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ABSTRACT

Blown films of high molecular weight high density polyethylene (HMW-HDPE)
were produced from two resins of differing molecular weight (MW) and molecular
weight distribution (MWD) using a high stalk bubble configuration. The processing
conditions were varied such that three film gauges, each fabricated a three frost line
heights (FLH), were produced. Crystalline orientation and tear resistance properties of
the films were measured. Under gppropriate conditions, the formation of two populations
of lamelar sacks with their surface normas orthogordl to one another were observed.
Increasing the FLH increased the amount of transverse direction (TD) stacked lamellae.
Thisfinding was related to bubble shape and relaxation behavior. Baanced in plane
crygaline orientation was noted to give the best dart impact performance. Interestingly,
for the lower M,, resin in the sudy, this could be achieved by down gauging.

In asecond project, structure- property-processing relationships were investigated in a
series of high dendty polyethylene (HDPE) blown films. The use of metalocene and chromium
oxide based resins allowed the effects of MW and MWD on orientation behavior to be studied.
All films possessed Kedler-Machin low stress morphologies oriented aong the film MD. Under
identical processing conditions, the narrower MWD resins produced films with grester orientation
than the broader MWD resins of equivaent weight average MW. Gresater processing stresses and
shorter quench times were noted to produce higher levels of orientation. Moisture vapor
transmission rate (MVTR) performance of these filmswas also measured. Orientation effects
were seen to influence MV TR as permeation behavior did not scae directly with the crygaline
content in the films



Additiona studies investigated the relationship between comonomer content and the
therma and structura properties of nove poly(acrylonitrile-co-methyl acrylate) materids. Five
polymers were sudied with methyl acrylate (MA) content varying between 0 and 15 mol%. The
MA decreased both the glass transtion and melting temperatures. Melting point depression was
aufficient in the two highest MA content copolymersto dlow for complete meting prior to the
onset of thermd degradation usng modest hesting rates (20 °C/min). Insight into the
heterogeneous structure of poly(acrylonitrile) homopolymer was gained through both
conventional and modulated differentid scanning calorimetry.
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Chapter 1 — Introduction

This dissertation, as the title implies, documents work from three separate
projects. Although two of the projects involve the production of blown high density
polyethylene films, the focus of each is quite different. Therefore, chapters are presented
as wholly independent from one another. The materid is presented in the following
order.

Chapter two contains background information and areview of the literature
pertinent to the area of blown polyethylene films. Topics include the development of
gructure in the blown film process, a brief review of some of the analytical methods
utilized in the dissertation, and adiscussion of the factors pertinent to the permestion of
smdl molecules through semicrydtdline polymers. The materid presented is relevant to



the work presented in the third and fourth chapters, as these represent the mgjor projects
of the dissertation.

Chapter three presents the first blown film project. Thisresearch into the
processing- structure- property relationships of high density polyethylene films produced
using ahigh stalk, or delayed blow out, blown film process, was conducted in
collaboration with Chevron-Phillips. Unique morphologies conssting of bimoda
orthogona stacks of lamellae are observed, and the factorsinfluencing their formation
arediscussed. Characterization of the tear and puncture resstances of these filmsisaso
examined in the context of film morphology.

Chapter four consdersthe role that crystalline orientation hasin influencing the
rate of water permestion through blown high dengty polyethylene films. This sudy was
conducted in conjunction with Chevron, prior to the merger with Phillips. It contains the
characterization results from alarge number of films, fabricated under various processing
conditions and using severd resins. These results are then correlated with the measured
moisture vapor transmission rate for each film in an atempt to quantify the importance of
crystdline orientation to barrier performance.

Chapter five contains the find research topic included in the dissertation. This
work undertakes a study of the thermal and structurd properties of a series of novel
poly(acrylonitrile-co-methyl acrylate) materids. The work presented represents asmdll
portion of amuch larger project. Funded by the Department of Energy, this
multidisciplinary project involving groups a both Virginia Tech and Clemson University,
has as its objective the development of new poly(acrylonitrile) based polymerswhich
may be met spun into precursors suitable for conversion into carbon fibers. Thefirgt
portion of the material presented focuses on the effects of comonomer content on the
thermd trangitions and crystdline content of these materiads. Additiona experiments that
address the nature of the glass trangition of poly(acrylonitrile) homopolymer are aso
presented.

Thefind chapter contains areview of the mgor conclusons from each of the

research topics. In addition, recommendations for future work are presented.



Chapter 2. Background and Liter ature Review

2-1. Introduction

This background section will begin with avery brief description of the film
blowing process to introduce key processing variables and to give the reader a generd
understanding of the nature of the procedure. Next follows an introduction to the various
types of polyethylene which are used commercidly in the film blowing process. The
differences among specific resns will be addressed to give an indication of how polymer
topology can influence processing, find film texture, and hence film properties,

2-2. Blown Film Process
The single bubble blown film process is represented scheméticaly in Fig.2.1.

The process begins with the extruson meting (A) of the polymer resin. Thismolten
polymer isfed to an annular die (B) and forced out vertically forming atube of polymer



melt referred to asthe sak (C). The mdt is then drawn upward while its outer surface is
being cooled by the air ring (D). Additiondly, air isaso being forced into the stalk from
within the annular space. The pressure exerted by this air, in the enclosed space of the
bubble sealed at bottom by the die, and at the top by the nip ralls, (E), causes the stalk to
expand. Thedua dretching nature (axia and radial) of the process at this Step leadsto a
biaxid orientation of the polymer chains. The relaive amounts of stretching which occur
inthe axid and radid directionswill greatly influence the filn'sfina properties. A short
distance from the exit of the annular die the polymer crystalizes. This point can be
observed by an increase in turbidity and is commonly referred to asthefrost line. Above
the frodt line the solidified polymer film is pulled up to the nip ralls (E), collapsed, and
wound onto aroll (F). Additiona post treatment steps (e.g. relaxing, cutting, printing)
may take place, though this study will not dedl with any post treastment aspects. The
production of multilayer films via coextruson in the blown film process utilizes multiple
extruders and speciaized dies. Multilayer sysemswill not be addressed in this
discussion, nor will the double bubble process commonly used to produce polypropylene
films'.

While a first gance this process may gppear to be quite senstive to dight
perturbations in the system, it is currently the most common process for producing large
quantities of polymeric filmsat alow cost. Aswith any processit hasits advantages and
disadvantages. Rddive to acadt film process, the blown film process has the following
difficulties. Uniformity in film thickness can be problematic (variations in thickness of +
10% versus + 5% for a cast system™®). The source of thickness variation can be traced
back to difficultiesin exactly matching the cooling conditions around the entire
circumference of the bubble, uneven tensons on the bubble, and variation in processing
gressin the met as materid isfed to the circular annulus. Cadt films can often be
produced a greater rates than blown films'!. To the credit of the blown film processit is
generdly recognized thet the capita outlay for the blown film processis lower and less
scrap materia isproduced. Furthermore, it is quite smple to adjust the film width on a
blown film line by adjusting the blow up ratio, throughput and haul off speeds. The
width of acast film is essentialy set by the die span'*. Lastly, the tubular shape



Figure 2.1. Schematic of blown film process



produced by the blown film process requires that only one end be sedled to form bagsin

contrast to multiple edges for acast film process.

2-3. Use of High Density Polyethylene

High dengty polyethyleneis used primarily in packaging gpplications for which
barrier properties are akey atribute>. HDPE has excellent chemica resistance dueto its
high crystdline content, thusit is used in bottles for home cleaning agents, detergents,
and bleach. Its excellent moisture barrier properties also make it anidea candidate for
food applications where the product is sendtive to water, such as cereal bags. In
comparison to low density polyethylene, HDPE often has greater strength and toughness.
In fact these two mechanica properties when combined in athin (~ 0.5 mil) film make it
an ided materid for grocery and shopping bags based on both weight and price savings.
Findly, itisacombination of dl of the above propertieswhich playsakey rolein
making HDPE the resin of choice for milk, juice, and water containers.

The market for HDPE is continually growing as it replaces traditiona paper and
cardboard packaging. For the past severd years domestic HDPE growth has outpaced the
gross nationd product by afactor of 1.7, with the 13.86 million Ibs. of U.S. production
making up alarge portion of the 21.27 million Ibs. of plagtics that were used in packaging
for the year 19992,

2-4. Classes of Polyethylene

A better understanding of how HDPE can form products which are well suited for
the packaging industry can be gained by examining its molecular Sructure. Specificaly
its topology will be compared to the two other commodity polyethylenes, low density
polyethylene, LDPE, and linear low dendty polyethylene, LLDPE. Topology will play a
key role in both the processing differences among these materids and their find
morphologica textures. Figure 2.2 contains schematics depicting the Structures of each
of the three mgjor classes of polyethylene. High density polyethylene can be consdered

the smplest and the most ordered of the three. 1t congsts of long, linear chains of



Figure 2.2. Idedlized schematic of various types of polyethylenes. A) high density
polyethylene, B) linear low density polyethylene, C) low densty polyethylene.



polymerized ethylene. The lack of chira centers and the linearity of the chain leadsto a
meateria which when below the mdting point can easly and rapidly form ahighly
cryddline sructure. A polyethylene is considered to qualify as an HDPE resin if its
density is grester than 0.94 g/en. It isimportant to note that while dl of the chains have
the same linear Sructure, many different chain lengths can be present. This variaionin
chain lengths, and thus molecular weight, can be quantified to afirst approximation by
the use of the polydispersity index (PDI). The PDI of aresinisfound by dividing the
weight average molecular weight, Mw, by the number average molecular weight, Mn.
The PDI of aHDPE resin will be influenced by reactor conditions and catalys type used
for synthesis. Vdues of PDI ranging from 2 to 20 are typicaly achieved. The breadth of
the molecular weight distribution can have a profound impact on the processability and
properties aswill be discussed |ater.

Linear low dengty polyethylene consists of along chain backbone with short
chain branches. The addition of these branches to the chain is accomplished by reacting a
smdl amount of a -olefin comonomer with the ethylene during polymerization. The
length of these “short” branchesistypicaly two to eight carbon atoms. The nature of the
short branchesis such that they lead to areduction in melt viscosity, when compared to
an equivdent molecular weight HDPE chain, asthey are too short to entangle. Clearly, a
LLDPE chain will be shorter than its weight equivalent HDPE chain, resulting in fewer
entanglements and hence alower viscosty. A decreasein the crygdlinity leve of
LLDPE relative to HDPE is dso noted as the short chain branch points act as defects
which cannot be easly accommodated by the crystadlinelattice. Aswith HDPE avariety
of chain lengthsis produced. The digtribution of chain lengths and branching per chain
will be influenced by reactor conditions and catalyst type. Early LLDPE technology led
to apreferential addition of the comonomer to the shorter chains.

Findly, low densty polyethylene is composed of ahighly random arrangement of
both long and short chain branches aong the backbone. In fact some of the long chain
branches on a L DPE molecule may have short and long chain branches of their own. The
greater amount of short chain branching in low density polyethylene tends to make this
polymer have alower crystaline content than HDPE. The branchesin LDPE, both long

and short, are aresult of the less controlled nature of the high pressure and temperature



(~20,000 ps, 200 °C) free radicd polymerization used to make this type of polyethylene.
Because of the random nature of LDPE synthesisthe resins show little variation in
crystdline content The viscosity can of course be controlled through variation of the
average molecular weight.

Broad generdizations about molecular architecture are sufficient to account for
the gross differences observed among the various types of polyethylene. However, to
better understand how smal variationsin branching type and content can lead to
differences within a polyethylene class, specificdly HDPE, it will be necessary to
examine more in depth the effects these factors have on the polymer’ s ability to
crystdlize, the morphologica structuresit forms, and how the melt rheology is affected.
The relevance of these questions has been renewed with the emergence of ardativey
new class of polyethylene catalysts, the metallocenes. These catalysts dlow the specific
features of chain architecture in HDPESs to be controlled to aleve that was not possible
with the traditiond Zegler-Natta or chromium based systems.

2-5. Polyethylene Catalysis

The practical polymerization of high density polyethylene began with the nearly
smultaneous discoveries of three different research groups. Karl Ziegler’ sdiscovery of a
catdyst which was cagpable of polymerizing ethylene at moderate temperatures and
pressures far below those used in L DPE production occurred in 1953, Concurrently,
Giulio Natta succeeded in polymerizing isotactic polypropylene from propylene’®. The
category of catalysts which bear these researchers names, Ziegler-Natta catalysts, were
innovative because they dlowed for stereo specific polymerization. Or, in the case of
ethylene, it became possible to generate high molecular weights of nearly linear chains.
Thisisin contrast to the aforementioned high pressure ethylene polymerization scheme
which is used to produce low dengty polyethylene, developed earlier by ICI. As
discussed, the high pressure, LDPE processis characterized by a high degree of random
branching.

Ziegler-Natta cata ysts can be broadly defined as, “amixture of ameta akyl of base
metal akyls of group | to 111 and atransition metal salt of metals of groups 1V to VI11.728.



Not dl of the possible combinations are active. Infact, anindividuad catayst
combingtion is usudly very sdlective to the monomer typeinvolved. A typicd
combination of compounds for ethylene polymerization includes TiCl with Al(CzHs)s.

The third concurrent group to make the synthesis of high molecular weight linear
polyethylene feasible was developed by Phillips'’. The Phillips catalyst has found wider
usein theindugtrid production of HDPE than the Ziegler-Natta catalyst based process.
The incorporation of comonomers such as 1-butene or 1-hexene into the reactor alows
the Phillips catalyst system to polymerize linear low dengty polyethylene commercidly
aswell. The Phillips system is often referred to as a chromium based system, or asa
metd dkyl-free (MAF) catadyst when compared to the Ziegler-Natta type sysems. The
Phillips catalys involves the use of chromium trioxide supported on sllicaand is capable
of producing highly linear chains. A number of the resins used in this study were
manufactured using chromium catalysts. The basic mechanism whereby monomer units
are added to agrowing chain isshown in Fig.2.3. While thisdiagram is very amplidtic,
it does represent akey point. In contrast to what will be seen below with the metallocene
catalyzed systems, there are no ligands present on the catalyst to guide the coordination
of the incoming monomer in a stereo specific fashion. Thus, these catalysts are not able
to polymerize highly stereo-regular chains, e.g. isotactic polypropylene. Obvioudy this
is not a concern for HDPE production, but it does limit the broadness of their
aoplicability. A portion of the catalyst does remain with the polymer after synthesis.
While resdud catalyst can lead to reduced oxidative stability, this problem can be
dleviated with the use of a suitable stabilizer package to prevent subsequent chain
extension and crosdinking during melt processing.*® An additiond point of extreme
interest to this research is the breadth of the molecular weight distribution which the
chromium process leadsto. Polydispersity indices ranging from 15-20 are common for
the Phillips catdyst™®. In contrast, Ziegler-Natta cataysts generally produce resins with
PDI vaues between 4 and 8. The breadth and shape of the molecular weight distribution
will have an impact on both processing and crystdlization behavior.

The newest catadyst systems for high dendity polyethylene, the metallocenes, are
noted for their ability to produce resinswith a*“narrow” molecular weight distribution.
Polydispersity values can be as low as two, though PDI values of 4-5 will be usad in this

10



i

Q H
C L dec
H. H.C—CH \ 2 Y
[ 2 2 2 CH,. _CH, C
Cr Cr Cr
7\ /A 7\
T T ? T

0] (|)H O O OH

Figure 2.3. Generd insartion scheme for ethylene with Phillips type chromium oxide
catadys. Notethat if theincoming monomer was of lower symmetry (e.g. possessed
three hydrogens and a methyl group asin propylene) the catalyst provides no redtrictions
on the incoming orientation of the insartion. For this reason highly stereospecific
polymerization would not be achieved with this catalyst. Figure adapted from Epacher’®.
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study. The PDI vaue of two represents the most probable molecular weight distribution.
For a heterogeneoudy catalyzed system this value implies that each reactive Ste has the
same leve of activity and that the monomer concentration is homogeneous throughout
the reactor.3® For this reason metallocenes are often referred to as single site catdysts. A
typical metallocene catalyst condsts of a positively charged group IV metd anion (eg. Ti
or Zr) bonded to two ligands and sandwiched between two negatively charged
cyclopentadienyl anionsto form a complex with no net charge. The choice of ligands
(often hdide atoms such as Cl), as well as the attachment of various groups to the
cyclopentadienyl rings, dlowsfor variation in activity towards a specific monomer and
gereochemistry. The use of two cyclopentadienyl ringsis not a prerequisite for a
metallocene catalyst to be functiond, in some cases one will suffice to provide the
necessary coordination geometry. An example of ametdloceneisgiveninFig.24. This
particular catdyst can be used for the stereo specific polymerization of isotactic
polypropylene. However, research has found that a cocatalyst is needed to achieve
reasonable activity levelsin metallocene systems. One such cocatdyst is
methyladumoxane, MAQO. The mechanism of polymerization is believed to follow a
reaction scheme very smilar to that of aZiegler-Natta sysiem. A commonly proposed
polymerization mechanism for ametalocene system isshown in Fig.2.5. Reection of the
metallocene with the MAO removes the chlorine atoms, while forming a postively
charged complex with amethyl group, extracted from the MAO. The monomer then
approaches the catalyst in an orientation which may be governed by steric hindrances
between itsdlf and the ligands on the metallocene. Next, acomplex isformed by sharing
the pi dectrons of the double bond on the monomer resulting initsinsertion. Ladly, the
bond with the methyl group, which wasinitidly attached to the metallocene, is broken to
become a chain end, being replaced by one end of the monomer. Additiond insertions
dlow the chainto grow. The use of MAO with zirconium based metallocenes,
Zirconecenes, allows up to 1x10° grams of ethylene to be polymerized per gram of
zirconiun?. At such low levels of residud catalyst a separate step for its removd is
unnecessary. |t should be reiterated that while the basics of metallocene technology are
understood, dl of the details of reaction mechanisms have not been firmly established a
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Figure 2.4. Example of pertinent metallocene structure®.
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Figure 2.5. Generd reaction scheme for metallocene catalyzed polymerization of
isotactic polypropylene®®.
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the present, asis the case for the other catalyst systems®?. Theincorporation of
comonomers alows the production of linear low density polyethylenes as noted above for
chromium catalysts. Current LLDPE production usng metallocenes is dready greater
than 10 million Ibs. per annum®3. Within the category of linear high density polyethylenes
subgtantid variation in molecular weight and molecular weight distribution can be
achieved by controlling reaction conditions such as temperature and monomer
concentration. It is hoped that in this particular study the differences in chain architecture
and molecular weight didtribution achieved with Phillips and metalocene catayss will
dlow for adetaled sudy of their effects on the blown film process as it relates to

structure, moisture vapor transmission performance, and mechanica properties.

2-6. Deformation of Polymer Coils During Processing

The gructuresinduced in the final blown film depend grestly on the Sate of
ordering present in the mdt just prior to cryddlization. Thusit isof great interest to this
research to understand how variations in resin properties lead to different states of
orientation during processing. What follows is a brief introduction to the theory of chain
deformation in macromolecular melts and solutions.

The earliest udiesin the area of flow induced deformations of macromolecules
were carried out in dilute solution. These early studies give aclear picture of the
fundamenta mechanism by which random coils deform in an extensond flow fidd.
DeGennes was the firgt to predict the somewhat unintuitive concept of an abrupt coil-
stretch transition?. These predictions have been verified subsequently by
experimentation and are schematicaly represented in Fig.2.6 for alinear chain. One of
the key parameters in these studies is that of the Deborah number, De, defined in the
following equation.

[ sl

_ p
De = t Eq.2.1

d

t, = Characteritic relaxation time of the polymer
t g = characteridtic time scale of the deformation
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A)

B)

M

)
Figure 2.6. Configurationd dates for the coil-stretch trangtion. A) unperturbed random
cail, B) random coil under strain below the critical vaue, C) extended chain
conformation at srain rates greater than the critica vaue. Direction of flow is
horizontd.
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The dimensonless Deborah number is aratio that compares the rate a which the polymer
is being deformed to the rate a which it can relax or recover during or after a
deformation event. For small De the polymer is able to rapidly relieve the stress placed
upon it. For thisresearch, the principal stressis represented by the extensond and
shearing effects of the flow which the polymer melt experiences after it exitsthe die.
Under low De conditions very little deformation of the random coil will take place,
However, at De >1, sufficient stress can develop such that the polymer can become
highly extended. This extenson can be frozen into the film's sructure if crystalization
or vitrification occurs prior to chain relaxation and disorientation. As stated above, this
behavior has been studied and verified through experimentation. A few key results from
these studies should be noted.

Using a specidly designed flow apparatus to produce eongationd flows, Kdler,
Oddl and coworkers have published a number of studies relating dilute, semi-dilute, and
concentrated (homogeneous melt) phase measurements. The results of these studies
using flow birefringence verified, as mentioned above, that thereisindeed awell defined
coil-stretch transformation which occurs at a critical strain ratein dilute solution. 2
Bdow the critical strain rate only smal deformations of the coil take place. At the
critical gtrain rate the polymer chains become nearly fully extended. Interestingly, above
the critica strain rate the extenson of an individual extended chain saturetes. That is,
once extension is achieved a the critica drain rate, beyond that point no further
extenson occurs. Thiscritica strain rate was found to be inversdly proportiona to the
molecular weight to the 1.5 power, regardless of the solvent qudity used®. The
molecular weight dependence of the critica shear rate has important ramifications for the
melt processing of polydisperse materias. At ever increasing deformation rates the
number of polymer chains with afully extended conformation increases a the expense of
those in the coil conformation. Thus the amount of oriented materid for agiven resn
will depend largely on the width and shape of the molecular weight ditribution, not just
itsaverage. Thisisan important consideration when contrasting resns made from
different catalytic processes. In fact this phenomenon has been used as a method to
determine the molecular weight distribution of polymers™.
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Research which has been conducted more recently by Chu et d. to probe the
relaxation dynamics of long chain molecules using isolated DNA molecules suggests that
the molecular weight dependence of the critical strain rate for extension is 1.65°728. Of
additiond interest from this group are results found on single DNA moleculesin shearing
flow?®. A shearing flow can be considered to consist of the superposition of two
components, a purely extensiona component and a purely rotationa component. The
effect of the rotationa component will be to cause an individud polymer chain to tumble
inthe solution. The processes of elongation and rotation are depicted in Fig.2.7. It can
be seen in thisfigure that the rotationa flow component can cause a deformed polymer
coil to either continue to extend or revert back to its coiled dimensions. The influence of
the two flow components causes the polymer coils to constantly coil and uncoil during
shearing flow. A time averaged vaue for the coil dimensons as obtained by the
researchers suggests thet for aflexible chain in dilute solution that the maximum
fractiond extension that can be obtained for conditions of smple shear (rotationa and
extensona components equa in magnitude) is approximately 0.42°. 1t should be
emphasized that by averaging over afinite time window the average chain will appear to
have the average extenson. However, in redity very few of the chans a any given time
may take on the average dimensions. Many will be more fully eongated while others
will be more completely coiled as the chains are congtantly fluctuating back and forth.
The gpplicability of the coil-stretch trangtion to the melt state has been studied and has
been presented in a generd review with a favorable correlation between the two
systems™®. However one major differenceisobserved. A unique feature of
macromolecular systems when congdering their extraordinary lengthsis their ability to
entangle. While entanglements between polymer chains will not be present in dilute
solution, they will most certainly be present in a concentrated Situation such as melt
processng. Experiments have shown that it is possble a ever increasing concentrations
and extension rates for a polymer solution to reach a second critical shear rate associated
with the network nature of the entangled fluid. Additiona experiments by Chu on DNA
molecules in solutions above the critical concentration for coil overlap, C*, have verified
the veracity of the reptation mode of polymer relaxation whereby polymer chains can
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Figure 2.7. Possble modes of coil deformation for polymer coils in dilute solution.
Left Sde of figure, rotationa component of flow leading to additiona stretching of the
coil. Right sde of figure, rotational component of flow leading to recoiling of chain.
Figure adapted from Chu.%®
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only relax by diffusing through a hypotheticad one dimensond tube whose dimensions
are 52t by the length of the chain and the concentration of entangling neighbors?’.

It will also be of importance to briefly address afew qudifications to the
aforementioned phenomena. It should be gppreciated that a particular molecular chain
must not only be deformed at a sufficient rate to promote extension, but aso the required
drain or distance for the unraveling to be affected must be given. The strain imposed on
polymer chainsin flow will be dependant on the particular geometry of the process. In
an gpplication such as blown film the dongationa component of the flow as the molten
filmis pulled upwards from the die and drawn down should be adequate to alow
subgtantial chain extension. An additiona question arises as to the proper time scdeto
assign to both the process and the polymer chains. Experiments have found that the time
scale associated with unraveling is much shorter than the time scale for retractiort 2.
From apractica standpoint this hysterisis behavior means that a particular process can be
thought of as having two rdevant timeratios. Thefirg ratio will involve the time scae
of deformation in relation to the critical srain rate for the coil-stretch transformation.

The second ratio will be related to the processing time after the deformation but prior to
cryddlization, relative to the retraction time of the extended macromolecule. Both
factors will have an impact on thefina sructure which is obtained upon solidification.

2-7. Quiescent Crystallization of Polymers

While even a cursory examination of the film blowing process would lead one to
the concluson that crystalization of the polymer will not likely be under quiescent
conditions, adiscusson of the latter phenomenon will be fruitful. As stated in the
previous section, polymer chainsin the melt undergoing stress can be thought of as
having one of two extreme possible conformations, coiled or completed extended. |t then
followsthat if asubgtantid amount of the materid is ill in the random coil
configuration at the time of cooling, structures related to quiescent crystdlization may
likely be observed. It isfor this reason that a discussion of quiescent crystalization is

necessary.
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Of dl the semicryddline polymers, polyethylene, specificdly linear high dengity
polyethylene, is among the most readily crystdlizable. Possessing no chird centers, the
polyethylene chain is highly symmetric making crysalization highly favorable from a
thermodynamic perspective. Having ardétively flexible backbone dlows the
polyethylene chain ample rotationa freedom to configure itsdf into the preferred trans
planar conformation for crystdlization. Thusit can be reasoned quditatively why high
densty polyethylene can rgpidly crystalize to such high extents in contrast to many other
polymers. The exact morphologica features of this crystdlization will vary depending
on the given crystdlization conditions.

Polyethylene primarily crygalizes to form an orthorhombic unit cdl as shownin
Fig.2.8. By convention the c-axis of the unit cell is defined to be pardld to the chain
axis. It ishasdso been found that for polyethylene crydalization, addition of unit cells
occurs most rapidly aong the b crystallographic axis®®. These two key points will alow
for agreater understanding of the structure present in the melt which leads to the end
morphology. The state of the melt prior to crystdlization can be hypothesized by
examining the orientation of the three crystalographic axis in solidified samplesusing
these facts.

While two other unit cells have been noted for polyethylene, they are not as
common as the orthorhombic structure. A monoclinic based unit cell has been observed
in samples which have been plasticadly deformed while a hexagona packed structure can
be formed under conditions of high temperature and pressure®*. Adding the contributions
aong edges and corners for the orthorhombic unit cdll in Fig.2.8 shows that each unit cell
requires the contribution of two repeat units.

At ascae length larger than the unit cell, ~200 A, a second type of crystalline
order can be noted in polyethylene and in many other semi-crysaline polymers. The use
of dectron microscopy dlows for ared space visudization of the Structures present at
this scae length. Under conditions of quiescent crystalization, crysdline domansin the
shape of lamdlae are typicaly observed. The sizes of these lamdlae can be aslarge as
10 mm in length and width and gpproximately 0.01 mm in thickness when grown from
solution. However, when one considers that for a polymer such as polyethylene that x-

ray data show that the c-axis of the unit cell is generdly oriented perpendicular to the

21



Figure 2.8. Unit cdl of polyethylene. Orthorhombic lattice dimensions a room
temperature are; @) 7.40A b) 4.92 A ¢) 2534 A. Figure adapted from Bunn.®
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surface of the lamellae aproblem arises. Extended chain lengths for a high molecular
weight polyethylene are on the order of 0.1 mm, an order of magnitude grester than the
thickness of the lamellag®®. This apparent discrepancy can be accounted for by the
concept of chainfolding. A single polymer chain can participate in agiven lamedla by
folding back onto itsdlf. This gtructure is shown schematicaly in Fig.2.9, demondrating
both the concepts of adjacent re-entry and random re-entry. The exact manner in which
the chain folds back upon itsdlf is ill unresolved. 1t should be reemphasized that these
lamdlar structures are typica of quiescent crystdlization. Additiondly, note that because
of the chain folded nature every lamella carries with it a portion of amorphous meaterid at
itssurface. This phenomenon is one factor that limits bulk crystdlization of polymersto
less than 100% crydtdlization. Chain folded laméllae represent a non-eguilibrium
crysdline structure, as folds and crystd faces have ahigher energy than the bulk crysd.
The true thermodynamicaly stable state would be that of the extended chain crystd.
Such full extenson of the polymer coils has not been shown to occur under typica
quiescent or indudtrid crystdlization conditions. Further morphologica textures typica
of these systems can be noted on even larger scale lengths.

Typicdly polymers form crystaline super structures know as spherulites under
quiescent conditions. A sketch of a spheruliteis provided in Fig.2.10. Spherulites
congsts of acombination of both crystaline and amorphous materia. Ribbons of
lamellae originate at the center of the spherulite and grow in aradid direction. Many
polymers, including polyethylene, may display atwidting of the lamellae asthey radiate
out from the center of the spherulite. This phenomenon leads to the gppearance of bands,
dternating bright and dark regions, when these spherulites are observed in an optica
microscope using crossed polarizers. For polyethylene the radia direction corresponds to
the b crystdlographic axis. The exact size of a spherulite will depend on the conditions
under which it was formed, though in generd its Szeis of the order of afew micronsin
diameter. Thefind sze of the growing soherulite will be determined by the nuclestion
densty during crygdlization. A volume occupied by afew nuclegting steswill dlow
for the growth of subsequent spherulitesto alarge Size before impingement occurs.
When two adjacent growing spherulites come into contact with each other, growth at the
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Figure 2.9. Badc sructure of cryddline lamellae. Left Sde of lamdlae showing
adjacent re-entry moddl. Right sde of lamellae showing switchboard or random re-

entry*®.
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Figure 2.10. Diagram of spherulitic structure. Note twisting lamellae originating from
the center of the spherulite with growth occurring dong the b crystalographic axis of the
unit cell in the radia direction. Figure adapted from Barhant’
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common interface for the two will be hdted. Likewise, if many nuclegting Stes are
present per unit of volume, numerous small spherulites will be formed asthey repidly
bump into one ancther, limiting each other’soverdl size. This phenomenon is depicted
inFig.2.11.

A dructura “subset” of the spherulite is that of the sheaf structure. The sheef
dructure is Smply the beginnings of a spherulite which has had its growth hated very
early by impingement with neighboring sheaves. Essentidly the shesf like Structureis an
extreme case of high nucleation density. The exact nucleation density required to form
sheaf structures will depend on the amount of branching/splaying and curvature of the
lamellae asthey grow. The sheaf Structure and its associated nuclestion and growth steps
are depicted in Fig.2.12. If the growth of the sheaf were not interrupted it would continue
to increase its radid dimensions until the characteristic spherica structure was formed.
Sheaves give rise to aroughly four leaf clover H, light scattering pattern, atechnique
which makes their detection relatively straightforward®. The exact shape of the clover
pattern will depend on the aspect ratio, the width to height of the sheaf as depicted in
Fig.2.12. The nucleation Stesfor sheaf structures often are the result of extended chain
crygds, or fibril nuce, which will be discussed in the following section on nor+
quiescent crygalization.

2-8. Non-Quiescent Crystallization

Of particular importance to this study will be the manner in which polyethylene
crystalizes under conditions of a directed stress, or nonquiescent conditions.
Cryddlization in ablown film process will occur a the sametime asabiaxid dressis
being applied to the system. The early modd systems for crystalization under conditions
of flow have been conducted in dilute solution while tirring. An example of the
structures obtained under these conditions for polyethylene is shown in Fig.2.13, astaken
from Keler et d.3°. This particular type of morphology has been termed shish-kabob. Of
particular interest is the shish portion of the structure. This long, fibrillar strand congsts
of partidly extended chain crystas. In contragt to the chain folded lamélar crystd which
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Figure 2.12. Schemdtic of sheaf growth process. A) nuclegtion of initid crysaline
lamellae B) growth of crystdline lamelae from nuclegtion Ste with characterigtic
curving of lamellae C) continued lamdlar groz\(/)th with splaying. Figure adapted from

Basset.
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Figure 2.13. Shish-Kebob morphology. Polyethylene in dilute xylene solution
crystdlized under agitation. Note shish’s of extended chain crystals and kebobs of chain
folded lamellae®
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istypicaly associated with quiescent crystdlization, here a crystaline structure can be
seen that gppears to have been initiated by a pardld arrangement of uncoiled chains
without folding. The existence of thesefibril nuclel has been substantiated
expaimentaly usng techniques such as microscopy, x-ray andyssand differentid
scanning caorimetry. In light of the previous discussion concerning the coil-stretch
trangtion of macromoleculesin extensond flows, it is not dtogether surprising that such
crystd morphologiesexist. A flow stuation which fully extends anumber of chainsina
pardld direction under the proper conditions of cooling can well be visudized to form
such entities. Secondly, as discussed earlier, not dl of the polymer coils subjected to a
given directiona stress undergo the trangtion from coil to extended chain based on
differencesin molecular weight. Lower molecular weight chains can stay coiled with
little deformation. The coiled nature of these chains closely mimics the conformation of
chanswhich are crystdlized from a quiescent melt. Henceit not surprising thet in a
gtirred solution one can aso observe regions of chain folded lamellag, the kabobs. These
observations present a coherent structura picture to describe the state of the polymeric
chains during flow prior to crystdlization and their subsequent ordering upon
crygdlization. One can then imagine the amount of shish content relative to the amount
of kabob content will be afunction of three variables, the stress applied during flow, the
amount of time given to the system to relax prior to crystdlization, and the relaxation
characteristics of the polymer based on its molecular weight distribution and chain
flexibility. Higher stresses coupled with rapid quench times should yidd afind structure
with alarge content of fibril nuclal. Often times one can infer the presence of these fibil
nucle in the melt because of their ability to promote oriented nucleation, when direct
observation by microscopy fails.

A key feature of the shish-kebob morphology is that the folded chain lamellae are
nucleated from partidly extended chain crystas. Thermodynamic arguments dictate that
the extended chain crysds will have a higher meting point, and thus a higher
cryddlization temperature, based on their higher molecular weight and lower entropy
when extended in the melt sate. Thus these extended chain fibrils are formed first. The
subsequent growth of the chain folded lamellae can be noted from micrographs such as
the image given in Fig.2.13, which shows these festures spaced aong the lengths of the
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fibril nuclel. Folded chain lamellae are not observed floating “ unattached” in the
solution. Also, it should be noted that the lamellae are oriented such that they grow
perpendicular to the direction of the flow and the fibril nuclel. This behavior should be
expected as the c-axis of a polyethylene crystd is pardld to the chain backbone. 1t was
shown earlier how the nature of chain folded lamellae is such thet the chain axisis
perpendicular to the lamellar face. Thus chainswhich are in a coiled conformation can
nuclegte off of the oriented crysta faces formed by thefibril nuclel and then proceed to
cryddlize in their own preferred chain folded manner.

Work by Kéeller et d. in the area of blown and cast polyethylene film
characterization has contributed greatly to the current understanding of fibril nuclel and
their importance in the obtained morphological texture of the entire sample®®394%, This
research provides amode which describes the basic features of a high molecular weight
polymer when it is crystallized under conditions during or subseguent to deformation. At
the heart of thismodd are thefibril nude. It isthe dengty of fibril nude which largey
determines the overd| texture of the materid. A schematic of the mode isshownin
Fig.2.14. To understand the Keller-Machin modd one must again return to the concept
of the coil-gretch trangtion. Extruson and drawing of a polymeric film in the mdt Sate,
such as that encountered in blown film processing, will lead to a preferred orientation of
the chains with respect to the direction of flow. Asearlier discussons have noted, the
stresses imposed on the coiled polymer chains can cause them to unravel and extend.
Just asin the gtirred solution experiments, if these extended chains crystalize, they can
serve as nuclesting Stes for the remainder of the polymer met. And, just as was the case
for the solution experiments, these nudeating sites, the fibril nucle, will impart their own
preferentia orientation to the subsequently chain folded lamellae. The number of fibril
nucdle present in the met at the time of crystalization will depend on the rlaxation
behavior of the chains. The relaxation behavior will of course be governed by the
molecular weight and its digtribution, the temperature, and the amount of time which
passes between the end of the deformation and crystdlization. If only afew extended
chains are present to serve as nuclesting Stes, dl will be digned in a pardld manner
though the distance between these potentid fibril nuclel will be quite large. When coiled
molecules crystdlize as lamdlag, the lamellae will grow outwards from

31



< = NI SN

Figure 2.14. Row structure morphologies as described by Kdler and Machin. Left
diagram represents crystdlization occurring under alow stress condition, showing
twigting ribbons of lamellae emanating from the fibril nucleus. Right diagram represents

high stress crystallization with flat lamellae®.
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these stes and typicaly will twigt, splay, and branch asis commonly observed in
gpherulitic sysems. The growth of these lamellae will not be stopped until they are
interrupted by the lamellae growing from adjacent fibril nuclei. However, if the dengity
of fibril nude inthe mdt is subgtantid at the time of bulk crystdlization there will be a
limited distance which each laméla can grow beforeit isinterrupted by its neighbors.
Hence a morphology with twisting lamellae oriented perpendicular to the stress direction
can be associated with alow stress condition because only alimited number of fibril
nuclel will have been generated, the Keller-Machin | row structure. In contrast, under
conditions of high stress, many fibril nucle will be generated in the mdit leading to

planer laméllag, the Kdler-Machin I row structure.

If the number of fibril nudei is quite smal, the Kdler-Machin model can be seen
to influence structure on an even larger level. Given enough reatively undeformed
meateria between fibril nudle, the amount of lamdlar twisting and branching which
occurs as the lamélae grow outwards from the nuclel can build spherulitic like structures,
sheaves. Sheaves are composed of bundles of lamellae growing from a common
nuclegtion point just asin a gpherulite. However, because of the presence of the fibril
nucle they differ from spherulitesin two ways. Thefirg differenceis that because their
growth istriggered by oriented, directionally dependent nuclei, the fibril nucle, the
mgority of the sheaves will be digned in the same direction, initiated perpendicular to
the direction of flow. Secondly, due to the presence of adjacent fibril nuclel and hence
other growing sheaves, their growth to full spherulitic gatureis limited by impingement
with their neighbors. While this behavior is analogous to what occurs in spherulitic
systems, it isimportant to note that here the growth is halted much earlier in the process
leading to structures which resemble the initid stages of soherulitic growth but do not
reach sufficient maturation to be consdered sphericaly symmetric structures.

