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ABSTRACT 

A mathemat ical model was developed t o  descr ibe the high speed 

me lt sp inning behavior of c ry s t a l l i zable po lyme r s . This mo de l included 

the effects  of  accele rat ion,  gravi ty and f rict ion on the kinematics  o f  

the proces s ,  temperature and molecular o rient a t i on on the c ry s t a l l i z a

t ion k inet ic s  of the po lyme r and temp erature , molecular weight and 

cry sta l linity on the elonga t i onal v i s cos i ty of the mat e ri a l . Experi

mental onl ine d i amet e r ,  birefr ingence and t emperature p rof i les  were 

obtained for a 1 2000 Mn nylon-6 6 at  2 . 5  gm/min spun at t ake-up speeds 

ranging f rom 2800 t o  6600 meters /minute .  These p ro f i le s  were quali ta

t ively and reas onably quant i t at ive ly in agreement w i th the p red icted 

p ro f i les . They ind icated that orienta t i on induced c ry s t al l i z a t i on 

occurs at s p inning s peeds greater than 4000 meters /minut e .  The experi

mental  d iameter and birefringence p ro f i les  were comp ared to  those pre

d icted by the mo del us ing Avrami ind ices o f  3 ,  2 and 1 .  There was a 

small increas e in the cry s t a l l ine index at the lower speeds w i t h  de

creas ing inde x. The ef fect of the s t ra i n  hardening was mo re s i gni f i

cant at the higher speeds , th i s  be ing shown by decreas ing the exp onent 

in the relat ionship f or the c ry s t al l in ity on the elongat i onal viscos

i ty .  

The mod el  was also  applied  to two polypropylenes o f  d i f f e rent 

molecular weight . There was ve ry good agreement between the predicted 

and experimental d i ameter and b i re f r ingence prof i le s  for both molecu

lar weight s .  There was some d i f ferences in the tempe rature p ro f ile 

comp ar i s ons , bu t there was good agreement between the p red icted and 

i i i  



experimental  temp eratures and pos i t i ons where the c ry s ta l l i zat ion i s  

f i rst  observed . The pos it ion and dura t i on o f  the t emperature p lateaus 

were qual i t at ively in good agreement w i th thos e  p re d i c t e d .  

The mo del deve loped i n  thi s s t udy ind icates that high sp inning 

speeds p rovide a high s t re s s  environment wh ich increases  the mo lecular 

or ienta t i on w i thin the f ibe r .  It  is this highe r molecular o r ientation 

which i s  the d r iving force for rap i d  c rystall i z at i on on the sp inline.  

This  rap i d  c ry s t a l l i zat ion causes  a s t ra in harden ing p reven t ing any 

f u rther d rawd own in the f i ber d i ameter  and an abrupt r i s e  in the b i re

f r ingence . This behavior  closely corresponds to t he obs e rved sp inl ine 

p rof i le s .  
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CHAPTER 1 

INTRODUCTION 

The int roduct ion of synthet ic f ibe rs revolut i on i zed the text ile 

indus t ry wo rldw i d e .  They o f fered an i mportant a l ternat i ve to cotton , 

s ilk and wool in the c lothing and carpet  indu s t ri e s . Synthe t i c  f i ber s  

derived f rom p o lymeric materials  o f f e red many technological and eco

nomic advantages over the na turally occurring cotton,  s i lk and woo l .  

B y  cont rol ling the synthe s i s  o f  the po lymer and by introducing various  

innovat i ons into  the f ibe r sp inning p roce s s , it  was  then p o s s ible to 

modify and control the phy s ical p ropert ies  of the manufactured f iber 

to meet consumer demands . These  synthet i c  material s als o f reed pro duc

ers f rom the whims of  factors o ver which they had no contro l ,  such a s  

the weathe r ,  o n  the quality of  the i r  p rodu c t .  

The succe ss o f  synthet i c  f i bers i s  not l i m i t e d  t o  the text i le 

indu s t ry .  In med i c ine , they are be ing used  as replacement s for li ga

ments , art eries  and veins . N onwoven fabrics f rom mel t blown p o lymers 

are be ing extens ively used in surg i cal gowns and d re s s ings . In trans

portat i on ,  synthe t ic f i bers are used in the be l t ing of radial tire s  

and nonwoven ma terials  are be ing introduced into road cons truct ion 

material s .  In pollut i on contro l , they are used a s  f i lter media  and in 

devices  to contain and collect chemical and oil  sp i l l s . Synthet ic 

f ibers are used in comp o s i te ma terials in the demand ing f ield of high 

performance a i r  and spacecra f t . 

F ibers f rom polymer ic  material s are produced by three methods ;  

wet , d ry and melt sp inning . In wet spinning , the p o lymer i s  d i s solve d 
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in a solvent to  f o rm a s p i nn ing dope . This  is  ext ruded through a cap

i llary die into a bath containing a liquid  which is a non s o lvent for  

the polymer.  As the ext ruded dope enters the bath the solvent migrates 

to the bath  leaving a s o l i d i f ied f i ber.  Dry sp inning a l s o  u t i l izes a 

s p inning dope but the extruded dope usua l ly enters a chamber contain

ing heated gases where the solvent evaporates leaving beh ind the so

l i d i f ied f i ber.  

The mos t  popular method of  f i ber f ormat ion is  mel t  sp inning . 

Solid  p o lymer , u s ua l ly in pellet f orm , i s  mel ted and p res s urized in an 

ext ruder and then f orced through a cap illary die int o  the amb ient a i r  

or  a quench chamber.  The ext ruded f i ber coo ls  and s o l i d i f ies o n  i t s  

path to  the t ake-up devi ce . A s  the f iber cools  and s o l i d i f ies the mor

phological s t ruct ure o f  the f i ber i s  f ormed . Th i s  s t ructure determines 

o f  the macroscop ic phy s ical p ropert ies exhibi ted by the manufactured 

f i ber.  

In  amorp hou s  materials , this  s t ructure is  descr ibed by the ori

entat ion o f  the mo lecu lar cha ins themselves . In polycry s tall ine 

materi a l s  the s truct ure is comp l icated by the degree and orientat i on 

o f  the cry s talline reg ions in conj unct ion with the remaining amorphous 

mater i a l .  There has been a con s i derable amount o f  re sea rch eff ort 

a l ong two avenues in the textile indus t ry ;  the relat i onships  between 

the microscop ic s t ructure and the ma croscop i c  phy s i cal propert ies o f  

the f iber and the relat ionships between the p roces s ing cond i t i ons and 

the microscop ic s t ructure formed .  H i s torically , the maj or emphas i s  has 

been on the relat ionships between s t ruc ture and phy s ical p ropert ies . 

The emphas i s  in  this  s t udy is  on the interrelat ionshi p s  between the 
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p roces s ing cond it i ons and the result ing s t ructure devel oped w i thin the 

f iber.  In part icular the app roach has involved the development of a 

ma themat ical model to  des cribe the hi gh speed melt sp inn ing o f  crys

t a l l i z able polymers . Such a model can p rovide con s i derable ins ight  

i n t o  the nature of the s t ruct ures pro duced by a variety o f  s p inning 

cond i t i ons . 

The chemical and phy s ical requ i rement s  of  the f inished p roduct 

a long w i th limi tat i ons imposed by the mel t  s p inni ng p rocess ha s natu

rally led to  the common indu s t rial  use o f  several types of  polymers 

for  f i ber produc t ion.  These inc lude p o lyole fins , p o lyesters and 

polyamide s .  The maj o r ity of previous  inve s t igat ions have centered on 

the s t ructure - phy s ical property relat i onships  o f  polyolefins and 

p olyes ters . Thi s  s t udy invo lves the relationship s between the proces s

ing condi t i ons and the development of  the s t ructure during p roces s i ng 

f o r  a poly ami de (ny l on-66 )  at high sp inning speeds . 

Nylon-66 , in c ont rast  t o  p o lyester s , exh i b i t s  very rap id cry s 

t a l l i z at ion kinet ic s . The phy s ical propert ies of  the polycry s talline 

f i ber produced f rom nylon-6 6 are d ic tated by the s tructure wh ich i s  

developed by the c ry s tall i z at ion phenomenon taking p lace during the 

melt  sp inning p roces s .  Shimizu  et a l .  ( 1 )  has recent ly s tud ied some of  

the relat i onship s between the s t ruct ure and the phy s ical propert ies o f  

high s peed s p un nylon-66 f ibers . They noted extens i ve changes i n  tho se 

phy s ical p ropert ies of f ibers spun at  s peed s  greater than 3000 meters 

per minute. Chappel et al . ( 2 )  t r ied experimentally to quant i t i fy the 

s t ruct ure development w ithin the s p inline at low take-up speed s  bu t 
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were only p a r t i a lly succes s fu l .  Lecluse ( 3 )  a l s o  rep orted an at temp t 

t o  perform s imilar  s t ud ies at high take-up speed s .  

Nylons , in ad d i t ion to  being one o f  the o l de s t  the rmop lastics  in 

u se , are the large s t  group in terms of vo lume total ing 324 m i l l ion 

p ounds in 1 9 8 3 .  Nylon 6 and 66 account f o r  90% o f  the nyl on use in the 

Uni ted S t ates . The chemical and phy s ical characteri s t ics  of  these 

materials  lead to  s uch varied uses as  indu s t rial  and personal brushes , 

mono f i lament for  f ish ing l ine , s t ring for  tenn i s  racket s and mus i cal 

ins t ruments , sew ing threads and woven screens f or indus t r ial f i lt ra

t i on operat ion s .  The growth rate o f  nylon is ant ic ipated at 8% per 

year leading to  a volume of around four b i l l i on p ounds by the end o f  

the century ( 4 ) .  They are ,  and w i l l  cont inue t o  be , a v i t a l  eng ineer

ing material and an important facet in the development of new produc t s  

res ult ing f rom the commerc ializat ion of new technology such as high 

s peed melt  sp inn ing . 

The onl ine melt  sp inning behavior  of  polyp ropylene w i l l  also  be 

examined . Polyp ropy lene is also  an imp o rtant polymer f o r  a range o f  

f iber appl icat i ons inc luding both woven and nonwoven fabrics . Poly

p ropy lene i s  a material w i th l ower c ry s ta l l ization kinet ics than 

ny lon-66 but higher than polyes ter s .  

Koyama and I sh i z uka ( 5 -8 )  have examined the online behavior of 

p o lypropylene at  l ow s peed s  wherea s Shimizu et a l .  ( 9-1 1 )  per formed 

s tudies on the phys ical p ropert ies of high speed spun f i bers . Exten

s i ve s t ud ies by Lu and Spruiell ( 1 2 )  have made avai lable onl ine exper

imental d iameter , b i refringence and temperature data which w ill  be 

compared to pred i c t ions of the model developed . 
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A mathemat ical model was developed to  help  interpret the s truc

ture development proce s s  which a crystall izab le p o lymer experiences 

dur ing h igh s peed mel t  sp inning.  Th i s  model was app l ied to two poly

mers  which exh i b i ted d i f ferent online behavio r .  The appl i cab i l i ty of  

the model was examined in c omp a r i s ons between online experimental 

mea surement o f  the d i ameter , birefringence and temperature p ro f i les 

and theoreti cal pred ic t ions . 
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CHAPTER 2 

LITERATURE REVIEW 

Melt Spinning Process 

Dynamics 

The melt spinning process has been the target of extensive 

research because of its economic and technical value. The initial 

studies were performed by Carothers and Hill (13) on the relationships 

between spinning conditions and the structure and properties of the 

linear aliphatic polyester fiber which was produced. The first theor-

etical analysis was undertaken in the late 1950's and early 1960's by 

Ziabicki (14). Using a simple force balance he derived a relationship 

between the tensile force and the stress in the fiber. Ziabicki and 

Kedzierska (15) presented a relationship between the fiber diameter 

and the velocity in the spinline and specified criteria for successful 

spinning, namely a continuity of flow, a limit on the maximum stress 

and an increase in the Trouton, or elongational, viscosity along the 

spinline. 

Ziabicki and Kedzierska (16) presented an approach to the die 

swell at the spinneret exit which is one of the most difficult prob-

lems, both conceptually and mathematically, in the analysis of the 

overall process. 

The basic force balance from Ziabicki is 

F rheo F + F + Fd + F f + F ext inert rag sur grav 
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where Fext is the external force supplied by the take-up device, Frheo 

is the rheological force within the fiber, Fd is the drag force rag 

caused by the motion of the fiber through the cooling medium, Finert 

is the force caused by the fiber's acceleration, F is the force grav 

due to gravity and F f is the force due to the surface tension on sur 

the exposed fiber-air interface. 

The drag force has been neglected in most analyses due to past 

limitations in the fiber take-up speed. With take-up speeds presently 

in the 4000-7 000 meters per minute range and higher, the drag force 

has become an increasingly important component of the force balance. 

In general, the drag force is expressed as 

F drag (2-2) 

where p is the density, V is the velocity, A is an exposed area and Cd 

is a drag coefficient. In a given situation the physical meaning of p , 

V and A are apparent. The evaluation of Cd is more obscure. With re

gards to melt spinning, Sakiadis (17) performed a laminar and turbu-

lent boundary layer analysis to calculate the drag on a constant diam-

eter cylinder passing through a stationary fluid at a constant veloc-

ity. He considered the drag force as a function of the parameter �' 

defined by 

8 (Re 112/Re) X (2-3) 

where Re and Re are the Reynolds numbers based on the length and diax 

meter of the cylinder, respectively. Andrews (18) undertook an 

experimental study of the air drag on a stationary fiber in a wind 
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tunnel. He obtained the following relationship for the drag 

coefficient 

1. 30 Re-0•61 (2 -4) 

Aoki et al. (19) performed experiments similar to Andrews and obtained 

cd = 0. 18 Re-0•44 (2-5) 

Sano and Orii (20) measured tensions at various points along the spin

line and determined that 

0. 68Re-0•61 (2 -6) 

Hamana et al. (2 1) performed similar experiments and found 

cd = 0. 37 Re-0•61 (2-7) 

Kwon and Prevorsek (22 )  performed experimental studies on air 

drag forces using a technique which involved the air boundary layer 

surrounding the fiber being spun. Their results indicated that the air 

drag values obtained from available correlations underestimated the 

actual drag force. A possible cause was the swaying of the fiber which 

gave an apparent diameter larger than the actual diameter of the 

fiber. 

Gould and Smith (23) also found that the drag force increased 

significantly when the fiber was allowed to vibrate freely. Under 

these conditions compact yarns behaved as a thick fiber of the same 

surface area. For fiber diameters less than 0 . 3 millimeters, they 

obtained 
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0. 27 Re-0•61 (2-8) 

From these results, it is obvious that there does not exist a general 

consensus on the actual numerical values, but there is agreement on 

the form. The problem lies in the experimental techniques and the man

ner in which the data are being analyzed. 

Rheology 

Han and coworkers (24-26) examined the rheological aspects of 

isothermal spinning by considering elongational viscosity, deformation 

and heat transfer effects. They arrived at a semi-empirical general

ized equation for the elongational viscosity as a function of the 

elongation rate and temperature. The mathematical model developed was 

similar to that of Kase and Matsuo (27-29) and required a numerical 

solution but satisfied the mass, momentum and energy balances. The 

apparent elongational viscosity was computed for polypropylene (29) 

and nylon 6 (30) from experimental melt spinning data. Hill and Cuculo 

(31) performed an experimental study on the melt spinning of poly

(ethylene terephthalate) (PET) which included the effects of molecular 

weight, temperature and elongation rate on the elongational viscosity. 

The rheological behavior of the material, introduced in the elonga

tional viscosity, must be an important consideration in any melt spin

ning process. Chen et al. (32) and Spearot and Metzner (33) considered 

the influence of viscoelasticity and the deformation history on the 

process and Acierno et al. (34) performed an investigation on non

Newtonian melt behavior in isothermal spinning. Matovich and Pearson 

(35) and White (36) have attempted a theoretical analysis of melt 

9 



spinning taking a non-Newtonian approach toward the rheology of the 

fluid involved. 

Larson ( 37 ) compared the isothermal spinline velocity profiles 

predicted by a Dol-Edwards and a co-rotational Maxwell constitutive 

equation. Both models predicted limited spin ability ( i. e. short spin

lines and low draw ratios ) which contrasted with the unlimited spin 

ability found using an upper-convected Maxwell constitutive equation. 

The spinning behavior of the Dol-Edwards formulation was dominated by 

the elongational strain measure rather than the distribution of relax

ation times. 

Heat Transfer 

Andrews (38 ) used a simplified energy balance to arrive at the 

fiber temperature as a function of its length ( i. e. distance from the 

spinneret) . The solution was difficult to apply to the spinning pro

cess because of the two-dimensional nature of the problem: radial and 

axial temperature gradients were considered. Wilhelm (39 ) applied 

Andrews' results to his experimental data and in some cases found good 

agreement. 

Ziabicki and Kedzierska (40 ) attempted to model this phenomena 

by considerine a hot cylinder immersed in an isothermal cooling fluid. 

Their analysis included simplifying assumptions to yield a tractable 

problem, however the results did not agree with experimental data. 

Kase and Matsuo (2 7 -29 ) performed an energy balance on a differential 

element in the spinline. They considered conduction-convection effects 

while neglecting radiation and the heat of crystallization; they 

produced correlations for the heat transfer coefficient which included 
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a transverse quench flow. The theory provided a means of computing the 

temperature as a function of spinline distance but deviations from 

experimental data were traced to neglecting the heat of crystalliza-

tion. 

Barnett (4 1 ) ,  considering forced and free convection, used nu-

merical analysis to compute the temperature as a function of the fiber 

length. His analysis included acceleration, radiation and free stream 

turbulence effects. Copley et al. (42)  investigated the effect of 

fiber attenuation on the axial temperature gradient of the fiber. 

Morrison (4 3 )  also performed a numerical analysis on the cooling and 

solidification process which included the heat of fusion as well as 

convective and radiative heat transfer. Acierno et al. (34 ) probed 

boundary layer theory applications in melt spinning. Nakamura et al. 

(44 )  included the heat of fusion in an energy balance similar to that 

of Kase and Matsuo and developed expressions which related the crys-

tallinity to the temperature. Two differential equations resulted 

which had to be solved numerically for an a priori set of boundary 

conditions. The final result was 

where 

dG 

dt 

R ( T-T ) + C oT + V oT a p 
-1'::.-:-:H::---- !'::.H o t o z 

R 2/iL h/JA 

( 2 -9 )  

(2 -10) 

and h is the heat transfer coefficient, C is the specific heat and !'::.H p 

is the heat of fusion. 
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The heat transfer coefficient has been shown to be a sensitive 

parameter in determining the overall temperature profile of the spin

line and there have been many attempts to provide theoretical and 

empirical relationships between it and the spinning conditions. These 

results are generally expressed as a Nusselt number which is a func

tion of the Reynolds, Prandtl and/or Grashof numbers. Glicksman (45) 

found using turbulent boundary layer theory 

Nu 0. 325 Re0•3 (2-11) 

for a stationary cylinder in an axial air stream, where Nu is the 

Nusselt number and Re is the Reynolds number based on the cylinder 

diameter and the velocity of the air stream. Empirical results for a 

stationary cylinder in an axial air stream include Mueller (46) who 

found 

Nu 0. 516 Pr0•3 Re0•43 (2-12) 

where Pr is the Prandtl number. Roberts (47) determined for the same 

conditions 

Nu 0. 746 Re0•38 

while Sano and Nishikawa (48) found 

0. 3  Nu = 0. 32 + 0. 155 Re 

(2-13) 

(2-14) 

An empirical relationship for axial motion of the fiber coupled with a 

transverse air flow was determined by Sano and Yamada (49) as 

Nu = 0 . 35 + 0 . 5  Re0•5 
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where 

Re Reef + (0. 3  Reef
0•36 - 0. 2)2 + (1. 2 6  Gr0•7 - 0. 7 )2 (2-16) 

here Reef is the Reynolds number based on the transverse air velocity 

and Gr is the Grashof number. Kase and Matsuo (28) found for these 

conditions 

Nu NuO [1 + 8(V /V )2]0. 167 
c f (2-17) 

where Nu0 is the Nusselt number in the absence of transverse flows and 

Vc and Vf are the transverse air and fiber velocities, respectively. A 

general review of heat transfer phenomena in melt spinning was given 

by Wanger and Fox (50). 

Crystallization and Orientation 

Ziabicki (51,52) performed a theoretical analysis of crystal-

lization during melt spinning using an isothermal Avrami equation 

modified for non-isothermal conditions. It was assumed that the rate 

of transformation from the amorphous phase to the crystalline phase 

followed first order kinetics. With this assumption, he obtained 

8 1 - exp[-(j k[T] d•)J (2-18) 

where k[T] is the isothermal rate constant. He also defined the 

kinetic crystallizability as 

G f k[T) dT (2-19) 

and the cooling parameter as 
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dT/dt ( 2 -2 0 )  

which allowed the degree of crystallinity to be expressed as 

e 1 - exp(G/�) ( 2-2 1 )  

This formulation resulted in qualitative agreement with experimental 

data when a constant cooling rate was assumed. Nakamura et al. (44 , 53)  

also used a modified Avrami equation and applied numerical techniques 

to obtain results for melt spinning and non-isothermal quiescient 

crystallization. They arrived at the following relation 

e ( 2-22 ) 

where K[T] = k[T] l/n and n is the Avrami index. They ( 5 4 )  extended 

this treatment to include radial temperature gradients. Abbott and 

White ( 5 5 )  presented a general theory of non-isothermal crystalliza-

tion including stressed or oriented conditions. A two-dimensional 

energy balance considered a crystal growth front advancing through the 

solidifying fiber. The theory contained both hetero- and homogeneous 

nucleation mechanisms and resulted in a nucleation rate that was a 

function of temperature and deformation rate. Their result was 

e 

where 

Aj+a �j+a Nk.c. � s 
J J 
PL 
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the nucleation rate, Nkj' contained the temperature and deformation 

rate dependence. 

Ishizuka and Koyama ( 5-8 ) studied the crystallization kinetics 

of polypropylene on a running spinline using the following relation 

for a heterogeneously nucleated system 

-ln[l-0/0 ] 00 ( 2-2 5 )  

where 0 is the maximum crystallinity, p and p are the density of oo c a 

the crystalline and amorphous phases respectively, G. is the time, 
J 

temperature and orientation dependent linear growth rate and Ni is the 

temperature and orientation dependent rate of nucleus formation. 6n a 

is the orientation of the amorphous material and kf is a shape factor 

which depends on the dimensionality of the growth. They found that a 

two-dimensional growth model provided the best fit of the experimental 

data. The crystallization of polypropylene during melt spinning was 

dictated by the initial local molecular orientation of the supercooled 

melt and only highly oriented molecules would be successively incorpo-

rated into the growing crystal. 

Abhiraman ( 56) analyzed the crystallization process in terms of 

the orientation distributions of the crystalline and amorphous phases. 

It was assumed that the system consisted of distinct crystalline and 

amorphous phases and no relaxation of the orientation occurred during 

crystallization. It was also assumed that the orientation of the crys-

tals was the same as that of the nuclei from which they were 

initiated. Krigbaum and Roe's ( 5 7 ) hypothesis was used to relate the 

nuclei orientation distribution to that of the amorphous precusor. He 
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concluded that the crystallization of an oriented precursor would lead 

to a higher degree of anisotropy than that of the precursor. The 

depletion of the oriented precursor would lead to an amorphous orien-

tation normal to the initial preferred direction. The overall orienta-

tion increases with crystallization. This analysis did not include the 

effect of free energy changes, a changing amorphous orientation during 

crystallization or chain folding mechanisms. 

Ziabicki ( 58 )  performed a theoretical analysis of polymer crys-

tallization which included orientation and non-isothermal effects. His 

analysis resulted in defining a transition parameter, 6, given by 

6 = t 1/2 I t 1/2 
or cr (2-26) 

where t 1/2 and t 1/2 are the orientation and crystallization half-or cr 

times, respectively. When 6 is small (6 << 1) the orientation process 

is more rapid than the crystallization process and the orientation 

factor reaches its final value before any significant crystallization 

can occur. When o is large (o  >> 1) crystallization precedes orienta-

tion. In this case the orientation remains at its initial value. When 

6 is near unity a complex process involving the interaction of both 

orientation and crystallization takes place. For PET, o < 1, and 

orientation leads crystallization therefore the orientation factor is 

expected to increase rapidly before crystallization occurs. The crys-

tallization process leads the orientation process for both nylons. 

