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ABSTRACT 

H i gh speed me l t  spinn i ng of l i ne a r , branched , and 

h i gh mo l ecu l a r  we i ght p o l y( e thyl ene te rephthal ate ) (PET ) 

po l yme rs u s i ng a pneumat i c  drawdown devi c e  w a s  c ar r i ed 

out i n  thi s study . Charac t e r i z at i on o f  the s t ru c ture o f  

f i na l  spun f ibe r s  o f  e ach po l yme r and the s t ru c ture 

deve l opment a l ong the spi n l i ne f o r  di f fe rent ma s s  

throughput s and take - up ve l o c i ti e s  we re studi ed . 

The f i na l  spun f i be r s  were charac t e r i z ed wi th 

v a r i ous te chni que s: bi re f r i ngenc e ,  dens i ty ,  w i de ang l e  

x - ray s c atte r i ng (WAX S ) , d i f fe renti a l  sc anni ng 

c al o r ime try (DSC ) , shri nkage , and ten s i l e te s t i ng . A 

f i l ament cutt i ng techni que w a s  uti l i zed and on- l i ne 

tempe rature and b i re f r i ngenc e me a su rement s we re 

p e r f o rmed to s tudy the PET s t ructure deve l opment a l ong 

the spi n l i ne . 

A sharp di ameter thi nni ng ( necki ng ) phenomena was 

c l e a r l y  ob se rved on the spi n l i ne for l i ne ar and h i gh 

m o l e c u l a r  we i ght s amp l e s  at h i gh t ake - up speed s .  After 

ne c k i ng ,  the fiber exh i b i ted alm o s t  c o nstant di ameter 

and a semi - c ry st a l l ine s t ru c tu re . Mechani sms for 

nec k i ng fo rmati on were c o n s i de red i n  thi s study . 

A c omputer s i mu l at i on was a l so pe r f o rmed i n  thi s 

r e s e a r ch. The c omputer s imu l ati on re su l t s  agreed 

v 



qua lit ative l y  with the the experiment a l  dat aa l  dat a  but 

qu ant it at i ve agreement with the expe r i ment a l  dat a  w a s  

not achi eved . The change s o f  fib e r  st ructu re f rom fu l l y  

amorphous t o  semi - c ry st a l line , howeve r ,  c ou ld b e  

s imu l at ed o n  the spinline . 
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CHAPTER 1 

I NTRODUCT I ON 

F o r  centuri e s , nature w a s  the on l y  source o f  f i be r  

f o r  t e xti l e s . The qua l i ty and qu anti ty o f  natu r a l  

f i b e r s  st rong l y  depended upon the envi ronment . S i nc e  

f i r s t  bei ng manu f a c tured o n  a wide s c a l e  i n  the 1 9 5 0 's , 

s yntheti c f ib e r s  we re r e ad i l y  a c c epted by consumer s  

bec au s e  o f  the i r  du rabi l i ty , b l endabi l i ty w i th natu r �l 

f i b e r s ,  better w r i nkl e recove r y ,  an d e a s e  o f  

mai ntenanc e . 

The re are seve ra l  advant age s o f  manufactu r i ng 

s yn thet i c  f i be r : 

( 1 )  I t  i s  f a s t , automati c ,  and i ndependent o f  

weather c ond i t i on s . 

( 2 )  The qua l i ty and qu anti t y  c an be c ar e fu l l y  

c ontro l led . 

( 3 )  The f i b e r  prope rt i e s  c an be de s i gned and 

modi f i ed in t he manufacturing p r o c e s se s . 

For e xamp l e , i n  the po l yme r i z at i on proce s s , 

c ontro l l ed degree s o f  po l yme r i z a t i on ,  incorpor a t i on of 

func t i onal  group s ,  add i t i on o f  c e rt a i n  addi t i ve s  o r  

c opo l y me r i z at i on w i th
. 

othe r monome r s  c an i mp rove f i b e r  

r aw mate r i a l  p rope rt i e s . I n  the f ibe r spinn i ng p r o c e s s ,  

c ont ro l l ing the f i ber di ameter,  changing the shape o f  

1 



f i be r c r o s s - sec ti on by uti l i z in g  spi nneret ho l e s  of 

d iff e rent shape s ,  i . e. c i rcul ar , t r i angu l a r ,  

pent a l obal , etc . , o r  produc t i on of b i c omponent f i be r s  

e tc . , c an b e  u s e d  t o  improve l u s te r , s t iffne s s , and 

re s i l i ence of the f i be r . I t  i s  hi gh l y  l i ke l y  that i n  

the future f ibe r produ c e r s  wi l l  b e  abl e  to manuf a c ture 

f i be r s  whi ch po s s e s s  the luster of s i lk ,  the wettabi l i t y  

of c otton , and the bu lk of woo l . 

Today man-made f ib e r s  a re u sed not on l y  i n  apparel  

and home furni shi ngs but a l s o  i n  ( 1 )  med i c i ne; artif i c a l  

arte r i e s  and di spo s ib l e  surg i c a l  produ c t s , i n  

( 2 )  transportati o n; radi a l  t i re s  and road c on s t ruc t i on 

mate r i a ls , i n  ( 3 )  envi ronmental appl i c at i ons i n  a i r 

f i l t e r s  and ( 4 ) e r o s i on c ontro l c ompo s i t e s  and i n  ( 5 )  a 

growing numbe r  of produ c t s  f o r  a e r o space u s e s  ( 5 6 ) . 

There a re three b a s i c  proce s s e s  used i n  the 

manuf a c tu r e  of man-made f ib e r s: ( 1 )  wet spi nni ng , 

( 2 )  dry spi nn i ng , and ( 3 )  me l t  s p i nning. Wet spi nn i ng 

i nvo lves convers ion o f  f i b e r  raw mat e r i a l  into a 

so lution , and extru s i on o f  thi s s o luti on through a 

spi nne ret i nto a coagul ati ng bath , whe r e  addi t i onal 

chemi c a l  react i on s  convert the mate r i a l  back i nto the 

de s i red fibrous fo rm. I n  dry spinning , the po l ymer i s  

di s s o lved i n  a vol ati l e  s o lvent to f o rm a spi nn i ng dope . 

The dope i s  f o r c ed through a spi nne ret i nto a chamb e r  
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c ontai n i ng warm g a s e s  ( u su a l l y  a i r ) .  I n  the chambe r ,  

the wa rm a i r  c au s e s  the s o lvent to evapo rate and the 

s o l i dif i e d  p o l ymer fo rms f ibe r s . I n  me l t  spinning , the 

p o l ymer i s  me l ted and the mo l ten po l ymer i s  pumped 

through a spinneret by a meter i n g  pump . The extruded 

po l ymer me l t  i s  s o l i dif i ed by c o o l i ng a i r and wound up 

by a t ake-up devi c e. Of the se ,  me l t  spinni ng i s  the 

s i mp l e st and mo st e conomi c a l  method and requ i re s  no 

chem i c a l  change of any k i nd i n  the p r o c e s s . The f i r s t  

suc c e s sfu l me l t  spi nn i ng p ro c e s s  w a s  p e rf o rmed wi th 

nylon 66 by C a ro the r s  ( 2 0 )  of E. I . du Pont de Nemou r s  and 

Comp any in 19 31 and was cornrn e rc i a l l ized i n  1939 ( 60 ) . 

I n  a c onvent io na l me l t  spi nn i ng proce s s ,  take-up 

ve l oc i ti e s  are u sual l y  be l ow 15 0 0  mjm i n . At l ow take-up 

ve l oc i t i e s ,  m o l e c u l ar o r i ent a t i on i s  i n suff i c i ent to 

impar t  the requ i reJ p rope r t i e s  of text i le f iber s . 

B e c au s e  the spun f ibe r i s  weak and unstab le , i t  c an not 

be d i r e c t l y  u s ed f o r  weavi ng or kni t t i ng . A d r aw i ng 

pro c e s s  i s  ne c e s sary a s  a po st sp i nn i ng op era t ion s i nce 

suff i c i ent o r i entat i on c an not be i mp arted du r i ng the 

spi nn i ng ope r at i on . The d r awing p ro c e s s  give s the f ib e r  

the nece s s a r y  tenac i ty and e l a s t i c  modu lus fo r u se i n  

the text i l e  i ndus t ry. 

Extens ive re se arch w a s  done and numerous p ap e r s  

we re pub l i shed c oncerni ng the r e la t i onship between 
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mo lecu l a r  o r i ent a t i on and phy s i c a l  properti e s  of the 

fibe r .  The y  c on c luded that mo l e cu l ar o r i entat i on p l ays 

a ve ry important ro l e  i n  d e t e rmining the fiber phys i c a l  

prope r t i e s . W i th inc r e a s i n g  mo l ecul a r  o r i enta ti on ,  the 

b i re fr i ngenc e ,  c r ysta l l i n i t y ,  den s i t y ,  and tena c i t y  

i nc rease whi l e  fiber e l ongat i on de c re a s es .  

Fiber pro du c e r s have found that the stab i l i ty of 

fiber i mproved w i th i nc re ased t ake -up speed i n  the 

spinni ng p r o c e s s  ( 5 5, 88 ) . The y  ob s e rved that i n  

sp i nni ng pol y ( e thyl ene te rephthal ate ) ( PET } , p a r t i a l l y  

o r i ented yarn ( POY ) formed at a take -up spee d  o f  about 

3000 mjm i n ,  r e su l ted not on l y  in i n c re a sed product i on 

rate s but al s o  i mprove d  the stab i l i ty o f  yarns whi ch had 

better sto rage propert i e s  ( 5 5 , 88 ) .  

From the e c onomi c po int o f  v i ew ,  b o th i nc re a s i ng 

take-up speed and reduc ing the numb e r  o f  proce s s i ng 

s tep s w i l l  de c r e a s e  product i on c o s t s . I f  f i b e r  

produ c e r s  c an p rodu c e  fu l ly ori ented fibers d i re c t l y  

f r o m  the me l t  spi nning proc e s s  by i nc re a sing the t ake-up 

speed to c e rt a i n  l i m it s , the y c an e l i mi n ate the 

sequenti a l drawing pro c e s s .  The fu l l y o r i ented fiber s , 

produ c ed by hi gh speed spi nni ng, may then on l y  requ i re 

twi s t i ng i nto p l i e d  yarns and po s s i b l e  textu r i z i ng 

be fo re b e i ng woven or kni tted . I n  the spunbond i ng 

nonwoven i ndu stry , ef fort s are m ade through a i r 
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attenuation and drafting technique s to achieve a s  high a 

degree of o r i ent at i on a s  po s s i b l e  to i mprove the 

mechani c a l  prope r t i e s  of the s e  s truc tu r e s  ( 56 ) . 

Rec ent l y ,  6000 mjm i n  take-up devi c e s  have been 

c omme rc i a l i zed ( 3 3 ) . The s t ructure and phy s i c a l  

p rope rt i e s  re l at i onsh i p s  of PET f ib e r s  spun a t  h i gh 

speeds behave diffe rent l y  f rom the part i a l l y  o r i ented 

f ibe r s . The eff e c t  of hi gh spinning speeds on the f ibe r 

s t ru c tu re and phys i c a l  prope rti e s  has been s tudi ed by 

many re s e arche r s  ( 2 , 3 5 , 36 , 5 1 - 53 , 66 , 7 1 , 82 , 8 3 , 8 7 - 1 00 , 1 1 7 , 

1 1 8 , 12 8 , 1 2 9 ) .  

Howeve r ,  there has been very l i tt l e  i nf o rmati on 

repo rted on the re l a t i on ship s  betwe en the s truc ture and 

phy s i c a l  p rope rti e s  of l i ne a r , branched , and h i gh 

mo l e c u l ar wei ght PET p o l yme r s  unde r h i gh speed spinn i ng . 

Furthe rmo re , the f ibe r s t ru c ture deve l opment a l ong the 

spi n l i ne under h i gh speed spinning was s t i l l  unc l e a r . 

The purp o s e  of thi s s tudy wa s to exam i ne the 

s t ru c tu re and physi c a l  prope rty r e l ati onship o f  th ree 

diff e rent PET po l yme r s: l i ne ar ,  b r anched , and hi gh 

mo l ecu l ar we i ght , unde r diff e rent ma s s  throughput s  and 

t ake-up ve l oci ti e s .  Fu rthermore , s t ru c tu re deve lopment 

a l ong the spi n l i ne was i nve s t i gated by me asu ring f iber 

d i ameter, bi ref r i ngenc e , and tempe r ature du r i ng spi nn i ng 

of the s e  three diffe rent p o l yme r s . A c ompu t e r  

5 



s i mu l at i o n  was a l so p e rf o rmed t o  s i mu l at e  the s t ructure 

deve l opment al ong the spi n l i ne of PET du r i ng h i gh speed 

spi nni ng . B a sed on the s e  s tudie s ,  we have deve l oped a 

more fundament a l  under st andi ng of thes e  po l yme r s  under 

hi gh speed spi nn i ng . 
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CHAPTER 2 

L I TERATURE SURVEY 

2 . 1  Gene r a l  Background 

The f i r s t  fundamenta l  rese arch on PET fibe r s  was 

done by the C a r o the r s  t e am for E .  I .  Du Pont de 

Nemour s  and Company f r om 1 928 to 1 9 3 7  ( 60 , 74 , 7 5 , 12 7 ) . 

Howeve r ,  the po lycondens a t i on of l i ne a r  PET i s  more 

d iff i cu l t  than for po l yami de s ,  and thi s de l ayed the 

deve l opment of PET in syntheti c f iber produ c t i on. I n  

1 94 1 ,  J. R .  W i nf i e ld and J. T .  D i c kson of C a l i c o  

P r i nter' s A s so c i ati on L td . , suc c e s sfu lly i nt roduc ted PET 

f i b e r  i n  G re at B r i tai n  ( 60 ) . I n  1 94 7 , both the I mpe r i a l  

Chem i c a l I ndu s tr i e s  Ltd . ( I C I ) and Du Pont Comp any 

purchased the r i ghts to manuf a c ture PET f i ber s .  Du 

Pont ' s PET f ib e r  was marketed under the t radename 

" Dac ron"® whi le I C I  c a l led the s ame f iber " Te r y l ene" ®. 

Bec au s e  of the i r e a s e  of mai ntenance and exc e l l ent 

c r e a se re s i s t anc e p roperti e s ,  PET f ib e r s  were wi de ly 

a c c epted by c o n sume r s. 

2 . 2 B a s i c  S t ru c ture of P o l y ( ethy l ene terephth a l ate ) 

The Text i l e  F i be r s  P r oduc t s  I dentif i c ati on Ac t ( 6 0 ) 

def i n e s  po l y ( e thy lene te rephtha l ate ) f i be r  a s  

" a manuf a c tured fiber i n  whi ch the f ib e r  f o rming 
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sub s t anc e i s  any l ong ch a i n  s ynth e ti c p o l ymer c ompo sed 

of at l e a s t  85 perc ent by we i gh t  of an e ster of a 

sub sti tuted aroma t i c  c arboxyl i c  ac i d, i nc luding but not 

r e s tr i c ted to sub s t i tuted te reph th a l i c  uni t s ,  

and parasubt i tuted h ydroxybenz o ate uni t s , " 

p (-R -0-C,H, -� -0-) 
Bas i c a l l y ,  th e chemi c a l  structure o f  PET f i ber i s  a 

l i ne a r  p o l yme r w i th a rep e a t  uni t o f  oxyeth y l ene 

oxyte reph th a l oyl (75 ): ( 0 u " " ) 
-0- �-o� -o-- {--{--

" I I • 

II = RO- f(�) 

The c ry s t a l  l atti c e  o f  PET i s  t ri c l ini c (2 4 )  a s  

sh own i n  F igu re 2 . 1 . The unit c e l l  param e te r s  are 

Q 0 0 0 0 0 
a= 4 . 5 6AI b=5 . 9 4AI c=lO . 75A1 a =9 8 . 5  I 6 = 1 1 8 I -y = 1 12 

(2 4 ) . The p o l ym e r  ch a i n  l i e s  a l ong the c ax i s  and th e c 

repe at d i s t anc e c on s i s t s  o f  one s t ru c tural unit (2 4 ) .  

The mo lecu l ar ch ains we re found to be rough l y  p l anar 

wi th aromat i c  r i ngs ne a r l y  p a ra l l e l  to ( 1 0 0 ) p l ane s(2 4 ) .  
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Figure 2.1. Schematic o f  mo l ecu l ar p acki ng i n  
po l y(e thy l ene terephth a l ate).  
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2.2 . 1  Den s i ty 

B a sed on th e uni t c e l l  determi ned by D aubeny , Bunn , 

and Br own (24 ) ,  The cr y s t a l l i ne den s i ty of P ET i s  1 . 455 

gj cm
3
. For c omp l ete l y  amorph ou s  PET , th e dens i ty i s  

3 
1 . 3 35 gjcm ( 2 4 ) . There h ave been o th er r epor ted va lue s 

3 
o f  th e cry st a l l i ne dens i ty ,  i. e . ,  1 . 5 01 gjcm (12 0 ) ,  

1.4 95 gjcm
3 

( 67 ) , and 1 . 515 gj cm
3 

(2 9 ) .  The s e  ar e b a s ed 

on r edetermi nati ons o f  th e cry s t a l  uni t c e l l dimen s i on s . 

I n  th i s  r e s e ar ch, we u sed th e Daubeny value due t o  i ts 

wi de spr ead ac c eptance i n  the l i ter atur e. 

2. 2 . 2  Cr yst a l l i ni ty 

Due t o  l ow i ntermo l e cu l ar for c e  betw een mo l e cu l e s , 

th e cr ysta l l i z at i o n  r ate o f  PET i s  l ow and 

cr ysta l l i z at i on t i me i s  l ong under qui e scent 

cry st a l l i z at i on (51, 7 4, 81 , 12 7 ) .  

I n  th e me l t  spi nni ng pr o c e s s ,  be l ow 35 00 m/mi n ,  P ET 

f i ber s do not cr y s t a l l i z e  i n  th e sp i n l ine and an 

amorph ou s s truc tur e i s  ob served . Sh i m i zu e t  a l. 

( 8 7 , 92 , 93 , 95 ) , Heuve l e t  a l. ( 51 ) ,  and P er e z  e t  a l . 

( 82 ) r eported th a t  at  t ake- up spee d s  above 450 0  m/min ,  

P E T  po l ymer s cr y s t a l l i z e d  i n  th e spi n l i ne . Th e 

cr y st a l l i n i t y  o f  P ET f i b er i ncr ea s ed a s  th e take - up 

speed i ncr e a sed . Th i s  i s  appar en t l y  due to enh anc ed 

cr y s t al l i z at i on kinet i c s  c au sed b y  or i entat i on - i nduced 
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c rysta l l i z a ti on . The c ry s t a l l i z at i on k i neti c s  are 

di s c u s sed further in sec t i on 2 . 3 .  

The c rysta l l i ni t y  c an be dete rmi ned and c a l cu l ated 

from den s i ty mea surement , di ffe rent i a l  s c anni ng 

c a l o ri metry ( DSC ) techni que s ,  x- r a y  di ffrac ti on methods ,  

i n fra red ab sorpti on o r  nuc l e a r  m agne t i c  res onanc e . 

T ypi c a l  c ryst a l l i ni ty v a l u e s  range f rom zero for 

quenched amo rphous samp l e s  to about 55% c rysta l l i ne for 

we l l  c rysta l l i z ed s amp l e s ( 2 3 , 48 ) . 

2 . 2 . 3  The rmal Prope rti e s  

The g l a s s  t r an s i t i on tempe rature ( Tg )  o f  PET 

0 0 
u su a l l y  range s between 6 7  C to  7 5  C ( 1 7 , 1 8 ) . The g l a s s  

tran s i t i on i s  a n  impo rtant phenomenon o c cu r r i ng i n  

amorphous mate r i a l  or the non- c r y st a l l i ne r e g i o n s  o f  a 

semi - c ryst a l l i ne po lyme r .  Above T g  the po l yme r exhibi t s  

the behavi o r  o f  a rubbery materi a l  ( l ow modu lu s , hi gh 

extens i ons , etc . ) whi l e  be l ow Tg the po l yme r exhi b i t s  

the properti e s  o f  a g l a s s y  mate r i a l  ( hi gh modulu s ,  l ow 

exte ns i on ,  sti ffne s s , etc . ) .  Amo rphou s PET c ry s t a l l i z e s  

0 0 
i n  the range o f  9 5  C to 1 4 5  C ( 1 5 ) . In general, the 

hi ghe r  the o r i e nt at i on the l ower i s  the c rysta l l i z a t i on 

tempe rature . The equ i l i b r i um me l t ing tempe rature o f  

c r ys t al l i ne PET i s  about 2 5 5
°

. 
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2.3 C ry s t a l l i z at i on 

The cryst a l l i z at i on phenomena can i n  gene r a l  b e  

dev i ded into two proce s s e s: nuc l e at i on and crysta l 

growth . The nucl e a t i on i s  the i n i t i at i on o f  a very 

sm a l l amount o f  cryst a l l i ne m ate ri a l  eme rgi ng f rom the 

parent ph a s e  by a f l uctuation precess (14). Crystal 

gr owth in p o l yme r s  a l s o  gen eral ly p r o c e eds by a 

nuc l e ation mechanism: name ly, by sur f a c e  nec l e atio n  on 

the growth p l ane. 

Both nucl e at i on and crys t a l  growth are dependent on 

crysta l l i z at i on condi t i o n s  such a s  t i me, temp e r ature, 

pre s sure, mech anica l fo rce s ,  and pretre atment ( 1 4 , 5 8) . 

