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Abstract

The structure and properties relationship in fibers spun frombfeexchain
polymers, poly(ethylene terephthalate), polypropylene, etc. has hedely studied.
Also, considerable amount of work is reported in fibers spun from wgigholymers like
poly(p-phenylene terephthalamide). However, limited literatweavailable on the
structure-properties relationship in fibers manufactured from ®RRiSh possesses chain
flexibility between above two classes of polymers. A few asd®ers have studied its
crystallization kinetics and the fiber manufacture using capilltbeometers. However,
there is a lack of in-depth study of structure-properties dpuent in PPS fibers
produced using melt spinning equipment, followed by drawing and annealing.

The purpose of the present research was to systematically #tedyiber
manufacture from PPS polymers. Four variances of proprietaryoR@rtlinear PPS
resins differing in MW were analyzed for characterissiash as molecular weight (MW)
and MW distribution (MWD) using gel permeation chromatography, dugcdl
properties using melt flow indexer and capillary extrusion rheamnael crystallization
kinetics using differential scanning calorimetry (DSC). Thers were spun on a pilot
melt spinning facility, using a multi-hole spinneret, under diffepgatessing conditions.
As-spun fibers were drawn and annealed subsequently by varyingadrealing
conditions. Thorough characterization of the as-spun and draw-annealesl \iias
carried out using various techniques such as tensile testing, faf€Cized light optical
microscopy, wide angle X-ray scattering, and small angle X-rdtesicay.

A statistically significant relationship between polymer MWrocessing
conditions and processing behavior during melt spinning and draw-annefiheg,
tensile properties and morphology is reported herein. Interactioctefié material and
process variables in evolving fiber structure and propertiesdimissed. Through
optimal combination of material and process variables, PPS fib&aaifity close to six
gpd were obtained. Probable structural model of high tenacity PRS iSberoposed by
considering the fiber tensile properties and morphology.

Vi
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Chapter 1. Introduction

The polymers like poly(ethylene terephthalate) (PET), Nylon, popdene,
acrylic etc are highly successful as fibers in conventionalicgns like apparels.
Through some modifications in the polymer properties and fiber maaodfagt
conditions, polymers like PET, Nylon are used to certain extent inirtthestrial
applications such as tire cord and ropes. However there arencamtas, specifically
those industrial applications where the environment consists of coradsweicals, high
temperatures etc. e.g., coal-fired boilers and paper industrye whe above mentioned
polymers are not suitable candidates. This leaves the need of atharepolymers
tailored for such applications that can fill the void. With this ,athre engineering
thermoplastic polymers (ETPs), which are suitable in number af dilee automobiles,
electronics, aerospace, material handling, and medical devices, im@&rged. These
areas used metals for centuries, but started using ETPs dueerts la¢tter performance
characteristics along with other benefits like cost, lightergit, and ease of creating
innovative designs as compared to metals. One such ETP is polygesylfide (PPS).
It is a unique high temperature, thermoplastic, semi-crystagiligmer. Also, it exhibits
excellent resistance to various chemicals such as acidslkalikes, even at elevated
temperatures as compared to the conventional polymers mentioned laspite.of PPS
fibers’ tenacity falling in the upper range [1] of textile grade fibers, aroumd fipd,
due to its chemical and temperature resistance, it sits rategory of high performance
fibers.

Although significant amount of PPS produced goes in the form of injection
molded components into various applications, its above described propeaiest the

fitting candidate, in fiber and fibrous product forms, in various apphica that need

" Tenacity is defined as the breaking force of therfper unit linear density.
" Fiber tenacity is expressed as gpd i.e. gm/dénieere, denier is defined as the weight in gmsQ&®m
length of the fiber).



these properties. In the past, researchers have dealt witriubire and morphology of
this polymer with many investigators focusing on its cryigtaiion kinetics, mostly in
compounded form with glass or carbon fibers. Majority of these studies carried out
at least a decade back, and it is for sure that PPS manafadtave improved upon the
quality of PPS in terms of properties like thermal stabilitge scientific community
lacks in terms of available knowledge through research publicatioreceit grades of
PPS. Very limited number of publications deals with PPS inber fiorm, and further,
very few in fiber processing and its structure development. Bethdestarting polymer
characteristics, there is no doubt that, the processing conditions dwimgfacturing of
fibers and subsequent operations like drawing and annealing have agbearithe
structure and properties of fibers. This research project waedaat filling in the present
void of knowledge.

The purpose of the research was to study the development of straotlire
properties of PPS fibers by melt spinning on a pilot melt spinimegusing multi-hole
spinneret. Four variances of proprietary Fortron® linear PPi8srediffering in MW,
supplied by Ticona-Celanese in pellet and flakes (powder) forme arealyzed for their
characteristics such as MW and MWD using GPC, rheological grepeising MFI and
capillary extrusion rheometer, and crystallization kinetics uBiSg. Fibers were spun
using the pilot melt spinning line, and further drawn and annealed unffereol
processing conditions. Characterization of the as-spun and drawn-anhfibate was
carried out using various characterization techniques such ag tessihg, DSC, POM,
WAXS, and SAXS. Relationship between polymer characteristicsegsoconditions,
processing behavior of polymer and structure-properties of thes fibas investigated
based upon the results obtained from above described fiber manufactpergnents
and characterization techniques. Through such detailed investigatiomomesl to
develop a good understanding of the effect of polymer charaiterssich as MW and
MWD, and processing conditions on the structure and properties of residérgy Also
expected was to unfold the structure-properties relationship in PPS fibers.



Chapter 2. Literature review

The aim of this chapter is to review the findings of variousaresers on the
studies carried out on PPS in its different forms like as-producgdpdd, its reinforced
categories, films, and fibers. Initial few sections deal with tstdeding the PPS itself
through its chemical structure, its historical development, polgaigrn process, its
typical properties, and some fundamental studies on its morpholsgiceture. Similar
to other thermoplastic polymers, behavior of PPS during processing taudture-
property development depends upon its crystallization. Hence in the sufissect&on,
crystallization kinetics, in both isothermal and non-isothermal camditiis discussed
with respect to various parameters. In addition to the effect mtadligation kinetics,
since MW, MWD and its architecture have a significant beadanghe structure and
properties of PPS fibers and other product forms, the researfihdisgs on this aspect
is summarized. In order to have a polymer in some useful formilike film, injection
molded parts, processing of the polymer is inevitable. The processiamegiars in
relevant manufacturing methods also influence the structure-pyogevielopment in
these products. Hence finally a summary of the studies of tbet @ff these processing
variables on structure-property development in PPS is reportedmysaced to literature
available on fiber form of PPS, majority of earlier published wsravailable for other
forms of PPS. Hence although the present work is dealing withiB&S bnly, because
the findings in relation to other processes and product forms are relecentiaio degree

in fiber manufacturing, work done in those areas is also summarized herein.

2.1 What is PPS

2.1.1 Chemical structure of PPS

Commercially known as poly(phenylene sulfide) and chemicallywknas
poly(thio-1,4-phenylene), PPS is an important thermoplastic polyntiegioly(arylene
sulfide) family [2]. Its chemical structure is shown in Figure 2.1.
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Figure 2.1 The chemical structure of PPS.

The poly(arylene sulfide) consists of repeating aromatic monomisr jomed by
sulfur bridges (-S-Ary) wherein Ar is arylene and n is the degree of polymerization. In

PPS, Ar is a benzene ring.

2.1.2 Development of PPS polymer: historical perspéve

In the year 1888, Fridel and Crafts [3] and in 1889, Grenvresse [ganeck
diphenyl sulfide and related aromatic sulfur compounds. Grenvresseenbtagubstance
with chemical formula ¢H4S by heating benzene and sulfur in the presence of aluminum
chloride. The product was insoluble with melting point at 285 With the interest of
making this polymer commercially viable, in the year 1940, Macalbjrsynthesized
the PPS polymer from the reaction of sulfur, sodium carbonate anldrdicenzene in a
sealed vessel at temperatures between°€7&® 360°C. Lenz et al. [6, 7] studied the
Macallum polymerization process in the late 1950s and early 1960s.ré@peted that
the structure of PPS resulting from Macallum process ischeghor lightly cross-linked.
A process developed by Lenz and Carrington [8] was carried @0&C-250°C under
nitrogen in the solid state. In this process, PPS is obtained obgensation
polymerization of alkali metal salts of p-halothiophenols. It orted that the structure
of PPS obtained through this process is linear. But the procesdifftault to control.
The yield and properties of the polymer obtained were unpredictable.

Thereatfter, rapid developments took place in the production of PPS palythe
commercial development made possible by Edmonds and Hill [9] aipBHiketroleum in
late 1960s and early 1970s. This process involves reaction of p-dichloeokewith
sodium sulfide in a polar organic solvent. It has low to moderate olateweight as

determined by dilute solution viscosity. The undergoing reaction shasn in Figure
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2.2. The outline of the early processes mentioned above during the period 1838 is
shown in Figure 2.3. Phillips petroleum was the first to produce thempolyof
sufficiently high molecular weight to manufacture fibers. AlthoudfiliBs is the largest
single producer of PPS in the world, others are Bayer (1979), BASF (1982)h
Susteel (1986), Kureha (1987), Tohprene (1987) and Toray (through joint venture
between Phillips and Toray in 1987), Ticona-Celanese (through joimuree with
Kureha). Japanese companies are manufacturing most of the world modicPPS.

The various companies manufacturing PPS and selling PPS compounded peddagts

with their brand names are given in appendix 1.

2.2 Polymerization of PPS

2.2.1 Process details

The production of PPS involves three sections: polymer production, solvent
recovery and polymer finishing [10]. In the initial stages of polymagion, sodium
hydrosulfide reacts with sodium hydroxide in a vessel blanketddnitrogen and gives
agueous solution of sodium sulfide. At the end of the reaction, N- hiztipyrrolidone
(NMP) is added. Intermittently, sodium sulfide solution is fed to the dehydratsseM®
distill out water to maintain the mole ratio of water to sodsutfide in the mixture to

about 1:1. The resulting contents are fed to the polymerization reactor at 233 °C. The

POLAR
+ Nags _r__._SOL\fENT @s + NacCl
X

Figure 2.2. Chemical reaction in the synthesis of PPS.
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(1) 1888: Friedel and Crafis

Rysas
OO

Noncrystalline polyphenylene polysulfide

(2) 1940: A, D. Macallum

mA@fcnsmagcoa > {--f} 3 --Sx----}n

+ NaCl + N2,80, + CO, x=1-143

(3) 1950: Dow Chemical

Br— C} ~5-Ma——= S,\—}n + MaBr

(4)  1960: Phillips Petroleum (1. T, Edmonds and H. W. Hill)

v % 2 220C
10 - 220
CI4C>—0|+NB.QS4D—|" B ‘EQ_S:: ) + NaCl

Figure2.3. Early methods of PPS synthedi§][

polymerization reactor is fed with 1-dichlorobenzene through the heate27 °C. The
temperature is raised to z °C in 100 min. The contents in theactor are held at th
temperature for another 30 min to complete theti@acAfter the completion, the vent:
reactor is heated to evaporate NMP solvent. Sulesely vent is closed and reactol
heated to 282C for 30 min. The contents of polymzation i.e. PPS polymer ai
residual NMP are fed into flash vessel to evapoktP. Evaporated NMP goes to t
solvent recovery process after filtration. SolidSPpblymer and sodium chloride comi
out from the screw conveyor are washed an-ionized wth counte-current flow of
water in a threestage system of vessels and centrifuges. PPS etit@ndried and th
batch is cured at elevated temperatures i

Since there are many producers of PPS polymergrteedure may vary in ot
or more asped] including usage of different raw materials lig-halothiophenols,
change in polymerization reaction procedure, usesaifent other than NMP, usil
different additives in reaction mixture to alteretpolymer properties like rheologic
properties, dierent catalysts for polymerization and differantf treatments, et

The molecular weight of PPS obtained iris way as described above

Edmonds and Hill at Phillips is not high, when caredl to most commercial polym
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[11]. Solid state curing in air at a temperature near thenggtoint has been found to
lead to increase of the molecular weight. The mechanism of secneanolecular weight
is found to be the combination of chain extension and cross-linking [12]. Saliel
curing in air in the range of 175-280 °C and melt state curinigeimange of 315-425 °C
is reported to increase the molecular weight of the polymerl3 It is further reported
that in the former curing method, branching/cross-linking dominates exagnsion in
increasing the molecular weight, whereas, in the latter prafessring, by controlling
the temperature and curing time, chain extension is preferredreasgiicg the molecular
weight as observed from the Newtonian behavior of such a polymer.Mdoved higher
temperatures in melt curing, as compared to branching or crossglirtkie contribution
of chain extension towards increase in molecular weight decreases.

PPS polymer along with compounding with glass or minerals has beaome
unique ETP to be used in injection molding and coating applications dues to i
outstanding properties like dimensional stability, inherent flamardancy, thermal
stability, chemical resistance, excellent electrical prtogeerand ease of processing.
However, in order to produce fibers from this polymer, neither noslecular weight
polymer nor the thermally cured polymer of high molecular weaghdiscussed above is
suitable [11]. Subsequent research led to the development of thespfacpseparation
of linear high molecular weight polymer suitable for fiber msgdinning [15]. This
developed process uses alkali metal carboxylate as a polytwerizaodifier and
eliminates the need of post-curing to produce the high molecuightn@PS [16]. The
inherent viscosity of uncured polymer produced by earlier prosegported to be 0.16
(measured in 1-chloronaphthalene atZD)éand melt flow equal to 6000 gm/10 min (315
°C, 5 kg weight [17]). With the new process, inherent viscosity & &tRained is around
0.28 and melt flow is around 250 gm/10 min, which is suitable for melns to
produce the fibers.

Lopez and Wilkes [18] have reported the occurrence of cross-limgagdions in
the melt state of PPS in the temperature range of 315&2%n a study on thermal
degradation of PPS, Christopher et al. [19] reported that degradatieRSfcan take
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place by chain scission and transfer reactions. Like Lopez anceSMill8], they [19]
have also reported that the cross-linking reactions play an impopamtin the
degradation of PPS that lead to increase in its MW. The findimgs these studies
indicate that thermal stability of PPS produced as discusseer eagpoor. PPS polymer
produced in the powder (flakes) form will undergo a number of presetike
pelletization to convert it into pellets, melt spinning into fibets. In each of these
processes, the polymer is heated above jtaAd then cooled. In order to have PPS of
more or less similar MW and MWD as that of the beginning polyiheyr,of paramount

importance to enhance its thermal stability.

2.2.2 Enhancement of thermal stability

Use of cure retarders and heat stabilizers, based on mesabsétty acids to
improve the thermal stability of fiber and film grade PPS ha lveported [20]. It is
claimed that these heat stabilizers prevent cross-linking orgehem PPS properties
during heating. Also gel formation of PPS during melting isnodal to be reduced by
these compounds, resulting in reduction in the plugging of filters andespts used in
fiber manufacturing. Typically 0.5 wt% to 2 wt% of these addstiveuch as calcium
stearate, calcium laurate, calcium caprate, calcium paémitaticium arachidate, zinc
stearate, zinc laurate, cadmium stearate, cadmium lauraggnesium stearate,
magnesium palmitate, barium stearate, strontium stearaterixéires, is added to PPS.
To study the heat stability, storage modulus is determined usgwmetric dynamic
spectrometer (RDS) at 380. Without heat stabilizing additives, the storage modulus is
reported to be 1890 dynes/tafter 6 minutes whereas 4960 dyne</after 20 minutes
(162% change). Addition of 1 wt percentage of the heat stabibzBPE is claimed to
decrease the change of storage modulus between 6 min and 20 min period to around 95%.

In yet another patent [21], stabilized PPS is claimed to be prdducedding
halogenated aromatic compounds that contain electron attracting gutipss —S©,
-CO- etc. The stabilized PPS has been claimed to have ledigtance to oxidation and
weathering, good melt stability, and low corrosive gas emissions.
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2.3 Properties of PPS

Although tensile properties of PPS are close to that of commaaliégaries of
polymers such as PET and nylon, PPS is known for its good chenststhnee and
strength retention at high temperatures. The typical properti®®8fare summarized

below with emphasis on its fiber form.

2.3.1 Physical Properties

Typical physical properties of PPS staple fibers and monofilaments igivieable
2.1 show that these properties fall in the category of conventional textile fibers

2.3.2 Chemical and solvent resistance

The excellent chemical and solvent resistance of the PPS fibev&rious
chemicals is listed in Table 2.2. It is due to these propehssRPS fibers fall in the
category of high performance fibers. Although it is a condersgtolymer, it is
hydrolysis resistant as seen from resistance to non-oxidemds and hot alkalies.
However, due to sulphur in the chain, its resistance to oxidizing agemsor. The

degradation of PPS by HN®@ccurs through formation of polyarylene sulfoxide [22].

2.3.3 Solubility of PPS

Beck [23] studied the solubility characteristics of PPS. The epoes of
crystallinity in the semicrystalline polymers provides an gydvarrier for their easy
dissolution in solvents and often requires elevated temperatures, agidrdvelemands
thermally stable solvents. Concentrated sulfuric acid may distiobse polymers but it
is more of a reaction than true dissolution. High temperature beled\#&S requires the
solvents that boil at high temperatures, thermally stable anulichiéy stable. These
solvents contain aromatic hydrocarbons or compounds having significamiata
content. Such compounds are normally solid at room temperature. PR@emixt 100

different solvents were prepared by Beck [23] at 270230
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Table 2.1. Physical properties of PPS fibers [24, 25]

Property Staple Monofilament
Denier 3 350-400
Tenacity gpd(N/tex) 3-3.5(0.27-0.47) 3-4 (0.27-0.37)
at 100 °C 70
Tenacity retention
at 150 °C 58
percentage
at 200 °C 52
Knot strength gpd (N/tex) 2-2.5 (0.18-0.23)
Breaking extension % 25-35 12-16

Initial Modulus gpd (N/tex)

30-40 (2.7-3.7)

45-55 (4.1-5.0)

Elastic recovery

at 2% strain

100

at 5% strain 96
percentage
at 10% strain 86
Moisture regain % 0.6
Boiling water shrinkage % 0-5
Density (gm/cc) 1.37 1.37
Color Gold
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Table 2.2. Chemical and solvent resistance of PPS [11]

% strength

% strength

Property retained* Property retained
Acids®

48% sulphuric acid 100 Conc. phosphoric acid 100
Conc. sulphuric acld 10 10% hydrochloric acid 100
Acetic acid 100 Conc. hydrochloric acld 100
Formic acid 100

Alkalies®

30% sodium hydroxide 100

Oxidising agent?

10% nitric acid 75 5% sodium hypochlorite 20
Conc. nitric acid 0 Conc. sulphuric acid 10
50% chromic acid 0-10 Bromine 0
Organic solvents

Acetone 100 Perchloroethylene 100
Carbon tetrachloride 100 Toluéne 75-90
Chloroform 100 Xylene 100
Ethylene dichloride 100

*. Exposure conditions - for one week

a: at 93 °C, b: 60 °C, c: at the boiling point of the chemical
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These solvents are characterized by heterocyclic compounds, compounds
containing nitrogen, sulfur, and/or halogens, esters, acids, ketones, sphetool
Functional groups are important to promote solubility through intermaleéotces of
attraction between the compound and the polymers, or they may be saigohyg the
boiling point, allowing solubility at higher temperatures. Thedisvarious solvents for
PPS is tabulated in Table 2.3 alongwith the concentrations possithléemperatures
required. Solvent induced crystallization is anticipated in PR&\atr temperatures (eg.
115°C for 4 to 5 days in different solvents). Under these conditions, ntalizetion is

exhibited in PPS without the presence of solvent.

2.3.4 Thermal Properties

Thermal Properties of PPS are tabulated in Table 2.4. Presesgkplodr in the
structure eases the oxidation and hence brings down the limiting okagn (LOI) to
the range of 34 to 35 from that of the polyphenylene oxide which hasalodnd 68.
Table 2.5 lists the effect of temperature on different polymarexftended duration. It
can be seen that at temperatures as high as 230 °C, thehstretegition of PPS is
comparable to that of some high performance materials.

When Ryton® PPS and Fotron® PPS were compared for thermal digmnaoia
Day and Budgell [26], it was observed that the weight loss begiasoand 380 °C in
both the cases under Environment with maximum rate reaching at 492 °C and leveling
off at 550 °C. Thermal degradation of PPS was also studied byali 7] using high
resolution thermal gravimetric analysis (TGA) under fouredéht environments, namely
air, nitrogen (N), argon (Ar) and helium (He). The heating rate used was 50 °CTimn.
behavior is shown in Figure 2.4. Single step degradation was observedaimdNAr
environment, two step degradation was observed in He and four stefdaliegran air.
The first step of degradation in all cases occurs beyond 400 °Cinifia¢ thermal
degradation temperature and maximum weight loss rate tempenatueases in the
order, in helium < in nitrogen < in argon < in air. The first stafjdegradation consists
of loss of sulfur and hydrogen and also breaking of benzene rings to some extent. In the

12



Table 2.3. Solvents for PPS [23]

Appromimate  Temperatura Approximate Temperaiure

Compound Solubility [ Compoeand Salubility ()
1.1-Dighenylacetone = 499wt % 302 4-Phenylphensl = 50,0 wt % 302
1.2, 3-Triphenylbenzens = 409 49 A 10-Thichlarmmnthracane = G000 a0
1,3-Dirhenylacetone = 49.8 a0z 8,10-Diphenylanthracene = 50,0 349
1 4-Dikenzoylbutane = 498 oz 9.9 Biflusrene = 501 275
1-Benzyl-2-pyrrolidinone = 6.4 302 #-Fuorenone = B4 302
1-Bromonaphthalene = HL6 74 Anthracene = G2 a0
1-Chloronaphthalene =243 236 Benzil = 50,2 302
1-Cyclohexvl-2-pyrrolidinone = 50.2 3oz Berzophenone = a4 274
1-Ethocynaphthalene = 49,8 274 Dibenzothiophene = 63 a0
1-Methoxynephthalene = 48.9 247 Dibenzoylmethane = 50,2 349
1-Phenylnaphthalens = 5.1 ez Liphenyl carbonate = 144 o
1-Phenyl-2-pyvrrolidinone = 5.0 273 Diphenyl phthalate = 24,8 349
2 4 6-Trichlorophenol = 25.0 247 Diphenyl sulfone = 300 349
25-Dighenvloxazole = 5.1 349 e-Caprolectam = 25.1 242
2 5-Diphenyl-1,3,4-oxadinzole = 50.1 349 Flusrsnihemne = a0.0 549
2 A-Dimethaxynaphthalene = 61 274 Flusrene = a1 274
2 5-Diphenyiphenal =499 349 HE-40™™ = 4094 302
2 7-Dinethoynaphthalene = 5.1 274 m-Terphznyl = 502 a0z
2 Bepnenylnophthalenc = BlL.5 349 N N-Diphenyviformamide = 50,2 202
2.Biphanylearboxylic arid = 6.2 349 o,0"Biphanol = 48,9 302
2-Methoxynaphtbalene =248 242 a-Terphenyl = 499 302
2-Phenoxyhiphenyl = 5.5 anz FPhenanthrene = 49,9 302
2. Pheny Iphenol == 51O 274 Phenothiazine = a0.1 349
3-Phenoxybenzyl alcohol = L0 302 Pyrene = 300 273
4.4'-Dibromobiphenyl = 5.1 anz p-Terphenyl = G0 302
4 4-Dimethoxvbenzophenone = 5.0 349 Santowaz B™ = 500 273
4 4-Diphenylbenzophenone = B{LD oz Tetraphenylmathane > 25,2 340
4 A~ Isopropylidenediphencl =249 275 Therminol 66 = &0.0 273
4-Benzovlhiphenyl = 499 32 Therminal T5™ = 50,0 273
4-Biphenylearboxylic azid =267 349 Thianthrene = a0 302
4-Bromobiphenyl = G0 268 Triphenylene = 489 350
4-Bromodiphenyl ether = bkl 74 349

Triphenylmethane

> 300
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Table 2.4. Thermal properties of PPS

Property Value
Melting point ( °C) 285
Glass transition ( °C) 93

93 (high stress)
Maximum service temperatures ( °C) 182-190 (low stress

232 (surges)

Limiting oxygen index (LOI) 34-35
Auto-ignition temperature 590 °C
Coefficient of thermal expansion 2@n/in/ °C 3
Shrinkage% 200 °C 3
Shrinkage% 250 °C 2
Heat deflection temperature (HDTA) 117

First five properties are measured on staple fibers [24, 25] whereas remaining are

measured on non-reinforced films [ 10].

Table 2.5. Strength retention of nonwoven filters made &t@8P1]

Filter material Percent strength retained after

24 hrs 2 weeks 3 weeks 5 weeks
Nomex® 111 101 98 95
PBI 116 98 105 79
Huygla$’ 80 88 93 79
PPS 95 70 93 79
Polyester 29 27 23 19
Acrylic 3 1 - -
Polypropylene melts - - -
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Figure 2.4. Degradation curves of PPS by high resolution TGA [27].

the first two stages, cross-linking between the residual aronvagie may also be taking
place. In the presence of air, during third and forth stages, acocaalion degrades. The
dissociation energies of different bonds in PPS are shown in Rdbirds can be seen

from the figure, C-S is the weakest bond in PPS.

2.3.5 Optical properties

One of the important optical properties in fibers is its reffracindex. By
knowing the difference in refractive indices of fibers alongatgltudinal and transverse
axis, idea on the molecular orientation is obtained. Due to highctiele index of PPS,
the usual method, Becke line technique [28] that uses immersion liquigsermine the
refractive index is difficult to employ for PPS. Hardakerakt [29] determined the
refractive index of PPS film using a technique based on prigaveguide coupling. The
refractive indices along X, Y and Z directions of the film wévand to be 1.6973,
1.7844 and 1.8906 respectively, and the average refractive index was regalté808.
Maemura el al. [30] reported the refractive indices of criyséaphases in PPS as 1.6522,

1.8769 and 2.044 along its a, b and c axes respectvatyand Ward [31] reported the
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Figure 2.5. Dissociation energy of different chemical bonds in PPS [27].

isotropic refractive index of PPS fibers equal to 1.83. High redeatdices of PPS as
determined by several investigators imply that the veladfityght through PPS is much
less than that in the vacuum as compared to other polymerasymilypropylene. The
probable reason for such high refractive index may lie in the e>mgttucture of PPS
with semi-rigid backbone as discussed by Cha and Samuels [32¢nfpineering
polymers developed for high temperature, electronic and microelectronicaiopis.
Stability of PPS to UV exposure was studied by Das et al.38B Cross-linking
upon illumination by Xenon arc lamp exhibited coloration of exposed PP&Apared

to air atmosphere, the photo-coloration observed was slower in argon atmosphere.

2.3.6 Pyrolysis

Upon pyrolysis at 700 °C in air, PPS releases various gasabudatéd in Table
2.6. Carbon dioxide is the major off gas released upon pyrolysis witir slioxide and

carbon monoxide in lesser amounts.
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Table 2.6. PPS pyrolysis products [35]

Material CQ SO CO COS GH2
Amount (mg/g of PPS)) 1800 425 200 2.5 1.5

2.4 Applications

Although this research is dealing with only PPS fibers, becaiséding used in
other forms to a great extent right since its inception, suchcapphs of PPS are also
summarized here. The area of application of PPS relates tesistance to high
temperature and to various chemicals such as acids, and alkalies, as listele iB.2.

Injection molded components made from PPS compounded with various fillers
and fibers, like glass, carbon are used in pump impellers, bale vgbaes, wear rings,
electrical sockets, battery and telephone components [36]. Automotiveryndisst uses
it in the engine compartment components, fuel line systems andhen pliaces where
solvent resistance and/or exposure to high temperature is necéissanydely used as a
matrix for carbon and glass fiber reinforced composites andaataesin for chemically
resistant coatings and for high temperature resistant electronic camgone

It is also used as a conducting polymer through doping with strortiziox
agents [37]. It is an ideal polymer [38] for electrical connectsvdiches and coill
bobbins. Besides poly(etheretherketone) (PEEK), it is suitable fomspéctive
membranes too [23]. In the past when tough epoxy resins were mabbejahe matrix
of PPS with carbon fibers as reinforcement has been reported useblein aircraft
interiors [39] since it passes the Ohio State University dafety test required by US
Federal Aviation Administration (FAA). In this application, itiditting candidate due to
its inherent flame resistance, immunity to aircraft fluidsyrttaplastic nature (ease of
manufacturing various components), higher toughness and low moisture absorption.

In the fiber or more appropriately in the multifilament formjsitused in the

filtration of air, fluids, oil, fuel etc., where its good chenhigsistance property coupled
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with high temperature resistance is made use of. It is masdg as a filter fabric for bag
houses in coal fired boilers. The flue gas temperatures undercthreditons are 150-200
°C and the flue gases are acidic due to the presence of highisuthal. Therefore, it is
difficult to filter fly ash from these boilers [11]. Needle-pungHe|gs made from PPS
fiber are used in pulse jet cleaned bag-houses wherein itinsedidhat such bags can
withstand brief exposure to 232 °C and prolonged exposure to 190 °C fors3[4@far
The reported three years of lifetime under these conditions [4%}psrior to that of
homopolymer acrylic fiber containing filter bags. It is muclitdrethan conventionally
used woven glass fabrics in terms of high air to cloth ratioiring less number of bags,
less supporting hardware and smaller installation. Needle-pundtednede from PPS
fibers can be used in paper industry in pressing operation [11] andysdfarators.
Also the belts made from monofilament and multiflament PPS cansed in drying
operations in the paper, chemical and environmental industry [42]. Ties@iere in
these applications is hot and caustic. PPS staple fibers areasisgbcialty paper for
electrical appliances, where temperature resistance andoveryoisture regain of PPS
is advantageous [11]. Filters made from PPS needle-punched feltven irom spun
yarns are useful for filtration of hot, corrosive chemicalsait be used as sewing thread
in these applications too [41]. Woven fabrics from monofilament andfitamitent yarns
are useful as demister in applications where its chemisaitaace at high temperatures
and competitiveness with other existing demister materiasvantageous. Melt blown
PPS nonwovens are reported to be good filters in chemical and indp#nes and
power plant bag houses [43]. Melt blown nonwovens made from PPS thahaonteo-
fibers are made into cartridge filters that can exhibit gesdtance to acids, alkalies and
organic solvents at high temperatures [42]. Spunbond PPS nonwovens provide stron
backing for filter media [44]. Automotive industry uses PPS yasseinforcement of
rubber hoses [42]. Such reinforced rubber hoses are used in the fugissysbeling
systems and power-steering systems of automobiles and hydngatiens in industries.
Filters made from food grade PPS go as filter screens in foldtry. Nonwovens made

from PPS are used as insulation materials for thermal and @cossilation in areas
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such as aircrafts. Use of PPS/PET bi-component fibers insbeeth structure is
reported in bonded nonwovens [45]. Also bi-component fibers with sheath/aorteisr

can be used for filter applications in drying processes. Such fiberessdihce less PPS
can be used. Geosynthetics that require resistance againgsal@alonger life span are

also a good application for these bicomponent fibers.

2.5 Morphological studies of PPS

In this section, the methods adopted by various researchers anfinthegs of
different morphological features, that are characteristié®$, such as crystal structure,
density (amorphous and crystalline), degree of crystallinitgt loé fusion of 100 %
crystalline PPS, and intrinsic birefringence will be discusdeffiect of different
parameters like polymer properties and polymer processing condibonsthe
morphology, and thereby on the properties of various products such aanitbigims are

dealt with in a subsequent section.

2.5.1 Crystal Structure

Tabor et al. [46] studied the crystal structure of Ryton® PPS by WAXS, asgumi

that its crystal structure is similar to that of poly(p-pHeng oxide) (PPO). A
compression molded film was stretch-oriented at°@0and crystallized by stretching
successively at higher temperatures up to Z560The pin-hole pattern of oriented film
was obtained by wide angle X-ray scattering (WAXS) gsiti-filtered Cuko radiation.

It is reported that the recorded reflections on the pattern coulddeeead satisfactorily
by assuming that the unit cell is orthorhombic with dimensiorgualéo 8.67 A, b equal
to 5.61 A and c (fiber axis) equal to 10.26 A. Crystalline density of §/@®’ is arrived

at by considering four monomeric units in each unit cell. Amorphoustgestial to
1.32 g/cmi and semi-crystalline density equal to 1.35 g/evas reported. All the atoms
in S-phenylene-S group are assumed to lie in one plane. Thd stystéure of PPS is as
shown in Figure 2.6a. The bond length of S-phenylene is assumed to be somewhat shorter

than S-C bond. From the accepted bond lengths, the S-S distance isofdnend.27 A.
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Sulphur atoms of one polymeric chain are arranged in a zig-zag mar(@@€0) plane as
shown in Figure 2.6b.

