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ABSTRACT 

A comprehens ive s tudy of melt s p i nn i ng dynam i c s  and structure 

deve l opment of nyl on-6  wa s performed .  The major empha s i s  of  the research 

·cons i s ted of on- l i n e  rheolog i ca l  and morpho l og i cal  mea s urements . These  

i nc l uded d i ameter , tempera ture a nd tens ion  meas urements of  the  fi ber as  

wel l a s  x- ray d i ffract i o n  and  b i refri ngence mea s urements . The effects 

of a nnea l i ng spun fi bers i n  a i r ,  water and 20 percent formi c ac i d  

s o l u ti on were a l s o  s tud i ed .  Tens i l e  properti es of spun fi bers were 

measured and re l a ted to the s p i nn i ng vari abl es and  s truc tural 

c haracter i s t i cs . 

I n  t he  rheolog i ca l  porti on of the work , the s hear v i s cos i ty and 

the normal s tresses in n�tlon-6 melts were measured. Nylon-6 me!t shmvs 

more Newton i a n-li ke behavior i n  s hear exper iments than  does po l y­

ethy l ene and shm·Js very l ow nor�al stres ses . Rheo l og i ca l  res ponse i n  

me l t s p i nn i ng was i nterpre ted in terms of a n  elonga t i ona l  v i s cosi tv. 

In  the s p i n l ine, nyl on -6  behaves more l ike a v i s coela s t i c  fiuid \'.J i th  the 

ratio of e l ongat i ona l  v i scos i ty to s hear v i s cos i ty be i ng about 15. 
I n  s tud i es of  the dynami cs of mel t s p i nn i ng vari ous  force compo­

nents i n  the s p i nli ne were ca l culated . The grav i ty force was negli g i ble 

a t  h i g h  ta ke- up  speed bu t was s i gn i fi cant  a t  l ow s peed .  The i nerti a and  

the aerodynami c drag  sho\'ted a n  oppos i te behav i o r .  The rheo l og i cal force 

decreas ed along the s p i n l ine at low take-up s peeds , rema i ned constant  a t  

i ntermedi ate s peeds and increased at  h i g her s peeds. 

In the s tructu re deve l opn1ent studi es, on- l i ne x-ray patterns of 

i i i  
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nylon - 6  exh i b i ted a n  amorphous ha l o .  Th i s  wa s true whether s p i n n i ng was 

done i n  65 percent  or 1 00 percent rel a t i ve  hum i d i ty .  Nylon-6 

crysta l l ized i n  a y-pseudohexagonal form on the bobbi n i n  the p resence 

of mo i s tu re . The sma l l a ng l e  x-ray sca tter i ng from cond i t i oned fi bers 

s howed a d i ffuse  ri ng at l ow ta ke-up speeds but a two poi nt  d i agram for 

f i ber  s pu n  at high ta ke-up speeds . 

Nylon-6  changed s l owly from a y-pseud�hexagona l s tructure i n to a n  

a-monocl i n i c  s tructu re when annea l ed a t  i ncreasi ng l y  h igher  temperature . 

The rate of c hange  wa s greatest  when annea l ed in  formi c a c i d ,  but  l uwes t  

i n  a i r , whi l e  i ntermed i a te i n  water . 

The tens i l e  s trength and the modu l us  of spun  f i bers i ncreased bu t 

the e l ongat ion  to break  decreased wi th i n creas i ng ta ke-up speed or  sp i n­

l i n e  s tress. Simi l a r behav i or wa s ooserved when the properti es were 

corre l a ted wi t h  the b i refri ngence a nd the c-axis ori entati on factor . 
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CHAPTER I 

I NTRODUCT I ON 

S i nce  the beg i n n i n g  of c i v i l i zati on , cl oth has  been one of th e 

ba s i c  needs of h uman bei ngs . Before syntheti c  fi bers were i nvented , 

man had  to depend on natura l l y  occurri ng fi bers s uc h  a s  cotton ,  wool 

a nd  s i l k for h i s c l othi ng  needs . The everl asting quest of ma n to 

compete wi th nature and  s i mu l ate natura l th i ngs  has  l ed to the devel op­

ment of man-ma de fi bers whi ch , i n  some i nstances , s urpass  natura l 

fi bers , espec i a l l y  s i l k , i n  properti es and strength . 

I n  1 842 , a Bri t i s h  s i l k  weaver , Lou i s  Schwabe exh i b ited a mach i ne 

for mak i ng arti fi c i a l  fi l aments and  i n  1 845 , Ri chard Brooman obta i ned a 

patent for extrud i ng g utta- percha thread wh i c h was taken u p  under 

ten s i on on a rol l ( 2 5 ) . The devel opment of ma n-made fi bers rea l l y  

began i n  1 884 when  Count Hi l a i re de  Chardonnet of France made fi bers by 

extrud i ng strands of n itro ce l l u l o se d i sso l ved i n  a s o l uti on  of a l coho l 

a nd ether ( 1 1 4 ) . The fi rst commerc i a l production  of cell u l o se  n i trate 

fi bers began i n  1 89 1  i n  France .  Th i s  fi ber became known as Chardonnet 

s i l k . 

Thi s  fi ber wa s made by so l uti on sp i nn i ng . Ma ny i mportant fi bers 

of today , s uc h  as nyl on , po lyester , and polypropyl ene are made by mel t  

s p i nn i ng  where i n  a pol ymer i s  mel ted i n  a reservo i r  and extruded 

thro ugh sma l l ho l es . The mo l ten fi l ament i s  so l i d i f i ed by cool i ng and  

i s  taken up o n  a bobbi n .  

