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SUMMARY

PET (polyethylene terephthalate) is usually proegsat temperatures above the glass
transition by some form of stretching process (fistmetching, fiber drawing, blow
molding). If the strain-induced crystallization (31is avoided during drawing, PET
fibers can be easily drawn to draw ratios larganth0O. This process is called flow-draw
or superdrawing. In a superdrawing process, a palyfimment is elongated without
developing significant crystallinity. Exploiting ilnphenomenon may bring about lower
cost, more flexible and faster response in synthféier production. This thesis focuses
on the fundamental mechanisms of PET superdrawimguding experimental and

theoretical analyses.

A comprehensive study was conducted to determire lifmitations in processing
conditions for superdrawing. Experimental studiesencarried out by uniaxial drawing
tests at temperatures from 90 to 120°C and ahstaées ranging from 0.008/s to 0.425/s.
Crystallinity and orientation of the drawn samplesre evaluated using differential
scanning calorimetry and birefringence measuremeiitse results indicate that
superdrawing is not possible for any strain rat®GfC because of significant strain-
induced crystallization (SIC). Between 90°C and°T@)5superdrawing occurs only when
the strain rate is below a threshold value, andatleevable strain rate for superdrawing
increases from less than 0.333/s to below 0.425/he drawing temperature increases
from 105°C to 110°C. When the temperature is ir@dao 115°C and 120°C, however,

superdrawing is only possible at strain rates highan 0.016/s. This study also revealed



that increasing temperature from 110°C to 120°CGide® more crystallization at low
strain rates (0.001/s), and less crystallizatiohigth strain rates (0.1/s). It was shown for
the first time that the mechanism of crystallinitevelopment in PET undergoes a

transition at draw temperature of 113°C and straiie of 0.17/s.

A model was developed to predict the stress-stoaimavior of PET fibers as they are
drawn to very large draw ratios (up to 10) overidearange of temperature (90-120°C)
and strain rate (0.008-0.425/s). The stress-strairavior of PET fibers under this range
of conditions has not been modeled explicitly blgestresearchers. A one-dimensional
constitutive model based on the rubber elastidigoty and non-linear viscoelasticity
was used to predict the stress-strain curves of FEdrs at the aforementioned
conditions. The overall stress-strain curve wasstrooted from the stresses arising from
an intermolecular resistance (A) and a networkstasce (B). The intermolecular
resistance was modeled to represent the initigtieleesponse followed by yielding. The
effect of crystallization was accounted for by masing intermolecular resistance and
increased elastic modulus of the material. The rhalde takes into consideration of the
strain rate and temperature dependence of thedapendent response of intermolecular
resistance. The network contribution to stressctwhepresented the strain hardening at
large strains, was quantified on the basis of aonébional properties of the PET
network. It was found that the dependence of thehamical behavior on strain, strain
rate and temperature in drawing of PET fibers cduddadequately captured by the

model.



This study sheds new light on the fundamental wtdeding of the PET superdrawing
behavior and provides useful tools for developingugerdrawing based cost-effective

fiber manufacturing process.



CHAPTER 1

INTRODUCTION

Poly (ethylene terephthalate) (PET) is one of thestnwidely used and commercially
successful polymers, particularly used in the fasifibers and films. Its use as a
commodity fiber dates back to as early as 1953.riAipam being used as fibers, PET is
extensively used in industry in a semi-crystallgtiate to manufacture beverage bottles,
films, food packaging, etc. due to its high stréngtoughness and good chemical
resistance. PET polymer chains comprise of repads with one benzene ring, two
methylene units, two ethers and two carbonyl groufise chains are arranged in
crystalline regions in the triclinic form with omepeat unit per cell [1]. Thé-spacing as
observed in x-ray diffraction peaks are 5.11, 4204 3.46 A corresponding to planes
with Miller indices (010), (110) and (100) respeety [2]. PET undergoes the glass

transition at about 343K (80°C) and melts at arobB8K (260°C).

PET is usually processed by melt extrusion followgdsome form of stretching process
(e.g. film stretching, fiber drawing and blow maid). The fiber drawing process
involves stretching the fibers between two rollstanperatures just above the glass
transition. The drawing process is widely used gooducing textile fibers as well as
industrial yarns. The crystallization that folloafer orientation of the molecules during
a drawing process is called stress/strain-inducgstallization (SIC). This, as opposed to
thermally induced crystallization, is fundamentaliy orientation or entropy driven

process. If the strain-induced crystallization (BikCavoided during drawing, PET fibers



can be easily drawn to draw ratios larger thanTtis process is called flow-drawing or
superdrawing which can lead to novel and low costgsses in fiber manufacturing.
Experimental studies have shown that amorphousddTbe drawn under a low tension
with no measurable changes in orientation or olad®ev crystallization at a high
temperature and a low strain rate. This means ta&idg can proceed to much larger
strains since the hardening mechanisms are no¢mrebhe superdrawing process has a

potential cost advantage in producing hollow ardhfine fibers §Section 2.1

PET has been a subject of intensive study in cdiomeavith the above mentioned
applications, as well as attracted considerablenttin from a viewpoint of
understanding the fundamental mechanisms of chystibn. This is because it has a
low enough rate of crystallization so as to allésvaroduction in a wide range of physical
states. A comprehensive review of the processingtallization behavior and modeling
of PET is given inChapter 2 A description of necking behavior and Si€etion 2.2
followed by melt spinning techniques to produce BT fibers, and their effect on the

structural evolution of the final product is givEéection2.3).

Numerous researchers have studied the crystatlizéehavior of unoriented, amorphous
PET and the corresponding changes in the micrdsteiSection2.4, 2.5, 2.6 and 2)7
Many previous papers focused on the morphologieaebpment and strain- (or stress-)
induced crystallization during stretching of amarph PET [3-22]. In most of the
experimental and theoretical studies reported énliterature, the process conditions for

occurrence of strain- (or stress-) induced cryigtgtibn and their effect on its mechanism



have been discussed [23-33]. Very little invest@gathowever, has been reported on the
exact range of process parameters conducive tordrageng. In particular, how the
morphology of fibers develops during the superdrngwprocess is not completely
understood. It is felt that a deeper fundamentalewstanding of the crystallization
mechanism during superdrawing of fibers is neededextensive experimental work on
the fiber stress-strain behavior during uniaxiaeesion in a large range of temperature
and strain rates would enable us to determine #ranpeter window of superdrawing.
Exploiting this phenomenon may bring about lowesstcanore flexible and faster

response in synthetic fiber production.

Literature review inChapter 2shows that strain-induced crystallization (SICus=s
strain hardening in final stages of deformation tlmgolymer chain alignment, giving
rise to higher overall crystalline content and éimsrto increased density and flow-stress
values. Moreover, it was shown that developmensighificant crystallinity in drawn
samples occurs only after a critical level of otagion is achieved. The critical value of
orientation was shown to be strongly affected bygerature and strain rate. This leads
to the belief that the occurrence of SIC, whosesabs results in flow-drawing, depends
mainly upon temperature, strain rate and oriemafidhere are only a few combinations

of strain rate and temperature that will lead tpesdrawing.

Specific goals of this study are given @hapter 3 The first main objective of this
research is to elucidate the crystallization meigmas, particularly in order to explore the

regime of drawing parameters where superdrawn samgle obtained. Second main



objective is to model the large strain mechani@dlavior, during superdrawing, of PET
fibers in a large range of temperature and straiesrwhich is not covered in previous
research. An experimental study was designed terebshe stress-strain behavior at a
range of strain rates (0.008 to 0.42% snd temperatures above the glass transition
(90°C-120°C). The uniaxial tensile testSettion4.2) are followed by the thermal

analysis §ectiord.3) and finally the orientation studieSéctiord4.4) of drawn samples.

The existing theories in literature are reviewethcawning the modeling of the basic
features of stress-strain behavior of PET, i.asted response followed by yielding and
finally dramatic strain-hardeningSéction 2.8). It is shown that these strongly
temperature- and strain rate- dependent features captured by many existing
constitutive models. However a model that capttiliesdrawing behavior of fibers under
superdrawing conditions (negligible crystallinityca orientation development) is not
known to exist in the literature. In this study,istattempted to develop a novel fiber
drawing model that can closely predict the obsefimss stress-strain curves in the range
of processing conditions of our workltapter 5. This model is built upon a combination

of the molecular and phenomenological approaches.

The findings of this study lead to a determinatajrthe boundary of superdrawing of
PET fibers in terms of temperature and strain rAt&ansition regime in crystallization
mechanism is discovered, in the parameter rangeuofstudy, which leads us to a
completely new picture of the crystallization beloawf PET fibers that has not been

reported in any earlier work. The conclusions dmtifrom experimental and modeling



results are given ilChapter 6 A direction for further work and recommendatidos

improvement upon this study are provided alsGlapter 6



CHAPTER 2

LITERATURE REVIEW

PET fibers, which are generally produced by meihrgpg from the polymer melt, are
the most widely used synthetic material for thedpiction of textiles. When PET is melt-
processed to form products, such as fibers, itmportant to control the molecular
orientation and degree of crystallinity during pEesing so as to achieve desired physical
and mechanical properties. Modulation of thesg@ries is allowed through several
processing techniques, for example, altering par@®men melt spinning processes,
crystallization from the amorphous solid by heatiogfurther drawing of an amorphous
specimen at a given constant temperature (cold air drawing). Among these
techniques, drawing of the amorphous PET materladva the glass transition
temperature (J) is the most important one that can produce ceberystalline material
with greatly enhanced strength. The drawing coodgiand type of drawing process
largely determine the extent of crystallinity andeatation development, and thus the

final structure of the product.

2.1 Types of drawing

2.1.1 Conventional Mechanical Drawing

Commonly PET fibers for textile and technical apations are produced by the melt
spinning process. The process involves forced sixtnuof the molten polymer through
spinnerettes followed by cooling and solidificatidrhe fibers melt-spun at low enough

spinning speeds (less than about 3500 m/min.) @iye partially oriented and known as



POY (Partially Oriented Yarn). These filaments ahmost completely amorphous [19,
20, 27, 28] and therefore need to be mechanicatBngthened by a subsequent hot
drawing process. This mechanical drawing procesgld to increased molecular
alignment as well as crystallinity so as to imprdle filaments’ tensile strength and
modulus. In this conventional drawing processdiav ratios usually obtained are in the
range 3~9, because deformation at larger straohslé@a a dramatic strain-hardening and

causes the breakage of the yarns.

2.1.2 The Superdrawing Process

A number of experimental studies [34-37] have showat the amorphous PET samples
can be drawn under a low tension with no measurablenges in orientation or
observable crystallization at a high temperatur@ @mow strain rate. This phenomenon
has been called superdrawing [21, 22, 29, 38, BB¢ superdrawing phenomenon is
characterized by a negligible development of ciisity and molecular orientation
along the fiber axis as well as low axial stresleluring the drawing process. Indeed,
under the condition for superdrawing, a freshlytregtruded, amorphous, polyethylene
terephthalate (PET) structure such as an as-spum) gan be drawn up to 75 times its
original length without significant orientation arystallization. The superdrawing

phenomenon is also referred to as flow drawing,raimaus drawing, or super stretching.

2.1.3 Mechanisms of Superdrawing

An accurate definition of superdrawing processemmis of structural changes and stress-
strain relations has not been obtained until nowdékson Pace [39] observed that the

superdrawing phenomenon is characterized by a sleky development of crystallinity



and molecular orientation along the fiber axis &l &s low axial stress level during the
drawing process. It was suggested that in flow-dr&ET the macromolecular chains
have some global orientation, while the local segfadeorientation is negligible because

of the large difference in the relaxation timeglodin segments and global chains [36].

2.1.4 Advantages of Superdrawing

During this process, PET samples can be largelgneled to its nearly molecular
diameter enabling us to produce very fine or eva&radenier fibers. Thus for PET fiber
manufacturing, this superdrawing process offerst-effective route to manufacture
fibers of very fine denier. It is known that a largercentage of the total cost of
production resides in the melt-spinning phase (sxbn and solidification) of the
process. The orienting or drawing operation is mmrably cheaper and represents a
much lower investment figure than the rather compd@d expensive melt-spinning
machines. A superdrawing process has the posgilafitfirst melt-spinning fibers of
large denier at low spinning speeds and then usingjatively cheap drawing process,
superdrawing, to obtain any desired fineness. iBhésquicker and less expensive method
- employing a standard spun yarn supply from jus spinning die - than the traditional
approach requiring multiple spinning dies to praglwarious fiber denier or finenesses.
Therefore, with this process the PET fiber manuiiagcts more efficient and flexible than
that with the traditional approach to meet customemands for fibers with varying

denier.



2.1.5 Superdrawing of hollow PET fibers

The drawing without significant crystallization cée useful in production of hollow
fibers of very small deniers. The work of Aneja J4femonstrated the use of flow
drawing process for obtaining very fine hollow fibewith larger voids than those
produced via melt spinning process. He used a viteed drawing process to obtain
increased void content due to the effect of airamgon and water permeation. The use
of two different methods was applied to produceaidrge void fibers- one uses solvents
such as methanol or ethanol to obtain final fib@ds in excess of 65%, the other uses a
temperature inversion process using dry ice to giiamal void content of 41.5%. A
model based on a geometric technique was also pedpir the kinetics of the process.

It was found that the void content rises to a Stestdte rapidly [41].

2.2 Typical tensile behavior of PET in an amorphoustate: strain-induced
crystallization (SIC) associated with necking

The drawing behavior of PET involves three stageddescribed by Salem [17] and
Thompson [22]: The first stage consists of the msiten of an amorphous network of
entangled chains, in which chains slip past eatlerofThe second stage involves the
uncoiling of randomly oriented chains by continusgaplication of stress. In this stage
drawing happens at low stress-level because ofigddyseparation of chains. In the third
regime chains begin to orient in the direction ppléed forces favoring strain-induced
crystallization and formation of crystallite junmtis which slows down entanglement
slippage and results in an inflection point in thge-stress vs. straicurve. Retractile

forces develop which continue to increase andlfilehd to the break at UTS (ultimate



tensile strength) of the fibers. A typical stressis response involving necking is shown

schematically irFigure 1below:

Stress
A UTS
Yield Point Elongation
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Figure 1. Different stages in the typical stress-strain respoof a ductile material

Thompson suggested that since the extension irfitsteregime is unrecoverable on
removal of stress, it is a viscous extension; wietbe second region is mainly a rubber-
like or elastic deformation. PET fibers spun ategjseupto 4000 m/min. show the above

mentioned yield point elongation behavior [42].

It is well known that strain-induced crystallizatigSIC) causes strain hardening during
deformation during which alignment of polymer clsiaccurs, giving rise to higher
overall crystalline content and thereby to increladensity and flow-stress values [33].
Shimizu et al. [42] showed that there is an infattin the birefringence vs. density
curve at 5000 m/min. suggesting that SIC startthen spinline at spinning speeds of

about 5000 m/min.
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Figure 2. Load elongation curves in the two stretching regrfoe PET (a) deformed
below Tyand (b) deformed above{From Ref. 21)

SIC has been found to be associated with neckiggire 2shows that in the SIC regime
necking deformation leads to rapid local strainimg the neck region and thus
crystallization whereas in flow regime molecules caturn to random state during the
extension resulting in low draw stress, little ategion and no crystallization. A uniform
reduction in cross-sectional area without neckiogues in the flow regime. Spruiell et al.
[21] also showed thaat low strain rates flow regime can be obtainedlevidraw at

higher strain rates occurs through SIC regime.

Figure 3 shows the two deformation regimes at two differdraw temperatures. The
change from one regime to other, denoted by aatisitrain rate, is indicated when there

is a sharp rise in load or crystallinity with straiate.
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Figure 3. Variation in the draw stress and crystallinity lewgh strain rate at two
temperatures above the glass transition (From Hef.

The critical strain rate is higher at 100°C T min') compared to that at 80°C (2.5
min™). Therefore the effect of temperature and straie is inter-related and complex.
Whether SIC occurs or not depends strongly on ¢ngoerature and strain-rate. SIC is
dependent on strain rate and temperature and it @@awse rapid increase in flow stress
if it takes place at fast rates [21]. A criticalests level is needed to induce crystallization
which can be attained only after some criticalistrate is applied. The total amount of
strain is less significant than strain rate sinighér strain rate leads to increase in yield

and flow stress [5].

Kawaguchi [43] explained the amorphous PET supeiidigh by examining the stress-
strain relationship with a mathematical viscoetastiodel. It is expected that the

superdrawing process will take place under plaggiormation conditions. The results of



this theoretical work are in good agreement witlpegdments. It was found in the

experiments that for one strain rate and one drato,rthe stress induced by strain
decreases with temperature. At low temperaturdshagh rates of strain, the stress-strain
curve is a sigmoid, indicating a finite extenstilinigh molecular orientation and strain-
induced crystallization. Kawaguchi also pointed that at high temperatures and low
strain rates crystallization does take place duartancrease of thermal motion. It is
reasonable that the superdrawing phenomenon canbenbbserved in PET within an

appropriate range of temperatures and rates ofstra

SIC determines the crystalline structure and ogitgot of the polymer after it has
undergone deformation at a temperature above #es giansition. Kim et al.and Kwon
et al. approached the flow-induced crystallization duridgformation of PET on a
thermodynamic basis [44-47]. They utilized the tiyeaf equilibrium thermodynamics of
melting to show that the equilibrium melting temgdere is higher for a melt under strain
because orientation causes an increase in entid@yeffect of melting point elevation
was considered for calculation of crystalline otaion function frozen when the stress-
induced crystallization occurred. They predictece tlerystalline and amorphous
contributions to the overall birefringence from #r@ropy change calculated using a non-

linear viscoelastic constitutive equation.

2.2.1  Theoretical description of strain-inducedstailization (SIC)

The phenomenon of crystallization during deformmatihas been studied both

theoretically [48, 49] and experimentally [50]. Tleaperimental work has provided



evidence for dependence of crystallization kinetjdd] and morphology [52] on
temperature and stretch ratio. The experimentallteeshow that the same guiding
principles that are used for quiescent crystallmatan be applied in a generalized form
to describe deformed crystallization [53]. Many dtetical studies that described the
thermodynamics of crystallization of polymers undi#ess have made some assumptions
about the fine crystal texture and morphology [F4jr example Flory [48] assumed the
existence of only an extended-chain morphologyisrplaper. Wu [54] extended the work
of Flory to obtain the following expression for tfree energy F of a stretched polymer

network:
-— - — — - (1)

where n is the number of free joint segments betwmesslinks! is the chain end-to-
end distance of crystallite in the direction oesth, is the stretch ratio, is defined as
(3/2n*?, s the fraction of segments between crosslinkiénamorphous phase and

is defined as the modified melting temperature:

i
S % % (2)

where T is the crystallization temperature afidis defined as #s and is the equilibrium

melting point of crystal.

According to Wu [54], the crystalline morphology psedictable based upon the above
equation for free energy and analyzing the locust®fminima. For T >T°, only

extended-chain crystals are stable, while at T°«the stretch ratio defines the type of



crystallites. The stable morphology is extendedrchgpe above a critical ratiog,

whereas the folded-chain type is stable at stnettth below ..

Yeh reviewed the characteristics of SIC in twodes [52, 55]. The rate of SIC is rapid
so that the whole process lasts only a few secabdsost. During stress relaxation,
rearrangement of crystallites results in formatidrchain-folded lamellae. But primary
texture of SIC crystals is either fibrillar or lala®, depending upon the stress levels
during crystallization, since amount of stress desithe molecular orientation and their
parallel arrangement with other crystallites. A iSshkebab” structure that has been
observed in SIC consists of a folded-chain morpiwlon top of an extended-chain
structure. It has been shown in most polymer systeamch as glasses, rubbers,
polyethylene etc. that the basic crystalline uhése very limited thicknesses along the
stretch directions. The melting point elevatiorsuth systems has been also studied and
found to be up to 50-100°C higher than the equtior melting points of the isotropic

polymer.

Gaylord et al. [56] presented a thermodynamic thefor SIC based upon the
minimization of free energy of a crystallite. Thexplained the change in crystal
morphology from folded-chain to extended-chain lo@ basis of entropic changes in the
‘amorphous sections of crystallizing chains’. Tlago qualitatively explained the initial
stress decay and final upturn during crystallizatend the reduction in the-axis

orientation of crystals, all as a function of sthet Their assumption was that

crystallization proceeds along a ‘lowest free epepgth’, which minimizes the free



energy of the network at a given level of crystati, irrespective of the crystal
morphology. In another paper Gaylord proposed a@aussian theory of the stress-
induced crystallization of polymeric networks [57]hus the finite chain extensibility
was also accounted for unlike the Gaussian thdeoy.affine deformation of a polymer
chain (with a non-Gaussian distribution functiomdargoing isothermal crystallization
they identified three contributions to the totatédrenergy: free energy change due to
transferring links from amorphous region to cryig&gl entropy change in the remaining
links of amorphous chain and interfacial free erem@t the boundary of crystalline and
amorphous regions. They were able to predict thialicrystallization rate, birefringence

behavior and incipient melting temperature for ptiylene based on this theory.

2.3 Structure evolution in PET fiber extrusion — efect of spinning conditions

Fiber spinning involves the extrusion of moltenypoér through small orifices followed
by cooling and then pulling the resulting fibersdyake-up device at a speed, called the
spinning speed, which is higher than the exit spgdtie orifice. The fibers thus formed
are subsequently drawn and oriented to impart aldsiechanical properties. The stage
when the fibers are being melt-spun has a conditieeffect on the fiber structure and
orientation development. Therefore it is possiblelitain a wide range of orientation and
crystallinities in the spun samples by varying tbheaditions such as spinning speed, take-

up speed, cooling air velocity profile etc.

2.3.1 Differences between conventional and higregspinning

The spinning speeds involved in the process of sp@hning increased only gradually:

from 500-1000 m/min. in the early 1950s to 3000€1@@min. in the early 1970s [58].