This implies that the orientation factor would remain near its initial 

value after crystallization took place (especially for nylon-66). 
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Structure Development 

A most significant aspect of melt spinning is the relationship 

between the processing variables and the properties of the resulting 

fibers. The fiber properties are determined by the fine structure of 

the fibers ( e. g. orientation, crystallinity, morphology) as well as by 

the molecular structure of the polymer. Hence, the relationship of 

processing variables to the structure development is a key aspect to 

understanding the properties that may be developed during fiber pro

cessing. Hearle ( 5 9 )  reviewed the early studies of crystalline struc

ture in fibers but was only interested in the fiber itself and not the 

conditions under which it was made. Keller ( 6 0 )  and later Vonk ( 6 1 )  

showed that lamellar crystals and fibrils formed complex structures 

which were a consequence of the deformation imposed during the crys

tallization process. They labelled these as "shish-kebab'' structures. 

Krueger and Yeh ( 6 2 )  examined these shish-kebab structures and con

cluded that the kebab was not a separate surface growth but was inter

twined with the shish by tie molecules passing through the shish. 

Ziabicki and Kedzierska ( 63-65 ) performed a theoretical analysis and 

collected data on orientation and crystallization in melt spinning. 

They presented a discussion on the effect of polymer structure on 

orientation and found that the orientation increased with spinline 

tension, the difference between the take-up and extrusion velocities 

and the inverse of the fiber diameter. Furukawa et al. ( 66 )  and Kitao 

et al. ( 6 7 ) carried out studies which emphasized the development of 

crystallinity in the spinline. 
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Spruiell and White (68) introduced the continuous cooling trans

formation (CCT) curve concept and correlated the interaction of 

stress, temperature and cooling rate. The stress and cooling rate were 

shown to influence substantially the temperature at which crystalliza

tion begins. They also suggested that stress and orientation decreased 

the free energy of formation of the crystal nuclei which would lead to 

an observably higher crystallization rate. 

Katayama et al. (69) performed online experimental studies on 

polyethylene, polypropylene and polybutene-1 and found an increased 

crystallization rate due to molecular orientation and also investi

gated the interaction of the heat of fusion and the heat transfer rate 

from the spinline. The morphology they found consisted of lamellar and 

interlamellar regions stacked normal to the fiber axis. At the 

University of Tennessee, Knoxville there have been numerous studies on 

the development of crystallinity in the spinline for polyethylene 

(70, 71), polypropylene (72, 73), nylon-6 (74,75) and polyoxymethylene 

(76). 

Aggarwal et al. (77) found that stretching polyethylene ini

tially involved alignment of the a axis with the stretch direction 

with the b and c axes randomly distributed. Upon further deformation 

there was a gradual change to alignment of the c axis with the stretch 

direction. Ishikawa (78) using compression and stretching techniques 

coupled with x-ray diffraction on polyethylene fibers found a differ

ence in morphology with spinning conditions. 

White et al. (79) reported an increase in the Herman's orienta

tion function for polyethylene with take-up speed at constant 
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extrusion velocity and a decrease with extrusion rate at constant 

take-up velocity. Abbott and White ( 5 5 )  examined final fiber crystal

linity for high and low density polyethylene as a function of spinning 

speed, extrusion rate and temperature. They found a strong correlation 

of the mechanical properties of the final fiber with the crystalline 

orientation. Southern et al. ( 8 0 )  interpreted the high orientation and 

unusual physical properties of highly crystalline polyethylene fibers 

in terms of an extended chain morphology. Keller and Machin (8 1 )  pro

posed a model for spherulite growth during melt spinning. A central 

nuclei consisted of extended or partially extended molecules aligned 

with the extrusion direction. These constituted fibrils on which 

lamellae with folded chains grew epitaxially. Dees and Spruiell ( 7 1 )  

found that the development of crystallinity in polyethylene fibers was 

a combination of increased crystallization kinetics, caused by the 

spinline stress, and a change in any variable that affected the rate 

of heat transfer. The morphology of the as-spun fiber consisted of row 

nucleated and twisted lamellar folded chain overgrowth; the quantity 

of each depended on the spinning conditions. The birefringence was a 

function of the crystalline orientation only and the mechanical prop

erties correlated well with the crystalline orientation. Fung and Carr 

( 8 2 ) , using electron microscopy on melt spun polyethylene fibers, 

found row nucleated structures within the fiber caused by orientation 

during spinning. The skin-core morphology was produced by a stress 

effect in the solidifying fiber and gave a higher degree of orienta

tion at the fiber surface and chain tilting with respect to the fiber 

axis at an angle that varied with the radius. 
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Binsbergen ( 8 3 )  studied orientation induced nucleation in 

polypropylene and found that crystalline structures oriented along the 

lines of strain. Samuels ( 84 )  found that orientation increased with 

drawdown ratio in polypropylene fibers. Garber and Clark ( 85) found 

that crystallization under a high stress produced a highly oriented 

row nucleated morphology in polyoxymethylene. Keller ( 8 6 ) presented a 

qualitative discussion of crystallinity and orientation in melt spun 

fibers using x-ray data for nylons, polyethylene and PET .  Hamana et 

al. ( 2 1 , 8 7 )  performed the first online birefringence study of PET with 

take-up speeds up to 1 000 meters per minute and found a unique corre

lation between birefringence and stress. Huisman and Heuvel ( 8 8 )  and 

Hagler ( 8 9 ) found that PET crystallized in the spinline at speeds 

greater than 3000 meters per minute. 

Chappel et al. ( 2 )  performed online x-ray experiments while 

studying the crystallization of nylon-66, but their results were qual

itative in nature. Keller ( 9 0 )  used microphotography to study the 

effect of an orienting stress on the morphology of nylon-66. He found 

row structures whose longitudinal axes were parallel to the deforma

tion axis. 

Ziabicki and Kedzierska ( 63-65) derived differential equations 

for the orientation of rigid ellipsoids and flexible coiled chains in 

a parallel velocity gradient field. From this analysis a coefficient 

of fiber orientation was formulated, but the solution required the use 

of a numerical procedure. Ziabicki ( 65) later simplified the orienta

tion equations enough to allow an analytical solution and the results 

were in qualitative agreement with experimental data. The final 
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orientation was a result of elongational flow and a thermally induced 

randomization process. Kobayashi ( 91 )  suggested a morphology con

sisting of spiral growth of folded chain lamellae with screw disloc

ations parallel to the flow direction. 

Nishiumi ( 92 ) ,  using an analysis similar to Ziabicki's, related 

the birefringence to several processing variables. Anderson and Carr 

( 9 3 )  have proposed a model for flow crystallized polypropylene. Clark 

( 94 )  and Clark and Spruiell ( 9 5 )  proposed a morphological model for 

polypropylene where row structures of planar lamellae were intercon

nected by tie molecules. This gave rise to c axis orientation while 

the a axis orientation resulted from interlamellar crystal growth that 

had a special epitaxial relationship with the primary row structure. 

Sprague ( 9 5 )  proposed morphological models for "hard'' elastic fibers 

such as polypropylene and polyoxymethylene. 

Mathematical Modeling 

Kase and Matsuo ( 2 7 -2 9 ) performed the first attempts to mathe

matically model the melt spinning process. They undertook both a tran

sient and steady state analysis. In the steady state case they arrived 

at essentially the equations derived by Ziabicki ( 1 4 ) , although dif

ferences arose in the manner in which they applied their results to 

experimental data. Prastro and Parrini ( 9 7 ) attempted to define criti

cal spinning parameters for PET by numerically solving the equations 

of motion, energy and the Newtonian rheological model. They assumed 

that the specific heat and density were constant and that inertia, 

gravity and air drag were negligible contributors to the force 

balance. Under these restrictive assumptions, a correlation of the 
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critical conditions where fiber breakage would occur was presented. 

Gagan and Denn (98 )  introduced a mathematical model to simulate the 

PET melt spinning process. The Newtonian and Tanner and Phan-Thein 

constitutive equations were used. They found that the location of the 

freeze point (the point at which the velocity reached 9 5% of its final 

value ) was independent of changes in the take-up velocity. Their model 

was extremely sensitive to the choice of heat transfer expression and 

this uncertainty did not allow them to discriminate between the 

Newtonian and viscoelastic models when compared to the experimental 

data of George ( 9 9 ) .  They concluded that there was a qualitative dif

ference between the two constitutive equations. The air drag caused an 

increase in the stress with the Newtonian model, whereas for the vis

coelastic model it led to a decrease in the stress which was 

attributed to the coupling between the stress and the velocity in the 

viscoelastic fluid. This formulation led to a more descriptive rather 

than predictive model since there were several boundary conditions 

which were specified a priori rather than results of the simulation. 

George ( 1 00 ) proposed a model for the melt spinning of PET at 

speeds ranging from 750  to 3500 meters per minute. A comparison of 

constant and variable tension spinning showed that there was no effect 

on the temperature and velocity profiles, but there was a 100% 

increase in the stress at the freeze point for the variable tension 

model. Correlations were presented for the tenacity, elongation to 

break and modulus with the birefringence. 

Yasuda et al. (10 1 )  included a radial temperature gradient which 

was claimed to be the source of the radial orientation distribution. 
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Their formulation led to three ordinary and one partial differential 

equations and the method of solution was not presented. The tempera

ture difference between the center of the fiber and its surface 

ranged from 2 to 1 2  ° C ,  but there was an error in the correlation used 

for the heat transfer coefficient. A relationship between the bire

fringence and the stress in the fiber, using the computed stress at 

the freeze point was presented. There was little comparison to experi

mental data and the data that were given indicated a large amount of 

scatter. The radial orientation variation increased with velocity, 

presumably from an increase in the radial temperature gradient. They 

concluded that increasing the cooling air temperature decreased the 

radial orientation variation. 

Yasuda et al. ( 1 0 2 )  next proposed a model for the heat transfer 

in multifilament melt spinning of PET. A variable coefficient was used 

to relate the flow of air around individual fibers to the take-up 

velocity. Several coefficients were presented and temperature drops 

were computed but were not compared to any experimental results. In a 

subsequent study ( 10 3 )  they applied this to a multifilament spinning 

process and the simulation indicated that the denier variation was 

related to the maximum in the velocity gradient and the position where 

that maximum occurred in the spinline. The birefringence was again 

compared to the computed stress at the freeze point. 

Dutta and Nadkarni ( 104 ) used an approach similar to that of 

Gagan and Denn with a temperature and molecular weight dependent 

Newtonian viscosity. The effect of several variables on the spinning 

process was evaluated and they concluded that the extrusion 
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temperature, melt intrinsic viscosity, mass throughput and take-up 

velocity were the most significant variables in the process.  Shenoy 

and Nadkarni (105 )  performed computer simulations with the model of 

Dutta and Nadkarni on PET. The model used the artificial boundary 

condition that the final velocity was achieved at the take-up device 

and the fiber temperature reached the glass transition temperature at 

the take-up device. They verified the stress optical law for PET using 

data from several different industrial plants. The utility of these 

types of simulations was demonstrated by a case study of factors 

affecting a constant denier product. 

In all of the above works it should be emphasized that the 

models were not applicable to the melt spinning process when structure 

development processes such as crystallization took place. Kikutani 

(106 ) proposed a model which included a crystallinity dependent elon

gational viscosity along with orientation induced crystallization 

kinetics for PET melt spinning. This formulation predicted online 

crystallization at take-up speeds greater than 3000 meters per minute 

and the appearance of the "necking" phenomenon experimentally observed 

at high speeds. 

Bai ( 1 0 7 ) compared online experimental diameter, temperature and 

birefringence profiles to those predicted from Kikutani's model. He 

found that a reasonable quantitative fit between the experimental data 

and the model could be obtained by adjusting various parameters within 

the model so that the appearance of the necking region as predicted by 

the model coincided with that experimentally observed, this however 
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led to a discrepancy in the predicted and experimentally observed 

take-up speeds. 

High Speed Spinning 

Shimizu and coworkers ( 9 -11 ,108-115 )  made extensive use of both 

an air jet nozzle and a high speed godet to reach take-up velocities 

of 1 0 , 0 00 meters per minute. Their study of isotactic polypropylene 

indicated that the fibe r diameter reached a limiting value which 

depended on the distance of the nozzle from the spinneret and the air 

pressure in the nozzle ( 9 ) .  They found ( 10 ) that at take-up speeds 

greater than 3000 meters per minute, the yield point in stress-strain 

curves of as-spun fibers had disappeared. The birefringence was inde

pendent of extrusion temperature, but the density remained a function 

of the temperature and the cooling rate. They found a drastic increase 

in the initial Young's modulus, the thermal contraction and a decrease 

in the small angle x-ray scattering intensity, in addition to a shoul

der melting peak in differential scanning calorimetry (DSC) traces 

(11 ) . These findings were interpreted in terms of constrained amor

phous chains trapped between crystallites when the polymer crystal

lized under stress. Furthermore, the elastic recovery of the fiber was 

affected by the spinning conditions (108 ) .  The stress-strain behavior 

was examined in terms of three regions; an elastic modulus I 

(corresponding to the initial Young's modulus), an elastic modulus I I  

(corresponding to the bending modulus of the lamellae crystal) and an 

elastic region (corresponding to the extension region where the 

plastic fracture of the lamellar crystals was neglected). 
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In another study involving PET (109 ) ,  they found that below 

4000-5000 meters per minute that the fiber structure formation which 

resulted from orientation induced crystallization took place at lower 

take-up velocities as a result of increasing elongational viscosity 

with increasing molecular weight. Also, the degree of crystallinity 

and the molecular orientation reached limiting values at take-up 

speeds above 5000 meters per minute. These limiting values decreased 

with increasing molecular weight from which they inferred that the 

increase in molecular weight did not lead to the development of fiber 

structure. Furthermore, for fibers spun near the critical spin 

ability, there was decreased density and birefringence, a crimping of 

the fiber and the appearance of a shoulder melting peak in DSC traces 

which resulted from sliding or scission of the molecules or increased 

void content. A subsequent study (110 ) showed that higher take-up 

speeds were the predominate influence in fiber structure formation. 

The effect of the mass flow rate, although minor in comparison, was 

attributed to heat transfer phenomena due to the decrease in fiber 

diameter rather than the draw ratio. They found, in addition , a dis

proportional increase in crystallinity at birefringence values of 

0 . 062 - 0 . 06 8 . 

A later study (111 ) involving PET indicated that at take-up 

speeds greater than 7 000 meters per minute the density and birefrin

gence decreased and the degree of crystallinity achieved a limiting 

value. The small angle x-ray scattering patterns changed from a four 

spot X pattern to a two spot meridional pattern. The crystallites were 

almost completely oriented while the orientation of the amorphous 
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regions remained low but exhibited a maximum at 6000 meters per 

minute. At very high take-up speeds, the fibers contained large 

numbers of voids in the outer skin region. The degree of crystallinity 

and molecular orientation was higher in the outer skin than in the 

core and the difference increased with take-up velocity. This effect 

presumably resulted from large radial stress and temperature gradients 

within the fiber. 

Shimizu et al. (116 ) used WAXS to examine the crystallite size 

and imperfection in high speed spun PET fibers. The crystallite size 

increased in both the chain and lateral dimensions while the imperfec

tion parameter decreased with take-up speed. They (11 7 )  proposed the 

existence of an oriented mesophase in high speed spun PET fibers. This 

mesophase was postulated to be a highly oriented intermediate between 

the crystalline and amorphous phases and was used to interpret WAXS 

patterns obtained from as-spun fibers. The resolution of the WAXS 

patterns using two amorphous contributions led to higher crystalline 

orientation factors. The basis upon which the demarcation between the 

amorphous phase and the mesophase was not clearly explained. 

Shimizu ( 1 1 3 )  observed that above 3000 meters per minute PET 

exhibited an online "necking" phenomena, an apparent drawdown of the 

fiber diameter to its final value in a very short distance. He postu

lated the existence of an oriented mesophase in the "neck" region 

prior to crystallization. The "neck" region appeared closer to the 

spinneret with increasing take-up velocity or decreasing mass through

put. 
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George, Holt and Buckley (118 ) interpreted experimental bire

fringence and velocity profiles in terms of the freeze point. They 

concluded that the interaction of supercooling and stress was the 

primary driving force in the crystallization of PET on the spinline. 

They found that a minimum stress (orientation) must be present for 

crystallization to occur. At intermediate speeds the increase in 

stress allowed crystallization to occur at higher temperatures. A 

point was reached where this interaction broke down as a result of the 

low crystallization rates at the higher temperatures. Their results 

also implied that the birefringence itself was not indicative of the 

onset of crystallization. 

Bragato and Gianotti (119 ) used a simplified analysis to inter

pret the spinline behavior of PET at speeds up to 3500  meters per 

minute. Their experimental data showed no birefringence at the spin

neret, the fibers exhibited no crystalline x-ray diffraction, gave an 

8% crystalline index by DSC and the birefringence was linear with 

stress. They inferred that an elastic zone appeared at a given temper

ature where the birefringence increased rapidly. Their analysis 

estimated the molecular orientation and crystallinity in this solidi

fication region. They concluded that the molecular orientation rapidly 

increased in the elastic zone after the end of the cold crystalliza

tion region ''neck" and was linearly dependent on the local stress. 

In a subsequent paper (120 ) ,  they examined the crystallization 

kinetics of the fibers previously obtained using DSC techniques. They 

found an enormous increase in the kinetic rate with increasing orien

tation at the same crystallization temperature. The crystallization 
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temperature decreased w i th increas ing orientation at the s ame heat ing 

rate . They concluded f rom an Avrami analy s i s  that t he mechani s m  

changed f rom three d i mens i onal g rowth at low orientat i on s  to two 

( d isk ) or one ( rod ) d imens ional grow th at  h igh or ient at ions . 

In thei r  s t udy of nyl on 6 s p i nn ing , Shimizu et  a l .  (11 2 ) f ound 

no change in dens i ty for f ibers spun at  t ake-up speeds le s s  than 3000 

me ters per minute but extens ive changes above that spee d .  Below 5000 

meters per  minu t e ,  the y and h phases  increased whi l e  t he a p hase 

decreased w ith increas ing take-up speed . Above 5000 meters  per minute ,  

the y and h phas es  decreased while the a increase d .  The init ial 

Y oung ' s  modulus and the tenacity showed maxima at 5000 meters per 

minu t e .  A l s o ,  the elongat i on to  break decreased w i th increas ing t ake

up spee d .  The tran s i t ion around 5000 meters per minu t e  re f lected the 

he terogeniet ies  in the f iber cro s s  sect ion.  

S himizu ( 113 ) s ummarized  experimental  resul t s  on high  speed spun 

f i be rs o f  PET , nylon 6 and ny lon-6 6 .  The biref ringence o f  the ny lon 6 

f i bers  increased w i th t ime after s p inn ing and a no rma l i zed d i f feren

t ial b iref ringence decreased w i th ve loc i ty up to 4000 me ters p er 

minu te to  a l imit ing va lue . For nylon-66  f ibers the trans it i ons 

oc curred around 3000 met ers per minu t e .  The birefringence increased 

and the long period remained cons t ant below 3 000 me ters  per minute .  

Above 3000 meters per minu t e ,  the bire f r ingence and both the crys

tall ine and amorphous o r ientat ion func t i ons rema ined cons tant whi le 

the l ong period increased . The crystal  perfect ion index rema ined at 

0 . 60 up to 5 000 meters per minute then increased.  
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S himizu and coworkers (114 ) reported f indings on an interest ing 

polymorphic response of poly ( ethy lene - 1 , 2  - d iphenoxyet hane - p , p '  -

d icarboxylat e )  ( P EET ) to  s pinning cond i t i ons . PEET exh i b i t ed two cry s 

tallograph ic forms labelled a and � .  The a form was t ri c l in i c  and w a s  

f ound in ma terial c ry s tall ized  f rom the melt o r  dilute  solut ions . When 

s pun at speeds below 3000 me ters per minut e ,  the f iber cont ained only 

the a f o rm .  At speeds between 3000 and 6000 meters per minute , the 

f i ber conta ined both forms and the � f orm revert ed to the a f o rm on 

anneal ing . At speeds greater than 6000 met ers per minute , only the � 

f orm was f ound and i t  would not t rans form upon anneal ing.  

A later s tudy (115 ) involved s eve ral polymers where the  b i re

f ringence and s t re s s  (as mea sured by a tens iometer ) were determined at 

several sp inn ing speed s .  The drag and ine rt ial s t res ses  were cons i d

ered . Al though the authors claimed a l inear re lat i onship  be tween the 

inert ial s tresses  and the birefringence the da ta  ind icated that this  

wa s  only t rue for PET , not polypropylene , ny lon 6 or  ny lon-66 . They 

also  p resented "onl ine" and off  l ine values of the s t res s op t i cal  

coe f f ic ient fo r  s evera l p o lymers . The d i f ferences between the two were 

a t t ributed to cry s t a l l ites  in the o f f  l ine s amples , but no c ry s

t a llin i ty data were given . 

Leclu se ( 3 )  performed online x-ray s tudies  of nylon-66 at  sp in

ning spee ds o f  500 to 7 000 me ters  per minu t e ,  The x-ray s cans were 

performed on a mul t i f ilament l ine after the f ibers were collected into 

a bundle at  temperatures f rom 110 to  25 ° C .  The patterns s howed no 

variat ions along the s p inl ine and only a h igh temp erat ure y form , 

postulated by C olcough and Baker (121 ) , was p resent . These  resul t s  are 
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cons i s t ent w i th the available k inet i c  data wh ich indicate a max imum 

cry s t a l l i zat i on rate at 1 50 ° C ,  and a Brill  t rans i t ion temperat ure o f  

1 6 0  ° C  would indicate a coalescence of  the ( 1 0 0 )  and ( 1 1 0 , 0 1 0 )  

d if f ract i on peaks , thus inferring the y form.  Her  emphas i s  was on the 

a g ing behavio r  of  the spun f ibers . The y t o  a " t rans i t i on" was dep en

dent on the s p inning speed , increased w i th the level o f  cry s t allinity 

and caused relaxat ion in the amorphous reg ion s .  The " t rans i t ion" 

re sulted in inc reased  ove rall biref ringence wh i le the d i f ferent ial 

b i refr ingence decreas ed between the skin and the core . She concluded 

that aging caused the f ibr il  cry s tals  t o  reve rt t o  lamellae as a 

re sult of  e p i taxial growth . The original y c ry s tals  conve rted to t he a 

form and cont inued t o  grow in the a form.  The internal s t re s s es were 

re lieved by t he p l a s t icat ing act ion of water.  This  p roc e s s  was con

t rolled by the rel a t i ve humi d i ty and molecular orientat i on .  

Z i abick i  ( 1 2 2 )  approached the theoret ical aspects  o f  high speed 

s p inning . He concluded that the s hear s tress  f rom the a ir drag f orce 

was too small to a f f ect the s t ructure format ion p roce s s .  The extremely 

h i gh elonga t i on rates al tered the deforma t i on in the sp inl ine and 

induced ins tab i l i t ies , esp ec ially in conj unc t i on with  h i gh cooling 

rates . The h i gh s t res ses in the skin region p rov ided a more s u i table 

envi ronment for molecular orientat ion and cry s talli zat ion than the 

higher temperature , l ower vi s cos i ty and lower s t res s interior of the 

f iber .  This  lead to radial vari at ions in the f iber morpho l ogy . There 

rema ined the ques t i on of  low orient at ion in the amorphous reg ions . He 

concluded that the s t res s  in the sp inl ine was the dominant factor in 
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the c ry s t a l l i zat ion k inet ics  and that very high c ry s ta l l ine o r ienta

t i ons were ach ieve d .  

Cry s ta l l izat i on K inet i c s  

T he c ry s tall i z at ion of  p olyme rs has been characterized  a s  a two 

s tep p roces s .  The initial  s tep involves the format ion of  a nucleus of 

suf f ic i ent s i ze to f orm the bas i s  of a cry s ta l ;  this  s t ep is f ollowed 

by a growth p roce s s  whereby mat erial  is incorporated into the exp and

i ng c rys tal . C rys tall izat i on kine t ic s  at temp t s  to mathemat i ca l ly 

interpret the s e  p roce s s e s  in a q uant i tat ive manner with  re s pect t o  

t ime. 

The fo rmat ion of a nuc leus under i sothe rmal cond i t i on s  can occur 

by e i ther a homo- or heterogeneous mechani sm. F isher e t  al. ( 1 2 3 ) p ro

posed a theory for p o lymer cry s tal l i z at ion by extend ing exi s t ing 

theories  for nonpo lymeric materia l s . The nucleati on s tep was based on 

the theory o f  Becker and Doring ( 1 2 4 )  for condensed s y s t ems . 

Mande lkern e t  a l .  ( 1 2 5 )  p rop osed  a homogeneous nucleat i on model t o  

interp re t  d i sk and spheru l i t ic s haped nucle i .  Mandelkern ( 1 2 6 )  

extended that t rea tment to  cyl indri cal s haped nuc le i .  Devoy and 

Mande lke rn ( 1 2 7 ) u sed Turnbul l ' s  heterogeneous nucleat ion model ( 1 28 )  

and showed t hat the f ree energy barrier to  nucle at ion was l ower for 

hete rogeneous nucleat i on than for homogeneous nucleat ion.  Cormia et 

a l .  ( 1 2 9 )  rev iewed ear ly expe rimental  s t udies and concluded that 

nucleat ion in p o lymers was almo s t  ent i re ly heterogeneous . 