There a re three d i f f e rent t ype s o f  nucl e at i on 

occu r r i ng i n  crys t a l l i z a t i o n  f rom the po l ymer me l t: 

( 1 ) Hete ro gene ou s nucl e at i on, i . e. nuc l e at i on due 

to the pre s ence o f  a s econd pha s e  and occurring at the 

i nterf ace wi th i t .  The s econd pha se may be i mpu r i t i e s  

o r  nuc l e at i ng agent s o n  which crysta l l i z ati on take s 

p l ace. 

( 2 ) Homo gene ous nuc l e ati on , i . e . nucl e at i o n i n  the 

ab sence of a s econd pha s e . The spont aneous aggreg a t i on 

of p o l yme r cha i n s  in a m anne r whi ch i s  reve r s i b l e  by 

the rma l mo t i on . Unti l a c r i t i ca l  s i z e  i s  re ached, the 

s ub sequent addi t i on o f  cha i n s  i s  i rrever s i b l e ,  the 

growth may be con s i de r  to h ave commenced . 
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( 3 ) Ori entat ion- i ndu c e d  nuc l e at i o n ,  i. e . 

nuc l e at i on i s  e nh anc ed due t o  some degree o f  a l i gnment 

by o r i ent a t i on of th e po l yme r m o l e cu le s. R eg i o n s  o f  

ch a i n  al i gnment are e a s i l y  c onve rted t o  a nuc l e i  emb r yo 

and c rystal l iz at i on take p l ace . 

B i nsbe rgen (1 4 )  reported th at wh en po l yp ropyl e ne i s  

o r i ented by sh e a r  stre s s  o r  tens i l e s t re s s  a s  l ow a s  

about 0 . 1 kgj cm2 , nuc l e at i on i s  i nduced a t  a much l ower 

degree o f  supe rco o l i ng th an i s  requ i red for norm a l  

c r ys ta l l iz ati on . The nuc l e at i on l i ne s are para l l e l  to 

th e d i re c t i on o f  stre s s  d i re c t i on . Th e den s i ty o f  

nuc l e at i on l i ne s incre a s e s  wi th incre a s i ng o r ientat i on . 

2 . 3 . 1 Crysta l l iz at i on K i ne t i c s  

Num e rou s i nve sti ga t i o n  h ave been made o f  th e 

c ry s ta l l iz at i on kinet i c s  o f  po l ymer materi a l s . Mo s t  o f  

th e s e  studi e s  focus o n  c ry st a l l iz at i on unde r i soth e rm a l  

c o nd i t i ons . 

(1) I sothermal c ry s t a ll iz a t i on kin e ti c s  

The degree o f  ph a s e  t r ans fo rmat i on from amo rph ou s  

ph a s e  to c rysta l l ine ph a s e  i s  rel ated t o  t ime b y  th e 

Avrami equati on ( 8 1 ):  

where 

1 ( -kt
n 

) X ( t ) = - exp 

X ( t )  the degree of phase transformation 
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k th e crys talliz a tio n r a t e  cons tant 

co ntaining nuc l e a tio n and grow th r a te 

n Avr ami ind ex 

(2 ) Non- i so th ermal cry s ta l l iz at i o n  

Cryst a l l iz a t i on o f  pol ym er mel t s, i n  pr a c ti c a l  

pr oc e s s i ng oper ati ons, pro c e eds non- i s o th erma l l y  over a 

wide r ange o f  t emper atur e. The over a l l  cr y s t a ll iz ati on 

r ate c o n st ant , wh i ch cont a i ns c ontr ibut i on s  fr om 

nucl e at i o n  and gr owth pro c e s se s  depends on th e 

temper atur e . 

K = K (T) ( 2 • 2) 
. 

Nakamura e t  al . ( 8 1 ) exp r e s sed non- i so th erma l  

qui e s c i ent cr yst all iz at i on a s : 

X ( t ) 

wh er e 

= 1 - exp ( -J t K (T )  dt�
n 

0 ( 2 .  3)  

n Avr ami ind ex d et ermi ned from �h e d a ta 

of th e i so th erm al crys talliz a tion 

K(T) = k(T)l/n 

( 3) Cr yst a ll iz at i on k i net i c s  i n  melt sp i nn i ng 

pr o c e s s  

I n  th e me l t  spi nni ng proce s s , temper atur e  i s  a 

func t i on o f  t i m e  a l ong th e sp i n l i ne and r e su l t i ng t i me 

dependenc e o f  K c an be wr it ten a s: 

K = K ( T ( t )  ( 2 .  4) 
14 



Po l y me r  c r y s ta l l i z a ti on i n  the me lt spinning 

p ro c e s s  i s  a l s o very sens i ti ve to mo l e cul a r  o r i enta ti on 

i n  the amo rphou s  ph a s e . Z i ab i ck i  (127) de te rm i ned the 

k i n e ti c  func ti on o f  non- i so therm a l  and o r i en ted 

c ondi tion i n  me l t  sp i nn i n g  p r oc e s s  a s : 

K ( t) ( 2 • 5) 

where 

K (T) 0 the c r y s ta lli za ti on ra te in a n  i s o tr o pi c  

uno r iente d  s y s te m  

f o r i e n ta tion f a c tor 

A ma te r i a l cons ta n t  

I sh izuka and Koyama ( 5 8 )  s tudi ed the 

c ry s ta l l i z a ti o n  kine ti c s  o f  po l yp ropylene i n  me l t  

spi nning .  The y repor ted c r y s ta ll i z a ti on ki neti c s  f o r  a 

he te ro geneou s Jy nuc l e a ted s y s tem a s :  

- ln ( - L) = 
x(X) 

1 °c p p 
·- •k

f i.: X { L: G. (T( )!:.N (u))!:.t}n 
Xoo cl i =O j=i � u a 

whe re 

N . 
( T ( ) t.N ( T) ) � T a 

Xoo the maxium c ry s ta llini ty 

Pc dens i ty o f  c ry s ta l line ph a s e  

c1 dens i ty o f  li qui d pha s e  

k
f sha pe fac to r  w h i ch de pe nd on the 

di rne n s i o n ab i li ty of  the grow th 
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�N : orientation of the amorphous phase 
a 

N. temperature and orientation dependent rate � 

of nucleas formation 

G. time, temperature, and orienta tion depend � 
linear growth rate 

(4 ) Cryst a l l iz at i on ki ne ti c s  i n  P ET m e l t  spinning 

Due t o  l ow k i ne t i c c rystal l iz ab i l i t y  o f  P ET 

po lym e r s , a t  l ow spinni ng speeds , PET p o l yme r s  do not 

c ry s t a l l iz e  in the spin l i ne and an amo rphou s f i b e r  

stru c tu re i s  ob s e rved i n  the f i b e r s. However ,  at high 

s p i nni ng speeds , PET po l ym e r s  do c rysta l l iz e  in the 

s p i n l i ne . Shimi tzu et a l . ( 87 , 92 , 9 3 , 95 ), Henve l e t  a l . 

(5 1 ) ,  and P e r�z e t  a l . ( 8 2 ) repo rted that at t ake-up 

spe e d s  above 45 0 0  mjm in ,  P ET po l yme r s  c rys t a l l iz e d  i n  

the spi n l i ne and c rysta l l i n i t y  i nc re a s ed a s  t ake -up 

speeds i nc re a se d . Thi s i s  apparent l y  du e to enh anc ed 

c ry s ta l l iz at i on kine t i c s c au s ed by ori entat i on- indu c ed 

c rysta l l iz at i on . 

K i ku tani ( 6 6 ) rep orted the c rysta l l iz at i on k i ne ti c s  

o f  P E T  po l ym e r s  as: 
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where 

Xc t = 1 - exp{ -( !0 K( T(t ) ·�N)dT)
n 

) Xcc 

Xc crysta llinity 

Xcc maxiu rn  crystallinity 

6N total fiber bire fring ence 

( 2 .  7) 

Thi s c ry s t a l l i z at i on kine t i c  equ a t i on w a s  used to 

s imu l ate the spi n l i ne behav i o r  o f  PET po l yme r s  in 

Chapte r 4.4. 

2.4 Dynamics of Low and Moderate Spe ed Melt Spinning 

Melt spinning the fundamental operation in the 

manufacture of fibers from PET polymer. The process 

involves melting the polyme r  and extruding it through 

spinneret(s) into a gaseous medium and stretching it by 

a take up device. The fiber structure changes along the 

spinline with the rate of deformation and the rate of 

cooling. The study of spinning dynamics has become the 

key point of the melt spinning process. A complete 

series of studies (both theoretical analysis and 

e xpe rimental Investigation) of the spinline problem 

began with the work of Ziabicki and Ke dzierska (122-124) 

and Kase and Matsuo (61-6 5). More detailed review have 
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been given by Dees ( 2 5 , 2 6 ), White (114), and T s ou ( 109). 
A brief s umma ry of the impor tan t  fea tures of the problem 

is given in the following paragr aphs. 

The problem involves ma s s  bala nce , force balance , 

ener gy balance , and s truc ture development along the 

spinline. These b alances mus t  be solved simultaneously 

to in terpret this complex melt spinning proces s: 

(1) Mas s b a l anc e 

I n  s teady s tate me l t  spi nn i n g ,  th e ma s s  b a l anc e may 

be expres sed a s  

P A V = W = con s tan t ( 2 .  8) 
where 

p fiber density 

A fiber cross-section area 

v fi!:Jer velocity 

w mas s  throughput 

(2 ) Forc e b a l anc e 

Th e gradi ent of ax i al f o r c e  al ong th e sp i nl i ne, 

dF/dx , resul t s  f rom s everal c ontribu t i ons , 

dF dV = w 
dx dX -

dR 1T a--­
dx p g R

2 + 1T D 1
f 

( 2 .  9) 

and after in tergration (base on pure elonga tional flow ) 
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where 

X 2 X 
- n p g !

0 
R dx + 2 n!

0 
R r

f 
dx (2.10) 

gradient of axial force along the s pinlin e 

: current axial velocity of the filament at 

the distance x from s pinneret 

V(O) e xtrusion velocity 

R(x) current radius of the filament 

R(O) : radius of the orifice 

a surface tension 

T
f 

shear s tr e s s  on the filament s urface 

r e s ulting from air drag (skin friction) 

The i ndividual terms in equation (2.3) d escribe the 

contribution of rheological force, inertia, surface 

tension, gravity, and air drag forces: 

and 

F (
x) = F 

rheo (x) = F 
h 

{ 
) 

+F. + F - F 
r eo 0 1n surf grav 

+ F . 
a1r (2 . 11) 

The effects of surface te nsion, F s urf= Tia(R0-Rx) 

X 2 
gravity, Fgrav= "Pgf

0R d� are generally small 

compared to the other term, except for the low spe ed 

spinni ng of very thi ck fi laments where Fgrav and Fsurf 

c a n  become appreciable. Otherwise these two factors 

contribute less tha n  1% of the total tension and can be 

negl e c  for both l ow and high s p e e d  spinning (126). 
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( 3 ) Energy b a l anc e 

H e at t r ans fer f rom th e sp i n l i ne to th e c oo l ing 

medium ( ai r )  p rovide s ano th e r  i mpo rtant f a c to r  i n  

sp i nning dynam i c s .  The me l t  vi sco s i ty o f  f i be r depend s 

upon the temper ature o f  th e f i b e r  wh i ch i n  turn depends 

on th e coo l i ng rate o f  th e f i ber . As  the temperature o f  

th e f i be r dec re a s e s  ( c aus i ng an i nc re a s e  i n  th e 

vi sco s i ty )  th e rheo lo gi c a l  fo rce exerted on th e 

mo l e c u l e s , wh i ch c ause s th e de fo rmatio n ,  i nc re a s e s . 

The energy b a l ance c an be app roximated a s ,  

W C dT = - h iT D ( T - T5 p dx (2.12 ) 

wh er e  

dT 
dx 
h 

T 5 
c 

p 

coolinq r a te 

h e a t  tr ans fer coeff ic i ent 

cooling a ir t e mp er atur e  

h e a t  c ap aci ty of polymer 

2 . 5 Dynami c s  o f  H i gh Speed Me l t  Sp i nn i ng 

As oppo sed to low speed spi nn i ng , th e i nc re a s e  i n  

th e e longation rate i n  the th read l i ne indu c e s  a much 

h i gh e r  degree o f  mo l e cu l a r  o ri entation at h i gh sp i nn i ng 

spee d s . From the th ermodynami c s  po i nt o f  vi ew th e 

i n c re a sed o r i entation dec r e a s e s th e free ene rgy o f  
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mo l e cu l e s, thu s  cr eating a mor e  s t ab l e  pha s e  (27) . 

S tr ai n  i nduced cry st a l l i z a t i on o c cur s  i n  the spi n l i ne 

and a h i gh b ir e fr i ngence i s  ob s evr ed for PET f ib er at 

spinni ng speeds over 4500 mjmin (51-53,66,76,82,91, 

95-97,116,117) . The l atent heat r e l e a sed by 

cry st a l l i z at i on may i n f luence the vi s c o s i ty o f  the 

polymer , c au s i ng change s i n  the spi n l i ne b eh avi or and 

s tructur e deve l opment o f  PET th a t  ar e qui t e  d i ffer e nt 

fr om th at o f  l ow and moderate speed spinning. 

K i ku t ani {66} c omb i ned s tr a i n  h ardeni ng , 

b ir e fr i ngenc e , and cry s t all i z at i on k i net i c s wi th the 

c o nventi ona l  ma s s ,  for c e , and ener gy b a l ance s a s  b e low: 

{1) For c e  b a l ance e quati on 

dFdx = W ( dV 
- _s_ ) + "', D .,. dx V " 'f 

(2 ) Rhe o l og i c a l  e qu at i on 

dV 
dX= F o V 

n w 

(3) S tr a in h ardening e quat i on 

4400 2
18 16 n = 1.3 exp( T + 273 ) exp ( Xc 

( 4 )  Ener gy b a l ance e qu a t i o n  

dxc _9?_ dT + 4h 
dX = .C:.H dx .C:.H D p V ( T - T s 

2 1  

(2.13) 

(2.14) 

(2.15) 

(2.16) 



(5) Crysta l l i zat i o n  kineti c s  

E._ = 1 - exp ( - ( J0T K ( T (t) llN ) dT ) n
) Xoc 

( 6 ) B i re fri nge nc e  equat i on 

� = .fs?E_ dV dx V dx 
The notat i ons are l i s ted i n  Append i x  A .  

F rom thi s  mode l , the spin l i ne prob l em c an be 

(2.17) 

(2.18) 

s i mu l ated f o r  PET h i gh spe ed spi nn i ng . Mo r e  det a i l  w i l l  

be g i ven i n  Chapte r  4.4. 

2 . 6 . Fiber F o rma t i on Pro c e s s  i n  Low and Mode rate Speed 

Me lt Spi nning 

When mo l ten po l ymer i s  extruded from the 

sp i nnere t (s ) ,  the o r i entat i o n ,  whi ch i s  c re ated by shea r  

f l ow wi th i n  the spi nneret channe l i s  re l axed by d i e  

swe l l  and the po l ymer become s uno ri e nted ( 2 7 ) . The 

mo l e cu l a r  o r i entation by she ar f low i s  not an e f fe c t i ve 

c ont r i bu t ion t o  the f i na l  f ibe r o r i entati on . The 

extruded po l ymer i s  then d e f o rmed by the t ake-up forc e . 

F i b e r  mo l e cu l e s  a re s t retched f rom a random c onfo rmat i o n  

to a n  o r i ented c onfo rmat i on . Thi s  o r i entat i on a c tua l ly 

i s  a b a l ance between the o r i ent at i on induc ed by the 

de format i on o f  the me l t  stream and the r e l axat i on due to 

thermal m o t i on of the mo l e cu l e s  be fore the g l a s s  

tran s i t i on p o i n t  i s  re ached . 
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I n  o the r wo rd s ,  the s t ructure d eve l opment a l ong the 

spi n l i ne d epend s  upon the spin l i ne s t re s s  and th e amount 

o f  supe rc o o l i ng .  The ph y s i c a l  p rope rt i e s  o f  the f i be r  

depend upon th e formation o f  the f i ne s t ru c tu re al o ng 

the spin l ine. 

The spi n l i ne prob l em was stud i ed by Z i ab i cki and 

K edz i e r sk a  ( 12 2 - 1 24, 12 6 ) and Kase and Matsuo ( 6 1 - 65 ) . 

Th e y  r epo rted ve l o c i t y  and d i ameter d i s tribut i on s  a l ong 

th e spinl i ne as a func t i o n  of th e spi nni ng c o nd i t i ons. 

Z i ab i c ki and K edz i e rska were the f i r st to pub l i sh x - ray 

patterns and b i re fringence d ata of me l t  spun f i be r s  and 

sh owed th at the o r i entat i o n  o f  the mo l ecu l e s  i nc re a sed 

w i th take -up s t re s s. Henson and Spru i e l l  ( 4 9 )  and 

Nade l l a  et a l . ( 7 9 , 80 ) a l so stud i ed the spi nl i ne s t re s s  

f o r  po l yp r opyl ene fibe r s  und e r  l ow spi nn i ng speed . The y  

c onc l ud ed th at the spin l i ne stre s s  d om in ated the 

s truc ture d eve l opment proc e s s  i n  me l t  spi nni ng . Abbot 

and Wh i te ( 1 ) s tud i ed the e f fect o f  spi nn i ng speed , f l ow 

rate and me l t  temperature on the o r i entati on and 

c r y s t a l l i z at i on o f  me l t  spun po l ye th yl ene . The y  

reported th at the mech ani c al prope rti e s  i nc re a s ed w i th 

i nc re as ed c rystal l i ne o r i ent a t i o n. 

I n  gene r a l , PET exh i b i t s  a rath e r  l ow 

c rysta l l i z at i on rate , sho rt re l ax a t i on t i me and l ow 
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vi s c o s i ty ( 6 6 , 1 0 3 ,1 2 6 , 12 8 ) .  At l ow and mode r at e  

spi nn i ng speeds ( be l ow 3 5 00 m/mi n ) , the rate o f  

c ry s t a l l i z at i on i s  suff i c i ent l y  s l ow and the rate o f  

c o o l i ng i s  suffi c i entl y  h i gh t o  prevent c rysta l l i z at i on 

from occurring . X - r a y  ( 5 1 , 6 6 ) , den s i ty ( 5 1 , 66 , 9 6 ) , DSC 

ana l ys i s ( 5 1 , 83 , 9 2 ) ,  and shr i nkage data ( 3 6 , 92 )  showed 

that fiber spun at the s e  c ondi t i o n s  exh i b i ted an 

amo rphous s t ru c ture or a me sopha s e  ( or i ented amo rphou s 

s t ructure ) ( 2 ) .  

Nakamura , Watanabe , Katayama , and Amano ( 8 1 )  

p o inted out that at hi gh t ake-up ve l oc i t i e s  and sp i n l ine 

s t re s s ,  PET wi l l  c ry s t a l l i z e  due to enhanc e d  

c ryst a l l i z at i o n  r ate , whi ch i s  apparent l y  due t o  

mo l e cu l ar o r i entat i on produced i n  the po l ymer me l t . 

2 . 7 .  Fiber F o rmati on P roc e s s  i n  H i gh Speed Spi nni n g  

The mo rpho l ogy o f  fiber s t ructu re i s  determi ned b y  

the c onformat i on o f  f i b e r  mo l e cu l e s . Hi gh l y  o r i ented 

fiber mo l e cu l e s  s trongl y  i n f luence the mo rpho l ogy o f  the 

f i b e r  and i t s  phys i c a l  prop e rt i e s . Thu s , the s t ructure 

deve l opment and phys i c a l  propert i e s  of h i gh speed me l t  

spun f i be rs h a s  become a t op i c  of b o th theore ti c a l  and 

p r ac t i c a l  impo r t ance for many fiber r e s e a rch 

l aboratori e s . 

Shi m i zu e t  a l . pub l i shed a s e r i e s  of pape rs on the 
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h i gh speed spinn i ng o f  s eve r a l  po l ymer s  ( 8 1 - 9 4 ) .  They 

have stud i e d  po l ypropyl ene ( PP ) , po l y ( ethyl ene 

te rephth a l ate ) ( P ET) , ny l on- 6 ,  nyl on- 6 6 ,  and 

po l y ( e thyl ene - 1 ,  2 - d iphenoxyethane-p , p ' -di c a rbox y l ate ) 

at spinn i ng spe eds up to 9 0 0 0  mjm i n .  

The i r  r e su l t s  reve a l ed that mo st hi gh spe e d  spun 

f i b e r s  show characte r i s t i c  s t ru c ture and propert i e s  

c omp a red w i th c onvent i on a l  dr awn yarn s . For examp l e , 

hi gh speed spun PP f i be r s ( 7 9 , 80 )  exh i b ited a remar kab l e  

i nc re a s e  i n  c ry st a l l i ni ty and i n  both c rysta l l i ne and 

amo rphou s o r i entat i on re su l t i ng i n  a hard e l a s t i c 

s t ructu re . I n  nyl on- 6 ( 9 2 ) ,  the c ontent of  a and 'y {.Jhase 

was c ontro l l ed by the spi nning speed and the Y - pha se 

i nc re ased w i th t a ke-up spee d . For nyl on- 6 6  ( 9 3 )  the a­

pha s e  predomi nated at every spinn i ng spee d  and the 

c ry s t a l  s i z e  a l ong the f i b e r  a xi s  i nc rea sed with the 

sp i nn i ng speed . Heuv e l  and Hui sman ( 5 2 )  reported h i gh 

c ry s t a l l i n i t y  and ori entati on we re ob s e rved wi th 

i n c r e a s ing t ake-up spe e d s  for nylon- 6 fibers . They a ls o  

reported a n  i n c r e a s e  i n  y - pha se wi th a n  i n c r e a s e  i n  the 

t a ke -up spe e d  and propo s e d  that Y -ph a s e  wa s mai nly 

gene rated from ori entat i o n i ndu c e d  nuc le i  and � - ph a se 

grew s lowl y afte r moi sture p i c k  up at take up spe eds 

above 2 5 00 mjm i n . 

