and asymmetric
chams Asymmetric chains® have almost all the methyl groups located on the same side
of the carbon backbone, if a stereo error-_ is made the catalsfst \'JVilldcorrect the error and
continue to poi&merize. With symmetric:‘chains, a series of isotactic sequences are made |
| with a switching back,and foith ‘(racemic diad) of the ‘methyl group'along the backbone.
-+ For clariﬁcation, a 100% syndiotactic polyprOPylene chain would be 'a 100% symmetric
chain. | o | |
As stated earlier, atacuc chams are composed of S};mmetnc sequences, which are

often called symmetnc chains. Symmetnc chains are typ1ca11y very short, with meso run

' I, lengths too short to’ crystalhze, as the’ meso run length is oftenzmuch shorter than the

crystal thlckness A meso run length or meso diad (denoted by an m), occvurs when two _
monomer units are inserted with the same stereospec1ﬁc1ty The' meso.run length is
_ typically used to compare how long the monomer sequence is between stereo defects in

polslmer chains. A racemic diad Iwould be"—two monomer units uvi&l the same head to tail
N 1nsert10n but with different enantlomenc‘ faces ie. a symmetnc sequence The
1mportance of this work, involves the srgmﬁcance of meso run lengths on crystalhzatlon

'. behavior. The longer the meso run length the fewer the defects" and the faster the -

) matenal should crystallize. In add1t10n longer meso run lengths will produce thlcker

crystals that will melt at higher temperatures




Asymmetric Chains

-insertion is preferfed
-single stereo defects

Symmetric_Chains
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=short isotactic run lengths
Isotactic Chains 80% asymmetric / 20% symmetric

Atactic Chains 20% asymmetric / 80% symmetric

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 ailow for a study and understanding of the
catalyst structure/polymer structure relationship. This is due in part to the full
understanding of how a metaliocene 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 1°-cyclopentadienyl ligands (Cp ligands) which
remain attached during polymerization. The ligands (as with zniPP catalysts) define the
catalyst stgreoselectivity and activity. The metallocene also has two ¢-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 o-ligand, M is the metal atom, d is the Cp-M

distance and o 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 shai)e of
the Cp ligand and determine the dist;ince bétwee;ﬁ the Cp and metailocene, along with the
 angle between the bonds of the Cp ligands®®. There is a high degree of frgedom on the
metalloéene atomé, ‘inspite of the bulky rings and the two c{ligands. However,‘the
structural rigidity of the bulky substitﬁent groups is not sufficient to ensure a-constant
steric' environment at the coordination positions. Without sufficient structural rigidity,
the catalyst polymerization ‘site can bé compromised, producing polymeriz‘ation eITors. .

The'struétural rigidity prdblem‘v&"vas solved by linking the 1° rings through a
bridge formed by one or more carbon '.or' silicon atoms®®%. The linkage can then control
the structural rigidity of the-metallocéné complex (these are called bridged metallolccnes).
‘A general bridged metal_locene étructﬁ're is shown in 'Figure 2.11, wifh the “x”
representing the bridge. The diff'efent classifications of me;tallocene catalysts are shown
in Figure“2.l2. The shadéd.areas ére the ’rﬁ-ligandi The classifications are brbki;,n down
and segmented with regard to planes of symmetry. |

The key to the high polymér@zati_on activity of metallocenes are the coc;talysts.
MAUO is the most Vt"idely used, although” some boron cocatalysts &e beginning to show
‘ promise. Metallocenes are acfivatéd‘by_ alkylatiop of the halogens typically founﬂ
attached to nietaﬂocengs from their initial chenﬁcal ;ynmesisgs. For activation of the
-~ metallbcené catalyst to occur, at least one of the alkyl gfoup‘s must be substit’ufed. The
substitution reaction is showﬁ in Figure 2.13a. Subsequent reactions ‘yield a cationic
metélloceﬁe; 'Bélie’iréd to be‘:‘the“]a’xcti.\;e model center in olefin polymerization. The

i)



Figure 2.11 Generic formula for a chiral, racemic C, -symmetric bridged
metallocene?®.
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o Me Me
MAQ or TMA ‘ ‘ MAQ y4
Cp2M/~  —— szM/ ——p Cp2M

Na - cl Me

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

(b) The-activated charged system produced by MAO.

Figure 2.13 Acivation of a metaloocene catalyst®S.
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cationic species ts shown in Figure 213b The activated eompleJr and other catalyst
structures are stablhzed by Lew1s acids and bases®.

Metallocene act1v1ty, as well as stereospec1ﬁc1ty, is determined by the 1°-rings,
ot the G-hgands and the meta]locene rmg bndge if any Through the use of NMR and x-ray
. d1ffract10n, synthes1s and structural charactenzanon has shown the true catalyst site for
nletallocene polyolefin polymerization is a pseudotetragonal metal cation bearing the n’-
- ligands. The growing polymer chain has asa o'-ligand and a new coordination vacancy

‘where the 'other o-ligand was bresent“'f?l.' ".I‘he vacaney allows the coordination of the
”incoming monomer. For vthe insertion mechanism (shown in -thure 2.14), a. chain
‘ nugratory mechanism is operatmg ‘For metallocene polymenzanon pathway A is the
rule and pathway B the occasmnally sklpped step, or it can be made to be the rule if the
ligands are symmetnc . Therefore, one reason for the hlgh act1v1ty in metallocene
~ polyolefm polymenzatlon is that the catalyst can insert a new monomer in two dlfferent
| catalyst conformatlons |
| The relatlonshrp between ‘:'n;etallo‘cene s:ite symmetry and polymer .
Stereocherni_stry: is fully nnderstood Kank'di ean be visualized using the lock and key
‘:formalism (shown in Figure 2.15).1 The generai rmechanisrn' for enantioface seiectivity in
the chain migratory 1nsert10n w1th s1te sw1tch1ng, oneratmg u‘smg metallocene
: ‘(enant1omorph1c s1te control) catalysts rs every metal atom has two ava1lab1e ‘
coordmatlon sites, which are the two locks, Which can insert the oleﬁn monomer that is
d1fferent in shape and ch1rahty For 1PP the two coordination positions available for the
' 'incoming monomer and the growing po‘lymer chain are C, homotopic and chiral. The

cdnﬁguration of the central metal atom does fiot change after the shift of the growing

3B
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 chain to the positiorr previously occupied by the coordinated monomer®™®. A chart of the
| ‘steric control as at furlction of metallocerre symmetry ls shown in Figure 2.16%. -

An aspecific metallocehe catalyst is shown in Figdre 2.17,-while a syndiospeciﬁc
catalyst is shown in Figure 2.18. ’A_Pr(opylene polymerization with a C; switching
metallocene with isospeciﬁcity is showri ln, Figure ‘2.l9. Iri‘all these metallocene catalyst
systems the polymenzanon site 1s symmetncal w1th the construct1on of the rings
d1ctat1ng the type of growmg polymer cha.m stereochermstry These catalysts have a
preferred insertion of the next monomer, w1th the methyl group orientation ‘determined by

- the rlrig structure.

2.4 Meltmg and Crystalhzatlon
| ..Current theones of polymer crystalhzauon are both complex and debated.’
Crystallrzatmn 1s complex from the standpomt of mathematical modeling, where
developmg models to explain the dynamlc process for different materials has been
. challengmg; Crystalhzatlon theories ‘are debated by how accurately they descnbe the
actual crystallization process and how well the theories predict future crystallization
behavior. | | .
- For polymers to crystallize, sorrle basic conditions must be met. Polymers must
have a structurally regular, repeet'mg pattern. The polymer main chain must be flexible to
“allow for chain folding to take place.: VPolymer chains must be of sufficient length to
recover the excess free energy that oc‘cursj when a polymer chain folds:
N There are three models to describe the way in which polymer chains can be
"organized to form crystalline domains that diffract x-rays. The earliest was the fringed A.

micelle model™. The illustration in Figure 2.20 shows the Wunderlich triangle. Structure
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Figure 2.16 Steric control as a function of metallocene symmetry*”.
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Figure 2.20 Wunderlich Macroconformation Triangle™.



A is.an amorphous random coil polymer. Structure.B represents a chain-folding’

‘macroconformauon _with regular foldmg Structure C is an extended chain

| macroconformatron The structure in the m1ddle (D), is the fringed micelle model.

Proposed by Hermann” et. al around 1930, the fringe miceile model was based on

i_r-ra,y diffraction results that showed. some crystalline regions in both synthetic and»
natural poly‘mers) -However, there was a problem with the diffraction patterns of
polymers The x—ray diffraction peaks were broader than those found for low molecular

.we1ght non-polymenc matenals The broad x-ray peaks were analyzed and studied, with

the results y1eldmg a structure that was approx1mately 100A x 400A. The x-ray structure

1dent1ﬁed in these stud1es was a crystal lamellae, as shown in Figure 2.21. The crystal

thickness is . and the width W. After th1s ﬁndmg, the ex1stence of two domains was

suggested for the polymer morphology found Hermann termed these domams .

72-73

amorphous and crystallme . The crystallme domams are formed by-the alignment of
the polymer chams along-an ax1s where the polymer chains align in a parallel fashion to
one another. In th1s model each molecule travels from one crystalhte to another passing
. through amorphous domams 1nto other lamellae. 'The 111ustrat10n in Figure 2.22 shows
. the crystalhne lamellae stacked on each other with amorphous material in between the

crystallme matenal T1e molecules are amorphous chains that connect the lamellae

together The crystals formed were though of as physwal crosshnks in a polymer solid.

Tie molecules were used to explam the phys1ca1 propemes exhibited by bulk polymers.

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

folded lamellae

Ona purely thermodynarmc bas1s, one part of the frmged micelle model that was

questionable was the h1gh free energy produced by the arrangement of molecules in the

micelle system™. From the standpoin_t of crystallization kinetics, crystal growth with

chain folds was found to ‘be more favorable than the micelle model, since the excess free
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energy in the m1celle 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 poss1ble |

" Based upon electron d1ffract1on experiments done usmg polyethylene single

crystals grown 1n d1lute solutrons Bunn” proved that the polymer chain axis was

' ~ approximately orthogonal 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 cham

molecule lengths. The illustrations- in Figure 2.22 and 2.23 clearly illustrate the

| ~ relationship of the spheruhte lamellae and crystallographic registry of polymer

molecules Spheruhtes are composed of lamellae that nucleate -and-grow from the center
of a spheruhte Lamellae are composed of the unit cells .produced during the
crystallization process. The crystal stem axis to basal plane relationship agreed witha
conclusion drawn by Stork” in _1938.‘ In addition, the thickness of single polymer
| 'crystals seemed to be inde'pendent of the polymer species, The crystal thickness for most
‘polymers was a.lmost always near 100A The thrckness was observed to depend upon the
crystalhzat1on temperature and pressure w1th hlgher temperatures and pressures
producing th1cker lamellae. h . ‘
| The d1scovery of the polymer stem axis laying perpendlcular to the crystal surface

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

However another questron developed as to whether or not the folds in lamellae formation

. are adJacent reentry and/or non- adJacent reentry foldmg 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
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polymers the observed mechanic':.al ﬁrébertiés lead Flory to create and propose the
switchboard model. ‘ |

Research has shown that lamellae crystallized from dilute polymer solution fold
ac'cording‘ to the adjacent reeﬁtry model. ‘Conversely, ‘crys'tall'ization from polymer melts
produce lamellae that have b<-)th the switchbéard and adjacent reentry folding. The extent

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

main polymer chain and the stress placed on the crystalliiing 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
adjacént folding ﬁoﬁ occurring, since the én&opy 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

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

édjacent 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. vSemi-'crystalline'polymers do not exhibit a Sharp
: meltmg point, but melt over a broad range of temperatures. The melting temperature of a
| ‘polymer depends on AS and AH of phase transmon from the sohd 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'Gil‘ib's-'Thomson,85 equation, for a lamellae
crystallite whose length is very much greéter than its thickness, the experimental polymer

melting temperature, T, is
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where G, is the fold smjfacé free energy, AH, is the heaf of ,fu'sion per unit volume of th;e
crystal and is the lamellae @hickneés. The equilibrium melting temperature (Ty,') is
defined as -thé melting tempgraturé of an inﬁnitely thick crystal. 'fhe value of ’I.‘m°‘can be
determined by plotting 'i‘m versus 1/ and extrapolating to inﬁnite lamellae thicknevss.
The slbpe of the ex&apolation also gives- an average value of G,. |

", The Tm'o can afso be determined by a method proposed by Hoffman and Weeks.
The Hoffman-Weeks approach®*® works by rhaking a plot of T, versus T, then making
an éxtrapolation fo Ta = T.. The Hoffman-Weeks method is both fast and convenient, as

"itcanbe determined relatively quickly using a DSC.

2.4.1.1 o-iPP Equilibrium Melting Teinpe:ature
‘ The equiiibriﬁm melting temperature of -iPP has been quoted in the literature as
having two different values, 186°C and 210°C. Krigbaum®, Miller®®, Campbell and
' ‘Mezghani” report Ty, values of 186°C; whilé Fatou”’, Monnassee® and Fujiwara® report
values near 210°C. Kamide and Yamaguchigvs'96 observed changes in melting temperature
with crystallization time. The reseércherg dbsewed that longer crystallization times lead
- to. increasing melting temperatures. This is now understood to be associated with
. lamellae thic;,kening'. .Lamellae thickeﬁinf_;‘inéreases as the crystallization temperature

: increéseé. ‘

Laﬁaellae ﬂﬁckgning is the most likely explanaﬁon for the two values of T’ for
o-iPP. Directly measuring the lamellae thickness and making extrapolations to the T’
will decrease the error found in making exfrapolations from the crystallization

temperature alone®’.
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The ﬂuckemng rat10 can be deterrmned from the slope of a Hoffman-Weeks plot.
 The crystals produced at hlgh supercoohngs are thinner and further away from

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

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

lamellae thickening proeess.‘

2.4.1.2 y4PP Equilibrium Melting Temperature

' Until recently, there had been no attempt at accurately measuring the Ty, ° for y-

iPP. Mezghani® determined the T for 'y-1PP at elevated pressures anid extrapolated the
T to atmospheric pressures us1ng the Clapeyron equatlon Mezgham obtained a value

" of 187°C for the Ty,° for y-iPP, slightly h1gher (186°C) than for o-iPP.

‘ .2'4'2 Cwsta]hmtion Theories

There are several methods used for studying the crystallihation kinetics of

- polymers, which fall into two general categories: bulk or volumetnc analys1s and crystal
" growth analysis. The s1mp1est method for studymg crystalhzatlon is to study bulk

kinetics. Bulk kinetic analysis descnbes the overall crystalhzatlon behavior of a polymer

melt grouping nucleatlon and growth events together into an overall numerical

descnptmn of the crystalhzatlon process Crystal growth analys1s involves directly
A measurmg hnear growth rates of growmg crystals. In prmmple the number of nuclei
‘present can be counted wh10h allows the effects of nucleation and growth to be

separated enabhng a ‘more detalled understandmg of the crystallization process.

However few' 1nvest1gat10ns have carned out such measurements due to experimental .

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

- The nature of the crystallization process, as determined by molecular microstructure and
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constitution (plus other additives, if any) d1ctate the behavior of a given polymer resin .

under a set of crystallization condmons

24.2.1 Bulk Crystallization Analysis

Bulk crystallization analysis is broken down into isothermal and nonis'othermal
klnetlc descriptions of the crystalhzatlon process Bulk klnetlc processes are usually
studled 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.

. 4

: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 cr&stal]ization conditions, with nucleation occurring
.thronghout the material. The general Avrami equation is:
22) 8()=1-""]
where 9(t) is the relative crystallinity at tlme t, k is the isothermal crystallization rate
constant, and n the Avrami index. In this equatlon, at t=0, t begins after an induction
tirne during which no nncleation is observed. This induction time may include the period
in which the sample is equilibrated at the crystallization temperature. The Aﬁanﬁ index
is used to indicate the nucleatlon mechamsm and growth morphology. A theoretical
descnpt10n of some Avram1 exponents are shown in Table 2.2. Two types of nucleation
kmetlcs are assumed in th1s approach 1nstantaneous and sporadic. W1th instantaneous
nucleatlon the nuclei forr at the begmmng of crystalhzatron 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 indepehdént 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) ln{ln( 1 ):| =Ink+nlnt
1-6(r) .

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= (an)I:L:I

1/2
Rarely is the entire Avrami plot straight. The initial and final regions of the graph depart
from linear behavior. Asj 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 polymer spherulites, at least two types of crystallization are
occurring, these are referred to as primary and secondary crystallization. Primary
crystallization is the process where virgin polymer molecules are recled into a growing
crystal from the melt. Secondary crystallization involves the perfection of existing
crystals and the crystallization of any material trapped in the interzonal region between
the already formed crystals, often called intercrystalline domains. The Avrami method
fails to accurately describe secondary crystallization, and as a result, can give a
misleading primary crystallization value, as secondary crystallization (for most polymers)

occurs simultaneously with primary crystallization. In addition, Avrami analysis fails to
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. account for the volume contractlon that occurs dunng crystalhzatlon, a result of the

change in density from the melt to crystalhne solid.

2.4.2.1.2 Non-Isothermal Crystallization
The Avrami analysis was extended by Nakamura et al. to include non-isothermal
"cry'stalli'zation kinetics to describe the phase transformation processes with variable

~ nucleation and growth rates. The Nakamura et al. equation'”'% is:

B o : [{j’x(r)&:]} '

(2.5) 8()=1-¢ "'

where the vanables are the same in the Avrami equat10n except for K(T), wh1ch is the

non-1sothermal crystalhzahon rate constant. Equation 2.5 is based on the “1sok1net1c '

. assumption” in which the ratio of % is constant. The non-isothermal crystallization

rate constant, K(T), is related t'o. the Avrami isothermal crystallization rate constant, k, by

' the following: . ) o
26 . KD=[kD) =’(1n2)%[ 1}
, - t1/2

The Nakamura equatlon does not address the d1fficu1t1es with separatmg primary and
| secondary crystalhzatlon ' :
‘ Ozawa'® proposed a nonisothermal crystallization kinetics equation based on the
assumpuon that the sample is cooled at-a constant rate. The Ozawa equation is:
@. 7) 9 ‘1 e[_m )] IR |
-where K(T ) is the cooling: functlon of nomsothermal crystalhzatlon at temperature M, o
is the coohng rate and n is the Avrami index. The variables are solved in the same
manner as with the Avrami equation. |

Another method for analyzmg non-1sotherma1 crystallization. kmetws was

introduced by Ziabicki. The intention was to 1ntroduce an equation that would also work

for the melt spinning of polymers. Zlab1ck11°4 introduced the kinetic crystallizability (G.)
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which characterizes the ability of a polymer to crystallize. The assumption is that

polyrner crystallization follows a first order kinetic equation:

do
(2.8) = =K(1-6)

where 0 is the rela_tive crystallinity (as abonej andKisa crystallization rate constant with

‘the following temperature dependence:

2
[omatge]

(292) : K(T)=K_e" vt

where D is the half width of K vs T‘,' Kmax-1s the maximum K value, and Tp;y is the
" temperature at Ky - The kinetic crysta.(i)lsizability is calculated by: |

@%) = G.= :["K(T)dT = (&) | ng B
such that Kpmax and D can be determined.from non-isothermal crystallization conditions
usmg DSC. | |

" More recently, Ziabicki****® proposed an equation for temperature- dependent

erystalhzatron rate denved from nucleation theory:

‘-‘ ‘_ ) _ 2 . ’_ 3 -
(2100 . K (T) const, TAT exp[ E, }exp —const,T,, exp —ConStZZ"'
s T,,, kT TAT (TAT)

where'-the constants are related to phys1ca‘1 parameters of nucleation theory. The exact
equatlons depend on whether sporadlc or predetermmed nuclei are used.

Patel and Spruiell'® proposed a dlfferentlal form of the Nakamura model:

(2..11‘a)~ B .%—nK(T)(I 6)[1n(—)}—

A' where n is’ the 1sotherma1 Avramr mdex Th1s form is useful for application to process
modehng m wh10h crystalhzatlon is. unportant Dmg and Spruiell”® recently proposed a
power law nucleatlon rate funcuon us1ng the form of the Avrami equation. The Avrami
l exponent (n) and crystallization rate constant (k) are then expressed as:

(2.11b) ‘,’—n_n +m+1 -

@110) . k=NnwAG Bm+2.n) .
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| where m is the nucleation index, n’ is 'tvhev georhetric index determined by the growth
' geemetry, N, is the nucleation rate constanf: that is temperature dependent but time
independent, A, is a constant that depends on the geometri‘c shape of the transformed
entities and | | |

(2.110) B(m+2,n) = jq'"” L1 q) -ldq

These relationships allow bulk transformation kinetics to be analyzed in greater detail
with more phy51cal mgmficance than in usmg the standard Avrami relationship.
D1etzl°6 mtroduced a kmeuc equatlon for nonisothermal crystalhzatmn containing

an’ exponenhal factor to correct for secondary crystalhzauon

—-af
@12 j nk(1 - B)t"’l[ ]"

0

The formula proposed by Dietz is an extens1on of Nakamura equation.

, Nomsothermal theories have h1stor1ca11y been ‘tested with coolmg rates
determmed from DSC and hot-stage hght depolanzmg microscopy (LDM). DSC and
\LDM are adequate techmques for determining the bulk Avrami index and crystallization
- rate coastants up to cooling rates of 50-‘10'0°C/min. However, obtaining cooling rates
above 100°C/min that allow crystallization kiaetics to be studied has proven difficult.
3 Recently, Ding and Spruiell in&odﬁced‘a techniéue for studying bulk and crystal growth
crYstallizatioh'kinetics at high cooling ‘lt'alf.es.\ The technique utilizes high cooﬁng rate
light depolarizing microscopy (HCR—LD_M) 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 Kmetlcs
Crystal growth kinetics entmls d1rect1y observmg and measuring the growth rates
- of polymeric materials. Expenmentally, thlS usually 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 linear 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 include‘d 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:

(7 [7)
(2.13) G = Gye "\ AT
where G is the observed linear growth rate, G, is the growth rate constant, U is the

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

gas constant, T, is the crystallization temperature in Kelvin and T is T, -30K. The

0
[4 m

supercooling is AT=T,,’ - T, and the factor f is the correction factor = TZTC which

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

(secondary) nucleation rate constant and is defined as:

2.14) K, =290,
*” kAH,

where BO is the width of the polymer chain (stem), G is the lateral surface free energy, G
is the fold surface free energy, k is Boltzmann energy const;cmt and j is the operating
i regime constant. The regime is determined from the relative bomparison of the rate of
deposition of secondary nuclei (i) and the rate of lateral sﬁrface spreading (g). An
idealized growth front is pictured in Figure 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). Th‘reé scenarios exist.- when comparing g and i:

1. i<<g, which indicates Regime I, typicélly found at Jower supercoolings (j=4): This

regime is characterized by a relatively smooth growth front, one in which most nucleated
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Figure 2.25 Ideal lamellaer growth front'®.




' Tows are completed before a new row “begins ‘ Regfme‘ I behavior would most often be

found at slow hnear growth rates, w1th relatlvely thick crystals and high degree of crystal

perfectlon ‘ ‘ V ‘

. 2. i=g (same ) order of magnitude), ’whit:h indicates-Regime II’ found at moderate

supercoohngs (_]—2) Regune IT is- charactenzed by the rate of surface spreadmg and

. nucleatron be1ng roughly equlvalent meamng there is spreading from multtple nucleatron
‘ s1tes on the same row w1th perhaps several rows growing srmultaneously The growth

front would appear somewhat rough and Jagged

3. 1>g, Wthh indicates Regime III found at. h1gh supercoohngs typrcally found in

B processmg envuonments (G=4):" A reglme I growth front ‘would appear very rough as
stems nucleate much faster than surface spreading occurs. - .

An ideal reglme plot.is shown 1n Flgure 2 26 The slopes in regune I and III are
the. same and 1dea11y twice the slope found in regrme o 109

The overall picture of reglme crystalhzatlon is best shown by plots of

| IlogG+U "/2,303R(T-T.) agamst 1/T(AT) The transitions between the reglmes are shown

| by distinct changes in the slopes on this plot. The values for K, and G, can be obtamed
directly from the graph, where the slope in a particular regime is - K,/2.303 and the
' ,1ntercept equal to log Go.- Once K 1s known, the other parameters charactenstrc of

rcrystal growth can be determmed

£ AHf is known, 0' can be estrmated from ,

(2 15) - QAH,.\jab,"

where ao is the width of the cham stem and b _the tl'uckness of the cham stem. The factor .

:oz—-O 1 for most polymers For iPP, ao-O 549nm and b,=0.626nm*. Together these ‘

' factors const1tute the cross-sectronal area of an lPP stem or chain.
- The principle contribution to the fold surface‘ free energy is the work of chain folding

required: to bend the polymer chain back upon itself so that it may reenter the crystal in a
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Figure 2.26 Regime Transitions'®.




|  manner consrstent w1th the’ crystallographrc structure. The work of cham folding (q) is
denved from O, by '
(2 16 E a=20,200;

; Combining equatlons 2.13- 2 16 allows the various parameters and variables to be
evaluated. | ‘

Reg1me behav1or varies from polymer to polymer and within a single polymer
' spec1es The regunes are affected by the chem1cal molecular structure of the polymer,
.molecular welght molecular we1ght d1str1but10n pressure polymer chain chemical
homogene1ty and its d1str1but10n For ‘instance, c1s-poly1soprene and low molecular ,
weight iPP exhibit all( three regimes'”, as ‘does PE' 114208, nghvmolecular weight iPP

produces only regirne II and III behavior'*

2.4.2.2.1 Regime Behavior of iPP |
Most of the reglme studies in the past have been done on polyethylene It is quite
surpnsmg how little work has appeared in the scientific Journals on regime behav1or of
» iPP. Desp1te the 11m1ted number of pubhcatlons on iPP reglme behavior, some |

' observatlons have been made. |

; All three crystallization regimes_' have been obsérved ln low (lSl() molecular
weight iPl’ | Regime III enistsabove AT=48K, regime II exists between AT=37K and
48K, whrle regrme Iis observed below AT—37K The GO, values for low molecular
. werght 1PP were found to be 779 erg ?/cm® in reglme I, 784 erg ?/em® in regime II and
h 731erg /cm in regune Il For high molecular weight iPP (300k range), only regime II
and III have been observed w1th the regrme transition occurrmg at s1rmlar undercoolings

- -as for the low molecular we1ght case. The high molecular we1ght OO, values found were

' 590erg /cm in reglme I and 602erg /cm in regime IlI111




|
2.4.3 Random Cop'olyni(;r Ci'ystallization

There are two extreme ﬁossibilities that may occur after crystallization of a.

random copdlyfger wifh'regérd"to comonomer locations, the exclusion and inclusion

- models”. The ’&vo models are shown in Figure 2.27. Tn the exclusion quel,v no

'cor‘nonlomeir units are incorpbrated into the; érystal. The inclusion modéi allows
co;ridnomer ﬁnits to ’be included into the crystal. One of the first ;esearchers to study, in
depth, the relatiovhship'of comonomer conten;t on cfystal]ization was Flory.

Flory developed his théory of copblymer crystallization in a sefies of elegant
papers that were based on equilibrium thermodynamic relationships'**'*®, Flory’s model
assuﬁ1ed that a random copolymer consisted of two monomers, A and B Where
monomer A is capable of crystallization, while B is not. Fur;her,_ B will not be included
in the crystal (i.e. th:e exclﬁsion model) dufing tﬂg crystallization. process. The
configuration of >copolymer chéins 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 (AHm=0).<

2. The chain ends are excluded from the crystal.

3. The crystalline and amorphous regions have a sharp separétion at equilibrium, while
intermediate situations are non-equilibrium and are not stable. |

Flory added some concern about crystallization processes in general, but they are
more applicable 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 iattice. Single molecules protruding from the crystal

may pass from one crystallite to another (tie-molecules). The heat of interaction of a
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‘copolymer'unit Icontributes, a term equivalént‘ to that found in a ‘polymer diluent

- Flory showed through expenmental work with copolymers ‘of decamethylene and

glycol (or d1bas1c acid rad1ca1s) that thermal propert1es of copolymers depend in a

systematic fashion on polymer const1tut10n and. that quant1tat1ve relationships can be |

. traced Flory also found that copolymers with smaller end groups tended to have higher
E meltmg temperatures115 4 | ,

Copolymers that are able to crystalhze will be composed of crystalhtes of

various thrcknesses, that can be expressed as a thickness (¢), composed of ‘A repeating

. " units in a single chain transversrng the crystallite. At equilibrium, crystallites of every

length S containing A units must be atlequilibrium with the sequences of A units in the
'amorphous phase'’. The equillbrium of the crystallizable A sequences, at a given
crystalhzatron temperature is the ultlmate dnvmg force in this theory that determines the
lamellae thrckness The equlhbruLm is produced by the chemical potentlal difference that
manifests as an entropy factor, similar to chemical potentral in an osmotic cell. The

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

o 1 1| R
B A b lml ’

where T° is the equ1hbr1um meltmg temperature of’ the homopolymer, R i is the umversal
| gas constant AH is the Leat of fus1on per unit and X, is the mole fraction of A units.
The standard free energy of fusron per mole of units (AG))i 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 ¢ units from a crystallite length ¢ is defined as:
(2.19) : 'AGg = GAG, - 20,




‘where o, is the fold surface free energy per mole. - Notice that the fold surface

. contributes to the instabilitv of a -cry,stal‘as a result of chain folding. An eXtended chain .
crystal would not have this te'rr'n, that is why it is the more stable crystal morphology.

At ternperatures slightly below T, ,crystallization is resuicted to only very thick
crystalhtes (1 e. large values of S, therefore only the longest sequences contaimng A umts |
w1]l be able to crystalhze As the temperature is lowered S decreases and progressively
thinner crystalhtes are formed requiring shorter sequences of A units517, - ,

Thus from a thermodynamic ‘point of view, the crystallite thickness is d1ctated by
the crystalhzatlon temperature and length of A unit sequences. Ultimately the length of
.. A-unit sequences’ deterrmnes the properties The length of A sequences is determined

from the mole content of the,uncrystalhzable B monomer and its distribution within the
chams Recall th_at this is, an equilibrium .,thermodyn'amic theory. The most stable semi-
’ c‘rystalline state is when AG assumes a mimmum value79 So there is a tradeoff among all
ithe thermodynamlc factors and non-crystalhzable comonomer distnbutlon that determine
the crystalhte tluckness Expenments have shown that as the comonomer content is
1ncreased the copolymer melts at success1vely lower. temperatures and the crystallinity
decreases l v' o |
The model presented above was developed by Flory on the grounds that no B
' .umts would be 1ncorporated 1nto the crystal (exclus1on model) and that the crystallite
tluckness_ was deterrmned from,the,rmodynaimc considerations. Flory stated his theory is
Hker more applicable to low average weight molecular chains The exclusion of B units
and chain ends was an assumption in the theory117 We now know that in fact chain ends
and some commoner units can be and sometimes are included in crystallites®15120,

Structural and 'morvphological ev1dence has been found that suggests some

copolymers consist' of lamell_ae ‘with comonomer units in the crystals. The defects

_* incorporated into crystals result in crystal distortions which increase (or decrease) the
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intermole‘cnlar’ distance andl effect crystal enthalpy, thereby causing a decrease in the

rnelting' temperature. Eby: and Colson®" found the ' relationship between comonomer
' concentration (x), meltiné temperature,and lamiellae thickness ( £) to be:

(2.~20) ; | . | 11=_1;+(%)x(1+x)+}§—£ |

| where A ‘i is the necatlve of the ratlo of excess Gibbs free energy of meltmg for each
: defect to the enthalpy of meltmg of a umt ia perfect crystal. The quantity B is related to

: fold surface energy This is the first modJﬁcatlon to incorporate and predict the effects of
: defects 1ncorporated into crysta.ls | . -

. Colson and Eby**" used teudﬂuoroemylene'and hexafluoropropylene and found

‘that the variation of melting temperature with' lamellae thickness and commoner:

concentraﬁon is consistent‘ with the concept of inclusion of comonomer units in the
. lamella€ crystal as defects. . '

One of the most important aspects of ' crystallization, especially copolymer
crystallization, was a model nresented 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
unportant step forward in copolymer crystallization, in that this theory bullt in some of
the kinetic factors that figure so prominently in any type of defect/copolymer
crystallizntion. , . '
| In 1973, two elegant napers were put forth that proposed an explanation,
. thermodynanlicaﬂy and l']‘dneti’cally,- of_copolymer cr&stallization. Helfand and Lauritzen

presented a theory on the crystalliza'tionxof 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) 82 |
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 AG,. However, when

'a B unit enters the crystal (for whatever reason), the free energy of the system increases
.by an amount € that is typically much larger than AG,. The B unit not only changes the
.thermodynamrc propertles, but also the kinetic barriers to crystal growth and decay (or
removal of a deposited stem)._ The € is paid in several parts, €; is paid as soon as the B
unit lays down in the mche, g, is paid when the next stem passes beside the incorporated
B unit and €; is paid when the next stem lays down on top-of the B unit®. The
illnstration in Figure 2.28 sho;y’s"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 (g;, & and Qs) represents the large nucleation barrier to
initiation of a new growth sﬁip b‘y‘addition of the first stem onto the surface. The barrier
is largely due to the new lateral surface ‘e‘xPosed 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 deposition of the first stem is‘Wh'ere the free energy 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 addltron 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 1ncorporat10n of a defect. The
presence of defects in. the growth front w111 cause the growth rate to decrease, since the
probab1hty that a stem w1ll back off at a g1ven crysta]hzatron 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 crystalhzatron front.
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Figure 2.28 Defect incorporation into crysta
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Figure 2.29 Jump rate with and without defects present®.




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 crysfals 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, regardiess 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 AG,

by the following relatiénship:
AH
(2.21) AG, = [ ! j(T" ~T,)

T_"? m

where AH, ig the heat of fusion and T ’is the equilibrium melting temperature of the
pure crystal.
4. The copolymer lamellaé must bethicker than pure homopolymer lamellae, with the
extra thickness being necessary to compensate for the free energy increment associated
with the impurities inco;por'ated intolthg 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 eqﬁilibrium

melting temperature depression will also be higher than the actual observed Ty,. As the
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crystallization temperature decreases, the non-equﬂibnum inclusion of B increases due to
kinetic factors™%,

In review of the theories presented for random copolymers:
1. Both the 1nclus1on and exclus1on models predict depression of the crystalline melting

temperature For the exclus1on model Tm decreases from the preferential ordering of the

copolymer chains’ necessary for crystalhzation which increases the entropy of fusion and

~ produces a chemical potential difference. The inclusion model predicts a lowering of Ty,

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

structure. ’
" 2. The kinetically 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

copolymers are quenched. This is also the case with homopolymer crystallization.

. 24.3.1 iPP Copolymer Crystallization

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 same reasoning as for miPP resms '

Expenments have shown the presence‘.of comonomer significantly reduces linear
growth rates and overall crystai]ization kinetics. The comonomer also decreases melting
temperature, while reduciné ctystallinities. Tnmer-J ones*? showed the melting curves
for copolymers were very complicated and were regarded as indicative of fractionation

occurring due to major copolymer composition effec’ts. Part of the complexity was
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attributed to large amounts of ‘atactic material. ' Therefore, there are two éignificant

. findings in copelymer research: o

1. The presence of an atact;ic cc;mp'onenf th;t coﬁpﬁcatés understandiﬁg the effects of
copolymeﬁzation. | |

. 2. The distribution of cépqumgr units is not necessarily random, further complicating

the effec,ts‘éf copoiymefiééﬁoh. | | .