Tabor et al. [46] further reported that the sulfur atoms of eact d¢ieabn the
same plane in a zig-zag arrangement and the phenylenaliegstively form an angle
of +/- 45° to this plane. Other features are, separation of S-S along the polgna is
0.627 nm, and the C-S-C bond angle is 110°.

Later on Garbarczyk [47] reported C-S-C angle of 103° to 107° fraolear
magnetic resonance (NMR) spectroscopic study of PPS oligoarasmentioned that
the distortion of PPS samples by heat treatment and stretortimg study of Tabor et al.
[46] might be the cause for arriving at 110° angle of C-S-C. Th& wfodurga [48] using
NMR spectroscopy on Ryton® PPS agreed with the results of Gaykaf47], and
suggested a triclinic crystal structure for PPS with thecéaparameters, a equal to 8.67
A°, b equal to 5.61A°, c equal to 10.09 A°equal to 79.36°p equal to 73.43°, ang
equal to 93.20°. Unit cell dimensions are reported to be dependent on thdizaysn

conditions, such as in PEEK which is another high temperature aromatic polymer [49].

(b)
172 . s
)

Figure 2.6 PPS crystal structure (a) projected on plane ab; (b) conformatipolgifreer
chain in the crystal of PPS projected on plane bc [46].
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Studies carried out by Lovinger et al. [50, 51] and by Hay and [Ajkreported
similar crystal structure dimensions as reported by Tabal. §46]. Lovinger et al. [50,
51] employed transmission electron microscopy (TEM) to stheystructure of single
crystal or single crystal aggregates of Ryton® PPS obt&ioedsolution, and thin films
from melt, respectively. The problem of bond distortion due to mechair@aing was
also investigated, and no change in lattice parameters was dponddrawing. Hay and
Luck [52] did not observe any change in crystal dimensions on annealingy
increasing the crystallization temperature, thus ruling outtssibility of any crystal
structure distortion upon heat treatment as sugested by Garbarczyldri#eth et al. [53]
confirmed the structure reported by Tabor et al. [46] using higblugon electron
microscopy studies on solution grown crystals. Crystal strucgyrerted by Tabor et al.
[46] is further confirmed by Napolitano et al. [54] through the us®&/éiXS on PPS
powder from Sigma Aldrich (Toray based polymer).

The unit cell parameters given by above investigators depend vetyupon the
level of the stress on crystal. Few researchers have stidieglastic modulus of PPS
crystal to investigate the effect. Based on the shift of latticee{let¥) upon stress, using
WAXS, Unwin and Ward [55] reported the longitudinal elastic modulusetoa. 38 GPa
with theoretical maximum to be ca. 43 GPa. Nishino et al. [56] regadinie longitudinal
elastic modulus of PPS based on meridional reflection of (00R)elqtiane, to be ca. 28
GPa. Using Treloar's method [57], Nishino et al. [56] calculated todmial elastic
modulus of PPS and found it to be ca. 26 GPa. The stretching and bendiag for
constants for PPS are given in Table 2.7. The force requiredetohsthe molecule by
1% is 0.69 X 18 dyn for PPS. The long spacing in the melt grown PPS csylstal been
shown to increase with crystallization temperature [58, 59].

PPS crystals exhibit spherulitic morphology when cooled from melt runde
guiescent conditions [@2]. Either lamellae or fibril shaped crystals grow outwardly
from the primary nucleation site, along the b-axis of the unit[@8]. This means that
the spherulites exhibit negative birefringence. Thus, the index fodcten in the

tangential direction is greater than that in the radial direction of spherufitesuggests
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Table 2.7. Stretching and bending force constants of PPS [56]

Stretching Bending
. Force Force
Bond distance Bond angle
Bond constant Bond constant
A degree
107 (N m) 10° (N m)
C-O 1.47 4.54 C-0O-C 126.5 0.54
C-C 1.47 3.70 C-C(0)-C 126.5 0.15
C-S 1.74 2.43 C-S-C 110 0.157
Caro‘ Caro 1 . 39 7 . 62 Qo‘ Caro‘Caro 0 . 66 1
Benzene- 1.06

that the polymer chain axis (c-axis) is normal to the radii@ction. This implies that
folded chain crystals exist in PPS. In electron diffractionepagt of PPS crystal sheaves,
Waddon et al. [64] observed that the (020) reflection lies on the @ericiplying that

the b-axis is aligned preferentially along the long axis of the cryfs&f.

2.5.2 Density

Tabor et al. [46] obtained 1.43 g/éms the crystalline density of PPS based on
crystal lattice parameters (a, b and c) of the unit cellR8 Brystal as discussed above.
Suzuki et al. [65] measured the densjtydf PPS at 23 °C using density gradient column
(DGC) prepared from the mixture of GGInd toluene. Maemura et al. [30] determined
the density of PPS by using DGC based on sodium bromide-watemsgst23 °C. The
PPS films drawn to various draw ratios and annealed at diffeneeratures were used
in this study. The value of density obtained varied from 1.32 {tem1.37 g/cri
depending upon the sample history. The heat of fugiéh) (of these samples obtained
by DSC was plotted against their specific voluniés (Lp). Upon extrapolating this data
to AH; = 0, 100% amorphous PPS density was found to be equal to 1.32 Gébor et
al. [46] have also reported the amorphous density of PPS equal to 1.32 lg/orat
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another experiment, Huo and Cebe [66] used DGC made of CalNWater at room
temperature. They found the amorphous density equal to 1.319%, gébich is very
close to above findings of Maemura et al. [30] and Tabor et al. p4&fly [67] reported
PPS amorphous density equal to 1.33 §/cm

2.5.3 Degree of crystallinity

Degree of crystallinity can be determined by various techniques as DGC,
DSC, WAXS, fourier transform infrared spectroscopy (FTIR). D&Gne of the widely
used tools to estimate it fairly easily. To determine thetiion of crystallinity of a given
sample by this technique, heat of fusion of 100% crystallineplearAH?) of that
material is necessary. Combination of DGC and DSC, or WAXS ar@ &8 used by
various researchers to estimate the heat of fusion of 100% bngstahmple. The

fraction of crystallinity (X) and density]) are related by Eq. 2.1.
1 1 1
=X (p—) + (1-X) (p—) (2.1)

where, subscripts ¢ and a refer to 100% crystalline and 100% amorphmyses
respectively.
The fraction of crystallinity (X) and heat of fusiofiH{;) of the sample are related
by Eq.2.2.
AH; = X AHY (2.2)
Eq. 2.1 and Eq. 2.2 can be combined in Eq. 2.3.

AH? 1 AH})%
AHy = (1 f1);_(1 p1) (2.3)

Pcz

Pc Pa

The heat of fusion of the samples is plotted against their spgoifimes (1d).
The data is extrapolated to a specific volume of 0.6993 (based onllcrgsti@nsity of
PPS equal to 1.43 g/émas given by Tabor et al. [46]) and the heat of fusion

corresponding to this value is takenAd¥ .
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In a review by Spruiell and Janke [68] on PPS and its fiber reedotomposites,
it is quoted that the literature valuesAdf{ vary from 50 J/g to 150.4 J/g. Brady [69]
reported the value afH{ close to 80 J/g. Huo and Cebe [66] reported it to be 103.8 J/g
by plotting AH; vs specific volume and equal to 112 J/g by plotiNkdy vs crystallinity
determined by WAXSAHY calculated by Maemura et al. [30] by plottingi; vs specific
volume was found to be 146.2 JiH? equal to 150.4 J/g is reported by Ten Cate
Advanced Composites [70] based on X-Ray data combined with densityuneraasits.
In yet another study, Hay and Luck [52] reporsdif equal to 76.5 J/g, based on the plot
of AH; vs weight fraction crystallinitgetermined by WAXS. The significant difference
in AHf (112 J/g vs 146.2 J/g) between Huo and Cebe [66] and Maemura et al. [30]
respectively, was suspected by Cebe [71] to the oriented sam@REsSofised by latter
authors. Oriented samples tend to give higher densities for the Isagl of fractional
crystallinities than unoriented samples. To use the technique foragéeaesults, it was
suggested to use un-oriented samples as was done by Huo and Gebbg@échnique
of plotting DSC heat of fusion vs crystallinity determined by X#Ais considered to be
more appropriate than plotting DSC heat of fusion vs crystallimitgrchined by DGC. A
very good account of the large variation in the values as given abpwarious
researchers is provided by Spruiell and Janke [68]. According tm, tlecurate
determination oAH{, and heat of crystallizatiom\H) by DSC is not possible due to the
reasons that crystallization is often spread over a wider tatupemrange and sometime
baseline shift, similar to what happens at Tg, do occur due to #tecdgacity change
because of crystallization. Hence the choice of baseline produtesesror. Also during
heating, melting and re-crystallization take place in the polyneecluding in PPS.
Melting point of a crystal depends upon the crystal sizeddcreases with decreasing
crystal size. If the crystal formed during melt crystaition or cold crystallization is
small enough, then it will undergo melting and recrystallizationnduhieating. At the
time of melting, the sample may or may not have original crystalline mamghol

While using WAXS technique to calculate the crystallinity indioé PPS, Brady

[69] assumed that the intensities & \Zalues of 11, 17°, 23, 30 and 34 are not
24



contributed by crystalline phas®easurements at these angles were used to determine
the background, amorphous PPS and glasbsequentlyhe data in the range of 7o

23° wasconsidered further in the evaluations of crystallinity, whieve patterns in its
four components including crystalline content. The crystallinity inithey obtained by

this technique is reported as high as 62%.

2.5.4 Orientation of molecular chains

In order to enhance the properties of fibers like tensile streaxgl modulus, they
are often stretched under heat, which causes the molecular whaligs in the direction
of fiber axis, and annealed further for development of crystallinnder oriented
condition. The fibers made from polymers such as PPS are sestallitng in nature, i.e.,
they possess crystalline and amorphous regions. There is no soigigte which can
give us an idea about the level of orientation in each of thesenseesides the overall
orientation, but rather combination of techniques is the way here. Wigstd
combination is that of the polarized light optical microscopy and WAXS.

2.5.4.1 Overall molecular orientation: Birefringence An)

Polymer in the form of fiber and film, usually due to preferrecktshing
(orientation) in one direction more than the other, exhibits anisotmogigre i.e., it
possesses different properties in different directions, along fitter axis and
perpendicular to the fiber axis. Orientation of the molecular chaitise fiber, which is
one of the major contributors to fibers’ tensile properties, sroehed by polarized light
optical microscopy (POM), which takes into consideration the speedciofent light
travelling along and perpendicular to the fiber axis. In majoritythef cases, the
molecular chains are oriented along the fiber axis and hentighhwvill travel slower in
that direction as compared to the transverse direction. By theevit it, fiber will
exhibit different refractive indices in both the directions. Thigedince in the refractive
indices in the direction parallel and perpendicular to the fibas, atermed as

birefringence £n), is a widely used property to understand the overall orientatitdreof
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molecular chains in the fiber. In order to determine retardagonthe amount by which
light lags behind in one direction as compared to other directionary m@mpensator is
placed between the fiber and the observer. The amount of compensatioad¢o bring
the fiber to extinction is measured by rotating the compensator. The détais of such
compensator can be found at Olympus website [72]. The compensatodés aha

crystal like calcite and quartz. Birefringence is calculated usingtlosving Eq. 2.4.

An = Retardation (2.4)

Fiber diameter

Following discussion is relevant while studying PPS fibers#il for
birefringence:

Refractive index of a material depends upon the incident lighteleagth,
besides other factors. The change in refractive index of a ialatéth change in
wavelength of light is called as dispersion of refractive xndgha and Samuels [32]
calculated the degree of dispersion)(bsing Eq. 2.5.

Db — ATLF— Anc (25)

Anp

where, subscripts F, C and D refer to the monochromatic lights adlevegths 486 nm,
589 nm and 656 nm respectively.

The compensator as well as the fiber to be characterized &rifigence have
certain dispersion of refractive index. So long as the dispersion ehfil®er is close to
that of the compensator used, the retardation measured is acfarratg, [ of isotactic
polypropylene film is found to be 0.025(+/-0.023) [32] and that of catcitepensator is
0.042 [73].

However, the molecular structure of the engineering polymers dexefop high
temperature, electronic and microelectronic applications is gemplex possessing
phenyl rings and semi-rigid backbones [32]. These structures possgs degree of
optical dispersion, for eg. Joof Kapton film, which is a polyimide, is found to be
0.148(+/-0.008) [32]. Due to the considerable mismatch pb&ween such polymers

and compensators used, the retardation value obtained is far fronatacdue to
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considerable fringe jumping. To understand fringe jumping phenomenon, reaagrs
refer to the work of Faust and Marrinan [74]. Carr and Ward [31] rep@ted as many
as six fringe jumps in draw-annealed PPS fibers in white. Ihthout correcting the
retardation values for fringe jumping, birefringence obtained titoenewill be erroneous,
well above the intrinsic birefringence in some cases. To our knowledgeigmereecord
of exact value of the degree of optical dispersion of PPS. Accomli@hd and Samuels
[32], when sodium D line (589 nm) is used as the incident light, tireated value of
birefringence can be calculated using Eq. 2.6.

Np = Ny — (3.01 X Ny X —2=Db_y (2.6)

1+3.01 X D},

where, N is the number of orders and it is the ratio of reiarddo that of the
wavelength of light. Subscripts M and D refer to measured (untedjeand corrected
retardation respectively for the polymer or fibeg,i®the degree of optical dispersion of
polymer/fiber,D; is the degree of optical dispersion of the compensator used.

From N, as calculated above, the corrected retardatiQp, {cteq) Can be

calculated using Eq. 2.7.
Teorrectea = Np X 589 (2.7)
From the corrected retardation as calculated above, using Eq. 2.4;tembrre
birefringence of polymers or fibers can be calculated.
2.5.4.2 Crystalline orientation (f)

WAXS is the extensively used tool to determine the crystathnentation in
fibers, films etc. Stein [75] modified original expression forHerman’s orientation

factor [7679] for crystallographic axes and suggested expression as given by Eqg. 2.8.

3cos?® ;-1

where,®; is the angle betweel prystallographic axis of polymer chain and the direction

of fiber axis, where j can be a, b or c.
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From the azimuthal intensity distribution of plane (hkl) perpendictdathe

crystallographic axis, <c&®nq> is calculated using Eq. 2.9 [68].

f:/z Ink1(®)cos?@ sin @ do
:/2 Ink1 (@) sin @ do

< C052¢hkl > = (29)

In the case of orthorhombic crystals, such as in RP&@s? ¢y, > for at least 2

planes is required [80] to calculate crystalline orientation factors.

2.5.4.3 Amorphous orientation ()

It is calculated indirectly from overall orientation as givenbingfringence and
crystalline orientation obtained from WAXS. Hermans et al. [78¢ &tein and Norris
[81] expressed the overall orientation in terms of crystallinentation and amorphous
orientation as given in Eq. 2.10.

An = Xf A + (1 — X)fomBam + Asorm (2.10)

where, f is the orientation factor, subscripts ¢ and am standykialtine and amorphous
regions respectively, ani° is the intrinsic or maximum birefringence (wherein all the
molecular chains are assumed to be perfectly aligned in the direction ofxiker a

The form birefringence is usually considered negligible in the oafse

homopolymers and thus above equation reduces to the form as shown in Eq. 2.11.
An = XA, + (1= X) fomBam (2.11)

A° can be determined experimentally as well as theoretiddhgmura et al. [30]
estimated the intrinsic birefringence of biaxially sthetd PPS films theoretically using
the bond polarizabilities of the bonds along a, b and c axes of theellnithe unit cell
geometry given by Tabor et al. [46] was considered for thdeelatons. For details of
A° estimation, one can refer to the original paper of Maemura EB0J. The intrinsic
birefringence for crystalline phasd.) estimated between b and a axes is 0.2247,
between c and a axes is 0.3919, and between ¢ and b axes is 0.1672. Thanviresiall

birefringence 4°) is estimated to be equal to 0.2795. From these valygswas arrived
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at a value of 0.25805. Carr and Ward [31] obtained the intrinsic birefeegenPPS
equal to 0.33, after correcting the calculated value of C-S bond pdigitiz, to consider
the measured refractive index of PPS. The correction was necdsseause the
measured refractive index of PPS was found to be higher than thetixef index

estimated from the originally calculated values of C-S bond polarizabiliti

2.6 Crystallization kinetics

The thermoplastic polymer’'s performance, during various stafj@socessing
like melt spinning, film manufacturing, injection molding etc., and piheperties of
products made therefrom such as the melt spun fibers, films, anjeulded parts etc.,
depend upon the crystallizability of the polymer, in addition to atregerial and process
variables. Crystallization behavior i.e., the nature of -crystalwiyo rate of
crystallization, temperature at which crystallization begingedd upon the polymer
characteristics, MW, MWD, degree of branching in the moleawdawork etc. as well as
upon the processing conditions such as temperature, time and stragdeged during
processing. Hence it is of paramount importance to study the induehwarious
polymer properties and time-temperature conditions on crystallizéehavior of the
PPS polymers. Since mobility of chains is required for climtion, crystallization
generally occurs in the temperature range betwegmntl T, Close to both these
temperatures, crystallization is slow, and somewhere nearitip@imt of T, and T, fast
crystallization occurs. The study of crystallization kinetics been the major focal area
in PPS by many researchers using a number of techniques su@Cagiie resolved
FTIR, and POM, with majority of them using DSC.

With reference to fiber processing, since it is the topigpEsent research,
polymers experience non-isothermal and isothermal conditions during rgpianid
drawing-annealing respectively. Hence, in order to understangrdlcessing behavior,
and structure-properties development in the fibers, it is necessanyestigate both
isothermal as well as non-isothermal crystallization kinetias important to take a note
of the fact that both of these studies do not consider the effsttest, which is present
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during processing, and which influences the crystallization prodesshe past,
investigators [82, 83, 84, 8blave shown by studying isothermal crystallization kinetics
of oriented PET, that the crystallization of polymers occur nfasker in the oriented
state than under quiescent condition. While studying PPS, coldlkzrgsian is reported

to be strongly dependent on the degree of orientation [86]. Theetatare of cold
crystallization (T) of PPS fibers decrease after zone drawing treatment, $unggtsat
the cold crystallization of oriented fibers is easier than thathe as-spun, isotropic
fibers. It has also been reported by Ito and Porter [87] thaf PPS fibers decreases
with increasing draw ratio.

Two good reviews written by Spruiell and Janke [68], and Cebe [71] auzen
the earlier work of various researchers on crystallizatioatikdis of PPS. The findings of
various scientists in this area are given here. Before sumnmarthe findings of
isothermal and non-isothermal crystallization kinetics, some gkriieidings on the
crystallizability of PPS will be noted here.

Hoffman et al. [88] have shown that most polymers crystallizeough
heterogeneous nucleation followed by crystal growth. They hateefustated that the
crystallization will be dominated by secondary nuclei when edraut by cooling the
melt. Due to high electron density of sulphur and phenylene groups,isP®Slow
crystallizing polymer as compared to PET [31]. Degree of arysrfection as observed
through melting peak in DSC is found to be less in PPS than in[BHT Double
crystallization curves were observed by Menczel and Collins {88]PPS in non-
isothermal as well as isothermal crystallization kinetidigts. Upon cyclic heating and
cooling of PPS for eight times to melting temperature of°G48nd 350C with ten
minutes hold at these temperatures, it was found that the two @&tkgnecharacteristics
disappear. The onset of crystallization decreases fromQ60 249C, and peak
temperature of crystallization decreases from °€43to 233C. The heats of
crystallization decrease from 65 J/g to 56 J/g. Even afteingdahe polymer that had
undergone cyclic heating-cooling, to 34D instead of 35T, the onset and peak
temperatures of crystallization remain at Zd&nd 233C. From these observations it is
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concluded that the crystallizability of PPS decreases irsdhgr With more and more
time spent in the melt state, linear PPS turns into more and branched structure.

Branched structure will produce less perfect crystals than the linectuse.

2.6.1 Isothermal crystallization kinetics

Isothermal crystallization kinetics study is carried out eithgy melt
crystallization i.e., by cooling the melt or by cold crystaliion i.e., by heating the solid
polymer. In the former case, which is studied by most of thearekers, the polymer is
heated to a temperature above its melting point and kept at thpereore for few
minutes to ensure that all nuclei are destroyed. At the end dfoldetemperature, the
melt is cooled at high rates of cooling to a temperaturehathathe crystallization is to
be studied. The rate of cooling employed is such that no cryatai will occur in the
melt while cooling until the temperature of study is reachedd Coystallization is
carried out at the temperatures at and below which it is not pgdsilgiool the melt in
DSC without occurrence of crystallization during cooling. The teatpee of study is
maintained until the polymer crystallizes to its full potenfide crystallization exotherm
during the isothermal condition is evaluated with respect to the twhen the
crystallization begins, time required to complete the crystibn, degree of
crystallinity, time required to achieve the half of total taisity, rate at which
crystallization takes place, presence of primary and secondgstalization, etc. A
typical crystallization exotherm is shown in Figure 2.7.

The development of crystallization at a given temperature cuatel by
integrating the heat evolved as a function of time in the criggtadin exotherm. The

fractional crystallinity (%), which varies from zero to one, is calculated by Eq. 2.12.

tdH
_ foE dt

(2.12)

The crystallization kinetic parameters i.e., Avrami exponengafia) Avrami rate
of crystallization (k) are estimated by the use of Avrami equation [90, 91] whiich is
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Figure 2.7. Typical crystallization exotherm during isothermal study [36].

modified Avrami equation after specific assumptions such asatlifesgrowth rate
is assumed to be linear and constant [92]. The modified Avrami iegquist
expressed as given by Eq. 2.13.

X =1—exp (—kt™") (2.13)

The above equation can be written in the Y = mX + ¢ form as Eq. 2.14.
In(—in(1 —-X;)) =nln(t) + In (k) (2.14)

Thus, the plot ofn(— In(1 — X;)) as a function ol (t) yields the value of n and k. The
value of n depends upon the nucleation and growth rate of the spherulites fitunmg
crystallization It is reported [38] that n should be ideally 3 or 4 for spherulitic
crystallization with heterogeneous or homogeneous nucleation respeddepending
upon the value of n, nature of crystallization is found out. Most ointhestigators have
found the value of Avrami exponent (n) to be between 2 and 3H8r[B6, 60, 62, 93
97]. Values are close to two for cold crystallized and to threemfelt crystallized
samples. Table 2.8 lists the type of crystallization depending ingoAvrami exponent.
Table 2.8 elucidates that as the number of dimensions in which thehgomeurs
increases, the value of n increases. When all the nucleation @tdimee t equal to O,
since nucleation is not time dependent, the value of n for the tyamef growth is less
by one as compared to the situation in which the nucleation growthasiependent as

in the case of steady state growth. In steady state growth, the numberofnuwing
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Table 2.8 Interpretation of Avrami exponent (n) [92]

Homogeneous nucleation growth | Heterogeneous
) Linear Diffusion controlled] nucleation
Growth habit
Steady Steady )
t=0 t=0 Linear growth
state state

Sheaflike 6 5 7/2 5/2 §n<6
3 dimensional 4 3 5/2 3/2 £L£n<3
2 dimensional 2 2 1 Xn<2
1 dimensional 1 3/2 1/2 xn<l1

per unit volume at a given time is constant. In the case of #eegfbwth, besides the
three dimensions normally visualized, growth occurs through branching [98].

Since branching adds to the dimensions of growth, the exponent incrnexdises f
beyond four. Linear growth indicates that the growth is intertamtrolled, in which the
growth rate is linearly dependent on1},in one dimension, where t is the time under
consideration during crystallization amds the time at which the nucleation is initiated
[92]. In the case of diffusion controlled growth, the growth dimension waity as a
function of (t-t)2. The non-integer values of n indicate heterogeneous nucleation with
growth taking place linearly. It is to be noted that the Auraxponent does not define a

unique nucleation and growth set.

2.6.1.1 Effect of crystallization temperature

In a study on crystallization kinetics of PPS by DSC, Jog and Mad[z6]
reported the results of crystallization kinetics study paréat on glass fiber reinforced
and unfilled Ryton® PPS. Study was carried out in the temperednge of 250C to
215°C by cooling the melt from 358C at the rate of 16@/min. To study crystallization
below 213C, amorphous samples, prepared from the original polymers by rapid

guenching from the melt, were cold crystallized. From the plat0f's crystallization
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temperature as shown in Figure 2.8, the rate of crystallizatsnfeund to be maximum
around 17CC. Similar behavior was observed when total crystallizatioe {ix,) was
plotted against crystallization temperature. The crystalinaiime was less than 10 sec
in the temperature range of 156 to 190°C. The crystallization half time was found to
be lower for glass fiber reinforced category than that for edfilategory. This behavior
is due to the influence of glass fibers which act as nucleatyegts in the filled PPS.
This effect was found to be more significant at higher cryssdibn temperatures. At
higher temperatures of crystallization i.e., lower degree ofrsapkng, they observed
heats of fusion close to that of the annealed samples. This indibatesetter crystal
perfection and higher crystallinity are achieved at higher testyres of crystallization
because of slower growth of crystals.

The work of Chung and Cebe [99] showed that, for the same MW PPS, tioé plot
tmax VS crystallization temperature from cold and melt stasgmdar to that shown above
in Figure 2.8, but the curve was more asymmetrical with rapid dropJdmwhen carried
out from solid state. Comparatively more rapid crystallizatidrenwcarried out from
solid-state i.e., cold crystallization, was supposed to be due thoored short-range
ordered structure that help in crystal nucleation. Such asymnsetlso reported by
Hsiao et al. [100].

Figure 2.8 Half time of crystallization vs crystallization tempem{@6].
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Lu and Cebe [101] studied the isothermal crystallization kineticscdiy
crystallization of amorphous films prepared from the powders abuwsrgrades of
Fortron® PPS. In the crystallization temperature range ofQ®5 145C, they reported
that, for a given polymer; decreases with increase in crystallization temperature. The
observation is similar to that of other researchers who have dealt withrgstallzation.
While studying the kinetics by SAXS, they observed that loagod is larger for
samples crystallized under the conditions giving lower t

Menczel and Collins [38] studied isothermal crystallization behafi¢iortron®
PPS polymers using DSC. From the Avrami plots as describvker et is noted that in
the case of low MW PPS polymer, with increase in crystaéitimatemperature the
crystallization rate constant decreases. It is also repdrd¢deveral parallel mechanisms
of crystallization are likely to happen as a function of time.

Lovinger et al. [50] studied spherulitic growth rate by measutegincrease in
diameter of spherulite with time at a given temperature using skege optical
microscopy. More or less, symmetry in spherulitic growth ratevdsen melt crystallized
and cold crystallized PPS samples is reported. For a given MWpbserved decrease
in the spherulitic growth rate with increase in the crystallization tesiye.

Yu et al. [37] employed time resolved FTIR to investigate thethesymal
crystallization kinetics of PPS in the temperature rang@56fC to 220C. The IR
absorbance intensity of 1073 ¢nband, corresponding to amorphous fraction, was
recorded as a function of time at various crystallization teatpess. Avrami plots
revealed primary and secondary crystallization taking plac€$ & all the temperatures
studied. The Avrami exponent (n) was found to be decreasing with dedredke
crystallization temperature. During primary crystallizatiordecreased from three to one
and during secondary crystallization, it decreased from one to 0.43ed3e in the
crystal growth dimensions during secondary crystallization mginate from the spatial
obstruction for the crystal growth with the increase of thetakysuclei as a result of
increasing supercoolingDuring primary as well as secondary crystallization, with

decreasing crystallization temperature, crystallizatiors i@und to occur faster as
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indicated by higher crystallization rate constant. At lowgderatures like 23, i.e., at
high degree of supercooling, the induction period was not easily observable.

A comparison of crystallization kinetics by FTIR and DSCiedrout by Yu et
al. [37], reveals that the induction period is longer in FTIR thadS$&. They observed
that mechanism of crystal growth shown by both the techniques ilarsbut the rate
constants obtained by FTIR are higher than that by DSC. Theseedifes are attributed
to the fact that crystalline state, ascertained by FTHas®d on molecular conformation,

and is more rigorous than the state ascertained by DSC which is based onasnerget
2.6.1.2 Effect of molecular weight and molecular architecture

The effect of molecular weight and its architecture on diizton kinetics was
studied by various researchers [36, 38, 50, 94, 95, 99, 102]. It is shown thatonetse
in molecular weight, crystallization rate of PPS decreakss.and Nadkarni [36] found
that high MW PPS, cannot achieve higher crystallinities due toresieicted chain
mobility. They have further reported that Avrami exponemntas two for the unfilled
PPS indicating that crystallization of this polymer may invdleenogeneous nucleation.
The growth of the crystals could be either one directional or twnexttbnal diffusion
controlled. In the case of glass fiber filled PPS, n is repootbe between two and three,
suggesting occurrence of heterogeneous nucleation with two diréctidifizsion
controlled growth.

Jog et al. [103] studied the differences in the crystallizatidravaer between
Ryton® PPS (PPS-R) and Fortron® PPS (PPS-F), which difféhe linearity of the
molecular network, latter being more linear. In the isothermataifization study, the
samples were heated to a temperaturgC 2bove their melting point, with 2 min of hold
at this temperature. Subsequently the melts were cooled, @téhef 160C/min, to the
temperature of crystallization to be studied in the range of280°C for PPS-R and
255°C-270C for PPS-F. Since the melting points of these two types of patymere
different by 10C, the crystallization isotherms were plotted as a function afedegf

super-cooling instead of crystallization temperature. It wasrebdehat the induction
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time and half time of crystallization was lower for PPS-kisTindicates that nucleation
and rate of crystallization is faster in PPS-F as compard®PS-R. These differences
were attributed to either difference in MW and/or linearityled molecular network. At
equal degree of supercooling, the difference in crystallizatioa veas order of
magnitude lesser in PPS-R than in PPS-F. Budgell and Daylf@3have shown that/i

is longer for Ryton® PPS than for Fortron® PPS.

In isothermal crystallization study of Fortron® PPS, Menaa Collins [38]
cooled the melt from 34C at -80C/min to the temperature of study. The Avrami plots
were linear up to one for low MW polymers but were linear onlyou.5 for high MW
polymers. They reported that for the PPS of lowest MW, n wasmplying occurrence
of lamellar crystallization. For somewhat high molecular weRfRS, it was 3 indicating
spherulitic crystallization with heterogeneous nucleation. When calcutatadtie linear
portions of Avrami plots for high MW polymers, n was always found betwtwo and
three. This indicates that in high MW PPS, compressed sphemystallization with
heterogeneous nucleation takes place.

Lopez and Wilkes [94] reported that in the weight average MW rah@d,000
to 63,000, the rate of bulk crystallization decreases by a factmoahd four at a given
crystallization temperature. The spherulitic growth rate feaad to be decreasing with
increase in MW or increase in branching. They suggested thatfeloe e branching on
crystallization behavior is more prominent than increase in MW. Tépgrted that the
overall rate of bulk crystallization is lower by 50% in theecad branched PPS as
compared to linear PPS.

Lu and Cebe [101] studied the isothermal crystallization kineticscdig
crystallization of amorphous films prepared from the powders abwsrgrades of
Fortron® PPS. In the crystallization temperature range of 105to 145°C, they
observed increase ipwith increase in molecular weight indicating that crystatlon
becomes slower for high MW PPS. Change in temperature to indteag,, from 200
sec to 700 sec was found to beCtfor low MW PPS, whereas for high MW PPS it was

found to be ca. 10C. They further analysed isothermal crystallization of RBRBg
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SAXS. In this study, long period, lamellar thickness and linegstaltinity were studied
as a function of crystallization time for all the three ddéfgrMW PPS. When studied at
the crystallization temperature at which thg ts similar between the samples, they
observed quick development of lamellar structure in all the casteshe end of

crystallization, lamellar thickness was observed to be the largest foMwWjsample.

2.6.1.3 Effect of melt holding temperature and time

As outlined earlier by various researchers, PPS undergoes ahaimanges at
high temperatures which will have influence on its crystalbrabehavior. Menczel and
Collins [38] reported that the mechanisms of crystallization deimatge, based on their
studies of isothermal crystallization of high MW Fortron® PPS pels, when cooled
from the temperatures of 34D and 350C. They found that the Avrami exponent was
always between two and three for these polymers. However, thiallizgsion rate
constant was found to be decreasing in the case 638§ compared to that in the case
of 340°C. The linearity of the plots was found to be slightly better sea | equal to
350°C than T equal to 34€C. However, when PPS was heated to°85@liscoloration
occurred in some of the PPS polymers and excessive noise appettiedSC curve in
the melt. This observation is suspected either due to physical phemamdue to some
chemical reactions happening in the PPS melt as reported by [B2id Based on the
non-linearity of Avrami plots, Menczel and Collins [38] stated thsdthermal
crystallization of PPS is poorly described by Avrami equation.