2-9. Orientation Deter mination

It should be appreciated at this point that both resin and processing variables will
have an impact on the find morphology which is obtained during the film blowing
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process. The question then arises as how to quantify these differences. The overdl
orientation of the chainsin the find film will give duesto the bath the film morphology
and the conditions under which it was formed. Quantifiable orientation values may aso
be of usefor correlation with end use properties such as modulus, toughness, or of
particular interest to this study, moisture vapor transmisson rate. The quantification of
orientation can be divided into three genera categories, each relaing to the specific
nature of the materid being observed. A technique such as birefringence will give a
measure of the overdl anisotropy of the system for both the crystaline and amorphous
phases of the materid. In contradt, the techniques of wide angle and smdl angle x-ray
diffraction will only yield information about the orientation of the crystaline regions of
the polymer. Finaly, amethod such asinfrared dichroism alows independent
monitoring of both the crystaline and amorphous phases, thus alowing orientation
information particular to the amorphous phase to be determined. Using a battery of
techniques dlows one to gather information about the entire sample while providing
internd checks on the andlysis.

Before embarking on detailed discussions of any individud techniqueit is
necessary to clarify the common language which is used to quantify the results of these
procedures. A system which is uniaxiay symmetric (fiber symmetry) can adequately be

described through the use of the Hermans orientation function. The relation is asfollows:

1
f= §(3< cos’q >-1) £q22

f - vaue of orientation function, f™ = 1 corresponds to perfect orientation, f* = 0
corresponds to completely random state, f™ = -1/2 corresponds to perpendicular
orientation.

g : angle of object with repect to the reference axis

<> : denotes average quantity
This smple function alows quantitetive values to be assigned to the results of arheo-
optical experiment. It can be seen from Eq.2.2 that the Hermans orientation function is
derived from the second moment of the average angle of al the measured elements or
structures with respect to asingle reference axis. The Hermans orientation functionisa
ample method by which to tabulate uniaxid orientation deta. Thisfunctionislimited in
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that it does not describe the orientation of a particular feature with respect to multiple
axes. Inthe case of film blowing, abiaxia deformation takes place. Stretching aong the
machine direction, MD, occurs due to film windup. Stretching along the radia direction,
commonly referred to as the transverse direction, TD, occurs due to the expansion of the
bubble. In order to fully describe the orientation of chainsin this sysem amore
complicated orientation function formulation is needed.

Thebiaxia orientation functions as developed by White and Spruiell*? are
auitable for this purpose. The White-Spruid| biaxid orientation functions as written
below are based on the assumption the property of interest (e.g. polarizabilty) is coaxia
with the oriented segment of interest, the polymer chain. Averaging over dl of the
measured segmentsin the sample leads to the following expressons for asingle phase

system of aunidirectional component:

B _ 2 2
fMD = 2cos fl,MD + COS fl,TD -1 Eq.2.3

B _ 2
D — 2C0s fl,TD + COSZ f 1,MD 1 Eq.2.4

f,® : Biaxid orientation function with respect to reference axis, i

f : Angle of segment with respect denoted reference axis, over bar denotes a
quantity averaged over dl measured segments

These two equations are useful for describing the orientation state of awholly amorphous
system. The added complexity afforded by these equationsis il not sufficient to fully
describe the orientation of a system as complex asthat of a crystdline materid in which
the orientable component itself can be considered to have three intringic directions, each
associated with aparticular crystdlographic axis.  To fully describe acrysaline system
of orthorhombic symmetry with respect to each of the crystalographic axis and the
reference axis the following sets of equations may be used:
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Eq.2.9

B _ 2
fTD C 2C052 f c,TD +COS fC,MD -1 Eq.2.10

The nomenclature for Eq.2.5-10 isidentica to those above with the addition of a
subscript which denotes a particular crystallographic axis. Thereisno apriori reason
why the orientation of the amorphous and crystdline phases of a oriented semi-crystdline
materia should be identicd, in fact they rardy are. Thus, for abiaxidly blown film of
polyethylene Eq.2.3 and Eqg.2.4 may be used to describe the orientation state of the
amorphous phase while Eq2.5-10 may be used for the crystdline phase. The vaues of
the White-Spruid| biaxid orientation functions may rangefrom —1to 1. A pictoria
representation of the sgnificance of particular vauesis given in Fig.2.15.

It is of importance to note that this system of classification il has inherert
weaknesses. Because the system is based only on the second moment of the distribution
of orientation statesit cannot differentiate between certain orientation states as shown in
Fig.2.15, partsd) and €). Higher moments of the orientation distribution would be
required to parameterize these arrangements in unique ways. The amount of
experimentd information required to fully define the biaxid orientation function dso

proves to be a hindrance to the wide spread use of this gpproach. Only afew methods
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Figure 2.15. Vaues and schematics for various orientations using the White —Spruiell
biaxial orientation functions. &) uniaxial planar — machine direction, f? =1, f’ =0 b)
uniaxia planar —transverse direction, f° =0, fyB =1 ¢) uniaxid planar —norma

direction, f° =-1, f7 =-1d) ) equa planar, f} :%, f2 :%_42



such as IR dichroism and X-ray pole figure andysis dlow one to potentialy quantify the
orientation tate of each crystd axis. Often times another complimentary method such as
birefringence must be utilized to determine the amorphous orientation. For experimental
reasons the uniaxial Hermans orientation functions are often used in biaxial cases because
of their relative smplicity. Specific experimenta methods for the determination of the
orientation tate of a materia will be the next subject of discussion.

2-10. Wide Angle X-Ray Scattering (WAXYS)

Among the most useful techniques for sudying the state of crystdline orientation
in polymeric materidsis wide angle X-ray scattering (WAXS). WAXS has an advantage
over other types of characterization methodsin that it can provide the complete
orientation ditribution, not just the second moment of the distribution as determined by
many other techniques, through the use of pole figures. Pole figure analyssinvolves
plotting the scattering intensity from the norma to a particular lattice plane with respect
to each of three laboratory chosen reference axes (eg. MD, TD, ND). To fully
characterize abiaxia system of orthorhombic symmetry, at least two pole figures,
representing two lattice planes, must be determined. The disadvantage of pole figure
andlysisisthe cost and time invesment to obtain the data A smpler method, though less
complete, to obtain orientation information for the crystalline phase can be obtained
using aflat plate camera technique with a Warhaus camera type arrangement, shown
schematically in Fig.2.16. Information regarding the spacing of known lattice planes can
be obtained from this experiment by mesasuring the angle a which the x-ray beam is
scattered with respect to the origind beam direction. This scattering angle is commonly
designated with the Greek symbol g. Of grester interest for orientation measurementsis
the angular dependence of the scattered intendty in the azimuthd direction denoted by
the Greek symbol y . The uniformity of the intengty of the concentric bands, or lack
thereof, formed by the scattering pattern dlows for the measurement of y . Figure 2.17
shows the angles of interest for this type of analysis along with pertinent reflections for
polyethylene. It should be noted that atwo dimensiona scattering profile such asthis
cannot convey any information about orientation relative to the norma direction, ND. To
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Figure 2.16. Diagram of wide angle x-ray scattering (WAXYS) experiment.
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Figure 2.17. Example WAXS pattern of ablown polyethylenefilm. MD verticd, TD
horizonta, ND parallel to beam. Note azimutha dependence of 020 (b-axis) reflection
dencting preferred orientation towards the TD direction.
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obtain such data, a scattering profile would have to be obtained with the beam pardld to
ather theMD or the TD rather than the ND. In fact for Stuations with biaxia
orientation, the use of only one scattering pattern can be very mideading. A materia
with planar orientation would show no orientation dependence if a scattering profile was
taken with the beam normd to the planar surface as shown in Fig.2.18*.

Of particular importance to this project, as mentioned earlier, are the
morphologica studies of Kdler in which the row nuclested modd of polyethylene
structure was developed. Each of the two primary morphologies, high and low stress
processing conditions, have distinctive flat plate x-ray patterns as viewed down the
normd axis for auniaxid system. These patterns are shown in Fig.2.19. Whilethe
systems of particular interest to this study are formed in abiaxia deformation process,
often times these blown films display an orientetion state which more closdy resembles
uniaxidity than equd planar. Thus, WAXS should be a smple method to determine
reldive orientation values and an indicator of the relaive conditions of stress which were
placed on the melt prior to and during crystalization.

2-11. Birefringence.

Above it was Sated that the technique of WAXS was not useful for the direct
study of amorphous orientation. Birefringence is arheo-opticd technique that is
dependant on both the crystdline and amorphous phases. Unfortunately the orientation
of each phase cannot be separated from the other. As aresult birefringence experiments
must be coupled with a crygtaline phase sengitive method, such as WAXS, to dlow
independent determination of the amorphous phase orientation. Birefringence is defined
asthe difference in refractive index aong two perpendicular axes as measured with
linearly polarized light. Orientation birefringence arises from the anisotropy of bond
polarizabilites. The interaction of an eectromagnetic wave, light, with the ectronsin a
chemicd bond is dependent on their relative orientation. A light wave impinging on a
bond (carbort+carbon bond for polyethylene) pardld to the bond’ s axis will be retarded
while alight wave passing perpendicular to the bond will interact to alesser degree.
Thus, if apolymer chain such aslinear polyethylene, where the most dectron dense
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Figure 2.18. WAXS patterns of amateria displaying planer orientation. Left pattern,
beam parald to film norma. Right pattern, beam paralldl to film plane®.
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Figure 2.19. Representative WA XS patterns for polyethylene, deformation direction
vertica. A) Cryddlization under conditions of low stress— b axis perpendicular to
deformation direction, twisting lamellae leading to dightly preferentid a axis orientation
adong MD. C) Cryddlization under conditions of high stress— b axis perpendicular to
deformation direction, planar lamelae with no aaxis MD scattering. B) Orientation state
intermediate to states A and B*°.
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bonds are dong the chain axis, is oriented preferentidly in one direction, a birefringent
effect should be noted. Asthe name implies no orientationa birefringence will be
produced if the anisotropic bonds are not preferentialy oriented. In this casethe
polarization anisotropy averaged over dl segmentswill be zero. It is of importance to
note that birefringence may arise from effects other than orientation. Stress birefringence
can be induced when a glassy materid is subjected to a stress which, while not deforming
the bulk dimensions of the sample, is sufficient to dter the locd directiondities of bond
polarizabilites. Form birefringence occursin syssems with regularly spaced anisotropic
domains dispersed in amedium of dissmilar refractive index. For this effect to occur the
Spacing between domains must be substantidly smaller than the wavelength of the
probing light.

Like many rheo-optica methods, birefringence yields only the second moment of
the digtribution average. And, as stated above, it arises from anisotropy in both the
amorphous and crystdline phases. Mathematicaly the contribution of both phases and

the two non-orientation related sources of birefringence can be represented as follows

[}
DT = a f iD? fi + Dd + Dform Eq.2.11

Dr: Tota measured birefringence
fi: Volume fraction of phasei

D:: Intrindc birefringence of phasei
fi: Orientation of phasei

Dy: Stress birefringence

Drorm: Form birefringence

Using the above rdaion with a measured vaue of the totd birefringence, a measured
vaue of the orientation ate of the crystaline phase from an dternate method such as
WAXS, and ameasured vaue of the crystdline content, while assuming no contributions
to the birefringence from form or stress effects, dlows one to determine the orientation
dtate of the amorphous phase for a semicrystaline polymer. 1t would be necessary to
have vaduesfor the intringc birefringence of each phase on hand aso. Experimentdly



there are two principa methods for determining birefringence. Thefirg method involves
the use of an optica compensator to determine the retardation of light through asample.
The retardation is directly proportiond to the birefringence of the materia normd to the
incident beam. This method requires a sample with sufficient dlarity for alight source to
pass completely through and will yield data indicative of the entire bulk birefringence of
the sample. A drawback of this particular method is that to obtain birefringence
information relaive to the normd direction of afilm requiresthat the sample betilted in
the beam at severd anglesto estimate the results that would be obtained if the beam
could be passed pardld through the plane of the film. The second method commonly
used to measure the birefringence of film samplesisto measure the refractive index of
the samplein three orthogond directions and then caculate the birefringence through the
differences of refractive index for the desired directions. Usudly these directions are
chosen to correspond with the MD, TD, and ND directions of the film. Thus; if dl three
refractive indices can be determined, three birefringence vaues can be caculated, though
only two will be independent. While an Abbe refractomer can be used to obtain
refractive index vaues, a more convenient method involves the use of a prism-coupler
device. A schemdtic of the geometry and experimenta setup for this method is shown in
Fig.2.20. The device operates by varying the angle of incidence of the laser to the prism/
film system. At certain angles, propagation modes based on the reltive refractive
indices of the prism and the film will result in the systlem acting as a planar didectric

light guide™*. Under these conditions, light will propagate ong the length of thefilm
rather than be reflected at the prism interface. The angles at which this phenomenon
occur can be observed by noting adrop in intensity as measured by the photodetector. If
the film is sufficiently thick it may be possible to observe multiple coupling modes
alowing for the independent measurement of refractive index and thickness. Refractive
index vaues with respect to defined processing directions (MD, TD, and ND) can be
determined through the appropriate dignment of the film and the polarization direction of
thelaser. Thus, with vaues of the refractive index defined for each of three orthogond
directions, biaxia orientation data can be determined. Once again it should be noted that
the vaues obtained will depend on both the amorphous and crystdline orientation states.
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Figure 2.20. Schematic of prism coupler method for determining refractive index in three
orthogonal directions™.
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2-12. Infrared Dichroism

A combination of the WAXS pole figure and birefringence techniques alows one
to determine separate orientation functions for the amorphous and crystalline phases.
The technique of infrared (IR) dichroism in many ingtances alows the independent
determination of both the amorphous and crystdline phases with one experiment. IR
spectroscopy measures absorbances specific to agiven chemica bond. The correlation of
absorbances with specific vibrations of a given bond alows one to trace behavior at
known locations dong the polymer chain. If agiven vibration can be assgned to ether
the amorphous or crystaline phase, it gives the experimentalist atool to probe that phase
independent of the rest of the sample. Severd crystaline and amorphous specific bands
for polyethylene have been identified in the literature*®*”®, The degree to which a
chemica bond will absorb the incident IR energy of the gppropriate wave ength will
depend on the relative orientation of the incoming wave and the dipole moment of the
bond. Pardld dignment will result in maximum absorption, while perpendicular
aignment will result in no absorption. Polarization of the incoming IR beam to produce
measurements in two orthogond directions dlows one to determine the dichroic ratio,
defined below, amessure of the orientation of the chemical bond.

D ="
A. Eq.2.12
D: dichroic ratio

Ayi: Absorbance with reference axis pardld to polarizer
A~ Absorbance with reference axis perpendicular to polarizer

Application of the dichroic ratio to the determination of the Hermans uniaxid orientation
function then follows to produce the find result shown below.
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e, +20eD - 16
gD +1£D+2g Eq.2.13

fi: orientation value of chromophore |

Do: defined as 2cot’a

D: dichroic rétio

a: angle between chromaophore and chain backbone

The fact that this method provides a measure of the second moment of the orientation
digtribution makes its use gpplicable to the Hermans orientation function, but limits the
goplicability of this method to biaxid systems. Recently, work by two separate authors
has led to a method which dlows for the caculation of the White-Soruidl biaxid
orientation functions using IR dichroism for the crystalline phase of polyethylene®®*°,
Thismethod requires that assumptions regarding the orientation of the materia be made
in addition to the standard collection of dichroism data. Essentidly, measurements are
meade for the absorptions at 719 cmi* and 730 cm* which are rlated to the “b” and “&’
crystalographic axis of polyethylene, respectively. By assuming that the amount of “b”
axis orientation in the machine direction is very smdl and condraining the system to the
known orthogond symmetry of the polyethylene crystd, the biaxid orientation functions
can be determined. In theory these assumptions should be vaid for polyethylene samples
which adhere to the Keller-Machin type | and |l morphologies. However, it should be
noted that this particular method will only provide the second momert of the orientation
digtribution and is specific to the crystdline phase.

2-13. Crydtallinity Determination

Perhaps the factor which maost contributes to the excellent barrier properties of
high dengity polyethyleneisits high crysdline content. There are several methods for
the determination of the crystdline content of polymeric materias, each often yieding
dightly different results. Only three particular techniques will be discussed: dengty
gradient column, differentid scanning calorimetry (DSC), and refractometry.
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Perhaps the smplest and most accurate method to determine the crystaline
fraction of a polymeric sample may be obtained usng a dengty gradient column.

Because the method rdlies on buoyancy, or the displacement of a given volume of fluid, it
yields avolume average crystdline content. This method, as with most others, is based
upon the assumption of atwo phase system. The assumption reduces a semicrystdline
materid, such as polyethylene, into two clearly divided phases, amorphous and
cryddline. The densty of each of these phasesis of asingle value a any given
temperature and pressure, with no gradient in density as one moves across the boundary
from one phase to the other. With the limitations of this assumption asde, if asuitable
noninteracting liquid can be found for use in the column, dengity values accurate to the
fourth decimal place are possible (g/ent®). Though this high resolution will permit smal
differences between samplesto be separated, the crystdlinity datawill only be as
accurate as the congtants for the densties of the wholly amorphous and crystaline phases
used inthe andysis. The dengty of the orthorhombic crystaline phase of polyethylene
(under conditions of standard temperature and pressure) has been determined using x-ray
andysisas 1.00 g/lent °*. The value of a 100% wholly amorphous polyethylene has been
subgtantidly more difficult to quantify. Because polyethylene crystdlizes so rapidly, it

has not been possible to produce a completely amorphous specimen. The accepted vaue
of 0.855 g/cn for the amorphous phase has been obtained by extrapolating density data
from the melt to room temperature®?. As an aside, density vaues are frequertly reported
for specific polyethyleneresins. It should be realized that these val ues represent the
density of the entire pellet, amorphous and crystdline fractions. Higher values of this
dengdity correlate well with the lineerity of the chain for agiven set of quiescent
crygdlization conditions. Numerous branches, which cannat fit into the crystdline

|lattice, tend to lower the density value as the crystdline content of the resin is lowered by
these imperfections.

The second method for the determination of crystalline content to be discussed is
differentid scanning caorimetry (DSC). DSC is one of the most widely employed
methods because of its ease of operation, short test time, and wide availability of
ingrumentation. By comparing the heat required to raise an empty sample pan & a
gpecified heating rate (often 10 — 30°C/min) to an identical sample pan with the materia
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to be tested, an andysis of the pertinent therma trangitions can be made. Of particular
interest here will of course be the 1% order thermodynamic transition of melting. Figure
2.21 shows atypicd DSC scan for the mdting of an HDPE film. The crystaline content
is obtained by integrating the area benesth the mdting curve with respect to temperature
while aso accounting for the variables of heating rate and sample weight. In turn, this
number can then be converted to a percent crystalline content for the sample by using the
accepted vaue for the heat of fuson, DH;. For atheoretica 100% crystdline
polyethylene sample this value is 290 Jen.>? In most instances the basdineis
determined by extrgpolating the linear portion of the melt trace to the point of intersection
with the data curve below the melting peak. Experimenta errors can arise from severd
sources. It iswell known that the crystaline content and perfection can be increased with
gppropriate anneding conditions. Asasample is heated from room temperature to the
melting point in a DSC experiment it is possble that asmal amount of anneding will
occur. This effect can be minimized by increasing the hegting rate, thereby reducing the
amount of time spent under anneding conditions prior to meting. However, it islikey
that for amaterid with substantial molecular mobility, such as polyethylene, this effect
cannot be totaly diminated. Polyethylene is known to have arelaxation mechanism,
referred to as a ¢, associated with the crystdline phase that occurs well below the melt
temperature. The a . relaxaion may potentidly facilitate lamdlar thickening. Thusit is
possible for substantid molecular rearrangement to occur during the heeting of the
sample which is masked by the early stages of mdting thereby changing the origina
gructure and hence crystdlinity of the sample. Aswith the dengity gradient column
method, the DSC method relies on the assumption of atwo phase system to trandate
measurements into crystalinity vaues. The area under the mdting endotherm is
consdered to be comprised of the mdting of crystaline regions superimposed on the
inherent change in heat capacity as afunction of temperature of the amorphous phase.
Proper dignment of the basdine will cause the amorphous phase contribution to be
subtracted out of the calculation. However, if athird phaseis present which could be
consdered to have a heat capacity different from that of the amorphous phase, its
contribution to the tota heat sgna will not be accounted for properly. Such athird phase
may exist as congrained amorphous materia between individud lamellae. Of find note,
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Figure 2.21. Typicd DSC mdting endotherm for HDPE. Heseting rate 30°C/min.
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resdud stresses present in a sample may produce an gppreciable heat sgnd. The
quenching of an oriented melt will freeze some stressesinto a polymeric sysem. The
release of these stresses at the appropriate rel axation temperature will lead to an
endothermic event which may confound the results of thetest. This phenomenon is
readily observable in fibers which have been heat set3.

The find method for discusson to determine the crysaline content of a polymer
was partidly discussed in the above section on orientation determination. The prism:
coupler method may aso be used to determine the crystdline fraction. This method is
based on the fact that the amorphous and crystdline phases have different refractive
indices. If an average refractive index value can be determined for the entire sample it
should be possible to determine the necessary fractions of each component which are
necessary to give rise this measured value. The caculation of asample average
refractive index is quite straightforward with the prism-coupler apparatus. Three
orthogona measurements of the refractive index provide the required data which isthen
averaged to obtain the appropriate system average refractive index. Tabulated vaues for
the refractive index as a function of crystdline content for polyolefins have been
established in the literature™®. Mathematically this method is andlogous to the density
gradient method in which an experimentally determined dengity is broken down into
fractions of two known components. Again, as with the previous methods, the
assumption of atwo phase modd isinherent. Also like the dengity gradient method, this
technique provides a volume average crystdline content. This technique is superior to
DSC in that there is no opportunity for the sample s morphology to change during the
experiment. Therefractive index method is non-destructive. The greatest downfall to
this method is that penetration depth of the beam into the sampleislimited. The deta
obtained represents a thin portion of the sample close to the surface. Unlike the density
gradient and DSC methods which are averages of the entire sample, the refractive index
method may bein error if asubstantia gradient in crystaline content exists between the

core and the surface of the sample.

2-14. Barrier Propertiesof Polymers
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High density polyethylene finds widespread use in the packaging industry due to
itsrelatively low cost and excellent barrier properties. In particular the ability of HDPE
to retard the passage of water vapor isexploited. The excdlent moisture barrier
properties possessed by HDPE are afunction of both the inherent chemica structures of
the polymer and the morphological texturesinto which it packs. What followsis a brief
review of the pertinent equations and relations regarding the permestion of small
molecules through polymeric materids with additiond information on specific Sudies
relating to polyethylene and diffusion. The traditiona approach to permestion will be
presented. Newer work in the fidd utilizing activated Ste models or trangtion Ste
modds to describe the permeation behavior of smal molecules through polymers will not
be discussed. The goa of this project is not to develop or refine permeation modds, but
to amply determine the effects which morphology have on the barrier performance of the
films

Inits most smple form the process of diffusion can be thought of as occurring in
four distinct steps™. A penetrant molecule must first be adsorbed to the surface, followed
by dissolution into the polymer matrix. Thirdly, the penetrant must diffuse through
polymer viathe driving force of a concentration gradient. Upon reaching the other
surface of the polymer the penetrant must lastly desorb from the matrix. This description
leads to the mathematical expression for the permesetion of a diffusant as being dependant
on both the properties of solubility and diffuson. The exact reation is presented below.

P=DS Eq.2.14

P. permesbility

D: diffudvity

S: solubility
This definition of the permesability shows that it isafunction of both a thermodynamic
parameter, solubility, and a kinetic parameter, diffusivity. It becomes readily evident
from this definition why HDPE is an excdlent barrier to moisture. The hydrocarbon
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nature of HDPE precludes there being any appreciable solubility of water, thus hindering
permegtion. Secondly, the highly linear and symmetric nature of the HDPE chains
resultsin asubgantiad crystaline content thus producing atightly packed structure which
leaves little space for permegtion. In fact, when modeling the permestion behavior of
molecular species through polymeric systemsit has been well established that the
crystaline domains can be considered impermesble to permestion relative to the
amorphous fraction. Experimenta evidence from numerous semicrystdline polymers
vaidates this assumption.®®°>” A general trend towards decreasing permesbility results as
the crystaline content increases Additiond factors such as the size and shape of the
permeant, temperature, presence of fillers or additives etc. will aso be of importancein
determining the permeation characteristics of a given polymer used for a particular
goplication. However, the discussion here will be limited to the effects of polyethylene
morphology on the permestion of water and afew other select compounds which have
been used in key transport studies.

The mgority of detailed studies which focus on the transmisson of water through
polyethylene films concentrate on two factors: firstly, how does the content and
digribution of crysdline lamdlae influence the path of a diffusant molecule and
secondly, how does the nature of the constraints placed on the amorphous phase affect
the diffusion process. For polyethylene in particular these two concepts are of vita
importance. To re-emphasize the contrast in behavior between the crystaline and
amorphous phases it should be noted that the crystalline phase represents atightly packed
gtructure which will be impassable while the amorphous phase represents a materia
which is disordered and well above its glass trangition temperature resulting in what
should be subgtantia loca mohility of the chains. The amorphous phase can be
considered to be in arubbery or liquid-like state. However, as was briefly touched upon
in the crysalinity determination section, much of this argument is based upon the
fictitious concept of atwo phase system. The two phase model ignores any role played by
the crygtdline phasein redtricting or modifying the mobility of the amorphous phase,
which may be of Sgnificancein the rdatively high crysdline content reelm of linear
high dengity polyethylenes. This concept has been discussed in considerable depth by
Peterlin®®, while the generd behavior of diffusion in polyolefins has been reviewed by



Schlotter, and Furla®® (with an emphasis on antioxidant diffusion). Much of the
following discussion will rely heavily on the reviews of the collective literature
conducted by these authors.

The most smplistic models to address the rate of permeation through a
semicrystaline polymer should take into account the effect that the amount of crystaline
content will have on the overal permestion process. This can be done most easily by
insarting the assumption of zero permeant solubility and diffusion through crystdline
domainsinto the basic diffuson equation.

D = DOXam Eq.2.15

S = SO Xam Eq.2.16
— 2

P = DOSOXam Eq.2.17

In each of the three above equations the volume fraction of amorphous materid is
denoted by xam while the subscripts on the diffusivity and the solubility terms define
these properties as those of awholly amorphous sample. As one would expect the
volume of amorphous phase present has a substantial influence on permesbility noted by
itsinfluence to the second power. This smple modd emphasizes this key point well.
However, it fals to account for the influence of the orientation and distribution of the
cryddline phase within the sample. This gpproach does not take into account the full
range of morphologica influences on permegbility for semicrystdline polymers.
Unfortunady, in many studies the morphology of the systems have been very
poorly documented thus making the interpretation and comparison of results dubious. To
emphasize the importance of the morphologica texture on permeation properties the
reader is referred to the crystdline — amorphous two phase mode schematically
represented in Fig.2.22. The effect of the impenetrable crystdline domainsisto increase
the path length which a diffusant molecule must traverse to pass from one sde of the film
to the other. Thisincreasein path length is referred to as the tortuosity. One can essily
envison how various arrangements of the crysaline lamellae will affect the tortuosity.
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Figure 2.22. Schematic illugtrating the concept of tortuosity whereby permeants must
travel around crystalline lamellae™.
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In particular an arrangement of pardld, sacked lamellae with their normas
perpendicular to the surface of the film would provide straight, uninterrupted pathways of
amorphous materid from one surface of the film to the other. A variant of thisis shown
in Fig.2.23 which represents what the authors call atranscrystalline modd®. Itis
hypothesized that quenching occurs most rapidly a the surface leading to numerous
nuclestion Sghts a the surface of the film. These Stes produce columnar lamellae
growing perpendicular to the surface of the film. The bulk regions of the materid are
modded as undergoing norma spherulitic crystdlization. Whether or not such a
morphological gradient exigsin blown filmsisnot clear. It should be noted that these
researchers were investigating quiescently crystdlized systems, the results of which may
not be readily gpplicable to thin, non-quiescent sysems. This particular morphological
mode does provide an excdlent demongration of how lamdlar ordering can
subgtantialy influence permeation behavior. Factors to account for the tortuosity have
been suggested in the literature. One such particular method is outlined in the equation
below.

P =y (1' a)Pa /B Eq.2.18

P. Permesbiility of the entire sample (crystalline and amorphous phases)
y : Detour rétio (vaueof 0-1)

a: Volumefraction of crysalinity

P. Permegbility of the amorphous phase

B: Blocking factor (values>1)

In this relation the permestion measured during an experiment is represented by P. The
actud permesbility of the amorphous phase, Py, isthus gregter than that which is
experimentally observed. The detour ratio, y , accounts for the tortuous path which a
diffusant molecule must take through the polymer while the blocking factor is related to
the 9ze of the diffusart and the spacing between lamdlae. Its purpose is to account for
regions between lamelae where the amorphous layer istoo small to permit the passing of
asorbed molecule. In theory vaues for the detour ratio and the blocking factor could be
caculated by geometric consderations. Due to the complex nature of twisted lamellagin
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Spherulites Lamellae

Figure 2.23. Transcrystdline morphological modd. Rows of lamellae perpendicular to
the surface providing straight paths of amorphous materia through a portion of the
sample™®.
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a spherulitic structure with the complexities present in an oriented system, such a
mathematical approach would be somewhat impractical. Additionally, separating the
effects of both factors experimentdly is not necessarily sraightforward. Findly, this
mode disregards any impact on permestion that the variation in amorphous phase
mohbility brought about by the size and digtribution of the crystaline domains may have.
The congtraints on the amorphous phase may have importance based on studies by
Peterlin on both low dengity and high dengity polyethylenes usng methylene chloride as
the permeant®%2. These studies found that the equilibrium sorbed concentration of
methylene chloride was gregater for adrawn samples after annealing in comparison to
identical drawn samples before annedling on a per unit amorphous phase content basis.
The change in behavior was dtributed to the different levels of amorphous phase free
volume present in each sample type. The drawing step acted to densify the amorphous
phase while annedling alowed the amorphous regions to relax to aless packed state. One
can readily imagine that different processing histories may lead to variation in the level of
amorphous phase mobility and free volume in the blown film process.

2-15. Polyethylene Blown Film Processing Studies

The effects of morphology on diffusion in blown polyethylene films have not
been fully quantified in the literature. However, the range of morphologies obtainedin
the blown film process for polyethylene are well documented. In fact, the morphologies
which are typically encountered were in large part discussed earlier. In most instances
researchers have found that blown films of HDPE result in a morphologica texture which
iswell described by the Keller-Machin moddl. This view seemsto be shared by the
mgority of authors. What remainsthen isto fully connect the details of ablown film's
morphology with permesetion performance. In light of thisfact afew sdect dudiesina
roughly chronologica order will be touched upon to highlight their sgnificancein
relation to ducidating the structure of blown films and how these structures are related to
resin and processing parameters. Passing remarks of how these Structures influence
mechanica propertieswill aso be noted.
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According to the previoudy discussed mode of oriented crystdlization from the
mdlt, the final morphology obtained will be a strong function of the stress conditions of
the met at the time of solidification. During the blown film process there are three
sources of processing siress that can be readily identified. Firdt, orientation of the melt
may occur as the polymer is extruded through the die gap, leading to a preferred machine
direction orientation through shear. Secondly, there will be a circumferentid stress
imposed on the met by the expansion of the bubble during blow up. Bubble expansion
will tend to promote orientation in the transverse direction. Lastly, additional machine
direction orientation can be induced by the nip ralls asit istypica to stretch the film
axialy during wind up to achieve the desired film gauge. Thisvarigbleisreferred to as
draw down. Theinterplay of these stresses will be key in determining the subsequent
morphology formed at the frogt line.

In the early sixties Huck et.a. summarized the effect of processing conditions on
the properties of blown polyethylene films for such indudtrialy important characteristics
as optica clarity and toughness®. The authors state that tougher films are produced by
processes which have relaively balanced degrees of MD and TD drawing. A further
result of this study found that the order in which the MD and TD stretching occurred had
asubstantia impact on the mechanica properties of the film. By varying extruder output
and take up speedsit was possible to run the process with identical BUR' s but with
different bubble shapes. A schematic from their work of the drawing profile with respect
to the die exit isshown in Fig.2.24. Filmswith enhanced impact properties were
obtained when the TD diretching occurred just prior to the frost line. This effect islikely
due to the relaxation behavior of polymer melts. Because the molten polymer hasa
fading memory, which decays exponentialy, deformation events which occurred most
recently will be of greastest importance. Thus, ddaying the TD dtretching until just before
the frost line maximizesitsimpact on find properties. The authors noted additiona
effects on mechanica properties when the height and flow rate of the air ring was
adjusted to obtain identica frost line heights. These phenomena emphasize that smple
process variables such as MD gretch, TD dreich, or frost line height cannot fully account
for the morphologies of blown films. Rether, the tructure of ablown film will be a

60



w
o
@

| 20
| i | DISTANCE
| FROM DIL
| (1N)

RATIO OF MACHINE DIRECTION TO TRANSVERSE DIRECTION DRAWING IN THE MELT
|

i A
Ea
X
F e
FREEIE LINE
FREEIE LINE

Figure 2.24. Bubble profile plot demongrating distance from die where relative amounts

of MD and TD gretching occur. “High” impact properties were obtained in the film with
greater TD expansion.®®
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complex function of the entire deformation and cooling history which the melt
experiences.

This point was furthered by Spruidll and White who attempted to corrate
stresses a the frost line with crystalline and amorphous orientatior®®. Based on the
premise that the stress on an amorphous melt will be linearly reated to its birefringence,
and hence its Sate of orientation, it was postulated that upon solidification these
conditions should be “frozen” into the polymer. Results were quite successful for the
amorphous polymer, atactic polystyrene used in an earlier study®. Experiments showed
thet the leve of orientation that was achieved in the solidified polyethylene film wes
greater than that predicted by the stress optica coefficient. This behavior can be
understood in terms of the Keller-Machin modd. The presence of fibril nucle, which act
as oriented nucleating Sites, promote crydalization in a preferred direction. Asthe
lamellae grow, chains are removed from the mdt into crystals with the proper dignment.
Thus the overd| orientation of the chainsis modified during crystdlization asthe
lamellae grow from these Stes. This description of events was further supported by their
results for films produced with varying BURs. Pole figure andyss and SAXS results
suggested that the orientation state of the films could be well described by superimposed
row gructures as shown in Fig.2.25. This morphology is understood to develop from the
presence of fibril nuclel in multiple directions due to the transverse stretching of the
blown film process. It isimportant to note that the modd of Kdler-Machin was
origindly gpplied to uniaxid sysems. The Spruiel-White study suggests that any
extended chain can act as a nucleating Ste regardless of its orientation. Thus chains
which become oriented in the TD just prior to crystdlization due to bubble expansion
lead to TD directed row structures while those chains which are extended in the MD
direction due to nip roll draw down promote MD directed row structures. In light of the
tortuosity concept and the impenetrability of lamellae to permeants one can hypothesize
that the ided arrangement of lamellae for barrier properties would be with lamdlar
normas pardld to the film surface. These results show that the attainment of such a
morphology may not be possible. Attempts to produce a more balanced orientation
through changes in the blow up ratio lead to varying amounts of “¢” and “&’ axis
orientation with respect to the MD and TD directions. However because the crystal
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Figure 2.25. Proposed morphological modd for film with equal biaxia orientation

consisting of superimposed row structures™.



growth axis of the polyethylene crystd isdong the “b” axis, which orients itsdlf
perpendicular to the direction of gpplied stress, no amount of TD or MD sretching will
discourage laméllar growth perpendicular to the film surface. Thus while the amount of
“b” axis orientation relaive to the MD and TD can be changed there will be an inherent
amount of “b” axis orientation relative to the ND which will remain. Concurrent work by
Maddams and Preedy have reinforced the applicability of the row nuclested model to
blown films as their results clearly demongrated that “a’ axis orientation shifts towards
the ND axis with increasing processing stresswhile the “b” axis remains pardld to the
TD®067:%8 \While many of the articles discussed to this point have included results with
respect to amorphous orientation in blown films, a substantial amount of data was added
to the literature regarding this topic by Patel, et.d.®®. In their sudies, by combining pole
figure and birefringence andys's, it was caculated that in most instances the orientation
of the amorphous phase is perpendicular to that of the crystaline phase in the plane of the
film. Thisfinding is cartainly not intuitive and it is not the fird time such behavior has
been noted in the literature. Of additiona significance from this work is the noted
variation in birefringence as one examines different points around the bubble &t the same
distance from the die. The variationsin birefringence found are areminder of the
difficulty in achieving a perfectly uniform film around the circumference, and may be a
possible explanation for some of the scatter that is seen in blown film Studies.

A more recent study on LDPE blown films by Prud’ homme and Pazur sheds light
on another controversid matter in the morphology of blown films™®. The presence of a
transcryddline layer a the surface of blown films has been speculated by some
investigators as ariang from ragpid quenching. It is reasoned that a high nucleation
dengity at the surface will lead to columnar growth of lamellae norma to the film surface
aswas demongtrated in Fig.2.23. Evidence for transcrystaline structures are provided
viapolefigure andysis and two dimensiond photographic SAXS patterns. The results
suggested that the thickness of the transcrystalline region decreased as processing stress
increased, whereby the morphology took on amore Kedler-Machin like character. While
the arguments are persuasive, no direct observation of the transcrystalization materid by
microscopy was attempted. Secondly, the nature of the melt stresses may not be smilar



for the production of HDPE, which is the primary focus of this project, rdative to the
highly branched structure of LDPE

Two very recent sudies have emphasized the importance of the interrdaionship
between resin properties, processing conditions and the obtained morphology. Prasad et.
d.” have shown through TEM, SEM, and particularly two dimensiondl SAXS patterns
that the degree of lamdlar orientation present in the end film can be directly related to the
eladticity of the met at equivaent processng conditions. This study clearly showsthe
impact that the melt relaxation time has on lamdlar orientation. An even more
interesting study by Sue et d.”> demonstrates how variation in the blow up ratio can
produce morphologies with either MD dominant or TD dominant row nucleated
dructures. TEM and SAXS evidence suggests that two very distinct populations of row
nucleated lamellae are present in both the MD and TD directions of the HDPE blown
films. The production of such digtinctly orthogondly directed row structures may have
both mechanica properties and MV TR properties that are very interesting.