Mezghani and Phil]ips3i have shown that the equilibﬁum melting temperaturé of
propylene/ethyle’ﬁe copolymer drops'és the percent ethylene content increasés, as would
be expected. Mezghani fou‘nc_ilihatﬁgVO.Smol% copolymer had a Ty° of 180°C, while a
5.0mol% copolymer had a IT;,,° of 151°C. | |

2.5  Oriented Non-Isothermal Cx;ystallization _
The praétical ‘aspe‘cts of studying ;:rystallization begin when industrial processes
'are coﬁSidered; . Almdst all indusfr_iélly useful procéssing methods are non-isothermal in
‘nature 4and involve orflentaﬁoﬁ.‘o‘f"the; méit dunng processing. Injection Iﬁolding, film
blowing and, melt ﬁbef’ 'extrﬁsioln‘ afe -just 'some mefilods in which poljmers are
commercially processed. Méltjii_il;e% extrusion (fiber épinning) will be focused on in this
section. . FiBef_;pinniﬁg is iise'c»ij inr Carpét manufacture, -the garment industry, tire
manufacture and in many‘oﬂler'appﬁcaﬁons; The melt spun ﬁlameﬁts can’either be used
" - directly or fuﬁher prpces’s‘ed;”‘c}épeﬁ‘ding ‘on the application in which they will be used. »
} The ﬁbéié =cgﬁ be thermally bquéd ;oggthgi' to make a non-woven’ Ifabri(’: or drawn to
produce iﬁngr ﬁla_me;_ﬁts ' wiﬂ; fbetfte:r‘,',r‘ngchanigavl properties, to name just a few -
possibilities’. The first cémmercial use of ﬁlelt 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 solidified. 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 moltén filaments as-they are being drawn toward the collector.
The collector, in the form of ;1 bobbin or suction device pulls on the molten fibers; this
stress produces a finer filameﬁt than otherwiée would be produced in a gravity pulled

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 rh‘elt'spinning process will include:

1) The dynamics involved in melt Spinning.
2) Rheological constitutive equation(s).
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Figure 2.30 Schematic of the melt spinning process.
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3) Crystalﬁzation behavior in a molechlarly_ oriented system.

2.5.1.1 Force and Momehtum Bal@éé |
 An overail force balance on.a singie: filament in a’ spihline may be written as

follows'?, with a total force diagram shown in Figure 2.31:
(222) = F, +'Fi,,; + fdmg -F,, +‘F
where Frheo is the rheologlcal force in the fiber at a dlstance z from the spmneret F, is the
rheologrcal force at-the ex1t of the spmneret F,.er is the inertial force produced by the
acceleratron of the polymer mass through the spmlme Fi, is the drag force caused by the
fiber moving through the coohng. medlum, Fg., is the gravitational force acting on the
" spinline and Fsu;f is the surface 'tension force at the ﬁher/cooling medium interface. The

surface tension force is typically' neglecteri for ‘most polyrnericlmaterials since it is on1‘y

. s1gmﬁcant for low v1sc031ty matenals The substituent forces are defined as:

. PN

©023) - . F —W(V V) |
@24 . | F, =_[7zpa,'dz
N SRR 0 r
o ‘ : .z '”D: o
@2) | Eu=| pg(Tsz-
. ) |

where D is the fiber d1ameter and V the velocity at a glven distance z away from the
‘ spmneret The subscnpt 0.is at the ongm z=0 of the spinneret. of is the shear stress at
the ﬁber/aJr interface due to air drag, p is the filament density, g is acceleration due to

gravity and W is the mass-through-put per hole of the spinneret. A nraterral balance of

the mass-througthut~requires:




Spinpack

-

Figure 2.31 Spinline forces acting on a filament.
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D)
(2.26) W = pAV = pir(T]V

thatiorl 2.26- is called the Continuity equation. It is necessary and true in all steady state
spinning processes. | |

" In general, the’ Uansitlon frorn-low spinning speeds to high spinniné sp_eeds also'
changee from a rheology controlled ‘r)rocess.' to one controlled by inertia and aJr drag. The
| . relationship of the various forces ina spinline asa fnnction' of splnning speed is shown in
| Flgure 232 Simpleboundarylayer‘ theory yields air drag controlled shear stress (o) on

the:surface of the fiber moving with velocity V in a fluid of density (p,;) as:

(2.27). ‘ alF%c.—d

where V, 1s the relatlve axial velocrty of the ﬁlament in air and the coohng medlum Cqis
the dimensionless drag coefﬁc1ent dependent upon the geometry of the moving body and
coohng conditions. If there 1s no parallel air ﬂow to the fiber draw d1rectron, V=V. The

value of Cd has been correlated w1th the Reynolds number (Re) through

€

(2 28  C, =K(l€ )"; ‘

126 have found the empitical

where K and n are matenal dependent Sano and Oru
relauonshlp in equatron 2 28 to hold u'ue usmg values of K—O 68 and n=0.8.
Usmg the above assumptlons and sunphﬁcanons equation 2.22 can be rewritten,

after appropnate substltuuons as

(229) dF W@ lpa,,c V27‘:D—B .
, . "dz dz 2 V..

By deﬁmtlon the rheolog1cal force is related to the axial spmhne stress (G,,) by
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Figure 2.32 Spinline forces as a function of spinning speed'?.




E, ‘ ' 4"Eheo

(230 . Oy =T =

: assummg cylindrical fibers. S1nce the sprnhne stress is difficult to measure, a d1rectly
' measurable quant1ty FL, the tens1on m the spmhne at distance L : away from the spinneret
"can be measured usmg a tens1ometer Thus equatron 2. 22 can be rearranged, with

‘ appropnate s1mphﬁcat10n and subsututmn to y1e1d

(2'31) . h F;heo(z) F F:img ‘Enen+}?grav
" which expanded is: -
e3) - Fu@=F- I PG,V MDAz - WV~ V(@] + j pgrr(;}!z

: where the vanables are deﬁned as’ before l’rom this express1on the rheologlcal force can
’be calculated at any po1nt along the spmhne | |
2.5‘.\1’.2. i Consﬁtutlve Equatlon t‘or'Melt 'Sphmhé
The rheologlcal ~hehaYior of a polymer during melt splnning will govern the
: 'deformational nature and»sti'ucmre developrnent that occu_rs in the spinning process. At
low ‘s’pinnin‘g speeds, a Newtonian cohstltuti\}e equation clescribiné the melt hehavior can
. B vbe& used to predict the rheological response. In melt spinning, the shear viscosity 1s not of
* primary importance, elongational viscosity become:s the donﬁnatetform,that limits the
effectlire spinning speed of a-pol§‘{rn‘er3 under any ‘given set of conditions. The general .

Newtonian equation: ,

2.33) s+ .8, = 2né,




where p, is the isotropic pressure, p;is the stress tensor, é; is the, deformation rate tensor

" and 1 is the shear visc'osity.l Under steady state spinning, neglecting all forces but take-
' np tension (F),' equation 2."3'3 becomies:
pF

(2.34 Py gy
'( ) 3 W )

where il —3T]-elongat10na1 v1scos1ty and V' —dV/dx— the elongat10n rate. In normal

_spmmng the elonganonal v1scos1ty is a function of both temperature and deformation

- rate:'

C@ss) ‘h‘-‘(x>=n‘[T<x)V'<x>1=

Th1s relat10nsh1p is also true, by deﬁmtron, for the shear v1scos1ty (Also note that the
: dependence of elongatlonal v1scos1ty and ve1001ty gradlent is non-hnear) The effect of -
temperature on v1scos1ty is strong, with the viscosity of polymers very sensitive to
changes in temperature Hoxtvever 1t is true for a Newtonian ﬂuld that: |
- v " |

(2;36) o : t7= o-“d_z

. '1f the v1scos1ty 1s mdependent.of the shear rate (by defmmon) Some researchers have
- proposed work that 1ncorporates the viscous elongatronal behavror of a matenal whose

' v1scos1ty decreases with the stram,rate. Th1s formula is a generahzed power law equatlon

of the Cross and Carreau'?"'* type:

(2-3‘7,)':_ . TI(T ,.)_—_1+ an by

where 7, is the zero shear rate .vrscos‘1ty and a and b are constants. The viscosity follows -

an. Arrhenius temperature dependenc’e at higher temperatures and switches to the




Williams- Landell Ferry (WLF) equatlon at lower temperatures near the T, of the

polymer

2.5. 1 3 Thermodynamlc Energy Balance

Heat can be - removed from a spmmng fiber v1a convectlon, conductlon and
radiation. In polymer fiber spmm’ng, radiation is neghgible, since the temperature
'differential between the ﬁber and coolmg med1um is typ1cally not very large (relative to

what is found for example, 1n 1norgan1c glass ﬁber formatlon where extrusion

temperature may be greater, than 1000°C). The conduct1ve heat transfer along the ﬁber' ‘

axis is also negligible. Thus, convection is the main source for heat transfer away from a
filament. Asa consequence of 'ésﬁv‘écﬁdn?' the surface area fo volume ratio becomes very
important in ﬁber spinning-. lConvection cooling can cause' a .radial temperature
distribution within the vﬁlament',‘ which Can‘be found in thick f_ilarnents and ﬁlaments
cooled under high sp‘eedspinniri'g conditions. . o

Another important asmpect that must be considered When constructing an energy

| balance fora melt spun polymer is the effect a crystalhzable polymer (semi-crystalline) - -

has on the spmhne when the polymer undergoes crystalhzatron resulting ina heat of

fus1on (AI-L). If an assumption of no radial temperature vanation is made only a smgle

ﬁlament is considered, an energy balance of a crystalhzable polymer 1s“"9 ‘32
. (2.38) ar_ ﬁ_ﬂh(T_T) |
. dz C dz | wcC N
where T is the fiber temperature, T is the temperature of the coohng medium (heat sink),

Xis the percent crystallimty, h the beat transfer coefﬁcient and C, is the heat capa01ty of
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the molten polymer.- The lieat tran'sfer coefﬁcient is the difﬁcult term to ascertain It can -

eithcr be measured expenmentally, whlch is extremely time consurmng and difficult, or

calculated from an empincal correlauon developed by Kase and Matsuom'm:

b 1., 1
042k (pa" ] (1+64‘§c ]
y‘mr AR . ‘/r )

239) - k= -

- where k, is the 'thermal‘condu'ct’ivity of air, ua is the kinematic visco'sity of air and . is

the cross component of the"air‘velocit'y perpendicular to the filament spin direction.

,2;5.1.4 Molecular Orientation ‘ \.

One of the industrially iriiportant consequences of ﬁl)er spinning is the generation

of an oriented fila.ment asa fmal product ‘Since polymers are macromolecules and fiber

‘spmmng is typ1cally done with undiluted molten polymer there are many entanglements

of polymer chains w1th one another. Thése entanglements are what causes polymers to
deviate from Newtonian behayior, 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 common ‘and 'simplest way- t6 measure molecular orientation is by
measuring a material’s. birefringence. 'Bireﬁingence (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=n—n;




where n, is in the parallel directi'on and n the perpendicular direction. It has been
B 'observedm'136 that b1refnngence, at low stress levels, in an amorphous polymer is
. proportional to an apphed stress such that

@4l)  Mn=C,o,

oz
where C,, is the stress-optical coefficient. “From rubber elasticity theory the stress-optical
~ coefficient is defined as:

2 o2y _
242) c =27r(n +2) (e, — )
: P 45knT

- where‘ n is the refractive index of “the 'polymer, (o, — otz) is the difference in
polarizabilities between the principle directions and k is Boltzman’s constant.
Birefrmgence is typically measured usmg a microscope by determining the retardation of
the wave of hght passmg through the sample

Birefrmgence measurements are composed of both crystalhne and noncrystallme
portions, where each phase contributes to the total overall level of molecular orientation.
dften it is useful to know ,tl'ieiam’ount each rphase conuihutes to the overall amount of
ohser\(ed birefringence. L N

Research has established that semicrystalline,polymers are composed of more
than two types oi' molecularly oriented regions. Originale, a two phase model consisting
: of crystalline and amorp'hou"s‘- regions was used. Research has shown that even isotropic
semicrystalhne polymers have at leastla{ third domain, referred to as the rigid amorphous
phase. Tlns regio’n 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




(2.43) f. =1

(2.44) An= (1 X)f A° + X fA, +An

- entire distribution of states that rnn:between totally amorphous and totally crystalline

- phases. The methods used to interpret data aré most often average results, that fall

somewhere between the two morphological extremes.
The level of orientation can be expressed by orientation factors developed by -

137138 ot al. The average orientation of the crystallites, in a semicrystalline

Hermans
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 defined as:

3cos’ x—1
2

where X 1s the crystallographrc d1rect10n and cos’ x is the average cosine squared value

| of the angle (x) between the reference d1rect10n in the sample and the crystallographic

[

direction. Typ1cally, these measurements 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

' sermcrystalhne polymer can be related to birefringence by:

'form
where X is the crystalline fraction, f,. is the non-crystalline orientation function, £, is the

crystalline orientation flinétion,' A‘:w' is the non—crystalline intrinsic birefringence, A‘i the

~ crystalline intrinsic hirefringencel and An om 18 the form birefringence resulting from light

'~ interaction with the two phases.: In semicrystalline polymers, form birefringence is small

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 method bemg more accurate for some polymer systems The theoretical

results often are not the same as those found expenmentally, SO careful cons1derat10n and

| Justlficatlon must be used in uuhzmg tlus procedure One of the mterestmg findings from .

' this work, as po1nted out be ‘Stein'+? and .Vuks?“, is the intrinsic non-crystallme

‘ birefringence is higher than the crystalline. .This, is a result of the ordered lattice

o arrangement in ) the crystal of chams expenencmg not only the electromagnetic field of

the 1n01dent hght but also the polanzation ﬁeld of the surroundmg molecules The

1ntema1 field of the crystal 1s more an1sotrop1c in -the crystal phase resulting in a

d1fference 1n polanzab1ht1es between the crystallme and. non-crystalhne phases.
. _Expenmental results w1th some polymers (e.g. polypropylene) have shown that the

theoret1calpred1cuon is true. - .

2.5.2 Crystalhzatlon w1th Forced Molecular Orientatlon
Crystalhzatlon in the spmhne is very different than crystallizatlon found under
““non-lsothermal qu1escent conditlons ‘In melt spinning, there is ‘molecular orientation of
" the polymer chains in the melt at the t1me crystalhzation occurs. Ho_wever, many of the
| same 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 shownI“ '3 that crysta]hzation 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 spmmng process. This has led to the phrase

“stress mduced crystalhzation”, meaning the add1t10n of stress to the melt causes
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cr&stallization to occur, under su'ess ~'where it otherwise would not. The illustration in_

| F1gure 2.33 shows the transmon from an amorphous molten polymer to a more ordered
semi-crystalhne ﬁber ‘Overall molecular orientation increases as the melt is cooled due
to an“mcrease in v1scos1ty Figure 2. Zi4 shows the radial vanation of variable across a
" fiber dlameter in the spmlme The veloc1ty gradlent of molecules is umform across the
ﬁlameht radius. ’l‘he temperature proﬁle shows the ﬁber surface is shghtly cooler than
the interior of the ﬁber.‘. Understending the temperature profile explains the viscosity,
stress and molecular orientation results.‘ The coolest portion of the fiber will have the
highest viscosity, therefore more str_ess, producing more molecular orientation.

The basic ci"ystallizatioh theories \ivere reviewed earlier: The sections on
quiescent isothermal and nonisothermal crystallizatiori have developed the theories
presented below, only an extension of those theories will be presented.

Ziabicki was the first researcher to attempt to describe the effects of molecular
orientation on the melt spinning process. ‘Ziabickitl‘""ls2 proposed that the overall
crystallization rate constant, l(, was a function of not only the temperature, but of
molecular orientzltion and wrote:

(2.45) K(@T,f)=K(T,00+a,f +a,f> +ayf> +...

The series expansion can be simplified hy synuneﬁy and under normal orientation levels:

KT, Y| _ 2
(2.46) m[—K(T’OJ =A(T)f

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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Figure 2.33 Molecular orientation during solidification'?,
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Figure 2.34 Radial variations in filament properties during spinning'®’.
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' '(2.47) B K(T)=Kma;é["' 2

where K., 1s the maximurn"crystaﬂization rate constant at temperature T...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 oﬁentation on the crystallization rate can be obtained.

‘The problem with this theory 5ls':‘that it does not separate and address nucleation -.and

grovhth ratt:s, as separate stebs,‘:t:hat may operate independent of one anotherr

Uﬁﬁnlng ‘the Hoftrnan theory ‘of molecular nucleation and growth, as well as

- rubber elasticity theory, ~Katayama and- Yoon'* introduced. a kinetic equation that |
1nc1uded the effects of onentahon on. crystalhzatlon The authors stated the change in

"

crysta111zat10n rates was a: result of the thermodynamm effect of deformatlon on a

207

molecular network Do1 and Edwa.rds ,» while not specifically addressing the 1ssue,

came to'a s1m1lar conclus1on. k The authors state that a change of ‘ free energy in the melt
due to deformatlon and orientation (AF,,,) is the difference in the free energy of the
crystal and amorphous melt for an isotropic system (AF,,) and with crystallization from
‘an ordered melt (Ali,,) is: - - . |

048 A, =AF, —AI«;

' j‘A’ssuming AH, =AH, , equation 2.48 can be rewritten as:.

(2.49) - AF, = —T(AS —~AS, )— T

by. deﬁmnon' Where ASdef 1s the entropy difference between the isotropic and oriented

amorphous -melt. From rubber elastlc1ty theory, AS,; is related to molecular extension

ratio (A) and birefringence by:
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(2.50)° AAsdef;kl(lz.Jr%_S) .
and ‘

‘ ' 21
(2.51) : An—kz(l ,’L)

For small extensions (A =1),

@52) = AS =k(Mn)

Where k; are material constants. An orientation function can be defined as:
An

A (?.53) | f= ~

where A’ is the total intrinsic birefringence of the material. Therefore, from orientation

¢ we may write:

arguements
254) © . AE, =AF +CF> "
These results can ihen'be d1rectly inserted into Hoffman’s nucleation and growth rate

equations by substituting AFf,,' for AF,, to yield:

[

(2.55) &(T, £ - Noe[k(;g;_)]e[rAr:gz fzJ

for the heterogeneous nucleation rate in the presence of orientation and

o e
(2.56) - .G(T, f)=G,e RT-T.) o TAT+CT?f2
for the growth rate in the presence of orientation.
From this work, Kat‘ayan#a and Yoon, as well as Patel and Spruiell assumed that

the overall crystallization kinetics rate constant has the same form.

. 257 K(T,f)= Ko e[k(;t-]f.,)] e[TAT;?I‘z fz]

20



where K, and C; can be obtained from quiescent crystallization data. The value of C can

only be obtained from ba‘ck' calculation from 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 polymcﬁc fibers was Ziabicki and Kedzierska'*®'**, 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 quﬁntitative 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 (T,)
2) Mass-throughput (Q)
3) Take-up velocity or spinning speed
4) Cooling rate of the filaments (C,) -
5) Spinneret orifice shape, si’ze and relative location to one another
6) Length of the spinline (L,) |
' These process variables are not independent of one another and their interdependency is
important to undg:rstand. |

The major materials variables are:
1) Those that effect the rheology of the melt

a) molf;cular weight

b) molecular weight distribution
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c) chain stiffness
d) other additives and fﬂérs ‘
| 2) 'Those that effect the crystallization ]dneﬁcs
~'-'a) chain stereqfegularity-
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'them are made with all other conditions held constant.

2.5.3.1.1 Take-up Velocity

>The take-up velocity is generally the most impoﬁmt process variable. The speed
at which the molten resin is. drawp db‘Wp significantly affects the resulting crystallinity, as
measured by ‘cll‘e'nsity,:;nd: overall. ﬁi&ieéﬁlaér’"qrientation, as measured by birefringence.
At a constarit-m‘ass tl}roug’hpl'lt.',f the; ﬁ:ii'a'l, filament diameter decreases with inéreasing
take-up velocity and the éooling rate alo;lg ‘the running 'spi_n_line is increasing. Aé the
spinning speed increases, the. spinling stress increases and both crystailjnity 'apd
molecular orieri‘tation ’inc;eas'e in ép'itel of: Atl_le increase in cooling rate whiéh should
suppress the develoément of crysta]iinity: This is stt"t)ng evidencé ~tha»t the stress and
. molecular orientation iéad to suess;enhanéed crystallization. On-line measurements of

. temperature, biljefringén‘ce and x-ray diffraction patterns show that crystallization begins




at higher temperatures ilny«‘the spin]ihe. than under quiescent cqnditions with similar
cooling rate™*'*. This is furﬁler evidenée of stress-enhanced cryétallization.

The crystal structure of melt spun iPP is most often the o-monoclinic form™.
| waever,. if the fiber is quéﬁéhed rapidly or the stress in the spiﬁline is low, a

conformationally ’disordered (condis) or smectic structure is formed. The smectic

structure is not thermally stable and transforms to, the monoclinic form when annealed-

above 70°C.

'2.’.5.3.1.2‘ Exfmsion Témperat(nre’ -

As the extrusion fempefatﬁre is increased, the elongational viscosity in the upper
. part of the spinline decreases, ti1eféby lowering the stress in the spinline and reducing the
-molecular orient_ation anci ci'ystallinity developed ata gi\}e‘nA spinning speed. However, a;s
the spinline s&eSs is incréaséd. (by ipcréasing the spiﬁnjng speed) the ciensity and
birefringence tend to bec':o'me‘:‘ind.epéhidentudf the extrusioﬂ tgmp'erature, indicating that
the increased stress due tc;~ iﬁcf’eased spinning speed eventually overrides the decreased
' stress dﬁe to. highgr éxgqsiqnﬁté;ﬁpgrature. |
2.5.3.1.3 Mass ThroughPut -

fncreasi#g rﬁass througﬂ-put per spinneret hole, while keeping take;up speed
éonstant, produces larger ﬁlament diaineﬁ:r (céntinﬁity c-onditiqn) and lowers the sﬁess in
thé Spinline.,‘ ‘This in turn 'le‘a'd‘s' té) léw'er‘ ﬁlémentx‘bifefringence. Increasing mass
throughput also reducgs ti1e c(l)bllivng. rate in the spinline due to the gr‘éater amount of

. material that mﬁst be _cooled. One might expect that ~th¢ slower cooling rate would
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increase,crystallinity atnd fd(ensityt due to ‘more available time for crystallization.
HoWever, the lower'sues_é deereaseh molecular orientation an‘d causes less stresd-
enhancement of the overall ‘f;t)létaﬂization'rate. The f'm\al crystallinity results from a
| .balance between pthese ltwo ‘faé;bfs 'vl/hi'ch'ralso depends on the nature of the cooling

process and the characteristics of the specific resin.

2.53.14 Cooling Conditions -

As with the take-uptyelo‘ei,ty;, the cooling conditions have a significant influence

on the: :crystalllzation. behavior ‘du'ri'ng-]the 'spinning process. As the cooling air-

temperaturewde‘ere;clseé or volume ofa1rblown across the filament increases, the cooling
rate of the spinning filame‘nts: inereases, This moves the solidification point in the
ﬁlament closer to the spfnneret.i'll;s the freezing point moves closer to the spinneret, the
-deformation rate inoreases slince'the filament must reach its final diameter closer to the
spinneret; this produces.an lncrease in the spinline stress. 'l‘his increase in stress closer to
N the spinneret results ln an increaee in molecular orientation which is more readily frozen-
1n due to the higher coohng rate 'l‘here 1s.aga1n a balance between the retardation of
crystalhmty development due to faster coohng and the enhancement of crystallinity

development due to mcreased stress

253.1.5 Length of Spmlme S
The length of the spmhne is 1mportant for two reasons. First, the sp1nhne must
be long enough to allow the polymer to freeze before bemg contacted by gu1des or godet

»rolls. Because of th1s, the spmhne length is controlled by the efﬁc1ency of sp1nhne
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: cooling; longer spinlines are regnired for slovller cooling. 'However, longer spinlines also
increase the graﬁmﬁonal eontrihﬁtlon to F,,, which increases the soinline stress. In most
cases, especially for ﬁne ﬁlarnents, spinline length will have relatively little effect on the

‘l strncture and properties of the :snun_ﬁlarnents due to the low ‘value of F,,,, relative to

other contributions to F,,,,, . -

2.5.3.1.6 Filament Shap'e

The filamen‘t shape and die orifice design affect the heat transfer rate between the
ﬁlament and surroundmgs The larger the surface area for a given volume of material,
' h the faster the polymer w1ll transfer heat away and crystalhze Th1s case is similar to the

~

effect of 1ncreasmg the coolmg rate by other means described above.

2.5.3.2 Material Variables -
.The material variable‘sA effects are considered from the point of view that changes

- in them dre made with all other conditions held constant.

25321 Molecular Weight -

| Both molecular we1ght and its distribution (MWD) strongly affect the

spmnablhty of 1PP Generally, sp1nnab1hty, as measured by the maximum take-up speed

'~ at which spinning can be carnecl out in the absence of 1nstab1ht1es, increases as
’ Inolecnlar ‘v‘vei‘ght distribution is narrowed. There tencls to be a maximum in the
'spinn:abilit)l w1th 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 1nstab1ht1es 1nc1ud1ng melt fracture and spmhne breaking arise due to the

', i,

high stresses in the spmneret cap1llar1es and in the spinline.

Within the range of molecularv welght and MWD where spinnability is relatively

good, these characteristics also affect the resulting‘ crystallinity and molecular orientation

in as spun filaments.  This can be understood on the basis that increasing M, 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 temperaturesl“.. There'is also an effect of MWD; broader distribution resins with

the same MFR develop highe'r' crystallinity at equivalent spinning speeds. This appearsto .

be caused by broader MWD resins‘ being more susceptible to stress-enhanced
crystalﬁzation as a result of the high molecular weight tails in the distribution providing a
source of “row nuclei” which seed the stress-induced crystallization's’

The higher molecular_orientation in the melt state produced by higher molecular

vreight lrsually results in higher birefririgence in the spun filaments. Lower orientation in

the broader distriblrtioh‘samples has been attributed to a bimodal orientation that occurs
" preferentially in broader distribution -resins™. This bimodal orientation has one
component in which the 'p‘olyme‘r}ch‘ains 'are parailel'to the fiber axis and a second
‘ \comp‘onent irr which the eharns are apprortimately, perpendicular to the fiber axis. This
latter component lowers‘ the,overaﬂ molecular orientation with respect to the fiber axis
and hence. the ﬁber birefrdngence. Another poss1b1e contrrbutron to the d1fference
between the broad and narrow d1stnbut10n samples isa deference in the non-crystalhne

onentatlon developed bya grven spmmng condition.



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 thé spinneret and at lower crystallization

158

temperature™. The resulting as-spun filaments have lower density, but their overall

molecular orientation and birefringence are mostly unaffected.

2.5.3.2.3 Prbpylene/Ethylene Copolyxhers

The addition of ethylene units to form a random copolymer (RCP) lowers the
crystallinity that can be developed by virtue of the lower stereoregularity of the chain.
This is analogous to the effect of stefeo defects when decreasing the isotacticity of the

chain.

2.5.3.2.4 Nucleating Agent-‘.A_('id'litions

The addition of nucle’aiing agelilts’ raises the crystallization temperature and the
resulting crystallinity substanﬁaﬂy for quiescently crystallized iPPs. These effects also
occur duriné melt spiﬁning éf iPP fibers, but théy are more pronounced uﬁder conditions
of low spinline stress (i.e. low épinning speeds) '**. At high spinning speeds and/or other
| conditions thai produce high stresses in the spinline, the differences due to nucieating v
agents are émaﬂer, but not eliminated, arising from the influence of stress in raising the
rate of c'ryst.alg]ization‘.' Nucleaﬁng' agenté tend to lower the~molecu1ar orientation in the
filaments. Th1s is a result of crystallization 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 Tensﬂe Propertres of Melt Spun 1PP Fllaments
As noted above, i 1ncreasmg the stress in the spinline tends to increase the overall
.r'nolecular onentatton of ﬁlaments in the spinning process. Recall that overall molecular
‘ xorientation is comnosed of both crystalline and amorphous orientation. Research has
shown that the amorphous reg1on most st:rongly contnbutes to the tensile strength of iPP
ﬁbers This anses from. the fact that t1e molecules connect the various crystalhne regions,
.thereby allowmg the transfer of stress and the load from one crystallite to another The
crystalhne regions are 1mportant in prov1d1ng a medlum in which to anchor the various
molecules that make up and run throughout the fiber, but the crystallinity alone is a poor
indicator of mechamcal propertles Under normal sp1nn1ng conditions, a strong
' correlatlon of tensile strength w1th b1refr1ngence is observed The elongation-to- break‘,
obeys a somewhat similar, but inverse dependence on the molecular orientation in the
st)un filament; it det:reases from several hundred percent (~1000%) at low birefringence
values t less than 200% at a birefringence of about 0.025. |
Although the"‘initialjelas:ti‘c'_m'odulus (Young’s modulus) increases as molecu_lar
: orientation'increases, it is also a function of crystallinity. Since the higher crystalline
‘ modulus contr'ibutes rou'ghly according to the rule of mixtures, the overall modulus of the
filament increases as the cr’y‘stallinit'y 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,‘ bothr‘ the level of molecular orientation and degree of crystallinity
must be considered. For th1s reason the modulus of ethylene copolymer melt spun

ﬁlaments is substantlally lower than for the homopolymers when prepared under similar
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‘ spmmng condltlons, even though thelr tens1le strengths are equal or shghtly higher. On
. the other hand nucleatmg agent add1t10ns may lead to lower modulus because of lower

L Vmolecular onentatlon m splte of a hlgher degree of crystalhmty

2 6 Thermal Spunbondmg Lo .
. Fermmne-hyglene d1sposable-d1aper and med1cal-products businesses combine for’ about
- $6 bllhon in retall and 1nst1tutlonal sales of non-woven fabrics. One component of the
non-woven- fabnc market is thermal spunbondmg Thermal spunbonding offers high
_ productmn rates because bondmg 1s accomphshed at high productivity w1th heated
calender rolls or ovens ina conunuous process ’

. Thermal bondlng requn'es a thermoplastlc component which is typlcally a fiber,
powder. or ﬁlm that are bonded together There are several options avmlable in thermal
bondmg area bond calendenng, pomt bond- calendenng, through-air bonding, ultrasonic
bondmg and radlant bond1ng The most w1dely used method for thermal bonding is pomt
bondmg, which w1ll be used in th1s work

2. 6 1 Pomt Bondmg Process ‘
A typlcal thermal pomt spunbondmg hne will be arranged similar to the set-up
| 1llustrated in F1gure 2.35.. The process consists of polymer fed into an extruder, where
“the .polymer. (either pellets or granules) is melted and pumped via a pos1t1ve displacement
| pump to the melt spin paclr. ‘-'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 coohng env1ronment consists of quenchmg air that is blown across the
ﬁlament or more s1mply, amb1ent condmons However, often elaborate chambers can
be constructed so the coohng env1ronment can be strictly controlied, dependmg 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 ﬁpbn 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 olne, smooth roll.

- When the web enters the‘hot calender' nip, the fiber temperature is raised to the -

" point at which tack1ness and meltmg cause ﬁber segments caught between the tips of the
' engraved points and the smooth foll to adhere together159 "% The thermal point bonding
| process is 111ustrated in F1gure 2.36. The unbonded fabnc is melt pressed together under

~ pressure between an upper and lower calender roll and partrally melted to bond the fibers

together Filament fus1on is desuable on the web surfaces for abrasion res1stance but for

maximum tensile properties and toughness, the bonds i in the interior of the web need to

“be just weaker than the filaments. The general ideéa is when strain is applied to the web,

some 'ﬁlaments release from each other at the bond site, permitting more homogenous

- lload-ﬂsharing, 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 spun_bbnding process, the main factors that affect the optimization

of thebonding process,can be broken down into three categories: process related factors,

fiber relatéd factors and polymer!‘related factors.

2 6 1. 1 Process Related Factors

Process related factors mclude onentatron of fibers in the web, bondmg

temperature bondmg pressure contact t1me, quench rate and calender pattern. The two

* major process factors mﬂuencmg .thermal pomt bondmg most are the roll temperature and

- mp-hne pressure. Res1dence 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 propertles163

2.6.1.1.1 Bond Temperature

The bonding temperature'refers to the temperature of the heated calender rolls. A
temperature profile is estah]rshed"through the web, which is produced hy heat transfer
from the rolls to the web and épvemed by the thermal characteristics of the compressed
web. o |
Studies have shown that for a giveh hip-line .pressure and lineﬂspeed, the breaking :
) strength reachesa maxim‘um‘ at a éyriticaly'b;onding temperature Below the critical
bondmg temperature fabric fallure is attributed to poor fiber adhesion at the thermal
~ bond pomt The decrease in breakmg strength above the critical temperature level is
attributed to the loss of fiber 1ntegr1ty and the formation of film-like spots at high

temperatures in the fabric”“‘f67

. In ‘addition, fabric damage due to adhesion to the
‘calender rolls-can oceur.

The general ﬁndlng is’ that each set of ﬁbers has a set of critical bonding

- ﬂtemperatures above and below wh1ch the fabric properties decrease The critical

bondmg temperature hes near the melting point of the formed fibers.

2.6.1. 1 2 Bondmg pressure

Stud1es have shown the effect of bond pressure is less significant than that of line
speed or bonding temperature. The bonding' temperature at which the maximum fabric
strength occurs is unaffected by bond pressure. Hewever, the ultimate maximum strength
of the fabric is ihﬂueneed by the bond pressure. The influence depends on the melting
behavior of the ﬁhers. If the position of the bonding maxima occurs in the softening

- 'regien of the fibers, a higher pressure will increase fabric strength. If the maxima occurs
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in the early meltmg Zone, a low calendermg pressure is desirable so that the bond.mg zone
is not drsturbed““'167 : |

The bond pressure is also important since it influences the heat transfer from the

) calender to the web. “ The main mechanrsm of heat transfer "into the fabric is

conduction'®¥’.” The line speed being so rapid that 1ittle convection heating occurs. The

: apphcatlon of pressure squeezes the air out of the web, 1ncreas1ng fiber-to-fiber contacts

and enhances the heat transfer throughout the matenal The apphcatton of pressure also

forces the fibers together and deforms them to form the point bond.

2. 6 1.1.3 Line Speed or Contact Tlme
Contact time is pnmanly 1nﬂuenced by the line speed and roll diameters. Contact
- time in the bonding zone is on the order of milliseconds . Studies have shown that as line
speed increaseS' S
1. The calender temperature requrred for maximum strength increases to compensate
for the reduced contact trme |
‘ 2 The mﬂuence of calendermg pressure is greater at faster line speeds.
3 The maximum achievable strength increases.
- The important ~parameter' 'when ‘considering the effects of ' bond temperature, bond
pressure and contact time is the temperature of the fibers in the bond zone (nip) "¢,
The combination of these factorsall mﬂuence 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 cntrcal quench rate for achrevrng maximum bond strength results from two
competing processes. Increasmg the quench rate 1mt1a11y reduces crystal sizes and flaws

between the crystals, leading to stronger bonds. As the quench rate further increases, the
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stress concentratlons are not able to relax after the bondmg process decreasmg the fabric
'strength Therefore there exrsts an optlmum quench rate for achieving a maximum
- fabric strength'®%17°, L ‘

2.6.1.2 Fiber Structure Factors.

j Fiber, splnmng in thermal spunbondmg is the same as descnbed in the oriented

non-1sothermal crystal]rzatron sectron ‘

.. 2 6 1.3 Polymer Related Factors
‘ F1ber spmmng in thermal spunbondrng is the same as described in the oriented non-

1sothermal crystalhzatlon sectron

262 Thermal Spunhonding'of iPP

There are several advantages to usmg iPP for thermal spunbonding applications.
‘One of the most 1mportant factors is cost, PP monomer is much cheaper than other
non-woven grade polymers such poly-ethyleneterephthalate (PET). Other advantages

. of using 1PP are:

. surface smoothness °

- .

2. . resistance to microorganisms ‘
. 3. chemical resistance _
4. hydrophobicity

. 5. low density, meaning the fabrics are light

6. low melting point, operating costs are lower




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 crystalline 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

171-172

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 bondability of any given fabric.

Warner'® 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 properﬁes

generally decrease. It has been argued that this is a result of higher crystallinity produced
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by the wider molecular weight ‘dis,tributic‘m resin over a narrow distribution polymer of

similar molecular weight with all other factors remaining constant'™”,

2.6.2.3 Molecular Orlentatlon

The effects of molecular orientation of the fibers on fabric properties have been
studied extensively. Most all stud1es have shown there is an inverse relationship between
fiber molecular onentat10n and fabnc mechamcal properties.

. The studies on mole_cular orientation effects have indlcate_d that having lower
molecular orientation on the Vsurface may help the bonding process. Lower molecular
orientation increases the cocrystallizationv (inter ﬁber bonding) of fibers, as cited by one
author. E}n:penmental171 17, studres have shown that degrading the outer skin of a fiber
during the spmmng process increases fabnc strength Degradatron of the skin achieves
two results lowers the molecular we1ght 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.