Studies of Budgell and Day [93] reported that by increasing ték Inolding
temperature from 32C to 360C for varying durations between one to 200 min, the
Avrami exponent varied from 1.6 to 2.7 in the case of Ryton® PPS. Wa&kesfet al.
[61] showed that n decreases from 2.5 to 2.1 with increasing hold fitneygh very
little effect of melt holding temperature was reported. Blidged Day [93] ascribed
changes in crystallization behavior to degradation based on theivatises of decrease
in the heat of fusion after holding the melt for 200 min, whereas Aual. [61] related it

to the cross-linking phenomena at high temperatures for longer durations.
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2.6.1.4 Effect of shear/stress

In most of the polymer processes, including melt spinning of polymirgibers,
polymer melts are subjected to shear that causes the molexwiesnt in the direction
of flow. Earlier studies [104110] have reported that shear accelerates the crystallization
kinetics and changes the crystalline morphology from spherutitesented crystallites
in the direction of flow. Numerous studies have been carried out forlgfhgin this
aspect including above referred papers [104-110]. In one such study, Somlafl 1]
studied the structure development in isotactic PP due to shear flow inducellizaista
using in-situ SAXS. They concluded that only those molecular clediose a critical
value M* get oriented at a given shear rate and serve as tharprnuclei. However
these studies cannot be applied directly to the engineering pslyhke PPS as
mentioned by Zhang et al. [112], since polymers like PPS possessigd chains in
their molecular network. The chains in such polymers, unlike the cimpalyolefins,
which are much more flexible, are not easy to orient under sheasmdnce oriented
not as easy to relax either. Using hot stage polarized lighbsaopy, Zhang et al. [112]
studied the shear induced crystallization in PPS. The PPS powdelesanere heated
from room temperature to 340 and then were cooled to 2&at a rate of 3 per min
for isothermal crystallization study under quiescent conditions. lars$tedies, after
reaching the study temperature of 260 the PPS melt was sheared for 30 sec at
controlled shear rates of 15, 30 and 45 per sec and held at the sgamatera of 26TC
until the crystallization was completed. At crystallizatimmperature of 26, they
observed a spherulitic morphology (Figure 2.9a) under quiescent conditntheyen at
low shear rates, 15 per sec. However at high shear rates, 30 and 45 per sekesiush |i
structures were observed (Figure 2.9b).

With increase in time, kebab like structure was seen grovepigaxially
surrounding the shish like core [112]. As the structures grew, thésd kike lamellae
impinge upon each other due to space confinement. Numerous orienteditgzhgralv
in the direction of flow producing shish-kebab like fibrillar crystdt is to be noted that

unlike the row- nucleated structures dealt by earlier investigators aaseeof polymers
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Figure 2.9 Optical micrographs of PPS at Zb@fter 30 min (a) without shear; (b) after
shearing at 30/sec for 30 sec [112].

like polyolefins, the core of oriented crystals in PPS is repdadede not made of
extended molecular chains but of numerous nuclei aligning tighttihandirection of
flow. This conclusion was made based on the fact that earlier igetess [104-110]
showed the dimension of the shish-kebab structure of the order ofitgans (even ten
micron) with the longest cylindrite not more than 200 micron, but theatsydeveloped
in PPS were of the dimension reaching one mm. Spherulites grownHediibrillar core
did not show Maltese cross, indicating that the lamellar rotatitimn such spherulites is
restricted, i.e., they are grown two dimensionally instead of usDagj@®wth of Maltese-
crossing spherulites.

They further reported that, as the rate of shear and sheariagricreased, the
induction period decreased, indicating that shear acceleratescryfstallization.
Nucleation rate (density of crystal nuclei) was found incrgaaiith shear rate. All these
phenomena were explained by the authors as high orientation of tkeuhaolchains
upon shear decrease the free energy of the crystal nucleatioperAthe theory of
crystallization, nucleation rate is governed by formation oftalysicleus of critical size.
At a constant temperature and pressure, oriented molecular ch&eshaatable nuclei
formation easier. With shear, chains orient and entropy drops cabssw®y thains to go
in higher order than un-oriented ones. This result is contradictding teeports [113,114]
of little influence of shear flow on spherulitic growth rate. Cdesable effect of shear

flow on the spherulitic crystal growth by these authors iplagmed as follows.
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Theoretically, crystal growth rate is the process in whichnib&ecular chains transport
from the melt to the crystal surface. Spherulitic growth deggends upon the velocity of
the chains’ transportation which is determined by the configuratigdheothains in the
melt. Due to shear, oriented chains accelerate the growthdrdiné crystal. Increase in
spherulite growth rate under high shear rates and for higher simes;, flattens after
some period. The growth rate of fibrillar crystal and spherutitistal is shown to be
nearly the same by these authors.

Zhang et al. [112] also studied the melting behavior of the fibrdigstals of
PPS. They reported that upon shear, the melting endotherm record&E®yis
exhibiting double or triple melting peaks based on the amount of skexéedkas shown
in Figure 2.10. At high shear rates three melting peaks were obsditve lower peak
corresponds to melting of imperfect crystals developed by falposition of the
molecular chains to the growing front of the crystal. Incréasetensity of low melting
peak with increase in shear indicates that increasing shwadeteriorates the crystal
perfection, producing more number of imperfect crystals. Medium peaksponds to
the normal peak exhibited under quiescent conditions. The higher meltakgwses
attributed to melting of perfect crystals that have shishikeldae fibrillar crystal
structure. Intensity of this peak also increases with increaskear. Such phenomenon
was also observed by Gahleitner et al. [115] who explained theptauttielting peaks in
DSC on the basis that initially the outer macro-kebabs meltirerdthe inner micro-
kebabs melt as temperature increases.

However, Zhang et al. [112] ascribe such phenomena to the molecutdaoie
that occurs as a result of shear. Generally longer chains fgihmartorder bundles before
the shorter chains, and nucleate first. The numerous bundles tinatigthity to form the
crystal core have higher thermal stability than the kebab léikeellae that develop

subsequently.
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Figure 2.10. PPS melting endotherms at varying shear rates (shear for[3Q2fc)

2.6.1.5 Effect of fillers

The crystallization kinetic parameters i.e rate constanaifk) Avrami exponent
(n) depend upon the MW and MWD, degree of tacticity, polymer strugitgsence of
impurities etc. Jog and Nadkarni [36] reported the non-integral Aveaponent values
close to two for unfilled grade of PPS and between two and thbreélled grades.
Mandelkern [92] reported that diffusion controlled growth may cause tadue to be a
non-integral value. Avrami exponent did not vary significantly with gerature.
Mechanism of nucleation suggested by Jog and Nadkarni [36] in theotasdilled
grade of PPS was homogeneous nucleation with one directional or teciiatial
diffusion controlled growth. In the case of glass fiber filled grathe mechanism
suggested was of heterogeneous nucleation type with two directidugiahfcontrolled
growth in the vicinity of glass fiber surface. They furtheggested that homogeneous
nucleation may also take place in the filled grades of PPS ireg¢fiens not close to the

glass fiber surface.

2.6.2 Non-isothermal crystallization kinetics

In non-isothermal crystallization kinetics study, the polymenaated above its
melting point and is held at this temperature for a few minatesake sure that all the
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nuclei are destroyed. Subsequently, the melt is cooled at vari@ssafatooling and
crystallization exotherm is recorded as the sample cools. Taesdmhalysed for onset of
crystallization, overall rate of crystallization, and crystability of the polymer as a
function of cooling rate. The findings of various researchers who bBaded non-
isothermal crystallization kinetics of PPS are summarizéombeAccording to Ozawa
[116], the potential flaw in applying Avrami equation to analyse sothermal
crystallization kinetics is that the equation does not considerftbet ®f cooling rate
which is a variable in non-isothermal study. Therefore, he neddihe Avrami equation

to consider cooling rate effect and provided the modified Eq. 2.15.
In(1-a) = K’(T)/®"™ (2.15)

where, a is the amorphous fraction, K'(T) is the heating functiorteorperature
dependent parameteb,is the cooling rate and m is the Ozawa exponent.

In(-In(1-a)) is plotted vs log to calculate Ozawa exponent. For the purpose of
plotting, the fractional crystallinities at certain temperes (degree of supercooling)

during the exotherm under different cooling rates are considered.

2.6.2.1 Effect of cooling rate

In a study of non-isothermal crystallization kinetics of PPS,vilae of n has
been reported [117] to be between 3.3 to 3.7 in the temperature rangé@{2I19BC.

Non-isothermal crystallization kinetics study of Fortron® RiPBakes as well as
pelletized forms and Ryton® PPS was carried out by Collins anttidé [102] using
DSC. The PPS samples were cooled from@2& different cooling rates in the range of
2°C/min to 320C/min. With increase in cooling rate, the plot of fractional crystajlinst
supercooling (}0-T) starts at lower temperature and becomes increasinghed. That
means, as the cooling rate increases, crystallization stalbdsver temperature and also
takes longer time to complete the process. In another publicationnCatid Menczel
[38] reported, similar behavior when the PPS melt was cooled froAC34@at the peak

temperature of crystallization decreases with increasing cooling rate
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The plot of log(-In(1-Vc)) vs log (cooling rate) shows that the sloipihe curve
decreases from higher temperatures to lower temperature [10B] thevolume fraction
of crystalline phase. At higher temperatures, the Avranpoe&nt as high as six is
reported which approached towards one at low temperatures. Abovesshanvrami
exponent suggest that the crystal growth geometry changescsigtiyf with changing
temperature. The Avrami plots obtained exhibit curvature and dev@aie linearity,
sometime too much. Hence it is stated that Avrami method has limited wtilgyudying
non-isothermal crystallization kinetics of PPS. Maximum in tlystatlization exotherm
corresponds to the maximum crystal growth rate. The result is isosance with
research of Hoffman et al [118, 119] wherein crystalline langgbavth rate is calculated

considering the polymer chain behavior and the relationship is given by Eq. 2.16.
G = GexplKg/ Te (Tm - To)] X exp [FU/R'(Tc - Tim)] (2.16)

where, G is the growth rate (length/time), i&the parameter related to number of nuclei,
U is the parameter containing activation energy for segmental motjos {lie parameter
containing thermodynamic work required to create crystalline phtese, T, is the
equilibrium melting point, Tis the isothermal crystallization temperature studied, and
Tim is the temperature below which no segmental motion occurs. Fronabthes
equation, it becomes clear that the rate of crystal growth depgmus degree of
supercooling (f - Tc) which changes under non-isothermal conditions.

The non-isothermal crystallization behavior differences betweemnRyPPS and
Fortron® PPS were studied by Jog et al. [103]. In this studysaimples were heated to
310°C and cooled at different cooling rates ranging betweetC2p&r min to 40C per
min. Degree of supercooling £ Tconse) Was plotted as a function of cooling rate where
T’ is the equilibrium melting point of PPS,Tis calculated using Hoffman-Weeks
method [120]. The method of obtaining,’Tis discussed in section 2.7. For a given
polymer, they observed increase in the onset of crystallizatitmincrease in cooling

rate.
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2.6.1.2 Effect of molecular weight (MW) and molecular architecture

Jog et al. [103] plotted the degree of supercooling as a function ohgoate. It
was observed that at a given cooling rate, Ryton® PPS stgdtallizing at lower
temperature than Fortron® PPS. Hence it was concluded that @RyR&IS is less
crystallizable than Fortron® PPS. This difference was lasdrio differences in the MW
and/or linearity of the polymeric chains between these twostgbepolymers. Similar
results are reported by Collins and MendZ€)2] between Ryton® PPS and Fortron®
PPS by studying the non-isothermal crystallization kinetitk vange of cooling rates
varying from 2C/min to 320C/min.

Employing the Ozawa equation, Lopez and Wilkes [95] showed that the
mechanism of crystal growth is similar between branched aedrliPPS in the range of

cooling rates from 2%/min to 40C/min.

2.7 Effect of MW and molecular architecture on
polymer properties

In this section, the findings on the studies dealing with the esfgmblymer MW
and molecular architecture on the morphological structure of PP&s grocessing

behavior and structure-property of fibers are summarized.

2.7.1 Effect on thermal properties

Fagerburg et al. [121125] reported production of PPS with MW as high as
131,000 by melt reaction of p-dichlorobenzene with sulfur. With incrieatbe degree of
polymerization (DP) i.e., with increase in MW, they observed iseréa Ty which levels
off at a temperature of 9¢ beyond DP of 70. When crystallization is carried out from
melt as well as cold state, the difference betwegnel, temperature of crystallization
and Ty reduces with increase in DP. They further suggested ddrterlystal morphology
at DP less than 20 and chain folded lamellar morphology at &egrthan 20. PPS used

in the fiber production falls in second category in terms of DP. C&Healso reported
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similar behavior. With increase in MW, increase ip ahd T, of Fortron® PPS is
reported whereas crystallization temperature during cooling the medtades.

Menczel and Collins [38] studied the dependence b MW of PPS. It was
found that [ increases with MW, 7€ for low MW (melt viscosity (MV) at 1200/sec
and 300C was 100 poise), and 92G for high MW PPS (MV at 1200/sec and 3G0
was 3500 poise). The equilibrium melting temperature (discussed)odl. is reported
to be 320.5C to 348.5C depending upon the MW of PPS in the increasing order.

Various researchers have used Hoffman-Weeks method [120] to detetimei
infinite melting point or the equilibrium melting point of PPS. In sumtestigations, the
samples studied for isothermal crystallization kineticsreneated to melt. The observed
Tm of polymers is plotted as a function of isothermal crystalbmatemperature. The
temperature, at which these curves intersect with the linengasough origin with
slope one, is the equilibrium or thermodynamic melting point of thenpiyA few
researchers have investigateg @is a function of MW using the above method. One such
plot is shown in Figure 2.11 from the work of Jog et al. [103] for R®tand Fortron®
PPS. It shows that Fortron® PPS has highg! (BO8C) than that of Ryton® PPS
(298°C). Higher T’ in former case is attributed to its more linear structure. rgei
and Davies’s [50] work in this regard also shows that ificreases with MW of the
polymer. It increased from 303 to 315C and to 33%C for Ryton® PPS of MW 16000,
51000 and 60000 respectively, Bqual to 346C is reported for Fortron® of which MW
was not reported [93].

Jog et al. [103] cured the Ryton® and Fortron® PPS samples &€ 38%ir for
time periods between 5 to 45 min. They observed that degree ddllonityt decreases
rapidly for Fortron® PPS as compared to Ryton® PPS. Such behdwrs sthat
Fortron® PPS has lesser thermal stability that Ryton® PB@&dy [69] attributed the
decrease in crystallizability to the curing or crosslinking phenomena inlRPRStudy on
thermal stability of PPS, Black et al. [126] have reported khgher the degree of
branching, better is the thermal stability of PPS. TGA sstudaried out by Jog et al.

[103] under N atmosphere revealed two stage degradation of Ryton® PPS as against to
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Figure 2.11. Hoffman-Weeks plots of PPS-1 (Ryton®) and PPS-2 ( Fortron®) [103].

one stage degradation of Fortron® PPS. Thus two mechanismgymeiddion are
suggested in Ryton® PPS, one corresponding to linear and the othesponding to

branched chain structure.

2.7.2 Rigid/constrained amorphous phase

Besides usually understood mobile amorphous phase, work of Wunderlich’s
group has shown that the engineering thermoplastics based ornepmiegrsuch as PPS
[127], PEEK [128] possess rigid amorphous phase. The rigid amorphous plase i
shown to be existing in PET [129]. The amorphous phase in PPS hasspedrd to
have constraints by crystals [66, 130, 131]. Such constraints resutluction in the
mobility of amorphous phase. Extent of chain constraints is detednfny the increase in
heat capacityACp(T) at T of the polymer. Mobile amorphous phase shows a distinctive
step at  whereas rigid amorphous phase does not.

The mobile amorphous phase fraction is calculated usimat T as per the Eq.
2.17 [132].
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Xa = Cpa(T) }T:Tg (2-17)
where,y, is mobile amorphous phase fraction,“Gs heat capacity of semi-crystalline
sample and g is heat capacity of completely amorphous sample.
From the crystalline fractions determined by either DSC or WAXS, tadraof
rigid amorphous phase is then calculated by Eq. 2.18.

Xra=1- Xc- Xa (2.18)

Through dielectric relaxation intensity measurements of PPS, Huo andX3&be [
suggested that the rigid amorphous phase has mobility in betweeaf tbaistalline
phase and mobile amorphous phase.

Lu and Cebe [132] studied the effect of MW on the rigid amorphous phase
Fortron® PPS. Since the rate of formation of crystals have pacdton the creation of
rigid amorphous phase, they studied the effect by crystallizr®) fowders, differing in
MW, isothermally at a temperature at which the rate oftalyzation () is identical
between the samples. When the samples varying in MW are csldltred at samet
temperature, although crystalline fraction is almost the same, differembserved in the
fraction of rigid and mobile amorphous phase. Substantial fractiorgiof aimmorphous
phase is observed in all the samples, around 0.4 to 0.5. Lower the Mamples higher
the constrained amorphous phase fraction observed. Similar regutesparted by Huo
and Cebe [66] in case of Ryton® PPS.

Cheng et al. [127] showed tha{ iE a function of the constraints provided by the
crystals. Quenched amorphous PPS exhihjtsal 90°C and it increases significantly
upon crystallization. With increase in crystallization tempeeatdy is shown to be
decreasing from 10%C at T, equal to 170C to 92°C at T, equal to 270C. As the cold
crystallization temperature increases, the fraction of ragitbrphous phase decreases
through relaxation of the chains in the rigid amorphous region makexg ta part of

mobile amorphous phase.
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2.7.3 Effect on morpholoqgy

Jog et al. [103] studied the spherulitic morphology of Ryton® PPBRR) and
Fortron® PPS (F-PPS) using polarized light microscope underecrgsslars. At the
same magnification, they observed that the spherulites are ilaf@dPPS than in F-PPS.
Since the nucleation process was found to be slower in R-PPS tR&$ Fhrough
crystallization kinetics, number of nuclei growing at a giveystallization temperature
will be less in R-PPS. Hence the spherulites will be laigelimension for R-PPS. The
fine texture of spherulites was observed in F-PPS and was coarsePPS. The
coarseness was attributed by Keith and Padden [134] to the mesdenan-crystalline
regions between growing fibrils.

Lu and Cebe [101] reported no appreciable change in mechanical popéttie
PPS samples varying in MW that was crystallized,abther than 700 seconds. For the
samples crystallized with /=700 sec, low molecular weight PPS shows slightly higher
glassy modulus (E’) than that of high molecular weight sample. Betlsamples show
higher modulus before 100°C and then drops off, and modulus reaches a plagaCa
for low molecular weight and at 140°C for high molecular weightpsanThe amount of
crystals formed during heating is smaller in high moleculaghte®PS leading to lower
modulus beyond J Asymmetric relaxation tald loss peak is observed for both the
samples. The peak maximum temperature for both the samples is .1R0t%e peak
height was higher for low molecular weight sample than for higheoutdr weight

sample.

2.8 Changes in morphology, structure and properties of
PPS upon processing

In addition to the properties of the base polymer like MW, MWDpiitessing
plays a vital role to bring the polymer to some kind of useful form paore importantly,
to improve many of the product properties such as tensile pregeaind dimensional

stability, besides others. Majority of these processes involvenghdreatment of the
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polymer under stress. Below is the summary of literaturerdgalith various processes
used to convert the polymer into usable products, and structure-propeetemship in

fibers, films and injection molded parts.

2.8.1 Effect of curing

Curing of PPS above or slightly below, Th air results in drop in the melt flow
rate indicating occurrence of cross-linking [69]. Curing the sangile60 °C, slightly
below melting point did not show any change in the crystallinityyeafeer 24 hours of
curing, but showed a considerable influence on crystallizalofitthe samples since
cured samples upon melting exhibited substantial drop in degree tllanity, as much
as up to 30% from initial value of 60%. This phenomenon indicates dedreabkain
mobility which could be due to the occurrence of cross-linking ardiain extension
during curing.

While curing the PPS in air, Hawkins [12] suggested four typeseadtions
occurring simultaneously, namely chain extension (oligomerizatioridative cross
linking, thermal cross linking and oxygen uptake followed by lossf Sccurrence of
chain extension in PPS during curing, first suggested by Short dn[d 3%], and Hill
and Edmonds [136], was confirmed by Hawkins [12] through detection of volatile
substances which are low MW products. Thus chain extension leatsd¢ase in MW
of PPS.

Scobbo [13, 14] studied the curing of PPS in solid as well as instagdt. It is
shown that solid state curing in the temperature range of 255-268UI& i@ increase in
the viscosity and rate of cure in the presence of oxygen [14]. Tinavioe deviates
further away from Newtonian one. This behavior is ascribed to iserea MW and
broader MW distribution, more through branching and cross linking than chain extension.
The melt state curing of PPS [13] at 330-335 °C reveals thatooyrolling the
temperature and time of curing, chain extension is preferred ieaisialg the molecular

weight since it retains the Newtonian behavior. However at higmeperatures in melt
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curing, the contribution of chain extension towards increase in malecuight
decreases as compared to branching/cross-linking.

Collins and Menczel [102] found that the pelletizing process, whdiakes
obtained in polymerization are converted into pellets, lowers goudil@ium melting
point, T,? as determined by Hoffman-Weeks method [120].

2.8.2 Melt spinning

Song et al. [137] studied melt spinning of three grades of PPS garyiMW,
supplied by Phillips Petroleum Company. Instron capillary rheonvedsr used for the
purposes of melt spinning with a capillary of 0.7 mm in diameterdergth to diameter
(L/D) ratio of 24.5. Spinning was carried out at 290 °C. Draw-downgatp to 880 were
used. The presence of crystallization exotherm in DSC thermograimthe diffuse
pattern in pin-hole patterns obtained from WAXS indicate that tHe span fibers are
mostly amorphous in nature with very little crystallinity inrtheCrystallinity levels in
the fibers decreased with increase in MW. Crystallinitysdoet vary much until the
draw-down ratio reaches 700. The small amount of crystallintigcted in the melt spun
fibers in DSC was not observed in WAXS patterns. Increase ibitkigingence 4An) of
the melt spun fiber is observed with increase in draw-down rataeMer, the overall
level of An, even at high draw-down ratios was found to be around 0.06-0.08, which is
very low. At a given draw down ratio, the birefringence decreastbsdecreasing MW
of the samples. As a function of spinline stress,appears to decrease with increase in
MW. This behavior is explained on the basis of crystallinity. Nadal al. [138] have
shown thatAn increases rapidly upon crystallization. The birefringence ysdtaltine
phase is larger than that of the amorphous phase. The crystaleméation depends
upon the spinline stress as shown in the case of polypropylene [138, t3%lgwvinyl
fluorides [140]. They have shown thah is a monotonically increasing function of
spinline stress, independent of MW. Based on these eatrlier findiogg, € al. [137]
concluded that in case of PPS, with increase in MW, as crygtalievel decreases, the

crystalline orientationAn.) also decreases causifig to decrease.
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To explain above phenomena, Song et al. [137] proposed a Time-Temperature-
Transformation (TTT) curve for melt spinning of PPS fibers lasvm in Figure 2.12,
similar to the TTT curve proposed by Nadella et al. [138] to intenye melt spinning
characteristics of polyolefins. As the draw-down ratio iases, the increase in cooling
rate due to decreasing fiber diameter should lead to decieasrystallinity levels.
Contradictory results seen in crystallinity as a function ofveitawn in the experiments

can be attributed to the effect of stress on the rate of crystallization.

2.8.3 Drawing and Annealing

These are the areas studied comparatively more than fiber spwinPgS by
researchers. Primary objective in these processes is to treemolecular chains in a
preferred dimension and/or increase the crystallinity levels in the polymer.

Song et al. [137] carried out the drawing of melt spun PPS fibsrsliscussed
above that varied in MW. Drawing was performed over a hot plate @busa
temperatures, 90 °C, 100 °C and 150 °C with different draw ratioy. diveerved that at
low drawing temperatures, the fibers are still amorphous, anthltinisy development

takes place only at high drawing temperatures. With increase in drapmatease irn
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Figure 2.12. Time-Temperature-Transformation curve for PPS fibers [137].
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is observed. Over a range of draw ratios between 2.38 to 4.34, Herangmitation
factor did not vary much for crystalline region) (s compared to that for amorphous
region (f). The birefringence of drawn fibers increased from 0.03 to 0.21 ywidrying
from 0.5 to 0.75 whereag increased significantly from 0.034 to 0.735. The plots of
engineering stress-strain curves show that tensile $ftreargd modulus increase with
draw ratio whereas elongation to break decreases. Good corretatemd in the fiber
tensile properties with birefringence i.e., tensile propeniggove with increase ian.
With increase in draw ratio, higher crystallinity levelsrev@bserved along with better
crystallite perfection and increase in the orientation improved the fihgtdestrength.

Xiao and Xu [141] studied the morphology of melt spun PPS fibers. Spimaisg
carried out using melt indexer at 305 °C using capillary of 1 nametier and L/D of 10.
These fibers were drawn at 98 °C to the draw ratio of 3.9. The diibers were
annealed at 200 °C under tension of 0.2 cN/dtex for 5 min. Slight indredggof as-
spun, drawn and annealed fibers was observed but the peak melting terepewss
found to be similar between three types of fibers. They reportsteeze of pleated
surface morphology with banded texture (Figure 2.13) perpendiculdretdiber axis
when studied by scanning electron micrography (SEM) and tiasiem electron
micrography (TEM) which is typically observed in liquid crystedl polymers such as
poly(phenylene terephthalamide). Under hot stage, melt exhibitedirnyesice and
nematic structure. Based on these observations, they concludedP®ataB a liquid
crystalline nature.

Carr and Ward [31] studied the drawing behavior of PPS as-spun {@@0s
decitex/30 filaments) supplied by Phillips Petroleum Company. Zome drawing was
carried out over a heated pin located between the cold draw rollsalkgne/as carried
out with 45 cm heated plate that was kept between the heated pimandrdw roll. In
the combined drawing and annealing process, the draw ratio waedlibetween the
primary draw at the draw temperature on the hot pin and the secah@davyor hot
stretch on the hot plate. Satisfactory drawing performance was obsdreadim surface

temperatures were between<®and 100C. Optimum drawing temperature was found
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Figure 2.13. a) SEM of drawn fiber surface, b) Longitudinal view of drawn ancilaane
fiber by TEM [141].

close to the Tg of the material. Drawing below “@Dresulted in voids, and above 100
°C, yarn was sticking to the draw rolls. Kitao et al. [142] haported the formation of
voids during cold drawing of polypropylene filaments. Draw ratios use@arr and
Ward's [31] study were 1.26 to 5.0. Annealing temperatures tried betiveen 140C
and 220°C. Although annealing at high temperatures resulted in some inénei@sesile
strength, initial modulus did not increase. Higher draw ratios couldenachieved with
high temperature annealing zone in the drawing process.

The plot of initial modulus as a function of DR of PPS was simdhat of PET
at 90°C [31]. By reducing the draw temperature, the modulus seemed¢asec but the
extent of increase was not as high as observed in PET [143]. Adreshples showed
somewhat higher initial modulus than that of the only drawn samptesfailure stress
did not show much change by changing draw temperature but annealing led to as much as
30% increase in the failure stress as compared to drawn but uslexhfieers. At low
draw ratios, drawing at higher temperature seems to reshigler failure stress at a
given failure strain. It was shown that PET reaches its maxifivefringence around
0.19 by single stage drawing at temperature slightly abov&gtisAfter single stage
drawing processAn of PPS reached only up to 0.208, much below the maximum
attainable birefringence [31]. Birefringence reached close.2@ only after annealing.

The PPS yarns drawn to low and high DR were annealed at colestgtit. It was also
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observed that the increase An is more upon annealing the PPS yarn drawn to lower
draw ratio. With increase in birefringence, initial modulus of RIREnot increase as
rapidly as that of PET [144].

Free shrinkage study of drawn fibers at 100 °C in silicone oil daitved that
until the DR of 2.6, network extension, i.e., shrinkage, is totally reedv@1]. Up to the
birefringence of 0.141, crystallinity is not significant. Howevéeyond this DR,
orientation increases further and the crystallization becomes sigrgficant. The
development of crystallization causes rapid drop in subsequent shrifesieshrinkage
stress ¢) was measured by heating the fiber sample at 100 °C in silmbbath while
maintained at constant length. It was observed that until a bgefrce of 0.14
(corresponding to DR of 2.6), the stress optical coefficiant/6) remained the same.
Similar peak shrinkage stress behavior is reported in caselofl2k] and PEMT [146]
up to DR of 1.6, i.e.An of 0.01. Above the birefringence of 0.14, rapid increase in the
peak shrinkage stress was recorded beyond DR of 3.0. This indicdtbsytbad DR of
3.0, the PPS network reaches near to its limiting extensikality the molecular
entanglements become strong enough to prevent further stretcluhgioralignment. At
the same time, stress induced crystallization at thesesle¥edrientation prevents the
chain slippage too. From the shrinkage measurements, it was deducggdtalization
is the primary mechanism that prevents subsequent extension otwloeknd he rise in
peak shrinkage stress near the limiting extensibility is mueate mapid in PPS than in
PET. It means that upon development of some crystallization, theiniega
entanglements in the amorphous network are strong enough to prevaet fthrain
stretching or chain slippage for drawing to occur. At lower drgwi@mperatures,
crystallization is delayed and thus the network can reach muckrneathe limiting
extension ratio of the polymer than when drawn at higher tenpesatThe highest
tensile strength of 740 MPa and initial modulus of 8 GPa was achieteel case of PPS
yarn drawn at a lower temperature (80 °C) and to the highest draw ratio possible.

The above reported values of tensile strength and initial modulie case of
PPS are lower than that of PET fibers drawn to the same g8tEntThe extent of
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orientation achieved is similar in both the cases i.e., slightlstgreéhan 80% of the
theoretical birefringence of fully aligned molecular chains. Thesinability to achieve
higher strength and modulus in case of PPS was reported to beaantse of lack of
achieving high orientations. Theoretical crystal modulus of BR8ported to be ca. 40
GPa [55]. Since straightening of the C-S-C bond angle is repartdxt tthe largest
contributor to the crystal modulus of PPS fibers, the presencégafag molecular
conformation in the oriented amorphous chains as reported by Tabdr [@6]ais
suggested to be the reason behind lower modulus of drawn PPS fiberd. @athe
measurements of shrinkage, shrinkage force and the bond polaiezakfitPPS, Carr
and Ward [31] deduced that the number of chain segments per unit vislimgder in
case of PPS as against that of PET. This means that theglemhent density is
comparatively high in the case of PPS. Although these polymesgg®similar number
of monomers per chain segment between entanglements, PPS mononesonatier
than others and does not possess the flexible links either. High eleetrsity of sulphur
and phenylene ring restricts free rotation for C-S bond. Thessrdamombinedly make
the PPS network more entangled and constrained in rotation. The ab$g@taeau of
shrinkage stress, before its rapid increase against birefringerfeBS as observed in
PET (Figure 2.14), indicates that drawing does not modify the PPS network.

Drawing of melt spun fibers produced from Fortron® PPS is repostdtrins et
al. [147]. Use of steam nozzle in the first stage of drawingpsrted. It is claimed that
the fiber tenacity achieved is close to 60 cN/tex (6 gpd) elibngation to break being
ca. 18%. Young’'s modulus achieved is claimed to be ca. 400-450 cN/t&b @fd) at
0.5-2% extension. Bratukhin et al. [148] have reported that drawingbefsfiunder
pressurized steam results in the best physico-chemical pespertihe fibers. The high
coefficient of heat transfer, absence of oxidizing agent, and qitasty effect produced
by water in the vapor form are some of the aspects afnstieat help to achieve better
properties in the fibers.

Suzuki et al. [65] have reported that zone drawing (ZD) and zone antnEah)

treatments are effective in improving the mechanical properties of PRS filbe study
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Peak shrinkage stress (MPa)

Birefringence

Figure 2.14. Peak shrinkage stress vs birefringence [31].

was performed, on PPS fibers supplied by Toray, in a small heatgled with
arrangements made to move one end of the fiber for drawing purposksthehother
end fixed. The optimum drawing and annealing conditions are observeteat t
temperature of 90 °C and 220 °C respectively. Annealing was catrtathder a tension
of 138 MPa. The fiber thus obtained exhibited the tensile strength GRa7and tensile
modulus of 8 GPa. These values are similar to those obtained byr@hivard [31]
reported earlier. The crystalline orientation factgyiff reported to be increasing to 0.982
with ZD and further increasing slightly to 0.986 upon ZA.