2-16. Blown Film MVTR Studies

Surprisngly, despite its commercia importance, there are rdlatively few sudies
which are directly focused on determining the relationship between resin and process
variablesin the blown film processto find MVTR properties. What few articles can be
found are located in trade journds and thus usudly contain fairly smplified arguments
and broad generdizations of behavior, with little morphologica or characterization data
presented. In one such study’® a correlation between film density and MV TR
performance is noted as shown in Fig.2.26. Thisis of course expected as a greater
cryddline fraction will reduce the amorphous content of the film, thus providing less
volume for water vapor to pass. This study aso noted that the MV TR was afunction of
film gage. Thiseffect is atributed to differencesin orientation, though no data are
presented. The authors did find a generd trend in which the effects of varying process
conditions were more pronounced for resins with broader molecular weight distributions.
In asecond article’ from the same laboratory fewer data are presented but a new
corrdation isnoted. The authors state that MV TR performance was enhanced by amore
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balanced MD TD cryddline orientation, and that the Elmendorf tear test was an excdllent
indicator of this balance.
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Figure 2.26. Relaionship between film density and MVTR,
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Chapter 3

Unique morphologies consisting of orthogona stacks of lamellae in high
dengity polyethylene films— Formation in the delayed blow out process and
effect on tear properties.

3.1 Introduction

Blown films of high dengty polyethylene are used in numerous packaging
gpplications because of their combination of chemical resstance, barrier properties,
mechanical properties, and low codt. It iswell known that the mechanical properties
obtained in a given product are a strong function of both resin and process parameters. In
particular, the resstance of afilm to tear propagation is known to be highly dependent
upon the balance of crysaline and amorphous orientation in the film plane. In generd, a

uniaxid orientation will enhance tear resstance in the transverse direction (TD), with a
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concurrent decrease in tear resistance along the direction of orientation, the machine
direction (MD). The mgority of commercid film processes attempt to impart a biaxia
orientation in order to produce a balanced mechanica response. However, the effects of
biaxia orientation on end properties are ill not completely understood. It is clear from
asurvey of the literature that the manner in which states of biaxid orientation are formed,
and the resulting properties of these structures, requires further study.

This chapter will examine resin-processing-structure- property relaionshipsin
blown films made from two high molecular weight, high density polyethylene (HMW-
HDPE) resins. Specificaly, the interaction between aresin parameter, molecular weight
digtribution (MWD), with the “high stak”, or delayed blow out, blown film process will
be examined. It has been found that unique morphologies conssting of orthogona stacks
of lamellae may be generated under gppropriate conditions. A representative micrograph
of this morphology is shown in Fig.3.1 (the details of the production of thisfilm and
others will be discussed later in the text). The possible benefits of such morphologies for
influencing MD and TD tear resistance and dart impact properties will aso be examined.

3.2 Background Information

Many decades of research have been conducted in the area of blown polyethylene
films. Asaurveyed in the literature review, early work by numerous authors haveled to a
basic understanding of how structure develops during PE film blowing'™®. The consensus
formed by this early body of work is that the blown film process, under conditions
relevant to indudtria film production (i.e. MD stresses grester than TD stresses),
produces HDPE films with preferentiad orientation of the “b” crystd axis perpendicular to
the MD, whilethe“d’ and “c” crystd axis tend to orient between the MD and film
norma (ND).

The morphologica description of these data has typically been visudized in terms
of the Kdler-Machin (K-M) row nucleation modd. Work by Keller and coworkers has
been very successful in describing the mechanism of structure formation in
semicrygdline polymers asit arises from oriented melts and solutions, in terms of row
nucleated crystallization, an excdlent review of which is found in the literature®.
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Figure 3.1. FESEM micrograph of film displaying orthogond stacked lamella structures.
Lamellae are seen to reside in stacks oriented primarily aong the film MD and TD.
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A more complete description of the modd, than what follows, was presented in the
literature review section. Therefore, areader familiar with this materid may wish to
skim through the following description. The materia has been restated here in order to
retain the “modified manuscript” format of each of the chapters, thus alowing each to
stand aone.

The K-M modd postulates that the stresses imparted by the flow field upon a
polymer coil can lead to a partid extenson of the chain dong the direction of flow. As
the temperatureislowered, it becomes possible for a smal amount of materid to
cyddlize in this semi-extended and oriented state. This materid is referred to as afibril
or fibril nucleus. Subsequent crystdlization of the bulk, whether oriented or not, occurs
in a chain folded manner, nucleated from the oriented fibrils. Noting thet the crystd axis
of most rapid growth in PE occurs dong the “b” crystalographic axis (orthorhombic unit
cell with the*“c” axis coincident with the chain backbone), the net effect of the fibril
nucle isto promote a preferentia orientation of the bulk crystaline materia withits“b”
axis perpendicular to the direction of flow. For the blown film process, this condtitutes
“b’ axis orientation in the TD-ND plane. During bulk crystdlization the“d’ and “c” axis
may aign themselves between two possible orientation states. Under conditions of low
stress the K-M modd consdersthe lamdlae to twigt fredly about the growth axis, the *b”
axis, leading to “&@’ and “c” axis orientation which is oriented roughly evenly about the
“b” axis. Conversdly, under conditions of high stress, the“c” axistendsto remain
parald to the direction of imposed stress, leading to a preferentid orientation of the &’
and “b” axis perpendicular to the principd stressdirection. In the blown film process the
high stress condition results in orientation of the “c” axis dong the MD with the“a’ and
“b" axislying inthe TD-ND plane. Stress levels between the low and high regimes lead
to orientation states between these two extremes.

The K-M model does not describe the direction or degree of amorphous phase
orientation which may be imparted by the deformation process. Whileit may seem
intuitively obvious that chains comprising the amorphous phase should be digned dong
the flow direction, this may not be the case. Conflicting results for blown PE films®91220
have been published. The dtate of preferred orientation of the amorphous phase has been
found to be aong the principle deformation axisin certain sudies, while others have
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determined it to be perpendicular to thisdirection. The latter result may be plausble asa
ggnificant amount of chain reorientation must accompany the crystalization process.

The lack of agreement can be attributed to at least three sources. Identical processing
conditions and resins are not typically found between studies, which may account for the
variations in the amorphous orientation observed. 1n addition, the quantification of
amorphous phase orientation in blown PE films requires the combination of data from
two separate experiments, WAXS and birefringence, which introduces the potentid for
errors over that of asingle experiment. Lastly, the magnitude of amorphous orientation
tends to be small, making accurate quantification difficult.

The work of Maddams and Preedy”® in particular demonstrated how the full
range of orientation states from the low gress to the high stress conditionsin the K-M
mode could be imparted to HDPE via the blown film process. Thus, it has been
demongtrated that the stresses applied to the bubble during processing have a profound
effect upon the fina orientation state of the film. Furthermore, the means by which stress
affects the find morphology of the film is through the orientation of chainsin the mdt.
Indeed, asimple but degant study by Choi et. d.2 demonstrated the relationship between
dress and orientation in the mdlt, during film blowing, using atactic polystyrene.

Because atactic polystyrene does not crysdlize upon solidification, thereisno
reorientation of the chains upon cooling beyond that which is expected from molecular
relaxation. Thus, Choi et. d. were able to directly relate the processing stress, through
the stress optica coefficient, to the birefringence of the find film, with the implicit
assumption that the measured birefringence was due only to orientation effects. Hence,
the orientation state of the find film could be predicted a priori based upon knowledge of
the stresses imposed by the fabrication process.

Asdluded to in the previous paragraph, while measurements of the Stresses
imposed upon the melt of a semicrystdline polymer may be cgpable of describing the
orientation state of the chains through the stress optica coefficient, prior to
crystdlization, the subsequent reorganization of chain orientation during crystalization
makes a direct connection between the melt stress level and the end orientation Sate
impossible. Despite this complication, in a subsequent study, Choi et. d.° were able to

demondirate a consstent correlation between processing siress and film orientation by
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interpreting their resultsin terms of the K-M modd. When one considers the range of
blow up ratios (BUR) used in their study, 1~10, this result becomes more remarkable for
the following reason.

It must be stressed that the K-M modd for oriented crystallization was devel oped
to describe the behavior resulting from auniaxid deformation. In contrast to this
gtuation, the blown film process generdly involves some leve of biaxid deformation.
The gpplication of such large BUR vaues leads to a highly biaxid stretching of the melt.
Thisisin contrast to many of the earlier sudies, which were not conducted under
conditions of such large TD deformation. The Choi study demondirated that the
crystdline orientation produced in these films could be described as a superposition of
row nucleated structures as shown in Fig.3.2. Subsequent works by numerous
researchers have confirmed the applicability of the K-M modd to the blown film process
for varying levels of biaxid stretching*'2°.

Thus, based upon the results of earlier work, two basic statements can be made
regarding the relationship between processing variables and the orientation state of the
find film for HDPE. Firdly, the sate of crysdline orientation in the film is determined
by the prior orientation of chainsin the mdt. Specificaly, the orientation of asmdl
population of fibril nucde play akey rolein determining the resultant crysdline
orientation. Secondly, the orientation of the fibril nuclel are determined by the relative
levelsof MD and TD stressesimparted by the process. Therefore, by manipulating
process variables the level of orientation in a given direction can be affected.

Implicit in the above satements is the assumption that a smple rdationship
exigts between gress level and molecular orientation in the mdt. This, however, is not
necessarily the case for a process involving complex deformations. The state of melt
orientation found at the frost line will not only be afunction of the Stresses present at the
frogt line, but will dso be afunction of the deformation history the melt has experienced
as wdll asthe rdaxation characteristics of themdt. That is, orientation induced well
below the frost line may persst due to the time dependent nature of molecular relaxation
in long chain molecules. Thus, a process which accomplishes biaxid deformation via
sequentiad deformation, extension dong the MD followed by TD extension, may produce
melt orientation States at the frost line which are dramaticaly different than those formed
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Figure 3.2. Superposition of row nucleated structures leading to abiaxia orientation.
Adapted from Choi et. d.°.
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by amore smultaneous biaxid deformation. Both types of biaxid sretching are
commonly utilized in the PE blown film industry. Thelatter refersto the “in pocket”
configuration while the former refersto the high stalk configuration. A schematic of the
high stalk processis provided in Fig.3.3. The vast mgority of blown film studies make
no explicit reference to the bubble shape employed (comparisons with the sequentia
biaxial stretching used in the tenter frame process'’ are not directly applicable here asthe
tenter method incorporates an additiond solidification step, not present in the blown film
process, between the MD and TD stretches).

Thus, the first am of this chapter isto describe the effect of processing varigbles
on film structure within the context of the bubble configuration employed, in this case,
the high stalk process. By varying theratio of MD to TD diress (through changesin draw
down rate) and the time lag between MD and TD dretching (through variation in the frost
line height) it should be possble, theoreticdly, to dter the number of, and orientation of,
fibril nude present at the frogt line. Because thefibril nude largely determine the end
date of crystdline orientation, their presence may be inferred from measurements of the
cryddline orientation in the find film.

The second god of this chapter isto investigate how the molecular weight
digribution of aresin interacts with a given set of processing conditions. As dated
above, blown filmstypicaly digolay morphologies which can be described in terms of
row nuclested structures. A direct implication of this observation is that two resnswith,
smilar weght average molecular weights, may produce quite different structuresif they
contain differing levels of high molecular weight, dowly reaxing, materid. These
dowly relaxing chains may condst of asmdl fraction of very high molecular weight
meateria (ahigh molecular weight tail) or asmal fraction of long chain branched
materid. In either case, their presence will dter the dengity of extended chainsin the
melt and thus may have an impact on the find structure which belies their small numbers.

Finaly, the mgority of studies available reate processing parameters directly to
end properties and contain little Sructurd andysis beyond the measurement of
birefringence or shrinkage. This chapter will attempt to characterize film performance, as
determined by Elmendorf tear and dart impact tests, and relate the results to film

structure.
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Figure 3.3. Schematic of the high stalk blown film process (also referred to asthe
delayed blow out or HDPE process). Pellets are melted and extruded upwards through an
annular die. Thisring of polymer melt is then stretched verticdly (aong the MD). Note
that adight contraction of the bubble diameter occurs prior to bubble expansion. After
cooling/solidification, the bubble is subsequently collgpsed and collected on awinding
device (not shown).
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Reviewing a portion of the literature which addresses the Elmendorf tear and dart
impact resstance of blown PE films; it becomes gpparent that there is generd agreement
that balanced in-plane orientation leads to balanced tear properties®™ 1823, The
microdiructura details which determine tear resstance have not yet been fully eucidated,
though a number of attempts have been made to understand the nature of yielding a the
lamdlar level!®212427 The gtarting point for many of these interpretationsis the andlysis
of aprimarily MD oriented, row nucleated structure subjected to tensile deformation.
The gpplication of atengle stress dong the MD should lead to deformation of the
amorphous materid located between lamellar stacks, as this materid is much more
compliant than the crystdline lamélae. In contrast, applying a stress dong the TD places
the load primarily upon thelong axis of thelamedlla. Thus, the MD tensile response tends
to lead to alower modulus and alarger yidd strain than measurements made aong the
film TD.

Two recent studies have attempted to describe the microstructura deformations of
row nucleated structures during the Elmendorf tear and dart impact tests™®2°. Using the
imbaance of tendle properties, noted above, arising from the anisotropic arrangement of
amorphous and crystaline materia found in row nuclegted films as a bas's,

K rishnaswamy?° concluded that MD Elmendorf tear is dominated by interlamellar
yielding while TD Elmendorf tear isaresult of plastic deformation and chain pull out

from lamelae. In adifferent study of dart impact resistance, Sue™® was not able to
directly corrdate the rdlaive levels of MD versus TD oriented row structures with
performance. Rather it was hypothesized that differencesin tie chain connectivity
between MD and TD lamdllar stacks were responsible for controlling dart impact. These
sudies make it apparent that the lamellar orientation state, and the details of its
formation, are key factorsin determining tear performance.

To briefly summarize, this chapter will examine resin-process ng- structure-
property relationshipsin two high dengty polyethylene films of differing molecular
weight digtribution. Emphasis will be placed on interpretation of the results using the K-
M modd, in dignment with previous studies. However, the context will be with respect
to bubble shape and rel axation behavior, relevant topics that have often been neglected.
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The work presented is the result of ajoint effort by the author’slab a Virginia
Tech and Chevron-Phillips saff. Film fabrication and the measurement of tear properties
were conducted by Chevron-Phillips g&ff, while the morphologica characterization was
conducted at VirginiaTech. The films were based on two resins produced using
proprietary Chevron-Phillips catalyst technology. Thus, the nature of the catalyst
systems employed cannot be divulged. Shear rheologica data and moments of the MWD
will be used to describe the differences between the resins,

3.3 Experimental Methods

Blown films of three gauges (12.5, 20, and 30 microns) were each produced at
three different frost line heights (FLH) (23, 38, and 54 cm) usng a high stalk process. A
schematic of the process is provided in Fig.3.3. Individud film gauges were achieved by
changing the draw down ratio, DDR, (11, 15, and 18) for a constant extruder output and
die gap. In dl cases the blow-up ratio was maintained a 4:1. A 38 mm diameter sngle
screw Davis standard extruder (L/D=24; 2.2:1 compression réatio) fitted with a barrier
screw and a Maddock mixing section a the end was used. A 5.1 cm Sano film die with a
gngle lip ar ring was used to quench the films. Extruder and die temperatures were set
at 210°C with a 0.90 mm die gap. Extruder output was held congtant at 13.2 kg/hr. It is
noted, with gratitude, that the films were produced, and the GPC and rheology data
collected by daff a Chevron-Phillips In particular thanks go to Dr. Rg Krishnaswvamy
for histrander of thisinformation and materid.

For each of the above conditions, two HDPE resins were utilized. Thefirst
designated HDPE-A and the second resin designated HDPE-B. Molecular weight data
were obtained using a Waters 150 CV Plus Gdl Permestion Chromatograph and
trichlorobenzene as the solvent at atemperature of 140°C. Therheologica
measurements were made in dynamic ostillatory shear with apardle plate geometry on
aRheometrics RMS-800 at 190°C. Wide angle x-ray scattering (WAXYS) patterns were
obtained using aflat plate Warhaus camerawith CuK a irradiation produced at 40 kV and
20 mA using a Philips modd 1720 tabletop x-ray generator. Additiond WAXS pole
figure data were collected on sdlected samples at AMIA |abs of The Woodlands, Texas.
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Smdl angle x-ray scattering (SAXS) patterns were obtained using the synchrotron source
at Brookhaven. Specid thanks are dueto Dr. Srivatsan Srinivas for the needed data.
Further SAXS data were collected at Virginia Tech using a compact Kratky camera fitted
with aone dimensiond, postion senstive detector, using a Philips 1729 table top x-ray
generator. Feld emission scanning electron micrographs (FESEM) were obtained using
aleo system 1550 at an operating voltage of 2 kV. Samples were prepared for viewing
by sputtering with a five nanometer thick layer of platinunvpaladium. A Metricon 2010
prism coupler was used to determine the refractive indices of the filmsin the three
principle orthogond directions: MD, TD, and ND. The average vaues from these
measurements were used to determine the crystaline content by gpplying the Lorentz

L orenz equation as discussed by others®®2°. The variation in crystalline content between
films was found to be smdl by this technique (overal contents 60-63 vol%), hence all
discussions will consider differencesin crystalline content negligible. Elmendorf tear
tests were conducted in accordance with ASTM D-1922 using a TMI universal tear tester.
Dart impact resstance tests followed the procedures outlinein ASTM D 1709. The
Elmendorf and dart impact tests were conducted by Chevron-Phillips g&ff.

The experimenta design congsted of each resin being processed using three
different frost line heights and three different gauges. However, due to alack of bubble
dability a the lowest FLH and highest DDR for HDPE-A, this film could not be
produced. Thus, nine films of HDPE-B and eight films of HDPE-A were produced.
Furthermore, approximately only two thirds of these films were produced in sufficient
quantities to be available for analyss a VirginiaTech. Those films, which were
andyzed gtructuraly, are listed with their respective key processing parametersin Table
3.1. Thefollowing nomenclature will be used throughout the rest of the chapter when
referring to a specific film; ####- X, where the first two digit number refers to the FLH,
in cm, the second two digit number refersto the film gauge, in microns, and the find
letter refers to the resin used, HDPE-A or B. Thus, afilm produced using resn HDPE-B
at aFLH of 23 cm to athickness of 12.5 microns would be designated 23-12-B.
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Table 3.1. FImsavailable for morphologica anaysis— nomenclature, resin type, and

key processing variables.

Designation Resin Frogt Line Height (cm) Gauge (mm)
38-12-A HDPE-A 38 125
54-12-A HDPE-A 54 125
23-20-A HDPE-A 23 20
38-20-A HDPE-A 38 20
54-20-A HDPE-A 54 20
23-12-B HDPE-B 23 125
38-12-B HDPE-B 38 125
54-12-B HDPE-B 54 125
23-20-B HDPE-B 23 20
38-20-B HDPE-B 38 20
54-20-B HDPE-B 54 20
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3.4 Resin Characterization

As briefly stated in the opening section of this chapter, one of the mgor variables
of interest to this sudy was the influence of MWD on the ahility of agiven resin to form
unique, orthogona lamelar stacks. Two resins were sudied, both belonging to the
generd class of HDPEs. Numerical results of the GPC andyss are summarized in Table
3.2. A cursory examination of the numbers shows that HDPE-A has larger valuesfor the
firg three moments (M, My, and M) of the molecular weight digtribution. These results
clearly indicate that HDPE-A is of higher molecular weight than HDPE-B. Of additiona
importance are the polydispersity indices (PDI). Note that while HDPE-B has adightly
larger Mw/M,, ratio (22.0 vs. 19.5), HDPE-A clearly hasalarger M /M, ratio (11.2 vs.
6.3). It appearsthat HDPE-A contains alarger fraction of high molecular weight materia
(chains of molecular weight greater than M,,) than HDPE-B. Putting these two factors
together, it is evident that HDPE-A has both a greater My, and a high molecular weight
tall which is more substantia than that of HDPE-B. Thus, if no long chain branching
(LCB) is present, it is expected that HDPE-A will be the more dowly relaxing resin, and
hence be the resn most likely to form highly oriented structures under flow.

Quantification of the relaxation characteristics of the two resins was conducted
using dynamic oscillatory pardld plate rheometry. As briefly addressed inthe
introductory materid, it is expected that the degree of orientation obtained in agiven film
will be agrong function of the level of orientation present in the melt at the time of
cryddlization. Thismet orientation level should be related to the imposed process
stresses and the rate of molecular relaxation. A measure of this second factor can be
obtained through rheologicd measurements. Complex viscosity frequency sweep data
are presented in Fig.3.4 for each resn. Examining the shapes of the flow curvesit
becomes gpparent that HDPE-A has both a broader MWD (evident by itsless sharp
trangtion into shear thinning behavior), and a greater M, than HDPE-B. These
observations can be quantified by fitting the data to a suitable viscosity function. The
CarreaurY asuda (C-Y) modd was used in thisingtance. A full description of the mode

and its parameters was provided earlier in the literature review section.
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Table 3.2. Molecular weight characteristics of resns. Note that HDPE-A has a greater
Mw, Mz and M,/M,,, suggesting thet it contains a greater portion of high molecular weight
materia than HDPE-B.

Resin My Mu M., PDI PDI
(kgma)  (kgma)  (kgmdl)  (Mw/Mn)  (M/My)

HDPE-A 19 368 4800 195 11.2
HDPE-B 14 307 2180 22.0 6.28
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Figure 3.4. Complex viscosity versus frequency data obtained at 190C for each resin
(datapoints). Solid lines represent data fit using the Carrear Y asudamodd. Thisregion
of flow behavior clearly showsthat HDPE-A is of greater M, and has a broader MWD

than HDPE-B.
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Briefly recapping, the C-Y model contains five adjustable parameters which are used to
fit thedata In thefitting of PE datait is common practice to fix two of the varigbles
(nhy) leaving only three adjustable®. These three parameters are the zero shear
viscogty, ho, the average termind relaxation time, t, and the shear thinning trangition
breadth, a. Table 3.3 summarizes the obtained parameters for the two resins studied. The
parameter of greatest interest hereist, which provides a measure of the average termina
rel axation time associated with the mdlt. 1t can be seen that the modd assgnsHDPE-A a
greater vaue of t (19.6 seconds for HDPE-A versus 4.8 seconds for HDPE-B). Thus, the
earlier atement, that HDPE-A isthe dower rdlaxing material, appears to be justified by
the complex viscosity results.

Two qualifications must accompany the above observation. These data are only
representative of the relative viscodastic respsonses of theresinsat 190 °C and under
dynamic shear deformation. It is recognized that a wide range of temperatures are
experienced during the blowing process. Furthermore, the dominant mode of
deformation in the melt will be that of extenson. The sengtivity of viscodty to
temperature should be similar for the two resinsif they have nearly identicd chain
topology. Thusfor equivaent MWD's, if the levels of LCB in the two resns are very
samilar, the viscodadtic trends obtained at 190 °C using shear should hold at other
temperatures as well. To determine if the levels of LCB were indeed comprable
additiond analyssto quantify the LCB content in each resin was conducted using the
method of Janzer:. This model, based primarily on ascribing deviationsin zero sheer
viscosty from the theoreticd vaue for a completdy linear chain of given molecular
weight, determined the levels of LCB to be 0.02 and 0.008 branch points per 10,000
carbons for HDPE-A and HDPE-B respectively. By thisandyss both resins appear to be
essentidly linear. Congdering thelack of LCB, if the two resins had identicdl MWD's it
would be expected that the relaive response in shear would hold in extenson as well.
However, the GPC data demonstrated that HDPE has a greater M,. Thus, the dower
relaxation rate of HDPE-A (or greater propensity to orient) revealed by the shear

measurements may be even more pronounced in extension.
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Table 3.3. Carreau+ Y asudamode parameters for resins sudied obtained using dynamic
parald plate shear rheometry. Note the substantidly longer characteridic termind
relaxation time of HDPE-A relative to HDPE-B.

Resn ho* to a
(Pasec)  (sec)

HDPE-A 34E+06 19.6 0.19
HDPE-B 49E+05 4.8 0.30
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Based on the GPC and rheological results HDPE-A will be considered to be the more
dowly relaxing resin due to its greater M,y and gpparently larger high molecular weight
tail for al further discussons.

3.5 Morphological Characterization

3.5.1 Flat Plate WAXSresults

The gtate of amorphous and crystaline orientation is known to have a profound
effect on the properties of polymeric materiads, and can vary widely based upon the
processing conditions used. The determination of crystdline orientation, independent of
amorphous orientation, is possible using x-ray scattering. Birefringence, a method which
depends on both the crystalline and amorphous phases, cannot independently separate the
effects arising from each phase. The combination of birefringence and WAXS results
have been employed to overcome this problem by severd researchers, thought the results
have not been condlusive®*2. For these reasons the focus of this study will be placed
soldy upon the deduction of crystaline orientation.

The firgt series of WAXS patterns for examination is presented in Fig.3.5. This
series conssts of therange of FLH's studied for HDPE-A at 20 nm thickness. (samples
23-20-A, 38-20-A, 54-20-A). To seasoned observers of PE WAXS patterns, these
exposures may gppear unusud. In thisfigure, aswdl asthe next, Fig.3.6, the film was
purposely moved closer to the sample than typica so asto fully capture the (020)
reflection. Additiondly, the film was exposed for atime period such that the (020)
reflection was very clear, even though this resulted in an overexposure of the stronger
(200) and (110) reflections. The (020) reflection was chosen as akey structura
parameter because it is associated with the b-axis of the polyethylene unit cell. Recal
from the literature review section that according to the Keller-Machin modd, lamellar
growth occurs primarily dong the direction of the b-crystallographic axis, perpendicular
to the direction of imposed stress. Thus, the orientation of the crystal b-axis should be an
indirect indicator of the orientation state of any fibril nuclel present during crystalization.
The WAXS pattern of the lowest FLH film shown in Fig.3.5, 23-20-A, displays what can
be consdered a pattern typicd of afilm uniaxidly oriented aong the MD.
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[23-20-A]

[38-20-A]

[54-20-A]

Figure 3.5. WAXS patterns for films of HDPE-A of 20 mm thickness. FLH'’sfrom top to
bottom are 23, 38, and 54 cm respectively. MD isvertica, TD horizontal. Note that at
the lowest FLH atwo point (020) reflection is observed while a the highest FLH afour
point pattern is noted. Arrows indicate (020) reflection.
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The (020) reflection gppears on the equator indicating its preferentia orientation
perpendicular to the MD. Also, note the lack of any intensity due to the (020) planein
the TD. This pattern will heretofore be referred to as atwo point b-axis WA XS pattern.
Moving to the next highest FLH, sample 38-20-A, it is observed that the (020) reflection
has become somewhat broader (less varidion in intengty dong the azimuthd angle).
Furthermore, afaint band of intensity due to the (020) plane can be noted aong the MD.
These results indicate thet the level of “b” axis orientation has decreased asthe FLH was
increased. Such aresult is entirely expected asincreasing the FLH should provide
additiond time for molecular relaxation (loss of some orientation of the chainsin the
melt). Moving to thefind pattern of Fig.3.5, 54-20-A, aquite striking change has
occurred. Rather than smply observing afurther decreasein “b” axis orientation, the
(020) reflection now demondtrates digtinct maximaaong both the MD and TD. This
pattern will hereafter be referred to as afour point b-axis WAXS pattern. This four point
b-axis WAXS pattern strongly suggests the presence of abimoda population of
orthogonay oriented crystas, possibly smilar in structures to those observed directly via
microscopy in Fig.3.1. Anin-depth discussion of the factors which lead to the formation
of this orientation &t the highest FLH studied will be undertaken after the morphologica
characterization section.

The next set of WAXS patterns presented in Fig.3.6. is of HDPE-B films (23-20-
B, 38-20-B, 54-20-B) processed under identica conditions as those discussed in Fig.3.5.
Aswith the previous s, at the lowest FLH a uniaxia orientation about the MD is
present. Increasing the FLH is seen to cause adecreasein the leve of orientation as
noted by the (020) reflection. At the highest FLH, 54-20-B, it is difficult to ascertainif a
four point b-axis WAXS pattern is present. It is clear, however, that the (020) intensity
occurs around the entire azimuth with intensity maxima aong the equator. These results
suggest that HDPE-A may more reedily form sharply bimoda orientation states than
HDPE-B under these same processing conditions. This further implies that the presence
of high molecular weight material may be necessary for the formation of the distinctly
bimoda HDPE-A orientation.
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[23-20-B]

[38-20-B]

[54-20-B]

Figure 3.6. WAXS patterns for films of HDPE-B of 20 nm thickness. FLH’sfrom top to
bottom are 23, 38, and 54 cm respectively. MD isverticad, TD horizontd. Orientation of
(020) plane can be seen to decrease with increasing FLH. Arrowsindicate (020)
reflection.
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If the melt relaxation times are related to the formation of the bimoda orthogond
crystdline orientation, theoreticaly it should be possible to compensate for HDPE-B’s
lack of high molecular weight materid by increasing the process stresses (decreasing
processing time). By dtering the process such that lesstimeis given for relaxation it
may be possble to make the shorter chains of HDPE-B behave smilarly to the longer
chains present in HDPE-A. Stated in an dternate manner, using the Deborah number
concept (see literature review for detalls), it may be possible to achieve the sametime
scaing present for HDPE-A processed to afilm thickness of 20mm in HDPE-B by
offsetting its shorter relaxation time with an equaly shorter processing time. By holding
the extruder output congtant while increasing the haul off rate, a thinner film with a
shorter processing time will be produced. Such conditions were employed to produce the
12.5nm thick films of HDPE-B presented in Fig.3.7. Asin both previous examples, at
the lowest FLH atwo point WAXS pattern of the (020) reflection is noted, indicative of a
uniaxid orientation aong MD. Increasing the FLH to the intermediate value, 38-12-B,
results in a decrease in the degree of b-axis orientation rdaive to the MD. Findly, a the
highest FLH, 54-12-B, the four point b-axis WAXS pattern has returned. Thus, it can be
seen that the ability to form an orthogonal, bimodd orientation state is not a characteristic
which can be atributed soldly to HDPE-A. However, the conditions necessary for the
formation of such structures can be seen to depend greetly on the relaxation
characterigtics of theresin asis expected. Further support for this statement can be found
in the WAXS patterns for HDPE-A processed to athickness of 12.5 mm asshownin
Fig.3.8. Aswith the previous HDPE-A sample, the 38 cm FLH sample does not show a
four point WAXS pattern while the 54 cm FLH samples does. It isaso of interest to note
that at the medium FLH, the thinner gauge sample, 38-12-A, shows greater (020)
orientation relative to the MD than the thicker sample, 38-20-A, as expected, because of
theincrease in MD draw down used to achieve the given thickness levels.

The WAXS results clearly indicate that both resins, under the appropriate
conditions, may produce filmswith biaxia orientation. Furthermore, the orientation state
gppears to be bimodd in nature. Two distinct modes (maxima) occur in the (020)
reflection, one dong the MD, the other along the TD.
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[23-12-B]

O X

[38-12-B]

[54-12-B]

Figure 3.7. WAXS patterns for films of HDPE-B of 12.5 mm thickness. FLH’sfrom top

to bottom are 23, 38, and 54 cm respectively. MD isvertica, TD horizontal. Note that at
the lowest FLH atwo point (020) reflection is observed while a the highest FLH afour

point pattern isnoted. Arrows indicate (020) reflection.
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[38-12-A]

[54-12-A]

Figure 3.8. WAXS patterns for films of HDPE-A of 12.5 nm thickness. FLH'sare 38
cm (upper) and 54 cm (lower). Note two point pattern at lower FLH but four point
pattern at the higher for the (020) plane. Arrowsindicate (020) reflection.
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Comparing the azimutha dependence of the (020) reflections demongtrates that the
digtribution of orientation states of the “b” axis appears to be more narrowly defined in
the HDPE-A films rddive to the HDPE-B films

Of additiona mention, close examination of the WAXS patternsreveds an
additiond difference between the resins. The width of the observed reflections, theline
breadth, of the patternsis smaler in the HDPE-A films than those of the HDPE-B films
Whileit isdifficult to assgn asingle factor for differencesin line breadth in polymeric
materids, this observation suggests that the crygtdlites formed in HDPE-A may be larger
and/or posses greater long range order.

3.5.2 Twodimensonal SAXSreaults

WAXS results cannot describe the structures within which these bimodal
crystdline populations exist. To determine if the noted orientation is due to the
formation of orthogonaly digned stacks of lamellae, a technique which probes structure
at alarger length scale must be used. A direct method to detect the presence of such
dructures can be obtained from SAXS. Whereas WAXS yields information regarding the
orientation of the crystaline unit cell, SAXS provides information from scattering
gructures with dimensions of the order of lamdlar thickness. By obtaining the SAXS
datain two dimensions, it is possible to deduce the state of lamdlar orientation. SAXS
measurements corresponding to the films anadyzed in Fig.3.5, are presented in Fig.3.9.
Aswith the WAXS patterns, the presence of orthogonaly stacked lamellae should be
indicated by afour point SAXS scattering pattern. However, in SAXS the direction of
scattering will be rotated 90° relative to the WAXS patterns. That is, whereas the b-axis,
(020), reflection for materia stacked dong the MD isfound at the equatorid regions of
the scattering pattern, MD stacks of lamellae will lead to scattering dong the meridian of
the SAXS pattern. Thus, it is clear from the sample at the lowest FLH (23-20-A) in
Fig.3.9 that auniaxid orientation of lamdlar stacks aong the MD is present. Thisisin
harmony with the earlier WAXS results.
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[23-20-A]

[38-20-A]
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[54-20-A]

Figure 3.9. SAXS patterns for films of HDPE-A of 20 mm thickness. FLH’sfrom top to
bottom are 23, 38, and 54 cm respectively. MD isvertica, TD horizontdl.



Aswith the previous WAXS reaults it can be seen that increasing the FLH leads to an
gpparent decrease in the orientation of the lamellae. Additionaly, at the highest FLH
(54-20-A) afour point SAXS pattern isnoted. This pattern clearly shows the presence of
lamdlar units stacked aong both the MD and TD. Based on the rdldive intengties a the
equator and meridian, it is clear however, there is a greater portion of materia stacked
adong the MD. The equivaent filmsfor HDPE-B are presented in Fig.3.10. The lowest
FLH, 23-20-B, displays auniaxid ordering of the lamelae dong the MD. Similar to the
behavior of HDPE-A, the intengity dong the equatorid region of the scattering pattern
can be seen to increase with increasing FLH. However, it is clear from the patternsin
Fig.3.10. that the equatorial scattering produced by HDPE-B under these conditionsis not
as sharp asthat of the equivdent HDPE-A film. Thelack of adearly definable
maximum in intendty dong the equator may beindicative of TD stacked lamellae which
do not have the same long range order (i.e. shorter stacks) as found in the HDPE-A films
The comparative diffuseness may dso be the result of adifferent orientation state in the
HDPE-B filmsrdétive to HDPE-A. Itispossble that the film 54-20-B posses amore
homogeneous planar orientation within the film plane, characterized by asmal

preference for orientation of the lamellar stacks ong the MD and TD (planar-balanced).
In contrast, the orientation state of 54-20-A may aso be described as planar, but
congsting of two very distinct populations of lamdlar stacks, one dong the MD and
another aong the TD (planar-bimodal). A schematic comparing these orientation Sates
isgiveninFg.3.11.

Based on the previous WAXS results, which consdered the effect of processing
to athinner gauge on orientation, it is expected that the SAXS patterns for the 12.5 nm
films should be sharper than those of the 20 mm films just discussed. Indeed, thisisthe
case for the HDPE-B films as shown in Fig.3.12. In accordance with the WAXS reaults,
the SAXS equatorid scattering intengity is observed to increase with increasing FLH.

The scattered intengty dong the equator in the highest FLH film, 54-12-B, is quite
subgtantia, suggesting this film has alarge fraction of materid stacked dong the TD.
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[23-20-B]

[38-20-B]

[54-20-B]

Figure 3.10. SAXS paternsfor films of HDPE-B of 20 nm thickness. FLH’sfrom top to
bottom are 23, 38, and 54 cm respectively. MD isvertica, TD horizontal
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Figure 3.11. Comparison of planar-baanced (left) and planar-bimoda (right) orientetion
states.
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[23-12-B]

[38-12-B]

[54-12-B]

Figure 3.12. SAXS patterns for films of HDPE-B of 12.5 nm thickness. FLH’sfrom top
to bottom are 23, 38, and 54 cm respectively. MD isvertica, TD horizonta. The lack of
symmetry of intengity in the 38 cm FLH sampleis believed to be due to an error in the
background scattering procedure.
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Close examination of the pattern for film 54-12-B shows that while the equatoria
scattering is very intense, the scattering maxima are not as sharply defined as those found
in the HDPE-A film, 54-20-A, of Fig.3.9. Thismay be indicative of the balanced versus
bimoda orientation argument given in the previous paragraph. Thus, the SAXS pattern
for film 54-12-A should show the sharpest four point pattern of al the samples.
Unfortunately, only alimited number of samples could be submitted for andysis using

the synchrotron source, thus the 2D SAXS prafile for film 54-12-A is unavailable.
However, 1D SAXS data are available and will be used to make the necessary andysisto
determine if indeed film 54-12- A shows the strongest bimoda orientation behavior.

3.5.30nedimensional SAXSresults

It is possible to obtain data which approximates those of the 2D detector using a
1D detector. Measurements are made with the 1D instrument at a series of discrete
angles between the detector and an arbitrarily chosen reference axisfor the film. Inthis
case the reference axis chosenisthe film MD.  Scattering patterns were obtained with the
film MD at 0°, 30°, 45°, 60°, and 90° with respect to the detector wire. Thus a measure
of the scattered intengity as afunction of both the radia and azimuthd angleswas
obtained. It should be noted that the data presented in the 2D patterns and that of the 1D
systems will not be rigoroudy identical due to the differencesin instrument geometry
employed by the two ingruments (pin hole vs. dit columnation respectively). The dit
columnation employed in the 1D experiments will cause the intengity maximum to be
broadened (smeared) relative to the 2D results and shifted to smaller scattering vectors.

The data of aprimarily MD oriented film (23-12-B), abdanced film (54-12-B),
and the film for which 2D SAXS daais unavalable, HDPE-A film (54-12-A), are given
in Fg.3.13. Film 23-12-B clearly displays a sharp scattering pesk parald to the MD
with decreasing intengity as the film is rotated towardsthe TD. Theseresults are
supported by its 2D SAXS pattern found in Fig.3.12. In contragt, film 54-12-B produces
scattering which is less varigble with respect to the azimutha scattering angle. No pesks
in the intensty data are noted.