2.63 Studies are Needed
| It is clear that r‘n'ore‘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.
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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 metallocene catalyzed iPP resins.
Aﬂ 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 M10,
M22, M32, M45, M70 and M100. 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 Samﬁle lfrepa;'ation

The samples in this Wofk were prepared in different ways, depending on each
sample’s use. Samples were iﬁfepared 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 Mettler hot stage as
40mm x 20mm x 1mm films. These samples were prepared in a hollow Al mold that fits
the hot stage sample chamber and has glass slides on either side. The samples wefe

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 1sotherma11y, crystalhzed at the desired temperature. X-ray diffraction

patterns of the as-produced ﬁlms were then made for crystal structure and crystallinity

* determination.

The h1gh coo]mg rate samples were produced in a s1m11ar manor, except the films
were cooled at h1gh coohng rates in the HCR-LDM apparatus The HCR-LDM samples
also had a vanety of sample thrcknesses, dependmg on the cooling rate and thermocouple
thlckness -X-ray patterns of- the as-produced ﬁ]ms were then made for crystal structure and
crystalhmty determination. - . | ‘ ’

- X-ray patterns of ﬁbers were also obtalned The fiber pattems were obtained on as-
spun ﬁbers alrgned para]lel to one. another for crystalline orientation measurements and

crystal structure deterrmnatlon using a w1de 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
nominally 0.2mm film. The DSC ‘samples were then punchetl from the stock film using a
hole punch, with a sample typ1ca11y weighing 7-9mg. »

The heat of fus1on(AHf) used in crystallinity calculatlons was 167J/g for the o-

monoclinic crystal structure and 150)/g for the y—,orthorhombic for 100% crystalline

~ samples. The DSC samples were typically scanned from —20°C to 230°C at 20°C/min,

unless stated otherwise.




3.1. 3 Optical Mlcroscopy '
The opucal m10roscopy 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 mtrogen atmosphere to minimize thermal
oxidation degradatlon The samples were held in the melt at 230°C for 10 minutes to erase
the samples. thermal h1story Wh1le meltmg the sample, the thrckness was decreased to
approxrmately 0.1mm. 'Ihe-sample was then rapidly transferred to a calibrated hot stage
and isothermally crystallized at the desired temperature. The process of crystallization was
recorded usirrg a video camera and VCR. The tapes were then played back to allow .the

. spherulitic diameter to be measured as a function of time.

3.1.3.2 High Cooling Rate Light Depolarizing Microscopy (HCR-LDM)
The samples were made as ﬁlms between 0.05mm and 0.15rnm thick, using the
stock DSC film. A thermocouple was embedded in the sample during preparation so the
temperature profile of the sample could be récorded. Two types of thenrlocouples were
used; a 0.0762mm and 0.0254mrn, 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 thennocollple is embedded in the 'sample which is sandwiched ‘between- two élass

slides. Further details of the technique are ‘described later in section 3.5.2.

3.1.4 Melt Spun Frbers
Fiber samples were produced using a Fourne 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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Top View
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Front View (with scale enlargement)

Figure 3.1 Sample thermocouple arrangement for HCR-LDM system.
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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

bressure to the venturi. Four to six air pressures were used to collect fiber samples with

each polymer.

3.1.5 Thermal'Spunbond Fabriés
All 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 ( lm‘wide) thermal point bonding research line. The die

used in fiber production hac‘l; 4036 holes. of 0.60mm with an L/D ratio of 2. Mass-
throughput capabi]ities rangved) fr'ofn AO'.:157O.4g/min-hole with the maximum line speed of
The “thermal spunbond fabrics Wéré produced under a. number of different

conditions. The extrusion temperature was varied between 210-250°C for samples to be

- made. Other factors adjusted during sample preparation were bond pressure, bond

temperature, primary ’ajr speed (PAS), cooling air speed (CAS), belt speed and mass-
through-put.

3.2 Material Characterization Techniques
'The materials in this investigation were characterized using cNMR, FTIR, GPC and
xylene solubles to ascertain the average molecular properties of the materials. 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




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

3221 Theory

One of the most povyerfnl techniques used in polymer chziracteﬁzetion, is carbon-13
nncleer magnetic Tesonance - (cNMR). cNMR allows the measurement of polymer
stereochernical configuration. “ |

Like electrons, the nucle1 of certam atoms are considered to spin. The spmmng of

charged partlcles generates a magnetic moment along the axis of the spin, so that each

nucle1 acts as a magnet If a proton is placed in a magnetic field, according to quantum -

mechamcs the proton wﬂl ahgn 1ts ﬁeld either with or against the external magnetic field.
Allgnment with the ﬁeld is more stable energy must be absorbed by the proton to “flip” it
to the less stable ahgnment agamst the field™.

. The energy to flip the proton ‘depends on the external field strength the stronger the
field, the greater the tendency of the proton to remain lined up with it and the higher is the
frequency of the rad1at10n needed to mduce the proton to flip. The frequency at which the

~proton absorbs energy depends on the magneuc field the proton feels, this effectlve field
| . strength is not the same as the apphed ﬁeld strength. The effective field strength depends
on'the environment of that proton, the electron density at.the proton and presence of other
protons Each set of eqmvalent protons w111 have a slightly different environment from
'every other set of protons and w111 requ1re a slightly dJ.fferent applied- ﬁeld strength to
produce the same effectlve ﬁeld strength. ‘At a given radio frequency, all protons absorb at

the same effectlve field strength but they absorb at d1fferent applied field- strengths cNMR

A mformauon can be broken mto four primary groups'




1. the number of s1gnals tells how many drfferent kinds of protons are present
2. the pos1t10n of the signals tells the electromc environment: of the proton
3. the intensity of the signal tells how many protons of each type are present -
.. 4 splitting of a s1gnal mto several peaks wh1ch tells about the environment of a proton
with respect to each other and nearby protons
From a practlcal NMR standpomt a tactrc polymer can be considered a copolymer,
with dyad conﬁguratrons of sumlar conﬁguranon called meso and unhke dyads are called
racemic. The magmtude of the chermcal shrft between d15t1ngu1shable structures is
o dependent upon the screenmg of the nucle1 by the electron cloud.
One of the powerful aspects of cNMR 1s that the range of chemical shift of carbon-
13 (c-13) nuclei is about 30 times that of standard proton NMR Therefore, very small
d1fferences in chem1cal and stenc environment are v1s1ble using cNMR175 P,
The illustration i in F1gure 3 2 shows the cNMR spectra of 1PP aPP and sPP. Each |
. carbon substrtuent in PP, CH, CH, and CH has a characteristic peak. 1PP and sPP have
well defined peaks that are nomdentlcal w1th respect to one another, while aPP has peaks
that are intermediate between 1PP and sPP Figure 3.3 shows the full cNMR spectra of a
h1ghly isotactic iPP. The reglon of mterest in stereochermcal analys1s is the methyl region
in 1PP between 20 25ppm from tetramethylsrlane (TMS) As shown in Figure 3. 3, there
are three triads, 1 the peaks of mterest are mm, mr and Ir. As. the isotacticity ‘decreases, the
mr and 1t peaks increase, as shown in Flgure 3.4. The 1llustrat10n in Frgure 3.5 shows that
each t.nad is cornposed of many pentad peaks with each pentad correspondmg to a specrﬁc

stereochemical sequence, as indicated in the ﬁgure175 1,

',"3 2.2.2 Experlmental Procedure o
The carbon-13 data was obtamed at 100Mhz at 125°C ona Vanan VXR 400 NMR
‘,_spectrorneter. A90° pulse, acqmsmon time of 3.0s and a pulse delay time' of 20s were

. ,,‘l!
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. used. A typlcal number of u'ans1entsvco]1ected was 2500. The samples were dissolved in
teu'achloroethane d2 at concentratlons between 10 and 15% by weight. Spectral
frequencies were recorded with respect to 21.81ppm for mmmm, which was determined

. with r'especut,‘td,intemal reference- 'IMS andi is close to the reported literature value of

21.855ppm®.

3.2.3 Fourier Transform Infrared Analysis

Infrared analys1s isan 1mportant tool used in physical characterization of polymers.
IR absorption bands are known for iPP and allow determination of configuration and
conformation for a parucular'sa.mple.A IR bands can be strongly affected by physical factors
of the polymer, such as crystal structure, crysta]h'nity.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 The01;y

Infrared spectroscopy has proven to be a valuable tool in the analysis of polymer
structure (molecular identification,” determination ef chemical functionality, chain and
‘sequence length, quantitative analysis, stereochemical configuration and chain
conformation). Infrared spectroscopy is based on the principle that the total energy of a
molecule consists pf contributions from the vibrational, rotational, electronic and
electromagnetic spin energies (van der Waals forces, the nature of the bonds, masses of the
bonded atoms, ete.). |

" The infrared region of the electromagnetic spectrum-covers the range from 13,300

cm-l td about 10 cm-1, with the range used depending on the type of IR being used (near,

mid 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 electromagneﬁc‘radiation into sp‘eciﬁc molecular motions. " Molecular -
bonds are constantly stretching, 'bending’, contracting and expanding ‘When a molecule is
‘exposed to-electromagnetic rad1at10n the v1brat1ng bond will absorb energy from the hght if
the frequenc1es of the hght and the V1brat10n are the same Since each light frequency
absorbed by the molecule corresponds to a spec1ﬁc ‘bond v1brat10n, one can see what kmd
of molecular v1brat10ns a sample has by measunng its mfrared spectrum. Interpreting the
‘mfrared spectrum allows the kmd of bonds or functional groups present to be detenmned |
Thus a specific molecular bond can be ass1gned to a specific electromagnehc rad1a1:10n

frequency‘so 182

"3 2.3.2 Experlmental Procedure ‘

Some of the films used in the 1sothermal crystallization study were used for
charactenzatlon by FI'IR The ﬁlms were aged at room temperature for a m1n1mum of 30
days before testmg To the extent poss1b1e the crystalhmty and sample thicknesses was

" kept constant from sample to sample The bands investigated were 809, 841, 941 and
9‘73cm'1 The first three are crystalh'ne bands that characterize the tactlc1ty and the last is an
Aamorphous band that contnbutes to ‘all known groupings, as such it is treated as a-

: normahzauon band for relauve compansons between samples.

3.3 X Ray Analysxs

Two x-ray. techmques were used to characterize the various samples in this work
-~ WAXD was used to charactenze the crystal morphology, calculate the crystallinity and
determme the crystallme onentat10n function. SAXS was used to deternnne the long penod

and esumate the mterfac1a1 tluckness of the samples
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331 WAXD

3.3.1.1 Theory: .
| WAXD is based on the Bragg equatron for detemnmng the crystal properties of any
crystallme or sem1-crystalhne matenal The Bragg equatlon 1s

B.la) - nA=2d,sing
where 1 is an integer and i‘ndicates»the order of the reﬂection, A is the wavelength of .the

' scatte‘ring radiation; A i‘s_'the spacing.bet\ween (hkl) planes and 0 is the Bragg scattering
: angle i

WAXD is used on polymers to determme the crystal morphlogy and crystallinity.
Utlhzmg WAXD is the only method for dJrectly measuring the crysta]lme component of a
‘ matenal However, WAXD is not an absolute measurement technique since the Jocation of
* the background and amorphous contnbutlon of the combmed pattern lead to uncertamty
The . uncertamty arises from two prmc1ple sources, crystalline peak overlap ‘and thermal
| mottons of atoms that are in quas1-crystallographrc reg1stry i.. atoms that are v1brat1ng and
moving about due to thermal mouons Techmques exist for correcung these problems but
. utlhzmg these methods does httle to 1mprove on the expenmental accuracy of the technique,
| wh10h is 2-5% (or more ), dependmg on the techmque and researcher184~lg7 | o

Shown in Flgure 3 6 is: the d1ffract10n pattem of a serm-crysta]lme iPP sample The
techmque for deterrmnmg the crystallmrty 1nvolves separatmg the background amorphous
and crystallme components -of thlS pattern, as illustrated. After subn'actmg out the

background, the amorphous contnbutlon is estimated by the shaded curve. The percent

crystallinity is then calculated from the relative area of the two domains.
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33.1.2 Experimental Procedure '

Wide angle x-rdy difh'aetioh’stlidies‘b were carried out using a Rigaku Denki

diffractometer (A=0.1542nm) calibrated with a silicon powder standard. The WAXD

crysta;llinity measurements werélmade' by ‘subtracting the background and curve fitting the

amorphous contribution to the peak crystalline intensities and using relative integrated areas

~ for calculation. - The. crystallinity calcuiations were made using software on a recently
’ upgraded computer system utlhzmg a software package called JADE 3.0. The technique

- used was proposed by Hermans and Werdmgerls““ss

The samples were scanned from ~29 values of 5-35°, as the peaks of primary

. interest fall in ‘that range. ] The relative crysta]]ihity was calculated by using the volume

fraction of crystalline and amorphousv's.materiai estimated from the area of each phase

according to:

o A
(3.2) Xc ] S N “crystal
i tél Acry.stal + KA

amorphous

'rvhere K is typically set to unity for bomparaﬁve purposes. For an absolute crystallinity -

,‘measurement K should be determined from another accurate method for determining

crystallinity, such asa dens1ty gradlent columnm"'185

Another method for detemumng the degree of crystallrmty (W) using WAXD was
the graphic multipeak resol.u‘tron‘:techmque developed by Mo and Zhang®®. Each
erystalline reflection is indexed and rtszpeak intensity measured.. The amorphous peak
intensity is also-measured. The degree of erystallinity is then determined according to®*:

Y Cn(0)1,(6)

(3.2b) z Cora(0)] 1(9)+ .C,(0)1,(0)

x100%

where I,,, is the relative mten51ty of the crysta.l]me peaks; I is the relatrve intensity of the
amorphous peak; C,,, correctron factor of the crystalline peaks C is the correction factor

for the amorphous peak. Based on x-ray diffraction intensity theory, Kx is defined as
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KxQC (O)Okl, where Kx is ‘the relative écattering coefﬁcient'for ‘the unit weight of
.'crystallme and amorphous polymer i e. a cahbratlon constant ‘The correction of lost

coherent mtens1ty in tlus method is very 1mportant kI"ZII,cal/ZII,toml (k,<1) k, is the relative |
scatterlng coeft'rcient, whieh 1sthe ratio of the calculated djffraction intensity (ZIIM) to total
' scatt'ering mwneiw(iI;,mm)" for the crystalline polymer specimen of umt weight. C, ., or C,
can be calculated.by t.he tollowi‘ng\ equation:' ' |

. o 1+cos 20 a2’ ‘ 1+COSZ29

3.2c C—l 0 C—l 9 = —ZB(san/).) - N.f

( ‘ ) whia € )or ( ). sin® ecosef o z,“ “! sin® @cos@

where fis the atomic scattenng factor of a repeatmg unit, f; is the scattering factors of the

ith atom, N,is the number of the lth atom in a repeatmg umt 20 is the Bragg angle, B= 5

" 1+cos220 ;

s the angle factor (LP) and the exponential term (72BN’ s the
sin® @cos@

| temperature factor. The formula for calculatmg the degree of crystallinity of iPP at room
temperature usmg the indicated Akl reﬂectlon is: |

Ly +1.631,,, +2.141, +3.511,,
. 040

(3.2d) W=
| Ty +1.631, +2.141,, +3.511,,, +1.251,

This technique was also used to calculate crystallinity of our iPP:samples.
"3.3.2 SAXS
3.3.2.1 Theory

When perfonned» properly, the most accurate rnethod, for determining the

_equilibrium melting temperature (T,%) of a material is to directly measure the crystal




thickness or lamellae thickness ( ) of the matenal and the melung temperature of that ]
sample with a specrﬁc thermal history

The lamellae thickness is denved from the SAXS measurements. SAXS 1s used to
deterrmne the long period (L) of semicrystallme matenals The long penod is. denved from

the scattering peak (Q ) by usmg Bragg s Law (Equation 3.3) and the momentum transfer

- equahon (Equation 3. 4)

(3.3) . n/l 2Lsm0 -

where n is the order of theareﬂectiqn; 7\,18 the wavelength: of the radiation and 20 is the
seattering angle. Expressed in terms 'o'f: ‘ L

(3.4) - 0= 4nA"sin@

Bragg’s law becomes:

(3.52) L=2%

T O
where Q. is the value of Q at the scattering ‘maximum, which is determined from the '
Lorentz corrected data. It also rnust be noted that the long period consists of the crystal
thickness, interfacial thickness and any amorphous material separating the domains; ie., 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
pac]dng densities of molecules in polymers, meaning the amorphous, crystalline and
interfacial regions. The density fluctuations produce x-ray scattering at small angles and

188-191

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 volume

. of the sample; The long period will have a maximum where the population of spacings of a

given distance occurs most r)ften. 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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function

method developed by Lorentz, called the Lorentz correction. This is done by taking the

raw data typ1cally the Intensity (I) and d1stance function (Q) and plotting QI vs Q. The
peak is then the scattering maximum (Q_,,).

In this study, it was of _interest’to'deterrnine a qualitative value for the interfacial
thickness. The interfacial region in a polymer system composed of crystalline lamellae and
amorphous domains would be the mterface between the two phases, in essence it is a third
phase located between the lamellae and the truly amorphous regions. This region is
unportant' because it is whe_re‘ the fold’ surface free energy determined from the Gibbs-
Thomson equation and seeojndary nucleation analysis is located.

The method used to esﬁinate the interfacial thickness in this study was put forward
by Ruland; it is a Inodiﬁed version of Porod’s 1aw***’. 1t should also be stated that
another method for determining the interfacial thickness‘ is by use of a correlation
238"‘46. However, the modified Porod’s law has been recommended for use in

polymers™. SAXS raw intensity (I,,) data must be corrected for thermal density

fluctuation to give a corrected absolute intensity (I, Ruland’s expression for correcting

- the intensity is:

G5 I.(@)=C(@)-oxp(b-4)

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(g). This value is then subtracted from I togivel .

The transition layer thmkness (E) can then be determined in a quahtanve manner

 (the treatment is more rigorous for an absolute deterrmnatlon) by plotung Icmq 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 equatlon to calculate E:



‘dn-jos evrdwed SXVS INMO §°'€ dInSig

VHINYD SXVS W-0L INHO FHL

40014 oz_a._sm!\

=
Z
= F§
&

A \lzoo: L A1BWISSY 1HOJdNS s«%n/ HOLVHINIO AvY-X MY 2
oo ren; (-:ﬂ.!hﬂ“‘ .z 2 .'XI-ﬂl.u.
7 N Z IS IZIN IS IZ IS AN IZINIZ NI 2. ]
MOONIM 1iX3 .
/S_.:Eue - ) wzo:mh-w e"__&_:m WNNOYA
= = a

. . 300NV
. ONILVION
< i /\ ¥3NOILISOd :
dOLtS Wvae 2115 YOLVYWITI0D HOLYWONHIONOW
A18W3SSY ; Cad ; U3INOILISOd IHIVNO
HAYUYD H0123130 38AL WY3IE vl 38n1 Wvae ‘ue 1178 IONVHING

HIALNNOD TNOILYO40Nd
JAILISNIS - NOILISOd
IVNOISNIWIO-OML HIGWVHD NIWIIJS

SHOLOW ONINOILISOd
39ViS NIWD3dS

HOLINOW
Wv38 INIGIONL

38N1 WY3B ‘w-9

SHOLOW DNINDIALISOd
117S G4un9d

89€9-6D DMQ - TNHO

128



“SLOPE’ '
INTERCEPT ;.

(3.50) : E =

The range of apphcablhty for th1s version of Porod’s law is for all interfacial

; th1ckness values However th1s method mtroduces a 5% error in the esumate of E. Note:

Th1s method was used since the I Vs Q data was obtained from 5m. If data had been

obtained from 1m (meaning larger Q values), a correlation function 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 d1fferences were accurate using the method described

above

3.3.2.2 Experimental Pr'oc—edure‘

The SAXS work was can'led 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 100iA and 40kV using-CuK, radiation (0.1542nm).
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 elément 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 clata were radially 'averaged and converted to an

| ~ absolute differential scattering cross section by means of pre-calibrated secondary

standards. The Lorentz correcuon method was used to change the raw data from 3-d to 1-d

for long period mterpretatron o




The intensity data was corrected by subtracting the background and dark current,

which are collected in separate runs. The net corrected scattering intensity (I..) is defined

(36) « L = 1000, . 1L —l—IDc e [ Mon g
.' dMon.T s, F, Ipc TmMT Mon,; Yar l

smsx;

~ where Mon is the momtor counts of the scattering measurement (s for sample, DC for dark

current and MT for empty cham‘per 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
de'tector. pixel sensitivity factor and F,, is-‘ -tﬁe absolute intensity conversion factor from
derived standards. The serrsitivit‘y‘ of the detector was determined by collecting data of a

radioactive material, Fe*. The sample transmission coefficient (T_) 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) - (L = Ipc) — 0.686(1, — I,c)
" (I = Ine) - 0.686(1,, IDC)
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 sémple wheel (shown in Figlire 3 9) that allowed

many samples to be run in succession. A typical run cons1sted of ten samples plus an

empty beam and dark current measurement for each set of samples run on a sample wheel.

34.0 DSC

DSC is the most cominorl experimental method used in studying and characterizing

* polymeric materials, and for good r‘eeson. DSC is a relatively fast and simple method for

determining a material’s thermal properties. DSC was used to study the meltmg and

crystalhzauon temperatures of deferent samples and to obtam the heat of fusion.
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3 4.1 Theory ‘ |
A DSC typically cons1sts ofa sample and reference arrangement with the chambers
made of a PRb alloy Each chamber is a separate caloriméter and has a resistance heater
and sensor for temperature measurement and conu'ol Instead of relying on a heat reference
from a smgle sample govemed by the temperature difference, reference and sample are
heated separately as reqmred by thelr temperature and temperature difference. The losses
from the two catonmeters Pare‘.,equahzed 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 potent1al generated by the presence of a sample The
temperature difference is propomonal to the differential power applied and "gives
information on the dtfference in heat input per second into each calorimeter. The heat input
| difference is then displayed and u.sed'for any eample characterization (i.e. glass transition,

heat of fusion, etc.).

3 4.2 Experlmental Procedure
‘ DSC scans were carned out usmg a Perk1n~Ehner DSC-7 calibrated with indium
Stanrtard every 5 hours. The thermal cycle is heating and coohng 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
crystallization studies, the sampie‘ is cooled from 230°C to the desired temperature at
| 100°C/min. The sample was then heated at 20°C/mm from the isothermal crystallization

temperature unt11 fully melted.

The heat of fusion(AH,) used in crystallinity calculations is 167J/g for the o

monoclinic crystal structure and 150J/g for the 'y-or_thorhombic for 100% crystai]ine

, satn’ples”. The percent crystallinity can then be calculated:




(4

. ‘ AH, : ‘
(3.8) X = x100
AH

fe

where AH, is the heat of fusion of the sample, AH,, 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 1/4A 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 nucleaﬁon and ﬁnear growth rate measurements.
The crystallizing sample was viewed through the eye pieces, while the sample was also
recorded for further study using a 35mm 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
measureménts. The calibration was performed using a calibrated microscopg slide 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 Spruiell®*'* 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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'(3.9)

| ".(3.10)

E thermocouple embe‘»dded." Theﬁlm is then "’subje'cted to a flow of hot air to melt the sample

" and erase the thei'rnal histo’ry:.‘ “The éﬁainpie is then cooled by blowing constant temperature

nitrogen over the sample. "The cooling rate is changed by the v,olumeof air moving across
the sample. The‘technique has been reviewed extensively' >,

The main assumptton for this techmque is to have a: uniform temperature

distribution across the tlnckness of the ﬁ]m ‘A umform temperature distribution is obtained

by balancing sample tlnckness with the-coohng rate. In order to quantitatively analyze the

' temperature behavior of the “sys‘t‘em,; a heat transfer analysis was perforr_ned.' The heat :

transfer equation is:

V' pC,,dT

e B

| 'Where p is the den81ty, C is the spemﬁc heat V the volume of the specunen Ais the area

of-heat transfer H,, 1s the overall heat transfer coefﬁc1ent and T is the temperature of the

“cooling medlum H Lis deﬁned as . I

1. l—g+-l—“-”-"
k k

ga

where k and L are the t.hermal conductrvrty and thickness of the cover glass (respectrvely)

whrle ka and L are the thermal conduct1v1ty of air and the tluckness of the air boundary By |

: assu-mmg that ka p, and C are constant in the coohng process pnor to crystalhzatlon ‘

equatlon 3 9 can be solved to glve ﬁ o

" vj,(" )exP VpC

where the term in (brackets) 1s defined as the coo]mg rate factor (CRF) and T is the 1mt1a1'

o temperature of the sample
"(3.‘12) CRF ( ] L
ST e )
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During HCR-LDM crystalhzatlon, s1gn1ﬁcant light scattenng occurs from the large
number of nuc1e1 that form To correct for this problem, the measurement of light intensity
with and w1thout analyzer are: used The analyzer contains a polarizer so that the total hght
mtens1ty can be recorded (w1thout analyzer) and light under CTOSS polars (with analyzer) '
can be recorded ’ .. '5 b - |

Under quiescent crystal]izaﬁon conditions, the light intensity transmitted through A
crossed polars is’ proportlonal to- the absolute crystallinity (X)) at any time (t), sample
thickness (1)-and mtensrty of mc1dent light (I)). The intensity of the transrmtted hght (I) can

* be expressed as:
(3.13) I=CLX AL,

. where Cl is a proportionality constant rehtéd to the optical properties and geometry of the
. sample, Iz is the small amount of light that leaks through the cross polars in the absence of a
sample. I, can be expressed as: |
(3.14) | L=RI+C, |
where C,is a polymer related constant that is determmed experimentally.  Substituting
equatlon 3.14 into equation 3.13 g1ves ‘ ‘

3. 15) © "R= C X, + R0
where Ris the relauve light intensity and R is the light i mtens1ty at zero crystalhmty (le. in

the melt for a crysta]hzable polymer) At time t=I , the absolute crystal]mlty is denoted as

' Xi and the relatlve hght mtens1ty as Rr Therefore equauon 3.15can be expressed as:

X*RR

(3.16) - O(t) S X

This relatlon prov1des the relauve crystalhmty, 0(t), needed for the measurement: of the

bulk crystalhzatron Kinetics.




The power in this ‘techni'que arises from the ability of determining the bulk
crystallization kinetic component ofa crysta]hzmg polymer, wh11e smultaneously knowing

the temperature at that g1ven mstant ‘not. simply the time frame over which the

crystalhzatlon occurred A thermocouple is.embedded into the sample in the region where

the light intensity data is collected Therefore, the ablhty to track the behavior of the

- polymer as a function of coolmg rate is allowed

Studies from this system'****'*® have shown that induction time and platean

.' crystallization temperattue ean be .devtemli'ned from this work. It is also possible to collect

. growth and nucleation rate data by optically recording the process with the microscope.

The limitation of the cooling rate range is determinied by the mass of the sample and the size

~ of the thermocouple. Thinner samples earl be cooled more rapidly while still maintaining

an approximately uniform temperanue distribution across the sample.- For growth rate

. measurements at h1gh coohng rates the coohng rate may also be limited by the speed of the

' recording media.

‘3. 5 2.2 Experlmental Procedure

A schematlc d1agram of the HCR-LDM set-up is shown in Figure 3.10. The set-up -
cons1sts of an Olympus BH2 optlcal nucroscope IBM PC, a very low no1se light source, a
coo]mg unit, .h,eat’;mg unit, sample chamber, - gas controller board and electronics gear to
amplify and relay the light intenshy_andtempérature data to the computer. The sample
chamber is plaoed on the rrlicroscope stage and the heat'mg and cooling lines are attached.

" The gas comrol board a]lows the volume of N, to be controlled, upon both heating
and coohng The sample is melted by controlling the temperature of the N, that passes over
the sample.. The temperature of the sample is monitored using the computer. Once the

sample is melted to erase its ‘:t‘hennal ’his'tory, the heated N, can be turned off and cool N,

channeled to the sample ch‘amber. ‘There is some amount of control of the volume of N,
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found elsewhere

o passmg through the gas control board although exact reproducrbrhty is not possrble The

o . | hght mtensrty and temperature proﬁles can be recorded as the sample cools and crystallizes.

: Expemnental determmatlon of. constants and system cahbrauon mstrucuons can be

192- 194

3.6 Melt Fiber Spinning ~
x '3 6.1 Melt Spmnmg Equrpment o

The melt spmmng machme used in: th1s study was designed by Foume Assocrates

of Germany The Foume extruder had a smgle SCrew: 300mm long by 13mm in d1ameter

: - The polymer is fed to the extruder in the form of pellets from a seven liter mtrogen purged -
- hopper. The extruder is heated by two band heaters along the extruder barrel. Molten
'polymer is then dehvered at pressure (1- 3000ps1) toa Zemth constant volume dlsplacement
. gear pump (spm pump) The spm pump and extruder pressure control the volumetnc flow

: :‘rate of the polymer The polymer is then fed to the spinneret, wh1ch can cons1st of one orl
) ‘4 more holes. The spm pump and spmneret are heated by two large band type heaters srrmlar
- to the extruder heaters ‘The extruder and sp1n block -are mounted on a head that can move
L up and down verttcally, to control the length of the splnhne The filament. -exiting the d1e

" canbe drawn by either a wmder or anjet drawdown device w1th air pressure

', In this study, a s1ngle hole d1e was used The d1e is 0. 762mm in diameter with an

UD ratio of 5. 0 The mtp in the. present study was kept constant at approximately -

1. 52+0 05g/min. -

3.6.2 On-Line ‘Measure‘n're'nts

3621 Dlameter

The on-hne dlameter measurements were done usrng a Zimmer drameter monitor

'(model 460A/2) and D1g1tal Drsplay Contro]ler (model 466/2) from Zlmmer OHG )

'1'353




Germany. Tﬁe ‘Zimmer vs;(')r_ks on a non-contact electro-optic principle, which allows

* measurement of opaque and 'semi-_t’ra'ﬁsparcn't" materials. The Zimmer can accufatcly

measure diameters from 0-2mm wftha resoiutio_n of 0.5um and is calibrated usihg standard

wire diameters’ The system'ié mountéd ona movéble fplatform that allows data collection at
various heights along the spmhne |

The Zimmer is connected to an IBM PC that directly co]lects the data. The data is
then transferred to another IBM PC for diameter calculation using a program in Quick Basic
that allows for éccuratc analytical analysis of fiber diameters, inéluding a correction for

fiber transparency. At least five measurements were made for each spinning condition with

~ 2000 data points collected for each sample.

3.6.2.2 . Birefringence

On-Line birefringen_cé measurements were made using an Olﬁpus polarizing
microscope (model 206080). This is the séme microscope used in off-line 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 thqt 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 usmg a Rothch11d Tens10meter (model INTEG R-1198)

as a function of fiber diameter and air pressure. The tension was measured at the bottom of

the spmhne near the draw down device (within 10cm). The Tens1ometcr was calibrated

off-line using fibers of known d1ameter with calibrated weights attached.

- 3.6.3 Off-Line Fiber‘,Charzic_terization
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Figure 3.11 On-Line birefringence set-up'*.
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The melt spun fibers were characterized by determining their derisity, 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-crystal]ine‘ molecules can add some error in density
crystallinity measurements, it is the best way to ascertain a fibers crystallinity. Percent

181-182,197,

crystallinity can be calculated from density according to

5.17) NLT
- P:— P,

where v is the volume crystallinity, p is the sample dénsity, p, is the density of amorphous

material and p, is the density of the unit cell. For iPP%®'7, o js 0.85g/cm® and p, is

. 0.936g/¢inS. |

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 thelcolumns 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 Adetermined by measuring a sample’s retardation and dividing by
the sample’s thickness (in the case of fibers, fiber diameter).

Retardation involves measuring the phase difference between two mutually
perpen&icular, plane polﬁed waves emefging from a sample. The phase difference was
measured 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 retardaﬁon was computed, Iit was divided by sample thickness to
determine the sample’s birefriﬁgepce.

The birefringence measurqments'-aré related to the crystalline and non-crystalline
orientaﬁén functions by:
(3.18) An=BAf, +(1- P, f,
where A’ is the intrinsic crystalline birefringence .(for iPP A’=0.0201) and A  is the
' intrinsic non-crystalline birefringence (for iPP A°_=0.0600) 2°'-2*, This was 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

l When a polymer is deformed above its glass transition temperature, the samples
morphlogy will 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 crystallinity 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 extenﬁon 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 (0) 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._1‘9) G, = %o

where C, is the gnginéering stress, F is the force and A = 1:nitial cross section area.
Engipéering s-train“is’ defined as: .

(20) v =4

whe;'e Y. 1s the engineering QUain, AL is the change in length and L, is the initial length.

Engineering values are determined from the initial cross sectional area and length.
True stress and true strain are defined in terms of very small deformation increments that
take place during the .defom'lation process. 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) G, = %

where 0, 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 4y, 7

- where ¥, = true strain and L = actual length. Integrating from the initial sample length (L)

to the final sample length (L), we obtain:

(3.23) Y, = ln(%o)
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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: 6 = Ey, where 6 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 machiné was used to determine the tensile
properties.of the as-spun fibers. At leaét 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 standard D3218-93.

3.6.3.4 Flat Plate X-Ray Patterns

The morphlogy and 6ﬁeﬁtatidn of the fiber sampies were studied using a flat plate
x-ray film technique. The_saniples were prepared by aligning filaments parallel to one
another on an Al frame. This sample was then e-xposed to a collimated beam of x-rays.
The scattered x-rays then strike the film and allow qualitative orientation and crystal

morphlogy determinations to be made.
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The patterns were 'pr&duced using a pin-hole technique with CuKol radiation at

35kV and 17mA settings. ‘The sample chamber is not evacuated. Typical exposure time

was four hours.

3.6.3.5 Sonic Modulus
. 3.63.5.1 Theory
o 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
néncrysta]]ine regions must be known. Crystalline orientation can be determined from
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 ﬁmcﬁon, 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 uniaxially oriented fibers.

Ward demonstratéd the relationship between the sonic modulus (E), the intrinsic lateral

(transverse) modulus of a perfectly oriented fiber ( E;), and the average angle (8) between

the direction of sound propagation and the symmetry axis is:

g

(3.24) 1_l-cos®
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 aligmherit of polaymer molecules with sound
propagation®”,
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' Po1sson s ratio (1)) by

(3.25). K= ﬂK. +(1- PK.n

where K is the bulk compres51b1hty of the mixture (the subscripts ¢ and am stand for

crysta]lme and amorphous)and [3 is: the fracuon of crystalline material. The bulk

compre551b1hty (K) is related to the bu]k modulus (B) Young’s Modulus (E) and

326) . g=—=31=2v
T B. E

For iPP at room 'temperatufe,' ¥=0.33. Further, for iPP**:

32 E=pC

Thus for an oriented sample we obtain the following expression for the measured sonic

modulus (E_):

1,c

(.3:28)v E=[E/,3 J(i’-cés‘iec).i]é ﬁJ(l—coszem)

for an unoriented sample cos®6 = ‘1»/3" and equation 3.28 reduces to:

(3.29) 3 B 1-B
2E, E.  E,

'where E_ is the measured sonic modulus

3.27 and 3.28 gives the expressiéﬁ for

of an unoriented sample.. Combining equation

the sonic modulus. of oriented iPP at room

témperature:
2 E" E"
“where (AE™)=(E —‘E;,l\)'.’ ' For iPP*®,  E =3.96x10"dyne/cm’ and

E?,=1.06x10"dyne/cm”.
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‘ ‘3.‘6.3.5.2 Experimental Procedure

_The sonic velocity of thé_ fiber samples was determined using a KLH Series Four
Pulsé Propagation Meter.” The sonic velocity reported is the average measurement made on
five different ‘samples. "The experimental s;et-up consists of transmjtter and receiver
transducers that measurethe Vélécity of sound propagation throﬁgh the material, as

_ iﬂﬁsttgteq in Figure 3.13.- T}ie déﬁSity._Was- determined 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

propertiés in the spunbonding process.