Avrami ( 1 30- 1 32 )  has been cre d i ted w i th t he introduc t i on of  the 

exp re s s i on which re lates the cry s t a l l ine f ract ion to  the elapsed t ime , 
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although the re la t i onship was independently developed by several 

o thers  ( 1 3 3- 1 3 5 ) around the same t ime perio d .  This  re lat ionship i s  

G ( t )  = 1 - exp [ -E( t ) ]  ( 2-27 ) 

where E ( t )  i s  a funct i on who se f orm depends on the nucleat i on and 

growth mechani sms . In the case where there are N
O 

nucle i fo rmed at  the 

s ame ins tan t , E ( t )  i s  g i ven by 

E ( t )  N0 v ( O , t )  ( 2-28 ) 

where v ( O , t ) i s  the growth veloc i ty . In the case whe re the nuc lei a re 

f o rmed s p oradi cal ly during the cry s tallizat ion p roces s ,  E ( t )  i s  

E ( t )  J N ( s ) v ( s , t ) ds  ( 2-29 ) 

where N ( s )  i s  the nu cleat ion rate and v ( s , t )  i s  the growth rate o f  

those nucle i formed at t ime s .  The spe c i al case of  i s olated nucleat ion 

and growth leads to 

E ( t )  ( 2 -30 ) 

where k i s  an i sothermal ra te cons tant and n is  the so-cal led Avrami 

index. Equat ion ( 2-30 ) has been extens ive ly used to interpret polymer 

cy st al l i z a t i on phenomena and there have been many theo ries developed 

which have attached a s ign i f i cance betwe en the value of  n and a 

p art i cular me chani sm. The re have been so  many o f  the s e  re lationships  

that a d i scriminat ion based on the  Avrami index alone is  no  longe r 

cons idered  unique . Mande lkern ( 1 36 ) mod i f ied Avrami ' s  analy s i s  to 
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account fo r  the amorphous to  part ially crystall ine t rans f ormat ions 

f ound in mo s t  poly me r s .  

The rate o f  nucleus forma t i on w i t h in a sys tem has been descr ibed 

in terms o f  two mechan i sm s .  Therma l nuc leat ion resul t s  f rom localized  

thermal f luctuat i ons in the sy s tem about some thermodynamic s teady 

s ta t e .  Athermal nucleat ion i s  a result of  changing the ent ire sy s tem 

f rom one thermodynami c  steady state t o  another . The thermal nuclea t ion 

rate for spher ical nuc lei , as g i ven by Z i abick i  ( 1 37 ) ,  i s  

3 2 
N th = Cons t [ckT ] exp[-Ea] exp[- 1 6 a  T m  ] 

h kT 3 ( �H�T ) 2 kT 

( 2- 3 1 )  

where E i s  the ac t i va t ion ene rgy , a i s  the s ur face tens ion ,  �H i s  the 
a 

heat of  f u s ion,  T i s  the melt ing temperature and �T i s  the supercoolm 

ing . For cyl indr ical nucle i ,  the nucleat i on rate i s  ( 13 8 , 1 3 9 )  

( 2- 3 2 ) 

where a and a are the sur face ten s i ons on the head and s i de of the 
e s 

cy l inde r ,  respectively . The exp res s ions used f o r  the growth rates are 

of  the same form as  equat ions ( 2- 3 1 ) and ( 2-32 ) .  Nakamura et  a l .  

( 44 , 5 3 )  int roduced the i sok ine t i c  as sump t ion to  produce a more 

t ractable equation from Avrami ' s  theory . The t ime dependence of  all  

growth rates i s  hyp othes iz ed t o  be  the same as  that o f  the nucleat ion 

rate 

N ( t )  a U ( t )  ( 2 - 3 3 )  
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for  all i ( 2-34 ) 

where U ( t )  was an arb i t ra ry f unct ion o f  t i me .  Th is  gave for  E ( t )  

E ( t )  = c [ J G 1 ( s )  ds ] ( 2-35 ) 

In the quas i-s t a t i c  a s s ump t ion the nucleat ion and grow th rates are a 

function o f  s o me pa rameter of  s t ate , � ,  which leads to 

E ( t )  J -1  n 
ln2 [ t

1 1 2 [ �( s ) ]  d s ] ( 2-36 ) 

where t 1 1 2 ( � )  i s  the cry s tall i z at ion halft ime .  Z i abick i  ( 140 ) con s id

ered E ( t ) in terms o f  a series  exp ans ion 

where 

S ( t )  J 1 /n 
[ N ( s )  G

1
( s )  • • •  G n_ 1 ( s ) ]  d s  

and the b
i

( t )  are f unc t i ons of the rat ios  N/G 1 , G
i

/G1 , et c .  

( 2-37 ) 

( 2 -38 ) 

For non- i s othermal cond it ions the athermal nucleat i on mus t  be 

con s i dere d .  Z i abick i  ( 1 4 1 , 1 4 2 ) f ound for the at hermal nucleat i on rate 

* 

* 
oR dT f f S f ds  

aT dt  

( 2 -3 9 )  

where R i s  the crit ical radius of the s pher ical cluster , f i s  a d i s -

t r ibut ion of cluster s i zes and S i s  the c r i t ical s i ze which separates  

the s table f rom the uns table nucle i .  

The comp lex nat ure o f  non- i s otherma l  polymer cy s ta l l i zat ion has 

led to the development of emp i rical re lat ionsh ips  f o r  the temperature 
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dependence of  the rate con s tant in equat ion ( 2- 30 ) .  Thi s allowed equa-

t i on ( 2- 3 0 ) to be appl ied to non-i s othermal po lymer c ry s t a l l i z at ion 

phenomena .  Takayang i and Kusumo to  ( 14 3 ) app l ied  a W i l l i ams -Landel-

Ferry temperature dependence to the act i vat ion energy in the expres-

s ion fo r  the therma l  nucleat ion ra te . This  p ro duced 

k ( T )  A exp [_ B T 

(T  - T + 5 1 . 6 ) 2 
g 

T ( T  m 

( 2 -4 0 )  

This expre s s i on was res t ricted t o  smal l s upe rcool ings and would lead 

to large errors at  temp e rature s  le s s  than 80% o f  T • Ziabick i  ( 1 42 ) m 

p roposed the foll ow ing relat i onship for  the tempe rat ure dependence 

k ( T )  k 
max 

2 
exp [ -4ln2 ( T - T / D )  ] max ( 2 -4 1 )  

where kmax is the maximum in the rate-temperature curve , Tmax 
is the 

temperature at k and D i s  the hal f -w id th of the rate-temperature 
max 

cu rve . Equa t i on ( 2-4 1 )  i s  res t ri cted t o  temperatures in the range T g 

t o  T • T , k and D have been determined for many polymers by 
m max max 

var ious res earchers f rom exper imental kinetic dat a .  

The ef fect o f  s t re s s , o r  s t ra i n ,  on the cry s t a l l i z a t i on proce s s  

was f irst noted by Katz ( 1 44 ) who found that amo rphous natural rubber 

would c ry s tal l i ze when s t retched , but not at res t .  Gent ( 1 4 5 )  s tudied 

s t re ss  relaxat i on phenomena caused  by c ry s tall izat ion in s t retched 

vu lcani z ed natural rubber .  Mitche ll  ( 1 46 ) f ound that mechan ica lly 

mill i ng syn thetic  rubber be f o re cry s t a l l i zation led to a lower ing o f  

the Avrami index and att ributed this  to  a p reor ientat ion of  the amor-

phous ma te r i a l .  Rabes iaka and K ovacs ( 1 4 7 ) examined the e f f ect of  
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nuclei ex i s t ing above the mel t ing temperature and molecular o r ienta-

t i on on the c ry s t al l izat ion k inet ics  o f  polyethy lene . McCord and 

S p ruiell  ( 148 ) s tudied the kinet ics  of  s t rained  PET and observed an 

increased c ry s t a l l i z a t ion rate due to an increased  numbe r of nuc lei  

and/or  an increased nucleat i on ra te which took p lace during the 

s t retch ing . Mackley and Keller ( 1 4 9 ) concluded that p reorientat ion was 

the cause  of l ong f i brous c rystals  which were observed in p o lyethy lene 

melt f low s at temp e rature s  above the equilibr i um melt ing temperature . 

The effect o f  molecular orientat i on on the me lt ing temperature 

has been the obj ect o f  several invest i ga t i ons . A thermodynamic 

approach has been the means by which the effect of de forma t i on on the 

enthalpy and ent ropy o f  the sys tem was evaluated . The ent ropy contri-

but ion was determined for  both  G au s s ian ( 1 50 , 1 5 1 , 5 7 )  and non-Gaus s i an 

( 1 5 2 , 1 5 3 )  chains and alway s led to an increased mel t ing temp e rature 

whereas the enthalpy cont r i bu t i on may have led to  a h i gher or lower 

me lt ing temp erature.  Jareck i  ( 1 5 4 ) included ro t a t i onal i s ome rism  in  

the enthaply and found a hi gher melt ing tempe rature than K ri gbaum and 

Roe ( 57 )  f o r  Gaus s ian chains . 

Molecular orienta t i on af fec t s  the thermal nucle a t i on rate 

through the act i vat ion ene rgy and the f ree ene rgy for  nuc leus forma-

t ion. Ziabick i  ( 1 5 5 )  f ound that 

E ( A ) = ff E ( ¢  , ¢  ) w1 ( ¢  ) W2 ( ¢  ) d ¢ d ¢ a a cr  s c r  s cr s 
( 2-4 2 )  

where the W
i 

a re o r ientat ion d i s t ribut ions and ¢ and ¢ are the cr  s 

angles of  the c ry s t al and the amorphous s egment s ,  res pective ly . The 

vari at ion of  E ( ¢  , ¢ ) was f ound to be small and les s s igni f i cant a c r  s 
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than the ef fect o f  orient a t ion on the mel t ing t emperat ure . The ef fect 

o f  the orientat i on on the f ree energy was incorp o rated through the 

variat ion of the me l t ing temperature w ith or ientat ion.  Ziabick i  ( 58 )  

p roposed the f o l low ing expre s s ion 

dF 

d A.  

p t.F T 

T t.T m 

dT m 
d /c  

( 2-43 ) 

Z i ab i ck i  ( 1 5 5 )  included an add i t ional term to account for d i s -

crimination o f  amo rphous segment s which did  not have the appropriate 

orient a t i on w i th respect to  the c rystal  surface . Th is  indi cated that 

the c ry s tall ine or ientation di s t r ibut i on would  be narrower than that 

of the original amo rphous ma terial . Under non- i sothe rmal condi t i ons , 

the increased molecular orient a t i on reduced the cr i t i cal  rad ius needed 

to f orm a s t able nucleus . The athermal nucleat ion rate became 

oR d /c  f f S f ds  

oA.  d t  

( 2 -44 ) 

Restrict ion of  the ef fect of  orientat i on to  the me lt ing temp e rature 

led to 

dR oR or 

d A.  oT o le  m 

m 

and an increased nu clea t i on rate was pred ict e d .  

( 2 -45 ) 

A s  in the case of the temperature dependence ,  simp l i f i cat i ons 

and/or  emp i r ic i sms  were nec e s s a ry to  make the theory more amenable to 

p o lymer process ing appl i ca t i ons . Ziabicki ( 5 8 )  exp anded the me lt ing 

temp erature in a series  exp ans i on 
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T 
m ( 2-46 ) 

Symmet ry and s mall orientat i ons were a s s umed and subst i tut ing equation 

( 2 -46 ) into the exp r e s s ion for the nuc leat ion rate gave 

N ( f ) 
N ( O ) 

( 2-4 7 )  

Andrews ( 1 56 )  reported that the princ ipal ef f ect o f  s t ra i n ,  or orien-

t a t i on ,  on the cry s talliz at i on proces s is in the nuc leat i on s t ep and 

inc ludes no changes in the growth rate of the once-formed nuc le i .  Thus 

i t  was p ropo sed  by Z i abick i  ( 1 5 7 )  t hat the rate constant can be 

expre s sed  a s  

k ( f ) 
k ( O ) 

( 2-48 ) 

Comb i nat ion of equat i on ( 2 -4 1 ) w i t h  equa t i on ( 2 -48 ) p roduced for the 

temperature and orientat ion dependent rate cons tant 

k ( 2 -49 ) 

whe re the supers cripted zeros re fer to  the unoriented s t a t e .  

Nylon-66 

Synthe s i s  

Nylon-66 i s  f o rmed f rom the polymeri zat i on o f  hexamethylene-

di amine and a d i p i c  ac i d .  By u t i l i z ing the free aci d ,  the s al t , hexa-

methy lened iammonium ,  i s  p roduce d .  The s t oichiomet ry of  the react i on 

can then be cont rol led by the pH . The reactants a re d i s s olved in a 
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solvent , mixed and then the prec i p i t ated s a lt i s  collecte d .  In a 

rep resentat ive batch p roce s s , the salt i s  d i s s o lved in  water and fed 

t o  an evapo rato r  where it  is  concent rated to a l iquor conta in ing 

app roximately 7 5% s o li d s .  This  l iquor is charged to an oxygen purged 

p re s sure ves sel and heated to a temperature of 2 1 0  °C or up to a pres

su re of  250  p s i .  S team i s  bled o f f  as the tempe rat ure reache s 280 °C  

wh i le ma int aining a c onstant pressure .  When t he temperature reaches 

280  ° C  the p re s s ure i s  re duced to 14 . 7  p s i .  The p o lymer i s  fo rced ou t 

of the ve s s e l  by a p re s s ur i zed inert gas , quenched and cut into chips  

( 1 58 -1 6 5 ) . 

Nylon-66 can also  be manufact ured in a cont inuous p roce s s  where 

provi s ions are made to remove water and p revent dead spots  in the f l ow 

to ma int a in cons is tency in the molecular weight ( 1 6 6 - 1 6 9 ) .  H i s t orical  

review s  ar e  given by  Br ill  ( 1 7 0 ) ,  Monc rief ( 1 7 1 ) ,  Hoppf  ( 1 6 4 )  and 

Sbroll i  ( 1 7 2 ) . 

Chemical Behav ior 

Ammonia has  been frequently found as a decompos i t ion p roduct of  

ny lon-6 6 ( 1 7 3- 1 7 5 )  and cyc lopentanone , or i t s  deri vative s , has  also 

been found among its  degradat ion p rodu cts  ( 1 7 6 - 1 8 0 ) . Nylon-66 has 

exhibited gel f orma t ion after  about s i x  hours when heated in n i t rogen 

at 305 °C  ( 1 8 1 ) .  Although there was no evidence of the react i on of the 

a c id g roup s there was for the amine group s .  The ge lat i on was 

att ributed to the react ion of the thus f ormed second a ry amines wh ich 

lead to b ranched s t ructures ( 1 82 ) .  After heat ing in s team a t  290 ° C ,  

there w a s  l i t t l e  change in the solut ion v i s co s i ty . The number o f  a c i d  

group s decreased whi le the numbe r of amine groups increa se d .  Acid 
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group l o s s  was a t t ri buted to cyc lopentanone format i on whi l e  the amine 

group increas e  was caused by hydroly s i s . Branching ma int ained the 

s o lut i on v i s cos ity dur ing the reac tion s  ( 18 3 ) .  I t  was  d i s cove red that 

the chromi um p lat ing o f  ext ruder part s decreased the amount of degra-

dat ion for nylon-6 6 ;  oxidat i on was also  a p o s s ible factor ( 184 ) .  

Valkok and Chikl i s  ( 1 85 ) s howed that oxidat ion of ny lon-66 

f i bers in air at  1 3 6  to  2 1 5  °C  resulted in  a l o s s  of molecular wei ght , 

the number of aci d  groups remained unchanged and the number of amine 

groups decreas ed .  In c ont ra s t , when heated in n i t rogen or in the 

p resence of ant ioxident s ,  the mo lecular weight increa s e d .  N umerous 

res earchers ( 18 6 - 1 9 0 ) have f ound nyl on-6 6 to be s ens i t ive to many 

types o f  photo-oxi dat ion p roce s s e s .  

Phy s ical P roper t i e s  

The melt ing temperature of nylon-6 6 i s  2 6 5  - 2 7 0  ° C  under quies-

cent condi t i ons ( 1 9 1 , 1 9 2 )  and is dependent on the cool ing condi t i ons 

i n  the non- i s othe rmal stres sed  case . The glas s t ran s i t ion temp erat ure 

of dry nylon-66 is about 58 °C ( 1 9 3 ) ,  but it is ext remely s ens i t i ve to 

the inf luence of mo i s ture . The dens i ty of cry s ta l l ine ny lon-66 depends 

on the cry s tal s t ruct u re .  The a form dens ity is 1 . 22 6  gm/cm3 , the � 

3 3 form dens ity is  1 . 2 4 7  gm/cm and the y form dens i ty i s  1 . 1 0 8 5  gm/ cm 

3 ( 1 94 ) at  2 5  °C . The amorphous dens ity  i s  1 . 069 gm/ cm ( 1 94 ) at 2 5  °C . 

The me lt  dens ity as  a funct ion of temperature i s  

p [ 4 . 8 6  X 1 0-4 T + 0 . 7 5 1 ] -1  
( 2 -50 ) 

and the dens i ty o f  s o l id nyl on-66 i s  
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p -4  1 . 2 7 9  - 4 . 5 5  X 10  T ( 2- 5 1 ) 

where T i s  the temperature in  Kelvins ( 1 9 5 ) .  The therma l conductivity 

i s  0 . 1 5 3  BTU/hr- f t - ° F / in at 2 1 2  °F ( 1 96 ) .  Values for the heat of 

f us ion range f rom 8 . 79 to  1 1 . 2 kca l /mol ( 1 9 7- 1 9 9 ) ,  but Wunderl ich 

( 2 0 0 )  reported a value of  1 1 . 7  kca l /mo l .  There have been many values 

o f  the ent ropy o f  fu s i on ( defined  as  6H /T ) reported in the l ite ram m 

ture ,  but there i s  l i t t le agreement among them ( 2 0 1-204 ) .  Wunderl ich 

( 2 00 )  rep orted a value o f  0 . 1 3 2  cal /gm °C  for the entropy of f u s i o n .  

Nylon melts  are we ll ordered as  a res u l t  of  the hydrogen bond ing 

e f fect and the ent ropy of fus ion i s  a re sult  o f  an increa sed vo lume 

and ro tation about prima ry bonds in the cha in ( 2 0 1 -20 5 ) . The average 

refractive index of ny lon- 66 is 1 . 5 5 0  ( 2 0 6 )  and the d i ff erence in 

p olari z ab i l i t ies  ( a 1 1 - al. ) i s  0 . 00688  ( 20 7 ) .  

S imp s on et a l .  ( 208 ) det ermined correlat ions o f  the tenaci ty and 

e longat i on to break w ith the amorphous orientat i on for nyl o n-66 

f ibe rs . The i r  res u l t s  were 

log(  tenac i t y )  

and 

l og ( %  elongat ion)  

C rys t a llography 

0 . 2 2 1  + 1 . 08 1  f 
a 

2 . 3 5 1  - 1 . 6 20 f a 

( 2-52 ) 

( 2- 5 3 )  

Fuller and Fros ch (20 9 ) performe d the f i r s t  x-ray s t u d i e s  o f  the 

c rystal  s tructure o f  nylon-66 and f ound that the chains are extended 

into a p lanar z igz ag and that the chemical and cry s tallographic repeat 

un its  are i dent ica l .  
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Bunn and Garner ( 1 9 4 )  carried out an ext ens ive study of nyl on-66  

and ny lon- 6 1 0 .  Nylon-6 6 was observed to exh i b i t  two  d i f f e rent crys

tall ine f orms , labelled a and � '  which are d i f f erent p ackings of  geo

metrically s imi lar molecule s .  They found that the a form is dominant . 

The a f orm has a one molecule , t r i c l in i c  uni t  cell w i t h  latt ice 

paramet ers ; a =  4 . 9  A , b = 5 . 4 A ,  c = 1 7 . 2  A ,  a =  4 8 . 5 ° ,  � = 7 7 . 0 °  and 

y = 6 3 . 5 ° .  The pe rpend icular d i s tance between hyd rogen bonded she e t s  

i s  3 . 6  A and between cha ins i n  a hyd rog en bonded sheet i s  4 . 2  A .  The � 

f orm has a two molecule t r i c l inic  s t ructure w i t h  lat t ice paramet ers ; a 

= 4 . 9  A ,  b = 8 . 0  A ,  c = 1 7 . 2 A ,  a =  9 0 ° , � = 7 7 °  and y =  6 7 ° ,  

Colclough and Baker ( 1 2 1 )  p resented a cry s t a llograph ic mode l 

based on the tors i on angles o f  the carbon atoms a d j acent to  the amide 

group . They f ound that the p lanar ami de group was j us t i f ied  by exp eri

mental dat a .  There was also a st rong correspondence be tween the 

molecular po s i t ion ing and the intermo lecular pack i ng and the pack ing 

of the amide group s and the ethy len ic group s .  In cons iderat i on of the 

� form , the i r  model supported the view of Keller and Marradud in ( 2 1 0 )  

that the layer l ine s t reak ing and add i t ional ref lec t i ons which appear 

i n  ny lon-66 a re cau sed  by a macro s cop ic interfe rence ef fect rather 

than a d i ffe rent pha s e .  

Bri l l  ( 2 1 1 )  noted that as  the temperature increases  the ( 1 00 ) 

and ( 1 1 0 , 0 1 0 )  d i f f ract ion peaks move t oward each othe r and f inal ly 

coalesce into a s ingle peak at  1 60 ° C .  This i s  a consequence o f  the 

change of the a symmetric p ack ing in the basal p l ane of the tricl inic 

unit cel l  t o  a hexagonal pack ing . Nuclear magnet ic res onance ( nmr ) 

s tudies by S l ichter ( 1 92 ) ind icated that the se c rystallographic 
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changes corresponded to the onset of  molecular mo t ion in  the p araf ini c  

s egment s .  Bake r ( 2 1 2 ) foun d  that the planes of  the polar groups remain 

t i l ted w i th re spect to the molecular axis in the hexagonal p acking . 

The change in the p ack ing arrangement i s  accomp anied by a change in 

the unit cell lengt h ,  thi s a res u lt of  the tw i s t ing of the cha in 

segment s .  It has been postulated that this  high temp e rature form con

s i s ted of a three d imens ional hydrogen bonded ne twork based on the 

hexagonal un it  cell base and the basal s pacing which was typ i cal  of  

hydrogen bonded p lanes . Cannon et  al .  ( 2 06 ) d i sputed this  model w i th 

op t i cal  s tudies  on d rawn and rolled nyl on-66 f ibers . Thi s view was 

s upported by the Colc lough and Baker mod el ment i oned previ o u s ly .  The 

heat driven tw i s t ing of the ethy lenic segment s causes the tors ion 

angles adj acent to the amide groups to change which a l lows the amide 

group s to rotate giving r ise  to  the obs erved change s in the unit  cel l  

d i mens i ons . The lat t i ce parameters f o r  t h i s  y f o rm a re ; a = 5 . 0 A ,  b = 

5 . 9  A ,  c= 16 . 2 3  A ,  a = 56 . 6 7 ° ,  � = 8 0 . 6 ° ,  y 

C ry s tall i z a t i on K inet ics 

Allen ( 2 1 3 )  s t ud ied the cry s tal l i zat ion kinet ics  o f  ny lon-66 

between 24 5 and 255 °C and me lt temperatures of  2 7 0  to  300 ° C .  The 

c ry s t all i zat ion curve con s i s ted of three regions ; init ially the me lt 

cooled d own to  the cry s tall i z a t i on temperature f o l lowed  by an induc

t ion period of about t en minute s ,  then the typ i cal  S shaped curve 

ap peare d .  The rate cons tant was found to va ry l inearly w i th tempera

ture .  The c ry s t all i z at ion rate decreased with  increas ing mel t  tempera

ture but increa sed rap id ly w ith decreas ing cry s t a l l i z a t i on tempera

ture. Cry s t a l l i z a t ion had init iated from nuc lei  that had survived the 
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me l t  and from nuclei  that had sporadically formed dur ing the crys tal-

l i zat i on proces s .  The rate of add i t ion to the grow ing c ry s tal  was 

cons tant .  The induc t ion period  was a result of the t ime neces sary for 

a nucleus to grow to the c r i t ical s iz e .  At  mel t  tempe ratures greater 

than 290 °C there was a marked deviat ion from the rate equat ion , 

perhaps  due to degradat ion. 