101



T T I D’D’D'ﬂl I T I T
o o
A 23-12-B
;ﬁ-n—nﬂ- XX XX uﬂ‘n
Ny R 5 o XX g
iy oo KX sonn, OO
o\ "4\+o—|\+\ -O‘O _x_x_ -D'D\D-qu- - -
h-o-o-00- g ~0-0 XNX'X'X-X 0O-0-0-0-0-0-0-0-0-0H
XX XK o P, P00, RRAAH HAHKRKX KKK
N *0~0.0.
-0-0.0-0.0" o +,+\+\+h ° o-o-°-°'°'°'0'°-°-00-0-0-0-0-0-0.0@.04
T +*4"+“+“+~-|—+
-t O-MHO_Q DR e S
L PO |
2 LN ' ' ' ' ' '
% Noea, 54-12-B
Ieh) \\) PO ooog
= I +\ NS NXX—X~><-x—x.x_x_x Ooagg
= b-o-0-oH0- \o\;\+\o”°ﬁ°0-oo_o f: XXX ToP0a00000 0000000000000
~ - 2N
% XX XXX L +\+-l—+++1—|-4_ .N:o oo, °-o~od>: PR KK AKX HXHXHXK K
= -0-0-00-0° 0., — - ey 7070-0-0.0-010-00.0-0-0 00 0~0-0-0-0-0-0-0
2 e e N o S N
< L—oo— D e S ——
T r T r T r T r
—Qp\o Dhnﬂ_n -12-
e 2Eoe 20000, 54-12-A
NS00 2o,
\_+'4~+-+_ 005 N
N iy SO0 Xxxxg-linﬂ
NM&% X R R R R R AR R R R RRA RIS
iy ®0-o.
0/ O 4“":"-:'\-—?-:3_-3;?_:0'o'o'°'°'°'°'°-°-°-°-°-O-O~O-0-o-o-o-o-o-<
[+ 1 0. B e B Bt Y o ot S
7 o ]
T I T I T I T I T
0.000 0.002 0.004 0.006 0.008 0.0L

Scattering Vector (Ang”)

Figure 3.13. 1D SAXS patterns of sdected films. Symbols represent angle between

detector and film MD of (O) 0°, (x), 30°, ([0) 45°, (+) 60°, ([J) 90°, thus O° represents a scan
aong the meridian while 90° represents a scan aong the equator. Note progression from

top to bottom of a primarily MD stacked structures (23-12-B) to an gpparent balance of

MD and TD structures (54-12-B) to adight preference for TD scattering structures (54-
12-A)
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Recdl that film 54-12-B showed fairly uniform scattering around the azimuthin Fig.3.12.
These results, aswell asthose for other films not shown, suggest that insght into the 2D
SAXS pattern can be obtained using these 1D scan profiles. Examination of the
scattering profile for film 54-12-A in Fig.3.13 suggests thet it containsamgjority
component of TD stacked materid as the scan taken adong the equator (90° from the MD)
shows the most pronounced peak. Thisresult isin accordance with the behavior which
was predicted based on the trends present in the 2D SAXSdata. Thus, to briefly
summarize, SAXS (aswdl as WAXS) demondtrates that increasing the FLH and/or
decreasing the film gauge (assuming constant extruder output) leads to a greater
proportion of lamella stacked dong the TD. Furthermore, it has been observed that the
tendency to form the TD stacks s greater for the higher molecular weight, dower
relaxing resin (processing conditions equa). 1n addition, it gppears that there are subtle
differences in the distribution of oriented materid within the film plane. The dower
relaxing resin, HDPE-A, gppears to form a sharply defined bimoda population of
lamellar stacks. In contrast, the biaxia orientation present in the films of HDPE-B, while
aso bimodd in nature, isless strongly so.

354 WAXSPoleFigureresults

A complete picture of the distribution of crystaline orientation within asample
can, in principle, be obtained through pole figure andlysis. Because this technique was
not readily available within the author’ s lab, and outsde andlyssisfarly expensve, only
alimited number of filmswere analyzed with thistechnique. To facilitate the
understanding of the pole figure data, a brief summary of the types of patterns obtained
from uniaxia studies of polyethylene will be presented. Asoutlined in the literature
review section, the K-M modd of crystdlization from the oriented melt, for PE, can be
roughly divided into three categories; low stress, medium dress, and high stress. A
schematic of the structures formed by the low and high stress conditions are provided in
Fig.3.14. Notethat the primary difference between the two conditions is the amount of
lamdlar twisting which occurs as the lamélae grow outwards from the nuclegting fibrils.
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Figure 3.14. Schematic of K-M low (left) and high (right) stress morphologies, uniaxid
orientation, stretch direction vertical. Representations do not account for possible
differencesin lamelar curvature.
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It isaso anticipated that subgtantia differencesin lamdlar curvature will dso exist
between these two extremes. This behavior is not represented in the K-M model, shown
in the schematic of Fig.3.14. Asanindividud lamelagrows out from the fibril, thereisa
tendency for its growth direction to deviate. Rather than remain perfectly perpendicular
to thefibril, the lamelamay curve. This curvature will result in alowering of the degree
of “b” axis, aswell as“d’ and “c” axis, orientation relative to the fibril. Asthe stress
level increases, and the distance between fibrils decreases, lamellar curvature should
become less pronounced. The medium stress condition will produce alevel of twisting
and curvature intermediate to the two extremes depicted.

The presence of lamdlar twisting should be evident in x-ray diffraction patterns.
A low gress, highly twisted system, will lead to “&’ axisand “c” axis crystd orientation
concentrated in the MD-ND plane. Conversdly, a high stress condition should lead to a
preferentid orientation of the“a’ axisaong the ND and the “c” axisalong the MD. As
mentioned above, the Stuation is somewhat complicated by the tendency for lamdlae to
curve asthey grow. It isexpected that the amount of lamdlar curvature should be least in
those films crystalized under the highest stress conditions. A schematic of hypothetica
(200) polefigures (“a’ axis) for the low and high stress conditions are given in Fig.3.15,
for auniaxia system. Recdl from the literature review section theat the in a pole figure
meridona points represent MD scattering, the equatorid points represent TD scattering,
and that the center of thefigureisindicative of ND scatering. Note that in the low siress
case that the (200) plane tends to show a preference for orientation along the MD while
the high stress condition leads to a preferential orientation of the (200) plane dong the
TD and ND. Thus, based on the position of the (200) scattering maximum, it may be
possible to deduce the relative levels of diress, or orientation, present in the films at the
time of cryddlization. Thisinterpretation is dependent upon the formation of row
nucleated structures. Based on the SAXS reaults, this assumption gppears justified.
Additiond support will be provided by direct observation usng FESEM in a subsequent
section. Furthermore, because information regarding the “b” axisis dso available and the
unit cell of polyethylene possesses orthorhombic symmetry it should be possible to infer

the state of c-axis orientation.
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Figure 3.15. Schematic of pole figure data produced by K-M low (l€ft) and high (right)
gtress conditions.
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The firg set of (200) and (020) pole figures presented correspond to films 23-20-
A and 54-20-A, and are displayed in Fig.3.16. As expected, at the lower FLH, 23cm, a
pattern typica of auniaxiad, medium stress system is obtained. The “b” axis can be
observed to orient preferentiadly aong the TD whilethe*a’ axisis positioned between
the MD and ND. Earlier results demongtrated that increasing the FLH led to the
formation of a second population of lamellar stacks oriented along the TD. Evidence of
this phenomena can be seen in the (200) pattern. A region of substantial scattered
intengity between the TD and ND appears, in addition to the scattering found between the
MD and ND. Unfortunady, in this sample, and most of the pole figure data to follow, it
isdifficult to infer any magor information from the (020) deta.

If the (020) pole figure results are to match the “four point” flat plate WAXS
patterns presented earlier, two sets of distinct maxima should be present, one dong MD
and the other dong TD, for sample 54-20-A. It should be noted that aflat plate
photograph corresponds only to a smal region of the data presented in the corresponding
polefigure. Itisthus possble that the flat plate data does not provide afull
representation of the state of orientation because it samples alimited ensemble of
reflecting planes. However, combining the (200) and (020) axis data provided by the
pole figuresto cdculaethe“c” axisbiaxid orientation functions leads to physicdly
impossible vaues for the “c” axisin two of the Sx samples. These results are presented
in Fg.3.17 (recdl that the utility of usng the biaxid orientation triangle in representing
orientation data was presented in the literature review). It is clearly observed that two
sampleslie outsde of the orientation triangle, a clear indicator of suspect data. Because
the (020) plane scatters relatively weakly (relative to the (200) plane) it islikey thet
insufficient scattered intensity was collected above the background to yield quantitetively
accurate data for the (020) plane. It isfor these reasons that the author will rely more
heavily on theflat plate data, and only utilize the pole figure data from the (200) planes.

Returning to Fig.3.16, it can be inferred from the (200) data that increasing the
FLH hasled to the formation of crystaline materiad stacked adong both the MD and TD.
The corresponding films produced using the more rapidly reaxing resin, HDPE-B, are
presented in Fig.3.18.
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Figure 3.16. (200) left, and (020) right, pole figures for films 23-20-A, upper, and 54-20-
A, lower.
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HDPE-B (200)
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Figure 3.17. White-Spruid| biaxid orientation for sdlected films as derived from pole
figuredata Note that in two instances c-axis data fals outsde of the orientation triangle
suggesting errorsin the origind data. See text for discusson.
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Figure 3.18. (200) left, and (020) right, pole figures for films 23-20-B, upper, and 54-20-

B, lower. The (200) polefigure for film 54-20-B appears to be skewed dueto
misdignment during testing, pattern should be rotated roughly 30° counter clockwiseto

obtain correct orientation of scattering pattern relative to MD and TD.
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The results are Smilar (note that the (200) pole figure for film 54-20-B appears to be
skewed, likdly due to misdignment during testing by AMIA labs personnd — the pattern
should be rotated ~30° counter clockwise to obtain the correct orientation relative to MD
and TD). A uniaxid orientation aong MD is noted at the lowest FLH from both the
(200) and (020) planes. At the FLH of 54 cm the (200) data shows the emergence of
materia which is oriented dong the TD, as anticipated. Comparing the (200) data for the
54 cm FLH'sin Fig.3.16 and Fig.3.18 it can be seen that the amount of TD stacked
materia appears to be greater for HDPE-A relative to HDPE-B. Thisresultisin
agreement with SAXS and flat plate WAXS reaults.

The find sat of pole figure data, Fig.3.19, compares the two resins processed at
the greastest FLH to the thinnest gauge: 54-12-A and 54-12-B. Recall that these
conditions produced films which displayed the greatest amount of TD stacked materid
for each resn. Of immediate noteisthe dramatic level of ND “&’ axis orientation.
Orientation of the (200) plane along the ND corresponds to a high stress crystdlization
level according to the K-M modd. Thus, it appears that processing to athinner gauge
(12.5 mm relaive to 20 mm in the previous two figures) leads to higher stresses. Thisis
entirely expected as the thinner gauge was achieved by increasing the draw down rate
while keeping extruder output constant. The greater degree of symmetry of scattered
intensity about the ND for HDPE-B relative to HDPE-A suggests, in accordance with the
SAXS and flat plate WAXS results, that a more balanced in-plane orientation is achieved
with HDPE-B.

In summary, the pole figure data of the (200) plane corresponds well with
previous WAXS and SAXSreaults, increasing the FLH leads to the development of a
second population of material oriented along the TD. The sharpness of the bimoddity
appears to be greater for the more dowly relaxing resin, HDPE-A. Additionaly, down
gauging by increasing the draw down rate for afixed extruder output is seen to increase
the level of stress present at the time of crystdlization. The (020) pole figure data are
supportive of earlier resultsin sdlect instances. It isbdieved that thisinconsstency isa
result of the poor qudity of the (020) pole figure data (due to insufficient collection time)
in certain samples, and thus does not conflict with the structurd interpretation put

forward.
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Figure 3.19. (200) left, and (020) right, pole figures for films 54-12-A, upper, and 54-12-
B, lower.
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355 FESEM results

A direct observation of the films morphology can be obtained usng FESEM.
However, possibly as a surprise to the reader, this technique was not used as a primary
source of information for two reasons. FESEM only provides a picture of the surface
morphology. No information about the structures present within the film bulk can be
deduced. The use of x-ray scattering experiments, which sample the entire film, were
favored for thisreason. Secondly, early results showed that on the level of microscopic
observation (aviewing window on the order of 20x20 mm) condderable heterogeneity
exisged. Thus, obtaining images that were demondtrative of the sample as whole required
alarge number of images to be acquired and substantia subjective interpretation as to
which were representative. For these reasons, while the FESEM images provide
vaidation of the scattering results, they were relegated to a supportive role.

The micrographs for 20 mm films of HDPE-A are presented in Fig.3.20. The
trend isclear, asthe FLH isincreased, a greater portion of the stacked materid is oriented
adong the TD. It was not possible to draw a quantitative conclusion regarding the extent
of intermeshing between the orthogona stacks. That is, a condstent observation of the
degree to which orthogonal lamellae overlapped or intersected could not be obtained. In
some of the micrographs to follow, the laméllar stacks appear to form distinct domains of
MD or TD gtacked materid with very little “mixing” in contrast to those of Fig.3.20. The
corresponding HDPE-B films are shown in Fig.3.21. For this series of micrographs it
agan demondtrates that the amount of TD stacked materia increases asthe FLH is
increased. The down gauged (12.5 nm thick films) of HDPE-B are shown in Fig.3.22.
Again, thetrend is consstent, increasing FLH leads to a greater amount of TD stacked
materid. Based on the quditative nature of the micrographs no attempt to compare the
relative amounts of TD stacked materia for the different thicknesses was attempted. The
find pair of filmsin the series correspond to 12.5 nm thick films of HDPE-A which are
presented in Fig.3.23. Recall that at the lowest FLH condition, a stable bubble could not
be formed, thus no datais available. Aswith the other films, increasing the FLH leadsto
agreater fraction of materia oriented along the TD.
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Figure 3.20. FESEM micrographs for films 23-20-A, 38-20-A, and 54-20-A from top to
bottom respectively. MD horizonta, TD vertical. Scae bar length 200 nm.
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Figure 3.21. FESEM micrographsfor films 23-20-B, 38-20-B, and 54-20-B from top to
bottom respectively. MD horizonta, TD verticad. Scae bars 200 nm
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Figure 3.22. FESEM micrographs for films 23-12-B, 38-12-B, and 54-12-B from top to
bottom respectively. MD horizontd, TD verticd. Scae bars 200 nm.
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Figure 3.23. FESEM micrographs for films 38-12-A, and 54-12-A from top to bottom
respectively. MD horizontal, TD vertical. Scae bars 200nm
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Two examples of the large scale heterogeneity encountered when observing the
surface of these films are provided in Fig.3.24. The upper micrograph contains what
were considered to be two confounding factors. Firt, note that depending on which
region of the micrograph is examined, two completely different interpretations of the
date of orientation could be made. The edges contain MD stacked materia while the
center of the micrograph contains TD stacked materid. This “regiondly different”
behavior was observed in most films.  The upper micrograph of Fig.3.24 dso shows
differences in what can be termed the dengity of stacking. Comparing the left and right
edges of the micrograph it appears that the lamdlar Sze and spacing is gregter on the
right. Thisobsarvation islikely dueto the differencesin the lamdlag s angle of
intersection with the surface. Such an effect makes the left side of the micrograph appear
to be a alower magnification than the right. The lower micrograph of Fig.3.24 contains
avaiation on the “regiondly different” theme. Here large scae structures composed of
lamellae of the same orientation can be seen. Again, as with the above micrograph, the
area of observation strongly influences the gpparent orientation ate of the surface.

3.5.6 Refractivelndex

The use of birefringence to determine system orientation is a technique which is
commonly employed in thefilm industry. Birefringence can be obtained by determining
the difference in refractive index in two orthoganal directions. Typicaly the MD and TD
are chosen. Additiond information can be obtained by measuring the refractive index in
athird, orthogond direction. The reader is referred to the literature review section for a
more complete discussion of birefringence. Because the technique is sengtive to both the
amorphous and crystdline phases, it provides information which x-ray scattering cannot.
Applying both techniques to the same sample often alows one to differentiate between
amorphous and crystaline orientation. That however will not be the god here. Rather,
the god will beto gain ingght into the effect of processing conditions on the average,
total (amorphous and crystdline) chain orientation. Recall that the WAXD datawas
efficient a quantifying the state of “&’ and “b” axis orientation of the crystdline phase.
Information regarding the “c” axis (chain axis) must be inferred from the WAXD reaults.
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Figure 3.24. Micrographs displaying surface heterogenaity. Upper image 38-12-A,
displaying domains of MD and TD dacked lamdlae. Also note differencesin MD
“gacking dengty” on left Sde of image rlative to right, due to differencesin lamdlar tilt
with respect to the film surface. Lower image 54-20-B, showing large scale structures
dominated by one direction of lamellar orientation. MD horizonta, TD vertica. Scae
bars 1 nm.
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Because the refractive index of PE is greatest dong the backbone, determination of its
angular dependence should be adirect indicator of chain orientation. Thus, quantification
of the orientation dependence of refractive index should provide information which could
not be provided directly by the x-ray data. However, the data provided by the andyss of
refractive index is limited in that it can only provide a second moment average of the
orientation states present. Thisisin contrast to the WAXD datawhich yidds the entire
digribution of orientation states. Therefore, measurements of refractive index cannot
differentiate between balanced planar and bimodal planar orientation states.

A comparison of the average refractive index within the film plane with the
refractive index normd to the film will be referred to as planarity. The planarity should
be a measure of the extent to which the chain backbone is oriented within the film plane.
Planarity results are given in Fig.3.25. It should be noted that because the refractive
indices were obtained using a prism coupler, the results are representative of the surface
of thefilm. Itis quite obvious from the plot that the thinnest films are those which can be
consdered to be the most planar. Thisis entirely expected as thinner film gauges were
achieved by increasing the DDR for a congtant extruder output. Thisresult isasoin
agreement with the pole figure data. Recall that the pole figures indicated thet at the
thinnest gauge, 12.5 nm, the“d’ axis was strongly digned dong the film normd. The
geometry of the unit cell dictates that the“c” axis must be preferentialy oriented within
the film plane under these circumstances. No judtification can be given for the gpparently
anomalous data point in Fig.3.25 representing sample 23-30-A.

As gated previoudy, while the determination of in-plane birefringence cannot
disinguish different orientation distributions within the film plane, it does provide a
measure of the overal baance of chain orientation. Thus, the birefringence of those
filmswhich displayed uniaxid orientation (lowest FLH's) should be quite different from
those which contain substantial amounts of TD stacked materid. Thisisindeed the case
asshown in Fig.3.26. Those films produced at the highest FLH, 54 cm, have the lowest
in-plane birefringence values. Thisresult isin total agreement with WAXS and SAXS
results. Raisng the FLH dlowsfor the formation of TD stacked materid.
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Figure 3.25. Planarity of films calculated using refractive indices. HDPE-A:(D) —FLH =
23 cm, () —FLH =38 cm, (J) — FLH = 54 cm. HDPE-B: () - FLH =23 cm, (0) -
FLH =38cm, (&) — FLH =54 cm. Asthe refractive index of the PE chain pardld to
the backbone is greater than perpendicular, the refractive index should give an indication
of chain orientation. The planarity term provides a measure of the degree to which the
chain axis lieswithin the film plane. As expected, thinner films (greaster DDR) lead to a
more planar orientation date (i.e. less random) of the chain axis.
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Figure 3.26. In plane birefringence of films. HDPE-A:(0) —FLH =23 cm, () —FLH =
38 cm, () —FLH =54 cm. HDPE-B: (0) —FLH =23 cm, () —=FLH =38 cm, (&) —
FLH =54 cm. In plane orientation balance is grestest for highest FLH films. Also note
the importance of FLH to achieving ba ance increases with decreasing thickness (greater
DDR).
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The TD gstacks increase the balance of in-plane orientation over the uniaxid states
produced & the lower FLH’s. It is quite interesting to note that the birefringence vaues
at the 54 cm FLH are nearly independent of the film thickness (DDR). Furthermore, the
birefringence is much more senstive to changes in FLH as the film gauge is decreased.
Again, the 23-20-A sample appears to be an anomaly.

Conddering the measurement of refractive index to be an indicator of chain
orientation provides two straightforward conclusions regarding the effects of the studied
process variables on orientation (i.e. constant BUR). The degree to which chainsare
aigned within the film plane can be controlled by the DDR. Increasing the DDR (thinner
film gauges) causes the chainsto preferentidly dign within the film plane. Thisisin
agreement with the pole figure data. The orientation of those chains found within the
film plane appears to be determined by the FLH. Thistoo isin agreement with the x-ray
data which showed that the film texture progressed from uniaxid to biaxia with
increesing FLH. Thus, it gppearsthat variationsin DDR and FLH provide means of
affecting the orientation of the film in two ditinctly different manners. The DDR can be
used to influence the orientation of the chains rlative to the film norma, while changes
in FLH can be usad to tallor the orientation of the chains within the film plane (MD vs.
TD).

3.6 Mechanical Properties

3.6.1 Elmendorf Tear

The Elmendorf tear test (ASTM D-1922) is commonly used in industry to
quantify the resstance of afilm to tear propagation dong the MD and aswell asthe TD.
While the test is quite Smple, interpretation of the results is not dways straightforward.
The data are a measure of the load required to propagate a tear initially started along
either the MD or TD. Asgtated in the opening section, tear properties should be related
to the orientation State of the film. It has been demongtrated by the Sructurd analyss so
far presented that there are substantial differences in the orientation states amog the films
sudied, thus awide variation in mechanicd responseis anticipated. The god of this
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portion of the discussion isto corrdate the observed morphological textures with the tear
properties of thefilms. Results of the ElImendorf tear tests conducted along the MD for
the entire set of films are presented in Fig.3.27. The data clearly demondtrate that the
resistance to tear dong the MD improves asthe film gaugeisincreased. Thisresultis
somewhat mideading in that the tear va ues have not been normalized based on film
thickness. Thus, one would expect the value of the tear resstance to increase with film
thickness, orientation effects asde, smply because a grester amount of materid isbeing
tested. The data are presented in this manner to emphasize the role played by atering the
FLH ininfluencing the mechanica properties of thefilms. For each of the gauges

studied it can be observed that increasing the FLH leads to an enhancement of tear
resstance along the MD. Recal that increasing the FLH caused the orientation states of
the film to change from a primarily uniaxiad state dong the MD to a more baanced Sate
with asubgtantial amount of materid oriented dong the TD. Thus, it is clear that
decreasing the amount of MD orientation leads to an improvement in tear properties
adong the MD. Datafor the same films conducted aong the TD are presented in Fig.3.28.
Aswith the MD results, the tear resstance is dso seen to increase with increasing film
gauge largely because the data are not normaized on film thickness. Further observation
revedsthat the FLH effect has been reversed for the TD tear tes, increasing FLH leads
to adecrease in tear resstance dong the TD. Again, thisresult is expected. Whilea
grongly MD oriented film will have poor tear properties long that same direction, the
orientation serves to enhance tear propertiesin the TD as it more difficult for the tear to
propagate perpendicular to the chain axisthan pardld. Because increasing the FLH
produces aloss of preferred MD orientation, the tear resstance along the TD is observed
to decrease as expected. To determine how well the tear properties are balanced within
each film, the Elmendorf tear data are re-plotted in Fig.3.29 astheratio of TD/MD tear.
As anticipated, those films processed at the highest FLH show the most balance.
Additionaly, the HDPE-B films conagtently show better balance than the HDPE-A films
under identical processing conditions. Taking the ratio of the TD to MD tear resstances

acts to normaize out the effect of film thickness.

124



HDPE-A HDPE-B

120
100 - 4 =
v
80 - 4 A
C)
© 60 + .
()
|_
a)
v v L]
= 40 —+ .
[ ]
v ° -
20 - . A + v A
]
v - [ J
° [ ]
0 T T T T T T T T T T
10 20 30 10 20 30
Thickness (microns) Thickness (microns)

Figure 3.27. Elmendorf tear results. Test conducted dong film MD. () — FLH = 23 cm,
(0)—FLH=38cm, () —FLH =54 cm
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Figure 3.28. Elmendorf tear results. Test conducted dong film TD. (O0) — FLH =23 cm,
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Thus, any trend with respect to thickness will be an indicator of orientation induced
effects asaresault of changing the draw down rate. Interestingly, the influence of draw

down rate on tear balance appears to be non-exigtent.

3.6.2 Dart Impact

A second test commonly used to quantify the resistance of afilm to tear isthe dart
impact test, ASTM D1709. Thistest differsfrom the Elmendorf test in that the dart
imposes a 9 multaneous deformation along both the MD and TD. The deformétion rate
of the dart test isdso greater than that of the EImendorf tear test. Dart impact results are
an indicator of afiln'sability to resst puncture. Because the test involves rapid
deformation adong both the MD and TD smultaneoudy, any imbaance or weaknessin a
given direction will be reveded by an asymmetric puncture. Furthermore, the puncture
resstance will only be as strong as the weakest link in the film. Thus, the dart impact test
isgenerdly asengtive indicator of imbalanced properties within the film plane. The dart
impact results are given in Fig.3.30. Aswith the Elmendorf tear results, the data have not
been normdized with respect to film thickness.  The results obtained for HDPE-A are
graightforward. Increasing the FLH leads to a more balanced orientation state, thus the
dart impact is seen to increase with FLH. The dart impact is dso seen to increase with
film thickness, as expected, since athicker film will require a greeter force to achieve
puncture, dl other factors equal. The results for HDPE-B are perplexing. Whilethe
medium (38 cm) FLH films appear, on average, to give the best dart impect, the
magnitude of the error bars are such that the data overlap with those of the highest (54
cm) FLH. Of greatest interest is the dart impact trend as afunction of film gauge. The
thinner films of HDPE-B appear to have better dart impact res stance despite the fact that
the data have not been normalized for thickness. These results suggest that the thinner
gauge HDPE-B films have better orientation balance than the thick films, and thus
produce better absolute dart impact resistance values, even though they are not as thick.
Comparing the SAXS (Fig.3.10 and Fig.3.12) and WAXS (Fig.3.6 and Fig.3.7) patterns
of films 54-20-B and 54-12-B it can be seen that the thinner gauge films have greater

orientation baance.
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It is not completely understood at this time why the dart impact properties of the HDPE-
B films show a clear dependence on film gauge while the TD-MD Elmendorf tear ratio
doesnot. The differences in behavior between the two resins can be seen by plotting the
normalized dart impact resstance as shown in Fig.3.31. Here the benefits of the thinnest
gauge HDPE-B films are didinctly seen in rdation to the others.

In an attempt to better understand the differences in mechanica response between
the resin types, stress-strain data were obtained for the two thinnest gauge, highest FLH
films 54-12-A and 54-12-B. The tests were conducted pardle to the MD, paralld to the
TD and at an angle of 45° to the MD. If the dart impact properties are afunction of the
balance of mechanica response in the film plane, based on Fig.3.30, film 54-12- A should
show marked anisotropy while 54-12-B should appear more balanced. The results of the
stress-strain tests are presented in Fig.3.32. Indeed, the HDPE-B film does show amore
bal anced response than the HDPE-A film. Also note that HDPE-B film has a greater
tendency to yield in each measured direction, further suggesting that it may be more
efficient at absorbing the energy of impact.

The relative levels of mechanica anisotropy between films 54-12-A and 54-12-B
can be noted directly by examining the puncture shape, after failure, produced by the dart
impact test. Photographs comparing these two films are shown in Fig.3.33. These
pictures make it clear that the tearing experienced by film 54-12-B isisotropic while film
54-12-A ishighly anisotropic. Recall that the WAXS and SAXS data suggested that the
cryddline orientation of film 54-12-B was the most balanced, and possessed the second
greatest dart impact resstance, of the films studied. It isdso interesting to note that film
54-12-A displays preferentid tearing aong the TD, suggesting that it contains grester
chain orientation aong the TD relative to the MD. However, the Elmendorf tear results
for thisfilm suggested the orientation imbaance was skewed in favor of the MD. While
both the dart impact and Elmendorf tear tests provide a measure of afilm's ability to
resist tearing, the different rates of testing involved with each test evidently result in
different modes of falure which are contralled by film morphology.
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Figure 3.33. Photographs of films 54-12-B (upper) and 54-12-A (lower) after failurein
dart impact test. Film MD vertical. Note that 54-12-B displays a nearly isotropic
puncture, indicative of balanced in-plane mechanica properties, while tear propagation
adong TD in 54-12- A suggests chain orientation aong TD which is greater than MD for
thisfilm.
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3.7 Processing-Structure Relationships — Discussion

Thusfar it can be appreciated that substantia differences exist in the manner in
which each of the two resinsinteract with the process, under identical conditions.
Vaying levels of orientation have been observed which have a marked influence on
mechanica properties. This section will attempt to make connections between the
process conditions and end Structure by noting how the two resinsinteract with the
process. Recall from the resin characterization section that HDPE-A is of greater average
molecular weight and possesses alarger high molecular weight tail than HDPE-B. These
facts, combined with the determined absence of LCB content, suggest that HDPE-A will
be the more dowly relaxing resin. It isthus expected that HDPE-A will be more proneto
form more oriented structures when processed under identical conditions, relative to
HDPE-B. Furthermore, extrapolating the rheologica data to sheer rates relevant to the
processing conditions, HDPE-A is expected to have a greater viscosity, and thus generate
greater stresses.

In this study there are three primary process variables which determine each
films dructure; resin type, frogt line height, and film gauge (draw down rate).
Describing the effects due to differencesin resin typeisrdatively sraghtforward. As
stated above, due to its dow relaxing character, HDPE-A is more susceptible to
orientation and orientation retention than HDPE-B. Deformation due to draw down
(MD) or bubble expansion (TD) will have a more pronounced effect on films produced
usng HDPE-A. Thislogic is subgtantiated by HDPE-A'’ s tendency to form a strongly
uniaxid film a the lowest FLH and adidtinct, planar bimoda orientation at the highest
FLH. Vaying amounts of orientation ong the MD and TD are imparted to the melt by
the draw down and bubble expansion deformations respectively, the results of which are
captured in the find film structure of HDPE-A. Resin HDPE-B isdso strongly
influenced by the process stresses as evidenced by its strong uniaxia orientation at the
lowest FLH. However, because HDPE-B undergoes more rapid relaxation, reative to
HDPE-A, less orientation is frozen into the structure & the frost line. Thus, because
HDPE-B disorients more rapidly from the imposed siresses than does HDPE-A, the state

of planar orientation obtained is more baanced, or lessbimoda. Evidence of this
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behavior was well noted in the earlier WAXS and SAXS patterns presented. Therelative
balance in tear and stress-gtrain behavior of HDPE-B relative to HDPE-A & the highest
FLH (those conditions under which the differencesin relaxation behavior should be most
pronounced) further bolster this argument.

The analyss of the effect of FLH on orientation is more complicated. Two
effects may be leading to the increased amount of TD stacked materid with increasing
FLH. Firg, it isimportant to recognize the subtle changes which occur in bubble shape
whenthe FLH israised. A schematicis provided in Fig.3.34 to illustrate. Note that
increasing the FLH leads to a decrease in the neck diameter prior to expansior™. Thus,
the effective BUR increases with FLH. Thismay well be one reason why increasing the
FLH is effective in increasing the amount of TD stacked materid.

The second effect is related to mdt relaxation times. A comparison of crystdline
content as a function of processing conditions for the films studied is given in Fg.3.35.

It can be seen that the overdl crystaline content of al of the films sudied are very
amilar. Therefore, the crystaline content of afilm processed at the lowest FLH can be
considered to be approximately equivaent to that of afilm processed at the highest FLH.
It then follows that the formation of TD stacked materid, with increasng FLH, must
occur a the expense of materid stacked dong the MD. This observation leadsto the
question: What is the orientation tate of the materiad which becomes oriented dong the
TD just prior to bubble expansion? Was the materia unoriented (relaxed) or wasiit
oriented dong the MD? If those chains which become oriented dong the TD during
bubble expansion were drawn from the pool of materid oriented aong the MD, then it
would be expected that greater amounts of MD orientation in the neck should lead to
greater levels of TD orientation as more materid will be available for reorientation.
However, the opposite effect is observed. Asthe FLH isincreased, and hence MD
orientation in the neck just prior to bubble expansion decreases, the amount of TD
stacked materid increases. Thelevel of MD orientation must decrease with increasing
FLH because increasing the FLH alows more time for raxation dong the MD. The
FLH effect implies that the materid which orients dong the TD is drawn from the pool of
materia which is not substantidly oriented just prior to inflation. Apparently chains
which are oriented aong the MD cannot readily become reoriented along the TD.
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Figure 3.34. Effect of FLH on bubble shape. Arrows indicate regions of decreased stak
diameter (neck in), prior to bubble expansion, which result in greater effective BUR.
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However, because a chain’s propensity to become oriented, and stay oriented, is
proportiond to its length, it is reasonable to assume that those chains which do become
oriented aong the TD will be the longest chains in the system, which did not remain
oriented dong the MD & the inflation point. Thisfraction of chains represents materid
which is of sufficient length to become oriented initialy, but short enough to
subgtantialy relax while traversng the neck region. By this reasoning, subtletiesin the
MWD should play akey rolein determining the relative amounts of MD and TD stacked
materia formed for agiven set of processing conditions. Note aso that becausethe TD
expanson occurs later in the process than the MD gtretching, the bubble will be cooler,
and hence more susceptible to becoming oriented. Thus, asthe FLH isincreased melt
grain more regdily resultsin TD orientation.

In this study the most difficult effect to addressisthat of film gauge. Thinner
gauges were achieved by increasing the draw down rate. One can expect two primary
effects due to increased draw down, greater process stresses (greater acceleration of the
melt) and decreased time for relaxation, as the mdt will move more rgpidly from the die
exit tothefrogt line. Itisclear that greater stresses are imparted to the bubble by down
gauging. The high gtress crysdlization conditions noted in the pole figure data provide
definitive evidence for this. At firgt glance, thiswould imply that increasing the draw
down rate should decrease the amount of TD stacked materid, as a greater fraction of the
chainswill be become oriented dong the MD. This however, ignores two key points.
Most importantly, as the degree of stalk diameter reduction is related to the stress levels
present in the bubble, increasing the DDR acts to increase the effective BUR, in the same
manner that raising the FLH does, as discussed above. This greater effective BUR at
higher processing stresses will favor the formation of additional TD stacked materid.
Furthermore, increasing the DDR leads to a greeter film velocity. Thisincreased velocity
affordsless time for relaxation in the neck, which affects MD orientation, and after
bubble expansion, which affects TD orientation. Thus, increasing the DDR dlows chains
with rapid relaxation rates to be “captured” in an oriented state. The net effect of
increasing the draw down rate is to make a greater fraction of the molecular weight
digribution avallable for orientation. Again it seemslikely that subtle differencesin
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molecular weight digtribution will play a mgor role in determining the amount of
material which becomes stacked along the MD and TD.

3.8 Conclusions

Thiswork has focused on ucidating the relationships between processing
conditions, morphology, and tear performance in blown films produced from two HDPE
resins of differing average MW and MWD. The results have been presented in the
context of bubble shape and molecular rlaxation. It is quite apparent from the results
that under the conditions studied, increasing the FLH leads to a greater proportion of TD
sacked material. Those films produced at the lowest FLH produced a uniaxid texture
while those at the highest FLH demonstrated a biaxid orientation. It was hypothesized
that the longest chains lead to the formation of MD stacked materid. In contrast, TD
oriented chains were argued to be those which were long enough to initialy become
partidly oriented along the MD, but were able to subgtantialy relax while traversng the
neck region, prior to the expanson point. Bubble inflation leadsto TD orientation, which
can become rapidly frozen into the film due to the proximity of the expanson point to the
frod line. Essentidly, the high stalk process can be conceptudized as conssting of two
inter-related, but distinct processes. The first conssts of MD sretching and relaxation in
the neck region. The second is bubble expansion, resulting in TD expanson. The level
of orientation induced in each step is afunction of the resn’s relaxation behavior, the
time scae (dtrain rate and quench time) of the step, and the stresses generated.
Conditions which lead to greater dress levelsresult in alarger effective BUR, thus
favoring the formation of TD stacked materid.

Rheologica characterization, coupled with GPC results, demonstrated that
HDPE-A undergoes molecular relaxation more dowly than HDPE-B and has a greater
viscosity. These factors cause HDPE-A to be more susceptible to the orienting influence
of the process. It isfor thisreason that HDPE-A was observed to form more “ extreme”

orientation sates. This difference between the films resulted in structures which were
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more baanced in the plane of the film for HDPE-B (planar-baanced) in contrast to
HDPE-A (planar-bimodal) at the highest FLH.

Findly, the results of tendle sress-strain tests demonstrated that HDPE-B’'s
mechanical properties were indeed more balanced in the film plane. This gresater balance
would appear to be beneficid for producing tear and puncture resstant films. It was
interesting to note that, under the conditions studied, it was possible to produce greater
baance in the plane of the film for HDPE-B by down gauging. The same was not true
for HDPE-A. Thisfind result serves to demondrate the complex nature of the
interaction between the molecular weight and its distribution of aresin with the process
during blown film fabrication.
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Chapter 4

Correlation of Moisture Vapor Transmission Performance with Structure-
Property-Processing Relationshipsin Blown High Densty Polyethylene

Flms

4.1 Introduction

Among the factors, dong with low cost, which make high density polyethylene
(HDPE) atractive for use in packaging applications, isits ability to act as a barrier to the
passage of moisture. Consdering the hydrocarbon character of the repeat unit and the
symmetric nature of the chain, which makes the attainment of subgtantid crygdlinity
possible, it is readily evident why HDPE is an effective moisture barrier.  Because the
barrier performance, on athickness bas's, of al HDPE blown films are not the same,
even for films produced from identica resns, it is gpparent that variables other than
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chemica gructure play arole in determining the permeetion characterigtics of agiven
film. Assuming that HDPE films can be adequately represented by atwo phase
morphologica model, conssting of separate amorphous and crystaline domains with
well defined boundaries, the two most likely sources leading to the observed variation in
barrier propertiesin HDPE films are: 1) differences in the relative volume fractions of
crystdline and amorphous materid, and 2) differencesin the distribution and orientation
of cryddline materid within the film. Additiona sources of variahility do exigt, such as
the effect of amorphous phase orientation, but these will not be investigated here in
detail. The morphology and crystaline content of ablown film are functions of the
processing conditions and resin used to produce the film. More specificaly, end film
morphology is determined by the interaction between the resin and the process. Thus,
with the god of understanding how the moisture barrier performance of HDPE films can
be maximized, this chapter will investigate how resin and process variables interact to
yield variationsin find film sructure. These morphologica states will then be rdated to
ameasure of moisture barrier performance, the moisture vapor transmisson rate
(MVTR). Asaresult, those resin and processing variables which are most advantageous
to barrier performance will be identified.

The chapter will begin with a brief review of the factors which influence
permegtion in semicrystdline polymers as wdl as the morphological textures typicaly
found in blown PE films. Next, the experimentd details are presented followed by the
resin characterization results. The crygtaline content and orientation in the filmsisthen
addressed with respect to resin and processing variables. Becausethe MV TR dataare
discussed primarily in the context of the overal processng-structure trends, its
presentation is delayed until the end of the chapter.