3.7.1 Resin Factors

B Resins‘havi'ng diffei‘ent-'molecﬁlar wéight and molecular weight distributions were
studied. - Resins M22, M32 and ZN35 (see section 3.8) were used to study the effects of
Tesin characteristics on fiber 's‘truci:ure development in the spunbonding process.' These
resins were used to prodﬂce’ ﬁbers w1th »diffexin‘g préperlies under identical processjng
‘conditions, 'so that effects of fiber proi)erﬁTs on the bonding process could be investigated.
In effect, diffqrgnt resihs were .uéed to hangé the fiber properties since ‘the range of

processing variables is somewhat limited with the current spunbond line.

3.7.2 Fiber Pr,operties
Extrusion temperature, mass;'throughpﬁt cooling air fan speeds and draw down air
fan speeds were adjusted to make 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 transverse 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 |actual fabric thickness is not used in these
measurements since it is difficult to measur'e. 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 Exxon Chemical Company. Six of the resins
were prepared with a metallocene catalyst 1systekrn and the other three by a Ziegler-Natta
catalyst system. The zniPP resins are vilc,cosity broken with peroxides to lower their

average molecular weight and to narrow [their molecular weight distribution. The two

Ziegler-Natta resins differ substantially in, their isotacticity as discussed below. The

molecular weights were determined by gel1 permeation chromatography (GPC) and are
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given in Table 3.1. The ZN35 resin: has(a hjgher polydispersity than the other resins, but is
still quite narrow for a -vis-brokerr zrﬁPPt
Thermal Analysis ] | ‘ '

D,SCAscans vtrere chn'ied,eut_ using a Perkin-Elmer DSC-7 ca]jbratetl with indium

standard every 5 hours. Unless stated otherwise, the thermal cycle was heating and

cooling rates of 20°C/mir1, with a :eycled terhperature from 0-230°C and a hold time of five |

minutes at 2305C.. The heat:‘ of ~flrsicirl(AHf) used in crysta]hmty calculations is 167J/g for .

the oi-monoclinic crystal str'uetlue and 150/g for the y-orthorhombic for 100% crystalline -

22.23

samples“™. The basic thermal prt)perties for these resins are shown in Table 3.2. The
'measured melting temperatttres of ‘the 'm=taltocene catalyzed resins are approximately 13°C

, Jower than the ZN35 resin and more than 16°C lower thtm the higher tacticity ZNHT resin.
The crystallization temperatures for the miPP resins are about 2-3°C lower than for the
ZN 35 resin, but they are 14—15°C lower than theZNHT resrn.

. The properties of the resins in this work, shown in Tables 3.1 and 3.2, point out

-1 .seme' of the djfﬁcﬁlties foun:d:i’n( studying isotactic polypropylene. The therrnal properties
data show. that the miPP re.;sins have signiﬁcantly lower melting temperatures ~than- ZN35
while havmg only shghtly lower crystalhzauon temperatures. The difference in meltmg and
crystalhzahon temperatures 1s also s1m1lar when companng the metallocene resins to the
; ZNHT resin. In prev1ous research these deferences would be attributed to the resins
havmg d1fferent 1sotact1c1ues as th1s has been the class1c explanatlon for explaining

t

dlfferences in qu1escent thermal propertlesm. L
Stereoregglang of the Resm T ” |

The stereoregulanty of these samples was characterized ‘1.1sing beth xylene solubles
and carhorr-13 NMR. Percent "Xylerle solubles was determined eceording to ASTM
stantiard D5492—94. The carbor];13 data were obtained at 100Mhz at 125;’C' on at Varian
VXR 400 NMR sr)eetrorheter. A 90°‘p.ulse, acqiiisition time'of 3.0s and a pulse delay tjme
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of 20s were used. A typical number of transients collected was 2500. The samples were
dissolved in tetrachloroethane-d, 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 valﬁe of 21.855ppm. This part of 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 xylene
solubles data show that the miPP reeins 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 dis;riﬁufion previously found in most zniPP resin‘research. I
is also worth rloting that M100 also had signiﬁcantly more ’xyle‘ne solubles material than
any other miPP resin. The cNMR"data‘were obtained with the xylene soluble fraction

removed, i.e. a purified polymer. -This is particularly irnportant for the ZN35 resin, since it
contains a substantial atactic fraction. As 'discussed 1n the introduction, the )rylene : soluble
material is cbmi)osed pnmanly of atactic ohains. The atactic chains have very short
isotactic sequences that are not typically capable of crystallization, resulting from defects
incorporated into the polymer ehaixr _dﬁring the polymerize.ﬁori"process. The total [meso]

~ diads for the first three materials are 'very s-milar,' after the remo\valﬂof the atactic component
" for each resin. The [meso] content of the ZNHT resin is substantially higher than that of the
3 other homopolymer resins. o [
| " The average meso run length is detf >rmined By taking the inverse of the total nr]mber
of defects per 10, 000 monomer units. - |

The total number of defects per lO,pOO propylene units is composed of regio (head— ‘

to-head and taﬂ-to-taﬂ) and stereo. defects Reg10 defects occur with metallocene catalysts

“and depend upon the n-ligands, polymerization temperature and monomer concentration;
they are generally 2,1 addition type polymerization errors found in high activity catalysts®
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Regio defects are not typlcally found m Ziegler-Natta catalyzed materials as these

defects terminate the polymerization process, i.. 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

polymenzauon are corrected by- the catalyst” Conversely, zniPP resins are chain-end
- controlled, meamng the stereo’ error is propagated26 The cham-end control mechamsm is
thought to be respons1ble for. producmg the atacuc matenal found in zniPP resins. As 'l
Table 3.3 indicates, the m1PP resins have almost twice the number of total defects as the
. ZN35 resin-after removal of the xylene soluble fractlon 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 remorled and| not considered part of the crystallizable material.

On this basis, the average meso run length is slightly longer for ZN35 than for the miPP
‘ resins, as it has fewer defects 'Lin"the" crystallizable material. The meso run length for the
ZNHT material is almost twice that of the ZN35 resin and approx1mately three times that of
the m1PP resins. '
Infrared Spectrum

' Raman infrared spectrum for M22 and ZN35 are shown in Figures 3.14 and 3 15.
' Vu'tually all the peaks are accounted for by crystallme and amorphous absorpﬁon
' asmgnments There is not ev1dence of an ether and/or vinyl methyl ether due to oxygen
degradation in any matenal However, this can not be ruled out as some of these
absorptions may be masked b‘yv the much stronger bond absorpt10ns located near these

spectral locations.
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Chapter 4
Results and Dlscussmn of Qulescent Isothermal and Nomsothermal

Crystalhzatlon Studles h

| 4.0 Introduction )
In this chapter the results of qu1escent 1sotherma1 and nonisothermal studies
performed on M10 M22 M32 ZN35 ZNHT and M100 w1ll be presented and discussed.
“Films made from each.resm were crystalhzed 1sothermally and nonisothermally and
stud1ed to determine each sarhple s rnorphology, thermal character1st1cs and
crystalhzatmn kmet1cs The morphology and propertles after crystallization depend on |
thermal history and the deta.lled Ym1croslr1|1cture of the polymer molecules. Emp'has1s was
~ placed on‘ hnderstanding and relati_ng a particular resin's underlying chain microstructure
' -t l"mal sample properties and characteristics. ' o
| | The morphology'and. nleltiﬁg behavior. of isothermaIly crystallized samples using
} ' the‘ ;/ari‘ous iPP resihs will be‘ discussed irl 'section_ 4.1, while the crystallization kinetics
’ during lsothermal crslstalhzatloh are" presented'in section‘ 4.2. The morphology and
| | : ‘ 4me?lting behavior of nohisotherrhally vcrystalli.zed samples using the‘high cooling ‘rate light
} depolariziné rnicroscopy (HCRLDM) t'echniquel are presented in section 4.3I. The
crystallizatiod ‘kinetic studies under’ nonisothermal conditio'ns hsing HCRLDM are

discussed in' section 4.4. ‘Studies involving crystallinity and interfacial thickness
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measurements made from 1sothermally and nonisothérmally crystallized samples willbe
' . presented in section 4.5. ) » :
41 Morphology and'Melting Behayior ,o'f Isothermally Crystallized. Resins

The morphlogy of ﬁlms 1sothermally crystallized in a Mettler hot stage were
a (’vmvestlgated usmg WAXD and’ SAXS The thermal propertres of each sample were
charactenzed usmg DSC These results are combmed in the present presentation to

. determine the ethbnum meltlng temperature and heats of fusmn for-each, resin.

411 WAXD of iPP Resins "
Isotacuc polypropylene is known to crystalhze in several d1fferent crystallme
 forms. Polypropylene can crystalhze into an o-monoclinic, B-pseudohexagonal and V-

“orth‘orhomblc form. The most commo_n form of 1PP is the’ (ot-monochmc, with [3-

" p‘seudohexagonal and y—orthorhombic formed under 'special conditions. The B-

-pseudohexagonal can be formed by usmg spec1al nucleatmg agents or a temperature

- 'grad1ent crystalhzatlon method46 The 'y-orthorhomblc structure can be produced with

. szP resins at elevated pressures or utlhzmg low molecular we1ght 1PP that has little or

\ - no chain folding®. The Y-structure has also been observed when PP is copolymenzed |

' w1th ethylene or butenel‘"m3

Recently, it has been shown that metallocene catalyzed iPP
h homopolymers can produce the 'y-orthorhomblc structure at atmosphenc pressures
Each of the three crystal forms of 1PP has a d1st1nct1ve reﬂectron in a WAXD

scan These peaks are found between 29 values of 18-19° for the a--monoclinic structure,

"16-17° for the ﬁ-pseudohexagonal‘s’tructure‘ and 19.2-20.5° for the y—orthorhombic

structure.” The appearance of these characteristic peaks indicates the presence of that .
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particular structure'. Samples used in | X-Tay analysrs were isothermally crystalhzed mto
films. WAXD pattems for several samples used in this study for each resm are shown in
Figures 4.1-4.6. The 1sotherma1 crystalhzatron temperature is indicated near each
“ WAXD scan. | |

- The WAXD patterns for the rmPP resins show the existence of»both the o and 'y
A crystai structures,. with the 'y‘ intensity generally increasing as the isothermal
crystallization temperature mcreases For the miPP resms as the total number of defects
. increases, the percent 'Y-IPP content also 1ncreases Recall that total defects for these
matenals decreased in the order M100>M10>M32>M22>ZN35>ZNHT (Note: The

percent Y content for each matenal is. shown in Frgure 422 as a functlon of lamellae-l
thickness.) Initially this was a quite surprising result, as the literature hadionly recently

reported a non—copolymer iPP produoing the v structure” at atmospheric pressure. |

‘Studies by. Turner-Jones'****

showed that the’ Y structure was produced when propylene
is: polymerized with ethylene and other ‘copolymers Additionally, Turner-Jones found
that the slower the crystalhzatlon process, the greater the amount of Y-crystal structure is
formed More‘ recently , work was done on highly isotactic propylene ethylene
copolymers that mdeed repeated the findmgs ‘of Turner-Jones.

As the WAXD scans for the 'szP resins (ZN35 and ZNHT/) show (Figures 4.4
and 4.5) a smallk amount of Y. structure 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 structure in the zniPP »material suggests that it is not the
type of stereochemical defect that induces the y structure, but the presence of these '
defects and their distribution. This is in agreement with earlier specuiation proclaiming
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Figure 4.1 Isothermal WAXD of resin M10.
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Figure 4.2 Isothermal WAXD of resin M22.
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Figure 4.3 Isothermal WAXD of resin M32.
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Figure 4.4 Isothermal WAXD of resin ZN35.
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Figure 4.5 Isothermal WAXD of
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Figure 4.6 Isothermal WAXD of resin M100.
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the nature of the defect being less 1mportant than the mere presence of the defect'**#3!,

The possrbihty also ex1sts that the 'y-crystal structure is formed in the zniPP resins as a

result of low molecular weight chains crystalhzmg. The low molecular weight chains are

‘ produced from the peroxide degradation process to narrow the molecular weight

distribution of most zniPP resins. . It ‘shoulld be noted that some B structure is formed in

the ZN35 resin at some intermediate conditions.

4.1.2 Differential Scanning 'Calorin-wtryl

The results in Figure 4.7,’ show heating curves for M22 crystailized 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 crystaliization‘temperature.of 120°C there exists one peak with a
rather broad iow temperature shoulder. As the cry"stallizaﬁon temperature is increased a
Abroad, but definite, endotherm develops at a temperature m the neighborhood of 143°C.

in_ Figure 4.8, the crystallization temperature range has been expanded for M22.
There existsno low temperature endotherm when the sample’ is crystallized non-
isotherrnally at a cooling rate of 20°C7rr1in. As‘ the isothermal crystallization temperature
" increases frorn 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 otlier miPP
resins with sumlar results.

The low temperature endo‘tlherm' in Figure 4.7 is indicated as being associated
with the meltlng of the y-phase and the hrgher temperature endotherm with t.he meltmg

of the oc-phase Two expenments were conducted to prove this assertion.

168



1 1
125°%
>
2 5 -
© "124% -
K -
=]
c
Ll
P 123°C ]
2 | ]
ol
8
[+}) 122°c
2 o =
121°C
120°C
U R W S AT ST SR TR S N T R S S AN SO ST AT RN T SN SN SR T BT S S
120 130 140 150 160 170 180

Temperature (°C)

Figure 4.7 ° Isothermal .c'ry.stalliza‘tion‘ of M22 between 120-125°C.
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Figure 4.8 Crystallization of M22 over wide temperature range.
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. The first experiment invclved CrystaIlizing a film at 130°C ih a Mertler hot stage,
to reproduce a sample s1m11ar to the one found in F1gure 4 8 at 130°C The sample was
then placed in the Rigaku dlffractometer to obtain the WAXD pattem The pattern is
shown in F1gure 4.9, and is labeled as “v1rgm” Nonce for the v1rgm WAXD pattern that
both the o and 'y structures are present \:m s1gmﬁcant amounts. The film was then
anneale(i at 152°C for one minute in r.he Mettler stage. and quenched in ice water. The
annealing temperature picked is the saddle point betwee‘n'the rWo melting -peaks of a
sample crystallized at 1~30°¢, as indicared by T, in Fiéure 4..8. The WAXD pattern
~ labeled ‘;anneaIed” in Figure 4.9 ch&we rhat the 'y-strucmre’peak' decreased significantly
such that cnly‘ a small amount of the v-orthorhombic structure remains. A sirm'iar WAXD
. crystal melting procedure’ was perr‘qrmeri on ‘all other resins. As the results' in Figures
4. 10-4 14 show, the ¥ peak aecreased signiﬁcantly for"all miPP'resinsﬁ and even for
ZNHT. In F1gures 4.10-4. 14 the annealed -and virgin WAXD pattems are over1a1d SO
that the change in the d1ffract10n pattern can be seen. Addmonally, each pattern is of the
same reglon of the same sample before ‘anid after the thermal cycle. According to Pae**
vthe 'yto o transmon ocours ver}; slowly and can not be detected by DSC scanmng at 16
°C/min.
| The second exnerirnent was to crystallize‘ a film in the DSC at 130°C for six

hours, followed by anneahng at 152°C to simulate in the DSC the thermal treatment of

the annealed ﬁlm whose x-ray pattem is shown in Flgure 4.9. The sample was then :

cooled at 20°C/min to room temperature befoi-e 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 associated with the initial q-phaée 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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Figure 4.10 WAXD pattern of virgin and ‘annealed M10.
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Figure 4.11 WAXD pattern of virgin and annealed M32.
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lower melting peak is also observed almbst identical to the one found when crystallizing

.the sample bv 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 o-phase, ‘

but the lamellar thlckness is smaller and the me1t1ng pomt is lower, due to the
’ nomsothermal crystalhzatron These results estabhsh with a high degree of certamty that ,
the lower temperature endotherm found m these m1PP samples at higher crystalhzauon

. temperatures is indeed associated w1th meltmg of the 'y-crystal structure

One reason for using a multrple techmque analysrs of the miPP resms was to rule

| out the two meltmg peaks of Flgures 4.7 and 4 8 bemg a result of the meltmg"

recrystalhzatron phenomena observed m polymers”s 21,

‘Careful _expenmental work
could rule out this possibiﬁty'usmg'ljSC alone. However,'a check of the crystallographic

structure revealed information about the underlying morphology and determined that the

. melting recrystalhzatron phenomena is not respons1b1e for the observaﬂons The ‘WAXD

and DSC work show that each meltmg peak 1s assocrated with a crystal phase.

" 4.1.3 Lamellae Thlckness and Equrhbrlum ‘Melting Temperature

The results of the SAXS analys1s to deterrmne the lamellae thickness for each of

the resins is shown in Tables 4 1-4 6 The crystalhmty values were determined from

‘WAXD analy81s The total crystalhmty values represent the total crystalline fraction; no

attempt was made to separate o and 'y phase fracuons 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 o-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 mformation to the contrary, we assumed a smular crystal -
thickness for both the o and y—crystal structure when two phases were present. For the
- samples that have a signiﬁcant fractionof Y-phase, stem length in the y-phase and the
number of monomer units ltraversing the 'Y-crystal is also given. The difference between
. these values for the o -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 o and 'y;crystal structure is
supported by the uncorrected and Lorentz corrected SAXS data for the miPP resins, as
: shown in Figures 4.16-4. 21 M10 raw and Lorentz corrected data are shown in Figures
| 4.16-4. 17 M22 Figures 4 18-4 19 and M100-F1gures 4.20-4.21. M22 had the fewest |
number of conﬁguratlonal defects of the meta]locene resins, and in general had the lowest
percent"y;content ‘as shown in F1gure 4;22, which shows Y contentl as a function of
lamellae thiclm'ess ‘for all the ’me_tallocene resins. The largest percent y-content for M22
was roughly 42%. However‘ MlO andi M100 had more conﬁgurational. defects that
produced percent 'y-content values greater than 70% for some samples Therefore if a
blmodal population of crystal thicknesses ex1sts it should show up for M10 and M100 in
the SAXS data Clearly it does not.. The peak value of Q for M10, M22 and M100
(Figure 4.17, 4 19 and 4.21 respectlvely) all have similar long period values which
. further indicates our assumption of sumlar crystal thickness for each crystal structure is
- ;most likely ,correct.‘ | | |

An additional high temperature m situ experiment was performed on isotherrnally
- ‘ c’rystallized films using SAXS to further support the assertion of a single maxima or long
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Figure 4.16 M10 raw SAXS data.
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penod for both the o and y crystal structures The sample chamber was heated to 154°C
a temperature sufficient to melt the 'y phase present in samples of M10 and M22, along
w1th ZNHT 1sothermally crystalhzed at 130°C The results showed that the long period
mcreased for all the samples over the long period at room temperature with the miPP
" resins »long penod mcreasmg more'than ZNHT; However, when the lamellae thickness .
was calculated using the room tenlperature crystalhmty values adJusted for the removal
| of the 'y phase, the lamellae thlcknesses changed by roughly snmlar amounts for M10
'le22 and ZNHT. |
- The results.i'n Figure 4.53 show the ohserved melting temperature of the 0-iPP as
| "‘a funct10n of lamellae tluckness F1gure 4 23 1llustrates quite clearly that the miPP resins
| have lower meltmg temperatures than the szP resins with s1m11ar lamellae thlckness '
‘ values |

The G1bbs Thomson extrapolatlon for the- resms in this study are shown in

R B Flgures 4. 24-4 28 In Flgures 4.24-4. 26 and 4. 28 two extrapolatlons are shown -- one for

- the oz-phase and one for the 'y-phase The extrapolatlon for the oc-phase is based on'the

e 'measured lamellae th1ckness values and the h1gh temperature endotherms from DSC data.

‘ Smce we have established thatvthe lower _temperature endotherm is associated with the Y-
phase we can -d'etermine the T‘ ° value for the y—phase with the asSumption described
L above, that the lamellae tluckness is the same as that of the a-phase. This was done for
the lower curves 1n Figures 4.24-4.26 and 4.28.

. The extrapolauon for the oc-phase of the M22 resin gives a T,° of 186_2°C as

does the M32 resin: The Z1egler-Natta resms g1ve a value of 186+2°C for the ZNHT
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Figure 4.23 «-iPP T, versus lamellae thickness.
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resin and 178+2°C for the ZN35. resm The higher defect content resin MlO had a T’ of

: 185_2°C and MlOO a T of 18342°C." For resins M22 M32 and ZNHT, the a—phase T,
| values are nearly 1dent1cal and agree ‘with recent hterature values published for the o-
phase T,° of highly isotactic szP Mezgham et al and others have found the T of
various iPP resins to have ahvalue‘near ‘1186°C91t2°9'218.r It also should be pointed out that
the miPP resius have similar lamellae ﬂﬁclrnesses as these found in the zniPP resins, as
was shosvn in Figure 423, Since the lamellae thicknesse‘s‘ 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 differmg fold surface free energy or diffenng heat
‘of fusion (or both), according to the Gil)_bs-Thomson equation (see equation 2.1).

The results iniFigu_res 4.29 and 4.30 show a plot of the measured heat of fusion of
the iPP resins as a function of the erystallihity as measured hy WAXD. By extrapolation
to 100% crystallinity, the valie of AH, for o-iPP can be obtained.. Figure 4.30 shows
| that the differenee between the values of AH; fer the miPP resins is small and likely lies
within our experimental error ‘(iS..l/g for each | resin). Figure 4.29 shows that the
difference between the values of AH; fer the‘ zniPP resins is small and also lies within
our‘ experimental error (i-5J/g;4 for each resin) for all the resins considered. The values of
 AH; for all of the resins representedin Figures 4.29 and 4.30, lie within the range 166-169
J/g, in goed agreement with the literature value of 167'J/g9.7'2‘°'218. Thus, it is unlikely that
a difference in AH, is responsible for the difference in actual measured melting
temperature of the miPP and szP resins. The data also further suggest that there is little
tono 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 T, for ZN35 -can he explained by the presence of the atactic

material in the xylene fractionation. - l'l‘he atactic material acts as a diluent for the

| polyrner lowering its T,° acccrding to Flory’s model*’. This observation and others on
the T,° of iPP w1ll be the d1scussed shortly

The extrapolated T,° for the v crystal structure is 177+2°C for M10 and M22,
while M32 had a ¥-T,° of 178_2°C. M100 had a y-T,° of 17622°C. Clearly, these
vanatlons are within expenmental error and they are s1gn1ﬁcantly lower than the T,,° of A
the oc-phase There exists little 11terature97 1 on the T,°for the y-crystal structure.
Mezghani and Phillips***! report a '{-Tm' of 187.2°C. However, this value is for samples
CryStallized at elevated pressures and rnelted at atrnospheric pressure.

The x-ray and DSC results of th1s section on the isothermal crystallization of
ﬁlms‘ indicate that iPP polymer cham 'defects are rejected from the crystal matrix when
the crystallizatlon is slow Tlus was shown by the extrapolatlon of the heats of fusion to
100% crystalhmty Under 1sothermal crystalhzation condltions it would be reasonable
for the defects to be re_]ected In any systeni undergomg a phase change, there exists a
G1bbs free energy d1fference (AG) assoc1ated w1th the change from sohd to liquid. This
is givenby: - . R
4.1) AG =AH -TAS |
where AH is the heat of fusion associated with the phase change and AS is the entropy of
fusion. Ata particular temperature, the most stahle phase for a particular substance is the
one with the 'lovyest value of G At the inelting temperature, T,°, AG=0; i.e., G&=G;.
Above T_., G, <G;, belcw T,°, Gi<G,.. 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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functiop of both the'chanée in enthalpy and change in entropy upon ‘crystal.lization,
meaning the stability of a particuiar -phaée is a function of both H and S. During the
crystallization i)rocess, at a given crystai thickness, there is an amount of heat associated
with a polymer stem attaching itself and sna;pping info crystallographic fegistry. Theré is
also a loss of enﬁopy associated with that particular length of molecule crystallizing. If a
defect is incorporated into the crySfal, thfa heat réleased will decrease, while the change in
: eé&opy of thét length'of Ilnolecule. is yéry nearly the same. The net result of the defect
- being present in the crystal causes the solid 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
crystalﬁzaﬁon temperatures approacMng_ Tm‘?, the value of G of the melt and crystal are
very similar. If a defect is bresent ip a crystallizing chain, a reduction in tﬁe heat of
fusion &ue to the presence of a defect could cause that‘chain to'not crystallize, a rgsult‘of
fhe liquid phase being more stable than the‘crys.tal. This would, in turn, cause the growth
front to soﬁ through regions'of r'nolecuies until a segmeﬁt of a molecule is found, similaf
to tﬁe lamellae thickness, free of defécté. This sorting process is sure to involve polymer
chain deposiﬁon and,:,rqmov:agl. The _Féfppval process, essentially a back reaction, would

3

cause the observed spherulitic. growth,fa e to decrease.

4.1.4 Discussion of the T_° of o-iPP
Polymer solution thermodynamics; to a very large extent, was first developed by

1417219222 The thermodynamic relationships of interest, those

"Flory and coworkers
pertaining to atacticity, copolymeriiation 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:

. . oG
(4-3) u; = (?&TJ),,,T,,,-

where G is the Gibbs frée energy, p is pressure, T is temperature, n is the number of
moles. The sub§gﬁpt n’ signiﬁes the amount of other components in the system. When
equilibripm is present between the.crystal and liquid phases of the polymer, the chemical
potential of the polymer repeat unit in the two phases must be equal u. = p’. 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,
Ty is the temperature at which the compbsition is a saturated solution. In a pure liquid
polyme\r: ! = u®, where O is the cheﬁﬁcal potential in the standard state of the pure
liquid. At the equilibﬁum meltiné point (T) of the pure polymer, u =u’. In the
presence of imburities, 4. will be less than. yl. After the addition of a diluent
(impurities dilute the pure polymer), u," will be less than u’. At the previous value of
TS, u, < u: which necessitates a decréase in temperature to reestablish equilibrium
U, = u:, 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
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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 érystalline polymer (T=T,

W — p) = u! — 1), the Flory-Huggins expression is:

1 1 _ RV 2
(4.4) T MY (1-v,)- 2 (1-v,) ]

where V is the molar volumes of the chain repeat unit (subscript u) and diluent (subscript
1), x is the Flory-Huggins interaction parameter and v, is the volume fraction of the
crystallizable polymer in the mixture and T’ is the equilibrium melting temperature of

the homopolymer. Using the solubility parameter concept, % can be obtained using®?%%:
. v .
(4.5) x=%r(6-8)

where 8, and §, are the soiubihty_paramefers (square of the cohesive energy density) of
" the two components, and V, is the reference volume. The solubiﬁty parameter concept is
based on a set of niolar attraction constants that allow solubility 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 cbpolymerization exﬁression below.

Copolymériiaﬁ&in: “Ina éopol);mer consis‘tin'gAdf A units which cryﬁallize and B units
that do not cfystaliiie; with the two uni%'s 'o'cciirring in random sequence along the chain,l

the presence of B units depresses the melting point according to :

1 1 R
(46) T—m —_ T_"? = AHu In ‘X.A
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where X, 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 copolyrner occur in separate sequelhce‘s, the melting point depression will
be less than predieted by equation 4.6. If the B units tend to alternate with the A units
along the chain, the melting depression will be greater.

2% of what is classified as a copolymer,

According to Flory’s original description
vinyl polymers that possess asymmetric carbon atoms consist of mixtures of d and [
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 M100 has the lowest degree of polymerization (M,), with an average of 1298
monomeric units. Therefore, the effects of chain ends can be neglected, as the maximum
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 homopolyrn'er resins have the highest observed peak melting.

temperatures, with the miPP homopolymers having significantly. lower melting
temperatures. The copblymer (ZN-5RCP) has an even lower peak melting temperature

than the rmPP resins, by roughly 10K ‘The meltmg enthalpy follows the same trend as
meltmg temperature The T for each resm has already been determined, as was shown
in Flgures 4 24-4 28 w1th the exceptlon 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 T’ at 15 1_:t-2°C, as determined by the Hoffman-Weeks method.
" One interesting finding is that Zl\l35 has the lowest homopolymer T?, despite having the
second highest peak meltmg temperature |

| Stereoregularity and xylene solubles data are shown in Table 3.3. The copolymer
contains 5.91 weight% ethylene, of ,Whlf’h 79% can be found in -PPPEPPP- sequences.
The mole fraction of meso diads is very_slrnilar for all materials. The difference between
' the highest and lowest mole tractid'n of meso diads is roughly 1%. The ayerage meso run
length is determined by the numl)‘er’iof" defectsﬁ per‘ 10,000 monomeric units. The zniPP
~ homopolymer and copolymer resin's had the fewest conﬁgurational defects' which we
define as stereo and regio msemon errors during polymenzatlon It is also worth noting
' that the miPP resins have stereo and reglo defects and that their total configuratlonal
defect level is twice that of the szP homopolymer resms

Woa Y
e, T e L

Inﬂuence of Defect Type and Content
‘ Xylene Insolubles or D11uent ;

Atactic polypropylene (aPP) and iPl’ 'are soluble in all proportions under most
expenmental condmons in the hquld melt Recent work226 has determined that aPP has a
value of 8=15.14M- Pa05 and iPP has a value of 8—15 11M- Pa°5 When IA8I<2 solutions
usually form. The solublhty parameters for 1PP and aPP are extremely close, which
' allows the use of an 1dea1 solutton for an aPP/rPP blendz“"226 Therefore, we shall treat
 the xylene solubles fraction as a d1luent and use equation 4.6 directly as the limiting form
| for the diluent relatlonship. | | |

The mole fraction of diluent for each resin is calculated and tabulated in Table 4.7.
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Copolmerizétio

For the case of iPP copolymenzed w1th PE, the assumption is made that PE units
are. preferentlally rejected from the growth front under most crystalhzatlon cond1t10ns
The samples in thlS‘Stlldy were crystalhzed slowly at high crystallization temperatures, an
environment 'vgzhich should reduce or pi"eifent imy defect incorporation into the crystal.
This-is not ‘ﬁﬂlouf~fault2%77f?l,:.eu)'cp.:e;irp,ental results have shown that at high cooling rates
or liﬁ:c‘ielra:qoench ponditiops somé: aofcctjiglclﬁsion can occor due to kinetic reasons.

~ The .rpole'perocnf' el}hylene ;oogteo£ for the copolymer is calculated and given in
Table 4.7.
Configurational Defects

: Isotactic polypropylene can bo treated as a copolymor consisting of meso and
racemic diads™*°, Defects found (ignoring branching) in zniPP resins are stereo, while
miPP resins ha;'e-both regio and steroo defects. There has been no direot experimental

evidence to show rejection of configurational defects during the crystallization process in

* iPP.- J‘However, it seems most probébl'e baéed on the knowledge that configurational

defeots ‘disrupt the helical structure of an iPP chain. Regio defects would seem to be even

- more d1srupt1ve to the helix, due to seve,re methyl group repulsion.

The mole percent conﬁguratlonal defects is given in Table 4.7.
Calculatlon_s

* The mole fraction of crystallizable units is defined as X, and non-crystallizable

~units Xg. Xj is the total mole fraction noﬁ-'crystallizable units, combining diluent,

ccopolymer and configurational defocfs for each resin:

+X

copolymer

+ X

diluent conﬁgurauanal

@n - X=X
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:Using this approach,'vthe‘caleulations in Figures 4.31-4.33 show the relationsh.ip'

| between Flory’s melting depression relationship with experimental equilihrium melting
temperatures as a function of molar‘defeet eontent. The data are plotted as T vs Xg,
" where X, consists of jllst the diluent pgfﬁon in Figure 4.31 for each material. The
exoerimentally deterrnined T’ is plotted on the abseissa. ‘ In Figure 4.32, X; includes
. both the 'diluent" and c0polymer c'ontent. Figme 4.33 includes diluent, copolynrer content
and configurational defects In each case, the sohd line is the theoretical pred1¢t10n us1ng

Flory s method For the calculatlon of Flory s pred10t10n a T° of 186°C was used. The
‘ heat of fus1on (AH ) was assumed to be 167J/g, based‘on experimental results on these
" 'samé samples'.'

Flory noted that defect 1mpur1t1es less than 1 mole percent, will not hkely effect

apprec1ably, due to the low AH found in most polymers

,M
When eonSidering only the d11uent effect for each resin, the comparison between

theory and enpenment are close for the homopolymers However the theory does not
k accurately pred1ct the copolymer meltmg value
' Copolyme

_ The effects of d1luent and copolymer together are predlcted very accurately by the
’Flory theory, as shown in Figure 4.32. All data pomts fall on the theoretical prediction
- using the Flory treatment | |
The mole Ppercent ethylene hasbeen‘ modified from the original total: of 5.91

‘weight percent. This was necessary dne to only 79% of the ethylene units being isolated




- among blocks of propylene un_ite. The exact dlsu'ibuﬁon 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 effective random copolymer content. -
Cbnﬁgurational

When all defects (ie. d1luent copolymer and conﬁguratmnal) are 1ncluded in the

molar defect fractton calculatlon, none of the expenmental points lie on the theoreucal

predlctlon hn‘e.' Clearly, the theoren‘ca}l‘pr_edlcnon and expenmental work disagree for

' these conditions. There are three possible reasons for the observed difference:

4, 'The AH, uéed in the theoretical calculation is wrong.

5. The T,, used in the calculation is wrong.

" 6: 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 problert; from experimental verification of AH + on
these resins, within experimental error, the AH is 167)/g. The equilibrium melting

temperature of a h1ghly isotactic 0t-1PP has been quoted in the literature as havmg two

different values, 186° C and 210°C. Kngbaum89 M1ller°° Campbell et. al *! report Ty’

Avalu_es of 186°C, while Fatou®, Monnassee93 and Fujiwara® report values near 210°C.

- ‘Kamide and Yamaguchi®**® observed changes in melting temperature with crystallization

time. The researchers observed that lohger 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 explanatloﬁ for the two Ty, for o-iPP. Directly measuring
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the lamellae thickness and making e;;trapolaﬁons to the Tp° ’will decrease the érror found
in making extrapolations from tﬁe crystallization temperature alone®, as we have done to
obtain the Ty’ for our materials.

Only recenﬂy has stereoregularity information begun to appear with work associated
with detennininé the Ty, 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 T, values. |

A calculation using the mole percent configurational defects for each resin, with

the corfesponding melting temperature for each resin gives a defect free Ty, for o-iPP of

- 19242°C, for each resin within experimental error. Using this new T’ for defect free o-

iPP, Figures 4.33 shows the new theoretical predicﬁon using Flor)}'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 Ty, 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 Ty,° for defect free, high
molecular weight o-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 T,,° for all iPP

determined thus far are for metastable crystals.




4.1.5 Fold Surface Free Energy . .

Using the value of 167 J/g for the value“ of AH, for o.-phase iPP,’the fold surface
free energv (c.) for the materials in thls ‘study‘-can be evaluated. We have chosen to ‘
| ‘ccmp,ute‘thvis "t'dr each crystallizaticn conditicn, in order ‘to show the variaticn in the'
'resullt, rather than just from the slope cf thjetTm jversusﬂ 1/ curv-e.'.The results are shown
i figme 4.34, The G, values, for the y-phase in the miPP resins are shcwn in Figure 4.35.

. Ineach case the appror)ﬁate T, and heat of fusidn was used for the o, calculation.

The ot- C. values for the miPP resins are sumlar to each ‘other, but substantially
higher than fcr the znil’R resins. 'The higher defect content M10 and M100 miPP resins
have shghtly hrgher o~ G, values than M22 and M32 The data for all the miPP resins
falls in the general order of i mcreasmg defects 1ncreas1ng o- o,. However, on this basis, -
it would be expected that M100 should have the highest o- ©, since it had the highest
‘dcfect content of any of the homopolymers measured. The fact that it does not will be
d1scussed below The Y- O, values for the miPP resins were shghtly lower than thelr o- G,
| values though the d1fferences are only shghtly outside experimental error. The o- q;
.values for the ZNHT resin is also substantlally higher than for the ZN 35 resin.

The results from this work 1nd1cate y-structure has a slightly lower G, value when
'cor'nr)ared.to,the o-structure for the mrPP_ resins. A-h'kely explanation is the partial relief
of stfess in the 'y-st'ructure arising frorn the angle of inclination of the stems relative to the

241,242

basal plane It is also clear from these findings that the miPP defects clearly
» 1nﬂuence the fold surface structure and i increase the fold surface free energy for all 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'ldwer‘ed the eéluilibn'ilm melting temperature and 6, value. M100 also

has a significant pbrtion‘bf xylene solubles material, which may explain why its observed
0- o, is lower than M10, even though it has more total defects. The nature of the fold

surface/interfécial region and the influence of atactic material will be discussed further in

‘ section 4.5.

