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ABSTRACf 

Llquid Crystal Polymers (LCP) are a new class of polymerie materials with 

special molecular and solid state structures, flow characteristics and mechanical 

properties. Injection molded articles of rigid chain liquid crystal copolymers (LCP's) 

are gaining increasmg commercial importance because their dimensional stability, 

hlgh stitfness and strength per unit weight, make them highly attractive for 

aerospace structures and automotive parts, where the anisotropie nature of the 

muterials can be exploited ta achieve novel design strategies. Considerable 

techîlological importance is given to thermotropic LCP's because of their melt pllase 

behavior and ease of processing. Because of their comparatively low viscosity, they 

can be injection molded with short cycle times into th in and complex shapes. 

In the present work, broad range of material properties, inc1uding specifie 

heat, thermal conductivity, thermal diffusivity, and shear viscosity of a commercial 

LCP injection molding resin have been determined experirr·,~ntally. In addition, a 

detailed experimental study has been made of the crystallization kinetics of this LCP 

resm. The study showed that the resin undergoes two crystallization mechanisms, a 

fast and a slow mechanism, depending on the temperature and the cooling rates. 

Various experimental techniques, to charaeterize the microstructure of the 

molded parts, mcluding morphology, orientation, crystallinity and mechanical 

properties, have been developed and used. An effort is made to explain the results. 

Furthermore, composite theory is employed to explain the mechanical properties in 



light of microstructural observations. Overall, the present work reprc~cnts the must 

comprehensive effort to Jate to study and explain the prnct'~sing-nlH:wstrllctllrt'- < 

property relationships for injection molded Lep's. 
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RESC~IE 

Les polymères à cristaux liquides (Lep) constltucn\t une nouvclJe classe de 

matériaux polymériques avec une ~trl1cture moléculair\~'. un état solide, des 

caractérbtlques d'écoulement et de propriétés mécaniques m\iques. Le n10ulage par 

injection de copo!ymèrcs cristaux liquides à chaines rigidt's gagne un intérêt 

commercial crob~ant, à cause de leur stahilité dimensionnelle, de leur rigidité et de 

leur résistance par unité de poids très élevées. Ces propriétés ren'dent ces matériaux 

très attractifs pour les applications aérospatiales et automohilt~:5, où leur nature 

anisotropique peut être exploitée pour de meilleures stratéglt~s Ok'! conception. L'l 

mésophase et la facilité de mise en forme des Lep donnent une importance 

technologique considérable à ces matériaux. Grâce à leur tluidité élevée, des formes 

à géométnes complexes et des épaisseurs minces peuvent être moulées tout en 

maintenant des temps de cycle courts. 

Dans cette étude, un nomhre important de propriétes de la résine, entre 

autres la chaleur spécifique, la conductivité thermique, la diffu~ivité thermique et la 

viscosité en fonction du taux de cisaillement d'un polymère cristal liquide 

commercial ont été determinés. En outre une étude experimentale détaillée a été 

réalisée sur la cinétique de cristallisation de ce polymère. L'étude a montré que la 

résine passe par deux mécanismes de cristallisation, un mécanisme de cristallisation 

rapide et un mécanisme de cristallisation lent, dépendemment de la température et 

des taux de refroidissement. 
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Diverses techmqtles C\péllll1cntdks pour Car,ll'tl'(I\l'r la l111~rll,tllll'turc dl' 

pièces injectées, incluant la morpholl1gll" l'Orll'llt,ltH\Il, 1,\ Cl)~t,III111II~ l't k~ 

propriétés mécaniques ont été développées ct utllt~ées. l'Il l'ltllrt ,1 ét~ tait plHlr 

expliquer ces résultats. De plu'i, une théurIe dl'S ClHnpl),ttl'~ a l'té utlll,l'l.' puur 

expliquer les propriétés méc~lIliqllcs à l'aIde dcs oh~l'rvatll)[l'i lk la 1111~'lll,tllll'tllrl' 

utilisant diverses téchmques. En gênélal l'ctte étllLk repré'L'l1te l'l'Itlllt le plll~ 

complet à date pour étudicr et cxplIqucr 1'!ntcractHHl entre la I11I'>l' l'Il IllrlllL', la 

microstructure et les propriétés de pièces InJcctél'S d'un pulynlt:rl' il cmtaux hqllllk~. 
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CIIAPTER 1 

1 INTRODUCTION 

1.1 lIistorical Revicw 

The existence of the liquid crystalline state was first observed in a 

thermotropic cholesteric sm ail molecule, by Reinitzer (1) in 1888. The basic 

understanding of liquid crystal theory was then developed in the early 1920's when 

Fnedel (2) presented the current classification of the liquid crystalline state. The 

intcrest in liquid crystal researeh was prompted again in the 1950's by the diseovery 

of the possible commercial use of these mate rials in the field of display technology 

and the processing of ultra-high modulus fibres. The first theoretical prediction that 

aecounted for the observed behavior was given by Onsager (3) in 1949. He found 

that solutions of highly asymmetric particles would separate into different phases, 

one isotropie and the other nematie of slightly higher concentration. Flory (4) in 

1956, approaehed the problem using the simpler lattice theory of solutions. He 

proposed that a solution of a rodIike synthetic polymer of suitable rigidity at the ap­

propriate concentration would form an anisotropie phase and that a polymer would 

be a Iyotropie material. In 1965, Flory's theory was weil demonstrated when Kwolek 

(5) diseovercd that wholly aromatic polyamides gave anisotropie solutions in 

alkylamide and alkylurea solvents. That observation led ultimately to the develop­

ment of high performance Kevlar Aramid fibers. 
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The academir and indLl~trial intcrc"t in liquid crystal polymers (LCP\) 

was sparked by the cornmercialization of Kcvlar aiomatic polyanlllk liber III the 

carly 1970'5. The fihcr is almost as sliff and éd ~Irong as sIed, al one l'if th of the 

density. In addition, it has goaL! rcsbtance to chcmicals and hC'1t. A disadvantagc nt 

Kevlar is that the polyrner is a "Iyotropic" liquid crystal, a polymer that has to hl' 

dissalved in an appropr;"te salvcnt for proce~sing applicatIOns. The application of 

these Iyatropic LCP's is Iimited ta th in fibcrs and films due to n:l11oval of the 

solvent. 

Reccntly, rnany Iyotropic liquid crystallinc polymcrs (LCP's) Wl'rc 

reported in the literature, including polyamides (6), polyesters, polyazornethincs (7), 

and cellulose derivatives (8-11). The aromatic polyesters have hecornc one of the 

most widely studied classes of thermotropic polymers, since the puhlic(ltion by 

Jackson and Kuhfuss (12), who reparted the first weil characterized thermotropic 

liquid crystal capolyester. The polymer was an aliphatic-aromatic copolyestcr nf 

poly(-ethyleneterephtalate) (PET) and parahydroxybenzoic acid (PHS). 

Thermotropic Iiquid crystalline polymers are providing substantial interest, mainly 

because they can be proce'ised in the molten state. Researchers have dcviscd ways 

of lowering the transition temperatures to weil below the decompositiorl 

temperature, by slightly altering the tinear aromatic mo\ecular structures. Whilc 

polar groups produce low degrees of the depressilm (13), non-polar suhstitucnt'i arc 

more efficient (14). This is accomplished by introducinJ tlexible cham units (15,1 (), 

bulky substituents (17), or kinks (1 R, 19) in to the mesogcmc unit of the polymcr. New 

liquid crystal polyrners can be processed u~ing the same equipment a~ for proce~~lI1g 

conventional flexible chain polymers. 

To improve the modulus and strength of flexIble chain polyrncrs, a 
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hlgh degrce of orientation by chain extension is required. With thermotropic liquid 

crystal polymers, this order exists readily in the nematic state. The ne matie structure 

is rc/ated to the presence of domains in which a high degree of mo/ecu/ar oritnta­

tion exists. During deformation, such domains may align along the flow direction, 

yic1ding a material with exceptional physical properties. 

1.2 The Liquid Crystalline State of Matter 

A major requirement for the occurrence of a mesophase is that the 

moJccule must be highly anisotropie in shape and usually rod-like (4). Phase 

transitions may be cau5ed by temperature changes (Thermotropic Mesomorphism) 

or by concentration changes in an appropriate solvent (Lyotropic Mesomorphism). 

1.2.1 Classification of Liquid Crystal Phases 

LCP's ean be elassified into three main classes, based on their 

structure, as observed by Friedel (2): ne ma tics, eholesterics and smeeties (Figure 

1.1 a). 

Ca) Nematic Mesophase 

The ncmatie mesophase allows for transiationaI mobility of constituent 

molecules and has a low viscosity. Systems with one dimensional arder are referred 

to as ne matie for the threadlike morphologies seen in the polanzed Iight microscope. 

Molecules are aligned in a preferred direction characterized by a unit vector n, the 

director (Figure 1.1a). This phase has rotational symmetry around the director n. 
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(b) Cholesteric Mesophase 

The choJesteric phase is characterized by spatial variation of the prdcrrcd 

direction, leading to a periodic twisting of the nematie structure. The period is callcd 

the pitch (Figure LIb). If the z-axis is the helical axis, the following structure 

represents the vector n: 

nx = cos(qoZ + <p) 

lly = sine qoZ + <p) 

nz = 0 

(1.1 ) 

(1.2) 

( 1.3) 

where qo is the wave vector and <p is the phase angle. The structure of a cholesteric 

phase is given by: 

(1.4) 

Cholesteric phases exhibit very interesting optical properties. 

(c) Smectic Mesophase 

The smectic phase is charactcrized by one dimensional pcriodic structure, in 

which translational mobility is minimal (Figure 1. le). From the structural point of 

view, ail smectics are layered structures, with a weil detïned interlayer spacing, whkh 

can be measured by X~ray diffraction (20). 
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Figure 11.A The unlaxlal Nematlc Phase 

ii/q 

Figure 1.1 8 The Helical Structure of the Cholestenc Phase 

Figure 11 C The Smectlc A Phase Figure 1.1.0 The Smectic C Phase 

FIGURE 1.1: C13ssification of Iiquid crystal phases. 
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1.2.2 Orientational arder 

The alignment of a ne matie mesophase can be descnhed hy the on.kr 

parame ter S introduced by Mayer and Saupe (21). 

S = 1/2 (3 < cos! a > - 1 ) ( 1.5) 

Where a is the angle between the mob:ular longitudinal ;LXI~ and sn\llC 

preferred direction (the director il), and < > indicates an average value ot cos!(} 

for aIl moleeules. S=O for random distribution of directors, as is the ca~e \VIth an 

isotropie melt, S= 1 if aIl the directors are perfectly aligned alnng the preterrcd 

direction, and S=-O.5 for perpendicular alignment. The de!inition of S anses from 

the work of Zocher (22). lt may be recognized as beiJ1g equlvalcnt to the Herman!> 

ientation funetion (23). For ne matie liquid crystals , S r:lOges l'rom 0.3 to (lX 

This thesis is dividcd into seven chapters. Chapters 1 and Il deal wltll 

, historical introduction, and a generalliterature review on Iiquid crystal polymcrs, 

!TId review of work carried out on thermal, structural, rheological and pf()cc~sil1g 

characteristics of these polymers. Chapter III presents the research ohJectlvc~. 

Chapter IV presents the experimental procedures with a detailed descnptlo!l of tll!.: 

experimental techniques. Chapter V presents the overall results and dbcUS\IOI1 (lI 

the mate rial characterization, including the thermal and dynamlC mechalllcai 

properties, melting and crystallization behavior, as weil a~ the kmetlC~ of 

crystallization. It also descnbes injection molding behavlor and the di\tnbutlo/1 uf 
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mlcrostructural characteristics, as obtained by the various techniques employed in 

this study. Chapter VI presents a theoretical analysis ta predict flexural modulus 

distributions using available composite theories. Finally chapter VII presents the 

overaH conclusions, c1aims for original work and recommendations for future work. 
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CHAPTER II 

2 GENERAL BACKGROUND 

2.1 üquid Crystalline Polymers (LCP's) 

Anisotropie polymers consist of rigid rodIikc moh:cules that, under the 

right temperature and concentration in a melt or solution, arrange thel11~e1ves III 

domains. White the micro ùrder parameter for describmg orientation wltlll/1 domall1s 

is high, the macro-arder parame ter for describing the alignment of domains call he 

zero. However, aligning the domains by processmg may yield a prodllct wherc buth 

molecular and domain orientations are high. The order is frozen 111 a~ the polymcr 

cools down into a soli d, yielding a product with attractive physlcal propcrtles. The 

fiber-like internaI structure of parts produeed in the ahnve manner, has led tn the 

concept of "self-reinforcing" polymers. The early interest 111 rod-Ilke moleclIles that 

form anisotropie structures is due to the faet that the properties of these lllghly 

aligned molecules can approach the calculated theoretical ~trcngth anù ~tiITncs~ 01 

the molecule. In conventional polymers the entanglements (~ee figure 2./) do not 

allow the formation of liquid crystalline structures. Liquid crysta/linc p()Jymcr~ may 

be synthesized using one of the following two pnnclples: Ci) by IInkmg togcthcr 

suitable mesogenic monomers by condensation polymerizatton, kading to the 

formation of a backbone (Figure 2.2), or (ii) by addition polymerization ot 

mesogenic monomers carrying a terminal group to form a backbone that carne~ the 
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Melt 
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Solid 
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FIGURE 2.1: Differences in molecular conformation 
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FIGURE 2.2: Main-cham liquid crystal polymer (mesogcnic group 

in the main chain). 

FIGURE 2.3: Side-chain liquid crystal polymer. 
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1 me~ogenic units as pendant side chains, called side-chain liquid crystal polymers 

(Figure 2.3). The first type of polymers is of interest mainly due ta their mechanical 

properties, while side-chain polymers display interesting opticaJ properties. The 

matenal unùer study is a main chain copolyester. 

2..2 Thermal Characteristics of LCP's 

The thermal behavior of LCP's was studied extensively during the last 

decade. Grebowicz and Wunderlich (24) found that rigid chain polymers exhibit a 

high temperature Iiquid crystalline phase, usually nematic for most thermotropie 

copolyesters, intermediate betwecn a partially ordered solid and an isotropie fluid 

state, as shown by the black "threadlike" texture or orientation boundaries observed 

under polarized light microscopy (Figure 2.4) (25). The transition ta isotropie phase 

was not observed because of de composition (24). Blundell (26) reported that 

because of the high transition temperatures and the low heats of transition of these 

copolyesters, low entropies of transition are observed with an unusually small volume 

change at the transitions. Bechtoldt et al. (27) reported the volume change ta be of 

the order of 0.1 to 1 %. Blundell and Buckingham (28) explained that the main 

mottons were longitudinal translation, chain rotation and minor internaI chain 

motions that could not alter the overalJ configuration. Grebowicz and Wunderlich 

(24) described thesc polymers as intermediate between the liquid crystalline and 

candis (conformationally disordered) crystalline state with small amount of 

crystallinity. Stamatoff (29) suggested that sufficiently rapid cooling could result in 

a polymenc glass with nematie structural order. Clements (30) confirmed that "not 

crystalline" does not imply amorphous, since these polymers shouJd have at Jeast 

11 
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FIGURE 2.4: Polarized Iight photomicrograph of fi nelllatic 111l'1t 

phase using a hot stage micrm,cope (25). 
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one-dimensional (orientational) order rather that no order at ail. On the other hand 

Bcchtoldt (27) reportcd that the degree of crystallinity could vary between 30 and 

70% depending on the thermal treatment experienced by the polymers. He also 

nhserved that thermal trcatment did not affect the density. Due to the dense packing 

of the molecules, it is generally assumed that only cooperative motions are possible 

for chain rotations (rotationally ordered or disordered systems) (27). Because of the 

high order and the dense packing of the molecules, the thermal conductivity and 

diffusivity of liquid crystal polymers are higher than for flexible chain polymers. 

Therefore, the cooling cycles in the polymer processing operations are much shorter 

than for conventional polymers. 

Warner and Jaffe (31), employing an isothermal method, found that 

the crystallization rate of liquid crystalline polymers is very fast, and the Avrami 

exponent n was found to be equal to 2, which corresponds to the rod-like growth 

from sporadic nuclei. B1undell (26) attributed this behavior to the instantaneous 

I1ucleation due to the high chain mobility of the low viscosity liquid crystalline 

copolymer. Butzbach et al. (32) and Bechtoldt et al. (27) observed that the 

crystallization process in the Iiquid crystalline copnlymer occurred in two steps: a fast 

crystallization process and a slow process. They used an isothermal method to study 

the kinetics of the slow crystallizatinn process and !ound that the degree of 

crystallinity increased linearly as a function of the logarithm of time. 

TInee different molecular processes have been observed by Calundann 

and Jaffe (25) in naphthalene thermotropic polyesters (NTP's) (Figure 2.5), using 

dynamic mechanical analysis. The high temperature a-process, occurring at about 

110°C, 
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is essentially relatcd ta the glass transition temperature, TI ' associated with the 

onset of cooperative motions along the chain. The ,8-process in the region of 50°C 

is associated with the naphthyl moieties. Finally, they attrihuted the shallow 1-

process at about -40°C ta the onset of similar motions in the phenyl units. Recently, 

Blundell and Buckingham (28) focused on the p-process, and they confirmed that 

this process was assocîated with the naphthyl groups and neighbouring carbonyl 

groups undergoing a coordinated rotation motion about the main polymer axis. 

23 Structural Characteristics of LCP's 

The melting behavior of a copolymer consisting of a crystallizable unit, 

Hydroxybenzoic Acid (HBA) and a non-crystallizable unit, 2,6-Hydroxynaphthoic 

Acid (HNA) in the random chain is expressed by the weIl known Flory (4) relation: 

1 1 R 
= -- .ln(P f ) (2.1) 

Where To. is the melting temperature of the pure homopolymer, T. is the melting 

temperature of the copolymer, toH f is the heat of fusion per mole of crystallizable 

units, and R is the gas constant. P f is the probability factor that one crystallizable 

unit follows another. For random chains, P f is equal to the mole fraction of such 

units. The melting behavior of the naphthalene copolymers used in this work is 

consistent with the melting point depressions predicted by Flory's melting theory, 

which should not occur if the molecules are blocky. This behavior is consistent with, 

but not a proof of, lack of blockiness in the resulting polymers. The work of 
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Blackwell and Gutierrez (33), Gutierrez ct al. (34) and Stamatu;T (29), uSlIlg widc­

angle x-ray dIffraction, offers more convincmg evidcnrc of randolll s1'4ul'ncc 

distributions in naphthalene thermotroplc copolyc:.tcrs. 

Hanna and Windle (35) studicd the solid state ordt.'r llhtaincd lIpon 

cooling of thermotropic copolyesters l'rom the nl'matic melt, thus cxtcllding the 

earlier work of Flory (4) and Wunderlich (36) on conventional coplllymcls, wherc 

only one compone nt was considered crystalli7<lhk. The statistical approach taken 

was to find the largest matching sequence of similar units along the samc chain (sec 

Figure 2.6 A) and between adjacent chains for a given set of conditions, and then 

noting aIl possible secondary matches, which propagate latl'rally to give two 

dimensional crystalline regions (Figure 2.6 B). Propagation of a particular randol11 

sequence gives rise to non-periodic layer (NPL) crystals, which have heen dlscussed 

previously by the same group (37). This lateral sorting is nnly pmslhle for the slow 

crystallization process. In the case of the fast crystallization proccss, only longitudinal 

matching is possible. 

Traditional methods for the morphological characten7ation incIude the 

entire range of microscopie instruments. Optical microscopy, gcnerally llsing 

polarized light (PLM), is llseful to ob:,crve the cffects of oflentation and to give an 

overview of structures larger than a micrometre in size. Scanning Electron 

Microscopy (SEM) permits a higher magnificat ion view of 5 to 10 nm rc~()luti()n of 

the surface of mate rials. Transmission Electron Microscopy (TEM) pCfl11Its the 

observation of structures to less than 1 nrn. This range of instrumental methods 

requires a variety of sample preparation mcthods which range from c~tahlt~hed 

methods to sorne developed specifically for liquid crystalline polymers. 
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FIGURE 2.6A: Computer generated image of NPL crystals, 

Longitudinal matching. 

T 1' •• _; 

FIGURE 2.6B: Computer generated image of NPL crystals, Lateral 

rnatching between adjacent chains (35). 
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X-Ray diffraction is a valuahle methOll to characteri7e the structure 

of materials. It has been used extensivc1y to inve~tigate the phy~lcal structure nf 

wholly aromatic liquid cry~tallll1e copolye~ters (Gutierrez et al. (J-l), Ckml'nts ct 

al.(30), Jenkins et al.(38), Davies et al.( 39), Trnllghton et al. (-lO), l3lackwell ct al. 

(33), Chivers and Blackwell (40), BlItzhach et al.(HBNlINA) (32), Mitchell et al. 

(42,43) (HBA/PET). The fifst x-ray work on the HBNlINA systems was reported 

by Gutierrez et al. (34). They ohserved two rclatively sharp equatorial retlectiol1s at 

d = 0.45 nm and 0.26 nm and an off-equatorial at d = 0.33 m11. They used an 

aperi.Jdic point model ta predict the positions of these retlections for a random 

sequence of monomers. The data were compatihle with a structure consbting of an 

assembly of parallel chains of totally randnrn monomer sequences. Chivers and 

Blackwell (40), From X-ray patterns of melt spun fiber, observcù a high degrec of 

axial orientation of the molecules, but with poor laieraI order except in some highly 

ordered regions. Chains of this type would prnbahly tend to form a hcxagonallattice, 

but with complete axial and rotational freeùom in a nematic structure. The presence 

of off-equatorial Bragg reflections indicates the presence of sorne regular ttlfce­

dimensional packing. They also reported that the only conformational freedom was 

due to torsional rotation about the aromatic-carboxy linkage honds. Baseù on the 

molecular models, the lengths of the IIBA and IINA rcsiducs were take/l as 0.6J5 

nm and 0.837 nm, respectively. Blundell (2b) used the intensities of the Bragg 

retlections ta esti ':jate the "degree of cry~tallin;ty" which was found to he 21 % in the 

40/60 HBA/HNA copolymer system. He calculated, from the half-wl(.lth of the 

diffraction peaks, the laterai size of the orùered reglo/ls to he ca. 10 /lm acro~s. 

Viney et al. (44), using the X-ray diffraction method, oh~erved 

pronounced moiecular orientation of a specimen sectioned from a pellet, whlle the 

18 



micrograph taken from the same sample vicwed under cross-polarized light did not 

confirm the X-ray results. They concluded that these LCP's have biaxial optical 

properties. 

Windle (45) reported th<1t BlundeIl's (46) conclusion about hexagonal 

packing was not substantiated. Windle commented that hexagonal packing implied 

that the first two equatorial maxima would have scattering vectors with amplitudes 

in the ratio of 1:1.732. The ohserved ratio, as stated by B1undeJl, was of the order 

of 1: 1.3 (200:26°). Windle referred to this order as being "biaxial", while Blundell 

obscrved that only after prolonged annealing, the more ordered regions moved from 

hexagonal packing to one possesslng a degree of biaxiality. 

Blundell et al. (47) studied the relationship between chain linearity and 

the molar fraction of HBA in the p-hydroxybenzoic acid/Isophthalic 

acidlHydroquinone (HBNIAJHQ) system. The results showed that as HBA 

increased, the increase in modulus was mainly a consequence of the increase in 

molecular orientati0il within the layers. They calculated Hermans orientation 

function fc of th.! crystallme phase using the assumption that these polymers adopt 

a hexagonal packing. 

2.4 Rhp.()logical Properties of LCP's 

The rheology of polymerie Iiquid crystals has been reviewed by Baird 

(48) in 1978 and more recently an excellent review by Wissbrun (49) in 1981. Onogi 

and Asada (50) have proposed that the tlow curves for polymerie liquid crystals have 

three regions: a shear thinning region at low shear rates, a region of constant 

viscosity. followed by another shear thinning region at high shear rates (Figure 2.7). 
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Wisshrun (51-53) observed that therrnotropic liquid crystalline polyrners show 

quantitative and qualitative differcnces when cornpared to se mi-flexible chain 

polyrners. Ouantitatively, thermotropic polymers show a low viscosity and long 

relaxation times relative ta those of an isotropie polymer of comparable molecular 

weight distribution (51). Oualitatively, shear thinning viscosity is observed in Iiquid 

cry!ltal polymers at low shear rates, \ittle or no extrudate swelling is displayed despite 

high elasticity levcls in small amplitude oscillatory deformation (52,54). Occasional 

shear thickening behavior, transie nt negativc normal stress difference and 

dcpcndence of f10w behavior on thermal and mechanical history have been reported 

(51,52,55-57). The rheological properties of LCP's are of particular interest to the 

processor. At the present time, only the ncmatic phase scems to be advantageous 

for obtaining the optimal mechanical propcrties with these rigid ehain molccules. 

The f10w properties of the ne matie phase depend on the relative orientation of the 

preferred direction (of the director) and the gradient flow rate (58). 

2.5 Processing Behavior of LCP's 

2.5.1 Injection molding 

The injection molding process involves heating solid polymerie 

mc.lterial, usually in the form of so\id pellets or powder, until it reaches a molten 

state; it is then injected under pressure into a cold c10sed mold cavity. The mold is 

cooled to allow the part to solidify and maintain its final shape and dimensions. 

Over the past two decades, injection molding has become the major 
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fabrication process of plastic parts for hoth thermopla~ti~ and thermosetting 

materials. Its outstanding versatillty and ahtlity to produce parts with intrÏl'atc shapes 

to extremely tight specifications havc hcen the key rcasons for lts widespread use. 

Injection molding is also highly cost effective, especially in large volume operations. 

The chief drawback of injection molding is th~ inhcrent lhfficulty of controlling the 

ul~imate properties of the molded parts to a hig~ dcgrec of precision. Bccausc of 

the spatial nonuniformity of the tempcrature and pressure fields, the complete 

thermo-mechanical history is unevcnly distrihutcd in the cavity, leading tn structural 

inhomogeneity of molded parts. Although not necessarily a major conœrn in 

convention al molding, this could cause serious problems in the moldlllg of precision 

parts, as for example integrated circuit boards, lenscs, and fibcr-optlc connectors. 

Thus, the production of intricate parts with extrcmely c1o!\e tolerances and high 

surface finish quality imposes stringent manufacturing and proccss control 

requirements. 

Injection molded articles of rigld chain liqllld crystal copolymers 

(LCP's) are gaining increasing commercial importance hecal1~e of their high stiffncss 

and strength per unit weight. These qualities make them attractive for aerospacc 

structures and automotive parts, where the anisotropic nature of the matcrials can 

be exploited to achieve novel design strategies. Considera hIe technological 

importance is given to thermotropic LCP's because of their mclt phase hchavior and 

ease of processing. Thermotropic LCP's have excellent dimcn~I()I1al \tahility and, 

because of the comparatively low visco!\lty, can he injection molded into thin and 

complex shapes under appropria te proces~ing conditions. The p()~~ihllity of molding 

thin and intricate parts for electronic components and medical equipmcnt has now 
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made them excellent candidates for these applications. The high resistance ta che mi­

cals has made Lep moldings suitahle as parts in chemical processing machinery. 

The processing of liquid crystalline polymers into a fiber, film, or 

molded article, from the melt or solution, results in structures that are highly 

ordered with superior mechanical properties (in the direction parallel ta chain 

orientation) compared ta conventional flexible chain polymers. 

The propcrties of the final product are determined by the thermal and 

tlow history experienced by the mate rial during processing. Microstructure of the 

final product is the important link between the thermo-mechanical history experien­

ced by the material and the properties of the final product. Sorne of the important 

microstructural aspects include orientation, morphology, crystallinity and frozen 

stresses. 

Processing conditions such as the mold temperature, injection pressure 

and filling times are observed ta affect significantly the physical properties of the 

end-product. Liquid crystaJline polymers can be processed over a wide range of 

mold temperatures, generally between 30 and 150°C, with temperatures of 80 to 

l100C being most cam mon. It is observed that LCP's require lower injection 

pressure than other thermoplastic mate rials, due to the low viscosity of LCPs. The 

low viscosity, the low heat of transition and the high thermal conductivity result in 

unusually short cycle times, typically in the range of 5-30 seconds (59). 

2.5.2 Processing Induced Microstructure of LCP's 

Liquid crystal polymers are a new c\ass of polymerie mate rials with 

unique molecular and solid state structures, f10w characteristics and mechanical 
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properties. The injection molding proce~s involvcs a numbcr of variables interacting 

in a complex manner. The nature of interaction, when weil understood, will help to 

control the product properties and increase process efficiency sigl11ficantly. Figure 

2.8 shows the variables that contribute to the interactions nf the variolls components 

in the injection molding system: the mate rial, the machine, the operating variahles, 

and the product. 

2.5.2.1 Orientation 

The physical properties of the molded articles will ùepend upon thc 

direction and the degree of molecular orientation. This orientation is impartcd to 

to the material as a result of elongational and shear strcsses as 1t tlows in the mold 

(Figure 2.9 (60». The tlow pattern in the cavity must be considered relative to the 

property requirements of the finisheu part. Generally, thin sections will he more 

anisotropie than thick sections (12). Several researchers (61-72) have reported skin­

core morphalogy with layer formation along the thickness of a molded Iiquid 

crystalline specimen. Such layer formation is usually explaincd hy the flow hi!>tory 

during the filling stage, when the melt motion is most promincnt. Ide and Ophir (62) 

abserved that, in anisotropic mclts where domain~ of local orientation are formcd, 

shearing will not orient molecules if domains are stable. Howcvcr, in elongational 

flow, each damain will be gtretched out and the molecules bccome aligned parallel 

to the tlow direction, yielding indistinct boundaries between ùomallls (mono-domain 

structure ). 
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Infrared spectroscopy is a very useful tool for characterizÎng the 

molecular orientation of polymers, provided the band assignment is weIl established. 

Pirnia and Sung (73), in characterizing the molecular structure and orientation in 

injection molded samples of a polymer similar ta that used in the present work, used 

three infrared bands: 1410 and 1504 cm-l for the crystalline part and 1470 cm-l, 

which is due ta HNA, for the amorphous part. The transition moment angle for the 

above three bands was assurned to be zero. 

2.5.2.2 Morphology 

Many researchers observed skin-core morphology and the existence 

of various layer structures jn injection rnolded liquid crystalline parts, on the basis 

of measurements using Polarized Light Microscopy (PLM) (25,66) and Scanning 

Electron Microscopy (SEM) (61,63,65,66). Skin-core morphology is also observed 

in injection molded bars (70,72), and in fibers (67) as weIl as in extruded strands 

(62) and extruded sheets (74,75). Ophir and Ide (72) showed a photomicrograph 

with four layers across the thickness (Figure 2.10). Thapar and Bevis (61) showed 

electron micrographs of polished surfaces and surfaces etched with sulphuric acid. 

They observed that there were concentric conieal figures which typify the mold filling 

process. The fibril diameter increased from the skin region to the core, while the 

fibre density within each layer decreased from the skin to the core region. 

2.5.2.3 Density and crystallinity 

In the injection molding process, the material experiences a 
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temperature profile where the tempcrature is low at the wall and high at the center 

of the cavity. Therefore, the crystaIlization rates vary across the thickness of the 

cavity. Sm ce crystallinity is associated with a more compact structure, the density 

increases with crystallinity. In Iiquid crystalline polymers, only small changes in 

crystallinity occur during molding. Therefore, little shrinkage is observed and the 

dimensional stability of these materials is excellent. 

In the case of rigid-chain polymers, Bechtoldt (27) observed that heat 

treatment increased the crystallinity but the density remained constant. Annealing 

below the melting point leads to the development of localized regions of enhanced 

order, especially in specimens with a high degree of overall orientation. 

2.5.2.4 Mechanical properties 

McFarlane et al.(76) reported that tensile strength and flexural moduli 

of injection-molded tensile bars were exceptionally large for unrcinforced Lep 

copolyesters. The tensile strength of the bars molded from Iiquid crystalline melts 

is four to five times that obtained for the conventional polyethylene terephthalate 

(PET) molded under identical conditions. The tensile strength results, in part, from 

the high degree of molecular orientation retained in the molded article. 

Data showing the significant effect of part thickness on the anisotropy 

of mechanical properties (Figure 2.11) were reported by Jackson and Kuhfuss (12). 

The distribution of mechanical properties in the thickness direction of an injection 

molded part was reported by Williams and Garg (71), and Garg and Kenig (77) 
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J They observed that each of morphological zones that werc observeù anms th~ 

thickness had distinctive mechanical properties. 
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CHA PTE R III 

3. OBJECTIVES 

The main objective of the present work has heen to obt:1I11 a bettel 

understanding of the processing behavior of thermotropic liqUlù crystall1ne polymers. 

with special emphasis on the injection molding process. Since the pIUCt:!\SlIlg 

behavior of polymers depends strongly on the thermal, ttlermoJynamlc, alld 

rheological properties of the material, it was also Important tu ohtalll li 

characterization of these properties for the liqUlù crystalline polymer !\y~tel11 under 

consideration. 

The specifie objectives of the researeh project are outlined helow. 

1. Characterization of the relevant properties ot the reSIIl, II1dllJlI1g 

thermal properties (specifie heat, thermal cnnùlIctlVlty, and thermal 

diffusivity), mechanieal properties (dynam le mechan Ica 1 he haVI< lr), and 

rheologieal properties (viscosity-shear rate hehavlOr and capillary dIe 

swell). 