4.2 Background Information

4.2.1 Diffusion in Semicrystalline polymers

A brief review of the fundamenta concepts rdative to diffuson in semicrystdline
polymerswill be undertaken. Thiswill give the reader an gppreciation of the basic
mechaniam by which crystd orientation in the find film can affect barrier performance.
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The discussion will only congder diffusion in one dimension, under steady Sate
conditions, with no bulk flow of the permeseting species. Furthermore, it will be assumed
the diffusng molecules move through the matrix independently, that is each penetrant
moleculeisfully solubilized in the matrix. The diffuson of smal molecules through a
polymeric matrix can roughly be divided into three regimes* When the rate of molecular
relaxation is much more rapid than the rate of diffusion, the diffuson behavesina
manner typicaly referred to as Fickian. Under these conditions the penetrant molecules
move in arandom wak with the concentration gradient as the driving force for net
moation. Thistype of diffusion is gpplicable to polymeric materids above Tg (i.e. rubbery
materias). Becausethe Tg of PE iswell below room temperature this mode of diffusion
is applicable to thisstudy. The other two regimes of diffuson behavior in polymeric
meterials will not be discussed here, as they relate to the Situations where the rate of
diffuson is much more rgpid than molecular relaxation (glassy materias), or the rates of
diffuson and molecular relaxation are of the same magnitude.

Under steady state conditions, the rate of permeation through a rubbery matrix is
generdly consdered to be afunction of two independent variables; the coefficient of
permeant solubility in the matrix, S, and the coefficient of permeant diffusivity in the
matrix, D. Thesmplereétion is provided in the equation below.

P=3D Eq.4.1

The solubility can be thought of as proportiond to the number of sites available for
dissolution of the permeant, while the diffusivity is related to the resistance of movement
from one Ste to the next. To accurately describe the permeation behavior of a permeant
through a semicrystdline polymer above Tg, this equation must be modified to take into
account the impermegbility of the crystdline phase relative to the amorphous phase. The
much lower levels of chain mobility in the crystaline phase, in comparison to the
amorphous phase, has been used to account for the wide disparity in permestion rates
between the two phases’. Because the density of the crystalline phasein most
semicrystdline polymersis greater than that of the amorphous phase, the permestion rate
is further hindered in the crystallites. Thisis the case for PE with amorphous® and
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arysdline® phase densities of 0.855 g/cnt and 1.011 g/ent® respectively. Based on the
assumption of an impermesble crysdline phase, it follows thet the solubility and

diffusvity coefficients of a permeant in the bulk film will be functions of the film's
amorphous content, as shown below where X, is defined as the amorphous phase volume
fraction, and Sy and Dy are the intringc amorphous phase solubility and diffusivity
coefficients of the permeant-polymer pair respectively.

S=SX,, Eq.4.2
D =DyX,, Eq.4.3
P=§D,x, Eq.4.4

Here, the intringc solubility and diffusivity of the permeant in the amorphous phase are
considered to be independent of the overdl crystaline content. This may not be
rigoroudly correct as the crystdline phase may act to restrict the motion of amorphous
chains. Recognizing this shortcoming, this smple “first approximation” relationship
postul ates thet the rate of moisture permestion will scae with the square of the
amorphous content. Thus, resin or process variables which have animpact on the
crystdline content of the film should have a mgor influence on barrier performance.

Equation 4.4 implicitly assumes that the crystaline domains are isotropic in shape
and digributed evenly throughout the film. This assumption isinvalid for PE asit is
known to crystdlize in the form of thin, chain folded lamellar sheets. The shapes of the
cryddline domainsin PE are highly anisotropic. To account for this adightly different
relationship has been proposed?.

P=yP,x,,/B (Eq.4.5)

The new terms are; P, the intrinsic permeability of the amorphous phase, g the “ detour
ratio”, and B, the blocking factor, where gmay take on vaues between from 0-1 and B is
greater than 1. In Eq.4.5 the influence of amorphous content is represented both
explictly, and implicitly through the detour retio. At the heart of this equetion isthe
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concept of the tortuous path. A permeant molecule passing from one side of a
semicryddline film to the other cannot do so via adirect path, perpendicular to the
surfaces of the film. Because the crystdline lamelae are essentialy impermesble to the
diffusant, it must travel a distance greeter than the thickness of the film as it makesit way
around and in between the lamellae. The Sze and orientation of the lamdllae will
therefore play akey rolein determining how large a distance this tortuous path
represents. It can be easily envisoned that the permetion rates for two films of equa
crystdline content, one with a random orientation of lamellae (spherulitic), and the other
with lamellae neatly stacked with their surface normals perpendicular to the surface of
the film will be quite different. The former will present atortuous path to the permeant
while the latter provides channels of continuous amorphous material spanning from one
surface of the film to the other. The purpose of the detour ratio in Eq.4.5 isto account for
this phenomenon. The blocking factor, B, isincluded to account for the presence of
amorphous channels between crystaline materia which are not large enough to
accommodate the permeant molecule. Obvioudy then, the magnitude of the blocking
factor will depend not only on the morphologica details of the polymer, but aso on the
Sze of the diffusng species.

In theory, for Smple geometries and digtributions of crystaline materid within an
amorphous matrix, it should be possible to calculate the values of gand B. Dueto the
complexities of the morphologies commonly encountered in non-quiescently crystalized
(eswdl asin quiescent, sphereulitic materias) polymers, such an gpproach is not
feasble. Neverthdess, Eq.4.5 does servetoilludrate, if not quantify, the basic
phenomena which are important in determining the rate of permesation through a
semicryddline film.

4.2.2 Structure Formation
Many decades of research have been conducted in the area of blown
polyethylenefilms. Assurveyed in the literature review, early work by numerous authors

has led to a basic understanding of how structure develops during PE film blowing® 2.
The basic consensus formed by this early body of work is that the blown film process,
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under conditions relevant to industrid film production (i.e. MD stresses greater than TD
gress=s), results in HDPE films with preferentia orientation of the “b” crystd axis
perpendicular to the MD, whilethe“a’ and “c” crystal axes tend to orient between the
MD and film norma (ND).

The morphologica description of these films has typicaly been visudized in
terms of the Keller-Machin (K-M) row nucleation modd. Work by Keller has been very
successful in describing the mechaniam of sructure formation in semicrysaline
polymers, asit arises from oriented mets and solutions, in terms of row nucleated
arystdlization**. A more complete description of the model can be found in the literature
review section, though a brief review is believed to be of benefit here. The K-M modd
postulates that the stresses imparted by the flow field upon a polymer coil can lead to a
partid extenson of the chain dong the direction of flow. Asthe temperature is lowered,
it becomes possible for asmal amount of materid to crysdlize in this semi-extended
and oriented state. Thismaterid is referred to as afibril or fibril nucleus. Subsequent
crygdlization of the bulk occurs in a chain folded manner, nucleated from ether the
oriented fibrils, impurities, or spontaneoudy formed nuclei. The latter two modes of
nucleation will, in theory, produce crystdlites with random orientation. However, it is
possible that stresses exigting in the supercooled melt will lead to preferentialy oriented
crysdlization despite the random orientation of nuclegtion Sites. In contras,
cryddlization nucleated from the oriented fibrilsis well known to result in oriented
cryddlites viaepitaxia growth. Noting that the crystd axis of most rapid growth in PE
occurs dong the “b” crysalographic axis (orthorhombic unit cdll with the ¢’ axis
coincident with the chain backbone), the net effect of thefibril nuclel isto promote a
preferentid orientation of the bulk crystaline materid with its“b” axis perpendicular to
the direction of flow. For the blown film process, this condtitutes “b” axis orientationin
the TD-ND plane. During bulk crysdlization the“a’ and “c” axes may aign themsalves
between two possible orientation states. Under conditions of low stress the K-M mode
congdersthe lamdlae to twist fredy about the growth axis, the “b” axis, leading to “a’
and “c” axis orientations distributed gpproximately evenly about the“b” axis.
Furthermore, it is anticipated that the lamellae will not only twist asthey grow out from
the fibril nucleus, but they will dso curve. Asareault, the growth direction of the
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lamellae will not remain perfectly perpendicular to the deformation direction. Oriented
shedf-like structures, which resemble the early growth stages of a sphereulite, represent a
commonly observed consequence of this phenomenon.

Conversdy, under conditions of high stress, the ¢’ axistends to remain parale
to the direction of imposed stress, leading to a preferentid orientation of the “a’ and “b”
axis perpendicular to the principa stressdirection. In the blown film process the high
dtress condition results in orientation of the “c” axis aong the MD with the“a’ and “b”
axeslying inthe TD-ND plane. Stressleveds between the low and high regimes lead to
orientation states between these two extremes.

The K-M modd of row oriented crystalization makes no prediction as to the Sate
of amorphous orientation thet is obtained. Asoutlined in the literature review,
conflicting results have been obtained in the literature. Obvioudy, the state of chain
packing in the amorphous phase will have an impact on the diffusion behavior. Because
no generd correlation has been found to directly link the states of amorphous and
crystdline phase orientation, this sudy will initidly congder the sates to be formed and
exist independently, though thislikdy is an overamplification. Steted in an dternate
manner, the presence of crystaline orientation will not lead the author to assume any
specific state of amorphous phase orientation.

It can be gppreciated from this brief review thet it is possble to obtain awide
range of oriented lamelar morphologies using the blown film process. It will be the god
of this study to investigate how the various crystaline orientation states and structures
affect the tortuous path through the film, thus influencing the permeation behavior.

A brief review of some literature results demondrates that overd| crystdline
content and orientation have measurable effects on permestion behavior. While most
studies have not focused on water as the permeant, the results are il generaly
applicable.

A representative study by Ng™> examined the permesation behavior of toluenein
unoriented and plagticaly deformed HDPE films. This study found, as did dl of the
subsequent studies cited herein, that the permestion rate decreased with increasing
crystdline content. It was aso demonstrated by Ng that the amor phous phase diffuson
coefficient in isotropic films decreased as the crystaline content increased. This result
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suggested, as expected, that a higher crystaline content can be associated with amore
tortuous path, per unit amorphous phase. Furthermore, drawing in the solid state was
observed to profoundly decrease the permestion rate and the equilibrium sorbed
concentration. Ng concluded that the smdl increase in crystdlinity upon drawing could
not account for this dramatic change, thus orientation effects were important. This result
demonstrates how orientation can actualy decrease the rate of permeation. However, the
results of this study, and indeed many of those found in the literature, on oriented
samples, are for gpecimens which possessed an initid spherulitic morphology from which
orientation was induced by cold drawing. This method of producing orientation resultsin
morphologies which are very different from those produced viamet deformation (i.e.
film blowing). Indeed, the authors describe the end morphology after drawing as
fibrillar, rather than lamdlar. It is also anticipated that the state of amorphous
orientation induced by cold drawing will be substantially greater than that induced by a
melt process. Infact, thisisthe conclusion reached by Ng et d. Cold drawing of the
gpecimen Smultaneoudy destroys the origina lamdlar morphology and increases the
taughtness of the amorphous chains through which the permeant moleculestravel. This
is asociated with an increase in dendity of the amorphous phase, and thus a decrease in
free volume. The authors attribute the decrease in permeant sorption Sitesto this
decrease in freevolume. Similar results have been published by Peterlin for low dengty
polyethylene and HDPE using methylene chloride®®. These studies demonstrate tortuous
path effects, and the influence of high levels of amorphous phase orientation on the
permestion process.

Direct evidence that the rate of permestion is influenced by the sate of lamellar
orientation has been provided by Eby'’. In this study sheets approximately 0.2 mm thick
of PE were mdt pressed utilizing three cooling procedures which can loosdly be defined
as quenched, intermediate, and dowly cooled. Microtomed sections of these films
revealed, viaoptical microscopy, that a skin layer roughly 60 mm thick, digtinct from the
gphereulitic morphology of the core, was formed in the quenched films. This surface
layer was reasoned to consst of lamellae which nucleated at the surface and grew
perpendicular to the sheet normd, thereby creating amorphous channd s with preferentid
orientation aong the sheet normal. Such channels would be expected to enhance the rate
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of permeation. WAXS measurements confirmed the orientation state of the surface layer.
Upon remova of the surface layer by grinding, the permestion rate of ethane through the
sheets, corrected for the change in thickness, was found to decrease. Thus, Eby
concluded that the surface layer, composed of lamellae oriented such that their thickness
direction is normd to the surface, was less effective at blocking the permeant molecules
than the randomly oriented, sphereulitic materid found in the core. Some caution should
be observed in the interpretation of these findings as the grinding step may dter the
origind morphology of the sample, though the author reported no sgnificant changein
dengty or crygdline orientation of the bulk after grinding.

In depth studies in the literature which specificaly address the permestion
behavior of water through blown films of high density polyethylene are surprisingly rare,
despite the commercid sgnificance. Indeed, as discussed in the literature review
chapter, these studies are primarily limited to trade journals'®22. Most studies focusing
on the permesation behavior of HDPE in the technicd literature do not dedl with blown
filmsh215-17:2327 " However afew studies concerned with oxygen and/or water
permesbility through HDPE blown filmsin the technicdl literature can be found®®=°.

Two basic conclusons have been drawn from these limited sudies. The firgt, films with
greater crystaline content provide a better barrier to the passage of moisture. The
second, those process and resin variableswhich are least likely to promote preferentidly
oriented crysalization along the MD produce better barrier HDPE films. Unfortunately,
the processing, rheologica, and morphologicd details of these studies tend to be lacking.
Thus, to fill thisvaid, it isthe god of this chapter to invedtigate, in detall, the Structure-
property-processing reaionships of blown HDPE films in the context of moisture barrier
performance.

Unfortunately, the ambitious goas of this chapter had to be scaled back dueto the
loss of the project sponsor, Chevron, midway through the research. A corporate merger
between Chevron and Phillips led to the departure of nearly al of those associated with
the project. The st of films examined represent the origind design of experiment,
suggested and produced by Chevron staff. The origind research plan cdled for the
production of additiond films, after examination of theinitid set, for further examination

of afew key variables. Without access to Chevron'sfacilities, no such films could be
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produce, thus greetly limiting the scope of the research. Despite this difficulty, a
subgtantial body of data which forms the content of this chapter was collected from the
initid st of films.

4.3 Experimental Methods

Thefilmsand MVTR andyss, aswell asthe resns and GPC andyss, were
supplied by Chevron as part of a collaborative research effort. The processing conditions
and resin associated with each film are summarized in Table 4.1. The blow up ratio
(BUR) was held congtant at avalue of 2.9 for al films while extruder output, die gap,
frost line height (FLH), and line speed were varied for sdected samples. Thereader is
asked to note the conditions used to produce film sl: output = 100 Ib/hr, die gap = 0.16
cm, frogt line height = 15.25 cm, line speed = 90 ft/min. This set of parameters will be
referred to asthe “ base set” of processing conditions. In the text, any description of the
conditions used to make a specific filmwill be referenced relative to this base set of
conditions. Thus, film s2: output = 100 Ib/hr, die gap = 0.16 cm, frost line height = 15.25
cm, line speed = 45 ft/min, would be described as processed under conditions of
decreased line speed. The combination of process variables utilized resulted in the
production of three film gauges: 0.76 mil, 1.23 mil (base conditions), and 2.46 mil.

MVTR analysis was conducted by Chevron in accordance with ASTM D-160.
Four measurements were made on each film studied. A summary of the GPC data
obtained by Chevron gtaff for the twelve resins can be found in Table 4.2.

WAXS patterns of the films were obtained using a Philips 1720 tabletop generator
(40 kV, 20 mA) to produce Ni filtered CuK a radiation of wavelength 1.54A. A Warhaus
camera under vacuum was used to obtain flat plate photographs of the scattered intensity
for exposure times of 1 hour. Multiple layers of film were stacked such that the MD and
TD directions remained pardld from one layer to the next, producing asample
gpproximately 1mm thick for examination. Additiond WAXS pole figure data were
collected on selected samples at AMIA Labs of The Woodlands, Texas.
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Table 4.1. Summary of key parameters for each film sudied. MI = mdt index, BUR =

blow up ratio, QT = quench time parameter, MD = machine direction extension
parameter, MV TR = moisture vapor transmission rate in g-mil/100%/day

Die  Frost Line Average
Sample catalyst MI Output Gap Line BUR Speed Gauge QT MD  MVTR
(Ib/hr)  (cm)  (cm) (ft/min) (mil) (sec.)
S1 CrO 1 100 0.16 1525 2.9 90 123 158 1417 0.27
S2 CrO 1 100 0.6 1525 2.9 45 2.5 3.06 7.09 0.25
S3 M 0.9 100 0.16 1525 29 90 123 158 14.17 0.26
S4 M 0.9 100 0.16 1525 2.9 45 2.5 3.06 7.09 0.26
S5 M 0.85 100 0.16 1525 2.9 90 123 158 1417 0.27
S6 M 0.85 100 0.16 1525 2.9 45 2.5 1.04 7.09 0.23
S7 M 1.5 100 0.6 1525 2.9 90 123 158 1417 0.26
S8 M 1.5 100 0.16 10 2.9 90 123 1.04 1417 0.29
S9 M 1.5 100 0.1 1525 2.9 90 123 155 8.86 0.26
S10 M 15 62 0.1 1525 29 90 0.76 158 1429 0.27
S11 M 15 100 0.16 1525 2.9 45 246 3.06 7.09 0.24
S12 M 035 100 0.16 1525 2.9 90 123 158 1417 0.30
S13 M 0.35 100 0.16 10 2.9 90 123 1.04 1417 0.32
S14 M 0.35 100 0.1 1525 29 90 123 155 8.86 0.30
S16 M 035 100 0.16 1525 2.9 45 246 3.06 7.09 0.29
S17 CrO 1 100 0.6 1525 2.9 90 123 158 1417 0.25
S18 CrO 1 100 0.16 10 2.9 90 123 1.04 1417 0.28
S19 CrO 1 100 0.1 1525 29 90 123 155 8.86 0.28
S20 CrO 1 62 0.1 1525 29 90 0.76 158 1429 0.27
S21 CrO 1 100 0.6 1525 2.9 45 246 3.06 7.09 0.26
S22 CrO 1.7 100 0.6 1525 2.9 90 123 158 14.17 0.25
S23 CrO 1.7 100 0.16 10 2.9 90 123 1.04 1417 0.29
S24 CrO 1.7 100 0.1 1525 29 90 123 155 8.86 0.27
S25 CrO 1.7 62 0.1 1525 2.9 90 0.76 158 1429 0.28
S26 CrO 1.7 100 0.16 1525 2.9 45 246 3.06 7.09 0.22
S27 M 0.8 100 0.16 1525 2.9 90 123 158 1417 0.27
S28 M 0.8 100 0.16 1525 2.9 45 246 3.06 7.09 0.26
S29 M 0.6 100 0.6 1525 2.9 90 123 158 1417 0.28
S30 M 0.6 100 0.16 1525 2.9 45 246 3.06 7.09 0.26
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Die  Frost Line Average
Sample catalyst MI Output Gap Line BUR Speed Gauge QT MD  MVTR
(Ib/hr)  (cm)  (cm) (ft/min) (mil) (sec.)
S33 M 201 100 0.16 1525 2.9 90 123 158 14.17 0.28
S34 M 201 100 0.16 1525 2.9 45 246 3.06 7.09 0.23
S35 M 093 100 0.16 1525 2.9 90 123 158 1417 0.27
S36 M 0.93 100 0.16 10 2.9 90 123 1.04 1417 0.30
S37 M 0.93 100 0.1 1525 29 90 123 155 8.86 0.30
S38 M 0.93 62 0.1 1525 29 90 0.76 158 1429 0.28
S39 M 093 100 0.16 1525 29 45 246 3.06 7.09 0.24
S40 M 095 100 0.16 1525 2.9 90 123 158 1417 0.27
S41 M 095 100 0.16 10 2.9 90 123 1.04 1417 0.27
S42 M 0.95 100 0.1 1525 29 90 123 155 8.86 0.30
S43 M 0.95 62 0.1 1525 29 90 0.76 158 1429 0.27
S44 M 095 100 0.16 1525 2.9 45 246 3.06 7.09 0.24
S45 M 055 100 0.16 1525 2.9 90 123 158 1417 0.27
S46 M 0.55 100 0.16 10 2.9 90 123 1.04 1417 0.29
S47 M 0.55 100 0.1 1525 29 90 123 155 8.86 0.30
S48 M 0.55 62 0.1 1525 2.9 90 0.76 158 1429 0.31
S49 M 055 100 0.16 1525 2.9 45 246 3.06 7.09 0.27
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Onedimensond SAXS data was collected using a Braun position sensitive
detector fitted to an evacuated Kratky compact camerawith dit columnation. A Philips
1719 tabletop generator (40 kV, 20 mA) was used to produce Ni filtered CuKa radiation
of wavelength 1.54 A. Intensity datawas corrected for parasitic scattering and
normaized relative to a Lupolen standard.

Smadl angle light scattering (SALS) datawas obtained by recording the scattering
profiles obtained with aHe-Ne laser ( &= 632.8 nm) on Polaroid film. Crossed
polarization of the polarizer and analyzer were used in dl cases, thus only H, patterns
were recorded. The sample to film distance was fixed a 10 cm, while the exposure time
was varied, based upon film thickness, to yield appropriate levels of brightness and
contrast. Each sample conssted of asingle layer of film sandwiched between two glass
dides. Furthermore, spurious scattering from the surfaces of the film was reduced by
coating each side of the film with a non+interacting slicone based ail of refractive index,
1.530.

Field emission scanning eectron microscopy (FESEM) was utilized to observe
the surface structure of the films. A Leo system 1550 FESEM at an operating voltage of
2 kV was utilized. Samples were prepared for viewing by sputtering with afive
nanometer thick layer of PlatinunvPdladium.

Transmission dectron microscopy (TEM) results were obtained using the
following procedure. Small rectangular samples were carefully cut from the origind
films, such that the film MD and TD could be identified throughout the process, to serve
as reference axes during observation. These samples were stained in chlorosulfonic acid
for 6 hours at 60 °C, and subsequently rinsed in concentrated sulfuric acid three times
followed by three additiond ringng stepsin water. The staining procedure was required
to obtain sufficient contrast between the amorphous and crystaline phases. The stained
samples were then embedded in an epoxy matrix and cured at room temperature
overnight. The embedded samples were ultramicrotomed with a diamond knife to
produce cross sections approximately 80 nm in thickness. These thin sections were then
soaked in asolution of uranyl acetate (0.7 wt%) for one hour to enhance stability in the
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microscope. Viewing was performed on a Philips EM 420 TEM at an operating voltage
of 100 kV.

Measurements of the films' refractive indicesin three orthogonad directions (MD,
TD, and ND) were obtained using a Metricon 2010 prism coupler. In addition to usng
the values to calculate birefringence data, the average va ues from these measurements
were used to determine crystaline content by applying the Lorentz- L orenz equation as
discussed by others®32. Individud vaues of the refractive index were found to be
reproducible within gpproximately +/- 0.0003.

Complex viscosity data was obtained using a TA instruments AR 1000 rheometer.
A pardld plate configuration with 1.5 mm gap, was used to collect data at a strain
amplitude of 5% over afrequency range spanning from 0.314 —314 rad/sec at 160, 190,
210, and 220 °C. Samples were compression molded at 200 °C for 5 minutes into 1”
diameter discs suitable for usein the rheometer. A fresh sample, dong with anitrogen
purge, was utilized at each temperature.

The crystdline content of the films, as determined through the heat of melting,
was measured using a Perkin-Elmer series 7 differential scanning caorimeter (DSC). A
sample Sze of approximately 5 mg and hegting rate of 30 JC/min were employed with
nitrogen purge. Instrument cdibration was achieved using an indium standard.

The dengties of the films studied were determined by Chevron staff using a
density gradient column in accordance with ASTM D 1505-85.

Tendle sress-drain data was collected using an Instron, mode 1120, with
crosshead speed of 17/min. Dog bone shaped samples (width and gauge length of 4.5
mm and 17 mm respectively) were punched from the films dong the MD and TD
respectively. A total of 10-12 measurements were made for each film aong both
directions.

4.4 Resin Characterization

Twelve HDPE resins of varying molecular weight (MW), molecular weight
digribution (MWD), and catalyst type were studied. A summary of the GPC results can
befound in Table 4.2. Both metallocene and chromium oxide (CrO) based catalyst
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systemswere utilized. It isof interest to note that the metallocene resins used in this
study have MWDs, as evidenced by their polydispersity vaues (Pl ~ 5.5), which are
subgtantially broader than those typically associated with resins produced by these
catalyst systems (Pl ~ 2). The CrO based systems have even broader MWDS, as
expected, with PI vaues larger than eight. While the GPC curves are not available for
direct anadyd's, one can obtain an impression of the reative amounts of low and high
molecular weight species by examining the various molecular weight averages. In

Fig.4.1 the molecular weight associated with the pesk of the GPC curve (M) dong with
the first four moments of the MWD are plotted for each resin. While dl of the resins
share approximetely the same My, it is clear that the CrO resins are of broader MWD, as
evidenced by their lower M, values yet greater M,+1 vaues, rdative to the metallocene
based resins. Furthermore, the larger M1 vaues of the CrO resinsimplies that these
materials have agreater amount of high molecular weight material, which may in turn
gtrongly influence the processing characterigtics of these resins.

To better understand the potentia differences in processability among the resins,
rheologica measurements were made. Complex viscosity data as a function of frequency
and temperature were obtained for each resin as outlined in the experimenta section. For
areview of the Carraeu+Y asuda (C-Y) mode and the physicdl interpretation of the
parameters, the reader isreferred to the earlier literature review section. A summary of
the parameters obtained from these measurementsis given in Teble 4.3. Theresultsfrom
two representative samples are presented in Fig.4.2. In this plot the deformation response
of resins A and |, CrO and metallocene based materias respectively, are compared.
These two resins were chosen because, based upon the GPC results, they have identica
My values (113 kg/mal). This noted, it can be seen that their rheological behavior is
different. The dataindicates that the CrO resin has a greater rheologica dispersity, thus
it undergoes shear thinning over a broader range of shear rates. Also, if one extrapolates
the data to zero shear rate, it becomes apparent that the CrO has a greater zero shear
viscosity. Indeed, the parameters obtained from fitting the data to the C-Y mode areh o
= 73,700 and 24,900 Pa-sec, and a= 0.206 and 0.264 for the CrO and metallocene resins,
respectively. Recdl, that the magnitude of the parameter, a, isinversdy related to the
breedth of the shear thinning trangtion. Typicaly, the
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Table 4.2. Summary of GPC results. Abbreviations are asfollows. S— sample number,

MI — mdt index, M, — number average molecular weight, M, - weight average molecular
weight, M, — z average molecular weight, Pl — polydispersity index (Mw/My,), CrO —
Chromium Oxide, M — metalocene.

Resn | Caayst S Ml M Muw M., Mz | Pl
(kgma) | (kgmal) | (kgmal) | (kg/mol)
A CO [1-217-21] 1 14 113 709 | 2000 |8.08
B M 34 09 [ 23 123 620 | 1,690 [5.28
C M 56 085 23 118 550 1250 [ 5.05
D M 7711 [15 ] 21 106 546 1530 [ 5.10
E M 1216 [ 035] 27 150 713 1,850 [ 557
F CrO 22-26 | 17 13 105 696 2,050 | 816
G M 27-28 [ 08 23 131 626 1680 | 5.77
H M 29-30 | 06 24 130 644 1,700 | 542
| M 33-34 [201] 21 113 555 1570 [ 545
J M 35-39 [093] 24 115 571 1570 [ 4.77
K M 40-44 [ 095 ] 19 117 689 1,780 | 6.01
L M 4549 [ 055| 21 141 776 1910 [ 6.71

Table 4.3. Summary of rheologica parameters. The complex zero shear viscosity (ho ),
characterigtic viscous relaxation time (t ), and rheological breadth parameter (a) were
obtained by fitting complex viscosty vs. frequency data collected a 190 [IC to the
Carreau+Yasudamodd. Activation energy (E;) determined from temperature dependance
of ho . Number of long chain branches per 10,000 carbons (LCB) obtained by Janzen
Colby andysisat 190 [IC. Seetext for details.

Resn | Catdyst | MI My Pl | ho t a E. |LCB
(kg/moal) (Pas) | (9 (k¥mol)
A CrO 1 113 [ 81| 73,700 [ 0137 0.206] 21 | 0.13
B M 09 | 123 |[53]| 42,400 [ 0.103]0.267] 20 | 0.06
C M [085] 118 |[51] 42300 [0.137][0278] 26 |0.08
D M 15| 106 [5.1] 19,900 [0.051]0.276] 26 | 0.06
E M [035] 150 |[5.6]112,000|/0285[0251] 25 | 0.06
F crO | 17| 105 [8.2] 42200 [0.059|0210] 25 [0.12
G M 08| 131 |[58| 42600 |0.116]0.264] 23 | 0.05
H M 06| 130 |[54] 59,400 [ 0.137]/0268] 23 [0.07
| M [201] 113 [55] 24900 [0.052]|0264] 24 |0.06
J M 093] 115 [48] 27,700 [0.062]|0.260] 24 | 0.06
K M [095] 117 [6.0]| 74,400 [0.282]0245] 26 | 012
L M [055] 141 [6.7]115000]/0373]|0247] 24 |0.08
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Figure4.1. Pesk molecular weight (M) and first four moments of the molecular weight
digtribution for each of the resns sudied. Note that while al resins have gpproximately
the same M, the CrO resins, because of their greater MWD breadth, have lower M,
vaues and greater M1 than the metallocene based resins. Inset plot contains magnified
view of M,, through My, data.
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Figure 4.2. Ostillatory pardle plate rheometric results for two representative resns
obtained at 190 JC. Theresnsused are A (CrO) and | (Metallocene). Note that these
resins have identica vaues of M,,, 113 kg/mol. Solid lines result from fitting data to C-
Y modd. The reative shapes of the viscosity curves indicate that a broader trangtion
zone for and greater viscodity in the limit of zero shear rate for the CrO based resin.
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dependence of the zero shear viscosity of polymer melts on molecular weight increases
rapidly above the critical molecular weight for entanglement.  While below this criticd
M., adirect proportiondity is noted, above this threshold, the zero shear viscosity scales
with M,, to the 3.4 power (ho~M,>*) for linear chains. The M,, associated with this
change in behavior in PE is gpproximately 3,800 g/mol. Experimenta work by Arnett et
d.® has demonstrated that a completely linear, narrow MWD PE should obey the
following reationship a 190 °C:

h, =5.8" 10 %M 3 Eq.4.6

According to Reju**, and quoting Larsor™, “polydispersity (without LCBY) is thought to
produce little or no deviation...” from the above relationship. Because the two resins
from Fig.4.2 have identica My, but different ho vaues, it is possible that the two catdyst
technologies used in this study may produce resinswith different LCB levels. An
indication of LCB content in each resin can be found in Fig.4.3. Here the zero shear
viscosity results obtained at 190 °C are plotted dong with Eq.4.6. All of theresns
examined display postive deviations from the idedlized, linear case. The effect is
somewhat greeter in the two CrO based materials. These pogtive deviations, while
amadl, suggest that dl of the resins may posses afinite fraction of LCB materid. To
quantify this behavior, two methods of andysis were applied to the rheologicd data

It isknown that the incorporation of LCB dters the temperature sengtivity of
viscogity in polymer mdts. The effect of LCB is to increase the temperature dependence
of viscogty. Anindex of this sengtivity can be obtained by cdculating the flow
activation energy. This vaue can be obtained through time-temperature superposition of
dynamic viscosty or loss modulus data, and noting the temperature dependence of the
shift factor. Smilar results can be obtained by fitting the variation in zero shear viscosity
with temperature to afunction of Arrheniusform. The latter method was applied in the
cdculaion of flow activation energies here. A representative plot of the rheologica data
(resin C) used to produce these resultsis provided in Fig.4.4. Zero shear viscosities were
determined at each temperature by fitting the data to the C-Y modd.
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Figure 4.3. Comparison of measured zero shear viscosties at 190 [1C with theoretica
vaues for completely linear PE chains by Arnett and Thomas™.
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Figure 4.4. Complex viscosity datafor resin C obtained at four temperatures, used in
cdculating flow activation energy.
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To determine the flow activation energy, the naturd logarithms of these vaues were
plotted againgt the corresponding reciprocal temperature of measurement and the dope
determined, as suggested by the following equation:

. DEy
h(T)=Ae /X Eqa7

where DE; isthe flow activation energy, R is the gas congtant, and A isthe pre-
exponentid factor. Thisplot is shown in Fig.4.5. While vaues of roughly 23 k¥mol are
normd for linear PE materids, highly branched, low densty PE resnstypicdly yied
values on the order of 37 kd¥mol®®. The vaue obtained for the data presented in the
previous two figures, resn C, ametaloceneresin, is 26 k¥mol. The vauesfor dl of the
materials studied can be found in Table 4.3. When one considers that the error associated
with this measurement is about +/- 3 kImoal, it is evident that metallocene resin C does
indeed fdl into the linear category. Reviewing the resultsin Table 4.3 it is aso gpparent,
due to the highly smilar results obtained for each materid, that this method of andysisis
not senstive enough to discern any possible differencesin LCB among theresins. This
result isin agreement with recent work by Bin Wadud et d.*” which showed that very
low levels of LCB could not be differentiated by flow activation energy andyss.

The second method employed to evauate LCB content was that due to Janzen and
Colby*®. The reader isreferred to the original source for a detailed description. This
andyss dlows the measured deviation in hg, from the theoretical, completely linear
vaueto be used in quantifying the number of LCBs present. The results of the andysis
are summarized in Table 4.3, and plotted in Fig.4.6. It should be noted that despite the
need for extrapolation to obtain h~ values, duplicate runs demonstrated that the results
could be reproduced within better than 10%. Taking 10% as an upper error limit, a the
highest MW studied (the effect of LCB on hg increases with MW), thistrandates into ~
6% error in LCB content determination.  Thus, the differencesin LCB content displayed
in Fig.4.6 are meaningful. The CrO resins contain approximately twice the number of
LCBs per 10,000 carbons as the metallocene catalyzed resins with the exception of resin
K. The apparent discrepancy for resin K is not understood at thistime.

163



11.5

11.0
—~>
<
(o]
£
10.5
100 T I T I T I T I T I T I T
0.00200 0.00205 0.00210 0.00215 0.00220 0.00225 0.00230 0.00235
1T (1K)

Figure 4.5. Arrhenius plot to determine the flow activation energy of resin C.
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It should be stated that athough the focus here is on comparisons of LCB content
between resins with respect to catalyst type, it cannot be known a priori from this data if
the LCBs are due to the catalysts themsdlves. Degradation during pelletization can
introduce LCBsto an initidly completely linear materid. The focus of this chapter isto
understand how the interaction of process and resin variables establishes end product
morphology and performance. Thus, while the data does not show that the CrO catalyst
was respong ble for introducing greater LCB than the metallocene systems, it can be
sated that, with the exception of resin K, the CrO resins have about twice the LCB
content of the metallocene materials examined.

The results of the resin characterization work can be summarized as follows.
GPC results demonsirated that the CrO based resins are of grester polydispersity. A
consequence of this broader MWD can be noted from the upper moments of the MWD
which show that the CrO resins have a greater fraction of very high molecular weight
gpecies. The GPC results are suggestive of amore substantia high molecular weight tall
in the CrO based materias.

The rheologica data confirmed the greater polydispersity of the CrO based
meaterids as they have a broader trandtion from Newtonian to shear thinning behavior.
Furthermore, positive deviationsin ho , asafunction of M, from that of the idedl linear
PE chain indicated that dl of the resins studied contain asmall, but observable amount of
LCB.

Additiona analys's demongtrated that while the use of flow activetion energy is
not sendtive enough to differentiate the LCB contents of the materias used in this sudly,
the method of Janzen was sufficient. The LCB content of the CrO resins, ~ 0.12 LCB per
10,000 carbons, is roughly double that of the metallocene resins studied.

4.5 Morphological Characterization

To better understand the structures and orientation states that affect barrier
performance, a series of 46 films was examined. The resins and processing conditions
used to produce these films are summarized in Table 4.1. Up to five different processing

conditions were employed for each resin by dtering the die gap, frost line height (FLH),
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extruder output, and line speed (haul off speed). In Table 4.1, thefirgt film listed for each
resin was produced by what was referred to earlier as the base set of processing
conditions. When describing the conditions used to produce a given film, the parameters
will beindicated relative to this base condition. Thus, film s2 would be referred to as
being processed with reduced line speed, as dl of the other processing conditions used
wereidentica to that of the base case. Not all conditions were studied for dl resins.

Based upon the background discussion, it is expected that the overdl crystaline
content of the filmswill play amgor role in determining barrier performance. Recdl
that the permestion rate is expected to scae with the square of the amorphous content,
other effects, such as orientation, absent. Therefore, the morphologica characterization
will begin by quantifying the levd of crysdlinity found in each film. Three different
methods were employed to determine the crystaline content of the films; dengity gradient
column, refractive index, and DSC. The accuracy of each method will be contrasted with
the others.

Subsequent sectionswill concern themsdaves with the quantification of
orientation. Overd| crygdlinity and crystdline phase orientation will be examined. The
techniques employed are WAXS, SAXS, FESEM, TEM, IR dichroism, SALS, and
birefringence. At timesthe datawill be correlated with resin and processing parameters
when presenting the morphologicd data. However, connections between morphology
and permestion performance will be delayed until the latter portion of the chapter.

45.1 Crystalline Content Determination

As gtated above, three independent methods were used to determine crystallinity.
The dendity gradient column technique, however, was not gpplied to films s33-s49. Indl
calculations atwo phase model was assumed with amorphous phase® and crystdline
phase® densities of 0.852 and 1.010 g/cn® respectively under ambient conditions. The
heet of fusion of awhally crystdline PE sample*! was taken to be 293 J/g. The specific
refraction, r, in the Lorentz L orenz equation, shown below, dlows oneto relae the

average measured refractive index of a sample to its dengity.
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n-11_ r Eq.4.8
r

n°+2

Thetermsnand r represent the average refractive index and density of the sample. The
gpplication of refractometry for usein crystalinity determination has been reviewed in
the literature®*2. Here, the specific refraction was taken as 0.3272 in accordance with
K rishnesvamy’ s results™.