Lec l u se ( 7 1 )  reported the e f f e c t  o f  take - up speed 
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and wate r di f fu s i on on the s t ructu r e  of  nyl on- 6 6  f i be r s . 

She repo rted that the hi ghe r the spi nni ng speed , the 

l ower the rati o o f  a to Y pha s e  a l ong the spi nl ine and 

a f t e r  a c r i t i c a l  speed of about 3 000 m/min to 400 0 m jmi n 

only the y- pha se may be ob s e rved al ong the spi n l i ne .  

Suryadevara and Sprui e l l  ( 1 0 7 )  s tud i ed the e f fe c t  

o f  mo l e cu l a r we i ght on t h e  s t ructu r e  and prope rti e s  o f  

h i gh speed me l t  spun nyl on- 6 .  The y repo rted an i nc re a se 

i n  spi n l i ne s t re s s  wi th i nc re a s i ng t a ke -up spe e d  and 

m o l e cu l ar wei ght . The t o t a l  c ry s t a l l i ne frac t i on and 

phase f r a c ti on i n c re a sed and the a-phase f rac t i on 

d e c r e a sed wi th i nc re a s i ng t a ke -up spe e d . The f i b e r  

modu l u s  and tensi l e  strength i nc r e a s ed wi th i nc re a sing 

mo l e cu l ar wei ght and t a ke -up spe e d . 

I shi b a shi e t  a l . ( 5 7 )  i nve sti gated the m o l e c u l a r  

w ei ght e f f e c t  o n  the me lt sp i nn i ng of  nylon- 6 .  On- l ine 

temp e rature and di amete r mea surement s were c ar r i ed out . 

They found that the t emperature and di amete r prof i l e s  

were i ndependent o f  the numb e r  ave r age mo le cu lar wei ght 

over the range 1 8 , 5 00 to 2 4 , 000 gram s jmo l e . 

2 . 7 . 1  F i b e r  Formation P ro c e s s  i n  H i gh Speed Sp i nning o f  

P o l y ( e thyl e ne Terephthalate) 

Shimi zu and c owo rke r s  have p e r f o rmed a s e r i e s  of  

studi e s  on h i gh speed spun PET . I n  1 9 7 7 , the y reported 
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change s in PET fiber stru c ture and phy s i c a l  pr ope rt i e s  

wi th t a ke - up spe eds u p  t o  9 000 m/min ( 89 ) . At spi nn i ng 

speed s  ove r 5 00 0  m/mi n ,  they o b s e rved a l arge i nc re a se 

i n  the den s i ty and c ry s t a l l i ni ty . The c ryst al l i z at i o n  

p e a k  o c c u r r i ng he ating o f  a s  spun s amp l e s  al so vani shed 

i n  DSC trace s .  

I n  1 9 7 8 , the y reported the e f fe c t  o f  me l t  d r aw 

r a t i o  and f l ow r ate on the h i gh speed sp i nn i ng o f  PET 

( 92 ) . They c onc l uded that the t a ke - up speed pl ayed the 

domi nant ro l e  i n  the fiber s t ructu re format i on . 

I nc re a s i ng the me l t  draw r a t i o  o r  de c r e a s ing the m a s s  

f l ow r ate i n c r e a s ed both the f i b e r  c rysta l l i ni ty and 

o r i ent a t ion . The y  repo rted that h i gh mo l ecu l ar we i ght 

po l ym e r s  c ryst a l l i z ed at l ower spee d s  and i nc re a s ing the 

v i sc o s ity i n c re ased the spi n l i ne s t re s s  whi ch 

a c c e l e r ated the o r i entati on and c r y s ta l l i z at i on p r o c e s s . 

I n  1 9 8 1 , Sh imi zu e t  a l . ( 9 6 )  ob s e rved r adi a l  

va r i at ions a c r os s  h i gh spe e d  spun f i be r s . The y  reported 

th at the f iber s t ruc ture devel oped to a h i gh l y  o r iented 

s t ate . Aft e r  i nc re a s i ng the t a ke - up speed above 7 000 

m/mi n ,  the den s ity and b i ref r i ngence began to d e c r e a s e  

and the degree o f  c ry s t a l l i n i t y ,  measured by h e a t  of  

fu s i on ,  leve l l ed o f f . They obse rved an a lmo s t  ful l y  

o r i ented c ry s t al l i ne regi on . A s ki n  and c o r e  s t ru cture 

was ob s e rved at hi gh t a ke - up speeds and the degree of 
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mo l ecu l a r  ori entati on and c ryst a l l i ni ty were hi gh e r  i n  

the s ki n  than i n  the c o re . The d i f fe renc e i n  the 

b i r e f r i ngence b e tween the s ki n  and c ore i nc re as e d  wi th 

i n c r e a s ing ta ke -up spee d . 

I n  19 82 , Shi m i zu ( 9 7 )  repo rted on the stru c ture 

deve l opment in hi gh speed spinni ng . He obse rved a sharp 

di ameter thi nn i ng ( ne c ki n g )  on the spi n l ine at t a ke -up 

speeds above 5 00 0  m/m i n  f o r  PET f i b e r s . The o r i entati on 

i ndu c e d  c ry s t a l l i z ati on c o rre sponded to b i r e f r i ngence 

- 3  
v a l u e s  above 60  x 1 0  

I n  19 83 , Shi m i zu e t  a l . ( 9 8 , 9 9 )  reported a g a i n  on 

the f o rma t i on of f i be r stru c ture in h i gh speed spinni ng . 

The spi nn i ng s t r e s s  p l ayed a very i mpo rtant ro l e . Among 

the spinn i ng s t r e s s e s , the a i r  drag and i ne rt i a  s t r e ss e s  

bec ame the dom i nate stre s s e s . The i r  e x ami nat i on 

c onc luded that the i n e rt i a  stre s s  p l ayed an i mportant 

ro l e  in the f o rmation o f  f i b e r  s tructu re , whi l e  the ai r 

drag had o n l y  a sma l l  e f f e c t  on i t . 

In 1984, Shi mi zu e t  a l. ( 10 1) reported on the 

e f fe c t  of t a ke -up speed on the uni t c e l l  p a r a me te r s  and 

sup e r s t ru c tu re o f  PET f i b e r s . The y  summari z e d  that the 

c rysta l l i te s i z e  i n  the l a teral  di recti ons a s  we l l  as  

cha i n  d i r e c t i on i nc re a s ed wi th spi nn i ng speed . I n  

c o nt r a st , the i mper fe c t i on p aramete r  a l ong the ch a i n  

di recti on de c re a sed w i th i nc re a s ing spi nning spee d . I n  
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the range o f  spi nning spe e d s  f rom 5 0 00 m/m i n  to 6 0 0 0  

m/m i n ,  the i nt e r f ace be tween the c ry st a l l ine and 

amorphou s pha se s  in the mi c ro fibri l w a s  hi gh l y  i nc l i ned 

wi th re spect to the p l ane perpend i cu l ar to the f i b e r  

ax i s. I n  the r ange f rom 8000 m/m i n  to 9 000 mjm i n ,  thi s 

i nc l i nation i s  r a ther sma l l ,  and m any vo i d s  e xi st e d  

between the mi c r o fibri l s. 

I n  1 9 7 8 , Heuve l and Hu i sman ( 5 1 )  reported that 

i n c r e a si ng the t a ke-up speed to 3 500 mjm i n  on l y  

i n c r e a sed the o r i entati on wi thout any i ndi c at i o n  o f  

c ry sta l l i z at i on . At t a ke - up speed s  above 4000 m/m i n ,  

extrem e l y  f a st st r a i n - i nduced c r y sta l l i z at i on o c c u r red . 

At h i gher spi nn i ng spe e d s  ( above 5000 m/mi n )  v e r y  

we l l - deve l oped c ry st a l s w e r e  detec ted . They a l so 

prop o sed m o l e c u l a r  arrangements i n  the f i be r s  at v a r i o u s  

t a ke - up spe e d s  F i gure 2 . 2 .  

I n  1 9 7 9 , P er e z  and L e c l u se ( 82 )  repo rted on 

c ry sta l l i z a t i on i nduc ed by o r i entati on when the t a ke -up 

speed exce eded 3 5 0 0  m/mi n .  The ne ck i ng phenomena w a s  

ob se rved on the spi nl i ne at take - up sp eeds o f  5 4 0 0  

m/m i n . A sudden i nc r e a se i n  b i re f r i ngence w a s  ob se rved 

in thi s re gi on . The f i b e r  had an amorphous st ru c ture 

before nec ki n g  and a fu l ly c r y st a l l i z ed st ruc ture after 

ne cking . The i r  r e su l t s  were si mi l ar t o  Shi m i z u ' s. 

I n  1 9 8 2 , Pe rez ( 83 }  repo rted the e f fe c t  of  the 

29 



2000 3000 4000 

5000 1)000 mtmin 

Figure 2.2. P roposed molecul a r  a r r angement i n  f i b e rs a t  
di f ferent t ake-up spe e ds . ( re f . 5 1 ) . 
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rhe o l o gi c a l  prope rti e s  o f  PET on structure deve l opment 

in h i gh speed spinning . He c ompared the rhe o l o gi ca l  

prope rt i e s  o f  b ranched and l i nea r  PET i n  she a r  on a cone 

and p l ate mechan i c a l  spe c tromet e r  and observed the 

b r anched PET had h i gher normal stres se s  and a 

p seudo -p l a st ic behaviour . An inc r e a se i n  mo l ecu l ar 

w e i ght and b r anchi ng l e d  to h igher re l ax at i on time s . He 

c onc luded that the h igh sen s i t i v ity of  the spi n l i ne 

pro f il e  and o f  the s t ructu r e s  indu ced w a s  d irec t l y  

re l ated t o  the rhe o l o g ic a l  behavi our o f  the p o l ymer . 

The v isco e l a s t i c  behav io r  o f  PET c ontro l s  the c ri t ic a l  

s t at e  o f  s t re s s- i nduc in g  c ry s t a l l i z a t ion . The 

mechan ic a l  behavio r  of h igh speed spun fibe r s  depended 

upon the degree of ori entat ion and had a sma l l  e f f e c t  on 

c ry s t a l l in ity . He a l so reported that necking phenomena 

were not so obvi ous in b r anched PET h i gh spe e d  sp inning . 

Yasuda ( 1 1 8 )  repo rted on the structure deve l opement 

and phy s ic a l  prope r t ie s  of h i gh speed spun PET f i b e r s . 

He pre sented a c or re l at ion of take -up ve l oc it y  w ith the 

b ire f r i ngence and c ryst a l l inity dif f e rence s between the 

c enter c o r e  and outer s kin o f  the f ibe r at hi gh spe eds 

and propo sed that thi s di f fe rence re su l t s  from l ower 

t empe r ature and highe r stre s se s  in the s kin porti on . 

Mat su i ( 7 6 )  s tud i e d  the PET f iber format i on proce s s  

on the sp in l ine . He reported d iameter and b ir e f r i ngenc e 
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pro f i l e s  obtai ned b y  cut t i ng the f i be r  on-l i ne and 

temp e r ature p r o f i l e s  obt a i ned by u s i ng a conta c t  type 

the rmocoup l e . He divi ded the spi n l i ne i nto thr e e  

regi ons : a f l ow deformati o n  regi on , o r i entat i on induced 

c ry s ta l l i z at i on r e g io n ,  and a p l a st i c  de format i on 

regi on . He di s c u s sed the d e f o rmat i on proc e s s  i n  e a ch o f  

the se regi on s . Mo st o f  the f iber stru c ture dev e l oped 

w i thi n the o ri e nt a t i on i nduc e d  c rysta l l i z at i on regi on . 

He a l so ob se rved that f ib e r  d i ameter v a r i ati ons 

de c r e a sed at the h i gher speeds bec au s e  the spi n l i ne i s  

more stab l e  at the hi gher s t r e s s  l eve l s . 

I n  1 9 8 3 , Ge o rge ( 3 7 )  et a l . a l s o  reported that the 

P ET c ryst a l l i z at i on pro c e s s  i s  ext reme l y  rap i d ,  

o c c u r r i ng ove r a fe w c entimeters o f  the spi n l i ne . At 

h i gh speed s ,  the " f reez e p o i nt ", whi ch was d e f i ned a s  

the p o i nt a t  whi c h  vel oc i ty re ached i t s  f i n a l  value , was 

0 
re ached at 2 00 C .  A mi n i mum s tre s s  of  0 . 0 8 g/deni e r  or 

a m i n i mum l eve l of ori entat i on mu st be re ached before 

c ry s t a l l i z at i on c an be i ni t i ated . Garg (35 ) repo rted 

s im il a r  re su l t s . 

I n  gene r a l , based on den s i ty , d i f fe rent i a l  s cann i ng 

c a l o r i me t r y  ( DS C ) , b i r e f r i ngence , w i de ang l e  x -r a y  

sc atte r i ng ( WAXS ) , and smal l ang l e  x -ray s c a tt e r i ng 

( SAXS ) , the f i ne structure o f  hi gh speed spun PET fibe r s  

exh i b i t hi gh mo l ec u l a r  o r i e nt ati on , b i re fr i ngenc e and 
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c ry s t a l l i n i ty , mo re perfect c rystal l i n e  structu r e , a 

s ki n  and c o re s t ructure and many voi ds w i th i n  the 

mi c ro fi b r i l s . The phys i c a l p roperti e s  o f  h i gh spee d  

spun f i be r s  exh i b i t  hi gh tenac i t y , bi r e f r i ngence , and 

me l t i ng po i nt , and low shr i n kage and e longat i on . 

On- l i ne stud i e s  di s c l o se d  a ne c ki ng pheno mena that 

wa s obse rved at t a ke -up speeds above 4 5 0 0  mjmi n .  A 

ful l y  deve l oped c rysta l l i ne s t ructure w a s  obs e rved aft e r  

nec ki ng and an amo rphou s s t ructure w a s  obse rved b e fo re 

ne c ki ng .  B a sed on the se re su l t s  the c ry s ta l l i z at i on 

proc e s s  i s  evi dent l y  an ori entat i on i nduc ed 

c ry s t a l l i z at i on proce s s  produc ed by hi gh stre s s e s  i n  the 

spi n l i ne . 
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CHAPTER 3 

EXPER I MENTAL MATE R I AL S ,  EQU I PMENT , AND PROCEDURE S 

3 . 1  Mate r i a l s  

Thre e d i f f e r ent s amp l e s o f  po l y ( e thyl ene 

terephtha l ate ) ( PET ) were u sed i n  thi s study . L i ne a r  

P E T  w i th a n  i nt r i n s i c  v i s c o s i ty ( I . V . ) o f  0 . 58 m l / g  and 

a b ranched PET w i th an I . V .  o f  0 . 5 4 m l jg were supp l i ed 

b y  Rho ne Poul enc F i b r e s  o f  F r anc e . L i ne a r  h i gh 

mo l e cu l ar wei ght PET wi th a n  I . V .  o f  0 . 9 1 mljg w a s  

supp l i ed by A l l i e d F i b e r s  and P l a s ti c s . 

3 . 2 Me l t  Spinni ng Equipment 

The me l t  spi nni ng exp e r iments were perfo rmed u s i ng 

a sc rew e x t rude r manufactu red by Fourne As soc i a te s o f  

We st Ge rmany and a pneumati c drawdown devi c e  supp l i ed b y  

Rhone Pou l enc F i b r e s  o f  F rance . A S chemati c o f  the 

extruder and dr awdown dev i c e  i s  shown in F i gure 3 . 1 . 

3 . 2 . 1 Fourne Sc rew Extruder 

The F ou rne S c rew Extrude r u sed h a s  a 13 mi l l ime te r 

d i ameter s c rew whi ch r e c e ive s po l yme r p e l l e t s  b y  g r avi ty 

f e e d  f r om a s even l i t e r  c ap ac i ty n i t ro gen purged hoppe r .  

The extrude r supp l i e s  mo l ten po l ym e r  at pre s sure o f  1 . 0  

3 
to 3 . 0  x 1 0  p s i  to a ge a r  pump ( Zeni th )  whi ch prov i d e s  

a c o n s t ant m a s s  f l ow to the spi nne re t . The d i scharged 
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Hopper 

S c re w  Extr ude r  

Gear Pump 

S p i n ne ret 

F i l ame n t  

P n e uma t i c Drawdown 
' Dev i ce 

F i g ure 3 . 1 .  Schema t i c  o f  screw extrude r  and pneum a t i c  
drawdown devi ce . 

3 5  



po l ymer s t r e am from the ge ar pump p a s s e s  through a 3 2 5  

mesh f i l t e r  s c reen and through a s i ng l e  c api l l a ry d i e  

whi ch h a s  a d i amet e r  o f  0 . 7 6 2  mi l l i meter and a L/D rat i o 

o f  5 . 0 . 

The e x t rude r and sp i nn i ng head as semb l y  i s  wrapped 

wi th e l ec t r i c  band he ate r s  a r r anged to provide four 

separ a te he a t i ng z one s . Four contro l l e r s  are used to 

maint a i n  the de s i red tempe rature i n  ea ch of  the se four 

z one s . 

Two p l ati num- r e s i stance thermo c oup l e s  are i n s e rted 

i nto the po l yme r stream to me asure the po lym e r  

tempe r a ture i n  t h e  di scharge s t re am . The temperatu re s 

a r e  i nd i c ated on a met e r  on the c ontro l pane l . The me l t  

pre s sure i s  i nd i c ated b y  a Dyani s c o  pre s sure gauge . The 

gear pump speed i s  manu a l l y adj u sted by means of  a 

vari ab l e  speed gear box to obt a i n  the d e s i red f l ow rate 

of  the po l ymer me l t .  Onc e s e t , the f l ow rate remai n s  

constant . 

The enti re a ssemb l y  o f  the extrude r and spi nn i ng 

b l o c k  i s  mounted on a ve r t i c a l  ste e l  c o lumn . I t  c an be 

move d  up and down a l ong the c o lumn by a moto r . Further 

de t a i l s  of the va r i ou s  parts o f  the extrude r and i t s  

oper a t i ng and mai ntenanc e i nstru c t i ons are given i n  

refe rence 2 6 .  
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3 . 2 . 2  Pneumati c Drawdown Dev i c e  

A pneumat i c  drawdown dev i c e  wa s supp l i ed by Rhone 

Poul enc Fibe rs of Franc e . A schemati c o f  thi s  dev i c e  i s  

shown i n  Fi gure 3 . 2 .  

The devi c e  has a p re s sure i nd i c ator ne ar the ai r 

i n l e t . Pre s suri z e d  a i r  w a s  u sed to produce a suc t i on 

f o r c e  on the f i l ament ne ar the entr anc e of the devi c e . 

The f i l ament take up ve l oc i ty c an be adj u sted by 

changi ng the p re s sure o f  the c omp r e s sed a i r  sourc e . The 

a c tu a l  take up ve l oc i ty w a s  c a l c u l ated b a sed on the 

f i b e r  di amete r ,  den s i t y ,  and m a s s  throughput . 

The f ina l f i l ament s we re c o l l ec te d  i n  a l a rge 

c ardb o a rd box . The pneumat i c  drawdown devi c e  di d not 

requ i re spec i a l  m a i ntenanc e , and wa s e a s i l y  w iped c lean 

a f t e r  each spi nn i ng run . 

3 . 3  Fiber Charac t e r iz a t i on Apparatu s 

3 . 3 . 1  P o l a r i z ing M i c r o s c ope 

Fiber di ameter and bi ref ri ngenc e readings we re made 

wi th a Le i tz po l a ri z i ng mi c r o sc ope ( Ortho lux ) equipped 

w i th a Baush and Lomb f i l a r mi c rometer e ye pi e c e  and a 

1 0  o rder B e rek c ompen sator . The retardation " R "  w a s  

obta i ned by a d j u s ti ng the c ompens ato r w i th c ro s sed 

po l ar s . The b i re f r ingence ''t.. n "  wa s c a lcu l ated f rom the 

fo l l owi ng e qu at i on : 
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P re s s ure Ga uge 

--+ ___ � 

Comp re s s ed 
Ai r I n l e t 

F i l amen t 

Comp re s s ed  
A i r I n l e t  

F i gure 3 . 2. Pneumat i c  drawdown devi ce . 
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where 

t.N 
R 

= -o-

t.N f i ber birefringence 

R retarda t ion reading 

D : f i ber diameter 

( 3 . 1 ) 

Th e c ompe n s a t o r  c onstant f o r  th e 1 0  o rde r Le i tz Berek 

c ompen s at o r  w a s  found to be 2 . 06 5 . 

Th e amo rph ou s  o r i entat i on f a c t o r s  were determi ned 

f rom the equati on 

where 

t.N = X 6 ° f + ( 1 - X ) 6 ° f + t. N  
cr cr am am form 

t.N tota l measu red birefringence 

x tota l crysta l l ine fract i on 

t. 0 i ntrinsic birefrin gence of the 
cr 

crysta l line phase 

f cryst a l line orientati on f unct i on cr 
t. 0 intrinsi c b irefringence o f  the 

am 

f 
am 

t.N
f orm 

amorphous phas e  

amorph ous or �entation fun ct i on 

form birefringence 

( 3 • 2 ) 

The c rysta l l i ne o r i entat i on functi on w a s  obt ained 

f rom wi de ang le x - ray sc atte r i n g  ( WAXS ) re su l t s . 
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3 . 3 . 2  Den s i ty C o l umn 

The den s i t y  o f  the f ib e r  was determined from a 

dens i t y  g r adi ent c o l umn . Low and h i gh dens i ty mi xtu r e s  

o f  d i s t i l l ed w at e r  and sodium bromide we re m ixed to 

p roduce a so lut i on whi ch had a den s i ty r anging f rom 

1 . 3 00 gjc . c .  t o  1 . 45 0  gjc . c  . .  Be ad s  o f  known den s i ty 

we re p l ac e d  i n  the c olumn t o  c a l i b r ate i t .  The den s i ty 

c o l umn y.1a s  m a i n t a i ned at 2 3  °C ! 0 .  5 °C by me ans o f  

c i rcu l at i n g  wat e r  f rom a const ant tempe r atur e  wat e r  

b ath . A mo re c omp l ete de s c r i pti on o f  the prep a r at i on o f  

the co lumn i s  g iven i n  refe rence numb e r  2 6 . Den s i t y  

readings o f  f i b e r  samp l e s  were t aken a t  l e a s t  2 4  hours 

a f t e r  samp l e s  were put i nto the c o lumn . 