However the potential advantages of high spinnpegds, such as increased productivity
and elimination of drawing step to obtain fullyemted yarns, led to a lot of research in
the area of high-speed spinning. Producing fibérsigh spinning-speeds involves very
high spinline stresses (up to 50% of the plastiliityt for a solid polymer) and cooling
times approaching 10 seconds range, thus leading to extreme conditimngber
structural development. Many classical theoriesshsas nucleation rate theory of
crystallization, fail under these harsh conditiaisfiber formation. This requires new
basic theoretical research for phenomena of smnlknystallization and spinning
dynamics. The earliest evidence of high-speednspgnin the literature appeared in the
1950s [58]. By the late 1970s and early 1980s nsdnglies of fibers spun at spinning

speeds of 6000-7300 m/min. were reported in pdA&r7].

High spinning speeds bring new elements to the smiining process. At high speeds
spinline dynamics are influenced by inertia anddaag, unlike at low spinning speeds
where constant winding tension is dominant. Filsgrsn at “low” spinning speeds are
only partially oriented and, in case of a slowlystallizing polymer such as PET,

amorphous. Whereas in high-speed spinning thedesemolecular orientation reached
are high enough to generate spinline crystallinatizat yields crystalline fibers [59].

However, too high spinning speeds lead not onlgxcessive filament breaks, but also
poor mechanical properties (owing to reduced chysity and orientation) of the as-spun

fibers. Filament breakage during high-speed spmiias been attributed to high stress
concentrations caused by high tension as well #setalifferential birefringence between

the skin and the core caused by fast cooling [60].



2.3.2 High-speed spun fibers: a brief overview

The first systematic study of structural changeBET as a function of spinning speed is
due to Heuvel et al. [27] which contains detailedalgsis of x-ray diffraction
measurements. The properties of high-speed spuns yae different from conventional
spun yarns due to the considerable differenceseir fine structure. High-speed spun
fibers are crystalline. Their dyeability is sigedintly higher relative to conventional spun
and drawn fibers. They exhibit a pronounced skirearucture (higher birefringence at
the surface than at the center of a single fibérkwvcan be minimized by increasing the
temperature of the spinline surface. A large terjpee gradient across the filaments
caused by rapid cooling rates may cause the radrétions in fiber structure [60]. The
SAXS and WAXS studies on high-speed spun fibersvsldothat although crystal size
increased in the spun fibers, there are large “patlof amorphous material with nuclei
dispersed in it. This may be the reason why spgr$i show enhanced draw-texturability
and dyeability without the need of a carrier aganboil. Although the tenacity of the
high-speed spun yarn was similar to that of a coneral drawn yarn, its amorphous
orientation was found to be lower [59]. Intereslyng lower orientation of amorphous
phase in the high-speed spun yarns has been @télieamain reason for their inferior
mechanical properties such as lower elastic modahgs lower yield stress relative to

conventional spun-and-then-drawn yarns [60].

2.3.3 Physical properties of fibers as a functibapinning speed

It was reported that the yarn density increaseh witreasing speed while the boiling
shrinkage decreases indicating an increasing diipitawith spinning speed. Similarly

the tenacity, the sonic modulus and the overadifbirgence were found to increase with



speed. Beyond a speed of about 6500 m/min. thedemsity, tenacity and birefringence
were found to decline gradually. This might beilattted to development of microvoids

above this speed [59].

Shimizu et al. showed that for as spun PET filamesgun at a speed of 1000-8000
m/min., there is a significant effect of the spimpitake-up velocity on the properties
[19]. The X-ray diffraction patterns showed cleatihat significantly large crystals are
present only in the samples spun above 4000 m/hia.degree of crystallization and
molecular orientation leveled-off beyond the spee@000 m/min. In another work they
found that molecular weight affects the orientateord crystallization behavior of PET
for high speeds of spinning [20]. The birefringerdecreased after about 7000 m/min.
for all molecular weights studied (1.84, 20.5 ar&d82kg/mol). It was shown that the
tenacity increased linearly with speed while thaiN@'s modulus dramatically increased
for speeds above 4000 m/min. [42]. Boiling shrinkagas found to decrease for speeds
above 3000 m/min. In a study of PET spun in theedpange of 5000 to 9000 m/min. all
three crystallite dimensions of PET showed a mammis increase with increasing

velocity, but the crystal density decreased foesgenigher than 7000 m/min. [61].

Heuvel et al. [27] performed a study on PET invadyspinning speeds of 2000 to 6000
m/min. and structural analysis tools such as WARSC, SAXS, IR spectroscopy and
pulse propagation. The cold crystallization peakthe DSC trace shifted towards lower
temperatures with increasing spinning speeds amdppeared at speeds above 5000

m/min. The change in the shape of the melting mtaked at 4000 m/min. The increase



in melting peak temperature was correlated witgdasrystallites formed in the spinline.
Their x-ray diffraction experiments showed thatyospeeds higher than 4000 m/min.
resulted in any significant crystallinity developmban the spun fibers. The structure
formed at low speeds (up to about 4500 m/min.) &@nhg amorphous with no or very
little orientation. Other physical properties suels density, sonic modulus and
amorphous orientation factor were all shown to st increasing spinning speed and
all displayed a sharp upturn at about 4000 m/mieuMél and Huisman [62] also
proposed the presence of maitrignsconformations in a crystalline region of PET based
upon the steric hindrance factors. Similarly a éammount ofgauchesequences are
expected in amorphous molecules since they coofsigtoriented coiled polymer chains.
With increasing spinning speed, the gauche contenéxpected to decrease since
uncoiling of molecules occurs with the orientatfmocess. Their IR experiments on PET

spun at 2000-6000 m/min. showed some evidencdi®theory.

The effect of initial take-up speed on the struetand properties of PET filaments was
also studied in detail by Hotter et al. [28] . Magiation of thermal, mechanical and other
properties of the as-spun fibers with spinning dpsas determined. As shown figure

4, the crystallinity essentially increased only attee speed range 2500 to 3750 m/min.,
while the birefringence increased almost linearithvincreasing take-up speed. Similarly
the tenacity of the as-spun filaments was foundntoyease in a linear fashion with

increasing speed, while the elongation at breakedsed much more rapidly.
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Figure 4. Effect of strain rates (or take-up speed) on thelrarical and optical
properties of PET fibers (From Ref. 28)

The changes in orientation and crystallinity wiffin®iing speed were studied from the
XRD studies by Hotter et al.. As shownkigure 5 the amorphous halo at low speeds
becomes more and more sharp along the equatorsand off-equator reflections also
appear with increasing spinning speed of the filameThis is clearly a strong indication
that the structure of as-spun PET fibers is alnatsily amorphous at low speeds (until
about 4000 m/min.). A well developed crystallinisture appears only at speeds higher

than 5000 m/min.
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Figure 5. WAXS photographs of as-spun PET fibers (From R&}. 2

According to Hotter et al. the molecular chainshmitthe less oriented amorphous
regions that connect the more rigid crystallineckfoare known as “tie molecules”. The
number and distribution of lengths of these tieenales may affect the tensile properties
of the filament. The improvement in tensile prostof as-spun filaments with
increasing take-up speed may be attributed to rethencrease in these tie molecules or

to an increase in the crystalline volume fractibthe material.

Yasuda [63] systematically studied the variatiorliongation-at-break, tenacity, specific
gravity, shrinkage and birefringence of as-spun FEments as a function of the take-

up speed. The tenacity, density and birefringeneeevfound to increase with increasing



speed while the shrinkage and breaking elongatimnegised. From the abrupt increase in
density and sharp decrease in boiling shrinkaga speed of 4500 m/min., they also
concluded that filaments with higher density andl-defined crystalline morphology are
formed at speeds greater than 4500 m/min. A stailiand more oriented structure
formed due to spinline crystallization leads to @pdin shrinkage with increasing
spinning speed. Their x-ray diffraction studieswtd that the apparent crystal size in
fibers spun at speeds higher than 4500 m/min. vimsitatwo times than that in a

conventional spun-drawn filament.

Vassilatos et al. experimentally studied the spigrnof PET between 2500 m/min. and
9000 m/min. They found that the SAXS pattern ohhspeed spun fibers showed a four-
point pattern until 6750 m/min. but changed to aidienal pattern for higher speeds.
This was explained on the basis of ceased growtpriofary crystals and additional

crystals being formed from the existing nuclei theading to a decrease in the long-

period spacing [59].

2.3.4 Mechanisms of development of superstructhiess-@pun fibers

From the results of experimental studies on PE€réilspun at different speeds it has
been possible to develop a picture of the morphokoyl fine structure of as-spun fibers
as it forms in the spinline. The fiber diameter ihegto decrease immediately upon
exiting the orifice in the unoriented state [61]s Aeformation progresses the oriented
mesophase appears due to molecules being orielotaglthe fiber axis. Farther down the

spinline the necklike deformation appears at a tpuihose position is not precisely



known. After the necking zone is passed, the dianatange ceases to occur leading to a

high molecular orientation and high degree of @aWisiity in the fiber.

As shown inFigure 6 fibers consist of essentially amorphous regiohsimoriented

molecules at a speed of 2000 m/min. [27]. Increptie speed up to 3500 m/min. results
in only an increased orientation with no signifitarystallization. As take-up speeds are
increased more, some apparent crystallization dpgelwhereas beyond the speed of

5000 m/min. very well developed crystalline regionth higher orientation are formed.
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Figure 6. Effect of take-up speed on the morphological dgw@lent of PET fibers (From
Ref. 27)

2.3.5 Molecular orientation and flow-induced crylstation in high-speed spinning

From the numerous experimental studies involvind PiE is clearly evident that the
crystallization occurring at higher spinning speedmuch faster than that for quiescent
crystallization process. The crystallization ratethe high-speed spinning line (4000-

6000 m/min.) has been estimated to be abotiLO0times faster than under no take-up.



This has been attributed to the effect of orientatind high stresses attaianable at high

speeds [58].

Higher orientation promotes the formation of palalbundles’ of chains. Therefore the
oriented melt probably consists of bigger and moegions of ordered polymer

molecules, leading to easier crystallization [62fuvel et al. argued that such large
bundles of ordered molecules can act as nucleattes even at very low supercooling
(close to melting temperature) because the criteraperature is higher for larger nuclei.
For yarns spun at 6000 m/min., the large bundlesntecleate and grow over the entire
temperature range of supercooling from below td near the J As spinning speed

decreases the size of bundles becomes smallerh@ndupercooling range, in which
crystal growth can occur, shrinks. Thus the smalfeds lead to formation of smaller
crystals with poorer orientation as compared tos¢héormed at large speeds. More
molecular orientation also leads to higher degresupercooling resulting in a large
increase in the rate of crystallization. The degoéerystallinity achieved in as-spun

filaments is primarily affected by spinning speed &lament radius [58].

George et al. [64] studied the thermodynamics andrkatics of spinline crystallization
of PET spun at 3000-6000 m/min. According to Gepassical nucleation rate theory
is unable to explain the non-isothermal and timpethelent crystallization behavior at
high speeds. They proposed an alternative “nugieallapse” theory which involves a
homogeneous transformation across the material faister rate than nucleation and

growth [65]. This mechanism becomes effective wtiencritical nucleus size is on the



order of crystal unit cell dimensions, due to thresence of high stresses and high

supercooling.

2.3.6 Necking deformation in high-speed spinning

It has been widely recognized that the concentréiedeck-like) deformation occurring
in high-speed spinning of PET melts (take-up spee8900 m/min.) gives rise to high
tensile stresses that lead to flow- or strain-imducrystallization. The fiber diameter
becomes almost constant after the necking poing. &ifects of necking deformation in
high-speed spinning have been studied qualitativaly a satisfactory quantitative
prediction of necking behavior is lacking. This mag/ because in a high-speed spinning
line fiber cross-section changes continuously ddpgnupon speed, cooling intensity
etc. Thus there is no sharp definition of a neckipm a continuous spinning line [58].
The necking of solid polymers is observed mainlynéihitesimally small deformation
rates and in nearly isothermal conditions. Howetler necking during high-speed

spinning is apparently dominated by dynamic, natictbehavior of the polymer.

It has been proposed that the heat released duwrysfallization causing a local
temperature elevation in the necking region migtadl to a decrease in elongational
viscosity and result in a neck-like deformation.oftmer reason for occurrence of necking
has been speculated to be the existence of anedrd@esophase’ which is responsible
for a reduction in elongational viscosity. Accomglito Ziabicki [58] necking intensity is
higher if the axial gradient of elongational visitgsn the crystallization zone is higher.

Also the inertia and air drag both reduce the negkiffect.



Doufas [66, 67] and McHugh [68, 69] gave a constiudescription of the kinetics of
SIC by modeling the melt as a modified Giesekusdfland the solidified phase as
orienting rigid rods. Their predictions from the deb were close to experimental
observations. According to this model the elongetioviscosity sharply falls after
reaching an initial peak, then again rises duel@. Since there is no temperature rise
predicted under these conditions, they concludedl nlecking is caused by decrease in

elongational viscosity.

It has been conclusively shown in some experimentaks that occurrence of strain-
induced crystallization results in large gains e tspinline viscosity leading to rapid
solidification. Also big upturns in the density aholefringence are observed due to this
phenomenon. But there has been disagreement abbathev the strain-induced
crystallization happens before necking or afteltits widely acknowledged that necking
happens before crystallization. The necking phemmumeand its effects on spinline
clearly demonstrate that the PET melt behaviortigngly non-linear and can not be

precisely modeled with single Newtonian or linesceelastic equations.

Shimizu et al. experimentally studied the neckihgmomenon of PET filaments spun at
speeds of 3000-6000 m/min. Neck-like deformatioartetl at 4000 m/min. and was
distinct at 5000 m/min. [61]. The position of theetk-point’ in the spinline shifts

towards the orifice with increasing speed, wheiaageasing throughput (mass flow per
unit time) causes neck-point to move to the takelenice. The intensity of necking also

decreased with increasing mass flow.



2.4 Crystallization behavior during drawing

The stress-strain response of PET during deformatiti obviously be a function of the
conformational and configurational changes in it&rostructure. So we look at the
fundamental processes during the deformation of. HlB& hot drawing process involves
deformation of the polymer at a temperature abdwee glass-transition. The intrinsic
structural features and the associated propertiethe polymer will determine the
response to strain of the polymer [18]. The stnadtaescription of a semicrystalline
polymeric material is generally afforded by theitgb two phase model: the crystalline
and amorphous phases. The crystalline phase isrgras rigid blocks dispersed within a
sea or matrix of a “soft” amorphous material. Thisase acts as physical cross-links

which bind the whole structure together.

2.4.1 Important processes during drawing

The basic molecular changes occurring during a idigaprocess are listed below.
a) Orientation by applied forcef-{e)
b) Molecular relaxation or disorientation by randorarthal motion~ f(T)
c) Thermal crystallization~ f(T)
d) Strain-induced crystallization (SIC) by alignment polymer chains~ f(net
orientation)
Note that since net orientation is a factor of @anSIC is expected to depend on T and

€.

It is apparent that the strain ratend temperature T are the most significant fad@its

33]. The magnitude of net orientation and orientainduced crystallization is controlled



by the time available for the molecules to relaxalhin turn, depends upon the rate of
deformation as well as the temperature. It is wanthting that SIC differs from

isothermal crystallization in its origin and kire=i[8]. Strain-induced crystallization has
been found in numerous morphological studies tdabgely dependent upon entropic

factors due to the orientation of the material.

Strain rate affects the time available for disaiéion of molecules, whereas draw
temperature affects both the rate of crystallizaaad molecular relaxation. Although the
effects of temperature and strain rate are extiereemplex because of the close
correlation, clearly the critical factor is theate magnitude of the rates of molecular
relaxation and strain-induced crystallization. Thoasusing on the two factors — T aad
we can further elaborate the crystallization preahsring drawing of PET fibers. It's our
goal to determine the conditions where crystaliorat due to high temperature exposure

or due to strain-induced (SIC) - is kept to a mimmmlevel during drawing of PET.

2.5 Aspects of stress-strain behavior of PET

Now the experimentally observed effects of tempeeatind strain rate on crystallinity

development in PET, as described in the previouksyavill be studied.

2.5.1 Role of Temperature

2.5.1.1 Drawing undergl[{Cold Drawing)

Napolitano et al. [12, 13] and Allison and Ward [[Zhowed that cold drawing of

amorphous PET fibers involves a strain-induced tatiysation occurring with



simultaneously increasing orientation of both thgstlline and amorphous phases.
Weakening of the glass transition peak and itslifinbeing obscured by the cold
crytsallization exotherm with increasing draw rat@as observed in the DSC traces as
shown in Figure 7. A heterogeneous molecular network with very smiaperfect

crystals was proposed to model the structure ofitiees spun at this speed range.
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Figure 7. DSC thermograms at 20°C/min of PET fibers drawditi@rent draw ratios
(From Ref. 12)

Similar studies by DSC of the cold crystallizatibehavior of PET have been done by
others [70-72]. Interestingly Napolitano et al. kkbabserve three distinct regions in the
stress-strain behavior at room temperature. Anainidlookean region at very low

elongations was followed by yielding whereby muéimecking was observed. Then a

single continuous neck propagates through thedibéra constant load. Finally a sharp



increase in the load at the natural draw ratiodetadstrain hardening until failure. This
behavior is similar to the proposed mechanism frkimg of an amorphous PET fiber.
The initial modulus of the fibers increased monatalty with draw ratio. The

birefringence was found to increase from an as-s@me of 0.0415 to a limiting value
of 0.20. Though no specific details were given iaphlitano et al.’s work about the
molecular network, the mechanism of extension wiodecular network was successfully
applied to account for optical and mechanical armgy development in drawn fibers by

Allison et al. [23].

Spruiell et al. [21] found that stress-strain resg@of PET drawn below glass transition
consisted of yield followed by necking. The crykiatly increased with strain rate but did
not change with temperature below the $hirataki et al. [73] performed cold drawing
on PET fibers with a wide range of molecular oraiain and crystallinity levels in a
temperature-controlled water bath. They used thevor& draw ratio to uniquely
characterize the molecular network of PET as wellta tensile properties during cold
drawing. They showed that the stretching behavidhe intrinsic PET network at room
temperature is similar to extension of an ideabrrbnetwork irrespective of the initial

level of molecular orientation.

In another work Misra et al. [2] analyzed the mstracture development of PET films
during uniaxial stretching both below and above gless transition using small angle
light scattering (SALS), optical microscopy, widegée X-ray scattering (WAXS),

birefringence and crystallinity (density gradiemiwmn). The samples drawn belowy T



were shown to have a necking region with high edlisity and orientation. A high
degree of internal stress remained in the samplerbelow |, which cannot be relaxed
owing to low molecular mobility. Their small-angleght scattering and optical
microscopy results showed that cold drawing prodwecé&odlike superstructure in which
the rods are preferentially oriented in the stretghdirection’. They showed that
annealing under tension does not affect the roddikgerstructure and extended-chain
crystallites. However, during free annealing, aliijlal spherulites nucleate along the
long axis of each rod and produce rows of ellipsoiinnealing the necked portions of
the samples that were stretched to 200% belgw(Zb°C) resulted in considerable
crystallinity. Wide-angle x-ray patterns obtained tindrawn and drawn PET films, as
shown inFigure 8 clearly demonstrated the increase in orientagioeh crystallinity with

cold drawing and annealing.
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Figure 8. Wide-angle x-ray patterns of (a) Amorphous; (b)d=dtawn (necked portion);
(c) Cold-drawn sample annealed at 140°C for 10ahiconstant length; (d) Cold-drawn
sample annealed at 140°C for 10 min without comgtrée) Cold-drawn sample

stretched another 20% at 90°C (From Ref. 2)

2.5.1.2 Drawing abovegy[Hot Drawing)

A large number of studies have been done on tleetedf high deformation temperatures
on the orientation and crystallization behaviorRET. It has been proposed [35] that
above a critical temperature, the intermoleculaicds no longer exist, resulting in
slipping of polymer chains past each other and ifigwindividually, such that even a
very large deformation does not cause any moleariantation and crystallization just
like the flow of a simple liquid. Peszkin et al4]lshowed that increasing the temperature

reduces the crystallization half-timg{frapidly and orientation of the amorphous phase



is an important factor. High temperatures aroun@°@0lead to crystallization half-time
of about 50 milliseconds. Thus thermal crystalimateffects are expected to be more

pronounced at higher temperatures.

Misra et al. in their study showed that for the pbes tested above;and subsequently
guenched to 0°C, crystallinity was found to inceeasnsiderably after a strain of 0.8 at a
test temperature of 80°C and a strain rate of 3608%. The WAXS patterns (sdégure

9) indicate that at low elongations PET has a radlguperstructure that is oriented
transversely to stretching direction, but doesauottribute to crystallinity. However for
larger strains the rods change into ‘ellipsoiddiesplites’ which are elongated along the

direction normal to stretching.
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Figure 9. Wide-angle x-ray diffraction patterns for PET stietd at 80°C to different
strains: (a) undrawn, 0%; (b) 80%; (c) 175%; (d%%bh (e) 250% (From Ref. 2)

Mahendrasingam et al. [10, 11] studied the chamngesientation and nature of strain-
induced crystallization during uniaxial drawing aiorphous PET films. In their draw
experiments at high strain-rates (~1f),sseveral draw ratios and various temperatures
between 85 and 130°C found thiats required to reach a certain critical levelabfain
orientation for SIC to occur. The critical valuepegads upon draw temperature. At
temperatures greater than 125°C, fast moleculaxagbn prevents significant strain-
induced crystallization. SIC occurred only in dragriat temperatures below 125°C since

it was much faster than isothermal crystallization.



In similar work Spruiell et al. [21] studied theystallization behavior of PET as a
function of deformation conditions. They found thatreasing temperature reduced the
development of crystallinity in the deformed samgdat only at smaller strain rates. It
was shown that a flow draw above glass transitemperature without necking is
possible at low strain rates (also $@gures 2and 3). If the strain-rate is sufficient to
induce a critical stress level on the moleculegkimg accompanied by crystallization
and high degree of orientation occurs at that dimwperature. More importantly they

found that the critical strain rate was lower atdo temperature.

This shows that the interactions of temperaturestrain-rate during the drawing process
are extremely complex. As it will be shown in th@ldwing section, they profoundly
affect the stress-strain behavior of PET duringwving. We will consider the studies by
other researchers of the effects of temperaturBEh in two regimes- ‘low’ strain rates
and ‘high’ strain rates. The precise definitiorflofv’ and ‘high’ shall be considered later

in this section.