Beginning with the refractometry data, which is presented in Fig.4.7, it can be
seen that the crystaline contents of the samples studied only span arange between 59%
and 65% on avolume average bass. Smal, but quantifiable differences can be noted
among thefilms. Thus, it is expected thet differences in crystdline content will play a
role in determining much of the noted variation in barrier performance observed in this
sudy. Similar plots could be presented for the DSC and density gradient column results;
however, this would be redundant. An interesting observation can be made by comparing
the results from each method directly as shown in Fig.4.8. Because the density gradient
column is known to be very sendtive, and iswiddly gpplied by the polyolefins indudtry, it
was chosen as the basis on which to compare the methods. Figure clearly showsthat an
excdlent correlation between the refractometry and dengity gradient column results was
achieved, with crysalinity vaues agreeing within +/- 1vol%. The DSC results display
much more scetter. While usng a dightly different value for the heat of fuson would
shift the values rdative to the other results, it would not change the variance in the data.
The greater spread in the DSC data likely arises from the two separate measurements,
heat of melting and sample mass, needed in this method. In contrast, the others require
essentialy one (the average of three measurements on the same film is required to obtain
refractometry results). The smal samplesrequired by the DSC, to produce sharp melting
endotherms, limits the accuracy with which the sample mass can be determined. In this
study sample masses on the order of 5mg were employed, with mass measurements
accurate to 0.1mg. Adding this source of error to the inherent difficulty in accurately
assgning the limitsfor peak integration, likely accounts for the greater scatter observed
by DSC. A further source of inaccuracy may arise from structura changes which take
place during the hesting scan (e.g. mdting-recrystadlization, lamdlar thickening).
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films
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45.2 WideAngle X-ray Scattering— Pole Figures

Two sources were identified in the review section as possible factors responsible
for influencing permeation behavior. Thefirg, crystalline content was discussed in the
preceding section. The second source, state of orientation, will now be examined. The
crygaline orientation of the films was investigated through x-ray scattering. While, flat
plate photographic data was collected for al of the films, a sdect number were dso
submitted for pole figure analysis by an outsde lab (AMIA Labs). FImssl-s6 were
submitted for pole figure andysis as they represent the first set of films produced and
examined in the study. Filmssl1, s12, and s18 were sdlected because they represent
barrier performance extremes while at the same time sharing certain common resin or
processing variables with films s1-s6. The (200) and (020) results for sample s4 are
presented in Fig.4.9 astypical paternsfor initid discusson. When anayzing the pole
figures within this dissertation, recdl the following: the intensity of scattering is
proportiona to brightness, scattering at the meridond polesisindicative of MD
orientation, scattering at the equatorid polesisindicative of TD orientation, and
scattering at the center of thefigure isindicative of ND orientation. The patterns of
Fig.4.9 dearly indicate a preferentia orientation of the crystadline aaxisaong thefilm
MD and preferentid b-axis orientation dong the TD. Thistextureisindicative of a
nealy uniaxial, K-M low gress crystalized PE. It isimportant to note that athough this
filmisthe product of abiaxid mdt deformetion, it displays very little preferentid TD
orientation. In al casesthe BUR was held congtant at 2.9. Judging by this pole figure,
and indeed the balance of the WAXS data yet to be discussed, it appears that over the
range of conditions studied, this BUR was not sufficient to produce substantid TD
oriented row structures. This point can be further addressed by plotting the pole figure
resultsin the form of biaxia orientation functions.

A White- Spruid| orientation triangle, summearizing dl of the pole figure results,
can befound in Fig.4.10. Using this representation, postive vaues dong the y-axis
correspond to orientation parale to the MD, while negative vauesindicate orientation
perpendicular to the MD. In the same manner, the x-axisisindicative of TD orientation.
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Figure 4.9. Upper - (200), lower — (020) pol figuresfor film s4. Intengty of scaitering is

proportiond to brightness. Scattering at the meridond polesisindicative of MD
orientation, scattering at the equatorid polesisindicative of TD orientation, scattering at

the center of the circleisindicative of ND orientation.
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Figure 4.10. White-Spruid| orientation triangle derived from pole figure data
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This plot makesit clear that for the nine samples andyzed (s1- 6, sl11, s12, and s18), a
preferentid orientation of the a-axis dong the film MD exids. The c-axisis observed to
have alow degree of orientation, and is noteworthy in its gpparent randomness with
respect to the film TD. Thus, the c-axis tendsto remain in the MD-ND plane. Findly,
the b-axis displays preferentid orientation perpendicular to the film MD, being
distributed along the TD-ND plane. All of these results are indicative of amoderately
uniaxid, K-M low dress cryddlized film. Thus, while quantifiable difference in the
orientation gates of the films exig, al the samples can be consdered to consist of low
gress, row nucleated morphologies. Aswith the crystalinity results, the variation among
the samplesis measurable, but smdl. Because the leve of crysaline orientation
obtained in blown filmsis subgtantially grester than that of the amorphous phase, these
results further suggest that the level of amorphous orientation present in these filmsiis
very smdl. Shrinkage measurements will be used to confirm this hypothessin the
barrier properties section of the chapter.

The rdative levels of orientation obtained when resin and processing variables are
dtered, will be addressed in the following series of pole figures, beginning with Fig.4.11.
Inthisfigure, aset of films (s1,52,518) produced from resin A under three different
conditionsis examined. Sample sl represents the “bass” operating conditions. Recdll,
that the entire set of conditions can be found in Table 4.1. Relative to the base processing
conditions, film s2 resulted from decreasing the line gpeed (haul off rete), whilein film
s18 the FLH wasreduced. Therefore, it is expected that sample s2 will be the least
oriented, as it was given the grestest time for relaxation, while film s18 is expected to be
the mogt oriented, as it was given the least amount of time for relaxation, prior to
cryddlization. Because the filmsare not of identical crystaline contert, it is not
possible to directly compare the intensity levels from one pole figure to the next. What
can be noted, however, is the relative shapes and positions of the scattered intensity
profiles. InFig.4.11, it is observed from the (200) pole figure of sample 2 that the
intengty maximum is less sharply focused a the MD (meridond poles), rdative to the
other samples. Therefore, it gppears that sample 2 is the least oriented of the specimens.
Thisisin accordance with the expected behavior. No such smple observation can be
made for the (020) data.
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2 sl s18

Figure4.11. Upper — (200), lower — (020) pole figures for filmssl, s2, and s18. Film st
represents variation in processing conditionsusing resn A. FIm sl represents the “ basg”
operating conditions. Film s2, decreased line speed. Film s18, decreased FLH. Based
upOoN processing parameters, expect orientation to increase from left to right. See text for
details. Polefigurefor s18 contains a White-Spruid| orientation triangle imbedded in the
background, which is not scattered intensity.
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Data representing variation in My, for a constant set of processing conditions and catayst
type, are presented in Fig.4.12. Thefilms, s4, 6, s12 were fabricated under the
decreased line speed condition, and al are metallocene based. The M,, vaues of the
filmsincrease from left to right (s6 = 118 kg/moal, s4 = 123 kg/mol, s12 = 150 kg/mal),
thusit is anticipated that the orientation level will aso increase from left to right in the
figure. While the differencesin My, between samples s4 and s6 may be too smdl to have
any obvious effect on orientation, it is clear that sample s12 is substantialy more oriented
than the others, indicated by the narrower (200) intensity maximum aong the MD.

A st of filmsalowing for adirect comparison among resins of identica My, but
different catalyst technology, was not submitted for pole figure andysis. However, two
filmswith amilar My,'s, from the different cataysts, were submitted, and are
compared in Fig.4.13. Sample sl is CrO based (113 kg/mol) while sample s3 is
metallocene based (123 kg/moal). Both films were produced using the base set of
processing conditions. These two films provide interesting ingght into the complexity of
the problem. The pole figures indicate that film s3 is dightly more oriented dong the
MD thanisd1. Thisisto be expected, based on the relative M,, values. However,
despite the lower M, value, the resin used to produce sample sl has a greater zero shear
viscogity than the metallocene based resin (73,700 Pa-sec vs. 42,400 Pa-sec). The CrO
resn aso hasalonger characteristic relaxation time (0.14 sec vs. 0.10 sec, +/- 0.01 sec).
In the rheological characterization section this gpparent discrepancy was ascribed to the
dightly greater LCB content of the CrO based resins. Thus, whilethe C-Y parameters
cited above suggest that sample sl should produce the more highly oriented film, the My,
vaues suggest otherwise. No single vaue can be used to specify the entire relaxation
gpectrum, thusit is not surprising that such gpparent contradictions arise from the
application of only one parameter. In this specific example, while the differencesin the
characteristic relaxation time are small, it appears that the M, value is the better

indicator.
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Figure 4.12. Upper — (200), lower — (020) pole figures for films 4, 6, and s12. Flm st
represents variation in resin molecular weight at congtant catalyst type, metalocene, and
constant processing conditions, decreased line speed set. Weight average molecular
weight increases from left to right, thus expect orientation to increase form Ieft to right.

Pole figure for s12 contains a White- Spruidl orientation triangle imbedded in the
background, which is not scattered intensity.
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Figure 4.13. Upper — (200), lower — (020) pole figuresfor films sl and s3. Film st
represents variation in catalyst type, at constant processing condition, base set, Note that
My values are 113 kg/mol and 123 kg/moal for the CrO based film, s1, and the
metalocene based film, 3, respectively.
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453 WideAngle X-ray Scattering — Flat Plate | mages

Flat plate WAXS patterns, while not containing as much information as the pole
figure data, are a useful and smplified meansfor characterizing the state of crystaline
orientation. Thisis especidly true when ardatively smple state of orientation is present,
such asthe gpproximately uniaxid symmetry observed in these films, as demondrated in
the White-Spruidl orientation triangle of Fig.4.10. Unfortunately, because of the limited
Soread in orientation Sates encountered in these films, and the difficulty in quantifying
the results with high precision, the assgnment of orientation function vaues viathis
technique does not provide the necessary resolution to differentiate among the mgority of
thefilms. The two filmswhich appear, visudly, to represent the extremes of orientation
found in this study are presented in Fig.4.14. In agreement with the pole figure resuilts,
these patterns show that the a-axis, (200) reflection, is preferentidly oriented dong the
MD while the b-axis, (020) reflection, can be found dong the film TD. These exposures
are clearly indicative of K-M low gtress crydtdlized films. Comparing the (200) and
(020) reflections of the
two patterns, it is evident that sample s13 is more highly oriented than samplesl1. This
is expected as sample s13 was produced from a higher M,y resin and with less process
time provided for rlaxation. The orientation levels of all other films examined in this
study fall between these two extremes. This reinforcesthe earlier observation that

differencesin orientation among the films are real, though small in magnitude.

45.4 Infrared Dichroism

A second method employed to quantify the state of crystaline orientation in this
study was that of infrared dichroism. By measuring the absorbance of the 719cm* band
with infrared rediaion polarized pardld, and then perpendicular, to the film MD, it is
possible to quantify its orientation. The 719cm* band in PE is known to arise from both
crystdline and amorphous materia, and is oriented parale to the crystalographic b-axis.
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Figure 4.14. WAXS patterns of apparent crystaline orientation extremes of films
studied. Upper pattern, s11 (metallocene, M,=106 kg/moal, reduced line speed), lower
pattern, s13 (metallocene, M =150 kg/mol, reduced FLH). MD vertical, TD horizonta —
x-ray beam pardld to film ND. Key reflections are labeled in the upper pattern.
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If one assumes that the level of amorphous phase orientation is small in comparison with
that of the crystaline phase and fiber symmetry, the dichroic ratio obtained from the
719cm* band can be used to cal culate the Hermans orientation function for the crystalline
b-axis. The earlier WAXS results suggested that the films studied could be considered to
have very little biaxid texture. Two example IR spectra, obtained with pardld and
perpendicular polarization rdative to the film MD are provided in Fig.4.15. Thefilm
examined in Fig.4.15 is sample s48. This sample was produced under conditions of
reduced extruder output and die gap, resulting in a0.76 mil thick film. Thus, film s48
belongs to the thinnest sat of films examined in thissudy. Returning to Fig.4.15,
ingoection of the y-axis reved s that even at this thinnest gauge studied, the absorbance
vaues measured by the insrument are quite large (~1.3). Vaues below one are typically
considered ideal. Because of the logarithmic scaling of aosorbance data, the plot
exaggerates the observed differencesin beam transmission when the absorbance islarge.
In practical terms, this means that the instrument is measuring a very smal transmitted
intengty (large absorbance) for the thinnest films studied. This Situation will worsen as
the film gaugeisincreased. Thus, while dl of the films were characterized by this
method, only the results from the thinnest films were of sufficient precison for
comparative purposes. Figure 4.16 contains the orientation function results obtained
from the IR dichroism measurements for the thinnest (0.76 mil) films (s10, s20, 25, s38,
A3, A8) represented in the study. Here, the crystalline b-axis orientation is plotted as a
function of resn M, ardation suggested by the pole figure results. Because the b-axis
tendsto dign itsdf perpendicular to the MD asthe orientation leve isincreased, larger
negative va ues of f,, correspond to greeter orientation. As anticipated, for identical
processing conditions, the films produced with the higher M,y resins result in greeter
negetive orientation.

A second trend, again suggested by the pole figure data, can be noted by
comparing the redive orientation levels of those films which have gpproximately the
same My, but different polydispersity vaues. The two lowest My, filmsin Fig.4.16,
samples s20 (CrO, M,=105 kg/mol) and s10 (metallocene M,=106 kg/mol) are of nearly
identica weight average molecular weight. The dichroism results indicate that the

narrower MWD resin resulted in gregter negative orientation.
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Figure 4.15. IR spectra of 48 with polarization pardle and perpendicular to the film
MD. Absorbance band at 719 cmi? is related b-axis crystaline orientation. When

polarization is parald to TD, 719 cmit absorption is maximized.
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Figure 4.16. Hermans orientation function values obtained for the crystaline b-axisby
IR dichroism. Films represented in plot are s10, 20, s25, s38, 43, 48 — the thinnest
(0.76 mil) films represented in the study. Solid line provided as visud guide. Numbers
in parentheses are polydispersty values for the resin used to make each film.
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Indeed, it appears that differencesin polydispersity may influence the leve of orientation.
Thus, the use of My, done does not completely explain the differencesin orientation
shown in Fig.4.16.

455 In-PlaneBirefringence

Further quantification of the orientation State of the films was obtained through
refractive index measurements. The same data which was used, with great accuracy, to
determine the crystdline content of the films can aso be used to cdculate the in-plane
birefringence, a measure of the optica anisotropy within thefilm. Being a positively
birefringent materid, the refractive index of PE is greatest pardld to the chain axis.
Therefore, the direction of greatest refractive index should indicate the direction of
preferentid chain orientation. Like the dichroism data discussed previoudy, this method
is not capable of describing the entire orientation didtribution, rather it can only provide a
second moment average. Thus, three orthogona measurements of refractive index
suffice to completely describe the birefringence of each film.

Thein-plane birefringence results of the same films analyzed in Fig.4.16, are
givenin Fig4.17. Asitisexpected that the higher M, resnswill orient to a greater
extent, for identical processing conditions, it is anticipated that the birefringence should
increase from left to right in Fig.4.17. Thisisthe generd result for al but the highest My,
film. Curioudy, in contrast to the dichroism results, which showed that the highest M,
film contained the most highly oriented crygtaline b-axis and thus implying substantid ¢
axis orientation, the birefringence data indicate that this film is the least oriented of the
0.76 mil filmsin the sudy. While this plot represents only six films out of the 46 films
studied, this contradictory behavior was found to be quite characteritic of the
birefringence results asawhole. The absence of consstent trends in the birefringence
datais not fully understood at thistime. It was noted in the literature review section that
birefringence may arise from sources other than molecular orientation, the effect of form
birefringence being of relevance to thisstudy. Othersin the literature® have noted this
anomdous birefringent effect in polyolefin materids with lamdlar morphologies.
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Figure 4.17. In plane birefringence of thinnest (0.76 mils) filmsin sudy. Thefilms
shown are s10, s20, 25, s38, 43, s48. Error bar represents accuracy with which
birefringence vaues could be obtained, not error associated with measurement of
multiple samples.
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Form hirefringence is due to fluctuations in refractive index of preferentialy oriented,
geometrically anisotropic domains spaced on the order of | /20. Theterm | 1, represents
the wavdength of the probing radiation in the film. It isnot clear a thistime whether the
difficulty in interpreting the birefringence results arises from form birefringence.

However, previous experience with highly stacked lamellar PE morphologiesin the
author's lab suggest that the effect is very smal*®.

A clearer indication of the occasiondly confounding nature of the birefringence
resultsis presented next. In Fig.4.18 the in-plane birefringence of two sets of films are
compared. These films represent two resins of nearly identical M,, but different
polydispergty (s7-s11, metdlocene My, = 106 kg/mol, and s22-s26 CrO M,, = 105
kg/mal). In thisbar chart, the five sets of processing conditions are represented aong the
x-axis, with the corresponding birefringence vaues for each pair of films. The
processing conditions, from Ieft to right, arein no particular order (i.e. relative processing
dress or quench time are not in order from left to right). Thefirst four processing
conditions presented in Fig.4.18 yield atrend opposite that of the dichroism data. That is,
the films with the broader MWD have greater anisotropy, on average. However, aswith
the previous birefringence plot, one data point isin stark disagreement with the genera
trend. Thefind processing condition presented in Fig.4.18 indicates that the metallocene
resin is the mogt anisotropic film in the plot. 1t is possible that the observed discrepancies
in the birefringence data could result from atrangtion from auniaxia orientation to a
more highly oriented, but biaxid state. This effect would tend to produce a badanced in-
plane birefringence. However, the WAXS data do not seem to support this.

The error levels associated with these measurements suggest thet the results
obtained arered. It isimportant to remember that birefringence only provides an
average measure of the in-plane chain axis anisotropy. This anisotropy found in the find
film is not asmple function of the chain axis orientation in the melt, prior to
solidification, because substantia chain rearrangment must occur during crystalization.
Thus, the measured birefringence may not be an accurate indicator of prior melt
orientation. Furthermore, because the c-axis crystdline orientation found in low stress K -
M morphologies varies primarily dong the MD-ND plane, not the MD-TD plane,
birefringence may not be a sendtive indicator of differencesin orientation in these films.
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Figure 4.18. Comparison of birefringence in films produced from resins of nearly equd
My, but different polydispersity. Flms presented are s7-s11 (metallocene M, = 106
kg/moal) and 22-s26 (CrO M,, = 105 kg/mol). Processing conditions are listed in no
gpecific order. Error bar represents accuracy with which birefringence vaues could be
obtained, not error associated with measurement of multiple samples.
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The limited pole figure results of Fig.4.10 suggested that overdl the crygdline c-axis
tends to display only very modest orientation. Therefore, it gppears that the relatively
low levd of overdl c-axis orientation and the complexities associated with chain
rearrangement during crystalization result in film birefringence data which cannot be
eadly correlated with resin or processing parameters.

45.6 Small Angle X-ray Scattering

In the opening discussion regarding the generd modd of permegtion behavior, it
was emphasized that permeant molecules must travel through the amorphous meateria
located between the crystdline lamdlae. Therefore, the spacing between lamellae may
influence permestion behavior. To investigate this possibility, SAXS experiments were
conducted to andyze the digtribution of lamdlar long spacingsin thefilms. Combining
these results with the crystaline content can give an indication of the average sze of the
amorphous regions located between the lamellae. Representative scattering curves, taken
aong the film MD are shown in Fig.4.19. The films presented, s7-s11, were produced
from the same resin using different processng conditions, normdized on film thickness
Noting that the peak in the scattering curve is rdated to the lamelar long spacing, it can
be seen that thereis very little variation between samples. Indeed, thisisthe casefor dl
of the samples studied. Thus, it would seem that any variation in permestion
performance is not due to differencesin lamdlar spacing. Also note that the breadths of
the scattering pesks are amilar, implying that the films have smilar digtributions of
lamellar thicknesses.

Using the reciproca of the scattering vector associated with the intensity pesk as
ameasure of the long spacing, one obtains avaue of ca. 300 A astypicd for these films,
This vaue will be somewhat larger than the actud spacing due to the beam geometry of
the instrument. Making the assumption that the structure can be trested as a perfectly
gacked lamelar morphology, with dternating crystaline and amorphous domains,
combining the SAXS and crygdlinity results dlows one to calculate the lamdllar

thickness and the amorphous phase thickness.
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Figure 4.19. Slit smeared SAXS data of films s7-s11 (metdlocene, My, = 106 kg/moal).
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This smple caculation returns thickness values of 190A and 1104, for the lamdllar and
amorphous phases respectively, astypical.

Because the intendty of scattering in these experimentsis a function of severd
variables; relative volume fractions of the phases, scattering angle, and stacking
coherence, it is difficult to assign a specific cause for the variation in peek intengty
which is observed.

457 Small AngleLight Scattering

The typicad arguments relating permestion behavior to morphology generdly
focus on Sructurd festures no larger in Size than that of lamelar spacings. Thus, it isnot
immediately evident whether a study of structura festures on alarger scae will be
informative. The use of SALSin this study was not undertaken to investigate this point,
as there were too many other variables for the possible effects of superstructure to be
observed independently. Rather, as preferentia orientation can be viewed on severd
scae lengths, SALS was used only to corroborate the orientation behavior observed using
other techniques when superstructure was present. Typicaly, one would not expect to
observe large, spherulitic like structures in oriented blown films. However, asthe
orientation levels are rddively low in these films, the conditions for the formetion of
superstructural elements were favorable in some films,

The dichroiam results suggested, surprisingly, that when comparing films
produced from resins of identical M, but different polydispersities, the films produced
from the narrower MWD resin will be more highly oriented. Thefilms 2 and s26
represent broad MWD films while samples s11 and s34 were produced from narrow
MWD resins. Their repective SALS patterns are compared in Fig.4.20. All four
patterns display scattering indicative of shedf-like structures oriented such that the
lamellar growth direction is perpendicular to the MD*. However, the scattering
produced by the narrow MWD, metallocene based films (s11, s34), is more highly
anisotropic. Asthe sheaf structures resemble immature, growing sphereulites, this
suggests that a greater degree of lamdlar curvature and splaying (i.e. less orientation) can
be found in the broad MWD films.
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Figure 4.20. SALS patterns of filmsidentica M,,, but different polydispersity. 2, 26
(CrO); s33, s34 (metalocene). Processing conditions: Upper patterns, base conditions,
Lower patterns, reduced line speed. MD vertica, TD horizontal.
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Thisreault isin agreement with the dichroism results. Not al filmsyielded well defined
SALS patterns. Thisislikdly dueto the lack of sheaf-like super sructuresin filmswith
orientation levels greater than those presented in Fig.4.20. It was observed in this study
that under identica processing conditions, the CrO resins, taken as awhole, were less
prone to producing clear SALS patterns than the metallocene based resins. The presence
of ahigh molecular weight tail in the MWD has been demonstrated to be effective &
suppressing the formation of superstructure by Johnson et.d.*®, and may explain the
behavior observed in this chapter.

45.8 Fidd Emisson Scanning Electron Microscopy

FESEM was Utilized to characterize the structures present at the surface of the
filmssudied. While the information obtained by this method is strictly specific to the
outer surfaces of the film, if no morphologica gradients exig, it provides an indication of
the overdl orientation gtate of the film by adlowing direct observation of lamelar
features. Quantitative data cannot be obtained from these micrographs, but they do
reved some interesting structurd differences in the films produced by the two catayst
technologies. In addition, generd trends as a function of processing conditions and
molecular weight can be observed.

Thefirg pair of micrographs demondtrate the effect of M, on film morphology
for identical processing conditions. The films represented in Fig.4.21 are samples s12
(My = 150 kg/mal) and s3 (M, = 123 kg/mol), both were produced from metallocene
resins. The differences in morphology are subtle. Close ingpection reveds a greater
number of stacked lamélar structures in the higher My, film. These structures appear “in
the background” or benesth the more obvious curved lamedllae. The fact that these
dructures are found more frequently in the higher M, film suggest that its orientetion
level isgreater. Thisobservation isin agreement with previous x-ray and dicrhoism
results. Furthermore, the lamellae in these stacked structures are oriented such that their
surface normals are perpendicular to the film surface, an orientation which should
facilitate permestion.
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Figure 4.21. FESEM micrographs of metallocene based films. Upper; s12 M,, = 150
kg/mol, Lower s3 M, = 123 kg/mol. MD horizonta in both micrographs. Note greater
presence of underlying stacked structures in higher M, film.
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Likewise, the FESEM results demondtrate that, for a given resin, the processing
conditions have an effect on morphology. A better example of this phenomenon is
presented in Fig.4.22, where two films produced from resin A, under different conditions
are compared. The films are 20 (reduced extruder output and die gap) and s21 (reduced
FLH). Decreasing the line speed, with al other factors equal, leads to alower processing
dress and thicker film. Smultaneoudy decreasing the die gap and the extruder output
leads to a thinner gauge film with grester MD drawing, relative to the decreased line
gpeed conditions. Thus, it is expected that film s20 will have greeter orientation than film
s21. The micrographs of Fig.4.22 clearly show thisto bethe case. Also note, the
presence of row nuclested structures which span tens of micronsin length in sample s20.
These row structures appear to be characteristic of the broader M,y resins.,

A comparison of films produced from two resins of differing polydispersity, but
of nearly equa My, isgivenin Fig.4.23. These films were both produced usng the base
st of processing conditions yet have resulted in very different surface morphologies.
Note the large number of long, row nucleated structures in the broad, CrO resin which are
absent in the metalocene film. Recall that the CrO resins possessed a subgtantia portion
of high molecular weight materia relative to the metallocene materias, asindicated by
the higher moments of the MWD. Thisresult is somewhat perplexing in that the pole
figure, dichroism, and SALS results suggested that the narrower MWD resins produced
gregter orientation. The impresson given by Fig.4.23 isthat the orientation of the
broader MWD filmis much greater. Again, it should be emphasized that the FESEM
results are only indicative of the Structure at the surface and do not necessarily represent
the bulk morphology.

In generd, the FESEM micrographs confirm the expected orientation trends as a
function of M, and processing stress. Increases in these parameters leads to greater
anisotropy. However, comparisons of morphology when polydispersity isincluded asa
variable yield results which seem contradictory to those of the dichroism and light
scattering studies. The high molecular weight tail present in the CrO based resins
appears to be effective in producing long range, row nucleated structures.
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Figure 4.22. FESEM micrographs of films produced from resin A (CrO). Upper, 20
(reduced extruder output and die gap), Lower, s21 (reduced line speed). MD horizontd.
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Figure 4.23. FESEM micrographs of films of smilar My, but different polydispersty.
Upper, s22 (PDI = 8.2, My, = 105 kg/moal), Lower, s7 (PDI = 5.1, My, = 106 kg/mol).
Base processing conditions. MD is horizonta. Note scaes are dightly different.
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45.9 Transmission Electron Microscopy

The primary god of the limited number of TEM experiments performed was to
identify the presence of any gradientsin morphology from the film bulk to the surface. It
has been speculated in the literature that a transcrystaline layer of surface nuclested
materia would lead to poor barrier performance™. Beginning with Fig.4.24, the effect of
processing conditions on resin C are examined. Two micrographs representing cross-
sectiond views taken from the core of the film, looking down the TD are presented.

Note the presence of bundles of lamellag, stacked together in smdl sheaves. The
gacking is such that the lamdlar normals are parallel to the MD. Comparing the two
films, S5 and 5, it gopears that the lamdlae of film s5 are dightly less curved and row
dructures are dightly more evident. Thisis expected as sample s5 was manufactured
with greater processing speeds and stresses. While differences in orientation behavior
can be noted by TEM, this technique was not found to be the most effective or practical
for discerning smdl variaions.

Figure 4.25 contains a micrograph of film s5, taken near the surface of the film.
The edge of thefilmisvigble in the upper left corner. Row structures, much like those
seen in FHg.4.24, in the centrd portion of the film, are evident in thisregion of the film as
well. A lack of adiscernable gradient in morphology was the generd rule for the films
gudied in this manner.

Recalling the earlier FESEM reaults, it was noted that the CrO based films had a
tendency to form well defined, long range row structures on the surface of the film.

These row gtructures, with lamellae stacked perpendicular to the film surface, appear to
provide likely routes for permestion. TEM micrographs taken near the surface of sample
s21, a CrO based film which displayed row structures on its surface, are provided in
Fig.4.26. These two micrographs reved the difficulty in attempting to quantify structura
features by observing thin cross-sections. In the upper micrograph, it appears that
lamellae are well stacked perpendicular to the surface, as one would expect if the cross
section cut through, and parallel to arow structure. However, in the lower micrograph no
such features are preset. Thus, it can be seen that the observation of row structures,
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Figure 4.24. TEM micrographs of films s5 (upper) and s6 (lower) — metalocene resins
using the base and reduced line speed processing conditions respectively. Images
collected near the center of the films.
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Figure 4.25. TEM micrograph of s5 taken near the surface of the film. Note that the
surface is vighble in the upper |€eft corner.
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Figure 4.26. TEM micrographs of s21 taken near the surface of the film. Upper

micrograph shows signs of row nucleated structures at the surface while the lower does
not. Scale bars 500 nm. MD horizontal.
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easly visudized by the FESEM, is problematic for the TEM. Thisis because, as Sated
above, the cross section must intersect and run completely pardld to the row sructurein
order for it to be viewed over its entire length.
The most important result provided by the TEM experiments is the conspicuous
lack of surface nuclested lamellae growing perpendicular to the surface of the film.
While ingtances of lamellae oriented perpendicular to the surface were noted, asin
Fig.4.26, these structures appeared to be indicative of orientation induced row structures.
No evidence in the micrographs shown here, or others obtained in this study, suggest a

surface nucleation phenomenon.

4.6 Film Properties

The overdl god of this chapter isto relate processing and resin variables to
dructure formation, which can then be related to end film properties. To this point, the
discussion has focused on generd observations regarding the roles the process and resin
play in determining find film structure. Now attempts will be made to relate this
structure to end performance. Two properties will be of interest, modulus and
permesation. The discusson will begin with the former.

46.1 TensleModulusof Films

Tendle gtress-gtrain measurements were performed on amgority of the films, as
an anisotropic mechanica response would be a clear indicator of preferentia orientation.
The discusson islimited to small strain properties (modulus) only asthey are less
sendtive to samdl flaws in the testing specimen. The acquigtion of conggent, large
grain data (elongation to bresk, toughness, etc.) proved difficult. The tensile modulus
data acquired dong both the MD and the TD are presented in Fig.4.27. With the
exception of the anomalous result for 6, in dl casesthe tensile modulusiis gregter dong
the TD than the MD, aresult which at first glance appears counterintuitive. The
explanation of this phenomenon is described. Regardless of the detals, theimbaance in
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Figure 4.27. Tensle modulus data of selected films studied. With the exception of one
anomaous case () the TD modulusislarger.
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mechanica response clearly indicates that dl of the films examined posses orientation to
some level.

The orientation produced in these filmsisin accordance with the K-M modd of
row nuclegtion, based on the anisotropy of the modulus. Because lamellar growth occurs
perpendicular to the stretch direction (MD), thereis, as noted in the morphologica
andysis, atendency for the lamdlae to stack with their normas pardld tothe MD. In
the extreme case where no lamellar curvature or twisting takes place, this would result in
alaminated structure, with the amorphous and crystaline phases dternating aong the
MD, but forming nearly continuous domains aong the TD. Thus, in thisidedlized case,
the MD modulus is dominated by the amorphous phase because the * hard phase — soft
phase’ repetition occursin series. In contrast, along the TD the “hard phase and soft
phass” are arranged in pardld, thus the small strain response is dominated by the rigid,
crysdline phase. Whileit is not suggested that a perfectly stacked structure is present in
these films, the bias in mechanica response introduced by the low stressK-M
morphology will certainly leed to this effect. Thus, the directiona dependence of the
modulus data supports the presence of row nucleated morphologies in these films.
Similar results have been obtained by Y u*® and Zhou*’ in studies invalving tubuar blown
HDPE films (BUR = 1) with highly coherent stacking of MD lamellae.

Reviewing the datain Fig.4.27 a second time, it can seen thet the variation in
modulus, from highest to lowest, for agiven direction is relatively modest in comparison
to the error associated with the measurement. This comes as no surprise asthe
morphologica data have indicated that the differencesin orientation are redl, but small.
Recdling that the dichroism data was able to discern differences in orientation between
films, it isingructive to determine if the differing levels of orientation can be correlated
with the observed anisotropy in film modulus. In Fig.4.28 the cryddline b-axis
orientation function is plotted againgt an indicator of mechanica anisotropy, the ratio of
TD to MD modulus. Asthe negative orientation of the b-axis increases, it is expected
that thisratio too will grow. The trend is noted, though weak. 1t should be reiterated that
the changesin the TD/MD modulus ratio associated with the films sudied isfairly
modest, only spanning from about 1.3 to 1.6. This suggests that while the modulus
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Figure 4.28. Ratio of TD/MD modulus used as ameasure of anisotropy. Trend indicates
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changesin modulusratio are smal.
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vaues dearly indicate preferentia orientation, they do not prove to be a highly sengtive

measure of this anisotropy.

4.6.2 MoistureVapor Transmisson Rate (MVTR)

The property of initia interest to this sudy was the rate of water vapor
permestion through the films. 1t has been noted that smdl differencesin crysdline
content and orientation exist in the films studied. Both are variables which are known to
affect permegtion. To gauge the leve of variation found in MV TR performance over the
st of conditions studied, Fig.4.29 is presented which plotsthe MV TR value, as provided
by Chevron-Phillips staff, with error bars, for each of the films. Theresultsare
reminiscent of the modulus data, as the error bars suggest thet the differencesin MVTR
arered, but not large over the range of conditions examined. Nevertheless, it may be
possible to reach some generd conclusions by examining the data more closdly.

The firg film property discussed was that of crystdline content. Based on the
arguments made in the background section, it is expected that the permestion rate will
scae with the square of the amorphous volume fraction. Of course, this relation should
only hold grictly for a hypothetical morphology conssting of evenly dispersed,
“gphericd” crystdline domains. The MV TR daais plotted as afunction of the
amorphous volume fraction to the second power in Fig.4.30. The generd relation seems
to hold true. The plot clearly indicates that, on average, larger amorphous content films
have greater permestion rates. And, as stated above, no correction has been made for
differences in orientation among the films. The fact that the data points come far from
faling on the same line or curve suggests that orientation effects may indeed be
important.

The dichroism results should dlow one to examine the effect of orientation on
permesation performance. Recdl, however, that only the thinnest gauge filmsin the study
were suitable for this method of analyss. Figure 4.31 provides the comparison. Not
surprisngly awesk trend is evident. Based upon the rdlaively smal differencesin
MVTR and orientation in this sudy, it is unfortunately difficult to make strong

associaions which rise above the “noisg’ level set by measurement limitations.
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Theoreticaly, amore correct andyss of the orientation effect would involve first
normaizing out any differencesin crygdline content. In Fig.4.32 the same datais
plotted with MV TR results normalized on the square of amorphous content ("MVTR). It
is expected that any variation in n(MVTR in this plot should be solely due to orientation
effects. However, the correlation here appears to be worse than in the previous figure.
Of coursg, it is possible that the minimum in permeation performance suggested by the
plotisred. One canimagine ascenario in which the level of amorphous phase
orientation increases, dong with crystaline phase orientation, up to acertain level. After
this point, the orientation of the amorphous materid, possbly well below the maximum
attainable level, may cease to further increase, while the crystaline phase continues to
preferentialy dign. If the reduction in amorphous phase chain mobility exerts a strong
influence on the permeetion behavior, at low levels of crysaline orientation, such a
minimum might be observed.

One could potentialy go on hypothesizing reasons for the observed correlaions
endledy. But, due to the complexity of the morphologies involved, such an effort would
be fruitless. The smdl variations in structure gppear to be on ascale too fine to be
definitively characterized. Furthermore, decoupling the small differencesin crysdline
content, from amorphous and crystalline phase orientation, with the required precison,
appears not to be possible by the approaches taken. Therefore, in the subsequent
discussion section, the focus will be on correlating known process and resin parameters
with thefilms MVTR performance. Whileit islikely that this gpproach will missthe
gructurd factors which influence permeation behavior, it is hoped that a predictive toal,
based upon observations of the genera scaling behavior, can be developed.

4.7 Resin and Processing Time Scaling

Throughout this chapter, two factors have been considered contralling of the
permegtion behavior, crystaline content and its orientation. Therefore, asmple rdation
designed to predict MV TR performance should be based upon these factors. The quench
time (QT), defined as the time required for the mdlt to travel from the die to the frost line,
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should influence both the end crystaline content and the orientation. Longer quench
times correspond to dower cooling and greater melt relaxation, thus potentidly leading to
greater crystalinity and less orientation, dl other resin and processing factors being
equd. By itsdf, the QT cannot account for differencesin MVTR for films produced
from the different resins, asit depends only on processing parameters. Thus, the QT can
be thought of as defining a characteristic processng time. A generd rule of thumb in
polymer science states that when the characteritic processing time is shorter than the
characterigtic raxation time of the polymer, orientation will occur. This scaing
relaionship, described earlier, is known as the Deborah number (De). In this study the
De number will be defined astheratio of the polymer relaxation time to the processing
time. More specificaly, asthe rétio of the characteristic mdt relaxation time, t, as
determined by the C-Y mode, and the QT of the process. Thus, as the De number
increases, Sgnaling greeter orientation and likely less cryddlinity, it is anticipated thet
the MV TR will dso increase. The relationship between the De number and MVTR is
givenin Fig.4.33. While the end points appear to give the correct behavior, the mgority
of the films do not follow this scaling. The lack of agreement is not entirely surprising as
it represents a gross smplification of the process. If the De number does provided a
measure of the induced molecular orientation due to process-resin interactions, then
plotting the MV TR normalized on crystaline content against the De number should
reved any effects of orientation on permesation. This normalized plot isshownin
Fig.4.34. Clearly no trend exists, thus either the De is not correctly predicting the
orientation behavior of the system, or the orientation is not affecting permesationin a
sample manner.

To determine reasons why the De may not accurately predict the MV TR behavior,
an analyss of the input parameters must be made. Firgt, consider the characterigtic
polymer time scale, given by the melt relaxation parameter. It is unlikely that one
number can completely represent the viscous response of the material. Recal for the
limited number of films amenable to these methods of examination, thet the dichroism
and light scattering data suggested that the narrower MWD resins tended to orient more
than their equivdent My, broad MWD counterparts. However, because of their broader
MWD, the CrO resins shear thin earlier, leading to larger values of t,. Based onthe De
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number approach, these larger values predict greater orientation for the broad MWD
resins, even though the opposite trend is noted. This gpparent discrepancy can be
explained by returning to the viscosity datain Fig.4.2, in which the behavior of resins A
and | were compared (My, = 113 kg/mol, PDI’s of 8.1 and 5.5 respectively). Note that at
low shear ratesthe viscosity of resin A isgreater. But, a the highest shear rate, due to
the earlier onsat of shear thinning in resin A, the narrower MWD materid, resin |, begins
to display agreater shear viscosity. Greater viscosities in the melt require greater stresses
to achieve the same flow rate. Thus, the greater stresses experienced in the melt by the
narrov MWD resins may explain why they tend to orient more than the broader MWD
resns. These arguments suggest that a scaling parameter which accounts for the
differences in siress encountered in the mdlt, as afunction of the resin and processing
characterigtics, may be more agppropriate than the use of an average relaxation time.