2. Evaluation of melting and erystalltzatlOn hehavlor of the matenal and 

the crystallization kinetics over a broaù range of temperature,> and 

times. 

3. EvaluatIOn of the mJection ml1Idmg behavlor Dt the l!ljUlU cry<,talllflc 
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polymer, mcluding the collection and analysis of data regarding the 

variation of pressure and temperature under various molding 

conditIons. 

4. Analysis of the microstructure and properties of injection molded 

articles and the explanation of the relationships between the 

microstructure, properties, and processing conditions in light of the 

phenomena occurring during injection molding and the properties of 

the hquid crystalline polymer. 
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CHAPTER !V 

4. EXPERIMENTAL 

This chapter de scribes the rnaterial emplnyed ll1 the prest'nt ,>tuLly and 

the method of preparation of samples for the thermal, microstructural, I11~Chanll'al 

and rheological characterization of the mate rial. The preparatlOll ot th~ 11lJect!o\l 

molded plaques under various processing conditions is alsn ùescnheù. A ùl'taIlnl 

description of the relevant experimental apparatm~ and the proceùur~s cmplllycLi 111 

this study will be presented. 

4.1 Materia] 

The rigid-chain liquid crystal copolymer used m th1S stuùy, LCP-21)()(), 

consisted of about 70 mol% p-hydroxybenzOlc acid (HBA) and 30 mol% 2,(1-

hydroxynaphthoic acid (HNA) (Figure 4.1). The resin was supplieù by Celanc\c 

Research Company, New Jersey, in the form of solld pellets. The mcthoù (lt 

preparation of the copolymer was descnbeù in ùetall hy Calu\lùann (1<). Ikcau,>c 

of the hygroscopicity of the mate rial, the pellets were always Ùf\eù oycrl1lght at 

100·C in a vacuum oven, before use. Table 1 summaf\ze~ sorne ot the Important 

properties of the resin. 
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X=·7 o Y=.3 
H BA H NA 

FIGURE 4.1: Chemical Structure of the rigid chain copolyester 

LCP·2000. 
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TABLE 4.1: PHYSICAL PROPERTIES OF LCP-2000 

PHYSICAL PROPERTIES SOURCE· 

-
M" (g/mol) 30,000 (53) 
M. 15,000 (53) 

Glass trans. temp.("C) 90 

Melting range (0 C) 265-280 

Average specifie heat (J/K.mol) 
Cp,. 170.0 
Cp,l 243.0 

Average thermal conductivity 
(J/m.°C.s) 

k. 0.237 
kl 0.251 

Average Thermal diffusivity 
(mIls) E+ 7 

Q. 1.93 
Ql 1.94 

Density (kg/ml) 

P. 1.4 
Pl 1.3 (27) 

Power law index n (300·C) 
0.54 Consistency index (300·C) 

3236 

• AlI other data were obtained from this work. 
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4.2 Thermal Propcrtics 

4.2.1 Specifie Heat 

Specifie heats of the liquid crystal copolymer (70%HBN30%HNA) 

were measured over a wide range of temperatures (room temperature to 320°C at 

a seanning rate of 20 oC/min) using OSC (DifferentiaI Scanning Calorimetry) 

thermograms of the samples sliced from the skin layer of the as-received pellets. The 

following equation was used for the ca1culation of the specifie heat, C,: 

[H(T)] polymer Weight (sapphire) 
[C,(T)]polymer = x 

[H(T)]sapphire Weight (polymer) 

x [C,(T)]sapphire (4.1) 

where H(T) is the amplitude of pen deflection (heat flow) on the OSC thermogram. 

[C,(T)] sapphire were obtained from standard tables (78). 

4.2.2 Thermal Conductivity and diffusivity 

The apparatus used to measure the thermal conductivity and diffusivity 

of the copolymer was a miniaturized version (79) of the instrument designed by 

Sourour and Kamal (80). It permits the measurement of thermal conductivity and 

diffusivity of polymerir: materials in the solid as weil as in the molten state. In one 

mode of operation, the test specimen is suddenly subjected to a thermal flux and the 
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velocity of the heat wave across the sam pIe is measured for cakulatiol1 of the 

thermal diffusivity. Maintaining the heat flux teads tn a ~teady thermal gradlèllt 

across the sample thickness from which the thermal conductivlty ran he detl'rllllllcd. 

The basic construction of the conductivity ccII lS shown in Figure 4.2. 

It consists of two identical stainless steel circular molds. A nichrome wire hcatcr is 

sandwiched between the lower plate of the upper mold and the upper plate of the 

lower mold. Two molds are used to produce a uniform heat tlux on hoth sides of the 

nichrome wire heater. The symmetry of the molds is venfled by comparing the 

corresponding individual temperature signaIs on both sides of the molds. Coppt'r­

constantan thermocouples are used to measure the temperatures acro~s the 

thickness of the specimen. Details of the system arrangement and auxlhary 

equipment for the measurement of current and voltage of the heater arc given 111 

an earlier paper of Kamal et al. (79). The apparatus has heen intcrfaccd wlth li 

computer for precise measurements of temperature (resolutlon: 0.1 OC) and tUlle 

(.l'solution: 0.1 s). 

Circular dises of 5 cm diameter and 1.6 mm thickness used tn I11casurc 

the thermal conductivity and diffusivity of the material were prepared by comprc~­

sion molding. The pellets were melted at 300°C and at an applicd prc~~lIrc 01 200 

MPa for 2 min. The moldings were allowed ta cool at a rate of ahout JO °C/mll1 

under pressure ta room temperature. 

Steady-state heat transfer by conduction through a ~amplc conllllcd 

between parallel plates follows Fourier's law: 
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q 
k = (4.2) 

dT/dX 

Where q is the heat flux in the thickness direction umlcr the intlllcnce of a 

temperature gradient dT/dX, and k is the thermal conductivity of the matcrial. 

Based on the assllmption that eqllal heat flux is distriblltcd on hoth 

sides of the conductivity cells, the thermal flux values are rclatcd to the various 

parameters as follows (81): 

k.A. !lT. 
Q. = (4.3) 

!lX. 

( 4.4) 

Where QI = Q2, are the thermal fluxes on each side of the conductivity ccII, and 

A is equal ta the heating area which is taken here as the arca of the sample. llT. 

and !lT2 are the thermal gradients through thicknesses, !lX. and llX l respectivcly. 

Q = V.I, Q is the overall power, where V is the voltage and 1 i~ the currcnt. 

The value of the thermal conductivity at each temperature can he 

calculated as follows: 

k= ( 4.5) 
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The thermal penetration time was measured by obtaining the time elapsed 

until a temperature change was detected in thermocouples 1 and 4 (Figure 4.2) 

when the external heat source used to heat the nichrome wire was app!ied. The 

value of thermal penetration time, f, for each temperature was used to compute the 

thermal diffusivity employing the procedure described by Kamal et al. (79). 

4.3 P-V-T Diagram 

The relationship between the pressure, volume and temperature is 

needed in polymer processing studies, especially injection molding, due to the large 

thermal and pressure effects in this process and the importance of volume changes 

in the determination of final product properties. 

The Pressure-Volume-Temperature (P-V-T) data of the liquid crystal 

copolyester resin were collected using the Instron Universal Testing Instrument, 

floor model (TT-CM-L), in conjunction with the Instron CapiIJary Rheometer Type 

MCR. The barrel tempe rature can be maintained within ±O.SoC of the set 

temperature, and the accuracy of the load weighing system is the greater of the 

±O.S% of the indicated load or ±O.25% of recorded scale. The movement of the 

plunger could be monitored within 0.025 cm of accuracy (Instran Manual Number 

10-29-1 (A) (1965)), by means of a gauge length dia!. A plug resistant to high 

pressures, which was held in place bya damping nut, was employed to ~eal off the 

barrel at the bottom. Teflon "0" rings were inserted around the plug and plunger 

ta prevent the melt from leaking during compression. 

The procedure involved adding pellets into the barrel, a small amount 

at a time, and tamping with a brass rad after each addition. Sufficient time was 
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allowed for the melt to reach equilibrium at the desired test tcmperature. Then, the 

volume of the melt was changed by pushing the piston at a preJetermineJ rate to 

compress the polymer melt enc\osed in the isothermal cylinJer. Pres~ure was 

recorded as a function of temperature and volume. 

4.4 Metting and Crystallization Behavior 

The Perkin Elmer DifferentiaI Scanning Calorimeter (DSC-7), was 

used to carry out calorimetrie measurements required for the evaluation of mclting 

behavior and crystallization kinetics. Measurements of the change in enthalpy of the 

polymer during heating and eooling cycles were conducted. The tempt-'raturc as weil 

as the area under the peak were calibrated using Indium, Tin and Lead standards, 

whenever the heatinglcooling rate was changed. The sample and rcfcrcnœ 

compartments were purged continuously with pre-purified nitrogen at a tlow rate of 

20 ml/min. A baseline was run with two empty pans in both the reference and 

sam pIe holders. The DSe thermograms were normaIized to take into aceount the 

weight of the samples, which varied from 7 to 12 mg. The procedure of the 

automatic subtraction of the baseline was used for ail the runs. A Cahn RG Balance 

was used in conjunction with the ose to weigh polymerie samples wlth a preci'\l! 1I1 

of ± 0.0001 mg. 

Microtomed sections of the skin layer (50 ~m thiek) were ubtained 

from the as-received pellets for studying the melting behavior of the LC polymcr. 

Compression molded films of about Imm rhickness wcrc preparcd by 

rnelting the pellets at 3000C and at an applied pressure of 200 MPa for 2 min. The 
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mcltmg the pellets at 3000C and at an applied pressure of 200 MPa for 2 min. The 

moldings were allowed to cool at a rate of about 300C/min, while still under 

pressure, to room temperature. The samples of 6 mm dièlmeter were punched out 

from the prepared film to fit exactly the ose aluminum pans. These samples were 

rnclted at 3200C and held for 10 min, in order to erase any previous thermo-

mcchanical history developed during sam pIe preparation. The samples were then 

uscd to study the effect of cooling rates on melting behavior and for evaluating the 

kinetics of crystallization. 

4.5 Dynamic Mechanical Behavior 

Many polymers crystallize if they are cooled from the melt. The degree of 

crystallinity and molecular orientation are affected by the thermal and mechanical 

histories experienced by the polymer during processing. These structural changes 

have profound effects on the dynamlc mechanical properties. The changes of 

stlffness at temperatures below the melting point of the crystallites depend on the 

motion of the amorphous regions. 

The dynamic modulus generally increases with increasing degree of 

crystallinity. The increase of crystallinity h"s a great effeet on the a-dispersion. 

The dynamic mechanical properties were measured with a Rheovibron 

direct reading viscoelastometer as a function of tempe rature at specified frequencies. 

This instrument is manufactured by the Toyo Measuring Instrument Co. Ltd 

(Tokyo). 

The Rheovibron viscoelastometer has been extensively used for 
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During measurement, a sinusoidal tensile strain is imposed on one end of the 

sam pie, and a sinusoidal tensile stress is measured at the other end. The stre~s ,. 

and strain ! can be expressed as follows: 

f = fa sin(wt+6) (4.6) 

E: = E: a sinwt (4.7) 

where w is the angular frequency, and 6 is the phase angle; then: 

f = fa sinwt COS6 + fa cOSwt sins (4.8) 

The stress can be considered to consist of two components, one in­

phase with the strain (f a COS6) and the other 90° out-of-phase (f a sincS). When 

these are divided by the strain, the modulus can be separated into an in-phase (rcal) 

and out-of-phase (imaginary) component. 

f = E: a E'sinwt + fa E" COSwt (4.9) 

fa 
E' = coss (4.10) 

fa 
and E" = sin cS (4.11 ) 

fa 
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E" 
tan 6 .= ( 4.12) 

E' 

E' and EU are the storage modulus and the loss modulus; respectively; tan ô is the 

loss tangent, called also the internai friction or damping. 

Compression molded films were prepared at 300°C for 2 min. and then 

quenched at about 30 deglrnin ~o room temperature. Rectangular samples (5.0 x 0.3 

x 0.04 )cm were cut from the compression molded film. One of the samples was 

annealed for 10 hours at 250·C. 

4.6 Structural Studies 

Traditional methods for the study of polymer structure include the 

entire range of mlcroscopic instruments and spectroscopie techniques. Optieal 

microscopy, generally usin~ polarized light (PLM), is useful to observe structures 

larger than a micrometre ln size. Scannmg Electron Microscopy (SEM) permits a 

higher magnificatlon view of 5 to 10 nm resolution. Transmission Electron 

Microscopy (TEM) permits the observation of structures to less than 1 nm. Wide 

Angle X-ray Diffraction (WAXD) and Fourier Transform Infrared Spectroscopy 

(FTIR) are weil established techniques ta study the microstructure and molecular 

orientation. This range of instrumental methods requires a variety of sam pie 

preparation methods which range from established methods ta sorne developed 

specifically for liquid crystalline palymers. 
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4.6.1 Preparation of fihers 

A capillary rheometer with baril temperature set at 320·C llsing a 

0.010 in eapillary diameter was used ta melt extrude a strand which was hand 

drawn into tiny fibers. The ide a was ta obtain samples with ul1laxial symmetry. Thl'~l' 

melt drawn fibers were arranged in parallel hundles ta serve as specimens for the 

determination of the transition moment angle using wide-angle X-ray lhffraction 

(WAXD) and infrared spectroscopy (ITIR). 

4.6.2 Determination of the transition moment angle 

4.6.21 Orientation Funetion using W AXD 

Pinhole photographs of the fibers were ob~aincd employing a Plullips 

X-ray generator (Model PW 1120) and a transmission pinhole camera. The Phillip~ 

X-ray generator PW 1120 features 3 kW maximum power, a 4-80 mA c()ntinu()u~ly 

variable tube current, and 10-60 kV continuously variable high voltage. CuKa 

radiation with Ni filter was used, at a current of 20 rnilliamps and a voltage of 40 

kV. The samples were exposed for 2 hours. Kodak medical X-ray film NS-54T, 

supplied by Eastman Kodak Company, was Jsed. 

The X-ray diffraction patterns were recorded on 8cms x 1 O.5cm~ 

photographie films. The sample-to-film distance was 5.5 cms. The inten~ity 

distributions of the various reflections, shown on the pinhole photograph in FIgure 

4.3, were determined using the Joyce-Loebl Automatic Recording 
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Mlcro<Jemitomcter, Model MK III CS., supplied by Joyce, Loebl and Co., Ltd., 

England. The instrument incorpora tes a true double beam system in which the two 

bCélms an~e from a single lJght source and terminate in a single photo-electric 

receiver. This makcs the instrument aImost independent of its own parameters and 

complete reproduclbility of record is possible, with the range of densities specified. 

The azimuthal intensity distributions of the reflections were determined from 0 ta 

90° in increments of 1 and 2 deg., in the region of the retlection to ensure 

consistency. Ail the photographs were scanned under the same machine settings. 

The orientation function f was then caIculated: 

f = 1/2 (3<COS28> - 1) ( 4.13) 

For more detalls rd.(82) constitutes an excellent source of information. 

4.6.22 Dichroic Ratio using FfIR 

Infrared spectra were obtained using a BOMEM Michelscn-lOO, Type 

TM, spectrometer. Thirty two scans were averaged and the obtained spectra were 

storcd for data analysis. During experiments, the sample chamber was continuously 

purgeu wlth a flow of pre-purified nitrogen gas. 

The polarized infrared measurements were obtained using a 

Pcrkm-Elmcr gold wire-grid polarizer, part no. 186-0243. The parallel polarized 

spectra were obtained by having the sample reference direction oriented parallel to 

the polarization direction. The perpendicular polarized spectra were obtained by 
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FIGURE 4.3: X-ray flhre pattern. 
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rotating the sample only, by 90°. The frequency range used for this study was from 

400 cm 1 to 4000 cm 1. 

Fibers drawn under the same conditions as those uscd for X-ray 

diffraction wcre exposed to the mfrared beam ta obtain the average of 32 polarized 

spc(tra parallel and perpendicular ta the reference direction. From the ratio of the 

intt'nsity of the 780 cm t band, shawn in Figure 4.4, of the parallel and perpendicular 

polarized absorption, the dichroic ratio was calculated as follows: 

0= ( 4.14) 

where AI is the absorbance for Iinearly polarized light parallel ta the chain direction 

and AJ. is the corresponding measurement perpendicular to the chain axis. The 

value D can range from zero (no absorbance in the parallel direction) to infinity (no 

absorbance in the perpendicular direction). For an unoriented sam pIe, no dichroism 

Decurs and 0 = 1. 

Incorporating in the equation nelow the orientation function calculated 

using x-ray diffraction from section 4.6.2.1, and the dichroic ratio obtained above, 

Do can be determined. 

f= 
D - 1 

D+2 

Do + 2 

Do - 1 

as weil as the transitIon moment angle Qt using the equation below: 
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(4.16) 

al is the angle betwcen the chain axis and the particular absorption band considered 

(Figure 4.5). 

4.7 Rheological Properties 

4.7.1 Shear Viscosity 

Rheological properties of the liquid crystal copolyester resin were 

measured using the Instron Universal Testing Instrument, floor model (TT-CM-L), 

in conjunction wlth the Instron Capillary Rheometer Type MeR. A broad range of 

cross-head speeds can he used, from 0.005 to 50 cm/min. The bdrrel temperature 

can be maintained within ±O.5°C of the set temperature, and the accuracy of the 

load weighing system is the greater of the ±0.5% of the indicated load or ±O.25% 

of the recorded scale in use. The movement of the plunger could be monitored 

within 0.025 cm of accuracy (Instron Manual Number 10-29-1 (A) (1965)), hy means 

of a gaugc lcngth dia!. Different Teflon "0" rings were inserted around the capillary 

and plunger to prevent the melt from leaking during compression. The diameter of 

the capillaries used was 0.030 and un ratios of 20, 40, 80 and 100. The shear 

viscosity resuIts presented inc1ude Bagley and Rabinowitch corrections. 
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1.7.2 Capillary Ole Swell 

Capillary extrudate swell of the liquid crystal copolyester was I11casured 

u~ing the Instron Capillary Rheometer in conjunction with a thermostatic chamber 

and a detection system interfaced to a computer for acquisition and analysis of the 

expcrimental data. A detailed description of the apparatus used and the 

experimental procedure is glven elsewhere (83). The technique permits 

rncasurernent of die swell under isotherrnal conditions and in the absence of 

gravitational sagging and mterfacial tension effects. The compartments of the 

thermostatic chamber wcre fllled with silicone and heated up to 200 oc. The 200 

flUid Silicone used for this measurement was rnanufactured by Dow Corning and 

based on poly( dimethyl siloxane) with a viscosity of 20 centlStokes. 

4.8 Injection Molding 

4.8.1 Injection Molding Machine 

The experimental work was carried out on a Danson-Metalmec 

rcciprocating screw injection molding machine (Model 60-SR) with a shot weight of 

2 1/3 oz. and a cIampir.g force of 68 tons. The injection molding machine is shown 

in Figure 4.6. The machine can be operated either in the manual or semi-automatic 

mode. The barrel has two band heaters which divide it into two different heating 

zones. The temperatures of the two zones can be controlled to within ± 2°C. The 
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InJectICm portion of the total machme cycle is generally broken down into two 

pressure stages. Dunng the flrst portion, the mold cavity is filled. The first stage or 

the Injection pres~ure d uring fiIling is regulated by the Injection speed and injection 

pre~~ure control valves. During the second stage, pressure (holding pressure) is 

controlled by the holding pressure va:ve, which IS the maximum pressure generated 

during the packIng stage. The dlsplacement of the screw is monitored with a linear 

dlsplacement transducer, Model no. 4709, manufactured by Markite. 

ln this study the injection moldmg machine was interfaced with a 

Cromenco mlcro·computer to ohtain Information about the processing cycle for each 

set of condltlOm dunng each cycle, as shown in Figure 4.7. Data acquisition as weil 

as process control could he done at a rate of up ta 100 times per second using 

programs written in Assembly Language. 

Another program was wntten for interfacing the microcomputer with 

the VAX 780 computer. The acquired data were transmitted to and stored in the 

V AX computer. These data were then converted from hexadecimal form to real 

variables, whcre pressure was glven 10 psi and temperature in oC, by using a Fortran 

program. 

4.K2 Mold CavJty 

The rectangular mold cavity, with the geometry shown in Figure 4.8, 

was employcd to injectIOn mold rectangular test plaques. The geometry of the mold 

cavlty wa~ sImple. 10 order to facilitate the interpretation of data and the predictions 

of tlUld and heat tlow during the molding cycle. The cavity dimensions were 10 cm 

x 6.5 cm x 3.18 mm. The low viscosity of the melt and the lack of extrudate swell 
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dlfferentia te liquid crystal polymers (47,48) from conventional polyrners. Oda et al. 

(84), based on their experiments, hypothesized that the occurrence of jetting was 

related to extrudate swell. In order to avoid Jettmg, a fan gate, expanding to the 

whole thickness of the cavity was chosen. The fan gate had an angle of 150·, while 

expandmg to the whole wldth of the cavity as shown in Figure 4.8. Tadrnor (60) and 

!de hnd Ophlr (62) reported that fan type and side type gates reduce "jetting" 

phenomene!. 

A SterJco heating-cooling unit, Model 7000, using circulating water, 

wa~ u!'ed tn cool the mold. The temperature in the mold was controlled within 

± 1°C. The high mold temperature (140·C) was achieved by joining the mold 

connections of the cooling channels to the main steam tine. The selected 

temperature was adJusted by setting the proper pressure wîth the help of a 

servovalve. Two servovalves were connected to the steamline connection. One for 

the low pressure range and the second for the high pressure range. The high 

pressure range servovalve was used ta obtain 52.4 Ib/in2 steam pressure, WhlCh 

corresponds to a mold ternperature of 140·C. 

Four Dynisco pressure transducers and four thermocouples were 

mstalled in the mold cavity, as depicted in Figure 4.8, to measure the temperature, 

pressure and temperature and prt''isure gradient(s) in the rnold cavity. Ali the 

transducers were calibrated prior to installation ta verify their gauge factors and 

Iin.:!arity. The calihration equatlons for the pres~ure transducers are given in Table 

4.2. 

A thermocouple with a grounded junction was installed for melt 

temperature measurement. The thermocouple positioned at the tip of the screw, 
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TABLE 4.2: CALIBRATION EQUATIONS FOR THE TRANSDUCERS 

TRANSDUCER EQUATION 

HYDRAUUC PRESSURE P = 43.24 X (rnV) - 27.15 psi 

NOZZLE PRESSURE P = 462.92 X (rnV) - 51.2 psi 

CAVITY PRESSURE (1) P = 284.33 X CrnV) - 133.24 pSI 

CA YITY PRESSURE (2) P = 424.34 X (rn V) - 208.04 pSI 

LINEAR DISPLACEMENT L = 0.6147 X (rnY) - 1.2265 cm 

1 
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through the bottom core, was parallel to the flow direction. lt Wd~ \Il direct cOIltaçt 

wlth the polymer melt from the screw tlp (85), The mold tempera! UI e \\ ,!~ 111t'a"'1l1l'd 

by two therm()couple~ tlu~h mounted In the mold cavlt)' at tht' pml!Il)!l .... ~lh1\\ll III 

FIgure 4.8. The thermocouples werc. prevlOusly cahhrated for t\\\l tempel ,!tUI t· ... lll"( , 

in 1ce water and lOUoC In bOlhng water), 

4.8.3 InJection Moldmg Van ables 

In thl~ study, the injection cycle vanabk~ ~Ul'h a ... IIlJel'tl\ 111 11Il'\\lIl l 

and injectIOn speed, holding pres~ure and holdmg tlIllt' were COI1trulkd (1I1 tltt' 

machine tlmers and control box, The computer ln Hm work wa ... 1'11lplll\ClIllIlI\ Illl 

data acqUISItion, 

Process vanables are tho~e var(;]hle~ expenellced h:. Illl' 1ll,11!'II.I\ 

dunng the proce~s, such a~ melt pre~~ure at the nOLZle, melt teI11I)L~r,lllIll' .It tl1\ 

nozzle, cavlty pres~ure. injection !.peed, cavity pre~\ure gr;llllellt. :IIld lllllid 

temperature, Dunng the preparatlon of the molded plaque!'., unly one llllkpt'Illlt-ni 

pammeter wa~ varied at each tlme, while the other Im.lependent paraIlll'll'I', \~I ... rt' 

kept constant, The mJection molùtng parameter~ are glven m"1 able 4.' 111 thl'> ~tlllh, 

four parame ter!. were vaned, melt and muId temperature~ amI lllJl'l'tI<ll1 plt''''.lilt' 

and speed. The last two vanable~ are mterrelated The f110lded plaquL''> Wl'fl' 

prepared under the moldmg condJtion~ glven ln Table 4.3, Ten molded plaqul''> Wl'I (' 

prepared at each partlcular conùltion, The ~ample~ were ~tored III .111 enVlr()llllll'11LtI 

chamber where a temperature of 23 oC and a rdatlve hunîf(jltj (Jf :'if)'; \\l'I t' 

mamtamed, 
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TABLE 4.3: INJECTION MOLDING VARIABLES 

PROCESSING PARAMETER VALUES USED 

MOLO TEMPERATURE (oC) 40 140 

MELT TEMPERATURE (cC) 300 330 

CA VITY PRESSURE (p~l) 1600 2200 

INJECTION SPEED(cm1s·l
) 9 18 
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To study the l11\Crostru(turc of the rel'tangll1.n p1.lllllt'S ohtalllt'd at 

various molding conditions, sampks wcre taken t'rom the cIl\lronl1lt'ntal rhamhl'r 

to prepare the specimens reqllired hy the partlClIlar tt'~t. 

4.R.4 Microstructure Dt'terl11l1latlon 

4.8.4.1 Sample Preparati()n 

A molded plaque, reprt'senting a particlilar set of molding CllI\llttion~. 

was chosen from a senes exhlhllmg slmilar pwœssing charactemtll'S, partlCularly 

reproduclhle cavity pressure-time proflle'i. The~e profIles, under ~lIl11lal thermal and 

injection conditions, retlect the pr()ces~tng conditlon'i expenenced hy the matenal 

during cavlty filling. 

(a) Microtoming 

Rectangular te~t pleces were eut from SIX dltferent pmltl<)\)'> ln the 

injection molded plaque, as shown in Figure 4.9, u~ing a fine-tooth copl!1g ... aw . The 

sample ClIttll1g operation was carried out carcfully to mIO/mIle he:1t generallon 

dunng cutting. These samp\es wcre med to ohtain microtomed ~t'ctiom fur 

micro~tructure charactenzatlon, using tnfrared ~p"ctrmcopy, x-ray dlltractometry, 

density measurements and polanzlng 1l1lcrmcopy. 

The above rectangular tc~t plCce~ were glut.:d on a acryllc ,>ample 

holder with a cyanoacrylate adhe~lve (Krazy glue). The sam pic holdcr Vi'!'> fittcd 111 

an "Om E" sledge microtome, manufactured by Reichert, and steel knives ~upplted 
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l Optical Co. The microtome was used ta shce sections In the X-Y plam' trum the 

surface ta the center of the thlckness of the rectangul,tr plece. 

The angle between the kmfe cuttmg plane anù the mlCrolllll1ed \llrtal'C 

plane (X-y plane) IS chol.en to SUIt the type of matenal tn be I1lll'rotllllll'd l'hl' 

sectIon thicknesse!l of the matenal may be adJu!>ted automatlcally \lf mallll.dh 

Usually 32 ~Iices of 50 ~m each were ohtamed from the surtace tu the cellll'r ano" 

the thicknes~ of the sample!> (m the Z-dlrectlOn), The 32 SpeCll11en~ welt' dl\'llkd 

into 16 odd and 16 even specimens displaymg a good repre~entat\(lll ut thl' 

mIcrostructure across the thlckness. These sect\om were put belween gla~\ ~Ildl'\ amI 

stored m a deslccator for later use m microstructure charactenzatlull 

(b) Rectangular test bars 

Rectangular te~t bars we.e machmed trom tour dJfkrl:'lIt Pll\1t Il lm (lI 

an mJectlC)O molded rectangular plaque as ~hown m Figure 4 JO 'l'wu Wl'fl' (lit III tlll' 

parallel-to-flow direction, one from the centerhne p(l~IIIOn (1 L) and the \l'Ullld .1\\:1\ 

from the centerline near the mold wall (2L), and twn other rectallgLl~al Il:11\ \vt'll' 

eut in the perpendicular-to-tlow dIrectlorl, one from the reglol1 near tIlt' g:ltt' (1 r) 

and the second sam pIe further away from the gale! (2T) The\e rl't1:lllgul.lr h,I!\ \\1111 

dimensions of (S,R x 1.2 x 0.32) cms, were u~ed lor nlll:roharLÎne!-.\ tl'\llllg, I>J 

polishmg the X-Z plane for the ~ample (lL). FUlthermore tht' ~i1me \:lmplc" \H'!t' 

broken in ilquid mtrogen, In arder to examIne the morphologlcal texture dL'veloped 

across the thlckness of the tractured surface, u~mg a Sc.:anmng Electron Ivlicro"l(l(ll' 

(SEM), Finally the same rectangular bars were abo u~ed In COI1Jllnctloll wltl1 :1 laye! 

removal techmque for the determination of the dIstnbutlon of mecharllcal pr(Jpel tiC" 
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along the thickness of the samples usmg an Instron Tensometer. These ~alllpk~ Wl'I l' 

stored in a desiccator prior ta the experiments. 

(c) Polishing Technique 

Sample preparation is important in Microhardness mea~url'I1ll'nt~. and 

great care must he taken to ensure that the hardness recorded I~, repre~ent:ltlvt' of 

the microstructure under study, Careful attentIOn must be glven to: a) l'dge l'I kl'h. 

b) the method of specimen mounting, c) the problem of illumination :Iml Vll'WlI1g. 

and d) possible mteractIOns. 

The rectanguJar test hars cut from the Injection I1lolueu plaljlll'\. 

shown ln Figure 4.10, were employed to measure the mlcrohardne~~ dl\lIlhutllll1 111 

the X-Z plane. The~e bars were mounted on the polishmg JIg ~h()wn 111 FIgure .\ Il. 

to prepare the sample ~urface for testing, over the X-Z plane acr()\!'. tht' thICklH''''' 

of the rectangular bar. The bevel or groove at the top of the p()lt~h1l1g Jlg redllu'\ 

the compressive stres!le~ present at the top surface. Pohshmg of the !I;Jmpll'\ W;I\ 

carned out ln the pohshmg Jig startmg w1th 400 emery sand paper and lirmhlllg wlth 

1 !-lm alumina pa!'.te. The Jlg contammg the polished sample wa!'. rlaLl~u O1l tlle 

sample holder of the Tukon mlcrohardne~s tester so that the long dIagonal of tllL' 

indentatlOm made in the plastic was aligned parallel tn the !low dlll'cllOll (X· 

direction) . 

(d) Fracture surface prepamtion 

Rectangular bars (IL) and (1 T), ohtained a ... dl~rlayed III Flgllre 4 1 (J, 
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FIGURE 4.11: The Jig used for polishing the samples and measuring 

the microhardness. 
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were immersed in liquid nitrogen for a period of about 5 mmutes. 111 mÙL'r tl) Irl't:Il' 

the structure and obtam bnttle fracture. Subsequently, the rectangular bar:. Wl'rL' 

broken in the middle. Fractured surfaces were ohtameù in the Y-Z plane lm the 

sarnple IL and in the X-Z plane for the sarnple IT. Broken pICCC:' WL'rL' rut !l\)m 

the other slde to reduce the length of the sample, which was then gluL'ù on ~mall 

copper cylinders along the side opposite ta the fractured ~urtare. ThL' trac llfL'd 

surface was rnetallized by a Polaron sputtenng a~paratus with golù-palladlu11l alllly. 

10 enhance the viewing of the sample micro~tructure by Srannlllg EketJ lln 

Microscopy (SEM). 

(e) Layer Removal Technique 

A layer rernc.al techmque was u~eù hy milhng away lOO/Lm IIOIll hu!h 

sides (X-y plane) of the rectangular samples, a~ mdicated ln Flgun:' .~ 12, lI"lflg d t ly 

type cutter ln a rnJlling machine. The rnilling operation was dOIlL' rardully \l) ,1\ Illl! 

to gener~J.te excessive heat that would affect the ongmal morphology. TilL' I.IJl'J 

rernovaJ operation was repeated after performmg the thrce pOI!1! bClldlllg tl'''! \lI! 

the newly reduced sample thlckness. The mea~urement of the hulk Ikxurallllmlulu\ 

was obtained in this manner for the samples wnh c.!Jfferent thICkllc:,:-,c:-, 

4.8.4.2 Photomicrography 

A Relchert Zetopan-Pol Polarizatlon MICl OM:ope wa~ u~cd tu car ry (lut 

the optical photomicrography. The micro~cope wm eqUlpped WJth a large CIrt:ul:tr 

rotating ~tage, a polarization body fmed wlth a Bertrand len~ and an IfI~ JIaphr;lgm, 
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FIGURE 4.12: Layer removal technique for flexural modulus 

measurements. 
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a filter analyzer (which could he rotated 360 0
), transmlttcd IIght and lll~ldent IIght 

objectives mounted In a shde, and a transmitted hght fllter po!anzl'r wll\l:h (llllld hl' 

rotated 3600 In Increments of 50. The magniflcatlOn capabllity IS trom 4:\ tu (,30 

times the original area. 