The fi rst attempt to produce a fi ber from mel t  was reported by 

1 



Carothers and  H i l l  of E .  I.  duPont de Nemours i n  1 932 ( 30 ) . The i r  

efforts l ed to the devel opment  of nyl on fi bers . A h i s tory o f  devel op­

ment of nyl on fi bers has  been  g i ven by Bol ton ( 2 1 ) , t he  then  Chemi ca l 

Di rector of  duPont .  Nyl on was fi rs t commerc i a l i zed i n  1 939 by duPon t .  

2 

There were no pub l i s hed efforts made to understand  the mel t 

s p i n n i ng process  u nt i l the l ate 1 950 ' s .  I n  1 959 , Zi ab i ck i  and  

Kedz i ers ka , both  work i n g  wi th  a Po l i s h fi ber i ndustry ,  began  p ub l i s h i ng 

a seri es of papers descri b i ng theore t i ca l  a nd exper i menta l  work  o n  mel t 

sp i nn i ng of  fi bers . S i nce  then many sc i enti s ts and engi neers have 

underta ken a s tudy of  mel t sp i nn i ng . 

N umerous papers have been pub l i shed i n  the techn i ca l  l i tera ture  

concern i ng  the  re l at i ons h i p  of s p i nn i ng condi t i ons  to fi ber q u a l i ty and  

propert i es . 

The purpose of th i s  d i s s ertati on  was to s t udy both rheol ogy and 

s tructure deve l opment duri ng mel t sp i nn i ng  of nyl on 6 .  The rheo l og i ca l  

response  i n  both i sotherma l and  non- i sotherma l s pi nn i ng  was s ·t ud i ed by 

d i rect exami nat i on of the  s p i n l i ne and the meas u rement of d i ameter , 

tens i o n ,  and  temperature of the  sp i n l i ne .  The experi menta l res u l ts have 

been compared wi th  the  theoreti ca l  pred i cti ons u s i ng d i fferent 

rheo l ogi ca l  mode l s  for the  sp i n l i ne .  The s tructure devel opment  has  been  

s tu d i ed by ma k i ng x-ray d i ffract i o n  patterns and  b i refri ngence measure­

ments on  the runni ng s p i n l i ne .  The morpho l ogy of s pu n  fi bers has  a l s o  

been studi ed a nd rel ated to  t he  s pi n n irig condi ti ons a nd mechan i ca l  pro­

perti es . 



Gene ral 

CHAPTER I I  

L I TERATURE SURVEY 

A .  NYLON-6 

Nyl ons  bel ong  to a genera l  c l as s  of pol yami des wh i ch are conden­

sat ion  products wh i c h  conta i n  recurri ng ami de groups NH-CO as i ntegra l 

parts of the  ma i n  po lymer cha i ns . The term 1 1 ny l o n1 1 i s  defi ned as  11 a 

generi c term for any l ong cha i n  synthet i c pol yami de whi ch has  recurri ng 

ami de g roups as an i ntegra l  part of the ma i n  po lymer chai n ,  and  wh i ch 

i s  capabl e of  be i ng formed i nto a fi l ament i n  whi ch  the structura l e l e­

ments al·e ori ented i n  the  d i recti on of the  axi s 1 1 (122). 

Nyl ons  were fi rs t synthes i zed by Wa l l a ce H .  Carothers a nd J u l i a n  

H i l l  when they were tryi ng  t o  fi nd a po lymer wh i c h  cou l d b e  used  a s  a 

syntheti c fi ber . Th i s  fundamenta l  res ea rch was carri ed o ut  i n  the  

E. I .  duPont  de Nemou rs Company .  Ny l ons soon  became i mporta nt commerc i a l  

fi bers because  o f  thei r remarkab l e s trength , res i s tance t o  abra s i on and  

durabi l i ty .  

There are  d i fferent types o f  nyl ons . They are d i s t i ng u i shed from 

each other by a system of nomenc l ature wh i c h  depends upon t he number of 

carbon a toms i n  the s ta rt i ng mater i a l s used for ma k i n g  nyl ons . Th i s  

nomenc l a tu re has been g i ven  i n  the l i terature ( 93 ) . The mos t  

commerc i a l l y  i mportant  nyl ons are nyl on-6 , made from capro l actam , and  

nyl on  66 ,  made from hexamethyl ene d i ami ne  and ad i p i c  a c i d .  

3 



Nyl on-6  seems to have  fi rst been made by Ca rothers and  Berchet 

(31) i n  1 930 . Nyl on-6 po l ymers reported in 1 932 by Carothers a nd 

4 

Hi l l  ( 32 ) had  mo l ec u l a r  wei g ht of on l y about 3000 a nd a s  s uch  were use­

l es s  for ma ki ng  fi bers . I n  1 938 , Pau l Sch l ack  ( 1 4 1 ) of I .  G. 

Farben i ndustri e deve l oped procedures necessary for mak i ng nyl on-6  

polymer su i ta b l e for text i l e  fi ber producti on . I n  1 939 , the fi rst  

fi bers were p roduced on  a p i l ot p l a nt sca l e ,  and  s i nce  Worl d War I I ,  

i ts p roducti on ha s been devel oped i n  many countri es , parti c u l a r ly  i n  

Europe a n d  Japan . 