4.1.6 Nature of y-Structure Formétion
The 7-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. .
2) iPP resins with defects in the chains, typically propylene ethylene copolymers and

more recently in-the present work and others with metallocene catalyzed iPP'*****!, The

- mere presence of these: defects may not be enough, as the samples must also be

crystallized s10§vly, indicating lamella€ thickness is'important. These findings indicate
there must nét be ogly a thermodyn%l.mic 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 isctactic zniPP resins with little or no stereo defects or atactic mateﬂﬂ”3‘”4.

The proﬁosal presénted here is that these seemingly different situations where -
iPP is formed have a corﬁmon thermodynamic pro;;erty, 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 o,
producing the y-iPP crystal structure.

Case 1. Low molecular weight Low molecular weight material that does not chain .

fold forms a high surface 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 aniorphous material the surface
energy decreases. However, if the end is trapped near the surface in the interfacial
region, it increases the surface ffee energy even higher than that found with tight chain
folding'®'®.

As stated in the introduction, thefe are some differences between the o and -
lamellae structures. In the oc-lameﬂae, the crystallizing steﬁs 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’ 2.7)'%11%  The difference in stem to basal plane
geomen"y means that a stem in a Y-crystal isva'pproximately 1.3 times longer than the
actual crystal thickness, dictating that more 6f 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 o-iPP, due to the longer 7y stem
length. It has also been shown in this work (see section 4.1.5) that y- G, is slightly lower

than o- ..
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. The calculations shown in Figure 4.36 demonstrates the relationship in Gibbs free

,ene¥gy, the melting enthalpy and Ifold surface free energies between the o and 7y crystal
structures. - The change in entropy‘-from ‘the melt for a o crystal is 0.364J/gK and
O.333]/gK for the y crystal structﬁre. These are determined from tﬁe equilibrium melting
tgmpelraturé and ﬂeat §f fusion for each phase. The energies shown are for a single stem
in each cx-'ystal structure, assuming the same crystal thickness for each crystal structure.
The o and G, values remain constant with a change in lamellae thickness (as was shown
experimentally in- Figures 4.34 and 4.35). The abéqlutc value of the heat released
increases as the 'érystal .ﬂﬁgkneés iné;reases: It is cleér thaf the y-crystal releases more
heat than a cdmparable ocfcrystal‘ of similar thickness (not stem ‘length and not the same
| bulk volum.ev)‘,. causing the Gibbs -free energy to be slightly lower for the y cryétal
structure, in agreement with theoretical packing energy calculations®?. This is in spite of
the o-enthalpy of fu'sioh being approximately 10% higher (167j/g for the o-phase and
150J/g for the 'y-phase).’ Therefore,, from a thermodynamical standpoint, the 7y crystal
structure bécome; thé preferred structure thermodynamically, as crystal thickness
_increases. : - :

Case 2. iPP with Chgﬁﬁpal'l?efecfs - The reason that zniPP resins have not previously
produced: amc.?unts_‘ of "y:—crystal's ‘}in.ijilva‘rge amounts is likely due to the non-uniform
distribution of these defects in bulk form. Recall in Figure 4.4, the WAXD patterns for-
the ZN 35, that some y-crystals are fdrmeq at relatively high crystallization temperatures.
ZN35 has no regid defeqts, theréforé, 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 't‘he' Y-crystal structure peak appears. ;I‘he miPP resiﬁs clearly
produce the y-structure quite easily ;t moderate supercoolings. Other researchers'®*-!
. ha\}e also indicated it is not the naturg of ?he defect in the chain, but the mere existence of
th;é défects. Therefore, it is not th.el type of defect in the chain, but the number and
’ aisuibuﬁdn of defects within. the polymer chains, along with any kiﬁeﬁc factors, that
determine the formation of ﬁle Y-phase.
It has been clearly stated hgre and elsewhere that the distribution of defects is not
. uniform in zniPP.reéins. H*owever,_ ‘when copol&merized, the zniPP distribution of
comonomer is much more unii‘”orm, than the inherent tacticity defect distribution. Thus
chains that are highly isotactic, excepf for comoﬁomer defects occasionally can be
_synthesized. In a zniPP copolymer, the‘v meso run length between comonomer defects is
important-in the formation of the yfi)ha}sé. Mezghani and others**** have shown that
zniPP p?opylene/etliyleng‘copolymefs'.ea‘s\il')r:;"'produce 'y-in at atmospheric pressure. The
meso run-length fbetvslfeenAdéfécts ,'al‘s;;) leads to an exélanation of wh.y the miPP resins -
produce the 'y-‘s‘tructure.
The data in Tables 4.1 through 4.6 contain calculations for the o and y sterﬁ
- length and requisite number of monomers io constitute a stem of that length. These
vﬁues are calculated from the stem orienté.tion to bgsal plane relationship and knowing
that iPP is a 3/1 helix with repeat unit of 0.65nm. Recall tile average meso run length for
| M22vis 68 monomers and 64 mondmers for M32. The wbrd “average” is used since the
- distribution of défects is nqt uniform, but is more uniform for miPP than zniPP, as
- discussed earﬁér. For M22, the shortest y-stem length is 48 monomeric ﬁnits and the

' longest is 84. The y-stem if;ngths mean, statistically, that a defect will be located on at
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least every molecule transverse 'thrc;ugh the crystal. If tiéht chain folding occurs, then a
defect would be included iﬁ the-crystal as that part of the molecule traverses the crystal
due to the meso run lenigth between defects. The samples in this study are not rapidly
cooled, 'theyj,a’ré-,slowly:crysfé;liiZed "'isﬁdthermally and annealed at the crystallization
temperatuire. ‘Therefore, defect incorporation into the crystal matrix is not expected. In
.addition, the AI-If values do not suggest any defect incorporation. Studies and theory™*:
have shown that as supércooiing decreases, the amouﬁt of crystal defects also decreases.
The meéo run length between defects for tﬁe miPP resins is such that, if defect exclusion
domihatcs, the basal plane foids woﬁld be necessarily loose.. If the defects are trapped in
the interfacial region, they can s‘ign‘iﬁ‘ca-ntly raise the fold surface free energy'®'®. As
‘the cryétal becomes 'thicker, the stafistics are favorable'for more and more defects to be
trapped in the interfacial region. | |
Although not. conc;lusive, the DSC crystallization of M22 at 140°C, as shown in
Figure 4.9, may indicate the explapqﬁon 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
19.581'1m‘, a étem lengm that fequires 90 monomers. Crystal thicknesses of this size
would requk; that a defecf be iﬁch;déd in the cfystal. Defect inclusion would be
necessary to allow defects‘ to be in the f;)ld_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 def'e\;:ts géne;ate the ptructure. Based on the crystallization

temperatures and AH, results used in this study, crystal defect incorporation producing the

226



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 structufe endotherm peak reduces in intensity in the
melting endotherm after crystallization at 140°C.

Additionally, the mechanism presented here would explain why the 7y -structure

occurs at lJower supercoolings. As the éupercooling 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 amorph(;us state. The crystalline
density does not éhange 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 increases; chain. 'rriobillity decreases as the barriers to various thermal
motions increase. Therefore, it may be expected that the crystal surface may become
rough due to the limi‘ted 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‘irtsel_f ancl-effect the region where crystallization is
occurring, as it is the one undergoing the phase tranSformation.' The pressure increase
willl affect both chain folding and the:' errergy of the fold surface. Recall in Case 1, the y-
structure has a lorrge'r crystalline stem length embedded in the crystal per unit crystal
thickness than the stems found in oz-il’P. Again in a similar manner, the surface free
. energy is hlgher, so in order to comperisate, the stem length increases to regain more
| energy through crystallizlng (enthalpy.. release). Crystallization studies at elevated
- pressures have shown that as pressrlre :is i’rrcreased, thepercent v-iPP increases at the
same crystallization temperature. |

From the”rational preserrt'eo aboye it would seem that the fold surface free energy
must be higher durmg the crystalhzatlon process (perhaps a result of a rough surface in
‘ 'each case). This explanatlon can then be used to induce the formation of 'Y-IPP in the low

molecular weight, h1gh defect content and h1gh pressure situations.

4.2 Crysralﬁzaﬁon‘ Kinetics of Isothermally Crystallized Resins
Crystalhzatlon kmet1cs are an 1mportant polymer property that is hlghly
1nﬂuenced by the. vanous molecular vanables a polymer chain may possess. In
' crystalhzanon studres it is often necessary to separate the effects of nucleatlon and
growth rates of a polymer sample These two factors are combined in bulk analysis.
However, bulk crystalhzatlon behav10r g1ves a good approx1mat10r1 of the behav1or a
| part1cu1ar resin ‘will exhibit in vanous apphcat10ns In thls work, both isothermal bulk

and crystal growth kinetics were 1nvest1gated.




The results in Figures 437 and 4.38 show the various resins overall bulk

isothermal crystallization.kilretics ’as determined by cr};stallization half-time versus
‘ crystallization temperature and degree of ' supercooling, respectively. At a given ‘
temperature ZNHT has by far the fastest crystallization half-time (t,,) followed by
M100 ZN35, MlO M22 and M32. Th15 is a rather mterestmg finding since this is not
_the order in which the resins go from fewest to most defects

Plotted in terms of supercOohng, the t,,, data show that the bulk rate of ZNHT is
the fastest followed by ZN3§; :MIVOO,x M10, M22 and M32. These results do not
correspond to'the order of defect contentxfor each material, except for the zniPP resins.

'In order to _uhders.tand this re_sult',;‘the'effects ‘of nucleation and growth rates must be
separated. ‘

The plot in Flgure 4.39 shows the hnear growth rate of spheruhtes as a function of
crystalhzatlon temperature Th1s work indicates that ZNHT had the fastest lmear growth
rate at a given crystallization temperature, ~followed by ZN35, M22, M32, M10 and

- M100. MI10 and M100 had Very sirrlilar linear growth rates, with M10 having a slightly
"~ higher rate, within expeﬂmentd.enor. These growth rates fall ir1 the order of fewest |
" defect cohtent (ZNHT) resin havirlg _th% :fastest_lirrear growth,' »to the slowest linear growth
' rate‘belongi'ng to the resin with the highes't arrrourlt of configurational defects, M100.
This result .would be e)rpect,ed 'fo,r poiyrrlers with conffguraﬁOnal defects at high
: crystailization tempe’ratures.» The'slower growth rate is due to the back stem reaction, as.
explained in _section 24.3 artd shown ih Figure 2.29. This term domthates due to the loss
of enthalpy fro_rrrthe presence of the ,tiefect at the growth front interface which allows the
stem to haclr off the suhstrate-more readily. Defects preserlt m the grOWth frorrt should
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:slow the macroscopically observed Hn1ear growth'rafe at highe;‘ crystallization

temperatures, where the defects cause ;‘lqwering of the heat of fusion up;)n obtaimﬁg
crystallogféphic registry. The l_owefing.Of the ﬁe;t of fusion may be signiﬁcant enough at
higher cr&stalﬁzatjon témperatufes that the just added stem becomes more stable in the
melt than the vcrysta.l, due to the AG fz;roring' the melt over the crystal. This will cause
| that stem to back off in part or total from- the crystgl. This v;/as brieﬂy discussed‘at the
end of section 4.1.3. .

| Whgh‘ the hnear growth rates are plotted against' supercooling, ZN35 has the

. highest growth rate. This is shown m Figilrjc 4.40. ZN35 is followed by ZNHT, with the

group of miPP resins packed closely tégether. ‘Within the miPP resins, M22 was the

* fastest with M32 and M100 virtually identical and slightly slower than M22, with M10

_the slo;:vest. These 'thermodynamic’a]jl.‘y Aa(.iju‘stecﬂl growth rates agree with those found in
'_ linear growth rates versus‘crystalﬁial‘tidn temperature except for the behavior of ZN35
and M100. - : |

'_I'I;éré is 'ohnevcomﬁlé‘n' fa;c»tvcl),r; béfﬁ&géén ZN3;5 and‘ M100 that may explain their
thermodynamically ad_]usted linear gréth rate behavior. Both of the resins contain a
. significant a:ﬁohnt éf xyleﬁefsolulbleé méte;ial @at was shown to lower the equilibrium
melting teméerature for each resin in an"amount prdportional’to the xylene solubles
rﬂaterial. It was stated that xylene solubies ma£eﬁal acts as a ;iiluent; theréby lowering

the observed T,.°. Studies have. shown that -noncrystallizable material present in a

crystallizable polymer (sjlch as- iPP) "wil_l siow the observed linear growth rates.

However, most.of these studigs have used 'larlge fractions of noncrystallizable material

and the amounts of non-crystallizable material present in this work is smaller. Therefore, -
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the amount of xylene soluble material for ZN35 and M100 may not significantly decrease
the linear growth rates in lrelration to its effect on the. depression of the T, ° due to the
diluent effect at the levels.‘of xylene soluble material in this study. This then would
explain why ZN35 and M100 have the observed linear growth rates when adjusted for
supercooling, which raises the qﬁes‘tion concerning the validity of studying growth rétes
asa funéﬁon of supercooling. -

The experimentally determined nucleation density (N) for each material is shown
in Figure 4.41. The ﬂucleaﬂon density is the total number of primary nuclei of the
sample,‘in an aréa over all time using a given sample thickness. In reality, unless the
sample thickness is very thin, the OBéer\}éd nucleation density is only for the nuclei in the
field of focus at the time of (')bsér;/afrion.- If the sample thickness is quite large, the
reported N will be much smaller thén the actual N for that sample. In order to minimize
this error, each sample used was made as thin as possible, typically 50-70um. For the
presenf purpose of comparing the nucle;ation process in these different resins, we believe
that this approach is satisfaétory, though'the overall number' densities of nuclei may be
§oméWhat in erTor.

M100 has the highest nucleation density, followed by M10, 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 ﬁucleation mechanism for iPP is usually
heterogeneous with all nuclei apﬁearingét abproximately the same time under isothermal
conditions due to fqreign matter present in the sample nucleating spherulites. Unless
samples are high}y purified, it is unreasonable to présume the origin of nuclei ivs’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.

Ho’wever‘, to overlook the cqnu'ibution‘c_if the nucleation density to bu}k kinetics would be
factually inéorréct, as‘tiie data in Figure ’4.\37 show. |

The résults here sho,w'thati v.the: observed linea; ‘growth rates follow the order for
»ea‘lch maferial of most defecf ffgg reéiin’ (ZNHT) ha;'ing_ the highest ﬁnear gréwth £ate to
the resins cdr'_xtaining the% mé)st de‘fe,cts' (MIOQ) havingﬂie lowest linear growth rates.
Thefefqré the ‘explané.tiér; fdr the bi111§ crystallization half-time behavidr must be
at’tril‘:\lllt‘ec‘l1 to thé differenées in hl%cléétiér'if density for each material. If a resin has 'ahjgherl
ngcleatiqn density, it §viH fo;m" 1'1-10‘rel nuélej per unjt ;folume than anothef méterial.
Producing more ;1uclei in the‘yise:l'r'r‘ie';'olume' as another resin will a;:celerate the bulk
obéerved kinetics, withLaII other faptors 'the same. So, .if the resin with the ‘lower.‘ linear
growth rate has a higher nuc}eaﬁ;n déﬁsity, th§ effect of more nuclei per uﬁt volume can
make it crystallize ‘faslt':er' thanj,_thé other fesin with a lov.ver nucleation density, but with a
: ~ higher 1inear ‘growth rate.- ThlS 1s the exﬁlanatioﬁ 'f;)r the observed trend in t‘l'1e
crystallization half—timé,vgrsus cry.sAtaHlizlatjic.m ‘tgmpc:eratqre plét (Figufe 4.37). |

The major point to be lleamedv from this is that it is the cémbination of nucleation

and linear grthh rates together that dictate the overa_li bulk crystallization rate.

421 Regime Analy;ié for PP

The use of ‘the secondarsl nucleation rate analysis for understanding the
micro_s‘cqpic a?:tivity of chain folding and observed linear growth rates has provided a
technique fo"r intefpretiné"éxperimental findings for scientific and ’industrial useA.

Recently, Hoffman and Miller'* updated their original theory and some of the changes
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will be used in this work. TI\le“.differlences lIsed in this work will be pointed out and
discussed as needed.

' The linear growth Ifaté'is now expressed as'%:

: A i &,
4.8) G‘='Goe(%)e(r7f)
where the changes haye occurred in the 4f1rst exponential or the diffusion term. T is still
the crystglﬁzation ter;lperajtuhr'e; and Q isl I:he observed activation energy for centre-of-
mass diffus‘ion,' wlhich‘ is 5736ca1/m01 fjdr‘;PE. We wIll use 5736ca1/n.101i°8 for iPP also.
The anaIysis is tIlen carried out aé ou’t]irIed in section 2.4.2.2.

In order to identify a :egimé transition, it is best to plot In G versus gither the
supercooling or cIystaHi;aﬁon t\er‘nperaturem“». "This is illustrated fbf ZN35 in Figure 4.43.
The transition is clearlsl seéﬁ aé occp;rihg at 43.2K supercooling. A similar procedure
was performed on all resins to énsure that the a true regime transition had occurred.

The results in Fiinre 444 shéw a regime plot for M10. The Roman numeral
subscript indicates the \regime operating in ‘the crystallization process. ‘Previous
studies'!"'** for higIl molgcula-ﬁ'v weighf iPP have operated-in Regime II and II uncIer
similar crystallization temperatures. Also the slope of the region indicatedh és regime III
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 II and III highly
certain. A similar procedure»was performed on all resins and the results are shown in
Table 4.8. Figure 4.45 shows alI the resins on a éingle 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 hehavici)r of ZNHT §hot11d be considered as the standard. The regime
tra_nsition temperature.s for each resin‘falls in order of decreasing regime transition
temperatures with increasing defect content aﬁd decreasing meso run length. ZNHT has
the highest meso run length and MldO the shortest meso run length. Since we have
postulated ‘and shown that defect incorporation at ﬂteée crystallization temperatures is
. highl.;lll.tmlikely, rej ection of .d‘ef'ects:’»pusﬁhes the regime transition temperature lower as the
number of 'defectsv‘increa‘ses and thevr'n'es&o un length decreases. Decreasing the regime
transition temperature means that the ‘lamellae thickness also decreases since the crystal
thiphness is a function of crystallizatiqn- ‘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 ‘leng'th. V Therefore, increasing the number of
configurational defects in iPP, ih‘arandom' manner, decreases the regime transition
temﬁerature in a way similar to decreasing the average meso run length. The loWeﬂng of
the regime transition 'temperathre is also a further indication that defect exclusion is
occurring.

' The ratio of slopes for regime IIT and regime II show all resins have a value very
nearly 2, as shown in the last column of Table 4.8 The theoretical value is two and the
vaiues in this work are very etose'te thts‘ratio, vin agreement’with work from other
researchers' ', |

The slot:e of the line in a crystaﬂizatton regime is the value for the formation of
the critical nucleus (K,). The nucleation equation for a giveh,regime (see equation 2.14)

"allows the value of 6, to be calculated. The value of 6 used in the determination of G, in

the regime analysis is 9.2mJ/m? since the average AH; was taken as 167J/g (the
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relationship between AH; and ¢ can be found in equation 2.15). The values for G,

calculated for each resin using regime analysis is listed in Table 4.9, along with the G,
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 aﬁalysis for all the resins studied. The order of the G,
values is consistent with those determinéﬁ by SAXS (meaning as the number of defects
increases, G, also increases), but the 6, values using regime theory are nearly twice what
is found using SAXS. This is not the first serious difference®® found bet’ween the two
methods using the primary method (SAXS) and secondary technique (regime analysis)

79-88,107-111

for iPP. The authors of regime theory clearly state that the theory, as they have
developed it, works for polyethylene (PE). The o, values determined for PE using SAXS

and regime theory agree quite well. Therefore, this suggests the problem must lie 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 Yy-iPP crystal structure. Since
Y-iPP was found in all the isothermally crystallized films (as determined by WAXD) for
the miPP resins, it was assumed that the y-iPP was present for all of the linear growth rate

1
measurements made. The growth rate of y-iPP was taken to be same as o-iPP since no
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distinct morphological difference_s could be found to suggest otherwise. Also, it has been

previously stated that both the o and y crystal structure can occur within the same

.lamellae and spheruhte Where appropnate each resins y-T,’ was used and the AH; was

assumed to be 1501/g. For obvious reasons, the zniPP resms did not undergo the y '

‘ regirne analysis.-
. The '_values’ for K, and G,; det_ermined 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 II and I is nko
shghtly thher than two for each resm The numerical values for’ K, have also decreased
for each resin in each regnne G has also decreased for each resin in each regime, but
‘not as s1gmflcantly as Kg_. | ‘ e

" The :slopers '(l(g)'have decre_ased :in";éach,_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 o-iPP. ©, was calculared' for "y-i'PP using the PE surface nucleation equation.

- These values are ‘shown in Table'4.11‘ along with the SAXS o, values. The regime
"+ analysis ©, values for y—rPP are s1gmﬁcantly hrgher than those determined by SAXS.
_ Thus it would appear, that the surface nucleation equatron (K ) derived for PE does not

work for iPP.

4.2.3 Discussion of Regime Analysis and SAXS o, Values
An interesting question-arises in the discussion of G, values determined by SAXS
and regime analysis, should the surface nucleation o, have the same numerical value as

the G, 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 thermodynarmc quantity. The argument
made here is that t.he G, determined from the kmetics is in fact the o, 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 G, on the observed

melting temperature. The m1PP resms have s1gn1ﬁcantly lower melting temperatures

"~ with sumlar lamellae thlcknesses (see F1gure 4.23).

Another qiiestion’ ‘that anses concerns whether or not the G, measured k1net1cally

represents the fold energy of the crmcal nucleus and should it be compared to a post

annealed mature crystal structure (1 e. the one determined from SAXS) If there is a

_d1fference between the kinetic and SAXS G, then dunng the anneahng 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 c, would presumably be a result of
pertecﬁon and the relief of stress in the interfacial region. ‘While tlus sounds good for an
explanation, it is false. |

Studies have shown that larnellae' thickeningA 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 thiclmesses are produced due to
differences in crystalhzation time. However all the samples crystalllzed at 135°C have
virtually identical o, values with a spread of over 2nm in thickness. Also, over the entire
range, G,, is relatively constant with crystallization temperature. Therefore, it is not
reasonable to ass]ume'the O, value decreases any appreciable amount after initial stem
deposition and the res’ulting fold ot' t.he‘stern,' If annealing and larnellae‘thickening take

place, the fold would have to lbe‘loos»e' initia]ly. 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 strﬁcture initially formed after stem
deposition. So if anything, the post annealed lamellae structure measured by SAXS
might be éxpected ‘to' hgve a higher fold surface free energy than the initial structure
determined from linear growth rates aﬁd Eregime analysis. This is simply not found
experimentally. | | |

The alterﬁaﬁve explanation for the difference in &, determined by nucleation
analysig and SAXS.is that the surface 'nuclgation-equation derived for PE is not adequate

for iPP.

' 4.24 Calcul?ntedl Growth Rates using Flux Based Nucleation Theory |

The theory proposed by Hoff;il‘an‘e.t al. ailowé for the theoretical (as will be
- Shown irn the present case, péeﬁdo" t:heoretical) calculation of linear growth rates. Since
g | méét often iPP is crystallized iﬁ regi;he IIi with moderate to high supercqolings, the
-linear growth will be calculated and _cbmpéred to the experimentally determined linear.
growth rate for the resins t;onsidered in this work.

In regiple I, the linear growth rate (é) is defined as'®:
@9)  Gymis)=himga) ..
where n; is a number} which dépends on the spacing between adjacent stems and is taken
to be 1.5 for PE at the onset of regiﬂile I behavior. The same value will be used here for

o-iPP. Physi_cally, Dy is t_he spacing between stems in a single layer of substrate. Recall

in Figure 2.26 in regime III 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
1, the surface pucleétion rate. Terms a, and b, 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'®:

: ~4by00,
(¢10) = %ﬂ %{;Zo " 250 f ZoboAG}e o
where AG is defined as AHAT/T,°. C, is the éonﬁgurational path degeneracy and is
defined by'®:

(4.11) N, = CoﬁL

\évhere Ny is the number of reacting sbeciés' and is proportional to the substrate length (L),
which is- L=n;a,. The substrate length is the same as W in Figure 2.25. n, is the
number of stems of Width:.ao comprising the substrate of length L. £, ‘in equation 4.10 is
the monoﬁer length, which for iPP is té.ken to be 0.650nm/3 or 0.2167om. The factor B
represents the retardation of the nucleati(;n process as'sociated,with transport of chain

segments through the subcooled melt to or from the growth front. The factor § has units

of events per second. The factor f is defined as'®:;

1 =
(4.12) B= %(%T)e m

where x is a numerical constant evaluated from the monomeric friction coefficient. ¥
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




weight (i.e. the number of monomer units). For regime III, the calculation of n is

determmed by1°8

(4.13) 42(MM)““‘

It is also worth while to ‘calculateb the rate constant for attainment of the ﬁrst stem onto a

‘ substrate wh1ch is the rate deterrmmng step (Ao) in secondary nucleation'®

=2 bo 0'[

4.14) A0 ,Be kT
; Where Lis the substrate thickness at crystallization temperature T. The backward

‘ reactlon or removal of the first stem rate constant is glven by108

o . ~agbef(AG)

(4.15). ' B =Pe .
R ‘The‘:if,‘substrate 'thic‘kne:ss_:‘.‘(?s,‘ame as lamellae thickness)' as a function of
’ . crystallization tempe‘rature:' was detennined by curi/e ,ﬁtﬁng the data shown -in Figure
f1.46.' : Notice that the ‘zniPP res1ns ,‘formthiclcer crystals at similar crystallization
| _ temperatures. . Also notice that(,_there is .s'catter in the data, likely due to lamellae
‘thickeniné that has occurred during the pr'olonge'ld. crystallization under isothermal
conditi_onls'..: Lamellae‘thickeningi is not taken into account in this plot since the
’ independent variable in this. figure is the crystalliiation temperature. Other.variables not
specified thus far are listed in Table 4. 12 for the calculatrons to follow.

| The calculated pnmary stem depos1t10n rate constant (A,) as a function of

crystallization temperature is shown in Figure'4.47. A, is also shown as a function of

supercooling in Figure 4.48. M\lOO has the highest primary stem deposition rate constant, »

followed byyM22 and M32 which a_re»nearly identical, then ZN35 and ZNHT. The
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behavror of M10 seems qu1te pecuhar Ignonng MlO the pnmary stem. deposmon rate

. constant for each resm seems to. fall 1n an 1nterest1ng order. The resin w1th the most
| defects (MlOO) has the hrghest rate constant and in order of- decreasmg defect content,
the. rate constants decrease vIt would seem based on equat10n 4 14 and the observation of
-crystal th1ckness as a. funct10n of crystalhzatlon temperature in F1gure 4.46, that the
- crystal tluckness dormnates the pnmary stem depos1t10n rate constant for all the resins. If
' a careful observatlon of MlO is made in F1gure 4.46 at lower crystalllzauon temperatures :
| ‘(or hlgher supercoohngs) MlO has a larger crysta.l thickness than the .other miPP resins,
but as the crystalhzatlon temperature mcreases further the other m1PP resins have s1m1lar
‘ tlncknesses or larger in some cases The behavior of M10 has elucidated the most
promment tverm' for determmmg the prrmary stem deposition rate constant.

"I'he pnmary stem deposmon rate constant being a functron of lamellae thickness .
‘ata given crystallization temperature:‘ indicates that the assumption of a polymer stem
-chainv “snapping’; into place' after‘ a'"pre‘-*seg’rnentali(zed alignment prior to obtaining
' crystallographlc registry is hkely“’s. We shall hereafter refer to this ‘as quantized stem .
deposmon. Based on the ,expenmental‘factors'built into these calculations, and the
. detailed understanding, of polymer' chain molecules there appears to be no other

reasonable explanatlon for descnbmg the behavror exh1b1ted in Figures 4.47 and 4.48.
The pnmary depos1t10n rate is clearly not directly dependent on defect content, fold
‘surface energy or molecular werght within the range of materials and condltlons 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 structure

requisite for the substrate thlckness ata grven crystallization temperature After all, the

258



longer the §ubst;ate the gréz;ter the 1o§s of | entropy needed before any‘eﬁtl.lalpy is released
- upon gyan;iied stem'c’lelim‘sillgil_(')nv.k‘quever; Since_the defects do affect T_° an;l c,, they
are iAndirectllvy,rgspoﬁsiblle for_ ﬁme lamellae ﬁchess (see below). ' |

While Figure 4.48‘ and:ti:;e .one\s— t6 followlare calculated values, they are not

. completely theoretical. As much as possible, ;'alues determined experimentally were
used in the qalculations. | |

’fhe defects for each resin were ﬁot directly inserted into any expression to be -
accounted for explicitly. However, the effects of. defects are indjrecﬁy accounted for by

‘.their influence on the fold su‘rfaée free enefgiés and equilibriﬁm melting tempera;ufes,
which are‘ used in the calculaﬁoﬂs. Thus,'.t,he 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 conﬁneé of secondary nucleation theory.

The calculations in Figure 4.49 and 4.50 show the stem removal rate constant as a
function of crystallization temperature and ‘superc<.)oling, respectively. In Figure 4.50,
M100 and M10 had the highest rémoval'r.zlte, followed ‘t;y M22 and M32' and then ZN35

~and ZNHT. It would appear §n the surface thaf iese rates are in direct agreement with

the relative order of defect Icontent for each material. Recall that defects were not directly
considered in this theory. Whi}e defect content causing th1s behavior can not be ruled
out, it is wortﬁ noting that the quantizéd étem length on the substrate may also influence
the back reaction. As the substrate thickness increases, the amount of hca£ released upon

, qrjstallographié regiétry of a quanﬁzéﬁ ‘chain attaching increases. Therefore, the

probability of a b;ck reaction. once a-quantized stem attaches should be expecte;d to

~ decrease. If in fact the defect distribution is considered in this process, the observed
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order of back reaction as afunction of resin and defect content is completely reasonable,
especially when combined with the efrect of enthalpy release upon crystallographic
registry.
| . -Based on equation 4.9 a_nd. 4.10, the linear growth rate l'or each resin was
calculated as a funct10n of crystalhzatron temperature The results of these calculations
.are shown in F1gures 4, 51 and 4 52 The calculated growth rates show that ZNHT has the
h1ghest hnear growth rate followed by ZN35 M22 M100, M32 and M10. Except for
‘the behav1or of M100 the calculated growth rate is in very good agreement with the
values deterrnmed expenmentally, when comparing F1gure 4.39 and 4.51. When
comparing the calculated and experirnental growth rates as a function of supercooling
' (Figure 4.40 and 4.52 respectivel)r); the order of prem'cted 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 dlfference between the two was determined. The
~ data shown are only for the miPP reains. 'l‘he zniPP resins do not have a very uniform
defect distribution and were not lncluded 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 terrn or method of accounting for the average meso run
length '(or number of defects) directly into any of the nucleation based terms.
’l‘he inherent accuracy or ahs_olute 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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iritroduced in either the physically observed linear growth rates and the calculated growth

rates, as many éssumptions and approximations have been made. As such, only a
lqualitative 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 run length) slows the linear growth rate observed experimentally. |

The result of the calculated linear growth rates using the nucleation based
equations show that the terms used in detémﬁning 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 ds 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. ‘Th'erefore, 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
nﬁcroscopy system were also investigated using WAXD, SAXS and DSC. These results
are combiged in the present section to determine the equilibrium ﬁelﬁng 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 performegi on the growth rates observed under high

cooling rate conditions.

4.3.1 WAXD of Nomsothermal lPP Fllms A

WAXD pattems of some filrns nomsothermally crystallrzed in the HCRLDM

system are shown in F1gures 4, 54 4 57 M10 M22, ZNHT and M100 have WAXD

patterns shown at the average cooling rate (ACR) indicated in each figure.
The main pomt of interest i the WAXD patterns is the virtual lack of any y-1PP

crystal peaks for any ﬁlms For the- ﬁlms in this study, o-iPP was observed for all ﬁlms

crystalhzed under nomsothermal co‘ndrtions.. Isothermal stud1es show that M10 and -

M100 have up to 70% y-iPP when crystalii_zed at low supercoolings. Figure 4.54 and

4.57 do not indicate the prese_nce -of 'y;iPP for any of the average cooling rates in this

. nonisothermal study. A slight inﬂeetion exists for the M10 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-1PP reg1on As such, the presence of v-iPP to any large extent (as seen by’

WAXD reflections) for any films crystallized nomsothermally can be ruled out.

- One additional point of i interest is that all the ﬁ]ms studied contain a large fraction

of the a;monociinic crystal sn'ucture; while'thepr‘eSence'of any condis (smectic) crystal -

structure is limited or nonex1stent in the WAXD pattems Th15 would indicate that the
resins in this study are not capable of quenchmg to the level of producmg the dlsordered

structure in the HCRLDM system, w1thm the cooling rates obtamed within this work for
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.these iPP resins. Previous Wor_kz‘i“ﬂindijcated that cooling rates above 80K/s are needed to

produce the mesomorphic phase in dominate amounts.

" 43, 2 Differentlal Scanmng Calonmetry
' DSC was used to- charactenze the ﬁlms shown in the WAXD section. The DSC
bwas.’ used to determine the Tn} and A‘Hf of each Tesin crystalhzed under nonisothermal

. conditions.

43. 3 Meltlng Temperature of Infimtely Thlck Crystals from Nomsothermal;

Crystalhzation Studles

- Films were used to deterrmne the meltmg temperature of an mﬁmtely thick crystal
| produced under nomsothermal (hence far away from equlhbrium, i.e. nonequlhbnum)
conditlons (T ®). “This term i is in fact analogous to the equlhbnum melting temperature
measured under 1sotherma1 :condmons:'and 1n some cases we shall discuss the two.’
interchangeably, where appropriate. f Determining - the. T, under nonisothermal
conditions and compaxing it to the isoth'erinal T, is of interest to study the effect of the
defects on an infinitely thick cr;'stal under crystallization conditions far away from
equilibrium. The T, for each matenal was deterrmned in a similar manner to the
procedure used for 1sotherma11y crystalhzed ﬁlms SAXS was used to determine the long
penod. WAXD was used to determine the crystallinity and DSC the meltlng temperature'
" of each film. a |
‘The results in Figure 458 sh'ov‘_v' the 'lamellaexthickness.versus cooling rate. The

lamellae thickness is'plotted versus plateat temperature in Figure 4.59.
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"The determmatron of T NE for each of the iPP resins is shown in F1gures 4.60-
- 4.62: M10 and M22 are shown in F1gure 4 60 M32 and M100 are shown in Figure 4.61
and ZN35 and ZNHT are shown in F1gure 4. 62 The meltmg temperature at infinite
' tluckness for. M10 has decreased from 185°C in the 1sotherma1 case to 177°C for the
nonisothermal data. M22_ has shown a decrease from 186°C to 180°C, while M32 has
decreased from 18§°C to 179°C. MldO had the largest decrease from a T, of 183°Cto a
T, of 173°C. Within experinlental error, the T.° and T are the same for ZN35 and
ZNHI. The experimental_error for the ncnisothermal T for each resin is +3°C.
~ The explanation fcr ‘the' lowe‘r T;N? for the miPP resins under nonisothermal
conditions can be explained by the decrease‘ in the extrapolated heat of fusion t'or a 100%
crysfalline material. The extrapdlation' for the heat of fusion for a 100% crystalline
sample for each material is shown in F1gure 4.63 for the miPP resms and Figure 4.64 for

" the zniPP resins.