Since each of the polarizing platl~s, polanzl'r allu analyœr 11:1 ... the 

property that only a specifie component of polanzatlOn ot the inCident Iw:'m (,Ill 

penetrate the plate, then, if the polanzatlOn directions of the twn POI;I1I/lllg pl.ltl'!> 

are set at 90° to each other, there Will he no light passmg thWllgh the twu pl:!tc ... 

In the absence of a sample. If an anIsotroplc substance IS placeù hetween the Iwo 

polarizing plates and rotated, a position of maXInmm darknl'~~ (l'xtIllCtllll1) 1'" 

observed. A position of maximum brightness is ohtamed hy rotat\l1g ,t)O tlUlll 

extinction. In thlS work, Polaroid photographs were taken at lTlaXUll111Tl ImghtllL"'" 

for microstructure evaluation. Specimens microtomeu ln the X-Z plallt' 

approximately 5 microns thick each, were u~ed. The procedure descnhed ah()\'l' \\',1'" 

used to visualize the morphoJogy deveJoped during the lnJectl(ln 1l1()ldll1g l'rOll'''' 

The opacity of the liquid crystal copolymer under study renuered the ()lm~[V:II\()1I 

very difficult. This was complicated by the need to ohtain very thm :-.ItCt·... TIlt' 

microtomed sections curled easily and it was difflcult to llncurJ the \peClllll'lI\ 

without damage. 

4.8.4.3 Electron Microscopy (SEM) 

A Jeol JSM-T300 Scanning Electron Micrmcope (SEM) W;I~ lJ\ul ln 

view the fractured surfaces in the X-Z and Y-Z planes at vaflou~ magnIfILatJoJl\. 

Polaroid photographs were obtained across the thlckne~!) ot the molJeù ... a m pie ... , 
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4.8.4.4 Density Gradient Column 

The densities of the samples were determined using a glass density 

gradient column built according to the ASTM standard procedure D-1505-68 (86). 

This method is based on observing the leyel to which a test specimen settles in a 

IIquid denslty gradient column, which also contains st mdards of known density. The 

column employed a mIXture of tetrachloromethylene and xylene. The experimental 

arrangement IS shown in Figure 4.13. 

A number of colared calibration glass t10ats of known density were 

lowered into the column at 1 cm/min. The floats left the basket one by one as the 

proper density leyel was reached. The density gradient was represented by the eight 

colored tloats ranging l'rom 1.15 to 1.5 g/cmJ
• The calibration curve was linear, as 

shown In Figure 4.14. 

In arder to study the density distribution in injection molded liquid 

crystalhne polymer moldings, sections were microtomed in the X-'; plane from the 

surface to the center of the test pieces, as described in section 4.8.4.1. To determine 

the density of the microtomed layers, the specimens were placed in the column and 

were allowed to settle ta an equilibriuIIl level. Nter twelve hours, the relative 

heights of each speCimen, along with the helghts of the floats immediately aboye and 

bdow It, were measured using a cathetometer. The density of the specimen was 

ca\culated by linear mterpolation through the relation: 

( 4.17) 
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1 Where p = Denslty 
s = Specimen 
a = Float immediately above the specimen 
b = Float immediately below the specimen 
h = Height as measured by cathetometer 

4.8.4.5 Wide-Angle X-Ray DiffractIOn 

The x-ray diffraction apparatus used in this study was described in 

section 4.6.2.1. To examine the orientation distribution using x-ray diffraction, 

mlcrotomed samples were prepared as explained in section 4.8.4.1. Each sample was 

exposed for two hours. Pinhole photographs were obtained for the microtomed 

samples, across the thickness, from the surface to the center region I)f the molded 

plaque. 

4.8.4.6 Infrared Spectroscopy 

The 16 odd microtomed specimens obtained as explained in section 

4.8.4.1, were used to evaluate the molecular orientation. The specimens were placed 

in sample holders made to fit perfectly in the proper location of the infrared 

apparatus. Particular attention was paid to identify the direction of alignment of the 

mlcrotomed specimens. The reference directIOn was taken to be the flow direction 

(X-directIon). A Bornem Michelson-lOO, Type TM, Spectrometer in conjunction with 

a Perkin-Elmer Wire-Gnd Polarizer was used to obtain linearly polarized absorption 

spectra parallel to the flow direction. The polarized absorption spectra obtained for 

the region of 600 to 1000 cm-1 permitted calculation of the dichroic ratio as 

explained earlier (see section 4.6.2.2). The 780 band, which represents the group-

74 



CH out-of-plane was used for this purpose. 

Two spectra were acquireù for each mlcrotomeù layer, on~ !>p!:clru!11 

was obtained with the sample reference direction paralkl to the pOI:lIIL.ltlllll 

direction and the ather spectrum with the sample reference dlft~ctllm perpl"ndll'ular 

to the polarization direction. The peak height absorbance values \Verl' w.ed 11l tll1~ 

study ta calculate the dichroic ratios for each absorption hand (Sec Figure -tA), The 

resuIting Hermans orientation functions were plotted as a functlOll 01 JI\taI1Cc: tTOIll 

the surface to the center core of the sample across the thlckne~~, 

4.8.4.7 Microhardness Testing 

Microhardness measurements were performcù wlth a "MO" Tuh.()J1 

Microhardness Tester. A Knoop rhombic-based pyramidal ùÎamond \Va" ll\l'd to 

make indentations (Figure A.13.4). A micrometer microscope eycp1ece wa~ u,>cù tll 

measure the dimensions of the indentations, within ±0.5Jjm, after loaù reI1l0vai. !\ 

Bausch and Lamb Micr'Jscope tube was fitted with a triple rcvolving nmepleœ 

carrying three Balcoated and par-focaled objective lenses; 16 mm., 0.25 N.A, 14X; 

10.25 mm., 0.40 N.A., 22X; and 4 mm., 0.85 N.A., 60X. The cxpcrimental procedure 

for carrying out the microhardness testing is descrihcd hclow (see abo Figlll e 

A.13.3): 

Ci) The dash-pot ail must be at room tcmperature helore ~tartlng. 

Cii) The needle valve shauld be adJusted so that the pl~t()n reache" 

the dash pot cap in 30 seconùs, 

(iii) The indenter descends at a rate of 1 mm/mm, al ter 1 urn1!1g 
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equation: 

where: 

crank H. 

(iv) The telltale light goes out after 5-7 seconds. 

(v) The indenter contacts the specimen approximately 15 seconds 

after the start of the test. 

(vi) The indenter remains in contact for a standard time of 

approximately 15 seconds. 

(vii) The indenter is mechanically pick-off the specimen by action 

of yoke D. 

(viii) When telltale light relights, the test is complete and the 

indenter is removed From the indentation. 

(ix) The microton can now be placed under the microscope for 

measurement of the indentation. 

The Knoop hardness number, HK, is computed from the following 

HK = 14.229 PL 1 dl 

PL = Laad, kgf, 
ft.. = Projected area of indentation, mm2

, 

d = Length of long diagonal, mm, 

( 4.17) 

(4.18) 

CI = Indenter constant relating projected area of the indentation to 
the square of the length of the long diagonal. 

Since the units normally used are grams-force and micrometers, the 

Knoop hardness numbec can be expressed conveniently as: 
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HK = 14229 PJ dl (·t 19) 

Sample preparation is important in microhardness tcstmg. anù glcat 

care must be taken to cnsure that the harùness recorùed is rcprcsentative of the 

material and microstructure. Consiùeration is given to (a) pos~ible edgc cffccts, (h) 

the method of specimen mounting, (c) the probkm of illumination anù vÏt.'wing, anù 

(d) possible interactions. 

The rcctangular bars eut from the injection molded plagues, as 

indicated in Figure 4.10, were used to measure the microhardness. The Jlg containing 

the polished sample was placed on the sam pIe holder of the Tukon microhardncss 

tester~ sc that the indentations in the plastic were made with the long diagonal 

aligned parallel to the machine direction. Several indentations (every 150 ~m) wcre 

then be made along the 3.2 mm thick sample, from the surface to the central rcgion 

of the sample using a 10 g toad. The measurements were made at threc different 

positions along the rectangular bar, in the X-Z plane. The reaùings fmm the 

eyepiece were expressed in Filar units, which were converted to JJm by multiplYlIlg 

the objective factor obtained from the calibration of the micro~cope ohjectives for 

each Jens given in Table 4.4. The calibration was carried out using a litage 

micrometer, graduated in 0.1 mm., which had been calibratcd by the National 

Bureau of Standards. In this study, the 10.25 mm microscope ohjective was uscd for 

measuring the length of the long diagonal hy the indenter after removal of the loaù. 

A standard stainless steel sample was first used to calihrate the indentation size and 

reproducibility. The indentation size should correspond to the value reported on the 

standard sam pIe specification (Figure A.13.4). 
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TABLE 4.4: CALIBRATION OF MICRO~,COPE OBJEcrIVES 

. 
LENS OBJECfIVE FACTOR 

4.00 mm 0.1667 

10.25 mm 0.4583 

16.00 mm 0.7106 
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4.8.4.8 Flexural Propcrties 

The tlexural modulus was measured according 10 ASTM D-790, llsing 

the three point bending test on a reCiangular bar obtained from the mollkJ p1alluc, 

as shown in Figure 4.10. The dimensions of the bars were 5.8 cm long, 1.2 cm wiJe 

and 0.32 cm thick. The Instron Universal Tester was llSCJ to carry out the 

experiments at a constant crosshead speed of 0.5 mm/min. Ali the fkxllral 

experiments were carried out at 23°C. The detlection of the rectanglllar bars was 

kept as low as possihle ta avoid irreversible damage in the mate rial, thll~ allowing 

the same test-bars to be subsequently utilized for making other measurcments (max. 

strain = .3). A test of reversibility was conducted for cach tcst-piece hy turning il 

over and carrying out the bending test again. The average of hoth measurerncnts 

was used to calculate the tlexural modulus. 

The initial slope of the load-detlection test record was uscd tu 

calculate the flexural modulus Et as follows: 

1 F 
( 4.20) 

4 y 

Where (FlY) is the initial slope of the load-deflection record, Sp is the support span 

(50 mm), and band h are the width and the thickness of the tc~t piece, respectively. 

The strain varies linearly across the sample thickness, being m'lximum at the 

surface and decreasing towards zero at the ncutral axis, Thus, with the three point 
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hendmg te~t, the ~kin hlyer contnbutes the most to the flexural modJlus value. A 

layer removal technIque (see section 4.8.4.1) was used to obtam the dIstribution of 

the bulk tlexural modulus in thls manner along the thickness of the rectangular 

~ample. 

Using the rule of mixtures for a sandwich material (87), the tensile 

modulus for the whole material, Ev is given by the formula: 

(4.21 ) 

where <p = hjh, with h and he are the thicknesses of the beam and the core, 

respectlvely; E. and Ec are the Young's moduli for the skin and core layers, 

respectively. The above lm plies that the skin and core contribute to the tensile 

~tlffness m proportion to their thicknesses. 

The effective flexural modulus Er of the sandwich beam is tht!n 

calculated (87) by assuming that classical bending the ory is applicable to the 

sandwich heam (See Appendix A.13.2): 

( 4.22) 
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CHAPTER 5 

5. RESULTS AND DISCUSSION 

In this chapter, wc present and discllss the experimcntal rl'~ults 

obtained in the study. Initially, the data relating to the proccssing hchaVIl1r of the 

material under various processing conditions are summarizcd anu l'xplaincd. 

Subsequently, data regarding the microstructure anu the propcrtics of the inJcctlon 

molded articles are analyzed. The data include results ohtained with opllcal 

microscopy, scanning electron microscopy, infrared spectroscopy, x-ray diffraction, 

microhardness and tlexural tesling. The data are given in suhsequent appcndices. 

Finally, an effort is made ta integrate the various result~ in Iight of some theorctlcal 

considera tions. 

5.1 Thermal Properties 

5.1.1. Specifie Heat 

Figure 5.1 shows the variation of specifie heat, Cp, as a function of 

tcmpcrature. The DSC trace shows a second arder transition at about 90°C, which 

corresponds ta the glass transition temperature T &' Values of Cp rl'ported hy Cao 

and Wunderlich (88) for two diffcrent HBA/HNA compositions are abo plottcu in 

the same figure for eomparison. lt is seen that, below the solid-to-nematH': mclt 

transition, the values of Cp are in good agreement with those obtained by Cao and 
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Wunderlich (88). However. ln the sohd-to-nemallc melt tran~lllon rangt'. tlle \.l!tll'" 

of Cp obtalned ln the present work are slightly lllgher than thl1~e rt'pmlL'd pl L'\ lllU'.ly 

(88). These differences may he due to the dlfferent thermo-mechallll:al hl~lll[\ ul tht' 

melt extruded pellets used ln the present work. The n~e III the magl1ltmk ul "\1l'\.llll' 

heat, ÂCp , at the glass transition !emperature, Til' IS found tu he l'qu.1I tu ahuuI l2S 

± 2) [J/(moI.K)], whlch is ln agreement with theoretlcally e~tllnatL'd \,II11L'" III .\l '\1 

by Cao and Wunderlich (88). 

5.1.2 Thermal Condurtivlty and DJt'fmlvlty 

Thermal condurtivlty k and dlffuslvity a of the copolymef WL'll' llle,I"llll'L1 

over a wlde range of temperatures, USln[; compre~~ion mlllùed ... ample ... {II 'i l'Ill 

dmmeter and 1.6 mm thickne~s, Figures 5,2 and 5.3 ~h()w the V<lnatllHl ul tlll'r11J:l1 

conductivlty and diffuslvity a~ a funcuon of temperature. lt I!> !>ecn lrum Figllll· ... '\ 2 

and 5.3 that the values ot k and a first mcrease: as the tempcrature I~ ral"'L'd tlUIII 

room tempe rature to about 90·C, whlch corre~ponds to the gla~~ t1al\\ltlll[] 

temperature, Til ' and then decrease slIghtly between Til (<)()OC) and 120 u C Thl\ 

behavior may be due to the increased free volume and segmental l1I()hlllty (lI 

molecules in the glass transItion reglon. A slight Increase III values ot k .!Illi Il 1\ 

observed between l200e and the ~oiId-to-nematic melt tramltlon tempel.!! U! L' 

(280°C), which may be due to more ordered structures formed hy anneal!lIg ul the 

samples (kept for about 1 hour to achleve eqUliIhnum) trl ttm r:lr1gc ()I 

temperatures. Since more ordered portions conduct enerb'Y better than al' I()I pll< Hl\ 

phases (89), the effect of annealing Will tend to increa~e value~ (lI k alld CL, AIl< lve 

the solio-to-nematic melt transition temperature, a ~llght drop ln value\ (lI k .I1111 
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cr is oh:-,erved which may be because of the loss of ordered regions. It is interesting 

ta note that the thermal conductivity and diffusivity plots as a function of 

temperature give a sharper indication of both Til and T. , in comparison with 

transitions obtained with the ose. 

5.2. P-V-T Diagram 

The variation of density with temperature and pressure for the liquid 

crystalline polymer resin, designated as LCP2000 is shown in Figure 5.4. The results 

show that the density increases apprmamately linearly with increasing pressure. It 

should be pointed out that the P-V-T data given here are approximate and do not 

retlect thermodynamic equilibrium properties due ta the nature of the measurement. 

5.3 Melting and crystallization behavior 

Figure 5.5 shows three typical thermograms for the liquid crystal 

copolymer (70% HBN30% HNA) employed in the present study. The melting curve 

from room temperature ta 320°C at a scanning rate of 20°C/min is shawn as DSe 

trace (a) in Figure 5.5 for the sample sliced from the slGn layer of the as-received 

melt extruded pellet. This OSC trace shows a second arder transition (glass 

transltJ(m) tempe rature, Ta' at about 90°C. Twenty traces were obtained using skin 

!ayers from different pellets, which showed a value of Ta within ± 4 oc. The value 

of Til reported by Cao and Wunderlich (88) varied from 104 ° C to 152 ° C for diffe­

rent HBNHNA compositions. However, no certain relationship was observed 

between Til and copolymer composition. 
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Traee (a) in Figure 5.5 shows that an enùoth~rI111~ peak appl':I1~ al 

about 275°C whieh corresponds ta the solid crystallme-to-nematlc me\t tramltlun. 

In sorne samples, multiple melting peaks were observed in the solid cry~talill1e-lll-

nematic melt transition range. The sa me sample was then kept t'Dr 10 mll1. III the 

nematic melt state at 320°C. Upon cooling at the sa me seanning rate a~ that u\eJ 

for heating, an exothermic peak is observed at about 50 c C helow the solld 

crystalline-to-nematic melt transition temperature, as shown by ose traœ (b) III 

Figure 5.5. On remelting the same sample (trace (c) in Figure 5.5). the gla~\ 

transition as weB as the solid-to-nematic melt transition occur agaill at about the 

same temperatures as observed for the as-reeeived pellets. However, the heat ut 

transition (area under the endothermie peak) of the remelted sample IS about olle 

third of that obtained for the as-received pellet. This is probably due tn the et fl'd 

of stress-indueed crystallization obtained dunng the manufactuflllg of the Il1L'1t 

extruded pellets. 

5.3.1 Effeet of eooling rates on melting behaVlOr 

Various non-isothermally crystallized sam pies were pre parl'ù hy 

cooling the eopolymer from the nematic melt state tn room temperature U\ll1g a 

wide range of scanning rates (0.1 to 102.4°C/min). These sample~ were rl'l11elteLl at 

a scanning rate of lOoC/min. Figure 5.6 shows the thermogram~ 01 the remelted 

samples prepared at different eooling rates. It is observed that the ~ampk quenched 

in liquid nitrogen shows a very small heat of transition. The ~amrle\ cooleLl il t 

scanning rates ranging from 3.2 ta 102.4°C/min show ~Jngle peah wlth ail 

appreciable amount of heat of transition t.H •. There IS no ~Iglllticant LlII It.:r~nce III 
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the values of ~H. and the transition temperatures T. measureù 111 tlm range ot 

cooling rates. This observation indicates that a fast crystallizauon process oLcurrL'ù 

at cooling rates above 3.2°C/min. At eooling rates below J.2°C/mlll. a ~t~ady 

increase in the heat and temperature of transition is observed. ThIs 15 shmvn III 

Figures 5.7 and 5.8, respectively. The steady Increase in the heat and tempcnlture 

of transition at lower cooling rates indicates that a secondary slow cry~talhzatloll 

process occurs in the samples which are allowed to crystallize for longer times. A 

similar two-step crystallization process was observed by Butzbach et al. (32), 

although they employed a different experimental procedure wlth anneakd ~ampks 

at various temperatures and times. 

The data shown ln Figures 5.7 and 5.8 anù a procedure slIl1I1ar to that 

employed by Liberti and Wunderlich (90) were used 10 estimate the ternperature 

(Ta.) and the heat of transition (~H 0.) for the samples crystaillzed at zeru-coollllg-

rate. The ca1culated values were 300.5 oC and 13.59 J/g, respectlvely. The value 01 

~H o. obtained from wide-angle x-ray diffraction by Butzoach et al. (91) for 

HBNHNA composition of 58/42 was ]2.91 J/g, which is in reasonable agreement 

with the above value. The entropy of transition to the nematlc melt was calculated 

from the relationship, 

~s .. (5.1 ) 

and il was found to be equal to 3.2 J/(moI.K), whlch I~ agalll III agreement \VIth Ihe 

value of 3.19 J/(moI.K) reported previously (91). 

The surface free ener!,1J' for the copolymer employed III the pre,>ellt 
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\tudy may he calculated using the Thompson equation (92). 

= 
ôHO. Lp 

2 
( (5.2) 

where O.IS the surface free energy, To. and l1Ho., the temperature and heat of 

transItion, respectlvely, of the sample crystallized at zero-cooling-rate; T ID is the 

ohserved transition temperature; L is the dimension of the ardered entities and p 

IS the density. Using L= 100 À (93), the value of o. was calculated to be 4.2 

ergs/cm1
• This value is reasonable considering the morphology of liquid crystal 

polymers which show no significant change in the general configuration of molecules 

as a result of melting (26). 

5.3.2 Melting 8ehavior of Isothermally Melt Crystallized SampI es 

In arder to study the effect of crystallization temperature and time on 

melting behavior, isothernmlly melt crystallized samples were prepared using either 

the crystallization tempe rature Tc constant and varying the crystallizatioo time te or 

vice-versa. Figures S.9 and 5.10 show remelting thermograms of samples which were 

isothermally crystallized at different temperatures (for a constant period of 15 hours) 

and times (at a constant temperature of 27.CftC), respectively. It is seen from Figures 

5.9 and 5.10 that, at lower crystallizatJon tempera ures (IS0°C < Tç < 230°C) and 

times (1 < te < 1200 min), two endothermic peaks appear in the DSC traces. Peaks 

shown as 1 in these figures seem to correspond to the crystallization associated with 
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a fast crystallization process. Furthermore, It IS ohserved that the pe.lks Slh)Wn a~ 1 

rl'main at the same position on the temperature axis, white IH.'aks deplCted as Il 

show an increas(,! in both the heat and temperaturc of tran~ill(Jn with an inal'asl' in 

crystallization temperature or time. Peaks II serm to correspond 10 a ~Iow 

crystaliization process which leads ta more ordered structures at highcr 

crystallization tempcrature. 

In order to determine the equilibrium melting point, To. , which 

corresponds to the me\ting of perfectly crystallized sam pics (92), a plot of final 

melting temperature T. versus crystallization templ'rature T co was made, as ~h()wn 

in Figure 5.11. Extrapolation of the T. versus Tc line (for peaks Il) up 10 T. = Tc 

yields an equilibrium melting point of 372°C. 

5.3.3 Kinetics of Crystallization 

As described above, the crystallization process in the liquid crystalline 

copolymer used in the present work occurs in two steps: a fast crystallization process 

and a slow process. The kinetics of the fast crystallization process cannot he 

determined using the isothermal crystallization t~chmque, sinet! the fast proccss 

occurs in the range of the transie nt response of the ose equipment. It was found 

from experiments conducted using an intracooler that the crystallization peak 

overlapped with the transient response of DSe even at coohng rates of 250°C/min. 

This is probably because of the instantaneous nuc\eatlon due to the high cham 
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mobIlity of the le.v ViSCOSlty liquid crystalhne copolymcl (31).1 hlwever, the kltletll'~ 

of the fast process can be determmed usmg a non-l~othennal cry!-otalllLatll.ll\ 

technique recently developed by Harmsch and Musdllk (94). This tcchlllquc ,:an he 

used to de termine the kinetics of growth of polymers crystalltzed l'rom tlle 11111ltl'11 

state. 

The isotherrnal crystallization technique can he used tm deternll/11llg 

the kinetlcs of the slow crystallization process, smœ the slow proce!-o~ can be ea"lIy 

monitored at different crystallization ternperatures and limes. 

5.3.3.1 Kinetics of the fast crystallization process 

The kinetics of the fast crystallizatlon proce~~ may be descnbcd by the 

Avraml equation: 

x( t) = 1 - exp ( . Ktn
) (5 :1) 

Where x(t) is the degree of crystaHinity at tlme t, K 15 the cry~taillzatlllll rate 

constant and n is the Avrami exponent. 

For polymers crystalhzmg from the melt under nOIl-I"oll1nJllal 

conditions, Equation [5.3] can be rewntten as fo\lows (94): 

. 
x 

ln = (n-1). Int + In(nK) (T=Tc ) 

1 - x 
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whcrc x = dxJdt is the ratc of crystallization. Analyzing the data, using two different 

cooling ratcs, the factor In(nK) in Equation [5.4] can bc eliminated and the Avrami 

cxponent n can bc obtained from the following equation (94): 

X, Xl 

n = 1 + [In - ln --] 1 In(p/pl) (T=Tc) (5.5) 
l - Xl 1 - X2 

where p\ and P2 arc the cooling rates, yielding crystallinity levels Xl and Xz , 

rcspcctivcly. 

Figure 5.12 shows exothermic peaks of samples cooled from ncmatie 

melt at three different cooling rates (4, 7 and 10° C/min). These pcaks correspond 

to the fast crystallization process under non-isothermal conditions. The dcgrce of 

crystallinity X at dlffcrent tcmperatures can be determined from the partial areas 

between the onset of crystallization and differcnt tempe ratures along the exothermic 

peak (94) as shown in Figure 5.12. The raie of crystallization x = dx/dt can be 

dctermincd from the change in partial are as with respect to temperature (time) as 

described by Harnisch and Muschik (94). 

Figure 5.13 shows the variation of In[x I(l-x)] with temperature Tc for 

three different cooling rates corresponding to the fast crystallization process. The 

quantity [x le l-x)] represents the ratio of the rate of crystallization and the volume 

fraction of amorphous po:\lyrner in the sample. It is seen from Figure 5.13 that 

In[x/( l-x)] increases lincarly as the crystallization tcmperature decreases. The Avrami 
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exponent n for the fast crystallization process was caJculatt>ll from Equation [5.51, 

using three different pairs of cooling rates (4 and 7, 7 and 10. and'" and \0 ·C/mlll) 

and the value of n was found ta be always equal ta 2 whlch corrcspond~ tO the roll 

like growth from sporadic nuclei (31). The crystallization rate cncffiCll'nt K \Vas 

evaluated from Equation [5.4], at different temperatures using vanous coollng ratl'~. 

Figure 5.14 depicts variation of In(K) wlth the lI1ver~e absolutl' 

temperature. The decn:ase of In(K) with ur is approximately hnear, e~pl'Clally at 

high temperatures, when the fast crystallization process preliominatcs. 

5.3.3.2 Kinetics of the slow crystallization process 

An isothermal crystallization method was used to ~tudy the kllldlC\ ul 

the slow crystallization process. Each sample was fifst heatell up to 32()uC tu ohtaill 

the nematic meIt, where it was helli for 10 minutes. Subsequently, It was qucnched 

at the rate of 80 oC/min ta a predetermined isothermal crystallizatlon temperatllfe 

Tc . The material was allowed to crystallize isothermally for different tlmcs. The 

samples were then remelted at 10 ·C/min ta record the heat of trunsitlon whlch 

corresponds to the amount of crystallinity developed under Isothermal condltHlll\. 

The variation of heat of transition with respect to tlme can be representeli as fol\ow:-. 

(32): 

(5 (,) 

where a(T.) is the measure of the rate of transformation at dlttercnt cry~tal!Jlatl()n 
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j temperatures. Figure 5.15 shows a plot of heat of transition t:.llm versus 111g( tIIllt:) 

at six different crystallization temperatures. This Figure shows that the hcat ut 

transition (degree of liquid crystallinity) varies linearly with Illg(tulle). The rate:. ut 

transformation can be calculated at different crystallizatlOn temperaturcs tWill the 

slopes of the Iines plotted in Figure 5.15. 

Figure 5.16 shows the variation of the loganthm of the ratt: ut 

transformation with inverse absolute temperature. This Arrhclllus plot yield~ a Illlcar 

relationship in the low temperature range, when the slow crystal1lL'<ltlull pnKc"", 

predominates. 

5.4 Dynamic Mechanical Behavior 

The results of dynamic measurements are shawn in Figurt:s 5.17, 5.1 K 

and 5.19. E', E" and tano are plotted against temperature for a quem:heu anu 

annealed samples at 11 Hz. The obtained data at two frequencies, 3.5 am! II Ilz art; 

given in Appendix AS. 

The storage modulus of the annealed sample is siglllttcalltly hlgher 

than that of the quenched sample for the low tempe rature range (-110°C tn 5()oC), 

but the difference decreases somewhat above sooe, and huth samples show the 

sa me modulus above 120° C. 

The loss modulus shows the effect of Increase ln cry~talltntty on the 
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(1- anu B- loss peaks. The 0 - loss peak was not affected by the change in crystal­

Iimty. The position of the a- loss peak for the annealed sample with respect ta the 

4uenched one did not change with annealing, as was reported for PET sampI es with 

dlfferent degrees of crystallinity (95). This means that the segmental motion 

occurring ncar the glass transition temperature, TB ' is not affeeted by the inerease 

ot the degree of erystallinity. The higher 10ss modulus values observed for the an­

ncaled sample are attributed ta the increased interfacial are a between the 

amorphous and the crystalline regions, without affeeting the internaI friction of bath 

components. This behavior ean be corroborated by observing that the storage modu­

lus of the annealed sample is larger than the one obtained for the quenehed sample. 

From the tans plot, three clear transitions are observed: The Q­

processes at 110° C, at the glass transition temperature, the B- proeesses around 

50·C attributed ta rotation of naphthyl moieties around the ester links, and the 0-

processes at about -40·C normally assigned ta the reorganizational motion of the 

phenyl units. When the tanS plots are compared, the effeet of annealing is observed 

mainly on the T" 10ss peak, where it shows a higher value for the annealed sample 

than for the quenched sample. The effeet of frequency change is not significant in 

this case, because of proximity of frequencies (3.5 and 11 Hz). 
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5.5 Rheo)ogica) properties 

5.5.1 Shear Viscosity 

The true shear viscosity of the liquid crystalline copolyester used in this 

stuùy, as a function of true shear rate and temperature, is p)otted on log-log seule 

in Figure 5.20. The shear rate dependenee of viscosity, Qver the range of ca. 10 to 

1000 sec l, wa~ measured at three different temperatures of 300,310 and 320°C. The 

tlow cUlVes show a viscosity decrease with increasing temperature. The power law 

exponent range frorn 0.50 to 0.55 over the tempe rature and shear rates ranges under 

!\tudy. l\ sharp break is obselVed in the viscosity-temperature curve at 310°C. This 

phenomenon can be explained by the existence of sorne unmelted order which 

etfectively crosslinks the polymer melt (53). The viscosity was obselVed to be very 

sensitive to the amount of this residual order. Wissbrun et al. (53) reported that for 

a similar LCP resin, the activation energy above 300°C was equal to 10 kcal/mole, 

white below 300°C the activation energy increased enormously ta about 40-50 

kcal/mole. 

The shear rate dependence of the viscosity is very close to power-law 

form over a wide shear rate range. Figure 5.20 indicates that shear thinning persists 

at low shear rates. This behavior is different from that of isotropie polymers, where 

the viscoslty approaches a constant value at low shear rates. 
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5.5.2 Capillary Die Swell 

Extrudate swell was measured (83) at 300 ·C using twa different shear 

rates 26 ~ 1 and 104 SI. The results are shawn in Figure 5.21. The data are also 

reported In AppendlX A6.2. It IS observed that no extruGdte swell occurs at bath 

shear rates by the liquid crystalline copalyester, which is in general agreement with 

results obtained by several work~rs (52,54). White (96) and Samara (83) noted that 

the absence of extrudate swell in liquid crystalline melts is similar ta the swell 

hehavior ot short fiber-filled melts. 

5.6 Injection Molding Studies 

5.6.1 Processing Characteristics 

Pressure and temperature-time profiles obtained for a typical single 

run are displayed in Figure 5.22, (Data are given in Appendix A.7). Profiles for 

nozzle, cavity and hydraulic pressures, melt and mold temperatures, as well as screw 

displacement, are shawn. 

The eavity pressure is the most interesting variable, since it is closely 

related to the tlow behavior of the polymer meIt during aIl stages of the injection 

molding cycle. Pressure profiles span the filling, packmg, holding and cooling stages. 

Durmg the filling, the pressure rises slowly, as the moIten polymer flows into the 

cold mold cavity from the delivery channels, including the sprue, runners and 

through the gate. When the flow front impinges against the far end of the eavity, at 

the end of the filling stage, more melt is packed into the cavity ta compensate for 
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the shrinkage of the material, due to coohng and crystallizatlon. DUflllg pad.1l1g. the 

pressure in the cavity rises sharply within a short intelV'al nt tune to rl'adl a 

maximum. Sometimes, the pressure is maintained at the same level or alloweJ tu 

decrease slowly, during the holding stage, whlch follows the packmg ~tage. ln the 

cooting stage, a continuous decrease in cavity pressure is ob~elV'eù. No tlow ~hllllid 

take place during this stage, as a result of the freezing of the gate. The ratl' 01 

cooling usually plays an important role in determining the final propel ttl'S ut the 

molded article. 

me theoretical models for the various stages of the 1Il]l'CtlOI1 l1loldlllg 

cycle attempt to predict the distributions of melt pressure, temperature, amI velo:lty 

in the barrel and cavity and their dependence on resm propertles, gate amI ca Illy 

shape, screw design and processing conditions. Sorne of these mmlels l'an abo ylcld 

information regarding the relationships between resm propertll's and machille and 

molding variables on one side, the microstructure and the ultimate propl'ftles 01 the 

molded article on the other side. The resultmg equatiolls are very compkx and 

numerical solutions are u ually required with considerable computawll1al dlort. 

Previous studies regarding the structure of mJectlOn molJlIlg IrqullJ 

crystalIine polymers (LCP's) have evaluated microstructure under lirnJted proCl:!'>\llIg 

conditions. In this study, the effects of four different proces~ing varIahle!'> were 

considered. These included melt and mold temperature, 1I1Jection pre~.,ure ilnù 

injection speed. 

Figure 5.23 displays the variation of cavity pre~~ure at two dJlkrent 

locations in the mold, one near the gate (PTt) and the second III tht: ITIlddle (JI the 

cavity (PT2). The pressure increase during the packmg ~tage I~ equal 10 2()()O p.,1 I()r 
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both transducers. The peak cavity pressure is higher for the PTl. hecause ut lllgher 

initial pressure value. During the cooling stage no dlfferen~e is observeù at but!} 

positions, suggesting the freezing of the gate in the carly stages of the holding stage. 