The general  process  for ma ki ng nyl on-6  fi bers , s ta rti ng  from 

petro l eum and  coa l chemi ca l s  to the f i n i shed products , h a s  been g i ven 

i n  l i teratu re ( 1 1 4 ,  1 39 ) . Nyl on-6  i s  po l ymeri zed from capro l actam i n  

the  presence of water , 

�-------� 
NH - ( CH2

)
5 

- CO + H2
0 t NH2 - ( CH2

)
5 

- COOH 

Capro l actam 

and i n  general  

Water Ami nocapro i c ac i d 

+ NH2 - [ ( CH2
)
5 

CONH]
m+n 

+ H2
0 

Po lymer ( nyl on-6 ) 

( I I - 1 ) 

( I I - 2 ) 

( I I - 3) 



A s ta b i l i zer  s uc h  as  acet i c  ac i d i s  a dded to capro l a ctam to con -

tro l  the mol ecu l a r  wei g h t .  A mi xtu re of  mo l ten  capro l actam , water a nd 

a ceti c a c i d i s  fed to a heated pol ymeri zat i on col umn ca l l e d a V K  tube . 

The temperature i s  ma i ntai ned between 2 50°C and  270°C and  the  res i dence 

t i me i s  a bout 24 hou rs . The po l ycapro l actam i s  extruded from the  

bottom of  the tube , quenched in  water and  c ut  i n to sma l l pe l l ets . 

These pe l l ets conta i n  a n  equ i l i br i um amo unt  of about 1 0  percent  monomer 

and  other  o l i gomers . These are removed by was h i ng the  pe l l ets wi th  

boi l i ng wa ter . They a re then dri ed to l es s  than G . l  percent  mo i s ture 

content  befo re s p i n n i ng. 

Propert ies  

5 

Nyl on-6  mel ts a t  2 1 5-220°C  depend i ng on i ts mo l ecu l ar we i g ht . I t  

i s  s o l u b l e  i n  some a c i ds a nd organ i c so l vents . I t  i s  q u i te s tab l e i n  

a l ka l i ne s o l u t i ons , bu t decomposes i n  a c i d i c s o l ut i ons . Nyl on-6  i s  

chem i ca l ly unaffected by water a t  ord i na ry tempel'a tu res , but  at h i g h  

temperatures , i n  the p resence of moi sture , hydro lys i s  and degrada t i o n  

occurs . 

Structu ra l Characteri s ti cs and  General Morphologi ca l Features 

uni t 

Nyl on - 6  mo l ecu l e  i s  practi ca l ly l i near  wi th the c hemi ca l  repeat 

0 
II 

fNH - C - ( CH2 )
5
j 

When these c ha i ns come c l ose. to each other duri ng c rys ta l l i zat i on , 

there i s  a pos s i b i l i ty of formi ng hydrogen bonds between the  carbony l  
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g roups of one c ha i n  and  the ami ne groups  of the othe r .  Su c h  hydrogen 

bonds a re i ndeed formed , as i t  i s  evi dent from the mea s u rement  of i nter­

cha i n  d i s ta nce  ( 4 . 8A0 ) wh i ch i s  typi ca l  of a hydrogen bond ; and a l so  

from i nfrared s tud i es  ( 1 1 2 ) . 

The s tu dy of crysta l  s tructure of  nyl on-6  was fi rs t carr i ed out  

by Bri l l  ( 24 ) and  l ater by Hol mes , Bunn a nd Smi th ( 74 ) . The  l atter 

authors made extens i ve s tudi es  of drawn nyl on-6 fi bers and determ i ned 

the symmetry of the un i t  ce l l , i ts d i men s i ons , and the a tomi c co­

ord i na te s . The un i t  ce l l of nyl on-6  proposed by these au thors i s  mono­

c l i n i c  wi t h  d i mens i ons 

a = 9 . 56A0 

b = l 7 . 24A0 

C = 8 . 0 l A0  

a ng l e  B = 6 7 . 5° 

From the meas urement  of repeat d i s tance a l ong the cha i ns a nd of C-C 

bond l engt h ,  they conc l uded tha t  the c ha i ns of drawn ny l on-6  are 

extended p l anar  z i g - za g .  The b-ax i s o f  a monoc l i n i c  u n i t cel l i s  con ­

s i dered to be the a x i s of symmetry by conventi on . For nyl on- 6 ,  t h i s 

i s  a l so the  cha i n  ax i s  ( b = l 7 . 24A0 ) . 

Hydrogen bondi ng  between the ami de a nd t he carbony l  groups of 

a djacent nyl on-6  cha i ns re s u l ts i n  the forma t i on of hydrogen bonded 

s heets . The adjacent c ha i ns i n  these s heets a re stri ct ly  ant i para l l e l . 

Th i s  makes perfect  hydrogen bonds . I n  the monoc l i n i c  form , a nyl on-6  

crysta l i s  formed by s ta c ki n g  t hese  s heets together . The  s heets a re 

s taggered up and down . A s chemati c d i agram of the hydrogen bonded s heets 



as  we l l  a s  thei r s taggered arrangement i s  s hown i n  F igure I I - 1 . A l so  

s hown i s  a drawi ng of  the nyl on-6  un i t  cel l . 