Den s i t y  v a l u e s  were used to c a l cu l ate perc ent 

c ry s t a l l i ni ty a c cordi ng t o  the equati on : 

\ 'here 

P P am 
X c r  = P e r  - P am 

X c r  
th e we i gh t  

P e r  
den s i ty o f  

P am dens i ty o f  

p dens i ty o f  

X 1 0 0  

fr act ion o f  c ry s t a l l i :l i  ty 

c rys t a l l ine p h a s e  

amorphous ph a s e  

the s amp l e  

3 . 3 . 3  W i de Ang l e  X - R a y  Sc atte r i ng ( WAXS ) 

( 3 . 3 )  

W i de ang l e  x - ray f i lm patt e rns were obta i ned u s i ng 

a Phi l ip s  N o re l c o  x - ray gene r ato r . A ni cke l f i l t e red 
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CuKa r ad i ati o n  source o f  wave l ength 1 . 5 42 A w a s  u s ed . 

Th e x - ray uni t  wa s ope r ated a t  3 0kV and 2 0mA . I n  a 

S tatton c ame r a , the f i b e r  s amp le bund l e  was f ix ed on a 

s amp l e  h o ld e r  wh i ch attached t o  th e be am c o l l imator . 

Th e d i stance f rom s amp l e  to f i lm w a s  3 . 0  em . At l e a s t  

1 4  h o u r s  expo sure time wa s a l l owed b e f o r e  d eve l op i ng the 

f i lm .  

3 . 3 . 4 .  Ri gaku X-Ray D i f f rac t i on S y stem 

A Ri gaku Djmax - I I I A x - ray d i ff r ac tome t e r  s ystem 

e qu ipped w i th a f iber spe c i men attachment and a 

c ontr o l /d at a  proc e s s i ng uni t ( 50 7 2  D 1 ) w a s  u s ed t o  

obt a i n  2 e s c an s  o f  the f i b e r  s amp l e s . A PDP- 1 1  

mi c ro c omputer w a s  c o nne cted t o  the system to re c o rd d a t a  

f rom the i nten s i t y  measurement s .  

A bund l e  o f  c ar e fu l l y  a l i gned p a ra l l e l  f i b e r s  was 

u sed t o  obt a i n  2 8  and az i muth a l  s c an s  t o  eva luate th e 

o ri entat i on f a c to r s . To obt a i n  the c ry s ta l l i ne 

o r i entat i on f a c to r s ,  th e 2 8  va lue f o r  a (hkl ) p l ane was 

d ete rmined and the d i ff rac t omete r w a s  set at th i s  2 8 
va lue . The s amp l e  was automat i c a l l y  c ontro l led by the 

c ontr o l /d ata proc e s s i ng uni t whi ch s c anned f r om 0 to 9 0  

d egree s i n  s teps o f  one d egree . The d at a  we re r e c o rded 

o n  the PDP - 1 1  mi c ro compute r .  Th e background i nt en s i ty 

w a s  obtai ned by mea su r i ng th e s c atte red i nt e ns i ty a t  the 
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s ame ( 2 8 ) p l an e s  o f  PET spun f i b e r s  spun at t ake- up 

ve l oci ti e s  a round 3 5 0 0  mjmi n .  The net i nten s i ty 

( me a sured i nten s i ty m i nus the b ackground inten s i ty) wa s 

used i n  calcul ating the ave rage o f  co s
2

� ( 28 =2 5 . 7
°

) and 

co s2 ¢ ( 2e 1 7 . 5
°

) .  The ca lcul ati on o f  co s 2 ¢ w a s  

pe r f o rmed uti l i z i ng the f o l l o w i ng equat i on :  

2 
c o s  ¢

h k l  
( 3 .  4 )  

whe r e  Ihk l
( ¢ ) i s  the i nten s i ty o f  the di f f r acted b e am 

from the ( hk l )  p l ane maki ng an ang l e  wi th the f i b e r  

axi s .  

Perez ( 7 8) reported ( b a sed on Wi lch i n sky ' s  me thod) 

that for PET f i ber 

wher e  

z a x i s 

+ 2 s i n ¢ • c os ¢ · ( co s ¢  • co s ¢ . 
z

) 
u , z ;; ,  

the f i b e r  a x i s 

( 3 .  5 )  

( 3 • 6 )  

u , v  a x i s : perp e n d i cu l a r  to e a c h  o th e r  a n d  to 

z ax i s  

the ang l e  b e twee n the norma l to p l a n s  

( 10 0 )  and ( 0 1 0 )  
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an d 

2 ( co s  � u , z ) + 

Th i s re s ul ts i n  

( c o s 2 �  ) + ( co s 2 �  )= 1 . 0 
v , z c , z 

{ 2 . c o s  0 ) = l c , z 
- ( 0 . 6 5 l ( c o s 2 o 1 0 0 , z )  

2 + 1 . 3 4 9 { co s .t� O l O , z ) )  

( 3 . 7 ) 

( 3 . 8 )  

a n d  c ry s t a l l i n e  o r i e n t a t i o n f a c to r w a s  c a l c u l a t e d  a s : 

. � - � 4 
rcr = -;r ( J c o s  !l c , z - 1 ) 

and amo r p ho u s  o r i e n t a t i o n  fac to r w a s  comp u te d  f r o m  

e q u a t i o n 3 . 2 .  

3 . 3 . 5  I n stron Ten s i le  T e s te r  

( 3 • 9 )  

The mechanic a l  propert i e s  o f  the spun f ib e r s  we re 

m e a su red by u s i ng a tab l e  mode l I nstron Tens i l e T e s te r  

a t  2 1  °c t 2 °c and 6 5 %  ± 2% RH . A gau ge length o f  1 0  em 

was s e l e cted ( 7 ) . 

3 . 3 . 6  Sc ann i ng E l e c tron M i c r o s c ope 

An AMR 9 0 0  sc ann i ng e l e c t ron mi c ro s c ope was u s ed t o  

ob se rve the pee l e d  fibe r s . The s amp l e  was c o ated b y  a 

thi n  go l d- p a l l ad i um a l l o y  fi lm . 
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3 . 3 . 7  Di f f e rent i a l  Sc ann i ng C a l o rimetry ( DSC ) 

A P e rki n  E lmer ( DSC- 2 C ) di ffe renti a l  sc ann i n g  

c a l o r i meter equ ipped wi th a mi c ro c omputer was u sed to 

dete rm ined th e the rm a l  p rope rti e s  of the spun f i be r s . 

The fiber samp l e s  we re cut i nto sma l l  p i ece s and p l aced 

i n  a standard a lumi num samp l e  c ont a i ne r  cons i st i ng o f  a 

pan and l id .  A spec i al l y  d e s i gned c r i mper was u s ed to 

c r i mp the pan and l i d . E a ch s amp l e  ( about 1 0 . 0  mg ) was 

p l ac ed in the s amp le ho lde r of the DSC and sc anned 

0 0 0 
between 3 3 0  K and 5 5 0  K at a rate o f  1 0  K/mi n .  The DSC 

0 
wa s c a l i brated u s i ng an i ndium st andard ( Tm=42 9 . 7 1 K )  

be f o re th e me a surement s on the PET f i be r s . Th e 

c ry s ta l l i n i ty was eva luated from the equat i on : 

w h e r e  

t H  
e xp X o s �= ' H  

' - � 1 0 0 %  c r y s . 
X 1 0 0 

X os c =  c ry s ta l l i n i ty p e r c e n t a g e  from DSC . 
t H  : h e a t o f  f u s i o n  o f  s ��p l e  

e xp 

( 3 . 1 0 )  

tH l O O %  c ry s . 
h e a t  o f  f u s i o n  o f  1 0 0 %  c ry s t a ­

l l i z ed s amp l e  

LHexp w a s  c omputed from h e at of fu s i on i n  the 

c rys t a l l i ne me l t  peak m i nu s  h e at o f  fu s i on i n  th e 

c ry s t a l l iz at i on peak . 
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3 . 3 . 8 I nfrared Mi c ro s c ope 

A B arne s I nf r a re d  M i c ro scope mode l RM-2 B  w a s  u sed 

to dete rmine f i l ament temperatu re a l ong the spi n l i ne . A 

sma l l  heater w i th a b l ac k  su rfac e w a s  de s i gned to mount 

i n  f ront of the i nfra red mi c r o s c ope ( Fi gure 3 . 3 ) .  The 

di stance between the heater surf ac e and the m i c ro sc ope 

l ens ( 15X ) w a s  3 . 0  em . The he ater t emperature w a s  

cont ro l l ed between 3 0
°

C to 3 00
°

C by a L e e d s  and North rup 

E l ec tr omax I I I  contro l l e r . Thi s  s ys tem , comb i ned w i th a 

r e c o rde r , pe rmi tted nonc ont a c t  mea surement o f  the f ibe r 

tempe rature on the spi n l i ne . Mo re det a i l s  o f  oper a t i ng 

the infrared mi c ro s cope a re given i n  s e c t i on 3 . 4 . 4 .  

3 . 4 . P roc edu re 

3 . 4 . 1  D r y i ng Of PET Chip s  

A batch o f  PET chi p s  ( about 1 , 8 00 g )  w a s  f i r s t  

d r i e d  i n  a c onventi ona l h o t  a i r  c i rcu l at i on oven ( Fi she r 
0 

Mode l 3 0 0 ) at a temper ature o f  1 0 5  C f o r  at l e a s t  four 

hou r s . Then the chips we re dri ed i n  a l aboratory type 

vaccum oven ( N a t i o n a l  App l i ance Comp any Mode l 5 83 1 )  at a 

0 
tempe rature o f  1 0 5  C and at an ab s o lute pre s sure o f  0 . 5 

i nche s o f  me rcu ry f o r  twenty four hour s .  After dry i ng , 

the chips were sto red i n  g l a s s  j a r s  se a l ed unde r 

p repur i f i ed n i t rogen unti l ready f o r  u s e . 
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H e a t e r  

0 

0 0 0 

F igure 3 . 3 .  

. • '  
· '  

F i l a men t 

Re f l e c t i v e  
Obj e c t i v e  

Lens 

l 

R e c t i c l e  F o c us Adj us t 

I n t e rn a l  I l l um i n a t o r  
I n t en s i t y Con t ro l  

Fo c u s  Con t ro l  

B a rne s RM - 2 B  m i c r o s c ope u ni t  and t emperature 
ad j us tabl e  heate r .  
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3 . 4 . 2  Me l t  Spi nn i ng P r oc edure 

The extrud e r  was preh e ated f o r  at l e a st two and 

one -h a l f  h ou r s  before ope r at i on .  Th e procedure f o r  

starting up the ext rud e r  wa s then fo l l owed ac c o rd i ng t o  

th e ope rating manu a l  ( 2 6 ) . 

Both the l i ne a r  and branched PET we re me lt spun at 

2 9 0
°

C .  For h i gh mo l e cu l a r we i gh t  PET i t  w a s  nec e s s ary 

0 
to i nc re a s e  th e me lt tempe rature to 3 1 0 C .  Afte r 

c a re fu l ly ad j u sting the th roughput to the d e s i red r ate , 

th e f i l ament was d rawn d own by th e pneumati c d rawd own 

d ev i c e. Th e sp i n  l ength , th e d i stance between the 

spinneret and th e d rawd own d ev i c e , was ad j u sted by 

movi ng th e sp i nning h e ad a s semb l y  up o r  down a l ong the 

support c o lumn . The t ake up ve l o c i ty i nc rea sed w i th 

i nc re a s i ng ai r pres sure i n  th e a spi rato r o r  d e c re a s i ng 

th e spi n l ength . The ai r pre s sure wi th i n  the a spi r ato r 

ranged f rom 5 to 9 0  p s i g .  Th e f i l ament e x i t i ng the 

d rawd own d ev i c e  was c o l l ec t ed i n  a l a rge c o l l ec ti on b i n . 

3 . 4 . 3  Cutting Of Fi l ament Al ong Th e Spi n l ine 

A two - c l amp , h and c ontro l l ed cutte r ( see F i gure 

3 . 4 ) w i th a c ompre s sed spr i ng wa s d e s i gned f o r  cutting 

fi l ament on the spinl i ne . Th e l ength o f  fi l ament 

segment removed f r om th e spi n l i ne was 8. 0 em . 

Extreme c are was exerc i s ed during th e cutti ng o f  
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F i gure 3 . 4 .  Two c l amp s hand c on t r o l  c u t te r . 
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the runni ng f i l ament . The cut s amp l e  w a s  not al l owed to 

stretc h  in the cutting proc e s s . A very tiny f i l ament 

l oop accumu l ated on the l ower c l amp i s  prefe red ( see 

F i g . 3 . 5 ) . F i l ament s amp l e s  which were cut l e s s  than 5 0  

e m  f rom spi nneret were rap i d l y  quenched i n  a c o l d  water 

pan to minimi z e  po l ymer me l t  deformat i on . 

3 . 4 . 4  On- l i ne Temper a ture Me a s uremen t  

An i nf r a red m i c r o s c ope ( I R m i c r o s c ope ) wi th a sma l l 

heater wa s mounted a l ong the spi n l i ne ( see F i gure 3 . 4 ) . 

The heate r wa s set to the de s i red tempe r atu re . The 

rem a i nde r of the p rocedure was a s  fo l l ow s : 

( 1 )  Turn the em i s s iv i t y  contro l , the ambi ent 

cont r o l and mete r range s e l ector swi tch fu l l y 

counte r c l ockw i se ( ambi ent control to i t s  swi t ch o f f 

po s i t i on ) . 

( 2 )  Turn the z e ro contro l t o  p o s i t i on 5 00 . 

( 3 )  B l o c k  the ent r ance ape rture of the obj e ct i ve 

w i th a mater i a l at  ambi ent temper ature ; such a s  a pi ece 

o f  r ough sur f ac e  c ardbo a rd .  

( 4 )  S e t  the ob j ec t i ve s e l e c t  swi tch to s e l e c t  the 

proper po s i t i on for the powe r of the obj e c t i ve b e i ng 

u sed . 

( 5 )  Tu rn the emi s s i v i t y  cont ro l  to po s i t i on 1 . 0 .  

( 6 )  Turn the mete r  range se l ector swi tch to the 
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Up per  C l amp 

F i i amen t Segme n t  

Sma l l  Loops 

Lowe r C l amp 

F i gure 3 . 5 .  On- l i ne cut f i l ament segment . 

5 0  



de red rad i ometri c po si t i on X l  o r  X l O , ac c o rding to the 

expe c ted radi ance . 

( 7 )  Adj u s t  the z e ro c ontro l s o  that the output 

meter indi c at e s  0 . 0  on the radi ome t r i c  s c a l e . 

( 8 )  Remove the c ardb o a rd . Re ad out the I R  

radi ation o f  the heater ( background temperature ) f rom 

the output mete r . 

( 9 )  At a cho s en po s i t i on a long the spi n l i ne , focus 

the f i l ament w i thin the IR m i c r o s c ope focu s i ng po i nt and 

read out the d i f fe renc e between fiber tempera tu re and 

he ate r set temperature . 

( 10 )  Change the l o c at i on a l ong the spin l i ne and 

repe at me a surement between f i l ament and heater 

tempe r ature unt i l no di f f e rence c an be determined 

between fi l ament and heater set tempe rature . 

( 1 1 )  Measure the di stance from spinne re t and 

record tempe r ature from the heater contro l l e r . 

3 . 4 . 5  On- l i n e  B i r e f r i no e nce Measureme n t  

The po l a r i z ing mi c r o scope was s e t  at the 

appropri ate po s i ti on and ang l e  to the spi n l i ne . 

G u i ldi ng the f i l a men t  was accomp l ished by usi n g  a v­

gr oove arc type a l umi num guide wi t h i n  the microscope ' s  

v i ewpo i n t . A sch em a t ic o f  the o n l i ne b i r e f r i nge nce 

me asur eme n t  is shown i n  F i gu r e  3 . 6  and the gu i de is 

sh own i n  F i gure 3 . 7 .  
51 
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Figure 3 . 6 . 
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s;> inne ret f :  ana l y z e r  
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S c hem a t i c o f  on- l i ne b i re f r i ngenc e 
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P o lari zed 
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F i gure 3 .  7 . Schemat i c  o f  v-groove arc type gui de .  
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Qu i c k l y  me a s u re the fi l ament di amet e r  by u s i ng the 

Bausch and Lomb fi l a r m i c r o s c ope e ye p i e c e . Afte r the 

di ameter readi n g ,  turn the 1 0  order Berek compens at o r  to 

me a sure the b l ac k  f r i nge of the fi l ament from both the 

ne gative and po s i tive s i de . The b i re f r i ngenc e was 

c a l cu l ated by d i v i ding the measured r e t a rdati on by the 

f i b e r  di ame ter from equ a t i o n 3 . 1 .  The re w a s  some 

unavoi dab l e  e r r o r  i ntroduced by the f r i c t i on between the 

fi l ament and the gui de . The f i l ament di amet e r  from the 

reading wa s an aver age fi l ament d i ameter of f i ve 

me a surement s .  

3 . 4 . 6  Shr i nkage Measurement 

A 500 ml  beaker c ontaining d i s ti l led water was 

heated to the boi l i ng po i nt . F i b e r  s amp l e s  were cut 

i nto 1 0 . 0  em ( L 0 ) l engths and pl a c ed i n  the boi l i n g  

wate r for 3 m i nute s . After tak i ng the s amp l e s  out o f  

the wate r ,  the f i n a l  f i be r  l ength ( L1 ) w a s  me a sured . 

The pe rcent shri nkage w a s  c a l c u l ated a s : 

S hr i nkage ( % )  = X 1 0 0  ( 3 . 1 0 )  
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CHARPTER 4 

STRUCTURE DEVE LOPMENT OF H I GH SPEED SPUN F I BERS 

4 . 1 Cha racte r i z at i on Of H i gh Spee d  Spun F i be r s  

Fiber s t ru c ture and propert i e s  a re two i nte r re l ated 

a spe c t s . F i b e r  prope rt i e s  a r e  a r e su l t  o f  fiber 

stru c ture whi ch i s  cont ro l l e d  by proc e s si ng condit i ons 

and r e s i n  propert i e s . The e luci dat i on o f  fiber 

s t ru c tu re has been based on many sourc e s  of i nformat i on ,  

whi ch i nc lude : opti c a l  properti e s , the rma l  ana l ys i s ,  

den s i t y ,  e l ec t r on m i c ro scop y ,  x- r a y  d i f f r act i on , and 

gene r a l  phy s i c a l  prope rti e s . 

Unfortunat e l y ,  no s i ng l e  techn i que c an e lu c i date 

a l l  f ibe r s tructure . But , t aken t ogethe r , the se 

techn i qu e s  do p rovi de substanti a l  i nfo rm a t i on about the 

s t ruc ture and morpho l o g y  o f  the fibe r s . 

4 . 1 . 1 .  B i re f r i ngence 

P o l a ri z ed l i ght c an be u sed t o  det e rmine f i b e r  

b i r e f r i ngence whi ch y i e l d s  i nformat i on o n  mo l e cu l ar 

o r i entati on . F i gure 4 . 1 p r e s ent s the tot a l  

bi r e f r i ngenc e versus t ake-up vel o c i ty .  The re su l t s  show 

that the f i b e r  bi refringence inc r e a s e s  w i th take-up 

ve l oc i ty . The b i r e f r i ngenc e o f  l i nea r  PET rapi d l y  

i nc re a sed a t  3 00 0  mjm i n  a nd reached a va lue o f  1 40 x 
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- 3  
1 0  at 6000 mjmin . F o r  br anched PET the i nc re a s e  w a s  

not s o  rap i d .  I t  re ached a v a lue o f  4 5  x 1 0
- 3  

a t  4 5 0 0  

m/min and 6 0  x 1 0
- 3 

at  6000 m/mi n .  The dot te d  l i ne in 

Fi gure 4 . 1 rep r e s ent s the o c currence o f  broken fi l aments 

on the spi n l i ne .  For hi gh mo lecu l ar we i ght PET , the 

i n i t i al  rate o f  i ncrease i s  simi l ar to the l i ne a r  P ET , 

but the bi refri ngence be g i n s  t o  leve l s  o ff at 5 0 0 0  mjmi n 

and re ached 1 2 0  x 1 0
- 3  

at 6000 m/m i n . Simi l ar re su l ts 

were ob s e rved by P e re z  ( 82 ) , and Shimi zu et a l . 

( 90 , 92 , 9 6 , 9 7 ) . 

The b i re f r i ngence i nc re a sed smooth l y  from l ow to 

h i gh speed wi thout c l e a r l y  showi ng the t ran s i t i on f rom 

amo rphous t o  c ry s ta l l i ne s tate . Thi s may be att r i buted 

t o  i nc re a sed mo l e cu l ar o r i ent ati on a s  t ake- up speed 

i nc r e a s e d . When hi gh l y  o r i e nted amo rphous mo l e c u l e s  

t rans fe rred t o  the c r y s t a l l i ne s tructure the t o t a l  

o r i e ntati on o f  the f i l ament d i d  not change much a s  the 

t o t a l  b i r e f r i ngence o f  the f i ber w a s  me a sured . 