Figure 5.24 shows replicates of nozzle and cavity prl's~Ure-tlllle plOtlks 

for 3 samples rnolded under the same conditions. The reproducihllity of the rllllS IS 

excellent, suggesting that errors due to sample-to-sample variahlhty arc sm:& 

Figure 5.25 depicts the nozzle and cavity pressui C-lllne pwllle~ 

obtained for two different mold temperatures. The main di!ference~ :ue oh~l'rvl'll 

in the peak pressure and the cooling stage. At low mold temperature. the 1l0z:lle and 

cavity pressures are higher than at the higher moItI templ'rature, due to the higher 

viscosity of the melt at the lower mold temperature. 

Figure 5.26 shows the nozzle and cavity pressure-tlme rrol1le~ o\JtalllcJ 

for two different injection pressures. Higher injection pre~sllre reslllted III ail 

increase of the peak pressure in the nozzle as weIl as in the mold cavlty. Thus, the 

differences in microstructure will be induced mostly hy the hlgher packlllg and 

cooling pressure. The above differences may be retlected in the ùilfcrenCl!\ 01 the 

dimensional stabiIity (e.g. shnnkage) of the moldmgs. It has been reporlcd ( 12) thal, 

due to the high molecular ordering of the liquiù crystal cop()lye~ter umJer \tully, the 

dimensional stability is excellent. 

Figure 5.27 shows the nozzle and cavlty pre~ .. ure -ume prof Ill: .. 

obtained for two different injection speeds. The fa~ter hlhng rate~ '1horten the 
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overall <--ycle ume, but the viscous forces are very high. When shorter filling times 

are present, there is an increased shearing occurring in the gate area and against the 

cold mold wall. The nozzle pressure, at two dlfferent injection speeds, indicates a 

pressure difference of about 900 psi during the filling stage. The higher pressure 

mduces higher stresses during cavity filhng, and the expectation is that the effect on 

the product microstructure will be significant. At lower injection speed, the time 

needed tG fill the cavity is longer. 

Figure 5.28 shows the temperature-time profiles at the mold surface, 

for two different mc!d temperatures during the injection molding cycle. Figure 5.28a 

~hows that at a mold tempe rature of 40 oC, after the molten polymer (320 oC) \Vas 

injected into the cavlty, the mold temperature increased by 15°C within 1.25 

seconds. FIgure 5.28b shows that when the mold temperature is set at 140°C, the 

equilibrium mold temperature is reached within 0.75 sec, with an increase of lO°e. 

The dnving force for cooling is higher than at lower mold temperature. 

ln brier, the pressure-time profiles obtained during the injection 

molding cycle give significant insight regarding the injection molding process. They 

should be helpful in the understanding of the microstructure and ultimate properties 

of molded articles. 

5.6.2 Microstructure Development 

In order to study the microstructure of the samples prepared under 

different molding conditions, ten samples from each particular processing condition 
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were obtamed. These samples were then properly labelled and stored in a deSlccator 

tor microstructural characterization. The particular processing parameters are given 

JO the Table 5.1. 

5.6.2.1 Polarized Light Microscopy 

Cross-polarized light photomicrographs were taken using a Reichert 

microscope in conjunctlon with a Polaroid camera. The specimens were very thin 

layers microtomed in the X-y plane, with thicknesses of about 2 to 3 microns. The 

photomicrographs are shown in Figure 5.29. The top picture represents a 

microtomed section from the surface layer (skin) of the molded sample. The bottom 

picture represents a microtomed section from the center region (core) of the test 

plece taken t'rom region A near the gate (see Figure 4.9). The skin layer shows 

clt~arly ordered regions elongated along the flow direction. The bottom 

photomicrograph representing the central core region, shows no preferred 

ortentation along uny of the axes. 

Figure 5.30 illustrates a cross-polarized photomicrograph taken from 

a sample microtomed in the X-Z direction, across the thickness of a test piece taken 

l'rom the position B as shawn in Figure 4.9. The type of morphological texture 

oh!)erved in thls picture is the weil known skin ·core morphology, displaying four 

laycrs from the surf lce ta the center of the moided sampie. A skin layer 

repœsenting the surface layer, a sub-skin layer, an intermediate layer and a core 

layer repre!)enting the middle of the sam pIe thickness. We can aiso observe that 

there IS ~ymmetry around the central core region. The picture shows that the skin 
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1 

2 

3 

4 

TABLE 5.1: PROCESSING PARAMETERS IN THE INJECTION 

MOLDING STlJDY OF Lep PARTS; l\L\CII1NE 

SETIINGS 

LMdT HMdT LP 

40 140 140 

330 330 330 

1600 1600 1600 

18 18 9 

1: Mold Temperature (MdT) (oC) 
2: Melt Temperature (MtT) (oC) 
3: Cavity Pressure (P) (Psi) 
4: Injection Speed (IS) (cm)/sec) 

I.MdT: Law Mold Temperature 
HMdT: High Mold Temperature 
LP: Low Cavity Pressure 
HP: High Cavity Injection 
US: Law Injection Speed 
HIS: High Injection Speed 
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FIGURE 5.29: Polarized light photographs of injection molded 

sample microtomed in the X-Y plane. 
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FIGURE 5.30: Cross-Polari.!:cù Light photograph of JnJectJ()IIIll()ld~d 

sample microtomeù in the X-Z plane. 
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layer IS onented parallel to the flow direction (X-direction), the ~ub-skin layer is less 

onlered, the intermediate zone is oriented along the flow direction, and the core 

layer shows less ordered structure in relation to the flow direction. The microtomed 

surface m the core layer suggests that the Oiientation might be perpendicular to the 

tlow direction. The crackled surface ln this layer is similar to that obtained by 

microtoming a glass-fibre reinforced pol) mer sample, which is oriented transverse 

10 the tlow direction (97). As a result, it is suggested that the orientation in the core 

layer is transverse ta the flow directicï. 

5.6.2.2 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was used in conjunction with a 

Polaroid camera to obtain photomicrographs of microtomed samples from the 

surface to the center of the test piece obtained from the position A neur the gate 

reglOn m the X-Y plane, as shown in Figure 4.9. The Polaroid photomicrogrnphs 

shown in Figure 5.31 display skin-core rnorphology. The top photomicrograph 

Illustrates the structure observed for the surface layer, while the bottom 

photomicrograph illustrates the surface structure of the core layer. It is observed 

that the skm layer is fibrous in nature and highly oriented along the flow direction 

as indicated by the top photomicrograph, while the bottom photomicrograph shows 

a core layer with less order. The photornicrographs shown dis play very c1early the 

skin-core rnorphology of the injection molded part. 

Figure 5.32 shows a photornicrograph of the fractured surface of the 

sample (IL) (see Figure 4.10) broken perpendicular to the flow direction in the Y-Z 
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FLOW l TO THE PLANE 

FIGURE 5.32: SEM photomicrograph of an injection molded sample 

(1 L), broken in the Y-Z plane. 
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plane. The photomicrograph shows the overall sample thickncss an~a. The tlow 

direction is perpendicular to the plane of the picture. The elcctron nllcrograph 

shows a skin-core morphology. The skin layer is oricnted parallel to the tlow 

direction as shown by the fibers pulled off from original positions al the surface 

layer. Whi1e the neat fracture surface of the central region of the micrograph 

suggests that the orientation is perpendicular to the tlow direction. The arca of the 

core region, measured from the picture, represents about 30% of the total samptc 

thickness area. 

Figure 5.33 shows a higher magnificat ion of the skin and intcrmcdiate 

layers of the previous photomicrograph. The surface skin layer displays a fihrous 

texture oriented parallel ta the flow direction, as the fihcrs are tom off their original 

place or painting perpendicular to the plane of the photomicrograph. 

At much higher magnificat ion, a detailed microstructure of the central 

core region is obtained, as shown in Figure 5.34. The photomicrograph indicatcs the 

presence of very thin fibers. This type of fibers or fibrils, indicated by the arrows on 

the picture, has been observed by many workers (61,65-67). Thapar and Bevis (61) 

examined etched surfaces of similar injection molded Lep samplcs, with the 

scanning electron microscope, and reported that the diameter of the fibnls in the 

surface skin layer is equal to 0.1 JJm, while in the core layer it incrcases to about 0.3 

JJm. From the fractured surface of the sample under stud" the fihril diamctcr 

observed in the core layer of the photomicrograph shown in Figure 5.34 is equal to 

0.1 JJm, which is not in agreement with what has been reported by the previous 

workers (61). The direction of preferred orientation of the fibnls observed in this 
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FIGURE 5.3,: Cross-section of an injection moJded sampJe (IL) at 

higher magnification. 

134 



1 

FLOW 1 TO THE PLANE 

OF THE PICTUnE 

FIGURE 5.34: SEM photomicrograph of an injection moltkd :.ample 

of the center core at high magllifJcalHm 
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core layer IS perpendicular to the flow direction. 

Figure 5.35 shows a photomicrograph of the fractured surface across 

the thlckness of the sample (IT). The fractured surface under observation represents 

the X-Z plane. The tlow direction (X-direction) is indicated by the arrow. Clear 

transitions are observed between the skin, sub-skin and intermediate layers. The 

center core layer of this sam pIe is not shown in this photomicrograph. Figure 5.35 

ùlsplays a flbrous and highly onented skin layer in the direction parallel to the flow 

axiS. The interrnediate layer displays a preferred orientation along the flow direction 

but less ordered than the skm layer. The thicknesses of the three layers are observed 

to be comparable in magnitude. 

At higher magnification, the details of the morphological texture 

obscrved are shown in Figure 5.36. The skin region contains macrofibers with a 

ùiameter equal ta 3-5 /Jm. Macrofibers of the same diameter have been observed, 

and reported in the Iiterature by Sawyer and Jaffe (67). 

Figure 5.37 shows a photomicrograph taken from the core region of 

the same sample displayed in Figure 5.35. Typical flow lines are observed, in 

addition to possible fountain tlow effect near the wall. The photomicrograph 

suggest~ how the mate rial in the Oow front is elongated and reoriented along the 

Ilow directIOn near the surface, when it solidifies, forming a highly oriented skin 

layer In the tlow directIon. 
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FIGURE 5.35: SEM photomicrograph of an injection mokleù ~all1ple 

(IT) brokcn in the X-Z plane. 
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FIGURE 5.36: SEM photomicrograph of an injection molded sample 

(IT) broken in the X-Z plane 
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FIGURE 5.37: Electron photomicrograph ()t ail lIlJL:ct\!HI IlHllunl 

sample (lT) broken in the X-Z pl;lIle . 
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5.6.23 Density (Crystallinity) 

The variation of liquid crystalline copolyester density (crystallinity) 

across the thlckness of a molded part is related to the crystallization phenomena 

occurnng during the injection molding process. The variation of the density as a 

tunctlOn of distance from the surface, for sections microtomed iu the X-Y plane, is 

shown in Figures 5.38 and 5.39, for mold tempe ratures of 40°C and 140°C. The 

denslty data are glven in appendix A.8. The rectangular test piece was obtained from 

the positIOn B of the molded plaque (as ilIustrated in Figure 4.9 of section 4.8.4.1), 

For the low mold temperature, the density is observed to be almost 

constant across the thlckness. The quenching process obtained when the hot melt 

touches the cold mold wall does not allow sufficient time for the growth of the liquid 

crystalline order. These results are in qualitative agreement with data obtained using 

DifferentiaI ~,canning Calorimetry (DSC) on similar specimens. The DSC results are 

not reported here because of lack of consistency. It has been found that there are 

two different crystallization processes: a fast and slow crystallization process (see 

section 5.3.1). The fast process occurs instantaneously and the degree of crystallinity 

IS independent of cooling rates, for the range between lOZ.4 to 3.ZoC/min. In the 

lower range of cooling rates below 3.ZoC/min, the degree of crystallinity increases 

hnearly with cooling rates. The cooling rates involved during the molding operation 

are, very hlgh, so that the fast crystal1ization process !s the only process occurring 

durmg molding. 
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The results at the higher wall ternperature, 140°C, shown in Figure 

5.39, Imllcate that the density IS lower at sorne intermediate layer between the skin 

and core layers. It is suggested that the low denslty in thlS regl0n is associated with 

higher onentation obtaIned due ta the higher shear stresses in that zone. Density in 

these matenals tends ta be mversely proportional to orientation. 

5.6.24 X-Ray Diffraction 

X-Ray Diffraction is a use fuI technique for microstructure 

characterlzation. It gives insight regarding the crystalline orientation and molecular 

ordering. Jo~eph et al. (98) reported the first x-ray study on thin slices microtomed 

m the depth direction of Injection molded Iiquid crystallIne copolyester samples. they 

observed a ~kIn-core morphology with three different layers across the thickness; a 

skin layer onented paralIe] ta the flaw direction and intermediate and core layers 

exhlbltmg m uch less OrientatIOn. The rather indistinct W AXS pattern indicated a low 

degree of crystalhmty. Blundell et al. (46), focusing on the variations that could be 

produced by changmg the characteristics of the polymer, at a rnolecular level, 

explored hnw a change In the molecular linearity of a chain affected the degree of 

orientation and general layer structure in a molding. Furthermore, they establ!shed 

a quantitative relationshlp betwee;) orientation in the moldings and the measured 

modulus. They concludeù that the observed modulus increase with increased chain 

Imeanty is essentially a consequence of higher orientation. Recently, Hedmark et al. 

(99) reported results of <cos!o> as a function of distance from the surface for twa 

molded samples wlth 2.9 anù 5.8 mm ~hickness. Three and five different layers were 
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()h~erved tor the 2.9 and 5.8 mm thlck samples, respectively. 

X-Ray diffraction was carried out in this work to reveal chain 

oflentation ln the different morphological layers as observed in the microscopie 

~tudies dJscussed above. One of the main purposes of these studies was also to 

dt!tcrmine if these morphological layers have an internally uniform chain 

oflentation,as revealed by the SEM. 

The W AXS patterns for the layers are shown in Figure 5,4,0. In the 

same Figure, corresponding Hermans orientation function values for the sa me 

~ectlOns, obtained with infrared spectroscopy (FfIR) are given for comparison. It 

I~ c1early ~hown that there are at least four different morphological zones. A surface 

layer onented parallel to the flow direction, the next layer below the surface with 

much Jess onented matenal, and the thlrd layer is oriented again parallel to the tlow 

direction. Fmally the fourth layer, which represents the center of the sample 

thickness, IS observed to be oriented transverse to the flow direction. 

5.6.2.5 Infrared Spectroscopy 

The mechamcal propertles are greatly intluenced by the state of 

Oflentatlon present ln the molded part. In conventional polymers, crystallization 

occurs ~Imultaneously with orientational tlow, inducing an axial orientation parallel 

to the tlow direction. If this Gricntation is frozen-in, the effeet will produce 

am~otroplc properties of the end-product. 
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In the case of the polymer liqUld crystalline copolyester of the type 

under study, the crystallization rate IS very rapid (see results obtained from the study 

on thermal behavlOr reported in section 5.3.1). The driving force for cooling the 

matenal from the molten Mate (330°C) ta below the glass transition temperature 

( 100° C) I~ very hlgh. Thus, the part freezes almost Immediately. Consequently, only 

the fast crystallizatlOn process wlll occur due to the high coohng rates present during 

the moldmg process. As a result, the molded parts will have almost constant 

crystallimty across the thickness, as suggested in the previous sections. However, 

molecular orientation varies across the thlckness, dependmg on the type of 

predominant tlow during molding. The fillmg stage induces most of the onentation 

ohtamed in the molded part, smce, m the packing stage the me!t motion is 

slgnificantly reduced. Because of long relaxation times and high crystallization rates 

as~ocJated wlth these mate rials, most of the orientation develop~d during the fiUing 

stage IS retained. Hence, t10w phenomena occurring dunng the filling stage 

dlectIveIy determme the final state of orientation obtained in the molded article. 

Molecular orientatIon was evaluated employing a method reported by 

Klssin et al. (100). The techmque employs measurements of infrared absorbance of 

microtomed sectIons along mutuaUy perpendicular axt!S. The vibrations with 

transItIon moments perpendicular to the polarized infrared beam appear with 

enhanced mtensity, whereas the vibratIOns with transition moments paralle! to the 

polarized infrared beam mteract !ittle. Thus, the method estima tes the proportion 

of polymer molecules with their chain axes aligned in each of the respective 

dIrections. In the following dbcussion, the orientation of the molecular chains is 

descrihed relative to the X axis i.e. the flow direction. 
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1 
The orientation function used in con)unctlon wlth thls techlllljUl' 1:- a 

Hermans type function f. The orientation functions f ca1culated from t:w dldmHc 

ratios were obtained for the microtomed sechons, as explamed m section 4.h.2.2, 

Orientation functIons are plotted as functions of distance l'rom the :.urtacc: (Z­

direction). A value of f equal ta 1 imphes that aIl the molecules are perfectly aligncd 

parallel ta the flow direction. When f is equal tn 0, the mokcular oncntatiull 1:­

random, and when fis equa! to -0.5, ail the molecules are onentcd tranSVL'I!-oc tD the 

f10w dIrection. 

(a) Orientation Distnlmtion in Moldings 

Figure 5.41 deplcts the vanatlOn of onentatlon tunctions III the ùepth 

duectlOn of mlcrotomed sections from the test pieces obtamed at the tlnce dIlkrcnt 

positions aIong the centerlme of the molded plaque (A. Band C as rcprc~cllkd Il'I 

Figure 4.9, in sectIOn 4.8.4.1). The data are given m appemhx A. 'J. In~pect«)11 01 

cross-sections machined in the transverse direction (Y-direction) 01 the le-;t plcce 

reveals that these polymers have layered structure, with layer thicknes~c\ vl\lhle If) 

the naked eye, as observed earlier by Weng et al. (65) and Ophlr and Iùc (72). Four 

layers can be distingUlshed from the surface to the center 01 the moh.lll1g, WlllCh arc 

believed to be associated wlth dltferences ln the thermO-OlCchaT1lc:d Imtory 

experienced by the dlfferent layers. The surface layer or the ~km, I~ onentcd par;tlk:1 

to the flow direction. It is probably formed under the mtluence 01 elongatlonal 

stretching at the flow front, m the presence of fountam now, coupkù wllh the 

quenching effect of the mold wall, as descnbed by Tadmor (60). The mc.:lt III the 
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flow front region undergoès foumain 110w from the core towarùs th~ wall, where 

it experiences strong elongational tlow; the orienteù melt is deposlted at or near the 

wall, freezing almost instantaneously to form a highly oriented skm layer. l'hl' 

second layer or the sub-skm layer involves matenal hehmd the now front whil:h ù,ll 

not experience sigmficant stretching in the tlow direction and was frozen-1l1 111 a Il.'~~ 

ordered state, as compared to the skin layer. The third layer or the intcrmcdiate 

layer is oriented again parallel to the tlow direction. It originates in the high shcar 

zone next to the frozen skin and sub-skin layers. Normally, the ùevelopmg fnul'l1 

layer causes a narrowing of the now channel, anù thus contnbutcs to raislI1g the 

shear rate at the solid-melt boundary. This high shear rate produl'es li local 

maximum m the orientation within the intermediate zone. Fmally. the fourth layel 

is in the center region of the molding or the core. It generally exhlblts on~ntat\( \Il 

perpendicular to the now direction. The low shear rate 111 the LOfe anu thl' 

transverse stretchll1g of the melt in the core as the material emerge~ from thl' g.ltl' 

into the cavity con tribu te ta the transverse onentatlon m thls zone (lOI). E!!cl'tlw!y, 

the sume trends are observed at the three positions A. B. and C Figurl' 5.~ 1 

suggests that the thlckness of the skin layer decreases with mcrea~lng dl~tance !W\l1 

the gate, while the intermedmte zone tends to grow. Simllar ()b~crvatJ(lll'> Wl'rl' 

reported by Boldlzar (102) on the basis of data relatmg to the mechanical propl'rtll'" 

of injection molded samples of the same matenal. For the pmltl(}n~ Band C. thl' 

maximum onentation for the skin layer is lower than that ot pmltlOI1 A TIll'> 1'> 

similar to observations reported by Singh and Kamal (103) lor .. h()rt-Ilhl.'r IJlkJ 

polypropylene moldings. Furthermore, the 5ub-skm laycr~ lor the ~:Jmpk,> Band C 

are more oriented than in sample A neur the gate. The amount (JI Oflcnt:ltJ()1l 

observed for the sub-skm layers in samples Band C 15 c4ulvaknt to that llh.,erved 
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lor the mtermediate zone, whlch might be due ta a thicker solidified layer away from 

the gate. LlqUid crystalhne polymers (LCPs) have been shown to behave similarly 

to short-fiber polymer composites, where fiber orientation is mainly control1ed by 

hydrodynamlc forces (10 1). In elongatlonal flow, both LCPs and short fiber moldings 

exhlblt almost pertect onentatlon in the tlow direction. Consequently, enhanced 

mechamcal propertles develop ln the onentation direction. 

Figure 5.42 shows the variatIOn of molecular orIentation as a function 

ot dl~tance from the surface for microtomed sections at positions D, E and F of a 

molded plaque, as shown in Figure 4.4. Onentatlon functions for the position D 

mdlcate a skm layer with a preferred orientatIon along the tlow direction (X­

direction). Furthermore, relativeJy low order IS observed 10 the intermediate and 

core layers. Simllar trends are observed for the positIOn E. However, none of the 

three pO~ltlons shows transverse onentatJon in the core region, 10 contrast to the 

samples taken l'rom the centerline (A, Band C). This is due to the spreading flow 

ot the polymer melt at the gate and reorientation of the melt towards the tlow 

direction (X-direction) away from the centerline and especially close to the side 

mold walls. SimJlar behavior was reported for injection molded short-fiber reinforced 

polypropylene (103). 

(h) Effcct of Processing Conditions 

The effect of processing conditions has been investigated by other 

workers (68,70-72,102,104,105). However, only sketchy results have been reported. 

It IS known that the processing conditions have a marked influence on the 
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propertics of the injection moldcd thermoplastic parts, and the same can be 

cxpeeted for IiqUld crystalline polymers. Sinee liquid crystallrne polymers exhibit 

substantial amsotropy, as mdlcated in the la st section, it appears possible to 

manipulate the extent and distributIon of this anisotropy by variations in processing 

conditions and design parameters, as reported by Jackson and Kuhfuss (12) and 

Ophir and Ide (72). 

Position B, in the center of the molded plaque was chosen to study the 

intluence of rrocessing conditions on molecular orientation. Microtomed sections 

were obtained in the depth direction of the rectangular test piece representing the 

position B. 

The effect of mold tempe rature on molecular orientation distribution 

as a funetion of distance from the surface is shown in Figure 5.43. It is observed 

that, at low mold temperature (40"C), the surface layer is thicker and more oriented 

along the flow direction (X-dlTt~ction) compared to that obtained for the high mold 

temperature (1400C). Furthermore, at lowcr mold temperature, the intermediate 

layer shows an orientatIOn parallel to the tlow direction, as explained earlier in this 

section. This is probably due to the high shearing action, at the solid-melt interface 

of the frozen layers on both sides of the mold walls. The mold tempe rature affects 

mostly the thickness of the third layer, as it was reported recently by Suokas (105), 

for photomicrographs obtained by optical and seanning eleetron microscopy. He 

ohserved that the thickness of the surface layer decreased slightly with increasing 

mold temperature. and the third layer expanded at the expense of the fourth layer. 

The rise in mold temperélture results in a reduced heat conduction rate, which 

increases the thickness of the intermediate layer, while the sub-skin and core layers 
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remain almost unaltered. This findmg is in good agreement with what has been 

rep{)f(cd by Duska (105) and Suokas et al. (70). 

Figure 5.44 shows the effect of injection pressure on the properties of 

the molded parts. Difference~ arc observed in the skin, intermediate and core layers. 

The surface layer of the sam pie molded at lower injection pressure is more oriented 

parallel to the tlow direction than that molded at higher injection pressure. This 

finding is in concordance with results reported by Duska (105) on similar Lep 

molded samples. At higher injection pressure, the intermediate layer shows a higher 

orientation in the flow direction. The amount of viscous heat dissipation at higher 

injection pressure increases, especially in the intermediate zone. Therefore, the 

polymer viscosity will decreases as the injection pressure increases. 

Figure 5.45 de piets the variation of molecular orientation at two 

different injection speeds. Lower injection speed induces higher orientation in the 

skin and intermediate layers compared to that obtained at higher injection speed. 

IIowever, the core layer is not sigmficantly affected by the change in the injection 

spced. The thickness of the ~kin layer is significantly affected by the cooling and heat 

transfer th,lt takes place during the filling stage of the cavity (106). Slower filling 

produces a thicker skin layer, due ta the higher degree of cooling during the filling 

stage. Lower injection velocity causes less viscous dissipation in the intermediate 

zone on both sides of the solidified skin layers at the walls of the mold. Therefore, 

the internai stream of molten polymer tlowing to fill the remainder of the mold 

ravit y experiences higher orientation in the intermediate zone. The core layer is not 

affected significantly by the change in injection speed. 
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5.6.26 Microhardncss Testing 

The purpose ot thiS expenment was to evaluate the pO~~lbll1ty ut U~ll1g 

microhardness as a technIque to differentiate between the morphologlc:!l /1 1I1l'\ 

across the thlckness of Injection molded samples, by companng micmhanlnt'~~ J.II.1 

with the results obtained using other techniques such as infrared :-.pcctlll\I..'Upy .111.1 

three-point bendmg. 

The princlple of the test IS reported In more detal! III '>l'Clll III .~ S 1 7 

The indentor is applied on the X-Z plane with the long dwgonal bClIlg p.ILllkl II) 

the flow direction (X-direction). Measurement wlth tht> 'lagonal pal.llkl to tilt' 

injection directIOn, YIelds data reganhng vanatlon ot microhardIlc\~ III t Ill' dl' pt Il 

directIOn of injection molded sample~. The Indentor length (long dtag\lll.lI) v. 1 Ill", 

accordmg to the molecular onentatlllO The value of the length ut the 11l11~ dld~llll:tl 

is higher when the molecules are oriented parallel to the dIrection of IIlCa\UIl'lJ]l'Ilt. 

which IS the machine direction. The value of the microhardne~~ 1'> lIwl'f\l'ly 

proportional to the indentor diagonal. For the sake of simphcity, am! ahll lm l'.I\II'r 

companson of results obtained with other technIques, tpe mdentor lt:ngt 11 1\ pl( lt tt'd 

as a function of distance l'rom the surface ot the molded ~pCCllllè n 111 COllt: Il 1 \\ I! Il 

the mold. 

The variatIon of the indentor kngth a~ a tunctlon (JI dl~tal1Ll' fr(lll1 tl1v 

surface depends mamly on molecular Orientation, smce oh~ervatHHl\. h;I',ed 011 tlie 

DSe and density results, reported in ~ections 5.3.1 and 5.6 2.3, re~pn tl'/ely. klVl: 
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"hown that the cry~tallJmty/denslty change across the thickness (Z-direction) IS 

neghglble. Bowman and Bevls (107,108) have evaluated the microstructure of 

molded pam u~mg the \hckers mlcrohardness test and concluded that the 

mlcrohanjnt:~~ of mJectlon molded samples can be used ta determine the 

relatlon~hlp~ between structure and processing conditions. 

In order ta have a detailed description of the variation of 

mlcrohardness across the thlckness of the molded sam pie, the measurements were 

made every 150 J.'rn. Mlcrohardne~s measurements were also made every 300 pm 

and 450 J.'m. The data are shawn In Figure 5.46, which shows that the results are 

identlcal, thus mdlcatmg that up to ISO pm, the effect of spacmg between the 

measurement 15 neghglble. 

(a) Microhardness Measurements 

The vanatlon l1f microhardness as a function of distance from the 

surface to the middle of the cross-section of the sample (IL) is shawn in Figure 5.47. 

The re~ults show that the value of the indentation length, obtained by rneasuring the 

long dlagunul, near the surface, is hlgher at a1l three positions A. Band C, and 

ùecreases to\\.mjs the center of the thlckness. A second maximum is observed in the 

mterrnedl<ltc layer. WhlCh, as olscussed previously in section 5.6.2.5, may be due to 

the hlgh ~hear ~tre~ses JO the constncted channel at both sides of the frozen skin 

near the wall ot the mold cavlty. The onentation of the skin layer is higher near the 

gate and decreases towards the end of the mold. The proportion of oriented 

matenal parallel ta the tlow direction IS higher for the position B (representing the 
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1 center of the plaque). The orientation IS maxunum at the surtace near the g.ltl' ami 

at the end of the mold where, In bath case~, the frozt'n layer l~ the tl\lnlll'~t. 

Figure 5.48 shows microhardness distnbutlon in the lkpth dlled \llll \)1 

two samples molded under the same processmg conÙltions III mder 10 l'\.lIl1.lte the 

sample-to-sample consistency. The results show that, for two ~al1lple~ mokkd 1I11Ùl't 

the same conditions, as Illustrated by the rephcates of cavlty anù nozzk pn:~~llfl'­

Ume profiles in Figure 5.24, the repeatablhty IS good. 

(b) Effeet of Processing Conditions 

Figurt> 5.49 dt'plcts the vanatlon ot mlcrohardne~~ ano~" the tlm'kllL'"'' 

of ~amples mulùeù at twu ùlfferent mulù temperatures, The "klll layc! l'"llllllb 

slightly hlgher onentatlon ln the tlow direction at lower molù temperature .\hll, :It 

lower mold tt'mperature, the mtermedmte layer ~how!. mure uf!l'tllatltll\ III t Ill' t luw 

direction, probably due to the hlgh sheanng action at the ~ollù-melt Illtelfal'l' III thl' 

narrow channt'! caused by the solidltied polymer layer. The moiti lem perat lire :t 1 keh 

rnostly the thlckness of the intermediate layer. This observation IS In good a~rl'l'lJll'llt 

with orientation data obtamed with infrared measuremcllts. 

The varIation of mlcroharùness alung the thlCklle~~ of "ample., Il li ddl'd 

at two different injection pressures IS shown ln Figure 5.50. Lower inJeCtHlll prL'>\urL: 

causes higher orientation In the now dIrection m the skm layer. IItgher ll1Jl'Ctlllll 

pressure has the tendency to cause hlgher Orlentatlun In the ~ub-..,klfl and the 

interrnediate layers paralIel to the tlow direction. The mJcr()harùne~.., 1r1 the centre 
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core region is not significantly affected by the change in injection pres!\ure. 

Figure 5.51 Illustrates the variation of mlcrohan..lnc!>s a!\ a tUlll'llllll ut 

distance from the surface in samples molded at two different II1Jcctlon !\pcl',b The 

skm and intermediate layers are more oriented along the tlow threCIIllll .11 Ill\\' 

injection speed. This is in agreement with the results of Duska (lOS), who ~lIggl'!\h 

that lower injection velocitydecreases the amount ofvl!\cOUS heat generated hetweL'1\ 

the already solidified skin layers and the molten polymer stream, thm prllltuclIlg a 

thicker skm layer. 

5.6.2. 7 rlexural Modulus 

The tlexural modulus distribution along the lkplh JlrcCIHIIl gl\'t''> ,\ 

good indication of the overall strength of the part. The maJllr COlllrthulHlI! III 

strength in the flow direction IS provlded by ail the layer~ ~htlwlllg pal,dkl 

orientation to the tlow direction, mo!\tly the skm and the Il1tcrmeJI:ltl' 1:I~L'r By 

increasing the thickness of the skin, relative to the core, tbe strcngth will lIlcrc:J~l' 

Therefore, if higher mechanical strength is demed in the tlow JlrcctHl/l, the oar! 

must have a larger skin ta core thickness ratio. Du~ka (6X,) OS) dl!\CLJ\\cJ thl' 

contributions of the skin and core to the tenslle strength of the moldeJ part anJ tht' 

role played by the processing conditIOns in thls regard. 

(a) f1exuraJ Modulus Distnbutions 

Figure 5.52 depicts the variation of tlexural modulus ln the lkpth 
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direction of an injection rnolded rectangular bar machmeù paralkl tn the nu,," 

direction (IL) and perpendlcular ta the tlow ùirectlon (11') (~ee Figun: ·U ll). r\ 

charactenstic skin-core rnorphology IS observed. High onentatlon occur~ .Il thl' 

surface and ùecreases towarùs the center. However, a secondary m~LXlmum. llL'ClII'> 

in the intermediate layer at half distanœ between the skin anù the wn.-: n:glllIl. 'l'lm 

intermediate layer is also caned the shear zone. It IS believed that the high \11oùulu:, 

exhibited by this layer is a result of the hlgh !)heanng action ot the 11111lten POIYllll'[ 

at the solid-melt interface on both sides of the solldified pnlymer layer. 

The variatIon of tlexural modulus 111 the depth direction tm the s:lIllpk 

machined perpendicular to the tlow direction (lT) [s also shown 111 Figure 5.52. lt 

is observed that a low modulus value occurs at the surtace ~k\l1, hut the tll()dll[lI~ 

mcreases to exhibit the hlghest value neur the core ot the s<lmpk. The ll1ot! III U~ III 

the core region of the transverse sample IS comparable to the Illoùulu~ 111 the !\llllal'l: 

layer of the longitudinal sample. ThIS suggests that the core ot the longlt udlll:d 

sample is oriented perpendicular ta the tlow direction. 