7 

Hol mes , Bunn and  Smi th a l so noted the exi s tence  of another 

crys ta l l i ne form of ny l on-6  whi ch produced x- ray pattern s obv i ou s l y  

d i fferent  from x-ray patterns o f  monoc l i ni c  nyl on-6 . Th i s  crys ta l l i n e 

form was l es s  s ta b l e and  i t  was d i ffi cu l t to i so l ate i t .  I t  a l ways 

exi s ted  a l ong wi th  the monocl i n i c  form . Thi s form , l a ter known a s  

pseudohexagona l o r  y-form , was a l so s tu d i ed by K i nos h i ta ( 9 1 ) , Ari moto 

( 7 ) a nd Voge l song ( 1 69 ) . These a u thors ( 7 ,  9 1 , 1 69 ) and  others ( 1 64 ,  

23, 1 1 3 ) obta i ned  the  y-form by treatment of ord i nary monoc l i n i c  form 

(a-form wi th a n  aqueous  s o l ut i on of i od i ne-pota s s i um i od i de and  then 

remov i ng i od i ne by was h i n g  wi th  aqueous sod i um-th i os u l phate . Zi a b i c k i  

( 1 89 ) reported  that a pseudohexagona l form can  a l so  b e  obta i ned by me l t  

sp i n n i ng nyl on- 6 .  Z i ab i c k i  has  d i scussed the convers i on o f  th i s  phase  

to  the  norma l monoc l i n i c  pha s e  ( 1 87 ) . There i s  a marked d i fference i n  

the  x-ray pa tterns of these  two major crysta l l i ne forms of nyl o n-6 , 

a (monoc l i n i c ) and  y ( pseudohyxagona l ) ( 74 , 1 32 ,  23 , 1 1 3 ) . They-form 

whos e  x -ray p attern i s  s hown i n  F i gure I I -2  i s  a pparent l y  t he same a s  

the s-form descri bed by Hol mes , e t  a l . ( 74 ) . The mos t  obvi ous  

d i fferenc es i n  the  two patterns  are: 

( 1 ) The presence of  two equatori a l  pea ks  ( 4 . 4A0 a nd 3 . 6� )  i n  

the a-pa ttern aga i n st  on l y  a s i ng l e  pea k  ( 4 . 2A0 ) i n  they-pattern . 

( 2 ) Presence of  s trong meri d i ona l peak ( 8 . 2A0 ) i n  the y-form . 

Thi s i s  very wea k  or  s omet i mes absen t  i n  the a-form . 

The u n i t ce l l d imens i ons of the y-pseudohexagona l c rys ta l 

s tructure as  reported by Voge l song ( 1 69 ) a re 



0=9·58A 

(AL Unit Cel l 

(B ) Hydrogen Bonded Sheet 
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b=l7·24 .A 

( C ) S taggeri ng of Hydro­
gen Bonded Sheets 

Fi gure I I - 1 . Schemat i c of monoclinic crysta l  s truct ure of  hy l on - 6 .  
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fo rms of nyl on - 6 .  
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a =  b = 4 . 79A0 

c = 1 6 . 70 a ngle y = 60° 

1 0  

Accordi ng to  Ari moto ( 7 ) they-form i s  actua l l y  monoc l i n i c  wi th  

a =  9 . 33A0 , b = 1 6 . 88A0 , c = 4 . 78A0 and  s = 1 2 1 ° .  

Bes i des these two major crysta l  s tructures of nyl on-6 , Ro l da n  

a n d  Kaufman ( 1 32 ) have reported several  other forms i nc l ud i ng amorphous , 

S ( hexagon a l ) a nd  a -pa racrysta l l i n e  (monocl i n i c ) forms . 

S i ngle c rysta l s  of nyl on-6  have been obta i ned by Ge i l ( 60 ) by 

prec i p i tat i ng nyl on-6  from g lycer i n so l uti on . The th i c knes s of these  

s i ng l e  c rysta l  l amel l ae wa s about  60A0• Ogawa , et  a l . ( 1 23 ) poi nted out  

that the  d i ffract i o n  pattern of nyl on-6 s i ng l e  c rys ta l s  corresponds to 

the y-pseudohexagonai form . Ge i l ( 60 ) a l so  observed tha t  s pheru l i tes  were 

fonned a l ong  wi th s i ng l e  c rysta l s  in the s ame so l ut i on . 

Spheru l i ti c  structure was a l so  observed i n  mel t-crysta l l i zed 

nyl on-6  by Mag i l l  ( 1 0 1 ) and I noue ( 78 ). The d i ameters of s pheru l i tes 

vari ed  between  1 0- 50� depend i ng on the temperature of c rystal l i za t i on . 

Crys ta l l i za t i on K i neti c s  

T h e  c rys ta l l i za t i on k i neti cs o f  nyl on-6  have been s tu d i ed by a few 

a uthors . Burnett and  McDev i t ( 27 ) obta i ned a growth rate of nyl on-6  

spherul i tes at  tempera tures ra ng i ng from l 02°C  to  1 82 °C  u s i ng a n  opti ca l 

m i croscope and  a moti on p i c ture camera . A typ i ca l  be l l - s haped c urve 

was obta i ned when  the ra te of growth was p l otted aga i n st  temperature . At 

con s ta n t  tempera ture the g rowth ra te wa s found to be constant . I noue 

( 77 ) obta i ned c rysta l l i zat i on i sotherms of nyl on-6  at tempera tures 



1 1  
rang i ng from 205 to 2 l 5 ° C  u s i ng a d i l a tometr i c  tech n i q ue .  The Avrami 

equat i on was used to ca l cu l ate  the h a l f- t imes of crys ta l l i za ti on , t 1 1 2 . 

The ha l f- t i me was found to be 1 8  mi nutes or  h i g her  depend i ng on the 

crysta l l i za ti on temperature .  The rate of crys tal l i zat i on wa s found to 

be l ower fo r po l ymers of h i g her mo l ec u l a r  wei g h t .  I n  a l a ter  paper ( 78 ) 

he  s tud i ed the effects of v a r i o us nuc l ea t i ng agents o n  the rates of 

crysta l l i za t i o n .  The u se o f  nuc l eat i ng agents resu l ted i n  decrea se  o f  

i nduc ti on  t i me a n d  i ncreas e  o f  crysta l l i za ti on rates. 