’Ihe results shown in Table 4.13 allow a direct comparison of the T,,’ and AH;

thained under isothermal_ (I) and nonisothermal (NI) :conditions using the same
experimental procedure. The decrease in T \® follows the trend that 1ncreas1ng the
number of conﬁguratlonal defects causes a larger change and decrease from the

' 1sotherma1 T,.. The explanation for the decrease in T, comes from the decrease in AHf

under isothermal conditions, with ’increasing conﬁgurational defects. The decrease in

.AI-If appears to be a result of defect 1ncorporat10n into the crystal matrix. Defect
1ncorporat10n 1nto the crystal matnx causes the total amount of heat released for a g1ven

- vplume of 0-iPP crystal to decrease over an otherwise defect free crystal. The more

! numerous the’number of defects n_resent in the crystal, the larger the decrease in the AH..
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This lowers the observed T ofa sample by requmng less heat (i.e. a lower temperature)

to melt a crystal of a g1ven thlckness versus a defect free crystal of the same thickness.
Defect mcorporat10n becomes ‘common 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 supercoolirrgs. The thermodynamic
driving force (Gibbs free_energy) to erystallize becomes greater as the supereooling
increases, the crystal becomes trre thennodynamrcally more favorable phase. This in turn
cirives crystallization to occur at more rapid speeds. Higher crystallization speeds can be
partially credited to lower crystallization temperatures producirrg thinner lamellae which
require less time for a stem to deposit onto. The higher crystallization speeds mean that
' corrﬁgurational'defects present in 'stems depositin;g onto a suBstrate are not going to be .
.rejected as frequently as in the isotlrennal case. The heat of fusion lost due to .the_‘
disruption of the crystal matrix.\arelrrrd the incorporated defect is offset by the Gibbs free
errergy ravoﬁng the phase change. The \penalty for defect incorporation is paid wr1en the
sample is melted, the 'sar_nple will melt at a lbwer ternperature as outlined above. The
data here suggests that the rnore numerous the defects in the resin, the iarger the
incorporation into the crystal matrix with the subsequent lowering of the nonisothermal

AH;. and T,"®.

- 434 Fold Surface Free Energy
The fold surface free energies were determined for - the noni:sothermally

"~ crystallized films used in the SAXS and WAXD studies. The T_™ and AH, determined
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experimeﬁtally (Table 4.13) for each resin under nonisothermal conditions was used in
- the calculation of G,.

-The results-i'n‘Figu_‘i'e.-,4."65_l show the o, values for each resin under nonisothermal

conditions using SAXS;. WAXD and DSC and the Gibbs-Thomson equation. M10 has-

the highest o, values followed by M22, M32, ZNHT, M100 and ZN35. Table 4.14 shows

a direct comparison of ¢, determined under isothermal (I) and n.c>nisotherma1‘ (NI)

conditioﬁs using SAXS as the expeﬁinental’ method for each resin. In eaéh case, the
. expeﬁmentally-detennined. T, and AH; are used (Tgble 4.13) in the calculation of G..

All C, i{alués determined from SAXS work crystallized under. nonisothermal
conditions _sh9wed a decrease in 6, when compared to the ¢, for films crystallized using
isothermal conditions. The change in &, (isothermal — nbnisothermal) indicates that
ZNHT decréased only slightly, from 33.5mJ/m? to 32.0mJ/m> ZN35 showed a decrease
of 5.0mJ/m2,- whilg the miPP resins all sﬁowéd a much greater decrease in'G,. . M22 and

M32 had a decrease of 11.0mJ/m? while MlQ decreased by 16.0mJ/m? and MIOQ

_ decreased by 17.0mJ/m> ~The general order of decrease in G, fbllows the trend of

incree%sing configurational ‘défects. Ti)e more numerous the coﬁﬁgmaﬁonal defects, the
larger tile decrease in G, undér nonisothermal c:&étéllization conditions. A main point of
.iI»ltérest_is‘thé.t the o, values are ﬁ0w quité similar for both the miPP resins and the ZNHT
resm The ZNSS resin @s still lower, presumably as a result of the inﬂuence'of the xylene
sc;lubles fraction.

A' slight reduction inl 63' .woﬁl‘d be eipected under nonisothémal conditions

- ;eghrdless of the presence of defects. Studies on PE have shown that rapid crystallization
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Figure 4.65 Nonisothermal o, detefmined using SAXS for all resins.
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. forms less adjacent reentry and tight chai;i foiding. A similar ﬁndfng yvould also be
exPectéd for iPP. 'ZNHT éh'oxysv a sﬁght decre'gse in .. It has been stated that the
‘crystallliZation behavior of ZNHTshould be considered average or normal, in ‘that ZNHT
" contains few defects and has a low percent of xylene solubles. Thereforg, at least a
© 0.2mJ/m? decrease in o, shoul& be‘ e;:pc:cted for all resins.

 The significance of tﬁe de(:reasc. in ©, aﬁsés,ﬁom an earlier péint in the study of
isoﬂlermaliy crystallized ﬁlms The gxpfanation for the formation of y-iPP was that
‘ cdﬂﬁgurétional Aefects wéxje; }Ii'nrefe‘re.n.tiélly fejected from crystal incorporation under
isothermal conditions. The'réjé;:t;d seg;JJehts thatl contain the defects were put into the
g _ -fold suljfacé region, more gengllé‘l,l'y} ?aﬂed the interfacial region. The defects in the
int;rfaciai ~regio-n pro'ducled» hiéﬁer 6. values that. made the Yy structure more
-;iherﬁlodynanﬁcally favorable.l’r_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 rejéétion of

,c_onﬁgur'ational 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 de¢reased) in the fold surface region, a decrease in o, would be

exﬁgéte&. Further, siﬁécfdéfec:t nlirlrllAb_e:r_sx are reduced in thé‘ fold surfa:ce region, the
preselnc'e‘b“f Y-iPP sh'ou_ldibé greatly reduced or eliminated. Both a reduction of G, and the
z;bsence of ¥-iPP in the WAXD p;atte'rns is observed. These ﬁndingé are also supported
by‘the' :n'liPPjr‘esins with the :most defg:cts showing the largest decrease in G, in

nonisothermal crystallization. -
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- 44 Nomsothermal Crystalhzatlon Kmetlcs
Nomsothermal crystallrzatron kmetrcs were investigated using the HCRLDM |
- system. Bulk and crystal growth krnetrcs were mvestrgated. 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 ‘grthh rate and,nucleation density for ﬁlrns crystallized under »

nonisothermal conditions. A regirne analysi‘s was applied to the linear growth rates under .

nonisothermal conditions.

4.4.1 Ternlinology used in Bulk Nonisotherrnal Cry_stalliiation Kinetics

Bulk kinetics were studied us‘ing the HCRLDM system previously described here

and elsewhere'®>'%, The experimental variables of interest are the cooling rate, plateau

temperature, cry,stallization half;time, crystalllzation onset temperature and induction
time. |
Important Bulk Variables

| A brief discusslionanddeﬁ.ni‘tion “forl each important variable determined in

nonisothermal kinetic a'nalySis will 'be discussed and defined below. ‘

) Coohng Rat The coohng rate is’ determmed from the slope of the plot, temperature
. Versus- time collected using a thermocouple embedded directly into the sample. While
stnctly speaking, the coolmg rate factor (CRF) is more correct in describing the change in

sample temperature versus time, the coohng rate is used here since it has a more useful

physical meaning outs1de the conﬁnes of nonisothermal crystallization studies using the

T HCRLDM systenl. The coohng rate discussed here is actually a time averaged cooling
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rate. Addltlonally, it has been shown2°6 28 that the relanonshrp between average cooling
rate (ACR) and CRF 1s hnear for 1PP and PE over the range of crystallization rates used
mtlus study. v ‘L‘ - ‘ |
Clearly there ex1sts some error in usmg a linear express1on to describe the curved
expenmental behavior of the temperature versus time profile in a HCR-LDM run. To
minimize thlS error; the hnear curve fit for the cooling rate was extended to the onset
: temperature of crystallizaﬁon. At the onset of crystallization, heat is 'beginning to be |
‘released which mﬂuences the slope of the temperature proﬁle makmg the curve fit to
pomts located after the onset of crysta]lrzatron questlonable |
Plateau Temp_eratur The plateau temperature (Tp) is the temperature at which the
' coolmg rate of the sample is _]ust matched and equaled by the heat released upon

crystalhzatlon As the ACR increases, the plateau region becomes smaller and all but

", disappears at extremely high cooling rates. In thlS situation, the point of inflection of the

o 'mtercept of the hne extendmg down from the liquid state polymer to the solid state semi-

'crystalhne polymer is taken to be the plateau temperature. Although it is 1ntu1t1ve,
» crystalhzauon begins before the~p1ateau 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 'te'mp.erature ‘versus"timeiprofile for ZNHT crystallized at
, :260°_C/min (A) and .2000°C/min‘ (B). ‘The.arrows point to the plateau region for each
gample run. Notit:e that “th.e A contalns a much 'lon(ger plateau temperature than B, a

result of a much longer cryetalﬁzation time at a Jower cooling rate. .
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Figure 4.66 HCRLDM temperature versus time run.
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Cry4 stallization 6nset Temperature The crYstalhzation onset time is determined from
the plot of I0 versus time (t) wh1ch is shown for run A of Figure 4.66 in Figure 4.67. The
_crystalhzatron onset t1me is then used to determme the crystallization onset temperature .
(To). The crystalhzatlon onset trme starts when the hght 1ntens1ty begms to decrease,
1nd1cated by the arrow in Figure 4. 67 whrch corresponds to nuclei formatron and
absorption of light. The temperature\ versus,trme plot (or more accurately data) is used to
detérmine the temperature at that time when light absorption begins. It is also closely .
related to the coohng rate of the sample | |
Inductlon Time The 1nduct10n time is deﬁned as the amount of trme which the
’ polymer takes as it passes be\_low-rtS‘T,:n -until the cr;rstalhzatron onset temperature is
reached. The induction time giyes an ;indication of the nucleating ability Iof the resin, by
| either heterogeneous or homoéenous .mechanism. |
‘Crystarllization Half-Time The vnonisothermal crystalhzation half-time is determined
froma plot of relative crystallinity .v_ersus time. The time at which 50% of the total |
. relative crystallinitSI has heen reached is det_ermined. The crystallization half-time is the

difference between this time and the induction time..

442 Bulk Kinetics Resultsand "isis‘cussto'n

The results m Figure 4.68 show that the reiationship between plateau temperature
and cooling rate is not hnear.: At iouver cooling rates, the plateau temperature decreases
| ~ more rapidly than at higher cooling rates. ZNHT has the highest Tp at all ACR MlOd
and ZN35 have a snmlar Tp versus ACR proﬁle while M10 has a shghtly higher Tp than ;

M22 and M32 at most coohng rates Figure 4 69 wh1ch shows To versus ACR, indicates
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Figure 4.67 HCRLDM 1, versus time run for a typical sample.
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that ZNHT also begms crystalhzauon at much h1gher temperatures than any other resin in

 this study The remarmng resms are’ grouped together at lower temperatures with similar .

. To values More spec1fically, the rmPP resins all have snmlar To values regardless of

coohng rate While the ZN35 resin has similar To values at most ACRs, but begins to

» level off at-ACRs above 3500°C/mm ZNHT exh1b1ts a s1rmlar levehng off -at .

2500°C/m1n The miPP resms To values conunue to decrease
A further observatlon (from F1gure 4 68) is that m1PP resins with ACRs above ‘
3500°C/m1n have a s1gmficantly lower Tp than ZN35 and ZNHT. The significance of

this fmding is very great, especially~ ina processing environment, which typically have

' very h1gh ACRs Th1s result indicates that miPP resins having similar sample mass and
thrcknesses using high coohng rate cond1t10ns, have a delayed crystalhzatton that starts at
. a lower femperature and ‘occurs, in bulk, at a lower temperature (i.e. lower Tp) than do

. similar zniPP resins.

The reason for delayed crystalhzatron can be determined from Flgure 4.69." The

crystalhzatlon onset temperature at h1gh ACRs for the miPP resins is considerably lower

than the zniPP resins at 4500°C/m1n Begmmng at 3500°C/m1n ACR, the miPP resins

. cool toa lower temperature before crystalhzanon begrns At a ACR of 3000°C/m1n, the
- zniPP resins have leveled off and their To remains relat1vely constant, even as the ACR
increases further. Therefore, at a given‘thickness and air flow rate, the znin resins

‘cannot have the onset of crystallization'delayed, which means the zniPP resins reach an

upper limitvcritical'supercooling:va\lue .lThe miPP resins do not appear to exhibit this
behav1or The likely explanatlon is a result of the conﬁguratlonal defect distribution

differences between the m1PP and szP resms as has been prev1ously dlscussed Nucle1 -
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formation is inhibited in the mJPP reslns due to the presence and distribution of the |

conﬁguratmnal defects In any case, these findings 1nd1cate there is good reason to -

proceed to measure growth and nucleatlon rates

The results in F1gure 4 70 show the nomsothermal crystalhzatron half-time versus

' ACR The data for a]l res1ns seems to be grouped together in a narrow band. However,

- when the.. nomsothermal crystall1zat1on 'half-tlme is plotted agamst the plateau

L temperature as in Frgure 4. 71, some trends emerge ZNHT and M100 have qu1te similar
- tl,z, as do ZN35 and M10 M22 appears to crystalhze shghtly faster than M32 at higher

plateau temperatures. Sm_ce.b‘ulk tip 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‘ 472 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 nucleatmg ab111ty of a partlcular res1n whether the origin is.

- :mstantaneous or spontaneous The results 1n F1gure 4. 72 show that the resins are grouped ,

rather close together in a narrow band as a functlon of coohng rate. However, w1th

. careful observatlon, 1t can be not1ced that generally, M100 and ZNHT have ‘the smallest

- 11nduct10n times, followed by ZN35 M22 and M32 w1th nearly 1dentrca1 values and

- M100, whrch appears to take the longest for nucle1 to form. It is of mterest to note that
the order observed for the mduct10n t1me as a functlon of coohng rate is 51m11ar to the
sorder of each resin’s number average molecular welght The results in F1gure 4.73,

1nduct10n tlme versus’ plateau temperature, follow a-trend close to the induction time

'versus ACR although the data has more scatter M10 M22 and M32 appear to be
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grouped qulte close together w1th the longest induction times: ZNHT has the fastest

1nduct10n tlmes, especially wrth Tp values greater than 90°C. M100 and ZN35 were

g grouped rather close together above 90°C also, with shghtly shorter 1nduct10n times than

the M10, M22 and M32 group.

The results suggest that mil;P and ZN35 ‘have similar nonisothermal bulk _
crystallization kinetics, with M10 and M100 crystallizing slightly faster in some cases.
The- ma_]or d1fference is that the mlPP resins and ZN35 have lower To and Tp values

when compared to ZNHT. In the bulk k1net1cs the influence of nucleatron and growth

rates can not be separated. Iti is, therefore, difficult to attribute a crystallization kinetic

behavior to any one resin characteristic.

'44.3 Nonisothermal Crysta! Growth Nucleation Kinetics

The effects of nucleation and crystal growth rates were measured directly under
nonisothermal crystallization conditions. The nonisothermal kinetics were performed

using the HCRLDM system with a thermocouple duectly embedded in the sample to

enable accurate temperature profile to be obtamed under each cooling condition. The

growth and uucleauon‘rates were recorded using a video came’ra and VCR. .

4.4.3.1 Nonisothermal Growth Rates | |

The growth rates were assumed to be linear although‘ at -high ACRs (above

2000°C/rmn) this is highly doubtful. Th1s could not be accurately tested since the tlme

scale for growth is so rapid that obtaining more than two frames in focus dunng

nonisothermal growth is virtually. impossible at the h1ghest cooling rates with the present
, . e

lu ’
KL |
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video equipment. Due to the vibrations of the sample chamber, several attempts must be
’ oo

made at one set of mass flow settings to achieve, at best, orl;le run in focus that allows for
accurate analysis of growth rates and nucleation density. Iil-Iowever, only the last couple
of data points in each case are subject to this uncertainty. |

The results in Figure 4.74 show the nonisothermal gr:owth rate as a function of the
ACR. Figure 4.75 shows the nonisothermal growth rate as %1 function of Tp. Figure 4.76
shows the isothermal and nonisothermal growth rates toge{:her. 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 under isothermal conditions and ﬂgﬁt side data is nonisothermal),
with tﬁe long break separating the two groups of data for each material. At a given Tb,
ZNHT had the highest growth rate, followed by M100, ZN3:5, M32, M22 and M10. The
observaﬁon is made that the trend in nonisothermal growth r%lte follows the same order as
. the number average molecular weight, except for MlOOE again. (Recall that under
isothermal ;:Andiiion;.tﬁé‘ grdifvth rate was determined by tﬂe number of configurational
defects) ZNHT aﬁd MlOO have versr similar number and welght average molecular
welghts Wlth sumlar molecula: we1ghts, the deciding factor in determining which resin
has ‘the highest g}'owth rate wou}d go to ZNHT since it has far fewer configurational
defects than M100. However, the data rhost closely reflect &1e order of number average
molecular weight for each polymer. |

The present data suggests that the limiting factor in determining the growth fate
under nonisothermal conditions (for highly stereo regular iPP;r) is the molecular weight of

a particular resin. ‘Molecules with less repeat units will diffﬁse faster and have a higher

mobility at similar Tps since these molecules have fewer entarf1g1ements. The viscosity of

301



*3)e1 3ui[00d dFeIdAR SNSIAA djed YPImoasd AnIYdS WA TIDH bLy 2ansiL]

(S/31) ey Sui00) IA3BIIAY

001 SL 0S ST 0

001 mu o
M a
-
-2
g
00z
=
2
)
o0g

0oy



011

-aamjeradurd) neaje(d SNSIIA 3)ed YIMoad anrdyds WATIDH SL'b o...:umh

. e ,mmmﬁwumnﬁmh nevyerg .. f -

oor

06

08

001

00T

0og

Loy

(s/url) ey WmorD rerpey

303 . -



*S3IpNJs jex -—«Bouu [ewxdyjosy woay syurod
gjEp JO 39S JYSLI 3Y) pue sajel YIMoIs [euridyjosiuou woij axe sjyuiod vjep Jo 39s 3J9[ 2—&
*danjesddurd) uorjezif[e)sAId SnsIdA el YYMois InIdyds [BuIdy)os pue WA TIDH 9L 2andL] -

(Do) dameradund ], uonezie)sii)

091 ovl . oct - 001 _ .08 - . © 09

&

00 B
) .m

- @

m‘..

~1-00T =

00IN —N— | 1
IHNZ —f— - my..l
SENZ —W— . - .\n)
N —E— W oom‘, M
TN —O— "’ 2

OIN —é—

_ : —Loop

©.304



l
r
|
|
|

a resin is strongly dependent upon temperature. Under n'onisothermal conditions, the

1

temperature at crystallization is 'apnroximately 90K or more- below the equilibrium

_ o | : '
melting temperature. Therefore, the mobility of polymer chains under isothermal
: E ,

conditions is very different than polymer chains cry'stalllized under nonisothermal

condmons when the temperature is substanually lower at crysta]hzatlon onset. Based on
v1scos1ty as a function of temperature the experimental growth rates under nomsothermal

!
conditions do not seem unreasonable. However, molecularjwe1ght alone is not the only

determining factor. The chemical 'homogenerty (tacticity or number of configurational
defects) is also 1mportant and isa factor in detenmmng the growth rate. For mstance as
pointed out above for ZNHT and MlOO when the molecular welghts are s1m11ar, the
highest growth rate will then go fo the mor‘e stereoregular resi!ln;

N Section 4.3.3 discussed the reason for defect incorporation into the crystal. it was
stated that the driving force to form ‘the' crystal increased as the crystallization
temperature ,decreased. Under' nonisotherrnal cry'stallizat:ion conditions, the loss in
" enthalpy due to defect mcorporatron is more than offset by the huge driving force to
A crystalhze The present growth rate data further suggest that when the driving force to

| -crystallize is high, the molecular ‘weight of a particular resin becomes the most important
factor in controlling the linear growtlr rate under nonisothermal éconditions. For both
’ ‘i,sothermal and‘ nonisothermal linear growt_.h rates, thennod)i'nanucs controls the linear
growth rates of a’ resin ata particular cr}#allization temperat‘ure.‘ Howe\ier, the manner

- in"which the thermodynamics influences the isothermal and nonisothermal process is

quite different.

305" -



| .
In isothermal crystallization, the crystallization temperaturés are usually quite
C |

high and near the equilibrium melting temperature. There:fore, stem depositié)n occurs
when the stability (AG) of the melt and crystal are quite s@u (see section 4.1.3). When
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 reali‘zed. This factor then causes defects to be rejecteid for the most part from the
crystal matrix, as was discussed in section 4.1.3.

For nonisothermal crystallization, the thermodynamic driving force for a stem to

crystallize is much greater i.e. the stem depositing onto a érystal substrate with defects.

present is still more stabie than the melt.' The limiting facto:lr in the rate of linear growth
in this case will then be how fast the molecules can diserlltangle, align and snap into
crystallographic registry. - In this case, the thermodyna‘mics cedes control of the
crystalliiatibn process lto the ’di‘fvf;;ﬁsi’bn_ rate of the polymer' molecules, which could be
referred to as kinetic cdntroli The kinetics in this case bein:g temperature and molecular
weigﬁt seﬁs&tive. However; tﬁe presént data further suégest that the influence of

stereoregularity is not completely lost, as ZNHT has a higher linear growth rate than

‘similar molecular weight M100. !

4.4.3.2 Nonisothermal Nucleation Density

The data in Figure 4.77 and 4.78 show the nucleation ﬁensity as a function of both
ACR and Tp (respectively). The data show that M100 ﬁas thtia highest nucleation density,
followed by. M10, 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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o regardmg molecular we1ght effects and tact1c1ty effects on the nucleation den51ty, a result
|

of foreign debris being the most active form of nucleation in any particular res1n

o ' Without detailed 1nformat10n about the resm preparatlon procedure one can not know a

pI'lOI'l whether a resin has moreé foreign nucleatmg material in it than any other resin.

This is rather unfortunate since pnmary nucleation. is the most.important factor in
crystalliz'ation in regime I and moSt.deﬁnitely in any type:of -processing environment.
: -

. However, the story of pnmary nucleation in this work does not end here.

It was observed durmg nomsothermal crystalhzation that a;significant number of

T nuclei formed after the initial mstantaneous burst of nuclei;jthe nuclei formed after the

L

o initial burst are termed athermal n"uclei.' Notice that the nucleation density increases as

i

the ACR increases and Tp decreases, w1th the exception of ZNHT which is relatively

l

",constant. ‘Athermal nucle1 are homogenous in ongin and are produced as 1mt1ally
- trans1ent metastable nuclei that become stable as the tempera}ture.continuously decreases
_'dunng the rapid coohng of the samole Therefore more athermal nuclei are formedl as
the ACR increases. -Recent theoretical and expenmental wor %205 o athermal nuclei

‘has demonstrated that under nonisothermal coriditions, 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. - L C |

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 likel.y the dominate term. The

relaxation time for particular molecule depends on its number of repeat ‘units or
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molecular. weight. The higher the molecular weight, the more entanglements the

“ molecule will have with other molecules and the longer its relaxation time. A shorter
~_jrelaxation time allows a low molecular 'weight molecule ito relax before the athermal
nucleation can be tnggered at a g1ven temperature Tactic1ty becomes 1mportant because
it will determme the local stab111ty of a nucleus during nucleus formauon ie. athermal»

' nucleation occurs due to metastable nuclei becommg stable as a result of the temperature
: |

change If the further comphcanon of a defect is present 1t w1ll further destabilize the

|
metastable nucleus and cause a higher decay rate than otherw1se would be found had the

defects not been present at a~g1ven temperature. As noted earher, 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 g1ven set of crystalllzatlon

*conditions (temperature . and coolmg rate most notably) .However, the present

nonrsothermal nucleation density results'do not seem to directly confirm or support the
» influence of molecular weight and defects on nuclei formation.
The nonisotherinal nucleation density results' generally agree in resin order"with

: the isothermal nucleation den81ty results (see Flgure 4.41) for the miPP resins. M100 stlll ‘

: »has the hrghest nucleation den51ty, w1th MlO and M22 hav1ng s1m11ar nucleation density

i

- -values as a function of plateau crystalhzation temperature M32 had the lowest

nucleation dens1ty, although M32 was higher than ZNHT ZNHT in the 1sothermal ‘

nucleation dens1ty case was mtermediate between M10 and M22 SO its relat1ve behavior

+ | ’

- . has changed Agam it is difﬁcult to attnbute any type of nucleatlon behavior to any
' I

particular res1n charactensuc s1nce the factors affectmg the nucleauon process are not

|
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' completely known and these resins have not been punﬁed to remove any atactic material’
. : |

or contarrunants. |
4. 4. 4 Nomsothermal Reglme Analysis i

A nomsothermal reg1me analys1s was conducted on the resms in this study in a

J

man'ner s1rmlar to the one carned out under 1sothermal condmons outhned in sectlon
4 2.1. The plateau temperature was used as the crystalhzat10n temperature With the
. present resins, all nonisothermal crystalhzatlon occurred in reg1me III. These details are

lcn(')wn‘ since the lowest regime -0 temperature was 127.3°C for M100. The highest Tp
I

for any resin in th1s growth rate study was shghtly under 110°C for ZNHT (see F1gure
4. 75) Where needed the SAXS and DSC determmed values for T, N and AH; under

nomsotherrnal cond1t10ns are used .‘fr,om Table‘4.'13. The nomsothermal'Tm and AH;

were used since they more‘ac':Curately reﬂect the thermodynamic state of polymer chains

d durmg the course of crystalhzanon under nomsothermal condmons

The results in Frgures 4. 79 shows the reglme plot for M10, M22 M32, ZN35
ZNHT and MlOO -Figure 4. 80 shows the 1sothermal and nomsothermal regime data all

on one plot. All resms exhibited a hnear relatlonshlp w1th1n the temperature range
' l

mvesugated The slope (K ) and mtercept (G ) are tabulated in Table 4 15, along with the

1sothermal slopes and 1ntercepts in reglme . The results are clearly d1v1ded 1nto two

groups. The zniPP resms have very s1m11ar K, and G under 1sothermal and
!

nonisothermal crystalhzatlon condltlons The K, and G values have all decreased for the

" miPP resins.

1
1
|

!
i
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The szP resins showed good agreement when companng the reglme analysis
I

;under 1sotherma1 and\nomsothermal condmons. Th1s conﬁrms earlier work by Ding and

1
196

- Spru1ell for the HCRLDM system using smnlar zniPP resins
The changes in K and G, for the m1PP resins may be! explamed by understandmg

5 .that the Tm . AHf, c and o, all changed for the m1PP resms under nomsothermal
:

‘ condmons, due to conﬁguratlonal defect mcorporatlon into the crystal matrix. Theref_ore, i
: ’.thé' »vla‘lue of the slope and intercept of the regime plot could aiso be expected to change in -

a manner consistent with the changes in thermodynamic propert1es s1nce it is composed

‘\

: of these terms (recall equatlon 2. 14)

In order to resolve the factors affectmg the change in K (wh1ch is the nucleatlon

©term) for the r_niPP resins, the ratio of (70/AH f) was studied for any changes for each

o res‘in., The ratios are shown in TabIe 4.16. The change in the ratio from isothermal to

s nonisothermal crystallization does'.'not: change dramatically for any resin and "can not be
~ used to explain the differences in K, from isothermal to nonisothermal regime analysis. -

o In fact withr fthe ex’ception‘ovaliO theﬁchange in ratios for:t'hese two thermodynamic

- quantmes would predlct an mcrease in Kg The- supercoohng term AT, also decreases or
remains constant for each resm as. the T for each resin has remained the same or
- decreased. Shght‘ changes inc a.r,e:expected- since it depends on AH,, but not enough to

ekplain the nearlyA 40% reduction in» K, Therefore, the decrease in K, is attributed to the

change in 0' As was shown earher in Table 4 14 the change 1n O, was very dramatic for ‘

the rmPP resins when companng the 1sotherma1 and nomsothermal C. deterrmned by
|

: usmg SAXS WAXD and DSC The C, has been determmed from nonisothermal reg1me

t
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“analysis using the appropriate nonisothermal thermodynamic quantities and is shown in
Table 4.17, along with the isothermal regime analysis calculated G, values.
" . The nonisothermal regime analysis ©, values exhibit a' decrease in o, when

compared to the isethermal oe( values. Clearly, the values df K, for the miPP resins has

. | | .
decreased due to the decrease in 6, values under nonisothermal conditions and these G,

values are close to the o, values of the zniPP resins.

4.5 Crystallinity Measurements and Interfacial Thiclkness' Values of Isothermally

and Nonisothermally Crystallized Samples :
, ’ f A

~ The results of crystallinity measurements on the isothermally and nonisothermally

: crystallized films are discussed in this section. In addition qualitative interfacial

"thlckness measurements made on each set of films are presented These data and-

calculatlons will be discussed in terms of G, and the nature of the fold surface region
}

under isothermal and nonisotherma1 cr'ystallization conditions.

Crystallinity for ea'ch‘ﬁlm‘.v‘vas determined using WAXD, DSC and density

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 st:rhcture;

‘ |
451 Isothermal Results - ,

The 'crystailinity data for the isothermally crystallized ﬁlms of the various resins

: iks' shown in 'Table‘ 4.-18 4.19 and 4.20.' The WAXD and DSC data for all resins agree

qu1te well w1th most of the crystalhmtles w1th1n +2% of one another for each sample of a
partlcular res1n (It should be noted that the DSC crystalhmtles are deterrmned from AH
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-and WAXD measurements extrapolated‘ to 100% crystalhmty under isothermal
crystallization conditions. Therefore they are not complletely independent of one
another) When the crystalhmty by dens1ty data is compared to the DSC and WAXD
crystallrmues, two definite trends emerge. The zniPP resms, ZN35 and ZNHT, have

crystallinity by density values that are typically 2—4% higher than either the WAXD or

DSC values for each sample The nuPP res1ns all show a 6- 10% h1gher crystalhmty by

density when compared to the WAXD and DSC crystalhmt1es which is significantly
h1gher than that of the szP 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 prev1ously by other researchers and has been attnbuted

to the interfacial region surroundmg lamellae havmg a h1gher packlng densrty than the

totally arnorphous region® #2524, Wlth this in rmnd the miPP resins exhibit increases
i crystalhmty by density of 1 6% h1gher than those found w1th szP

The data in Figure 4.81 shows the mterfac1al thmlmess as a function of lamellae
thickness, as deterrmned from SAXS studres. The data show that the zniPP resins have a
, signiﬁcantly thicker interfacial region than any of the miPP-Zresins. The zniPP resin's
interfacial thickness values remain constant or increase shghtly with i 1ncreasmg lamellae
thlckness The miPP resins are grouped fairly close together and tend to decrease in

mterfac1al th1ckness as lamellae th1ckness 1ncreases It is also worth noting that the

general order of 1nterfac1al thrckness, from thmnest to th10kest follows the order of

h1ghest to lowest fold surface free energy, ie. M10 has the smallest interfacial tlnckness '

and the highest fold surface free energy
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4.5.2 Nonisothermal Results ;

The crystalhmty data for the nomsothermally crystalhzed films is shown in

Tables 4 21, 4. 22 and 4.23. For all resins, the crystallimty by density data are higher than

the WAXD values by roughly 5-7% for the same sample. 'lhe DSC crystallinity values

+ - are significantly lower; by roughly . 1‘OI%, than the WAXD crystallinity 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.~ I
The interfacial thickness cf the nonisothermally crystallized films as a function of
lamellae thickness is shown in Figure 4.82. The data 1nd1cates that the interfacial
‘ tlnckness decreases as the lamellae thickness decreases for each resin. Additionally, the

interfacial thickness for these samples are generally thinner than for the isothermally
I

crystallized films. The 1nterfac1al thickness of the miPP resms have not decreased as

- s1gmﬁcant1y as the szP resins. The data points in F1gure 4 82 seem to fall on a rather
‘broadcommon line for all rnatenals as a function of lamellae thickness.

- 453 Drscussmn of Interfaclal Tluckness and Crystallinity Values

The results found in studymg the crystallinities and 1nterfa01al thickness of the
‘: isothermally and nomsothermally crystal_hzed films may further explain the reason why
 the m1PP resins have lovuer overall rnelting teniperatures for similar lamellae thiclcness.

- In this chapter it has been stated that crystallization under isothermal conditions,

i.e. relatively near equilibrium causes conﬁgurational défeéts to be preferentially

“excluded from the crystal matnx _The excluded defects are thought to be present in the

1nterfa01al regron, where the defects mcrease the fold surface free energy in a manner
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conslstent with the number of‘ defects in the'resin. This was offered as the explanation
for why the rmPP resins could have much lower overall meltrlng ntemperatures at the same
lamellaetluckness o IR r |
. The ‘nomsothermal 'crystalli’zation ;esults;‘ which occur'.;‘fa.r away'from equilibrium .
, mdlcated that defects were not as preferenually re_]ected Defect 1ncorporat10n and
crystalhzatlon under nomsothermal condmons gave fold surface free energies for the
miPP resins qu1te s1m11ar to those determmed for the szP materials. Based on the
1sotherma1 and nomsothermal studles combmed w1th the crystalllmty results -and -
‘mterfamal th10kness ﬁndmgs in th1s sectlon, a theory can be constructed to explain the
melting behavior of the m1PP resins. An explanat10n can also be presented to explain
‘ why ZN 35 has such a low 1sotherma1 fold. surface free energy ‘

| The nomsothermal DSC crystalhmty data 1nd1cate i that all materials have a
| 81gmﬁcant amount of mterfamal matenal that relaxes before the peak meltmg temperature
) region is. reached Th1s would explam the large discrepancy between the crystalhmty by
DSC and WAXD results ZN35 dld not exh1b1t such a la.rge d1fference in crystallinity

‘ ‘ "results determined by the various. methods Th1s is of partlcular mterest since it is the

o resin w1th the most xylene solubles ZN35 also generally has the thlckest interfacial

' regron under both 1sotherma1 and nomsothermal condmons It seems plausable that the
,atact1c cha.ms are reJected 1nto the 1nterfac1a1 region, mterfermg w1th the. fold.mg process

- In the 1nterfacra1 region, the atact1c chams are hkely to cause the folds to be loose or

produce considerable nonadJacent reentry foldmg due to the 1nterfe'rence of these atactic
chams durmg the crystalhzatron _process. Addmonally, it 1s .worth recalling that the

atactic chains have a chemical potential difference with the crystal, therefore they would,
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1f anythmg, d1ffuse toward the mterface reglons of the crystal Therefore, based on these

arguments 1t m1ght be expected that these atactic chains are located at the crystal surface

mterface At the mterface, the atactic chams lower the mterfac1al tens1on since the chains -

- , ]

in the interface are able to' assume more total conformations.: A similar argument can be
made for M100, since it has a sigrificant’amount of atactic material and a lower than
|

' expectedc. , Lo o o
The structures in Flgure 4.83 show two d1fferent dep1ctlons248 *® of what a fold

surface region may look like for a crystalhne lamellae The bottom part shows three
ﬁgures, a, b and c. The schemanc in part a represents 2 lamellae growth surface before
nucleauon The schemaﬁc - part c represents a lamellae w1th some surface roughness.

The schematlc in sectlon b deplcts a lamellae with a cons1derable amount of surface

, roughness The top 111ustratlon in Flgure 4, 83 is the side v1ew of what a rough surface

t

would appear hke For whatever Teason, the stems are not ahgned from surface to
surface of the lamellae in a smooth manner, whlch produce‘é: a rough lameﬂae surface.
'The uneven Isurface creates mches in the top and bottom basal planes of the lamellae
crystal expos1ng more lateral surface of. stems Based on a rough crystal surface
| Aproposed above 1t would seem reasonable that these mches would increase the total
surface area (hence 1ncrease the total c value, even though part of the energy is
. attnbuted to the lateral surface of the stems) of the lamellae over a relatlvely ‘smooth two-
drmensronal lamellae type crystal surface
The schematrc in Flgure 4 83(b) c,vrmght represent the nature of the fold surface
under 1sotherma1 condmons for a polymer that is relatively defect free and produces a
: rather smooth lamellae surfac‘e.‘.' The_ 111ustratton of bin F1gure 4.83(b) might be thought

J
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Figure 4.83 Surface roughness model. (a) side view of lamellae**® (b) fold surface
view of surface roughness®”.
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of to represent crystallization under nonisothermal conditions, in which crystallization’

occursﬂ'very rapidly producing' a rough crystal surface. tfHowever, it may also be

reasonable to expect the miPP resins, -with 'more total defects that are uniformly
. L,' .

d1str1buted to have a lamellae surface that is rough when crystalhzed under 1sotherma1 S

condmons The defects may be reJected to near/at/below/ ‘or /and shghtly above the

crystal surface Defects located 1n th1s reglon would seem to surely cause a rougher

l

surface than in an otherw1se defect free’ polymer sic ZNHT. 'Therefore for a lamellae of

the same d1mens1ons a m1PP res1n would have-a rougher crystal surface with more

effectlve surface area, than say ZNHT. .
. | .