Figure 5.53 shows the variation of the anisotropy ratio, detincd as the 

ratio of the modulus of the longitudinal sample (1 L) to tha t ot the transver,>l' ~a III pk 

(lT), as a function of distance from the surface. The re~ults ~llOW that the ,>klll layer 

is highly oriented in the tlow direction, while the core IS onented tran~vcr~e to the 

t10w direction. An anisotropy ratio equal to 1 inùlcates that the molecul:.u OrIellta­

tion is random in the corresponding region. The modulu!) of the core reglo/l (lt the 

transverse sample is very close to the modulus value ot the !)urtace layer 01 the 

longitudinal sam pie. This suggests that the core of the longitudmal ~ample 1\ 

167 



co 8 ~ a... 
(!) .... 
if) 

.:J 
..J 

6 ~ 

::J 
0 
0 
~ 4 -cr 
W 
>-
<{ 
..J 

2 n-

o 
o 

L __ 

1 1 1 1 r 1 r 

• IL -
0 IT 

• • -
• • • • • 0 

0 0 0 0 
0 0 -

• l~) • CI • • 0 ('1 • () -

1 1 1 1 1 1 1 

02 04 0.6 0.8 1·0 1.2 1.4 

DISTAN C E FROM SURFACE ( mm) 

FIGURE 5.52: Layer Modulus Distribution in the depth direction of 

injection molded bars machined parallel (IL) and 

perpendicular (1 T) to the flow direction 

168 



1 1 1 1 1 1 1 

4 ~~ -

a 1 L / l T 
1- 3 f- -« • a::: 

>-
0... 

2 • • -a f-> 
0:: • • 1-a 
cr. • • z 1 
« • • • • • 

0 1 1 1 1 1 1 1 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

DISTANCE FROM SURFACE (mm) 

FIGURE 5.53: Anisotropy Ratio ot ~ample~ machmed paralld (1 L) 

and perpendicular to the tlow ùirectlon (IT). 

169 



J oriented perpendicular ta the flow direction. 

The variation of the flexural modulus, as a function of ùistanœ l'rom 

the surface, for the samples machined from the positions 2L anù 1 LIs illustratcd 111 

Figure 5.54. Both samples showed similar trends, but the samplc 2L exhlhiteù \l'ss 

pronounced variation of the modulus in the depth direction. Sampk 2L ùid nut .. 11lJW 

transverse orientation in the core region according to the molecular orientatioll 

results obtained at positIon E, and shawn in Figure 5.42 of section 5.6.2.5, uSlIlg the 

infrared technique. 

The sam pIe 2T did not show significant differences (\!) comparcù tu 

sample 1T. These results support the orientation distribution data haseù on inlrareù 

measurements at positions A, Band C. The three samples exhlhiteù sl111ilar 

orientation distributions, which is in agreement wlth the ahove results obtaineù on 

flexural m0'"Îulus distnbution. Although samples IT and 2T were measlIreu 111 the 

X-Z plan, transverse to the flow direction, the results wOllld be simllar to what has 

been obtained for the orientation distribution profiles in the X-y plane if the 

samples were rotated by 90°. Both tests were performed in the centerline of the 

molded plaque. 

(b) Effect of Processing Conditions 

The mold temperature affects mostly the thickness of the thlrd layer, 

as reported recently by Suokas (104) usmg Optical and Scannmg Electron 

Microscopy studies. He also showed that notched Izod Impact strength and ten ... i1e 
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and flexural moduli are ail onentatlon-sensitive. He observed that the holùlIlg 

pressure reduced the tensile modulus while 1t was beneficwl for tkxural 1l10ÙlllllS. 

The best values for lzod impact strength were obtained wlth the highest mold 

temperature. Recently Duska (105) reported that the hlghest values of tem,ile 

strength were obtained at low injection speed, low injection pre~sure and low mold 

temperature. Ophir and Ide (72) also reported that a lower injection rate coulù be 

beneficial with regan' to the mechanical properties, although this pOint \Vas not 

examined in detail in their work. Boldizar (102) made an attempt to estlll1ate the 

variation of mechanical properties of a 3 mm thick test bar over its cross-section by 

machining off the surface layers and then test mg the remammg part. He tounù tl1:lt 

the mechanical propertles varied substantially over the cross-section caused probahly 

by the inhomogeneous degree of orientation. The author reporteù that a m:e<imlll11 

in strength occurred about 0.5 mm under the surface. However, wlth this method, 

he could not estimate the mechanical properties ot the skin layer. 

The effect of mold tempe rature on the distrihution of tlexural mOlllllll~ 

from the surface to the center of sampl(~ (IL) eut along the centcrline IS shown in 

Figure 5.55. The profiles displa}~d in this Figure show that the risc in molLl 

temperature resulted in a slightly hlgher modulus of the skm layer. However, the 

thicknesses of the skin and the intermediate layers were higher at lower mold 

temperature. The lower mold tempe rature induces more onentation m the Ilow 

direction, because of higher shear rates ocC'urring against the frozen skin layer!>. The 

flexural modulus distributions in the corle layer was not affected by the mold 

temperature change. The major differenct~s were only observed in the ~km and 

intermediate layers. 
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Figure 5.56 shows the influence of injection pressure on the propertles 

of the molded parts. Lower injection pressure induces more orientation along the 

flow direction, in the skin layer. Furthermore, a thlcker core reglon is ohtaineJ at 

lower injection pressure. However higher injection pressure produces lllgher 

molecular orientation in the sub-skin and intermediate layers, resuItmg In higher 

flexural modulus values. In the central core region no significant changes \Vere 

observed. 

Figure 5.57 depicts the variation of flexural modulus in the depth 

direction of an injection molded sample obtained at two different injection !>peeJs. 

It is observed that, at lower injection speed, a thicker skm layer wlth a higher 

amount of preferred orientation in the tlow direction is obtaineJ. Furtherrl1l re, a 

higher value of the flexural modulus due, probably to a marked !>hear zone ln the 

intermediate layer, is observed. In the central core, the change 111 the injCctllln speeJ 

did not affect the distribution of the flexural modulus. 

5.7 Correlation and Integration of Results Obtained by Various Techniques. 

Various techniques were employed ta study the microstructure 01 

injection molded articles and the effeet of thermo-mechamcal hl~tory during molJmg 

on microstructure. 

(1) Polarizing and Scanning Electron Microseopy c1arified mmt ot the 

hierarchical morphological structure that resulted from the compkx 
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tlow patterns prevaJling during the injection molding of Lep parts; 

(2) The denslty/crystallimty measurements elucidated the effect of thermal 

history on the molded parts, dunng the solidification stage; 

(3) Wid..-!-Angle X-Ray Diffraction and Infrared Spectroscopy permitted 

a characterizatlon of orientatIOn distribution across the thickness of 

the molded parts; 

(4) The Microhardness technique was evaluated, as a new method for 

microstructure characterization, to confirm orientation distribution 

results; 

(5) The three point bending technique was used to determine the 

distribution of flexural modulus across the thickness of molded 

samples. 

Figure 5.58 shows a typical comparison of the various techniques used 

to determme the distributions of properties in the depth direction of the molded 

Lep parts. The case shown in Figure 5.58 corresponds to the condition LMdT given 

in Table 5.1. 

The trends of the distributions of orientation functions, indentor length 

and layer modulus correspond very weIl to ~he morphological layer distribution 

shown in the photomicrograph displaying the cross-sectIOn of a molded sample taken 

l'rom pOSitIOn 8 alang the centerline. The photomlcrograph shows clearly four 

different layers across the thlckness. A hlghly oriented surface layer paralIe! to the 

tlow direction (X-direction), a Jess oriented sub-skin layer, an intermediate layer 

onented agam In the flow directIOn and a core layer oriented transverse to the flow 
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dlrectJcm (Y-dIrection), as shown hy the FfIR and tlexural modulus results. The 

rc~ults shown in FIgure S.SR, whlch are typlcal of the results obtained In thls ~tudy, 

lIhow surprisingly excellent agreement between the findings of the dlfferent 

cxperimental techmques. Simllar results of cross-sectlonal bands and layer structure 

formation were reported for glass-fiher reinforced systems hy Kalishe and Seifert 

(109). They observed again four layers, with more or less similar orientation patterns 

as ohscrved with Iiqllid crystalline polymers. Singh (96) obtained similar reslilts on 

fiher-filled polypropylene moldings. 

5.7.1 Origin of the various layers 

Figure 5.59 depicts the tlow of polymer melt during the filling stage. 

As the melt leaves the narrow gate and enters the cavity, it experiences spreading 

radial tlow, causing the orientation transverse ta the main tlow direction (y­

direction). 

The skin of the plastic In contact with the cold mold freezes very 

rapidly while the central core remams molten. As further material is injected, it 

flows into this central region displacing the mate rial already there whi, then forms 

a new "front", as depicted in Figure 5.59. The flow of the displaced material is a 

combination of forward and outward flow, the outward flow contacts the wall, 

freezes and forms the next section of ski n, while the flow forward forms the new 

molten core. Further mate rial entenng the mold flows along a channel lined with 

frozen walls of plastic. The tlow described above, in the region of the advancing melt 

front, is usually called "fountain flow". It contributes ta orienting the surface layer 

in the flow direction. 
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FIGURE 5.59: Schematic representation of dltfercnt regions 

during the filling stage of a rectangular mold 

cavity. 
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lrlltlally, the fnllen layer IS very thlll; ~n, heat IS lost very rapllJly, due 

(11\0 to the cold .,urtace of the mold. The layer becomes thlCker, as the melt tlo\\'s 

d()wn~tream In the Glvlty, a~ a fl~~ult of the contmumg c()oling elfect. Hm\e\er, as 

a re~ult of fountaln flow, hot melt IS pumped l'rom the center towards the walls. 

Thus, the tl1l(~kne~~ In the zone of the front will decrea~e again. This sugbe~ts th:!t 

the thickne~~ of the fmzen layer dunng filhng will be a maximum somewhere in the 

middle of the cavity, as observed experimentally. The tlow channel is narrowest in 

thb zone, Il'adlllg to high shear rates at the ~olid-melt interface. Thus, orIentation 

tends to he high at the solid-mc\t houndary, at sorne distance from the wall, as 

'il!own ln Figure 5.59. The eombmation of the above d'feets, i.e. fountain tlow and 

the formation of the ~olid layer explains the COll1pllcated orientation patterns, and 

consequently, the mechal1lcal properties which were measured in the molded 

specImens. 

Recently, Boldizar (102) observed that the Injection molded liquid 

crystalline polymer parts exhibit layered structures. He observed four distinct layers, 

and the thickness of each layer was measured for tensile hars, using an optical 

microscope. 

The rectangular te~t bars machined from the molded plaque, as shown 

in Figure 4.10 ln ~ection 4.8.4.1, while being polished for the microhardne~~ testing, 

~howcd patterns, visible to the naked eye, of tlow lmes and ckar and dark regions. 

Thesc patterns rctlect the tlow lines during fil Ii ng. The results obtained hy the 

various techniques employed in this study combined with an examination of the tlow 

patterns observed In the polished samplcs with c1ear and dark regions, have 

sl1ggc~ted the schematlc of the mold filling process and orientation distributions 

I1111~trated in Figure 5.60. 
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FIGURE 5.60: Schematlc of the mold filhng proœs,> and 

molecular orientation distnbutlOos ha'>t.:d on 

experimentally obtamed re~ult.,. 
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5.7.2 Intluence of the processing conditions 

In the injection molding of liquid crystalline copolyester, the 

development of crystallimty/density, orientation, and mechanical properties depends 

greatly on the processing conditions as weIl as on gate and cavity geometries. The 

material fIow mvolved in the cavlty filling is pressure-driven. The nematic melt could 

be homogeneous or polydomain. The high shear rates present in injection molding 

probably turn a nematlc melt into a homogeneous state (110) (Figure 5.61). This 

homogencous state has been eonfirmed experimentally using microscopie techniques, 

as evident from the overall sheet-like microstructure and homogeneous layer 

orientation indlcated by infrared spectroscopy. 

The dimensions of the intermediate layer depend strongly on 

temperature and pressure. A reduction in the mold temperature causes it ta expand 

al the expense of the mner core layer. Un the other hand, this layer becomes 

thinner at high injection pressure. The solidification rate is relatively slow in the 

intermediate layer; th us, the molecules have more time to relax. Slow injection 

speeds favor a formation of a thicker frozen skin. As a result of low shear rates, the 

transverse oflentatiol1 of the incoming melt is maintained beyond the core. 

Appreciable shear only occurs as the channel thickness is constricted by the frozen 

layer. At higher injection speeds, the frozen skin growth would be Iimited. Also, 

viscous heating could play a significant role. 

A semi-quantitative analysis of the percentage of the area occupied 

by the various layers has been estimated from the results of flexural modulus 

distributicns, obtained at three different processing conditions (see Figures 5.55-
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FIGURE 5.61: Schematie representation of the bulk structure of a 

polymerie liquid crystal. (1) Polydomain ~ystem, (2) 

degraded polydomain system, and (3) monodomam 

(110). 
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5.57). These results are in general agreement with results ohtained with other 

techniques. 

At low mold temperature (400C), the area occupied by the skin layer 

is 50% higher than at higher mold temperature (1400C), as shown in Table 5.2. The 

effeet of mold temperature is quite significant in the intermediate and core layers. 

The intermediate layer is thicker at low mold temperature. 

Table 5.3 shows the erfect of injection pressure on the percentage area 

occupied by the different layers across the thickness of the molded samples. The 

area of the skin layer at low pressure is thicker and exhibits high orientation along 

the flow direction. At the low pressure, the core layer represents about 50% of the 

total thickness. 

Table 5.4 shows that, at the high injection speed, the area occupied 

by the surface layer is more than two times its value at the high injection speed. 

However, the reverse effect is observed in the sub-skin layer. The intermediate layer 

becomes more oriented along the tlow direction and slightly thicker than at the 

higher injection speed. 

S.8 Analysis of Oexural properties 

5.8.1 Review of Composite Theories 

Variations in microstructure from part to part or within the same part 

result in differences in mechanical properties. Microstructure, and, as a result, 
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TABLE 5.2: The effect of mold temperatun! on the thicknesscs ot the 

various layers formed in the molded parts. 

LAYER THICKNESS (%) 

LAYER LMdT HMdT 

Skin 15 10J Sub-Skin 20 25 
Intermediate 41+ 23 
Core 24 42 d 

+ Higher Modulus values along the tlow direction 
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TABLE 5.3: The effect of Injection Pressure on the thicknesses of the 

various layers formed in the molded parts. 

lAYER THICKNESS (%) 

lAYER LP HP 

Skin 16+ 11 
Sub-Skin 4+ 9 
Intermediate 34 44+ 
Core 46 36 

+ Higher Modulus values along the flow direction 
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TABLE 5.4: The effect of Injection Speed on the thickne~~es ul the 

various layers formed in the molded parts. 

LAYER THICKNESS (%) 

LAYER LIS HIS 

Skin 17+ 8 
Sub-Skin 9 19+ 
Intermediate 36+ 30 
Core 38 43 

+ Higher Modulus values along t~1e tlow direction 
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mcchamcal properties depend on the therrno-mechanical history experienced by the 

~ample during processing. Most previous studies on injection mol ding of LCP parts 

have dealt with bulk mechanical propertles, mainly tensile modulus and strength. 

Little or no data are available on bulk tlexural modulus and layer tlexural modulus 

across the thickness of molded Iiquid crystalline copolyester parts. 

Data showing the significant effect of part thickness on the anisotropy 

ot mechamcal properties were reported by Jackson and Kuhfuss (12). The dis­

tribution of rnechanical properties in the thickness direction of injection molded 

hquid crystalline parts suggests that the skin layers contribute the most to the high 

flexural modulus and strength. Duska (105) reported, based on tests performed on 

Iiquid crystalline polymers, that the highest tensile strength value occurred with a 

part molded at low injection speed, low injection pressure, and low mold 

temperature. 

Morphological studies on injection molded parts of LCPs' have been 

reviewed by Frayer (111). He c1assified the reported results into two groups: One 

group (61,63,97,112,113) showing no preferred orientation in the core, and another 

group (64,65,67,72) reporting transverse core orientation. Recent research (68,69,70) 

has been in agreement with the latter group. The dimensions of the layers and the 

level of orientation were observed to be a function of gate and cavity geometries 

and of the processing conditions (102,105). It was found also that the thickness of 
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the skin layer was very dependent on the molding conditions. Suokas et al. (70) 

made a semi-quantitative analysis of layer thicknesses. They oh~erved that the layer 

thicknesses varied with processing conditions. Based on these tïl1lhngs they presentcd 

a flow model of the cavity filling. Recently Boldizur (102) evaluated the tenslic 

properties of a molded liquid crystalline copolyester, similur to the resm uscd m thls 

study. Inspection of cross sections cut in the transverse direction (perpendlcular to 

the flow direction), with an optical microscope reveuled four dlfferent laycr~ tfllll1 

the surface to the center of the thickness. 

In this part of the present study, the use ot theoretlcal mudeb 

developed for fiber reinforced composite systems to predlct clastlc propcltle~ 01 

Lep molded parts is investigated. 

5.8.1.1 Cox-Krenchel Model 

Assuming that the polymer matrix is linear, i.e. exhlbiting li Imcar 

stress distribution (Figure 5.62): 

M = r 0 (z) z dA (5.7) 

JA 

where M is the bending moment, a is the stress and z is the coordmutc In the 
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FIGURE 5.62: Stress-strain distribution in flexure: 

a) Strain distribution 

b) Stress distribution, 0 ( z) -linear isotropie; 

e) Stress distribution, 0 (z) -variable through 

thickness. 
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1 
thickness direction. Since a ,. E zi p ,whcre li p is the curvature (114), the nc'Xural 

modulus of the composite, Er 1 is given by the following equatlon: 

M p 1 
Er = = (5.8) 

l l 

where dA = wdz, w is the displacement of the neutral axis in the z-direction and 1 is the 

second moment area. E(z) is the tensile modulus of the composite. 

The local composite modulus E. is given by the so-called "law of mixtures" 

equation, valid for continuous fibers: 

E. = ~ (t-V,) + E,. V, (5.9) 

where E, and ~ are the fiber and matrix moduli, respectively, and V, is the fiher 

volume fraction. Cox (115) first modified the Law of Mixtures by adding a fiber length 

correction factor in order to calculate the elastic modulus of the fiber reinforcl'd 

composite in one direction. This model considered the rcinforcing fibcr isolated and long, 

with an aspect ratio higher than 100, neglecting the interactions with other fibcrs. This 

Model was also called the "Shear Lag Model". Later Krenchel (116) added another terrn 

to take into account the orientation of the fibers. 

E. = Eu (1 - V,) + ". 'IL E, V, (5.10) 

where fiL is the Cox fiber-length efficiency factor, and fI., is the Krenchel fiber 
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OrientatIOn efficiem:y factor. 

tanh (/3L/2) 
(5.11 ) 

(/3L/2 ) 

where L is the fibre length, and /3 is given in the following equation: 

o l 1/2 

(5.12) /3 = r 
l E A J 

where E is the Young's modulus and A is the cross-section al area of the fiber, and 

2 1r G 
o = (5.13) 

ln (Ru'Ro) 

ln the above, RI is the mean distance between the fibers, Ro is the fiber radius and G is 

the shear modulus of the matrix. 

The Krenchel fiber orientation efficiency fdctor, TlrH with respect to the 

direction for which TI .. is being calculated, is given by the following equation: 

l 
TI.. = 1: 

u=l 
(5.14) 

where au is the fraction of the fibers in ply u, Bu is the average angle indicating the 

orientation of the aligned fibres in ply u with respect to the direction for which Eu IS 
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being calculated, 1 IS the number ot fib~r plIes. 

Combining Equations [5.101 and [5.141 ytelds: 

1 
(5 15) 

l 

5.8.1.2 Halpin-Tsai Model 

Starting from the work of HIll (117) and Hermann (I!X), Il,1Iplll dllli 1',,11 

(119) developed a mod~l for the prediction of mechamcal propertles 01 llhn mllh li, l" 1 

materials, also called the "Self Consist~nt Model". They proposeJ the lo!!owlllg l'qll,llll III 

1 + A B Vp 

E = Eh( (') II» 
1 - B Vp 

with 

EJE .. - 1 
B= (') 17) 

EJE .. + A 

Where Vp IS th~ volume fraction of th~ fibers anJ El' anJ E,.. are the Illllllllli ul IIll' !Ikr 

and matrix, respectively, A is a constant for a particùlar case. In the ca,>e 01 1(JI1glllltllll.d 

module: 

L 
A= (5.1 K) 
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where L IS the flher length and RI is the mean distance between fibers 

5.8.1.3 Model of Riley 

Riley (120) took into consideration the fiber interactions in the case of short· 

fiher reinforced composites. The fiber length efficiency factor is given as: 

1/1. = 1 -

wlth 

r 
L 

U ::. 

L 

G 

ln (U + 1) 

U 

1
1/2 

r 
J l 

1 - Vp 1 112 

Vr J 

(5.19) 

(5.20) 

where L is the fiher length and RI is the mean distance between fibers and G is the shear 

modulus. 

5.R.2 ApplicahIlity to LiqUld Crystalline Polymers 

Liquid crystalline polymers possessing special molecular configurations may 

he considered as self-reinforcing composites due to the comp0site-like structure observed 

under the microscope (25). 

Ide and Chung (74) ohserved that the mechanical properties of liquid crystal 

polymers. for the case of extruded sheets, follow the general equations for fiber-reinforced 
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-----------------. 
composites. They reported that the angular dependl'n~e of the tl'nslle ~tl l'Ilgth ur the 

extruded Lep sheets oheyed the Tsai-1I111 thenry (121). whlle the angulai lkpClldl'l1l"l' ut 

the initial modulus follows the Lees equatlon (122). Catalll et al. (75) stlldll'd thl' 

microstructure of extruùeù shects in order to control the almotropy. They oh~l'r\'l'd ~\...IIl­

core morphology, with the skill layer hlghly orientcd III the tlow direction alld thl' COll' 

layer possihly orienteù transverse to the tlow direction with a partlclIlar die gCllIIll'tly 

Applicability of fibre rcinforced composite thenry to liquid Cly~t,tIltlll' 

pt"ymers requires the definition of the hasic umts and paramcters ml'Li Wltl! l'Ompll\ltn. 

in terms of the Lep structure. The molecules of the copolymer, wllich mll~bts uj 

crystallizahle units (HBA) and non-crystallizable units (HNA) of chains, tend to pack 111 

a hexagonallattice, but with complete axial and rotational freedom 111 a nl'matlc structuIl' 

(41), The fiber in this analysis is the microcrystal as dcfined by Diundcli (26) and m.ty hL' 

described by the statistical approach of Hanna and Windle (35). Dunng the lIlJeclIlllJ 

molding process, the cooling rates are very high, thus allowing only for the ra~t 

crystalllzation process to occur (see section 5.3.1). It is assumed in this an,t1ysis that ollly 

longitudinal matching (See Figure 2.6.A) is possihle, hecause of the fast c()oling ra In. The 

diameter of the hasic crystallizahle HBA unit is 0.637 nm. The Iength of the l'f}~t:t1 wlluld 

be equal to about 10 nm (93). This b the same as the value ohtained t'rom tlte stali.,llct! 

approach of Hanna and Willdle (35). They found that the lcngth would he ha ... ed 0(\ 17 

HBA umts along the chain, so the basic u.lit con~idered is the ngid cry~tallllle rOll JO/Illet! 

by a match of about 17 HBA unit. Tahle 5.5 summarizes the mate rial pararnl'ter~ oht:IIIILd 

in the following calculation. 

In this part of the present work, experimental data ohtarneù regarding the 
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TABLE 5.5: VALUES INCORPORATED IN THE MODEL 

Macroscopic data 

Modulus at 0° (EOUlX ) 100 aPa (46) 

Modulus at 90° (Emin) 2 aPa (46) 

Shear Modulus 1 aPa (46) 

Volume fraction of crystals 0.21 (27) 
(Vf) 

Microscopie data 

Length of a crystal (L) 10 nm (27,93) 

Radius of a crystal (Ro) 0.32 nm 

Mean distance between 
crystals (R 1) 0.45 nm 
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variation of the bulk flexural modulus along the thickness direction of the molded 

part in conjunction with a layer removal technique (114) were comparcd to 

predictions of the layer modulus distributIon. The predictions were made using the 

theory for a sandwich beam, assummg that the molded part has distinct layer struc­

tures. The relevant data regarding material parameters employed in the calculations 

are summarized in Table 5.5. 

5.8.21 Flexural Modulus Measurements 

The flexural modulus was measured according to ASTM 0-790, using 

the three point bending test on a rectangular bar (56x8x3.2)mm., with the Instron 

Universal Tester, at a constant crosshead speed of 0.5 mm/min. The dctails of the 

experimental proc(:dure is given in section 4.8.4.8. 

The measured flexural modulus data were discussed and reported in 

section 5.6.2.7. 

5.8.22 Orientation and Density Oistnbutions 

The distribution of the orientation functions obtained experimentally 

from the microtomed samples is shown in Figure 5.42. A detailed discussion of the 

results is given in section 5.6.2.5. 

The same microtomed specimens used to measure the orientation 

functions were used to measure the density distribution along the thickness of the 

molded part. The results are shown in Figure 5.39, and discussed in detail in section 

5.6.2.3. It was observed that the density did not vary significantIy across the 
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thickness. In other words, crystallinity was not a significant factor in influencing the 

distribution of mechanical properties across the thickness of the molded sample. The 

values of the orientation functions and the crystallinity measurements along the 

thickness of the molded part were utilized to estimate the distribution of the 

mechanical properties using the above composite theory. 

The quantity <cos20> obtained from infrared spectroscopy, has to 

be expressed in the form of <cos40 >, in order to allow the calculation of FI_ from 

Equation [5.14], reported previously. 

The moments of the axial distribution (123), <coS·o >, are given by: 

(5.21 ) 

r Ip(O)cos·osinodo 

= (5.22) 

r Ip( 0) sinOdo 

where 1,( 0) is an axial orientation function specifying the number of chain axes 

directions in the crystalline phase (1.(9» and amorphous phase (1.(0» at an angle 

o with respect to the dlaw direction (122). A similar definition can be given to n, 

which is a normalized density function. The subscript p signifies the crystalline or 

amorphous phase (pth phase). 
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Introducing orientation parameters, f, and g.: 

f, = 1/2 [3 <COS
29>, - 1); -1/2:s fp:S 1 (5.23) 

g, = 1/4 [5 <COS
49>, - 1]; -1/4:s g,:s 1 (5.24) 

Assuming that the axial orientation distribution functiDn is 01 the flllm 

1(9) = K COS·9, then 

(3f,) 
g, = (5.25) 

(5 - 2f,) 

The derivation of Equation [5.25] is given in Appendix A.l3.I. 

5.8.23 F1exural Modulus Predictions 

The predictions of the distributions of mechanical properties along the 

thickness direction are shown in Figures 5.63 and 5.64. The predictions ot the 

flexural modulus as a function of distance from the surface for the sam pie (1 L), 

machined longitudinal to the tlow direction along the centerline are shown in Figurc 

5.63. The data are reported in Appendix A. 12. It is observed that Riley's thenry i!l 

in very good agreement with the experimental results. As discussed in section S.X, 

Riley's theory applies to composite systems reinforced with short flhers havmg an 

aspect ratio less than 100. In addition, interaction between the fihers l!l takcl1 into 

account. Cox's theory does not take into account interactions between libers. Thc 
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latter theory applies better when continuous fibers with an aspect ratio higher than 

100 are used. Therefore, Cox's predictions are observed to pro duce higher 

predictions than experimental data. The predictions of the distribution of tlexural 

modulus as a function of distance from the surface, for the sample (lT), rnachined 

near the gate transverse to the fIow direction, are shown in Figure 5.64. It is 

observed for this particular sample that bath theories are in good agreement with 

experimental data. Cox's theory slightly underestimates the experimentaI results 

obtained for the sample (lT), due to the assumption of continuo us f:bers oriented 

transverse to the tlow direction. 
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CHAPTER VI 

6. CONCLUSION 

6.1 Conclusions 

The work presented in this thesis is the result of a very comprehensive !>tudy 

on the properties and injection rnolding behaviùr of liquid crystalline copolye!>tlT 

resins. The work consists of three major parts: 

(i) a comprehensive study of LCP resm propertles. 

(ii) a study of microstructure development in LCP injection l1101ùII1g 

and the effect of rnolding conditions on mlcrŒ.tructure anù 

product properties. 

(iii) Utilization of material pararneters and molding informatioll to 

predict sorne of the properties of final parts, especmlly Ilexural 

modulus distribution in injection molded LCP. 

Sorne of the important conclusions of the present work are outlmeù below. 

(1) The HBNHNA based thermotropic Iiquid crystalline copolye'lter 

studied in this work has been recently cornmercialized hy the Celane!>e 

Corporation-(now Hoechst-Celanese). A variety of techniques were 

employed to characterize the thermodynamic, thermal and Jyn:JmÎc 

mechanical properties of the resin. The cry~tallizati()n hehavlOr wa~ 

204 



investlgated using isothermal and non-isothermal methods. The 

viscosity and die swell at different tempe ratures and shear rates were 

also measured. 

(2) Values of Cp obtained in the present work are in reasonable 

agreement with those reported previously on similar LCP materials 

but with different HBNHNA compositions (88). The variation in the 

values of k and Cl over a wide range of temperatures was found to be 

smaller than that reported for conventional flexible chain polymers 

(79). This can be probably attributed to the packing configuration of 

the rigid rodlike molecules. The values of various thermodynamic 

properties such as tlHo., tlSo. and cr. were found ta be much 

smaller than those reported for flexible chain polymers. However, 

these values are considered ta be reasonable for liquid crystaIIine 

polymers because of their different morphology. 

(3) The kinetics of the fast crystallization process, evaluated using a non­

isothermal method, indicate a two-dimensional rod-Iike morphological 

growth characterized by an Avrami exponent of 2, which is in 

agreement with the rodlike nature of the molecular conformation. The 

kinetics of the slow crystaIIization process, which were studied using 

an isothermal method, showed that the degree of crystaIlinity varies 

Iinearly wlth log(time) and the logarithm of the rate of crystallization 

incleases Iinearly with the inverse absolute temperature in the low 

temperature range. 
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1 (4) Dynamic mechanical measurements showed three clear transitions: ù­

processes at 110°C, corresponding to the glass transltllJn tempe rature; 

p-processes around 50°C, attributed to rotatIon of naphthyl mOlt.'tics 

around the ester link, and finally the s-process occurnng at abollt 

-40°C, the latter is assigned to the reorganizational motion of the 

phenyl units. 

(5) The viscosity as a function of shear rates at threc I..hi l ercllt 

tempe ratures was measured. The results show that the LCP2000 has 

shear viscosity profiles similar to those observed for conventlOnal 

thermoplastics; but shows about 2 order of magnitude lower vlscosity. 

This low viscosity reflects the high alignment of the ngid mùlik!.: 

molecules. The resin studied did not show die swell at 300°C, for buth 

shear rates used. 

(6) Infrared spectroscopy (FfIR) and X-fay diffractIOn techniques wer!.: 

used to determine the transition moment angle in order tn allow for 

the calculation of Hermans orientation functions. Infrarcd spcctra amI 

X-ray patterns were obtamed on the same drawn tibers. The dichroic 

ratio using FfIR and the Hermans orientation functions using X-ray 

diffraction permitted the calculation of the transition moment angle. 

(7) A variety of experimental techniques have been dcvclopcd and uscd 

for evaluating microstructure of the molded liquid cry~talline 

copolyester parts. The distributions of the various propcrtics arc 
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1 affected by the development of morphological structure and layer 

formatIon In the depth direction of the moldings. Injection molded 

articles exhibit a skin-core structure with four layers from the surface 

ta the center of the thickness. The skin layer, oriented parallel ta the 

flow directIon, is probably due ta the combinatlon of fountain flow 

and freezing layers at the walls. The core layer is oriented transverse 

to the flow direction as a result of diverging flow at the entry of the 

cavity. The sub-skin layer formed between the skin and core, is 

probably a transItion zone. The Intermediate layer oriented parallel 

to the flow direction, is the result of the shearing action against the 

frozen surface layer during the filling stage. 

(8) Crystallinity does not vary significantly within the LCP molding since 

only the fast crystallization process occurs, because of the rapid 

cooling rates observed in injection molding process. Thus the effect of 

crystallinity on product variability and anisotropy is small. 

(9) A hierarchical morphology was observed from the microstructure of 

injection molded samples. A detailed microstructure was observed 

using microscopie techniques. The nematic melt turn to a 

homogeneous state, after being elongated or sheared. This 

homogeneous state has been confirmed with the experimental results 

of this work, using microscopic and infrared spectroscopic techniques. 

Three different fibrillar species were observed on molded LCP 

samples with SEM: microfibrils of about 0.05 to 0.1 ~m, fibrils of 
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1 about 0.3 to 0.5 ~m and the macrotibers ahout 3 to 5 J.J1l1. 13a~èù 11(l 

morphological substructures, a descriptive model glven In Figure hAll 

is proposed. The gradit:nt of structure could be duectly rclatcd tu the 

flow charactenstlcs of a molecular composite remlillscent 01 sho! t-

fiber reinforced systems. This model can serve a~ the haSlS fm 

understanding the mechanical behavior. 

(10) The microhardness technique was evaluatcd as a mcthlld to 

characterize the microstructure of the molded parts. lt was tound that 

microhardness data were in very good agreement wlth thme obtaincd 

using other techniques employed in this study. 