Suzuki et al. [65] further studied the microstructure of ZD and BS Rbers by
its shrinkage behavior. Temperature dependence of shrinkage foraRdEVarious
categories of PPS fibers is as shown in Figure 2.15. When heated Bpa¥ethe
polymer, shrinkage occurs due to chain coiling in the oriented amorphoossreqd is
dependent on orientation level in the amorphous chains and amount afliaifsin the
sample. While studying the shrinkage behavior of PET fibers [14®8hd observed that
the crystallites are formed by strain-induced crystalliratn the temperature range of
70-100 °C during the measurement. The physical network developed through

crystallization constrains the additional slippage of the chainseab® °C. However,
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the rapid elongation (negative shrinkage) of the original PPS fimer after 100 °C
suggests lack of development of network that can prevent fluid-likeendation. This
indicates that the strain-induced crystallization does not talee pta PPS during the
measurements. Compared to the original PPS fiber, the drawn Hites sncrease in
shrinkage with temperature which is rapid in the range 100-120 °C, 8l@20r250 °C
and again rapid after 250 °C. Initial rapid shrinkage in the rangé@@0 120 °C is due
to the oriented amorphous chains which can coil fairly easily inalbgence of
crystallinity under these temperatures. Slow down in increadeiimkage after 120 °C is
due to the increased physical cross link density provided byabiization. Similar
observation was made by Desai et al. [84, 1f]e studying behavior of oriented PET.
It was reported that rapid fluid-like deformation occurs in PET utetesile stress and
leads to enhanced orientation and thereby to rapid onset of ¢rgdialtl. Rapid increase
in shrinkage of PPS above 250 °C is related to two-fold phenomena. Guiestantial
increase in segmental motion above this temperature, and the stladyove this
temperature, crystals start melting, with the imperfect anelting first, leading to
decrease in cross link density.
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Figure 2.15. Temperature dependence of shrinkage of various fibers [65].
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As compared to ZD fibers, the slow increase in shrinkage in ZAsfialeove 70
°C is attributed to higher cross link density provided by cryatgllin annealed fibers.
Thus the oriented amorphous chains are resisted from coiling in edrigers. It is also
shown that the storage modulus increases upon ZD and ZAu-fiddaxation peak in tan
d curve shifts to higher temperature with processing, which iredicaicreasing
constraints on the mobility of amorphous phase, due to increasing lerosgensity
provided by crystallinity.

In yet another study on PPS fibers, Suzuki et al. [86] reported funitrease in
the tensile strength and tensile modulus of PPS fibers over the edqmwged values
obtained by ZD and ZA experiment. For improvement in the tensile piegpdéeyond
the values reported above, i.e., 8 GPa modulus and 0.7 GPa tensilehsthegigt
oriented amorphous chains are desired. High tension multi-annealingAHof PPS
fibers was performed at 25C by subjecting fiber to extremely high tensions, close to its
tensile strength. The fiber placed inside electric furnaase siretched at a speed of 10
mm/min, until the tension in the fibers reached the set maximam70% of breaking
strength. The fiber was held at constant length until tengidmced to the set minimum
of 65% of breaking strengtlupon reaching tahis lower limit, fiber was further
stretched untibmax at 10 mm/min. This was repeated 13 times. The reductionwas
not attributed to the orientational relaxation due to slippage, but dogtovement of
amorphous chain orientation. Fibers thus obtained exhibited tensile modag @& Pa,
tensile strength of 0.73 GPa, and the breaking elongation of 8.8%.ale/ssize
obtained through WAXS was found to be almost 1.5 to 2 times largethhaobtained
by application of ZD-ZA technique. The crystallite orientatiortdaevas found to reach
0.988 after HTMA as compared to 0.986 achieved in ZD-ZA techniqueslicancluded
from these results that due to the stepwise increase, lktgstalo not relax during
HTMA treatment, but instead amorphous chain orientation increasegevdn no data
on the amorphous orientation was reported by the authors.

Maemura et al. [30] studied development of crystallinity and otientan films
made from 25 MFI PPS (Pellets from Phillips petroleum). Filage stretched 2-4.6X at
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the temperatures, 100 °C, 105 °C, 110 °C and 115 °C, and were annealed@tfas0
various durations between 0.5-48 hours. These samples were furthallizegs at 250
°C and 280 °C. The DSC thermograms of these samples revealelethmgak in cold
crystallization exotherm moves to lower temperatures astiiets ratio increases. Also
the melting temperature increases with stretch ratio. Theodadiensity by DGC reveals
that the structure becomes denser with increase in annealingra¢éung@eand time. The
pole figures of planes (110) and (112) peaks show increasingly untaxtare with
increase in the stretch ratio. For a given stretch ratiofrinigence increases with
decrease in stretching temperature. With increase in stagtohbirefringence increases.
Sharp increase in takes place when stretched beyond DR of 3.5 at 100 °C. This
phenomenon was related to stress induced crystallization at DR dfilBa5samples
stretched to same draw ratios at 100 °C and 110 °C with annealifg &€ for one hour
showed that % DSC crystallinity level is near about the dauhan, f. and f, decrease
at 110 °C. When compared between only stretched vs stretched and cisasajdes,
substantial increase was observed in birefringence in lattey whsch was attributed to
the increase in crystallinity by annealing under taught condition.

In yet another publication, Maemura et al. [151] studied the effesitetiching of
PPS films on its mechanical properties by studying theldenent of crystallinity and
orientation. 25 MFI PPS supplied by Phillips Petroleum was extruded30Qu thick
films at 330 °C and quickly quenched onto a chilled roll. These amorgtmsswere
stretched at 600-1500% of initial length per minute in lwamoto &ligtietcher. Necking
was observed when stretched below 95 °C, whereas above 110 °C, stretelsing
difficult due to thermally induced crystallization. Taut annealing of theckieetfilm was
carried out at 150 °C for 1 hour. They observed that peak temperatuceldf
crystallization exotherm in DSC shifts to lower temperaturth wecrease in stretching
temperature, with increase in the stretch ratio, and with incieahe rate of stretching.
Slight increase in Jand clear cut increase in,Was observed with increase in stretch
ratio. Ty increases with decrease in stretching temperature andneréease in rate of
stretching. DSC crystallinity of 12% to 18% was observed inetrsgetched films.
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Although at low stretching temperature, higher crystallinity wlaserved, this difference
diminished at higher draw ratios.

Substantial increase in crystallinity was reported after aimgeof the stretched
films at 150 °C due to thermally induced crystallization [151].rmak endotherm was
recorded at a temperature slightly higher than annealingetettures, ca. 160 °C.
Occurrence of such minor endothermic peak is reported in the polycoretetatlike
PET [152]. As compared to stretched films, stretched and annelahsdefkhibit higher
T4 by as much as 25 °C, from 84-94 °C to 102-110 °¢ddes not seem to vary much
upon annealing though the effects of stretched films are prelsepam annealing. At a
given stretch ratio, crystallinity of annealed film increaséh decrease in stretching
temperature.

The study on mechanical properties of these films showed thatteasing TD
stretch, the modulus and tensile strength decrease in MD andsacire TD whereas
breaking elongation increases in both the directions with laffgst @long MD [151].
Annealing increases the moduli, and decreases the elongation to mraalstretching
conditions whereas its effect on tensile strength is marginal.

Ito and Porter [87] have studied the drawing of PPS films by sbdte co-
extrusion at the temperatures of 75 °C, 95 °C and 110 °C. The highestratiasv
achieved at these temperatures were 3.4, 3.6 and 5.6 respedthelgievelopment of
crystalline phase in the drawn samples was studied by WAXS pe gadterns and
density. Prominent crystallinity development is observed in thelgadrawn at 95 °C.
The least crystallinity development in the sample that wasrdta highest DR at 110 °C
is suggested to be because of this temperature not being high enopgbdtce
thermally induced crystallization under the applied pressure (ca.tif)0\&hen drawn
at a temperature slightly aboveg, Tmore stress-induced crystals are produced which
decreases at higher temperature and results in poor drawing efficiency.

The chain orientation was investigated by Ito and Porter [87] ymtagised IR
spectroscopy. FTIR spectra of the drawn films showed noticeallleodim at wave-
numbers 1380 cih) 1575 crit and 1900 cm. The increase in absorbance at 1900'cm
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and decrease at 1575 ¢ris ascribed to annealing effect [153]. The high dichroic ratio at
1575 cm' and 1900 cr suggests well developed chain orientation in amorphous and
crystalline region respectively. The heat capacity increds&, evident in the DSC
thermogram of the sample drawn at 110 °C is not observed in the samgviesat 75 °C
and 95 °C. Cold crystallization takes place at lower temperatorése samples drawn
at 75 °C and 95 °C. Absence of nuclei due to stress induced crystailiza the
undrawn and sample drawn at 110 °C causes the crystallization rexcthmeak to
appear at higher temperatures in these cases when run in DSColdlezystallization
exotherm is substantially smaller in samples drawn at 75 °C @88 4C which is
attributed to the decrease in crystallization rate during D& with increasing
orientation induced crystallization during drawing due to increasascosity at lower
draw temperatures. The efficiency of drawing was examniheugh shrinkage study in
which the drawn films are dipped in silicone oil bath at 200 °C fmeb. These
conditions were found to be not inducing any further crystallizatiothén samples.
Considerable shrinkage (as recorded by elastic recovery) isvetisa samples drawn to
a DR of upto 2 at 75 °C and 95 °C as compared to undrawn samples and shanpie
at 110 °C. Increase in shrinkage until this DR is attributed to htle increase in
crystallinity. As the stretch ratio increases, the recovexyrahses noticeably. At high
draw ratios, the development of crystallinity restricts thenshim the amorphous regions
to relax causing the recovery to drop in samples drawn at tetae=&5 °C and 95 °C.
The work of Hadziioannou et al. [154] performed on polystyrene has shwtrthie
efficiency of drawing is affine only at low draw temperatuThe number of chain
entanglements/ network points required to obtain perfect chaintatigs in amorphous
polymer increases proportionally with MW, above a critical va{iie the same lines, Ito
et al. [155] suspected poor efficiency of drawing at 110 °C due terfewd/or less
effective network points. The largest increase in tensile prepeig., tensile strength
and modulus (6.5 GPa) is observed in samples drawn at 75 °C is asgrtheddct that
drawing below Tg suppresses the chain slippage and relaxatiomgdedier chain

orientation to be achieved in both crystalline and amorphous regions.
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Work of Judovits et al. [156] done on Fortron® PPS, using temperature
modulated DSC (TMDSC) shows that the imperfect crystallitesed during melt
crystallization become perfect upon reheating when the sufficiegimental chain
mobility is achieved for reorganization. Using TMDSC technigienczel [157]
investigated the influence of modulation during cooling the melt diféit® PPS. Upon
re-melting of the cooled samples, although no considerable changekinepeperature
of melting and heat of fusion is observed between conventionally cooledoafet] c
under modulation for a polymer of given MW, the endpoint of melting obses/ed
considerably higher, around 5-7 °C in the modulated case, indicating betttal
perfection. However, overall endotherm at melting widens for samgeled under
modulation.

Scobbo and Hwang [158] studied the effect of annealing on PPS usimgraidy
mechanical analyser. Annealing results in secondary crysti#din of PPS, which upon
heating melts close to the annealing temperature. Extentcohdary crystallization
increases with increase in annealing temperature. It rasultscrease in the storage
modulus of PPS up to the annealing temperature, and also in incregse in T

In a study of Ryton® PPS, Murthy et al. [59] have shown that withease in
annealing temperature from 100 °C to 285 °C, the lamellar spaciegnileéd by SAXS,
and crystal size based on (110) and (200) planes determined by WAXS, increases.

2.8.4 Effect of storage

PPS fibers after being stored for 180 days at room tempegathi@ited decrease
in Tg and T, [141]. Decrease inglof freshly spun fibers seen at 89-92 °C to 86-87 °C
after 180 days is attributed to disorientation and increase inpgnaf the amorphous
region due to relaxation. Temperature at which onset of melting oetsw decreases
which is attributed to the same reasons. The Peak temperatuadtiolg also drops from
270 °C to 265 °C for which no reason is given by the authors.

The extensive literature survey indicates that major focus tohpastigations was

crystallization kinetics of PPS with very limited studies obefi manufacture and
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structure-properties development. Also none of these studies waee idothe past
decade. Focus of following chapters is to discuss the detailsenfrfianufacture by melt
spinning and draw-annealing of four variances of proprietary Fortron® IRfe& resins,
and investigating material-process-structure-properties relatpirsthese polymers.
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Chapter 3. Materials and experimental methods

In this chapter, categories of PPS polymers used, experiendetdds of fiber

manufacturing, techniques used to determine polymer and fiber properties arsediscus

3.1 Materials

Four variances of proprietary Fortron® linear (PPS) resinge weovided by
Ticona polymers. They varied in their MW. All of the polymers wendilled grades
suitable for extrusion spinning into fibers. Resins used are listdéble 3.1. MWs of
PPS polymers having similar chemistry were in the incngasrder i.e., 1 < 2 < 3.
Polymers of type 1, 2 and 3 were supplied in two forms namely,sflékgi.e., as
obtained from the polymerization reactor, and pellets (P) madedovomsponding flakes
through pelletization. Therefore, in general, pellets will be ghdly lower MW than
corresponding flakes, since they have gone through one extra stage of theresdipgoc
Polymer type 4, which had some differences in its chemistry than abovethdes, was
supplied later on in the form of pellets only. Its MW was betwinat of 2 and 3.
Throughout the dissertation, above material codes are used to ideatlfgde polymers
and their forms.

1F, 2F, 3F and 4P were opaque in appearance indicating that iadfsipplied
form, those were crystallized. 1P, 2P and 3P were transparentreasing amount
respectively, indicating that those were not fully crystalljzand suggested that the

degree of crystallinity in them was in the order of 1P > 2P > 3P.

Table 3.1 Various grades of PPS resins

Pellets 1P 2P 3P 4P

Flakes 1F 2F 3F
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3.2 Storage and drying

Since PPS is sensitive to the ultraviolet (UV) light, all lmése materials, and
yarns made from them in this study, were stored in a way to avoid their exposun¢. to lig

Although moisture regain of PPS is very low, around 0.6% [25], any aaoeint
of moisture may be detrimental to stable spinning performance of the polymerofdere
all the polymers were oven dried at ca. 2@0for three to four hours under vacuum of 28
inches of mercury. This procedure was followed for all the sanbelese using them for
characterization and for processing. Upon drying, it was observed Rh&P and 3P
which were transparent to begin with turned opaque. It indicateéstithae samples

crystallized during drying.

3.3 Experimental methods

3.3.1 Polymer Characterization

All the polymers were characterized for MW and MWD, meltir@dpavior using
DSC, rheological properties like shear viscosity and melt flat® and crystallization
kinetics using DSC. Crystal structure was investigated for delect grades of resins
using WAXS. The details of these characterization techniquepte¥¢AXS are given
below. Details of crystal structure analysis using WAXS aawiged in the section of

fibers characterization.

3.3.1.1Molecular weight (MW) and molecular weight distribution (MWD)

High temperature gel permeation chromatography, GPC-220 containieg thr
Polymer Labs PLgel (Polystyrene-Divinylbenzene co-polymer inudid) 10 um
MIXED-B columns, was used. The solvent, chloronaphthalene was made ttcaugh
the columns at a flow rate of 1 ml/min at 220 A solution, of concentration 1.5 gm/ml,
was prepared by dissolving freshly dried PPS polymers in chlordr@phe. The
solution eluting from the GPC columns was detected by two detecitatic light
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scattering (LS) detector (Precision Detector PD2040 at tvgbegnlB and 90 and a

refractive index detector (Polymer Labs refractometer). inBBument was calibrated
with a set of polystyrene (PS) standards using refractive i(fdgxsignal. To calculate
the MW from LS results, dn/dc, which is specific refractivereneent, i.e., change in
refractive index with concentration for PPS, used was 0.17. This vauBPS was
determined in the Polymer Characterization Laboratory (PCLhén Department of
Chemistry at the University of Tennessee, Knoxville. Stacy [1&9rted a fairly close
value of dn/dc, ca. 0.167 ml/gm, for PPS. For each variety, two readargstaken and
the average is reported.

Refractive index (RI) detector and light scattering (LS)edetr, have subtle
differences in the way they analyze the polymer for its MMéight average molecular
weight (M,,) analysed by RI detector is relative to g of polystyrene (PS) standards
used for calibration purposes, whereas that analyzed by LS detector isealidohtver,
since LS detector is insensitive to low molecular weightifvas as shown in Figure 3.1,

the overall molecular weight given by it, is somewhat highan tihe actual overal,,

of the polymers.

(i)
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Figure 3.1. Sensitivity of detectors of Light scattering and Refra¢tsrtehigh and low

molecular weight components in the polymer.
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Considering the pros and cons of each detector technique, overall MW and MWD,
low MW peak determined by RI and high MW fraction given by k& @nsidered for
the purposes of discussion herein. Polydispersity index (PDI) ofARB®btained using
the polystyrene calibration. Number average molecular welgh)tWas calculated using
Eq. 3.1.

M,= M,/PDI (3.1)

3.3.1.2 Thermal analysis

Mettler-Toledo DSC 822e was used to study melting and crystidin behavior
of dried polymers. DSC was calibrated for temperature and loeatuling standards of
Indium and Zinc. The mass of the polymer was kept between 5.0 to 5BMagl/min
flow of pure nitrogen was used for purging. Since flakes and pellets tifferent
thermal history, the second heating cycle was performedutty shelting behavior of
polymers after erasing the previous thermal history of thpkes. Each of these samples
was heated from 30C to 350°C at 10°C/min. After holding at 350C for 5 min, melt
was cooled at 10C/min using liquid nitrogen. Second heating was performed under the
conditions similar to first heating. Thermographs were analysed ubmgMettler
software. After rearranging the terms in Eq. 2.2, degreaystallinity was calculated.
The heat of fusion of 100% crystalline PPS was taken as 112 J/gm [66].

3.3.1.3 Rheological properties

3.3.1.3.1 Melt Flow Rate (MFR)

MFR is defined as the mass of polymer melt in grams thidtflasv in 10 min
under standard conditions. Tinius Olsen’s Extrusion Plastometer MP2@Dhoas in
Figure 3.2, consisting of a barrel with diameter 9.55 mm and lengtimt§2vas used.
Capillary of diameter 2 mm and length 8 mm as per ASTM stardag88 [17] was
used. The test conditions used were as per ASTM standard fori.eP3arrel
temperature 31%C, load 5 kg, and the length of piston travel, for which time igros,
25.4 mm.
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Figure 3.2 Melt flow indexer.

The accuracy of the instrument was first checked with polypeoeyl(PP)
standard of 36 MFR. The MFR of PP at 28)under the load of 2.16 kg [17] was found
to be fairly close, 35.95. 7 to 8 gram of freshly dried PPS polyvasrcharged into the
barrel. Three readings were taken for each variety and #grage/is reported. Care was
taken during packing so that the extrudate remained free diubbiles. The extrudate
corresponding to 25.4 mm travel of the piston was collected and weighatermine
the melt density. Time for 25.4 mm travel of the piston was recboby the instrument.
Before continuing measurements for each variety, the insidedddrrel was cleaned by
extensive scrubbing using copper wire and purged with PP. Melt densRpp®fwas
calculated using Eq. 3.2.

Extrudate mass

Melt Density (d) = 504

(3.2)

where, 1.804 is the volume of the barrel in cc corresponding to the pistehlength of
25.4 mm.
MFR was calculated using Eq. 3.3.

426+Lxd
t

MFR =

(3.3)

where, L is the length of the piston travel (cm) and is equal54, d is the melt density
(gm/cc) of the polymer at test temperature and t is the {sec) of piston travel for
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length L. In the above expression, the constant 426, is the mean obhpan and

cylinder after multiplying it by 600 sec, the time that is equivalent of 10 min.

3.3.1.3.2 Shear Viscosity

MFR gives the estimate of the melt viscosity of the polyntaregligible shear
rates. During extrusion spinning, the melt experiences high shtes too. Majority of
the thermoplastic polymers including PPS exhibit shear thinning behaviothe shear
viscosity of these polymers decreases with increase in saearTherefore, it is very
much necessary to understand the behavior of the PPS at the stwealoss to the ones
that are present in the practical extrusion spinning. Advanced @gpiixtrusion
Rheometer (ACER-2000) which is capable of producing shear ratesa avieler range
was used for these evaluations. The test method used to carry seinteasurements
was ASTM Standard D3835 [160].

The schematic of the ACER-2000 is shown in Figure 3.3. Dies wittlargpid
(length to diameter ratio) equal to 5 and 10 were used. Polymeresaraplcharged into
the barrel which was preheated to desired temperature, 315 °C and 32&heéCurrent
study, with as much packing as possible. Sufficient time Wwawed to melt the polymer
inside the barrel. This time was kept constant for all the uneasents. The computer
connected with the rheometer records the pressures via arprassisducer located just
above the entrance of the die. At the end of the time period, ram is moved down manually
initially, until it touches the polymer, when small force valueeisorded by the software.
Subsequently, the ram is made to move down at programmed sheaangiieg from
10/sec to 10000/sec. At a given shear rate, once the pressuresrédae steady state, the
reading is recorded and experiment proceeds to the next sleearhratdata is recorded
for series of shear rates. From the data recorded, seftwéculates the shear viscosity
using Eq. 3.6. The shear viscosity is plotted as a function of sheaioraeach of the
sample at a given temperature.

The geometry of capillary rheometry is shown to the rightigufé 3.3. The

pressure, i is measured in the feeding reservoir by a pressure transducer plawed bef
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Figure 3.3. (a) Schematic of ACER-2000 rheometer; (b) capillary rhepgetmetry
[161].

the melt enters the capillary die. Assuming the pressure aithef the tube, i.e., &=
L, to be small compared tq,Ran apparent wall shear stresg)(can be calculated as in

Eqg. 3.4.

P4R

Op = ETH (3.4)
where, R is the radius of the tube.
The apparent shear rapg ) at the wall is given by Eq. 3.5.
Ya = o (3.5)
The apparent shear viscosity] is calculated by Eq. 3.6.
Na = 2 (3.6)

ya

3.3.1.4 Crystallization kinetics

Isothermal crystallization kinetics of PPS, both in pellets dakk$ form, was
investigated using Mettler DSC 822Polymer mass taken for each measurement was

kept around 3 +/- 0.05 mg. The sample was heated to 325 °C at the 2&&@imin
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under N environment. Additionally samples of few select grades of P&8 heated to
340 °C to understand the effect of melt holding temperature on ciesialh kinetics.
Above temperature was maintained for 10 min to ensure melting thieatirystal nuclei.
Subsequently, the melt was cooled rapidly at the rate of -100 °Qisiny liquid
nitrogen, until the temperature reached to the crystabzagmperature ranging from
260 °C to 230 °C. Crystallization exotherm was recorded for 30 m@aat of these
temperatures. The crystallization exotherm was then analysagl thel Mettler software.
First order derivative of each of the exotherms was used innmdeteg more accurate
onset and endset of crystallization. The data thus obtained was pbessdiscussed in
section 2.6.1 to plot the fractional crystallinity and Avrami patamseas a function of
time. Time taken to begin the crystallization after reachthg crystallization
temperature, i.e., induction period,), was not subtracted from the crystallization time
while plotting the fractional crystallinity curves. It was doloe easy differentiation
between the crystallization behavior of polymers with regards tet afisrystallization.
Half-time of crystallization (i), time taken to complete the crystallizatiog), (&and time
corresponding to maximum in the exothermu{t,) were calculated by subtracting the
induction period. Degree of crystallinity was calculated at excthe crystallization
temperatures as discussed earlier in section 3.3.1.2. Avrami plascamestructed from
the data of fractional crystallinity vs time, using Eq. 2.14rafw exponent (n) and
Avrami rate constant (k) were determined from these plots. Wikileg Eq. 2.14, the
variable t was taken as the time after subtractipn§rom the time under consideration.

Thus Eq. 2.14 takes the form as given in Eq. 3.7.
In(—In(1 —X;)) =nln(t — 17y) + In (k) (3.7)

Non-isothermal crystallization kinetics of PPS, both in pellei$ #lakes form,
was also investigated using above DSC. Polymer mass takercfomemsurement was
kept around 3 +/- 0.05 mg. The samples were heated to 325 °C and 34théCGadée of
20 °C/min under B environment. Each of these temperatures was maintained for 10 min

to ensure melting of all the crystal nuclei. Subsequently, the wasdtcooled to room
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temperature at controlled cooling rates ranging from -5 °Ciani60 °C/min using liquid
nitrogen. The crystallization exotherm recorded during cooling tvas analysed using
the Mettler software. The fractional crystallinities weadculated as discussed above and
plotted against the temperature at various cooling rates. The, @esd and endset
temperature of crystallization, and degree of crystallinityetigped were calculated from
this data as described above.

Ozawa Eg. 2.15 can be rearranged in the form given by Eq. 3.8.

Log (-In(1-X(T))) = - n*log a + logyr (3.8)
where, X(T) is the crystalline fractioryr is temperature dependent parameter, a is the

cooling rate and n indicates growth dimensionality of the crite®llTo construct the
Avrami plots, fractional crystallinities at certain temperat during exotherm under
different cooling rates were consider&ots were constructred of log(-In(1-X(T))) vs
log a.

3.3.2 Melt spinning

Pilot melt spinning facility comprising of Fourne’ single scrextruder was used
for the purposes of producing the fibers using a screw withdf/R4. Freshly dried
samples of each polymer were fed to feed hopper. Dryald was continuously supplied
to the feed hopper. Set extrusion temperatures were 300 °C and 328 tke four
zones of extruder were set to same temperatures. It was abdbte the actual
temperature of the melt, immediately after the outlet ointleéering pump, as measured
by a thermocouple present in the path was around 15 °C higher theat teenperature.
These actual temperatures i.e., 315 °C and 340 °C are reported hbénddfe 12 hole
spinnerets with 0.8 mm diameter capillary, and L/D ratio of 10 anckre wsed. The
metering pump speed was varied to get two levels of desired throagtguhigh level
around 12 gm/min/12 holes and low level around 9 gm/min/12 holes. In allgég, the
speed of the extruder screw was adjusted such that the essdupz before the metering
pump remained in the range of 1000 psi to 2000 psi. Figure 3.4 shows the g@ichek
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spinning line (Figure 3.4a), and the multiflament bundle exiting fittva spinneret
(Figure 3.4b). The filaments were allowed to cool under room conditiore videing
pulled by a winder downstream. Down the line, spin finish of 10 % catemnt was
applied to all the yarns under controlled rate so that spin finiupicon the yarn was
approximately 1 %. Finally, the yarn was wound onto a package usirgésena high
speed winder at various take-up speeds. The spinning process condéisuomararized
in Table 3.2. For pellets 1P and 3P, being the lowest and the highédg¥ irespectively,
spinning was carried out at three levels of extrusion temperaarksted. Additionally,
1P was spun at 600 mpm and 2100 mpm at an extrusion temperature of 340af@. 3F
1F were tried to spin at extrusion temperatures of 315 °C using sgtinmién capillary
I/d equal to 10. Due to the processing issues related with thenfiBeufacture from
flakes, they were not spun with as many process variabtbsitasf pellets. For the same
reasons, the process-structure-properties relationship in thvs fin@nufactured from

flakes was not investigated.

3.3.3 Drawing of as-spun fibers

The as-spun fibers do not have a fully developed structure in tdrachievable
orientation and crystallinity. The highest tenacity that has lbebreved in the as-spun

state is slightly lower than four gpd for fibers spun from high MW polymers. I tyde

a) Melt spinning —Feeding the polymer. b) PPS fibers at spinneret exit.

Figure 3.4. Melt spinning line in operation.
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Table 3.2 Melt spinning process conditions for various PPS polymers

Throughput Take-up speed  EXtrusion temperatufg°C)
(gm/12 holes /min (mpm) 1P P 3P 4P
600 340
1025 (low) 315, | L., 315, | 4.,
Low- 9 1750 (medium) 340, 3 40' 340, 3 40'
: 325 355
2350 (high)
2100 340
600 340
2 o) 315, | 315 3151 215
High-12 1750 (medium 340 340 ::3)’4;% 340
2350 (high)
2100 340

push the tenacity to higher levels, as-spun yarns can be streicicedthey have peak
elongations higher than required in the products. There can be diffeagatin which

stretching of the yarns can be performed. The most commonly udedogee adopted in
present industrial set-up for PPS fibers is zone drawing. Tdrerefajor focus of the
work related to stretching of PPS as-spun yarns was usingghisique. In addition, as
an exploratory tool, other method studied was steam assisted draumdo the very
advantages of this technique over conventional zone drawing method, asneckri

the literature review section earlier. Following sections tilhite each of these

techniques, the instruments that were used for these purposes and the experiamental pl

3.3.3.1 Zone drawing and annealing

In this process, typically the as-spun yarn is drawn to its marimxtent either

in one zone, two zone or more than two zone set up at temperaturestigh@rof the

* Extrusion temperatures of 315 °C and 340 °C ansidered as low and high.
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polymer. Stretching is followed by heat setting,ia@nnealing the yarn to temperatu
above drawing temperatures. Anneg fixes the orientation achieved by stretching
the memory of the fibers, improves it further, aatbo helps in developing ti
crystallinity in the fibers. It is the combinatioof molecular chain orientation al
crystallinity that enhances the fibensile strength and modulus.

The drawing unit used for the purposes of stretghire a-spun yarns using di
heat was supplied by SAHM and is as showiFigure 3.5.The unit has three pair
rolls making two zones of drawing possible at maxim Temperature and speed of e
of the draw roll pair can be set independentlylyaaccurately using the control pan
The asspun yarn was fed to the first pair of drawl under slight tension using tensi
assembly in feed zone. The unit was modified téushe the annealing zone (four inct
long heater) as shown in the picture. In ordervoichthe yarn slippage onto the rc
during stretching, the yarn was wrapper certain number of times, around each of
roll pair. Asspun yarns were stretched to maximum possible datiov (DR) that yieldet
satisfactory processing performance without filataneaks. The drawing temperatu
(DT) above Tg, and higher anneal temperatures were used. The annealed yarns
wound on suitable packages using winder at a speed that the tension on the vy

after annealing zone remained more or less con:

" Draw Zone Annealing
Zone

Figure3.5 Picture of the one zone draw-annealing unit.
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In one zone drawing and annealing set-up, the temperatures ofalew and 2
were varied in the range of 85-120 °C in the steps of 5 °C. The&nma possible
drawing was achieved between the first two set of dravpaits, where speed of second
draw roll pair was higher than that of first draw roll pair. \Bmayarn was then annealed
at a higher temperature using four inch long annealing heatsdplsetween second and
third draw roll pair as shown in Figure 3.5. Referring toieawork of Carr and Ward
[31], initial annealing temperatures (AT) were set. The teaiper of annealing heater at
its inside surface was maintained such that the air tempedseto the inside surface
was around 150 °C. Based on the findings of these studies, few sateptes were
drawn at optimum DT of 95 °C and annealed at 190 °C using one loeteheater.
Around one percent relaxation was allowed during annealing. To maintéiorm
annealing time, throughout these experiments, third draw rolinzairset at the speed of
15 mpm. Some select samples were only drawn at a few drapetatures to isolate the
effect of drawing and annealing.