2.5.1.3 Effect of temperature - strain rate reggme

The effect of temperature is invariably superimpbsath the effect of strain-rate.
Therefore the deformation process should be coresidas a combination of those two
critical factors: temperature and time-scale obd®ftion. The second factor is the same

as the strain rate or speed of testing.

Salem [15, 17, 31, 32] has done extensive studidb® drawing behavior of amorphous

PET films. He found that at lower strain rates léisan ~1 ) increasing temperature



delays the onset of crystallization to higher dreatios. Two crystallization regimes
during draw were identified by Salem: First in whicrystallinity increases faster and
draw stress increases slowly. In the second regiate,of crystallinity increase is much
slower. In either of regimes the rate of crystalian depends upon the draw
temperature. Except at a strain rate of ltle relationship between the two is non-linear.
At higher strain rates, the opposite is observeadl the critical orientation for
crystallization is decreased. At temperatures belgwnly the strain rate comes in to
play- with almost negligible role of temperatureo & higher stretching speed, which
allows molecules less time to relax back to theloam configuration after they are once
aligned under stress, causes an increase in dnysyalof the tested sample. As
temperature is increased above the glass transitigher temperature reduces the critical
orientation required for inducing crystallizatiog tway of increasing both the molecular
relaxation and crystallization rates at a giverelef amorphous orientation. As shown in
Figure 1Q when strain-rates are in the smaller ratigee is sufficient time available for
relaxation; higher temperatures are more effeaiveeducing the rate of crystallization.
At high strain rates time for relaxation is shartldherefore crystallization dominates. So
there is a decrease in critical draw ratio for oredecrystallization (¢) with increasing

temperature.
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Figure 10.Critical draw ratio for onset of strain-induced
crystallization versustrain in different strain rate regimes (From R&f)
The competition between molecular relaxation angktaflization during drawing of
PET, as mentioned in the previous section, becapparent at high strain rates (>4 s

and has been discussed by Peszkin et al. [14] anddil et al. [6].

2.5.2 Role of strain rate

Since the effects of strain rate and temperaturé@Bm stress-strain behavior are well
known to be mixed or dependent on each other, @sergbtion in this section closely

follows that in the previous one.

For PET strain rate has a significant effect ors@lyine content even at low rates. At a
given temperature if we increase the strain ragetithe available for relaxation becomes

short and molecules have to get aligned in thdcstrdirection favoring crystallization



and hence crystallinity increases. By similar reasp i.e. the time-dependence of
orientation development causes strain-rate depeedef crystallization onset- we can
expect that onset of crystallization will shift lmver draw ratios with increasing strain
rates at a given draw temperature; since a cenwlecular orientation is required to
induce crystallization and the molecular relaxatisould become less effective than

crystallization at high rates.

Salem [17] studied the constant rate extensiamudrphous PET films at strain rates in
the range 0.01-2.1%sand temperatures of 83-90-96°C. It was shown ¢thgstallinity
increased with draw ratio and strain-rates as shioviigure 11 Interestingly he found
that two regimes of crystallinity development wet#ained at various strain rates. In the
low stress regime (l) increase in crystallinityfést and draw stress slowly rises with
draw ratio. In the high-stress regime (lI) crystadly grows slowly in comparison to draw

stress.
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Figure 11.Crystallinity versus draw ratio at different temaierres and strain rates (From
Ref. 15)
Salem [15] showed that with decreasing strain aatene draw temperature the rate of
increase in crystallinity with draw ratio decreaselereas the onset of crystallization

shifts to higher draw ratios. More importantly,iasvident inFigure 11, the change in



slope from regime | to regime Il occurs at highevel of crystallinity and is more
pronounced with increasing temperature. This olsEmw again reinforces the
complexity of the interplay of temperature and istrate that influences the mechanical
behavior of PET during deformation. In this papete® also deduced from the draw
time versus crystallinity curves that strain rattually shifts the curves along the log-

time axis and calculated a shift factor-strain ratationship.

Swallowe et al. [1] performed experiments on amoyshPET at strain rates in the range
10° to 10" s* and temperatures from -10°C to 180°C. They foumat the degree of
crystallinity increased with strain rates from>1@ 1¢ s*. At 10° s* SIC occurred
during the test. At strain rates greater thah €% SIC did not occur in the short time
scale (milliseconds) of the test. They also suggkslike others, that crystallization
occurs only after imposing a certain critical leeélstress on polymer chains. Spruiell et
al. found that crystallinity of PET increased wittain rate in the range fao 10* s*.
They concluded that a large amount of strain-induarystallization (SIC) occurs when
the necking deformation takes place. However, meckiappens at a given temperature

only if the strain rate is high enough to induagitical stress level within the molecules.

G’sell et al. [74] studied the stretching of amapk PET at just above the glass
transition (90°C) and found that there occurs aniigant strain hardening which

increased with strain. The kinetics of SIC was fbda become faster with increasing
strain rate. Similarly Ajji et al. [75, 76] perfoed tensile drawing of amorphous PET

films and sheets and showed that the onset of ®i@rtls upon the rate of tensile



stretching. They concluded that the strain ram@hith temperature, is the most critical

parameter in the drawing of PET.

Ladouce et al. [77] deformed the amorphous andtatyse PET samples over five
decades of strain rates and found a considerabfleente of strain rate and
microstructure on the stress-strain curves of PEfie high strain-rate deformation

involved large inelastic deformation of the struetu

It is also worth noting that temperature rise dugvork of plastic deformation during the
adiabatic drawing process promotes thermal cryasgilbn. The amount of temperature
rise, given by the equation:

sde

GC

DT =

depends upon factors such as draw speed.
Any significant temperature rise occurs only atyvéigh strain rates such that heat

dissipation can not take place during the shorétgoale of the test.

Jabarin and Chandran [78-80] investigated the allystion behavior of amorphous PET
films during biaxial stretching at temperatures\abthe glass transition (80-105°C) and
strain rates in the range of 5% to 2009. sThe occurrence of strain-induced
crystallization was demonstrated under these ciomdit It was found to happen at a level
of strain that is independent of temperature arairstate, defined as the strain hardening

parameter. They also observed flow drawing at dtretching rates owing to dominant



relaxation phenomena and low strain hardening musdulhe evolution of structure in
PET from amorphous to semi-crystalline with findeformation was demonstrated by
following the crystallinity (based on density measuents) and orientation (from

birefringence) development.

2.5.3 Role of amorphous phase orientation

Because the modulus of a 100% crystalline PET nadtisr approximately an order of
magnitude greater than that of any PET filamenthsgized, the amorphous orientation
is believed to play important role in determininige tstrength and stiffness of this
semicrystalline polymer [28]. The amorphous phasentationf,, is also a significant
factor in crystallization as discussed by Swall@tel.[1]. As stretching progrességs
increases by chain slippage and conformational ggmne.g. C-H bending). With
increasing fam, configurational and conformational entropy desega favoring
crystallization. They suggested that crystallineicdure grows by placement of chains
into favorable position onto existing nuclei (frozeluring quenching or formed by

thermal fluctuations).

LeBourvellecet al. [8] proposed a critical level of amorphouatation <B(cos )>, at

which SIC starts to happen. They found thaty(e®s )>, decreased with draw
temperature. Also crystallinity increased with,(®s )> at one draw temperature and
vice-versa. At one strain rate and draw ratio, tallisity decreased with draw
temperature. Interestingly they concluded thaticaditorientation is associated with a

critical draw ratio and is independent of straiterat a given draw temperature.



The role of chain entanglements in the amorphoas@hvas proposed and the influence
of entanglement density on the draw ratio for pthlykene considered in earlier studies
[81]. The structure of the amorphous phase of tetkrpolymers was discussed by
Murthy et al. and Keum et al. [82-84]. It was sugjgd that the average interchain
distance in the amorphous phase could have twerdiit values corresponding to the

chains in the tilted planes within the layers @& thansient structure.

Murthy et al. showed that the order of the amorghpbase can be expressed by the
oriented and unoriented components. Murthy alsopgsed that since the local
orientational order does not significantly affelee tsize () of the polymer chains, the
spatial configurations of the chains in amorphoamains in semicrystalline polymers
could differ from those of the unperturbed chaimshie melt state, even if theiyR are

the same.

Structural relaxation in drawn PET samples wasistuldy Matthews et al. [30] using IR
spectroscopy, DSC and online spectrographic teclesigCrystallinity of samples drawn
at 80°C was found to increase dramatically aftacheng a draw ratio of 2.3 (s€&gure

12) at a strain rate of 0.007"sThe crystallization behavior of samples drawr8@tC
and several strain rates was studied with DSC tbgrams (se&igures 13and14). The
DSC scans showed an exotherm at 90-120°C relatéloetarystallization of oriented
amorphous material. With increasing draw ratiopgbhaek became less prominent, because

more crystallization of the oriented material oscduring drawing.
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Figure 12.Increase in fractional crystallinity with draw i@tor PET drawn at 80°C and
0.007 &' (From Ref. 30)
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Figure 13. True stress—strain curves from drawing amorphdis &
80°C at different initial strain rates (From Re®)3
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Figure 14.DSC scans for as-drawn and relaxed PET sampleshcaa®0°C and
0.007 §'to draw ratio of 2.0 and 3.6 (From Ref. 30)

The crystallization temperature was lower as weslleahibited a smaller magnitude of
crystallization exotherm for relaxed samples (kapthe drawing temperature for 30 min.
after drawing, before cooling below)T This was attributed to conversion of the oriente
amorphous material into crystalline material durihg relaxation process. Birefringence
was shown to decrease and then level-off for higawdratios as compared to a
continuous decrease at low draw ratios. This wabated to a higher crystallinity owing

to strain-induced crystallization present at dratios larger than 2.3. The crystallite
formation accompanying this strain-induced crystation causes an arrest of the

molecular relaxation.

In related work, Alves et al. [85] recently detened the relaxation times of the

cooperative conformational rearrangements of therahous phase of semi-crystalline



PET. When the crystalline phase is induced by dmgeand is small in amount, they
distinguish two different fractions in the amorpkophase with two different

conformational mobilities. One of the phases thatged similar glass transition range as
the amorphous material was ascribed to ‘conformatiaearranging regions in the
amorphous phase far from the crystallites’. Theepfthase, with higher glass transition

temperatures, was attributed to the chains lyihgs& to crystalline lamellae’.

In an experimental study of the strain-induced tatligation of initially amorphous poly
(ethylene terephthalate), Zaroulis et al. [86] parfed uniaxial compression tests in both
glassy (25-60°C) and glass transition)(fegime (60-76°C) at strain rates ranging from
0.005 to 0.5 8. They reported a decrease in the yield stresslandstress and a small
decrease in the strain hardening modulus, witmarease in temperature and a decrease
in strain rate. On the basis of DSC curves thdtgk essentially temperature invariant
cold crystallization exotherm area, it was conctudeat network orientation without
strain-induced crystallization occurs for deforraatup to true strain of the order of -1.5.
They also reported that the extreme sensitivityhef strain hardening behavior to strain
rate in the transition region may cause an erromaoeasurement of strain-induced

crystallization behavior.

2.6 Studies of the crystallization behavior of PET

A large number of studies have been done on thergmpntal determination of the

crystallization and yielding behavior of PET at fmratures below, close to or above its



glass transition. There is only limited experiméntiata concerning the deformed

crystallization of PET.

One of the first comprehensive studies of the atlyzation kinetics of PET was reported
by Cobbs and Burton [4]. They followed the crystaltion of amorphous PET films over
the range 120- 240°C by observing changes in tfrared spectra at 972 ¢mThe
changes in absorption were correlated with denslitgnges to obtain a measure of
crystallinity. Half-times for crystallization wer®und to decrease to a minimum as the
processing temperature was increased from 120dot&i0°C and then decreased again
over the range of 220-240°C. The shortest half-twas reported at about 190°C. An
activation energy of 20 kcal./mole, based on iniductimes, was reported. The kinetic
data were fitted to a modified Avrami equation ateé Avrami exponenk was
determined at various temperatures. The valuk was interpreted as an indication of
shape of growing crystallites. The growth mechanienPET was reported as plate-like

from 120°C to 180°C.

Chaari et al. used a high intensity synchrotromysource for studying the evolution of
crystallinity in PET with tensile strain [87]. Tlleawing of PET samples was carried out
at 95°C and x-ray diffraction pictures were recorcs different draw ratios as the
deformation progressed. For examplgures 15and 16 show the stress as a function of

draw ratio along with x-ray photos at differentqsion the curve for two strain rates:
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Figure 15.Tensile stress as a function of draw ratio at 8b&nd 95°C (From Ref. 87)
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Figure 16.Tensile stress as a function of draw ratio at 878nd 95°C (From Ref. 87)



From these measurements they proposed the preséniteee different regimes in
crystallization. At very small extension rate oD®.s*, crystallinity development is
negligible during the deformation. For intermediateain rates, crystallization occurs
during the deformation process itself. At 0.75 kowever, the crystallization process
started during the deformation and ‘continued undethermal and constant strain
conditions’ after drawing was stopped. In anothexpgr Chaari and Chaouche
investigated the crystallization behavior of PETdidterent temperatures and strain rates
[88]. The optical dichroism measurements revealed a tqtiaély different evolution
behavior from that of the birefringence developmastshown irFigure 17 Based on
those results they proposed that theretlaree stages of crystallization. The first stage
consists of increasing birefringence and stressngisdly caused by increased molecular
orientation. The dichroism and crystallinity rasbow a significant rise in the second
stage. This was attributed to the nucleation phiasehich ‘anisotropic nuclei spread
over the medium’, during the second stage. Thd &tege entails those nuclei acting as
elastomeric crosslinks, which causes a rapid ndbe growth rate of the crystallites. But
the crystallite growth was assumed to be less ang@ic since dichroism was found to

decrease during this last stage.
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Figure 17.Comparison of the evolution of the maximum dichmoiblank squares)

versus the initial strain rate at 90°C and the @tvoh of the final value of the crystallinity
(filled blocks) ratio (From Ref. 88)

Myung et al. [89] studied the SIC behavior of PETddferent temperatures and shear
rates using rheometry combined with x-ray diffrantstudies. The dynamic mechanical
behavior as well as the morphology of PET was erpartally determinedFigures 18
and 19 show the effect of shear rate G (storage modulus) and (dynamic viscosity)
at 220°C.It is clear fromFigure 18 that G" reaches the same plateau value at all

frequencies and temperatures; whereas the platedue vof “~ is decreased with



increasing frequency, as evident froRigure 19 The reduction in viscosity was

associated with ‘destruction of the ordered criigtgbarticle structure’.
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Figure 18.Change in storage modulus (@@rsus time at 220°C for PET at frequencies
of 1, 3 and 5 rad/s (From Ref. 89)
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Figure 19.Change in dynamic viscosity () versus time at 220°C for PET at frequencies
of 1, 3 and 5 rad/s (From Ref. 89)

Their optical measurements indicated that a langenber of smaller spherulites formed
at higher frequencies. This means that nucleatd@ and therefore the crystallization
rate increases with increasing frequency. Thisltedso explains the decreased induction
time of crystallization with frequencyl.heir x-ray data showed that crystallite size and
‘perfectness’ decreased with frequency for PET tatlzed isothermally at 240°C. The

dimensions of the unit cell lattice of PET alsorgased with increasing frequency.

Chan and Isayev [90] measured the isothermal anatismthermal crystallization
isotherms for PET for both the cold-crystallizatifreating from below J) and melt-

crystallization (cooling from melt). For PET theguhd that the rate of isothermal



crystallization is much higher at temperatures leetwl125 and 210°C than below 112°C
or above 224°C. The rate of non-isothermal cryigitibn was found to depend upon the
heating or cooling rate. During cold crystallizati@ higher heating rate results in slower
apparent rate of crystallization; similarly duringelt crystallization, a higher cooling rate
would lead to a slower apparent crystallizatiorerathey stressed the importance of
induction time, temperature lag as well as time (age taken by system to reach
isothermal condition) in measuring isothermal aifigation data using DSC. They
argued that measurement of precise crystallizaatawould be difficult using DSC. But
if all those factors are taken care of the extraigal isothermal crystallization data from

DSC can be safely applied to describe non-isothiekmatics.

Radhakrishnan and Kaito [91] reported the analysystallization behavior of oriented
films of PET using in-situ FTIR, WAXD, and SAXS slies. Evolution of dichroic ratio
was followed using polarized in situ FTIR and ctated with changes in orientation with
time. WAXD measurements were used to study theldpreent of fine crystal structure.

As an exampleFigure 20 shows thathe absorption intensity of the 971 ¢nband
decreases and that of the 1370"dnand increases, when heated from room temperature
to the crystallization temperature. Based on tlsudies they proposed a structural
evolution consisting of three regimes. The firsgginge involves molecular relaxation,
immediately above the T The second regime involves rearrangements irottesated
amorphous structure, leading to large increaserientation with time and thgauche

conformation is transformed into ti&ans conformation. The third stage is the stacking



of oriented molecular chains into the crystal tatito form crystallites. The degree of

orientation and th#ans content were found to be constant in this stage.
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Figure 20.Areas of the 971 cth(trans) and 1370 ci(gauchd bands as a function of
time during isothermal crystallization at 93°C (fFr&ef. 91)

Ordering of the polymer chains during the inductmeriod was suggested based upon

those results.

Mayhan et al. [92] followed the isothermal crystation of amorphous films of

poly(ethylene terephthalate) in the range 25-2487 @cording the change in amount of
light ( =400 nm) transmitted with time. Crystallization fatines decreased and rate
constants were found to increase exponentially theerange 96.5-119.5°C. The half-life
values obtained by them were in good agreement thitse reported by Cobbs and

Burton, as shown ifigure 21
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Figure 21.Comparison of crystallization half-time values obéal in two works (From
Ref. 92)

The apparent activation energy for the primary talligation process determined from
their work (37 kcal./mole of segment crystallizeegs considerably higher than the 20
kcal./mole reported by Cobbs and Burton. Similankgir conclusion based on the Avrami
constants was that a preferred linear growth oceulnsereas Cobbs and Burton suggested

a favored platelike growth in poly (ethylene terdalate). These differences were



assumed to be caused by the use of induction top&3obbs and Burton and a slightly

different temperature span covered in the two works

Jabarin studied the isothermal [93] as well as isothhermal [94] crystallization behavior
of PET during cooling from the melt, as a functiohmolecular weight and catalyst
system. It was shown thatystallization rates as well as mechanism of atyigation are
dependent on molecular weights, temperature, aedcHtalyst system used during
polymerization of PET. The isothermal crystallipatikinetics was analyzed on the basis
of Avrami expression and various kinetic constamse determined. A lot of qualitative
information can be obtained from Avrami exponentabout the nature of nucleation and

the growth processes (s€able ).

Table 1Various types of nucleation and growth processestarrelation with Avrami
exponent (From Ref. 93)

Crystallization mechanism

Spherulitic growth from sporadic nuclei

Spherulitic growth from instantaneous nuclei

Disc-like growth from sporadic nuclei

Disc-like growth from instantaneous nuclei

Rod-like growth from sporadic nuclei

= IN N W W |~ |S

Rod-like growth from instantaneous nuclei

It was also suggested that the rate constant, perdks not only uporyt but also is
function of the Avrami exponemt Thus crystallization rate cannot be directly nueed
from the values of only;b, particularly whenn is also changing. In their dynamic

crystallization study (non-isothermal crystallinamtiat a constant cooling rate) it was



found thatthe non-isothermal crystallization kinetics is damito the isothermal case.
Also it was shown that the minimum cooling rateuiegd to produce amorphous PET is
dependent on both the molecular weight and thenpetization catalyst system.

Similar studies were performed by Ozawa by obsgrid&C curves of crystallization of
PET during cooling at constant rates [95]. His gsialrevealed the possible presence of
a “primary (Avrami)” crystallization followed by @&lower secondary crystallization
(“post-Avrami”) process. Avrami equation was apglia an extended or modified form

to describe the non-isothermal crystallization kicse

Effect of molecular orientation on the crystallipat rate in PET was investigated by
Alfonso et al. [96] in the temperature range 95°T15amples with different amorphous
phase orientationf{) were obtained by spinning at speeds from 125@300min. The

isothermal crystallization rate was empirically eegsed as:

( )) , ( 5) /0 12345+§7f818-6*

J0 5; 16 (3)

where i, is the half-time of crystallizatiort, is the minimum half-time corresponding
to maximum crystallization rate at the temperatlite and D is the half-width of the
Gaussian curvd.he parameter A consists of the sensitivity of talization rate towards
amorphous orientation factty The values for PET were reported as; 42 sec; T* =
190°C and D = 64°C. The dependence of constant Aemperature was empirically
expressed and its value increased with temperatdse.shown inFigure 22 the
crystallization rate increased (or crystallizatibalf-time decreased) with increasing

molecular orientation.
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Figure 22.Fractional crystallinity as a function of time atF100°C for PET with,
(from left to right) = 0.123, 0.044, 0.023 (FromfR@6)

2.7 Rate of crystallization

The effects of crystallization rate (in the preseias well as absence of stress) and the

transport of heat generated during crystallizatimmst be considered to understand SIC

phenomena.

2.7.1 Homogeneous nucleation of unoriented melts

For a surface nucleated process in absence o$ sstedility and growth of an embryonic
nucleus is determined by the balance of surfaceggmequired to form the nucleus and
the free energy change per unit volume for theidida solid transformation. It is based
upon the change in Gibb’s free energy by creatibmew crystal surfaces during the

nucleation step of crystallization at a given terapgre TDf = Dh- TDs



with hand sbeing the enthalpy change and the entropy chasgpectively. Assuming
that the spherical nuclei are being formed, itatural to assume thaf will decrease if
more molecules ‘join’ the nuclei. Buff is increased due to additional surface energy as
nuclei are formed. The net changdree energy depends upon the crystal size. When the
nuclei size is small, the surface area per unium@ is high and increases with
increasing nuclei radius because of dominant seréergy effect. But the surface area
per unit volume decreases as the radius becomgsr.larhus there is a critical nuclei
radius above which the net changd ia negative. This critical nuclei size represehts
energy barrier that must be overcome to form stahbfdei. At this condition a dynamic

equilibrium exists between the melt and the crgstal

The homogeneous nucleation rate is obtained bybllirand Fisher equation [97]:

_ 28 BC 1BE - 1BF -
= > Y JOA .TD ./OA?D JO A -8 D (4)

where k is Boltzmann’s constant, h is Planck’s tamis S* is entropy of formation of
crystallite, H* is enthalpy of formation of crystallite, K is aonstant, T is the
crystallization temperature and * is the free energy of formation of a nucleus ofical
size. For a spherical nucleus of radius r and sarfeee energys, the total free energy of
nucleus is the difference between surface and weliree energy changes required to

form the sphere:

BG 2HI *Jy §H|L5B|v6 5)

where G is the bulk free energy of fusion per unit volume



A critical radius r*, at which the free energy goes through a maxima (*), can be

found by differentiating  with respect to r and equating to zero.