Obtatmng the fold surface free energy from the G1bbs Thomson plot assumes a

ﬂat crystal surface, where the d1mens1ons are in- energy per umt area. The total energy in
S {

the mathemat1ca1 calculatlon us1ng the G1bbs Thomson ‘equation is such that it

normahzes toa2-d surface However, a rough surface with 1dent1cal length (1) and width
2l

(w) w111 have more total surface area than w (s1nce it really 1s 13- d) while a 2-d surface

area will be an area 1w. Th1s- can be~sa1d succinctly by statmg that a rough lamellae
crystal surface has a larger crystal surface area for the mterfacral free energy to act upon
than a smooth 2-d surface.’ Smce the Gibbs- Thompson equat.ton normalizes to a 2-d flat
surface, the total free energy per .urut area is going to be 1ndrcated as greater in the 3-d
rough surface in order to account"for the total effect of the cry.?stal surfaces on the melting
temperature. - k | |
The rationale presented above would. also explain why the surface energies for the
miPP and zniPP change from very different values under isothennal crystallization to

similar values using a nomsothermal crystalhzatlon env1ronment Under nonisothermal

I
t
I
l
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crystalhzatton cond1t10ns, there is less preferent1a1 rejectlon of defects and the surface
|

reg1ons of the crystal may actually become smoother than under 1sothermal condmons for

‘ the rmPP resins. For the ZNHT res1n, the nature of the fold surface under nonisothermal

S ,condmons is qu1te sumlar to the one formed under 1sothermal crystalhzatlon In th1s

case, the net result is that normahzed lamellae surface areas’ are qu1te similar for the miPP
g -':resms and ZNHT under nomsothermal cond1t10ns (even though they are really 3-d

structures) therefore they have snmlar fold surface free energ1es

‘The crystallm1ty by dens1ty under 1sothermal cond1t10n differences can be

l

' explarned by us1ng the same rough crystal surface argument ‘The rough surface will

have, 1n essence, a thrcker '1nterfac1al reg1on due to the unevenness of the surface. A

C ' tlucker interfacial reg10n would c: cause the dens1ty to increase, even though it would not be

reﬂected in the DSC and WAXD data The thrcker 1nterfac1al reg10n would be caused by

the n1ches on’ e1ther s1de of the basal plane A molecule emergmg from the crystal
" "'surface ms1de a mche would have to clear the top surface of the crystal and any other

rigid molecules restricting 1ts mot1on before it may assume its full range of

i
i

- conformatmns. 'The' molecule would not be able t_o relax, and would in essence, be in a .

1

-~ rigid amorphous structure with an orientation above that of a 'truly amorphous molecule

“and below that of a molecule in crystallographrc registry. Therefore, the density of these

‘ molecules would be 1ntermed1ate ‘between amorphous and crystalhne states. This would

' be reﬂected in any dens1ty measurements Wthh are h1gher than the WAXD for all
nomsothermal films and for_v themrl_’yPresrns" under isothérmal crystalhzatron condmons.

B The interfacial data seem to contradict the mrPP resins havmg a thicker interfacial

. region, as the data in Figure 4,78 clearly shovv'they are thinne‘r.: The nonisothermal
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- inte‘rfacial thickness data tends to become thinner as the lamellae thickness decreases (or
the plateau temperature decreases) It would be expected that as crystalhzanon becomes

more, rap1d the surface organ1zat10n would become more nonuniform or rough.

Therefore, it 'might be expected 1ntu1t1vely, that the 1nterfac1al tluckness would increase. -
However the nomsothermal mterfacral th1ckness values decrease as lamellae th10kness

'decreases In addition, the -nonisothermal interfacial thickness values are becoming .

smaller These results suggest that a rough 1nterfac1al surface has a thmner 1nterfa01al

: th1ckness, as determmed by SAXS

|
-

The interfacial thrckness 1s deterrmned from an electron dens1ty measurement

.usmg SAXS For a rough crystal surface, the mterfac1al reg1on/crystal surface boundary

is somewhat d1ffuse or none d1st1nct S1nce tlus boundary 1 TS rough it would stand to
reason that the mterfacral reglon/amorphous region boundary ‘would be somewhat rough

or nond;lstlnct The outer mterfacral boundary being diffuse would affect the measured

l

‘ mterfac1a1 region thrckness, smce a rough boundary between an mterfacral reg1on that has

" -many charactensucs ofa truly amorphous regron would fall off in electron density much

closer to the crystal surface (on the. ayerage) than a rnore'uniform interfacial

| , region/amorphous boundary. Thls,twould; in turn, explain the observed interfacial

thickness values and why the miPP3resins have a much lower Le‘xperimentally determined

interfacial thickness and that nomsothennally crystalhzed films thlckness decrease as the
crystalhzauon temperature decreases:
The net result of crysta]llmty and 1nterfac1al work md.lcates that the differences i in

G, of the vanous resins can hkely be attnbuted to d1fferences in the lamellae fold surface

334 ‘ P




i
1
1
|

o fdpghness.“ ‘The amount of surface roughneéss depends on the umber and distribution of
"»d',et:ec'ts;apresehce of atacﬁ_c material and the crystallization temperature. 3
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Fiber Spinning Behavior of Metallocene Catalyzed
is‘ovtacticv Polypropylene

i
5.0 hitroduction =~ - - . .
. . . l
-, The melt spiiming"f)f iPP into fibers has been studied since the early 1960s and
continues today. Several important‘ material characteristics jhave been identified in the
melt spinning process of polymers, as was discussed in sectio;n 2.5.3. The present set of

" metallocene isotactic polypropylene (miPP) resins. differs frot pre\;ious investigations**
15‘8 of zniPP.resins in that the molecular weight distribution (.MWD) is quite narrow for
the present set of miPP resins. | '
| A preliminary study of two miPP resins and a thirdizniPP resin indicated that
someghing very different was taking pléce x;vith the miPP resifns. ‘The data in Figure 5.1
vshow some early results on thé as-spun fiber tensile strength \E'ersus spinning speed. The
. ‘ .
resins in this figure are M22, M32 and‘ZN.35. The results v&ere surprising in that M32
produced strongef'fibers than M22, which were stronger thjan ZN35. The Mé2 resin
producing stronger fibers than ZN35 can be explainéd by M22 having a more narrow
MWD, which previous st'udie'slsg'157 found producéd stronge;r fibers with similar My,.
However, there is n§ expla{naﬁon for M32 producing strongéer‘asl-spun filaments than
| M22. Both resins have similar polydispersity values, with M:22 having a larger numbei‘

and weight average molecular weights. According to previous research'>"'*’, M22 should
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‘form stronger ﬁlaments due to 1ts hrgher we1ght average molecular welght This chapter
l

w1ll explore’ the dlfferences in structure and property development in a series of miPP
" resins.. The miPP resm s ﬁber spmmng behavior will be compared to d standard zniPP
resrn On-hne and off-line ﬁber structure and fiber property measurements will be made
on each set of ﬁbers to allow a companson of each resin's ﬁber spmmng properties.

| The resins used in the ﬁber splnmng study will be MlO M22, M32 ZN35 M45,

" 'M70 and M100. Each resin was melt spun and drawn dowrrI using a pneumatrc suction
de’yi.ce‘ at_a constant -mass-throug‘hputvan'd errtrusion temperature. Selected process
'conditions using M10, M22, l\/l32; ZN35 and MIQO were stlsldiedon‘-line. The on-line
‘ 'studies include determining the‘ bulk érystalllzation kinetics,! moleculm orientation, on-
llne diameter ' profile, 'crystalliza‘titon onset distance frorh spinneret and stress at
crystallization onset. The as- spun . fibers were charactenzied using WAXD, SAXS,
- brrefnngence and tensile mechamcal propertres ' E |

o Sectlon 5.1 will present tabulated data on the procesising conditions,_ as well as

l

: expenmental results of most propertles d1scussed throughout the chapter The results of

t on-lme fiber formatron studres w1]l be presented in sectlon 5. 2 followed by the structure
of as-spun ﬁlaments in sectron 5.3. The.tens1le mechamcal properues of the as-spun
fibers wrll be presented in sectron 5.4. Section 5.5 will have a d1scuss1on and

mterpretatlon of the results found in the fiber study of the mJPP resins. A summary of the

results and concluslons wlll be;pre.sented rn_secnon 5.6.
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S | Tahulated Results' - o : .r ‘
‘The\dat'a in "I‘ables 5 .‘1‘-5 28 glvethe precessing conditidns for each resin and most
of the other experimental results presented throughout this cha‘pter. |
| ~ Each fiber sarnple was} drawn down by . use 'of an air jet suction device. An air
pressure (in psig) is apphed to the dev1ce wh10h results in h:lgh speed air surroundmg the
‘fiber. The h1gh velocity air apphes a drag force which draws the fiber down. The fiber is
- then blown rnto a container and c_o_llected for further use, if necessary. ‘The applied
pressure to the draw down de\{iee'is varied to ehange the spinning speed. Higher applied »
| air pre's‘sures produce higher spinning ’speeds'. The spinning speed is calculated from the
‘ continuity equation (equation 2.26). The actual spinning spe_ed is calculated from the
density, mass-ttnoughput“ar“_l_d.tdiar_tie‘:t_er of the filament. _Figure 5.2 shows the spinning ~
speed of each resin as a function of 'applied,‘draw down pressure. It is important to note
that the spinning speed is net the same for each resin at a giveri drth; down pressure. The
spinning speed fora particular re'sin at a given applied pressuie depends on the rheology
and crystalliz’ation kinetics of the resin. ! | ‘ |
"I‘he Tables 5.1-5.28 eontain, the extr'dsion temperature and rnass-throughput for
each sample. The extrusion temperature and mass-throughput were: kept as constant and .
Aco'nsisten't as possible for all samples produced. The extrusi‘en temperature was 210°C
‘and the mass-throughput was 1.55i0,03g/r_nin. | The mass—;throuéhput was measured
bei’ore and after each set of fibers were spun. The diameter used in ealculating the
splnmng speed came from the on-hne, steady state diameter measured 2.20m from the

splnneret The off- hne diameter is the final diameter of the filament after 30 days of

annealing at room temperature. The fibers were annealed at room temperature to relax .
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any re81dua1 stresses after the 1mt1al spmmng process. Imtial studles 1ndlcated that the

l
fiber properues were not constant w1th time after the initial spinning process and that the

fiber properues became relatlvely constant after 30 days. The b1refr1ngence 1nd1cated in

‘the tables is measured at the same t1me as the off-hne d1ameter. As-spun filament
, S |

density, mechanical properties, long period, melting temperature and orientation

functions were also measured after the ‘annealing period.
The tables’ contain part of the on-line data collected in the fiber spinning

ekperim’ents ‘The drag tension and onset stress were determined from on-liné data. On-

line d1ameter and bn'efnngence profiles were obtamed under different apphed stresses, ’

: though the data at each posmon is not 1ncluded in the tables
52 Results ‘and Discussion of the On-line Fiber Spinning Studies
| Previous rese';éut'chl“sv'i,s8 has indicated that the plateau and’ leveling out in the
v.diarneter 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, 155 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 preissure. As the draw down
force is increased, or the ’spinning speed increases, the fiber draw down moiles closer to
the spinneret and the ﬁnal ﬁlarnent diameter decreases. The fiber draw down process
stops and the filament diameter becomes constant as a result of cryst:allization.'

Aﬂconsiderable amount of information can be learned from an on-line study of a

running filament using birefringence measurements. Birefringence is itself a measure of
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|
orientation. The growth of crystals from oriented Inuclei during stress enhanced
crystallization causes a rapid irrcrease in ori'entation and birefringencels“'lss. Therefore,
‘with these facts in mind, the birefringence can be meas'ured‘: on-line to estimate where
crystal]ization has started and when ‘cry~sta11iza‘tion has been completed. Crystallization
onset occurs near the position in the spinline where the birefringeﬁce increases rapidly
from ; small value near zero. - Cristallizaﬁon is e_ssenrially I‘eomplete ‘when the |

- birefringence plateaus to a relatively constant final value. “The results in Figure 5.4-5.6 '

. show the on-line birefringence proﬁle'_a:s.e\functi\on of distarn;:e from»the spinneret, ‘at air
‘_ lljressm'e serﬁngs of 5,15 and_ 25psié; respeetively. |
The on;]ine birefringence stlrdy at Spsig in Figure 5 4 shows that crystallization
begins at a distance from the spinneret of approximately 70em for M10, followed by
M22; ZN35, M32 M45 M70 and finally M100 at a dlstance of 140cm away from the‘l
: sp1nneret A draw down pressure of 15ps1g in Figure 5.5 shows that ZN35 now begms
'crystalhzauon closest to the spmneret at SOCm followed by M10 M22, M45, M32, M70
and M100 at 1100m Increasmg the draw down pressure to 25ps1g, as indicated in Figure
'5.6 induces crystallization closer to the spinneret for all resins. M10 and ZN35 both
begin crystallizing at'40lcm, followed by M22, M45, M32, M70 and M100 at 100cm. }As
diseussed above, the birefringence changes from a very small yalue rapidly'in the spinline
as e result of‘ the oriented crystallizaiion rhet is occurring in the séin]ine. The initial
nuclei formed irr the spinline are highly oriented, with sobseqoent growth of other

oriented crystals. The ple.teau in the on-line birefringence profile indicates that

crystallization is complete. The differences in the final birefﬂngence profile after the
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completion of :crystallliation is a result of differences in final overall molecular

orientation.

1

” As stated previously, .the _onset-of ‘crystalliza‘tion was taken to corresponded to the
point on the spinline at which the hirefringence increases rapidlil from a small value near
zero. Figure 5.7 shows the crystalllzatlon onsét distance from the spinneret as a function
of spinning speed With the exceptmn of ZN35 and M45 the crystalhzatmn onset
d1stance gets closer to the sp1nn‘e,ret as the resin molecular \ye1ght increases and the
shinning speed increases. |

The onset distance of crystalhzaﬁon for lVI45 and ZN35 shows the effects of their
broader MWD. For a broad MWD resm, as the spinning speed increases, the larger
molecular weight chains become onented faster due to the larger relative number of
entanglements. fi\ broader MWD resin has a ‘(relative to another resin with a more narrow
MWD and same weight average molecular weight) more numferous population of higher
molecular weight chains, referred to as the h1gher molecular Kwelght tail. For a broader
MWD resin, the hrgh molecular welght chams ahgn with one another and with the draw
:down direction early in the sp1nl1ne The onented h1gh molecular we1ght chains then
initiate the growth of rovu nucle1. A more umform molecular weight drsinbuuon would
produce a more uniform ahgnment of the melt i m the spmhne, and at the same average
molecular welght results in a smaller amount of preferenual early ahgmnent since the
population of chains in a nMWD resms_ is more uniform.. ;Fherefore, wrth a broader
MWD, M4S5 and ZN35 initiate crystalhzatlon closer to the sﬁinneret, even thou;gh they
have lower weight average molecular weights when compared with M32 and M10,

respectively. The effects of MWD have been reported elsewhere, with a similar result'”’

1
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157

| using similar reasoning The ‘authors ‘1n the prev1ous study suggested that

crystalhzatton occurs closer to the sp1nneret and at hlgher temperatures in broad MWD
'resms (this is of course relauve to a more narrow MWD s1m1lar mfr resm) because they
‘are more suscepttble to stress enhanced crystalhzatlon. | |

The data in Figure 5.8 ‘shows, the final filament ‘dilameters are.very nearly a
' functlon of splnning speed Only{ all“ results lying in a narrow band of final filament
- diameters as'a function olj spinnlng speed. This band is de];termined by the continuity
’ equation and the fact 'that the mtp‘ and densiw of as-vspun ﬁhers are relatively constant

from samplev to sample. -

The diameter at crystallization onset as a function of fspinning speed is shown in

Figure 5.9. The trend generally follows from: lowest to. highest molecular weight resins
having the smaJlest to largest diameters at‘the onset of crystallization The low molecular

weight M100 draws down to the smallest d1ameter fibers at crystalhzatlon onset, while

M10 and ZN35 have the largest ﬁber dlameters M45 and ZN 35 exh1b1t slightly different -

’, behav10r, due to thelr broader molecular we1ght d1stnbut10ns M45 and ZN35 crystallize
| closer to the sp1nneret where the ﬁlament diameter is larger Therefore the explanation
for the low molecular weight,resins ha‘ving smaller diameter at each spinning speed is
that the lowe‘r‘MW resins »have.a 'delayed crystallization, which allows the fiber to draw
down into a much finer filament hel’or'e'?trhe onset of crystalﬁnaﬁon. This is most easily
seen when M10 and M22 are cé:npared, as ‘welll as M45 and M100 in Figure 5.9. It is

also quite clear that the onset diameter for all resins do not fit ‘a uniform master curve as a

function of spinning speed. ~Therefore, éach fiber’s draw down behavior in the spinline is




‘paads .m=_==_._m SNSIoA SIqYY JO JOPWLIP juuly] §°S Mndyy

AEE\EV.. vouam.wi_.:_mm S -

s D 0009 0005 - . 000K - - - 000E - 00T -~ Q00K L
: . ‘ . A + 0z ,

st

- (w) 31emerq




*p3ads Buruuyds snsxoa =o=n.n_=ﬁmh.5 JO J95U0 3y} J& JIIJIUIRBIP JUdWe[L 6'S N3

(utui/ur) paadg Suruuidg

0009 . 000¢ 000v 000e . 000t 0001

oy

0s

* (uurrl) Joyeurelq UOYRZITEISAL) 1ASUQ

'365




determmed by the rheology of the resm Wthh is molecular werght and MWD dependent,

andtoa lesser extent by vanatrons in the crystalhzatron kinetics of different resins.

I

The rheology of a particular resin is very unportant in the fibér spinning process.
The v1scos1ty of a resin is determined by the material properties and processing

conditions. For iPP, the' matenal properties are the molecular welght distribution (M,),

M, and M,). The most 1mportant processmg factors are temperature and shear rate. The .

- complex v1scos1ty data for M22, M32 and ZN35 are shown in F1gure 5.10. Although
‘these three resins are not the complete set of resins, they do 1llustrate the substantial
"differences in v1scos1ty 1n.the low shear'rate region. M22I has the highest complex

lviscosityrfollowedv by-ZN35 and M32. ZN35 shows a elightly greater shear thinning

behayior ‘at high shear rat'evs'than‘ either M22 or M32.. ThlS behavior would seem to -
correlate with its broader MWD. ‘I'n fiber cpinning, shear deformation occurs within the

‘ spmneret capillanes followed by elongation of the molten ﬁlament after extrus1on The

elongational v1scos1ty of a matenal can be roughly approxrmated as three time the shear
!
‘VlSCOSlty. ThlS is important 1n that polymers with low shear: y1scoc1ues also have lower
\ elongational. viscosities, with a low. elongational viscdsity beihg generally desirable as it
produces ﬁner ﬁla,ments' in the spinline. Thus, yvithin the three resins in the complex
viscosity ﬁgure it would be expected that M32 would forrri finer filaments at a given
draw down stress than either M22 or ZN35, which it does.. Therefore if finer filaments
I( are des1red resins with low elongauonal viscosities should be used. ' Another important
'_ point to _note is the different shear viscosity behavior of ‘s1m11ar mfr resins M32 and

ZN35. -
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" The drag load or tension on each fiber as.a function oﬁ spinning speed is shown in -

' F1gure511 The trend indicates that as_the spinning speeds increase, the drag tension
'inereases fo‘rl 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
'w'ei"ght res.insb have larger diameters, 1mt1a11y during crystallization onset and as final
- 'filament diameter. The force. the. air. suction. device projvidesl on the fiber during
deformatlon becomes greater at larger d1ameters as the surface area lmcreases as a

. functlon of ﬁlament radius. It is worth not1ng that: M22 and ZN35 carry a similar load as
|

a funcuon of spinning speed as shown in  Figure 5.11. ! |

| “The load on the filament ‘is ma1nta1ned throughout | the. length of the spinline.
Therefore, Ithe stress at',crystalhzaUOn onset can be calculated since the diameter at
crystallization.onset is also knownl Thehstress at crystallizati‘on onset is shown in Figure |
512 as a functlon of splnnlng‘ speed The stress at cr}lfstalhzatlon onset for each resin
appears to be a functlon of splnmné Aspeed with the splhmng speed a function of
~molecu1ar welght and molecular welght distribution. The lower molecular weight and
more_narrow MWD resins crystalhze under a‘h_rgher stress since their spinning speeds are
higher at the same applied a1r pressure. . o

Figure 5.13 shows the srress at crystallization onset as a function of distance from

‘the splnneret. The data appears to fall m bands according to the resin molecular weight -
and MWD, with higher molecular - weight and broader MWD {resins: crystallizing closer to
"the spmneret The order is ZN35 followed by M10, M22, M45, M32, M70 and M100 It

would seem: that each resin has a charactenstlc stress that must be produced at a given -

dlstance from the sp1nneret for crystalhzaﬂon to occur. The charactenstrc stress depends '
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. . upon the molecular weight characteristics (nlimber and weight average molecular weights

and the1r dismbutlon) as 1nd1cated by the findrng in Flgure 5. 13
il The results thus far are reasonable when the rheology bf the resins is cons1dered
‘As the molecular weight 1ncre_ases, the relaxation time and number of chain
entanglements‘ inc’reases' Studie's‘li‘a‘ye indicateclz“""'205 that full relaxation does not occur
.in polypropylene melts (entanglement densrty is too high for the process time) durmg a
| ..‘h1gh speed coohng process as the crystalhzation times are to short The larger molecular
welght resins have many more entanglements and w111 take longer to relax. However
partial relaxation;mrght be e:rpected“ for some of the lower.molecular weight chains.
B Therefore, higher l\/lWIchains would seem statistic'ally'more probable to produc'e 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 dlscussed earlier. Research

-
!

“has indicated that higher molecular weight chains are more likely to produce a critical
nucleus even under quiescent. conditions due to athermal riucleation2°4’2°5. 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 asa furiction of spinning speed in
: the spinline. Since it was not poss1ble to obtam the on-line temperature profiles directly,
the approx1mate on-line crystalhzation temperature was determined by using the long
period of the as-spun fibers determined using SAXS. The lamellae thickness was
' obtained by multiplying the l‘ong‘ period by the percent crystallinity, as determined by
density. ’Additionallyz in order to conyert the lamellae thickness into an actual

' crystallization temperature, a plot of lamellae thickness versus plateau crystallization

|

372 ' i



.
o b

temperature was’ constructed for M10 M22, M32; ZN35 and MlOO ‘using. the
| nomsothermal ﬁlms studied prev10usly in Chapter 4. A curve ﬁt of these data (where the
| ongmal data is shown in Flgure 4 59) w111 allow the crystalhzation temperature of the as- *
| ‘ spun ﬁbers to be estlmated. . It 1s.assumed 1mphc1t1y that the lamellae thickness is
B i "delte'rminevd only by .the :l‘chStailiiation temperature, whether under quiescent .
‘-cry.'stalli-zation conditions or otherwise.‘l_lM4‘5 and M70 could not be studied using this-
. method since they vwere not studied under quiescent nonisothermal conditions. While this
.method is not perfect it ':shou‘ld» .provide a reasonabiy valid and- useful method for
approx1mat1ng the crystalhzatlon temperature of the ﬁbers |
" The long penod of each ﬁber as a function of spmmné speed is shown in Figure
. 5.14. After multlplymg 'the long penod by the crystalhmty (which is given in Tables 5.1-
5. 28) the lamellae thlckness for each ﬁber sample is shown as a function of spinning
, speed in F1gure 5 15 Flgure 5 16 shows the estlmated crystalhzation temperature asa
functron of spmmng speed The data are clearly grouped by M The high MW resins,
i ‘have significantly higher T, value compared to M32 and M100 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°C. At
the medium to h1gh spmmng speeds M32 and M100 have sumlar T, to the quiescent
nomsothermal cond1tlons. At low splnmng speeds M32 and M100 have very low
\crystallization temperatures, in the 40-60°C range - well below any crystallization
temperatures observed using the HCRLDM system. It’should‘lbe pointed out here that the
cooling rates involved in this type of fiber spinning are well in excess of 150,000K/rnin.

Therefore, it is quite remarkable that the crystallization temperatures of the fibers in the
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spinline are comparable Wlth those obtained quiescently at much lower cooling rates.

| The,effect of stress enhanced crystallization is clearly eviclent and will be' discussed
further in section 55 ‘ - | '

‘;- The results of on;line ﬁher, spinnlng studies have shilown that each resin has a
-‘differe'nt’ spinning speed at the'sar'ne applied draw down préssure. The differences in
'spmnmg speed are a result of drfferences in rheology, Wthh is pnmanly determined by
My and MWD. On-line b1refr1ngence studies show that decreasmg the molecular weight

- for a series of narrow MWD res1ns, delays crystalhzatlon in the sp1nl1ne to distances
| further away from the spmneret Increaslng the molecular weight 1mt1ated crystallization
’ closer to the spmneret at h1gher crystalhzatmn temperatures and at larger filament
d1ameters '1n the runmng spmhne Stress at crystalhzatlon onset and final filament

- diameter results indicated that eac_h parameter was a function of spinning speed only,

‘ .with the series of resins at each spinning condition forming a hroad band of values.

5.3 Structure of As-spun Filaments S R
In this section it will be of use to compare some of the properties of as-spun fibers

146-158

with results of previous investigations on the fiber spinning properties of iPP with

broader MWD values. This is useful since the present set of :resins all have very narrow
MWD, which as w111 be shown, have different filament properties. |

The density of as-spun filaments is presented in Figmes 5.17. The results in
Figure 5.17 show that M10 and M22 have very similar densities (i:e. crystallinities),
‘which are clearly ‘higher than the others, followed by ZN35‘, ‘1;v_145, M32, M70 and M100

at higherspinning speeds. At splnnin‘g speeds below' 2500m/min,,M32l M45, M70 and
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i

M100 have smnlar crystalhmtres, with M70 slightly below the others. The resins follow
the- weight average molecular we1ght trend for mcreasmg dens1ty with increasing
.molecular weightJ The dens1ty of these films span a range of 0 8900g/cm’ to
0. 9050g/cm sumlar to: prev1ous studles of iPP fibers'>*> lsf However two interesting
, | Aobservatlons are made the behav1or of ZN 35 and M45.

Typrcally, the melt ﬂow rate (MFR) of a resin would be compared to a similar
MFR resin inl fiber spinning behavic'»r. In the present case h/ISZ and ZN35 have similar
MFR values, but as has already been shown in this work, ZN35 and M32 behave very
d1fferent1y in their spinning behav1or due to their dlfferences in MWD. (Th1s was also

pointed out in the discussion of the shear rate behavior in Figure 5 10) Therefore,

. making MFR' comparisons, at least within Athe present work, may lead to‘dlfﬁculty in

explaining a resin's fiber spinning behavior. For this reason we shall use molecular

weight and MWD values in understanding and explaining th:e fiber spinning behavior of
- these material:s‘. | | E .
ZN35 and M22 have very similar My,. However, their polydispersity values are
"dlfferent Studles have shown that increasing polyd1spers1ty produces a more crystalline
filament, w1th all other condmons identical™***®. Clearly, this is not true for the present
ls1tuat10n The likely explanat.ron is the method of detenmmng the dens1ty/crysta111mty of
'the fibers It is well known that onented amorphous polymers have higher densities than "
their unonented 1sotrop1cv states. 'l‘h1s is also true for sermcrystalhne polymers As the
final filament b1refr1ngence data in Flgure 5. 18 shows, ZN35 has a significantly lower

overall molecular orientation when compared to M22. M45 also has a higher density and

birefringence 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 comb1nat10n of a ﬁber s crystalhmty and overall molecular orientation must be taken

into consideration when comparing the densities of varlous ﬁbers and can explain the

Y.
0 e

densities observed in the present set of fibers.
The birefnngence results in F1gure 5. 18 show that as the splnmng speed increases
the final b1refr1ngence increases for all resins, except for M10 and ZN33. Figure 5.18
also indicates that as the ‘molecular weight decreases the i:mal birefringence generally |
increeses for all resins. MlO and ZN35 birefringence ,vahies decrease with increasing
spinning speed in the renge of spinning speeds investigated in this study. This result
contradicts previous experimental ﬁbfl;*stlss, Previous studies have stated that increasing
molecular weight produces a higher birefringence,. a result ef more stress in the spinline
. when compared at the same spinning speed. " The presenit.data suggest the stress at
crystallization onset is quite similar for all the resins as a fnnction of spinning speed as
" 'was shown in Figure 5.12.. Addmonally, the present data (see M10 M22 and ZN35 in
- Figure 5. 16) further 1ndlcates that the higher molecular we1ght resins crystallize closer to
the spmneret at higher temperatures at the same spinning speed. However, in the present’
‘case, we observe that the order ef' hirefringenee of the resins is a strong function of
spinning speed as well as their rnoleeular- weight. In the lowfer spinning range, the higher
molecnlar weight‘resins tend to lead to higher birefﬁngence 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 sarnples crystallize further from

the spinneret and at lower temperatures. Crystallizing further away from the spinneret '
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allows the molecules to become more highly oriented before the onset of crystallization
since-the melt is being contmuously elongated until crystall1zat10n is complete. In

addmon, crystallizing at a lower temperature means crystalhzat10n is more rapid. Rapid

crystallization would tend to produce_more tie molecules that are frozen in more

:effecﬁvely due to the lower crystalﬁaauon temperature.

Preceding Istudiesl‘-“"i158 on zniPP resin with different: MWD values indicated that
| broad MWD samples develop a h1gher crystalhmty and lower final birefringence than do
'samples spun; w1th Darrow. MWD res1ns w1th s1rmlar mfr. In this case the authors took
the dens1ty measurement and d1rect1y used its value as the crystalhmty, with no
- qualification 'that'noncrystalhne. onentauon can effect the observed density, hence the
crystallinity. Fllament b1refr1ngence values tended to decrease as the molecular we1ght
-decreased or the MWD broadened Typical b1refrmgence values ranged between 0.013
_and 0.022, wh1le the present studies b1refr1ngence values range from 0.016 and 0.030.
Clearly there are substant1al differences in the buefnngence values in the two sets of
work However, it must be noted that the present set of rmPP resins have a very narrow
range of polyd1spers1ty values. It must also be stated that any work done using a series of
resms with these MWD values has not been published in the hterature, i.e. there is no
haSis for-compari'sou with this se'r'ies of resins for iPP.. I |

Prev1ous researchers154 ty

1nd1cated that higher molecular we1ght resins, or
broader MWD resms’ compared to’ similar molecular weights had a more pronounced

‘bimodal 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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buefnngence in iPP. The ﬂat plate X-ray pattems for the as-spun ﬁlaments in this study .

are shown in F1gures 5. 20 5 26 for the indicated resin. As can be clearly seen in all the

: ﬁgures,‘ crystalhne orientation increases as the _spmmng speed increases. Also, most if
| "not all the films er;hibit ana’ 1 10 rellecﬁon, indicating that all the fiber samples have .
'some blmodal orientation. The only samples that exh1b1ted any s1gn1ﬁcant a’ 130

‘ —reﬂectlon were MlO and ZN35 although M22 d1d also at the h1gher spinning speeds

The a 130 reﬂectlon has a weak 1nten51ty for the bunodal populatlon of crystals, its

presence indicates a: s1gmf1cant amount of bimodal orientation in a fiber sample. M10

| and ZN35 crystallize closest to thé‘spirineret at the highest c'i‘}l's'tallization temperatures; .

'These resms are ‘also the ones w1th the lowest observed ﬁlament blrefrmgence The flat
Iplate patterns also show that there isa s1gmf1cant amount of smectlc structure in the miPP
A res1ns at lower spinning speeds As the molecular we1ght decreases the presence of the
smectic structure is present even at spinning speeds approachmg 4000m/min for M70 and
.M100 \ C | L

In order to deterrmne the origin of the h1gher blrefrmgence in the miPP resins, the

crystalhne and noncrystalhne onentatlon functlons were' deterrmned for each ﬁber

!

Separatmg the b1refrmgence for. each phase then allows the contnbut10n of each phase to -

the total b1refnngence to be calculated The basw method for. detenmmng the orientation

4 functlons is dcscnbed in sectlon 2.5. 1 4 and. sectlon 3.6.3.2. For 1PP the 110 and 040 |

. -reﬂectlons are used for determmauon of the crystalhne onentauon funcuon

.The crystalline orientation functxon ( c) for_the as-spun filaments is shown in .

Figures'5.27.‘ The data show that:for each resln, as the spinning speed increases, the

| crystal orientation function generally increases, most dramatically for all resins at lower

i
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1908m/min 2169m/min

2690m/min 2800m/min

Figure 5.20 Flat plate WAXD pattern of M10 as-spun fibers.
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1578m/min 2008 m/min

2333m/min 3005m/min

3248m/min 3748m/min

Figure 5.21 Flat plate WAXD pattern of M22 as-spun fibers.
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2405m/min

2768m/min 3324m/min

3786m/min 4363m/min

Figure 5.22 Flat plate WAXD pattern of M32 as-spun fibers.
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1446m/min

2264m/min 2940m/min

3187m/min 3401m/min

Figure 5.23 Flat plate WAXD pattern of ZN35 as-spun fibers.
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1965m/min 2531m/min

2766m/min 3438m/min

3893m/min 4702m/min

Figure 5.24 Flat plate WAXD pattern of M45 as-spun fibers.
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2075m/min 2675m/min

2798m/min 3303m/min

3975m/min 4468m/min

Figure 5.25 Flat plate WAXD pattern of M70 as-spun fibers.
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3374m/min 4108m/min

4858m/min 5261m/min

Figure 5.26 Flat plate WAXD pattern of M100 as-spun fibers.
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sp1nmng speeds Most of the resing had a gradual increase 1n f even at the highest -

spmmng speeds Moreover as the molecular welght increases, the crystallme orientation

' funcuon also 1ncreases, i.e. the crystallme onentatlon function for M10>M22> etc. at the .
" f"same spinmng speed "The on-hne b1refr1ngence studles showed that the h1gher MW-

resins crystalhzed closer to the spmneret, which seem to produce more highly oriented . -

g ";rovv{nuclei. 'Another result of crystallization at higher temperatures and closer to the
T spmneret is more time for the noncrystalhne regions to relax

~ The noncrystalhne onentatlon function (fnc) for each resin is shown in F1gure

5. 28 The value of f for the m1PP resms 1ncreases with spinning speed except for the

behavior of Ml_O, which decreases asv spinning speed increases. M10 and ZN35 show a
| ,de'crease in f. as a function of increasing. spinning speed. So_me of the resins exhibited a
i maxunum in fnc, then either a plateau or slight decrease in f, | aas the spinning speed is
l increased further. M22 mcreased shghtly, but not as dramattcally as the low MW resins.
- It is" worth recalhng that as the spmmng speed 1ncreases for a given resin, the
crystallization temperature increa‘ses.‘ 'As the crystallization temperature increases, it
. becomes poss‘ible,for oriented noncrystalline chains to relaic, 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. Thej' temperature at which the
’ noncrystalline regions relax would seem to depend on them:olelcular weight, most lilcely
in some rough correspondence with the WLF equation. |
| Figuresp5.29‘ and 5.30 show: the crystalline and .n:oncrvstalline birefringence

- contributions for each resin as a function of spinning speed, respectively. The total

' observed birefringence of the as-spun fibers has been brolc?en‘down by phase for each

[
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b fiber. The relative contnbutlon of each phase has been calculated accordmg to equation -
- 2 44 The crystalhne buefnngence contnbutlon is much h1gher than the noncrystalline -

buefnngence for the hlgher MW resms, M10, M22 and ZN 35 at all spinning speeds. The *

crystalhne blrefnngence values are st111 increasing for the miPP resins at the highest

spmnmg sspeed, while :ZN35 '-._hasz.i leveled off. The noncrystallme birefringence |

' contribUthP.-is very much ﬂle-reyerse of the crystalline birel’riugence, with regard to the
et'fects of MW. The noncrystalline’ birefringence is virtually Videntical to the f,. figure
. (Figures 5.28) with regard to general shape. Decreasing MW for the m1PP resins tended
to increase the f. contribution to the total birefringence. Also noteworthsf is the fact that
a,t‘lo‘wer spinning speeds, thenoncrystalline birefringence 1s higher than the crystalline
‘birefringence for'the’m'iPP' resins, except for M10 and M22. ‘
-The structure developed iri as-Shun ﬁlaments in the present. study vras t'ound to be
strongly dependent on the molecular welght and its d1stnbut10n For the miPP resins at a

' g1ven spinning speed increasing the molecular weight generally mcreased the density,

crystalline orientation functron crystalhne ‘contribution to the total blrefrmgence and

decreased the b1refnngence noncrystalhne orientation functlon, and noncrystalhne ‘

contribution to the total b1refr1ngence The propemes above are largely determined by
the spmnmg speed, which for a glven resm, determines the crystallization temperature
and stress at crystallization onset, as dtscussed in the on-line ﬁber spinning section 5.2.
AThe-refore the d1fferences in ﬁber structure can be traced to the d1fferences found in the

on-line fiber spinning studies for all the resins in this study, mcludmg ZN35.-
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54  Tensile Mechanical Properties of the Melt Spun Fibers

The tensile modulus for each resin as a function of spinning speed is shown in
Figure 5.31. For all resins, the tensile modulus increases as Ethe spinning speed increases.
The results ip 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 fungﬁon of both crystallinity and overall molecular orientation. As the
spinning speeﬂ'inpréase;s, both th:elv &ﬁtallinity (i.e. density) and birefringence increase
. for most of the fé;iﬁs. "The teﬁsilc;, modulus increases in a manner consistent with the
combinatioﬁ of these factors, even 'th'ough the crystal]initiesj.and birefringence values are
. not independently identical for the resins under any given spinning speed.