A rough estimate of the MD eongation rate was made by considering the change
in velocity experienced by the melt using the relation show below/®,

e» 2VFL - Viie
FLH
where the extension rate is approximately twice the difference in film velocity at the frost

line and the dig, divided by the FLH. Thisvaue provides an gpproximation of the

Eq.4.9

deformation rates experienced in the process. Because extensiona viscodty datais not
available, the only recourse is to use the shear viscosty data as an indicator of the relative
behavior for each resin. Thus, asmple “relative processing stress’ term is suggested by
multiplying the extenson rate by the resn viscosity, caculated at this specified rate, from
the C-Y modd and multiplying by afactor of three in accordance with Trouton’srule.
Obvioudy thiswill not represent the actua stresses present in the process as it completely
neglects temperature dependencies and variations in the strain rate profile file of the
bubble, for the different resns. Assuming that the permeetion behavior of afilm can be
modeled as afunction of the crystalline content and a correction factor for differencesin
tortousity, the introduction of the relative processing stress term is gpplied only as means
to predict the relative levels of orientation induced in the films, and hence relative
tortousity.
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An admittedly crude indicator, here termed the “relative processing stress factor”,
isobtained asfollows. Based upon the processing conditions used, Eg.4.9 was used to
determine the extension rate encountered for each film. This extension rate was input
into the C-Y model, using the appropriate parameters for each resin such that a shear
viscosity at this rate could be determined, and then multiplied by afactor of threein
accordance with Trouton’srule. 1t should be noted that Trouton’srule is only rigoroudy
correct for Newtonian fluids, and the application to non Newtonian fluids well above the
low frequency limit is problematic. However, in the absence of extensond data, such a
amplification was deemed necessary. Next, the materias were assumed to be
generdized Newtonian fluids, such that the stress in the melt during processing could be
caculated as the product of the extenson rate and the viscogity at thisrate. Thus, a siress
for each film based on its particular processing conditions and resin were obtained.
Findly, the gress value obtained for each film was divided by the greaetest numericdl
dress vaue caculated for the set of films, in order to normaize the results such that the
largest “relative processing stress factor” is equal to one. In Fig.4.35 the product of the
square of the amorphous fraction and the “relative processing stress factor” is plotted
agangt MVTR. Whilethe correlation isimproved over the De approach, only avery
modest gain in agreement has been obtained. Theimprovement (R?=0.55 first order
exponentid curve) isaso smdl redive to the scaing based grictly on the amorphous
content presented in Fig.4.30.

An dterndive explanation for the variation in MV TR performance observed
among the films could be based upon differences in amorphous phase orientation.
Because none of the methods employed in this study alowed for the independent
quantification of amorphous orientation, this topic has recalved little attention to this
point. However, because permestion takes place in the amorphous phase, this study
would not be complete without some discussion of itsrole. To afirst gpproximation, one
would expect that asthe leve of processing stressrises, the level of amorphous
orientation in the find film will dsoincrease. A rdative indicator of amorphous
orientation can be obtained through shrinkage measuremerts. In Fig.4.36 the results of a
shrinkage test conducted dong the MD in air at 110°C for 24 hrs are plotted as a function

of the relative processing stress factor.
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Figure 4.35. Corrdation of MV TR with processing stress and amorphous fraction.
Trend line represents first order exponentia function (R? = 0.55)
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Similar results for tests dong the TD are not included because of the smal BUR
employed (2.9), which resulted in no change in dimension or asmal (~0.5%) expanson
in this direction. In these MD results, as well as subsequent shrinkage plots, the shrinkage
data has been normalized on amorphous phase content. Thus, the percent shrinkage data
plotted indicates the films measured shrinkage divided by its amorphous volume

fraction. Asexpected, greater processing stressesinduce higher levels of amorphous
orientation. This observation isimportant because it suggests a competing effect between
crystaline and amorphous orientation is present. Increasing processing stresses can lead
to higher levels of amorphous phase orientation, which can act to hinder permestion,
while a the same time promoting greeter levels of crystaline orientation which decreases
the length of the tortous path, thus aiding permestion. Indeed, as demonstrated in
Fig.4.37, the magnitude of negetive b-axis orientation, as determined for the thinnest
films by infrared dichroism, correlates with greater amorphous orientation (shrinkage).

To gauge the importance of amorphous phase orientation in determining the
barrier performance of these films, aplot of the NMV TR performance versus normdlized
shrinkage would be of interest. These results are plotted in Fig.4.38. No correlationis
obtained. If no role was played by amorphous orientation in determining the barrier
properties of these films, it would be anticipated that Fig.4.38 would show an inverse
correlation between shrinkage and nMVTR. Thisis because those films with greeter
amorphous orientation dso contain greeter levels of crystdline orientation. The effects of
crystalline orientation are not normalized out of Fig.4.38. Thus, the filmswith greater
amorphous phase orientation would “ appear” to provide the poorest barrier. Therefore,
the orientation of the amorphous phase must have some influence on the MVTR
performance. Furthermore, because the amorphous phase orientation is not normalized
out of the crystdline orientation versus MV TR plots, and because the two types of
orientation have the opposite effect on barrier properties, it suggests that if the effects of
crystdline orientation on MV TR performance could be observed independent of the
amorphous orientation, a stronger dependence of barrier on crysaline orientation would
be noted.
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Unfortunatdly, it is evident that Smplified estimates of the processng and resin

interactions do not provide the precision necessary to predict the smal variaionsin
permestion observed in this study. Becauseit is not readily evident how one balances the
relative contributions of stress oriented crystdlization and fibril nucleated crystalization,
scaing with only ardative sress indicator, or relaxation time, may not be possible, as
attempted above. The results clearly suggest that increased stress in the melt, whether it
be due to large viscosities or rapid processing, lead to poorer MVTR performance. Thus,
agenerd trend has been noted which can account for large differences. However, the

data dso suggest that the performance over ardatively narrow set of conditions, as
encountered in this study, cannot be predicted a priori without further knowledge of
additiond factors.

4.8 Conclusions

A s=ries of blown films produced from a number of HDPE resins was studied.
The effects of M, and MWD on the orientation of the films for equivaent processng
conditions were examined. WAXS results demonstrated that, taken as whole, the set of
films contained varying levels of crystaline orientation, though the differences were
gmal. Furthermore, the WAXS data showed that dl of the films studied contained
morphologies which are congstent with the K-M modd of low stressrow crystallization.
This conclusion was supported by the microscopy and mechanica propertiesdata. The
smdl BUR (2.9) employed in this study did not appear to induce substantid biaxia
orientation. The gpplication of IR dichroism to alimited number of films proved quite
successful in quantifying the relative levels of crystdline orientation as afunction of M,y
and MWD. The dichroism dataindicated that greeter levels of orientation were obtained
infilms of narrower MWD, dl other factorsequa. The light scattering and pole figure
data were supportive of this finding. However, because not al films contained
superdtructures amendable for light scattering study, and pole figures were not for dl
films studied, these results cannot be gpplied universdly with certainty to dl of the films.
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It was reasoned that the narrow MWD, metallocene resins produced more highly
oriented films because greater stresses were developed in the melt, relative to the broader
MWD resins, due to their lesser propendty to shear thin. While the measurement of
refractive indices provided a very accurate method for determining the crystalline content
of the films, these same resullts gpplied to birefringence ca culations showed no consstent
agreement with the orientation behavior determined by the other techniques.

Microscopy indicated that the lamellae become increasingly oriented with their
surface normals pardld to the MD asthe processing stressincreased.  Furthermore,
long range row nuclested structures were observed in the CrO based resins, but not in the
metaloceneresins, asarule. Thisfinding was dtributed to the smdl, very high
molecular weight fraction present in the broad resins, demonstrated by the higher
moments of the MWD. These structures may aso be a consequence of the dightly
greater LCB content in the CrO based systems reletive to the metallocenes. SAXS results
reveded only dight variationsin lamdlar long spacing, and hence amorphous layer
thickness, among films.

The permestion data suggested that, to afirst gpproximetion, the MVTR
performance could be related to the square of the amorphous phase content, such that
greater crystdlinity led to improved barrier properties. Thus, longer quench times, which
necessarily require dower cooling rate, are beneficid to MV TR performance asthey lead
to grester levels of crystdlinity with less orientation, dl other factors constant. Attempts
to further corrdlate MV TR performance with processing stresses and orientation, using
processing and resin parameters, proved problematic. While ageneral trend was noted
that greater processing stresses lead to poorer barrier properties, the correlation could not
be used as a predictor of a specific film'sMVTR.
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Chapter 5

Thermal and structural characterization of Poly(acrylonitrile-co-methyl
acrylate) copolymers. Effects of comonomer content on melting behavior.

5.1 Introduction

Polyacrylonitrile (PAN) is used predominately in the textile industry in dyegble
acrylic fabrics. 1t isaso widely used as a precursor materia in the production of carbon
fibers. The production of carbon fibers based on PAN is accomplished by first wet or dry
gpinning a PAN copolymer of suitable compostion into a precursor fiber. The precursor
fiber is then subjected to aregimen of increasing temperature in the presence of air or

nitrogen under tenson. Temperatures in the range of 250 — 400 °C are gpplied to
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produce a fused materid which will not flow and isinsoluble. Theinitid product of the
degradation reaction, shown in Fig.5.1, is often referred to as the “ladder polymer”
structure'™®. While not fully understood at thistime, studies suggest that the cydlization
of the nitrile groups, which leads to the ladder structure, isthe result of both intra and
inter-molecular reactions®. It iswell established that this reection is highly exothermic.
Increasing the temperature further leads to the dimination of hydrogen and nitrogen from
the structure. This processing step is referred to as carbonization. At temperatures
greater than 1200 °C, carbon represents 92% or more of the fibers e emental
compositior’, existing in layers whose planes are preferentialy oriented parallel to the
length of the fiber’™°.

While control of the degradation reactionsis critical to the formation of astable
materid for later carbonization, degradation reactions during the spinning process would
meake fiber formation impossible. Inter-molecular reactionsinvolved in the formation of
the ladder polymer act to crosdink the materid. The premature formation of the ladder
dructure leads to a gelled system incgpable of flow. Noting that; a) the mdting
temperature of PAN is 319 °C*°, b) the formation of the ladder structure proceeds rapidly
at 300 °C, and c) that the reection is highly exothermic (coupled with poor heet transfer
properties) leading to an auto-cataytic response, it can be seen that the melt processing of
aneat, homopolymer of PAN isnot possble. At thistime solvent based spinning is
required to produce the precursor fiber and represents a significant portion of the end
carbon fiber's price. Economic and environmenta concerns dictate the need of costly
solvent recovery systems to recycle the toxic solvents utilized. If developed, amelt
processable system would thus substantially reduce the cost of carbon fiber production.

The globa goa of the project was to develop a PAN based materia which is both
melt processable and suitable for conversion into low cost carbon fibers for usein the
automotive industry. Within this larger framework, the focus of the research presented
hereisasfollows. Thethermd and structura characteristics of a series of copolymers
composed of varying levels of methyl acrylate (MA) and acrylonitrile PAN were studied
to gauge their suitability for usein the production of carbon fiber precursors.
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Figure5.1. Structure of repeating sequence in “ladder polymer” formed during theinitid
stages of thermal degradation of PAN. This materid isinsoluble and does not flow.
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Methyl acrylate was selected as the comonomer of choice because; it has traditionally
been used as a comonomer indudtrialy to impart dyesbility to PAN fibers, MA has been
shown to increase the temperature at which the initial degradation reactions begin'?, thus
widening the processing window, and the ability of MA monomer to be copolymerized
randomly with acrylonitrile™?.

This study shows that via the incorporation of the MA comonomer it is possible to
lower the melting temperature of PAN to a temperature below the point degradation
becomes rapid (ca. 300 °C+). Information regarding the presence or absence of a

crystdline state of the acrylonitrile component was aso obtained

5.2 Experimental Methods

The copolymers used in this study were kindly synthesized and anayzed for
comonomer content and molecular weight by project collaboratorsin the laboratory of
Dr. McGrath of VirginiaTech. The solution polymerization was gracioudy conducted by
Dr. V. Bahnu as follows*2. A 500 ml three necked flask with condenser, stirrer and
nitrogen purge was used. The flask was charged with 50 ml of N,N-Dimethyl formamide
(DMF) and purged with nitrogen for fifteen minutes. Next, the mixture of monomers,
acrylonitrile (AN) and methyl acrylate (MA), dong with the initiator, 2,2 -azo-bis-
isobutyronitrile (AIBN), and chain transfer agent, dodecyl mercaptan, were added to the
reaction flask. Tota monomer content for each polymerization was held a 375 mmoal.
The reactions were conducted at 70 °C for six hours. The obtained polymer was washed
with a 50 fold excess of deionized water and subsequently dried for 24 hours at 70 °C
under vacuum. Thefina comonomer contents of the end materials were verified usng
'H and *C NMR.*? Intrinsic viscosity measurements were performed in NMP at 25 °C.
Absolute molecular weight data was aso obtained for the materids usng a Waters 260
GPC with differentid refractometer detector and an online viscometric detector coupled
inpardld. The solvent used was NMP with 0.02 M P,Os. A summary of the molecular
weights and compaoditions of the materids sudied isgiven in Table 5.1.
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Table 5.1. Summary of intringic viscosity and molecular weight for materids sudied.
Note that the molecular weight of 95/5 is subgtantidly lower than the other samples.

Materid W, Mn (g/mol)
100/0 0.6 24,400
95/5 0.27 8,500
93/7 0.55 21,700
90/10 0.52 20,200
85/15 0.49 18,700
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Sampleswill be referenced throughout according to composition using the following
smple desgnation, (mols AN / mols MA). Thus the five materials used in this study are
designated 100/0, 95/5, 93/7, 90/10, and 85/15 in order from lowest to highest
comonomer content.

Thermd andysis was conducted using a Seiko instruments thermogravimetric and
differentid temperature andyzer (TG/DTA) with nitrogen purge to determine melting
behavior prior to degradation using rapid heeting rates (60 and 250 °C/min). Aluminum
pans with pierced lids were used to hold the 3-5 mg samples. The use of pierced lids
alowed for the escape of residua water content. Additionally a Perkin-Elmer series 7
differentid scanning caorimeter (DSC) with nitrogen purge was used to sudy the glass
trangtion behavior for dl materias and the melting behavior of selected samples. As
with the TG/DTA experiments, duminum pans with pierced lids were used to hold the 3-
5mg samples. A series of experiments were also conducted using a TA Instruments
mode 2920 modulated DSC (MDSC). An underlying heating rate of 2 °C/minwith a
temperature modulation frequency and amplitude of 100 seconds and 0.5 °C respectively.
Again, sample masses were kept in the 3-5 mg range. For each of these three
insruments, an initid therma conditioning was conducted whereby each sample was
brought to 200 °C for two minutes from room temperature using a hesting rate of 20
°C/min. This step was conducted to erase any physica ageing effects and, as stated
above, was found to be of use for removing resdua water content in the materias.
Water contents for al samples were approximately 2-3 wt% prior to conditioning. The
plotsincluded in this chapter do not include data from the conditioning step. For samples
which were intentionaly aged, the conditioning step was conducted prior to ageing.

Dynamic mechanicd analyss (DMA) was conducted using a Seitko insruments
DMS 210 at afrequency of 1 Hz with atemperature ramp of 2 °C/min under nitrogen.
FIm specimens for testing were prepared as follows. The copolymer in powder form
was placed in amold formed by stacking multiple layers of duminum foil with ahole
punched through the center. The polymer in the powder filled mold was formed into a
brittle, opague film at room temperature under a pressure of approximately 20,000 PS|
using alaboratory press. The mold with film was then transferred to a second press
heated to atemperature of 150 °C (above Tg but below Tm). One minute was alowed
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for temperature equilibration before a pressure of 20,000 ps was gpplied for an additional
two minutes. The mold with film was then removed from the press and dlowed to
quickly cool under exposure to room temperature. The resulting specimen thickness was
approximately 0.3 mm. It isrecognized that this procedure may not be ided for
producing an orientation free specimen. However, it was deemed necessary to keep the
temperature and time of exposure to aminimum to prevent the onset of degradation. It
should be noted that the temperature and pressure were sufficient to transform the opaque
filmsinto transparent films for the three highest comonomer content materids (85/15,
90/10, and 93/7) while the lowest content films (95/5 and 100/0) remained opaque. Of
further note, samples prepared using this procedure showed identical heet flow behavior
in the DSC to their powder form counterparts after the standard 200 °C conditioning step
mentioned above, thus suggesting that the film preparation process did not result in
degradation of the polymer.

Wide angle x-ray scattering (WAXS) experiments were conducted on films which
were produced in the same manner as described above for the DMA. Certain filmswere
further conditioned (described later where appropriate) using a specified heating schedule
inthe DSC prior to testing. A Philips 1720 tabletop generator was used to produce Ni
filtered CuK a radiation of wavelength 1.54 A. A Warhaus camera under vacuum was
used to obtain flat plate photographs of the scattering patterns for exposure times of 2-4
hours.

5.3 Crystalline state of pressed films

As stated earlier, the god of the global research project was to produce a melt
spinnable PAN based materid. The reader is dso asked to recdl that the melting point of
PAN is 319 °C, which is above the temperature at which exothermic degradation
reactions proceed at arapid rate. Also sated earlier, it is this highly exothermic reaction
that prevents PAN from being melt processed. There are two primary methods used to
observe the melting of PAN without the use of solvents or diluents. The first method
involves the incorporation of a comonomer into the chain which acts to depressthe
materid’s meting temperature. It isthe effect of this melting point depresson
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phenomenon which forms the basis of thiswork. In theory, the addition of a sufficient
level of comonomer should lower the melting point of the copolymer to a temperature at
which complete melting is achieved prior to the onset of therma degradation. However,
depending on the chemistry of the comonomer, the degradation reaction may be moved to
lower (catdyzed) or higher temperatures (inhibited). 1t should also be recognized that
above a certain threshold of randomly added comonomer content the symmetry of the
chain is so disrupted that no crystalization can take place. The second method used to
sudy the mdting of PAN based materidsis to conduct experiments under conditions of
such rgpid heeting that melting is fully achieved before the kinetics of the degradation
reaction are alowed to accelerate. Attemptsto study the copolymers materias using this
method will aso be discussed.

Before examination of the experimentd findingsit isimportant to address an
additiona issue that is a common source of confusion regarding PAN. This concernsthe
exact nature of the crydaline sate found in PAN. The synthetic methods used in this
study, as well as the procedures employed in industrid practice, produce an atactic chain.
Thus, thereisno reason a priori to assume that PAN should crydtdlize at dl. Despite
thisfact, PAN iswiddly regarded as a semicrystalline materid based on its therma-
mechanica response and because it produces a strong, sharp diffraction peek at 2q = 17°
(d =5.30 A) and aweaker peak at 2q = 29° (d = 3.04 A) by x-ray andysis An
examination of the diffraction behavior of PAN shows that upon orientation, thereisan
absence of meridiond scattering reflections. To many researchersthis has led to the
conclusion that PAN conssts of lateraly ordered, rod like domains, or atwo dimensiond
carystd similar to anematic liquid crystdline texture™ 1315, The chains are considered to
pack with a preferred spacing of 5.30 A perpendicular to the chain direction, while there
isno regular periodicity dong the chain axis due to the atactic nature of the chains.
Essntidly the chainsexigt in anirregular helix of constant radius. These helices pack
together in apardld fashion to form the ordered structure. Various unit cells have been
proposed for PAN based on these findings. Thiswork will consder PAN to have
hexagond packing with no long range order dong the chain axis.  Furthermore,
regardless of the exact nature of PAN in the solid State, this study will consider PAN to be

a system which can be described in the context of a traditional semicrystalline polymer
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through the observation of sharp scattering maxima as observed by WAXS and first and
second order thermodynamic transitions as observed by thermal analysis.

As dated above, the primary god of thisinvestigation was to determine the effect
of comonomer incorporation on the copolymer’s crystadline state. The synthesized
materias recaived in powder form were pressed into films as outlined in the experimentd
section for easer andyss by x-ray diffraction. The aosence of sharp ringsin the
obtained scattering patterns would be a clear indicator of alack of regular packing. The
results for each copolymer composition are presented in Fig.5.2. From the homopolymer
pattern, the two sharp reflections generally observed in PAN can be noted at 2g=17°
(inner) and 29° (outer) respectively. Note also that the pattern appearstypical of a
semicrygaline polymer with the sharp rings corresponding to crystaline regions
superimposed upon a background of diffuse scattering due to amorphous regions.
Following the increase in comonomer content from one pattern to the next in Fig.5.2 it
can be seen that the sharpness of the inner reflection decreases while the outer reflection
eventualy disgppears a the highest comonomer leve.

The increased diffuseness of the inner reflection suggests that the inter-chain
distance of 5.30 A, attributed to PAN’s hexagonal packing in the crystalline state, is
being partidly disrupted by the incorporation of comonomer. Quantitative intensity data
is provided in Fig.5.3 obtained from WAXS measurements obtained in reflection from
melt pressed films. Two primary features are present in each curve, a sharp peek located
at 2q = 17°, and abroad peak, ending approximately at 29 = 29°. Because the
capabilities for transmisson mode measurement were unavailable, the results could not
be normalized on sample thickness. An dternate normaization scheme, obtained by
dividing the measured intengity by the peek intensty obtained at 2q = 17° for each
sample, allows changes in the relaive intensities between the sharp and broad peaks to be
compared from one sample to the next. Thus, it can be observed in Fig.5.3 that the
intengity of the broad pesk increases relative to the sharp pesk with increesng MA
content. Assuming atwo phase morphologica model, and attributing the sharp peek to
crystdline materid while assgning the broad pesk to amorphous materid, demonstrates
that the crystdline content of the materials decreases with increasing MA content.
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Figure 5.2. WAXS scattering patterns of PAN copolymers, copolymer content indicated
in upper right corner of patterns as (AN-MA) mole percentages Sharp inner reflection
corresponds to 2g = 17° with 5.30 A inter-chain packing distance. Outer ring
corresponds to 2q = 29° with approximately 3.04 A spacing. Note disappearance of outer
reflection and reduction in sharpness of inner reflection as comonomer content increases.
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Peak Normalized Intensity (arbitrary)

Figure 5.3. Powder diffractometer results normalized with repect to maximum pesk
intensity (Inorm=1¢/124=17°). Note thet relative heights of the sharp pesk (29 = 17°) and the
broad, underlying scattering becomes smdler with increesng MA content, suggesting a
loss of crystdline materid. Also note broadening of |eft shoulder on 2 = 17° peak with
incressing MA content suggesting smaller and/or less perfect crystalites.
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Furthermore, the data of Fig.5.3 dso reved s that the sharpness of the 2q = 17° peak
decreases with increasing MA content, showing that size and/or perfection of the
crydalitesis decreasng as greater levels of comonomer are incorporated.

The mechanism by which the spacing is disrupted may be reasoned as follows.
Figure 5.4 shows the chemical repeat units of the PAN-co-MA copolymers studied. It is
reedily evident that the Size of the methyl acrylate group of the comonomer is much
larger than that of the cyano group of the homopolymer. It might be speculated that in a
crystd with lessthan “ perfect” structure, such asthat found in PAN, cocrystaliation of
the comonomer units with acrylonitrile unitsis possble. However, dueto the sze
differentiad of the repeat units involved, such a Stuation seems very unlikely here. Thus,
it is reasonable to assume that the MA comonomer will be rgjected from the crystdline
lattice. Because the methylacrylate cannot be incorporated into the crystdline phase, a
disruption of the dimensions of the 5.30 A spacing by the incorporation of MA unitsinto
the crystdline phase seems unlikely. However, as the comonomer content is increased,
the size of the hexagonally packed domains should be decreased as the MA units will
limit the length of continuous AN sequences dong the chain. Smdler crystdlites can be
consdered less perfect crystas than larger ones and should thus produce more diffuse
reflections and dso mdt a alower temperature,

Based on Figs.5.2,3 it can be seen that PAN-co-MA does indeed appear to be a
semicrystaline materia producing both sharp (crystaline) and diffuse (amorphous)
scattering. The perfection of the crystalline phase is seen to decrease as the amount of
comonomer content isincreased. Hence, thisresult is quditatively interpreted to arise
from a decrease in the size of crystaline domains since the MA units should act to restrict
the dimensions of such domains dong the chain axis. Findly, anotable decreasein
diffracted intengty a 2q = 17° reldive to the broad scattering ending approximeatdy at
2q = 29°, demondtrates that the overdl crystaline content of these materidsis decreasing

with increasing comonomer content.
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Figure 5.4. Repeat units of AN-MA copolymer. Left repeat unit of acrylonitrile. Right
repeat unit of methyl acrylate. Note differencesin size and chemica structure of Sde
groups between the two repesat units, suggesting againgt possible co-crygalization.
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5.4 Microstructure of PAN-co-M A materials based on reactivity

ratios

The previous assartion that the MA units act to disrupt crystdlinity is based on the
assumption that their incorporation into the copolymer occurs in arandom manner during
synthesis. Recently as part of the overal project Wiles et. al*® determined the reactivity
ratiosfor AN and MA in DMF a 62 °C. The vauesare 1.29 and 0.96 for AN and MA
respectively (note that the actua temperature of polymerization was 70 °C). A reactivity
ratio is defined as the tendency for aradica of a given monomer to react with another
monomer of its own kind relative to its tendency to react with the other monomer present.
The vaues above show that the AN monomer has asmal preference to react with itself
relaive to the MA, while MA radicas show amost no preference at al. In accordance
with the calculations originally derived by Flory*’ the instantaneous composition of
copolymer being produced as a function of monomer composition and reactivity ratios
can be determined by Eq.5.1.

Ar f2+f f
Fl_(l 1 1 %f12+2f1f2+l'2 f22) Eq.b5.1

where
Fi = ingantaneous copolymer mole fraction of unit i
fi = ingtantaneous monomer fraction of unit i
I = reactivity ratio of i relative to other component

Taking unit one to be AN and using the above reactivity ratios, a plot of ingantaneous
copolymer composition as a function of AN monomer fraction is presented in Fig.5.5.
This plot shows the reaction of AN with MA under these conditions follows closdly the
conditions commonly referred to as an ideal copolymerization. Because the composition
of the copolymer at any instant nearly matches the composition of the monomer phase

present, its composition will remain nearly congtant asthe
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Figure 5.5. Rdationship between ingtantaneous copolymer composition and current
reaction mixture composition. Areato theright of the verticd line indicates the range of
initid reactor compositions used in this sudy. Diagond line indicates behavior for which
the composition of copolymer produced is equd to the compaosition of the reaction
mixture.
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reaction proceeds with time in a batch process. Furthermore, because each of the
reectivity ratiosis close to avaue of unity (no greet preference for addition of AN
relative to MA for either monomer radicdl) it can be expected that the addition of each
monomer unit along the chain will be nearly purdly satigtica. Therefore the didtribution
of comonomers dong the length achain will be determined randomly, weighted only by
the relative numbers of each monomer type present at that time. Based on the
compositions studied, MA contents of 0 — 15 mol%, each chain should consst of MA
units randomly digtributed aong its length, the number of which should, on average, be
equivaent to the feed compogtions. As sated in the experimental section, NMR and
FTIR messurements verified this prediction™?.

5.5 Mdoting of the crystalline phase in PAN-co-MA by rapid heating

If indeed the leve of crydlinity of these materidsis changing as afunction of
comonomer content, then it should be possible to observe a change in the heet of fusion
(or melting) per gram of copolymer as a function of comonomer content. However, as
dtated earlier, the nature of the crystdline state in PAN is such that its mdting point is
above the temperature a which degradation reactions occur for conventiond heating
rates. The magnitude of the exotherm of these reactionsis dso so substantid that they
can completely mask the presence of any mdting in aconventiona DSC or DTA
experiment. Furthermore, the heet liberated by degradation is sufficient to rapidly raise
the temperature, accelerating the reaction and leading to a rgpid transformation of the
polymer. It has been shown that it is possible to observe the melting of PAN viaDSC or
DTA if asufficiently rapid heating rate is used*®. Because the phenomenon of melting is
afirg order thermodynamic trangtion, its occurrence should not be a function of the
heating rate used. Neglecting the redlities of heat trandfer, the entire crystal should melt
instantaneoudy once the mdting temperatureis atained. The sameisnot true of
degradation. The rate of degradation should follow an Arrhenius temperature
dependence. The extent of reaction should be afunction of both the reaction temperature
and the reaction time. During atypica DTA experiment in which the temperature is
ramped at a congtant rate, the reaction rate should initiate at a finite temperature and then
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accel erate as the temperature isincreased.  If the heeting rate is sufficiently rapid, it may
be possible to reach the melting point before the degradation reaction has had sufficient
time to initiate and progress.

Figure 5.6 shows the results of DTA experiments conducted at a heating rate of
60 °C/min for each of the materials. The most driking fegture of this plot isthe large
exothermic event generated at eevated temperatures due to the degradation of the
polymer. It can be seen that the temperature at which the reaction reaches its maximum
rate, as determined by the peak of the reaction exotherm, increases as the amount of MA
increases. This suggests that the MA inhibits the reaction. Secondly it can be seen that
the magnitude of the reaction (integrated area of the exothermic event) decreases with
increesng MA content. This latter result is expected asit isthe lack of sability of the
AN content at elevated temperatures which is responsible for the reaction. A close
examination of the curves a temperatures below the exothermic events revedls small
endothermic events that may be associated with meting. It isthis portion of the curves
that is of primary interest to this study.

The endothermic peaks seen in Fig.5.6 are re-plotted in Fig.5.7 using an expanded
scde. With the scale changed, the endothermic meting events become readily gpparent.
The behavior is quite systematic for the comonomer containing samples. The crysdline
content of the polymer should scde linearly with the area under the endothermic pesk.
Thus, as suggested by the WAXS patterns of Fig.5.2, the incorporation of MA unitsinto
the chain leads to areduction of the crystaline content of the copolymer. Additionadly, it
can be seen that the melting temperature, as determined by the peak of the melting
trangtion, increases with AN content. This result shows that the addition of MA actsto
reduce the melting point of PAN. Extrapolating the meting trend from the copolymers, it
appears that the lack of melting observed for the homopolymer in this series of
experiments was due because the heating rate was not sufficiently rgpid for melting to be
observed prior to degradation.

The next logica step was to run the series again using ahigher hegting rate. A
second round of experiments was conducted with a heating rate of 250 °C/min, after
recdibrating for the rapid heating. The results of these runs are shown in Fig.5.8.
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Figure 5.6. Exothermic degradation reaction of copolymers as shown by DTA using a
heeting rate of 60 °C/min under nitrogen. Note amount of reaction increases and
temperature of maximum reaction rate decreases with decreasing MA content. Prior to
degradation smal endothermic events representative of melting are observed.
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Figure 5.7. Mdting behavior as determined using DTA at a heeting rate of 60 °C/min
under nitrogen. Exothermic drop off at high temperatures represents beginning of
degradation. Magnitude of melting increases, as does melting temperature, with
increasing AN content except for the homopolymer (100-0) for which melting cannot be

observed.
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Figure 5.8. Mdting behavior of materids as determined usng DTA. Heating rate 250
°C/min under nitrogen. Note endothermic melting event of homaopolymer (100/0)
superimposed over the beginning of the exothermic degradation reaction.
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In this plot thereis aclear endothermic event in the homopolymer superimposed over the
beginning of the exothermic degradation. The quantification of the pesk areasin this plot
for determination of the relative levels of crystdlinity is complicated by the overlapping
of the endothermic and exothermic events. Rdlative to the data presented in Fig.5.7, the
melting points appear a dightly higher temperatures and the peaks have been broadened.
The broadening is expected as the rgpid heating rate will result in aloss of resolution
aong the temperature axis. The increase in melting temperature with increased heating
rate can be attributed to an unavoidable lag in the sample temperature rlative to that
which is measured at the base of the sample pans asthe hedting rate isincreased. Taking
the literature value of 319 °C as the melting point of PAN homopolymer shows thet the
temperature lag is on the order of 10 °C as the homopolymer melting point messured here
is330°C. Of course attaching an exact number to the melting peak of PAN in Fig.5.8
would require the deconvolution of the exothermic and endothermic events as well as
accounting for ingrumentd limitations. The primary focus hereis the relative positions
of the melting peaks as a function of comonomer content, not their absol ute values.
The result of greatest importance from these experiments is the observation that
PAN copolymerized with between 5 to 15% MA produces a material which retains some
of the semicrystaline texture of pure PAN but can be melted at a temperature before
ggnificant degradation begins. This suggests these PAN-co-MA materids behave as
typicd semicrysdline thermoplagtics. The obviousimplication of thisresult isthe
possibility of amelt processable PAN based materia for use as a carbon fiber precursor.
The next section presents DSC and DMA data to ascertain to what degree this latter
gatement is true for practica use.

5.6 PAN-co-MA asa Semicrystalline Thermoplastic

The two most basic quantities which can be used to characterize the therma-
mechanica behavior of athermoplastic materid are the glass trangtion and melting
temperatures. By DSC reversible glass trangtion and melting transitions should be
observable while DMA should demondirate subsequent decreases in modulus as the
materid is brought through the rubbery and mdting trangtions.
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The results of DMA experiments conducted at a heating rate of 2 °C/min and
frequency of 1 Hz for each of the materiasis presented in Fig.5.9. Theimpact of
increasing MA content on the dynamic mechanica properties of the copolymer are quite
subgtantid. Recdll that the DTA and WAXS results suggested that crystdline content
scaled directly with AN content. The same trend can be noted here in that the 85/15
copolymer shows amuch grester level of softening upon passing through the Tgin
comparison to the lower MA content materids. Specifically, note a decrease in modulus
of three orders of magnitude for 85/15 while a drop of less than one decade for the
homopolymer occurs. The same conclusion can aso be drawn from the increase in the
magnitude of the damping peek a Tg withMA content. Also note how dramaticdly the
lowering of the mdting temperature with increasing MA content shortens the rubbery
plateau of the copolymers. Based on the earlier DTA resultsit is surprising to see that the
DMA results suggest the 95/5 copolymer is cgpable of considerable mdting prior to
subgtantia degradation at the extremely modest heating rate of 2 °C/min employed. A
smal upturn in storage modulus is noted for the homopolymer &t the highest
temperatures, indicative of the formation of the stiff, ladder structure, as promoted by the
degradation reactions.  Finaly, it can aso be seen that incorporation of comonomer
leads to a small but consistent lowering of the glass trangtion temperature as expected.

Based on the data presented thus far, the PAN-co-MA materids are clearly
thermoplastic. However a*“textbook” thermoplastic should be capable of being
reprocessed time and again through melting and resolidification. The effect of multiple
melting and cooling runs on the thermal properties of the materids were investigated by
DSC. Figure5.10 contains DSC scans for the PAN-co-MA with composition 85/15.
Each hegting step in this experiment was ended with atwo minute hold at 200 °C to
eiminate resdud nuclel. Despite the gpplication of elevated temperatures for short
periods of time, the 85/15 materid shows no mgjor degradation as evidenced by the
reproducibility of the meting, crystalization, and glass trangtion temperatures.

With a mdting temperature of roughly 150 °C, the 85/15 PAN-co-MA can
achieve complete melting and need not approach 300 °C, the approximate onset of major
therma degradation noted in the DTA experiments.
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Figure 5.9. DMA results as determined a 1 Hz. Increasing MA content greetly increases
amorphous content and lowers the glass trangtion and melting temperatures.
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Figure 5.10. DSC trace of PAN-co-MA 85/15 for multiple heating and cooling cycles.
Hesting rate 20 °C/min. Numbers represent 1%, 2", and 3" cydes after initid heating
(not shown) to 200 °C to erase thermd history. Copolymer shows no signs of thermal
degradation after multiple melting episodes. Also note that supercooled crystdlization
occurs over areatively narrow temperature range relaive to the broad melting span.
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To further analyze the consequences of holding these materids at eevated temperatures,
a second experiment was conducted in which the maximum temperature achieved at the
end of each heeting cycle was 250 °C. Again, each heating cycle ended with atwo
minute hold & the maximum temperature in an atempt to ensure full meting and
destruction of nuclestion centers. The results of this experiment are plotted in Fig.5.11.
It is clearly evident that the magnitude of the melting and crystalization events decreases
with each cycle. The reactions which occur in this temperature regime are often referred
to as“dtabilization”. The stabilization reaction is thought to lead to the formation of a
Structure often termed aladder polymer which was depicted earlier schematicdly in
Fig.5.1. Therigid nature of the ladder polymer and the likely fact thet it involves
reections between adjacent chains (intermolecular rather than solely intramolecular)
means that a smal amount of the materia should affect the properties of the bulk
polymer in the same manner that crosdinking might. Thus, the reaction converts
crystdline and amorphous materid to therigid, ladder structure which actsto raise the Tg
of the remaining amorphous phase by redtricting its movement. Indeed, the DSC glass
trangition of the 85/15 copolymer was raised by 4°C in the third heeting cycle rdative to
thefirst. Close examination o reveds that the glass trangtion has been somewhat
broadend as aresult of the thermd cycling.

The likelihood of degradation with multiple meting cycleswill become greeter as
the MA content is decreased for two reasons. Recdlling the results of the DTA
experimentsin Fig.5.7,8 the incorporation of MA acted to lower the mdting temperature
and smultaneoudy raise the onset of thermal degradation to higher temperatures. Thus,
the temperature window for stability between meting and degradation will decrease from
both ends as the comonomer content is decreased. This point becomes particularly
important when the next copolymer materia, 90/10, is anayzed.

An identical experiment was conducted for this materid as shown in Fig.5.12.
Again, amaximum temperature of 250 °C was used with atwo minute hold. Three points
become of immediate interest upon examination of the results. Firgt the changesin
behavior with each hesting cycle are much more dramatic then in the previous examples.

Thereisamuch more severe decrease in the amount of crystallizable materid.
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Figure5.11. DSC trace of PAN-co-MA 85/15 for multiple heating and cooling cycles.
Hesting rate 20 °C/min. Numbers represent 1%, 2" and 3" cydles after initial heating

(not shown) to 250 °C to erase therma history. Materid was held for 2 minutes at 250 °C
at the end of each heating run. Note decrease in magnitude of melting and crystdlization

eventsaswdl assmdl increeseinthe Tg.
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Figure 5.12. DSC trace of PAN-co-MA 90-10 for multiple heating and cooling cycles.
Heating rate 20 °C/min. Numbers represent 1%, 2", and 3" cydles fter initid heating

(not shown) to 250 °C to erase thermal history. Material was held for 2 minutes at 250 °C
a theend of each heating run. Note vertica shifts of the cooling portions are reversed to
minimize curve overlap. Substantia degradation is suggested in the reduction of the
meagnitudes and shifting of the thermd transtions.
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Secondly, it is apparent from this plot that the glass trangtion is not only being raised, but
is aso decreasing in magnitude as measured by the step change in heat capacity through
thetrangtion. Thirdly, in comparison with the 85/15 materid, the first cycle (pristine)
hests of mdting and fuson are much greater. Thisresult isin accordance with dl of the
earlier results which demongtrated that the amount of crystalline material was correlated
with the AN content of the polymer.