(11) The effect of injection molding parameters was analyzed hy 

performing a systematic experimental study on thc microstructure 01 

the naphthalene-based liquid crystalline copolycster moldings. Four 

syrnmetric layers were observed across the thickne~s. The third layer 

was found ta be very strongly dependent on the molding conditions 

utilized, such as the mold tempe rature, injection pressure and speec.J. 

However, the effects are smaller in the core region. Mold tcmperature 

and injection speed have the most profound mfluence. Lower molc.J 

temperature was observed to increase the ttllckness ot the 

intermediate layer at the expense of the core layer. Lowcr inJcctlon 

speed showed sharper transitions between diffcrently oricntcd layer~. 

The orientation In the intermediate layer, obtaincd by ~hcar, wa~ of 

the same magnitude as in the skin layer, obtained by clongation. 
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(12) The composlte-Iike nature of injection molded Iiquid crystaIline parts 

makes them comparable to fiber-reinforced systems. Theoretical 

models used in composite systems to predict elastic properties of 

molded parts have been analyzed for applicability in liquid crystalline 

copolyesters. The predictions were compared with experimentally 

measured data on samples machined in the flow direction and 

perpendicu1ar to the flow direction. It was found that the predictions 

were in good agreement with experiments. Riley's theory was found 

to fit the experimental data better, probllbly because rigid rodlike 

molecules behave Iike short-fibers with an aspect ratio less than 100. 

Also, the interaction between the fibers is taken into account. Cox's 

theory does not take into account the interaction between fibers. The 

latter theory works better with continuo us fiber-reinforced composites 

having an aspect ratio higher than 100. Cox's predictions are observed 

to overestimate our experimental data which is in agreement with 

Cox's projections. 
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6.2 aaims ta Original Contnbutions 

The totality of the work presented in this thesis can be c1Ulmed to reprcsent 

a significant contribution to the study of the liquid crystalline polymer re:'1Il 

properties, the understanding of microstructure developed in LCP injection mollkd 

parts, and the elucidation of relationship between proces~ing vanabks, 

microstructure and properties in liquid crystalline polymer injection molùing. 1 t also 

represents a significant step towards the development of smtable mathematical 

models for the simulation of the morphological development and the predictions of 

ultimate mechanical properties in injection molding of LCP products. 

The specifie original contributions c1aimed in thls work. can he summm Izel! 

as follows: 

(1) Comprehensive data were obtained regarding the thermal propertll'~ 

of the LCP resin, including specific heat , thermal conductlvity anù 

thermal diffusivity at different temperatures from the solid to the melt 

state. 

(2) The kinetics of crystallization for the slow crystalhzation process \Vere 

determined using an isothermal method. The kmetics for the ta~t 
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crystallization process were obtained using a non-isothermal method 

(see Table 6.1). 

(3) The determination of the transit!ol1 mm.i:;ent angle, using infrared 

spectroscopie and x-ray diffraction techniques to caIculate the 

Hermans functions of orientation, represents, to our knowledge, the 

first set of data reported concerning the orientation functions of the 

crystaIIographie axes of the unit ceII of the injection molded liquid 

crystalline copolyester under study. 

( 4) This work represents a comprtne .Jive study of the injection molding 

behavior and microstructure characterization of the molded Lep 

parts. Specifie findings incJude layer formation, the details and 

characteristIcs of the morphology obtained during the molding 

process, and the interaction between the processing conditions, 

microstructure and product properties. 

(5) The mierohardness results represent the first such data reported for 

microstructure characterization in injection molded liquid crystalline 

copolyesters. 
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TABLE 6.1: Studies on Thermal Characterization and Crystallization Behavlor ot lIN. VII B. \ 

Therrnotropir. LCP's 

THERMODYNAMIC THERMAL PROPERTIES 
PROPERTIES 

-

REFERENCE 6Ho 6So 0. Cp k Cl Cry~t. l"llll'l m m --l 
Blundell (26) Yes Yes No No No ND No 
Cao & Wunderlich(88) Yes Yes No Yes No No No 
Butzbach et al. (91) Yes Yes No No No No No 
Butzbach et al. (32) Yes No No No No No FOI Sll)\v 

Cry~t. 
Proce~,> 

Present Work Yes Yes Yes Yes Yes Ye~ For SIl)\V 
& Fa,>! 
Cry~t. 
Prm:e.,., 

-

212 



(6) This work represents the first attempt to measure the layer flexural 

modulus distributions in the depth direction of injection molded liquid 

:;rystalline copolyester parts. It is also the first attempt to predict the 

mechanical properties using available composite theories by 

incorporating experimentally microstructural data, such as orientation 

and crystallinity/density distributions across the thickness of injection 

molded parts. 
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1 
6.3 Recommendations for Future Work 

(1) The data acquired through the numerous measurements obtameù 111 

the present study would be useful for the development ut 

mathematical models for the simulation of microstructure developed 

in injection molded liquid crystalline copolyester parts. The 1 Il)\V 

pattern within the mold has a pronounced effect on the quality ul the 

finished part. It is necessary ta evaluate carefully the contnbutlons ut 

bath shear and elongational flow ta orientation. The roles of he:!t 

transfer and layer formation in the molded parts should be abl) 

considered. Thus, a realistic computer simulation of the II1Jl'CIIDIl 

mol ding process, as it relates to LCP resms, would be very valuab1e. 

(2) This work can be extended ta a more systematic study of the dfect DI 

gate type and size on microstructure and morpholob'Y devc10pment 

and, in future on the ultimate properties of molded LCP articles. 
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SYMBOL 

Ail 

Al. 

A 
Ap 

~ 
a (Tc) 
b 
Cp 
Cp .• 
C". 
~ 
D 
Do 
d 
E 
Et 
Ep 

E. 
Ec 
EM,EmlII 
EF,Emu 
EQ 

E(z) 
E' 
E" 
e 
f 
f.: 
FlY 

G 
h 
he 
h. 
1 
Ip 

UST OF SYMBOLS 

DESCRIPTION 

Absorbance for linearly polarized 
light parallel to the chain direction. 
Absorbance for linearly polarized 
Light perpendicular ta the chain direction, 
Sample arca, cm2 

Cross-sectional area of the fibcr, 
ProJected area 
Rate of transformation 
Width of the rectangular bar, mm 
Specifie heat at constant pressure, J/kg.K 
Specific Heat in the solid state 
Specifie Heat in the liquid state 
Indentor constant 
Dichroic ratio 
Dichroic Ratio of ideally oriented molecules 
Length of long diagonal 
Young Modulus, MPa 
Tensile Modulus, MPa 
Flexural Modulus, MPa 
Young's Modulus of the skin layer, MPa 
Young's Modulus of the core layer, MPa 
Modulus of the matrix, MPa 
Modulus of the fibers, MPa 
Local Modulus, MPa 
Young Modulus for the composite, MPa 
Storage Modulus (MPa) 
Loss Modulus (MPa) 
Bagley correction factor 
Orientation function 
Orientation function of the crystalline band 
Initial slope of the load 
deflection record 
Shear Modulus, MPa 
Thickness of the rectangular bar, mm 
Thickness of the core layer, mm 
Thickness of the skin layer, mm 
Second moment of area 
Axial orientation function of Pth phase 
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SYMBOL 

M 
n 
Il 

np 
P 

Pc 
PL 
P 
QuQ2 

q 
go 
R 
RI 
Ro 
S 
Sp 
T 
Tc 
Tm 
TOm 
liTI,l\Tz 
t 
t. 
liHc 
liHoc 

DESCRIPTION 

Crystallization rate constant 
Thermal conductivity, ( JI m.~ oC ) 
Thermal Conductivity 10 the; ~uhd ~tale; 
Thermal Conductivity in the liquid state 
Boltzmann constant, 1.38xlO 16 erg/rad ° K 
Fiber or cry!ltal length, mn 
N umber of fiber plies 
Bendmg moment 
Avrami exponent 
Unit vector called the director 
Normalized density function of PLb phase 
Pressure 
Prabability factor 
Load,g 
Pitch 
Thermal fluxes on each side of the 
cavity ccII 
Heat flux, ( JI ml.s ) 
Wave vectur 
Gas constant 
Mean distance between fibers or crystals, nm 
Radius of the fibers or crystal s, nm 
Order parameter 
Support span, mm 
Absolute temperature, ° K 
Crystallization temperature, oC 
Melting temperature of the copolymer, oC 
Eguilibrium melting temperature, oC 
Thermal gradients, oC 
Time, seconds 
Crystallization time, seconds 
Heat of fusion, J/g 
Heat of fusion at equilibrium 
temperature, J/g 
Displacement of the neutral axis 
in the z-direction 
Sample thickness, mm 
coordmates 
Rate of crystallization 
Degree of crystallization, % 
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SYMBOL 

Q 

QI 

QI 

/JI! /J2 
P 

P. 
PI 
6 

cp=h/hc 
6Hom 
6So 

m 

o. 

T, TO 

f, fO 

'1 

l 
Tano 

SYMBOL 

LCP 
F 
HK 
PCI 
PC2 
PN 
PH 
V 
TN 
TM 
LD 

DESCRIPTION 

GREEK LETfERS 

Thermal diffusivity, (m2/s) 
Thermal Diffusivity In the solIt! state 
Thermal Diffusivity in the liquid state 
Transition Moment Angle 
Cooling rates, °Clmin 
Density, g/cm3 

Density in the solid state 
Density in the Iiquid state 
Angle (Theta) 
Dimensionless constant 
Heat of transition 
Entropy of transition 
Surface free enerb'Y 
Angular frequency 
Phase Angle 
Stress and initial stress respective1y 
Strain and initial strain respectively 
Cox's fiber length efficiency factor 
Krenchel über orientation 
efficiency factor 
Viscosity, Pa.s 
Shear rate, s·\ 
Loss Tangt!nt 

DESCRIPTION 

Liquid Crystal Polymer 
Flow direction 
Knoop Hardness Number 
Pressure Transducer No.1 
Pressure Transducer No.2 
Nozzle Prèssure 
Hydraulic Pressure 
VeJocity 
Nozzle (Melt) Temperature 
Mold Temperature 
Linear Displacement 
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APPENDIXAI 

THERMAL PROPERTIES 

ALI: Specifie Beat Data 

Comparison of C, of LCP2000 to C, dat~ reported in the literature (100), on 
simiJar polymer but with diffcrcnt compositions. 

TEMPERATURE 75HBN25H~A (1) 70H(~N301-I~A (2) 58HBAJ42HNA(1) 
(oC) Cp (J/moloC Cp J/mol·C Cp (J/moloC) 

20 - 147.5 -
27 151.1 - 159.0 
40 - 148.2 · 
47 155.8 · 164.1 
50 · 153.9 · 
57 161.3 - 109.8 
60 · 159.8 · 
67 166.9 - 175.4 
70 · 167.1 -
77 173.0 · 182.1 
80 · · · 
85 - 174.8 · 
87 179.3 - 189.0 
90 - 180.3 -
95 - - -
97 185.3 - 196.8 

100 - 188.4 -
105 - 193.8 -
107 192.3 - 206.0 
110 - 198.8 -
117 197.0 - ~! 1.7 
120 - 205.1 -
127 200.5 - 215.8 
130 - 210.2 -
137 204.0 - 220.8 
140 - 214.9 -
147 207.6 - 225.2 
150 - 220.6 -
157 211.3 · 229.6 
160 - 227.4 · 
167 214.4 · 234.2 
170 · 232.1 · 
177 218.5 · 238.5 
180 - -
187 221.5 243.0 
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TEMPERATURE 
(oC) 

190 
197 
200 
210 
217 
220 
227 
230 
237 
240 
247 
250 
257 
260 
267 
270 
277 
280 
287 
290 
297 
300 
307 
310 
317 
320 
327 

(1): Ref. 100 

(2): This work 

75HBN25HNA (1) 
Cp (J/moloC) 

-
225.6 
-
-

229.3 
-

245.4 
-

246.5 
-

247.6 
-

248.7 
-

249.8 . 
250.0 
-

251.9 
-

253.0 
-

254.1 
-

255.2 
-

256.3 

A-2 

70HBN30HNA (2) 
Cp (J/moloC) 

236.9 
-

242.3 
246.9 
-

250.9 
-

256.3 
-

260.7 
~ 

264.7 
-

268.7 
-

271.8 
-

275.3 
-

280.8 
-

283.1 
-

287.8 
-

291.7 
-

Cont'd 

-=-:: 

5RI lBN421 INA (1) 
Cp (J/moloC) 

· 
247.6 
· 
· 

252.2 
· 

253.6 
· 

256.0 
· 

258.4 
· 

260.7 
· 

263.1 
· 

265.5 
· 

267.9 
· 

270.3 
-

272.7 
· 

275.1 
· 

277.5 
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A.1.2: Thermal Conductivity Data 

TEMPERATURE THERMAL CONDUCfIVITY 
CC) (J/m.secOC) 

30 0.237 
40 0.240 
50 0.242 
60 0.242 
70 0.244 
80 0.245 
90 0.246 
100 0.245 
110 0.242 
120 0.242 
130 0.242 
140 0.245 
150 0.245 
160 0.246 
170 0.249 
180 0.250 
190 0.251 
200 0.251 
210 0.252 
220 0.252 
230 0.252 
240 0.251 
250 0.251 
260 0.252 
270 0.253 
280 0.252 
290 0.248 
300 0.249 
310 0.249 
320 0.251 
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A.l.3 Thermal DilTushity Data 

TEMPERATURE THERMAL OIFFUSIVITY 
eC) (m2/sec)E+ 7 

30 
40 1.932 
50 
60 1.936 
70 
80 1.942 
90 
100 1.941 
110 
120 1.940 
130 
140 1.943 
150 
160 1.943 
170 
IBO 1.947 
190 
200 1.946 
210 
220 1.946 
230 
240 1.946 
250 
260 1.948 
270 
280 1.949 
290 
300 1.942 
310 
320 1.940 
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APPENDIXA2 

PRESSURE-VOLUME-TEMPERATURE DATA 

[1 TEMPERATURE = 300 oC TEMPERATURE = 320 ° C 

PRESSURE DENSITY PRESSURE DENSITY 
(N/mZ)E+7 (g/cm j

) (N/m2)E+7 (g/cm3
) 

82.75 1.333 79.94 1.318 
117.11 1.337 131.14 1.323 
155.68 1.341 187.94 1.327 
208.98 1.345 255.26 1.331 
269.28 1.349 298.74 1.335 
308.56 1.353 371.67 1.339 
371.67 1.357 453.02 1.344 
441.80 1.362 528.75 1.349 
516.13 1.366 621.32 1.353 
593.27 1.370 659.19 1.357 
673.21 1.374 743.34 1.362 
715.29 1.379 827.49 1.366 
799.44 1.383 918.65 1.371 
883.59 1.387 1009.8 1.375 
981.77 1.392 
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APPENDIX A3 

MELTING AND CRYSTALLIZATION BEIIAVIOR 

A3.1: Melting of Isothermally Crystallized Samplcs 

Il MELTING TEMPERATURE (OC) J\ 
CR YST ALLIZATION PEAK 1 PEAK Il 
TEMPERATURE (oC) 

160 276.0 
170 276.5 
185 276.2 260A 
200 276.3 266.6 
210 274.5 
220 279.8 
230 284.5 
235 288.0 
240 293.5 
245 296.3 
250 300.1 
255 303.0 
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A3.2: Effeet of Cooling Rates on Heat of Fusion 

Il COOLING RATES HEAT OF FUSION 6Hf Il 

XI{ Experimental Calculated 
( oC/mm) (J/g) (1/g) 

0.1 11.21 10.736 
0.2 9.81 10.113 
0.4 8.73 9.125 
0.8 7.77 7.788 
1.6 6.59 6.323 
3.2 5.02 5.046 
6.4 4.39 4.136 

12.8 3.64 3.578 
25.6 3.32 3.265 
51.2 2.89 3.099 

102.4 2.89 3.014 
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A.3.3: Effect of Cooling Rates on Me1ting Temperature 

COOLING RATES MELTING CRYSTALLIZATI()N l (oC/min) TEMPERATURE (a C) TEMPERATURE ("C) 

0.0 
0.1 293.3 
0.2 289.6 
0.4 284.4 253.0 
0.8 278.8 250.5 
1.6 275.6 2-lS.lJ 
3.2 274.8 2-l2 1 
6.4 274.4 237A 

12.8 275.3 232.7 
25.6 274.3 22R.7 
51.2 275.5 222A 

102.4 211.1 

-
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A3.4: Comparison of Data Obtained Experimentally 

THIS WORK LITERA TURE (') 

HNBIHNA (mol%) 70/30 58/42 

T'm ( C) 300.5, 372 --
ll.H·m (J/g) 13.59 12.91 

ll.S·m (J/moI.K) 3.2 3.19 

a. (ergs/cruZ) 4.2 --

. : ReL 91 
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APPENDIX A.4 

KINETICS OF CRYSTALLIZATION 

A4.1: Variation of In(X/l-x) with Temperature al Different Cooling 
Rates. 

Il ln (X/l-x) ] 
TEMPERATURE 4 oC/min 7 oC/min 10 a CI 111111 

(oC) 

238 -0.164 
239 -6.012 -6.527 
240 -6.198 -6.H4H 
241 -6.564 -7.022 
242 -6.917 -7.551 
243 -7.243 -7.859 
244 -6.987 -7.536 -R 1 02 
245 -7.321 -7.896 -R430 
246 -7.736 -8.171 -R711 
247 -8.123 -8.643 -9.117 
248 -8.393 -8.807 ·9.404 
249 -8.783 -9.243 ·9.629 
250 -9.003 -9.540 ·9.911 
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A4.2: Variation of lnK with Temperature at Different Cooling Rates. 

Il InK Il 

TEMPERATURE 4°C/min 7°C/min lOGe/min 
(K) 

518 -13.79 -13.69 -13.72 
519 -13.59 -13.44 -13.68 
520 -13.47 -13.43 -13.55 
521 -13.22 -13.09 -13.28 
522 -12.92 -12.93 -13.11 
523 -12.69 -12.68 -12.89 
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A4.3: Variation of ln(a) as a Function of temper.iturc. 

CR YST ALLIZATION In(a) 
TEMPERATURE (K) 

503 0.677 
498 0.634 
493 0.609 
483 0.591 
473 0.567 
463 0.548 
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APPENDIX A.5 

DYNAMIC M2CHANICAL MEASUREMENTS 

A5.1: Loss Processcs of a Quencbed Sample at 3.5 Hz. 

TEMPERATURE TAN s STORAGE MODULUS LOSS MODULUS 
(oC) (MPa) (MPa) 

·132 0.0000 1809 0.00 
·129 0.0010 1744 1.74 
~ 126 0.0010 1715 1.72 
·121 0.0020 1779 3.56 
·116 0.0020 1780 3.56 
·111 0.0035 1718 6.01 
-106 0.0045 1690 7.60 
·101 0.0050 1752 8.76 
-96 0.0060 1691 10.50 
-91 0.0070 1663 11.64 
-86 0.0080 1692 13.54 
-81 0.0090 1665 14.99 
-76 0.0110 1666 18.32 
-71 0.0115 1640 18.86 
·66 0.0125 1641 20.51 
·61 0.0120 1671 20.05 
·56 0.0155 1590 24.65 
-51 0.0160 1591 25.46 
·46 0.0170 1567 26.64 
~41 0.0180 1544 27.79 
-36 0.0180 1545 27.81 
·31 0.0185 1499 27.74 
-36 0.0190 1457 27.67 
-21 0.0210 1501 31.52 
-16 0.0220 1480 32.55 
·11 0.0235 1481 34.80 
-6 0.0260 1419 36.89 
-1 0.0283 1421 40.21 
4 0.0320 1423 45.53 
9 0.0350 1365 47.77 

14 0.0390 1312 51.18 
19 0.0425 1313 55.79 
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Cnnt'LI 

TEMPERATURE TAN & STORAGE MODULUS LOSS MODULUS 
(oC) (MPa) (f\lPa) 

24 0.0455 1280 58.26 
29 0.0480 1219 5R53 
34 0.0505 1192 60.20 
39 0.0515 1126 58.00 
44 0.0525 1091 57.2b 
49 0.0540 1047 56.53 
54 0.0555 1007 55.X7 
59 0.0550 960 52.XI 
64 0.0530 902 47.79 
69 0.0525 879 46.14 
74 0.0500 823 41.16 
79 0.0520 786 40.R6 
84 0.0540 741 39.99 
89 0.0580 686 39.79 
94 0.0615 631 38 X2 
99 0.0660 575 37.94 

104 0.0690 530 36.60 
109 0.0680 483 32.87 
114 0.0640 450 28.80 
120 0.0570 411 23.43 
124 0.0552 389 21.50 
129 0.0480 378 18.16 
134 0.0435 363 15.77 
139 0.0410 345 14.13 
144 0.0400 332 ï3.26 
149 0.0395 324 12.78 
154 0.0380 307 11.67 
159 0.0380 294 11.17 
164 0.0390 283 Il.04 
169 0.0400 277 11.10 
174 0.0420 265 11.12 
179 0.0430 251 10.80 
184 0.0455 247 11.23 
189 0.0480 246 11.31 
194 0.0510 223 11.36 
199 0.0550 211 11.59 
204 0.0600 196 11.73 
209 0.0650 183 11.89 
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A.5.2: Loss Processes of an AnneaJed Sample (250°C for 10 Hours) 
at 3.5 Hz. 

TEMPERATURE TAN 6 STORAGE MODULUS LOSS MODULUS 
(oC) (MPa) (MPa) 

-116 0.0010 2129 2.13 
-Ill 0.0020 2055 4.11 
-106 0.0030 2095 6.29 
-10 1 0.0040 2098 8.39 
-96 0.0045 2098 9.44 
-91 0.0055 2026 11.14 
-86 0.0060 2063 12.38 
-81 0.0075 2063 15.47 
-76 0.0090 2028 18.26 
-71 0.0100 1994 19.94 
-66 0.0110 2030 22.33 
-61 0.0120 2032 24.38 
-56 0.0130 1964 25.54 
-51 0.0140 1966 27,53 
-46 0.0143 1968 28.15 
-41 0.0150 1969 29.54 
-36 0.0160 1971 31.53 
-31 0.0165 1940 32.01 
-26 0.0165 1879 31.01 
-21 0.0180 1881 33.85 
-16 0.0190 1853 35.20 
-11 0.0200 1827 36.54 
-6 0.0215 1801 38.71 
-1 0.0240 1775 42.61 
4 0.0275 1726 47.46 
9 0.0300 1704 51.11 

14 0.0335 1681 56.31 
19 0.0365 1681 61.37 
24 0.0400 1615 64.58 
29 0.0420 1593 66.92 
34 0.0460 1660 76.37 
J9 0.0470 1496 70.30 
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Cnlll'J 

TEMPERATURE TAN ô srORAGE MODULUS LOSS MODU I.US 
(oC) (MPa) (t\lPa) 

44 0.0520 1443 75.03 
49 0.0540 1394 75.27 
54 0.0555 1332 73.94 
59 0.0550 1276 70.IS 
64 0.0530 1165 () l.72 
69 0.0540 1165 02.<)2 
74 0.0550 1103 6O.1l7 
79 0.0550 1045 57A7 
84 0.0580 969 56.21 
89 0.0610 918 55.(1) 

94 0.0660 841 5549 
99 0.0710 781 5547 
104 0.0770 717 5521 
109 0.0770 640 4929 
114 0.0750 571 4271) 

119 0.0720 524 3771 
124 0.0670 486 32.5S 
129 0.0610 463 2X 24 
134 0.0565 440 24 X3 
139 0.0530 422 22,36 
144 0.0500 401 20 Of> 
149 0.0480 381 IH 27 
154 0.0470 362 1703 
159 0.0460 352 16 1 <) 

164 0.0460 328 15.(1) 

169 0.0460 324 14.!)! 
175 0.0480 306 14 lI7 
179 0.0490 301 14.72 
184 0.0505 282 14JX 
189 0.0530 263 13 1)4 
194 0.0570 244 13.1)3 
199 0.0600 220 13.21 
204 0.0645 195 1251-\ 
209 0.0690 173 11.91 
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AS.3: Loss Processes of a Quenched Sample at Il Hz. 

TEMPERATURE TAN 6 S'TORAGE MODULUS LOSS MODULUS 
(oC) (MPa» (MPa) 

-133 0.0000 1841 0.00 
-128 0.0010 1775 1.78 
-125 0.0015 1745 2.62 
-120 0.0015 1811 2.72 
-115 0.0020 1780 3.56 
-110 0.0035 1689 5.91 
-105 0.0040 1690 6.76 
-100 0.0040 1783 7.13 
-95 0.0060 1720 10.32 
-90 0.0070 1636 11.46 
-85 0.0073 1692 12.69 
-80 0.0085 1693 14.39 
-75 0.0100 1666 16.66 
-70 0.0110 1667 18.33 
-65 0.0120 1668 20.01 
-60 0.0125 1727 21.59 
-55 0.0150 1616 24.23 
-50 0.0155 1617 25.06 
-45 0.0170 1617 27.49 
-40 0.0180 1592 28.66 
-35 0.0190 1569 29.80 
-30 0.0205 1522 31.20 
-25 0.0190 1499 28.49 
-20 0.0210 1523 31.99 
-15 0.0220 1501 33.03 
-10 0.0225 1503 33.81 
-5 0.0250 1460 36.49 
0 0.0270 1462 39.46 
5 0.0295 1464 43.17 
10 0.0330 1402 46.28 
15 0.0370 1383 51.18 
20 0.0400 1347 53.90 
25 0.0440 1313 57.78 
30 0.0470 1265 59.44 
35 0.0510 1250 63.76 
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Cnnt\l 

TEMPERATURE TAN 6 STORAGE MODlJLUS LOSS MODUUJS 
(OC) (MPa) (i\tPa) 

40 0.0570 1178 h7.12 
45 0.0560 1139 hJ.77 
50 0.0600 1091 h5,46 
55 0.0630 1058 66.66 
60 0.0635 1007 h3.93 
65 0.0620 960 5l).54 
70 0.0600 894 53.62 
75 0.0590 857 50.57 
80 0.0580 817 47.36 
85 0.0595 780 46.39 
90 0.0620 719 44.60 
95 0.0655 659 43.1 1) 

100 0.0690 605 4175 
105 0.0705 553 39 00 
110 0.0700 502 35.1 () 
115 0.0669 470 31,47 
121 0.0600 434 26.01 
125 0.0550 413 22.70 
130 0.0505 394 1l).90 
135 0.0460 373 17 16 
140 0.0430 358 15.3X 
145 0.0405 346 14.01 
150 0.0390 337 13 15 
155 0.0380 324 12.2<) 
160 0.0375 303 11.35 
165 0.0375 291 1 () <)2 
170 0.0380 291 11.04 
175 0.0390 279 JO X9 
180 0.0400 265 ) 0.61 
185 0.0420 256 JO.75 
190 0.0435 245 )0.64 
195 0.0460 232 10.66 
200 0.0500 216 lO.7X 
205 0.0535 204 10 Xl) 
210 0.0580 189 10 <)6 
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A5A: Loss Processes of an Annea1ed Sample (250°C for 10 Hours) 
at 11 Hz. 

TEMPERATURE TAN 6 STORAGE MODULUS LOSS MODULUS 
(oC) (MPa) (MPa) 

-115 0.0005 2129 1.06 
-110 0.0010 2130 2.13 
-105 0.0020 2173 4.35 
-100 0.0030 2136 6.41 
-95 0.0040 2098 8.39 
-90 0.0045 2098 9.44 
-S5 0.0055 2100 11.55 
-sn 0.0060 2100 12.60 
-75 0.0075 2064 15.48 
-70 0.0085 2064 17.54 
-65 0.0095 2065 19.62 
-60 0.0105 2068 21.71 
-55 0.0120 2032 24.38 
-50 0.0130 2034 26.44 
-45 0.0140 2002 28.02 
-40 0.0145 2003 29.04 
-35 0.0150 2004 30.07 
-30 0.0160 1972 31.55 
-25 0.0165 1941 32.03 
-20 0.0170 1942 33.02 
-15 0.0180 1913 34.43 
-10 0.0190 1850 35.26 
-5 0.0200 1857 37.14 
0 0.0220 1830 40.26 
5 0.0250 1804 45.11 
10 0.0280 1807 50.60 
15 0.0305 1755 53.53 
20 0.0340 1730 58.83 
25 0.0370 1683 62.27 
30 0.0410 1660 68.05 
35 0.0450 1594 71.73 
40 0.0480 1574 75.57 
45 0.0530 1516 80.35 
50 0.0570 1461 83.30 
55 0.0590 1394 82.25 
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Cont'il 

TEMPERATURE TAN 6 STORAGE MODULUS LOSS MODULUS 
(oC) (MP:l) (l\lPa) 

60 0.0600 1332 79.94 
65 0.0600 1276 76.53 
70 0.0600 1212 72.71 
75 0.0595 1145 6KI2 
80 0.0600 1092 65.53 
85 0.0620 1018 63.13 
90 0.0640 978 62.56 
95 0.0680 891 60 St> 

100 0.0i30 818 59.74 
105 0.0770 753 57. ln 
110 0.0775 672 52.11 
115 0.0760 608 46.20 
120 0.0730 563 41.09 
125 0.0675 511 34.49 
130 0.0630 479 3020 
135 0.0575 465 26.73 
140 0.0530 444 23.50 
145 0.0500 424 21.IX 
150 0.0480 402 1931 
155 0.0460 384 17.6X 
160 0.0445 366 16.2X 
165 0.0440 345 15.IX 
170 0.0440 333 14.65 
176 0.0450 322 14.4X 
180 0.0460 309 14.21 
185 0.0470 295 13.X7 
190 0.0500 271 13.53 
195 0.0530 253 13.42 
200 0.0560 235 13.14 
205 0.0610 205 12.50 
210 0.0660 179 II.XI 
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APPENDIXA6 

RHEOLOGICAL DATA 

A6.1: Shear Viscosity Data at 300°C. 