Previous work!*1%7

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 Whi’Ch seems to'be the only important
parameter. However, the present resins ilave a much more narrow MWD than any
previously published studies which produce orientation levels (as measured by
birefringence) that are also contrary to othér invesﬁgaﬁoﬁs. It would, in light of the
pfesent 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 Ispeed. Except for MlOO at the lowe;st spinning vspeed, all miPP
resins have signiﬁcantly higher tensile étrength than ZN35. in general, the tensile

strength increases as the spinning speed increases, with the exception of M10 and ZN35.

The tensile strength of M10 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 connec‘rting the Qan'ous crystallites
together. Tensile strength is also dependent upon the crysta:llin'ity to a small extent. The
crystallites act as an anchor for the tie molecules, which a110\lvs the stress to be transferred
throughout the material during deformation. Also, an experimental relationship has been
found between the observed birefringence and tensile strengﬁ 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

17 with iPP. It is also noteworthy that the data in Figure 5.33 fits in a narrow

previously
band regardless of molecular weight or MWD. The present results further validate the
relationship between overall molecular orientation and fiber strength.

;I"hg results in Figure 5.34 show the fiber tensile strength plotted against the
nonqrystaliine orientation function for each fiber sample. ‘Figure 5.34 indicates there
exists a strong relatippship be;wgen the orientation of the noncrystalline chains and the
' sh‘eﬁgﬂl’of ‘the fiber, as ,'f,?c increases the tensile strength increases. The orientation of the

noncrystalline chains strongly influences the observed'Biféfringence, according to

equation 2.44. The results in Figure 5.34 do not form a band quite as narrow as the data
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in Figure 5.33, perhaps due to experimental error. Bifefringence can be directly
measured using a compensator. The noncrystalline orientati’on function (which is a more
‘ fundaﬁental Pproperty than birefringence) is determjned f:rom measuring the f, using
WAXD, density and birefrihgence measurements. Therefofe, there are several possible
~ experimental errors involved in the measurement -of each data point iﬁ Figure 5.34.4
However, the possible error in calcuiati'ng foe does not seem to ﬁave altered the
correlation betwgen the tensile ét;ength andf . |
.Elongétion-to-break (ETB) data is typically the inverse of tensile strength since
the adﬂed st“rength’ pfoduced by\r:nore ,tie molecules that ar§ highly oriented is offset by
_ the fact the faunt tie:molecules’ doﬁ;t drav;' as far before fracture dpon uniaxial extension.
» The data in Figures 5.35 shows the ETB versus spinning speed. The data indicate that as
‘th‘e spinning speéd is increased,Athg ETB decreases, a result of hi‘gher overall molecular
& order’ for the same niaterial as the épiPning spéed increases. Tfle only seemingly odd
» . fbelﬁvior in this graph is the» position of MlO. M10 wbuld be e;xpected to have a slightly
ihjghég ETB based on its‘;elatliv‘e position in the tensile strength data. However, M10 had
a véry high déﬁsity, which could have influenced the drawability of the fibers under
uniaxial extension. At rélafively low ciraw temperatures, ; highly crystalline material
would be expected to fracture %nuc;h sooner than a mateﬁal‘ 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

i

_massive acceleration of crystallization kinetics in the spinline. Stress-enhanced
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crystallization results from molecular orientation of the melt in the spinlin.e". Previous-

rese;'lr’ch"‘“*lf,8 has foﬁnd that the effects of stress-enhanced érystaiﬁzaﬁon increase as the
, m'olecular wéight -and MWD increase. Since the élata for tﬁc present set of resins under
quiescent iéotﬂgqnal ‘crystalliz‘a_tion conditions ié 'availabl"g, :it would be insightful to
caiculate the effects of inbleculér‘ orientation on the crystallillzation procéss in &e spinline
for the current set of resins. Since nucleation is' the major cI:'omponent of crystallization .
that cha.nges with molecular orieﬁtat.ion in ihe spi;ﬂine,’ calculatihg- the effects 6f
orié:ntgtion Qn‘thé effectivé :nucgleét‘ion density was (’ione; Tﬁe ratio of nucleation density
of an oﬁerited sample to unoﬁénfeﬂ sampie at the same ¢0('>li;ng rate was calc{:lla{ed using
an Avr;mi type relaﬁonsﬁp. |
The fesults in 'Figure‘Sv .'36'; show Ithe~ratio of the tot?l nucleation‘ density of the

oﬁéﬁted sample divided by ﬁe ﬁucleaﬁon-density of an unoriented sample, as a function
of spinning speed. ‘Thc A\;rami equations in Table 2.2 'were used to. compute the-
nucleation dénsity frcl)mﬂc‘:rystélli;ation haif-time data. The c;fy;talﬁzﬁﬁon kinetics in the
on-line fiber spinning studies were used to c#lpulate the oriented nucléation rate density
.of the fibers, while i:he uﬁdﬁéﬁted'nucl;eaﬁoﬁ density was computed usir‘lg the quiescent
» ';iamsomemd half-time data obtained "‘using' thé HCRLDM system. The spéciﬁc manner
_ in which each nucleation density was detemﬁned-is: ‘ |
I%iber vSpinning’ | | | |

: “AT“he (;n-ﬁné, bireffingenée ‘'Iﬁc;a!sur,er-nents~ weré used to determine the
qr'ystgllizétioh Half-tini;z'* (seé Figufes 5 .'4-5 6) The onzset of crystallizatién was
.- determined to be the pbin't at which the birefringence mcpg:;sqd from. values near zero. ‘

Crystallizatibn was assumed to be Eomplcte when the bireﬁiﬁgence leveled off. The total
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crysta.lhzanon time was calculated by d1v1d1ng the spmmng speed into the total distance
in the spmlme between the onset and compleuon of crystalhzatlon This .is the total

' crystalllzauon time.

Sporadic nucleation was chosen as the nucleation mechénism using a disc growth-

geometry. Sporad10 nucleatton‘ was chosen because the nucleation is assumed to be

homogenous a result of an onented melt acceleratmg the nucleatlon process.. Studies
also have shown that the crystal morphlogy is disc shaped at hlgh spinning speeds™**1%,

* The Avrami expression for calcnlating the ﬁber crystallization k'inetics has the form:

Gl K=§'NGZD |

rearranged to obtain the nucleation rate gives: -

3K

l5.2 ‘ =
( ) G*Dr

_The defimuon of the terms was g1ven in Table 2 2. The disc thlckness (D) was taken to
. be the same as the lamellae thlckness for the calculat10n of the crystalhzatmn temperature
of the ﬁber samples The lamellae thlckness was determmed from the fiber samples

, us1ng SAXS The growth rate was obtamed from a curve ﬁt of the growth rate versus

plateau temperatu‘re data shown i 1n- Flgure 4.75. The plateau temperature for each fiber

sample was determined earlier in this chapter and was given in Figure 5.16. The on-line

fiber spinning crystallization rate conStant was calculated using the crystallization half-‘

: ume of each fiber sample Since the spinning speed for each sample is known, the po1nt

at wh1ch crystalhzatmn begins and ends (from the on-hne b1refr1ngence profiles), the

' crystalhzauon half-t1me can be determmed "The half-time data was used along with
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equation 2.4, using an ideal ‘Avrami constant of 3, to‘deter‘mrivne the crystallization rate

7

: constant.

The nucleation rate was converted mto nucleatlon den51ty by mu1t1p1y1ng the

i

nucleatlon rate. by the total crystalhzatlon ume

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 concliisions. '

N

Quiescent Nonisothermal , S ;

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 spmhne In order to do th1s, the plateau crystallization

temperature of the ﬁber was used as the crystalhzatlon temperature The crystallization -

half-tlme was determmed from the plateau temperaturc by applymg a curve ﬁttmg

_equation to the data shown in F1gure 4 71..

"The growth mechamsm was assumed to be sporad1c in nature and to have the -

growth geometry ofa sphere The Avrarm equation for this is:
5.4 k=2 NG*
which | gives the following when solved for the nucleation rate:

o 3K -
55 N= o C
G'r ‘
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 calculatron of the crystalhzatlon rate constant for sporadlc
. .

spherulitic growth

The results in F1gures 5. 36 and 5 37 clearly show that the h1gher MW resins have-

a sigmﬁcantly higher onented to unonented nucleation density ratio than M32 and M100.

M32 also has a higher ratiofthan"does M100, further indic,ating _that MW significantly

. enhances the nucleation density.ratio. ‘This data is very similar to the crystallization

ternperature versus spinning speed-data in Figure 5.12. All:resins had at least a 10°
increase in nucleation density when placed m an oriented melt which shows the effects

of molecular onentatlon on acceleranng the crystalhzatron rate. The results in F1gure

- 5.37 show the application of stress on a h1gher molecular werght polymer has a more

l

. pronounced effect on acceleraun'g .thevnucleatlon rate for hrgher molecular we1ght resins -

‘than narrow. or lower molecular we1ght resms It was concluded in the crystalhzatlon

_.chapter that h1gher MW resins have a shghtly h1gher nucleatron rate under qulescent

condrhons.’ It would appear that'they.have a much h1gher nucleation rate (dens1ty) in

fiber spinni‘n'g". It is quite remarkable that the higher MW resins have similar plateau

crystallization temperatures to those’ob’tai‘ned under quiescent nonisothermal'conditions

_”desprte the fact that the coohng rates in ﬁber sp1nn1ng are from 100 000 to,

: 500 000°C/m1n For most of these res1ns the total crystalhzatron time in melt spinning :

. was on the order of 10ms

As has been pointed “out in thls work ZN35 has a mfr approximately equal to

' M32 When comparing M32 and ZN35 molecular we1ght charactenstrcs the weight

h 'average molecular welghts d1ffer only by 7% and the number- average by 25%.

o Companng the fiber sprnmng properues of these two resins illustrates the powerful
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effeets'of MWD on the va'rieus;'f:tber‘ hroperﬁes, as these resi:ns preduce‘d fibers with very

‘ "‘dif-ferent properties; : L
One factor that. affects»ﬁbef.,fermaﬁort not exp]iéitiy eddressed thus far in this

-study is the effect of crystalhzauon kmetlcs Crystalhzatlon kinetics can be separated

. into nucleatlon and growth rate effects There is no reason a przory to think the lamellae
'growth rate changes in ﬁber formauon, after'all, the growth rate is determined by the’
crystallizatien temperature. The ’crystallization temperathre of the fibers were quite
similar to the nonisothermally crystallized films folrntost of the fiber samples..‘ Within the
rmée of temperatures fn the n'onisethermal film studies, the linear growth rates were
Idet'ermined by molecular weight. :thleatfon effects in the spinline have already been
discussed above. As the data’Shewed ‘in:Figure 5.36, the Itueleaﬁon density has changed-
by at least five orders of magtni’tude fn' the spinline ove'r:‘the Iquie'seent values. The

~ changes in nucleation density arecehsistent with increasing moleeular weight increasing |
~ the nucleation density. The pfesent results of on-line and quiescent crystallization
kinetics suggest the influence, at least with the present set of homopolymers, of the

‘ quiescent crystallization kinetics is not. sighiﬁcmt. Meaning the effects of defect type
and distribution do not appear te'appteciably influence these resins in the fiber spinnihg
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

qmescent kinetics are hkely more s1gn1ﬁcant Addltlonally, if iPP were copolymenzed

158 (with ethylene) the effects of the quiescent kinetics

as was done-in an earlier study
may also influence structure development in the spinline. A careful review of the iPP
" fiber spinning paper v&ith_ some PP-PE copofymers by the ptesent author indicates the
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differences ‘found between the homopolymer and copolymer can be explained by
bdiffe‘renccs 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 foi)ic néeds to be'. studieci fgrther to fully uhde;stand the effects of quiescent
cry's'tallizétioﬁ kinétics‘ i.1'1' the rutining épiﬁline.

'fhe data shown in Figure 538 shows the melting temperature of each fiber as a
function of spinning speed. As the s‘pinning speed is increése;d, the melting temperature
increases. M32 and M100 show a much 4h’igher sensitivity td melting temperature as a
function of spinning speed in ;he range of spinning speeds iﬁvestigated. 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 M100 at higher spinning speeds have similar
melting temperatures to M10 and M22. This is spite of the fact that M10 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 molecular orientation of fibers on a tﬁermal 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-ﬁqé studies uSing c’liamétervand biréfringegcé me;lsﬁrelhents shoWed ‘that as
the mole’cula‘rllweight incfez;ses,' crsrstallizgtion occurs clbsef tc‘:> tl;e sbinneret at higher
cfystallizaﬁon_’ terhperétures;'the :'fibers have a larger diameter al;d cfystallize unde; a
lower étress at fne point of éryst:i‘llizati&# oﬁset. As the dfaw Ido§vﬂ pressure is increased,
ar' as the spinning speed increases, cvr'ystallizat'ion“occurs cioséf to the spinneret, the onset
diameter ciecreases and the stress at crystallization onset ,inc;reases. . |

Density measurements showed that as the spinning si)eed and molecular weight
increased, the as-spun filament density increased.’ Sliéht.‘vériations in this trend were

observed for 2N35 and M45. These variations were expléined by tﬁe higher MWD
found for ﬁhese resins. Fiber density inéreaées as a function of spinning speed aﬁd
molecular:weight due to. Vcrystallization occurring at higher temperatures, which allows
more time for the fiber to crystallize before the molecular moﬁility becomes too low.

The as-spun filament birefringence values shovér that a:ls spinning speed increases,v
the birefringence increases. Further, as the molecularvweight ﬁecreases, tﬂe final filament
birefringence increases. The contribl;tions of bhefﬂngénée from the crystalline and
noncrystalline domains were separated bif determining the crystal]iﬁe orientation funcﬁon
uéing WAXD and ﬁsing the total observed birefringence. Th:e resiﬂts showed that as the
MW decreased',l thé nonér&s,talljhé orientation function jincreased and crystalline
orientation functién decreased at a givlen spinning speed. Tﬁe érientation functions both
generally increased as:the spinﬁing speed. increésed, with'the; exception of M10 and
ZN35. The tensile ‘strength sﬁowed a similgr ugnd;'aé MW decreases, the tensile strength

increased. A very strong correlation was found between théAnon'crystalline orientation

fuﬁction, 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 |

' streﬁgth is also" somewhat dependent on the crystallinity; in that the number and size of

the crystals will aiso inﬂugnce the tensile strength sinc;é the .crystallites act as an

. anchoring ppint for the tie molecules. If the population of c%ystal]ites is small or they are

very thin, the tie molecules Iﬂay e;asily pull out of the crystal.'

| The tensile modu1u§ isa fﬁnction of both‘crystallinity and molecular orientation.

| The tensilg modulus was observed to be determined primarily by the spinning speed at
which the fibers were spun. It w;1s observed that as MW decreased, the tensile moduli of
&e filaments were generally higher than for the higher MW, more- crystalline resins, a
result of higher overall molecular orientation. This illustr';tés ‘the importance of both
crystallinity and o{fer‘an molecular orientatiqn on tensile modulus.

Elongéﬁon-to-hreék:data was shbwn to be the inversé of the ten;sile strength data.
This again is attributed £6 the number of tie molecules. As the number and orientation of

' '_che tie moleculé's incréases, the elongatiqn—to—break decfeé.ses since less extension aﬁd
drawing is allowed b.e_fore4 ruptﬁre of the molecules and specimen failuré.

Estimates of t_he bull; nﬁcleation densities were qarriea out using the on-line
birefﬁngenc§ profiles. El‘he" results showed that the nﬁéleation density ‘ratio under
oi‘ientgd and qyiq’scent‘ ‘qc.)ndit'ifo"risr 'imA:refased more signiﬁcajmtlyvas the molecular weight
increased, Whel;e-the s"tress\was_‘.lqwgr‘ at crystallization o#lset'. The higher MW resins

_apparently need a smaller level of s&ess to initiate cwsWaﬁoq in the runniﬁg spinline.
Lower MW fesins requﬁe a highgr onset stress to compenséte 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 spiﬁ fibers that
were then thermally bonded together using a point bonding calender. The extrusion
temperature was kept cdnstant 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 boﬂding
‘temperatures to optimize the fabric/fiber strength relationship.

This work is separated .into two sections ciue to the manner in which the research
was conducted. The first part will pl;esent‘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
és basis weight and mass-through-putt. The fiber diametef and birefringence were then

plotted with fabric strength to determine if a correlation exists. This section concludes
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w1th scanning electron niierographs 'detai.lin'g the structure of 5therma1 bond points before
"and‘after deformation. . -

'The.second part of the thermal spunbonding stnd:ies was more focused on
prodncing fabrics with the best‘ mechanical properties. This Emdy,was carried out using
M22; M32 and ZN35 spun under very high and low primary and cooling a1r speeds to
produce fibers with the highes‘t and lowest mechanical pr'operties. The ﬁhers were

thoroughly characterized to determine their density, birefrinéence, 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 deterr_nine if any correlation exists.

6.1 Results and Discussion of Initial Stﬁdies . i

The initial studies were :carried out to learn about the importance of fiber

properties on the thermal 'poi'nt BOnding'proce'ss, without optimizing he bonding

temperature. The effective spmmng speed for each polymer was changed by adjusting

the mass-throughput, pnmary air suction fan speed (PAS) and coohng air fan speed
(CAS). The bonding temperature was kept constant at 140°_C.

The data in Figur'e '6'1 show the average ﬁber diameter of fibers spun at the
indicated mtp us1ng a constant CAS of 2000rpm Resm M32 and ZN35 were used in this
part of the research The nomenclature in the box 1nd1cates the resin 1dent1ficatlon the

mtp and the basis weight. For insta'nce, M32q2bw25, means the resin is M32 at a mass

T, '
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through-put of 0. 2g/m1n hole (the mtps are. 0.2, 0.3 and 0. 4g/m1n-hole) and the basis
we1ght is 25g/m’. ‘The only other basis weight tested was 40g/m The data show that as

~ the PAS is mcreased the fiber d1ameter decreases for each res1n at all mtp. The ﬁberv
dlameters are similar for each material at-0.2 and 0.3g/min}-h01e mtps. At the highest
‘mtp, O.élg/miri—hole, M32 produced finer fllarnents under all spinning conditions. These

. results were explamed in Chapter 5 and results from the more narrow MWD of M32.
The more narrow MWD delays crystalhzatlon in the sp1nhne which allows the fiber to
draw down. to a smaller ﬁlament ,belfore crystallizing. F1gure|‘ 6.2 shows the same
‘materials 'prOCessed under the’ same conditions except the basis we'lght of the fabric has.
been incre‘ased‘t‘o 40g/m2 Th1s mean:s that the belt speed ‘h‘as decreased in order. to
produce a higher weight :fabric using the same mtp. The ﬁber diameters are very similar

to the 25g/m fabncs | |

Figure 6.3 and 6.4 show the b1refr1ngence values of the fibers before bond1ng
under the various processmg condmons._ The buefnngence values are for the same fibers R

. . usedin diameter measurernents The data show that the birefringence values for lVl32 are
at least equal to or h1gher than the ZN 35 resin under similar processing cond1t10ns These
differences also appeared in the. small scale sp1nn1ng behavior (see Chapter 5) and were
attributed to the more narrow MWD of the M32 resin delaymg crystallization which .
| produces a more onented noncrystalhne reg1on Notice that the heav1er bas1s we1ght- .
| fabnc had smular blrefnngence values (F1gure 6.4). The comb1nat10n ‘of the diameter
- and b1refr1ngence values for fibers d1ffenng only in basis we1ght allows for fibers to be

. collected only once. for each processmg cond1t10n i.e. fibers w1ll not have to be collected -

‘ - for a bas1s we1ght change from 25 to 40g/m

422




I0V1 ._c 23«8&:8 guipuoq _E« widggoz Jo paads xre
w:._ooo € Suisn dLiqej Jy31om siseq ul/367 € 10§ paads are Arewnad snsiaa oudBuLIjaaq Jaqy oE_..aO €°9 dIndig

T AEQ.& vuu@m .=< %.:w::.ﬁ

000€ . 00SC 000Z 00ST 0001 00§ " -
T - 091 )
osl O
-
e J )
|1
, 0oz B
, IS
=
= 3 .
. oze ® -
. Vemn
STmMQpbeeNz —O— V.M'
N STmagbeeNz - —O— =)
semagbseNz —— —0'vT M
. STMQpbZEN —@— N’
, STMAEbZEN —@—
STmaebzen - —ll— 097

423




000€

.O.aavﬁ Jo aamyexaduwrd) Surpuoq pue wdigggz Jo paads aie
3ujood e 3uisn Juqe) JYSPM siseq wi/3pp € 10y paads are Lrewnrad sns1dA DUISULIIIQ J3qY) JUI-JJO 9 dINB1

(wda) paadg a1y Arewnig

00ST

. 000C

00ST 0oot

00S

0rMqybgeENZ
0vmqebgeNZ
0ymazbseNz

OrmapbzZEN

..ovmaebzen

oymazbzeN

?

e

0°¢l

teemy

LT

S

.

£ 4

$'ee

0'sC

(000TX) oUISULIIIIY

424



'
'
ol

The data in Figure 6.5 and 66 show the maxirnum'tensile load of nonwoven
| fabrics of basis weight 25g/rri2 in the rnachine and Uansverse directions, respectively.
The maximum load for each fahric generally increases as the PAS is increased. As the
‘PAS is increased, the ﬁbers are generally' becoming ’r;nore oriented,‘ hence the
birefringence incieasi_ng. :As the birefringence increases, the tensile strength generally
increases as was shown in Chapter 5 and other previous. works. It is difficult to
R ‘dete‘rr’nin.e if any comparisohs can be made between M32 andf ZN35. Each fabric has not
been‘ hended under optimurri conditions. However,‘two trends exist. The first, as has
. 'alr‘eady been pointed out, as the PAS increases the iabﬁc maximnm load increases. The
second, the machine direction maximum load is hi;gher than the :trans,verse direction load.
R Fignre 6.7 and 6.8 illustrate the maximum ‘load in thevr‘nachine' and transverse direction
for the heavier basis weight fabric. The same trends emerge for the heavier fabrics as for
the hghter ones. A notable difference is.that the maximum load for the heavrer fabrics i is
h1gher than the hghter fabncs, a result of more total fibers present |
Figure 6.9 shows the machlne d1rect10n (MD) d1v1ded by transverse direction
. “ (TD) max1mum load ratio as a- function of belt speed. The belt speed is determmed from
.the mtp and basis weight of the fabnc and comes on the run data collected for each fabnc
There are two pomts of interest in this ﬁgure The ﬁrst is that the MD/TD ratio for most
- all pomts falls in between' 1.25 and 2.00. The second is that there seems to be no mcrease
m MD/TD ratio as the belt speed 1ncreases One rmght expect the ﬁbers to become more

' ahgned in the MD due to mechamcal ahgnment by the belt as belt speed i mcreases This

does not seem to occur under these processmg condmons. ;
. ‘v - ’ . " " I

|

. I
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- The data in Figure 6.10 and 6.11 show the maximufm‘ load of the fabrics as a

" function of diameter and birefringence,‘respectively. vFigur;e 6.10 indicates that as the
diameter decreases, the maximum load increases There are two lines present one for
each bas1s werght with the upper hne for the 40g/m fabnc It m1ght be expected that the
load of the fabric would mcrease as the diameter decreases, since there w111 be more total
ﬁbers per-umt area to carry the load. Frgure 6.11 1nd10ates vthat as the birefringence
- increases, the maximum load increases for each basis weight vfabric. ‘A“s the birefringence ,»
increases, overall moiecular orientation increases and the tensile strength of the
| individlraI fibers increases. Therefore, the increase in :fiberften'sil’e strength seems to be
increasing the fabric tensile strength. | :

The pictures in Figures 6.12, 6.13, 6.14 and 6.15 arejbond points of the fabrics in
; th1s study photographed using SEM. In Figlire"6.12, vt'eak_fabric bond points are shown.
The wealt bond point exhibits some melting outside the calehder contact area. The weak
bond also has a ﬁlm—hke appearance with very l1tt1e of the underlymg fiber morphlogy
visible.’ Flgure 6.13 shows the strong bond point has a well defined bond pattern with the
underlymg ﬁber structure -still clearly vrslble Figure 6. 14 shows a bond point in a fabric
that has fractured under uniaxial extension. The bond pomt remams intact while the fibers
connected to it have rractured. This failure mechanism:is typically observed in the
fabrics with better mechanical properties. Figure 6.15 sho{;vs a fabric in which the bond
point has falled This sample is overbonded, which results in the bond becoming

weakened. The film-like bond point begms to pull apart, resultmg in fabric failure.
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EWI=20.0 KU WD~ 31 mm 186~ X 80.0 PHOIO- 4
00, g0 e

F

4 Vo il | i
M32q4bw25 PAS=1000rpm CAS=2000rpm

L= 40BSD EHT« 20.0KY HD* 31 = Mt~ X 80.0  PHUID= 13
500 pm § - ]

M32q2bw25 PAS=1000rpm CAS=2000rpm
Figure 6.12 SEM photomicrographs of bond points before deformation of
fabrics with poor mechanical properties. The processing conditions and
resin type are indicated under each image.
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A | NI 2
M32q2bw40 PAS=2500rpm CAS=2000rpm

L= 40BSD 200KV b= 31 om  NAG- X 80.0 PHUID-
e

ZN35q2bw40 PAS=2000rpm CAS=2000 rpm

Figure 6.13 SEM photomicrographs of bond points before deformation of
fabrics with good mechanical properties. The processing conditions and
resin type are indicated under each image.
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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 érder 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 thermailly bonded non-woven fabrics in
this study: |
a. Underbonded-the bond points pull apart with the suf)stituent fibers maintaining
their integrity. The fabric fails in a ductile manner.
b. Overbonded-the Ibond point is weakened due to the melting of the fibers into a
film-like state. The fabric fails abruptly.
¢. Ideally bonded-the bond point maiﬁtains 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 ZNSS 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
cha;acterized. 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 tfle 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 propefties, bonding curves were obtained using M22, M32 and
ZN335 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 fabrigs. The coﬁditions under which fibers were produced, as well
as the mechanical propertiés for ea;cl‘l ‘sct of fibers are shown in Tables 6.1 and 6.2.

The results in Table 6.1 and 6.2 indicate thgt as the noncrystalline orientation
function (f,) 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 lo@er mtp highest fan speed fibers produce the strongest web. The data also shows
that reducing the cooling air speed (CAS) for the higher mtp 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 tﬁc; 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 strengtﬁ as the 25g/m* basis weight
samples. However, two differences are obsefved. The first; the strength of the fabric has
increased significantly, an 'exﬁecied 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 temperéture. The lower mtp fibers are still bonded the best at
140°C. The high mtﬁ, low CAS fibers are bonded best at 145°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 fs 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 teﬁperamre (T,) 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 displacemeﬁt plots w&_ﬂd 1;301( like. Notice that the peak load and final ETB are
the same for each curve. U:sing the final ETB for the two underbonded curves would
give a misleadiﬁg 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 saﬁple has a decreased ETB. The results indicate that
each set of fibers has an ideal T, to ﬁaﬂnﬂze the ETB. Thé higher Iﬁtp, lower CAS
sample’s ideal T, has decreased by 4°C. Thése results indicated that the ideal strength T,
‘and ideal ETB T, may not be at exactly the same temperature for all fiber/fabric/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 {. and birefringence, 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
ZN33, 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 muéhv 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 explanatién 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 ‘v&}here the maximum load is carried for each fabric, thus there exists one
‘ideal bonding temperature for each mtp and basis weight combination. The gfoups are
broken down into four categories, grouping the mtp and b%isis weights together. This
grouping allows thé line speed to be kept constant for each processing condition of the

fibers/fabrics. While there exists 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 bétween 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 dafa clearly indicate for the
same line speed,‘increasing fiber birefringence and noncrystalline oriel;tation function
dictates a higher bonding temperature to produce fabrics with ideal tensile properties.

- Figures 6;31 and 6.32 show the fabric maximum load as a function of as-spun
nonbondeé ﬁbelrr birefringence and nogcrystaMne orientation function, respectively.
Figure 6.31 clearly- showé that as fiber birefringence increases, the maximum load
increases. The dlata 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 noncrystalline orientation function increases, the fabric load increases. Figure

6.33 shows that as the fiber stréngth increases, the fabric load increases. This is not a
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surprise based on finding that the fabric load increased with incr:easing fiber birefringence
and noncrystalline 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 iritdicate that as’the as-spun fiber properties
increase in birefringence, noncrystalline orientation function and tensile strength (these
'»propertics are relz;tted) the ideal bonding temperature ix;creases and fabric mechanical
properties increasé. Further, there seemed to be no segregation of a particular resin into
its own fabric/ﬁbér 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 différing 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 frorh 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 ihat M22 and M32 have significantly lower peak

melting temperatures, as has been shown throughout this work. The onset of melting
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Figure 6.35 DSC endotherm of M22 indicating the point of onset of melting
' and the peak melting temperature.

466




065}t e'8el widipog =58 wdigpol=sed ejoy-Liw/Bz0=0 | SENZ
9'€91 2'gel wdigog L=se9 wdigool=sed o[oy-ujw/By'0=0 |SENZ
TTresE | steel | wdioost=sen wdigoZl=sed ajoy-uiw/bz0=0 |SENZ
L LG 2'8elL wdipppg=seg wdipogz=sed 9joy-uiu/By'0=0 |SENZ
£'8G1 G 9El wdigpog=sen wdigpsg=sed a/oy-uByo=D |SeNZ
Syl evel wdigogi=sen wdippoi=sed ejoy-u/bz 0= | 2EN
6'GvL 0°821 wdigog1=se) wdigool=sed eoy-uwBpr'0=0 | 2EW
XTI gzel wdippoz=sen wdigosz=sed ejoy-umwbz'0=0 | 2En
L'S¥1 1’82} wdipooz=sen wdigogz=sed oou-uu/By'o=0 | 2ei
- L8¥L | @sel wdipoog=sen wdipogz=sed oloy-uwBy0=0 | ZeW
6'GvL £ 1et wdipog1=sed wdig0ol=sed 8loy-uwBzZ 0=0 | ¢2W
69Vl zgel wdipogL=se0 wdipgol=sed eoy-uBy 0= | gan
98yl g'eel wdippozg=sep wdigoge=sed ejoy-u/be0=0 | 22N
] “g'svL. | zeel | wdipoog=ses wdipogsz=sed 8joy-uiuby0=0 | ze2
£yl 2'eet wdi1goog=sed wd100gz=sed SoU-UW/BY0=D | 2e
ainjeiadwa) | simesadwial
Neod 1e8UD
Bugie Bunien SUOIPUOD

*spadds uey moy pue ysny sspun unds sxaqiy usaomuou unds-se Jo sanmjeaadurd) dunouw sjead pue Josu) €0 Qe

467




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 tha£ the
molecules involvgd 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 be;:n quenched witﬁ 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 ﬁ_ber molecular orientation, more
specifically the noncrystalline orientation function. This result shows that in fact it is the
fiber structure that determiﬁed the ideal bonding temperature and that the properties of
the fibers dé deteﬁnine the propcrtie(s of the webs when the bonding temperature has been

- optimized..

468



Chapter 7

Conclusions and Recommendations for Future Work

7.0 Conclusions

A brief summary of the results and conclusions from quiescent isothermal and
nonisothermal cr:ystalh'zation 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

“ Isothermélly crystallized films studied by WAXD indicate that miPP resins
produce o and y-crystal structure under high crystallization temperatures. SAXS,
WAXD and DSC studies were combined to determine the T_° of the miPP and zniPP
resins. Only one maximum could be .fou‘nd in the miPP raw and Lorentz corrected SAXS
intensity data, which indicates that the o and 7y 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 o-crystal structure
of the resins in this study was 18612°C, unless a diluent (atactic material) was present.
The presence of atactic material lowereci the T,.", as was the case with ZN35 and .Ml()O.

The y-crystal structure was found to have a T’ of 17832°C for the miPP resins, when

- crystallized at atmospheric pressure.




Defects e}gclqded during isothermal crystallization are thought to be present in tﬂe
crystal fold surface region when Acrystallization occurs at low supercoolings. The
éppearance of thé y-crystal structure also occurred. in the ‘miPP resins, which had
sigﬁiﬁcantly higher fold surface free ener‘gies. The higher fold surface free energy is
attributed to a roughing of the crystal fold surface due to defect exclusion. As the
crystallization temperature decreas;s, defect incorporation increases, and the occurrence
of +y-crystal structure decreased and the fold surface free energy for the miPP resins
dgc;'eases to a value near that of ZNHT.I 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
fr‘:ee energ};, notably for ZN35 and MI100. The difference in the observed melting
temperature of thc; 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 proposgd to explain the formation of the y-crystal structure. The
theory asserts thé 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 elévated pressures. The higher fold surface free energies are a result of a
rough crystal fold surface that is not two dimensior;al, buf 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 crystallization 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 crystaliization conditions, where defects are included into the crystal, the
linear growth rate was fopnd 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 nonisothénﬁal conditions showed the importance of both
the linear growth rates and nucleation density in determining the overall crystallization

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 coglsidered 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 apd 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 oﬁ 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 filan:@nt birefringence values showed that as spinning speed
increases, the birefringence increases. As the molecular weight decreases, the as-spun
filament bkeﬁiﬁéence increases. Thé c;):ntributions of birefringence from the crystalline
and noncrystaﬁiné domains were ‘se;;arated by determining the crystalline and

‘noncrystalline ofientétion'functi'ons. 'fhe 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 spinning
speed increased, with the exception of M10 and ZNSS. 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 crystéllinity 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 tensiie moduluis 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 crystallifie 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 molecule; increases, the elongation-to-break decreases since less extension and

drawing is allowed before specimen failure.

I

7.3 Thermal Bonding
The therrhal spunbonding resuls showed that when the bonding conditions for the

fibers are optimized, the relative‘drder 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 bohding curve{a bonding curve is a
graph of fabric strength versus bonding temperature).

The results indicated that increésing the biréfringence 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 jthat could not be explained by their differences in fiber properties, which
are a result of the difference;in molécular yveight, 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. .

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 understan'd the electron density measurements observed for
the crystal cdre, interfacial region and pure amorphous domain.

The fiber spinning behavior of miPP resins needs to be studied further, using broader
molecular w%:ight 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 ﬁlamen; properties could thcp be compared to conventionally spun fibers of the
same resins to further resolve the influente of the quiescent crystallization kinetics in
the running spinline.

Modifications to the high cooling rate light depolarizing microscopy equipment
should be rﬂade 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 solidification 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.

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, bondi‘ng teméerature and c%alender diameter. This model should also include
the heat transfe‘r equations and ?.ael 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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