Savolainen ( 2 1 4 )  app l i ed the Avrami analy s i s  to the i s othermal 

cry s tall izat i on of ny lon-66 in the range 229 to  236 ° C .  The Avrami 

i ndex was between 2 . 3  and 3 and the act iva t i on energy was 1 4 9 kcal . 

Both p rimary and secondary crystall izat ion phenomena were observed . 

Magill ( 2 1 5 ) s t ud ied the i sotherma l cry s tallizat ion k ine t i c s  over a 

range of temp eratures and found that the reciprocal o f  the cry s tal-

l izat ion half-t imes was represented by 

k ( T )  k exp [ -4 ln2 ( T - T /D0
)

2
J max max 

( 2-4 1 )  

The values for the s e  parameters for nylon- 66 are ; Tmax = 1 50 ° C ,  kmax 
- 1  

= 1 . 64  sec and n
0 

= 8 0  ° C .  According t o  Z iabicki ( 1 42 ) ,  the kine t ic 

c ry s t al l i zab i l i ty ( 2- 1 9 )  e s tabli shes the degree of c ry s t allinity when 

the polymer is cooled from T to T at a uni t  cool ing rat e .  For ny l on-m g 

66 , the kine t ic cry stall izab i l ity i s  1 39 ° C/ sec compared to 1 . 1  °C/ s ec 

for PET , 6 . 8  °C/ s ec for nylon 6 and 35  °C/ s ec f or i s o t ac t i c  poly-

propy lene ( 1 4 2 ) .  

S t ructure 

Nylon-66  s ingle cry s tals  g rown from solut ion appeared  as  flat 

ribbon-like s t ruc tures ( 16 5 , 1 7 3 ) .  Kone ig  and Agboatwalla ( 2 1 6 ) pro-

posed that cha in folding occurred with  regular adj acent reent ry and 
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the ( 0 1 0 ) p lanes of  the unit cell were t he p referred fold sur face . 

Drey f u s s  and Keller ( 2 1 7 )  f ound that thes e  s ingle cry s t al s  had a 

constant lamellae thickne s s  w i th c ry s ta l l i z at i on t emp erature o f  about 

59  A .  They at t ributed thi s to res t ri c t i ons imposed  by hyd rogen bond

ing � Kone ig  and Agboatwal la ( 2 1 6 ) also  f ound that cha in fold ing in 

me l t  cry s tall ized nyl on-66 was the s ame as that found in s ing le  

cry st al s  grown f rom s o lu t i on .  

D i smo re and S tat ton ( 2 1 8 )  used  SAXS , WAXS , nmr and s on i c  modulus 

to study cha in folding in or iented ny lon-66 f i be r s . Af ter annealing , 

the cry s ta l l in i ty and long period increased  while  the cry s ta l l ine 

orientat i on rema ined the s ame . The s on i c  modulus res u l t s  indicated 

t hat new folds had o ccurred and the shrinkage behavior was governed by 

the numbe r of new f o l d s .  

Keller and coworkers ( 2 1 9 , 2 20 ) examined the s tructure o f  folded 

chain ny lon-66 us ing x- ray d i f f ract i on technique s .  I t  was determined 

that s t raight chain s tems trave rsed the ent ire lame llae thickne ss  

which i mp l i ed sharp cha in folds at the s ur face . Thi s requi red that a 

maj ority o f  the folds occurred in the ac id  grou p .  They als o found that 

there were some folds  at  the surface that went deeper into the c ry s t a l  

than the maj o r i ty . The spherul i t ic s t ruct ures found i n  nylon-66 have 

been extens ively s tud ied ( 2 2 1 -2 26 ) .  In general , below 250  ° C , nylon- 6 6  

exhib ited  p o s i t ively b ire f r ingent spherul ites  comp osed o f  f ine f i b r i l s  

grown along the c ry s t a llographic a axi s .  Between 2 5 0  and 2 7 0  ° C ,  nega

t ive ly bire f r ingent s pheru l i tes  were formed . Although highly crys

tall ine , l i t t le preferred o rienta t i on was exh i b i t e d .  Magill  ( 224 ) 

noted evid ence that the cry s tallographic b ax i s  l ies  parallel to  the 
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s pherul ite  rad i u s .  These s pherul i tes were composed o f  lame llae rather 

than f ibri l s  with the p lane of  the lamellae also  para llel to the 

s pheru l i t ic radiu s .  

E f fect o f  Mo i s t ure 

As a class , poly amides are very susceptible to the inf luence of 

mo i s t ure . J ones and Po rter ( 2 2 7 ) f ound that the speci f ic heat of 

nylon-66 was a cons tant 1 . 0 1  cal/gm- ° C  over the range 60 to 220  °C at 

65% re lat ive humidity  ( rh ) ,  compared to the re s u l t s  o f  W i lho it  and 

Dole for d ry yarn who found that it ranged f rom 0 . 34 5  a t  20 °C to 

0 . 6 75  c a l / gm- ° C  at 1 4 0  °C ( 2 2 8 ) .  They also  determined that their 

re sults  were indep endent o f  the heat ing rate in the range 1 0 0  to 1 000 

° C / s e c .  Adams ( 2 2 9 )  examined the inf luence of rh on the shear and 

Young ' s modu l i i . At rh les s  than 40% , the shear modulus increased with 

d raw rat i o ,  while  at rh greater than 40% , it  decrea sed w i th increas ing 

draw rat io . At a f ixed draw ra t i o ,  the shear modu lu s  decreased w i t h  

increas ing rh . Young ' s  modulus a lso  decreased w i th increas ing r h ,  and 

the d i f ference be tween the dry and mo i s t  cases was greater at higher 

draw rat i o s . 

Starkweather ( 2 3 0 , 2 3 1 )  f ound a large decrease in the modulus in 

the machine d i rect i on but a sma ller e f f ect in the t ransve rse modulu s .  

He also d i scovered a 7 0  ° C  dec rea s e  in T and an increase i n  dens ity  
g 

w i th increas ing mo i s ture conten t .  Q u i s twater and Dunell ( 2 3 2 )  inve s t i-

gated the effect of  water on the dynamic mechanical properties  o f  

ny lon-66 .  The s torage modulus decreased w i th increas ing mo i s ture 

content at all f requenc ies . At  35 and 60 ° C ,  the loss  modu lus  depen-

dence on frequency changed sys temati cally w i th rh.  At l ow humi d i t i es 
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the lo s s  modulus decreased w i th f re quency , at rh of 35-40% t he modulus 

was  independent of f requency and a t  higher rh the loss modulus 

increased w it h  frequency . At a f ixed temp erat u re an inc reas e  in water 

content caused the maximum in the l o s s  mo du lus to  appear at h i ghe r 

f requenc i e s . They developed a "t ime - hum i d i ty "  superp o s i t i on 

p r inc i p le whose u t i l i ty was l imited to rh greater than 58% . 

Smith ( 2 3 3 ) u sed a pulsed nmr s ignal to  inves t igate the effect 

of  moi s ture on t he molecular mot i on in nyl on-66  f i be r s .  The tempera

t ure at which the mobile comp onent of the nmr s ignal appeared in  the 

d ry f iber was approximate ly 1 00 ° C .  Thi s tempe rature decreased with  

increas ing mo i s ture cont ent down t o  around 0 ° C  at  sat ura t ion . This  

phenomena was  a t t ri buted to  the p last iciz ing effect of  the water 

molecules in the amorphou s reg ions of  the fiber .  Re imschues sel  ( 2 34 ) 

s tudied the e ff ect o f  mo i s t u re on the glas s t rans i t ion temperature and 

Y oung ' s  modulus f o r  s eve ral p olymers . The follow ing relat ionships were 

f ound 

and 

T 
g 

( 2 -54 ) 

E ( 2 -5 5 )  

For ny lon-66 t he following parameters were found ; TgO 97 ° C , Tg l  = 4 

° C , w1 = 0 . 1 6 and • = 0 . 8 7 5 . Data was not g i ven for E0 , E 1 or  E .  Brill  

( 2 1 1 )  f ound that the temp e rat ure at  which the ( 10 0 )  and  ( 1 1 0 , 0 1 0 )  

d i f f ract ion p eaks coalesced changed f rom 1 60 ° C  i n  d ry f i bers  t o  1 4 0 

° C  for nyl on-66 whi ch had been exposed  to mo i s ture .  M cLaren ( 235 ) 
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f ound that the p l a s t i c i z ing act ion o f  water mo lecules in the amorphous 

region cau sed  an i ncrease in the rate of  cry s t a l l i z a t i on .  

Chappel e t  a l .  ( 2 ) , i n  the ir s tudy o f  the melt s pinning o f  

ny lon-66 , conc luded that the mo i st u re ef fect w a s  negl i gi ble dur ing the 

sp inning p roce s s . They examined the e f fect of moi s ture on the cry s-

ta lll n ity  ani! o ri en t a t i on of ny lon-66 f i bers u s ing x-r ay and birefrin-

gence techn iqu e s .  B i ref ringence change s were noted mi nutes  a f t er the 

f ibers were exp o sed to mo i s ture , whe reas no changes in cry s t a l l in i t y  

f rom x-ray determina t i on were found up to s ixty- s ix hours a f t e r  

exposure .  They concluded that the ef fect o f  the water molecules  w a s  to 

change the molecu lar o rientat i on in the amo rphous regi on w i thout 

a f f ect ing the c ry s tallinity . 

Recently , Hunt ( 236 ) s t udied the mois ture abs orp t i on of  ny lon-66 

and f ound that it was  independent o f  s t re s s  and the thickne s s  and 

s olely a funct i on of rh . The rela t i onship between water content and rh 

was 

c -3 2 -5 3 -7  4 
0 . 1 457R  - 3 . 7 62x 1 0  R + 5 . 4 9 8 x 1 0  R - 2 . 34x 1 0  R ( 2-56 ) 

The d i f f u s ion coe f f i c ient was found t o  be prima r i ly dependent on the 

water concent rat i on but also  had a s l ight dependence on the thickne s s  

and shape .  There was a s l i ght divergence f rom F i ck i an behavi or for 

very s mall  thickne s ses . 
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CHAPTER 3 

DEVELOPMENT OF FUNDAMENTAL EQUATION S  

The bas i s  of  the ana ly s i s  used i n  t h i s  s tudy w a s  a combinat ion 

o f  the equat i ons of  con t i nu i t y ,  mot i on and energy along with  boundary 

condi t i ons and a s s ump t i ons based on the phy s ics  o f  the melt s p inl ine . 

These w i l l  be introduced as  neede d .  The s p inl ine i s  shown schemat i-

cal ly in F i gu re 3 . 1 ,  along w ith the  reference axe s  used . 

Fo rce Balance 

The equat ions of cont inu i ty and mot i on in the cy l indri cal coo r-

d inate sys tem are ( 2 3 7 ) : 

Cont inuity 

Moti on :  

r-component 

p [ov v ov __r + r__r 
ot  or  

o p + : o (  prV r
) 

o t  ror 

+ v eov r _ v 
2 

e - -
r o e r 

+ l o ( pv e ) + 
a ( pv z ) 0 

( 3- l ) -
ro e oz 

+ v z oV r] = _ 
oP l o ( n ;  ) rr  -

oz  or  ror  

+ 1 0 "r e - "ee  + 0 "rz + pgr ( 3-2 ) 
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Sp inne ret 

z = 0 

T amb ient 

Take-up z L 

F igure 3 . 1  S chema t ic repre s ent a t i on of the melt sp inl ine . 
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e-component 

p [ove + vr
ov 9 + v eov e + vrv e + V2 oV e l 

ot or  r o e r oz 

z-component 

l oP 

r o e 

-
1 0 "ee  -

0 "ez + pg e 

oP 

oz 

ro e oz  

l o ( r -r  ) rz 
ror 

- 1 0 "ez + 0 "z z  + pgz - -- --
ro e oz  

( 3 -3 ) 

( 3 -4 ) 

The sp inning op era t i on was a s s umed to be a s teady s tate p roce s s , 

and symme try requires  that V e = 0 ,  in addi t io n ,  i t  was  as sumed that 

there were no va riat ions of  velocity in the r and e d i rect i ons . Also  

i t  was a s s umed that there was  no  rad i a l  veloc i ty .  These cond i t ions ap-

pl ied to the cont inu i ty and mo t i on equat i ons led t o  

Cont inuity 

Motion : z-component 

v ov z z 
oz  

o(  pv ) z 
o z  

l o ( r -r  ) rz 
ror 
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Integrat ion o f  the cont inu ity equat i on y ields  

( 3-7 ) 

where W i s  the mas s  throughpu t .  Now mu lt iply ing the z-component of the 

equat i on of mo t i on by t he d i f ferent ial a rea t 2 �rdr and integrat ing 

f rom r = 0 to r = R y ields 

2 
pn:R V oV 

o z  

2 
pn:R g + 2 rrr -r 1 R - 2 �R dR rz r= 

dz 

• zz  

r=R 

2 + n:R o -r  zz  
oz 

( 3-8 ) 

where -r indicates the s t re s s  averaged over the radial  d i rect ion .  z z  

M u lt ip ly ing by the d i f ferent ial leng t h t  dz t p roduces 

2 
p�R V dV 

2 
p n:R g d z + 2 n:R • I 

R 
d z - 2 n:R dR 

rz r= 
• 

z z  
dz+ rrR2 d -r ( 3 -9 ) z z  

dz r=R 

This  is the d i f ferent ial force balance wh ich can be writ ten a s  

where 

dF 
rhea 

oF 
drag 

oF 
s urf 

dF + oF + oF - dF 
inert drag surf grav 

dF rheo �R2 d -r  

dF 2 
dV inert p n:R V 

2 n:R -r \ 
R 

d z  
r z  r= pC

dV 

2 �R dR 

dz  

-r dz z z  

l r=R 
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W dV 

2 dA 
2 

pC
dV TID 

4 n:RH o-ctR I dz r=R 

dz 

dz  

( 3 - 1 0 )  

( 3- 1 1 )  

( 3- 1 2 )  

( 3- 1 3 ) 

( 3- 1 4 ) 



dF grav 
2 

= pnR g dz = Wg dz 

v 

( 3-1 5 )  

where Cd i s  the Reyno lds number dependent drag coe f f ic ient , cr i s  the 

s urface tens ion between the polymer and the a i r  and H is the rad ius  of 

curvature ( 23 8 )  gi ven by 

H 1 - RR " ( 3- 1 6 ) 

where the p rimes des i gnat e  the der ivat ive w i th res pect to z .  Thi s d i f-

f erent ial  force balance can be integrated to p roduce the follow ing 

macro s cop ic force balance 

where 

F 
rheo 

F + F + F - F inert drag surf grav 

F f nR
2 

d c 
rheo z z  

F surf 4ncr f HR dR 

F 
grav 
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( 3-2 2 ) 

( 3 -2 3 ) 



The s t re s s  p rof ile  was comp uted from 

't 
z z  F h /Area r eo 

Energy Balance 

The energy balance in cy lind r i cal  coord inates is ( 2 3 7 ) :  

ro e oz  

_ T [oP] [�o ( rV r ) + �ov e + oV 2] 
oT ror ro e o z  p 

( 3-23 ) 

- -rrz l iW 2 + ovr] _ •ez [! oV2 + oV el 0 -2 4 ) 

lor oz r o e oz  J 

where C i s  the spec i f i c  heat at constant pre s s ure . Apply ing the 
p 

a s s ump t i ons introduced in the p revious sect ion , in add i t i on to the 

a s s ump t ion that C i s  independent of temperature , the tempe rat ure i s  p 

s olely a func t i on of  z and that the v i s cous  heat genera t i on cont r i bu-

t ion to the energy balance is negl i gible , the energy balance becomes 
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pC V oT p z_ 
o z  

� o ( rq
r

) + oq
z 

ror oz 

( 3-2 5 )  

Mul t i p ly ing by the d i f ferent ial are a ,  2 nr d r ,  and integrat ing acro s s  

the radial d i rect ion y ields  

2 
pnR C V oT 

P z_ 
o z  

2 
- 2 nRq r l r=R + TIR oq z 

( 3-26 ) 

oz 

The heat flux in  the radial d i rect ion at the f iber surface i s  

accomp l i shed by convect ion and radi at ion a s  

q 
I R 

= h (T  - T ) + A E (T4 
- T 

4
) r r= a a 

( 3 -27 ) 

whe re h i s  the heat trans fer coe f f i c ient , A i s  the S t ephen-Bolt zman 

cons tant , £ i s  the e�i 3 s ivity and T i s  the amb ient temp erature . The 
a 

heat f lux in the z d i rect ion i s  a re sult  o f  conduct ion and the laten t  

heat g i ven u p  du ring the c ry s ta l l i z at i on proces s w i thin the d i f fe ren-

t i al element under cons iderat ion 

k dT pt:.HoG dz + 
dz ot  

( 3-28 ) 

where k i s  the thermal cond u c t i vi ty , t:.H i s  the heat of fus ion and 8 i s  

the cry s t a l l ine f ract ion. Thus the energy balance becomes 

2 
pnR C V dT p 

dz 

- 2 nRh ( T  - T ) - 2 nR A E ( T4 - T 
4 ) a a 

+ nR 2k d2T + pnR 2 
t:.H oG 

dz2 ot  
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There have been s tudies  ( 39 , 40 )  which indicate that the rad ia-

t i on c ont r ibut i on ranges f rom 20% o f  the total heat f lux near the die  

and quick ly decreases  to l e s s  than 1 %  away f rom the die .  A s s uming that 

the rad iat ion and conduc t i on contribut i ons are negl i g ible , the energy 

ba lance become s  

2 
pnR C V dT p 

dz 

2 2 nRh ( T  - T ) pnR �H oO 
a + 

at  

The cry s tallizat ion ra te can be expre s sed as  

or at s teady-s tate 

oo 
at  

dO + V dO  

dt  

o o  V dO  

ot  dz  

dz  

The energy ba lance now reduces t o  

dT 

dz 

nDh (T - T
a

) + �H dO 
- -

w C C d z  p p 

5 7  

( 3-30 ) 

( 3-3 1 ) 

( 3 -32 ) 

( 3-3 3 )  



CHAPTER 4 

SI MULATION OF THE MELT SP INNING PROCESS 

The melt sp inning op e rat ion was modeled us ing a comb inat ion of  

the mas s ,  momentum and ene rgy balanc es and a ma thema t i cal model o f  the 

c ry s t a l l i za t i on kinet ics  which inc luded temp erature and or ientation 

effec t s .  This  mathemat ical formulat ion resulted in a s e ries o f  e i ght 

h ighly coupled ord inary d i f fe rent ial equat ions . The s e  eq uat i ons were 

s olved nume r ically by the C ontinuous S y s tem Mode l ing Program ( CSMP ) 

devel oped by the Inte rna t ional Bus ine s s  Machines Comp any and ava i lable 

on the Univers i ty o f  Tennes see Computer Center ' s  IBM 3 7 0  computer 

sys tem . 

Ma thema t ical Model 

The mel t  sp inning model cons i sted  o f  a comb ina t i on of  ord ina ry 

d i f fe rent ial equat ions , which app lied  to any mat erial , along w i th var-

ious p hy s ical p roperty correlat i ons and emp i r i c isms , which were spe-

c i f ic to the material . These were then s olved s imu ltaneou s ly u s ing 

CSMP . 

Force Balance 

The mas s  and moment um equat ions were combined as in Chap ter 3 to  

p roduce a d i f ferential  force ba lance 

where 

dF rheo 
dF + oF - dF inert d rag grav 

58 

( 4 - 1 ) 



dF = W dV inert 

6F 2 
drag pa Cd V n D dz 

dFgrav ( Wg /V ) dz 

( 4 -2 ) 

( 4-3 ) 

( 4-4 ) 

S ince the d rag fo rce was cons idered a s  a d i f ferent ial ent ity , the 

local d r a g  coe f f i c ient ra the r than an integral d rag coe f f ic ient mus t  

b e  used . The fo rm used here wa s de r ived f rom boundary layer theo ry by 

S akiadis  ( 1 7 )  a s  

(4-5 ) 

where the parameter � was evaluated by integrat ing f rom 0 t o  � us ing 

and 

�
2 

= 
8 J ( z- 1 ) exp ( 2 z )  + z

2 + 1 dz 
2 z 

�
2 

64  z / D  Re 

where Re is the Reyno lds number bas e d  on the f i be r d i ameter  and 

veloc ity , 

Re 

(4-6 ) 

(4-7 ) 

( 4 -8 )  

The integral i n  equation ( 4 -6 ) was performe d numerica l ly us ing CSMP 

and a t able of  � and � was comp i led and used a s  i nput in  the model . 
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Dur ing execution � was computed and a table interpolat i on wa s per-

formed to acq u i re a correspond ing value of � which was  then used to 

compu te the local drag coe f f icient . The dens ity and v i s co s i ty of air 

( pa and �a ' respect ively ) were chosen constant w i th values of Pa 

6 . 6 2xl 0- 5  gm/cm3 and � = 2 . 8 x l 0
-4 

p o i s e  ( 2 39 ) .  a 

The s tres s  along the sp inl ine was given by 

CJ 
z z  

and the velo c i ty grad ient by 

F h /A rea r eo 

dV CJ 

dz TJ 

The f iber d i ame ter was evaluated from the cont inui ty equat ion 

D 4)w ; pnV 

Energy Balance 

( 4 -9 ) 

( 4- 1 0 )  

( 4- 1 1 )  

The ene rgy balance , a s  given in equat ion ( 3 -3 0 ) , was used  to  

evaluate the temperature gradient along the sp inl ine . A f ter some rear-

rangement equat i on ( 3 -30 ) become s 

dT 

dz 

hnD (T - T) LIH d8 a + 
w c 

p c dZ p 

The heat trans fer coe f f ici ent has been s t udied by several groups 

( 2 8 , 4 5-50 ) and the follow ing re lat ionship  was used ( 28 )  
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(4-1 3 )  

where Vy and Vf a re the cross and f ibe r veloc i t ies , respect ively . 

B i ref ringence and Or ientation 

The birefringence and amorphous or ientat ion were modeled by a 

combinat ion of the s t ress opt ical law with  a Maxwell element .  The 

s t ress  opt ical law 

fl.n a c (j 
op ( 4- 1 4 ) 

was d i f ferenti ated wi th respect to t ime t o  yiel d ,  assuming that Cop ' 

the s t re s s  opt i cal  coef f icient , i s  independent of t ime 

Mn c o cr  ( 4 - 1 5 )  
a op 

a t a t 

The Maxwell element produced for  o cr/ at 

o cr  E dV E a ( 4 - 1 6 ) 

ot  dz  TJ 

Combinat i on of the two gives 

Mn c E dV c E (j ( 4 - 1 7 ) 
a op op 

� dt  TJ 

Convert ing the part ial derivat ive with respect to t ime to the total 

derivat ive with respect to pos it ion and sub s t i tu t ing fl.n for C a a op 

gave 

dfl.n a 
dz 

C E dV E fl.n 
� - - ___,._a_ 

V dz V TJ 
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This  relationship was used to compute the amorphous  b i refringence gra-

d ient . The total b i refringence was calculated f rom 

6n ( 1  - 0 )  6n + 0 f 6° 
a c c ( 4- 1 9 ) 

Previous work ( 9 , 1 0 , 1 08-1 1 3 )  has ind icated that at  the h i gher take-up 

speeds the cry s talline orientat ion f actor  maintained a fairly high and 

constant value.  Thus i t  was as sumed that f = 0 . 9  during the sp inning c 

p roces s .  The amorphous orientat ion f unction was calculated from 

C ry s tallizat ion K inet ics 

6n /6° 
a a 

( 4-20 ) 

The bas i s  of the mathematical  exp res s i on of the crystallizat ion 

k inetics  was the Avrami ana ly s i s  ( 1 30-1 3 2 )  

0 ( t )  ( 4 -2 1 ) 

The temperature ( 2 1 5 )  and the orientat ion ( 1 5 7 ) ef fects  we re intro-

duced into the rate  "cons tant" as 

K K exp [ -4ln2 (T - T /D0 ) 2 + C f 
2 

max max a ( 4-22 ) i 

In order to evaluate the temperature gradient , an express ion for  

the cry s tallizat ion rate was neces sa ry .  Thi s  was obta ined by d iffer-

ent iat ing equat ion ( 4-2 1 )  with  re spect to t ime 

00 

o t  

0 n K < J  K d •)
n-1 exp [ - ( J K d •)n ] co 
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S ince the exp res s ions for the cry s talline index ( 4-2 1 )  and the 

rate ( 4-2 3 )  involved integrat ion w i th respect to t ime , i t  was neces-

sary to  convert  these integrals s o  they were compat ible with the 

not i on of variation with respect to p os i t ion. This  convers ion was 

accompl ished by 

d t  dz /V 

Thus the equat ion for the crys tall ine index becomes 

8 ( z )  8 [ 1 - exp ( - [ j K/V dz ' ] n ) ]  00 

and for  the c ry s tallization rate 

d8 8 n K ( jK/V dz ' ) n-1 exp [ - ( j K/V dz ' )
n

] 00 
dz V 

Phys ical P ropert ies  

( 4-24 ) 

( 4-2 5 ) 

( 4-2 6 )  

In order t o  perform the s imulat ions , several material  physical 

p rope rties were requi red .  Some of  these  we re t reated as  constant s 

while others  were expres sed as a funct ion of temperature , molecula r 

weight , crys tall inity , etc . , depending upon the availab i l i ty of data 

in the literature.  