S22 OHIJ  2HI *SBMB P (6)

at r = r* which can be solved to give

+Jk

The maximum of is confirmed by seeing that its double-derivaisreegative at r*.

Substitution into equation (5) gives

JL
BG )TQHsRI\K/ls (8)
It can be clearly seen that total free energy ofearbryonic nucleus increases with
increasing r until it crosses the size r* after ethit starts to decrease. Note that is
positive for radius smaller than r*. Such a nucleusinstable and will not grow to a
crystallite. On the other hand, a nucleus greduan the critical size has a negative total
free energy and is therefore thermodynamicallyletabd grows with time.

Substitution into Equation (5) gives

- L
BE pjoA Bk p )
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where lp is a constant containing all temperature indepehderms. The above

expression for spherulitic growth can be generdlifte a rectangular parallelepiped of

lengthl and transverse dimensicasndb:

LNNN L+HIEI

= =pl0A 28 5RM6?8

D (10)

where sis the lateral surface free energy ands the end surface free energy [65].



In absence of external stress fields, the bulk frergy G depends only upon the
supercoolingS ¥ , where ¢ is the equilibrium melting temperature of the

polymer crystal:

R@R8
8y

RV (11)

where b is the latent heat of fusion per unit volume.

Thus the final expression for homogenous nucleatd® of an unoriented polymer melt

is arrived at as follows:

o 1BE- L+HIEI YRz |
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(12)

The nucleation rate, not surprisingly, is inverségpendent on degree of supercooling;
because with increasing supercooling the critiaadleus size decreases leading to the
formation of a large number of relatively small haiicall growing with time into
crystallites. Also due to the squared supercodianm, the crystallization rate is strongly
dependent upon temperature. It has been obseraédrystallization rate actually goes
through a maximum with increasing supercooling &edoming zero near the glass
transition temperature. The activation energy ahsporting the material across the
liquid-solid interface hinders nucleation and deses the rate of crystallization [65].
This effect is significant at large supercoolingeddced mobility of chains with
decreasing temperature leads to a decrease imfratystallization. Limited segmental
motion near glass transition explains why the odterystallization approaches zero near

the glass transition.



2.7.2 Kinetics of quiescent crystallization

For a nucleation-dominated crystallization procassh as in a polymer, the most widely
used model for kinetics of crystallization is thé&fedential form of modified Avrami
equation known as Nakamura model [98]:

N\ W)
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Here m is the Avrami exponent, y is the fractiocrgistallinity, T is the draw temperature
and K is the non-isothermal rate constant. The &ratpre dependence of the rate

constant in the Nakamura model is captured by thiénkhn-Lauritzen expression:
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Here Ky is the nucleation exponent, is the activation energy for the segmental jump
and equal to 6284 J mbl44, 45], R is the universal gas constant,.()dtis the pre-
exponential term taking care of all different calBtation process variables except the

temperature andi$ the correction factor:
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Here the presence of f accounts for the decreakdant heat of fusion with decreasing
temperature, with

8y 8 LP<4NB8 8 8 (16)
where T is called the “supercooling” antl®, the equilibrium melting temperature of the

unoriented polymer.



2.7.3 Nucleation rate under applied stress

Under the application of tensile stress to the nbk resulting entropy reduction also
means that the free energy change required fordlitu solid transformation is larger.

Therefore the nuclei of smaller size are stableughoto grow at a given degree of
supercooling as compared to the same nuclei whieluastable in an unoriented melt.
As a result the nucleation rate is increased. lheowords, the ordering of chains in the
melt causes them to fall in a parallel arrangeneerdligned state eventually found in a
crystal and thus promotes crystallization. For miee melts the higher nucleation rate

can be expressed through a modification of the brakk energy G:

R@»R8
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where fge= Fis the contribution of stored elastic free enexgthe thermal energy [65].

HereF is the applied tension or spinline stress amkla constant of the order of unity.

Yeh et al. proposed a theory for strain-inducedstatlization and its effect on

crystallization kinetics and crystal size of potydene at 130°C [99]. Their model is
based on the effects of macroscopic molecularrstoai the crystallization behavior,
without any assumptions about chain conformationgrgstal morphology (extended
chain nuclei, fringed-micelle or folded-chain cajs). According to them the defects
present in the amorphous state of the melt in ¢then fof folds are responsible for the
observed hindered growth of crystallite thicknesshe c-axis direction in SIC. They

assumed that originating primitive structure isiEmfor both QC and SIC since chain-
folds are already present in both instances. Thexef nucleation rate theory was

developed by taking equal values g@iand for both cases.



According to Yeh et al. the fundamental drivingd®rfor nucleation of polymers is the
difference in free energies between melt and dr{88. For QC,Sj Sk Sl is the
free energy difference between melt and crystakreds for SIGGjY Sk Y SI Yis
the free energy difference between oriented melt@agstal; with H and S, and H°
and S being the corresponding changes in enthalpy amcitropy respectively. Thus
the driving force for SIC is greater than that@C by an amount

- f=(H- H)-T(S- 9=T. &
assuming that H- H is negligible. Since S= S- S is positive, the free energy

change is higher and favors crystallite formationSIC.

Finally, assuming a limited diffusion transporthagh temperatures, Yeh et al. gave the

expression for enhanced nucleation rates for SREdompared to QCN):

P JRd !2 )
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where A is a geometric constant. The degree ofopgtreduction S’ reflects the
orientation enhancement that leads to nucleatitmninarease:

)
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Thus entropy decrease is directly related to therosgopic stretch ratio (assuming
affine deformation), is the number of statistical segments per netvebikin ands is

the number of network chains per unit volume.

2.7.3.1 Failure of nucleation theory under largeess and supercooling

The homogeneous nucleation theory is a continuumemassuming that there are well-

defined macroscopic phases with sharp boundarieseba them. But for very large



values of G, as happens under large spinline stresses orrge Bupercooling, the
critical nucleus size becomes comparable to thesdgions of the unit cell of crystal
lattice. Under these circumstances, the nucleatrmhgrowth theory involving sporadic
transformation and growth is not applicable. Indtdee mechanism for crystallization is
a more continuous process occurring throughout thaterial, like spinodal
decomposition, limited only by the diffusion [69]his mechanism has a much faster rate
than predicted by the equation (12) and leads ne fyrained crystallization called

‘nucleative collapse’.

A crystallization process in the absence of anyemmd stress fields is essentially
comprised of two steps: nucleation (formation ehbeyo’) and growth of nuclei. But the
presence of flow fields or externally applied stess such as shearing or uniaxial
extension has been shown to lead to formation lokedd-like pre-cursors” prior to the
nucleation [100]. Therefore the kinetics of cryistakion is different when deformation

forces are present.

2.7.4 Kinetics of strain-induced crystallizationC$

In SIC, the critical nucleus size and the free gpeequired to form a critical nucleus,
both are reduced. The former thermodynamically favouclei formation (a larger
population of finer crystallites) while the latteinetically promotes the rate of
nucleation. The application of external stressdpshalignment of the molecules along
the direction of applied stress and packing thentoirfavorable position for nuclei

formation. Thus the induction period is shortenegulting in a different kinetics than



quiescent crystallization [100]. It is assumed tladter the completion of nuclei

formation, the growth of nuclei proceeds unaffedigdhe presence of stress.

The thermodynamic theory of crystallization, orgig due to Flory [101], predicts that
the reduction in entrop¥pS,, due to alignment of molecules caused by orientaiotine

network leads to an increase in the equilibrium timgl temperature of an oriented

network. For crystallization under stress (SIC) dggiilibrium melting temperature,J

is given by:
Rv Rv
i Re RCP1IRC 3 (20)
Thus the increased melting temperature of an adepblymer is obtained as:
BE& BC BC
) BC BG ) BGs (21)
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where &, is the additional entropy change of the network ttustress andH is the

change in enthalpy of crystallization.

The entropy change, as predicted by rubber-elgstiogory, was given by Krigbaum and
Roe [50] as:

RO, ?Tq r riL (22)

Flory [48] also gave an expression fd& as below
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Ro —ay— qr r* -z (23)

+



Kim et al. [45] applied the same thermodynamic tiesf entropy reduction in stressed
systems to study the flow-induced crystallizatiowridg injection molding of
crystallizable polymers. They determined the vahfe enthalpy change from the
difference between heat released by crystallizappen unit mass and the created
interfacial energy per unit mass:

BE. BEY BE: ; y, 7BE" (24)
Here £, is the crystallization factor and depends upoerfatial energy created during
crystallization. § is defined as the ratio of crystallization enthatghange and heat of
crystallization and its value was 0.03 for PET [4A}e melting temperature elevation for
an oriented polymer melt including the effect ofheesleased during crystallization was

then obtained as:

) ) _BGs
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Interestingly Kim et al. expressed the reductioremropy as a function of the Finger

strain tensor C:

DS, = k %['é - 3] (26)

where 1§ =C,;, +C,, +Cyy = /¢ +/£is the first invariant of thé&" mode ofCy and
k

obtained from solving the governing equations@gr It represents change in volume per

unit volume for infinitesimal strains. Alsoyjis the modulus of th&" mode:n :2—"
G

where h, is the shear viscosity ang} is the relaxation time of thé" mode. Due to the



crystallization, the viscosity and relaxation timere assumed to be dependent upon

fraction of crystallinity.

For an oriented polymer system during stretching aemperature T above the glass
transition, crystallization will occur as soon agréaches the local temperature. Thus the
elevation of melting temperature has the effecsugercooling and acts to increase the
crystallization rate. This effect of enhanced materystallization was then incorporated

into the rate constar(T,g) of the non-isothermal crystallization equationusg of the

elevated melting temperature of the oriented melt)(instead of the isotropicTC ) melt

as originally suggested by Ishizuka and Koyama.

Thus the rate of phase transformation is expreagath based upon the non-isothermal
Nakamura equation and following the work of Kim ammdworkers [44, 45]:

\ N\ o)
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whereK (T, g) is the modified non-isothermal crystallization ratmstant:

>586 ]34+ (. Jo “lby 22 28

(*) +’P' 818, 87,7B8 (28)
ith S 29
Wi ' 8,58} 68 (29)
and 8, 8, LP<4NB8 8 58|}6 8 (30)

Note that equations (29) and (30) are based upoeldvated melting temperaturg of
the polymer, unlike the equations (15) and (16) awhutilize equilibrium melting

temperaturd®y,.



2.7.5 Governing transport equations

By considering the conservation of polymer massmermum conservation and energy
balance in crystallization, the following equatiaas be obtained.

Equation of continuity (mass conservation):

- _

> T 3 (31)
Equation of energy conservation:
98 +*8
“"09—* ? . F E f (32)

wherer is the density, gis the specific heat capacity, k is the thermaldactivity, f is

the viscous dissipatiort, is the rate of crystallization heat released pérvwosiume, and

D/Dt is the material derivative.

The ternH, in equation (32) accounts for the heat releasethglcrystallization and

given as:

9\
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where H; and Hcare the heat of melting per unit mass for the cureeystalline state
and the perfect 100% crystalline state of the pelymespectively. This term captures the

effect of volume and surface crystallization kinstupon the thermomechanical behavior

of the sample.

The viscous dissipation can be obtained as:

F o)+ (34)



where cis the strain rate applied.

2.8 Models to describe the mechanical behavior ot

2.8.1 Background

The intense interest in predicting the large stiaamd high temperature deformation of
amorphous poly (ethylene terephthalate) PET owesstamportance as a commodity
polymer. For example hot drawing is an integrakdea of many industrial processes,
including thermoforming, bottle stretch-blow moldinand biaxial film drawing.
Secondly, the huge advances made in computatiapalkdities have led to the modeling
being an important part of the design process. ddmstitutive models can be described
as being based on either of two approaches: malear phenomenological. In the
former approach one seeks a physically based mioae¢d on thermodynamic and
statistical mechanical parameters from the moledaizel interactions of the polymer. In
the latter a data fitting approach is considereat telies on the existing experimental

data.

The experimental data presented in the previousosscdemonstrated that the stress—
strain behavior (and corresponding evolution ineuoalar orientation and crystallinity) of
PET strongly depends on rate and temperature. Chimplicated non-linear time-
dependent behavior of PET at temperatures abovgléss transition has four distinct
features: an initially stiff elastic response (€op E), followed by yielding and flow at
low stress level (jeig), followed by a gradual increase in stress witlist(with initial

stiffening modulush;)), and finally the very large increase in stresghvgtrain at very



large strains (strain hardening). All the abovecdesd features were shown to depend
upon strain, strain rate and temperature. For RieTstrain hardening behavior is more
pronounced due to the occurrence of strain-indumogdtallization. Therefore strain-
induced crystallization is thought of as a mechanigf strain hardening acting in

addition to the molecular orientation [102].

It has been documented that the physics of defeomatf amorphous PET close to the
glass transition involves a flow process constibg the elastic deformation of an
entangled molecular network [103]. This has lechtmy analytical models of amorphous
polymers near Jbased on the assumption that the free energyh@nce stress) consists
of two additive components. One is due to locakrnand intra-molecular interactions,
and relaxes on an experimental time-scale in thssgtransition region {relaxation).
The other is due to the conformational entropy led thain molecules. The former
dominates volume change at all temperatures angestiaange in the glassy region at
temperatures below 4T The latter dominates shape change in the rubbegyon
immediately above ¢ The entropic stress due to rubber-elasticity dussrelax on an
experimental time-scale in the glass transitionaegThus, even though not crosslinked,
the polymer is rubbery because topological conssaf'entanglements') act as physical

crosslinks [104].

This dual form of behavior was first expressed,ome-dimensional form, through a
‘glass/rubber' constitutive model by Haward andcKhay [105]. They combined the

yield/flow theory with the rubber elastic modeldwve a unified constitutive description



of yield, drawing and strain stiffening of amorplopolymers. The Haward-Thackray
model was extended by Boyce and co-workers to ssbadéy predict the three-
dimensional deformation of amorphous polymers englassy/rubbery region [106, 107].
In this work they replaced the Eyring yield thedny the Argon ‘double-kink’ model of

flow [108].

Subsequently a number of other research attemptwtel the stress-strain behavior of
amorphous polymers over a large range of straintemgberatures have appeared in the

literature [108-114].

2.8.2 Constitutive relationships proposed on bafsmolecular structure

The molecular models for all polymers are built mgbe idealized underlying structure
of randomly oriented polymer chains arranged astaark which resists deformation. In
rubbery materials or elastomers, the network isnéat by chemical crosslinks between
the polymer molecules. In thermoplastics or semstalline polymers such as PET, the
network is created by physical entanglements. Simegse entanglements are not covalent
bonds, the polymer chains exhibit movement by shg’ through their entanglements
under an applied load at elevated temperaturesubecaf increased mobility. The
process is called entanglement slippage or reptdfia5]. The constitutive models of
rubber elasticity were reviewed by Boyce [116] it@mprehensive article. The basic
features of stress-strain behavior of elastomeratenals can be modeled either by
statistical mechanical treatments as well as bytiwonm mechanics (invariant-based
and/or stretch-based) theories. On the other h#msl,physical models capture the

intrinsic strain softening by some form of phenowiegical law. Some examples of



phenomenological models can be found in the wofkiBu@an et al. [117], G'Sell-Jonas

[74] and Zairi et al. [118].

We would not describe every model in detail, but feicus on the models proposed for

PET above its glass transition temperature.

Buckley et al. modeled the biaxial hot-drawing ofaphous PET films [104, 108] at fast
rates (> 1 8) of stretching. They represented PET as a rubbetwork polymer at
temperatures of 75-120°C. The basis of their canste model was the separation of
total free energy in to two contributions: one frahe perturbation of intermolecular
potentials and the other from conformational engrophe viscous flow process was
modeled on the basis of Eyring yield theory of \attd rate process whereas the
conformational free energy function was obtainedtlwe form of Edwards-Vilgis
expression. Their model could adequately describly the features of stress-strain
behavior for lower temperatures and at intermedsttains. It could not successfully
capture the dramatic strain stiffening at largaiss or the flow at higher temperatures.
This discrepancy between predicted stresses anehaak stiffening was identified as
originating from a reptation (entanglement slippagecess at higher temperatures and

larger draw ratios.

In a later work Adams et al. [119] improved the \adanodel by incorporating an
additional component of stretch superposed with dlaestic network stretch. This 14

parameter three-dimensional constitutive model doubre precisely describe the rate



and temperature dependence of mechanical behdviRED from glassy region through
the rubbery plateau to the terminal region. Theseobed that the entanglement slippage
in their model ceases due to occurrence of strainded crystallization at a principal
network stretch "nax of about 2. However conflicting evidence from oeli X-ray
diffraction data led them to the conclusion thatr@ased topological constraints resulting
in the arrest of reptation appear due to the pessen “structural entities” that lack the

long-range order of crystals (and, thus, are nydtatlites).

In a model for PVC above and below ®0°C and 84°C) Sweeney et al. [120]
incorporated the Ball network model [121] with @aeradependence by assuming that the
number of sliplinks varied with strain rate. In iangar work Matthews et al. [122] for
PET above J(85°C) described its biaxial drawing by assuming thain entanglement
density to be a linear function of the logarithrsleear strain rate. However their model
only worked well until reaching a draw ratio of aib@®.2, because of the inability to
account for strain-induced crystallization occugriat large strain levels. A model by
Vigny et al. [123], for plane-strain stretchingRET at 90°C, employed a power-law type
viscoplastic element in addition with an orientatibrubber elasticity contribution. The
effect of crystallization was accounted for by nemg the apparent number of crosslinks
to increase with strain-induced crystallizationeTietwork chain density was expressed
as a sum of the density of chains linked at entanghts and chains linked at crystallites,

with the latter being a function of strain and stnate.



More recently, successful molecular constitutivededs for the behavior of PET above
T4 were proposed by Boyce et al. [102] and Ahzi ef{¥4, 125]. These models built
upon the assumption that the resistance to defamaf the polymer comes from two
molecular mechanisms: a barrier due to intermoéecudteractions and an anisotropic
resistance due to stretching and orientation ofeatropic molecular network. The

decomposition of total resistance is schematigalhyresented as shownhkigure 23

The first network (A) represents the intermolecypart and captures the equilibrium
response of the material. It was composed of aathedastic spring and a viscous
element. This resistance contributes to the inigistic response (spring) and then

yielding (viscous dashpot). Yielding was modelec disermally activated process [106].

The second network (B) captures the time-depentlewt behavior of the material. It

consists of the macromolecular network resistanbéhwcauses the strain-hardening
behavior resulting from molecular alignment undenttued application of stress. The
stiffening behavior is captured through a multigtice decomposition of network

resistance into network orientation (non-linearhgg@vin spring element) and molecular
relaxation (viscous element) contributions. Thisamee that only a portion of the total
applied deformation goes into orienting the macriemges and the rest is relieved by
time and temperature dependent relaxation prodéssLangevin spring was modeled on
the basis of eight-chain model of Arruda and Boli26], while the dashpot captured

relaxation in the form of reptation as suggeste@ésgstrom and Boyce [127].
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Figure 23.Schematic representation of the breakdown of tta tesistance into an
intermolecular resistance A occurring in paralléghvwa network resistance B. The
network resistance was modeled as consisting aflagular relaxation process in

addition to a network orientation process (From.R6pR)

These models incorporated strain-induced crysédibn by identifying a level of stretch
at which crystallization would occur [128, 129].tlms scheme network A was modeled
as increasing with the strain-induced crystall@atiResultantly, reptation ceased and the
material exhibited strain hardening. This stiffepis captured by either the evolution of

shear resistance [102] or through the evolutioa séparate crystalline phase [124].



In their model Ahzi et al. [124, 125] employed acamposition of intermolecular
resistance into amorphous and crystalline phagewjasither in series or in parallel with
each other as shown Figure 24 The resistance to flow of each of these phases wa
modeled to increase in the form of a viscoplastover law. Also the degree of
transformation of material from amorphous to crijista phase with the progress of
strain-induced crystallization was explicitly moel by use of a non-isothermal

phenomenological expression based on the modifigdrAi equation.
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Figure 24.Schematic showing the decomposition of total polyresistance into an
intermolecular resistance (A) acting in parallethaa network resistance (B): (a) Upper
bound- intermolecular resistance as a parallel aoation of amorphous and crystalline

phase stiffness and flow; (b) Lower bound- interacolar resistance as a series

combination of amorphous and crystalline phaséssk and flow (From Ref. 124)



The above described three-dimensional models welee ta successfully capture data
over a range of temperatures (all abowg dnd strain rates in different deformation

modes.

2.8.3 Mathematical formulations

Based upon the elastic-viscoplastic analog systénfigure 23 formed with an
intermolecular resistance acting in parallel witmetwork resistance the deformation
gradient on each resistandes(and Fg) is equal to the total deformation gradieR) (

applied to the system:
Fa=Fg=F, where the deformation gradient is defined:ass%.

X is the reference position amdhe current position of a material point. A andeBer to

the intermolecular and network resistance respelgtiv

The total stress acting on the system (Cauchysstesssor T) is equal to sum of the
molecular stressaland the network stressT

T=Ta+Ts (35)

2.8.3.1 Intermolecular resistance

The molecular resistance to deformation was modased linear spring in series with a
viscous element in the above model. The initiabdirresponse is attributed to van der
Waal interactions between chain molecules. Afteer@ain critical stress level, the energy
barrier to molecular chain segment rotation is cosre and flow starts. This led to the

decomposition of the deformation gradient into &tasnd plastic components:



Fa=FaFL FR =VRRG FR=VIRR 36)
where V and R are the left-stretch and the orthmabrotation tensors, respectively, for

each constituent.