FORCE DATA (RAW DATA) IN KG 

APP. GAMA LfD=100.0 UD=80.0 LID=40.0 L/D=20.0 

0.05 47.50 25.00 13.70 11.00 
0.10 86.00 39.00 17.20 15.80 
0.20 125.00 57.00 21.50 21.50 
n.50 240.00 104.00 37.00 26.20 
1.00 300.00 160.00 60.00 52.00 
2.00 410.00 245.00 110.00 74.00 
5.00 590.00 415.00 190.00 122.00 

PRESSURE DATA (PD) IN MPA 

APP. GAMA LfD=100.0 UD=80.0 LID=40.0 LID=20.0 

13.67 6.54 3.44 1.86 1.51 
27.34 11.84 5.37 2.37 2.17 
54.68 17.20 7.84 2.96 2.96 

136.70 33.03 14.31 5.09 3.61 
273.40 41.29 22.02 8.26 7.16 
546.81 56.42 33.72 15.14 10.18 
1367.02 81.19 57.11 26.15 16.79 
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SHEAR STRESS DATA (TAU) IN MPA 

APP. GAMA UD=100.0 UD= 80.0 L/D= 40.0 L/D= 211.0 

13.7 0.0163 0.0108 0.0118 O.UI ~9 
27.3 0.0296 0.0168 O.014H O.1l272 
54.7 0.0430 0.0245 0.0185 lUl37U 

136.7 0.0826 0.0447 0.031H n.O·15 1 
273.4 0.1032 0.0688 0.0516 O.1l~l)5 

546.8 0.1411 0.1054 0.0946 0.1273 
1367.0 0.2030 0.1785 0.1634 O.2{)l)I) 

CONSISTENCY INDEX, k= 3236 POWER LAW INDEX, 11= 0.51 

TRUE GAMA(l/s) TRUE TAU(MPa) MEAS. V lS( Pa.s) CALe \'\1) 

16.4 0.0145 883.17 l)<m.·D 
32.7 0.0221 674.86 (»)J X.l 
65.4 0.0308 46Y.X4 475 X.l 

163.6 0.0511 312.00 312.() 1 
327.2 0.0783 239.19 zn.50 
654.4 0.1171 178.90 1 fJ5 5 () 

1636.1 0.1887 115.33 1 ()X 77 
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1 
A6.2: Extrudate Swell at two Different Shear Rates (T=300°C) 

TIME Shear Rate s 1 Shear Rate Si 

(~ec) 26 104 

16 0.99 1.02 
32 0.99 1.01 
4S 0.99 1.01 
64 0.99 1.00 
80 0.99 1.01 
96 0.99 1.01 
] ] 2 0.99 1.01 
]2S 0.99 1.01 
]44 0.99 1.00 
160 0.99 1.01 
176 0.99 1.01 
192 0.99 1.01 
208 0.99 1.02 
224 0.99 0.99 
240 0.99 1.01 
256 0.99 1.01 
272 0.99 1.01 
2S8 0.99 1.01 
304 0.99 1.01 
320 0.99 1.01 
336 0.99 1.00 
352 1.00 1.00 
368 0.99 1.00 
384 0.99 1.02 
400 0.99 1.00 
416 0.99 1.01 
432 0.99 1.01 
448 0.99 1.01 
464 0.99 1.01 
480 0.99 1.01 
496 0.99 1.01 
512 0.99 1.01 
528 1.00 1.01 
544 0.99 1.01 
560 0.99 1.00 
576 0.99 1.00 
592 0.99 1.01 
608 0.99 1.03 
624 0.99 1.01 
640 1.00 1.00 
656 0.99 1.01 

J 
672 0.99 1.01 
688 0.99 1.00 
704 0.99 1.01 
720 0.99 1.00 
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APPENDIX A7 

TYPICAL OUTPUT FOR VARIABLE-TI\tE DATA 

1 
TI ME PCI PC2 PN PH V TN T~t ID 
(sec) 

0.01 29.28 32.16 0 0 0 330.17 40.63 0 
0.02 34.32 31.44 0 0 0 330.43 40.74 () 
0.03 32.88 29.28 0 0 0 330.43 40.74 Il 
0.04 31.44 34.32 0 0 0 330.43 40.97 () 
0.05 28.56 32.88 0 0 0 330.34 -W.~6 () 
0.06 32.16 31.44 0 0 0 329.46 4(l.~(} () 
0.07 31.44 28.56 0 0 0 329.99 40.63 () 
0.08 32.88 32.16 0 0 0 329.99 40.74 () 
0.09 30.72 31.44 0 0 0 329.99 40.74 () 
0.10 30.00 32.88 0 0 0 329.73 ·m97 () 
0.11 30.00 30.72 0 0 t} 329.99 4().~6 () 
0.12 30.00 30.00 0 0 0 308.96 ·mil7 () 
0.13 30.00 30.00 0 0 0 329.73 ·H1.51 () 
0.14 32.88 30.00 0 0 0 329.73 40./)() () 
0.15 29.28 30.00 0 0 0 329.81 40 X6 () 
0.16 30.72 32.88 0 0 0 329.46 ·Hl./)6 () 
0.17 31.44 29.28 0 0 0 329.73 40.97 () 
0.18 30.00 30.72 0 1.74 0.04 329.64 40.74 () 
0.19 30.00 31.44 0 13.94 0.54 329.64 40.97 () 
0.20 31.44 30.00 0 28.22 1.75 329.73 40.74 () 
0.21 29.28 30.00 0 21.23 2.51 329.73 4() 63 () 
0.22 30.00 31.44 0 08.99 2.X9 329.64 40 T·t li 
0.23 30.72 29.28 0 08.11 2.93 329.64 40.97 () 
0.24 30.00 30.00 0 14.53 2.85 329.4tl 40.74 () 

0.25 30.00 30.72 0 12.78 2.67 329.37 40.74 Il Il 
0.26 29.28 30.00 0 09.28 2.31 329.73 -lO.74 (l.1 ~ 
0.27 31.44 30.00 0 08.11 2.13 329.28 4051 () 2() 

0.28 30.72 29.28 0 09.28 2.04 329.28 40.X6 (UI 
0.29 32.16 31.44 0 11.90 2.07 329.64 4(1.1)6 (UX 
0.30 30.72 30.72 0 11.61 2.18 329.37 ·10.74 () lt 
0.31 30.72 32.16 0 10.74 2.31 329.64 40.63 () 51 
0.32 30.00 30.72 0 10.15 2.55 329.46 40.97 () 56 
0.33 32.88 30.72 0 12.49 2.85 329.28 40.74 () l>] 
0.34 30.72 30.00 02.26 11.61 3.11 329.37 40.86 () ()l) 

0.35 31.44 32.88 06.77 11.61 3.17 329.28 40.74 () 7X 
0.36 29.28 30.72 06.77 11.61 3.18 329.28 4074 () K5 
0.37 30.00 31.44 13.54 11.03 3.17 329.28 40. <J7 () <).\ 
0.38 30.00 29.28 20.31 11.61 3.06 329.28 -Hl 1)6 1 ()O 
0.39 31.44 30.00 20.31 13.36 3.01 329.28 -lO.74 1 12 
0.40 29.28 30.00 22.56 12.78 3.01 329.28 40 lJ7 1 I·t 
0.41 31.44 31.44 29.33 1249 3.01 329.28 40 X6 123 
0.42 30.72 29.28 31.59 12.19 3.11 329.20 40.97 I.2K 
0.43 31.44 31.44 29.33 15.11 3.20 329.28 40 Hf> \J~ 
0.44 31.44 30.72 38.36 15.69 3.28 329.4tl 40.X6 J ·U 
0.45 30.72 31.44 42.87 17.44 3.34 329.28 4074 IAX 
0.46 31.44 31.44 49.64 17.15 3.44 329.28 40 Xf> 1.52 
0.47 31.44 30.72 51.90 16.27 3.47 329.37 40.63 )60 
0.48 30.00 31.44 60.92 18.61 3.46 329.28 40.74 1 (J4 
0.49 30.00 31.44 65.44 19.48 3.38 329.28 40. <J7 172 
0.50 30.00 30.00 74.46 20.06 3.28 329.37 40.63 1. 7() 
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Cont'd 

0.51 31.44 30.00 76.72 21.81 3.13 329.28 40.74 1.84 
0.52 29.28 30.00 78.97 25.60 2.96 329.28 40.86 1.87 
0.53 31.44 31.44 99.28 28.81 2.90 329.28 40.74- 1.93 
0.54 30.00 29.28 101.54 32.59 2.98 329.28 40.63 1.98 
0.55 31.44 31.44 108.31 33.18 3.29 329.28 40.74 2.04 
0.5 fi 30.72 30.00 121.85 27.06 3.74 329.28 40.97 2.07 
0.57 32.16 31.44 133.13 24.73 3.83 329.28 40.74 2.17 
0.58 29.28 30.72 146.67 34.34 3.63 329.28 40.74 " ".., _ ...... .,) 
0.59 30.00 32.16 164.72 42.79 3.27 329.28 40.63 2.29 
0.60 3000 29.28 173.74 41.34 2.95 329.28 40.97 2.34 
0.61 30.00 30.00 191.79 43.67 2.78 329.28 40.74 2.39 
0.62 30.00 30.00 207.59 48.04 3.01 329.28 40.97 2.44 
0.63 31.44 30.00 234.67 47.17 3.53 329.02 40.63 2.50 
0.64 31.44 30.00 254.97 44.83 3.85 329.28 40.97 2.56 
0.65 30.00 31.44 295.59 49.21 3.77 329.28 40.74- 2.62 
0.66 31.44 31.44 318.15 54.45 3.45 329.28 40.74 2.68 
0.67 30.00 30.00 345.23 56.78 3.06 329.28 40.74 2.73 
0.68 31.44 31.44 363.28 58.24 2.93 329.28 40.74 2.78 
0.69 31.44 30.00 381.33 61.45 3.07 328.75 41.09 2.82 
0.70 30.00 31.44 403.90 65.82 3.39 329.37 40.97 2.89 
0.71 30.72 31.44 433.23 71.65 3.57 329.28 40.63 2.94 
0.72 30.72 30.00 467.08 74.56 3.48 329.28 40.97 3.00 
0.73 29.28 30.72 478.36 75.73 3.33 329.20 40.74 3.05 
0.74 32.16 30.72 498.67 76.31 3.24 329.46 40.74 3.11 
0.75 30.00 29.28 512.21 78.06 3.32 329.28 40.74 3.15 
0.76 31.44 32.16 518.97 81.26 3.44 329.28 40.97 3.23 
0.77 30.72 30.00 537.03 85.05 3.46 329.28 40.74 3.27 
0.78 30.72 31.44 555.08 88.55 3.41 329.20 40.74 3.34 
0.79 31.44 30.72 568.62 89.42 3.38 329.28 40.74 3.37 
0.80 30.72 30.72 575.38 89.13 3.40 329.28 40.97 3.43 
0.81 30.72 31.44 584.41 90.30 3.46 329.28 41.32 3.47 
0.82 31.44 30.72 595.69 92.63 3.46 329.28 42.02 3.53 
0.83 31.44 30.72 609.23 94.09 3.43 329.28 42.36 3.59 
0.84 31.20 31.44 604.72 94.96 3.42 329.28 42.83 3.63 
0.85 31.93 31.44 616.00 96.13 3.42 329.20 43.40 3.69 
0.86 37.04 31.44 61é.00 97.29 3.45 329.28 43.98 3.75 
0.87 41.42 31.44 622.77 97.58 3.49 329.37 44.67 3.79 
0.88 45.08 31.44 622.77 98.75 3.47 329.28 44.90 3.86 
0.89 45.08 31.44 629.54 97.00 3,47 329.28 45.59 3.90 
0.90 48.73 31.44 629.54 99.33 3.47 329.28 45.94 3.95 
0.91 50.92 32.16 636.31 99.91 3.48 329.37 46.05 4.00 
0.92 53.84 31.44 640.82 101.08 3.50 329.28 46.51 4.07 
0.93 58.22 30.00 647.59 101.37 3.50 329.37 46.51 4.11 
0.94 61.14 32.16 656.62 103.41 3.43 329.28 46.05 4.17 
0.95 62.61 29.28 661.13 104.29 3.43 329.28 47.43 4.23 
0.96 66.99 31.44 656.62 104.29 3.44 329.28 47.66 4.29 
0.97 71.37 32.88 66'1.90 104.87 3.43 329.28 47.66 4.35 
0.98 74.29 31.44 672.41 107.49 3.45 329.28 48.12 4.40 
0.99 7R68 36.48 672.41 107.78 3.49 329.28 48.23 4.57 
1.00 81.60 39.36 685.95 107.20 3.48 329.28 48.35 4.61 
1.01 83.79 38.64 685.95 108.66 3.45 328.75 48.92 4.83 
1.02 87,44 42.97 699.49 109.82 3.49 329.28 49.03 S.56 
1.03 91.09 44.41 710.77 110.41 3.47 329.37 49.26 7.26 
1.04 95,48 47.29 713.03 112.74 3.44 329.37 49.38 6.79 
1.05 9R40 49.45 717.54 113.61 3.42 329.28 49.49 6.11 
1.06 10·t24 53.77 722.05 114.19 3.47 329.37 49.49 5.65 
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Cllnt\1 

1 1.07 107.16 55.21 731.08 114A9 3048 329.37 4lJ.SJ 5.12 
1.08 110.82 56.65 740.10 113.90 3.44 329.28 49.S:; 5.2h 
1.09 110.82 60.26 742.36 114.19 3A4 329.28 50.1S 5.11 
1.10 115.20 61.70 755.90 116.53 3041 329.28 50.1S 5.14 
1.11 121.77 65.30 755.90 117AO 3.45 329.20 50.52 5.1-l 
1.12 124.69 69.62 771.69 116.53 3044 329.28 50.6.' S.IS 
1.13 126.89 71.78 764.92 119.73 3.43 329.28 50.75 5.30 
1.14 132.73 73.22 771.69 119.73 3.44 329.20 51.lN 5.51 
1.15 137.11 77.55 778.46 119.73 3.41 329.28 50 S6 54S 
1.16 140.03 78.99 782.97 121.19 3.41 329.2S 50.Sb 54S 
1.17 142.96 83.31 785.23 122.65 3.44 329.37 51.09 5 Cl:' 
1.18 148.80 86.19 7C;J.51 124.39 3.45 329.28 51.0l) 5.()2 
1.1 :> 151.72 89.79 796.51 125.85 3.42 329.28 51.43 5.4.' 
1.20 159.03 91.96 798.77 124.39 3.51 32<).28 51.32 5 -l7 
1.21 169.25 96.28 801.03 123.52 3.45 329.28 51.6t> 5.51 
1.22 183.86 102.04 812.31 123.81 3049 329.28 52.00 5.5S 
1.23 201.39 112.13 812.31 124.39 3.47 329.37 51.77 5.!) 1 
1.24 226.23 126.54 825.85 125.27 3.38 329.28 52.()() 5,( lI! 
1.25 265.67 143.11 837.13 12R77 3.45 329.64 51.77 5.72 
1.26 332.87 169.04 852.92 127.60 3.45 329.28 52.00 5.75 
1.27 450.48 211.55 880.00 131.39 3.31 329.28 52.23 5 S() 
1.28 654.27 282.87 918.36 137.51 3.26 329.28 52.23 5.S 1 
1.29 905.55 415.43 981.54 144.50 3.23 329.46 52.45 5 lm 
1.30 1137.83 634.45 1096.62 156.74 3.06 32<).28 52.45 5.9·1 
1.31 1316.79 899.57 1254.56 178.31 2.95 329.37 52.3·1 5.911 
1.32 1487.72 1132.99 1403.49 202.50 3.07 32937 52..t5 (dl 1 
1.33 1637.46 1311.66 1529.85 219.11 3.06 329.28 52.91 () 03 
1.34 1750.68 1483.12 1703.5C) 237.76 2.92 32R75 52.6S () 0(, 
1.35 1833.22 1632.26 1861.54 261.66 3.07 32<).28 52.34 6.11 
1.36 1885.81 1736.72 1994.67 282.64 3.09 329.46 52.7lJ 6.1-l 
1.37 1922.34 1813.81 2089.44 295.46 3.15 329.28 53.13 6.ll) 
1.38 1925.99 1866.40 2154.87 300.71 3.16 329.37 53.25 6.23 
1.39 1938.41 1893.05 2202.26 306.25 3.20 329.28 5325 627 
1.40 1944.98 1900.26 2233.85 313.24 3.24 329.2X 53.13 () 3·t 
1.41 1955.94 1906.02 2256.41 317.32 3.22 329.28 53.25 (j J<) 
1.42 1964.70 1909.62 2276.72 318.49 3.25 329.28 53.25 (, 43 
1.43 1974.20 1920.43 2308.31 322.57 3.25 329.28 53.47 (, ·tS 
1.44 1987.35 1929.08 2315.08 325.19 3.22 329.46 53.59 h.52 
1.45 1991.73 1939.16 2335.38 326.94 3.23 329.64 5347 fi 5() 
1.46 1999.76 1955.01 2351.18 331.02 3.25 329.73 53.Xl () 62 
1.47 2005.61 1957.17 2366.97 334.51 3.27 329.73 53.X1 () (l'l 
1.48 2001.96 1962.22 2385.03 334.51 3.30 329.81 53.X 1 671 
1.49 2014.67 1968.70 2398.56 335.10 3.23 329.81 53.Xl () 7·l 
1.50 2033.56 1964.38 2396.31 335.39 3.27 329.46 54.15 () SI 
1.51 2038.67 1957.89 2414.36 337.43 3.26 329.99 5393 (, X5 
1.52 2040.67 1950.69 2400.82 339.18 2.58 329.46 53.93 () () 1 
1.53 2032.56 1893.05 1999.18 476.15 0.06 329.81 54.04 (). <J·l 
1.54 2001.96 1819.57 1807.38 900.47 0 330.0S 54.15 ().(M 

1.55 1993.92 1756.17 1651.69 1127.2 0 329.73 5·t()·l () ()5 
1.56 1945.71 1715.11 1529.85 1127.2 0 329.99 54.27 ().()5 

1.57 1833.95 1673.32 1439.59 1127.2 0 329.73 54.38 ().()S 

1.58 1753.60 1644.50 1378.67 1068.3 0 329.73 54. ?7 ().9) 
1.59 1704.66 1615.69 1320.00 910.96 0 329.73 54.15 ().<J4 
1.60 1663.76 1589.03 1272.62 1007.7 0 329.81 54.49 6.94 
1.61 1636.00 1558.77 1232.00 974.20 0 329.73 54.49 6.92 
1.62 1596.55 1535.00 1191.38 823.53 0 329.64 54.38 6.91 
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Cont'ù 

1 1.62 1568.80 1501.14 1150.77 761.17 0 329.64 54.15 6.91 
1.64 1538.12 1471.60 1121.44 755.05 0 329.81 54.72 6.90 
1.65 1511.09 1437.02 1092.10 716.87 0 329.73 54.72 6.91 
1.66 1478.22 1408.20 1065.03 777.49 0 329.64 54.95 6.91 
1.67 1442.43 1374.34 1042.46 1127.2 0 329.64 54.49 6.90 
1.68 1411.75 1345.52 1017.64 1127.2 0 329.73 54.72 6.90 
1.69 1379.61 1320.31 988.31 ] 127.2 0 329.64 54.72 6.90 
1.70 1345.28 1290.05 968.00 920.29 0 328.75 54.72 6.91 
1.71 13 HtlJ8 1264.83 lJ52.21 940.10 0 328.75 54.72 6.92 
1.72 1288.30 1240.34 922.87 1074.2 0 329.64 54.72 6.90 
1.73 1262.74 1212.lJ6 916.10 937.77 0 329.46 54.72 6.90 
1.74 1235.71 1 ]89.91 891.28 779.53 0 329.64 55.06 6.89 
1.75 1212.34 116().85 873.23 761.75 0 329.64 54.83 6.90 
1.76 1 H~6.04 1145.96 857.44 769.91 0 329.28 54.95 6.89 
1.77 1160.47 1124.35 837.13 708.13 G 329.46 54.95 6.91 
1.78 1136.37 1104.89 821.33 645.76 0 329.37 54.95 6.88 
1.79 1117.38 1086.16 810.05 920.58 0 329.64 55.06 6.90 
1.80 1096.93 1071.03 798.77 1127.2 0 329.28 55.06 6.88 
1.81 1076.47 1053.74 782.97 1127.2 0 328.75 55.18 6.91 
1.82 1057.48 1042.94 773.95 1122.3 0 338.04 55.17 6.90 
1.83 1044.33 1026.37 753.64 882.69 0 337.51 55.51 6.89 
1.84 1025.34 1127.95 753.64 997.22 0 336.80 55.06 6.89 
1.8) 1 () 13.65 1000.43 749.13 804.30 0 336.27 55.17 6.90 
1.86 996.85 986.02 740.10 386.10 0 335.39 55.40 6.90 
1.87 987.36 973.05 731.08 128.77 0 334.94 55.29 6.89 
1.88 lJ71.29 964.41 728.82 093.21 0 334.68 55.40 6.89 
1.89 958.14 955.76 722.05 127.89 0 334.32 55.06 6.91 
1.90 lJ44.26 942.07 715.28 111.28 0 333.71 54.95 6.90 
1.91 934.77 932.71 710.77 69.02 0 333.53 55.17 6.91 
1.92 925.27 924.78 706.26 81.85 0 333.17 55.40 6.90 
1.93 914.31 919.74 699.49 100.5 0 332.82 55.40 6.90 
1.94 907.01 909.65 690.46 76.31 0 332.64 55.51 6.90 
1.95 898.24 893.80 652.10 51.25 0 332.20 55.51 6.92 
I.lJ6 890.21 862.83 588.92 52.12 0 332.11 55.63 6.97 
1.97 880.71 823.20 537.03 55.33 0 331.85 55.63 6.88 
1.98 866.10 779.25 494.15 43.38 0 331.67 55.17 6.88 
1.99 836.88 746.84 462.56 34.93 0 331.23 55.51 6.87 
2.00 795.98 709.37 424.21 34.05 0 331.23 55.51 6.87 
2.01 753.61 673.35 390.36 30.55 0 331.14 55.63 6.86 
2.02 714.90 636.61 358.77 2 t.4} 0 331.14 55.63 6.86 
2.03 679.11 602.03 333.95 18.90 0 330.70 55.63 6.84 
2.04 643.32 578.25 318.15 19.19 0 330.96 55.63 6.8·l 
2.05 603.14 558.08 311.38 20.35 0 330.70 55.74 6.84 
2.06 571. 73 538.63 295.59 18.02 0 330.70 55.51 6.82 
2.07 543.97 523.50 286.56 14.82 0 330.70 55.74 6.83 
2.08 525.71 506.93 275.28 12.78 0 330.43 55.63 6.83 
2.09 505.99 494.68 266.26 13.36 0 330.34 55.74 6.81 
2.10 490.65 480.99 266.26 13.36 0 330.34 55.63 6.83 
2.11 476.04 471.63 257.23 12.19 0 330.34 55.63 6.82 
2.12 4(2.16 461.54 254.97 12.49 0 330.34 55.96 6.83 
2.13 44~.75 453.62 252.72 12.49 0 329.99 55.74 6.82 
2.14 439.52 446Al 248.21 12.49 0 330.17 55.63 6.83 
2.15 429.29 440.65 245.95 11.03 0 330.08 55.74 6.81 
2.16 424.91 432.72 245.95 11.32 0 330.08 55.63 6.83 
2.17 414.68 429.12 248.21 11.90 0 329.73 55.96 6.81 
2.18 41U)3 424.08 243.69 12.78 0 329.81 55.74 6.81 
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Cont\1 

2.19 401.54 4]9.76 245.95 12,49 0 329.73 55.96 b.SI 
2.20 397.15 417.59 245.95 13.36 0 329.73 55.74 b.S 1 
2.21 393.50 413.99 245.95 12.78 0 329.81 55.96 6.~O 
2.22 389.12 409.67 248.21 13.94 0 329.81 55.74 (l.S 1 
2.23 385.47 404.63 248.21 14.82 0 329.99 55.96 6.S1 
2.24 382.54 403.19 248.21 14.82 0 329.81 55.96 ().S 1 
2.25 379.62 400.30 252.72 15,40 0 329.73 55.96 ().S 1 
2.26 377.43 398.14 245.95 16.27 0 329.73 55.90 (l.S 1 
2.27 374.51 395.26 245.95 15.69 0 329.73 55.74 6.S 1 
2.28 373.78 3Q3.82 245.95 16.27 0 329.73 55.63 6.S1 
2.29 369.40 3R3.78 250.46 15.40 0 329.73 56.0S 6.81 
2.30 368.67 3XH.06 250.46 16.27 0 329.73 56.08 6.81 
2.31 364.28 385.89 248.21 15.69 0 329.73 55.96 6.81 
2.32 363.55 383.73 248.21 15.98 0 329.46 55.96 6.81 
2.33 362.09 380.85 243.69 16.57 0 329.73 55.96 6.81 
2.34 359.17 377.97 250.46 15.98 0 329.28 56.19 6.81 
2.35 356.25 375.81 241.44 15.98 0 329.73 55.96 6.S 1 
2.36 354.06 375.09 248.21 16.57 0 329.64 55.<)6 6.S1 
2.37 352.60 371.49 248.21 15.69 0 329.64 55.lJf, 6 SI 
2.38 350.40 371.49 243.69 16.27 0 329.64 55.96 (l.SO 
2.39 349.67 370.05 245.95 16.27 0 329.28 56.53 Cl SI 
2.40 346.75 367.88 241.44 16.27 0 329.28 55.96 (, 81 
2.41 346.75 365.72 241.44 16.27 0 329.28 56.08 6.S1 
2.42 342.37 363.56 245.95 16.27 0 329.28 56.19 6.81 
2.43 341.64 362.12 248.21 16.27 0 329.64 56.30 6.82 
2.44 340.91 359.96 241.44 16.27 0 329.37 55.9() 6.S0 
2.45 339.45 359.96 243.69 16.57 0 329.55 55.CJ() ('.S 1 
2.46 334.33 356.36 248.21 15.98 0 329.46 55.96 6.80 
2.47 335.06 356.36 241.44 16.27 0 329.2S 56.19 6.81 
2.48 333.60 354.20 245.95 16.27 0 329.2S 56.30 6.80 
2.49 333.60 354.20 243.69 16.27 0 329.64 56.30 6.S1 
2.50 331.41 352.03 239.18 16.27 0 329.37 56.30 6.81 
2.51 329.95 350.59 239.18 16.27 0 329.46 56.19 6.82 
2.52 328.49 350.59 239.18 16.27 0 329.46 56.19 6.S0 
2.53 328.49 349.15 236.92 16.27 0 329.46 56.30 0.81 
2.54 326.30 348.43 236.92 16.27 0 329.37 55.CJ6 6.80 
2.55 326.30 346.27 236.92 16.27 0 329.37 56.30 0.81 
2.56 324.84 345.55 239.18 15.98 0 329.46 56.0S 6.80 
2.57 323.38 344.83 236.92 16.27 0 329.64 56.19 6 SI 
2.58 321.92 344.83 241.44 16.27 0 329.28 56.53 ô.80 
2.59 321.19 342.67 234.67 16.86 0 329.28 56 OS 6.S1 
2.60 319.72 342.67 236.92 16.57 0 329.37 56.30 () SO 
2.61 321.19 342.67 236.92 16.57 0 32<).46 56.1 <) 6.S1 
2.62 320.46 339.79 230.15 17.15 0 329.28 5642 (l.X 1 
2.63 318.99 339.79 230.15 16.57 0 329.28 5653 (d)1 
2.64 317.53 337.63 232.41 17.15 0 329.28 559(-, 6 ~1 
2.65 317.53 339.07 239.18 15.69 0 329.28 56.JO 6 Xl 
2.66 317.53 336.91 230.15 16.86 0 32928 56.0X Ô.X1 
2.67 315.34 336.91 230.15 16.86 0 329.28 56.53 6.81 
2.68 313.15 334.74 232.41 16.86 0 329.37 56.42 6.81 
2.69 313.88 333.30 234.67 16.86 0 329.28 5630 (l.X 1 
2.70 312.42 333.30 227.90 16.27 0 329.28 56.53 6.81 
2.71 312.42 334.02 230.15 16.57 0 329.28 5630 6.XO 
2.72 312.42 333.30 230.15 16.27 0 329.46 56.30 6.81 
2.73 311.69 333.30 230.15 16.57 0 329.64 56.64 6.80 
2.74 310.23 331.14 230.15 17.15 0 329.28 50.42 6.8] 
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Cont'd 

2.75 30<).50 331.14 225.64 16.86 0 329.28 56.53 6.80 
2.76 30H.77 329.70 22564 16.27 0 329.28 56.53 6.81 
2.77 3OX.04 326.82 227.90 16.57 0 329.28 56.53 6.80 
2.78 30H.77 32<).70 230.15 17.15 0 329.28 56.53 6.81 
2.79 30S H5 328.26 225.64 17.15 0 329.28 56.53 6.80 
2.80 307 31 328.26 225.64 16.57 0 329.46 56.53 6.81 
281 305 ~5 32682 230.15 15.69 0 32928 56.30 6.80 
2.82 305 ~5 325.3H 22338 Ib.57 0 329.28 56.53 6.81 
VB 30) 85 32682 225.64 17.15 0 329.37 56.42 6.80 
2.84 30S 85 325.3H 22S.64 16.57 0 329.28 56.53 6.81 
2.85 304.39 325.38 225.64 16.86 0 329.28 56.64 6.80 
2.86 305 12 325.38 223.38 16.57 0 329.37 56.53 6.81 
2.87 303.65 323.94 225.64 16.86 0 329.28 56.53 6.80 
:U~8 303 ilS 32178 221.13 16.86 0 329.37 56.53 6.81 
2.89 303 ()5 323 <)4 225.64 16.57 0 329.37 56.30 6.81 
2.()(} 30:.?, 19 322.50 223.38 16.86 0 329.28 56.42 6.81 
2.91 302.1 <) 321. 7H 22338 16.57 0 329.28 56.53 6.81 
292 3üO.73 320.33 221.13 16.57 0 329.28 56.53 6.81 
293 ]O().O(} 322.50 22338 16.27 0 329.28 5664 6.80 
2.S14 3(JO.U() 322.50 221.13 16.57 0 329.28 56.53 6.S1 
2.95 300 (JO 320.33 221.13 16.57 0 329.28 56.64 6.8ï 
2.Y6 30U.OO 321.78 223.38 17.15 0 329.46 56.53 6.81 
2.97 29781 J20.33 223.38 16.27 () 329.28 56.53 6.80 
2.98 300.0() 319.61 205.33 16.86 0 329.28 56.42 6.80 
2.99 2YX,54 31Hol7 205.33 16.27 0 329.28 56.64 6.81 
J.OO 30().OO 317.45 216.62 16.57 0 329.28 56.64 6.81 
3.01 297.81 318.17 221.13 17.15 0 329.28 56.53 6.81 
3.02 297.~{1 31 R.17 223.38 16.27 0 329.37 55.96 6.80 
3.03 297.H1 317.45 2O<:U~5 16.57 0 329.28 56.87 6.81 
3.04 296.35 316.73 218.87 16.27 0 329.46 56.64 6.81 
3.05 297.0~ 316.01 221.13 16.57 0 329.28 56.53 6.81 
J.Of> 29708 316.73 216.62 16.57 0 329.28 56.53 6.80 
3.07 2lJ6.35 315.29 214.36 16.27 0 329.37 56.75 6.81 
30H 2%35 316.01 216.62 16.27 0 329.28 56.S7 6.81 
3.09 295.62 31601 209.85 17.15 0 329.37 56.64 6.81 
3.10 2lJ562 314.57 21Ho87 16.86 0 329.28 56.75 6.80 
3.11 294.89 316.01 209.85 16.27 0 329.64 56.53 6.81 
3.12 294.1N 316.01 212.10 1627 0 329.46 56,53 6.80 
3.13 294.16 31601 212.10 17.15 0 329.28 56.87 6.81 
3.14 2lJ3.43 31385 209.85 16.86 0 329.28 56.87 6.80 
3.15 2lJ4 16 313 13 214.36 16.27 0 329.28 56.64 6.81 
3.16 294 16 31241 212.10 15.69 0 329.37 56.87 6.80 
3.17 2Y2.70 311.69 216.62 16.27 0 329.28 56.64 6.81 
118 29197 310.25 212 10 17.15 0 329.28 56.64 6.80 
3.19 29197 31097 209.85 17.15 0 329.46 56.b4 6.81 
3.20 29197 J 1025 21·l.36 16.57 q 329.20 5687 6.80 
3.21 29ll 5 1 311 69 216.62 16.57 0 329.28 56.53 6.81 
3.22 291.97 310.97 214.36 16.27 0 329.37 56.64 6.80 
3.23 28978 3W.n 212.10 16.27 0 329.28 56.64 6.81 
324 291.2,~ 31025 212.10 16.27 0 329.28 56.53 6.80 
125 2~N.78 310.25 20985 1627 0 ~29.28 5664 6.81 
3.26 288.32 30S ()t) 212.10 15.98 0 329.2S 56.53 6.80 
3.27 28759 31025 207.59 16.57 0 329.28 56.64 6.81 
3.2S 28l).78 30809 21..t.36 16.27 0 329.28 56.53 6.81 
3.29 28KJ2 30S.09 207.59 16.27 0 329.28 56.53 6.80 
3.30 2~K32 308.09 209.85 15.98 0 329.37 56.64 6.81 
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(\Hll\1 

3.31 288.32 30R09 205.33 16.27 0 329.28 So.c)~ () SI 
3.32 287.59 308.09 207.59 Ib.27 0 329.28 50.87 () SI 
3.33 287.59 30R09 212.10 16.27 0 329.28 Sc) ()~ o.S 1 
3.34 286.12 305.21 209.85 16.27 () 329.2X SI), 75 () SI 
3.35 286.12 307.37 207.59 15.69 l) 329.28 S() ()~ 1) SO 
3.36 28S.39 305.93 20S.33 1657 0 329.37 Sil 7S () SI 
3.37 286 12 305.21 212.10 1627 l) 329.28 S() S7 1) St) 
3.38 286.12 305.93 207.59 1 h.27 0 329.28 SI).S7 h.S 1 
3.39 285.39 305.21 205.33 16.27 0 329.28 5() S7 h SU 
3,40 28·+'66 304,49 205.33 16.27 () 329.28 5() S7 () SI 
3.41 28b 12 305.21 205.33 15.69 0 329.2X Sil X7 1) S() 
3.42 28~.66 304,49 203 08 16.27 0 329.28 )ll S7 tt SI 
3.43 285.39 305.21 200.82 16.27 0 329.20 )b Il~ Il S() 
3.44 28.+.66 303.76 205.33 1627 () 32928 5() .'iJ Il SI 
3,45 28~.66 303.04 209.85 1h.27 () 329.28 Sb 'i] () SI 
3.46 282,47 303.76 20759 16.27 0 329.28 S() S7 Il 7') 
3.47 283.93 303.0·l lOS .33 16.27 () 329.28 Sh S7 Il :-:0 
3.48 283.20 30232 203.08 1598 0 32928 5() 7'i () XI 
3.49 282,47 300.88 203 08 1h.27 0 3292X 5() 5" Il Xli 
3.50 2~2A7 30088 200.82 1627 () 32928 5h.5] Il X2 
3.51 2K2,47 302.32 205.33 15.98 0 329.28 Sb 87 h.71) 

3.52 2S2A7 301.60 205 33 14 X2 () 32928 5687 () XI 
3.53 282,47 298.72 20(LS2 lS h9 0 32') 28 Sll b·l Il XO 
3.54 282.47 300.88 2(0)Q If> 27 0 329.28 :'if) Il l {j Xl 
3.55 281.01 300.XS 200.X2 15.9S 0 329.28 )() 7S Il S() 
3.56 28028 29944 200.82 1627 0 3292X 5653 Il XI 
3.57 2R!.O 1 29944 200.82 15040 0 32tJ.28 S() X7 h.X() 
3.58 28247 300.16 198.56 15.6lJ 0 32928 Sh 75 (j XI 
3.59 28028 29R.72 205.33 1627 0 3292X 56 X7 () Xl 
3.60 27882 29872 203 OS 1h.27 0 32() 28 S() 53 () Xl 
3.61 27R.82 298.1'2 205.33 15 6lJ 0 32tJ 28 5h X7 () X() 
3.62 278.82 296.56 203 08 15 h9 0 3292X Sf) 75 Cl Xl 
3.63 279.55 2lJ8.72 20082 1598 0 32tJ.28 5() X7 h XO 
3.64 275.90 296.5tJ 203 08 15 (,9 0 32928 S6 X7 c) 81 
3.65 278.09 297.28 203.08 If> 27 0 3292X S() 87 () 7tJ 
3.66 278.82 297.28 203.()X 15 h9 0 32tJ 55 Sf,7S 6.Xl 
3.67 276.63 296.56 200.82 16.27 0 329.28 S() 87 (J.XO 
3.68 278.09 29656 2()O.82 1(,.57 0 32tJ 28 5675 6 XI 
3.69 276.63 295.12 205.33 15 69 () 32lJ,28 56.53 6.X() 
3.70 277.36 296.56 200.82 15 h9 0 321).28 S() ()4 () XO 
3.71 276.63 295.12 196.31 15 lJX 0 32tJ 28 S() K7 () Xl 
3.72 276.63 295.84 198.56 15.6lJ 0 32lJ.28 )687 () K() 
3.73 276.63 294040 196.31 15.40 0 32lJ.28 S() X7 1) XI 
3.74 276.63 292.24 ] 9S.56 15.6lJ 0 329.28 S() X7 h XO 
3.75 275 17 292.96 194.05 15040 0 32().28 5fJ 87 fJ 81 
3.76 275.90 293.hS 196.31 15.69 0 32').28 56 '(1,7 () Xl 
3.77 27·t4~ 293 68 19R. 56 !504O 0 329.28 5() 87 () ~H 
3.78 275.9(1 292.96 19K5h 1(,.27 0 329.2X sr) ()S f> 81 
3.79 275.17 292.96 196.31 15.69 0 3292X sr) I]X () Xl 
3.80 274.44 292.96 1~8.56 1569 0 329.2X 56. 'm (d~1 
3.81 274.44 2'12.24 194.05 15.98 0 32tJ.37 5" 87 h.71) 