In two zone drawing and annealing set-up, the maximum possible drawsmg
split between first zone, i.e., the first two set of draw roit pad the second zone, i.e.,
second and third draw roll pair (Figure 3.6). During one-zone drengading studies, it
was observed that optimum DT is around 95 °C. Hence, in two zone draaliagne
studies, DT of first zone was set at 95 °C and that of secondwamé&ept at 100 °C.
These fibers were then annealed at 190 °C using one meter loradimgiheater placed

after third draw roll pair as shown in Figure 3.6.
3.3.3.2 Steam assisted drawing

The advantages of steam assisted drawing are high coefficiaeaibfransfer of
steam, absence of oxidizing agent, and plasticizing effect pedduc water in the vapor
form [148]. To achieve the best results, it is necessary to baper heated steam.
However, generation and using pressurized steam makes tha systglex. Therefore,
steam produced by boiling water in the conventional way was uskduwpressurizing.
Figure 3.7 shows the set up of the steam assisted drawing unit.
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Figure3.7. Set up of steam assisted drawing.
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A glass tube with proper constricted inlets and outlets fomsi@ad fiber was
kept inside the cylindrical furnace. Steam generated by boilingrwaas supplied to the
inlet of glass tube and allowed to distribute evenly throughout the eotirglass tube.
The furnace itself was heated to 1200 prevent any condensation of the steam within
the tube. A loop of as spun PPS yarns, 3 inches in length (so thatfearesiretching it
3-4 times, the drawn yarn would still remain completely insideltheich wide furnace),
was made with Kevlar® yarn at both ends as shown. The initiadldeingth of the PPS
loop was recorded. The purpose of using Keviga@ was that, under the experimental
conditions, i.e., load and temperature, there would be virtually no stretalriag in it
and the stress would be entirely experienced by the PPS yarrenr@re& the Kevlar®
yarn was fixed to the assembly. The Kevlar® yarn was theng#ssrigh the glass tube
after the environment inside the tube came to equilibrium witipéeatures remaining
close to 100C (along the whole length of the tube). The other end of Kevtam®ing
out of glass tube was passed over freely rotating pulley and @pytie desired weight
to achieve drawing of PPS yarns. Rough estimate of initial hwveay be applied was
calculated from the total breaking strength of the PPS stradddepending upon the
performance, the load applied was varied to achieve satisfadiormance. At the end
of one minute inside the furnace, the PPS fiber loop was taken outtrétolesd length
of the loop was measured. DR was calculated from the lengtie dddp before and after

drawing.

3.3.4 Fiber characterization

The fibers produced, i.e., as-spun, and, drawn and annealed, wereeriza
for various properties such as denier, tenacity and peak elongatemmorphology of
these fibers was investigated by measuring degree of d¢inisgalsing DSC and WAXS,
birefringence (overall orientation) using polarized light msécope equipped with tilting
compensator, crystalline orientation and crystal size using WAXE®} period using

SAXS, and melting behavior using DSC. Fibers were conditioneglaat for 24 hours
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under standard atmosphere of 23 °C and 65% relative humidity (RH) bestiregt and

were stored in a dark place. The details of these techniques are given below.

3.3.4.1 Fiber denier

One meter length of the multifilament yarn was weighed using a jonedialance
to the accuracy of 0.01 mg. Number of filaments in the bundle weasuresl. From
these readings denier of each fiber was calculated using eq.08.8aéh sample, five

readings were taken and the average is reported.

9000 X weight (gm) (3 9)

Denier =
length (m)

3.3.4.2 Tensile properties

The tensile properties of the as spun fibers were measuredausimging-Albert
tensile tester equipped with the load cell of 2000 gm. The testasgdone on single
filaments mounted on specially made tabs, to avoid fiber slippatfeijaws. For each
sample, 10 single filaments taken from various portions of the yare glued onto the
tabs using epoxy resin, and allowed to cure before testing. Gaugth | (distance
between the tab ends) used was 25.4 mm. Since as-spun fibersgea@xaensions, the
rate of extension for testing as-spun fibers was kept suclilibed broke in 20+/-3 sec
as recommended in ASTM standard D3822 [162]. Drawn fibers were testdte
traverse speed of one inch per min. Average of 10 readingpasted for tenacity and
breaking elongation %. Tensile modulus was calculated from tdeeloagation plots in

the initial region of up to 2% elongation.

3.3.4.3 Degree of crystallinity

Degree of crystallinity of fibers (X) was evaluated ugivg different techniques,
DSC and WAXS.

To determine X using DSC, Mettler 82RSC was used. It was calibrated using
the standard indium and zinc samples for heat of fusion and teomgelag. Around 4
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mg of fibers was packed in the aluminum pan and heated to 325 °C atn2idn i@der
N, atmosphere. The Degree of crystallinity was calculated as desaribedtion 3.3.1.2.

As has been reported in literature by various investigatoggod account of
which is provided by Jaffe [163], that the mode of packing the fiberBSC pan
influences its thermal response. Especially when packed by chopipenfijpers undergo
relaxation during heating cycle of DSC, and no longer representitiginal sample.
Therefore, preventing such relaxation during heating is importamderstand thermal
and stress history of the original sample. Todoki and Kawaguchi [164] have repatted t
in the case of nylon 6 fibers, when packed by chopping, the meltinghenmdoccurs at
lower temperatures than when packed in a manner to prevent &xatiah during
heating. Similar observations were made by us in our laboratorsefaral PPS fiber
samples. Among various ways of packing the samples in DSC parevenprthe
relaxation, knotting the fiber samples is quicker and easier, antheeefore used in this
study. While preparing the knotted samples, care was taken rsttetoh the fibers,
which otherwise may change stress history of the samples, amdoteetheir thermal
response.

To evaluate the crystallinity index using X-ray diffraction, pinhpkgterns of
parallel arrays of multiflament yarn laid on the sample holdere obtained using the
Molecular Metrology WAXS system on reusable Fuji image plat@is system produces
X-rays of wavelength 1.5418 A° using monochromatic €u&diation. It operates at 45
kV and 0.66 mA and the beam size is around 30 um. The sample ttidihnce was set
at 36.52 mm. Images obtained after enough exposure were subsege&atlysing the
scanner, the FujiX-BAS 1800II image analyzer. Since calculatiaerystallinity index
by this technique requires the knowledge of contribution due to amorphatisrfraan
amorphous film was made from polymer 3P by hot pressing at 32:dGhan was
cooled rapidly using ice water bath. Film thus made possesseditilergrystallinity
when analysed by DSC. Its pin-hole pattern obtained using WAXS shesgsentially
amorphous structure (Figure 3.8a). Subsequently, these patterns wesetemb into 2

vs intensity plots using the Polar software. Using the softRaekfit 4.0, the multiple
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peaks in diffraction patterns were deconvoluted into peaks at vafiorguzs. The peak

fitted plot of amorphous film is as shown in Figure 3.8b. Three broa#tspeere
assigned as contributions due to amorphous fraction and the small naakvatp®

equal to 18.7 as contribution due to crystalline fraction. Unlike comnpueriseived one
broad peak as contribution due to amorphous fraction, using Rietveld modeling Morton et
al. [165] reported that in the case of PPS, amorphous fraction exhieiesto four broad
peaks. We observed similar multiple peaks in above amorphous PBSTierefore, in

the case of analyzing crystallinity index of fibers, $amthree to four broad peaks were
first assigned as amorphous fraction contributions and then thénnegnportion of the
diffractogram was considered as contribution due to crystallaetidn. Crystallinity

index thus obtained using Eq. 3.10 was fairly close to that determined by DSC.

Ic
Ic+1,

X = X 100 (3.10)

where, | is the sum of diffraction intensities due to crystallinetfoacand } is the sum

of diffraction intensities due to amorphous fraction.

Pk=Pearson VIl Amp 4 Peaks Bg=Linear
rMz=0.996012 SE=0000582235 F=8323.84
= 0.05
= 0.045
1} 0.04
; 0.035
? - %‘ 0.03
J-Br h\ D.DEE-%
’f \" z 0.02 =
/{(f \\ K 0.015
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Figure 3.8 Amorphous film: a) WAXS pin-hole pattern, b) peak fitted curve.
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3.3.4.4 Crystalline orientation

Since it is shown by Tabor et al. [46] that the crystal siracof PPS is
orthorhombic, a minimum of two planes are required to calcstates?dp;, > [166].
The pin hole patterns obtained using WAXS as discussed above weretezl/dhra
azimuthal intensities corresponding @ & 18.8°, 20.4°, 20.6° and 25.6° that represent
the crystal planes (110), (200), (111) and (112) respectively. From thathal intensity
distribution of plane (hkl) perpendicular to the crystallographic,akig. 2.9 was
employed to calculat& cos?¢y > for any of these two planes depending upon which
ones were more visible. Since the crystal planes (200) and (11dyatapping, Peakfit
4.0 software was used to deconvolute these two pEaks3.11 to Eq. 3.14 were derived

to calculateros? ¢, , along the fiber axis based on any of the two planes:

2
cos?¢., = 1.43 — 2.45 X cos? P11, — €05 200z 3.11
» ’ 1 2

cos*p., =1 —(0.5813 X cos® g0, + 1.4187 X cos®dy10,)  (3.12)
cos*¢p., = 5.7454 X cos®*¢q11, — 4.7454 X cos®Py10, (3.13)

cos*¢., = 2.1863 X cos® P12, — 1.1863 X cos?dy19, (3.14)
Using either of above values ofs*¢, , in Eq. 2.8, Herman'’s orientation factor

for crystalline region () was calculated.

3.3.4.5 Birefringence

Birefringence was measured using a polarized light opticalostope equipped
with a 20 order Ehringhaus compensator. Amount of retardation requirethrfioest
possible extinction of the fiber under crossed polars was measyredtdiing the
compensator. To determine the extinction with more accuracy, momoaticdight filter
of 587 nm was placed above the polarizer. Fiber diameter at the\pbere retardation
was determined, was measured using the Image-Pro softwane online image of the
fiber captured using digital camera. Uncorrected retardaligi \as calculated as the

average of three readings for each sample.
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As discussed in chapter 2 (section 2.5.4.1), to take into account the fringe jumping
phenomena that occurs in polymers like PPS, corrected retardatjowdbl calculated
using Eg. 2.6. In order to apply the correction tpusing Eq. 2.6, degree of dispersion of
the compensator used{Pand that of the polymer under consideratiop) (ere needed
to be known. Based on monochromatic lights of three wavelengths, 486 nm, Z88%inm
656 nm, 3 as provided by the compensator manufacturer is 0.0411. Using Eq. 2.5 and
monochromatic light filters of above three wavelengths, we caédilR, and it was
found to be 0.1397 for PPS. Using corrected retardation values, Eq. 2etnpiayed to

calculate the actual birefringence of the fiber.

3.3.4.6 Amorphous orientation

From the birefringence obtained as discussed in section 3.3.3.5 aralliogyst
orientation factor discussed in section 3.3.3.4, the amorphous orientatioaladated
using Eq. 2.11.

For PPSA° equal to 0.27 was reported by Maemura et al. [30] and 0.333 by Carr
and Ward [31]. The values reported by Maemura et al. [30] were loas&d equal to
0.2795 andA,,, equal to 0.25805. The level of corrected birefringences measured in
fibers in the present research were up to 0.31 and henhoeported by Carr and Ward
[31] was considered herein. Using Eq. 3.15 [30], Eq. 3.16 [167] and Eq. 3.17 £167],

andA,, were calculated to be around 0.3463 and 0.3197 respectively.

A° = Actban (3.15)
A =k p, (3.16)
A;m =Kk *pam (3.17)

where, k is a constant ang and p,,, are densities of 100% crystalline and 100%
amorphous regions, equal to 1.43 ang,,,equal to 1.32 as reported by Tabor et al.

[46] were considered.
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3.3.4.7 Dynamic thermo-mechanical analysis

Thermo-mechanical response of as-spun fibers was evaluateq U%\
instruments’ dynamic thermo-mechanical analyser (DMA) ieserQ-800. The
multiflament yarn of 8-10 mm length were subjected to fixeditensf 0.05 N and
oscillating frequency of 1 Hz. Temperature profile used was 2%°@00 °C at the

heating rate of 3 °C/min.

3.3.4.8 Crystallite size

3.3.4.8.1 Crystal thickness

From the WAXS pattern, the mean crystallite size was éed using Eq. 3.18,
which is the Scherrer equation [168, 169].

K2
Pox*cos 6

Lhkl S (318)

where, Ly is the mean dimension of crystallites perpendicular to the plaks o is

the full width at half maximum (FWHM) in radians of the (hkl) m#ain WAXS

diffractogram, K is a constant and considered as 0.96arlsdone-half the diffraction
angle of plane (hkl).

To obtain more appropriate value @§, the correction due to instrumental
broadening (b) was applied to the measured FWHM (B) of plane @iklje the WAXS
profiles for polymers are generally broad, Gaussian distributisnpposed to be more
appropriate [170] than Cauchy distribution. Hence, Eq. 3.19, based on the assuwhption

Gaussian profile, was used to apply the correction.
B3 = B? — b? (3.19)

In order to obtain FWHM (B) of two strong reflections of planes (E@) (200),
the WAXS pin-hole patterns were evaluated using POLAR sadt@r X-axis scans
with Y coordinate at center with a line width of 15 pixels whbee pixel size was 0.05

mm. Intensity vs @ profiles were peak fitted for contribution due to amorphous fraction
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and then for peaks af 2qual to 18.5and 20.8 corresponding to (110) and (200) planes
respectively.

In the absence of availability of PPS polymer sample withiderebly larger
crystallite size to measure instrumental broadening, itagasmed that the value of b
determined based on the Silicon (Si) standard evaluated under\W&XS instrument
parameters would be suffice. Based on the Si standard, b was foundetpdleto
0.6282.

Above discussed FWHM of (110) and (200) reflections indicate theatrsize
perpendicular to the fiber axis. In order to verify the resulteraj period from SAXS,
method of which is discussed below, it was necessary to detefmeireystal length, i.e
crystal dimension along the fiber axis. FWHM of (00l) reflections indidedectystal size
along the fiber axis. Therefore, few select fiber samplesewanalysed for (0Ol)
reflections using the Phillips diffractometer in transmissioongetry. Based on the
crystal structure study of PPS carried out by Tabor e#8], [00l) reflections such as
(002), (004) and (006), if present, will occur & &jual to 17.28°, 34.98° and 53.59°
respectively. Culk X-rays were used with generator settings at 45kV and 40mA. Fixed
divergent slit with 1 mm opening was used. The parallel arrayauttifilament yarn
were wound on a specimen holder, and the sample holder was set up anveagtihat
only (00I) reflections will occur from PPS fiberd) &an in the range of 10° to 60° was
carried out with one second per step. WAXS reflections were retobge the
Goniometer. Subsequently, with the help of the X’'pert High Score Blisase, the
peaks corresponding to (00l) reflections were evaluated for FWHMdBr ¢o consider
the effect of instrument broadening, the Si standard was evaluatknt same WAXS
geometry. The correction due to instrument broadening was appldidcassed earlier
using Eq. 3.17.

3.3.4.8.2 Long period

Long period is the mean repeat distance of the crystallkama the direction of
the fiber axis, i.e., it is the sum of crystal length and tingtke of amorphous region
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followed by it. Assuming that the fiber structure is of twog#aconsisting of crystalline
(ordered) and amorhous (non-ordered) phases, long period can be obtained &otn Lor
corrected small angle X-ray scattering (SAXS) intengitfiles using Bragg's law [171],
using Eq. 3.20.

ni=2dsird (3.20)

where, d is interplanar spacing), 8 scattering angle aridis the wavelength of X-ray.

In SAXS, the scattering intensity () is usually recorded ueiscattering vector
(q = 4sinb/)). Therefore, an alternative form of Bragg'’s law is preferrethe form of
Eq. 3.21.

A 2n 2
= = __2 (3.21)
2sin6 4msinf/2 q

At the same time of WAXS measurements, X-rays diffractesinaller angles
were detected by 2-D detector for scattering pattern image amgquiSample to detector
distance was 1.5 m. The MathCAD data treatment program devedgachreiber [172]
was used to convert the SAXS patterns into intensity vs scatteeictor (g). The long
period, L, (corresponding to spacing d in wide angle) was determined frgmsing Eq.
3.22, where @gax corresponds to the maximum scattering intensity in the Lorentz

corrected intensity profiles.

2

L= (3.22)

qmax

Assuming two-phase semi-crystalline model, the lamellarktigiss (I) was
calculated from long period by multiplying crystallinity (X),tdenined from DSC or
WAXS, using Eqg. 3.23.

1=Lx*X (3.23)

It is important to view above values of long period and lamellakilegs with
some caution. Since L determined from Lorentz corrected intemsig is the weighted
average of semicrystalline polymer [173], the corresponding lamntkltzkness is also a

weighted average value. In addition to assuming the ideal two-plada, ithis method
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also assumes the homogeneous lamellar structure. Howevesl ipolgmer systems
from bulk crystallization, there exists transition (or inteidczone between crystalline
phase and amorphous phase. Thus in reality, there exists distribukomy spacing and
lamellar thickness.

3.3.4.8 Scanning electron microscopy (SEM)

Surface morphology of few select fibers was evaluated usi@ SEM. The
draw-annealed fiber was carefully cut longitudinally using rdstade to reveal internal
structure. Also fiber's cross section after tensile fractuas analyzed. Gold sputter
coating was avoided to reveal the true fiber morphology in SEM. Sarogles were not

sputter coated, lower beam voltage, 1 kV was used to prevent sample charging.
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Chapter 4. Results and discussion

In this chapter, the results of the work done so far are reportediseussed.
These include investigation of various polymer properties as listed emgerimental
section, producing fibers by melt spinning of PPS, drawing and annesliag-spun
(AS) fibers, observations on their behavior during melt spinning and anaealing, and
the morphology and properties of fibers manufactured from all theypas of pellets as

listed in the experimental section.

4.1 Polymer properties

4.1.1 Molecular weight

The overall weight average MW of PPS resins determined by s$ighitering
detector in GPC is shown in Figure 4.1. Due to the confidentialitgeaggnts with
Ticona Polymers, y-axis is plotted in arbitrary units insteadabfial MW values. It is
clear that the order of overall molecular weight of the pelgmis 1 < 2 < 4 < 3. Within
the family of polymers with similar chemistry, MW of 2P lgktly higher than 1P, but
that of 3P is noticeably higher than 2P.

1P 2P 3P 4P

MW (arbitrary units)

Figure 4.1 Number average MW of various pellets.
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4.1.2 Thermal properties

All the seven varieties of PPS were studied for theirtingeland crystallization
behavior using DSC. The DSC thermograms of heating, cooling and seain) e
shown in Figure 4.2 for pellets and flakes. There is no signifidéference between first
and second heating cycle in the case of pellets (Figure 4.2aptexcsmall endotherm
during first heating cycle at around 150 °C before the polyméisrnempletely in the
temperature range of 250-290 °C. This small endotherm may bi® doelting of some
imperfect crystals formed in the pellets during drying at ®20Change in appearance of
the pellets from transparent to opaque, and the sticking tendencyehetiae pellets
observed after drying, confirm crystallization of pellets duringindy. Small melting
endotherm slightly above the annealing temperatures is repartbe icase of PPS by
Maemura et al. [151] and in the case of PET by Cakmak et al}, [AB@ was attributed
to melting of imperfect crystals formed during annealing.

The thermal behavior of various polymers is summarized quantitatively
appendix 2. In the as-supplied form, flakes show higher degree stéltinity ranging
from 34% to 49%, whereas corresponding pellets possess fraction aiytbiallinity
ranging from 8% to 19% (except 4P, which was crystallized fully in its as-sdgplim).
During pelletization, the melt was allowed to crystallize onlyhie extent so that cutting
into pellets became possible. After cutting, the pellets weuielyaquenched and hence
only partial crystallization could take place in 1P, 2P and 3P. gehanappearance from
transparent to opaque and slight sticking tendency of the pelie&sved during drying
suggest that crystallization was taking place during dryingeatemperature of 120 °C.
Occurrence of crystallization during drying is further suppoltgdhe data reported in
appendix 2. Calculations from the heat of fusion of the pellets fafs¢éreating cycle
show that the degree of crystallinity in dried pellets is iImhbigher than that present in
the as-supplied form. As compared to pellets, the degree ofaltiryst of flakes
determined after first heating cycle is to the similar lldeend in as-supplied flakes
which suggests that in the as-supplied form, flakes were crgsthlclose to their

maximum crystallization potential.
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Figure 4.2 DSC thermograms during heating a) Pellets, b) flakes.

The important observations from DSC thermograms obtained durstdh&ating
crycle (Figure 4.2) are discussed here. Within the group of polymvihs similar
chemistry, the order of onset, peak and endset temperature ofgnelpellets is 1 > 2 >
3. Higher the MW, comparatively more chain entanglements raagecformation of
somewhat less perfect crystals, and therefore melt eavladting behavior of 4P, which
is reported to possess somewhat different chemistry than othetis ped not noticeably
different than other pellets. The onset of melting is at sligbther temperature in 3P
than in 2P than in 1P. If the relative decrease in peak melting temperature frofthiea
corresponding flakes is observed, polymer 3 shows the maximum skecfaround 17
°C. Referring to MW study, since PPS3 is of higher MW than PR&2 PPS1, more
entanglements due to higher MW and probability of branching and/os t¢irdsng
during pelletization may be leading to the formation of comparativelyks$sct crystals
in pellets causing the melting endotherm to begin at a lowereteture in high MW 3P.
3F melts over a wider temperature range than other flakes tindicaider crystal size
distribution in this polymer that can be attributed to its high MWhilar to the
discussion above made in the case of pellets. The melting endothéiekesf seems to
be bimodal whereas that of the pellets do not show such behavior.intiiates
distinctive differences in the crystal sizes in as-suppliekei. Higher peak melting
temperature (by around 15 °C) and higher degree of crystallinityq¥5%) is observed

in flakes than in corresponding dried pellets. Different thermabtyigif pellets vis-a-vis
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flakes may be the cause behind this phenomenon. After polymerizatiees fee dried
for longer durations. Slow drying for longer period may cause enduwagh mobility and
bring more chains into crystalline order alongwith better atystrfection (larger crystal
size) in flakes, resulting into higher peak melting temperatudehagher crystallinity in
flakes. Since pellets are quenched rapidly during pelletization and alsaiest later on
for short duration, time-temperature conditions may not be as condacpadléts as in
flakes for crystallinity and crystal size growth. WAXS {hiale patterns shown in Figure
4.3 exhibit highly crystalline nature of flakes and diffractoggaatso reveal presence of
sharp peaks corresponding to several crystal planes. Crysgadlaigrmined by DSC/X-
ray in pellets and flakes was 30%/35% and 45%/51% respectiveistaCsize based on
plane (110) was 124 A and 64 A in flakes and pellets respectivielys &vidence of

considerably larger crystals and higher crystallinity is seen bgyXn the case of flakes.

= _
—3F

Intensity

A

10 20 30 40 50 60
20

Figure 4.3 WAXS pin-hole patterns (top) and diffractogram (bottom) of 3P and 3F.
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The important observations from DSC thermograms obtained durirandsec
heating crycle (Figure 4.2) are as follows. With increase in bfVpellets and flakes,
melting temperature decreases slightly from 1 to 2 to 3, essethe degree of
crystallinity decreases noticeably. This trend is similathat observed during first
heating cycle, and can be ascribed to the same reasons disdosged Tdhe melting
endotherm and degree of crystallinity of each of the pelletsersécond heating cycle
appear similar to that observed in the first heating cycle. edewy there is noticeable
difference in the endotherms of flakes between first and secatthdnecycle. After
second heating, the flakes exhibit similar melting behavidhaisof the corresponding
pellets. As compared to the first heating cycle, during seceating cycle, the peak
melting temperature decreases by more than 10 °C. To ensurthehdifferences in
melting endotherm during first heating cycle between pelletdlakes were due to the
difference in their previous thermal history, one of the flakes was mad®dergo a third
heating cycle. The peak melting temperature in the third cgdemilar to that found in
the second heating cycle. For the same type of polymer, trealef crystallinities of
flakes are slightly lower than that of the pellets. It maybbeause flakes have slightly
higher MW than corresponding pellets. Degree of crystallinitasrsupplied flakes is
much higher (more than 15%) than that obtained in it after it bas through heating
cycle. Also the melting endotherm of as supplied flakes is narrowerttabaftthe flakes
undergoing second heating. This may be due to the manner in whitdl dergelopment
occurs in flakes during polymerization, as discussed earlier.

The observations during cooling of the melt i.e., crystallization behav¥iail
seven varieties of polymers was extensively studied, and is desclasr in the section
4.1.4 dealing with crystallization kinetics of these polymers.

4.1.3 Rheological properties

4.1.3.1 Melt flow rate (MFR)

The results of MFR analysis are given in Table 4.1. MFR of thgmgok is in the

order of 1 > 2 > 4 > 3. This suggests the order of MW is 1 < 2 <4 < 3, and is similar to
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Table 4.1 MFR (gm/10 min) of PPS

Polymer type, 1 2 3 4

Pellets(P) | 190 | 150, 61 91

Flakes (F) | 188 | 141| 57

the order of average MW obtained by GPC. Slightly lower MFRuUsd for flakes than
for corresponding pellets indicating that MW of flakes is somewigiter than that of
the corresponding pellets. DSC analysis of the black-brownish depositiPPS inside
the barrel at the end of the MFR test for one sample, i.e., aff@oximately 30 min
exposure to higher temperature, revealed that the heat of fusionsah#terial was
around 20 J/g compared to 34-54 J/g for the original polymers. This teslitdaat
significant degradation of PPS occurs over prolonged heating.study on thermal
degradation of PPS, Christopher et al. [19] reported that degradatdocgs can be
accounted for by chain scission and transfer reactions. They lsveegbrted that the

cross-linking reactions play an important part in the degradation of PPS.

4.1.3.2 Shear viscosity

Shear viscosity of the various grades of PPS was analysed umpiltary
extrusion rheometer under various conditions. The effect of sheaomathe shear
viscosity at the temperature of 325 °C is shown in Figure 4.4. Theasurements were
carried out using a capillary with I/d equal to 10. All the polsgnghow shear thinning
behavior i.e., the shear viscosity decreases with increase inrateearhe order of shear
viscosity is 1 < 2 < 4 < 3, and follows the same order as th#teoMW of these
polymers. Flakes exhibit slightly higher shear viscosities ttraresponding pellets. This
observation is also consistent with that of the MFR results. In atsopawith flakes,
corresponding pellets are obtained after extrusion processitigkbs. Therefore, slight
reduction in the MW of pellets is expected as compared to thdteotorresponding

flakes. Lower shear viscosity, and higher MFR of the pellets than correspolatties) f
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Figure 4.4 Shear viscosity of various grades of PPS at@25

also indicate lowering of the MW upon thermal processing into peldthigher shear
rates, the difference in shear viscosities between the pdyisdess than that at low
shear rates.

To study the effect of temperature on shear viscosity, in additoabbve
discussed measurements at 325 °C, measurements were carrie@1&ut@tfor all four
pellet types. The shear viscosity results at two tempestare shown in Figure 4.5.
These measurements were carried out using a capillary with I/d edi@alPseudoplastic
behavior of all four polymers at both the temperatures can beFseeihe given grade of
PPS, the shear viscosity decreases with increase in teorper&tigher level of
molecular motions at higher temperatures reduce the resistaflo® tand thereby shear
viscosity decreases with increase in temperature.

Effect of capillary I/d on melt pressures at the entrycapillary were studied
using capilaries of I/d equal to 5 and 10. The comparison was made yargpdP at
barrel temperature of 315 °C and results are shown in Figure 4.6 at fewsbekactates.
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At all the shear rates studied, pressures at the entry toagiibay increased with
increase in capillary I/d. Direct consequence of it will be higheairséteesses during melt
flow inside the capillary with higher I/d. At higher shear s$es, more amount of energy
supplied is used in orienting the molecular chains in the directidiowfwithin the
capillary and causes lesser relaxation of the melt upon exrong spinneret. Thus the
orientation achieved within the capillary is retained to greateyunt in the melt coming
out of spinneret when capillary of higher I/d is used. Thereforersfipeoduced using
higher I/d capillary will be more anisotropic in structure whibtter chain orientation

along the fiber axis, which is desired to improve fiber tenacity.

4.1.4 Crystallization kinetics

The studies carried out on the isothermal and non-isothermal lizgsian
behavior of various grades of PPS using DSC are discussed indiing sk isothermal
as well as in non-isothermal crystallization kinetics studiesler few conditions in the
case of high MW polymers, multiple peaks were observed in the exothesuch cases,
the onset and endset calculated by DSC software were found imt@cclinerefore, for
the entire study on crystallization kinetics, the initiation-poartd end-point of
crystallization exotherm was determined based on the first olkel@rative of each of

these curves.

4.1.4.1 Isothermal crystallization kinetics

Using the DSC, the isothermal crystallization kinetics oforeigrades of PPS
were studied. The results obtained by melt crystallization are discussesisadtion.
4.1.4.1.1 Time-temperature dependence of crystallization

Fractional crystallinity plots for various PPS grades at wdiffe crystallization
temperatures are shown in Figure 4.7. Melt holding temperature was 3B5s @ be
noted that time scale is logarithmic. For a given polymerh vdecrease in the

crystallization temperature, induction period decreases i.e., crydiatiztarts earlier.
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Figure 4.7 Fractional crystallinity plots of various grades of PPS.
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Also, t» and time to complete the crystallization is lesser at loorgstallization
temperatures. These observations are true for all the polymer grades tinebfotms i.e.
pellets and flakes. These findings are in agreement with ticslier investigators [38,
50], and can be explained on the basis of chain mobility. As the ¢tnatiah
temperature moves away from melting temperature, driving fércecrystallization
increases. With sufficient molecular mobility, conditions becomer&ble for enhanced
nucleation rate and crystallization, causing lower induction peradhigher chain
mobility present at higher crystallization temperatures, ithe tequired for molecular
chains to come together sufficiently for crystallization bee®ntarger and hence
induction period increases. Even after the crystallization begintsgihapain mobility at
higher crystallization temperature requires longer time topbet® the crystallization. In
all the cases, below the lowest crystallization temperatorewhich the plots are
reported, crystallization was rapid and happened during cooling thdéefieie reaching
the study temperature. Thermogram for one of the sample (1P) i shdwgure 4.8.
Above the highest temperature reported in Figure 4.7, crystalhzatas observed after
the isothermal segment was over. In few cases, as showngumeF4.7, at higher
crystallization temperatures, the upper part of S-shaped cuabseésit indicating that the
process of crystallization was not over during 30 min period. Allth& above
observations confirm the influence of time and temperature on lizatian behavior of
PPS through controlling the molecular chain mobility.

O T T T 1
0 100 200 300 400 500
Time (Sec)

Figure 4.8 Crystallization exotherm of 1P at 2€0
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The degree of crystallinity is plotted as a function of cryigttibn temperature in
Figure 4.9. For a given polymer, there exists an optimum tempenatachieve higher
degree of crystallinity. Above this optimum temperature, high@incimobility may
partially restrict the development of crystallinity duringtileermal segment. On the other
hand, below optimum temperature, reduced chain mobility may preless packing of
chains as desired for crystallization.

Avrami plots corresponding to 15% to 75% of fractional crystalésitivere
plotted using Eq. 3.7. Linear trend lines fitted using regressiogsasahre shown Figure
4.10. The value of Rfor all of these curves is found close to one, and indicates that the
data is almost linear at all the temperatures studied. Thamhegonent (n) i. e. slope
of each of these plots, do not vary much as a function of crystadin temperature and
varies between two and three with a definitive trend. Similaresabf Avrami exponents
were reported by Jog and Nadkarni [36], and Menczel and Collins [BgErAlix 3 lists
various parameters of crystallization kinetics for severategaof PPS at different

crystallization temperatures.

H220 E225 H230 E235 E240 EH245 E250 0255 H260

Degree of crystallinity (%)

[\*]
=]
|

15 -

1P 1F 2P 2F 3P 3F 4P
Polymer

Figure 4.9 Degree of crystallinity of various grades of PPS8ifeerent crystallization
temperatures.
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Figure 4.10 Avrami plots of various grades of PPS.
101



Higher values of Avrami exponent are observed at higher diyatain
temperature indicating that the crystal growth dimensions irereath increase in
crystallization temperature, may be due to lesser number of inaol® slower
crystallization kinetics, thus providing enough space for crystal thromwv more
dimensions. Non-integer values of n, in almost all cases, suggestodeneous
nucleation with linear growth. Avrami exponent (n) equal to two indscetgstal growth
in two dimensions and n equal to three indicates growth in threensioms i.e.,
spherulitic growth. Y intercept of each of the Avrami plots giveAlmmi rate constant
(k) and indicates crystallization rate. The values of k under vadonditions are also
listed in appendix 3. For a given polymer, with increase in crystallization tatape, the
rate constant decreases. It implies that the rate of dizat@in decreases with increase
in temperature, thus taking longer time to complete the crysiiatin at higher
crystallization temperatures.

4.1.4.1.2 MW dependence of crystallization

In order to understand the influence of MW on crystallization kisgtiee data of
isothermal crystallization was plotted for all the polymaxestigated in terms of several
parameters that explain the crystallization behavior. Thesghaken in Figure 4.11 and
Figure 4.12. Melt holding temperatures were 325 °C. The actual svaltighese
parameters are given in appendix 3. Taking note of the fact thidwegiolymers could
not be studied at similar crystallization temperatures, higteepolymer MW, lower is
the temperature at which crystallization occurs. Increasauiious crystallization time
parameters (Figure 4.11) and decrease in crystallization oaigtant (Figure 4.12a)
suggest that higher the polymer MW, slower is the crystatzatThe degree of
crystallinity developed at various crystallization temperatiseshown earlier in Figure
4.9. There exists no considerable difference in crystallinity $elbetween polymers of
grade 1 and 2.