The entangl ement s of the mo l e cu l a r  chai n i n  the 

h i gh mo l e cu l a r  we i ght s amp le prevented thi s s amp le f r om 

reaching a s  h i gh a degree o f  u l t imate c rystal l i ni ty as 

the l owe r mo l e cu l a r  wei ght s amp l e  at h i gh take- up 

ve l oc i t i e s  ( see c rystal l i n i t y  me a surement s be l ow ) . 

Thu s , the ove r a l l bi re f r i ngence was l ower th an l i ne a r  

PET at hi gh t ake-up vel oc i ti e s . 
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4 . 1 . 2  Densi ty And Cry sta l l i ni ty 

Mo l e cu l ar a r r angement s wi th i n  the f iber c re ate a 

c omp lex fibe r s t ructure . B a sed on a two phase , 

amorphou s and c rysta l l i ne mode l , the c ry s ta l l i ni ty o f  

f i be r s  c an b e  i nterpre ted b y  x - r ay di ffract i on ,  dens i ty ,  

DSC , e tc . , .  Among the se the den s i ty mea su rement i s  the 

s i mp l e s t  and most conveni ent metho d . 

I nc re a s ing the t ake-up ve l oc i ty r e su l t s  i n  an 

i nc r e a s e  in the den s i ty of the f iber s .  When the p o l yme r 

c r y s t a l l i z e s , the den s i ty o f  the f iber i nc r e a s e s  

sharp l y . Fi gure 4 . 2  shows that the onset o f  

c r y s t al l i z at i o n  o c curs around 4000 m/m i n  fo r the l i near 

p o l ymer of l ower mo lecu l a r  we i ght . The h i gh mo l ecu l ar 

we i ght s amp l e , genera l l y showed the h i ghest dens i ty at 

take- up ve l o c i t i e s  be l ow 4500 m/mi n .  But entang lements 

app a rent ly re su l t  i n  l ower u l ti mate c ryst a l l i ni ty and 

prevent furthe r den s i ty i nc re ase s at speeds from 5 000 

mjm i n  to 6000 m/mi n .  Becau se the branched chains 

re s t r i c ted the mo l e cu l e s  from crysta l l i z i ng wi th i n  the 

f i be r ,  the den s i ty of the br anched s amp l e  i nc re a sed 

s l ow l y  a s  the t ake -up ve l oc i ty i nc re a sed . 

Gener a l l y ,  the f i b e r  c r ysta l l ini ty was c a l cu l ated 

from den s i ty data by equ a t i on ( 3 . 3 ) .  F i gure 4 . 3  shows 

the c ry s ta l l i ni ty value s re su l t i ng from thi s 

c a l c u l a t i o n . L i near PET c rystal l i ni ty i nc r e a s ed rap i d l y  
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when the take - up ve l o c i ty exceeded 4000 mjmi n .  The hi gh 

mo l e cu l ar we i ght f i b e r s  h ad a h i ghe r c ry s t a l l i ni ty 

c ontent c omp a red w i th the l i near and b r anched PET f ibe r s  

a t  t ake-up ve l o c i t i e s  b e l ow 5 00 0  mjmi n and l eve l led o ff 

a f te r  5000 m/mi n .  I t  i s  prop o s e d  that the stre s s  bui ld 

up i n  the sp i n l i ne o f  h i gh mo lecu l ar wei ght s amp l e  i s  

h i gh e r  than l i ne a r  and branched PET at the s ame t ake - up 

ve l o c i ty . Even at l ow take up ve l oc i t i e s ,  the h i gh e r  

stre s s  bu i l d up on the sp i n l i ne r e s u l t s  i n  a h i ghe r 

den s i ty and c ry s t a l l i ni ty f o r  the h i gh mo l e c u l a r  we i ght 

s amp l e s . At hi gh e r  t ake - up ve l o c i ti e s  the e ntangl ements 

b e tween mo l e cu l e s  re s t r i c te d  any fu rth e r  c ry s ta l l i z ati on 

s o  that the c r y st a l l i ni ty l eve l l ed o f f . The b ranched 

s amp l e  exhi b i ted the l owe st c ry s ta l l i n i ty . The s e  

r e su l t s  reve a l ed that the branched p o l ymer d i d  not 

e a s i l y  c ry s t a l l i z e . 

4 . 1 . 3  D i f f e rent i a l  S c ann i ng C a l o rimetry ( D SC ) An a l y s i s  

I n  F i gu r e  4 . 4  a typ i c a l  PET po l yme r D SC t r a c e  i s  

p re s ented . The g l a s s  t r an s i t i on ( Tg )  c an be s e en at 

about 3 5 0 9< , f o l l owed by a c ry s t a l l i z a ti on exothe rm pe ak 

ar ound 3 7 B 'k , and f i n a l l y  a me l t i ng endotherm at about 

5 2 8
°

K .  F rom F i gu r e s  4 . 5 ,  4 . 6 , and 4 . 7 ,  i t  i s  c onc l uded 

that by i n c re a s i ng the take - up speed , the f i b e r  changed 

f r om an amo rphou s to a c ry s t a l l i ne s t ru c tu re . The g l a s s  

6 1  
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t r an s i t i on tempe rature was observed for f i b e r s  spun 

be l ow 4500 mjmin but i t  c ou l d  not be s e en at take-up 

spe e d s  above 5 0 0 0  mjmi n .  The c ry s ta l l i z at i on p e ak i n  

h e a t i n g  a l s o vani shes a t  t h e  hi gh e r  take-up v e l oc i ti e s . 

F i gure 4 . 8 c l e a r l y  shows that the c ryst a l l i z at i on 

p e ak d e c re a s e s  a s  t ake -up ve l oc i ty i n c r e a se s . 

F i gu re 4 . 9  shows that me l ti ng temper a ture i nc re a s e s  wi th 

take - up ve l o c i ty .  F i gure 4 . 1 0 shows that the 

c ryst a l l ini ty c omputed f rom the DSC s c an incre a s e s  w i th 

t ake-up ve l oc i ty .  

From the DSC ana l y s e s , i t  w a s  c onc luded that the 

s t ruc ture of PET fibe r s  changed f r om an amorphou s to a 

c ry s t al l i ne state when the take -up ve l o c i ty i n c r e a sed 

f rom l ow to hi gh spi nn i n g  speeds . A l so the p e r fe c t i on 

o f  the c rysta l l i ne region i nc re a sed a s  the take - up 

v e l o c i ty i n c re a sed . Together wi th the dens i ty r e s u l t s  

the s e  show that P E T  beg i n s  t o  c ry s ta l l i z e  on the 

spi n l i ne at speeds in the r an ge 4000 to 4500 m/min .  

The se r e su l t s  are s im i l a r to tho se o f  P erez ( 82 ) ,  Heuve l 

and Hui sman ( 5 1 ) ,  and Shi mi zu ( 9 0 , 92 , 9 6 , 9 7 ) . 

4 . 1 . 4  Ten s i l e  P rope rti e s  o f  Me l t  Spun F i b e r s  

The mechani c a l  p r ope rti e s  o f  texti l e  f i b e r s  a r e  

probab l y  the most c ri t i c a l p a r ame t e r s  i n  determi ning the 

end- use pe r f o rmanc e p rope rt i e s .  The individu a l  f i b e r  
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p rope r t i e s  are di re c t l y  re l ated t o  y a rn and f ab r i c 

propert i e s . The refo re, the i nhe rent f i be r  s t ru c ture 

arr angement i s  c l o s e l y  re l ated to me chan i c al p rope rt i e s  

o f  text i l e  f i be r s . 

The tens i l e p rope r t i e s  o f  h i gh spe ed spun f i be rs 

we re dete rm i ned i n  a c on s t ant e l ongati on rate I ns t r on 

machine . The l o ad- e l ongat i on c u rve s are shown i n  

F i gu r e s 4 . 1 1 ,  4 . 1 2 ,  and 4 . 1 3 .  

Gene r a l l ,  the l ow take- up ve l o c i ty f i b e r s  exh i b i ted 

y i e l d  p o i nt and natu r a l  draw rat i o  in the 

l o ad - e l onga t i on c u rve s .  I nc re a s ing the t ake - up ve l o c i ty 

de c r e a sed the f i b e r  e l ong ati on and natu r a l  draw r a t i o .  

The natu r a l  draw r at i o  w a s  s en s i t i ve t o  the de gree o f  

pre o r i entati on ( i . e . the mo l e cu l a r o r i entat i on i n  the 

po l yme r be f o re any e l onga t i on ) .  The h i gh speed spun 

f i be r s  d i d  not exhibi t natu r a l  d r aw rat i o  o r  y i e l d  

p o i nt . I n  f a c t  they showed behav i o r  s i m i l ar to drawn 

f i be r s . The f i b e r  tenac i ty i nc r e a sed w i th t ake - up 

ve l o c i ty ( Fi gure 4 . 1 4 ) . 

The tru e  tenac i ty ( b a sed o n  f i na l  di ame te r )  d i d not 

change s i gn i f i c antly as t ake - up ve l o c i ty i nc re a sed 

( Fi gu r e  4 . 1 5 ) .  The hi gh mo l e cu l a r we i ght s amp l e s  

exh i b i ted the h i ghe s t  tenac i t i e s  and the b r anched 

s amp l e s  exhi b i ted the l owe s t  tenac i t i e s . 
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4 . 1 .  5 .  Shr i nkage 

F i gure 4 . 1 6 show s the r e l ati onship between 

shri nkage in boi l ing water and take-up ve l o c i ty .  B e l ow 

3 500 mjmi n ,  the f i b e r  exh i b i ted l arge shrinkage s .  Above 

4 5 0 0  m/mi n ,  the shr inkage decrea sed to l e s s  than 3 % .  

Be l ow the g l a s s  t r ansi t i on tempe rature , the o r i ented 

mo l e cu l e s  are " f r o z en "  i n . When h eated i n  the boi l i ng 

wate r ,  the o r i ented mo l e cu l e s  re l axed back to thei r  

o r i g i n a l  conformat i on . I f  the f i b e r  h ad c r y s t a l l i z e d , 

the c rysta l s  wou l d  have prevented the o r i ented amorpho u s  

p a r t s  f rom re l ax i ng b ack . Thu s , at  h i gh spe e d s  the 

shr i nkage v a l ue s were l ow .  The s e  re su l t s  a l s o i nd i c ate 

that the onset of c ry s t a l l i z a ti on was approximate l y  4500 

mjm i n . Above 5 000 mjm i n ,  heat s t abi l i t y  i n c r e a sed . The 

l owe r thr ou ghput f i be r s  r e su l ted i n  h i ghe r shr i nk age s 

than hi gh throughput f i be r s ,  probab l y  becau se o f  the 

c o o l i ng e f f e c t .  The f i b e r  c oo l ed f a s ter and the 

c ry s t a l l i z at i on proce s s  w a s  not c omp l e te at l owe r 

throughput . 

4 . 1 . 6  S c anni ng E l e c tron M i c ro scopy ( SEM ) 

The morpho l o gy and structure o f  fibe r s  are u sua l l y  

det e rmined by a c ombi nat i on o f  m i c r o s copi c  ob s e rvati on 

and di ffr a c t i on t e chni que s .  The h i gh r e s o l u t i o n  o f  

sc ann i ng e le c tron mi c ro s c opy c an a l l ow one t o  di r e c t l y  

7 6  
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ob se rve the su rface cha racte r i sti c s  of  fibe r s  a s  we l l  a s  

pee l ed f i b e r s  and fracture su r f ac e s . The f i b r i l l a r  

supe r s t ru c tu re c an be obs e rved i n  pe e l ed fiber s .  The 

pe e l i ng oper a t i on consi sted o f  cutt i ng the f i b e r  about 

ha l f  way through i t s  di amet e r  and then pu l l ing thi s cut 

segment down a l ong the f i be r  ax i s  in o rder to di spl ay 

i t s  i nt e r i o r  s t ru c ture . 

F i gu r e  4 . 1 7 shows a SEM photomi c rograph o f  the 

sur f ac e  of the pe e l ed i nte r i o r  of a l ow speed spun 

f i be r .  I t  c an be seen that such a f i be r  doe s  not 

exh i bi t a f i b r i l l a r  s t ru c ture . A hi gh l y  f i b r i l l ated 

s t ru c ture was obs e rved i n  h i gh speed spun f i b e r  

( Fi gure 4 . 1 8 ) . The SEM r e su l t s  sugg e s t  that the h i gh 

spe e d  spun f i be r s  had h i ghly f i b r i l l at ed structure s and 

the fibri l s  we re para l l e l  to the f i b e r  axi s .  

4 . 1 . 7  Wide Ang l e  X-Ray Sc attering ( WAXS ) 

F rom a mac r o s c o p i c  point of  v i ew ,  a c ry s t a l l i zed 

mate r i a l  c an be i dent i f i e d  by WAXS ex aminat i on . The 

degree o f  c ry s t a l l ine ori entat i on c an be qua l i tatively 

d e s c ri bed f rom the di ffracti on a rc shape on fi lm 

di f f ra c ti on patte rns . The a rc b e c ome s sharp and sho rt 

when the c ry s ta l l i ne o r i entation i s  hi gh .  

F rom F i gu r e s  4 . 1 9 and 4 . 2 0 ,  the WAXS patt e rn s  show 

a t r an s i t i on f rom an amorphou s to a p a r t i a l l y  
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c ry s t a l l i ne f i b e r  stru c tu re a round 4000 mjmi n f o r  the 

l i ne a r  and bran ched PET . X- r ay patterns f o r  the hi gh 

mo l e cu l a r  wei ght f i b e r  exhibi t e d  c ry s t a l l i ne re f l e c ti on s  

at l ower take -up ve l oc i t i e s  than f o r  the othe r po l yme r s . 

They exhibi ted h i gh l y  o r i ented s truc tu re s  at hi gh 

speed s . 

B e low 4000 mjm i n , l inea r  and b r anched PET di d not 

c ry s ta l l i z e  on the spi n l i ne .  The obs e rved c ry s ta l l i ne 

d i f fr a c t i on at l ow t ake -up spee d s  f o r  the hi gh mo l e cu l ar 

we i ght PET was a r e su l t  o f  the hi gh s t r e s s  leve l s ,  

c au s ed by the h i gh v i s c o s i t y ,  whi ch produced s ome 

s t re s s - i nduc e d  c rysta l l i z at i on at l owe r t ake -up speeds . 

4 . 1 . 8  Ori entati on F a c t o r s  

Quant i t a t i ve determ i n at i on o f  the c rysta l l ine 

o r i ent ati on f ac t o r s  wa s obt a i ned by mea surement o f  the 

i ntens i ty of s c attered radi ati on f rom seve r a l  s e t s  of 

c ry s t a l l i ne p l ane s .  F o r  PET f i be r , the ( 100 ) and ( 01 0 ) 

p l an e s  we re cho sen ( 82 ) . Amo rphou s o r i entati on f a c t o r s  

c an b e  c a l cu l ated f r om equ a t i on 3 . 2 .  

The cha i n  ax i s  ( c - ax i s )  c r y s t a l l i ne ori entat i on 

f a c t o r  for PET fibers  are p lotted against t ake -up 

ve l oc i t y i n  F i gure 4 . 2 1 . Al l thr e e  po l yme r s  exhibi ted 

hi gh c ryst a l l i ne ori entat i on f a c t o r s  at take - up 

ve l o c i ti e s  above 4500 mjmi n .  The amo rphous o r i entati on 

8 3  
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f a c t o r  i n c r e a s e d  w i th t ake -up ve l oc i t y .  The h i gh 

m o l e cu l ar we i ght f i be r s  exhibi ted h i gh amo rphou s 

o r i entati on f a c t o r s  at l ower spee d s  and i nc re a sed s l ow l y  

wi th spi nning speed . Br anched PET exhibi ted the l owest 

amorphous f a c t or s . 

The ob s e rved h i gh c ry s t a l l i ne o r i entat i o n  and 

somewhat l ower amo rphou s o r i entat i on f a c t o r s  may be the 

r e s u l t  of hi gh mo l e cu l ar o r i e ntati on p r i o r  to 

c ry s ta l l i z at i on . Abhi raman ( 2 )  repo rted the 

c ry s t a l l i te s ,  whi ch o r i g inated from hi gh l y  o r i ented 

amo rphous m o l e cu l e s ,  were hi gh l y  o r i ented s i nc e  

o r i entat i on i nduc ed c ryst a l l i z at i on o c c urred o n  the 

spi n l i ne at hi gh spinni ng speed . Thu s , a h i gh degree o f  

c ry s ta l l i ne o ri entati on ( fe r ) wou l d  r e su l t  even a t  l ow 

take-up ve l o c i ty ,  but the amorphous o r i entati on ( fam ) 

wou l d  b e  r e l at i ve l y  l ow even at hi gh take up ve l oc i t i e s . 

Most phy s i c a l  prope rti e s  o f  fibe r s  are s t rong l y  

i n fluenced by the o r i entat i on i n  the amorphous regi on o r  

the ave rage o r i entati on . Compared w i th previ ou s fiber 

tenac i t y  re su l t s , i nc re a s i ng the o r i entati on o f  

mo l e cu l e s  a l so i n c re a s e d  fiber tenac i ty .  
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4 . 1 . 9  Re l at i onship between Dens i t y ,  Bi r efr ingenc e , and 

W i de Angl e X-Ray S c atte r i ng 

F rom f i gure 4 . 22 whi ch di sp l ays dens i t y ,  

bi re f r i ngence and c omb i ned WAXS f i lm p atte rns / i t  was  

obvi ou s  that there was a l i ne ar re l at i onship between 

dens i t y  and b i r e f r i ngence in l i ne a r  PET s amp l e s .  At 

l owe r b i re f r i ngence � an amo rphou s WAXS pattern w a s  

ob se rved and the den s i ty i nc r e a s ed s l owl y . But the 

s l ope o f  dens i t y and bi r e f r i ngence i n c re a sed when 

b i re f r i ngence exc eeded 45 x 1 0
- 3

. S imi l a r r e su l t s  were 

repo rted by Shimi zu et a l . ( 90 1 92 ) . The WAXS patterns 

showed an o r i ented c r y s t a l l i ne structure i n  thi s regi on . 

I t  i s  i nte re s t i ng that the densi ty i n c re a s ed more 

r ap i d l y  w i th b i re f r i ngence in the branched PET s amp l e s  

than i n  the l in e a r  PET s amp l e s  ( se e  Fi gure 4 . 2 3 ) . The 

branched PET a l so showed an o r i ent at i on i nduc ed 

c ry s t a l l i z at i on when the b i r e f r i ngence exceeded 4 5  x 

- 3  
1 0  

4 . 2  Cutt i ng o f  F i l ament on the Spi n l i n e  

4 . 2 . 1  Fibe r Di amete r and B i refri ngence P rofi l e  

The deve l opment o f  f i b e r  stru c ture a long the 

spi n l i ne i s  an i ntere s t i n g  subj e c t  among f i b e r  

r e s e a rche r s . U sua l l y di amet e r  and bi r e f r i ngenc e 

p r o f i l e s  c an be determi ned by u s i ng a c ombi nati on o f  
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pho t o graph i c  and m i c ro sc op i c  techn i qu e s on r ap i d l y 

quenched s amp l e s  wh i c h a r e  c ut f rom the spi nl i ne ( 1 2 7 ) . 

A sp i n l i ne c ut t i ng techniqu e  w a s  deve l oped i n  thi s 

re se arch ( se e  Chap . 3 . 4 . 3 )  t o  de t e rm i ne f i be r d i ameter 

a nd bi re f r i ngence profi l e s  at d i f fe rent take-up 

ve l oc i t i e s . A l though the re i s  an e r r o r  introdu c e d  by 

the tempe ratu r e  change of the f i l ament s e gm en t s , the 

o n l i ne cut s amp l e s  c an be a c c urate l y  me a sured f o r  

f i l ament di ameter and b i re f r i ngence pro f i l e s .  

F i gu re s  4 . 2 4 and 4 . 2 5 show the d i amete r and 

b i re f r i ngence p ro f i l e s  o f  l i ne a r  PET at di f f e rent 

t ake - up ve l o c i t i e s  and th roughpu t s . The di ameter 

de c r e a sed in a non- l i ne a r  m anne r when the f i l ament was 

drawn down f r om the spi nner e t . A t  low tak e - up 

ve l o c i t i e s , no sharp di amete r thi nn i ng ( ne c k i ng ) 

phenomena w a s  ob s e rved on the sp i n l i n e , and 

b i re f r i ngence v a l u e s  on cut s egments were ve ry low . A 

necking phenomena occu rred whe n  the t ake - up v e l oc i ty 

e x c e eded about 4 6 0 0  mjm i n . The necking occurred betwee n  

1 0 0  to 1 5 0  em be l ow the sp i nneret depend i ng on the 

take - up ve l o c i t y and spi n l i ne l ength . Wi th i nc r e a s i ng 

t ake - up ve l oc i ty and dec r e a s i ng sp i n l i ne length , the 

d i s t ance b etwe e n  neck and spi nne ret dec re a sed ( se e  

F i gu re 4 . 2 6 ) . The di ame t e r  o f  the f i l ament a f t e r  

ne c k i ng w a s  a lm o s t  the s ame a s  t h e  d i amet e r  o f  the f i n a l  

f i b er s . 8 9  
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The b i re f r i ngenc e me a surement s made f rom the cut 

s egme nts at high take -up ve l oc i ty f i bers showed very l ow 

v a l u e s  before necking and s udden i nc re a s e  i n  

bi re fringenc e after nec k i ng . The bi re fringenc e a lmost 

re ached the final b i re f r i ngenc e o f  h i gh speed spun 

f i b e r s  a fter necking . Decreas i ng the ma s s  throughput ,  

moved the necking po s i t i on toward the spinne ret . 

I nc re a s i ng take -up ve l o c i t i e s  and dec re a s i ng m a s s  

throughput r e s u lted i n  an i nc r e a s e  o f  spi nni ng stre s s  i n  

the thread l i ne . Thi s c au sed necking to occur c lo s er to 

the spinne ret . 