3.82 273.71 287.92 198.56 15.40 0 329.28 5() 75 () XO 
3.83 275.17 292.96 194.05 15.69 0 32928 S() <JX () 81 
3.84 272.98 291.52 196.31 15.69 0 32928 57.()<J fi XO 
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FLOAT # 

1 
') 

3 
4 
5 
() 

7 
X 
9 

10 

L _____ _ 

APPENDIX A8 

DENSITY DATA 

A.8.1: Density Mcasurement for Calibration Curve 

FLOAT POSITION (mm) POSITION (mm) 
DENSITY at time, t at t + 24hours 
(g/cmJ

) 

1.10 42 42 
1.15 160 160 
1.20 257 257 
1.25 356 355 
1.30 447 446.5 
1.35 

. 
534 534 

1.40 619 618 
1.45 708 708 
1.50 803 803 
1.55 904 904 
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A8.2: Effect of Mold Tempemture on Density Distribution 

FRACTIONAL THICK. LOW MOLD TEMP HlCiH t\10Ll) Il:~ 1 P 
(mm) 

0.0 1.3828 1 .. VJ)() 

0.1 1.4017 IYN! 
0.2 1.4017 1 J(N7 
0.3 1.3970 1 ,1<)1)0 
0.4 1.3954 I.JIN 7 
0.5 1.3959 1 .NOl-: 
0.6 1.3948 1 -,1)ln 

0.7 1.3960 1 Il)1) 1 

0.8 1.4028 1 Jl)IJ7 

0.9 1.4028 1 1!)()3 

1.0 1.3997 IY)I)! 
1.1 1.4028 131)1)7 
1.2 1.3994 1 ·1()O3 
1.3 1.3994 1 IUlH) 
1.4 1.4017 1 .1 1)1} 1 
1.5 1.3995 l 'I1)!)7 1 

1.6 1.4006 IA()03 

...... ~ 
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APPENDIX A.9 

A..9.1: Effcct of Position 00 Orienultion Function Distnbutioo 

L:!OSITION A POSITION B POSITION C 
1\ 

Thl<.:k D D-I f D D-l f D D-l f 
(mm) D+2 D+2 D+2 

(J.OO 2.X5 (J.3H2 00426 2.04 0.257 0.286 1.70 0.189 0.211 
()05 - - - - - - - - -
0.1 () 2.34 0.309 0.345 1.55 0.154 0.172 1.98 0.245 0.274 
{l.IS . - - - - - - - -
(1.20 1.62 0.172 0.191 1.69 0.186 0.207 2.16 0.278 0.310 
(UO - - - - - - 2.57 0.343 0.382 
0.35 1.2H 0.086 0.096 2.02 0.254 0.283 . - -
(J.40 - - - - - - 1.94 0.238 0.265 
OA5 1.69 0.187 0.208 1.67 0.182 0.203 - - -
0.50 - - - - - - 1.86 0.222 0.248 
0.55 1.65 0.177 0.198 1.56 0.157 0.175 - - -
0.60 - - - - - - 1.51 0.144 0.161 
0.65 2.05 0.259 0.289 1.77 0.203 0.227 - - -
0.70 . - - - - - 1.82 0.215 0.240 
0.75 1.34 0.101 0.112 1.58 0.162 0.181 - - -
0.80 - - - - - - 1.34 0.098 0.109 
OBS - - - 0.80 -0.071 -0.080 - - -
0.90 0.55 -0.177 -0.197 - - - 0.72 -0.103 -0.115 
0.95 - - - 0.511 -0.195 -0.217 - - -
l.OO 0.45 -0.225 -0.250 - - - OAt) -0.218 -0.243 
1.05 - - . 0.59 -0.157 -0.175 - - -
1.10 0,43 -0.233 -0.259 - - - 0.34 -0.283 -0.316 
1.15 - - - 0.66 -0.127 -0.142 - - -
1.20 0.32 -0.296 -0.330 - - - 0.26 -0.326 -0.363 
125 - - - 0.49 -0.206 -0.229 - - -
IJO 0.30 -0.307 -0.342 - - - 0.35 -0.275 -0.307 
135 - - - 0.48 -0.212 -0.236 - - -
IAU - - - 0040 -0.251 -0.280 
lAS - - -
1.50 0.36 -0.271 -0.302 
1.55 - - -

[1 

1.60 

1 1 
[ 
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A9.2: Effect of Position on Orientation Function Distrihutlon 

POSITION D POSITION E POSITION F 

Thick D 0-1 f 0 0-1 t 0 D-l t 
(mm) 0+2 0+2 D+2 

- - - - - - - - -
0.00 1.10 0.034 0.038 2,42 0.322 0.359 1.7X li 20h II 2311 
0.05 - . - . - . - . -
0.10 2.30 0.303 0.338 1.85 0.221 0.246 1.h5 O.17Xh II 1 t}l) 

0.15 - - - - - - - - -
0.20 - - - 2.73 0.366 OA08 1.08 0.025 llll2S 
0.25 1.62 0.172 0.192 - - - - - -
0.30 - - - 2.90 0.388 0.432 1.33 0.098 o J()I) 

0.35 2.08 0.265 0.296 2.02 0.254 0.283 1.54 0.152 O. }()l) 

0.40 - - - - - - - - -
0.45 2.17 0.281 0.313 1.74 0.197 0.219 0.88 -0 o·t 1 -() (J·lh 

0.50 - - - - - - - - -
0.55 1.82 0.215 0.239 - · - - - · 
0.60 - - - 1.98 0.247 0.275 1 32 o ()')5 o 1 ()(, 
0.65 2.24 0.292 0.326 - - - · . · 
0.70 - - - 2.66 0.356 0.397 072 -() 102 -u 1 1 1 
0.75 2.17 0.281 0.313 - - - · - · 
0.80 - - - 1.73 0.195 0.218 1.30 O.OI)()I) () lOI 
0.85 1.66 0.179 0.200 - - - - . · 

0.90 - - - 1.47 0.136 0.152 · - -
0.95 1.26 0.078 0.087 - - - n.Y3 -(J.02) .() ()2K 
1.00 - - - 1.31 0.093 0.103 - - -
1.05 0.79 -0.074 -0.082 - - - 1.63 0.173 Il l'n 
1.10 - - - 1.41 0.121 0.135 - - -
1.15 0.66 -0.129 -0.143 - · - 1.56 0.1)7] () 17S 
1.20 - - - - · - - - -
1.25 0.88 -0.040 -0.044 1.30 0.091 0.102 1.14 O.O·l4 (J()II) 

1.30 - - - - - - - - -
1.35 1.24 0.074 0.083 - - - 1.38 O.llJ() o.ln 
1.40 - - - 1.55 0.155 0.173 (J.YS -(J.O 18 .(J. OZU 
1.45 1.35 0.104 0.116 - · - · - -
1.50 - - - - - -
1.55 1.60 0.166 0.185 1.91 0.233 0.260 
1.60 - - - - - -
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THICK. 
(mm) 

(UlO 
0.10 
(J.2U 
0.30 
0040 
(J.50 
0.60 
0.70 
O.SO 
(l.90 
l.OO 
1.10 
l.20 
l.30 
lAD 
1.50 
1.60 

A9.3: Effect of Mold Temperature on Orientation Function 
Distnbution 

LOW MOLD 
TEMPERATURE 

D 0-1 
0+2 

4.42 0.532 
2.76 0.370 
2.36 0.312 
2.27 0.298 
2.27 0.297 
1.9H 0.246 
2.23 0.291 
2.67 0.358 
3.03 0.403 
\.74 0.197 
1.01 0.004 
0.89 -0.040 
1.25 0.076 
0.64 -0.137 
0.44 ·0.229 
0.45 ·0.224 

f 

0.594 
0.412 
0.348 
0.332 
0.332 
0.274 
0.324 
0.399 
0.450 
0.220 
0.004 

·0.044 
0.G85 

-0.153 
·().256 
·0.249 
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HIGH MOLD 
TEMPERATURE 

D D -1 
0+2 

2.24 0.293 
2.11 0.270 
1.90 0.230 
2.52 0.336 
2.07 0.263 
1.93 0.238 
1.80 0211 
1.79 0.20~ 

1.74 0.19~ 

1.54 0.154 
1.42 0.122 
1.18 0.055 
1.14 -0.0·'+4 
0.92 ·0.027 
0.71 -0.108 
0.38 -0.260 
0.40 -0.252 

f 

0.327 
0.301 
0.256 
0.375 
0.293 
0.265 
0.236 
0.232 
0.221 
0.171 
0.136 
0.062 
0.049 

-0.030 
-0.120 
-0.290 
-0.281 



f 

THICK. 
(mm) 

0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 

A9.4: Effect of Injection Pressure on Orientation Functlllll 
Distnbution 

LOW INJECTION 
PRESSURE 

0 0-1 
0+2 

3.86 0.488 
2.61 0.350 
2.18 0.282 
1.59 0.164 
1.40 0.118 
1.28 0.085 
1.48 0.139 
1.20 0.061 
0.91 -0.030 
1.34 0.102 
0.81 -0.066 
0.29 -0.309 
0.82 -0.065 
0.72 -0.101 
0.67 -0.123 
0.47 -0.215 
0.63 -0.141 

f 

1 

0.544 
0.390 
0.314 
0.183 
0.132 
0.095 
0.155 
0.068 

-0.034 
0.114 

-0.074 
-0.344 
-0072 
-0.113 
-0.137 
-0.240 
-0.157 
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HIGH INJElTION 
PRESSURE 

0 

1 

D -1 
1 

D+2 

2.87 O.JK4 
2.27 O.2lJ7 
1.81 0.212 
1.8<) 0.228 
1.<)<) 0.248 
2.30 0.303 
1.70 Il. 18<) 
1 52 O.I-t? 
1.24 O.07S 
1.05 o () 18 
0.6<) -0 118 
0.64 ·0.134 
0.44 -D.22!) 
0.38 -O.2S<J 
0.34 -0.281 
0.34 -0.283 
0.36 -0.270 

1 

Il 

li ·l2S 
IU)1 
lJ 237 
lJ.25 l 
lJ 277 
1) '\37 
0.211 
lJ ) ()·I 
lJ os.) 
lJ 02!) 

.0.121) 

.() ISO 
·0.25() 
·02S() 
·0 J ) ·1 
-(U)() 

.() JO ) 
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A9.5: Effect of Injection Speed on Orientation Function Distnbution 

LOW INJECfION SPEED HIGH INJECfION SPEED 

THICK. D D -1 f D D -1 f 
(mm) D+2 D+2 

0.00 6.15 0.632 0.705 3.86 0.488 0.544 
0.10 1.61 0.170 0.189 2.61 0.350 0.390 
0.20 2.02 0.253 0.282 2.18 0.282 0.314 
0.30 0.77 -0.084 -0.093 1.59 0.164 0.183 
OAO 1.11 0.035 0.039 1040 0.118 0.132 
0.50 2.28 0.300 0.334 1.28 0.085 0.095 
0.60 3.56 0.461 0.514 1.48 0.139 0.155 
0.70 1.26 0.079 0.089 1.20 0.061 0.068 
0.80 0.99 -0.004 -0.005 0.91 -0.030 -0.034 
0.90 0.89 -0.038 -0.043 1.34 0.102 0.114 
1.00 0.88 -0.043 -0.048 0.81 -0.066 -0.072 
1.10 0.41 -0.247 -0.275 0.29 -0.309 -0.343 
1.20 0.59 -0.159 -0.177 0.81 -0.065 -0.072 
1.30 0.47 -0.212 -0.237 0.72 -0.101 -0.113 
1.40 0.53 -0.184 -0.206 0.67 -0.123 -0.137 
1.50 0.73 -0.097 -0.108 0047 -0.215 -0.240 
1.60 0.60 -0.152 -0.170 0.63 -0.141 -0.157 
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APPENDlX A 10 

MICROHARDNESS DATA 

AlO.l: Effect of Position on Microhardness Distrihution 

Il POSITION A POSITION B POSITION C Il 

Thick Indent Indent Indent Indent Illlknt Illlknt 
(mm) (Filar (Jlm) (Filar (/jm) ( F1lar (}llll ) 

units) units) 1I111b) 

0.00 322 147.6 309 141.6 30l \3Xtl 
0.15 275 126.0 283 129.7 2RR 1J2 t) 
0.30 284 130.2 285 130.6 275 12h [l 
0.45 293 134.3 284 130.2 2RO 12R J 
0.60 269 123.3 281 128.8 275 12h.l) 
0.75 260.5 119.4 284 130.2 24R ID7 
0.90 241 110.5 254 116.4 232 I()(d 
1.05 244 111.8 246 112.7 235 1077 
1.20 234 107.2 250 114.6 243 III ·1 
1.35 225 103.1 236.5 lOK4 249 II·LI 
1.50 227 104.0 232 10fi.3 242 1 1 () () 

1.65 235 107.7 235.5 107.9 25·' 1 1 tJ ·1 

1 Filar Umt = 0.4583 JllTI 
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A 10.2: Microhardness Distribution for Replicates 

Il SAMPLE #1 SAMPLE #2 Il 

Thlckne~s Indent. Indent. Indent. Indent. 
(mm) (Fllar unlb) (J.'m) (Filar units) (ILm) 

o.on 346 158.6 333 152.6 
0.15 300 137.5 295 135.2 
0.30 289 132.5 283 129.7 
0.45 279 127.9 276 126.5 
0.60 275 126.0 269 123.3 
0.75 282 129.2 271 124.2 
0.90 274 125.6 275 126.0 
1.05 257.5 118.0 259 118.7 
1.20 245 112.3 240 110.0 
1.35 245 112.3 233 106.8 
1.50 242 110.9 234 107.2 
1.65 232 106.3 231 105.9 
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Thick. 
(mm) 

0.00 
0.15 
0.30 
0.45 
0.60 
0.75 
0.90 
1.05 
1.20 
1.35 
1.50 
1.65 

A 10.3: Effeet of Mold tempemtures on Micmharùnc~s DI~tnbllt\lll\ 

LOW MOLO 
TEMPERA TURE 

Indent. Indentat. 
(Film (}1m) 
umts) 

298 136.6 
273 125.1 
269 123.3 
273 125.1 
268.5 123.1 
296 135.7 
303 138.9 
273.5 125.4 
235 107.7 
226 103.6 
231.5 106.1 
240 110.0 
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HIGH ~vtOLD 
TEMPERATURF 

Inde nt. llllknt. 
( Fliar (;1111) 

Ul1Ib) 

27X 127·\ 
270 123 7 
275 12h () 
266 121 q 

261 1 Il) () 
273 12:' 1 
242 1 1 () l) 

240 1 1 () () 
230 105.1 
232 IO() J 
24X 11.1 7 
250 1 1 1 Il 



Thlckne)~ 

(mm) 

0.00 
0.15 
(J.30 
(JA5 
0.60 
0.75 
0.90 
105 
1.20 
1.35 
1.50 
1.65 

A 10.4: Effect of Injection Pressure on Microhardness Distribution 

LOW INJECfION 
PRESSURE 

IndentatIon Indentation 
(Ftlar umts) (JJm) 

325 149.0 
296 135.7 
267 122.4 
264 121.0 
266 121.9 
239 109.5 
233.5 107.0 
227 104.0 
224 102.7 
230 105.4 
229 105.0 
228.5 104.7 
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HIGH INJECTION 
PRESSURE 

Indentation Indentation 
(Fllar units) (JJm) 

313 143.5 
283 129.7 
285 130.6 
284 130.2 
281 128.8 
284 130.2 
252 115.5 
246 112.7 
250 114.6 
236.5 108.4 
232 106.3 
235.5 107.9 



AIO.5: Effect of Injection Speed on Microh~udncss Distrilmlllll1 

1 LOW INJECTION SPEED 1 HIGH INJECTION SPFI:D 

Thickness Indentation Inde,ltatlOn Indentation Indl'IlLI(lllll 

(mm) (Film umts) (J.'m) (Fllar units) (;1111 ) 
--

0.00 346 158.6 313 1·\,5 
0.15 300 137.5 2~3 12lJ 7 
0.30 289 132.5 285 !3()tl 

0.45 266 121.9 2~4 !J()2 
0.60 275 126.0 281 12S S 
0.75 297 136.1 284 1 jO 2 
0.90 274 125.6 252 1 1 ~ ~ 

1.05 257.5 118.0 246 1127 
1.20 245 112.3 250 1 1 1 Il 
1.35 245 112.3 236.5 1 (JS ·1 
1.50 242 110.9 232 1 ()h ~ 

1.65 232 106.3 235.5 1 ()7 1) 

- "'" 
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APPENDIX All 

FLEXURAL MODULUS DATA 

A 11.1: Flexural Modulus Distnbution Obtained for Longltllllinai ( 1 L) 
and Transverse (11) Samples. 

FRACfIONAL SAMPLE (IL) SAMPLE ( Il') 
THICK. (mm) (GPa) (GP,,) 

-

0.00 7.917 1.971 
0.14 6.425 2.136 
0.27 5.661 2.625 
0.39 5.493 2.961 
0.48 5.584 2.627 
0.58 6.081 3.113 
0.66 5.078 3.903 
0.78 4.864 3.955 
0.90 3.466 4.199 
0.99 3.219 4.124 
1.08 2.954 4.351 
1.20 2.912 4.569 
1.33 2.771 4.937 
1.40 
1.45 
1.50 
1.6 
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A 11.2: F1exural Modulus Distnbution Obtained for Longitudinal 
Samples (IL) and (2L). 

FRACfIONAL SAMPLE (IL) SAW~LE (2L) 
TH ICK. (mm) (GPa) (GPa) 

0.00 7.917 4.797 
0.14 6.425 8.492 
0.27 5.661 7.872 
0.39 5.493 4.725 
0.48 5.584 5.489 
0.58 6.081 7.550 
0.66 5.078 6.008 
0.78 4.864 5.965 
n.90 3.466 5.544 
0.99 3.219 4.677 
1.08 2.954 4.576 
1.20 2.912 4.278 
1.33 2.771 4.905 
1.40 
1.45 
1.50 
1.6 
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A 11.3: Effect of Mold Temperature on FIcxural Mmlulus Dlstrihutlon 

FRACfIONAL 
1'HICK. (mm) 

0.00 
0.14 
0.27 
0.39 
0.48 
0.58 
0.66 
0.78 
0.90 
0.99 
1.08 
1.20 
1.33 
1.40 
1.45 
1.50 
1.6 

LOWMOLD 
TEMP. 

Er 
(GPa) 

9.223 
7.829 
6.343 
5.055 
5.183 
5.903 
6.820 
5.465 
5.245 
3.818 
3.504 
2.990 
2.624 
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HIGH i\10LD 
TEMP. 

Er 
(GPa) 

8.357 
7.304 
6.836 
5.887 
5.963 
5.062 
7.546 
7.8<)9 
7.406 
4.294 
4.198 
3.203 
2.809 



A Il.4: Effect of Injection Pressure on Flexural Modulus Distribution 

II SLOW INJ. PRESS. HIGH IN]. PRESS. Il 

FRACfIONAL Er Er 
THICK. (mm) (GPa) (GPa) 

0.00 8.017 6.697 
0.14 7.349 5.467 
0.27 5.408 6.122 
0.39 5.859 6.978 
0.48 5.228 6.618 
0.58 5.422 5.534 
0.66 3.896 5.379 
0.78 2.862 5.341 
0.90 2.971 5.911 
0.99 3.038 4.072 
1.08 2.454 2.420 
1.20 2.372 2.277 
1.33 2.388 
1.40 
1.45 
1.50 
1.6 
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A.I1.5: Effect of Injection Speed on F1cxural Modulus DIstflbullOIl 

I[SLOW INJ. SPEED (HGH INJ. SPEED Il 

FRACfIONAL Er Er 
THICK. (mm) (GPa) (GPa) 

0.00 8.500 6.697 
0.14 7.850 5.467 
0.27 6.696 6.122 
0.39 3.933 6.97X 
0.48 4.484 6.618 
0.58 7.816 5.534 
0.66 6.448 5.379 
0.78 5.366 5.341 
0.90 4.252 5.911 
0.99 3.976 4.072 
1.08 3.029 2.420 
1.20 2.422 2.277 
1.33 2.981 2.686 
1.40 
1.45 
1.50 
1.6 
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APPENDIX A12 

PREDICfIONS OF FLEXURAL MODULUS 

A 12.1: Longitudinal Sample (IL) 

Il RILEY cox Il 

FRACf!ONAL EXPERIMENTAL CALCULATED CALCULP.TED 
THICK. (mm) Er (GPa) Er (OPa) Er (GPn) . 

0.00 7.917 7.970 9.220 
0.10 5.970 6.830 
0.14 6.425 
0.20 5.593 6.378 
0.27 5.661 

1 

0.30 5.709 ,\ 6.517 
0.39 5.493 
0.40 5.846 

\ 

6.680 
O.4R 5.5R4 
0.50 6.107 6.993 
0.58 6.081 
0.60 5.409 6.158 
0.66 5.078 
0.70 5.111 5.802 
0.78 4.864 
0.80 4.635 5.233 
0.90 3.466 4.270 4.796 
0.99 3.219 
1.00 3.476 3.847 
LOR 2.954 
1.10 3.370 3.721 
1.20 2.912 2.855 3.105 
1.30 2.704 2.924 
1.33 2.771 
lAD 2.593 2.792 
1.50 2.578 2.773 
1.60 2.649 2.858 
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Al2.2: Transverse Sample (1T) 

l'=11 R=IL=EY==:!:::=C=OX=' =] 
FRACfIONAL EXPERIMENTAL CALCULATED CALCUl .. \ ri:!) 
TH ICK. (mm) Er (GPa) Er (GPa) Er (G!'a) 

0.00 1.971 2.327 2.t72 
0.10 2. ')70 2.X5·~ 
0.14 2.136 
0.20 3.145 JOU 
0.27 2.625 
0.30 3.088 2.%2 
0.39 2.961 
0.40 3.013 2.S').; 
0.48 2.627 
0.50 2.902 27<) 1 
(J.58 3.113 
0.60 3.225 J.llX7 
0.66 3.903 
0.70 3.397 J 2·\5 
0.78 3.955 
0.80 3.741 3.560 
0.90 4.199 4.052 3 X44 
0.99 4.124 
1.00 5.011 4.723 
1.08 4.351 
1.10 5.182 4 XXI) 
1.20 4.569 6.242 5.:)51 
1.30 6.664 6237 
1.33 4.937 
1.40 7.026 6.56() 
1.50 7.026 6.56() 
1.60 6.839 6.397 
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APPENDIX A13 

DERJV ATIONS 

A. 13.1 : Derivation of function 

f"/2 
K cosnlJ COS

4
IJ sinIJ dIJ 

<COS
4
IJ> 

J = r K cosna sinIJ da 

r K cosnlJ COS
2

fJ sinIJ dIJ 

<COS
2

IJ > = r K cosnlJ sinIJ dIJ 

<cos
4 

IJ > r K cosn+4 e sine de 

= 
<cos28> r K cosn+2

1J sino dO 

If coslJ = X 

-sino dO = dX 

IX
1 

, xn+5 t xnH 
dX l <COS

4
11 > Xc n+5 Xc 

= = 
<coszo> 

- IX
1 xn

+
2 dX [ xn+3 

] Xl 
Xo n+3 Xc 

[ 
n+S ]:/2 cos 0 

n+5 n+3 
= = 

[ 
n+3 ] :/2 n+5 cos fi 

n+3 
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4 
<COS 9> = 

<cos"a> 

J 

J 

n+l 

n+3 

= 
n+3 

n+5 

COSn+20 sino dO 

cos"o sine do 

[ 
xn +3 l Xl 

n+3 J Xo 

[ 
xn 1"l l Xl 

n+1 J Xa 

rl+l 
---

n+3 

( 2) 

n = 
<cos

2
0> - 1 

= 

== 

Substituting (3) in (1) 
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J 
xl1t~ dx 

J x" dx 

[ 
n; l 

COS li '{ 

-----
n+3 () 

1 

ntl 
III COS Il 

---- In nl-l 



1 3<cos 
2 e> -

+ 3 
4 

<cos
2

él> 1 <cos f) > -
::; 

<cos2
/J > l - 3<cos

2
/J > 

+ 5 
<COS

2
8 > - l 

<cos· fJ> 

= 
2 <cos

2 e> - 4 

<COS 
2 

19> 
1, 

<cos 8> = 
2 <COS

2 
fJ> - 4 

Then 

fp 
2 

1] ; = 1/2 [3<cos él>p -

3 

4 
gp = 1/4 (5<cos fJ>p - 1]; 

<cos· 19> = 
4 gp + l 

5 

Substituting in (4) 

4 gp + 

5 

2fp + 1 

1 
= 

2 -

5(2fp + 1) 

4(5 - 2fp) 

3 

2fp 

3 

1 

4 

= 
+ 1 
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1 - 3<cos
z

O> + 3<coS
2

; > -3 

5<cos
2

fJ> 
? 

1 - + 5<cos~B > -5 

(4) 



1 
10 Ep + 5 - 5 + 2fp 

= 
4(~ - 2t,} 

Il 
gp = ----

Il 
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A13.2: Calcu\ation of Stiffness and Strength 

Con:-«Jer a '>ymmetnc three-ply beam shawn schematically in Figure A 1. The 

hearn ha:- wloth h, thlckne\~ h and and consists of a central core wah thlckness hu 

,tnO .,kll1:- ot thlckne!.!\ h~, 50 that h = 2h~ + he. The core and skm Young's modu1J 

,d()ng the hearn aXI!\ are Et and E., respectlvely and It IS a!\sumed that tran!\\'erse 

,>traln,> an:-mg trom oltfelences ln P0I5son's ratio are negliglble. The core and ~km 

den\lllc!\ .Ife lknoted hy Pt and P" respectlvely. 

It p 1:- the total l.kn!\Jty. the total mas!\ of the beam is: 

hhl p = hl (h, Pt + 2h~p» 

The ten!.lle modulu~ ot the sandwich material Et is: 

E, = E, <p + E.,( 1 • cp) 

ln mder to calculate the tlexural ngldlty D, we assume that classlcal bendll1g the()ry 

l'an he applled to the sandwich heam. Thus cross-sections which are plane and 

perpendll'lllar to the neutral aXIs of the unloaded beam remain so when bendmg 

t,J!"c:. place. Abu a~~ume that tranwerse stresses parallel tn the faces may be 

negleted. lt can then he !\hown that 0 IS glven by: 
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where le and Is are the moments of mertIa of the core and ~kl!1 CI ll\\-\l'l'l 1\ )lh ,tll\ lul 

the centroidal aXIs of the beam. With the notation ot Fig ·t 1.2, 

whlch glves the result: 

Let E~ be the effective tlexuraI modulus of the sandwIch heam, thell 
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FIGURE A13.3: Microhardness test: Steps for microhardness 

measurements. 

A-56 



THE KNOOP INDENTER 

The Knoop lndenter 1$ an llc:::urotely -;round 
d1cmond form.nq a ~norr.olC base<! ~vr:l:'':1:a. prcp­

p"rly mounted fer attcc:'lI.nq ta ~.e be-:Im. An 
uxientauon see~ ncrrr.cl ta spec:r.en s~:::ce 15 

roomblc ln outllne Wlt.'l d~.l",on.:15 h\lVlnQ an 
approxur.ate roUa of 7 to l. 

Depth of indentation IS ~out :/3Q Ll.:e lenq~ 
of lonq d1aqcncù. 

Perfect anGles for Knoop Inde'lter are: 

Induded LOnq1tuchnal anqle 172n 30' COli 
Included Transverse anqle 1300 00' 00" 

A CERTIFICATS OF TEST FeR THE K..'lCCP 
INDENTER 1S furrushed by the rr.c:nu:ac:u."'er 
Whlch records actual anqles of lnden:er supplled 
ana cera.!les that mae'1ter c.:;i..pl:es Wl:.n re­
qw:ements of the Nauonal Bureau 0: Sl::n.:lards. 

The L\'CE~TER CCNS7ANT. WrUc.1 lS used ta 
cWc-ùate Knocp HC'::r.ess NuC'~r by fC::l:ula. 
1s the roUa of pro]e'::ea area 0: illcen:::t.:.on ta 
square of len~.h of lonq cùogona!. lts vellue 1$ 

qlven by: 

c =~ (cotanqent ~ Je tanqent ~) 

2 2 
where 

A = lncluàed Lonqltudmol edqe cnqle 

B • Included Trcnsverse edCJe :mqle 

C • 0.07028 !cr pe~:ec: :~de-:.:er w:th anç:es :::! 
1720 30' 00" and 130a 00' 00". 

FIGURE A.13.4: The Knoop Indentor 
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APPENDIX A.14 

ERROR ANAL YSrS 

A 14.1: ThermaJ Conductivity and Diffusivity 

The thermal canductivity relative errar in measurable quantities like curr'!nt 

(1.5%), sample area (0.5%), sample thickness (0.5%), heater resistance (1.3%) and 

differential temperature (2.0%). The thermal canductivity error is 5.8%. 

The thermal diffusivity errar analysis is estimated from the sample thickness 

(0.5%) and the thermal penetration time (10%). 
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A 14.2: Density 

The experimental errors were based on the tloat del1~lty (0.1 \('). t lu,1 t :\ ml 

sam pIe position (0.1 %) and temperature (0.1%). 

Density of Lep sample: Ps = Pb + 

«h, - h,) r 

(Pb - Pa) (ha - h.) 

(h" - h b ) 

If ha = O. 53 3 , 

hb = 0.62, 

115 = 0.613, 

and Pa = 1.35 

Pb = 1.40 

Then the density error = 0.3% 
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A 14.3: Infrared Spectroscopy 

Experimental errors for the dichroic ratio were estimated to be: 

Parallel absorption, Ail 0.5 

Perpendicular absorption, Al 0.5 

<, = { [ 
1 

• <, 1 \ [ 1/2 

<, = { [ 1 • (0.5) 1 2+ 
(30.5) 

€o = 0.023 

The percent error = 1.3% 

[ 

_ (53.2) 
• (0.5) 

(30.5)2 

Similarly, the error on the orientation function from the dichroic ratio is 

estimated to be: 

D - 1 
Orientation funtion, f = 

D + 2 

<, = { [ 
1 

b 

<, = { [ 
1 

(3.744) 
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or f = 

[ -

b 

a 

(0.744) 

(3.744)2 

1/2 

(0.023) 
1 

2} 1/2 



Er = 0.00602 
0.00602 

The percent error = X 100 = 3.03% 
0.19877 
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A.14.4: Microhardness 

The accuracy of the Tukon Microhardness method is a function of the 

accuraclcs of the test force, the indenter and measuring device. Under optimum 

mm.lItlons of the~e factors the accuracy can be expected to be equivalent of 4% of 

of the Tukon Hardne~s Number of the standardized reference hardness test blocks. 

Fractional HK Mean (mm) 95% confidence 
Thlckness (mm) Iimit 

0.00 158.6 ± 7.2 

0.15 137.5 ± 4.5 

0.30 132.5 ± 6.3 

0,45 127.9 ±5.4 

0.60 126.0 ± 8.1 

0.75 129.2 ± 3.6 

0.90 125.6 ± 2.7 

1.05 118.0 ± 4.9 

1.20 112.3 ± 3.6 

1.35 112.3 ± 1.8 

1.50 110.9 ± 4.5 

1.65 106.3 ± 6.3 
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.. A.14.5: F1exural Modulus 

Scatter about the mean value was found to be k~s than ~r;,. 

Fractional 'J5lj{ CUIlI Id 

Thickness (mm) Er Mean (MPa) 11ll11t~ 

1.6 7917 .1.. 2h7 

1.448 6425 ± .lU·\ 

1.335 5661 .!. 2l)·~ 

1.209 5493 ! 7h 

1.08 5584 t. 151) 

0.996 6081 ! .lll2 

0.912 5078 .!. 4·' 

0.782 4864 ! 211 

0.677 3466 1: M~ 

0.585 3219 .! !OK 

0.484 2954 .! 121 

0.395 2912 .! !) 1 

0.267 2771 ± (l) 
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