Nylon-6 6 .  The dens i ty of nylon-66 in the melt  was taken as 

( 1 9 5 ) 

p [ 4 . 8 6x 1 0-4 T + 0 . 8 9 1 ] - 1  ( 4-2 7 )  

and in the solid  as 
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p 1. 1018 - 0. 001518 

1 - 0. 1288 

-4 4. 55x10 T (4-28) 

In equation (4-28) it was assumed that the crystalline density was 

1. 226 gm/cm3 and the amorphous density was 1. 069 gm/cm3 at 25  °C  

(194). 

The elongational viscosity of nylon-66 was evaluated as a func-

tion of temperature , molecular weight and crystalline index. The 

molecular weight dependence was expressed as 

k (M )3.5 (4-30 ) w 

The temperature dependence was divided into two regions; above Tm it 

was expressed in terms of an Arrhenius expression 

k '  exp [ 7548/T + 2 73] (4-31) 

and below T it was expressed in terms of a Williams-Landel-Ferry m 

expression 

T) k" exp [ -8. 8 6 ( T - 100 )  I ( T - 1. 6) ] 

The influence of the crystallinity was expressed as 

TJ = k ' " exp [ 4 • 6 0 5 [ 8/8 en ]12 ] 

(4-32 ) 

(4-33) 

Combination of the preceding expressions gave for the elongational 

viscosity above T m 

3.3lxl o-17 (M)
3•5 exp [ 7548 ] 

T + 273 
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and below T m 

T) ( 4-3 5 )  

I t  should be noted that the weight averaged molecu lar weight 

appea rs in the express ions for the elongat ional v i sco s i ty but all the 

information avai lable in the l i t era t u re for nylon-66 i s  given in terms 

of the numbe r averaged molecular weight , so it was  used in p lace o f  

the we ight ave raged molecular wei ght in the vi scos i ty exp res s i on s .  

The specific  heat a s  a funct ion of tempe rature was evaluated 

f rom the dat a given in refe rence ( 24 0 )  for ny lon-66  as 

cP 
= o . oo 14  T + o . 33 ( 4-3 6 )  

The modulus o f  ny lon-66 was evaluated as a f unct ion o f  tempera-

ture by l inear interpolat ion of the data of S ta rkweather and Jones 

( 24 1 ) .  The the rmal conduct iv i ty and the s t ress  opt ical coe f f ic ient 

were as sumed constant because of the s cant amount of data  on t he va ri-

ability with temperature publi shed in the l iterature . The thermal  

-4 conduct ivity was 6 . 32x10  cal/gm- °C-cm ( 19 6 )  and the s t ress  opt ical 

- 1 0  2 coeffic ient was 1 . 3x 1 0  em / dyne ( 242 ) .  The amorphous and cry s-

talline int r ins ic b i refringences were as sumed equal at  0 . 090  ( 206 ) .  

The heat of  fus ion was 4 5  cal/gm ( 200 ) . Magill  ( 2 1 5 )  reported for 

nylon-66 ,  values of  Tmax = 1 50 °C , n0 8 0  °C and K = 1 . 6 2  max 

The variat ion of C in equat ion ( 4-22 ) was taken as 

c 26000/ ( Tm - T )  

6 5  

- 1  sec 

(4-37 ) 



Polypropylene . The density of polypropy lene in the mel t  was 

t aken as ( 24 3 )  

p [ 9 . 0 3x 1 0-4 T + 1 . 1 45 ] - 1  ( 4-38 ) 

and in the solid  as  

p [ 9 . 0 3x 1 0-4 T - 0 . 1 028  + 1 . 1 48 ] - 1  (4-39 ) 

In equat ion ( 4-39 ) it  was assumed that the c ry stall ine dens ity wa s 

3 3 0 . 9 36 gm/cm and the amorphous dens ity was 0 . 8 54 gm/cm ( 244 ) . The 

elongational vi scos ity as a funct ion of mo lecular we ight ( 24 5 ) ,  tern-

perature and crys tall inity above T was m 

TJ 
exp [ 500 ] exp [9 . 2 1 0 [8 ] 2 ] 

T + 2 7 3  8 co 

and below T m 

TJ 

( 4-40 ) 

( 4-4 1 )  

The spec i f ic heat as a func t ion o f  temperature was taken as ( 24 6 )  

c p = 2 . 4 2x 1 0-3 T + 0 . 3 669  ( 4-4 2 ) 

The modu lus was evaluated as a function of temperature by l inear 

interpolat ion of the  data  provided by  Red ing ( 24 7 ) .  The thermal con

-4 duct ivity was 2 . 8x 1 0  cal/gm- ° C-cm ( 24 3 )  and the s t re s s  op t ical coef-

- 1 0  2 
' ) f icient was 2 . Sx 1 0  em / dyne � 24 8  • The amo rphous and cry s tall ine 

intrin s ic biref ringences were 0 . 060  and 0 . 029 1 ,  respect ively 

( 249 , 2 50 ) .  The heat of fus ion was 5 9  cal / gm ( 2 5 1 ) .  Magill  ( 2 5 2 ) found 
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that T = 65 °C  D = 60 °C and K max ' 0 max 
- 1  = 0 . 5 5  s e c  • The melt ing tern-

perature was 1 80 °C  and the glas s t rans i t i on tempe rature was -20 ° C  

( 2 52 ) . 

Cont inuous Sy stem Model ing P rogram 

CSMP is a Fort ran based  package developed by IBM which allows 

scient i s t s  and engineers to s imulate phy s ical sy s tems with  minimum 

programming of complex nume rical s chemes such as integrat ion and d i f-

ferent iat ion .  A CSMP p rog ram con s i s t s  o f  three segment s ;  an Init ial  

segment whe re constants and init ial cond it ions are spec i f i e d ,  a 

Dynamic segment where the mathemat ical exp ress ions used to s imu late 

the phys ical sys tem are described and a Terminal segment where any 

calculat ions s ubsequent to  the dynamic computat ions are performed and 

the results  outputted . 

In this  s tudy , a sy s tem o f  e ight ordina ry d i f ferential  equations 

(4-1  to 4-4 , 4- 10 , 4- 1 2 , 4 - 1 8  and 4-24 ) was used to mathemat ically 

model the melt  sp inning process . S ince this  sys tem of equat ions de-

scribed several phys ical proce s ses whose solut ions we re expected to  

occur at  much d i f ferent t ime s cales a numerical integrat ion scheme de-

s igned for  s t i f f  equations  was employed . CSMP offers  several methods 

of integrat ion and the method de s ignated as STIFF was used in all the 

s imulat ions in this  study . A more detai led des cript ion of  this  and 

other integration rou t ines along with  ins t ruc t ions for us ing CSMP i s  

given in ref erence ( 2 5 3 ) .  Complete CSMP p rograms for nylon-66 and 

polypropylene mel t  spinning are shown in the Appendixes . 
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CHAPTER 5 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Melt Spinning Operat ions 

Descript ion of the Apparatus  

A Fourne extruder ( shown schemat ically in F igu re 5 . 1 )  coupled to  

a melt  sp inning head was used in all  experiment s .  The ext ruder was  a 

s ingle screw ( d iameter  = 1 3  mi llimeters , length 300 millimet ers ) 

machine equipped w i th a n i trogen-purged hopper .  I t  has two indepen

dent ly controlled band-type heaters along i t s  barrel .  The sp inning 

head a lso has two independent ly control led band heate rs s im i lar  to  

those on  the  barre l .  Cool ing water was  provi ded to the throat of  the 

extruder t o  prevent melted polymer f rom backwashing into the hopper 

feed sect ion. 

A Dyni sco pressure transducer (Model PT44 1AE- 1 0M-6 / 30 )  was 

mounted in the spinning head between the extruder exi t  and the Zenith 

gear pump . This  pump (Type HPB-4 64 7 )  was a pos it ive disp lacement type 

which u sed counter-rotat ing intermeshing gears to deliver a const ant 

mas s  throughpu t  to the sp inneret .  The actual mas s  throughput was de

termined by the dens i ty of the materia l ,  s i ze  of the gea rs and the 

rotat ional speed of the gears . 

In add it ion to  the thermocouples associated with the band 

heaters , two res i s tance temperature detectors were placed in the spin

ning head ,  one between the pres sure t rans duce r and the gear pump and 

the othe r  between the gear pump and the sp innere t .  These were mounted 

s o  that the actual melt  temperature could be de termine d .  
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F igure 5 . 1  Schema t ic o f  the experimental apparatus . 
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The spinneret was des igned and manufactu red by the Monsanto 

Fibers and Intermediates Company especi ally for use in thi s  Fourne ex-

t ruder with nylon-6 6 .  Several g rades of ext remely pure sand were sup-

p l ied by Monsanto . Seve ral var iat ions of sand layering p rocedures were 

t ried and the layering scheme that wa s f inally deci ded  upon cons i sted 

of one-half inch layer of grade A sand beneath another one-half  inch 

layer of 800- 1 00 grade sand . Thi s  p rovided the neces sa ry f iltra t ion 

and removal of gel format ion wi thout an exces s ive pre s sure drop acro s s  

the sp inne ret .  A variety o f  sp inneret were also ava i lable and thes e 

are summarized in Table 5 . 1 .  The spinne ret is  s hown schemat ically in 

F igure 5 . 2 .  

Table 5 . 1  Specif ication of Monsant o D ies 

Number Diamet er 6 
Length 6 

of  holes (met ers  x10 ) (meters  x1 0 ) 

1 6 3 5  38 1 0  
4 6 3 5  3 8 1 0  

1 2  2 2 8  6 8 5  
2 1  228  685  
28  228  68 5 

Because of the des ign ,  the sp inneret extended below the sp inning head , 

variat ions in the die  temperature were observed .  This  s i tua t ion was 

remedied by the const ruct ion and installat ion of an aluminum extens ion 

which surrounded the portion of  the sp inne ret which had been exposed . 
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F igure 5 . 2  Schematic  d iagram of the Monsanto  sp inneret .  
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A band heater and Athena temperature controller were used t o  maintain 

the die at  the de s ired ext rus i on t emperature. 

Four take-up devices were used in this s tudy .  Two Leesona 

winders  (Models 5 59  and 959 ) , a high speed godet s uppl ied by Monsanto 

and an air j e t  drawdown device which was on loan f rom Rhone-P oulenc 

F ibres  were ava i lable .  The two w inde rs were capable of t ake-up speeds 

up to 2000 meters per minute , the range of the godet was 2 5 00-5500 

me ters per minute and the air  j et was  capable of reaching speeds up to  

8 000 meters per  minute depending on  the polymer vi scos i ty .  The ex

t rude r and sp inning head were mounted on a movable carri age which al

lowed for variat ion in sp inl ine length wi thout rep o s i t i oning of the 

t ake-up devices . 

Experimental  P roce dure 

Several ini t ial  runs were performed to det ermine the opt imum set  

of  operat ing parameters ( i . e .  heater controller ,  screw s peed and gea r 

pump speed set  point s , etc . ) which p roduced a s table sp inl ine . 

The nylon-66 pellets were d ri ed in a vacuum oven at  1 1 5 °C  for  

twenty-f our  hours and stored in Tef lon®- s ealed glas s j ars purged with 

prepurif ied nitrogen prior to all sp inning op erat ions . 

A typ ical run began with the lo ad ing of the dried nylon-66 

pellets into the nitrogen purged hoppe r .  The app rop riate operat ing 

parame ters were chosen and the heaters and cooling water turned on . 

Sufficient t ime ( usually one to  two hours ) was a llowed to let the 

equ ipment reach operat ing temperature and to  insure that any material 

left over f rom previous runs in the ext ruder and spinning head was 
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completely melted .  An appropr iate sp in p ump speed was selec ted to pro

duce the des ired mas s  throughput .  The relat ionship between the rot a

t i onal speed and the mass throughput was determined by experience . 

Next the extruder speed  was chosen in such a manner that the pressure 

between the ext ruder and the gear pump was maintained in the range 

1 000-2000 p s i .  Here aga in the select ion p roces s  was a matter  of expe

r ience. Once the sp inl ine was es tabli shed  the equipment was allowed to  

run for  several hours  t o  ins ure that s teady s tate  was  reached . 

Each of the t ake-up devices ope rated along s li ght ly d i f ferent 

p rinc iple s .  The two winders were capable of provi d ing a cons tant speed 

d rawdown and winding the f iber onto  a bobbin at cons tant tens ion. The 

godet p rovided a constant speed drawdown but the f iber was removed 

f rom the w inding drum w i th a sucker gun and dumped into a col lect ion 

box. The air  jet rel i ed upon high velocity air  to  provide  the drawdown 

force , thus  it was not pos s ib le to d i rect ly cont rol the t ake-up veloc

i ty .  The take-up veloci ty was computed subsequently from the cont inu

i ty equat ion .  

As  s oon a s  was pract ical the samples of nylon-66 f ibers col

lected were removed to the cond i t ioning room in the Dep artment of 

Text i les , Merchand is ing and Design.  This room maintained a constant 

temperature of  7 0  °F and a relative humi d i ty of  65% . The samples were 

allowed to  equ i l ibrate with that envi ronment before any subsequent ex

periments were perf ormed .  
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D iameter and B i refr ingence Measurement 

T he d iame ter and b i refringence of the nylon-66 f ibe rs were de-

termined us ing an O lympus polarizing microscop e  ( Mode l  206080 ) 
� 

equipped w ith a b i f ilar  eyep iece , a pair  of L e i t z  1 0  and 30 o rder 

t i lt ing plane compensators (Models 5 53095  and 5 5 3 09 6 , respect ively ) 

and an O lymp us  4 order Berek compensator (Model CTP l -200 1 0 5 ) . 

The b i f i lar eyepiece was  calibrated w i t h  a s t andard s cale at  the 

s ame magni f icat i on that was to be u s ed in the colle c t i on of  the d i ame-

ter dat a .  Samples of the f i ber were mounted on glas s s l ides  w i t h 

double s t ick tape and placed in the microscope s trans lator.  Precau-

t i ons were t aken to  avo id  s t retching the f i be r during the mount ing 

procedure.  The trans lator was used to bring the f iber into the micro-

scopes f ield of  v i ew .  The pos it ion of the eyep iece cro s s -hairs at the 

left and right edges of the f iber were recorded . 

In the case o f  the onl ine measurements  the microscope was 

mounted t ransversely to the spinline and a special gu ide was con-

s t ructed to keep the threa d line in the f i eld of v i ew wh ile the mea-

surements were be ing t aken. 

Once the d iameter  read ings were taken the polars  on the m i c ro-

s cope we re cros sed and the compensator was inserted into the micro-

s cope .  At  the zero read ing on the compens ator a black band was 

observed ac ross the f ield of  v i ew ,  when a bi ref ringent f iber was 

maneuvered into view the black band was shifted and the op t i cal  

c ry st al  of  the compensat or was t i lt ed unt i l  the black band was  brought 

back to the " z ero " re ference pos i t ion.  S ince the cry s tal cou l d  t i l t  in 

e i the r d i rect ion two readings were p o s s i b l e ,  one on the red ,  or 
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f o rward , s cale and one on the black , or  backwar d ,  s ca le depending on 

which way the c ry stal  was t i l t ing . Both read ings were nece s sary to 

perform the op t i cal retardat ion computa t i on .  

A t  lea s t  ten s e t s  of  meas urement s o n  the f inal f ibers were t aken 

at each d i f fe rent s p inn ing cond it ion and the re sults  averaged.  In the 

case of the online measurements a set o f  d iame t er read ings and compen

s ator readings w ere t aken as c lose t o  t he take-up device as poss ible 

and then at  ten cent ime ter interva ls  toward the sp inneret.  This was 

cont inued unt i l  the p o int was reached where the f i ber temperature wa s 

s uch that it  would  beg in to s t i ck to  the gui de and the s p inline woul d  

break . 

Temperature Meas urement 

T he temperature along the sp inl ine was determ ined during the 

s p inn ing op erat i on through the use of a Barnes I n f rare d  mi croscope 

(Mode l RM2 B ) whi ch was borrowed f rom the Celanes e Corporat i on .  A 

s chema t i c  of th i s  apparatus is  shown in F i gure 5 . 3 .  A black body rad i

ator was  cons t ructed s o  that the tempe rature of t he f iber could be de

te rmined without the need of  extens ive calibra t ion procedure s .  The 

radi ator  c ons i s ted of  a s mall  elect rically cont rol led heater p laced in 

int imate contact with a copper block . The copper block was coated w it h  

high tempe rature opt i cal ly black paint . T h i s  radiator then provided a 

means of exh i b i t ing a constant background radiat i on at  any temperature 

in the range 30-300 ° C .  

The exper imental  p ro cedure was to  select a temperature for the 

rad i a t o r ,  thi s would cause a def lec t i on on the intens i ty scale of the 
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F i gure 5 . 3  S chema t i c  of the tempe rature meas uring apparatu s .  
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micro s cope.  The mi croscope was then maneuvered into a p o s i t ion whe re 

the runn ing s p inl ine was in the focal spot of the microscope . I f  the 

f iber tempera ture was higher than the radi ator a pos i t ive deflect ion 

f rom the background value would  be noted on the intens i ty s cale . I f  

the f iber t emperature was lower than the radi ator a negat ive deflec

t ion would  be seen . When the f iber and the rad iator were at the same 

t emp erature no movement on the meter was to be seen.  Experimentally 

the ent i re microscope and rad iator apparatus was mounted on an 

adj ust able ca rriage . When a def lect ion was ob served the ent i re appa ra

tus  was moved up or down , depending on the s ign of the def lect i on ,  

unt i l  there was n o  observable deflect ion. The d i s tance f rom the sp in

neret was meas ured w i th a meter s t i ck and this  was recorded along w i th 

the temp erature o f  the rad iator.  

The p rocedure used  in  this  st udy was to select an  ini t i al tem

perature near the extrus ion temperature and locate this temperature on 

the spinl ine .  Then the temp erature of  the rad iator was reduced by 1 0  

° C  and ten m inutes  was allocated so  that the rad i ator would have 

enough time to reach s teady state at the new temperature and then the 

p o s i t i on of th is  temperat ure was  determined u s ing the p rocedure out

l ined p reviously . Thi s  was repeated down the length of  the sp inline . 

S p inl ine Force Mea suremen t 

T he force in the sp inl ine was determined us ing a Rothch ild 

E lect ric T ens iometer (Model R 1 0 9 2 ) and a Rothchild  f our gram mea sur

ing head (Model A69 148 ) .  This  instrument was calibrated according to  

the manufacturers ins t ruct i ons us ing a dead we ight t echni que s o  tha t 
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the force measurement would be referenced to  z ero f i ber ve loc i ty .  The 

f orce was  measured  by care f ully insert ing the measuring head  into the 

sp inl ine at a p o int j us t  above the take-up device.  The force w a s  then 

d irec t ly recorded o f f  the p revi ou s ly calibrat ed  scale . 

Characterization o f  Nylon-6 6 F ibers 

D i lut e  S o lu t ion V is co s i ty 

Int rin s ic vi scos i t i e s  were obtained for the or ig inal ny lon-66  

pelle t s , those  which had been dried  in  a vacuum oven at  1 1 5  ° C  for  

twenty four hours and  for  f iber s amp les spun under a vari ety o f  cond i-

t ions . These measurement s were performed t o  ascertain whe ther any 

phy s ical  or chemical degrada t ion had occurred du r ing the d ry ing and / o r  

proce s s ing of the nylon-66 .  

T ay lor ( 1 7 3 )  reported a series  of  d ilute solu t i on vi scos ity ex-

periments on var ious p o lymers and determined f o r  nylon-66 in 90% 

-3 f ormi c aci d  at 25 ° C  a set of Mark-Houw ink coef f ic ient s (k  = 1 . 1 x 1 0  , 

a = 0 . 7 2 ) which produced the number ave raged molecular weight from the 

Mark-Houwink equat ion . 

The int rins ic v i s co s i ty o f  the ny lon-66 used  in thi s study was 

determined us ing a Ubbelohde cap i l la ry v i scometer ( # 1 06 ,  s ize 7 5 )  in a 

tempe rature cont rolled water bath at  2 5  ± 0 . 3  ° C .  An accurately 

weighed amount of  ny lon-66  s amp le was added to 90% formic  acid 

( reagent grade ) in a volumetric  f lask t o  p repare the s tandard solu-

t ion. S ince the nyl on-66 conta ined T i0
2 

a s  a f i l ler material  it  was  

nece s sary t o  f i lter the s t andard s olut i on .  
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V i s cometer # 1 06 was chosen so  that a suf f iciently long f low t ime 

was achieved to insure that k inetic energy effects  could be safely 

neglected.  The f low t imes were meas ured f ive t imes at  each concentra-

t ion and at ten concent rat i ons of  each samp le to ins ure accu racy and 

reproduci b i l i ty . The resu l t s  are summa r i z ed in Table 5 . 2 .  

Table 5 . 2 Intr ins i c  visco s i ty o f  Monsanto nylon- 66  

Run Take-up Int r ins ic K '  K "  M 
N umber Velocity V i sco s i ty n 

(meters /mi n )  ( d l / gm )  (gm/mole ) 

R00042 2500 1 . 1 9  0 . 16 7 -0 . 286 1 6 , 400 
R00043 3000 1 . 2 2 0 . 078  -0 . 2 58  1 6 , 9 00 
R00044 3 500 1 . 1 2  0 . 32 3  -0 . 2 18 1 5 , 000 
R00045 4000 1 . 1 8 0 . 34 5  -0 . 2 58 1 6 , 2 00 
R00046 4 500 1 . 1 6 0 . 1 6 1  -0 . 2 7 4  1 5 , 800 
R00047 5000 1 . 1 4 0 . 1 2 6  -0 . 2 60 1 5 , 400 
R00048 5500 1 . 22  0 . 0 58 -0 . 364  1 6 , 900  
P ellet 0 . 9 6  0 . 06 9  -0 . 3 34  1 2 , 1 00 
Pel let Dr ied 0 . 96  0 . 1 1 5  -0 . 2 70  12 , 1 00 

The d ry ing p rocedure had no ef fect on the intrins ic v i s cos i ty , bu t 

there was a s igni f i cant increase in all  of  the as-spun f iber samp le s .  

The increase i n  int rins ic viscos ity was attributed t o  the fact that 

when nyl on-66 is heated in the presence of nitrogen,  or o the r ant ioxi-

dent s , it  undergoes a chemi ca l react i on at the amine end and f orms 

branched s t ructure s ; whereas , heat ing in air caused o xi dat ion at the 

ac id end leading to a decreas e  in the intrins ic vi sco s i ty .  In this 

s tudy the ny lon-66 pellets  had been s t o red in p repuri f ied nit rogen 

after  d ry ing and during all  spinning operat ions . 
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Cap i l lary Rheome t ry 

An I ns t ron f loor mode l cap illary rheometer (Model TT-D ) was used 

to  dete rmine the shear viscos i ty o f  the nylon-66 u s ed in this  stu dy .  A 

one thous and p ound lo ad cell  (model A368 ) was u s ed in all  exper iments . 

A series o f  f our cap i l la ry d i e s  o f  L/D rat ios  1 0 , 20 , 30  and 4 0  were 

used.  The d iame ter o f  the dies was 0 . 0 58 inche s .  C ro s shead speeds of 

0 . 2 , 0 . 5 ,  1 . 0 ,  2 . 0 ,  5 . 0 and 1 0 . 0  inches per minute were used . The tern-

perature was ma intained at 280 °C du ring a l l  exper iments . Prepur i f ied  

n it rogen was  used to prevent degrada t i on o f  the ny lon-66 dur ing t e s t-

ing. The data were analy zed u s ing the Bagley plot  for exit effec t s  and 

the result s  are summari zed in Table 5 . 3 .  