A c ompari son between l i near and branched PET showed 

that for the branched PET s amp l e s , the b i r e f r i ngenc e 

i nc re a sed wi th take -up ve l o c i t y ,  but the branched s amp l e  

i nc re a sed more s l ow l y  than the l i near one ( see F i gure 

4 . 2 7 and 4 . 2 8 ) . The necking phenomena was not c l e a r l y  

ob s e rved i n  branched cut s amp l e s . 

H i gh mo l ecu l ar wei ght PET a l s o  exhibi ted the 

ne c ki ng phenonema on cut s ample s at h i gh take - up speeds .  

The di stance o f  the neck f rom the spinneret was sho rter 

than the l i near PET s amp l e  at the s ame take- up ve l oc i ty . 

The di ameter and bi r e f r i ngence after necking was a lmost 

the s ame a s  the final spun fibers ( see Fi gure 4 . 2 9 and 

4 . 3 0 ) . The l ower throughput had h i gher sp i n l ine stre s s  
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and the ne cking moved to ne ar 7 0  em be l ow the spi nneret 

at 5 1 00 m/m i n  t ake -up ve l o c i ty . The necking phenomena 

w a s  obse rved at 9 0  em be l ow the spi nne ret f o r  4 1 5 0  m/m i n  

t ake-up ve l o c i ty o f  hi gh mo l e cu l ar wei ght s amp l e  whi l e  

i t  was  ob se rved a t  1 0 0  e m  be l ow sp i nne ret f o r  4 8 0 0  m/m i n  

t ake-up ve l o c i ty o f  l i ne a r  s ampl e  at the s ame ma s s  

throughput . Thi s  i s  be c au se o f  hi gher spi nl i ne stre s s  

w a s  bui l t  up i n  the hi gh mo l ec u l a r  wei ght thre ad l i ne . 

4 . 2 . 2  Ne c k i ng On The Cut S ampl e 

When s o l i d  p o l ym e r s  are stretched at r o om 

temperature , the y behave di f fe rent l y . Rubb e r s  c an be 

e xtended uni f o rm l y  to seve r a l  t i m e s  the i r  o ri g i n a l  

l engths before breaki ng . B r i t t l e  po l yme r s ,  f o r  e x amp le 

po l y styrene and po l ymethy l methac ryl ate , a l so ex tended 

uni fo rm l y  f o r  a few perc ent of the i r  o r i g i n a l  l engths 

be fore b r e aking . Duc t i l e  po l yme r s , such a s  p o l yethyl ene 

o r  po l yp ropyl ene , c an be extended uni form l y  for a few 

perc ent o f  the i r  o r i gi n a l  l ength , but i nste ad o f  

breaki ng , the y  f o rm a ne ck a t  the weake st po int o f  the 

spec i men . E i ther due t o  the dec re a s e  i n  c ro s s  s e c t i ona l 

a r e a  o r  stre s s  c onc ent r at i on , the neck may get s t e adi l y  

thi nner unti l breaki ng , o r  i t  may s t abi l i z e at  some 

po i nt and then the shou l de r s  t rave l al ong the l ength o f  

the spe c i men . When necking occur� l o c a l i zed tempe rature 
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i nc r e a se i s  generated a t  the neck porti on whi ch c au s e s  

s o ftening o f  the shou l d e r s  r e su l t i ng i n  mo l e cu l ar 

r e a rrangement s i n  the stre s s  d i re c t i on ( 1 0 5 ) . 

The neck i n g  phenomena w a s  a l so ob s e rved i n  PET 

f i l ament s in the draw i ng p r oc e s s . Tomp son ( 1 0 3 ) 

e xp l a i ned the r e l at i onship o f  drawing ten s i o n ,  

t empe r atu re , and draw r a t i o . Gener a l l y  di ame t e r  

thi nni ng w a s  ob s e rved when P ET f i l aments we re drawn a t  

l ow draw r a t i o s  and l ow tens i on s . When i nc re a s i ng draw 

rati o s  under hi gh tens i on ,  a sharp d i ameter thi nn i ng 

( ne c k i ng ) w a s  o b s e rved . Thi s sharp di ame t e r  thi nn i ng 

depends o n  temp e r atu r e , d raw r at i o ,  and tens i on 

( stre s s ) . 

I n  the me l t  spi nn i ng p r oc e s s ,  f i b e r  temp e rature 

de c re a se d  and m o l ec u l ar o r e i nt at i o n ,  gr adu a l l y  i nc re a se d  

a s  the f i b e r  d i ame t e r  gradu a l l y  de c re a sed a l ong the 

spi n l i ne . When the t ake - up ve l o c i t y exceeded a c e r t a i n  

v a lu e , necki ng was ob s e rved on the spi n l i ne . Whe ther 

ne c k i ng o cc u rred before o r  after o ri entati on- i nduc e d  

c ry s t a l l i z at i on i s  a ve ry i nte re s t i ng que s t i on . 

P e r e z  e t  a l . ( 82) rep o rt e d  that when PET I . V .  = 

0 . 6 6 )  wa s spun at a spe ed o f  5 4 0 0  mjmi n ,  the r e  exi sted a 

ne c k i ng z one a t  a d i s tanc e o f  1 0 0  em from the s p i nneret 

i n  whi ch m o s t  o f  the draw i ng o c curred . A s t r a i n rate o f  

2 X 1 0  
- 1  0 

( se c  ) ,  ave rage temp e r ature o f  1 0 5  C ,  and a 
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c o o l i ng r a te o f  2 60 0 0  
°

Cjsec c o i nc i ded w i th a sudden 

i nc re a s e  i n  bi r e f r i ngenc e . The y  a s sumed that the maj o r  

part o f  the o r i ent a t i o n  and c ry s ta l l i z at i o n  o r i gi nated 

i n  thi s zone . They e x amined the f i b e r  s truc ture o f  the 

neck and c onc luded tha t  b e f o re necki ng , the fiber 

exh i b i ted an amorphou s s t ruc ture and a c ryst al l i ne 

s t ru c ture w a s  obs e rved a f t e r  ne c k i ng . They a l s o  

e x am i ned the s t ru c tu r e  o f  f i na l  spun f iber and prop o s ed 

that c ry st a l l i z at i on w a s  i nduced by o r i enta t i o n  when the 

take -up ve l o c i t y  exc e eded 3 5 00 mjmi n .  

Shi mizu ( 9 7 )  repo rted that necking o c cu rred when 

sp i nn i ng spe e d s  e xc e eded 4000 mjmi n  and a f t e r  necki ng , 

the fibe r di ame t e r  d i d  not change and was equ a l  to  i t s  

f i n a l  di ame te r .  He a l s o  f ound that the necking s t a rt i ng 

p o s i t i on moved c l o s e r  to  the spi nneret when the t ake- up 

speed inc r e a s ed . 

I n  Matsui ' s  ( 7 6 )  s tudy o f  the PET fibe r f o rmation 

pro c e s s  i n  h i gh spe ed sp i nn i ng ,  he ob s e rved a sudden 

d i ameter change ( ne ck i ng ) on the sp i n l i ne . He reported 

a r ap i d  c r y st a l l i z at i on by o r i entat i on o c c u r r i ng whe n  

- 3 - 3 
f i b e r  bi r e f r i ngence re ached 2 0  x 10  to 3 0  x 1 0  and 

heat was gener ated by c ryst a l l i z ati on in thi s  r e g i on . 

Kikutani ( 6 6 )  a l so repo rted that a necki ng 

phenomena was o b s e rved f o r  PET f i b e r  when take - up 

v e l o c i t i e s  e x c e eded 5000 mjmin . He repo rted that the 

1 0 0  



po l ymer me l t  v i s c o s i ty i n c r e as ed when c rysta l l i z at i on 

oc cur red . 

From the above rep o r t s  i t  was  unde r stood that rap i d  

di ame ter thi nning ( ne cki ng ) o n  the sp i n l i ne i s  an 

unu s u a l  behav i o r  of PET p o l ymer under h i gh speed 

spinni ng . An amo rphou s s t ru c tu r e  was obse rved before 

necki ng and a c rysta l l i ne s t ructu r e  was ob s e rved after 

nec k i ng . The d i ameter and s t ru c ture o f  f i b e r  after 

necking was a lmo s t  the s ame a s  the f i n a l  spun f i be r . 

Fi gu re 4 . 3 1  and 4 . 32 show the neck o f  a l inear P ET 

s amp le at a take- up ve l oc i ty o f  5 600 m/mi n .  F i gure 4 . 3 3 

shows the di amete r and b i ref r ingence profi l e  o f  the 

necking z one of l i ne ar PET with a ma s s  throughput o f  5 . 2  

gjmi n and a t ake- up ve l oc i ty of 5 600 m/min . F i gure 4 . 3 4 

shows the di ame t e r  and b i re fr ingence p r o f i l e  o f  l i ne a r  

PET wi th a m a s s  throughput o f  3 . 3  gjmin and a take - up 

ve l o c i ty o f  5 7 5 0 m/min .  From the s e  dat a ,  i t  i s  s e en 

that onc e the necki ng sta rted , both the di amet e r  and the 

bi r e f r ingence wer e  a lmo st fu l l y  deve l oped wi thi n  a few 

mi l l imete r s  o f  the nec k . The f ib e r  di ameter remained 

a lmo st c o n s t ant and bi r e f r i ngenc e a lmo st r e a ched the 

f i na l  spun fiber bi r e f r i ngence a f t e r  necki ng . 

1 0 1  



1 0 2 

5 0  X 

1 0 0  X 

F i g u r e  4 . 3 1 .  A ne c k  o f  l i ne a r  PET c u t  s amp l e  a t  t ak e - up 
ve l o c i t y o f  5 6 00 mjmi n unde r s c a nn i ng 
e l e c t r o n  mi c ro s c ope ob s e rv at i on . 



1 0 3 

F i g ure 4 . 3 2 .  A neck o f  l ine ar PET cut s amp l e  at  take - up 
vel o c i ty o f  5 6 00 mjmi n under opti c a l  
m i c r o s c ope o b s e rvat i on .  
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4 . 2 . 3  Wide Angl e  X-Ray Di f f r ac t i on o f  Neck Bund l e  

I n  the PET hi gh speed spi nn i ng proc e s s ,  ne c k i ng i s  

an i ntere s t i ng phenomena on the spi n l i ne . To further 

unde r stand the s t ructure change in the neck regi on , a 

wi de ang l e  x- ray techni que w a s  u s e d  i n  thi s r e s e a rch . 

A bundl e  o f  s ixteen l i ne ar PET f i l ament s spun at 

5 0 00 m/m i n  was p l aced i n  a WAXS s amp l e  holde r 

( Fi gure 4 . 3 5 and Tab l e  4 . 1 ) . The fi l aments i n  thi s  

bundl e  we re p l aced para l le l  to e ac h  othe r wi th the nec k s  

a s  n e a r  to e ach other a s  po s sib l e . The r e l ati ve 

po s i t i on s  o f  the nec k s  i s  shown i n  T ab le 4 . 1 .  By 

emp l o ying WAXS 2 8  scanning f rom 1 4  to 30 degree s ,  an 

amo rphou s structure wa s ob s e rved above the ne ck ( Fi gu re 

4 . 3 6 ) . Wi thi n  the de formati on regi on , the re wa s no 

detec t ab l e  c rysta l l i ne di f fracti o n , but a few 

mi l l imete r s  b e l ow the nec k  c rysta l l i ne di f f r a c t i on pe aks 

we re c le a r l y  detected ( Fi gure s 4 . 3 7 to 4 . 40 ) .  Thi s 

evidence supp o r t s  an o r i entati on i nduc ed c ry s ta l l i z ati on 

proc e s s  in or after the ne ck regi on . 

4 . 3  On- l i ne Meas urement 

4 . 3 . 1 Temp e rature Profi l e  Along the Spi n l i ne 

The e longati onal vi s c o s i ty o f  a po l yme r  me l t  i s  

strongly dependent on the temperature . The spi n l i ne 

tempe rature pro f i l e  thu s bec ame an i mportant subj e c t  fo r 
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F i gure 4 . 3 5 .  A bund l e  o f  f i l ame �t s  wi th neck p l aced in a 
s amp l e h o l d e r  f o r  wide an g l e  x-ray 
s ca tt e r i n g . 
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Tab l e  1 .  Re l a ti ve Pos i ti on o f  Neck 
Samp l e s  in the Bund l e  

* 
Pos i tion D i ame te r  D i ame ter 

(mm) (bi g) ( sma l l ) « 

1 . 2 9 1 6  0 
3 . 7 5 1 6  0 
5 . 2 9 1 1  5 
6 . 2 9 4 1 2  
7 . 2 9 3 1 3  
8 . 2 9 0 1 6  

P o s i tion* : Re l a tive po s i tion o f  neck s amp l e s . 

( b ig) * Numb e r s  o f  f i ber wi th b i g  d i ame t e r  
( be fo re nec k i n g )  . 

( s ma l l ) * Numb e r s  o f  fiber wi th sma l l  d i ame ter 
( a f ter n e ck ing ) . 

Tab le 2 .  Di ame te r and B i re f r i ngence o f  
One Ne ck S amp l e  i n  the Bund l e  

* 
P o s i tion D i ame ter B i re fr i nge nce 

(mm) (micron ) ( f.N X 1 0 3 ) 
1 . 7 9 5 7 . 4  1 . 2 4 
3 . 3 9 5 2 . 9  4 . 7 9  
4 . 1 9 4 8 . 2  6 . 0 4 
4 . 3 9 4 5 . 0  1 2 . 3 5 
4 . 7 9 39 . 0  2 9 . 0 2  
5 . 4 9 3 6 . 5  6 1 . 8 8 
6 . 2 9 3 2 . 0  8 0 . 4 8 
8 . 2 9 29 . 5  1 0 2 . 9 2 

* Re l a t ive po s i t ion along the neck 

1 0 8  
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F i gure 4 . 3 8 .  Wide ang le x- ray d i f fraction o f  a neck 
bundl� a t  re la t i ve pos i t i o n  of 7 . 5 mm . 
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f i be r  re s ea r che r s . Seve r a l  peop l e  ( 2 5 , 5 4 , 66 , 7 3 )  

repo rted that the spi n l i ne temperature profi l e  depended 

on the po l ymer t ype , throughput and take-up ve l o c i t y .  

Some o f  them mea sured the fiber surface temp e r ature by 

u s i ng a c ontact thermoc oup l e . B e c au s e  o f  l ow 

sen s i ti v i t y ,  i t  requ i red a l ong time t o  measure the 

b a l ance temper ature o f  the fiber surface . F r i c t i on 

c aused by c o ntact i ng the f i b e r  moving at h i gh speeds 

r a i s e s  some que s t i on a s  to  the a c c u r a c y  of thi s method . 

Th i s  c an be avoi ded by u s i ng an i nf r a red techn i qu e  s i nc e  

i t  i s  a non- c ont act method . 

The pri nc ip l e  o f  thi s techn i qu e  i s  based o n  

me a s u r i ng the magni tude and spe c t r a l  di s t ri buti on 

emi tted by the f i b e r  whi ch indi c ate s the tempe rature o f  

i t s sur f ac e . The infra red regi on o f  the e l e c t romagnet i c  

spec t rum i s  gene r a l ly de f i ned a s  the wave l ength i nterva l 

be tween 0 . 7 2 and 1000 m i c rons , tha t  i s  between the 

vi s i b l e  reg i on and mi c rowave regi on . Warm ob j ec ts emi t  

radi ati on a t  the longe r wave l ength s i n  the i nf r a re d  

r e gi on . 

Here , the Barne s RM - 2 B  I R  mi c r o s c ope sys tem w a s  

modi f i ed b y  adding a b l ack surf a c e  adj u s tab l e  h e a t e r  i n  

f ront o f  the I R  mi c r o s c op e  l ens , a s  a background 

tempe ratur e  ( s ee Fi gu re 3 . 3 ) . The mea surement was ba s ed 

on a detec tab l e  tempe rature di f f e rence between the 

1 1 4  



b ackground ( he at e r ) and the obj e c t  ( f iber ) . The I R  

mi c ro s cope was moved a l ong the sp i n l i ne unt i l the re was 

no di f fe rence b e tween si gn a l  wi th and without the f iber 

i n  the f i e ld o f  v i ew . The f iber tempe rature at thi s  

po s i t i on was a s sumed to be the s ame as  the he ate r 

temperature . 

F i gure s 4 . 41 to 4 . 49 show the tempe rature pro f i l e s  

o f  l i near , b r anched , and hi gh mo l e cu l ar we i ght PET spun 

at di f fe rent take-up ve l oc i t i e s  and m a s s  throughput s .  

Gene ra l l y ,  dec r e a s i ng the throughput and i nc re a s i ng the 

take - up ve l o c i ty produced a more r ap i d  temp e rature 

dec re a se . W i th i n  2 0  ern o f  the sp i nne ret the f i b e r  

temperatu re was a lmo st the same f o r  c o n s tant throu ghput s 

at di fferent t ake-up ve l oc i ti e s . I nc re a s ing the 

s p i n l i ne l ength a l l owed the fiber tempe ratu r e  to 

dec re a se furthe r be f o re the f i l ament entered the 

d rawdown devi c e . The tempe rature p ro f i l e s  exhibi te d  a 

not i c e ab l e  s lope change at a po int whi ch c o rr e sponded 

approximat e l y  to the neck r e g i on . The tempe ratu re 

p r o f i l e s  i ndi c ated that the fibe r c o o l e d  fa s t e r  after 

necki ng . Thi s rapid c o o l i ng may be a resu l t  o f  the 

i nc re ased sur f a c e  a r e a  p e r  uni t vo lume and the i nc re a s ed 

ve l oc i ty o f  the f i b e r  through the amb i ent a i r .  S i nc e  

c ry s ta l l i ni ty i nc r e a s e s  r ap i d l y  at the nec k ,  the l atent 

heat given up wou l d  tend to dec re a s e  the rate of fiber 
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c o o l i ng .  Thi s e f fe c t  oppo s e s  that as soci ated wi th the 

i nc rea sed su rface area and ve l o c i t y . 

The f i b e r  temperature i n  the neck region var i e s  

wi th throughput and take up ve l o c i t y .  Measured value s 

range up to 1 7 0  °c fo r l i ne a r  PET s amp le s . The se value s 

a r e  re asonab l y  c onsi stent w i th the " freeze po i nt "  value s 

repo rted by Ge o rge e t  a l . ( 3 7 )  • 

The tempe rature i n  the neck regi o n  increa sed a s  

t ake-up ve l oc i ty i nc rea sed . Fo r h i gh mo l ecu l a r  w e i ght 

PET , as the mas s throughput decreased f rom 5 . 2  to 3 . 3  

gjmi n ,  the " necking tempe ratu re " de c r e a sed ( F i gure 

4 . 5 0 ) . B ut f or l i n e ar PE� the " ne ck i n g  tempe rature " di d 

not change much when m a s s  throughput dec re a sed . When 

c ompared with l i ne a r  PET , the " necking temper atu re " 

o c curred at hi gher temper ature i n  hi gh mo lecu l a r we i ght 

PET . Th i s  may be becau s e  mo l ec u l ar entang l ement s c aused 

a hi gher s t re s s  bu i ld up i n  the spi n l i ne f o r  the hi gh 

mo l ecul a r wei ght PET , and o r i entati on i nduced 

c r y s ta l l i z at i on occurred e a r l i e r  than for l i ne a r  PET . 

4 . 3 . 2  Di ameter And Bi r e f r i ngence P ro fi l e  A l ong The 

Spin l i ne 

The mo s t  important a spec t o f  me l t  spi nn i ng i s  the 

re l ati onship between the spi nni ng c ondi ti ons and the 

s t ructure and propert i e s  o f  the spun f i b er s . 

1 2 5  
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Qu anti tative studi e s  o f  s tructure deve l opment dur i ng 

me l t  spi nn i ng have been c ar r i ed out by Kitao e t  a l . 

( 69 )  and by the re searche r s  at the Unive r s i t y  o f  

Tenne s see ( 8 , 9 , 25 , 2 6 , 7 9 , 80 , 1 04 , 1 0 7 ) . The y 

qu anti t a t ive l y  stud i ed the deve l opment o f  c ry s t a l l i ni ty 

and o r i entati on u s i ng on- l i ne WAXS and bi r e f r i ngenc e 

t e chniqu e s .  They repo rted the f i b e r  o r i entati o n  

s t rong l y  depended upon the spi nn i ng c ondi t i on s . Mo st o f  

the studi e s  we re c a rri ed out a t  l ow o r  mode rate spi nn i ng 

spe e d s  wi th l a rge fiber di amete r s . 

I n  u s i ng a pneumat i c  dr awdown dev i c e  f o r  h i gh spe ed 

spi nn i ng o f  PET f i be r s ,  the vibrati on of the sp i n l i ne 

i nc re a s e s  the di f f i cu l t y  i n  me asu r i n g  the f i b e r  d i amet e r  

and b i re f r i ngence on the spinl ine . The e f f e c t  o f  

vibration w a s  overc ome by u s i ng a v- groove a rc type a l u­

minum guide a s  s hown i n  F i gure 3 . 7  ( p . 5 3 )  to guide the 

f i l ament wi th i n  the m i c ro s c ope f i e l d  of v i ew . There w a s  

s ome unavo i dab l e  e r ro r  i ntroduced by the f r i c t i on 

between the f i l ament and the gui de .  A si l i c on spray w a s  

u s e d  t o  p revent sti cki ng between the gu i de a n d  fi l ament . 