The velocity gradient of resistance Alis, = Fa Fit

Lo =FSFS + FRRRY RS =15+ 2 @
where E,&’ is formed by using the transformation rule foreasor[K][M][K]* =[M]
and noting that} = FApFAp&. Let LR =DP +W> where D} is the rate of stretch
tensor and/\~/A'° Is the spin tensor for the plastic componenthdf $pin tensor is assumed

to be zero i.e.WA = Othere will be rotation in both the elastic and ptasleformation

gradients.

The rate of plastic stretching was expressed as:
0 0 gj
97 } 0= (38)
Here TA( is the deviatoric part of the total network stréssand ¢ , is the effective shear

stress on the crystalline phase as below:

(39)

The rate of viscous flow for element A was assuneede a thermally activated process

following an Arrhenius type relationship:



s v 40)

gr = Go.n EXP kg

where Gy a is the reference shear rateG is the activation energy of flovk is the

Boltzmann constant andis the absolute temperature.

The constitutive relationship between stress afadrd®tion was given as:

8. —Ix&:6" (41)

%o

Here Cis the fourth order tensor of elastic constamts/°, is the Hencky strain and 3

(detF;) is the volume change.

2.8.3.2 Network resistance

The equations for this resistance were obtainea nmanner similar to the intermolecular

resistance:

E E.E|E < .b, <4NE « HE (42)

The rate kinematics for resistance B was then pitesst similar to A.
The velocity gradient of resistance B; = Fe Fat
—pcNpeN? NcFeF'eNY _je , [F
Le=F'F +FgFgFg Ry =Lg+Lg @3
whereLf, =D +W{ . Again the spin tensoW; was assumed to be zero. The rate of

molecular relaxation is containediy .



The stress on molecular network is based upon tmeGaussian eight-chain network
model proposed by Arruda-Boyce [126]. In this modath chain deforms by a stretch
//_N as a function of the applied distortional stretches
8 ) +
= ) s~ T 7T
Z Xt EE d[ (44)

_ FN
where FBN = —B; andJg= (detF"p).
B
(Je )

The total network stress was expressed as:

TB:Ji — L dt ['?BNﬁBNT'(/_N)ZI] (49

where N is the limiting stretch ratio on each ch@nthe number of ‘rigid links’ between
entanglements), n is chain density arfdis the inverse Langevin functidr{x) = coth(x)

— 1/x The termnkT/3 represents the initial strain hardening modulusaofubbery
network. The origins of network resistance candad in the classical rubber elasticity
theory for crosslinked rubbery networks. In caseP#T, the entanglements act as

physical tie points or crosslinks.

The rate of molecular relaxation was described as

Ds = g5 N; 66)

where N; is the normalized deviatoric stress on element B:

1
_TE L, o TR
No = =i e = =5 @7

T’s is the deviatoric part of the total network stréssand zis the effective shear stress.



The network relaxation rate for element B is gitogn

g5 =C /Ll /- =[§tr(FBF Fa' )]% (48)

F

and C is a parameter that contains temperaturendepee of relaxation through an
Arrhenius type relation. Here the effective rel@omtrate was obtained from the theory
presented by Bergstrom and Boyce in their work [1Zhey described the relaxation
process as a stress-assisted Brownian motion sticgHy inactive chain segments of the
network molecules. They defined ‘inactive segmeatsthose parts of the long network
chains which can undergo non-recoverable deformatinder applied stress. Based on
this mechanism, relaxation of the network was atergid to be energy activated process

and therefore contains the paraméexs defined below:

1e

« 9./0 —

(49)
where T is the absolute temperature, R is the usaagas constant and D and Q are

constants determined from stress-strain data.

2.9 On the elastic modulii of the amorphous and ctalline phases of PET

The amorphous region with a smaller modulus has ptevalent influence on the
macroscopic elastic modulus of the fiber than tbithe crystalline region. This is
because of the effect of imperfect orientation feg trystalline and amorphous regions

along the fiber axis, as well as the number anctitva of tie molecules [130].

The elastic modulus of a semi-crystalline matesajenerally calculated using the two-
phase model assuming the homogeneous stress distnilin the material. It is based on

the series coupling of crystalline and amorphousalas with the assumption that there



is no interfibrillar material present between thdsenains. This model is more applicable
to displacement of crystals relative to each otret is essentially more precise if there
are no spherulitic or rod-like entities within th@crostructure [131]. In this structural

model the crystalline and amorphous phases lienaltely along the fiber axis, and the
fiber compliance can be obtained from the additive as [132]:

i (50)
whereE; is the fiber modulug;; is the crystal modulus along the fiber a¥s, is the
amorphous modulus anH. is the volume crystallinity. It is clear from thebove
expression that fibers may possess a diffdegnalue although they might have the same

crystallinity, the individual fiber microstructuifecting its magnitude. This expression

based on the series model has been extensivelyiruieel literature [130, 133, 134].

The use of a three-phase model has been consibgrethny authors, particularly for
application to PET fibers spun at high speeds aad@ #fims. In their work Peng et al.
[135] used a three-phase “series-parallel” modal antwo-phase “series-aggregate”
model for calculating the modulus of high-speednsP&T fibers. The former was based
on the properties of inter- as well as intra-filaril material whereas the latter was a
simpler one that only indirectly considers the gphous phase influence. In the three-
phase model an amorphous phase exists both inss@neafibrillar chains) and in
parallel (interfibrillar chains) to the crystallgeln the two-phase model the fiber was
modeled as a collection of “aggregates” or cryséslseparated by disordered blocks and
it was found to be more closely applicable to tl& Ribers in question. Bin et al. [136]

used the generalized orientation factors of criggaland amorphous chain segments to



estimate the elastic modulus of PET films basedhentwo-phase model in which ‘the

anisotropic crystal phase is surrounded by theo#tmoigic amorphous phase’.

The PET crystalline phase elasticity constantdiecrystal modulus) has been measured
by various workers using different experimentalhteaques and different methods of
calculation. Tashiro, in his review concerning thetermination of elastic constants of
polymer crystals, has argued that the determinéaevaf crystal modulus varies largely

due to the various types of stress-distribution e®eémployed [137].

The value of E at room temperature reported in literature vafiemn 95 GPa to 146
GPa. The value of 110 GPa was suggested to be acotgate by Thistlethwaite [138]
based on the parallel-series model which was appiiehe SAXS crystal modulus and

fiber modulus Ey) measurements:
5 Z 67i. (51)

wherekE; is the elastic constant of crystalline phase of RRJE; is the elastic constant
of amorphous phase of PET. The parametes the ratio of the mean crystallite length
(L) to the long period (LP) of the material ands defined as (crystallinity), as shown

in Figure 25
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Figure 25.The schematic representation of the parallel-senedel (From Ref. 138)

It is assumed that the crystal modulus of PET idulaction of temperature, as

demonstrated in many studies including one by Bed.§136] and Nishino et al. [139].

The determination of fiber modulus and its relasiop with crystal modulus has been
experimentally investigated by many authors. It bagen demonstrated in numerous
papers [130, 133, 134, 138, 140, 141] that the Ymumodulus of fibers is about 15-
17% of the intrinsic crystalline modulus value dadow crystallinity. The literature has
also shown that the Young’'s modulus of amorphousselof fibers Eis about 50% of

the overall fiber modulus¢EL30, 133, 138, 140].



2.10 Literature review summary

The formation of PET fibers via the melt spinnimggess was discussed. The differences
between conventional and high-speed spinning weveewed. The effects of speed of
spinning on the superstructure development wereewad in detail in relation to the
mechanical properties of fibers. The necking phegroon is an important part of the high
speed spinning process and was discussed in caigunwith the strain-induced
crystallization phenomenon. Literature review shaihat PET in the amorphous state
undergoes an entropically driven process of criysstion called stress/strain-induced
crystallization (SIC) during drawing. Experimen&alidence was presented to show that
SIC may occur during drawing depending on the dngwtonditions. The research
attempts to describe SIC in quantitative and catalé terms were reviewed. However
many studies have also shown that it is possiblavimd SIC by carefully choosing
drawing parameters. If SIC is negligible, the chesm structure are insignificant owing
to the absence of hardening mechanisms. The rasytaduct is nearly similar in
crystallinity and orientation to the original fibend therefore assumed to have been

superdrawn.

The effects of drawing parameters on the structeradlution were reviewed. Two
parameters namely temperature and strain rate engéified as critical factors that can
affect the orientation and crystallinity developrhendrawn samples. The effect of those
two factors on the structural changes at the mtdedevel was discussed in detail. In this
perspective, the potential regime of drawing patense was identified, where

superdrawn samples could possibly be obtained.€ekiensive studies in the literature,



both experimental and theoretical, concerning thmgstallization behavior during
drawing, stress-strain curves at different drawaagditions and dynamic mechanical
behavior of PET fibers were comprehensively revikwit was found that a better
understanding of the crystallization mechanismrdysuperdrawing of fibers is needed.
An extensive experimental work on the fiber stresain behavior during uniaxial
extension in a large range of temperature andnstedes would enable us to pursue this

goal.

The problem of crystallization rate both in the etaie and presence of stress was
discussed in detail. The crystallization theories dquiescent crystallization (nucleation
and growth theory) were presented. The presendargé stresses, as in high-speed
spinning, or large amounts of supercooling regultsrystallization behavior that cannot
be explained by nucleation and growth theory. Téusto the development of theories of
SIC which were reviewed. The description of kingtaf crystallization (quiescent and
SIC) was also given. The crystallization rate |&rggoverns the amount of crystalline

domains formed in a deformed sample, e.g. a dréven.f

The constitutive relationships to capture the noadr viscoelastic behavior of
amorphous glassy polymers in general, and PET nticpkar, were discussed in detail.
The successful molecular models have been formedhenbasis of addition of the
contributions of intermolecular resistance and oekwesistance to the total stress in the
polymer. Both resistances are modeled as being sedpof an elastic and a plastic part.

The mathematical expressions to formulate the sS&ain relationship were also



explained. Although there are several existing nsdstatistical-mechanics based or
continuum-mechanics based) for deformation of PEmodel for fiber drawing process
with insignificant crystallization and orientation is lacking. Thu® tprevious research
has been modified to develop a new fiber drawingl@hthat can best predict the stress-

strain behavior under the superdrawing conditidritie study.

Finally, the methods of determination of fiber and/stal modulus of PET were

discussed. The different mechanical models (e.gesseseries-parallel) used for this
purpose were reviewed. It was found that a thresss@model (the parallel-series model)
is able to capture the experimentally determinediuhe values of PET more precisely.
This fundamental form of mechanical coupling hasrbesed in the new constitutive

model to follow the evolution of fiber modulus withe occurrence of crystallization.

It is evident from literature review that a detdilstudy involving mechanical tests of
fibers followed by microstructural analysis on theformed samples can provide insight
into the structural evolution and crystallizatiorechanisms in PET fibers. These tests
will be used to optimize the conditions for a séaluperdrawing process which can
improve fiber processing efficiency in ultrafinedahollow fiber production processes.
Literature review also showed that strain-inducegstallization phenomena in such a
large range of fiber drawing conditions are notIwaracterized nor are they well
modeled. Thus a new modified model will be built &yapting the existing modeling
approaches to closely predict the observed sttemsrdbehavior under experimental

conditions of this study.



CHAPTER 3

OBJECTIVES

3.1 Motivation

PET is one of the most successful polymers usditbe&s in a wide range of applications
from apparel to industrial yarns. In PET fiber dnagy the initial state is an amorphous,
slightly oriented polymer obtained by melt-spinniaigiow speeds 3000-4000 m/min.).
The drawing process causes a preferential oriemtatif the underlying molecular
network, which, under certain conditions such askimg, leads to strain-induced
crystallization. The level of molecular orientatiamd degree of crystallinity attained
during stretching strongly depends upon rate antpégature. The dependence of the
stress-strain behavior of PET on these processmgnpeters has been discussed in detall
in literature and presented in preceding sectitins. important to fully understand the
evolution in molecular alignment and crystallinitycontrol the quality and properties of

the end-product.

3.2 Research plan

3.2.1 Scope of study

Though a lot of research has been done to studyctistallization behavior of

amorphous PET during stretching, limited amountvofk has been done to find the

exact range of temperature (T) and strain rafespitable for superdrawing of fibers. In



particular, the mechanism of crystallization (oe thck thereof) during superdrawing of
fibers is not fully understood. The drawing behawbfibers has been shown by various
researchers to be dependent upon temperature randrsite. However, the complex role
that these two factors play during fiber drawingag fully understood. Salem [15-17, 31,
32, 142] has shown that effect of temperature tyrebtpends upon the range of strain
rate being used. He predicted that temperature heilb crystallization to occur if the
strain rates are high enough¥0’s™). But this phenomenon was observed in a relatively
narrow range of temperature (83-96°C) and has s verified by other authors. This
study is an attempt to experimentally determinertte of strain rate and temperature in
strain-induced crystallization phenomena, over ggdarange of strain rate and

temperature, which has not been reported in eavioek.

Moreover it is important to study the regime ofsirrate where temperature effect is to
minimize crystallization, so that flow drawing cdrappen. Therefore one of the
objectives of this research is to fully understamdl model the effect of temperature in
different strain rate regimes during drawing of apihmus PET fiber. Literature review
also showed that temperature induced crystallimaabove the glass transition is a
process driven by the tendency of underlying mdércoetwork to return to a maximum
entropy state and it will always happen during dnawlimiting the final draw ratio. In
order to obtain very large draw ratios it is catido find how cold crystallization
behavior of PET changes under different temperaitreen rate conditions. This is

another objective of this research.



Literature review showed that constitutive relasioips for predicting the large strain
stress-strain behavior of PET at different tempeest above the glass transition are well
developed and successfully modeled. However theerales of crystallization and
orientation, inherent to superdrawing, still neeal$e modeled explicitly. Therefore the
other objective of this research is to model thpesdrawing behavior as well as to
predict the large strain mechanical behavior oleeunder the large range of processing

conditions employed in this study.

3.2.2 Process conditions for superdrawing

We must deal with several technical issues in otderalize an efficient and smooth
superdrawing process. Also we need to fully undexstmany fundamental factors such
as the constitutive equations relating stressrstrad the effect of temperature and strain
rate on these relationships. Even though theserfatiave been investigated by many
authors, there is not yet a clear, established aresin of superdrawing process.
Therefore it will be very useful to study the redas between these factors and be able to
predict the superdrawing behavior based upon tfexgers. If drawing occurs through
necking the associated strain-induced crystalbraf51C) causes strain hardening during
deformation during which alignment of polymer clgiaccurs, giving rise to higher
overall crystalline content as well as orientatiBridently a process with negligible SIC

is needed to obtain superdrawn samples.

As shown in earlier works, a fiber with low initiadrientation has a molecular
configuration of random interpenetrating coil-likehains. There are a lot of

entanglements between molecular segments of th& ¢othe applied force is low and



the temperature sufficiently high, deforming sucHiltser at a slow rate will cause
disentanglement and the coils will move apart [Z49ter continued deformation, more
and more molecular chains will physically separateding to a ductile failure of the
material. This behavior will cause the fiber drasvgroceed without any significant
orientation or crystallization. If molecular molyliis decreased by decreasing the
temperature or increasing deformation rate, therdéglement can not occur in all coils
leading to retractive forces. With higher straitesa the disentanglement will become
even scarce, thereby leading to a large-scale catype motion. Such conditions will
possibly favor crystallization and eventually leada brittle failure. In other words the
conditions for superdraw must be such that amorphmientation remains below a
certain level %, so that there is very little strain-induced cajlitation. By increasing
the temperature, we can avoid significant segmerdaéentation, but thermal
crystallization (“cold crystallization”) rate woulde higher too. Thus, a trade-off between
the two parameters will give us a critical deforimatrate-temperature combination at

which the drawing of PET fiber results in little oo crystallization.

3.3 Specific Goals

The first goal of this study is to understand tbke of temperature and strain rate in the
drawing of PET fibers. The second objective of tkisidy is to understand the
mechanisms of crystallization of PET fibers dursyperdrawing. The third goal of this
project is to develop a stable superdrawing prot@sBET fibers. The fourth goal of this
study is to model the stress-strain behavior of FBdrs. Specifically this research has

the following objectives:



(a) Determination of the range of temperature amnairs rate (parameter window) to

achieve superdrawing of amorphous PET fibers.

(b) Elucidating the deformation mechanism duringesdrawing and establish a unified

physical mechanism of superdrawing process.

(c) Understanding drawing kinematics of fibers- éorange of temperatures and strain
rates.

(d) Developing a constitutive model to capture $ivess-strain behavior of amorphous
PET at large strains abovg dt various rates of deformation.

(e) To capture the highly non-linear strain softgyinardening features observed in the

experimental results.

These objectives are achieved by:
Conducting uniaxial drawing tests at a wide range strain rates and
temperatures.
Performing a differential scanning calorimetry (DS2udy on drawn samples to
investigate their cold crystallization behavior dacconfirm that structure has not
changed significantly.
Performing birefringence measurements with a podgrimicroscope to deduce
the orientation development in drawn samples.
Developing a model for PET based on different agphes in the literature.
Determining the validity of the constitutive model PET by comparison with
the uniaxial tensile data over the range of expenita parameters involved in

this study.



CHAPTER 4

EXPERIMENTAL STUDIES

Since the mechanical response (the stress-straive)cwof a material is a direct
manifestation of the intermolecular interactionsiniy the process of drawing abovg T
it is useful to study the structural developmemwinirthe stress-strain curves at different
conditions. These tests were followed by DSC anéftingence measurements. The
types of samples used and their important progeri® summarized iSection 4.1
Section 4.Zirst examines the set up of uniaxial drawing geshd then the stretching
behavior of PET under regimes of strain rates angperatures. In the next section the
superdrawing behavior is analyzed by thermal studiade on the DSC. Based on those
results, a ‘window’ of superdrawing of PET is prepd in terms of temperature and
strain rate. IrSection 4.4esults of birefringence measurements are analgmdditilized
as an evidence to confirm the boundaries of supefidg determined by tensile and

thermal studies.

4.1 Materials

The materials used for this study were PET fibpisisat a spinning speed of 500 m/min.
with an intrinsic viscosity of 0.65 dL™gin o-chlorophenol at room-temperature (see
Table 2). The glass transition temperaturg) @ the as-spun material is @ as
measured by DSC at ¥/min. The small birefringence value shows tha BET
filaments have very little molecular orientatiorh€lslow spinning speed also leads to the

formation of a disordered structure in absencefd spinline stresses.



Table 2.Description of the fiber samples used

Spinning speed Avg. denier/filament I. V. (dlyg Mea? DrI:)meter Birefringence
500 m/min. 41 0.60 65 0.0025
+: 25°C, OCP

The tensile properties of the fibers af@5vere measured on Instron tensile tester. The
results were averaged over five tests on five difie samples and are summarized in
Table 3. As evident from the elongation at bredle fibers have a poorly organized,

amorphous network of chains.

Table 3.Tensile properties of the as-spun fibers at roompirature and strain rate of
0.083 & (5 inches mit)

Break Strain, %| Break Load, g/d Break Stress, MPa, Ga | Yield Stress, MPa  Yield Strain, %o

948.4 (190.5) 0.82 (0.0045 99.07 1.17 58.09 3.25

+: quantity in brackets is standard deviation

The thermal properties of the as-spun fibers weralisd with Seiko 220 DSC

differential scanning calorimeter and are summarineTable 4.

Table 4. Thermal properties of the as-spun fibers measuneSlesko 220 DSC at a
heating rate of 1T min*

Tg (OC) Tc_onsel(oc) TC (OC) DHC (‘]/g) XC (%) Tm_onset(oc) Tm (OC) DHm (J/g)
79 122 141 26.64 6.28 240.1 255.9 35.43

The low crystallinity value and the presence ofranpinent cold crystallization peak

indicate that the PET filaments are amorphous.



4.2 Stress-strain curves during uniaxial stretchingpf amorphous PET fibers at
different temperatures and strain rates

4.2.1 Methodology

To understand the drawing kinematics, uniaxial dngvexperiments were performed at
constant strain rates on an Instron tensile testiaghine inside a specially designed
temperature chamber, as shown in Figure 1. Thedstyres of 120, 115, 110, 105 and
90°C and eight strain rates ranging from 8%16 4.25x10" s* were used. The data
reported here is an average of five tests. The miraamples were classified as
superdrawn or non-superdrawn based upon a stud$hesf molecular structure by

analyzing their crystallinity and orientation.

4.2.1.1 Drawing apparatus

An Instron tensile testing machine was employedni@asuring the load-strain curves.
An insulated hot chamber was fabricated for hotvirg of samples and fitted to the
Instron machine. The precision control of tempeartas achieved by a PID controller
with feedback loop connected to a heating elenmEm. temperature inside the drawing
zone was maintained with an accuracy of #C.5ip to 150C. The chamber was fitted

horizontally for drawing with the Instron machingeéFigure 26. Each sample was

prepared as a fiber bundle consisting of 68 sifitdenents since a single PET filament
has too low a strength to be tested. Each endeob@imple was glued to a small metal
hook each of which is in turn connected to a Keykn that can freely move through the
chamber by use of guide rollers. The sample was tlomnected through the hooks and

the Kevlar yarn to Instron load-cell at one end &mdd to the ground at other end.



Initially the sample is mounted on the hooks kept outside the chambewWhen the
desired temperatureecacheda stable state, the sample was joggeuckly into the
chamber. Therthe stringis fixed on the metal stand and tiensile test starte
immediately. As the test is finish, the sample is immediatetgken out of the chamb

and cooled to room temperatito preserve the structure in drawn san

Test

Instron —
Load

cell

Guide rollers

)

Upper jaw

-
- Test sample Insulation Kevlar yarn

Temperature controlled metal tube

Figure 26.A schematic drawing of the insulated chamber aloity the sample attache
to the Instron for hot drawing PET samples

4.2.2 Effect of temperature on the drawing behavior &sation of strain rai
During the uniaxial stretching of PET fibers, twestthct aspects of the stre-strain
behavior can be obsen as schematically shown figure 27 The typ+l behavior is

usually associated with low temperature and higlarstates while the ty|-1l behavior is



commonly observed at relatively higher temperatmd lower strain rates. The type-I
deformation behavior involves strain-induced crjyzi@ion (SIC) and relatively high
drawing stress with a finite extensibility. On tbéer hand, type-1l behavior is seen as a

flat curve with no distinct features except aniatilinear region.