Mag i l l  ( 1 00 ) s t ud i ed  the effects of mel t h)story , moi s ture con -

tent a nd rel at i ve v i s cos i ty on  i nducti on  t i me duri ng i sotherma l 

crysta l l i za t i on . He a l so meas ured the k i net i c s  of i sotherma l 

crysta l l i za ti on over a wi de ra nge of temperature u s i ng a c i ne camera 

tech n i que  and  depo l ar i zed l i ght  i ntens i ty ( 1 0 1 ) . The maxi mum rate of 

crysta l l i za t i on wa s found  to occur a t  about 1 40 °C . The h a l f-t i me of 

crys ta l l i za t i o n  was ten s econds for a crys tal l i zat i on  temperature of 

l 40 °C  a nd h i gher at h i gher  c rysta l l i za t i o n  temperatures . No papers 

have appeared on the k i net i cs of s tra i n i nduced c rys ta l l i zat i on  of 

nyl on- 6 .  

Effect of  Moi s ture 

Moi s ture p l ays a n  i mportant  ro l e  du r i n g  po l ymeri zat i on  of nyl on-6  

from capro l a ctam . I t  acts  a s  a n  i n i t i ator dur i ng po l ymer i zat i on a s  

s hown i n  Equat i on I I - 1 . Depo l ymeri zat i on of nyl on-6  a l s o takes p l ace  

when i t  i s  heated i n  the  p resence of water . The polycondensat i on 

equ i l i br i um s hown be l ow i s  esta b l i s hed between the ami de  g roups  a nd 

water mol ecu l es .  



+ 
+ -NH2 

+ HOOC - ( I I  -4 ) 

Smi th ( 1 44 ) has  shown that  the equi l i br i um concentrat i on of  -NH2 a nd 

1 2 

-COOH e nd gro ups  i n creased  when nyl on-6  i s  heated a t  250°C  wi t h  i nc reas i ng 

amount of water .  

The effects o f  moi s tu re o n  the phys i ca l  properti es  o f  nyl ons a t  

ord i nary temperatu res have been known for a l ong t i me .  When kept i n  

humi d a tmosphere , nyl on-6  absorbs  moi s tu re .  The equ i l i br i um moi s ture 

content reaches as h i g h  as  9 percent a t  1 00 percent R .  H .  ( 1 56 ) . The 

e l as t i c modu l u s and y i e l d  s tres s of nyl on-6 decrease  wi th i ncrea s i ng 

moistu re conten t ( 1 43 ) . Moi s tu re acts as  a p l as t i c i zer a nd genera l ly  

reduces the  s trength of  nyl on- 6 .  

Miyasaka a nd I s h i kawa ( 1 1 3 ) s tudied the effect of  mo i s ture on the  

crysta l l i ne tra n s i t i on of nyl on-6 . The trans i t i on v1a s  ac h i eved by 

drawi ng . I t  was observed that a t  very l ov1 temperatu res , such  a s  

- 75°C , t h e  trans i t i on w a s  more effect i ve when the s�mp l e  was dry .  How-

ever, at 60° C ,  the tra ns i t i on was more effect i ve for wet s amp l es . 

Campbe l l  ( 29 ) has  s tud i ed the effect of water on the x-ray 

d i ffractometer s cans  of nyl on-6  fi l ms crys ta l l i zed i n  a-form . Water 

caused  chang es i n  the amorphous as  we l l  as t he crys ta l l i ne regi ons . I t  

was found tha t  the i ntens i ty of the comb i ned ( 002 ) and  ( 202 ) pea ks  

decreased and  that  of ( 200 ) peak i ncrea sed on water absorpt i on . 

B .  RHEOLOGY 

Const i tut i ve Equat i ons 

One of the major goa l s  of the s tudy of rheol ogy i s  the deve l opment 
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of mode l s  genera l ly  ca l l ed cons ti tuti ve equa ti on s  wh i c h  re l ate s tresses  

i n  a ma te ri a l  to defo rmati ons . These mode l s  have to be formu l a ted i n  

such a way a s  to expl a i n  the experimenta l l y  observed beha v i or of the 

materi a l . Many of the ear ly  ana lyses of pol ymer proces s i ng opera t i ons  

a re ba sed upon  the  const i tut i ve equ at i ons of Newton i a n  f l u i ds , or  s i mp l e 

one d imens i ona l  po'lle r- l aw fl u i ds .  They do not expl a i n  many of  the 

phenomena  observed such as norma l s tresses , s tres s  re l axat i on , 2tc . 

The theor i es of  const i tuti ve equat i ons for v i scoe l a s t i c fl u i ds 

whi c h  po l ymer me l ts a re genera l l y  con s i dered to be , are  c l a s s i fi ed 

broad l y  i nto two bas i c  groups a s  d i fferent i a l  a nd i n tegra l  theori es . 

D i fferent i a l  Theor i es .  D i fferent i a l  theor i e s  or i g i n ate  from 

Maxwe l l • s  equ at i on  ( 1 04 ) 

( I I - 5 ) 

where P i s  the s tres s , T i s  the rel axat i on t ime , y i s  the deformat i on , 

G i s  the  e l a s ti c mod u l u s and  n i s  the vi scos i ty .  

Maxwe 1 1 •s equ at i on i s  a l i near one d i mens i ona l theory and p re -

d i ets  ne i ther non-Newto n i a n  vi s cos i ty nor norma l s tresses . I t  wa s 

genera l i zed  to a three d imens i ona l fo rm by Za remba ( 1 85 ) i n  1 903 . 