T able 5 . 3  Shear visco s i ty of Monsanto ny lon-66 

Material  Shear Rate Shea r S t ress  Shear V is cos ity 

- 1  
( s ec ) ( p a s c a l )  ( p as cal-sec ) 

F i ller f ree 46 3300 7 2  
9 3  5800 6 3  

1 8 6  1 2000 68 
4 6 5  3 1 000 68  
9 30 6 2000 6 6  

T i02 f i lled 19  1 200 6 5  
47 3 700 7 8  
9 5  8200 8 7  

1 90 1 4000 78 
4 7 5  4 1 000 86 
950 7 6000 8 0  
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W i de Angle X-ray Scattering 

A General Electr ic-Rigaku RV 3 U  rotat ing anode x-ray generator  

was used  to obta in w i de angle x-ray s catter ing ( WAX S ) patterns of  the 

as-spun f ibers . The uni t  was operated at 40 k i lovo l t s  and 40 m i llam-

pheres us ing pinhole collimat i on .  The WAXS pat t e rns  were recorded on 

K odak Blue Brand x-ray f i lm u s ing a samp le to  f i lm d i s t ance of 3 cent-

imete r s .  The expos ure t i me s  ranged f rom one to two hou r s .  After  

exposure the  f ilms were  developed in Kodak Indu s t rex deve loper for 

f i ve minutes , f ixed in Kodak Rap i d f ix f o r  f i ve minutes and then g i ven 

a ten minute water wash.  

C rystall ine O rientat i on Func t i ons  

T h e  c ry s tall ine orientat i on func t i ons of  the as-spun f ibers were 

obtained f rom data col lected by a R i g aku Ge igerflex d i f f ractome ter 

interfaced w ith a D i gital  Equ ipment Corp o rat ion PDP 1 1 / 3 4  computer.  

The computer c ontro lle d  a ll data collect ion and sample  manipulat ion 

p rocedures . 

The intens i ty of the d i f fracted beam was measured at  2 8  values 

o f  20 . 7 5 °  ( c o rres pond ing to the ( 10 0 )  p lane ) and 2 2 . 1 5 °  ( corre-

sponding to the ( 1 1 0 ) plane ) .  P rior to each run a 2 8  s can was  per-

formed to  locate each of the peaks exac t ly .  Once the 2 8  value was set , 

intens i t ies  were meas ured at � values ( the az imuthal angle ) ranging 

f rom 0 °  t o  9 0 °  in  one degree step s .  Background intens i t ies  were a l s o  

collected a t  2 8  va lues o f  1 5 °  and 3 2 °  • The data were proces sed via  a 

2 
p rogram written by Galen R i cheson to  compute the <Cos ¢

hkl , z
> for the 

chosen 2 0  value . 
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Small Angle X-ray Scat tering 

Small ang le x-ray scattering ( SAX S )  pat terns of the as-s pun 

f ibers w ere obtained u s ing a Ke i s s ig came ra and Kodak B lue Brand f i lm.  

A Phill ip s  x-ray generator ( Model 1 204 5 B )  was used at  3 5  k i lovo l t s  and 

20 mi l l i amphere s .  The samp l e  to f i lm d i s tance was f o rty cent i meters 

and exp o sure t ime s ranged f rom f orty-e igh t  to s eventy-two hours . The 

exposed f i lm was p roces sed in the s ame manne r as that descri bed f o r  

the WAXS patterns . The SAXS f i lm patterns were d i g i t i zed us ing a tech

nique developed for small angle l i ght s cattering by Larry E f f l e r .  

Dens ity  

The dens i t ie s  of the orig inal nyl on- 66 pellets  and the  as-spun 

f i be rs were determined in a toluene-carbon tetrachloride dens i ty gra

d i ent column at 23 ° C .  The column ranged f rom 1 . 1 10 to 1 . 2 00 gm/ cm3 

and was  p repared and calibrated in accordance w i th ASTM s t and ard D 

1 505  - 68 . The f iber s amp les were placed in a toluene-carbon tet ra

chloride solution and spun d own in a S o rvall S S-3  cen t r i fuge at 5000 

rpm for ten minutes  to remove any trapped ga ses  and to ins ure wet t ing 

of  the f i ber surface.  The pos it i on o f  the sample in the column was  

measured twenty-four hours  a f t er i t  was introduced into  the co lumn s o  

that i t  had reached i t s  equ i l ibrium p o s i t ion.  The dens i ty o f  the 

s amnp le was then computed f rom a cal ibrat ion chart which had earl ier 

been const ructed .  

D i f feren t i a l  S c anning Calor imetry 

A Perk in-Elmer Series 7 Thermal Analy s is D i f ferent ial Scanning 

Calorimeter was used to obt a in thermal t races o f  the as-spun f ibers . 

8 2  



Sma l l  s amp les  ( f rom two t o  t en mi ll igrams ) o f  f i ber were cut and 

sealed in aluminum samp le p ans s upplied  by Perkin-E lmer .  The s amp les  

were  weighed on  a Mett ler analy t ical balance (Model  7 6 0 )  to  the tenth 

of  a mil l ig ram.  All experiments were conducted f rom 0 °C to 300 °C a t  

a hea t ing rate of  2 0  ° C  p e r  minute .  Fou r rep l i cates  were performed for 

each s p inning speed and the f inal result was an average o f  the s e .  

Mechan ical P ropert i e s  

The mechanical  p ropert ies  ( modulu s , tenacity and elonga t i on to  

break )  were determined f rom data  a cq u i red by an Ins t ron Unive rsal 

T e s t ing Inst rument ( Model 1 1 22 ) in the tens ile mode . A two thousand 

gram load cell ( Model 2 5 1 1 - 1 02 ) was u t i l i z ed in all  experiment s .  The 

t e s t ing condit ions were a cros shead speed of  1 00 m i l l i meters  per 

minut e ,  chart speed o f  500 mill imeters  per minute  and a chart  full  

scale o f  1 00 grams . All tes t ing was  carried out at room temp e rature . 

The tes t ing p rocedure was a s  follow s ;  the grips  were set  three cen

t imet e rs apart and a s ingle f iber was  p laced secure ly in the grips . 

The cha rt and cros s head were s tarted and the forc e , as  mea sured by the 

load cell , was recorded as  a func t i on of  t ime . For each s p i nning speed 

at  least ten experiments were perf ormed so  that a s t at i st ical average 

could be obtained for each p roperty . The diamet er of  each f iber was 

determined prior to  each tes t u s ing the O lympus micros cope p revious ly 

described ( see D i ame ter and B i ref ringence Meas urement , page 7 4 ) . 
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CHAPTER 6 

DATA ANALYSIS  

D iameter and B i refr ingence 

The overall b i ref ringence and d iameter prof iles  along the s p in-

l ine were determined f rom d ata acqui red by the O ly mp us micros cope and 

Le i tz  and O lymp u s  compens at o r s .  The d i ame ter was comp uted by subtract-

ing the eyep iece s cale read ings and mul t ip ly ing the result by a s cale 

facto r which had been previously determined by calibrat ion w i t h  an 

-5  opt ical s tandard ( l  d i v i s i on = 8 . 7x l 0  meter s ) .  The o p t i cal retarda-

t ion was determined by add ing the red and black scale read ings of the 

compensator and performing a t able interpo lat i on u s ing values supp l i ed 

w i th the compensator.  The interpola ted value was mul t i p li ed by a con-

st ant as sociated w i th the part icular compens ator that was used ( 6 . 0 7  

for the L eitz , 2 . 06 5  for the O lympus ) and th i s  p roduced the opt ical 

re tardat ion in mete r s . The b i re f ringence was then the op t ical retarda-

t i on d ivided by the d i ame ter.  

C ry s t all ine Index 

The c ry s t a l l ine index o f  the as-spun nylon-66 f i bers was det er-

mined from data acqui red f rom the dens i ty grad ient co lumn and the d i f -

ferent ial scanning calorimeter.  

Dens i ty 

The den s ity o f  the as-spun f ibers was determined f rom the cali-

brat i on p lo t  cons t ructed us ing f loat s o f  known den s i t y .  The 
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cry s t a l line index was calculated by a s s uming that the material  

3 
con s i s ted o f  two d i s t inct phas e s , cry s t al line ( p  = 1 . 2 2 6  gm/cm ) and 

c 
3 

amorphous ( p = 1 . 069  gm/cm ) and the i r  volumes were add i t ive . These 
a 

a s s ump t i on s  led to  the follow i ng relat ionship 

0 7 . 8 09 - 8 . 3 48 / p  ( 6 - 1 ) 

whe re p was the dens i ty o f  the f ibe r .  

D i fferent ial Scanning Calo rime t ry 

The energy evolved during the me l t ing o f  any ma t erial  in the DSC  

can be  determined by measuring the area under the peak on  the  thermal 

trace obtaine d .  The amount of  energy divided by the samp le weight 

g ives the latent heat of fus ion for  that part i cu la r  samp l e .  The c ry s -

tal line index was comp uted by dividing this  value by the heat of 

f u s i on for a 1 00% c ry s tall ine materia l .  In this  cas e , t he value used  

f or  nylon-66 was  4 5  cal/gm.  The area beneath the me lt ing peak was  cal-

culated us ing the s o f tware p rovided by Perkin Elme r .  The operator 

selected the upper and lower temperature l imi t s  for the integrat ion 

which was then performed numerically y ield ing the heat of fus ion f o r  

that samp l e .  

Small Ang le X- ray Scat t er ing 

The S AXS pat terns were digit ized us ing a techni que developed by 

La rry E f f ler in h i s  analy s i s  o f  small  angle l i ght scattering patterns . 

The f i lm was back l it using a Gartne r po lar i z i ng l ight s ource and an 

MTI model 66  d i g ital  camera was used to convert the image into a d ig i-

t i zed g r i d .  This  data was proce s sed by the V ideo V an Gogh SSP sof tware 
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f rom Tecmar and the P lotcall s o f tware f rom Golden S o f tware . The f i lm 

to camera d i stance was recorded and the long period (LP ) was calcu-

lated f rom 

LP 1 . 54 2  ( 6 -2 ) 
- 1  2 S in ( tan [x/40 ] /2 )  

where x i s  the d i s tance f rom the center of  the pat tern to  the point of  

g reate s t  intens ity.  Cont our plots  were constructed f rom the d i g i t i zed 

data us ing the above ment i oned s o f tware . 

C ry s t a l l ine and Amorphous O rientat i on F unc t i ons 

The c ry s t all ine orientat ion funct i on was computed from 

f c 
2 

The va lue of  <Cos2 � > was ca lculated from the values o f  c , z  

( 6 -3 ) 

2 2 
<Cos ¢ 1 00 , z

> and <Cos � 1 1 0 , z
> .  These  values were compu ted from the 

data acqu ired by the R igaku I PDP 1 1 / 34 sy s tem. In  order to  compute 

2 2 2 <C os  ¢ c , z
> from (Cos �1 00 , z

> and (Cos �1 1 0 , z
> a W i l chinsky ana ly s i s  

( 2 54 , 2 5 5 )  was perfo rmed f o r  the triclinic  uni t cell o f  ny lon-6 6 .  The 

norma l s  to the ( 1 00 ) , ( 0 1 0 )  and ( 1 1 0 )  p lane s were found to be normal 

to the ( 1 , 3 , 14 )  p lane who se normal l ie s  parallel to the cha in axi s .  

The result  of  the W i lchinsky ana lys i s  was the f o llow ing set  o f  re la-

t ionshi p s  

8 6  

2 <Co s ¢ > 
u , z  

(6-4 ) 



2 
<Cos ¢ > c , z  

( 6-5 ) 

( 6 -6 ) 

( 6-7 ) 

S ince only two hkO type re f lect i ons were ava i l ab le  i t  was a s s umed that 

2 2 <Cos  ¢0 1 0 , z
> = <Cos ¢ l l O , z

> , this  gave 

2 <Cos ¢ > 
c , z  

+ [•o l O
f

O l O
[ f

l l 0
2

-e l l0
2 1 : e

l l O f l l O
[ e

0 1 o
2:f 0 1 0

2 ]] 
l e0 1 0 f0 1 0 f 1 10 - e 1 1 0 f 1 1 0 f0 1 0  

( 6-8 ) 

The dependence of the di rectional cos ine s , e
hkl and fhkl ' on the uni t 

cell paramet ers i s  shown in  Table 6-1 . The angles between the norma l s  

were calculated f rom the formula given by Cul l i ty ( 2 5 6 ) .  
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Table 6-1 . D i rect i onal cos ines for ny lon-66 un it cel ls . 

Unit Cell  Alpha Beta Gamma 

¢
100 ' 1 1 0 1 1 4 . 03 1 1 3 . 64 1 2 0 . 0 1  

e
l lO -0 . 407 -0 . 4 0 1  -0 . 500 

f 1 1 0  0 .  9 1 3  0 . 9 1 6  0 . 8 6 6  

¢
1 00 , 0 1 0  

6 4 . 2 8  35 . 7 1  60 . 04 

e
0 1 0  0 . 4 3 4  0 . 8 1 2  0 . 499  

f0 1 0  
0 . 90 1  0 . 584  0 . 8 6 6  

The amorphou s o r ienta t i on funct ion was comp uted  f rom 

t.n - 8f !c:. 0 
c c ( 6-9 ) 

a s s uming the add i t ivity of  the cry s talline and amo rphous pha s e s  to  the 

b i ref ringence and that form b i re f r ingence cou l d  be neglec ted .  

Mechanical Propert i e s  

The Ins t ron tens ile tester p roduced a p lot o f  force as a f unc-

t ion of  t ime for each samp le .  The elongat i on at  break wa s calculated 

by measuring the d i s tance between the s tart of  the te st  and the p o int 

at  which the f iber broke with a st eel ruler.  This  d i s tance was d i v i ded  

by the chart spee d , mul t ip l ied by the cros shead speed  and div ided by 

the ini t ial  length of  the test  f iber to  produce the elongat ion at  

break . The tenac i ty was calculated by determining the force at the 
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breaking point f rom the chart and d i v i ding this  by the f ibers ini t i a l  

cros s-sect i onal area.  The ini t ial  modulus was calculated b y  construct

ing a tangent l ine to  the l inear port ion of the f orce versus  t ime 

chart prior to the point where t he f i ber had begun to y i e l d .  The modu

lus  was the s lope of this l ine after conve rsion of the f orce to s tres s 

and t ime to  s t ra i n .  
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CHAPTER 7 

RESULTS AND DISCU S S ION 

Pred i c t i ons of the Model for Nylon-6 6 

The mathema t ical mod el deve lop ed for the high speed me l t  sp in-

n ing o f  cry s t al l iz able po lymers was app l i ed to ny lon-66 under p roce s s -

i ng cond i t i ons correspond ing to  tho s e  used i n  the exper imental onl ine 

measu remen t s .  These proce s s ing condit ions are s ummarized in  Table 7 . 1 .  

Table 7 . 1  Summary of  exper imental  p roce s s i ng cond i t i on s  

Ext rus ion temperature 

Sp inl ine length 2 . 5 meters 

Mass  throughput -5 4 . 2x 1 0  kg / s ec 

D ie d i ame ter 6 3 5  mi crometers 

T ake-up velo c i t ies  2800 - 6600 m/min 

In all  cases except where not ed all  the as s ump t i ons and parame-

ter values are those described  in Chap ter 4 .  F i gure 7 . 1 s hows the p re-

d ieted ve locity  prof i les for the s ix take-up veloci t ies . Ini t i ally 

there i s  a gradual increase in the ve loc i ty at each speed . At speeds 

below 5400 me ters per mi nut e the re is  a smooth increase in the 
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velo c i ty unt i l  the t erminal velo c i ty i s  reached at  the t ake-up dev ice.  

Above 5400 meters  per  minute the velo c i ty increa ses  smoothly to an 

abrupt p lateau , where the vel oc i ty inc reases ins i gni f i cant ly there

after .  The d i s t ance f rom the sp inneret at whi ch this  tran s i t i on occurs 

moves closer to  the sp inneret w i th increas ing t ake-up speed . This 

behavioral trans i t ion i s  due to the s t ra in hardening e f fect of 

cry s t a l l i zat i on taking p lace within the sp inl i ne at  the h i gher speed s .  

F igure 7 . 2 presents the corre spond ing d i ameter prof i le s . A s  in 

the case of  the velocity p ro f i le s  at s peeds below 5400 mete rs per 

minut e  the d iameter draw s down smoothly to  its  f inal value at the 

t ake-up dev ice which would be expec ted f rom cont inu i t y .  Above 5400  

meters per minute  the d iame ter decreases  smoo thly to a spec i f i c  va lue 

well bef ore the take-up device and rema ins e s s ent ial ly unchanged f rom 

that p o i nt on to  the take-up device . This i s  also  a consequence of  the 

c ry s t a l l i z at i on whi ch is t ak ing place w i thin the sp inline.  The p o s i

t ion where the d iame t er reache s i t s  f inal va lue i s  also  the po int 

where the ve loci ty achieves the p lateau region . 

The predicted b i ref ringence p ro f i le s  are shown in F igure 7 . 3 .  At 

low s peeds there is  a gradual increas e  in the b i re f r ingence , but the 

f inal values are rather low compared to the intrins ic birefringences 

of nyl on-66 . At h i ghe r speeds the biref ringence s t arts  out s l ow ly but 

then ri ses  abrup t ly at p o s i t i ons correspond ing to  the ons e t  of cry s

ta l l izat i on to a va lue which is  very near the f inal p redicted  bire

f r ingence . 

F i gure 7 . 4 p lo t s  the cry s ta l l ine index pro f i les  at each take-up 

spee d .  At l ow speeds there is no app rec iable c ry s ta l l i z a t i on tak ing 
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p lace in the sp inl ine . Thi s  i s  cons i s tent with the g radual increase 

and low f inal values for the biref ringence at l ow sp inning speeds . At 

h i gher speeds there i s  a rap id ( almo s t  s t ep ) increase in the index 

corre sponding to the onset of or ienta t ion induced cry s t a l l i zat ion 

which is t aking p lace at  pos i t ions c loser  to the sp inneret with  

increas ing t ake-up s p eed . 

F i gure 7 . 5  show s the p redicted temp e rature p ro f iles . The se p ro-

f i le s  ind icate almos t  no variat ion w i t h  regard to s p inning s peed . 

There i s  a s ma l l  temp e rature p lateau at  5400 meters per minute co rre-

spond ing to  the onset of c ry s tal l i zat ion and a much smaller p lateau at 

6 300 meters  per minute.  Thi s  is  a re sult  of  the pos i t ion in the s p in-

l ine at which cry s t a l l i z a t i on is t ak ing p lace.  At higher speeds the 

cry s t a l l i z at i on p roce s s  is p roceed ing at  higher temperat ures because 

the kineti c s  a re mo re rap id there due to mo lecu lar o r ient a t i on .  The 

higher temperature s and kinetic  rates  comb ine to allow the energy 

released to be t rans ferred to  the s urround ings much more e f f icient ly , 

negat ing the app earance of  a prot rac ted temperature p lateau.  

The predicted bu i ldup of  the s t re s s  in  the sp inline i s  p resent ed  

in F i gure 7 . 6 .  At th e  lower speeds the s t res s  within the sp inl ine 

increases  smooth ly to i t s  f inal value at the take- up device.  At 5400 

me ters per minute the s t re s s  increases  smoothly to a p lateau which 

corre s p onds to the po int where cry s t a l lization has begun . At  6300  and 

6600 meters per minute the s t res s increases  s igmo idally up to  the 

p lateau.  At all three speed s  the c ry s t a l l i zat ion p roces s  is in it iated 

7 when the s t res s  reaches a value of  around 2 x 1 0  p a scal s .  The c ry s-

tallizat i on p roces s i s  greatly enhanced by or ientat ion o f  the 
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molecules p r i or to  t he proce s s  taking p lace . The driving f orce for 

molecular o rient a t i on within the s p in line i s  t he s t res s .  The mode l 

p re d i c t s  that when a s u f f i c ient level o f  s tre s s  ( orient a t i on ) has been 

achieved  the c ry s t a l l i zat ion p roces s  becomes or ientat ion dr iven rather 

than temp e ra ture d r iven. This is  a ls o  demons t rated in  F i gu re 7 . 7  where 

the amo rp hous o rientat ion factor is sma l l  at the low speeds but 

increases  abrupt ly at the h igher speeds to  the l i m i t  neces s a ry to 

ins t i gate the c ry s tall izat ion p roces s .  

F igures 7 . 8 - 7 . 1 3 show the d i s t ribut i on o f  forces  w i thin the 

sp inl ine as  a func t i on of d i s t ance from the s p inne ret .  At  the lower 

speeds ( F ig u res 7 . 8 - 7 . 1 0 )  the increas e  in rheological f o rce i s  due 

a lmos t ent i re ly to t he accelerat i on of the f iber unt i l  the length o f  

the sp inl ine becomes s uch that the exposed  area o f  the f iber i s  grea t 

enough s o  that the drag force become s s i gn if i cant . In t erms of  the 

t rad i t i onal analyses app lie d  to me l t  sp inning , this  regi me i s  a s tep 

above the as sump t ion of a cons tant rheo logical force .  Here t he ve loc i

t i es are such that inert ia and drag be come s igni f i cant only after the 

f iber has ach ieved a veloc i ty of around 1 000 meters per minu t e .  Below 

this s peed the rheolo gical f orce remains e s s entially constant . 

F i gure 7 . 1 1  indicates the force d i s t ribut ion at 5400 meters per  

minute .  The accelerat i on an d  drag f orces comb ine to increase  the rheo

logical force to a level which p rov ides  s uf f ic ient molecular orienta

t ion for a rapid  increase in the cry s t a l l i za t i on k i net i c s . The force 

d i s tribu t i ons at  6300 and 6600 me ters per minute (F i gures  7 . 1 2  and 

7 . 1 3 )  show that the increase  in the the f iber ' s  accelerat i on alone i s  

s u f f i c ient t o  increase the rheolog ical fo rce to  the level nece s s a ry t o  
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p ro vide the high molecular orienta t i on needed to  drive the c ry stal

l iz at i on kinet ics . 

The p redicted ve locity p rof iles for  the s ame proc e s s ing condi

t i ons but  us ing a va lue o f  one f o r  the Avrami index are shown in  

F igure 7 . 1 4 .  Comparing Figu re 7 . 1 4 with 7 . 1 ( n  = 3 )  s how s no  s igni f i

cant d i fferences in the character o f  the prof iles . F i gure 7 . 1 5  is a 

p lot  of  the temp e rature p ro f iles u s ing n = 1 in the mode l .  Comparing 

this  w i th F i gu re 7 . 5 ( n  = 3 )  shows e s s ent ially the s ame behavior. The 

temperature p lateaus at 5400 and 6300 meters per minute appear at 

almost  the s ame tempe rature but are s li ght ly more p r ot racted than 

tho s e  predicted for  n = 3 .  There i s  a l s o  a very sma l l  p lateau in the 

t emperature p ro fi le f o r  6600 me ters per  minute .  This is a result o f  

the decrease in kinet ic ra te co rrespond ing t o  chang i ng n f rom 3 t o  1 .  

F i gure 7 . 1 6  shows the c ry s t a l l ine index pro f i les p red icted f rom the 

model with n = 1 .  The pro f iles  p red i c ted  at  the h i gher speed s are 

es sent ially the same as  those  p redict ed with n = 3 .  At  the lower 

s peed s the model p redicts  cry s tallizat ion w i l l  occur but only to a 

small exten t .  

Onl ine Exp e riment al R e s u l t s  f o r  Nylon-6 6 

The exper imental diameter  p r o f i l e s  obt ained for  t ake-up ve loc i

t ies  f rom 2800 to  6600 me ters per minute  i s  p re s ented in F igure 7 . 1 7 .  

In the range o f  d i s tances shown they ind icat e that at the l ower spee d s  

the diameter  d raw s down to  the f inal va lue a t  the take-up dev i ce but 

at hi gher speeds the d raw down occurs much mo re rap i d ly to  what 

appea r s  to be the f inal value well before the take-up device . 

1 0 7  
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The experimental birefr ingence prof i les  for  the s ame range o f  

s peeds a s  f o r  the d i ame ter pro f il e s  are plotted  i n  F i gu re 7 . 1 8 .  A t  low 

s peeds there i s  a s teady increase f rom the d i e  exit  to the t ake-up . 

The p ro f i l e s  at the higher speeds ind icate a sharp r i s e  in the b ire

f ringence up to a p lat eau regi on and remains there unt i l  the t ake-up 

device is reached .  

F i gures 7 . 1 9 - 7 . 2 3  are experimental  temp erature p rof i le s  

obta i ned for a var iety of  p roce s s ing cond i t i on s . F i gures 7 . 1 9 - 7 . 2 2  

i llu s t rate the e f fect of  the mas s  throughput on the temperature p ro

f i les . Decreas ing the mas s  throughput increases the rate o f  heat 

t rans fer  due to  an increase in the s urf ace area to volume ra t i o .  