Stress A
Type-I

Type-II

al ‘

»

Strain

Figure 27.A schematic illustration of the types of mechaniesponse of PET fibers
observed under different stretching conditions

Figure 28 shows the stress-strain behavior of PET at a demaperature of 90°C and

strain rates ranging from 0.008 to 0.425 Shree distinct regions can be identified at all
strain rates: an initial Hookean region with linetiress-strain relationship followed by
yield and finally a dramatic strain hardening. Thius strain hardening in the final stages

causes disruption of drawing by breakage of thepgam
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Figure 28. Stress-strain curves, until failure, at 90°C shapitre type-1 draw behavior
that leads to non-superdrawn samples. Differeatrstates are indicated

A steep rise in the drawing stress occurs at anstéigual to 2 at all strain rates, meaning
the critical draw ratio is 3.0 for drawing at°@0 This behavior is a type-| stress-strain
curve. The type-I behavior is also seerFigure 29at 105C at a strain rate of 0.425 s

and inFigure 32at 120C at a strain rate of 0.008.s

The stress-strain curves of PET obtained at a deanperature of 105°C are shown in
Figure 29 For 0.333 and 0.425'sthe stress-strain curves exhibit an initial etasti
response followed by flow and finally dramatic uptun stress values due to hardening,
similar to that at 90°C. But for all strain rates to 0.166 ¢ the mechanical behavior

involves an initial elastic response followed bglglifollowed by flow with no stiffening.



During this type of drawing the material can beeexied to very large draw ratios under

a low deformation stress, without any necking sithege is no SIC during the test.

Draw temperature=105C Strain rate (s™):

0.333

Stress, MPa

0.166

13 15 17

Draw ratio

Figure 29. Stress-strain curves, until failure, at 105°C shgwthe type-Il drawing
behavior at small strain rates that leads to untetksuperdrawn samples. Type-I
behavior is observed at the fastest strain rat€s3®3 § and 0.425$

Since the draw ratios obtained with type-Il procass much larger than those in a
conventional drawing (or type-I) process, thoseamare called superdrawn samples.

The type-1l drawing behavior can be explained fritv well known fact that because of
the very small orientation, the amorphous PET &bsan be described as a network of
stochastically entangled chains with a moleculafigaration of interpenetrating random

coils. Since the process temperature is much higim@n the glass transition of the
polymer, the molecular mobility increases. Theiahistage of deformation consists of

entanglement slippage at a low load since ruptfigghgsical cross links occurs in this



process. Chain disentanglement continues untitlypeint after which the intermolecular
interactions get lower and the molecular chains tbem move apart from each other.
With further deformation the force on each chainses molecules to become oriented at
a certain rate. However, under these conditions thought that deformed chains are
able to relax at a sufficiently high rate and getuwgh time to recover their random states,
causing an offset or decrease of molecular oriemtatchieved until then by deformation.
The SIC under these conditions is hindered becaus® level of molecular orientation
does not allow the configurational and conformadioentropy to decrease thereby
resulting in a negligible driving force for crydtahtion. Under the aforementioned
conditions, therefore, the chains continuously ugdex physical separation or slippage
resulting in a large extension of the fiber untdwactile fracture occurs [7, 29]. Note that
there may be a global orientation of chains presetiiese samples despite a negligible

local orientation as suggested by RadhakrishnarGamda [37].

The dramatic shift in drawing behavior with temgera and strain rate (SIC at all
stretching rates at 80; but flow draw at all rates except at 0.333asd 0.425 $ for
105°C) is useful from the viewpoint of understanding $uperdrawing mechanisms in
PET. The drawing associated with SIC is expecteddour at low temperature/high
strain rate and consist of the three basic featofestress-strain curves of PET as
described inSection 2.1 The SIC that leads to high draw stresses occurrehe final
stages at large deformations (a3 for 90C/0.008 & and at =5 for 105C/0.425 §&).
The molecular phenomena occurring at large drawgare discussed below in detail

because they can help us understand the superdraefravior more completely.



During high temperature drawing of PET two oppogiteenomena are simultaneously
occurring. The applied forces cause molecular aligmt by shearing them apart and the
molecular chains tend to relax and return to tbaginal coil states in order to be in the
maximum entropy state. Thus it is a dynamic proa@aslving orientation and relaxation
which occurs repeatedly and instantaneously in wiele material as the drawing
continues. It is safe to assume that any crysédibm during drawing is driven by
thermodynamic forces of entropic origin. Based brs tassumption, if the rate of
disorientation by molecular relaxation is fast egiouo prevent molecular orientation
from crossing a certain threshold value, the SIQ @ suppressed. Thus at the critical
large deformation stage the temperature and stedan become the decisive factor to
determine whether or not SIC takes place. The typehavior, for example, involves no
SIC and expectedly occurs with increasing tempegatnd a low strain rate as shown in
Figure 29at 105°C/0.008§ On the other hand, as seerfigure 28at 90°C, SIC occurs
if molecular alignment dominates over relaxation aomparatively smaller draw ratios
are obtained. By similar reasoning the type-l b&brarg also observed at a temperature

higher than 90°C if strain rate is high, e.g., @smsinFigure 29at 105°C/0.425°§

As the drawing temperature was increased to°@1Q@he draw stress went down
considerablyigure 30 for all strain rates. The highest strain ratesilted in somewhat
higher draw stress than the lower rates. Eviddintign Figure 30the draw behavior at
110°C could be roughly categorized into two distingbey. At the two slowest strain

rates it was found that there is no yielding andnéral response that grows into gradual



stiffening. But all the faster rates show an initial elastisp@nse followed by yield and

finally flow with no stiffening.

Draw temperature=110C ) 4
Strain rate (s™):

Stress, MPa

0.166

O-O T T T T T T T T

Draw ratio

Figure 30. Stress-strain curves at 110°C at different straii@sr

Based on these observations, we expected thatfwvttrer increase in temperature and at
the same strain rate, the drawing will result w larientation and small crystallinity. But
for samples drawn at 136 the stress-strain curves obtained were counteitiire as
shown inFigure 31 At this temperature both types of drawing behagoperdrawing,

non-superdrawing) are found depending on the stedé



Draw temperature=115C Strain rate (s™):
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Figure 31.Stress-strain curves at 115°C. Different straiagaire indicated. Note that
only the samples at 0.008 and 0.018asled due to SIC

At 115°C the type-I behavior leading to high draw stress ¥ound to be occurring at the
lowest strain rates. This drawing behavior hashean reported in the literature for PET
fibers. This observation suggests that there mayabmmplete “turnaround” in the
mechanism of crystallization between the tempeestaf 116C and 118C. To confirm
the mechanism of drawing, similar tests of drawiveye done at 12C in the range of

above strain rates.



Draw temperature=120C
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Figure 32.Stress-strain curves at 120°C at different straiiesr

As seen inFigure 32the stress response of PET at°@2@as similar to that at 136.

The only difference was that at 20 draw ratios over 6 were not possible at anyirstra

rate. It is likely that the high temperature in donation with fluctuations inherent to the

drawing process and thermal crystallization ledatgample failure before large draw

ratios at 126C. The strain rates up to 0.033 show no yielding and the initial linear

response is difficult to differentiate from sige#int hardening; while for all the faster

stretching rates initial elastic response is fobovby yield which is followed by small to

moderate amount of stiffening seen at differenyesseof drawing.

Because of the differences in mechanical behavioll® and 11%C as well as

similarities in the same at 115 and I@Qthere is a reason to believe thatrassover



boundary exists at around 112-2C3and thecrossoveregime begins immediately above

110°C.

4.3 Study of crystallization behavior of drawn PETfibers using differential
scanning calorimetry (DSC)

The uniaxial tensile tests were carried out toedéht draw ratios at five temperatures and
different strain rates as described above. The mirsamples were quickly taken out of
the chamber at the end of drawing and taken famnthktesting using the DSC. For the
purpose of studying the changes in structure widtwihg, the thermal transitions in non-
isothermal DSC scans (cold crystallization and gl@ansition) of drawn samples were

compared with that of undrawn (as-spun) fibers.

4.3.1 Methodology

A Seiko 220 differential scanning calorimeter waspiyed to perform thermal studies
on the drawn samples. The procedure is as follows:
Make a sample of fiber bundles cut into very snpadices (<1mm). Making a
powdered sample helps to avoid fiber shrinkagenduttie test.
Sample were of weight 5-15 mg. Run heating andiegalycles at a rate of 10°C

min™ between 25 to 280°C

4.3.2 Effect of draw conditions on the crystalli@aatin drawn PET samples

For as-spun fibers, there is a distinct exothertraasition between 122°C and 155°C
with a peak at 141°C. This transition has beenbattd to the cold crystallization
associated with ordering of the amorphous chainvort to form crystallites due to

available thermal energy. The cold crystallizatexotherm is present only during the



first heating cycle and follows immediately afteetglass trarition endotherm as seen
Figure 33 In this study it was assumed that a drawn sarttdé has a similar col
crystallization peak as the-spun fibersmay have undergone superdrawing. Since
thermal behavior of drawn sample is similar to tbtn undrawn one, the changes
structure during drawing due to thermal or st-induced crystallization can be assun

to be insignificant.
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Figure 33.The primary thermal transitions durinon-isothermaDSC scar

(10°C min?) of as-spun fibers

Figure 34 showsthe DSC scans of samples drawn to draw ratio of 80&C. It was

discussed earlier that these samples underwer-I drawing process at all strain rates



90°C and the associated SIC is reflected in the DSCesurkor all drawn samples t
cold crystallization peak has been suppressed becafi the crystallite formatic
undergone during the drawing proceThe sigificant lowering of coll crystallization
temperature, by as much &&36°C, indicates that drawing has cau significant

orientation and accompanying str-induced crystallization.
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Figure 34.DSC scans (1°C min™) of samples drawat 90°C at different strain ra

If the drawn sample is oriented and s-crystalline, the cold crystallization peak d«
not appear at all, since it is associated withrdwdering of amorphous chain segme
above the glass transition. If the trition is visible as a feeble transition peak, a:
Figure 34above, lhe temperature of onset of cold crystallizainot only goes down bt

also tends to merge w the glass transitionThe orientation of molecules causby



drawing decreases conformational entropy of theemdés and, hence, favors the cold
crystallization and hinders the occurrence of glaassition during the first heating

cycle. Table 5 below summarizes the main transstitro0°C.

Table 5.Thermal properties of the fibers drawn at 90°Cramdratio of 3 at different
strain rates

Strain rate (x 10°s") | T, (°C) T.Onset (C) | T.peak CC)
8 82 88 103
33 -- 90 101
141 83 86 101
333 -- 87 98
As-spun fibers 79 122 141

--: peak not visible/insignificant

Figure 35 reveals the thermal behavior of samples drawn0&°Q. There is a very
distinct shift in the onset and peak temperatureaddl crystallization. With increasing
strain rates the cold crystallization occurs claseglass transition and finally becomes
invisible at 0.333 8. The thermal behavior in these curves shows timmgsh first the
samples drawn at low strain rates are very closs{spun behavior and thus superdrawn;
and secondly as the strain rate increases they rfaotieer away from their initial
amorphous state. The latter is a manifestatiorymé- drawing at 0.425% Thus it can
now be proposed that at 105°C PET undergoes swgvardy up to strain rates below

0.333 & Table 6 following théFigure 35summarizes the main transitions at 105°C.
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Figure 35.DSC scans (1°C min™) of samples drawn at 105°C to draw ratios gre
than 10. Different strain rates are indic:

Table 6. Thermal properties of the fibers drawi 105°C and different strain ra

Strain rate(x 10°s") | T, (°C) | T.Onset ¢C) | T.peak CC)
16 79 113 130
33 79 110 126
83 79 107 123
33: - - -
42t - - -
As-spun fiber 79 122 141

--: peak not visible/insignifica
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Figure 36.DSC scans (1 min™) of samples drawn to draw ratio of 3 at 0.00&ad
at 90 and 105°C as compared to undrawn (as-spaersfi

Figure 36 closely compares the behavior during non-isothe@®C studies of fibers

drawn at 90°C and 105°C to same draw ratio of threkstrain rate of 0.008'sThe data

in Table 7 lists their thermal properties, incluglierystallinity, below:

Table 7. Thermal properties of the fibers drawn to draworafi 3 at 0.008 $and at 90
and 105°C as compared to as-spun fibers

T T T X T T

Sample . g co_onset . c DH.. (J/ c rr;_onset . m DH. (J/
Ple 1oy | ) | oy | PHO| ) | (i) | (o) | PHm V)

As-spun fibers 79 122 141 26.64 6.28 240.1 255.935.43

105°C 81.1 1144 134.1 26.90 731 240.0 254.837.13
90°C 80.7] 88.5| 103.% 22.92 11.60240.1 | 254.5 39.16

The percent crystallinity (J values were calculated using the following expi@s.



%X, = w " 100 (52)

0
whereDH. is the area under cold crystallization pdal,, is the area under melting peak
and DHg is the enthalpy of fusion for a 100% crystallinETP( 140 J/g). It is clearly
demonstrated that the sample drawn at 105°C iseale non-crystalline and therefore

superdrawn at small strain rate.

The next step is to investigate if there is any @t which flow draw can take place at
higher temperatures. To answer the above queshenctystallization behavior of

samples drawn at temperatures 110°C, 115°C andC1&@8 at similar strain rates was
studied in the DSCrigure 37shows the non-isothermal scans of fibers drawril@fG

to draw ratio of eight at different strain ratesislevident that for drawing at temperature
of 110°C the cold crystallization behavior is qudiese to the undrawn fibers at all
stretching rates. Although the distinction betweldferent rates is not sharp enough to
yield a clear evidence of any difference betweesmthit can be said that drawing at

0.425 § led to crystalline samples.
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Figure 37.DSC scans (1°C min™) of sample drawn to draw ratio of 8 at 110°
Different strain rates are indicated

The thermal properties of drawn samples at°C have been shown iFigure 38along
with the asspun fibers for comparison. Tab8 lists the main transitions of co
crystallizaton behavior of drawn samples at different ratestoétching Interestingly,
the slowest rates0(008 ™ and 0.016 3) appear as weak and suppressed transi

while all higher rates are closer to th-spun fibers.
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Figure 38.DSC scans (1°C min™) of samples drawn to draw ratio of 8 at 115
Different strain rates are indicated

Table 8. Thermal properties of the fibers drawn at 115°@rtw ratio of 8 and differer
strain rates

Strain rate(x 10°s") | T, (°C) | T. Onset €C) | T, peak C)
8 - - -
16 - - -
33 80 110 134
333 80 113 128
As-spun fiber 79 122 141

--: peak not visible/insignifica

This data of the cold crystallization behavior sesjg tha if drawing occurs al15°C,
the samples drawn at ra: higher than 16x18 s* increasingly become less crystallii

Therefore,contrary to the behavior 105°C, these samples exhibitSIC dominated or



type-1 behavior at thelmwest rate (8x1° s*). However the fasr rateslead to samples

with smallercrystallinity, i.e.,superdrawn samples.

Finally, to confirm the anomalous behavior at °C, tests were done on samples dr:
at 120C to same draw ratio of eig The thermal behavior of samples drawn at°C at

different rates o$tretching, in comparison with undrawn fib can be seen iFigure 39
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Figure 39.DSC scans (1°C min™) of samples drawn to draw ratio of 8 at 120
Different strain rates are indicated

This behavior is similar to that 115°C, i.e., all the stretching rates exhibit promir
transitions close to aspun fibers; except at 0.00™ and 0.016 S for which the glas

transition and cold crystallization are insignifitz



From these results it is apparent that if drawiakes place at a temperature between
112°C and 120°Qaster stretching rates will lead to non-crystalline drasamples. This
behavior represents a transition because for teatypes between 105°C and 110°C

drawing without significant crystallization occuasslowerstrain rates.

Earlier experimental studies [8] about crystaliinilevelopment in PET have shown that
higher temperatures will reduce the critical oraitin needed for onset of crystallization.
According to Salem [31] this is because higher terajre not only gives rise to rapid
rates of molecular relaxation but also favors @Wigation. Because of these two
opposing phenomena acting at the same time, thalbeffect of increasing temperature
on crystallinity depends on which one dominateaxalion or crystallization.
LeBourvellec et al. found in their study (temperatubetween 80 and 103°C at strain
rates of 0.008, 0.028 and 0.11%) ghat for a given draw ratio and temperature the
crystallinity level increases with strain rate [8his behavior is confirmed by our data
for the above range of parameters. We discovereggever, that a transition occurs at
about 113°C which leads to the decrease in crystgllwith strain rate for drawing

temperatures of 115°C and 120°C.

Similarly in the Salem study (strain rates betw8edl-2.1 & at temperatures of 83, 90
and 96°C) it was shown that up to strain rates lwfua 1 & the relaxation effect
dominates and the crystallinity is higher at lowemperature for a given draw ratio and
strain rate [15]. But at higher strain rates (24%) samples drawn at higher temperature

will be more crystalline for a given draw ratio asttain rate because the effect of



crystallization dominates. We found, however, tfaat drawing temperatures between
110°C and 120°C the crystallization phenomenon dates even at strain rates less than
1 s*. For strain rates up to 0.168 the crystallinity decreases up to the transitiom{po
113°C and then increases with temperature. Ontthex band, for strain rates higher than
0.166 &, our data agrees with the prevalent relaxation pfmemmn as seen by Salem

[15].

This interesting finding means there remains mowvestigation to confirm the effect of
temperature on crystallization in different streste regimes. The orientation analysis, as
described inSection 4.4 was carried out for this purpose. Before thaisiuseful to
understand the kinetics of isothermal crystall@atiof PET fibers at different draw

temperatures involved in this study, as explaimedeixt section.

4.3.3 Effect of crystallization rate on crystaltindevelopment

To better understand the crystallization of dra@mples in different strain rate regimes
and at temperatures of 105-120°C the crystallinatioetics of PET was studied. It was
assumed that the total amount of crystallinity dewed in a sample during drawing
depends largely upon the amount of time-of-drawne¢ptive to the half-time of
crystallization (1) for the given drawing condition. The isothermal/stallization
parameters of amorphous PET were determined atet@types of 105°C, 110°C, 115°C
and 120°C. The temperature of 90°C was omittecesine known that superdrawing is

not possible at this temperature however slow ttetching rate.



4.3.3.1 Isothermal crystallization parameters ofosphous PET - Avrami kinetic
analysis

The crystallization half-time {¢) was determined based on the Avrami equation:

log[- In(1- X(t))] =logK +nlogt (53)

wheren is the Avrami exponenK is the crystallization rate constantis the time of
crystallization an(t) is fractional crystallinity. The Avrami plot, logh(1-X(t))] versus
log(t), yields a straight line from which the partersn andK can be calculatedrigures

40 to 43show the Avrami plots for 105°C, 110°C, 115°C aRa°C, respectively.
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Figure 40.The Avrami plot for isothermal crystallization aharphous PET at 105°C
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Figure 41.The Avrami plot for isothermal crystallization aharphous PET at 110°C
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Figure 42.The Avrami plot for isothermal crystallization aharphous PET at 115°C
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Figure 43.The Avrami plot for isothermal crystallization aharphous PET at 120°C

The development of fraction crystallinity(t) as a function of crystallization timteat
each of the four temperatures is plotted-igure 44 The estimated values of n, K, the
corresponding half crystallization timg,£} are listed in Table 9. They were determined
from the use of equation (53). It should be notet &s the temperature of crystallization
increases, the value ofi;tdecreases quite rapidly. This could explain theditaon or
cross-over effect in crystallization behavior dgridrawing at around 113°C. The rate
constant K and overall crystallization rate G (tieeiprocal of {,) increase with the
crystallization temperature due to the fact that igher the temperature, the larger the

molecular mobility, which facilitates the orderin§crystalline regions.
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Figure 44.The development of fractional crystallinity duriisgthermal crystallization
of amorphous PET at different temperatures

Table 9.Isothermal crystallization parameters for amorph®E3

T(°C) n K x107° (s1) to (S)
105 2.103 0.006 2374
110 2.074 0.028 1281
115 2.165 0.141 469
120 1.842 2.214 279

The Avrami exponent n is a good indicator of théure of nucleation and the growth
mechanism. The n value is close to 2, hinting thatprimary crystallization of the as-
spun PET sample followed the mechanism of a disc-rowth from instantaneous
nuclei [93]. In the previous study of unorientedaaphous PET by Mayhan et al. [92],

their experiments covered a temperature range 865 to 132C. The values ok at



temperatures of 110 and TZDwere reported to be 870 and 210 seconds resphctiv
The values ofif, in our measurements are higher than those reporfdayhan et al. but

they follow a similar trend.

4.3.3.2 Comparison of drawing time with crystallima rate and its effect on crystallinity
development

Figure 45shows a plot between time spent by sample durragridg to a given draw
ratio (3, 5 and 10) and strain rate for any drawtergperature. The cross-marks and the
dotted lines on this plot represent a threshole tbelow which a sample is expected to
have developed negligible crystallinity during dnagv If the draw time is greater than
the half crystallization times ) as shown in Table 9, then the drawing process at
given temperature and strain rate itself would iestgnificant isothermal crystallization.
For example the samples drawn at 115°C and 120%& hendergone isothermal
crystallization when drawn to ratio 5 or greate0#08 & or to a draw ratio more than
10 at strain rates of 0.016 and 0.033 S. By similar reasoning, on the other hand, the
samples drawn at 105°C and 110°C spent a short mnoduime in drawing relative to
the large {, values at those temperatures and therefore anlyogsetsamples could not
have undergone significant isothermal crystallaa@t any strain rate. Thus according to
Figure 20the superdrawn samples should be obtained at Siawn rates below 110°C

and at high strain rates for temperatures abovéC.10
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Figure 45. A graph between drawing time and strain rate &etliraw ratios. The dotted
straight lines mark the threshold time, shown ¥eo traw temperatures, above which a
sample undergoes thermal crystallization duringvirg

4.4  Analysis of the development of orientation inwn PET fibers using
polarized microscopy

The stress-strain behavior and the thermal tesysisandicated that there is a transition
in terms of overall crystallinity development fomarphous PET fibers. That transition
means that the non-crystalline samples are obta@medlow stretching rate for

temperatures of 105 and 110°C, but a faster sta® is needed to get superdrawn

samples at the draw temperatures of 115 and 120%@ther this is true can be judged



on the basis of overall orientation of those drders. This will also lead to a better

picture of the morphology of PET fibers in rangeoaf experimental conditions.