Above observations of crystallization behavior of grade 1 and gradeyZbena
explained on the basis of their MW and MWD. MWD plots for peléts shown in
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Figure 4.13, and indicate noticeable overlap in the low MW regiondest 1P and 2P.
Excluding low MW region, the entire MWD plot of 2P seems to beatdw slightly
higher MW. Both these observations suggest somewhat wider MWD fdhaP for
grade 1P. Similar observation was made between 1F and 2F. Thus wider MWiaveay
caused grade 2 to crystallize faster than grade 1. It lesreported that wider MWD
leads to faster crystallization [174].

3P exhibits lower degree of crystallinity (Figure 4.9), chjigation at
considerably lower temperatures (Figure 4.11), and slower ciyatah rate constant
(Figure 4.12a) than 1P and 2P. This behavior can be correlated todtiegably higher
MW than 1P and 2P (Figure 4.13). The MWD plots shown in Figure 4.13\cieditate
the MW differences of 3P as compared to 1P and 2P. For a given paewe of 1 and
2, flakes crystallize slower than corresponding pellets (EBigutl and Figure 4.12a).
The reason can again be attributed to somewhat higher M\akefsflover corresponding
pellets. Similar crystallization dependence on MW has been repeatéidr by several
investigators [36, 38, 50, 94, 95, 99, 102]. This behavior can be explained on thefbasi
chain mobility. At a given temperature, more number of entanglemanhigh MW
polymers reduces the chain mobility, and thereby causes thallizgsion to begin after
longer time and proceed slowly.

Smaller time parameters of crystallization (Figure 4.11) agldmicrystallization
rate constants (Figure 4.12a) suggest that 3F crystallizes taaste3P. MWD plot of 3F
is compared with that of 3P in Figure 4.14. Even though the overalisviigher for 3F,
plot in the low MW region suggest that 3F possess higher amount of Wbwrattions.
Thus higher low MW fraction alongwith wider MWD associated witiméty have caused
3F to crystallize earlier than 3P. Lower oligomer content inh& in 3F is due to the
fact that during pelletization, these low MW fractions volatiland escape from polymer
system upon extrusion. Therefore, faster crystallization behavi8F dhan 3P can be
explained in a similar manner as that discussed earlier amaarison of 2P vs 1P and
2F vs 1F.

The crystallization behavior of 4P, grade that possesses slightly different
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Figure 4.13 MWD plots of pellets.
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Figure 4.14 MW distribution plots of various grades of PPS.

chemistry than other polymers, needs special mention here. edefrerystallinity
developed (Figure 4.9) and the temperatures at which crystallizatistherms occur
(Figure 4.11) in this polymer are lower than 1P and 2P. This is an expected trend since 4P
has higher MW than 1P and 2P. Therefore, hindrance to chain mahiktyto higher
chain entanglements plays the role in above phenomenon. However, i@em g
crystallization temperature, the time parameters of 4R@rparable to that of 2F. The
exact reasons for this anomaly are not clear, but may belated with the results
obtained in MW studies. The low MW peak based on RI results is abtcewer in 4P
than in all other polymers, which may be attributable to its @iffechemistry. Details of
the chemistry differences are not known to us. Tying all of theredisens together,
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higher MW components in 4P may be delaying the onset of crgatain than in grades
1 and 2. But once the crystallization begins, comparatively low M@bwlers may be
leading to faster crystallization.

At a given crystallization temperature, effect of MW on Avraxponent is not
significantly different. However somewhat higher n is observed densig in high MW
polymers than in low MW polymers (Figure 4.12b). Probable causthi®rconsistent
observation may be associated with comparatively lower chain tyoisilihigh MW
polymers, and hence slower crystallization process, providing morendional space
for crystal growth. The rate constants reported in literature [J6gré6Rarious grades of
PPS are much lower than those obtained in current research stidiggobable reason
may be that the past results were obtained using Ryton® PRS hds more branched
structure as compared to Fortron® PPS used in current studies. Bengg linear,
Fortron® PPS may exhibit higher rate constants than Ryton® Ri#*SeWw grades of
Fortron® PPS, Menczel et al. [38] have reported the rate constabésof the order of
102, which are in the range found in the current studies.

At all the temperatures studied, maximum in the crystaéiimaoccurs earlier
(lower tyumay (Figure 4.11b) than that at 50% of crystallinity (highg) {Figure 4.11c).
This indicates that the crystallization exotherms are posptiskéwed. Thus it can be
deduced that initially the rate of crystallization is fasted reduces subsequently. Faster
crystallization can be termed as primary crystallizationsafbequent crystallization can
be termed as secondary crystallization. Presence of crgstaiirmed during primary
crystallization reduces the chain mobility, and therefore the ddt crystallization
decreases during secondary crystallization. Based on cizeiaih kinetics by DSC and
FTIR, primary and secondary crystallization was reported in PPS by Y %T]a

4.1.4.1.3 Effect of melt holding temperature

Earlier investigators [67, 103, 126] have reported that PPS is sbkeept
thermal degradation. Therefore, the temperature at which the giwengrak held above

its T, may also have an influence on the crystallization behavior of tlyenpd. In
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order to study this influence, high MW PPS i.e., 3P was studied ystatlization
kinetics by heating it in DSC to 340 °C for 10 min. before coolingdhapio the
crystallization temperature of study. Results of these stuekes compared with above
discussed results for this polymer at melt holding temperatu@2sf°C. At a given
crystallization temperature, the crystallization exothermsoroed after heating the
polymers to 340 °C were significantly slower than those recomiethém after heating
to 325 °C (Figure 4.15). Also, the plots of the fractional crysigfli(Figure 4.16a), and
decrease in crystallization rate constant (Figure 4.16b) sudbgastcrystallization
happens very slowly after holding the melt at higher temperaturae slower
crystallization kinetics after heating the polymer to highemperature above ]
suggests either of two reasons. One could be that all the nieleb@pletely destroyed
at higher temperatures, whereas a few may be remainingwat temperatures of
heating. Since the endset of melting is around 285 °C for polymer 3R¢eshaf
unmolten nuclei at 325 °C after 10 min may be ruled out. Other protedserr could be
that thermal degradation of this high MW polymer when heat eeatt higher
temperatures like 340 °C, which leads to more branching and ankssglias suggested
by Brady [67]. Further studies may need to be done, of remeltinge%at°C and
recrystallization, of the samples melted at 340 °C, to understarwhtises behind slow
isothermal crystallization phenomenon after holding the melt at ihighgperatures like
340 °C. Such a study may show if slower crystallization and lowystadlinity are due to
degradation or other complexities. Slow crystallization after hgldhne melt at higher
temperatures and/or for longer duration was reported due to degratathe case of

poly(3-hydroxy butyrate) since it is sensitive to higher temperatures [175].

4.1.4.2 Non-isothermal crystallization kinetics

The non-isothermal crystallization behavior of various grades & BRFnvestigated
using DSC. The details of the method are described in section 3.3.1.4&ffébie of
cooling rate as well as effect of MW on the crystall@atbehavior of various PPS
polymers is discussed herein.
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4.1.4.2.1 Effect of MW

In order to compare the MW effect on non-isothermal crystdibn kinetics,
various grades of pellets of PPS were heated to 325 °C for 10améhthen cooled at
different cooling rates. The fractional crystallinity curves shown in Figure 4.17. At all
the cooling rates studied, temperature at which crystallizatigginbeand ends, is
considerably lower in 3P than in 1P and 2P. The degree of crystadlohigved in 3P is
considerably lower than in 1P and 2P (Figure 4.18). Slower cryatailizand lower
degree of crystallinity in 3P, as compared to that in 1P and 2Pbeaorrelated to
considerably higher MW of 3P than that of 1P and 2P. Higher MW céirsgsrance to
crystallization due to more number of chain entanglements. Therg@fioaegiven time-
temperature profile, high MW polymer develops less crystallifityis observation is
similar to those of earlier investigators. Crystallizationuocs earlier in 2P than in 1P
inspite of the fact that former grade possesses higher MW |#ti@r grade. Degree of
crystallinity is similar between the two grades. This behag@imilar to that observed
between these two grades during isothermal crystallization stdiBesssed above.
Therefore, reasons as discussed earlier of comparable lel@ah d1W fractions and
wider MWD in 2P than in 1P may be attributed to this behavior. THesgges appear to
be worth mentioning since with comaparatively smaller diffezeincMW between 1P
and 1F than that between 1P and 2P, differences in crystallizahaenibeare observed
as per generally expected trends due to the influence of Myur@=4.19). It is observed
that with similar molecular architecture, due to slightly high&w, 1F crystallizes
slower than 1P.

Crystallization behavior of 4P is close to that of 1P and 2P, even thisughV
is higher than either of those grades. Reason may be attriloutesdsightly different
chemistry. In comparison with other grades, with increase inngpote, crystallization
behavior of 4P appears moving to right in the fractional crystallotves i.e., to higher
temperatures (Figure 4.17). This indicates that crystatzdiehavior of 4P has lesser
influence of cooling rate as compared to other polymers. It neagttributed to its
different chemistry than other polymers.

109



-~ 1P ; e 1P \
--2p L) <P !
P s \ og L —*F
- —.3p \ ’ —-3r
£ : =
£ 2
£ £
£ 06 Z 06
3 =
o (g
< S
204 £ 04
2 g
= =
0.2 0.2
0 0
80 130 180 280 80 130 180 280
Temperature (°C) Scmin Temperature (°C) [
1 - 1
1P & r
— . —--2P
\
P k ¢ P — d
=3P ! T 3
£ \ £
B =
| \ g
E 0.6 * E 0.6
= I
e 4
< S
= E
£ 04 204
2 2
= =
0.2 0.2
0 0
80 130 180 230 280 80 130 180 230 280
Temperature (°C) Weimin Temperature (°C) emin
1
\‘
% e
S LN
08 p N
£ —4p N
= s S N\
£ 0.6 KN
B -
“
=
£ 04
2
=
0.2
0
80 130 180 230 280
Temperature (°C) ey

Figure 4.17 Non-isothermal crystallization behavior of various gramfePPS. (Melt
holding temperature: 325 °C) (a) -5 °C/min; (b) -10 °C/min; (c) *€0min; (d) -40
°C/min; (e) -60 °C/min.

110



40

ES ®]10 =20 ®E40 m60

Degree of crystallinity (%)

1P 2p 4P 3p

325¢

Figure 4.18 Degree of crystallinity in various pellets of PPS.

— -5°C/min
— -10°C/min
— -20°C/min
0.8 —— -40°C/min
— -60°C/min

=
=N

Solid lines: Pellets
Dotted lines : Flakes

=
=

Fractional crystallinity

0.2

0 T T T
80 105 130 155

Temperature (°C)
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Employing Eq. 3.8, plots of log(-In(1-X(T))) vs log (cooling rate)ere
constructed, and are shown in Figure 4.20. These plots were non-linedar Siom-
linearity of these plots was reported by Collins and Mend4&2][ Therefore, it can be
stated that Ozawa treatment does not explain the non-isothaystlllzation kinetics

of PPS.

4.1.4.2.2 Effect of cooling rate

Effect of cooling rate on crystallization behavior of given polyiseshown in
Figure 4.17, and its effect on degree of crystallinity developezhahm of the pellets is
shown Figure 4.18. For better clarity of this effect, the temperatiwhich 50% of
crystallinity develops (42) is plotted in Figure 4.21. It can be seen that for a given
polymer, T, decreases with increase in cooling rate. It is to be noted thatisi also
varying as temperature decreases. At faster cooling ratds spends lesser time at a
particular temperature, and hence the scope available for chain tynédbiloccur for
crystallization lessens, and hence, the process of crysialfizibws down with increase

in cooling rate.
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Figure 4.20 Ozawa plots of non-isothermal crystallization of PPS.
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4.1.4.2.3 Effect of melt holding temperature

To study the effect of melt holding temperature on crystéllizabehavior of
PPS, non-isothermal crystallization kinetics of each of thefgetind flakes was studied
at 340 °C. The fractional crystallinity plots obtained at variousimgahte after holding
the melt at 340 °C were compared with that of 325 °C discussed amalare shown in
Figure 4.22. It is apparent that for 1P, 2P and 4P, fractional Wirysyacurves
corresponding to melt holding temperature 340 °C start very lateush so that when
cooled rapidly from 325 °C at the rate of -60 °C/min, the crystibm occurs slightly
earlier than when cooled from 340 °C comparatively slowly atrate of -20 °C/min.
This indicates that melt holding temperature influences the non4iswherystallization
behavior of low MW grades more than the cooling rates. Contrahysobservation, the
non-isothermal crystallization behavior of high MW grade 3P isuémited more by
cooling rate than by melt holding temperature.

Comparing the degree of crystallinity developed in the polyna¢rsarious
cooling rates after holding the melt at 340 °C (Figure 4.23) and 325 °C (Figure 4.18), at a
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given cooling rate, the degree of crystallinity developed in&éise of 1P and 2P is higher
(approximately by 5%) when cooled from 340 °C than when cooled fronf@G2%his
and earlier mentioned observation that melt holding temperaturarigas éffect on their
crystallization behavior than cooling rate, may suggest the passibil thermal
degradation, of these two grades of PPS when processed at higperatemes through
the mechanism of chain scission. Such kind of chain scission mayleaddwing their
MWD and slow down the crystallization process as observed iné=§j@2. Since the
overall MW will decrease upon chain scission, total crystddilitg of these polymers
may go up, resulting into development of higher crystallinity. Begsf crystallinity in
high MW polymer, 3P do not show noticeable change after holding theatrg10 °C vs
325 °C, suggesting better thermal stability of this polymer. &egf crystallinity in 4P
decreases noticeably after holding the melt at 340 °C than at G25uygesting
possibility of degradation mechanism in such a way that it hinthersrystallization.
One such mechanism may be degradation by branching or crosslinkingvéfowo
confirm different degradation mechanisms in different polymersegpanse to melt

holding temperature, further studies are warranted.

4.2 PPS behavior during melt spinning

All the polymers, in their pellets form, were spun into fibers. Teaxels of
extrusion temperatures 315 °C and 340 °C were tried, and satisfasporging
performance was observed in all the cases. Some other afsspsning performance
observed due to the nature of pellets will be discussed subsequemtly.tlese issues
are of immediate concern for the fiber industry in terms of nzauifing as-spun fibres
with uniform properties alongwith controllable spinning process, the dismrs are
discussed herein.

Spinning of 3P was found satisfactory at both the extrusion temperature
three different take-up speeds up to 2350 mpm. It indicates that the melt stoer3dths
sufficient to withstand the high spinline stresses at higher upksepeeds. It can be
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directly attributed to the high MW of this polymer, which resultshie melt with higher
melt viscosity under given conditions as mentioned in the discussioredretat
rheological behavior of the polymers. Similar observations were inailie case of 4P
and 2P, which are lower in MW than 3P, but may have enough melttsttengithstand
the spinline stresses at higher extrusion temperatures and tagbaip speeds. Polymer
1P showed better spinnability at 315 °C at all the three take-@olspk could be spun
into fibers at 340 °C at lower take-up speeds up to 1750 mpm. Howesdi) 4C and
higher take-up speed of 2350 mpm, stable threadline could not be obtathedcase of
1P. 1P, being lower in MW than other polymers, may not possess enough melt strength to
withstand increased spinline stresses at high take-up speedaldgpedigher extrusion
temperatures. At a given shear rate, its shear viscosity at 340 °C wdags ltkean that at
325 °C as can be inferred from temperature dependence of vissosdported earlier in
section 4.1.3.2.

3P was found spinnable even at extrusion temperatures of 355 °C indibating
its melt strength is sufficient even at this high temperatu@wveder, problems in
threadline continuity were observed for 3P at higher take-up speeds at 355 °C.

After running the spinline for around 10-12 hours, large number of voids wa
observed in the extrudate at the exit of spinneret causing probieting continuity of
threadline. Considering the sensitivity of PPS to thermal degradasiodiscussed in
MFR section, over the period of 10-12 hours considerable degradatRirSMmay take
place inside the extruder, causing the oligomers generated awher other chemical
reactions to form bubbles in the melt, upon their vaporization. Theréf@epinning of
all of the above polymers was carried out during different runs. [akesf form of the
polymers were also tried to melt spin. An attempt to spin filhensi 3F was not
successful due to large number of voids observed in the extrudate. The ¢grodadx
may be comparatively more low MW fractions in the flakes @®pared to those in
pellets of this polymer. This is further substantiated by thdtrésat fibers from polymer
1F were spun successfully. 1F was reported to possess compariasselly amount of
low MW fractions than that in 3F.
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Other important observation made during spinning was the melt pressure fluctuation
between extruder screw and spin pump. While spinning the polymer 4P, at a given setting
of extruder screw and spin pump rpm at which desired throughput with better consistency

was achieved, the melt pressure fluctuations observed were within the range of 1000-

2000 psi as desired. However, during spinning from the pellets of 1, 2 and 3, wider melt
pressure fluctuations were observed, beyond above mentioned range of pressures. It
necessitated frequent adjustments of extruder screw rpm, in order to maintagitthe
pressure above 500 psi, so that spin pump always received the melt in sufficieny quantit
without underfeeding, and equipment break down due to very high melt pressures was
avoided. The current drawn by the screw to rotate, varied over a much wider range durin
the pressure fluctuations indicating that there could be some feed problemsttitaéde
screw rotation at times. Upon resuming the screw rotation, feed of excessyqfantelt
to the pump caused the melt pressure to increase. The appearance of pketeis ia s
Figure 4.24, and the weight and dimensional variations of the petketshawn in
Table 4.2.

1P, 2P and 3P

Figure 4.24. Appearance of pellets of different grades.
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Table 4.2 Weight and dimensional variation between the pellets

Material | Weight per pellet | pimensions Packing densiy/(g/cnt)
form (mg) cvy | (Fwt) (mm)
1P 20.23 0.48 3.5*3.2*2.3 0.88
2P 19.93 0.38 3.4*3.1*2.2 0.85
3P 20.30 0.75 3.5*3.2*%2.2 0.88
4P 29.91 4.31 3.2*3.5*3.1 0.96
= n - - 0.78

These readings are the average of 5 readings whereinmeszaihg in itself is the
average of 5 pellets weighed together. Assuming constant derisggllets, similar
variation may exist in the dimensions of the pellets. Possessyigerhdimensional
variation of 4P, the packing would be much easier within the scremnelsafor this
grade of polymer. Ease of packing is further supported by thewvaliser that packing
density of 4P is higher than others (Table 4.2). Lower CV% in afasther pellet types
would lead to more competition between the pellets to pack whkirs¢rew channel in
the feed zone. Such competition would result into some of the pghttiag caught
between screw and barrel wall, therefore hindrance to scretiorond melt pressure
fluctuation thereby. Upon installing a newer screw with slightiger channel width
(0.558” vs 0.314” of older screw), the melt pressures were observeddansistent for
all the four grades of pellets. During feeding the flakes/joé t1 and 3, melt pressures
were observed quite consistent with old as well as newer sBesag powdery in nature

and particles being smaller in size than the pellets, théstseno feeding problem in the

8 Packing density was measured by weighing the amoiupolymer in 600 ml beaker after making top

filler surface flat.
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case of flakes. However, there exist different issues of vaiérgéon in the extrudate

from flaky materials as discussed above.

4.3 As-spun fiber properties

4.3.1 Morphology and tensile properties of as-spufibers

In the following sections, the influence of several varialdasas-spun fiber
properties is discussed with the help of leverage plots that westracted using JMP
8.0 statistical software. In addition to the effect trends (ssgpa fitted solid red line),
these plots reveal the statistical significance of theuemfite using t-test at 95%
confidence interval (dotted red lines). The variable is stadibti significant in
determining the properties when P-value (given below each ofvubealge plots) is less
than 0.05. The data points in each of these plots were the contribofiangjiven
variable, within the matrix of all variables treated simultanous the fiber property
under consideration, as computed by the statistical software. To gkteaofiactual fiber
properties values, the graphs with actual data points are also praMbiel.plotting the
effects of MW, inverse of MFR was taken as the X-axis to tgtaed direct correlation
with MW.

4.3.1.1 Factors influencing fiber denier

Figure 4.25 shows the effect of take-up speed and throughput om dehieers
spun from polymer 3P at two extrusion temperatures. Denier vakdistad in appendix
4. Similar behavior was observed in fibers spun from 1P, 2P and 4P. éardake-up
speed, and decrease in throughput leads to decrease in the fiberAtemigiven take-up
speed, the draw-down ratio increases with decrease in throughputasvia¢ra given
throughput, the draw-down ratio increases with increase in take-@gl.spperease in
draw-down ratio leads to more drawing of the fibers and henceafecin denier. Figure
4.26 shows that throughput and take-up speed exhibit statisticallficsighinfluence on
fiber denier (P less than 0.0001).
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4.3.1.2 Effect of MW on fiber tensile properties and morphology

Effect of 1/MFI on the fiber tensile properties and morphologhdsvé in Figure
4.27 in terms of leverage plots. The fibers spun from High MW polyshew higher
tenacities (Figure 4.27a) and lower breaking elongations (Fg@i&) than the fibers
spun from low MW polymer. Figure 4.28 indicates that when spun underasimil
conditions, fibers spun from low MW polymers (1P and 2P) possess lemgiet moduli
than the fibers spun from high MW polymers (4P and 3P). These ettattse explained
on the basis of molecular orientation. The number of chain defectghiaen, ends will
be lesser, and chain entanglement will be higher in the casehoiMWg polymer. Thus
viscosity of the polymer at a given extrusion temperaturebgilhigher. Hence, at given
take-up speed, spinline stress on the fibers increases, and netulbetter molecular
orientation as seen by increase in birefringence (althoughtatcttisally significantly)
with increase in polymer MW (Figure 4.27c). As a function of 1/MRhnge in degree
of crystallinity is lesser (lower P value in Figure 4.27d) asngared to that of
birefringence. Lesser chain ends, and increase in birefiiegeontributes to increase in
fiber tenacity with increasing MW.

The cold crystallization behavior of the as-spun fibers manufactueddll four
polymer types is shown in Figure 4.29. Peak of crystallization exothppears at lower
temperature for fibers spun from high MW polymers than that fromMM polymers.
This indicates that higher the polymer MW, crystallization oceantier in fibers. This
behavior is contrary to the role of MW in crystallization under ag@es conditions as
seen earlier. As discussed above, when spun under similar processititions, the
spinline stress will be higher for fibers of high MW polymers. Tiber structure with
higher stress is more favorable for crystallization, and hence cryssadlarlier.

4.3.1.3 Effect of take-up speed on fiber tensile properties and morphology

Effect of take-up speed and throughput on as-spun fiber tensile and morphological
properties is shown in Figure 4.30 and leverage plots shown in Figure 4.31. With increase
in take-up speed, tenacity (Figure 4.30a and Figure 4.31a), birefringence &Rfice
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and Figure 4.31c) and degree of crystallinity (Figure 4.30d and FHgBite) all increase
whereas breaking elongation decreases (Figure 4.30b and Figure At3ligher take-
up speeds, the spinline stresses exerted on the filaments viigher, which lead to
improvement in the molecular orientation in the direction of pull i.engthe fiber axis.
Improved orientation as seen by increase in birefringence sasulicrease in tenacity,
and decrease in elongation. Besides its dependence on time andratarepe
crystallization is influenced by stresses as well. The awalable for the crystallization
before the fiber temperature drops beloywnTay not be significantly different at various
take-up speeds. Under these circumstances, increasing spinlse \sitle increase in
take-up speed causes the degree of crystallinity to increasdoda&ess induced
crystallization. Evidence of higher crystallinity in the as-spun $ilvath increase in take-
up speed is shown Figure 4.32. Degree of crystallinity that devetogs-spun fibers
during heating in DSC decreases as the take-up speed at vitch dre spun increases
(smaller endotherm at high take-up speed). It also suggests Hemgeeof higher stress
level in the fibers spun at higher take-up speed, since the pegberesgure of
crystallization exotherm appears earlier when the fibepum st higher take-up speed.
Slow increase in crystallinity with take-up speed up to 4000 mpsreg@orted by Chen
et al. [176] in the case of PET melt spun fibers. With increagakie-up speed, better
molecular orientation due to higher level of stresses is nawm@dble to the development
of crystallinity. It is to be noted that even at highest takepged studied, the degree of
crystallinity (close to 20%) was below the crystallizationeptial of polymers (30-35%)
under optimum quiescent conditions as observed in DSC experiments discussed earlier.
Enhancement in fiber tenacity can be further substantiateditlyiisty crystalline
structure development using WAXS. WAXS pin-hole patterns of thspas-fibers spun
from polymer 3P and 4P at different take-up speeds are showgure.33. As can be
seen from the patterns, at low take-up speed, very little tnysyais developed in the
fiber with essentially no crystalline orientation (almost fi@entation distribution for
plane (110) at 1000 mpm in Figure 4.34). With increase in take-up,spagearance of

arcs indicates slight increase in crystalline orientation (increasedtate of orientation
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Figure 4.33 WAXS pin-hole patterns: Top: 3P; bottom: 4P. (Fiber axis vertical),
(Extrusion temperature: 315 °C; throughput: 12 gm/min/12 holes).
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Figure 4.34. Orientation distribution for plane (110) of as-spun fiber. (Polymer 3P,
Extrusion temperature: 315 °C; throughput: 12 gm/min/12 holes).
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distributions for plane (110) at 1750 mpm and 2350 mpm in Figure 4.34), alttioaigh
increase is not considerable. Similar observations were madeeircase of fibers

manufactured from other polymers including PPS by prior investigators [137, 177, 178].

4.3.1.4 Effect of throughput

With increase in throughput, trends in fiber properties changesfawand similar
to that with decrease in take-up speed. The leverage plots dorathable are shown in
Figure 4.35, whereas the actual data of fiber properties egghput is shown earlier in
Figure 4.30 for tensile and morphological properties respectively. Dedredsaw-down
ratio with increase in throughput lowers the spinline stresseibers. This explains
observed decrease in birefringence (Figure 4.35c) and degreeystéllnity with
increase in throughput (Figure 4.35d). Decrease in molecular olengatd crystallinity
results in decrease in tenacity (Figure 4.35a), and increaseakiry elongation (Figure
4.35b). Here again, stress level seem to be more contributing factetermining degree
of crystallinity, than time and temperature to enhance dliypstig with increase in

throughput.

4.1.3.3 Effect of extrusion temperature

Leverage plots constructed based on two extrusion temperatugd$ ¢iIC and
340 °C indicate that change in the fiber tenacity (Figure 4.36)gisgiide with increase
in extrusion temperature within this range of temperaturesleMaeeage plots of effect of
extrusion temperature on fiber properties and morphology are piottéidure 4.37 for
fibers spun from polymer 3P at three levels of extrusion tempesattudied, at 355 °C
in addition to 315 °C and 340 °C. With increase in extrusion temperatoee ténacity
decreases (Figure 4.37a) and elongation increases (Figure 4.37l&®).chhages can be
explained on the basis of morphological developments in the fidétk. increase in
extrusion temperature, melt viscosity decreases as discustied inarheology section.
Therefore, under given set of processing conditions i.e., takpagi sand throughput,
the fiber in the spinline experiences lower level of stressedults into decrease in
birefringence (Figure 4.37c). As has been seen earlier that contributiimessis to the
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development of crystallinity is more than that of time and tentperadegree of
crystallinity decreases (Figure 4.37d) with increase in exmusmperature due to lower
stress levels. Therefore, with increase in extrusion temperatge wider range,
decrease in crystallinity as well as molecular orientatesults in decrease in tenacity,

and increase in breaking elongation.
4.1.3.4 Effect of capillary I/d

Trendwise, increase in fiber tenacity (Figure 4.38a) and decreaSeeaking
elongation (Figure 4.38b) is observed by increasing the capillarfrdfd 5 to 10.
However, within the range of capillary |/d studied, the effect @& statistically
significant. With increase in capillary I/d, the time availafile melt to flow through
capillary increases, giving more time for the moleculairchto orient in the direction of
flow in the presence of shear stresses within the channel. Wbwéng through
capillary, elastic part of the energy will be lesser vithger capillaries resulting into
lesser die swell upon capillary exit, and therefore occurerndess of the molecular
orientation achieved within the capillary. Higher level of molecol@&ntation retained
in the fiber structure thereby leads to increase in tenaaitly decrease in breaking

elongation.

4.3.2 Process-structure-properties correlationship

The leverage plots of correlation between as-spun fiber tenaaiti
birefringence and crystallinity is shown in Figure 4.39. It beconezs that both of these
morphological properties govern the fiber tenacity significardigwever, the influence
of birefringence is more pronounced than that of crystallinityedbas the P values).
The effectiveness of material and process variables to exf#iai fiber tenacity and
birefringence is shown statistically in Figure 4.40. It beesmlear from the R square
(RSq) values that more than 80% of the data is explained by theseles It suggests
that the process-structure-properties model is statistically ieHect

Even though the leverage plots discussed above exhibit the ovdeaii ef

several variables on fiber properties and morphology, the exent of influencehbeeal
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of these variables does not become clear. In Figure 4.25, itndtsmethe change in the
fiber denier is higher initially and lowers as the take-up speeeéases further. Tenacity
and birefringence also increase rapidly initially with insee@n take-up speed, and then
the rate of increase decreases at further higher take-igussg€igure 4.41). This
behavior is observed at high throughputs (Figure 4.41a) as well aw d@hrdoughputs
(Figure 4.41b). These observations suggest that the amount of chaogéthy the
take-up speed in various fiber properties is not linear but ratbezatees with increase in
take-up speed. Similar observations were reported in the cafibecd spun from
isotactic polypropylene [179] and PET [180]. Ziabicki [181] has expthitieis
phenomenon on the basis of the processes which are competing to eactutigethe
fiber spinning, namely crystallization and rapid cooling with inseem take-up speed.
With increase in take-up speed, rate of crystallization ineseaklowever, on the
opposite side, the time available for the polymer in which crizibn can take place
also decreases. Thus the product of available time for cryata and crystallization
rate reaches maximum at critical take-up velocity, and edsess thereafter. This
phenomenon seems to be valid in the case of PPS also based omltkeofdsnacity,

birefringence and crystallization discussed herein.
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To conclude, it can be stated that the material and melt spiproegss variables
govern the fiber structure and properties development. The carnslaip between fiber
structure and properties indicate that tenacity-birefringenceelation is the strongest
one. The fiber breaking elongations in the as-spun fibers spun under \@maligons
are higher than those required in the fibers suitable for the iredusgpplications. Also
the degree of crystallinity and level of molecular orientatiomoisdeveloped near to the
maximum potential of these polymers. In short, the as-spun fiber structuraasure.

The following section discusses the effects of draw-annealinggso@riables to
in converting immature as-spun fiber structure into mature §itvacture with enhanced
properties. Additionally, the interaction effects of these variablés polymer MW and

spinning process parameters to govern fiber structure and properties isalssell.

4.4 Draw-annealed fiber properties

In this section, influence of drawing and annealing on development détand
morphological properties in PPS fibers is discussed. Firstlyethdts of the experiments
of one zone drawing and annealing are discussed followed by thés rekudffect of
annealing. Subsequently, the results of two zone drawing and agneaperiments are
compared with that of one zone drawing and annealing. Finally, somenipegly
findings of steam drawing experiments are discussed and compiénetiat of one zone
drawing experiments. Besides the influence of the procesablesi such as draw
temperature, annealing temperature and mode of drawing i.e., one zbme ¥ene, dry
vs moist heat environment, also discussed are the interactiots effethese variables
with that of polymer MW and melt spinning process variables onrrdaeteg fiber
structure and properties. It is to be noted that, as statedajter 3, throughout these
experiments, fibers were drawn to their maximum potentialaisfactory process

performance.

133



4.4.1 One zone drawn and annealed fibe

For majority of the experiments discussed belowl|ess otherwise state
specifically, the aspun fibers were manufactured using capillary Iguad to 10
medium takedp speed of 1750 mpm, high throughput of 12 gm/h2riioles and lov
extrusion temperature of 315 °C. For the purposésore zone dra-annealing
experiments, argaling temperature was kept constant at 150 °C.ablbeeviations use

are, ET for melt spinning extrusion temperature Biidor draw temperature

4.4.1.1 Factors influencing drawability

The AS fibers, structure and properties of whiah discussed bsequently, were
drawn to their maximum extent under given drawingcpss conditions, in order to Yie
satisfactory processing without filament breaksrdudrawing. Since the AS fibers we
manufactured from polymers varying in MW, and welrawn at cfferent DTs, the
maximum drawability is expected to be different endifferent conditions. The effect
DT, and polymer MW on draw ratio (DR) that could dzhieved in each of the yarns

shown in Figure 4.4Zo0r a given yarn, the overall trend appears tdhbedf draw rati
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going through maximum with increase in DT. Due to enhanced themohility with
increase in DT, increase in draw ratio with increase ini®©®asy to understand. The
reasons for decrease in DR at higher DT needed further investigaind will be
discussed lateron. Also, it appears that when melt spun under gnoitass conditions,
at a given DT, maximum attainable DR in a fiber spun from high plymer is lower.
With increase in MW, more number of entanglements will m@sthie drawability, and

thereby lower the permissible DR in fibers spun from high MW polymer atesimil .