Zaremba•s theory i s  we l l  a b l e to expl a i n  non-Newton i an v i scos i ty and  

normal s tres s es . No l l ( 1 2 1 ) and  Whi te a nd Metzner ( 1 74 ) h ave  proposed 

other forms of non- l i near Maxwe l l mode l s .  O l droyd ( 1 32 ,  1 26 ) , 

W i l l i ams and  B i rd ( 1 78 ) , Spri ggs  a nd B i rd ( 1 50 ,  1 5 1 ) among others have 

deve l oped s i mil a r  mode l s  whic h i nvol ve h i gher o rder deri vat i ves of y. 
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The Wh i te-Metzner equati on can be wri tten i n  three d i mens i on a l  

fonn a s  

where 

(j = - pi + p "' "' "' 

p + "' 
oP 

"' T -- = 
ot 

2Gcd "' 

o P . . aP . .  aP . .  av . 
-t 

1J =_J_J_ + v _J_J_- 1 p . o a t  m axm ax
j mJ 

av . 
_J P .  
ax 1 m m 

{ I I -6a ) 

( I I -6b ) 

( I I -6c ) 

p == p ressure , V = vel oc i ty ,  d = rate of defonnat·lon tensor , a =  s ti'ess 
"' "' 

tensor and  I == un i t tensor .  "' 

Th i s equat i on g i ves reasonab l e agreemen t  wi t h  l ami nar  shear  f l ow 

v i scos i ty a nd norma l s tress experi ments i f  the  re l axat i on t i me i s  taken  

to  be a functi on of deformati on rate . 

I n  genera 1 the  u seful ness  of rate theory i s  l i mi ted by ( 1 ) i ts 

i na b i  1 i ty to· quant i tati ve l y  represent stres s re 1 ax a t i  on and  dynami c  

s i nus o i da l  o sc i l l at i on data and  ( 2 ) the neces s i ty of so l v i ng s i x  

s i mu l taneous comp l ex d i fferenti a l  equa ti ons for the  s tres s component i n  

a l l but  the s i mp l e st  fl ows . 

I ntegra l Theor i es . I ntegra l theori es are bas ed u poh Bol tzmann • s  

s uperpo s i t i o n  pr i nc i p l e ( 22 ) . Bol tzma nn•s cons ti tut i ve equat i on 

ut i l i zes a memory funct i on  \'Jh i ch i s  decrea s i ng w i t h  t ime . Bol tzmann•s 

equat i o n  can be wri tten i n  a three d i mens i ona l form a s: 



where 

o ( t ) = - pi + 2 Jt 
G ( t - s ) d ( s ) ds "' "' - (X) "' 

t i s  the  current t i me .  

s i s  t he  past  t i me .  

1 5  

( I I - 7 ) 

G ( t - s ) i s  the  memory functi on wh i ch i s  decreas i ng wi t h  ( t - s ) . 

Eq ua t i on I I - 7  may be wri tten i n  a n  a l ternate form after i ntegrat i ng 

by parts . 

where 

o ( t ) = - pi + 2 J
t 

� ( t - s ) E ( s ) ds "' _, "' 

�(t) = -dG ( t ) /dt  

and  E ( s ) i s  the i nfi n i tes i ma l  s tra i n tensor .  

I n  terms of  re l axati on s pectrum ,  � ( t ) can  be  wri tten a s  

4> ( t ) = 

where H (T ) i s  the  spectrum of  rel axa t i o n  ti mes . 

( I I -8 ) 

( I I - 9 ) 

I t  may be  shown that th e Maxwe l l equati on i s  a spec i a l  case  of 

Boltzmann  equati on for wh i c h G ( t ) = G e-t/T a nd � ( t ) = G
o e-t/T . 0 -

T 
The Bo l tzmann equ a t i o n  i s  v a l i d  fo r i nfi n i tes i ma l  s tra i ns . I n  

practi c e ,  deformati on rates a re very l a rge . The fi rs t a ttempts to 

genera l ize Bol tzma nn ' s  th eory to l a rge deformat i ons were made by O l droyd 

( 1 24 ) a nd Lodge ( 99 ) and s u bsequent fu rther devel opment to a very 
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genera l  non- l i near model  was g i ven by Green and  R i v l i n  ( 63 ) who a s s umed 

that s tres s  i s  a n  hered i ta ry functi ona l of the deformati on  h i s tory .  

Co l eman and  Nol l ( 43 ) l a ter gave more e l egant formu l a ti o ns of G reen-

Ri v l i n  concepts . The a rbi trary funct i onal i n  th i s theory may be expanded 

i n  the  Frechet funct i onal  po lynomi a l s .  The stress tensor  may then be 

wri tten a s  

. t a . . = -po  . .  + J 4> ( t - s ) e . .  ( s ) ds lJ lJ -oo lJ 

+_00/�00/t 
$ ( t - s

1
, t - s2

) ei m
( s

1
) e

mj
( s 2

) ds1 ds2 + . . •  
( I I - 1 0 ) 

where 4> ( s ) , $ ( s
1

, s 2
) , etc . a re rel a xat i on funct i ons a nd e

i j  
i s  the  

component of l a rge s tra i n tensors . Two s uch  poss i b l e  tensors a re that 

of F i n ger  tensor ,  ci} • and  Ca uchy tensor  c ij  

-1 c . .  = lJ 
ax . 1 

ax a 

c . . lJ 
= 

( I I - l l ) 

X1S and  X1S be i n g  the p resent and the pa s t  confi gurat i ons  a t  t i me t and 

t ime s resp ect i ve ly . 