4.4.1 Methodology

Birefringence measurements were carried out onthal drawn samples using de-
Senarmonttompensator on a Polarizing microscope. A greker fivas used to obtain
monochromatic light 551 nm) beam. The use of thike-Senarmontompensator
assisted in capturing the very small orders ofrdeidon from the samples. The total
birefringence is obtained from the measured retemala (nm) and the thickness h (um)
of the sample. The thickness or the diameter offiters was measured after taking an

image of the sample and then using the image asagiwardmage Pro-plus

r==— (54)

where is the angle of extinction shown by the samplegdiaat 45° position between

crossed polarizers.

Birefringence= (55)

100Ch

The process was repeated, and the average ofefacings was determined and reported

here.

4.4.2 Effect of draw conditions on the orientatiodrawn PET samples

The birefringence is a good measure of the overahtation of fibers. It varies from 0
for a completely unoriented specimen to 1 for ahlyigoriented system. The undrawn

fibers have a birefringence of 0.0025 which indésathey are essentially unoriented. The



drawn fibers are expected to have a higher oriemtadnd therefore a higher value of
birfringence. Orientation was studied as a functbdraw temperature and strain rate for
a given draw ratio. The birefringence measuremerse made on samples drawn at
three representative strain rates — 0.008, 0.1660a25 5. Also, in some cases, the
values of birefringence were measured at varioas/datios for a given set of drawing
conditions; in order to study if there is any etfef strain on structure development

during drawing.

4.4.2.1 Birefringence as a function of draw tempam@

The evolution of birefringence in samples drawrdtaw ratio of five in different strain
rate regimes with increasing temperature is shawiigure 46 This graph shows that
the orientation varies in opposing manner with terafure for strain rates of 0.008 s

and 0.425%.
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Figure 46.Birefringence for samples drawn to draw ratio efebsus draw temperature at
three strain rates



The birefringence variation at 0.166 flls in between which is an indication of a
transition at this rate and that there are twoedght regimes of orientation development
on either sides of this rate. This plot suggestt the transition occurs at a draw
temperature of 112-113°C. The birefringence is éight aslower strain rate after this

transition temperature is exceedédgure 47 shows the variation of birefringence in
samples drawn to draw ratio of ten at five différestrain rates with increasing

temperature. The results are qualitatively the sarhis graph confirms the transition and

indicates a transition temperature of about 113°C.
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Figure 47.Birefringence for samples drawn to draw ratio ofvé@sus draw temperature
at five strain rates



4.4.2.2 Birefringence as a function of strain rate

If we see the evolution of birefringence with straate at different draw temperatures
(see Figure 48 it becomes clear that distinct temperature reginaéso exist for
orientation and crystallinity development. The hirgence increases with strain rate for

draw temperature up to 110°C, and the trend iglgleaversed at 115°C and 120°C.
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Figure 48.Birefringence for samples drawn to draw ratio efbsus strain rate at four
draw temperatures

Similar trends are visible iRigure 49which is the same dsigure 48but with samples
drawn to a draw ratio of ten. From these plots e @deduce that the crossover occurs at

a strain rate of about 0.17/s.
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Figure 49.Birefringence for samples drawn to draw ratio ofvé@sus strain rate at four
draw temperatures

4.4.2.3 Birefringence as a function of draw ratio

The birefringence increases with increasing draw & any given draw temperature and
strain rate. This is explained on the basis oféasmg amount of orientation imparted by
stretching the networlEigures 50-53show the birefringence as a function of draw ratio
at all three representative strain rates for fowwdtemperatures. These graphs clearly
show the transition in crystallization mechanisnthwincreasing temperature that has

been discussed Bectiord.4.2.2
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temperature of 105°C
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Figure 51.Birefringence versus draw ratio for three selestedin rates at draw
temperature of 110°C
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Figure 52.Birefringence versus draw ratio for three selestedin rates at draw
temperature of 115°C
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It is evident that for a given draw ratio the otegion increases with increasing strain rate
at 105°C Figure 50. But as temperature increases to 110°C a crosdmgns to be
visible (Figure 5)). Thus for the draw temperatures of 115°C and C2@ie transition

has occurred and birefringencemsreat the slowest stretching ratéqures 52 and 583

4.5 Analysis of mechanical, thermal and orientatiofbehavior at representative
strain rates

Experimental studies were conducted at eight diffestrain rates ranging from slowest
(0.008 &) to fastest (0.425%. In this section the critical three strain ratssmentioned
before — 0.008, 0.166 and 0.425 s have been highlighted as representative rates fo
making sense of the data. The stress-strain cuavglese strain rates are shown in
Figure 54for all the draw temperatures. We omitted the 988@ses in these plots for
reasons of clarity. At the drawing temperatured@ and 110°C, the stress-strain curves
for 0.008 & exhibit a relatively low draw stress and very lagjengation to failure as
seen in Figure 54(a) Interestingly this superdrawing behavior is olbedr at
temperatures of 115 and 120°C for fhsteststrain rate of 0.425sas shown irFigure
54(c) It is evident from the graphs that the deformatiehavior of PET involves a
peculiar characteristic: at 0.008 the draw stresicreaseswith increasing temperature

in excess of 110°C.
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For stretching at 0.166"sin Figure 54(b) there is no clear distinction between stress-
strain behaviors at the four draw temperaturesréfbee we could assume this rate as the
one at which a ‘transition’ might be taking placeterms of orientation and crystallinity

development. This ‘transition’ was corroboratedioy DSC study.

Then the thermal transitions for all the draw terapges at the representative strain rates
were analyzed as shownkigures 55(a), (bjand(c). It is evident from these DSC curves
that non-crystalline samples were obtained if draatrslow rate (0.008/s) for draw
temperatures below 110°C. After this temperaturer@sssed, however, the transition
occurs and dast strain rate (0.425/s) is needed to achieve floawdng. Thus our
predictions fromFigure 44 (see Section 4.3.3@ from the draw-time versus half
crystallization time approach are consistent whth rtesults of thermal analysis. Figure
55(b) the thermal behavior at strain rate of 0.166d®es not fall into the trend of
decreasing crystallization onset temperature witghdr strain rate. The thermal
properties of samples drawn to draw ratio of eght05, 110, 115 and 120°C are listed
in Table 10. It is clear from Table 10 and Figuketbat there is a hint of ‘crossover’ in

crystallization behavior at 113°C or a strain &ft6.166 &
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Table 10.Thermal properties of the fibers drawn at represterd strain rates and
different temperatures

T4 (°C) T.Onset £C) T, peak C)
Draw temperature (°C)

Strain rate (s%) 0.008 | 0.166| 0.424 0.008 0.16 0.425 0.008 0.166 2504
105 80 80 80 111 99 - 126 117 -
110 81 81 80 110 110 102 133 122 113
115 - 114 115 - 131 128
120 - 80 80 - 112 110 - 132 131

As-spun fibers 79 122 141

This observation now confirms what was seen from thechanical behavior: a
‘transition’ in crystallization kinetics might balking place at 0.166s This transition

was studied further and validated with the origotatneasurements.

To highlight this transition, the birefringencedrbwn samples is plotted as a function of
draw temperature for the slowest and fastest sted@s of this study ifrigure 56 This
graph clearly depicts that birefringence increasiis draw temperature for a given draw
ratio at the smallest strain rate of 0.008 But since a transition has happened at the

highest strain rate of 0.425 st leads to highest orientation at lowest tempes
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Figure 56.Birefringence versus draw ratio for four differelnaw temperatures at the
strain rates of (a) 0.008/s and (b) 0.425/s

4.6 Summary
The boundary of superdrawing as illustrated in &alil was determined based on the

above findings.

Table 11. Parameter window for Superdrawing

Strain rate Draw Temperature (°C)
x103s1) | 90 | 105 110 115 120

8

16
33
83
141

166

333
425 /' (boundary)

Superdrawing: (DR>10; amorphous, unoriented)
Non-Superdrawing:  (crystallization, orientation)




The boundary of superdrawing in terms of tempeeatand strain rate has been
determined. It exists below a strain rate of 33@® s* at 105°C and gets pushed up to
42.510% s' at 110°C. With increasing draw temperature a ttams in the
crystallization mechanism leads to the dramatidtialgi of this boundary toabove
1.6 102 s* for temperatures of 115°C and 120°C. From the émyeertal results it is
proposed that draw temperature of 113°C and staaénof 0.17 S are the critical values
of the two main drawing parameters where the cressaegime in terms of
crystallization exists. This crossover or transitican explain the shifting of the

superdrawing parameter window as discussed above.

An explanation for the above findings is proposeddd on the effects of both SIC and
quiescent isothermal crystallization kinetics oa tverall crystallinity development. At
105°C, flow drawing at slow strain rates is expéainon the basis of the predominant
occurrence of SIC only at fast rates. It is assuitiied molecular relaxation prevents
significant crystallization at slow strain rateshel effect of quiescent thermal
crystallization, however, must also be considetethe drawing process under a given
set of conditions takes longer than the value, gt that temperature, it gives sufficient
time for crystallinity to develop during the drawin The values of 16 until the
temperature of 110°C are so high that even the legnapawn at the slowest rate of 0.008
s* to very large draw ratios of ten (10) could notdaeveloped significant crystallinity
due to isothermal crystallization. But as the terapge goes above 110°C the half
crystallization time (t,) decreases quite significantly and becomes corbfart® the

draw time. Thus the quiescent crystallization hagadound effect on total crystallinity



above 110°C for some, if not all, draw conditio$e birefringence, a measure of
overall orientation, was found to increase withaistrrate until the draw temperature of
110°C. Thus for draw temperatures until 110°C tlveas some contribution from SIC to
the crystallinity development, although the effaft isothermal crystallization was
negligible. Their total contribution to crystalltgi becomes large enough to yield non-
superdrawn samples above certain critical strate. r&ince the rate of increase of
birefringence at 110°C was slower than that at CQ%is critical rate is higher at 110°C
(42.5 102 s than at 105°C (33:3.0%s™). However as the draw temperature increases,
the birefringence trend is reversed. So the oriemtan drawn samples is smaller at
higher strain rates. Also the effect of quiescagstallization is significant only until a
strain rate of 1.610% s*. Thus if drawn at a rate greater than” 16° s*, the samples

remain amorphous and unoriented for draw tempegsaitof 115°C and 120°C.



CHAPTER 5

MODELING THE NON-LINEAR VISCOELASTIC DEFORMATION
BEHAVIOR OF PET FIBERS

5.1 Constitutive relations for the large strain stess-strain behavior of amorphous
PET at different temperatures and strain rates

The principle aim of developing the model is toypde a good description of drawing of
amorphous poly (ethylene terephthalate) at largaeinst above the glass transition
temperature at various rates of deformation. Onlymted amount of work has been
done to predict the PET fiber deformation behainahe temperature range of 90-120°C

deformed to draw ratios up to 9.

For this work, we identified the model’'s two corapabilities: first is to capture the

evolution of crystallinity by phase transformatioccurring during the stretching process;
secondly to include the capability to predict stregain response to large deformations
at stretching rates between 0.008amd 0.425 '$ and temperatures in the range of 90-

120°C.

It was found in the current experimental study thia¢re are several regimes of
mechanical behavior for as-spun PET fibers. Thesststrain response of PET was found
not only to be highly non-linear but also exhibitadcrossover effect with changing

temperature and strain rate. In order to predist éixtremely complex viscolelastic and



viscoplastic behavior in those deformation reginties,proposed model invokes both the

molecular structure-based and phenomenologicabappes.

5.1.1 Summary of the model

The basic framework for the constitutive model dals prior modeling work on
predicting time-dependent large strain deformatadnpolymers [106, 126, 127]. In
particular, the approach and development build loe work of Boyce et al. [102];
Mulliken and Boyce [111] and Dupaix and Boyce [1229]. The model capability to
account for crystallization effects is based on d@pproach of Ahzi and Makradi [124]
whereas the temperature dependence of networknesps built on the work of Tassin
et al. [143]. The highly non-linear yielding andash hardening effects are modeled
based on the work of Duan et al. [117]. They preploa physical model built from four
previous models, with modifications for capturirigag softening and strain stiffening at
large strains (see als®ection 5.1.4)6 Their new model (DSGZ model) was shown to
satisfactorily capture the deformation behavior glassy polymers, poly (methyl
methacrylate) and polycarbonate, as well as a seystalline polymer polyamide 12 at

different strain rates and temperatures.

The models of Boyce et al. successfully captureduhiaxial compression behavior of
PET at strain rates from 0.005 to 035 and temperatures from 90 to 105°C for draw
ratios up to 3. Ahzi et al. predicted the uniaxaisile behavior of PET at strain rates of
0.05 to 2.1 $ at 90°C and at strain rates of 0.01 to 0.42590 and 96°C. While those
models used more complicated schemes such as hketesistance decomposition into

flow and relaxation [102] or upper and lower boudsntermolecular resistance [125]



or splitting intermolecular resistance intand components [111], we have chosen the

basic scheme of resistance decomposition as shokigure 57.

The original idea behind the constitutive modelthse decomposition of resistance to
deformation into two parts: intermolecular resis&rno chain-segment rotation (elastic
spring and viscous dashpot), and entropic resistancchain alignment (Langevin
spring). The intermolecular resistance has itsimsign the intermolecular interactions
between close lying polymer chain segments. Tha®e$ give rise to the initial stiffness
and cause the material’s plastic deformation anhigefstress (yield or flow stress). The
entropic resistance arises from stretching anchalent of network polymer chains and
contributes to hardening at large strains. Thigstasce also acts as a secondary
contributor to the initial stiffness of the matérighe non-linear viscous element contains
the chain relaxation phenomena at high temperatoredow rates of stretching. Both

resistances act simultaneously and therefore tteet@ parallel combination.



Figure 57.Schematic representation of breakdown of overalstance to deformation

Therefore, built on the previous three-dimensiomaldels, our proposed uniaxial one
dimensional model for PET consists of three comptsen elastic spring, a viscoplastic
dashpot, and a non-linear Langevin spring. The piaishnd elastic spring act in series
and are connected to the non-linear spring in [gralhus the strain in both the

intermolecular resistance and the entropic netwsdqual to the applied strain

e=e =6, (56)

The total stress is obtained as the sum of thesstsain the two resistances

S$=5,1t5; (57)

In this model the overall stress-strain behavioPBfT is assumed to be comprised of two
contributions:
The intermolecular resistance (A) is responsibletfe initial elastic behavior

followed by vyielding. This resistance changes withe strain-induced



crystallization in the material during drawing. Téeolution of resistance A with
increasing amount of strain has been captured fg) -an elastic spring whose
modulus (E) is not only dependent on the fractiérenystalline phase in the
material but is also temperature dependent, (bludmg the strain rate and
temperature dependence of the viscosity coeffigient
The network resistance (B) is responsible for ttrairs hardening behavior at
large strains. It should be noted that although tesistance has been modeled as
a macromolecular rubber-like network as in otherkwd102, 124, 129], it also
contributes to the transitional characteristicxlsas the roll-over to flow found
at the intermediate strain rate of 0.16% sf mechanical behavior observed in the
experimental results. This has been accomplished ihgorporating
phenomenological factors in its stress-strain i@hship.

More details can be found in the description of ttenstitutive relations of both

components as follows.

5.1.2 Intermolecular resistance (A)

The molecular resistance to deformation is modak@n elastic spring in series with a
viscous element. The instantaneous elasticity ¢t®watted for by the spring whereas the
delayed response is reflected in the dashpot regptmapplied strain. The constitutive
equation given below relates the stress to therdwition conditions for intermolecular

resistance:

S
x @- A
- (59)

Sa

1000



where E is the elastic modulug, is the viscosity parameter aral is the applied strain
rate. This fairly simple model enables us to capthe non-linear behavior of PET under
varying conditions of deformation by incorporatinige temperature and strain rate

dependence of the model parameterand E.

Another form of the intermolecular resistance ciiste relation is based on the

equation derived by Kawaguchi [43]:

_ E 2 _7 2 '7
== x(tal 1€ +(a)1-e’n
s 1+ex(ar) e +(ta)1- e (59)

where a = eis the applied strain rate,is the relaxation time constant and E is the elasti

modulus. This expression is essentially the sanegjaation (58) at small strains.

5.1.2.1 Elasticity modeling

The material was treated as a three-phase comp@stFigure 58 whose elastic
modulus E is not constant but varies with progressieformation due to the occurrence

of crystallization.
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Figure 58.Schematic representan of the parallekeries model for determination
modulus

The effective elastic modulus of a sl-fiber-reinforced composite is dependent not ¢
upon the aspect ratio of fiber, the fiber volunetion, the fibe-to-matrix stiffness ratic
but alsoupon the orientation of the fib¢ [144]. In our amorphas, unoriented materi
the contribution of either of the two phase effective composite modulus is not knov
Obviously the arrangement of chains in both thesphas not along the chain axis ¢
therefore a distribution of orientation functionsomd be needed. The effect
orientation distribution on strength and elasticdulas has been extensively studied,
possible to predict, for tv-dimensional structure&or shortfiber compositewith three-
dimensional fiber orientatic distributions there is no precidermat to predict the
modulus. HoweverKardos [144] gave an approximate expressitor the average

modulus of a structure with thi-dimensionallyrandom fiber orientatio
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where k; and E; are the longitudinal and transverse stiffnesses.

Based upon this result and equation (51), seeiffteigsion irSection 2.9the effective

elastic constant of the composite is given as:

: c
AN R e

E E

C a

where E is the elastic constant of crystalline phase of REd E is the elastic constant
of amorphous phase of PET. The parametes the ratio of the mean crystallite length
(L) to the long period (LP) of the material. Thepexmental determination of L and LP
for PET with x-ray scattering techniques has yidltiee value of roughly equal to 0.46

[133, 138] which was used for the present calcoiesti

The parameter is defined as

c=2 (62)

(63)

where x is the volume fraction crystallinity of the matdriy is the weight fraction
crystallinity (measured with DSC),is the density of the PET sample used (1336 Rg/m

and , is the density of the crystalline PET (1455 kd)/fi45].



5.1.2.2 Effect of crystallization

The occurrence of crystallization has profoundaffeon the stress-strain behavior of the
material: Firstly, it alters the intermolecular istance by formation of new crystalline
regions and a decrease in the fraction of amorptammmains. Secondly, it causes
molecular relaxation to cease after a critical levk stretch [102]. This effect was
captured through the evolution of the weight fractiof crystallinity,y, with drawing
time. The variation oy as a function of time was determined at each ¢mmdirom the
known values of degree of crystallinity at differeiraw ratios (equivalent to different
draw times) for that condition. The assumption vilagt thermal crystallization and
stress-induced crystallization could be accountedbly having a single crystallization
parameter representing the overall crystallinitynoditerial. The separation of the two

crystallization phenomena is not expected to chamgeurrent model’s predictions.

5.1.3 Entropic resistance (B)

This resistance is responsible for the stress ngtularge strains. It has been modeled by
treating the polymer as a non-permanent networdctire of entanglements [143]. The
stress in the network is assumed to have purelyomict origins based upon the
deformation of the monomer units between entanghrmpeints. The expression relating
the stress to the uniaxial extension conditiorabigined by the classical rubber-elasticity

theory for large strains as

.
/Lt —— (64)

rRT
SB = /max
3M, /

max



where nax is the limiting stretch ratio on each chainjs the draw ratio along the
stretching direction, =1336 kg/ni is the polymer mass per unit volumes il the molar
mass of the “elastic subchain”, T is the absolateperature, R=8.3144 J%mol* is the

universal gas constant and Is the inverse Langevin function

9

_b3+2_97
5

LY b] =306+
175

b® (65)

The value of hax represents the maximum stretch that can be apididte network after
which the entanglement slippage ceases. The eetaegt points begin to act as
‘crystallites’ or ‘tie-points’ that causes a largpturn in network stress. It was observed
from the stress-strain curves of PET that the poirgtress upturn varies in a non-linear
fashion and may be not seen at all in some casexkld&/ and Jones [104] modeled the
hardening behavior of PET at temperatures abqvasing the above classical rubber-
elasticity model. However, their results specificalemonstrated the inability of a
rubber—elastic network model to capture the stitengperature dependence of hardening
observed at these temperatures in PET. In ordenable the model to capture this non-
linear and complicated behavior it is necessanmptimduce other functional variables in
the classical constitutive relation of a rubberwwek. In this work it is proposed to

modify the stress-strain relation as following:

rRT /
s.=fle)Jxs. +Cx——/ /L' — 66
B ( ) 0 3M max / ( )

S max

The constant o, with units of MPa, is multiplied withi( ) and is calculated from the

stress-strain curves at each deformation condition.



The approach adopted by us in this work is to nthkefollowing modifications in the

molecular network’s constitutive relation:
In order to capture the temperature dependencehefnetwork response a
temperature dependence of the network properties wmaluded. As the
temperature is increased, some entanglements edtirbe ineffective and Mvill
increase thereby causing a decrease in the hagder@dulus [102, 123, 126].
The approach to account for the non-linear yieldagd strain hardening
characteristics is based on the ‘DSGZ model' preddsy Duan et al. [117] by

inclusion off( ):

f(e)=(e e +e% of1- e7*) (67)

where G, C, and are the strain, strain rate and temperature depgnoarameters
determined from the uniaxial tension test resi(t}.is the dimensionless variable which
enables to include strong strain, strain rate awdperature dependence of stress as

observed in experimental results.

The constant C in equation (66) represents thengtnoon-linear strain rate and
temperature dependence of the hardening behavioibiteed under the deformation
conditions of this work. It serves as a sensitipyameter whose value varies between 0

and 1. Table 12 lists the values of the two const@and oas given below:



Table 12.The values of constant of the hardening parameggrafd the sensitivity
coefficient (C) at all deformation conditions

Strain rate (s? c o (MPa)
braw t(fgperature 0.008 0.166 0.425 0.008 0.166  0.42
90 0 0 0 0.043 0.138|  0.104
105 1 0 1 0.234 0.054|  1.108
110 1 0 0 0.4 0.282|  1.887
115 1 0 0 0.024 1.335 0.99
120 1 0.5 1 0.3 0.337| 0878

5.1.4 Model parameters

The following sections contain the detailed desmipof determination methods for all

the model coefficients involved in this study.