It isdso interesting to note from Fig.5.12 that both melting and crysdlization
temperatures are decreasing with further thermal cycling. It seems reasonable to
associae the reduction of the melting temperature with the likelihood that the crystdline
domains being formed on each successive hegting are both smaler and less perfect due to
the degradation process. Ca culating the difference between the melting temperature and
subsequent crystalization temperature shows a dight decrease in the leve of
supercooling for each successve cycle from 47 °C to 44 °C to 43 °C respectively.
However, asthe mdting of this materid isfairly broad, making the definition of the
melting point problematic, these values should not be regarded as absolute. They do
suggest that while the degraded materid may dightly increase the possibility of
heterogeneous nuclegtion, the mechanism of crysalization which is occurring is
cons stent throughout the experiment. It also supports the hypothesis that the size and
perfection of the crystdlites formed decreases with each mdting cycle asthe changes are
reldivey smdl.

Figure 5.13 isincluded next to emphasize the fact that the mdting processis
wholly independent of the degradation reactions which are present in the same
temperature range. Stated in an aternate manner, the act of melting the crystal's does not
lead to the degradation reection. Thisplot isthe result of an experiment usng PAN-co-
MA 90/10 employing a heeting cycle that isidenticd to the method used in Fig.5.12 with
one minor change. At the end of each heating cyde rather than waiting afull two
minutes, the sample is held for only thirty seconds. Thusin Fig.5.13, the materid has
been subjected to the same maximum temperature for each cycle but for a shorter amount
of time. The changesin the glass trangtion and the mdting and crysdlization events are
much smdler in this plot relative to those of Fig.5.12, which involved the longer dwell
times at elevated temperature.
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Figure 5.13. DSC trace of PAN-co-MA 90/10 for multiple heating and cooling cycles.
Heating rate 20 °C/min. Numbers represent 1%, 2", and 3" cydles after initid heating
(not shown) to 250 °C to erase therma history. Materiad was held for 30 seconds a 250
°C at the end of each heating run. Changesin therma trangtions with subsequent heating
cyclesisgreetly reduced relative to Fig.5.12.
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Thusit is quite evident that the degradation reaction is highly temperature dependent and
involves a short induction time before rgpid changes begin. While this makes the
observation of melting possible, from a practica stand point, the delay in degradation at
temperatures sufficient to melt PAN-co-MA materiasis hardly long enough to consider
these to have excdlent melt sability. It should be noted, however, that no stabilizers
have been added to these samples. For practical purposes, the addition of stabilizersto
the material would be detrimentd as the end god is the production of a carbon fiber, a
process which requires the eventua formation of the ladder polymer structure. Infact, a
survey of the literature on PAN based materials for use as carbon fiber precursors finds
no mention of the use of additives to promote therma stability during spinning.

However, there are numerous studies in which variables such as comonomer type,
atmospheric composition, and additives to the spinning dope are investigated to ascertain
their ability to speed the formation of the ladder structure during theinitia heet trestment
step.

Continuing in this series of experiments, the results for PAN-co-MA 93/7 are
givenin Fig.5.14. To achieve mdting, atemperature of 260 °C was required for this
copolymer. A dwdl time of two minutes was used for consgstency with the other tedts.
The additiond ten degrees required to achieve mdting for this higher AN content
copolymer resultsin a substantid acceleration of the degradation process. By the third
cooling and hegting cycles, crystalization has been subgtantiadly reduced and the glass
trangition has been smeared to a point whereit is bardly recognizeble. At firg glance it
appears that the 93/7 copolymer contains less crystalinity than does the 90/10
copolymer. However, it should be recdled that an initid therma cycle to above the melt
temperature, utilized for erasing the therma history of the samples, is not shown in these
plots. A great dedl of degradation may have taken place in the 93/7 sample prior to
observation of the first crystalization exotherm. No attempts were made to view the
melting behavior of the 95/5 and 100/0 samples using DSC as the temperatures required
for observation at moderate heating rates were too high to avoid large scale degradation
on the firg conditioning cycle.
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Figure 5.14. DSC trace of PAN-co-MA 93/7 for multiple heating and cooling cycles.
Hesting rate 20 °C/min. Numbers represent 1%, 2" and 3" cycles after initia heating

(not shown) to 260 °C to erase therma history. Materid was held for 2 minutes at 260 °C
at the end of each hesting run. Changesin thermd trangitions with subsequent heating
cycles are much pronounced relative to earlier examples.
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5.7 Examination of the glasstransition

A quantitetive representation of the relative amounts of crystaline content can be
obtained by examining the reative sizes of the step change in heat capacity for each
sample. Assuming that these copolymers can be represented by a simple two phase
model, the magnitude of the step change at Tg should be directly proportiond to the
amount of amorphous materia present on a per unit mass bass. Thus, through
observation of the glass trangtions it should be possible to determine the rdative
crystdline contents among samples. A comparison of the relative step Szesa Tg as
shownin Fg.5.15 isin accordance with dl previous results. The magnitude of the glass
trangtion event is observed to increase as the MA content of the copolymer is raised.
These results show that MA acts to lower the crystaline content of the materia as
expected. A close examination of the Tg for each materid shows a sysemétic increasein
Tg with increasing AN content, with the exception of copolymer 95/5. The source of this
discrepancy will be addressed shortly. Anincrease in Tg with AN content isto be
expected using the smple Fox-Flory relation presented below in Eg.5.2 for random

copolymers.

W

1
1w £q52
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1
gl
where:

Ty = glass trangition temperature of the copolymer

Ty = glasstrangtion temperature of homopolymer
w; = weight fraction in copolymer of component |

Noting that the Tg of aMA homopolymer™® is 10 °C, which is much lower than the Tg of
PAN (~100 °C), the effect of its incorporation should be to lower the Tg of the copolymer
relaiveto that of pure PAN. Asevident fromFig.5.15, it isnot trivia to determine the

Tg of the homopolymer asits intensity gppearsto be very wesk.
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Figure 5.15. Glass trangtions obtained with a heating rate of 20 °C/min after
conditioning samples a 200 °C for 2 minutes. Step change at Tg decreases with
increasing AN content suggesting that higher AN contents result in greeter crystaline
content. Tg increases with AN content with the exception of 95/5, see text for
explanation of discrepancy.
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In fact there is debate in the literature as to the exact Tg for PAN with values that extend
from 78 °C to 150 °C giverf®22. Using the vaues of the Tg's found for the copolymersin
this study it should be possible to back caculate the Tg of PAN homopolymer if the Fox-
Fory equation isvaid for this sysem. Figure 5.16 compares the measured Tg values
with the Fox-Fory equation assuming avaue of 110 °C for the Tg of pure PAN. While
the absolute vaues are fairly close to the modd, it can be seen that if the data were to be
extended over a greater range that the agreement appears to be less than satisfactory.
Two basic hypotheses may be made to account for the discrepancy of the measured
vaueswiththemodd. Firdly, the Fox-Flory model does not take into account the fact
that the leve of crystalinity decreases as MA isincorporated into the copolymer. The
lower leve of crystdline content in the copolymer will make the modd overestimate the
Tg of the copolymer, as crystdlites act to partialy restrict motion of adjacent amorphous
materia. Secondly, the molecular weights of the samples may be afactor. Addressing
thislater point, it iswell known that the glass trangtion temperature can be astrong
function of chain length for linear polymers of low molecular weight. It isimplicit in the
model, by using the vaues of high molecular weight homopolymers, that the copolymer
isdso of high molecular weight. As one of the gods of this study was to produce a mdt
processable materia, the molecular weights were purposaly kept low so as obtain
meaterids with reasonable viscosty. Four of the five materidsin this sudy have
goproximately the same molecular weight (M) as exhibited earlier in Table 4-1, with one
exception. The 95/5 content copolymer has a number average molecular weight of 8,500
g/mol that is subgtantialy lower than the others (~ 20,000 g/mol). For thisreasonthe Tg
of the 95/5 copolymer does not follow the Tg trend as a function of comonomer content
shown in Fig.5.16.

5.8 Insghtsinto PAN structurethrough physical aging

Upon cooling from above Tg to temperatures below Tg, molecular mobility
becomes dragtically hindered. The reduction in mobility leads to a departure from
thermodynamic equilibrium as the kinetics of contraction become so dow that they
cannot keep pace with the finite cooling rate.
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Figure 5.16. Fox-Flory predicted vaues for Tg versus measured vaues. Tg of PAN
assumed to be 110 °C for modd calculations. Note general agreement though waighting
factor appearsincorrect (dopes differ).
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Time spent below Tg is characterized by the polymer dowly attempting to restore
eguilibrium through further dengfication, if the chains have sufficient mobility. The
approach of anon-equilibrium glassy materid towards equilibrium beow Tg is
commonly referred to as physca aging. Therate a which the equilibrium Sateis
gpproached is afunction of the temperature of aging and the cooling history. The
increase in dendity during aging results in adecrease in enthapy aswell. Upon hegting
above Tg, the enthapy “lost” during this process can be noted through the re-absorption
of heat asthe dengty of the sample is returned to an equilibrium state. The heat Sgnature
of physicd aging is the gppearance of an endothermic event typically superimposed upon
the glass trandtion. The exact position of this aging pesk will depend on the temperature
a which dengfication occurred. It was mentioned earlier that a debate till existsin the
literature as to the true value of Tg for PAN. This portion of the study attemptsto use the
characteristic Sgnature of physical aging to determine more precisdy the location of the
Tg of PAN homopolymer.

The debate over the glass trangtion of PAN largdy stems from the unusud results
which are often obtained usng DMA. Routindly investigators have found two damping
peaks, alower peak at approximately 100 °C and an upper peak at roughly 130 °C.
Depending on the study, the relative magnitude of one damping pesk will be greater than
the other. The results have not been consistent?®-22. In dll cases the magnitudes are
subgtantialy less than those typicaly observed for fully amorphous materids, as
expected. This phenomena has been observed in this sudy aswell as shownin Fig.5.17.
Two damping peaks are observed for the homopolymer. Interestingly the double peak is
not noted in any of the samples containing comonomer. A number of arguments have
been put forth by others, reviewed in the literature by Bashir??, for assigning Tg to either
peak based on x-ray studies and comonomer studies, however al of the data has not been
fully reconciled.

In theory, the detection of the upper limit of the glasstrangition in PAN should be
ardatively ample procedure. A sequence of experiments conducted at different aging
temperatures should yield aging peaks whose magnitudes will be proportiond to the
proximity of the aging temperature to Tg if this temperature was indeed below PAN’s Tg.
If the aging step is conducted above the Tg of PAN then no aging should be noted.
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Figure5.17. Normdized Tan ddta (tan d / tan dmax) determined at 1 Hz. Note
gppearance of two maxima for 100/0 and possible shoulder on 95/5. Also note extreme
breadth of the damping peaks for 100/0, possibly indicative of an extremely
heterogeneous structure. See Fig.5.8 for relative magnitudes of damping peeks.
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Recent research suggests that some low temperature melting pesks may closdly resemble
aging pesks, complicating the situatior?>?*. Figure 5.18 presents a set of three aging
experiments conducted with a DSC using the 100/0 (homopolymer) sample. It can be
Seen that each of the three thermd trestments induces an endothermic event upon heating
which is not present in the reheat step. The lowest temperature annedling schedule, 78
°C, appears to produce an aging peak at 99 °C. The asymmetric shape of the peak
suggests that its appearance is superimposed upon an underlying step change in heat
capacity. The middle annedling temperature, 120 °C, produces an endothermic peak at
140°C. Itisdifficult to interpret whether this peak corresponds to an aging peek at the
high end of the glass trangition or isthe result of the mdting of smdl crygalites. The
highest annealing temperature, 160 °C, produces an endothermic pesk at 180 °C. The
vaue of 180 °C may be an underestimate as the onset of degradation appearsto be
superimposing itsaf upon the high sde of this endothermic pesk. Based on the position
of this peak relative to the peak observed during the reheat step it appears that annedling
at 160 °C has resulted in the growth and perfection of asmall population of highly
imperfect crystds. The crysdline materid which under modest heating and cooling
raesmetsat 170 °C has been shifted to a higher meting temperature by the annedling at
160 °C. These three results taken together suggest that the glass trangition of PAN lies
somewhere between the range of 80 and 160 °C. This temperature window corresponds
roughly to the broad, dual tan delta pesks observed by DMA inFig.5.17. If an
unambiguous determination of the endothermic event at 120 °C could be made, this
temperature window could be reduced further. The nature of this endotherm is further
investigated in the next section.

59 Modulated Differential Scanning Calorimetry Results

The use of modulated differentid scanning caorimetry (MDSC) should be
capable of resolving the nature of the endothermic peak generated by the 120 °C
anneding step, by determining whether the processis reversible (meting) or irreversble
(enthalpy relaxation). If the endothermic peak isthe result of areversble heat flow it is
reasonable to interpret the heat trestment step to have occurred above Tg.
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Figure 5.18. Physicd aging study of PAN homopolymer. Each sample conditioned at

200 °C for 2 minutes prior to rgpid cooling to the aging temperature. After 2 hour aging
period samples were cooled at 20 °C/min to 20 °C. Plot shows subsequent reheating at 20
C/min to 200 °C (aged) and a second hesting run (reheat) conducted after another 20

°C/min cooling step.
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If the endothermic peak isthe result of anon-reversible heet flow, it implies that the heat
trestment occurred below Tg. Thetota hesat flow signa from four MDSC experiments
involving annealing of the homopolymer at temperatures of 110, 120, 130 °C or no
anneding are shown in Fig.5.19. A smdl endothermic event has been induced in each of
the annedled samples. The vertical tick marksin this plot denote the temperature at
which the annedling step was conducted. Asin Fig.5.18, the temperature of the
endothermic peak scaes with the annedling temperature, occurring gpproximeately over a
temperature range 20 °C above the annedling temperature. The magnitudes of the
observed events are not as great as those observed in Fig.5.18 because the MDSC
experiments use a dower underlying heeting rete relative to the conventiona DSC
experiments (2 °C/min vs. 20 °C/min). Unfortunately due to the relatively smdl heet
sgnds generated by the annedling processin these semicrydaline systems, it is difficult

to observe clean, sharp pesks from the data. To bring out the enthapic eventsin the next
three figures, the heat flow (tota, reversible or non-revesible) from an unanneded 100/0
sample was subtracted from the data for the annedled sample. Thus, the datain Fig.5.20-
22 can be thought of representing the excess enthapy, induced by the annedling process,
relaive to an unannedled sample. In Fig.5.20 it can be seen that the endothermic pesks
have now become clearer by using the subtraction procedure. However, it can aso be
seen that the subtraction aso servesto add asmall amount of noise to the datain the form
of random ripples. To ensure that the noise is not mistaken for an endothermic event,
vertical tick marks have been added to Fig.5.20-22. These marks can be used to the
guide the eye to the temperature region in which the endothermic events were induced.
Recdl from Fig.5.19 that the endotherms were visible over arange of gpproximately 20
°C above the annedling temperature. Figure 5.21 contains the reversible heet flow
component of the data presented in Fig.5.20. It isevident from Fig.5.21 that no
endothermic event is detectable for the sample annedled a 110 °C. The endotherm
appears to increase with annealing temperature. Because reversible heet flow should
aise only from mdlting, it is gpparent that at 110 °C the temperature is not greet enough
to induce the crystdlization of asmdl fraction of the homopolymer. At temperatures of
120 and 130 °C asmadl amount of crystalinity was produced by the anneding step which
subsequently melted during the heating scan.
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Figure5.19. Totd heat flow for 200/0 after various annedling conditions. Vertica lines
demarcate temperature at which annealing occurred. Note apparent growth in the
endothermic event upon reheeting as a function of anneding temperature.
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Figure 5.20. Totd heat flow from MDSC of 100/0 annedled at different temperatures. A
heating scan for an unannealed 100/0 has been subtracted from the annealed 100/0 data to
provide what can be thought of as an excess enthdpy due to annedling relative to the
unanneded materids. Annealing pesk shifts with anneding temperature and gppearsto
increase with annealing temperature. Vertica lines mark the temperature at which the
annedling step was conducted.
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Figure 5.21. Reversble heat flow from MDSC of 100/0 annegled at different
temperatures. A heating scan for an unannealed 100/0 has been subtracted from the
annealed 100/0 data to provide what can be thought of as an excess enthdpy due to
anneding relative to the unannedled materids. Annedling pegk shifts with annesling
temperature and gppear to increase with annedling temperature. Vertica lines mark the
temperature at which the annealing step was conducted.
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Figure 5.22. Non-reversible hest flow from MDSC of 100/0 annealed at different
temperatures. A heating scan for an unannealed 100/0 has been subtracted from the
annedled 100/0 data to provide what can be thought of as an excess entha py due to
annedling relative to the unannealed materids. Annedling pesk shiftswith anneding
temperature and appears to decrease with annealing temperature. Vertica lines mark the
temperature at which the annealing step was conducted.
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Therate of crystalization increased with annealing temperature. Thus, the andyss of
the reversible heat flow suggests that the Tg of PAN must be above 110 °C, but below
120°C. These vaues correspond roughly with the Tg vaue which can beinferred from
the DMA tan deltaresults of Fig.5.17 if one takes the higher temperature tan delta pesk
as corresponding to Tg.

The non-reversible hest flow component of the datain Fig.5.20 is presented in
Fig.5.22. Unfortunately these data are somewhat noisy. Of greatest importance isthe
clear presence of an endothermic pesk for the sample annedled at 110 °C, suggesting that
physica aging has occurred. Thus, based on the data from Fig.5.20-22 it can be
concluded that the endothermic peak noted in the homopolymer annedled a 110 °C is due
soldy to physica aging. Curioudy, the samples annedled at 120 and 130 °C aso show
amall endothermic pesksin Fig.5.22. Itisdifficult to quantify the relative areas of each
peak due to the poor quality of the data. Recalling from Fig.5.21 that these two samples
aso show apparent melting behavior, it would appear that annedling at 120 and 130 °C
leads to both physicd aging and cryddlization. This finding suggests that the godl set
forth a the beginning of this section, to define a narrow temperature range over which the
glasstrangtion in PAN occurs, may not be possible. Indeed, it appearsthat at
temperatures of roughly 120 to 130 °C portions of the materia are above Tg while others
arenot. Whileit may be convenient to discuss the therma properties of PAN in terms of
atwo phase semicrystdline modd it gppearsthat in redity PAN conssts of avery
heterogeneous mix of structura states. Apparently there are numerous “ shades of gray”
of mobility for PAN in the spectrum between material which can be consdered
amorphous and that which can be consdered crystdline. The inadequacy of the two
phase mode to represent polymer behavior is not unprecedented. The materia located at
the boundaries between crystaline and amorphous phases at times has been defined asa
third phase, referred to as the rigid amorphous phase (RAP)?>2. Accounting for the
properties of the RAP, decreased mobility relative to the amorphous fraction, but lacking
the packing order of the crystdline fraction, dlows for discrepanciesin crystalinity
determination among various techniques to be explained. The quantification of the
amount of RAP present requires the determination of the heat capacity as afunction of
temperature for the pure amorphous and crystalline phases respectively. Whether such
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data could be collected is debatable. Based on some generd observations regarding the
rate at which PAN crydalizesto follow, obtaining afully amorphous sample would be
vey difficult.

Of passing note, the use of MDSC a so provides the opportunity to observe an
additiond interesting phenomenon. Because the MDSC can separate areversible
endothermic evert, such as mdting, from an irreversble exothermic event, such as
degradation, it may be possible to observe meting behavior under conditions where it
would be completdy masked for conventional DSC. Figure 5-23 gives the results of a
MDSC experiment for PAN with an underlying hesting rate of 2 °C/min after 2 minutes
of conditioning at 200 °C and subsequent cooling. A smdl mdting event is evident in the
reversble heat flow sgna which is unobsarvablein the total hest flow signd due to the
large magnitude of the non-reversible degradation reaction. Of additional note, Fig.5.23
shows that the initiation of degradation can occur at temperatures as low as 150 °C.

5.10 Low méelting fractions of PAN-co-M A

Close examination of the DSC curves presented to this point (e.g. Fig.5.15) shows
what gppear to be smdl melting endothermsfairly closeto Tg, but far below the events
that have been defined as the true melting points of the materials. Such a phenomenon is
not unheard of in systemsthat do not crystalize “cleanly” due to defects or irregularities
in chain architecture. For example both head-tail placement defects and changesin
stereoregularity can lead to substantid portions of crystaline materia which melt at
temperatures below the expected mdting point due to their highly imperfect Sructure. It
is hardly surprising that such phenomenawould be observed in PAN based materias
gnceit ishighly stereoirregular (atactic). To show that the smdl endotherms above Tg
but below the upper mdting temperature were indeed the result of the melting of
imperfect crystals and not the result of resdua moisture or some other source, Fig.5.24 is
included. Samples were brought to 200 °C to erase their thermd history and then
anneadled a 120 °C for two hours. The DSC scans show the subsequent first and second
heeting cycles after the annealing procedure.
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Figure 5.23. MDSC of PAN underlying hesting rate of 2 °C/min. Note small
endothermic melting at gpproximately 170 °C in the reversible heet flow signd which

could not be observed in conventiona DSC as represented by the totd heat flow signa
due to the magnitude of the exothermic degradation. Also note that degradation appears

to be initiated at temperatures aslow as 150 °C when adow heating rate is used.

271



annealed
reheat H.,.:-::-"'r _____'_-:"fﬁ =
P -
s 7
s - ——i— =
_‘__-:) _ —_-_—F-_:"—_..,- -
(&) Sl ._£.-" ----- -
E ,_,.-—"__:..-'-_"-'-;-
E R bt
< a e -
.) el - \_\ —_
° p el i
L A e m 2T T
A
F- }:I.
/'/I
——100-0 — --955
. 0.25 mW/
e L 93-7 —-—--90-10 9
P ---=- 85-15
T I T I T I T I T I T
50 75 100 125 150 175 200

Temperature (°C)
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In each case it can be seen that the endotherms centered at approximately 140 °C after
annedling are increased in Sze and shifted to dightly higher temperatures in comparison
to their pogition relative to the reheat scan. This phenomena can be ascribed to small,
imperfect crystals which were allowed to increase their perfection and/or lateral Sze
during the annedling step and thus melt a a higher temperature.

5.11 Additional experiment to support melting hypothesis

As dated at the opening of the chapter, the globa god of this research project was
to produce a melt spinnable PAN. Investigationsinto the viscosity of these materias, by
project collaborators, showed that it was possible to measure the melt viscosity of the
85/15 and 90/10 PAN-co-MA materials used in this study™.  To further support the
contention that the critica factor in producing a melt processable PAN materid isto firgt
synthesize amaterid which meltswell below the temperature degradation reactions
begin, the following experiment was performed. The copolymer of composition 90/10
was taken to 250 °C for two minutes to ensure melting. The sample was then quickly
removed from the hot press and quenched in adry ice — acetone mixture. The god was
to cool the melt rapidly enough to prevent crystdlization. A WAXS pattern was then
obtained and isshown in Fig.5.25. Itisclear that the sharp reflections that were noted in
this sample in Fig.5.2 have disgppeared, suggesting that the sample was quenched rapidly
enough to prevent any sgnificant crystdlization.

The need to use an extreme quenching procedure to prevent crystalization can be
justified by studying Smilar quenching runs performed in the DSC. Figure 5.26 shows
the results of experimentsin which sdlect samples were taken above their meting points
and quenched at arate of 200 °C/min. The apparent endothermic event present at the
start of each cooling cycle is the due to the instrument and does not represent melting. It
can be seen that with the exception of the 85/15 copolymer, the others were able to
undergo crygalization despite the rapid cooling conditions. While no quantitative
crystalization rate studies were conducted, it appears that these materials can be
consdered to crystdlize quite rapidly.
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Figure 5.25. WAXS pattern of PAN-co-MA 90-10. Sample was melted by holding at
250 °C for two minutes and then quenched in amixture of dry ice and acetone.
Comparison to Fig.5.2 shows that the sample haslogt its sharp reflections indicating a

lack of ordered structures (crystalinity).
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Figure 5.26. DSC traces of quenching experiments conducted at 200 °C/min.
Endothermic events at start of each cooling run are artifacts of the instrument, designated

by arrows (dart up “hooks’). Despite rapid cooling al samples with the exception of
85/15 crystalized.
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To veify that the sample whose x-ray pattern was obtained in Fig.5.25 had been
truly quenched, it was placed in the DSC to seeif it would demonstrate typical melting
behavior. The results are presented in Fig.5.27. 1t can be seen on the firgt heating after
the quench, the sample readily crysalizes as soon asit israised above Tg. Whilethis
result does not conclusively prove that there was zero crystdlinity present after
quenching, it does show that a substantia degree of crystalization was prevented by the
guench. To verify that no serious degradation occurred during the melting step in the hot
press, the subsequent cooling and heating curves are provided. Note thet their behavior is
typica of previous traces suggesting no mgor, irreversible structura changes were
induced.

5.12 Méting — Viscosity Behavior

Additiond ingght into the processability of these materials can be gained by re-
examining the DMA datain light of previoudy published rheologicd data. Infig.5.28
dynamic parald plate rheologica data collected at 220°C are presented. Note the four
orders of magnitude drop in viscogty at low shear rates (0.1 rad/sec) as the comonomer
composition isincreased from seven to ten mol%. This dramatic changein viscosty
suggests a threshold comonomer content below which these materids will not be
processable. The physica explanation for this change in viscous response with
composition can be explained usng the DMA results. Using the basic relationships
between viscod astic properties™ the dynamic modulus data obtained in fig.5.9 are
plotted as the corresponding complex tendle viscosity valuesin fig.5.29. Because the
parald plate results of fig.5.28 were obtained via shear it is expected that the valuesin
fig.5.28 will be one third of thosein fig.5.29. The vauesin fig.5.29 are somewhat larger,
likely due to greater degradation/stabilization during the dow heseting rate (2°C/min)
employed in the DMA experiment in contrast to the single temperature measurements
made in the rheologicd experiment. Of greatest interest isthe viscogty of the materias
at 220°C in fig.5.29, the same temperature datain fig.5.28 were collected. Figure 5.29
as0 demondtrates a dramatic change in viscous response as the comonomer content is

increased from seven to ten mol%. However, the datain fig.5.29 make the nature of the
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Figure5.27. DSC trace of PAN-co-MA after quenching from the mdt in amixture of dry
ice and acetone. Bottom two lines are first an second heats after quenching. Note
immediate crystdlization above Tg suggesting that quenching prevented crystalization.
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abrupt change clear. At 220°C the 85-15 and 90- 10 copolymers have fully melted (i.e.
passed through the rubbery plateau) while the lower MA content copolymers have not.
Thus, the dramatic change in viscosty observed in fig.5.28 is due to the differencesin
melting point among the copolymers. The 85-15 and 90- 10 copolymers have melting
points below the temperature a which the experiment was conducted, 220 °C, while the
93-7 and 95-5 materids have mdting temperatures above 220°C.

5.13 Conclusions

This chapter has examined the thermd behavior of a series of solution
polymerized PAN-MA copolymers without stabilizers. Quditative trendsin melting
temperature, glass trangtion temperature, and crysta content were correlated with the
level of comonomer. In addition, observations related to the structura heterogeneity of
the system were made. Based on the data presented the following specific conclusons
may be drawn from this research.

1) Increasesin the content of comonomer clearly led to areduction in the
melting point of the copolymers as evidenced through DMA, DTA, and DSC
results.

2) Themdting point depression achieved in the two highest comonomer content
materids (90/10, 85/15) was sufficient to achieve complete melting prior to
the onset of thermd degradation using modest heating rates. This conclusion
is supported by both DSC and DMA data.

3) Thedahility of these copolymers, with respect to reproducible melting and
crydalization behavior over severa mdting/crygalization cycles, was found
to be limited as shown by DSC. Thisis due to the proximity of the melting
trangitions to the onset of thermal degradation. Indeed, the MDSC data for
sample 100/0 suggests that thermal degradation may initiate at temperatures as
low as 150 °C.
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4) Increasesin comonomer content gppear to lower the crystaline content of the
copolymers. Thistrend is clear fromthe DTA, while the DSC and WAXS
data are supportive.

5) Attemptsto assign the glasstrangition of PAN to a narrow temperature may
befutile. The therma response of pure PAN suggests that a broad spectrum
of sructurd moatifs (leves of mobility) are present. The breadth of the upper
DMA tan delta peak (~ 90 - 150°C) and the smeared nature of the glass
trangtion as observed by DSC are indicators. Furthermore, experiments
suggested that physica aging and crystallization process can occur
concurrently when PAN isanneded at 110 °C. Thus, a a single temperature
it gppears that PAN contains amorphous regions with sufficient mohility to
cryddlize (characterigtic of amaterid above Tg) while other regions remain
in ardaively frozen gate, which undergo physical aging (characterigtic of a
materid below Tg).

The stated objective of this research was to determineif it is possible to lower the
melting temperature of PAN based copolymers to a vaue subgtantialy below the
temperature at which rapid therma degradation occurs. To thisend, the research has
been successful as mdting trangtions could be clearly and reversbly observed for the
two materias of greatest comonomer content, 90/10 and 85/15. However, the melt
gability of these materids appears to be somewhat limited. Choosing an arbitrary, but
redidtic, time of 30 minutes as the duration for which asmal portion of the materid is
held up in the extruder during the spinning process, the results of this work suggest that
Substantial degradation would occur.
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Figure 5.28. Complex viscosty of copolymers obtained at 220°C from previoudy
published results™. Note four orders of magnitude drop in viscosity at low sheer rates as
the comonomer content is increased from seven to 10 mol%.
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Figure 5.29. Complex tensile viscosity results derived from DMA data. Note that at
220°C the 85-15 and 90- 10 copolymers have fully melted while the higher AN content
materias have not, accounting for the large drop in viscosity noted in fig.5.28.
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Chapter 6

Summary and Recommendations for Future Work

The preceding chapters have presented three separate research projects. Because
there is no direct connection between each area, they will be addressed separately. Here,
the conclusions for each will be reviewed in turn, and recommendations for future work

proposed.

6.1 Chapter 3: Unique Morphologies Consisting of Orthogonal
Stacks of Lamellaein High Density Polyethylene Films— Formation in
the Delayed Blow Out Process and Effect on Tear Properties.
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6.1.1 Summary

This study investigated the effects of molecular and processing varigbles on the
end structure of blown HMW-HDPE films using the delayed blow out, or high stalk,
process. Under appropriate conditions it was found that two populations of lamellar
gtacks with their surface normals orthogonal to one another could be generated. At the
lowest FLH studied, the resultant film morphology consisted of row nucleated structures
oriented dong the MD. Increasing the FLH was found to promote the formation of a
second, orthogonal population of staked lamellar Sructures oriented dlongthe TD. The
delayed blow out process was conceptudized as conssting of two interrelated, but
distinct processes. Thefirst consists of MD gretching and relaxation in the neck region.

The second is bubble expansion, resulting in TD expanson. Theleve of orientation
induced in each step was reasoned to be a function of the resin’s relaxation behavior, the
time scae (strain rate and quench time) of the step, and the stresses generated.
Conditions which led to gresater ress levels resulted in larger effective BURS, thus
favoring the formation of TD stacked materid.

Measurements of tensile properties dong the MD, TD, and 45° between these extremes,
indicated that an anisotropic mechanica response could be linked to poor dart impact resistance.
It was interesting to note that, under the conditions studied, it was possible to produce greater
lamdlar orientation baance in the plane of the film for the lower MW, narrow MWD resin by
down gauging. The same was not true for the higher MW, broader MWD resin.

6.1.2 FutureWork

The production of additiona films, based upon these same resins, under dternative
processing conditions would alow the generd conclusions of the chapter to be tested. Asit was
found that the change in effective BUR has a subgtantia impact on the amount of TD stacked
materia formed, it would be interesting to determine if the two resins could be used to produce
films of identical morphology by utilizing adightly larger BUR for the narrower, lower MW
resins, in comparison to that of the broader, higher MW resin, al other processing conditions

equa. Along smilar lines, the proper combination of decreased die gap and line speed would
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dlow films of the same gauge as studied in this chapter to be produced. However, these
conditions would result in lower stressesin the bubble, and therefore would be expected to affect
the relative amounts of MD and TD stacked material.

The microscopic observation of failure surfaces after tear and/or puncture tests
may reved additiona information regarding the mode of falure. In this manner, it may
be possible to observe differencesin plastic deformation along the MD and TD directions
which could explain observed differencesin mechanica response.

Further ingght into the nature of the MD and TD stacks might be gained by
conducting creep experiments aong the MD and TD directions, respectively, in the film
which showed the most balanced lamellar orientation. It would be interesting to see if
any anisotropy, possibly related to differencesin tie chain connectivity between lamellae
within agiven stack, is observed. At present, techniques capable of quantifying such
differences are not available.

Lastly, higher quality pole figure data would alow for the quantitative caculation
of crygdline c-axis orientation. Astear anisotropy generaly follows backbone
orientation, it would be ingtructive to determineif the tear properties of these films could
be correlated with the magnitude and nature (e.g. possibly planar-bimoda vs. planar-
balanced) of c-axis orientation.

6.2 Chapter 4. Correlation of Moisture Vapor Transmission
Performance with Structure-Property-Processing Relationshipsin
Blown High Density Polyethylene Films

6.2.1 Summary

A s=ries of blown films produced from a number of HDPE resins was studied.
The effects of M, and MWD on the orientation of the films for equivaent processng
conditions were examined. WAXS results demonsirated that, taken as whole, the set of
films contained varying levels of crysaline orientation, though the differences were
sndl. Furthermore, dl of the films studied contained morphologies which are consisgtent
with the K-M modd of low stress row crydalization, with uniaxia orientation. The
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goplication of IR dichroism to alimited number of films proved quite successful in
quantifying the relative levels of crystdline orientation as a function of My, and MWD.
The dichroism dataindicated that greater levels of orientation were obtained in films of
narrower MWD and greaster MW, dl other factorsequal. The light scattering and pole
figure data were supportive of thisfinding. It was reasoned that the narrow MWD,
metallocene resins produced more highly oriented films because greater stresses were
developed in the mdit, relative to the broader MWD resins, dueto their lesser propensity
to shear thin. Microscopy indicated that the lamellae became increasingly oriented with
their surface normals paralel to the MD asthe processing stressincreased. The
permestion data suggested that, to afirst approximation, the MV TR performance could
be related to the square of the amorphous phase content, such that greater crystallinity led
to improved barrier properties. Thus, longer quench times, which necessarily require
dower cooling rates, are beneficid to MV TR performance as they lead to greeter levels
of crygdlinity. Attemptsto further corrdlate MV TR performance with processing
stresses and orientation, using processing and resin parameters, proved problematic.
While agenera trend was noted that greater processing stresses led to poorer barrier

properties, the correlation could not be used as a predictor of a specific film'sMVTR.

6.2.2 Futurework

The single most important follow up, which could be conducted with respect to
this work, would involve the production of additiond films such that awider range of
crystdline orientations would be observed. By magnifying the morphologicd differences
it would be much easer to discern the impact of crystaline orientation on permestion.
While the processing conditions used to produce such systems would not necessarily be
of indudtrid sgnificance, gregter indght into the role of crystdlization could be obtained.

Additiona permestion experiments using more andytica and accurate methods
would aso be of benefit. The possble influence of amorphous orientation on permestion
behavior has been neglected in this study. Sophisticated permestion measurements alow
the equilibrium sorbed permeant concentration to be determined. Thisvaueis

proportiona to the amorphous phase free volume and represents the number of sites
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available for permestion. Thus, if subgtartial condtraints exist in the amorphous phase,
the overdl permegbility will decreasse. If one makes the entirely reasonable assumption
that the conditions which lead to greeter crystaline orientation in blown films dso leads
to greater amorphous orientation, it can be seen that there are two competing effects.
Increasesin crystaline orientation lead to greater permestion rates while concurrent

increases in amorphous orientation lead to smaler permegtion rates.

6.3 Chapter 5: Thermal and Structural Characterization of
Poly(acrylonitrile-co-methyl acrylate) Copolymers. Effects of
Comonomer Content on Melting Behavior

6.3.1 Summary

Thethermad behavior of aseries of PAN-MA copolymers was investigated. It
was determined that the MA comonomer acted to lower both the glass trangtion
temperature and the melting temperature of the copolymer relative to PAN homopolymer.
WAXS patterns noted a quditative decrease in scattered intendity and reduction in
sharpness of the crystdline reflections, suggesting that the sze and/or perfection of the
crystdlites was reduced with increasng MA content. The melting point depression was
aufficient in the 90/10 and 85/15 MA content copolymersto alow for complete melting,
prior to the onset of thermal degradation, using modest heeting rates (20 °C/min).
However, the mets of dl the copolymers were rdatively ungtable, as the hegats of melting
and crydallization were observed to decrease after successve meting and crystdlization
treatments. Finally, some observations of the structurally heterogeneous nature of PAN
homopolymer were made using DSC and MDSC. These studies suggested that PAN
anneded a 110 °C contains regions undergoing crystalization while other, less mobile
regions, undergo physica aging a the sametime.

6.3.2 Futurework

Based upon Fory' s trestment of melting point depression in copolymers, the
changein Ty, isinfluenced by both the comonomer content (on amolar basis) and the
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size of the comonomer unit. Thus, it would be interesting to note if Smilar reductionsin
Tm could be achieved by using lesser mole percents of alarger comonomer unit. From a
practical standpoint, the success of such an experiment would suggest the use of
comonomers which occupy the largest volume possible with the smalest mass possible.
Thus, asubstantia reduction in Ty, could be achieved with less mass loss during
subsequent carbonization.

The synthesis of copolymersincorporating avery smdl and flexible linkage may
be an dternate route to Ty, reduction in PAN based materid. The atactic configuration of
PAN limits the quaity of packing that the crystalline phase can achieve in these sysems.
Thus, it may be possible for a smal comonomer to become incorporated into the
carystaline lattice. Mandelkern' has noted that the rdlatively high Ty, of PAN is not the
result of alarge enthapic gain upon crystalization, but rather reflects the amdl changein
entropy, due to the somewhat tiff nature of the PAN chain. The incorporation of a
flexible comonomer, capable of being incorporated into the crystaline phase, might
subgtantidly lower the T, by decreasing backbone rigidity.
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