For smooth fl ows i t  i s  poss i b l e  to expres s the stra i n tensors 

e ( s ) i n  Equa ti on I I - 1 0  i n  terms of R i v l i n- Eri c kson acce l erat i on tensors "' 

B��) by expand i ng i t  i n  Tayl or•s seri es i n  time a bou t i ts i ns tantaneous lJ 
s ta te . 



e ( s ) = 
'U 

ex> 
l: 

n=1 

where 

sP) 2d . .  = 
lJ lJ 

8��+1) D = 
Dt  lJ 

= av . av . _1 +� 
ax. 

J 
ax . 1 

B��) - l: 
avi B(�) 
axm mJ lJ m 
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( I I - 1 2 ) 

( I I  - 1 2a ) 

av . 
B�n) - l: _J 

axm 1 m ( I I - 1 2 b ) m 

Equat i on I I - 1 0  may now be wri tten as 

where 

a = -pi + E M "'' 'U 'Un n = 1 ( I I - 1 3 ) 

( I I - 1 3a ) 

( I I - l 3b ) 

( I I - 1 3c ) 

The coeffi c i e nts wj a re the  i ntegra l s of the rel a xa t i o n  modu l i .  

The term of  fi rs t order i n  M i s  i denti ca l to the Newton i an  f l u i d ;  tUn 

whereas i nc l ud i ng second a nd t h i rd o rder terms i n  the con s t i tuti ve 

equa t i on wou l d y i e l d  so ca l l ed second order and th i rd order fl u i d. 
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Newton i a n  f l u i d  ( I I - 1 4 ) 

Second order f l u i d  ( I I - 1 5 ) 

+ 
Th i rd order f l u i d  { I I - 1 6 ) 

Al though very genera l , the Green-R i v l i n  cons titut i ve equat ion  con-

ta i n i ng mu l ti p l e  i ntegra l s i s  very comp l ex .  I n  1 963 , Bernste i n ,  

Kears l ey and  Zapas  ( B KZ ) ( 1 6 ) proposed a consti tut i ve equat i on conta i n i ng 

s i ng l e  i ntegra l . Later i n  1 965 , Zapa s and Craft (184 ) s howed o n  the bas i s  

of mu l t i p l e  s tep  s tres s  rel axat ion  exper iments that  s u c h  a s i ngle i ntegra l 

express i on was suffi c i ent  to descri be the s tress-stra i n  behav i or of 

poly i sobuty l en e .  The BKZ res u l ts  cou l d  be wri tten after s impl i f i cat i on  

a s  

where 

- t - 1  R;- -p� + -� [m
1 (t - s ,  I - l ' I I  _ 1 ) � 

� � 

- m2 
( t - s ,  I _ l , · I I ) c ] ds 

� c-1 rv 

I - 1  
�· 

-1 = tr c 'V 

'V 

a nd 

( I I - 1 7 ) 
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m1 
and m2 are the relaxation functions. 

Other versions of the single integral model were developed by 

Bird and Carreau (18) and Bogue (20) which was later modified by White, 

Bird and Carreau expressed the constitutive equation in terms of Cauchy's 

and Finger's strain tensors and the relaxation moduli as function of 

second invariant of the deformation rate. Bogue utilized time averaged 

integrals of rate of deformation invariants over the history of the 

deformation. The Bogue-White model can be written as 

= e::'="/'-'2� . ---,-::-- , + f: /2 

-1 = ,-,.1 + aiid
l/2 

'eff(i) 

I IT I 2 = --r-:--'-1 -..-d (t - s) 0 
rr112 dz d 

(II-18) 

e 
-(t - s) /Teff(i) 

(I I -l8a) 

(II-l8b) 

(II-18c) 

(II-18d) 

Here "a" is a constant coefficient ande: is a dimensionless 

parameter describing deviations from Weissenberg hypothesis. In terms 

of a continuous deformation, Bogue-White model is written as 
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= (l + I) 
0 

( I I - 1 8e ) 

The Bogue-White model was used by Chen and Bogue ( 37 ) in pre-

dieting shear and normal stresses in polyethylene and polystyrene. 

Middleman ( 1 09 ) and Furuta, Lobe and White ( 58 ) use it to predict 

transient stress build up in elastomers. 

A simpler form of the Bogue-White model can be used for moderately 

_narrow molecular weight distribution polymers whose complete relaxation 

spectra, H(T) , are not readily available. For such moderately narrow 

molecular weight distribution polymers, Tobolsky ( 1 60 ) and Ninomiya 

and Fujita ( 1 1 9 ) have shown that the relaxation spectrum has a 11Wedge-

box11 type of distribution. When the complete relaxation spectrum is not 

available the 11bOX11 distribution H(T) = Ho becomes particularly useful. 

With this simplification, the complete Bogue-White model is 

m T 
= (l + I) f eff 

0 

- - £/2 

£ 
1 + -

2 

1 -

H 0 

( I I - 1 9 ) 

-(t - s) /T1 e 
. 2  T 

( I I - l 9a ) 

( I I - 1 9b ) 
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(II-19 c) 

IIi/2 = d (t - s) 

E1ongational Flow 

0 
rr112 dz d (I I -l9d) 

Experimental. The earliest experiments on elongational flow 

behavior are by Trouton who first introduced the concept of elongational 

viscosity (163) . He studied extension of pitch, tar and wax and defined 

elongational viscosity as 

all X = 
dv/dx 

= elonoational stress 
elongation rate 

He showed that it was three times the shear viscosity. 

(II-20) 

In recent years several papers were published concerning measure-

ments of elongational viscosity. Transient increase of stresses in 

samples subjected· to constant elongation rate was observed by Ballman 

(13) , Meissner (105), Vinogradov, et al. (168) and Stevenson ( 1 5 5) . 