5.1.4.1 Viscosity parametef:

The variation of the viscosity coefficient with tperature and strain rate was taken as

follows based upon the data of Kawaguchi [43]:

h=(e) ****>exp - 24.3+15100x % (68)
whereeis the applied strain rate (% nif.and T is the draw temperature (°K). Therefore
the strain rate and temperature dependent viscasitistant is determined at each

condition of deformation as shown in Table 13 below



Table 13.Viscous dashpot paramete(MPa.s) at all deformation conditions

Strain rate (s%)
Draw temperature (°C) 0.008 0.166 0.425
90 430512.2 92866.28 57505.5P
105 82621.46 17822.37 11036.18
110 49046.41 10579.85 6551.35
115 29509.29 6365.48 3941.69
120 17985.6 3879.69 2402.42

5.1.4.2 Initial modulus of the crystalline phase: E

As discussed irSection 2.9 the elastic constant of PET crystalline phase Iesn
measured by various workers using different expenital techniques and different
methods of calculation. The apparent fiber moditudas been shown to be only a
fraction of the crystal modulus.Because of poor orientation and low crystallinifiiis
ratio (E~6E) was used to determine. Brom the value of Egiven in the data of
Kawaguchi’'s work [43]. Table 14 below shows valoé®ET crystal modulusEat each

temperature of deformation.

Table 14.Young’s modulus of crystalline phase of PET (GRalladeformation

conditions
Temperature (°C) 90 105 110 115 120
E. 59.09 36.01 30.00 26.30 24.00

5.1.4.3 Initial modulus of the amorphous phasg: E

Literature review showed that the elastic modulbismorphous phase of fibers, B
generally a certain fraction of the fiber modulus Ehis ratio (E~0.5E) was used to
determine Efrom the value of Egiven in the data of Kawaguchi’'s work [43]. The

calculated values of fare listed in Table 15 below.



Table 15.Young’s modulus of amorphous phase of PET (GPal deformation

conditions
Temperature (°C) 90 105 110 115 120
E, 4.92 3.00 2.50 2.19 2.00

5.1.4.4 Limiting stretch ratio of the amorphous PEEEwOrk: max

The maximum draw ratio is obtained [143, 146] fribra expression:

_Ip 3Ne %
/max_l_ C¥ (69)

wherel, is the average projected length of each flexillig along the chain axis,is the
average length of a flexible unit in PET repeatt,uN: is the number of links between

entanglements an@, is the characteristic ratio of PET. For PEJ, has been taken as

4.2 [143],1=2.68 A, N=133 and,=1.79 A yielding the value ofsaxequal to 6.509.

5.1.4.5 Molar mass of the PET elastic subchaig: M

The values of the molar mass were taken from Laremtd Tassin [143] at each
deformation temperature involved, as shown in Tdlie The molecular weight of the
PET used in their study (40000 g mof) was very close to the one used in our

experiments (ME41233.74 g mal).

Table 16.Values of the molar mass of subchain of PET netWiBram Ref. 143)

Temperature (°C) 90 105 110 115 120
M. (kg mol™®) 8 18 22 31 40




5.1.4.6 Constants of the hardening parameter: C4, Gnd o

The DSGZ model by Duan et al. [117] as given belowriginal form,

e

1-
s(eeT)=Kx f(e)+ ee CHED f(e) )e[ln(h(e,T))-C4]>e (e, T) (70)

h(e,T)=(e)"e T (71)

, consists of eight constants that were computesh ftompression data. The calibration
procedure employed by them was used by us to aatittee four constants that have been
used in our model. The data of at least three @xjaital stress-strain curves at different

strain rates and temperatures was used for congmsat

For a stress-strain curve at large strain, the temuaf stress can be approximately

written as:

s(eeT)=K >(e‘ R efz)»h(e,T) (72)

For three large strain points on a curve, (1), ( 2, 2) and (3, 3), the following system

of equations can be obtained:

e Cre + elcz 3 51

e— Cre, + ezcz 52 73
com G, (73)

e""+e " _S5,

e Cpey + escz 53

Thus the values of and G were obtained by solving equation (73) using anation

code in MATLAB.



The value of was determined based on the following approxiregteation proposed by

Duan et al.:

__In(003)

S

(74)

where ¢is the strain at the end of softening at the gideformation condition.

The fitted values of all of the three non-lineardeming parameters are given in Table 17

below.

Table 17.The values of constants of the non-linear hardepargmeter f(): C;, C; and
, at all deformation conditions

Strain rate (s7) C, C,
Draw
temperature (°C) 0.008 0.166 0.425 0.008 0.164 0.425 0.008 0.166 250.4
90 -1.699 -1.456 -1.429 -0.990p -0.6007 -0.794 4950 1.6576| 1.7081
105 16.574 0.9912 -0.218 0.454 -1.5] -0.5p7 0.7622.805 | 0.8231
110 1.577 0.5656 0.483 0.294 -0.0765 -0.845 0.718.6153| 0.3489
115 -0.2313 2 0.563 0.1911 -1.44 -0.942 1.01182 10020.7165
120 1.9728 1.311 0.565p 1.194 0.0218 -0.56 1.30589663 | 1.2896

5.2 Comparison of predictions with experiment

The stress-strain curves of PET were generatedgus$ia proposed model at three
representative strain rates: 0.008 8.166 & and 0.425 S and five temperatures: 90°C,
105°C, 110°C, 115°C and 120°C. The procedure fatesyatically fitting data to the

model was carried out to obtain values of the mpaehmeters which best described the



stress-strain curves in terms of the experimemsililts. They are plotted together with
the experimental observations as seeRigures 59to 63. The model is adequately able

to predict the non-linear viscoelastic behavioawforphous PET at all conditions.

The experimental observations of the mechanicabWieh of amorphous PET at the
aforementioned conditions can be roughly divided four groups or categories:

a) Group I: This type of behavior involves an initielastic response followed by
flow, until a draw ratio depending upon the corati, and finally dramatic
upturn in stress values due to stiffening.

b) Group II: This type of behavior involves an initielastic response followed by
yield and finally flow with no stiffening.

c) Group IlI: This group is essentially similar to Gpll with the difference lying in
the small to moderate amount of stiffening seedifégrent stages of drawing.

d) Group IV: This group exhibits no yielding and timéial linear elastic response is

difficult to differentiate from hardening.

We now discuss all the predicted results with respethe experimental observations.

5.2.190°C

At this temperature all the curves fall into GrdygeeFigure 59. At all strain rates they
are characterized by a sigmoid shape, with larggnshardening appearing at a draw
ratio of 3.05, 3.11 and 3.32 for 0.425,90.166 & and 0.008 & respectively. The
simulation results show small deviation from tr@wflbehavior before the stress upturn at

0.425 § and 0.166 § whereas the point (draw ratio) of stress uptuemsedelayed for



all strain rates. This may be attributed to theigméicant effect of intermolecule

resistance to yielding.
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Figure 59.Predicted stresstrain curves at the draw temperature of 90°CHerstrair
rates of (a) 0.00&™, (b) 0.166 ¢ and (c) 0.425%



5.2.2105°C

As shown inFigure 60the curves fall into Group I, Il and IV respectivéor 0.425 &,
0.166 & and 0.008 S. This is easily explained by there being a muchrem@zbmplex
deformation mechanism due to crystallization andxagion effects. At strain rate of
0.008 & the predictions are very close to the observeditesxcept slight deviation at
draw ratio greater than 5. At 0.168, she prediction follows the general trend. At the

strain rate of 0.425%he predictions exhibit a gradual change in slopéng hardening.



(@)

(b)

(€)

Stress, 1076 Pa

Stress, 10*6 Pa

Stress, 1076 Pa

(0.008/s, 105C)

+ Experimental = Simulation

14 4

Draw ratio

(0.166/s, 105C)

+ Experimental = Simulation

0.7 A
06 n
‘e,
05 4 * .
- -*
a4 T T
. A .
03 4p .
a -
02 ‘ e -
> *
* e
1 ‘e
01 ’.““0000‘..0000.0‘4"00000#"0...0
0
1 3 5 7 2]
Draw ratio
(0.425/s, 105C)
+ Exparimental ® Simulation
9 -
8 .
7’ -
6 -
5 -
4 4
3 .
2 -
1A = o
0 T T T T T T T T )
1 2 3 4 5 6 7 8 9 10
Draw ratio

Figure 60.Predicted stre-strain curves at the draw temperature of 105°C ferstinain

rates of (a) 0.00&™, (b) 0.166 ¢ and (c) 0.425%



5.2.3 110°C

The curves for 0.425%and 0.166 S fall into Group Il and in Group IV for 0.008'sAt
strain rate of 0.008sthe predictions are very close to the observe@mxgental curves
(seeFigure 6)). At strain rate of 0.166'sand 0.425 $the predictions are very close to
the experiment initially as well as at yield poand after roll-over to flow. Again for
both larger strain rates, the severity of the ookr to flow is predominant in the

experiments.
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Figure 61.Predicted stre-strain curves at the draw temperature of 110°GHerstrair
rates of (a) 0.00&™, (b) 0.166 ¢ and (c) 0.425%



5.2.4 115°C

As shown inFigure 62the curves fall into Group I, Il and IV respealy for 0.425 &,
0.166 & and 0.008S. At strain rate of 0.008sthe predictions are very close to the
observed results, while at 0.425 the predictions slightly deviate from the initiaica
intermediate strain behavior although they matah ékperimental curve qualitatively.

Again for the strain rate of 0.166 the predictions qualitatively match the observation
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Figure 62.Predicted stre-strain curves at the draw temperature of 115°GHerstrair
rates of (a) 0.00&™, (b) 0.166 ¢ and (c) 0.425%



5.2.5120°C

The curves for 0.425%and 0.166 & fall into Group Ill and in Group IV for 0.008's
Again the model was able to predict the observedlt® very well for the strain rate of
0.008 &. At strain rate of 0.1667sthe predictions are very close to the experiment
initially but deviate at yield point. At 0.425'ghe predictions are very close to the

experimental curves (séagure 63.
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5.3 Evolution of crsytallinity

Figures 64through66 show the development of weight fraction crystaiiny, with the
progress of drawing. The calculations were donedas the equation gfas a function
of time of drawing obtained from the measured valoky with DSC. The graphs show
that the rate of crystallinity development is fastat all strain rates for the draw
temperature of 90°C. It is clearly seerFigure 64that for the strain rate of 0.008 the
rate of crystallinity development is faster at tenperatures of 115 and 120°C in
comparison to that observed at 105 and 110°C. hirast at 0.4255the crystallinity
evolves much faster at draw temperatures of 105140dC relative to that at 115 and
120°C (seeFigure 6. This transition suggests that the crystallizatimechanism
undergoes a transition at 110°C. Also since the oétcrystallinity growth appears to be
similar for all draw temperatures (except for 90/&Gere contribution of SIC is much
greater) at the strain rate of 0.166iscan be taken as a threshold strain rate aftectw

the crossover in crystallization mechanism occurs.
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Figure 64.The evolution of weight fraction crystallinity (cailated),y, with time of
drawing at the strain rate of 0.008fsr all draw temperatures
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Figure 65.The evolution of weight fraction crystallinity (cailated),y, with time of
drawing at the strain rate of 0.166fsr all draw temperatures
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Figure 66.The evolution of weight fraction crystallinity (callated)y, with time of
drawing at the strain rate of 0.425fer all draw temperatures

5.4 Significance of model parameters

The viscosity coefficient () depends upon not only the temperature but alscstfain
rate. The graphs ikigure 67 (a)and(b) have been plotted to show how the viscosity
coefficient changes with strain rate and tempeeatarthe range of our experimental
conditions. At a given temperature, the viscositgfticient drops largely then shows a
less sharp decrease with increasing strain ratseas inFigure 67 (b) This is easily
explained by the fact that at larger rates of dafdron only the short time-scale response

of polymer molecules is probed. This behavior waseoved at all draw temperatures.
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Figure 67.Variation of viscosity coefficient || of the intermolecular resistance with (a)
1/temperature and (b) strain rate [data adapted Ref. 43]

At a given strain rate, the viscosity coefficientlecreases with increasing temperature,
as seen inFigure 67 (a) The decrease in with temperature can be attributed to
significant molecular relaxation at higher temperas above the glass transition. This

behavior was observed at all strain rates.

The value of the coefficient C2 has the most sigaift effect on the predicted stress-
strain curve at a given condition. C2 was takenitpeswhere hardening takes place
while its value is negative for including yielding the stress-strain behavior. For
example the stress-strain behavior at the straaf0.166 § is similar and exhibits a

roll-over to ‘permanent flow’ at all temperaturesept 120°C. Accordingly, the value of

C2 is positive only for the draw temperature of 20

The value of C is the next significant factor affieg the results of the modeling. The

reason of having the value of C equal to 0 ord ieed to control the dramatic hardening



at certain conditions. The stress upturn is implitithe rubber-elasticity expression due
to formation of trapped network by crystallizatiddut at certain drawing conditions,
particularly at strain rate of 0.166"sthere is no strain hardening even at large strain
The presence of dominant flow behavior was modélgdising C equal to zero and
suppressing the rubber-elasticity contribution. cdher conditions (see Table 12) the
value of C was taken equal to one where neitheddmang nor flow behavior was

dominant.

The limiting elasticity of the entanglement netwoslas defined in the form of the
parameter nax Its value of 6.5 was calculated by using#v4.2 kg motf* in the equation
Ne = M/32 where 32 g mdlis the average molecular weight of PET repeat Uits
yielded a higher value of N(=133) than used by Lorentz and Tassin [143] and
correspondingly the maximum stretch ratigxwas much higher. A higher value gfax
obviously means that the dramatic upturn in sti®sgen at higher strains. This approach
seems justified based upon the experimental obsenvaf very large draw ratios with

only little hardening exhibited by amorphous PEmpkes of this study.

The molecular relaxation mechanisms during the rdedtion of the network were
reflected in M — average molar mass of the flexible subchainthia model M, the
apparent “mesh size” for PET, was assumed to iseredth increasing temperature. This
can be easily explained by the fact that at higieenperatures relaxation times are
smaller leading to more relaxation during drawiimgother words some entanglements of

the network become ineffective with increasing termagure for a given rate of stretching,



resulting in a larger apparent “mesh size”. Itlsogpossible to vary the mesh size with

strain rate but for this modelJWas independent of strain rate.

5.4.1 Deficiencies in the model and possible wdymprovement

The major inadequacy of the model was that it neguihe use of many constants to be
obtained from the experimental data. The very laigev ratios and non-linear strain-
stiffening and flow behavior involved in the expeeantal observations made it necessary
to include some data-fitted constants so that afididions of stretching could be
predicted closely. Also the yield followed by fldvehavior at the strain rate of 0.166 s
and temperatures of 105°C to 115°C needs improvenmemodel predictions. It is
thought that the transition in crystallization maclsm at this rate has influenced the

model capability.

If the values of gand G are calculated using the whole stress-strain cunstead of a
few points, the predictions are expected to imprdivihe strain rate dependence of M
average molar mass of the flexible subchain — & ahcluded in addition to the
temperature dependence used in this model, the Imeslelts would be closer to the
experimental data. Of course, eventually the dse fewer constants would result in a

better model.

5.4.2 Model predictions at other drawing conditions

The use of this model to extend the prediction bdipa to other conditions can be
achieved if the constants are determined. Alsositapplicable for predicting the

mechanical behavior of other crystallizable polysner



55 Summary

A one-dimensional constitutive model based on thiber elasticity theory, the parallel-
series model and phenomenological data fitting wssd to predict the stress-strain
curves of PET fibers at three strain rates eachfif@ temperatures above the glass
transition temperature. The overall stress-strairve was constructed from adding the
network contribution (resistance B) to the interewnilar resistance (A). The resistance A
was modeled to contain the initial elastic respaasevell as the effect of crystallization.
The elastic modulus of the intermolecular resistapgolves with the occurrence of
crystallization. The model employs strain rate adl &as temperature dependence of the
viscous response of intermolecular resistance.netork contribution to stress (B) was

quantified on the basis of conformational propsrtéthe PET network.

It was found that the strong strain, strain raté mperature dependence of mechanical
behavior observed in drawing of PET fibers couldadequately captured by the model.
An attempt was made to model the stress-strainvb@haf PET fibers deformed to very
large draw ratios (up to 10) in a wide range of gemature (90-120°C) and strain rate
(0.008-0.425 9). These types of conditions have not been modeseticitly for PET
fibers by other researchers. The transition in raeal behavior, observed at strain rate
of 0.17 §" and temperature of 113°C in our experimental studys demonstrated by the
model. Draw ratios larger than the maximum dravorat entanglement network were
obtained at some conditions. This could be attedub molecular relaxation processes

occurring at those conditions.



CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions

Comprehensive experimental studies were conduotetidracterize the structure of PET
fibers drawn at different temperatures, straingated to different draw ratios. Uniaxial
stretching experiments were performed on amorphBHI fibers above the glass
transition temperature. PET fiber samples deformeddifferent draw ratios were
characterized for the structural changes by DSCharafringence measurements. In this
study, if a sample can be extended to a draw odti© ( 10) under a low draw stress,
this drawing behavior is considered to be superomgqw It was found that the
superdrawing produces a molecular structure wittova degree of orientation and
insignificant changes in crystallinity of the omgl sample. This is evidenced by an

essentially similar cold crystallization exotherneaand low birefringence values.

At a draw temperature just above the glass tramsit0°C) significant strain-induced
crystallization (SIC) leads to high draw stresselevand failure at small draw ratios for
all strain rates involved. At 90°C a large uptunnstress occurs at a draw ratio of three,
indicating the predominant SIC mechanism at thisperature for all strain rates. As
draw temperature went up to 105°C the draw stresatwdown considerably and
prevalent molecular relaxation mechanisms leadupeirawing for strain rates below

33.3 10%st,



With increasing temperature to 110°C, the drawssttevels drop further and increased
relaxation results in superdrawing up to 4246°s™. But orientation, as reflected by the
birefringence values, showed an increase with asing strain rate. Thus crystallization
occurred mainly due to SIC at these temperaturese she isothermal crystallization is
assumed to play a negligible role as evidencedhkyldrge half-crystallization times.
Thus for a given temperature in this regime, thesral crystallinity grows with
increasing strain rate and yields non-superdrawmptes after a critical rate. The rate of
increase of orientation at 110°C was found to b&vet than that at 105°C, leading to a
higher critical rate at 110°C (42.502 s) than at 105°C (33:3.0% s%). On further
increasing the temperature to 115°C and up to 120f&ving occurs at very low stress
levels. Also the significantly reduced half-crystadtion times mean that thermal effects
would expectedly have a large effect on overalls@Ninity. However the orientation
decreasedavith increasing rate in this regime. Additionaltyvas found that temperatures
greater than 110°C resulted less crystallization at strain rates faster than” 16* s*
after which presumably the time of drawing becontes small for significant
crystallization to occur. Thus unoriented and noystalline samples in this regime were
obtained only until the strain rate of 187 s*. From the above results a parameter
window/boundary of superdrawing in terms of tempemand strain rate was defined. It
exists below a strain rate of 3317 s at 105°C and gets pushed up to 423°s* at
110°C. A crossover of the crystallization regimést@und 113°C leads to the dramatic

shifting of this boundary tabovel.6 10 s*for temperatures of 115°C and 120°C.



A new constitutive model was proposed to predietdtiess-strain behavior of PET fibers
deformed to very large draw ratios (up to 10) wide range of temperature (90-120°C)
and strain rate (0.008-0.425"s These types of conditions have not been modeled
explicitly for PET fibers by other researchers. Aeedimensional constitutive model
based on the rubber elasticity theory and non-inescoelasticity was built to simulate
the stress-strain curves of PET fibers at threeesgmtative strain rates each for five
temperatures above the glass transition temperafime overall stress-strain curve was
constructed from the stresses arising from annmdécular resistance (A) and a network
resistance (B). The intermolecular resistance wadeted to represent the initial elastic
response followed by yielding. The effect of criigtation was accounted for by
increasing intermolecular resistance and increatastic modulus of the material. The
model also accounted for the strain rate and teatper dependence of the time-
dependent response of intermolecular resistance. ridiwork contribution to stress,
which represented the strain hardening at larganstr was quantified on the basis of
conformational properties of the PET network. Téraperature dependence of one of the
network properties (M molar mass of elastic sub-chain of PET) allowsdaicapture
the observed non-linear temperature dependencdifféngg. It was found that the
strong strain, strain rate and temperature depe&edeihmechanical behavior observed in

drawing of PET fibers could be adequately captimgthe model.

In short, this study has helped us gain new insighto the PET fiber superdrawing
behavior and provided a better understanding ofctigstallization mechanisms over a

wide range of conditions. The transition regimes aystallization behavior and



orientation development revealed in this study wewe reported in previous research:
firstly that increasing draw temperature from 140LP0°C leads to more crystallization
at small strain rates (f0s’) and less crystallization at high strain rates™(&});
secondly that for strain rates below about 0.1%7 tse orientationincreaseswith

increasing temperature.

6.2 Future directions

Since the processing of PET in many commercialiegipbns occurs at very high rates of
deformation, an experimental study involving thadst of drawing behavior at faster
rates of stretching (> 1% is proposed for the further work. Also biaxialading
behavior of PET in a similar range of condition®ad® more investigation. The use of
online x-ray diffraction and birefringence measuests is recommended to form a
clearer picture of crystallinity and orientationo&wion during drawing. It is hoped that
those methods will also give a better understandofg whether strain-induced
crystallization is initiated during the drawing pess itself or after it has ceased. It is also
needed to elucidate whether or not the initiatiborgstallite formation process depends

upon the draw ratio reached.

The one-dimensional constitutive model for drawinghavior of PET needs further
improvement by reducing the number of constantsiired. The use of strain rate
dependence of the mesh size M the network resistance could improve the strain
hardening predictions. A more complicated interroolar resistance model (e.g. three-

or four-element models) is recommended to impréverhodel capability for capturing



non-linear viscoelastic features. Although molecullaeory based three-dimensional
models are extremely complicated to implement nicakly, they do not rely too much
on experimental data and are recommended for migeise simulation capabilities.
Those models will also extend the predictions caemuch larger range of drawing

conditions, especially faster deformation rates.
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