Gene r a l l y ,  the f i b e r  d i ame t e r  dec re a s ed gradu a l l y  

a s  the f i b e r  appro ached the d r awdown devi c e  at l ow 

t ake -up ve l oc i t i e s . At high spi nni ng speeds , necking 

w a s  ob s e rved on the spi n l i ne but unde r m i c ro scopi c 

obs e rvati on the re was o n l y  a c yc l i c  d i ameter change 

1 2 7  



a r ound the nec k i ng r e g i o n . After nec k i ng ,  the f i l ament 

d i amet e r  remai ned a lmo s t  c onstant a l though i t  c o nt i nue s 

t o  dec re a s e  s l i gh t l y  w i th i nc re a s i ng d i s tanc e a l ong the 

sp i n l i ne ( Fi gu r e s  4 . 5 1 to 4 . 53 ) . The b i re f r i ngence 

s l i ght l y  i nc re a se d  a l ong the spi n l i ne a t  l ow t ake-up 

ve l o c i ti e s . At h i gh take-up ve l oc i t i e s , i t  i nc re a sed 

s l i gh t l y  b e f o re neck i ng and sha rp l y  i nc r e a sed afte r 

n e c k i ng f o r  l i ne a r  PET . Al though b i r e f r i ngence w a s  l ow 

p ri o r  t o  nec k i ng i t  w a s  s t i l l  h i gh e r  f o r  the on- l i ne 

me a s urement s than f o r  the p revi ou s l y  reported s amp l e s  

c u t  f rom the thr e ad l i ne . Thi s wou l d  appea r  t o  re su l t  

f rom re l ax a t i on a f t e r  cut t i ng . 

Br anched PET behaved d i f f e rent l y  f rom the l inear 

PET . B r anched PET d i d  n o t  exh ib i t  a l oc a l i z ed ( sudde n ) 

i nc r e a s e  i n  b i r e f r i ngenc e , but a mo r e  gradu a l  i nc re a s e  

w i th d i s t anc e . Thi s appe ared t o  b e  a s s oc i ated w i th a 

mo r e  gradu a l  change i n  d i ameter than f o r  the l i ne a r  

PET . For b r anched PET , the on- l i ne b i r e f r i ngence was 

h i gh e r  than the va lue s det e rmi ned f rom s amp l e s  cut f r om 

the thr e ad l i ne . Thi s wou l d  a l s o  app e a r  t o  resu l t  from 

r e l ax a t i o n  afte r cutt i ng . 

Hi gh mo l ec u l ar wei ght PET on- l ine b i re fr i ngence w a s 

l owe r than l i ne a r  P ET on- l i ne b i re fr i ngence a f t e r  

n e c k i ng , but p r i o r  t o  n e c k i ng ,  the b i r e f r i ngence o f  the 

1 2 8  
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h i gh mo l ecul ar wei ght s amp l e  w a s  h i gher than fo r l i ne a r  

PET . 

4 . 4  C omput e r  S i mu l at i on o f  F i b e r  F o rmati on and S t ructure 

Deve l opment on the Spi n l i ne 

The necking phenomena observed on the spinl i ne , the 

sudden l y  i nc re a s i ng b i r e f r ingence in the necking r e g i on , 

the l o c a l  change i n  c o o l i ng r at e  c au sed by necking and 

the r e l ated r e l e a se o f  h e a t  o f  c ry s ta l l i z at i on , and the 

s t r a i n hardening e f f e c t  c au s i ng f i l ament di ameter t o  

rema i n  constant a f t e r  necki ng are c omp l e x  and 

cha l l engi ng p robl ems for i nt e rpretation of PET h i gh 

speed spi nn i ng . Conventi on a l  mas s , f o rc e ,  and energy 

b a l anc e s  a l one c an not s o lve thes e  c omp l i c ated p rob lems 

of  h i gh speed spi nni ng . K i kutani ( 6 6 )  comb i ned 

bi re f r i ngenc e , s t r a i n  h ardening , and c ry s t a l l i z at i o n  

kinet i c s  w i th the ma s s , f o rc e ,  and energy b a l ance s  and 

suc c e s s fu l l y  pred i c ted the unique behav i o r  o f  PET h i gh 

speed spi nni ng a l ong the spi n l i ne . H i s ana l ys i s  h a s  

b e e n  u s e d  i n  thi s  d i s se rt at i o n  i n  a n  e f fo r t  to t r y  t o  

unde r s t and the comp l ex behav i o r  ob se rved experiment a l l y .  

The fo l l ow i n g  di f f e rent i a l  equati ons were so lved 

simu l taneou s l y  by a c o nt i nuous s ys tem mode l i ng program 

( C SMP ) method o f  I BM ( 97 ) . 
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Fo r ce ba l an c e equa t ion 
dF = W ( dV _ ..51._ ) + -:r D r dx dx V f 

Rhe o l og i ca l e qua t i on 

S tr e s s  h a r d e n i n� equa t i o n  

4 4 0 0 1 8  1 6  n = 1 . 3  e xp ( T + 2 7 3  
) exp (  2 x c  

E n e r gy b a l a nce e qua t i on 

-- =  dx 
dT + 4 h  ( T _ T dx � H  D � V s 

Cry s t a l l i zat i on K i ne tics  

x c = 1 - e xp ( - (  !1  K ( T ( T )  6N ) d -r ) n ) 
X00 0 

B i re f r i n g e nce equa t i o n  

� = .££E.. dV 
dx V dx 

The notati ons are l i s ted i n  the Append i x  A .  The 

s t rain- opti c a l  c o e f fi c i ent ( Cop = 0 . 5 3 )  i s  f rom the 

expe riment a l  re su l ts o f  b i r e f ri ngence mea su r ement o f  PET 

f i l ament unde r l ow take-up spi nn i ng c ar r i ed out b y  

K i kutani ( 66 ) . The heat o f  fus i on ( � H  = 2 9 . 0  c a ljg ) i s  

f rom Shimi zu ' s  data i n  r e f e rence 9 6 . The tens i l e  

vi s c o s i ty ( n  = 1 . 3  exp ( 4400/T + 2 7 3 ) )  ( when f i l ament 

t empe rature i s  above Tg ) i s  f rom K i kutani ' s exper i ment a l  

re su lt s .  He c ompared h i s s i mu l at i o n  r e su l t s  o f  di ameter 
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p r o f i l e  w i th hi s exp e r i ment a l  data unde r 3 000 mjm i n  and 

f ound rea sonab l e  agreement ( 6 6 ) . 

I n  thi s s i mu l at i o n ,  the c on stants are the same a s  

Ki kutani ' s . But the i ni ti a l  condi t i ons , fo r examp l e , 

the i n i ti a l  f i b e r  tempe ratu re , the i ni t i al f i b e r  

di ameter , the m a s s throughput , e tc . , are b a s e d  on the 

sp i nn i ng c ond i t i on s  i n  thi s r e s e arch . 

I n  thi s s i mu l ati on , o n l y  the i n i t i a l  f o r c e  ( Fo )  i s  

an unknown pa ramete r .  By changi ng the i ni t i a l  force , 

the spi n l ine dynami c s  and fiber s t ructu r e  c an be 

s i mu l ated from ful ly amouphous t o  semi - c rysta l l i ne 

s t ruc ture i n  the sp i n l i ne . 

F i gure 4 . 5 4 show s s i mu l at i on re su l t s  for 5 . 2  gjmin 

m a s s  throughput and 43 . 3 5 dyne s i ni ti a l  forc e . F o r  

the s e  condi ti ons the re was no ne c k i n g  o c cu r r i ng on the 

n l i ne ,  and very l ow bi r e f r i ngence and c ry st a l l i ni ty 

were c omputed on the sp i n l i ne . The r e su l t s  were s i mi l a r  

t o  the expe r i ment a l  data mea sured a t  3 00 0  mjmi n  t ak e - up 

speed ( Fi gure 4 . 55 ) . 

At an i ni t i a l  force o f  46 . 4  dynes and m a s s  

throughput o f  5 . 2  gjmi n ,  the re w a s  a " neck l i ke " 

di ame t e r  thi nni ng phenomena on the spi n l i ne at 1 2 0  em 

be l ow the spi nneret ( Fi gu r e  4 . 5 6 ) . But the s imu l ated 

di ame t e r  thi nning phenomena was not as  sharp as that of 

the exper i me nt a l  data ( Fi gure 4 . 5 7 )  at a take - up speed 
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o f  5 50 0  rnjrni n .  After nec k i ng ,  the fiber d i amete r 

d e c r e a sed very s l ow l y , the c ry s t a l l i ni ty reached i t s  

f i n a l  valu e , and the bi refr i ngence sudde n l y  i nc re a sed 

and cont i nued i n c r e a s ing wi th di stance a l ong the 

spin l i ne . At the s ame p o i nt whe re c rysta l l i z at i o n  

o c cu rred o n  the spi nl i n e / the fiber tempe ratu re sharp l y  

i n c re ased . The amount of  heat r e l e ased depended on the 

c r ys t a l l in i t y  of the fiber . As  the i n i t i a l  f o r c e  

i nc r e a s ed to 4 6 . 48 dyne s ,  the necking po s i ti on moved to 

100 ern be l ow the spinne ret ( Fi gu r e  4 . 5 8 ) . At the s ame 

necking po s i t i on ,  the exp e r i ment a l  data showed the 

take -up s pe e d up to be 6 0 0 0  m/mi n ( F i g ure 4 . 5 9 )  
The se s i mu l a t i on re su l t s  are qu a l i t a t i ve l y  s i mi l ar 

to  the exp e r i ment a l  resul ts . The s imu la t i on reve a l e d  

that when f i b e r  bi r e f r i ngenc e ( wh i c h  i s  the re su l t  o f  

mo l e cu l ar o r i entati on ) i n c r e a sed t o  a c e rt a i n  va lue , 

stre s s - induc e d  c ry s ta l l iz a t i on i n i t i ated i n  the 

spi n l i ne . When the po l ym e r  c ry s ta l l i z e d  on the 

sp i n l i ne ,  the l at ent heat genera ted i n  thi s regi on was 

r e l e ased and f i b e r  tempe rature i n c r e a s ed l o c a l l y . Thi s 

l o c a l  i n c r e a s e  i n  temperatu re c aused the p o l yme r me l t  

v i s c o s i ty t o  suddenly de c re a s e  and produ c ed the 

ne ce s s ary s t r a i n so ften i ng ef fec t . Unde r a c o n s t ant 

take -up forc e , the fi l ament began to unde rgo a r ap i d  

di ame t e r  dec re ase . But when the degree o f  c rys t a l l i ni ty 

13 9 
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re ached a c e rt a i n  l eve l , po l ymer me l t  v i s c o s i ty sharp l y  

i nc re a sed ( ba sed on the s t r a i n  h a rdeni ng equati on ) .  

Bec au s e  o f  h i gh vi s cos i ti e s, the ve l oc i ty gradi ent be c ame 

sma l l  and the di ameter o f  the f i b e r  dec re ased ve ry 

s l ow l y  and a " ne ck "  was  o b s e rved o n  the spi n l i ne .  

The tempe rature p r o f i l e  in the necking re gi o n  d i d  

n o t  show a sudden increa s e  i n  the exp e r i ment al  dat a . 

Thi s  w a s  probab l y  due to the fact th at the necking w a s  

not stab l e  a t  o n e  po si ti o n . Thi s tended to i nt roduc e 

e r r o r  i n  the expe riment a l  r e s u l t s . 

F i qu re s  4 . 60 and 4 . 6 1 shows the s i mu l at i o n  re su lt s  

f o r  a m a s s  th roughput o f  3 . 3  gjmi n .  Aga i n ,  the f i b e r  

s t ru c tu re c ou l d  b e  simu l ated from fu l l y amo rphou s t o  

semi - c rysta l l ine on the spi n l ine . 

I n  gene r a l , by changi ng the i ni ti a l cond i t i ons in 

the simu l at i o n ,  f o r  e x amp l e , ma s s  throughput , i n i t i al  

f i b e r  di amete r ,  i ni t i a l  f i b e r  temperature , i ni t i a l  

f o r c e s ,  e tc . , the stru c tu re d eve l opment o f  PET f i be r s  

c ou l d  b e  s i mu l ated f rom a ful l y amorphous s t ru c ture , 

whi ch exhib i ted l ow bi re f r i ngenc e and c rysta l l i ni ty , to 

a semi - c ry st a l l ine stru c tu re , wh i ch exhibi ted h i gh 

bi r e f r i ngenc e and c rysta l l i ni ty on the spi n l i ne . 

But a c omp l e te quanti t ative c ompari s i on o f  the 

the oreti c a l  and e xpe rimental re su l ts i s  di f f i cu l t  

b e c au se o f  the many paramete r s  whi ch inf luenc e  the f i b e r  

1 4 2  
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o r i entat i on i n  the h i gh spe e d  spi nni ng . A c omp l e te CSMP 

program i s  l i s ted i n  Appendi x  B .  

4 . 5 P ropo sed Neck Fo rmat i on Mechani sm 

When mo l ten po l ymer i s  extruded f rom the spi nneret , 

the o r i entati on , whi ch i s  c rea ted by she ar f l ow w i thin 

the spi nner e t  channe l i s  re l axed by di e swe l l . The 

e x t ruded po l ymer i s  then de f o rmed by the tak e - up force . 

F i b e r  mo l e cu l e s  are s tretched from a r andom c onfo rmati o n  

t o  a n  o r i ented c o n f o rmat i on . The mo l ec u l a r  o r i entat i on 

a c tu a l ly i s  a b a l ance between the o r i entati on i nduc e d  by 

d e f o rmat i on o f  the me l t  s tre am and re l axati on due to 

the rm a l  mot i on of the m o l e cu l e s  b e f o re the g l a s s  

t r an s i t i on po i nt i s  re ached . Spru i e l l  and Whi te ( 10 3 ) 

reported that the spi nn i ng stre s s  and acc ompanying 

m o l e c u l a r  o r i e nt a t i on dec re a se s the free ene rgy o f  

f o rmati on o f  c ry s t a l  nuc le i  and incre a s e s  the 

c ry s ta l l i z at i on r ate . 

The c ry s ta l l i z at i on rate o f  PET i s  very l ow ( 1 2 7 ) . 

At take -up ve l oc i ti e s  o f  3 0 00 to 3 5 00 mjmin , o n l y  an 

o r i ented amo rphous structure was obs e rved ( 2 ) .  At 

h i ghe r take - up ve l oc i t i e s , the se o r i ented amo rphou s 

mo l e cu l e s  s e rve as  a source for nuc l ei embryo and a 

rap i d  c rysta l l i z a t i on o c c u r s  i n  the spi n l ine ( 1 4 , 7 6 ) . 

I n  the c o n s i de rati on o f  po s s i b l e  neck f o rmat i on 
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me chani sms i t  shoul d  be re a l i zed tha t  the f o rmati on o f  a 

neck appears to r equi re a sudden s t r a i n  softeni ng 

( vi s c o s i ty dec re a se ) fo l l owed by a r apid s t r a i n  

h a rdeni ng ( vi s c o s i ty i nc re a s e ) .  Thi s statement i s  b a s e d  

on the f a c t  that mathemat i c a l  mode l s  that exh i b i t o n l y  a 

rap i d  s t r a i n  h a rden i ng at a l o c a l l i z ed po s i t i on do not 

p redi ct neck f o rmati o n ,  but show a smo oth d rawdown to 

the f i n a l  di ame te r .  The f i n a l  di ameter i s ,  o f  c ou r s e , 

re ached a t  approximate l y  the po i nt whe re the vi s c o s i ty 

ri s e s  abrupt l y .  I n  o rde r t o  exp l a i n  neck f o rmati on 

the n ,  we mu s t  sugge st mechani sms that i nvo lve a sudden 

s t r a i n  so ftening fo l l owed by s t r a i n  hardeni ng . Based on 

the pre sent mode l i ng a po s s i b l e  me chani sm i s  a s  f o l lows : 

I nc re a sed stre s s  and m o l e cu l a r  o r i entat i on eventu a l l y  

l e ad t o  the i n i t i ation o f  stre s s - i nduced 

c ry s t a l li z at i on . When stre s s - i nduced c ryst a l l i z a ti on 

t ake s p l a c e , the l atent he at gene rated i n  thi s regi on i s  

re l e a s e d  and the fibe r temperature i nc re a s e s l o c a ll y .  

Be c au s e  the po l yme r me l t  i s  supe rcoo led subst anti a l l y  

be l ow the me l t i ng temper ature o f  the c rysta l s ,  the r e  i s  

n o  reme l t i ng but the l o c a l  i nc re a s e  i n  temp e r ature 

c au s e s  the po l yme r me l t  vi s c o s i ty to suddenl y  dec re a se . 

Thi s produ c e s  the nec e ssary s t r a i n  so ftening e f fe c t  and , 

under a c o n s t ant take - up f o r c e ,  the f i l ament begins to 

unde rgo a rap i d  di ame te r de c re a se . The de f o rmati on 
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pre sumab l y  c au s e s  cons i de rabl e  mo lecu l ar o r i entat i on and 

fu rth e r  enhance s  the c ry s ta l l i z ati on r ate . But when the 

degree o f  c ry st a l l i ni ty re ache s a c e r t a i n  l eve l , s t r a i n  

hardening o c cu r s  and the h i gh l y  o r i ented and 

c rysta l l i z ed mo l e cu l e s  r e s i s t  fu rther deformat i on . The 

f i be r  di amete r b e c om e s  c on st ant and a " neck'' i s  

ob s e rved . 

I t  i s  spec u l ated that on anothe r po s si b l e  necking 

f o rmat i on mechani sm as  fo l l ows : P r i o r  to necking PET 

mo l e cu l e s  have be en o r i ente d .  I f  suf fi c i ent o r i entat i on 

i s  achi eved the s truc tu re m a y  bec ome a meso- pha se 

( the rmotrop i c  l i qu i d  c ry s ta l ) pr i o r  to a c tual  

c rys t a l l i z a t i on . The vi s c o s i ty o f  thi s meso -ph a s e  may 

be reduc ed compared to the uno rde red amo rphous pha s e  at 

the same temp e r ature . Thi s e f f e c t  wou l d  be s i mi l ar to 

that o b s e rved i n  the behavi o r  of the vi s c o si t y o f  

l yo t ropi c l i qu i d  c r ys t a l l ine system on the form at i on o f  

the me so-ph a s e  ( 2 2 ) . A mechani sm s i m i l a r  to thi s seems 

to have been sugg e s ted rec entl y  by Shimi zu et a l . ( 97 ) .  
At the pre s ent t ime , we rea l ly do n o t  know whe ther 

the ne cking f o rmat i on mechani sm i s  du e to  f o rmat i on of a 

me so -phase whi ch r e su l t s  i n  a vi s oc i ty d e c re a s e  ( st r a i n  

s o f t i ng ) or  t h e  vi sco s i ty d e c r e a s e  re su l t s  from an 

i n c r e a se i n  tempe ratu re of the thre adl ine r e su l t i ng f rom 

the l i be rati on of the heat of cryst a l l i z at i on . 
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Al though s ome i nve sti gat o r s  had argued that the 

tempe ratu re r i s e  may not be suffi c i ent to c au s e  s t r a i n  

so ftening on the thread l i ne , Warne r ( 1 12 ) reported that 

du ri ng deformati on of PET f ib e r s  in the drawi ng proce s s , 

the tempe rature r i se i n  the ne cki ng region wa s e st i mated 

0 
to be about 60  K and heat re l e ased i s  suf f i c i ent to 

r a i s e  the f i b e r  tempe rature about s s 9K unde r adi ab a t i c  

cond i t i ons . Ou r c a l cu l at i on s  i ndi c ate that the 

temp e r atu re i nc r e a se at the neck vari e s  w i th spinn i ng 

c ondi t i ons , but may be l oc a l l y  a s  hi gh a s  2 0- 2 5  degree s 

when a sharp ne ck i s  ob s e rved . A s i mp l e  adi abat i c  

a s sump t i on al so i ndi c at e s  that thi s may not b e  an 

unr e a s onab l e  temperature r i s e . 

I n  the expe r i me n t a l  work , a sharp tempe r a tu r e  r i s e  
was not ob s e rved on the spi n l i ne . Thi s probab l y  i s  

bec au s e  the neck i s  not stab l e  at one po s i t i on w a s  not 

obse rved on the spinl i ne . The mot i on o f  the neck wou l d  

make me asu rement o f  the l o c a l  tempe rature r i se very 

d i ff i cu l t , a s  i t  wou l d  l i ke l y  sme a r  out the s i gnal  be i ng 

ob s e rved by the i nfrared mi c r o s c ope . A l so , after 

ne c k i ng the fiber di amet e r  i s  gre a t l y  reduced and fiber 

ve l o c i ty sharp l y  i nc re a s e s .  Thi s re su l t s  i n  f a s t e r  

coo l i ng o f  the f i b e r  a ft e r  necki ng . Thi s wou l d  make the 

exp e r i ment al ob s e rvat i o n  of a sharp tempe r atu re i nc re a se 

i n  the ne ck r e g i on more di f f i c u l t . 
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I n  summary , then , the s e  s i mu l at i on re su l t s  sugge st 

that the neck f o rmati on mechani sm i nvo lve s the 

l i be rati on of c rystal l i z at i on he at whi ch r e su l t s  i n  a 

l o c a l l i zed s t r a i n  so fteni ng . Under constant t ake- up 

forc e thi s r e su l t s  i n  a h i gh l o c a l  deformati on 

( necking ) . At the same t ime , the c ry s ta l l i z at i on 

proc e s s ,  whi ch r e su l t s  i n  s t r a i n  hardeni ng e ff ec t ,  

prevent s furthe r de format i on o f  the ne ck . 

4 . 6 Di s cu s s i on o f  the E f f e c t  o f  P o l yme r Vari at i on s  on 

the Sp i nn i ng Behav i o r  

The mo l ecu l ar ori entat i on i s  a b a l anc e between the 

o r i entati on i nduced by de fo rmati on o f  po l ymer and the 

r e l axati on due to the rmal mot i on o f  the mo l e cu l e s  before 

the g l a s s  tran s i t i on po i nt i s  re ached . I nc r e a s i ng the 

take-up ve loc i ty was found to i n c r e a s e  the m o l e cu l ar 

o r i entati on . 