4.4.1.2 Factors influencing draw-annealed fiber structure and properties
4.4.1.2.1 Effect of molecular weight

The leverage plot of the influence of MW on draw-annealed fibeactyy and
breaking elongation is shown in Figure 4.43. Higher the polymer MNMér tenacity
increases and breaking elongation decreases. No significantecisanigserved in tensile
modulus as a function of polymer MW (Figure 4.44), at least in thesfideawn at
similar DT, i.e. 90 °C. Tenacities and tensile moduli of these @mavealed fibers are
substantially higher than their as-spun counterparts (compared gitihe .27 and
Figure 4.28 respectively). WAXS pin-hole patterns of these fiasrsshown in Figure
4.45. Birefringence and degree of crystallinity are plotted irurgigd.46. Although
crystallinity data shown in Figure 4.46 is computed from DSC aiglgrystallinity
indices calculated from WAXS for these and other samplesnilidte dealt further are
in close agreement (appendix 5) with that of DSC. Overall m@eaulentation (Figure
4.46a) and amorphous orientation (Figure 4.46b) increases with incréd¥¢ whereas
changes in degree of crystallinity (Figure 4.46a) are not derale (30-34%).
Therefore, it can be stated that the increase in tenacity amdade in elongation is
mainly due to increase in molecular orientation. Increase in strengtheoffith increase
in MW in the case of other polymers was reported by Termondh Smith [182].
Stronger dependence of tenacity on birefringence has been depiorteother
thermoplastic fibers [183]. Considering the fact that polymer 4Psbiaewhat different
chemistry that other three types, the WAXS patterns in Figure 4.45, and thegstiegr
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trend in crystalline orientation factor with increase in polymer MW indsctitat 90 °C is
not the optimum draw temperature for all the fibers but higher ©meeded as the
polymer MW, from the which the fibers are spun, increases. Thibea&xplained on the
fact that higher the polymer MW, sufficient chain mobility regdi for stretching

happens at higher temperatures due to more chain entanglements.
4.4.1.2.2 Effect of melt spinning take-up speed

Figure 4.47 shows the draw-annealed fiber tenacities of as-dpens Spun at
different take-up speeds and corresponding fibers drawn at DT 10@EX@ision
temperatures of melt spinning are given below the figures. Tlibses were
manufactured at high throughput level. In the case of polymer 1P (Hgiira), draw-
annealed fiber tenacity is found maximum from the fiber spun &ehitake-up speed.
For polymer 3P, upon extruding at 315 °C as well as at 340 °C, take-up sghdaisan
optimum at around 1750 mpm, to achieve maximum fiber tenacity (Figuré &y
Figure 4.47c). Similar optimum in spinning take-up speed is observéikeicase of
fibers spun from 4P upon extruding at 340 °C (Figure 4.47d). This inditiases
optimum spinning conditions to achieve higher tenacities in the dnawated fibers

may be different for polymers with different MWs. This behavior may be a cotidrina
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of effect of level of molecular orientation and crystallinitythie as-spun fiber, number of
chain entanglements varying due to polymer MW and the relaxatltavioe at a given

draw temperature as discussed in subsequent section.

4.4.1.2.3 Effect of draw temperature

Effect of draw temperature on tensile properties of draw-anndileds spun
from four polymer types is shown in Figure 4.48. All of these §iheere melt spun at
medium take-up speed, low ET and higher throughput. For a given polyntlee, diaw
temperature increases abovg, Tenacity first increases and then decreases with
considerable drop at elevated DT (Figure 4.48a). Until optimum drawet@tures,
tenacities of draw-annealed fibers are substantially higher plaaent as-spun fiber.

However at extreme elevated DT, tenacity decreases and reachewi plae as-spun
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fibers, or decreases even further. The temperature at which d@dkenam occurred

shifted towards higher temperature with increase in MW. High MW polymers, 4P and 3P

exhibited better tenacities over a wider draw temperatuigerdran low MW polymers,
1P and 2P. The fiber breaking elongation decreases considerably upongdeswi
compared to the as-spun fiber (Figure 4.48b), and do not change muc¢heovamge of
DTs. This indicates that beyond the optimum draw temperature (around)96b®&Cs
become increasingly weaker. Above the draw temperatures plotkegure 4.48, fibers
became so weak that they could not be pulled off from first drakythals making
drawing very difficult. Carr and Ward [31] have reported inabildydraw PPS fibers
beyond the draw temperature of 100 °C due to filaments stickig tdraw rolls. In our
case, we did not observe the sticking tendency within the rangeawf tdmperatures
studied. Figure 4.49 shows that with increase in draw temperaamsilet moduli
decrease in all the cases unlike going through maxima as othseme case of tenacity.
These changes in tensile properties can be supported by theaminaaled fiber
morphologies, whereas the drawing behavior can be explained by gpuradiber
morphology.

For any given polymer, compared to the as-spun fiber, drawn fibleitsitedxigher
crystallinity and better crystalline orientation as can berratefrom WAXS pin-hole
patterns (Figure 4.50), higher overall orientation (Figure 4.51a)higher crystallinity
as determined by DSC (Figure 4.51b). It can be seen from appendix 5 thdlimtieta
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Figure 4.49 Effect of draw temperature on tensile modulus.

determined by DSC and WAXS are in close agreement. It igksatthe crystal thickness
perpendicular to the fiber axis calculated based on the strong eguegfiections from
planes (110) and (200). Crystal thickness in 3P as-spun fibers is car8Aeflections
of planes (110) and (200) are merged together in as-spun fiber inglita absence of
better crystalline order, and greater contribution from amorphous phaséfuse
scattering. The draw-annealed fibers drawn at all the drm@wperatures show
considerable increase in crystal thickness (45 A to 90 A). Addilordiffractograms
shown in Figure 4.52 indicate higher degree of crystalline ordéina draw annealed
fibers over the as-spun fibers. Thus, when compared to as-spun filgpree (B.28),
considerable increase in tenacity, tensile modulus and decreasakmigrelongation of
draw-annealed fibers up to optimum draw temperature can be atributincrease in
molecular orientation along the fiber axis, degree of crystallinity aysladrperfection.
With increase in draw temperature, birefringence of the draw-anhiades goes
through maximum (Figure 4.51a) for all the polymers. Comparatiegjgtallinity levels
do not show considerable changes (Figure 4.51b) at different draw &tunpsr
although some decrease at elevated draw temperatures is observed .bRjgr®ws the
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Figure 4.50 WAXS pin-hole patterns of drawn fibers as a functionasf demperature.
(Fiber axis vertical) (1P, 2P and 3P fibers spun at 315 °C; 4P spun at 340 °C).
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crystalline and amorphous orientation factors for various draw-athefbers.
Crystalline orientation factor (Figure 4.53a) exhibits similar trend aotHarefringence
i.e., it also goes through a maximum. Around optimum DT, amorphous omentatitor
(Figure 4.53Db) is substantially higher, around 0.8 and then drops cob$ydsralevated
DTs. Up to optimum DT, role of entanglements (tie points) can learlg seen in
developing {, Both orientation factors. fand f, are comparably high (around 0.8) in
the case of fibers spun high MW polymers (3P and 4P) up to optimuywbith
suggests that during annealing of these fibers, besides improvengrtigih number of
entanglements in high MW polymers may lead to increasghirCbnversely, in the case
of fibers spun from low MW polymers (1P and 2P), up to optimum DT, even hhigug
improves upon annealing considerably (around 0.8)jsf lower (0.6-0.7). It indicates
that with comparatively lesser number of chain entanglementsntation in non-
crystalline region may not reach to very high levels in fibgpyan from low MW
polymers. Further, long period as well as crystal thicknegstédrsize perpendicular to
the fiber axis) plots, as shown in Figure 4.54 and Figure 4.55 tegbgcindicate that
these parameters go through minima with increase in draw tetomgerdp to optimum
draw temperature, decrease in long period as well as crysthkhess suggest that
crystals may be becoming smaller, probably by rupturing of xistiry crystals. The
data of long period need to be considered with caution since as caeméom Figure
4.54b, even though maximum is observed in the SAXS pattern, the ovdtathpa
quite broader. Similar broader SAXS patterns in PPS were rdpoytd/layatake et al.
[184]. The possible reasons for such broadening will be discussed in the sectioalthat de
with proposing the probable structural model in high tenacity PP$ fiBesimilar level
of crystallinity, smaller crystal thickness and long perioalyrsuggest more number of
crystals. Thus while getting oriented along the fiber axis highlgin crystalline region,
inter-crystalline regions also experience high level of ségsand in the presence of
thermal mobility during draw-annealing cause amorphous orientationreézh
substantially higher level {f around 0.8). Peterlin [185] described such phenomenon in

terms of increasing fraction of microfibrils. Significantly highgx &round 0.8, may
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suggest that tie molecules connecting the neighbouring crysealslaser to extended
chain conformation along fiber axis. With increasing fraction adraiibrils, fraction of
tie molecules also increase, and therefore increase intieaacd decrease in breaking
elongation is expected as elucidated by Peterlin [185]. Thus indreéiber tenacity up
to optimum DT is well explained on the basis of fiber morphology.

Substantial decrease in fiber tenacity at elevated DT carbalexplained on the
basis of fiber structure. At elevated DT, considerable loss aéaular orientation is
observed both in crystalline and amorphous regions (Figure 4.53). Alspéoiogls as
well as crystal thicknesses increase with increase ifHIure 4.54 and Figure 4.55). At
comparable level of crystallinity, increase in crystal thickngsggests development of
larger crystals when drawn at DT beyond optimum DT. Larger dsystasimilar or
somewhat lower degree of crystallinity may indicate largtaricrystalline region. Thus
when orientation in crystalline region decreases at higher DTeaular relaxation may
be occurring to a greater degree in amorhous region, and cause sibdemease in
fam IN the extreme case to around 0.2. Lesser orientation of chain in tayg&als, and
also less oriented chain network in amorphous region may be the batsal
considerable decrease in tenacity when drawn above optimum DilarSibbservation of
shift in fracture mechanism from ductile to brittle has beponted in undrawn polymers
i.e., in less oriented states possessing high crystallinity levels [186].

With increase in DT, unlike fiber tenacity which goes through mara, tensile
moduli of the DA fibers decrease continuously with increase in @hsiderable drop in
modulus at DT beyond optimum draw temperature can be attributed to poeriyed
chains in the fiber structure. Figure 4.56 shows the relationhip betersite modulus
and several morphological properties of fibers. The trendlines arensa®wolid lines,
and regression coefficient for each of the trendline is also shioworder to fit the
crystallinity data on same X-axis, degree of crystallimigs divided by 100. The best
relation is observed between modulus apd Figure 4.53 shows that.,fdecreases with
increase in DT, even in the region up to optimum DT. Decreasgyimdicates that

chains in the inter-crystalline region relax more with inee&sDT, and cause lesser
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resistance to stretching during tensile tests in the imd@&rmation region. Considering
this strong and direct correlationship between tensile modulus,anitl ¢an be stated
that with increase in DTgf decreases (Figure 4.53b) causing tensile modulus to decrease
(Figure 4.49) as well. Similar strong relationship betwegnahd tensile modulus
reported by Yamada et al. [187] in the case of highly oriented polylerogySince
tensile modulus is determined at low levels of deformation, very haghelation
coefficient, 0.998 with 4, is as expected. Similar plot of tenacity as a function wfesa
morphological properties is shown in Figure 4.57. The best correlatio@natity is
observed with orientation, especially.f

In all of the above samples, effect of DT is discussed basdte structure and
properties of draw-annealed fibers that were annealed undearsgailditions. In order
to investigate the influence of drawing alone, as spun fibers ghmgol 3P were only
drawn at optimum DT of 95 °C and 110 °C without further annealihg. rEsults are
shown in Figure 4.58. It is clear that drawing at higher draw teatyrer of 110 °C
causes tenacity and birefringence to decrease whereas talongeems to increase.
Tensile modulus remains fairly unchanged at the level of as-spen ft is clear from
Table 4.3 that at DT of 95 °C, there is considerable improvemeagtsinde increase in
crystallinity happens under drawing stresses and slight ircieds, as compared to as-
spun fiber. At DT of 110 °C, due to increased chain mobility and appraacloser to
cold crystallization temperature, formation of newer crydtalspen under oriented state
at higher DR and hencgihcreases. However, the chains in amorphous region relax due
to higher mobility induced at higher DT and causgstd decrease. Due to fairly low
level of amorphous orientation, tensile modulus remains at a leysy atith that of as-
spun fibers. These findings confirm the presence of an optimum DTrnms tef
developing enhanced fiber morhphology that can increase fibertiengoin annealing

subsequently.
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Table 4.3 Structural properties ofdrawn fibers

Crystal thickness
Sample § fam (A) (110)
AS” 0.396 | 0.396 28
D-95 0.669 | 0.423 24
D-110 | 0.789| 0.349 29

” Orientation factors of AS fibers are calculatetemissuming equal contribution to birefringenasnfr

crystalline and amorphous regions.
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4.4.3 Effect of annealing

In order to investigate the role of annealing itself upon enhgribe fiber
structure and properties, as-spun fiber possessing very lithablitdy was chosen. The
structure of such fiber is far from matured due to lower nubdecrientation and lower
degree of crystallinity. Upon annealing this fiber at®C7@ithout any drawing, tenacity
increases from 3.5 gpd to 4.5 gpd with slight decrease in breakingaéon (Figure
4.59a). Such an improvement in tensile properties occurs due to morpHhologica
enhancement i.e., increase in molecular orientation and crystallinity (Higi9ie).

Contribution of annealing to fiber structure and properties enhancensnt w
studied by comparing the improvements brought in by drawing alotteatoof draw-
annealing. DT chosen was @5 since it was found to be optimum DT during one zone
draw annealing studies. The plots of tensile properties and morptadlpgoperties are
shown in Figure 4.60. D-A was the sample annealed dCl15hd D-A-EA was the
sample D-A extended annealed further at°CO a continuous process. It is seen that
each additional step is enhancing the fiber tenacity (Figure 4&th)birefringence
(Figure 4.60b). Degree of crystallinity increases considerably ugpamealing and
remains at the level upon further extended annealing. WAXS pin-hd&rnsator each
of these samples, as shown in Figure 4.61, also indicate considiengbdement in
crystalline orientation after each stage of processing. As seen from4T4lgensiderable
increase in § and f, is brought by drawing and draw-annealing. Extended annealing
enhances,f, more than £ Also crystal size increases further considerably upon extended
annealing. Therefore, increase in tenacity observed aftarstage of processing under
consideration can be attributed to crystallinity and to moleculantiion. Higher
modulus is seen only in the sample that has very high level,offThese changes in
tensile moduli as a function of,fwere discussed in earlier section.

Effect of extended annealing was also investigated in the cadgers spun at
higher ET of 346C. The tensile properties of these fibers are plotted in Eigu62. In

this case also it is observed that substantial improvement in tenacity is dhtpore
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Table 4.4 Other structural properties of drawn and draw-annealed fibers

Sample i f Crystal(ihligl;ness(A)
As'' 0.396 0.396 28
D-95 0.669 | 0.423 24
D-A 0.926 0.774 69
D-A-EA 0.984 0.899 111

draw-annealing and it increases marginally further upon exteamaieelaling. As
discussed above, the improvement in crystalliny and molecular oreentatcrystalline
and non-crystalline region may be attributed to these changes in tensildipsoper

4.4.4 Two zone drawn and annealed fibers

4.4.4.1 Influence on drawability

For the purpose of comparison, two zone draw annealed fibers (2ZDi&) we
produced under the same conditions as that of one zone draw annealed) (iZ&s
except the change in number of draw zones. The as-spun fibers tlogtdyleghest
tenacities in 1ZD-A studies were selected. As can be seenHigure 4.63, for a given
as-spun fiber, drawability is higher slightly when drawn i teones as compared to

drawing in one zone. It was true for fibers spun from all three polymer types.

™ Orientation factors of AS fibers are calculatetemfissuming equal contribution to birefringenazfr

crystalline and amorphous regions.
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4.4.4.2 Influence on fiber structure and properties
4.4.4.2.1 Comparison with one zone draw-annealed fibers

Tenacity and breaking elongations of two zone drawn vs one zone drawn-
annealed fibers is given in Figure 4.64. On tenacity plots, the symibetgial to and not
equal to are the results of mean comparisons using t-test. tegudicates that the two
values are not statistically different whereas not equal teates that the two values are
statistically different. As can be seen (Figure 4.64afissically no difference is
observed between the tenacities of fiber spun from low MW palyni# and 2P, when
processed by 1ZD-A or 2ZD-A route. However, in the caséefs$ spun from high MW
polymers, 4P and 3P, 2ZD-A fibers showed higher tenacities than 14Bess.fFiber
tenacity close to 6 gpd is obtained by adopting 2ZD-A route fdiilibes spun from high
MW polymers. Figure 4.64c and Figure 4.64d show that no signicifant chamiggiee
of crystallinity and birefringence between 1ZD-A and 2ZD#gefs. Figure 4.65 shows
the WAXS pin-hole patterns of 1ZD-A and 2ZD-A fibers. It appeiat there may be
some loss of crystalline orientation and crystal size mdsgriger in 2ZD-A fibers than in
1ZD-A fibers. Table 4.5 lists these structural properties quawnéhat It becomes clear
that though § has not changed much, some increase is observgg iFhis improvement
in fam can be attributed to phenomenon that occurs during increase in Giygstes
observed in the case of 2ZD-A fibers vs. 1ZD-A fibers. CrystaWtr may occur by
pulling part of chains in intercrystalline region, adjacent todtystalline region, into
crystalline region. This phenomenon may cause more stresses onhdhe ic

intercrystalline regions during crystal growth and thereby incrigase

4.4.4.2.2 Influence of capillary I/d during melt spinning

The role of capillary I/d during fiber spinning upon the fiber tensiteperties of
two zone drawn and annealed fibers is shown in Figure 4.66. It becaraeshat when

drawn and annealed under similar conditions, fibers spun from lower I/d capillabytexhi
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Figure 4.64 Compariosn of fiber structure-properties developmenZbyAland 2Zd-A

route. (Fiber details: extrusion temperature: 315 °C; throughput: Igigm2 holes;
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temperature: one zone — 95 °C; two zone-95 °C /100 °C, annealing temperature: 190 °C).

Figure 4.65 Effect of number of draw zones on crystalline morphologgla®went.
(Fiber details: Polymer: 3P; other details same as given in Fgo4s.
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Table 4.5 Structural properties comparison between 1ZD-A and 2ZD-A fibers

Crystal thickness L0ng period
sample| & fam A) (110) (A)
17D-A | 0.964 | 0.839 76.90 91
27D-A | 0.957 | 0.872 90.73 99
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Figure 4.66 Role of capillary I/d in properties enhancemerdraw annealed fibers.
(Fiber details: extrusion temperature: 315 °C; as-spun fiberrdénitake-up speed: 1P-
2350 mpm; 3P&4P:1750 mpm; two zone draw temperature: 95 °C /100 °C, annealing
temperature: 190 °C).
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lower tenacities than the fibers spun from higher I/d capilldowever, the difference is
not statistically different within the range of capillary $tlidied. Decreasing trend may
be attributed to the fact that the as-spun fibers produced using l@veapillary

possesses the structure that is not as mature in terms ofiboerds that when spun
from higher I/d capillary. Such a structural deficiency in dlsespun fibers may require
different processing conditions i.e., optimum drawing and anneampgedratures may be

different for the fibers spun from capillary I/d of 5 to that of 10.

4.5 Role of molecular orientation on some other aspects

of processing and fiber morphology

4.5.1 On draw annealing process performance

It was shown earlier that the range of draw temperatures tandbiailevel of
fiber tenacities is wider for fibers spun from high MW polymérhis drawing behavior
of various as-spun fibers can be explained on the basis of themcdmeechanical
response that was studied using DMA (Figure 4.67 and Figure 4.68). Bigurshows
the dynamic mechanical behavior of as-spun fibers produced fratedibur polymers
under similar spinning process conditions. It is clear from Eigué7a that, higher the
polymer MW, the minimum in storage modulus occurs at higher temopera
Corresponding change in length is shown in Figure 4.67b. Abg\esIspun fibers of 1P
show viscous flow like behavior without any shrinkage, whereas, fdpens from 2P, 4P
and 3P shrink increasingly in the order of their MW before exhibitiegviscous flow
like behavior. This indicates the absence of stress in 1P as-spisitéb&vercome the
pretension during DMA testing, and presence of higher level edsss in 2P, 4P and 3P
in the increasing order of their MW. When spun at similar takepgeds higher the
polymer MW, higher will be the molecular orientation due to manelmer of chain
entanglements. Such trend in birefringence is observed between 1 8P at take-up
speed of 1750 mpm as well as for 1P between 1750 mpm and 2350 mpm (Table 4.6).

Similar observation was made during DMA testing of the fibers spun froat tHRe-up
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Figure 4.67. Dynamic mechanical behavior of as-spun fibers ajhleregponse, b)

storage moduli. (As-spun fibers spun at 1750 mpm, extrusion temperature: 315 °C,

throughput: 12 gm/min/12 holes, capillary I/d 10).

Table 4.6 Birefringence of as-spun fibers (Extrusion temperature: 315 °C)

Take-up speed (mpm 1750 2350
Polymer 1P 4P 3P 1P
Birefringence 0.057| 0.119g 0.128 0.188
a 1P-1750 1P-2350 . b

1P-1750 1P-2350

Storage Modulus (Nitex)
Length (mm)

Dip in the storage modulus

20 )

Temperature (*C) Unbrsal VA2A TA bginmerds Temperature {*C)

Figure 4.68. Dynamic mechanical behavior of 1P as-spun fibeengdhl response, b)
storage moduli. (As-spun fibers spun at extrusion temperature: 31thrdQghput: 12

gm/min/12 holes, capillary I/d 10).
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speed of 1750 mpm and at 2350 mpm. Fibers spun 2350 mpm exhibit minimum in
storage modulus at higher temperature (Figure 4.68a), and shriokagesd by viscous
flow like behavior (Figure 4.68b).

In a study on heat treatment of PET fibers, Peszkin and Schultg rigig@&ted
that the physical cross links are necessary to produce shrinkagg deating the fibers
by preventing free movement of chain through each other. In the cabsérphysical
cross links in the form of chain entanglements, crystallitesntad chains, etc. due to
either lower MW or lower take-up speed during melt spinning, visdous ih present
experiement suggests that the chain mobility induced at higher ratomgs may have
resulted into chains sliding past each other, instead of chamtadrg as desired in the
process of drawing. That in turn may have led to fiber breakpgdidhtest tension at
higher temperatures as observed during drawing experiemelRB3Sfibers. Thus it can
be stated that, with increase in stress level in the as-dmrs, fieither by increase of MW
or by spinning at higher take-up speeds, the viscous flow like behanddha failure to
stretch the fibers due to chain sliding past each other iedhid higher temperature.
This explains the observation of wider process window for fibers sjpum figh MW
polymers.

Carr and Ward [31] reported sticking of PPS as-spun fibers to arigsvwhen
attempted to draw above the draw temperature of 100 °C. In prespatiments,
sticking was observed above 115 °C depending upon the as-spun fiberg. iBstween
the temperature zone (90-100 °C) of good drawing behavior, and that (Bl®VE) of
sticking to draw rolls, there seems to exist a transition teatyore zone, wherein fibers
exhibit increasingly viscous-flow like behavior with increase imwdrtemperature,
thereby leading to poor tensile properties of fibers and difficulty to stextaftually.

4.5.2 On melting behavior of fibers

Figure 4.69 shows the melting behavior of fibers drawn at variouariTis
compared with that of the as-spun fiber. In the case of as-spun filetsced under

various spinning conditions, peak melting temperature is observed around 280 °C and is
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(Polymer: 3P).

similar to that in aseceived ellets. Upon drawing up to optimum DT, drannealed
fibers exhibit very small endotherm at 2{°C and then major endotherm w
considerably higher peak melting temperatures ofurgd 295°C. Also the melting
endotherms are much sharper. It is to be led that during performing the thern
evaluations using DSC, the fiber samples were chlyeknotted, to prevent the stre
relaxation at higher temperatures within DSC. Ams ba seen fronFigure 4.69 upon
drawing beyond optimum DT, melting endotherm ofw-annealed fibers becom
broader with a peak at around z°C again.

In order to investigate if the dri-annealed fibers possess the crystal structure
exhibits higher T, or if the crystal structure reorganizes during imgain DSC, one o
these drawannealed fibers drawn at °C was heated in DSC to 28Q at the rate of 1
°C/min, and then cooled rapidly at the rate-100 C/min. The temperature of 2¢C
was chosen since at this temperature, the drawabethdibers are still not melte
WAXS pin-hole patterns of this heat treated fiber was coetpavith that of the dra-
annealed fibers.

The pinhole patterns and corresponding diffractogramsshosvn inFigure 4.70

and Figure 4.7Tespectively. For the purposes of comparison, WA&luation o
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crystalline film produced from polymer 3P by hot pressing is aistuded in these
figures. Corresponding quantitative data of crystallinity and akysize in given in
appendix 5. The level of crystallinity (by WAXS) in the cryate film, as-spun fiber,
DA fiber and DA-HT fiber is around 37%, 11%, 33% and 46% respectivelyp&hk
melting temperature and melting behavior of crystalline f8nsimilar to that of highly
amorphous and poorly oriented as-spun fiber. WAXS pin-hole pattern ofdi@Adhows
highly oriented crystalline structure. However, upon heat treatriemtpatterns show
some loss in orientation but more important to be noted is the widthecodrts. The
difference is more clearly seen from the diffractogramd-igure 4.71. The crystal
thickness calculated from the intensity distributions of planes @d@)200) in DA-HT
fiber is 316 A and 107 A whereas that in DA fiber is 69 A and 50 Beas/ely. Thus
significant increase in crystal size is observed upon heatneeatt 280 °C. Thus it can
be deduced that the crystals melting at higher temperatur@850fC are primarily
formed by crystal rearrangement during heating in DSC. Regirerystallinity in heat
treated DA fiber is around 46% as compared to that of 33% inili¥k fHence, it can be
deduced that the crystal growth may have taken place to some bytetisorbing
molecular chains lying in some of the highly ordered non-crystategions adjacent to

the existing crystal, and also by combining of the neighbouring crystals.

Figure 4.70 WAXS pin-hole patterns of fibers (Polymer 3P). (ABnsat medium take
up speed, lower extrusion temperature, higher throughput; DA: drawn &t %nd
annealed at 150 °C; DA-HT: DA fiber heat treated in DSC).
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Figure 4.71 WAXS diffractograms of PPS fibers and filmsn{8la conditions similar as
in Figure 4.70)

Absence of high temperature melting peak in poorly oriented amorphasias
fiber, and in unoriented crystalline film suggests that such reggraent may not have
taken place in them in the absence of molecular orientation. Tgasycindicates that
molecular orientation is playing the role in crystal reareamgnt, that subsequently leads
to larger crystals in draw annealed fibers, which melt at higher tempeatur

It is not in the entirety that only the larger crystal s&the cause of high melting
peak in DSC endotherm. The crystal thickness in the crystallmeis aroud 110 A
based on (110) and (200) planes as compared to 69 A and 50 A respectidedy in
annealed fiber. Inspite of consisting of larger crystals, ggak crystalline film is at
around 280 °C. Thus it can be stated that the highly ordered intéailingsregion is
providing hinderance to melting of the crystals and hence rekjginer temperatures for
crystals’ melting. Thus the role of molecular orientation in mglbehavior of highly
oriented PPS fibers may be two fold, to act as a catalyfarfibier crystal rearrangement
and also to provide resistance to melting of crystals through #semee of highly
ordered non-crystalline region. Yamada et al. [187] reported irecrgasmelting
temperature of highly oriented isotactic polypropylene films eenase was attributed to
increase in the amorphous orientation. Through extensive study on niedhiagior of
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isotactic polypropylene fibers, Samuels [189] concluded that the neultiplting
endotherms in oriented and restrained fibers are the manifestafiomsentation in
amorphous regions above certain minimum value ;@f The increase in melting
temperature was attributed to decrease in the configurationapgraf molecular chains
in oriented amorphous regions. Observed increase in melting teorperEt draw-
annealed PPS fibers in present research can similarly tieuttl to high level of
amorphous orientation. One of the probable mechanisms by which highhtedrie
amorphous domains will contribute to increase W i3 discussed subsequently after

discussing the probable structural model for high tenacity PPS fibers.

4.5.3 On crystallizability of the fibers

In the section of crystallization kinetics, it was reportéet tunder most
conducive atmospheres for crystallization, the degree of ciggtakhchieved is around
30% for low MW polymers and around 25% for low MW polymers. Degree of
crystallinity determined by DSC and WAXS in the draw anreeéileers under optimum
conditions of draw-annealing is around 35%, i.e., higher than the leaklcan be
achieved under quiescent condions such as during crystallizationc&isaidies. The
increase in crystallizability can be attributed to molecwsaentation which favors
crystallization. Faster crystallization has been reported roghSand Steward [190] in
oriented PET as compared to crystallization rates in quiesoawlitions. Spruiell et al.
[191] have reported that molecular orientation mainly reduces theatiori time of
crystallization. The reason for faster crystallization inrded molecular network was
attributed by Andrews [192] to reduction in the configurational entigpyn molecular
orientation. Thus the change in configurational entropy renquired to be brdwigyng
crystallization will be lesser, making the process fasdeiented molecular network can
pack closely and thereby increases the crystallizability of the gotm
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4.6 Steam drawn fibers

This section discusses preliminary findings of steam drawindies compared
with those of zone drawn studies discussed until now. Detailed igatsh of fiber
morphology of Steam drawn (SD) fibers is not carried out. Tensipepties of fibers
draw annealed using one zone drawing technique (ZD) are compiiinethat of steam
drawn (SD) fibers in Figure 4.72. It is to be noted that SD filnen® treated at 100C
for one minute whereas ZD fibers were drawn at AD@nd annealed at 13C. Fiber
tenacity of around 5 gpd is obtained in both the cases whereas Qre&kigationin of
SD fiber is higher than ZD fiber. This indicates better efficy of steam drawing in
development of fiber morphology and hence properties even in the absiehogh
temperature annealing.

The melting behavior of ZD and SD fibers is shown in Figure 4.78edbmes
very clear that ZD fiber undergoes crystal rearrangemengwigiating in DSC at high
temperature which then subsequently melts at higher temperatuoegevét, even
though not annealed at high temperature of 160 SD fiber do not undergo such
rearrangement and exhibit very narrow melting endotherm wéhk pen close to that of
AS spun fibers. In light of above tensile results and differenceseiting behavior, it
appears that presence of steam improves the heat transfeéivelifeas well as acts as
plasticizer to enhance the fiber morphology at considerably |B&efFurther extensive
studies on steam drawing of PPS become necessary to invegtigat@orphological

changes in fibers when drawn in steam.

4.7 Structural model of highly oriented PPS fibers

In this section, an attempt is made to visualize the finetateiin oriented PPS
fibers. Such visualization is based on the extensive morphologicacté@zation of
numerous PPS fibers manufactured in the present dissertation undes yaocessing
conditions. The findings of crystal structure from WAXS and SAXSefbirgence,
noncrystalline orientation, thermal characterization by DSC, high resoloticrographs
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Figure 4.72 Fiber tensile properties upon drawing with dry heat asmst@olymer 4P,
spun at 1750 mpm, extrusion temperature: 315 °C, throughput: 12 gm/min/12 holes,
capillary I/d 10; draw temperature: 100 °C, annealing temperatoine: drawn fibers-150

°C, steam drawn sample ~100 °C).
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Figure 4.73 Melting behavior of ZD and SD fibers. (Material abdrfmanufacturing
conditions similar to those given in Figure 4.72).
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using SEM, all are taken into consideration to propose the structural model.