F i gu res 7 . 22 and 7 . 2 3  compare the e ffect o f  i mpos ing a t rans

verse air f low on the spinline near the s p innere t .  It  should be noted 

that in each case there was l i t t le e ffect on the p ro f i le due to the 

sp inning s peed as  i s  the case for the p ro f i le s  p red icted by the model . 

The experimental results do  not seem to indicate the temperature 

plateaus tha t are p red icted by the model . Th i s  may be the re s ult  of  

the p lateau o ccur ring out  of  the measurement range ( i . e . near the 

drawdown device ) as would be the ca s e  for 5400 me ters per minute.  Also  

mo st  o f  the temperature prof iles  were obta ined at relat ively h i gh mas s  

throughp ut s .  This  has the effec t  o f  lowering the s t re s s  i n  the spin

l ine , thus re duc ing the ef fect ive increase in kinetic  rate due to the 

mo lecu lar o r ienta t ion. It also reduces the heat t rans f e r  rat e  and the 

f i ber remains above the temp erature whe re the k ine t i c  rate is high. 

These factors combine to p o s t pone the cry s talli zat ion p roces s ,  hence 

the plateaus are not experimentally obs erved . 

1 1 2  
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Comp a r i s on o f  Model P redict ions and Onl ine E xperimenta l  P ro f iles  

f o r  Nylon-66 

F i gures 7 . 24 - 7 . 26 are compar i s on s  between the experimentally 

obta ined d i ame ter  prof iles  and p redicted p ro f i l e s  us ing values of  1 ,  2 

and 3 ,  respect i vely f o r  the Avrami index. There are no s igni f i cant 

d i f f erences between the p rof i le s  predicted by the three ind ice s .  This  

may be  a re sult o f  the relat ive ly high c ry s t a l li zat ion k inet i c s  of  

ny lon-66 . The ef fect of  vary ing the index i s  mo st  not i ceable at the 

interme d i ate take-up s pee d s . Th i s  is a l s o  apparent in the compar i s on 

between the exp e ri mental and predicted b iref ringence p rof iles  (F igures 

7 . 2 7 - 7 . 29 ) for  the three Avrami ind i ce s .  At the l ower t ake-up speeds 

the cry s ta l l i z at ion kinet ics  rema in e s s ent i a l ly temp e rature driven,  

whi le at the  h i ghe s t  s peeds the orient a t i on e f f ec t s  overwhelm the  tem

perature influence.  At the inte rme d i at e  speeds they both exert an 

inf luence on the kinet ic rat e .  

F i gu re 7 . 30 i s  a comp a r i s on of  the d iameter p ro f i le s  predi cted  

by the model w i th n = 1 and  s ubs t i t u t ing 2 f o r  1 2  in the equat ion f o r  

the c ry s tallinity e f f ect o n  the elongat ional v i sco s i ty and the experi

mental ly obta ine d p ro f il e s .  The d iameter draws down s l i ghtly faster  

than experimentally observed at  the h ighes t sp inning speeds , thi s  

being a consequence o f  the inc rea sed s t rain  harden ing e f f ec t .  F igure 

7 . 3 1 comp are s the pred icted and experimental b i re f ringence p ro f i le s .  

The abrup t ri s e  i n  b i re f r ingence a t  the highe s t  speed s appears nearer 

the s p inneret when the exp onent is reduced f rom 12 to  2 .  This is also  

a re sult  of  the inc reased s t ra in ha rdening e f fec t .  The increase in  

e longat i onal viscos i ty causes  highe r  s t re s ses  within the f iber 

1 1 9 
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whi ch ,  a t  the same sp inning speed , resul t s  in faster  d i ameter d rawdown 

and higher molecular orient a t i on than predicted in t he ca s e  where the 

exponent was 12 . It is thi s  higher molecular orientat i on that triggers 

the cry s t a l l izat ion p roce s s  at  pos i t ions ne arer the sp inneret.  The 

p redicted c ry s t a l l i ne index p r o f i le s  ( F i gu re 7 . 3 2 )  demon s t ra t e  t h i s  

re sul t .  There w a s  l i t t le ef fect o n  the predicted t emperature p rof i les  

( Figure 7 . 3 3 )  s ince the cry s ta l l izat ion rate of  nyl on-6 6  is  already 

quite  h igh , 

F rom a comp a r i son o f  the exper imental and p redicted prof i le s  i t  

i s  appa rent that there does not exi s t  a one to  one correspondence . 

This  i s  due to  a comb ina t i on o f  experimental errors incurred during 

the data collec t i on p rocedure s  and con s t ra int s i mposed on the model 

dur ing its development . The mos t severe l imi t imp os ed on the model i s  

the neg lect ing o f  var i a t i ons acro ss  the f i be r rad iu s . Th i s  was neces

s a ry to convert the formulat i on from a two d imens i onal sy s t em of par

t ial d i f f erent ial  equat ions to a set  o f  o rd ina ry d i fferent ial equa

t i ons which could then be solved numeri cally . This a s s ump t ion has a 

s e r i e s  of  i mp l i cat i ons . 

The f o rce balance includes the f orce cau sed by the frict ion 

between the moving f iber and the s t agnant a i r .  The net e ff ect of  

apply ing the "one-d imens i onal "  a s s ump t i on is t o  t rans f e r  t hat con t r i

bu t i on f rom exe rting s hear at  the f i ber s urface to increas ing the 

f o rce which i s  respons ible for un iaxial elongat ion acro s s  the rad i u s . 

Thi s a s s ump t ion means that the temp erature and orientat i on are un i f orm 

acro s s  the rad i u s . W i th the force and temperature uni formly d i s

t r ibuted acro s s  the radius the deformat ion acro s s  the rad ius  w il l  
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also  be un i f o rm.  The c ry s ta l l i z at i on process w i l l  also  occur uni f o rmly 

acro s s  the radius  s ince the temperature and o rient a t i on are un i form. 

I n  the charac ter izat i on o f  severa l p olyme r s  s pun at h igh speeds it  has 

been found that under certain sp inn ing cond i t i on s  there are la rge 

d i f fe rences in the s t ructure acro s s  the radius , leading to a skin -

core model ( 9 -1 1 , 108-1 1 5 ) . This  mo del shows that the skin has a h i gher 

o r ient at ion and c ry s tallinity than the interior core of  the f ibe r .  The 

p resent model is unable to deal w i th the se obs e rva t i on s . 

The molecular or ient at ion o f  the amorphous material  was de ter

mined by the biref ringence .  The re lat i onships wh ich descr ibed the 

b i ref r ingence in the model was a combinat i on o f  the s t re s s  op t ical  law 

and a Maxwe ll element . This  provided a means of comput ing the change 

i n  birefringence along the s p i nning path.  Thi s  method al ong w ith 

neglect ing radial var i at i ons means that the molecular orientat ion of 

all the amorphous ma terial at a given d i s t ance f rom the die would be 

the s ame . Thi s would occur even when some of  the amo rphous ma terial 

would be converted dur ing crystall i zat i on .  There was no mechanism to  

account for  the deplet ion o f  the o riented amorphous material  dur ing 

cry s ta l l i zat ion along the sp inn ing path . Thi s  is also  t rue f o r  the 

o rientation of the growing crystal s .  A more concep tua l ly s at i sfy i ng 

a lternative would  be to  descr ibe the orient a t i on o f  the amo rphous and 

c rys talline mater ials  in terms of  d i st r i but ions that are linked to  

each o ther by the c ry stallizat ion kinet i c s .  Abhi raman ( 5 6 )  has 

a t te mpted  to  perform an ana lys i s  along these l ines but the re lat i on

ship s he de r ived involve s everal quest ionable as sump t i ons and would 
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need s evera l mo re to  mod i fy them enough so  that they could be incorpo

ra ted into the p res ent framewo rk .  

Even w ith  the incorporat ion o f  orientat i on d i s tribut i ons there 

s t i ll  rema ins the ques t ion o f  h ow to  describe the temperature and 

orient at ion ef fects on the cry s tall i z at i on kine t ics . The formulat i on 

u s ed in this  s t u dy i s  a re sult of emp i ri c i sm ( tempe ra ture dependence ) 

and a s imp l i f ied theore t ical development (or ientat ion e f fec t s )  by 

Z iabick i . This  i s  due in part to the large d i f f i cult ies a s s o c i ated 

w i th de s i gning an exp er iment to actually s tudy the k ine t ics  of  an 

oriented mat erial  and ma intain and comp letely characterize  that orien

tat ion dur ing c ry s tall izat ion. Add to that the lack of a fundamental 

theoret i cal bas is  for the nuc leat ion and growth phases  of  the cry s tal

l iz a t i on proce s s  in polymers . Even in terms of the s imp l i f ied Avrami 

exp re s s i on used here , the re is the p os s i bi l ity o f  the changing of 

mechan is ms ( a s  ind icated by a vary ing Avrami index ) as the vel oc i ty 

increase s .  

The f inal l imi tat ion i n  the model involves the characterizat ion 

of the material it sel f .  In terms of the overall melt  s p inning p roces s 

the p roce s s ing cond i t ions can be art i f icially con s t ructed to rep roduce 

the cond i t i ons that the theoret ical relat i onships  describe.  It  is not 

feas ible to manu facture a mat erial  wh i ch w i l l  sat i s fy all  the theoret

ical req u i rement s over the spectrum o f  p roce s s ing cond i t i ons which i t  

w i ll exper ience . 

A Newtonian cons t i t u t i ve equat ion was cho sen because i t  i s  the 

s implest  f orm and there i s  enough inf ormat ion avai lable in t he l i t era

t ure to be able to incorporate it  into the f ramework . Even in this  
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s imp lest case  t he re a re s ome que s t i ons regard ing the best  means o f  

i ncorporat ing t he t emp erature , mo lecular we ight and c ry st al l inity 

e ffects into an exp r e s s ion f o r  the elongat ional v i s co s i ty .  There is no 

data ava ilable on the variat ion of  the elonga t ional v i s co s i ty with the 

elonga t i on rate or mo lecular weight d i s t r i but i on f or the range of  tem

peratures and e longat ion rat e s  that are commonly found in  me l t  sp in

n ing.  S ince the polymer expe riences such a d ivers i ty o f  c on d i t i ons i t  

i s  qu ite  d i f f i cu lt  t o  q uant i t a t i vely descr ibe , u s ing any ava i lable 

cons t i t u t i ve equat ion , how the p o lyme r w i l l  resp ond to  them a l l .  Thi s  

s i t uat ion exi s t s  for  many o f  the phy s i cal  p ropert i e s  s uch a s  dens i

t ie s , s t res s opt ical c oef f ic ient s , spec i f i c  heat s ,  etc.  o f  many common 

mater i a l s . Even in  the face of all t hes e d i f f i c u l t i e s , the model does 

a remarkable j ob of  p redict ing the behav ior  of  nyl on-66 when spun at 

h i gh and low speeds . The d i sc repanc ies  appear at those  interme d i a te 

speeds where one factor does no t play a dominant role in determining 

the ove rall behavior  of  the sp inl ine . At the intermed iate  speeds i t  

s eems t o  be an int e raction o r  syne r g i sm o f  several f actors  whi ch the 

model f a i l s  to  des c r i be adeq uately . This does not render the model 

u seles s however .  The mode l ,  a s  deve lop e d , could be u sed as  a t ool to  

evaluate alternat ive exp re s s ions for  the c ry s t al li z a t i on k inet ics or  

to  evaluate the var ious kine t i c  parameters  by t r ial and error compar

i s ons w i t h  exp e r iment al  data .  I t  can also  be used t o  s imulate a w i de 

va riety o f  p roce s s ing cond i ti ons a long w i th the add it ion o f  cooling o r  

heat ing chambers pos it ioned at  various  p o in t s  along t h e  s p inl ine w i t h

out carry ing out t ime cons uming and expen s i ve experiment s .  
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S t ructure and P ropert ies o f  Condi t i oned Nylon-66 F i bers  

S amp les f rom nume rou s  s p inning exp er iment s under a w ide var i ety 

of spinn ing cond i t i ons were collected and characterized as described 

in Chap ters 5 and 6 .  Thes e  res u lt s were compared to thos e  ava i lable in 

the l i te rature to  ascert a in whether or  not the sp inn ing experiments  

performed in this  s tudy p roduced f ibers which exh ib i ted p ropert ies 

typically reported for h igh s peed s pun nyl on-66 . 

F igure 7 . 34 i s  a plot of  the bire f ringence of  the cond i t ione d 

f inal f i be rs as a f unc t ion of  sp inning s peed f or var i ous p roce ss ing 

cond i t ions . These  are gene rally in agreement with results  reported by 

Sh imizu et a l .  ( 1 ) ; s ince a l l  the mat e rial and s p inning con d i t i ons are 

not known an exact comp a r i s on is unavai lable . In genera l ,  the bire

f r ingence inc reas es w i th s p inning speed , decreas ing mas s  throughput  

and shorter s p inl ine s .  

The dens ity o f  the cond i t ioned f ibers increases  s l i ghtly with 

s pinning s peed ( F i gure 7 . 35 )  f o r  a mas s  throughp ut o f  2 . 5  grams per 

minute.  F i gure 7 . 36 show s the cry stal line index , det ermined f rom 

dens i ty and DSC data , as a f unct i on o f  sp inning spee d .  There is a 

s l ight increase in cry s t al l i n i ty w i th sp inning speed and the two 

metho d s  a re in good agreement w i th each othe r .  These data are s imilar  

to tho s e  reported by Shimi z u  et  a l .  ( 1 )  f o r  cond i t i oned ny lon-66 

f i bers spun at s imilar s pee d s .  All  the de termined cry s t a l l ine indexe s 

are between 40 and 45% , thi s i s  probably o f  re sult  o f  pos t s p inning 

cry s t a l l i z a t ion in the case of the l ower speed f i bers . These  re s u l t s  

also  re inforce the a s s ump t ion of  a maximum obta inable c ry s t al l inity o f  

4 5% i n  the mode l .  
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T he c rys tal  per fec t ion index ( F igure 7 . 37 )  rema ined low ( 30 -

4 0% ) and s howed no clear t rend . S h imi zu et al . ( 1 )  p re sented data 

wh ich indi cated that the cry s tal perfect ion index remained a round S O% 

f o r  f i ber s  spun below 4000 met ers per minute and ro s e  to  approxima tely 

80% f or f i bers spun at 8000 meters per minut e .  The l ower value s 

obta ined in th i s  work may ari se f r om the rathe r  low molecular weight 

nylon-66 that was being spun . The cry s t a l l ine and amo rp hous orienta

t ion f unct ions are s hown in F i gure 7 . 3 8  as a f unct ion of  s p inning 

speed . The c ry s t a l line orientation remained h i gh ( 0 . 7  - 0 . 8 )  at  each 

s peed and showed only minor var i a t i on with  the three d i f fe rent uni t  

cells  used in the W i l ch in sky analys i s .  Based o n  an ana ly s i s of  the x 

ray d i f f ract ion s cans i t  i s  bel ieved that the maj o r i ty o f  the cry s tals  

p re s ent were of the alpha variety . The amorphous orient at ion f unc t i on 

remained low ( 0 . 2 )  at all speeds . These  re sults  are s light ly lower 

than those reported by Shimi z u , around 0 . 9  f o r  the c ry s t a l l ine and 0 . 3  

f o r  the amorphous o r ientation funct ion,  and aga in t h i s  may be a re sult  

o f  the low molecular we ight nyl on-66  or  of  the background correct ion.  

The long p e riod  of the cond i t ioned f ibers was det e rmined f rom 

SAXS are p re sented in Fi gure 7 . 3 9  as  a f unc t i on of s p inning spee d .  A 

compari s on w ith  S himiz u ' s dat a ( 1 )  indicates an increas e  in long 

p e riod f or f ibe rs s p un above 4000 me ters per minut e .  A s  was the case 

for the orient a t i on f unct i ons the long p eriods  are s l i gh t ly smaller 

than Shimizu ' s  but exh ib i ted the same trends . The inc rease in long 

p eriod w ith sp inning s peed may be t aken as  ind i rect evidence that the 

1 38 
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temperature o f  c ry s t a l l izat ion increas e s  w i th take-up veloci t y .  This  

resul t is  cons i s t ent w i th the p redict i ons of  the  model . 

The modulus ( F i gure 7 . 40 ) ,  tenac i ty ( Fi gure 7 . 4 1 )  and elongat i on 

t o  break (F igu re 7 . 4 2 )  all  exhibited  s imi lar numer i cal values and 

t rends to those reported by Shimizu et  a l .  ( 1 ) .  The modulus and tenac

ity are s l i ghtly lower wh i le the elongat i on to break was s l i ghtly 

highe r ,  mo s t  p robably due to the l ow molecular weight nylon-6 6 be ing 

s p un. 

Applicat ion o f  the Model to  the Melt Sp inn ing o f  Polypropylene 

The mel t  s p i nning model was also  app l ied  to  p o lypropylene s pun 

at the cond i t ion s  g i ven in Table 7 . 2 by Lu and Spru i e l l  ( 1 2 ) . The only 

changes in the mod el  are tho s e  that dealt w i th the proce s s ing para

me ters and the phy s ical p roperties of the polyme r  wh ich are g i ven in  

Chapter 4 .  

F i gure 7 . 4 3  i s  a comp a ri s on of  the exp e r i mental and predicted 

d i ameter prof i les  for  a p o lypropy lene o f  1 78 , 000  weight average 

molecu lar weigh t .  As  in the case of  ny l on-66 the d iameters d raw down 

to  a value close to  the f inal d iameter before the take-up device and 

this  poi nt moves closer to the s p inneret w ith increas ing t ake-up 

velo c i ty .  F igure 7 . 44 cont ras ts the p re d ic ted and experimental b i re

f r ingence pro f i le s .  The increase in the pred icted b i re f ringence is  

s harper than the exp erimentally observed rise.  This  may be a re sult of  

the " smearing " o f  the cry s tall i zat ion p roce s s  acro s s  the radius  o f  the 

f i be r .  
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T able 7 . 2 Po lyp ropy lene sp inning cond i t i ons ( 1 2 ) .  

Extrus ion temperat ure 

S p inl ine length 2 . 30 me ters 

Mas s  throughput 
-5 

2 . 8x 1 0  kg / s ec 

D i e  d iameter 7 36 m icrometers 

T ake-up veloc i t ie s  1 3 6 0  - 5 7 0 0  m/min 

1 4 6  
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F i gure 7 . 43  Comp ar is on o f  predicted and experimental d iameter pro f iles  
for a 1 78 , 000 Mw  polyp ropylene w i t h  a mas s  throughput of  
1 . 6 8  gm/ min.  
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In the model the c ry s tall i zat ion proces s t ake s p lace un i formly 

w i thin a vo lume e lement whereas the analy s i s  o f  many f ibe rs spun at  

high speeds indicates s igni f i cant rad ial variat i on s .  Th i s  e f f ect w i l l  

become more apparent w i th increas ing speed s ince the the heat trans fer 

ab i l i ty of  the f i ber w i ll increase caus ing larger temperature grad i

ent s  w i thin the f iber .  

The p red icted and experimental temp erature prof i les  are comp ared 

in F igure 7 . 4 5 .  In all cases the model p re d i c t s  the appearance of a 

s igni f icant temp e rature plateau . Thi s  p lat eau appears at h ighe r  t em

peratures and i s  of a shorter durat ion w ith increas ing spinning s p eed . 

This i s  a cons equence of the higher cry s t a l l i zat ion rat es  brought 

about by the increased molecular orientat i on.  The expe rimental pro

f i les a l s o  indicate these p lateaus but they are no t as  p ronounced as 

those p red i cted by the mode l .  

F i gure 7 . 4 6  i s  a p lo t  of  the p red ic ted and exp e rimental temp era

tures at  whi ch the c ry stalliz at i on process  is f irst  apparent as  a 

f unct ion of  sp inning s peed . The p redicted  and exp er imental d i stance s  

f rom the sp inneret where the cry s ta l l i za t i on i s  f i r s t  apparent at  each 

t ake-up ve locity are comp ared in F igure 7 . 4 7 . There i s  relatively good 

agreement in both case s .  The increase in spinning speed causes  the 

cry s t a l l i zat ion proce s s  to take place at higher t emperatures and 

closer to the sp inne ret but at  the highest speeds there s eems to be a 

decrease  in this e f f ec t .  Thi s  res u l t s  f rom the decrease in the kine t i c  

ra te w ith inc reas ing temp erat ure . The enhanced mo lecular orienta t i on 

i s  not s u f f icient to overcome the decrease due t o  increas ing 

1 4 9  
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temperature.  Th i s  s eems to be the case f o r  sp inn i ng speeds above 3000 

meters per  minute for thi s  p olypropylene . 

F igure 7 . 4 8  i s  a compar i s on o f  the pred icted and exp e rimenta l  

d i ame ter prof iles for a polypropy lene o f  237 , 0 00 weight ave rage mo lec

ular w eight . The e f f ect of the increase  in molecular we i ght was intro

duced into the model through the elongat ional v i s co s i ty .  F igure 7 . 49 

i s  a compari s on o f  the pre d i cted and exp erimental b i re f r ingence p ro

f i les . As  i s  the cas e  for  the lower molecu lar wei ght p o ly propy lene the 

p redic ted r is e  i s  sharper than the observed inc rea s e .  The p redicted  

and  exper imental temperature p ro f i les for the higher mo lecular weight 

polypropylene ( F i gure 7 . 50 ) are s imi lar to those p re d i ct ed and 

observed f o r  the lower mo lecular we ight ma terial .  

The model does  a very good  j ob in  describing the molecular 

we i ght e f f ect even though it  i s  only int roduced into the elongat i onal 

v i scos ity . The e f fect of mo lecular weight on the o ther p ropert ies such 

a s  modulus ,  s t re s s  o p t ical coef f ic i ent , etc.  has been ignored yet the 

model qual i t at i ve ly and ,  w i thin re as onable li mit s ,  quant i t at ively p re

d i c t s  the d iameter and bire f r ingence p ro f i les . 

I t  is  interes t ing to note that in the temperature p ro f i l es for  

both molecular weight materials  there is  a cons i derable amount of 

d i f f e rence between the mo del and exper imental p ro f i les  after cry s t al

l iz a t i on has occurred yet there is good agreement of the d i ame ter and 

b i refr ingence p ro f iles over the ent i re sp inl ine.  Th is  behavior can be 

reconciled by cons idering that the cry s tall i z at i on p roces s " lock s "  in 

the s t ructure at the time i t  occurs . The s t ra in ha rdening that takes 

p lace p revents any f urther reduct ion in the diameter and s ince a 

1 5 3  
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s igni f i cant amount o f  the ma terial cons i s ts  of oriented crystallites  

the re i s  l i t t le change in  the b i re f r ingence . 

The s t rain ha rden ing in the model i s  mani f e s t  in the c rys

ta l linity dependence of the e longat ional v i sco s i t y .  The f orm o f  this  

dependence was  adap ted f rom the f o rm that  was used by  K ikutani ( 1 06 )  

s ince there was no other data regarding thi s  interact i on ava i l able in 

the l i t erat ure . The s t rain hardening i s  a key aspect in  the sp inn ing 

behavior during c ry s tall i z at ion and it  is important t hat there should 

be some expe rimenta l  s tudies  to  invest i gate the ef fect o f  cry s tal

l ini ty on  the  phys ical  propert ies over the wide  tempe rat ure range 

f ound in me lt  sp inning of some commonly used po lymers . 

I n  order to evaluate to  what extent the molecular weight and i t s  

d i s t r i bu t i on p l ay a role in the c ry s t all i z at ion behavior during s p in

ning , there is a nee d for more inf ormat ion on the variat ion of the 

phy s i ca l  prope rties  o f  the p olyme r i t self  along w i th experimental 

onl ine s tudies  in which the se quant i t ies  a re f u l ly characterized and 

caref ully cont ro lled .  

The model h as  been app lied  to  the high speed  me l t  s p inning of  

two p o lymer s , ny lon-66  and p o lypropy len e .  Nylon-66 has  a much hi gher 

cry s t a l l i z a t ion rat e  than polypropylene and a lower v i s co s i ty at the 

same temperature.  In add it i on nylon-6 6 has a glass  trans it i on tempe ra

ture above room temp erat ure wh i le that of polypropylene i s  well  below 

room temp e rature.  The spinning con d i t ions were a l s o  s ignif i cant ly 

d i f ferent f o r  the two material s .  Nylon-66  was p roce s s ed at a tempera

ture j us t  above i t s  equi l i b r i um mel t ing tempera ture while the 
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ext rus ion temperature o f  polypropylene was over 50  degrees above i t s  

equil ibrium melt ing temperature.  

In the onl ine s tudies ne ither material exhibited  the neck ing 

behavior reported f o r  high speed sp inning o f  PET , al though i t  was 

observed for ny lon-66 spun at very high s peeds at  low mas s  throughput 

and short sp in line s .  The ny lon-66 temp era ture p ro f i les  d i d  not show 

the p lateau reg ions exh ibited by the poly p ropylenes . 