Mate r i a l  prope rt i e s  depend upon the mo l ec u l a r  

o r i entati on . The fiber mo l ecu l a r  o r i entat i on depends 

upon the rheo l ogi c a l  properti e s  of the po l ym e r s  and the 

take -up speed s . The me l t  v i s c o s i ty o f  l i ne a r  l ow 

mo lecu l a r we i ght , b ranched and l i near hi gh m o l e cu l ar 

we i ght PET behave di f fe rent l y  in the spinning proc e s s . 

From the expe r i mental r e s u l t s , a rap i d  strai n- i nduc ed 

c rysta l l i z at i on o c curred i n  the spi n l i ne for the l i near 
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l ow mo l ecul ar we i ght PET s amp l e s  at h i gh speed spi nning . 

For the l i ne a r  h i gh mo l ec u l a r  we i ght s amp l e s , the 

p o l ym e r  me l t  vi s c o s i ty i s  hi gher than the l i ne ar l ow 

mo l e cul ar we i ght s amp l e s . Becau s e  o f  hi ghe r s t re s s  

bu i ld up i n  the thread l i ne ,  the neck po s i ti on i s  c l o se r  

to the sp i nneret . Thi s effect c o u l d  be predi cted by the 

s i mu l at i on mode l . For b r anched s amp l e s , the m o l e cu l ar 

branching re s i s t s  po l ym e r  cryst a l l i z at i on i n  the 

sp i n l i ne . From the exp e r i mental resu l t s , we di d not 

o b s e rve hi gh l y  c rysta l l i z ed branched PET s amp l e s  be l ow 

5 0 0 0  m/mi n .  Al s o  we d i d  not e a s i l y  f i nd ne c k i ng on the 

spi n l i ne for branched s amp l e s . I f  the branched po l yme r 

c ry s t a l l i z e s  s l ow l y ,  the s t r a i n  s o ftening , whi ch i s  the 

r e s u l t  of re l e a s i ng heat o f  c ry s ta l l i z a t i on ,  wou ld occur 

ove r an extended di stance in the sp i n l i ne . Thi s wou ld 

reduce the sharpne s s  o f  the necki ng e ffect . 
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CHAPTER 5 

SUMMARY AND CONCLUS I ONS 

Hi gh speed spi nn i ng o f  l i ne ar , branched , and hi gh 

mo l e cu l ar we i ght po l y { ethyl ene te rephth a l ate ) { PET ) 

po l ymer s  u s i ng a pneumat i c  dr awdown devi ce has been 

c ar r i ed out . The stru cture characte ri zati on o f  the se a s  

spun fibe r s  and the s t ructure deve l opment a l ong the 

spi nl i ne und e r  di fferent ma s s  thru ghput and t ake -up 

ve l o c i t i e s  were s tudi ed . A c omputer s i mu l at i on was a l s o  

c a rri ed out i n  thi s  r e s e a rc h . 

From the r e su l t s  o f  charact e r i z at i on o f  three 

di f f e rent k i nd s  of PET p o l yme r s ,  i t  was found that the 

structure and phy s i c a l  properti e s  are great l y  a f f e c ted 

by take -up ve l o c i ty .  Gene r a l l y ,  at l ow t ake- up 

ve l o c i t i es ( be l ow 3 5 0 0  m/m i n ) ,  the a s  spun f i be r s  

exh i b i ted l ow b i r e f � i ngenc e ,  c ryst a l l i n i t y ,  den s i ty , and 

tena c i t y  value s ,  and hi gh e l ongati on and shri nkage 

p rope rt i e s - - typ i c a l of an amo rphou s structure . At h i gh 

t ake -up ve l o c i t i e s  ( above 5 0 0 0  mjmin )  the ( a s - spun ) 

f i be r s  exh i bi ted hi gh b i r e f r i ngenc e ,  c r ystal l i n i ty , 

den s i t y  and tenac i t y  v a l u e s  and c o r r e sponding l y  l ow 

e l ongati on and shr i nkage va lue s  whi ch are i ndi c ati ons o f  

a semi - c rysta l l i ne structure . D i f fe rent i a l  sc anning 

c a l o r i metry ana l y s i s  reve a l ed that , be l ow 5000 m/mi n ,  
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the fiber p a rt i a l l y c ryst a l l i z ed whi l e  heating the 

s amp l e . Above 6000 mjmi n ,  c r y s t a l l i z at i on du r i ng 

he a t i ng w a s  no l onge r ob s e rved . The g l a s s  tran s i t i on 

c o u l d  not be di s t i ngu i shed at take -up speeds above 5 0 00 

m/mi n .  The me l t i ng temper ature i nc re ased a s  the take-up 

ve l o c i ty i nc re a sed . Both den s i ty and DSC r e su l t s  show 

that PET begins to c rysta l l i ze on the sp i n l ine at spe eds 

in the range of 4000 to  45 00 mjmin . From d e n s i ty versu s  

bi r e f r i ngence p l o ts , i t  was  found that o r i entat i on 

i nduced c ry s t a l l i z at i on o c cu r red at f i b e r  bi r e f r i ngenc e s  

- 3  above 4 5  x 1 0  . 

F rom the ana l ys i s o f  s amp l e s  cut from the spi n l i ne , 

the f i b e r  d i ame t e r s  were ob s e rved to dec re a se i n  a very 

unu su a l  manne r . At l ow t ake-up ve l oc i t i e s , no sharp 

di ameter th i nni ng phenomena ( ne c k i ng ) was  obse rved 

e i ther on the spi n l i ne or i n  the cut spec imens , and the 

bi r e f r ingence values  were l ow . Necki ng was ob s e rved on 

the sp i n l i ne and on the cut s amp l e s  when the take-up 

ve l oc i ty exce eded 4500 mjmin for l i ne a r  PET . The 

bi re f r i ngence values  reached the f i n a l  fiber 

b i re fr i ngence wi thin a few mi l l i me t e r s  i n  the necki ng 

regi o n . The di ameter o f  the f i l ament remai ned ne a r l y  

c on s t ant a f t e r  necki ng . I nc re a s ing the take -up ve l o c i ty 

moved the po s i t i on o f  the nec k  t oward the spinneret . 

For br anched PET , the b i re f r i ngence increa sed w i th 
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t ake- up ve l o c i t y ,  but the i nc re a se was s l owe r than for 

the l i ne ar PET . Necking w a s  not ob s e rved f o r  cut 

b ranched s amp l e s . Hi gh m o l e c u l a r  we i ght PET a l so 

e xhibi ted ne c ki ng on the spi n l ine at h i gh take - up 

speeds .  The p o s i t i on o f  necking w a s  c lo se r  t o  the 

s p i nneret c ompared w i th l in e a r  PET at the s ame t ake - up 

ve l oc i t y .  

Wi de angl e  x - ray di f f r a c t i on re su l t s  from a bundle 

of f i be r s  c onta i n i ng necki ng regi o n s  found amo rphous 

di f f rac t i o n  patte rn s  before necking . C l e a r  c ry s ta l l i ne 

d i f f r a ct i on peaks were detected a f t e r  necking . 

From on- l i ne temperature me asurement s ,  i t  was 

dete rmi ned that dec re a s i ng throughput and i n c re a s i ng 

take - up ve l o c i ty p roduced a more r ap i d  tempe rature 

de c re a s e . The tempe rature profi l e  i nd i c ated that the 

f i be r  c o o l ed f a st e r  a f t e r  necking . Thi s i nc re a sed 

c o o l i ng rate may be a re su l t  of the incre a sed surface 

a r e a  per uni t  vo lume and i nc reased ve l o c i ty o f  the 

f i l ament through the ambi ent a i r . The tempe ratu r e s  i n  

the necking r e gi o n  wer e  d i f fe rent wi th di ffe rent PET 

materi a l s  and i nc re a s ed as take - up ve l oc i ty i n c rea sed . 

The re was  s ome s l i ght i ndi c a t i on that the f i b e r  c o o l i ng 

rate s l owed down i n  the ne i ghb o rhood o f  the neck j u s t  

p r i o r  to  the i nc r e a se o f  c o o l i ng r a t e  o c cu r r i ng 

subsequent t o  the nec k .  Thi s e f f e c t  c ou l d  have re sulted 
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f rom the l i be rati on o f  the heat o f  c rystal l i z at i on . 

The re wa s ,  howeve r ,  no i ndi c at i on o f  an a c tu a l  
tempe r ature i nc re a s e . 

The on- l i ne di amete r and bi r e f r i ngence p ro f i l e s  

showed that a l ow bi re f r i ngence was ob s e rved befo re 

nec k i ng and sudden l y  i nc re a s ed a ft e r  necki ng for l i ne a r  

and hi gh mo l e cu l ar we i ght s ampl e s . A more gradu a l  

i nc r e a se i n  b i ref ri ngenc e was ob s e rved f o r  b r anched PET . 

P r i o r  to ne c k i ng , the bi re f r i ngenc e o f  the h i gh 

mo l e cu l ar we i ght s amp l e  was h i gher than for l i ne a r  PET . 

I t  was  found po s s i b l e  t o  achi eve re asonab l e  

qu a l i tative agreement wi th the expe riment a l  dat a u s i ng a 

c omputer s i mu l ati on method f i r s t  deve l oped by K i kut ani 

( 6 6 ) . Thi s method a s sume s that when bi r e f r i ngenc e 

i nc re a s e s  to a c e rt a i n  va lue , s t re s s - i nduc ed 

c ry s ta l l i z at i on i s  i ni t i ated . When s t re s s - i nduced 

c ryst a l l i z at i on t akes p l a c e , the l atent he at gene rated 

in thi s reg i on i s  re l e a sed and the fibe r  tempe r ature 

i nc re a s e s  l o c a l l y .  Thi s c au s e s  the po lyme r me l t  

vi s c o s i ty t o  sudden l y  d e c r e a s e  and produce s a strai n 

so ftening e ff ec t . Unde r a c ons t ant t ake -up f o r c e , the 

f i l ament begi n s  to unde rgo a rap i d  di amete r dec r e a s e . 

But when the degree o f  c ry s t a l l i ni t y  re ache s a c e rt a i n  

leve l , po l yme r me l t  vi sc o s i ty i nc re a se s and thi s s t r a i n  

h a rdeni ng e f f e c t  re s i s t s  fu rthe r f i l ament de f o rmati on i n  
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the spi n l i ne . The fi l ament di amet e r  bec ome s c o n stant 

and a " neck"  i s  observed . By changi ng the i n i t i a l  

c ondi ti ons in the simu l ati on ,  f o r  examp l e , ma s s  

throughput ,  i ni t i a l  f i b e r  di amete r ,  i n i t i a l  f i b e r  

temperature , i n i t i al  force s ,  etc . , the s t ructure 

deve l opment o f  PET fibe rs could be s i mu l a ted f r om a 

ful l y  amorphous s tructure to a semi - c ry s ta l l i ne 

s tru cture on the spi n l i ne . 

B a s ed on the e xpe r imenta l d a t a  s umma r i zed above , 

the f o l lowi ng c on c l u s i o n s  were made : 

Take- up speed ( spi n l ine str e s s ) i s  a dominate 

f a c t o r  for fiber s tructure deve l opment of PET f i l ament 

in the spi n l i ne . At hi gh take -up speed s ,  the spi n l i ne 

stre s s  i s  h i gh enough to c au s e  s t re s s - i nduced 

c ry s ta l l i z at i on i n  the spi nl ine . Under c ertai n 

cond i t i ons th i s  a l s o l eads to a n e c k i ng e f  t o n  the 

spi n l i ne . The fiber struc ture changed from amo rphous to 

semi - c rysta l l ine structure after the nec k .  

From DSC ana l ys i s i t  w a s  observed that me l ti ng 

temperature and c rysta l l i n i ty inc re a se d  a s  t ake-up 

speeds inc reased . Thi s i ndi c ated that the c ryst a l l i ne 

p e r f e c t i on and c rysta l l ini ty i nc re as e d  at hi ghe r  speed s . 

The s e  data are consi stent w i th o n l i ne tempe rature 

me a surement s that show that necki ng occurred c l o s e r  to 

the spi nner e t  and necking temperature ( c ry s ta l l i z a t i on 
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temp e r atu r e ) was  hi ghe r at h i ghe r t ake -up speeds . The 

c ry s t a l l i z at i on r ate a l s o i nc rea s ed at hi gh tempera ture 

and h i ghe r mo l ecu l ar o ri entat i on . Thi s produ c e d  h i ghe r 

c ryst a l l i ni ty and i n c r e a sed the p e r f e c t i on o f  the 

c ryst a l s .  

The d i f f e renc e of  rhe o l o gi c a l  p rope rti e s  and 

c ry s t a l l i z ati on r a t e s  of the three d i ffe rent p o l yme r s  

r e su l t s  i n  di f fe rent fi b e r  structure and prop e rti e s .  

The b ranched po l ymer had s l ower c rysta l l i z a t i on kineti c s  

and deve l oped l ow e r  c rysta l l i nity . The se d i f fe renc e s  

evi dentl y  redu c e d  the propen s i ty f o r  f o rmat i o n  o f  a 

sha rp neck on the spi n l ine . The h i gher vi s c o s i t y  o f  

h i gh mol e c u l a r  wei ght p o l ymer re su l t s  i n  hi gher stre s s  

bui l d  up in the spi n l i ne and fibe rs exh i b i t  h i gher 

den s i ty and c ry s ta l l i n i ty at t ake -up spe eds be l ow 4000 

m/m i n .  The h i gher mo l e c u l a r  e n t ang l ement a l s o  

r e s t r i cted furthe r c ry st a l l i z ati on o n  the spi n l i ne f o r  

h i gh mol e cu l a r  wei ght s amp l e s  and the c ryst al l i z at i on 

l eve l l ed o f f  at h i ghe r take -up speeds . 

F rom the pr e s e n t  s tudy , i t  was conc luded tha t  the 

nec k i ng f o rmat i on mechani sm i s  a s  fo l l ow s : The 

f o rm a t i on o f  a nec k  appe a r s  to requi re a sudden s t r a i n  

s oftening ( vi s c o s i ty dec re as e ) fo l l owed b y  a rap i d  

s t r a i n  harde n i ng ( vi s c o s i ty i nc re a s e ) .  When suf f i c i ent 

stre s s - indu c e d  c ryst a l l i z ati on take s p l ace in a 
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l oc a l l i z ed regi on o f  the spi n l i ne , the heat o f  

c ry s t a l l i z at i on i s  re le ased i n  thi s regi on and the f i b e r  

temp e rature i n c r e a s e s  l oc a l l y .  Thi s  produc e s  the 

ne ce s sary s t r a i n so fteni ng e ff ec t . Unde r a c o n s t ant 

take - up f o rc e , the f i l ament unde rgo e s  a rap i d  d i ame ter 

de c re a s e . But whe n  the degree o f  c ry s ta l l i ni ty re aches 

a c e rtain lev e l  the h i gh vi s c o s i ty and o r i entati on of 

f i l ament r e s i s ts further d e f o rma t i on on the s pi n l i ne 

( st r a i n  hardening ) .  The f i be r  di ameter bec ome s c onstant 

and a " neck"  i s  o b s e rved . Compu t e r  s i mu l at i on re su l t s  

sugge st th at thi s  i s  a pos s i b l e  and rea sonabl e  

mechani sm .  

Another p o ss i b l e  necki ng f o rmati on mechani sm i s  a s  

f o l l ow s : P r i o r  t o  n e ck i ng , PET mo lecules h ave been 

o r i ented . I f  suf f i c i ent o r i entati on i s  achi eved the 

stru c ture may bec ome a me s o - phase ( the rmo tropi c  l iqu i d  

c ry s t al ) pri o r  t o  a c tu a l  c ry s ta l l i za t i on . The vi sc o s i ty 

o f  thi s me s o -pha s e  may be reduced ( vi s c o s i t y  d e c r e a se ) .  

At a constant t ake -up force the f i l ament undergo e s  a 

rap i d  di amete r de c re a se . The de f o rmati on incre a s e s  the 

o r i entat i on o f  the f i l ament and s t re s s - i nduc ed 

c ry s ta l l i z at i on t ake s p l ac e . When the f i l ament i s  

o r i ented and c r y s t a l l i zed on the spi n l i ne the m o l e cu l e s  

re s i s t  further d e f o rmati on o f  the f i l ament ( st r a i n  

hardeni ng ) .  
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Whi l e  the former mechani sm i s  favored , i t  i s  not 

po s s i b l e  to ru l e  out the l atter mechani sm on the ba s 

o f  the p r e s ent exp e r i ment a l  data . 
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APPENDIXES 



NOTAT I ONS 

A ( cm2 ) 

Cop ( - -- ) 
C f  ( - -- ) 

Cp ( ca l / g ° C )  

0 ( em )  

F ( dyne)  
2 g ( em/ s e c  ) 

G 2 ( dyne/em ) 
1-' 

( ca l / cm2 s ec°C ) "" h \.0 

k ( ca l /cm sec°C ) 

k s  ( ca l / cm se c°C ) 

n (
-- - ) 

N u  ( --- ) 

Re ( ) 

t ( se c )  

t l / 2 ( se c )  

t 1 Jz ( se c )  

T ( OC ) 
T s  ( oC )  

T *  ( oC )  

APPEND I X  A 

N o t a t i on s  

c ros s - s e c t i on a re a  o f  f i l a ment 

s t ra i n -op t i c a l  coe f f i c i en t  

coe ff i c i e n t  o f  a i r  f r i c t i on 

hea t c a pa c i ty o f  p o l ymer 

d i ame t e r  of f i l amen t  

t en s i on o f  s p i n n i ng f i l amen t  

gra v i t y 

modu l ua 

he a t  t ra n s fe r  coe f f i c i en t  

hea t conduc t i v i ty o f  pol ymer 

hea t  conduc t i v i ty o f  a i r  

Avrami  n umbe r 

N u s s e  l t  n umbe r 

Reyno l ds n umber 

t i me 

crys ta l l i za t i on ha l f- t i me 

mi n i mum c rys ta l l i za t i on ha l t - t i me 

tempera ture of f i l amen t  

tempe ra ture o f  s urround i ng a i r  

max i mum c ry s ta l ]  i za t i on ra te tempe ra ture 

C f  � 0 . 5Re - 0 . 6 1 

C p  0 . 3  + 6 . 0  X 

g 9fl0 

G I x t o9 

h "  ( k s / 0 )  N u  

k 5 . 2  X 

k s  0 . 66 

N u  � 0 . 42 ( 1 t ( BVy/ V ) 2 ) 0 . 167Re0 . 3 34 

Re OV/ ' 's 



...... 
-.] 
0 

v ( em/ sec ) ve l oc i ty o f  s p i n n i n g f i l amen t  

V y  ( em/ s e c )  ve l oc i ty o f  quenc h i n g a 1 r  

w ( g/ s e c )  e x trus i on ra te 

X ( em) d i s ta nce f rom s p i nnere t 

Xc ( - - - ) c ry s ta l l i n i ty 

fl ( de g )  h a l f - w i d t h  o f  tempera t u re vs . c rys ta l l  i z a t 1 on c u r ve 

t\H ( ca l /u ) he a t  o f  fus i on 

AN ( - - - ) bi r·e f r i ngence 

( - - ) s t ra i n  

n ( po i s e )  tens i l e v i scos i ty o f  po l yme r 

v ( s t )  k i ne t i c  v i sc os i ty o f  a i r  
s 

I '  ( g / cm3 ) dens i t y o f  po l yme r 

fl s 
\ g t c m  J dens i t y o f  a i r 
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APPEND I X  B 

C o n t i nu o u s  S y s tem Mode l i ng Program 

C o n t i n u e s  S y s tem Mod e l i ng Program ( CSMP ) i s  an app l i -

c a t i onor i ented program s pe c i a l ly wr i tten for s c i e n ti s t ,  

e n g i n e er s , and a n a l y s t s  who a r e  i nvo lved i n  work tha t  

r e q u i r e s  the s o l u t i on of o r d i nary d i f fe r e n ti a l  e q u a t i o n s  

or i n  s imu l a t i ng a s y s tem tha t has b e e n  mode l e d  a s  a b lock 

d i a g r am . 

The program s tr u c ture o f  C S MP i s  c ompo s e d  o f  three 

s e gme n ts : I ni ti a l , Dynami c , a n d  Termina l .  Gener a l ly , d a t a  

s ta tements w i l l  appear in the I n i ti a l  s e gmen t . I n  a dd i ­

t i o n , c a l c u l a t i ons tha t a r e  required t o  be p e r formed o n l y  

o n e  t ime dur i n g  a s imu l a t i o n  c a n  c onve n i e n t l y  p l a c e d  i n  

th i s  s e gmen t .  The Dynami c s e gment i s  u s ua l ly vomp o s ed o f  

s tr u c tur e s ta teme n t s  th a t  d e s c r ibe the dynami c s  o f  the 

s y s tem or e xp l i c i ty d e s c ri b e  a s e t  of d i f f e r e n ti a l  equa­

t i on s . The T e rmi n a l  s e gmen t  i s  the l a s t  s e gme n t  in the 

program and i s  u s ua l ly mad e  up o f  c on tr o l  s tateme n t s . 

The uti l i ty and e a s e  o f  u s ing s tems ma i n l y  f r om :  

( l ) s imp l i f i ed program s ta teme n t s  

( 2 ) f le x i b i l i ty o f  p r ogr am s tr u c ture 

( 3 ) a b a s i c  s e t  o f  preprogrammed f un c t i on b lo ck s . 

The C S MP program f o r  h i gh s p e e d  s p i nn i n g  o f  P E T  i s  l i s te d  

b e l ow .  
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