As shown earlier in Figure 4.43b, the plots of SAXS intensity as didumnof
scattering vector g are quite broad. The existence of maxineese plots suggests that
there is some structural periodicity of crystalline and nonallys¢ domains along the
fiber axis. In a fiber with well defined long period, these pesfare expected to be very
sharp. Broader profile in present case indicates the presemeaeyoig lengths of long
periods. In order to investigate if the variation in periodicitgtus to different lengths of
both, crystalline and noncrystalline domains, or due to any one of treof the draw-
annealed fibers having tenacity higher than 5 gpd was analysed forefi&itions using
WAXS. Strong reflections from planes (004) and (006) were evaldateBWHM to
calculate the crystal size along the fiber axis.

Crystallite sizes along the fiber axis from WAXS and SAXS listed in Table
4.7. The sharpness of the reflections from planes (004) and (006Wradreealed fiber
manufactured in the present research work can be seen frone Bigdr Such sharpness
indicates that the crystal length along fiber axis is coatpeely more uniform in size,
unlike large variation in long period. Thus largest contribution to vanian long period

may be ascribed to different lengths of non-crystalline domains between shedlites

Table 4.7 Crystal structure parameters

Crystal size (A) Long Length (Ay*
Sample period Intercrystalline
(110)| (200)| (004) | (006)| 4 Crystal ,
(A) region
Draw-annealeg
77 56 80 60 91 31 59

fibers®

* Length of crystalline region was calculated frommd period using Eq. 3.23. That of inter-crystalin
region was calculated by subtracting crystal lerigii long period.

% Draw annealed fiber was spun from polymer 3P lke-tap speed: 1750 mpm, high throughput, low ET,
capillary I/d: 10, one zone drawn at 95°C and aleteat 190°C.
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Figure 4.74 WAXS reflections of planes (004) and (006) in draw-annealed fibers.

along the fiber axis. For these reasons, crystal length cadwased on long period data
and fraction of crystallinity is less than half of that cédted from (00I) reflections and
hence may not be the proper way of determining crystalliterdiioes from long period,
as is done in the case of fibers possessing highly uniform long period.

It is also observed that the maximum, in SAXS profiles of several fibens;soat
lower intensity. According to SAXS theory [193], the diffractionemdity (I) is
proportional to the square of the difference between electron defstystalline and
amorphous regions as given by Eq. 4.1.

VI= p.~ Pam (4.1)

The maximum intensity occurs when chains in crystallineoregire highly
oriented (f equal to one) and those in amorphous regions are fully relayge(fal to
zero) [194]. As suggested by Samuels [194], for oriented polyme&AKS intensity is
also proportional to the degree of orientation of the regions. Whendleeutar chains
in amorphous regions are highly oriented, their order is closer torthe present in
crystals. Such a similarity in order between the phases kealowest intensity in SAXS
patterns for a given crystallinity level. Intermediate Isvef orientations will lead to
intermediate intensities in SAXS patterns. Therefore, SAX®sitiewill be the function

of the amount and degree of molecular orientation.
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In line with these observations of earlier investigators, the weakast in SAXS
intensity profiles in present research could be attributed to fiedagree of molecular
orientation in non-crystalline regions, at par to that in crystalhegions. Amorphous
orientation factors close to 0.9 reported earlier indeed support thisggnd hus
intercrystalline region in PPS fibers manufactured in presesdgareh is not really
amorphous in nature, as is generally perceived, but is of higter. drherefore, in the
remaining portion of this section, to avoid misunderstanding, this regi@fierred to as
intercrystalline region, rather than amorphous region. At this poistnot clear, if at all
and to what extent, the presence of sulfur atoms that possessldugione density
contribute to the weak contrast in SAXS intensity profile.

Presence of rigid amorphous phase in PPS was reported by Wemasrial.
[127]. DSC thermograms of highly amorphous films prepared from pol@fendicate
the heat capacity change corresponding d¢Figure 4.75). However, such a change is
not observed in the case of draw-annealed, or even only drawn, samglee @v5). It
suggests that the region between crystallites in the caseaoin and draw-annealed
fibers is not mobile as observed in the case of amorphous filnseTiesults further

support our earlier observation of highly ordered intercrystalline region.
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Figure 4.75 DSC thermograms of PPS films and fibers.
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In the event of several investigators in the past discusfiegdtructure based on
chain folded lamellae or fringed micelle or fibrillar modelsyili be appropriate at this
juncture to visualize what kind of model fits for PPS fibers martufad in the present
research. In the case of highly drawn fibers, a three phadel monsisting of crystalline,
amorphous and ordered amorphous is generally more accepted than a tvenptiak
that consists of crystalline and amorphous domains, since formeairexghe fiber
properties in a better way. Prevorsek and Sibilia [195] have relpthré in the case of
highly oriented PET fibers, chain folding can not be eliminated cosipldby
conventional drawing techniques. It is believed that chain folds do axike edges of
crystallites, since absence of it does not leave enough roomisberee of amorphous
domains that possess lower density than that of crystallin@nsegiThus, current
understanding of amorphous domains is that it consists of chain endsfaitaj chain
entanglements and tie chains connecting consecutive crystdlliteis assumed that all
chains fold at the edge of crystallite and bury within that aly#te crystalline and non-
crystalline domains will be connected by merely van der Wasitse$ and the tensile
strength will be lower. Higher tensile strength of the &b#tvan would be provided by
van der Waals forces, therefore supports the speculation of presence of tidoetvaaen
consecutive crystallites. Since the present study involved the ¢geehof conventional
drawing to orient the molecular chains in PPS, in line with tleesker findings, it will
be appropriate to assume the presence of some chain folds atlitwystiges and tie
chains in high tenacity PPS fibers too. The probable nature of aiding is discussed
later on. Either chain folding and/or entanglements seem appanegt thie degree of
crystallinity determined by DSC and WAXS is around 35% i.e., dil@nsist of around
65% non-crystalline region. Also SAXS patterns exhibit presene®idt in the fibers.
In the absence of chain folds and entanglements, presence oamditiggher amount of
non-crystalline region is more than unlikely to happen. Presende ohains may be
supported by the higher degree of orientation as observed in the non-crystgilome r

Based on extensive studies by WAXS, SAXS and dye diffusion, Pedvetsal.

[196] proposed a Swiss-Cheese model to be satisfactory structtire case of highly
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drawn nylon-6 fibers (Figure 4.76). The characteristic of thiglehis the presence of
microfibrils that contain the crystallites with some amouniohfcrystalline phase in
between crystallites. It also speculates the presence of hogtiered non-crystalline
region between the microfribils. Based on four point SAXS patternPtor, they
proposed similar model but with skewed arrangement of cryssalliietween
neighbouring microfibrils instead of regular arrangement as sggecuin the case of
Nylon-6.

In the event of possessing around 65% non-crystalline region, everaftion
in long period is taken into account, it may be more than unlikelttleaton-crystalline
domain is situated only between the crystallites along the dikis (Figure 4.77). As per
this model, fiber structure possessing higher amount of non-cnystdtimain need to be
placed between the crystalline domains within same microfibril.

Therefore, for the present study of PPS fibers, model someswhdar to that
shown for Nylon-6 and PET fibers may be appropriate with specific variations.

Absence of intensity maximum along the equator in SAXS sugdkat there
exists no detectable periodicity in structure across the dkisr Wider meridional streak
in SAXS patterns for PPS fibers, instead of four point pattern as observeeMoydek et
al. [196] in the case of PET, suggest that the crystalliteighboring microfribrils in
PPS fibers may possess different skewed arrangement tlartaspe by Prevorsek et al.
[196] (Figure 4.76b).

In light of semi-rigid nature of molecular chains in PPS asudsed in the
beginning of chapter 2, when compared with PET that possesses atwgharmore
flexible chains, it is worthwhile to discuss the probable natdirehain folding and
surfaces at the crystallite edges in PPS. On one extrerties case of fibers spun from
flexible chain polymers like PE/PP as depicted by Peterlin][E8& also from PET and
Nylon-6 as depicted by Prevorsek et al. [196], regular chaimiplidi widely accepted at
crystallite edges besides tie chains etc. On the other extnertiee case of fibers spun
from rigid rod polymers (liquid crystalline polymers) like poly(phenylene

terephthalamide) (PPT), no evidence of chain folding or high degree of chain disorder,
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but, rather extended chain molecules was reported by Dobb et al. [A@Mlaholt
[198]. In a study of the structure of thermotropic copolyestensy&aand Jaffe [199]
suggested that single structural model may describe the $@asature of all highly
oriented polymer systems as that of PPT, thermotropic copolyesters.

The present case of PPS fibers appears to fall between wwesattemes. While
studying crystallization kinetics in PPS, presence of chainriglth PPS crystals was
reported [63, 64]. Marand et al. [200] reported that for stiff polymikes PPS, the
adjacent re-entry of the chains by folding is unlikely. Flory [3@bposed a switchboard
model to consider the chain rigidity in semi-rigid polymer moles. Schematic of such
a model is shown in Figure 4.78. Such a model depicts random re-efitey afains in
the crystallites. In the case of PPS, possessing semi-higids; such an arrangement of
folds may seem more likely than regular chain folds. The idea abdeant of chain
rigidity in PPS can be obtained by comparing the persistengghkerof polymers
possessing different level of flexibility or rigidity. The petence length of PET is ca. 13
A [202], that of rigid rod polymers is at least 100 A [203], and th&EEK is ca. 54 A
[204]. In the event of unavailability of the persistence length valiu®&PS in literature, it
is fair enough to assume that its persistence length isrctosPEEK, since latter
possesses chemical structure that consists of oxygen and ketonelmptvgen benzene
rings, instead of sulfur that exists between benzene rings in the case of PPS

The proposed model shown in Figure 4.79 captures all the points discussed above
based on fiber morphological characterization, and provides a pictuggobgable
molecular architecture in high tenacity PPS fibers manufdtoy draw-annealing under
optimum process conditions.

SEM micrograph shown in Figure 4.80 was taken of fiber having tenaeityé
gpd after slicing it longitudinally using razor blade. On a maopE view, it appears
that the cut surface (upper right hand corner of the image) edsulio tearing-off the
fiber at remaining portion of the fiber (lower part of the imjagesence of multi-layer
structure is evident perpendicular to fiber axis. Careful observatithre surface of each

layer exhibits possibility of fibrillar structure in it. One such fibril coctmeg adjacent
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Figure 4.78 Switchboard model visualized in three dimensions [201].
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Figure 4.79 Proposed structural model for high tenacity PPS fibers.
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layers is also pointed. The dimension of this fibril is around 200 A, aayg be

comprising of very few microfibrils since crystal thicknegsomted in this fiber is around
90 A (based on (110) reflection) and around 60 A (based on (200) imflecthus

presence of fibrillar structure as proposed in the probable smuchadel seems likely
based on the SEM micrographs. Thickness of each layer appearsetjudleto few

hundred angstroms.

After having proposed probable structural model for PPS fibersyilit be
appropriate at this juncture to discuss the probable mechanism iotfease that was
discussed in part earlier. Through WAXS studies, it is seen diystal thickness
increases more than two fold after heat treating the fibkesems crystallinity increases
by around 10%. In a study on thermal contraction of drawn PET fiBeesorsek et al.
[205] reported that up to 10% contraction, only the amorphous domain between
crystallites  (Figure 4.76b) shrink whereas there is no relatdigplacement of
neighbouring microfibrils. However, at higher level of contraction, 208 more, based

on WAXS, SAXS and IR spectra, they reported that neighbouring microfibrilsadespl

EHT = 1.00 kv Date :18 Feb 2010

200 nm

— Mag = 20.00 K X Signal A = SE2

WD = 6.2 mm Photo No. = 1065

Figure 4.80 SEM micrograph of two zone draw-annealed fiber. (Armovower left
corner indicates fiber axis), (Polymer 3P, spun at 1750 mpm, ET: 31%38@axy I/d:

10; Throughput: 12 gm/min/12 holes, DT:95 °C /100 °C, AT:190 °C).
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with respect to each other. Carr and Ward [31] have shown that emt@ngldensity is
high in case of PPS as compared to PET. Hence it may be potwbleelative
displacement of neighbouring microfibrils happen at lower contractiesl in the case
of PPS. While heat treating PPS samples in DSC in pressseanch, although sample
was knotted to provide restraint, some loss of crystalline otientauggests that
contraction may have taken place to a certain degree, and fuetreanmgement of
crystallites may have happened. If the neighbouring microfiondse relative to each
other, one of the possibilities may be crystallites in one filigtimove and sit next to
the neighboring microfibril rather than remaining in skewed gearent. 10% increase
in crystallinity may suggest that some of the interfibrill@gion may have been
converted to crystalline region. Therefore, without increasing nystatlinity to a large
extent, crystal dimension perpendicular to fiber axis increases than two fold as seen
by WAXS. It is important to note that, in order for this phenomenattor, chains in
interfibrillar domain need to be oriented so that some mobility amémmearrangement
in structure makes them go into crystallites. It may als@dssible that some of the
crystallites break and join the newly formed crystallites @iutnterfibrillar domains.
Thus the larger crystals formed due to one or more of the abovemsms will melt at
higher melting temperatures. This very well explains the gbdencrease in f of PPS
fibers in present investigation, and the role of amorphous orientation for this phenomenon

to occur.
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Chapter 5. Conclusions

It has been possible to correlate materials, structure andrpespm the PPS
fibers through extensive experiments and characterizatioant8im support of several
analytical tools such as X-ray diffraction, thermal analysid polarized light optical
microscopy in illucidating the structural changes pertinent to psoperformance and
changes in tensile properties has been well documented.

5.1 Polymer characteristics

The order of MW of various pellets and flakes was found to be 1 4 8. One
of the key observations from thermal behavior studies was thatdhimgntemperature
of the polymers with different MW was similar (around 28D Higher degree of
crystallinity, higher melting temperature, and a distinguishabileodal melting
endotherm was observed for flakes during first heating, due to priondhduistory.
Higher MW Polymers exhibited lesser degree of crystajlinitan the lower MW
polymers. Crystallization of flakes was slower than that ofdbeesponding pellets,
even after undergoing similar number of thermal cycles. Upon engdtallizing under
similar conditions, flakes exhibited slightly lower crystallinity thamnresponding pellets.

Studies on isothermal as well as non-isothermal crystatliz&tinetics behavior
of various grades of PPS showed that crystallization becameerslamd degree of
crystallinity decreased with increase in polymer MW. Flakeghibited slower
crystallization than corresponding pellets. Under isothermal condiiiotise range of
temperatures studied, no significant differences were obsenvé&drami exponents.
There existed an optimum crystallization temperature foirmax crystallinity. Holding
the melt at higher temperature slowed down the crysatitha behavior but the influence
is more complex. Under non-isothermal conditions, lower the coolirg h&gher the

crystallinity.
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5.2 Material-process-structure-properties relationship

In as-spun fibers

5.2.1Process performance

At high extrusion temperatures (340), 1P could not be spun at higher take up
speeds (2350 mpm). Extrudate of 3F contained voids at spinneret ekitpstd not be
spun. These observations were attributed to volatilization of higheuranof low MW
fractions in high MW polymers. Extrudate of 1F was clear ofvthids hence it could be
spun. Spinnability of 1F was found to be at par with that of 1P.

5.2.2. Fibers properties

Fiber tenacity increased and breaking elongation decreaséd ingitease in
polymer MW, with increase in take-up speed, and with increaseagillary I/d. Tensile
modulus increased with increase in polymer MW. Fiber tensile grepetid not vary
significantly between extrusion temperatures of 3C5and 340°C. Only at very high
extrusion temperatures (around 385), the fiber properties deteriorated significantly.
Material and process variables together explained more tharoB@% fiber properties
data. Strong correlation was observed between tenacity and bieeftangwith R-square
more than 80%. In majority of the cases, 10-15% degree of dinisyalvas developed,
and increased slightly with increase in take-up speed. Fibeltteaaround 4 gpd with
breaking elongations around 30% were obtained by spinning at high takseegss
Smaller crystal size, and lower molecular orientation was prevalent astbpun fibers.
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5.3 Process-structure-properties relationship in draw-

annealed fibers

5.3.1Draw-annealing process

Optimum spinning take-up speed to achieve high tenacity draw-anndaded f
was lower for high MW polymer (1750 mpm: 3P and 4P), and was highé&woMW
polymer (2350 mpm: 1P). At a given draw temperature, higher MW polgmewed
lesser drawability. Optimum drawing temperature was found to tendr95C. As
compared to low MW polymers, higher MW polymers showed wider psotgsvindow
during drawing. Annealing was shown to be a significant factaiructsire development
and mechanical properties enhancement in fibers. Two zone drawihtlysiiggreased
the drawability as compared to one zone drawing. Steam drawamgedeto develop
fiber morphology somewhat differently than that induced by dry heat drawing.

5.3.2 Fiber properties

At a given draw temperature, higher MW polymers showed hiiiiber tenacity.
Annealing the fiber spun at higher take up speed increased théefilaeity from 3.5 gpd
to more than 4.5 gpd. Fibers with tenacities ca. 5 gpd were obtaoradaft the four
polymer types (under different set of fiber spinning and drawamglitions). Fibers with
tenacities ca. 6 gpd were obtained from high MW polymers by thefuss zone draw-
annealing route. Tensile modulus decreased with increase in drgversgure, which
was attributed to loss of orientation in inter-crystalline oagiBenefit of two zone
drawing was shown to be dependent upon fibers’ processing history.clNéole
orientation showed significant influence on fiber tensile propertigstal structure and

thermal behavior of the fibers at elevated temperatures.
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5.3.3Fiber structure

At optimum draw temperature, overall molecular orientation wag vgh, close
to the intrisinc birefringence, along with crystalline orieiotatfactor equal to or more
than 0.9, and amorphous orientation factor more than 0.8. Crystal sizengngeriod
went through minima with increase in draw temperature. By stgdyie crystal length
and crystal thickness using WAXS, the variation in long period as\@zsdy SAXS
was mainly attributed to varying size of non-crystalline dombétsieen the crystallites
along the fiber axis. Probable structural model of highly oriente8 Rifers was

suggested based on the observed structural parameters.
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Chapter 6. Future scope of work

It was shown in current dissertation that by adopting proper progesmnditions
during melt spinning and draw annealing, alongwith selection of polgimappropriate
MW, fiber tenacities in the PPS fibers can be improved to ca. 6 gpd from the ¢ewetnt
of 4 to 4.5 gpd achieved by majority of the PPS fiber producers.

The role of molecular orientation in enhancing the crystal strecat elevated
temperatures was also reported. One possible scope of the fudtkecan be to study
the influence of high temperature tension annealing in PPS fibers tgpdensile
properties.

Due to the subtle differences in the melting behavior of fibersrdiavdry heat
environment vis-a-vis drawn in steamed environment, it will intexgso carry out
further studies of draw annealing in steamed environment, and evaheatéber
properties and structure thereupon.

MFR of high MW PPS polymer studied in the present dissertatian68ag/10
min. Other thermoplastic polymers that have been widely studiedeliyspinning such
as polypropylene possess the MFR equal to around 35. Considering ttileafaPPS
possesses semi-rigid chains and not as easily flowable a¥f talypropylene, it will be
of importance to investigate the influence of PPS polymers tfduhigher MW upon

fiber manufacturing and their properties enhancement.
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Appendix 1. PPS resin makers and brand names

Manufacturer Trade name  Products Applications Goelails
PPS resin
) compounded with
Plastics ]
Toray Torelina glass fibers,
inorganic fillers
Films
Aramid, Glass
Celstran Pellets fibers as
reinforcement
Unfilled grades
Pellets and | Fibers, food applications, for molding,
Flakes medical applications, dental | extrusion
(powder) applications, pharmaceuticals| including melt
Ticona blowing
Connector, Parts-thin walled,
Fortron .
Automotives, rods, pump parts,
electronic applications, glass fiber,
Pellets bearings and gears (PTFE minerals
contained), food applications, | reinforced
medical applications, dental
applications, pharmaceuticals,
Carbon, stainless
Schulman Inc Comshield| Pellets steel fiber
reinforcement
Electrically
Cool Polymers Pellets for conductive,
Coolpoly )
Inc plastics thermally
conductive
] Pellets for Glass fiber
Vamp Tech Deniblend ) )
Plastics reinforced
Sumikon ) Metal replacement, radiation | carbon fiber,
) Sumikon o o
backelite co. Itd. shielding Organic filler
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Appendix 1, continued

Manufacturer Trade name¢  Products Applications Goslails
Dainippon Ink Glass fiber,
) Pellets for
and Chemicals, | DIC ) PTFE, carbon
Plastics )
Incorporated reinforced
Pellets for o
Quadrant ) Graphite fiber,
. ) compression )
engineering duralast o glass fiber
) injection )
plastics ) reinforced
molding
Pellets for Glass fiber,
PolyOne o
) Edgetek injection PTFE, carbon
Corporation ) )
molding reinforced
Techmer )
_ Pellets for Carbon fiber
Levloss Electrafil ] ]
plastics filled
compounds
LCP Pellets for ]
. ] ) o Carbon fiber
Enggineering Emi X injection ]
i ) reinforced
plastics Inc molding
) - _ Valve and pump
Ensinger Inc Ensifide Plastics
components
LNP ) Proprietary filler,
_ ) Konduit, o _ )
engineering Pellet for injection molding linear polymer
) thermotuf
plastics Inc structure
GE plastics Noryl Reinforced
Rod, sheet, tubing, disc,
) preformed parts, disc, Glass, carbon
molding ) ) ] )
customizable forms, bearing, | fiber Reinforced
Chevron ] ]
. Ryton sealing, bushings,
Phillips i
) o Different MW
Powder for | Coating applications,
) ) and molecular
Extrusion compounding

architecture
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Appendix 2. DSC thermogram data for PPS polymers

Polymer type PPS-1 PPS-2 PPS-3 PPS-4
DSC cycle
Form Pellets Flakes Pellets Flakep Pellets Flakgs Pede
% crystallinity of as supplied polymers 19.93 49.24 14.34 46.08 8.57 34.30 33.64
Peak melting Temperature mT°C) | 282.77 294.67 279.82 292.96 278.15 296|2 28333
1st heating Onset of melting (°C) 266.2 284.64 263.28 283.1|L 259.82 286.%6 265[95
Endset of melting (°C) 288.72 298.58 286.07 297.0p 285.592 305J1 289|95
% crystallinity 39.36 48.79 35.29 48.88 30.13 45.21L 29.:|8
peak melting Temperature mT°C) | 284.42 281.77 280.49 280.41 278.49 280.p3 28(I.5
ond Heatin Onset of melting (°C) 270.01 267.74 263.49 264.4b 262.84 262.57 264'11
1 Endset of melting (°C) 290.12 287.92 287.42 286.8) 286.33 287.83 28'I.9
% crystallinity 38.33 35.63 37.58 35.61 29.61 29.2f 27.(IA
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Appendix 3. Crystallization parameters from isothermal crystaliindtinetics of PPS

Polymer Isothermal Averami Avrami rate._ Induction ti C'rystallization Deg.re.e of tAHmax
temperature (°C) constant (n)| constant (K) (mift) | period (f)(sec)| (sec) | time (t)(sec) | crystallinity (%)| (sec)
240 Crystallization begins before reaching the temperature
245 2.8 4.9E-02 99 153 325 27.59 147
1P 250 3.2 3.1E-03 101 330 675 29.63 314
255 3.0 1.1E-03 241 514 1031 26.60 478
260 2.8 2.7E-04 509 966 1921 24.88 854
235 Crystallization begins before reaching the temperature
240 2.5 4.4E-01 78 77 252 28.17 71
op 245 2.9 5.6E-02 87 143 413 29.63 129
250 3.3 4.3E-03 96 278 598 30.05 263
255 3.3 5.3E-04 180 524 970 26.38 500
260 2.4 6.1E-04 490 981 1910 17.24 816
230 Crystallization begins before reaching temperature
235 2.8 6.8E-01 77 60 245 25.43 56
4P 240R 2.9 1.7E-01 81 96 354 26.04 88
245R 3.1 1.4E-02 85 212 484 26.88 199
250 3.3 5.4E-03 186 252 535 22.97 250
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Appendix 3, continued

Polymer Isothermal Avrami Avrami rate ) Ir_1duction tio C_rystallization Deg_re_e of tAHmax
temperature (°C) constant (n)| constant (K) (mift) | period (f)(sec)| (sec) | time (t)(sec) | crystallinity (%)| (sec)
215 Crystallization beigns before reaching the temperature
220 2.6 3.7E-02 103 184 373 22.51 182
3P 225 2.4 1.5E-02 96 292 664 28.41 269
230 2.8 2.7E-03 119 428 852 21.20 429
235 2.4 3.4E-03 241 559 1178 21.67 529
230 Crystallization begins before reaching the temperature
235 2.3 8.6E-02 80 147 417 31.52 132
1F 240 2.5 2.6E-02 89 217 529 30.05 208
245 2.8 5.5E-03 117 447 726 27.60 338
250 2.6 2.3E-03 271 525 1060 24.42 517
230 Crystallization begins before reaching temperature
235 2.3 5.0E-01 77 69 236 25.35 5§
2F 240 2.6 1.4E-01 89 110 384 26.28 100
245 2.8 2.2E-02 91 203 520 30.03 181
250 3.0 4.9E-03 167 303 638 24.88 287
225 Crystallization begins before reaching the temperature
3F 230 2.6 1.3E-01 82 73 180 23.86 67
235 2.4 1.9E-03 81 155 369 29.57 131
240 2.9 5.1E-05 87 233 541 27.24 209
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Appendix 4. Properties of as-spun fibers

Polymer Extrusion Throughput Winding Denier Tenacity Peak Elongation
Temperature (°C) g/12 holes /min| speed (mpm) SD gpd SD % SD

1025 8.46 0.08 1.11 0.08 219.98 4.4j7

12 1750 5.56 1.60 0.28 113.66 30.80

2350 3.65 0.22 2.94 0.23 59.46 5.6

315 1025 6.60 1.30 0.16 138.0( 80.03

9 1750 3.71 0.14 2.54 0.16 82.48 8.54

2350 2.95 0.00 291 0.24 53.61 5.33

612 14.34 0.17 0.94 0.12 332.09 48.02

1P 1025 8.42 0.48 1.36 0.19 228.50 74.54

12 1750 5.09 1.05 2.59 0.22 136.06 72.07

2100 4.39 0.16 2.69 0.30 77.12 7.1y

340 612 10.47 0.07 1.04 0.09 312.58 31.78

1025 6.87 0.16 1.21 0.12 246.31 24.46

> 1750 3.93 0.42 2.09 0.36 145.0 53.30

2120 3.27 2.27 1.08 71.81 15.04
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Appendix 4, continued

Polymer Extrusion Throughput Winding Denier Tenacity Peak Elongation
Temperature (°C) g/12 holes /min| speed (mpm) SD gpd SD % SD

1026 6.42 0.07 1.34 0.18 228.70 26.41

1p 305 9 1745 3.63 0.07 2.38 0.33 74.12 7.04
2118 3.54 0.08 2.70 0.48 62.58 8.44

2353 2.68 0.09 2.86 0.13 53.18 4.56

1028 7.62 0.93 1.56 0.15 236.52 34.64

340 12 1745 4.55 0.29 2.23 0.20 75.04 6.44

2363 3.54 0.17 251 0.29 68.30 8.7/

1025 6.42 0.13 1.53 0.24 199.42 27.01

2P 315 9 1746 3.83 0.09 2.48 0.26 81.20 14.63
2361 3.06 0.08 2.52 0.25 34.94 3.81

1026 6.66 0.93 1.11 0.44 164.90 33.08

340 9 1745 3.74 0.12 2.18 0.23 57.94 12.28

2362 2.63 0.09 2.74 0.44 40.90 10.20
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Appendix 4, continued

Polymer Extrusion Throughput Winding Denier Tenacity Peak Elongation
Temperature (°C) g/12 holes /min| speed (mpm SD gpd SD % SD

1025 8.49 0.08 1.74 0.24 176.67 21.58

12 1750 4.35 0.11 2.45 0.26 72.38 15.%4

2350 3.84 0.08 2.46 0.15 47.78 2.9P

315 1025 6.63 0.25 1.71 0.19 133.28 11.67

" 9 1750 3.81 0.20 2.80 0.25 63.67 6.56
2350 2.60 0.03 3.65 0.57 29.23 8.34

1550 4.50 2.56 0.39 60.43 15.68

340 9 1750 4.02 0.20 2.69 0.14 46.00 5.277

2350 3.02 0.20 3.16 0.26 31.00 4.78

1025 6.61 0.15 1.07 0.26 139.4¢ 28.54

9 1750 3.47 0.11 2.60 0.39 52.71 12.57

3p 355 2350 2.53 0.03 3.87 1.01 49.76 11.29

1025 8.20 0.12 1.31 0.18 191.83 23.69

12 1750 4.97 0.23 1.60 0.21 104.6¢ 30.00

2350 3.28 0.14 2.16 0.34 46.24 9.74
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Appendix 4, continued

Extrusion | Throughput, Winding % DSC
Polymer| Temp |g/12 holes speed crystallinity | Birefringence
(°C) /min (mpm)

1025 10.28 0.03

12 1750 15.73 0.06

315 2350 17.01 0.16

1025 12.60 0.04

9 1750 17.25 0.13

2350 18.55 0.16

612 17.22 0.0074

1P 1024 14.43 0.0190
1 1745 15.14 0.1984

340 2118 17.38 0.2046

612 14.42 0.0099

1023 14.81 0.0180

> 1748 16.49 0.1860

2120 18.32 0.1855

1028 15.34 0.0226

340 12 1745 13.40 0.1787

2363 13.43 0.1825

1025 14.35 0.0225

2P 315 9 1746 14.68 0.1584
2361 15.35 0.1646

1026 15.08 0.0197

340 9 1745 16.52 0.1982

2362 16.21 0.2253
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Appendix 4, continued

_ Throughput o
Extrusion Winding % DSC o
Polymer 0/12 holes ~ | Birefringence
Temp (°C)| = speed (mpm) crystallinity
/min
1025 14.45 0.0479
12 1749 15.80 0.1421
2362 14.91 0.1678
315
1027 12.30 0.0522
4P 9 1749 18.53 0.1574
2361 21.89 0.2127
1550 14.32 0.1766
340 9 1700 19.88 0.1895
2360 20.81 0.2215
1024 9.37 0.0550
9 1745 13.56 0.1785
2361 13.02 0.1859
3P 355

1024 7.91
12 1745 13.50 0.0649
2365 14.03 0.1590
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Appendix 5 Morphological properties of as-spun and drawn fibers

Level of

.. Orientation factors Long Crystal thicknes
Polymer/ Sample crystallinity period A)
ET (°C) details Birefringence A)
DSC WAXS Crystalline @ | Amorphous (f) (110) (200)
AS 16 11 0.057
poo | 30 0.226 0.845 0.617 95 66 61
1P/315
5100 | 34 32
p-110 | 3% 27 0.207 0.747 0.589 122 99 82
AS 14 12 0.129 —
poo | 4 35 0.253 0.851 0.722 99
oP;315 | D95 | % 32 0.267 0.907 0.764
AS 11 10 0.128 L ND 28
poo | 3 33 0.268 0.758 0.847 132 i
apjays | D95 34 33 0.272 0.926 0.774 83 69 o1
31 83 49 43
D-105 0.858
p-115 | 2° 28 0.155 0.675 0.388 122 92 | 8l
EA 34 35 0.306 0.984 0.899 i I
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Appendix 5, continued

Polymer/ Level of ; 4
ETy( o) Sample allinit Birefringence Orientation factors Long | Crystal thicknes;
° crystallinity i
details period A)
DSC WAXS Crystalline (f) | Amorphous () (R (110) (200)
Ap/aLs D-95-HT 46 316 107
2zp | 33 42 0.301 0.957 0.872 99 9 | o8
D-90 33 29 0.283 0.842 0.875 75 52 54
4P/315
SD 37 36 0.829 37 37
D-100C 33 35 0.260 0.921 0.713 ND 58 51
4P/340
D-120C 26 30 0.093 0.512 0.181 ND 64 61
Crystalline film 39 37 109 116
Amorphous film 8 8
3F 45 51 124 101
3P 30 35 65 60
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Appendix 5, continued

ET - extrusion temperature; AS - as-spun fiber; D-90 - drav@® &C; EA - extended annealing, HT - heat treatment in DXB@t
°C, 2-ZD -two zone drawn at D-95/100 °C; SD - steam drawn at 100 °C.

All the fibers were spun at take-up speed of 1750 mpm, and throughput equal to 12 gm/min/12 holes.

Annealing temperature of one zone draw-annealed fibers was 150 °C, and th& ofaz-290 °C.

Films were produced by hot pressing polymer 3P at 315 °C.

Crystalline film was prepared by slow cooling and amorphous film was prodyapeehching the molten film in ice water.

3F and 3P were as received flakes and pellets of polymer type 3 and wectetizax after drying at 120 °C for three hours.
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