S ince the gla s s  t rans i t i on temp e rature o f  p o lyp ropylene was well  

below room temp erature it  w as  found that the WLF exp re s s ion for  the 

temperature dependence was insuf f i c ient to des cribe the e longat ional 

v i scos ity  f rom T t o  T • A second Arrhen i u s  exp res s ion us ing a larger 
m g 

act ivat ion ene r gy was adequat e .  In the absence o f  any avai lable data 

the act ivat ion ene rgy above T was a s s umed to be quite  low . The se are m 

p roblems which a re as s ociated w i th the material  but which have a 

s igni f i cant impact on the performance of  the model .  

I n  s p i te o f  s eemingly overwhelming comp lexi ties  t he model devel-

oped in this  s t udy has demon s tra t ed that it conta ins the es s ent ial 

features needed to  s ucces s fu l ly des cribe , both q ua l i t a t i ve ly and 

q uant i t a t i vely , the high s peed mel t  sp inning behavior  of ny lon-66 and 

p o lyp ropy lene . 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

A mathemat ical model has been developed to  help interpret the 

high s p eed melt s p inn ing behavior of cry s ta l l iz able p o lymers . This  

model includes the e f fects of  inert i a ,  drag and g ravity on the dynam

i cs  as well as temp e rature and molecular orient at i on ef fects  on the 

cry s ta l l i z at i on kine t i cs of the polymer.  

This  model was app lied  to the high speed  me lt s p i nning of  ny lon-

6 6  and two d i f f erent molecular weight p o ly p ropylene s , two materials  

whi ch exh ibit  very d i f ferent phys ical cha racter i s t ics  in the range o f  

p roce s s ing cond it ions s tud ied . 

The pred i cted  d i amete r ,  bi ref ringence and temp erature p rof i le s  

were comp ared t o  experimental ly obtained prof i le s .  They were qual i t a

t ively and reas onably quant i tat ive ly in good agr eement . The model suc

ces s f ul ly predicted the ef fect of molecular we i ght on the sp inning 

behavior of poly p ropylene . 

The l imi tat ions o f  the model can be traced to two maj or sources . 

The f i rs t  be ing the a s s ump t ion of  no rad ial  variat i ons whi ch was nec

es sary to reduce the ma themat ical comp lexi ty of the problem. The 

s econd is the lack of read i ly ava i la b l e ,  re liab le data on the va r i a

t i on of var ious phy s ical propert ies s uch as  elongat i onal v i s cos ity , 

dens i t ie s , modu lus , etc .  w ith temperature , mo lecular we ight , molecular 

we ight d i s t ribu t ions , cry s t a l l in ity , et c .  for many common p o lymers . 
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I t  i s  recommended that f urther ref inement and u t i l i zat ion of the 

mode l  l i e s  in two d i rections . The f i r s t  area deals w i t h  imp rovement of 

the model i t s e l f  w i th the app l i cat i on o f  d i f f e rent cons t i tut i ve equa

t ions , int roduc t i on of  orientat ion d i st r ibut ions , deve lopment of  more 

accurate and deta i led  phys ical p roperty relat i onships  and a methodol

ogy of  incorpora t i ng rad i al variat i on into the f ramework .  I t  would 

a l so  be useful to develop t he model to  account for  mul t i f i lament sp in

ning e f fec t s .  T he s e  e f fec t s  are of importance in appl i ca t ions to com

mercial opera t i on s .  

The second area i s  the applicat i on of  the model to  the s tudy o f  

the c ry s t a l l izat i on k inet ics i n  the spinline . The present mode l ho lds 

the promis e , abet by trial and erro r ,  o f  be ing capable o f  eva luat ing 

several c ri t i cal p arameters in the k inet i c  models  by us ing the me lt 

sp inl ine as  an exper iment in  orientat ion i nduced cry s t al l i z a t ion which 

can not be dup l icated by any othe r means . 
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APP END IX A 

CSMP program for  nylon-66 me lt sp inning . 

/ / blue j ob , z ieminski , group=j 4 1 2 4 1 , user=p9 2 3 7 8 , 
I I  pas sword = , t ime=5 , region=256k 
/ *route p r int dec f ile  
/ / s t ep1 exe c csmp3 
/ / sy s in dd * 
t i t le ny lon-6 6 melt s p inning s imu lat ion 
init ial 
constant p i=3 . 1 4 1 5 9 2 6 , g=980 . , dna0= 0 . 09 0 , c 1 =6 . 8 5e-5 , c2=0 . 2 59 , c3=0 . 1 67 
constant c4=3 . 3 1 e- 1 7 , c5=-2 . 7 7 2 5887 , c6 =0 . 08 5 , c7 =7 548 . , c8=2 . 6e4 
constant de lh=45 . 0 , cop=1 . 3 e- 1 0 , c 1 1=-8 . 8 6 , c1 2=4 . 6 05 , tw=42 . , c1 3=2 . 
constant tmax=1 50 . , do=80 . , tm=2 64 . , rmax= 1 . 64 , t g=58 . , n=1 . , thi=0 . 45 
constant d0=0 . 06 3 5 , t0=2 7 5 . , ta=2 5 . , mn=1 2 000 . , w0=2 . 5  
constant rhoa=6 . 6 2e- 5 , mu=2 . 8e-4 , vy=O . O  
cons tant f rhe0=33 . 7  
f unct ion a mod= ( 1 5 .  , 2 10 .  ) , ( 3  3 .  , 200 . ) , ( 48 . , 2 00 . ) , ( 6 3 .  , 1 9  6 .  ) , ( 7 6 .  , 1 7  9 )  , • •  

( 84 ' 1 6 3 . ) ' ( 9 3 .  , 14  5 .  ) ' ( 1  00 . ' 1 24 . ) ' ( 1  07 • , 108 . ) ' 
( 1 1 1 .  ' 9  8 .  5 )  , ( 1 1 6 .  , 8 7 .  8 )  ' ( 1 2 1  • ' 8  0 . 1 )  , ( 1 2 8 . ' 7 1 .  4 )  , 
( 1 36 . , 6 5 . 2 ) ,  ( 1 4 1 .  , 59 . 4 ) ,  ( 1 50 . , 56 . 8 ) ,  ( 1 5 5 . , 5 1 . 8 ) , 
( 160 . ' 46 . 1 )  , ( 1 6 7 .  , 4  2 .  2 )  ' ( 1 7 4 .  , 3 6 . 7 )  ' ( 1 7  9 .  ' 3  3 .  5 )  ' 
( 1 8 5 .  ' 30 .  5 )  ' ( 1 9 2 .  ' 2  7 • 9 )  ' ( 200 . , 20 . 4 )  , ( 206 . , 2 3 . 2 )  , 
( 2 1 3 .  ' 2 1  • 7 )  ' ( 2 1 8 • , 1 9 .  8 )  ' ( 2 24 • , 1 8  • 5 )  , ( 2 3 1  • ' 1 6  • 8 )  ' 
( 2 3 7 • ' 1 5 . 0 ) ,  ( 242 . , 1 3  . 1 ) '  ( 246 . ' 1 1 .  1 ) ' ( 248 . , 9 .  5 5 ) '  
( 2 5 2 .  ' 7 . 9 4 )  ' ( 256 . ' 6 . 6 1 )  ' ( 2 58 . ' 5 .  0 7 )  ' ( 2 5 9 . , 3 .  8 9 )  , 
( 2 63 . , 2 . 5 7 ) , ( 300 . , 1 . 0e-8 ) 

f unct ion abeta=( -3 . 088 , 0 . 0005 ) , ( -2 . 7 86 9 , 0 . 0 0 1 ) , ( -2 . 08 7 3 , 0 . 0 05 ) , 
( - 1 . 7 8 5 6 , 0 . 0 1 ) , ( - 1 . 0807 , 0 . 0 5 ) , ( -0 . 7 7 24 , 0 . 1 ) ,  
( -0 . 0 1 13 , 0 . 5 ) , ( 0 . 37 5 7 , 1 . 0 ) , ( 0 . 8 7 8 1 , 2 . 0 ) , 
( 1 . 29 4 5 , 3 . 0 ) , ( 1 . 6 939 , 4 . 0 ) , ( 2 . 09 26 , 5 . 0 ) , ( 2 . 4 9 4 1 , 6 . 0 ) , • • •  

( 2 . 8 9 9 3 , 7 . 0 ) , ( 3 . 307 6 , 8 . ) , ( 3 . 7 1 8 4 , 9 . ) , ( 4 . 1 3 25 , 1 0 . ) ,  
( 4 . 5 464 , 1 1 . ) , ( 4 . 96 28 , 1 2 . ) , ( 5 . 3806 , 1 3 . ) ,  
( 5 . 7 9 9 5 , 1 4 . 0 ) , ( 6 . 2 1 9 5 , 1 5 . 0 ) , ( 6 . 6403 , 1 6 . 0 ) , 
( 7 . 0 6 1 9 , 1 7 . 0 ) , ( 7 . 48 42 , 1 8 . 0 ) , ( 7 . 907 1 , 1 9 . 0 ) ,  
( 8 . 330 6 , 2 0 . 0 ) , (8 . 7 546 , 2 1 . 0 )  

renam t ime=di s t  
w=w0 / 6 0 . 0  
rho0= 1 . / ( 0 . 0 00486*t+0 . 8 9 1 )  
v0=4 . 0*w/ rho0 / p i /d0/d0  
b i a0=cop*4 . 0*frhe0/ p i / d0 / d0 
them=0 . 0 1  
eta=c4* ( mn**3 . 5 )  
tp =tw+t g  
t e=- 1 . 0  
dth=O . O  
the=O . O  
xO=O . O  
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tc=O . O  
t=tO 
v=vO 
d=dO 
b i a=b i aO 
c9=p i /w 
dynamic 
p rocedure rho=den ( t , the ) 

i f ( t . gt . 240 . ) rho=1 / ( 0 . 000486*t+0 . 8 9 1 )  
i f ( t . le . 24 0 . ) bho=( 1 . 1 0 1 8-0 . 00 1 5 1*the) / ( 1 . 0-0 . 1 2 8*the ) 
i f ( t . le . 240 . ) rho=bh0-0 . 0004 S S*t  

en<!pE()�E!cl1lrE! ___ _ _  _ -- -
Qf!od= ( l . Oe8 ) *a fgen ( amod , t ) z-� i 
c"P9J-.-:D+O . 00 1 4  *t -- · · · ' 
p rocedure vis , c l O , kout=v ( t , eta , the , thi , tp )  

i f ( the . l e . them ) fac= l . O  
i f ( the . gt . them)  f ac=exp ( c 1 2* ( ( the/ thi ) **c1 3 ) )  
if ( t . ge . t p )  vis=e ta*exp ( c7 / ( t+2 7 3 . ) ) *f ac 
i f ( t . gt . tp )  kout=-1 
i f (kou t . gt . O )  go to 89 
c10=c4*exp ( c7 / ( t p+2 7 3 . ) ) 
i f ( t . le . tp )  kout=l 

8 9  cont inue 
t 1 =a log ( 1 . 0 e3 5 / ( c 1 0* (mn**3 . 5 ) ) )  
t s= ( 8 . 8 6*tp-t 1* ( 1 0 1 . 6-tp ) ) / ( t1+8 . 8 6 )  
e t a2=c 1 0* ( mn**3 . S ) *f ac 
i f ( t . lt . tm . and . t . ge . t s )  vi s=e ta2*exp ( c 1 l* ( t-tp ) / ( t+1 0 1 . 6-t p ) )  
i f ( t . l t . t s )  v i s= l . Oe35 

endprocedure 
ren=rhoa*v*d /mu 
f iner=w* ( vO-v ) 
d f gra=w*g/ v  
f grav= intgrl ( O . O , d f gra ) 
zeta=8 . *sqrt ( di s t /ren /d ) 
p rocedure c d , z a t a , be ta=t ( z eta , ren ) 

i f ( ze t a . l e . O . O ) go t o  2 9  
zata=alog 1 0 ( z e t a )  
beta=afgen ( abet a , za t a )  
c d=4 . 0 / beta/ ren 
go to 30 

29 cd=O . O  
30 cont inue 

endp rocedure 
dfdra=p i*cd*rho a*v*v*d 
f drag=int grl ( O . O , dfd r a)  
d f rhe= ( w*dv+df dra-w*g/v )  
f rheo= intgr l ( f rheO , df rhe ) 
s t res=frheo*rho*v/w 
p rocedure dv=o ( s tres , v i s , t , tp )  

dv= s t re s /vis  
i f ( t . lt . tg )  dv=O . O  

end procedure 
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v=intgrl ( vO , dv )  
vm=v*0 . 6  
dtim= 1 . 0 / v  
t im=intgrl ( O . O , dt im )  
d=sqrt ( 4 . 0*w/ rho / p i /v ) 
dm=d*1 0000 . 0  
h=c 1 ( ( rho*v*v / w  ) **c2 ) •'<" (  ( 1 . + ( 8  . O*vy /vm )**2 . ) **c3 ) 
rate1 =c9*d*h* ( t a- t ) / cp 
p rocedure dth , the , dthe , rate=g ( te , v f a , to , t ) 

i f ( t . ge . tm . and. t e . le . O . O )  go to  1 0  
i f ( t . le . tg )  g o  to  10  
i f ( to . g e . th i )  go to 10  
t e=1 . 0  
i f ( t . ge . tm- 1 . 0 )  go t o  10  
const=c8*fa*fa/ ( tm- t )  
b1=c5* ( t -tmax ) * ( t-tmax ) /do/do  
trob=b 1+const 
i f ( t rob . gt . 1 74 . ) trob=1 7 4 . 
rate=rmax*exp ( t ro b )  
d the=rate/v 
s um=intgrl ( O . O , dthe ) 
dth=thi*n*ra te* ( s um** ( n-1 . 0 ) ) /exp ( s um**n ) 
the=thi* ( 1 . 0- 1 . 0 /exp ( s um**n ) ) 
to=t he 
go to  2 0  

1 0  d th=O . O  
the=to 

2 0  cont inue 
endp roce dure 
d t=rate1 +rate2 
t=intgrl ( tO , dt ) 
xc=t he*100 . 
dbia=cop*d v*mo d /v-b ia*mod/v/vis  
b ia=intgrl ( b iaO , dbia ) 
bi c=the*c6 
b i t=( 1 . 0- the ) *b i a+b i c  
fa=bia/ dnaO 
p r i nt vm , dm , xc , bit  
metho d  s t i f f  
no sort 
t imer f int im=2 S O . O , delmin=1 .0e- 1 2 , prdel= 1 . 0  
end 
s top 
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APPENDIX B 

CSMP p rogram for  p olypropylene mel t  sp inning . 

I I  red j o b , z ieminsk i , group=j 4 1 24 1 , u s e r=p9 23 78 , 
I I  pas sword = , t ime=S , regi on=2 56k  
/ *route p rint dec f i le 
/ / s t ep1 exec csmp3 
/ / sys in dd * 
t it le p olyp ropy lene me lt sp inning s imulat ion 
i n i t i a l  
constant p i=3 . 1 4 1 59 2 6 , g=980 . , dna0=0 . 06 0 , c1=6 . 8 5e-S , c2=0 . 2 59 , c3=0 . 1 6 7 
cons tant c4=2 . 0 0e-1 6 , c5=-2 . 7 7 2 58 8 7 , c6=0 . 08 5 , c7=SOO • •  , c8=3 . 8e5 , tp=100 . 
cons tant de lh=5 9 . 0 , cop=2 . 5e-10 , c1 1=-8 . 86 , c 1 2=9 . 2 1 0 , tt=1 8 0 . , c 1 3=2 . 
constant tmax=6 S . , do=60 . , t m=1 8 0 . , rmax=O . S S , tg=-20 • •  , n=1 . , th i=0 . 6 5  
cons tant d0=0 . 0 7 62 , t0=2 30 . , t a=2S . , mn=2 3 7 980 . , w0= 1 . 6 8  
cons tant rhoa=6 . 6 2e- S , mu=2 . 8e-4 , vy=O . O , c 7 p=4800 . , c7 pp=6000 . 
con s t ant tw=80 . , t q=l l O . , f rheO=S O . l  
f unct i on amod= ( -8 . 3 , 9 2 1 . ) , ( -2 . 2 , 7 84 . ) , ( 3 . 9 , 6 68 . ) , ( 1 0 . 0 , 5 46 . ) ,  

( 1 6 . 8 , 484 . ) , ( 2 2 . 9 , 4 46 . ) , ( 28 . 3 , 396 . ) , ( 33 . 8 , 35 1 . ) ,  
( 3 9 . 2 , 3 23 . ) , ( 44 . 7  , 28  7 .  ) , ( 52 . I  , 2 6 5 .  ) , ( 58 . 9 , 2 34 . ) ) , 
( 6 4 . 4 , 2 1 6 . ) , ( 6 9 . 8 , 2 08 . ) , ( 7 5 . 9 , 1 84 . ) , ( 82 . 7 , 1 7 0 . ) ,  
( 88 . 2 , 1 5 7 . ) , ( 9 5 . 0 , 1 5 1 . ) , ( 1 00 . 4 , 1 2 8 . ) , ( 1 07 . 2 , 1 1 4 . ) ,  
( 1 14 . , 96 . 7 ) , ( 1 2 1 . 5 , 7 9 . ) , ( 1 2 7 . 6 , 5 7 . 2 ) , ( 1 33 . 7 , 4 3 . 2 ) ,  
( 1 3 7 . 1 , 3 2 . 6 ) , ( 1 39 . 2 , 2 5 . 6 ) , ( 142 . 6 , 1 8 . 5 ) , ( 146 . 6 , 1 2 . 4 ) ) ,  • • •  
( 1 5 0 . , 8 . 29 ) , ( 1 5 2 . 8 , 5 . 1 1 ) , ( 1 5 3 . 4 , 3 . 1 5 ) , ( 1 56 . 2 , 2 . 1 9 ) ,  
( 1 5 6 . 8 , 1 . 2 5 ) , ( 1 59 . 6 , 0 . 7 1 2 ) , ( 1 60 . 2 , 0 . 3 3 1 ) , 
( 1 6 0 . 9 , 0 . 14 8 ) , ( 300 . , 1 . 0e-2 5 ) 

f unct ion abet a= ( -3 . 088 , 0 . 0005 ) , ( -2 . 7 8 6 9 , 0 . 00 1 ) , ( -2 . 08 7 3 , 0 . 005 ) , 
( - 1 . 78 5 6 , 0 . 0 1 ) , ( - 1 . 0807 , 0 . 0 5 ) , ( -0 . 7 7 24 , 0 . 1 ) ,  
( - 0 . 0 1 1 3 , 0 . 5 ) , ( 0 . 3 7 5 7 , 1 . 0 ) , ( 0 . 8 78 1 , 2 . 0 ) , 
( 1 . 2 9 4 5 , 3 . 0 ) , ( 1 . 6 939 , 4 . 0 ) , ( 2 . 09 2 6 , 5 . 0 ) , ( 2 . 4 94 1 , 6 . 0 ) , • • • 
( 2 . 89 9 3 , 7 . 0 ) , ( 3 . 3076 , 8 . ) , ( 3 . 7 18 4 , 9 . ) , ( 4 . 1 3 2 5 , 1 0 . ) ,  
( 4 . 54 64 , 1 1 . ) , ( 4 . 96 28 , 1 2 . ) , ( 5 . 38 06 , 1 3 . ) ,  
( 5 . 7 99 5 , 1 4 . 0 ) , ( 6 . 2 19 5 , 1 5 . 0 ) , ( 6 . 640 3 , 1 6 . 0 ) , 
( 7 . 06 1 9 , 1 7 . 0 ) , ( 7 .4842 , 1 8 . 0 ) , ( 7 . 9 07 1 , 1 9 . 0 ) , 
( 8 . 3 306 , 20 . 0 ) , ( 8 . 7 546 , 2 1 . 0 )  

renam t ime=d i s t  
w=w0/ 60 . 0  
rho0= 1 . / ( 1 . 1 45+0 . 0 009 03*t ) 
v0=4 . 0*w/ rho0 / p i / d 0 / d0 
bia0=cop*4 . 0*f rhe0/ p i /d0/ d0 
them=0 . 0 1  
eta=c4* ( mn"':*3 . 5 5 )  
t e=- 1 . 0  
dth=O . O  
the=O . O  
xO=O . O  
tc=O . O  
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t =tO 
v=vO 
d =d O  
e t a2=eta*exp ( ( c7 -c 7 p ) / ( t t+2 7 3 . ) )  
e t a3=et a2*exp ( ( c7 p - c7 pp ) / ( tp+27 3 . ) )  
b ia=b iaO 
c9 =p i/w  
dynamic 
p rocedure rho=den ( t , the ) 

i f ( t . gt . l 8 0 . ) rho=l / ( l . l4 5+0 . 000903*t ) 
i f ( t . le . l 80 . ) rho=l . / ( l . l48-0 . l 0 2*t he+0 . 000903*t ) 

endprocedure 
mod=( l . Oe7 ) *a fgen( amod , t )  
cp=0 . 36 6 9+0 . 00242*t 
p rocedure v i s , fac=v ( t , eta , the , thi , e t a2 , et a3 ) 

i f ( th e . l e . them ) fac=l . O  
i f ( the . gt . them ) f ac=exp ( c l 2* ( ( the/ thi ) **cl 3 ) ) 
i f ( t . ge . t t )  v i s=eta*exp ( c7 / ( t+27 3 . ) )*fac 
i f ( t . lt . t t )  v i s =eta2*exp ( c7 p / ( t+27 3 . ) ) *fac 
i f ( t . lt . tp )  v i s =et a3*exp ( c7 pp / ( t+27 3 . ) ) *fac 

endp rocedu re 
ren=rhoa*v*d /mu 
f iner=w* ( vO -v )  
dfgra=w*g/v 
f grav=intgrl ( O . O , dfgra ) 
zeta=8 . *s q rt ( d i s t / ren/ d )  
p rocedure cd , zata , bet a=t ( z et a , ren) 

i f ( zeta . le . O . O )  go to 2 9  
zata=alog l O ( z e t a )  
bet a=afgen ( abet a , z a t a )  
cd=4 . 0 /beta/ren 
go to 30 

29 cd=O . O  
30 cont inue 

endp rocedure 
dfdra=p i*c d*rhoa*v*v*d 
f drag=int grl ( O . O , df dra ) 
d f rhe= (w*dv+d f d ra-w*g/v ) 
f rheo=intgrl ( f rheO , d frhe ) 
s t res=frheo*rho*v/w 
p rocedure dv=o ( s t re s , vi s , t , tp )  

dv= s tre s / v i s  
i f ( t . lt . tg )  dv=O . O  

endprocedure 
v=intgrl (vO , dv )  
vm=v*0 . 6  
dt im= l . O /v 
t im= int g rl ( O . O , dt im )  
d =sqrt ( 4 . 0*w / rho /p i /v ) 
dm=d* l OOOO . O  
h=c l ( ( rho*v*v/w ) **c2 ) * ( ( 1 . + ( 8 . 0*vy /vm)**2 . ) **c3 ) 
rat e l =c9*d*h* ( t a- t ) /cp 
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p rocedure dth , the , dthe , rate=g ( t e , vf a , t o , t )  
i f ( t . ge . tm. an d . t e . l e . O . O )  go to 1 0  
i f ( t . le . t g )  g o  t o  1 0  
i f ( to . ge . thi ) g o  t o  1 0  
te=l . O  
i f ( t . ge . tm- 1 . 0 )  go to 10  
con s t =c8*fa*fa/ ( tm-t )  
b 1 =c5* ( t-tmax ) * ( t-tmax ) /do/do  
t rob=b l +con s t  
i f ( t rob . gt . l 7 4 . ) t rob= l 7 4 . 
rate=rmax*exp ( trob ) 
dthe=rate/v 
s um=intgrl ( O . O , d the ) 
dth=th i*n*rate* ( s um** (n-1 . 0 ) ) /exp ( s um**n) 
the=thi* ( 1 . 0- 1 . 0 /exp ( sum**n ) ) 
to=the 
go to  2 0  

1 0  d th=O . O  
the=to 

20 cont inue 
end procedure 
dt=rate1+rate2 
t = intgrl ( tO , d t )  
xc=the* 1 0 0 . 
d b i a=cop*dv*mod/v-bia*mod /v/v i s  
b i a= int grl ( b iaO , db i a )  
b i c=the*c6 
b i t= ( l . O-the ) *b i a+b i c  
f a= b i a / dnaO 
print vm , dm , xc , bi t  
method s t i f f  
no sort 
t imer f int im=2 3 0 . 0 , de lmin= 1 . 0e- 1 2 , prdel=l . O  
end 
stop 
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