Ballman observed that the stresses in polystyrene samples build up slowly 

to a steady state. The steady state elongational viscosity was found to 

be approximately constant, independent of elongational rate. Meissner 

{105) observed that the stresses in low density polyethylene reached 

steady state for only low elongation rates whereas at high rates they 

increase continuously without limit. 

Vinogradov, et al. (168) conducted similar experiments on 



polyisobutylene and observed that the elongational viscosity passes 

through a maximum before attaining a steady state. 

Stevenson (155) reported that the elongational viscosity of 
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isobutylene-isoprene co-polymer reached a steady state value at all the 

elong�tion rates investigated (10-4 -10-l sec-1). The steady state val�e 

was equal to three times the shear viscosity. However, no steady state 

was obtained in case of cis-1, 4 polyisoprene. Cogswell (40, 41, 42) 

also carried out constant elongation rate experiments along with constant 

stress experiments and convergent flow analysis. However, some of these 

experiments are crude and give only approximate results. His results 

show that the elongational viscosity increases with elongation stress for 

low density polyethylene, decreases for polypropylene whereas remains 

constant for polymethylmethacrylate. 

Chen and co-workers (38) and Takaki and Bogue (158) have made 

extensional studies in falling weight type of experiments where a polymer 

rod was stretched isothermally using a constant force. The results were 

analyzed using non-linear viscoelastic model of Bogue-White. A good 

agreement was obtained between the predicted and the experimental stress-

time curves. 

There have been many measurements of extensional properties in a 

melt spinning type of geometry (188, 84, 85, 81, 2, 38, 96). They will 

be discussed later in the section on melt spinning. 

Theoretical. The elongational flow of polymer fluids was first 

studied by Nitschmann and Schrade (120) who suggest that x increases 

with elongational rate. Yamamoto (180) determined elongational viscosity-
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elongation rate for network structures. At high rate of entanglement 

breakage, x was finite and showed a maximum. At low breakage rate, x 

went to infinity at finite elongation rate. 

Coleman and Noll ( 44 ) discussed the application of the simple 

fluid theory to steady elongation of an incompressible cylindrical rod. 

White (172) and �·1arkovitz and Coleman (102 ) used the second order theory 

of simple fluids and showed that the elongational viscosity increases 

with elongation rate. The same effect was obset·ved by Roscoe (133 ) who 

applied the third order simple fluid theory to simple elongation. 

Lodge ( 98 ) applied his single-integral fluid model to simple 

elongation and showed that for low elongation rates, x is equal to 3n 

where n is the shear viscosity. It grows without bound as the elonga­

tion rate approaches a critical value. Lodge•s result is a special case 

of Yamamoto•s. 

Other single integral models which give unbounded viscosity at 

finite elongation rate include those of Bird and Carreau ( 1 8} and 

Meister ( 1 06 ) . 

Adams ( 3 ) used Bernstein-Kearsley-Zapas model ( 1 6 ) and showed that 

x goes through a slight maximum and then decreases as E increases. Casey 

( 33 ) , using Bogue model showed that x increases with E .  

Denn and Marrucci ( 50 ) applied the White-Metzner model to uniaxial 

stretching to obtain the transient stress response. For small elongation 

rates, the response is linear viscoelastic but above a critical value, 

the stresses grow indefinitely. They conclude on a basis of simple 

theoretical analysis and some experimental evidence that the existence of 

a critical elongation rate is an artifact of the models which predict it. 
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The unbounded value of x or stresses may never be obtained in a steady 

state sense, i.e., the stresses 11blmv up'' before the steady state is 

achieved. 

Chang and Lodge ( 34 ) , using Lodge's model obtained a qualitative 

agreement with the transient data of Meissner ( 1 05) . 

A review of early research on extensional flow of non-Newtonian 

fluids is given by Dealy ( 47 ) . 

Application of Constitutive Equations to Simple Shear and Uniaxial 

Elongation 

It fs interesting to look at the response of rheological models 

discussed in the previous section to a flow field of simple shear and 

uniaxial elongation. 

The kinematics for a simple shear flow are described as 

v ::: v ::: 0 2 3 (I I - 21 ) 

where f is the rate of shear, dv1/dx2. Subscripts 1 and 2 indicate 

the directions of flow and shear respectively. The relationships between 

the material co-ordinates at the time t and s can be written as 

{II-22) 
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For u n i a x i a l  e l ongat i on ,  the ki nemat i c s  are wri tten a s  

( I I - 23 ) 

where E i s  the constant e l ongat i on rate . 

The mater i a l  co-ord i nates may be wri tten as  

X ( t ) 
1 

. 
= x

1
(s) exp [ E ( t - s ) ]  

E = x2 (s) exp [ - 2 ( t - s ) ]  

E 
= x3 (s ) exp [ - 2 ( t - s ) ]  (II-24) 

Equat i ons II-22  and II-24 can be used to obta i n vari ous  s tra i n  

tensors appeari ng i n  the const i tut i ve equati ons a nd the mater i a l  para -

meters l i ke the s hear v i scos i ty ,  the fi rs t  norma l s tress d i fference 

coeffi c i ent , and the  e l ongati ona l  v i scos i ty can be eva l uated . The 

res ponse of some of the rheol og i ca l  mode l s  i s  s hown i n  Ta bl e 1 .  

Rheol ogi ca l  Propert i es a nd The i r  Measurements 

In order to use  the cons ti tuti ve equat ion  to des cri be  the f l u i d  

behav i or we need to know the rheo l og i ca l  properti es o f  the ma teri a l . 

These a re u s ua l ly  mea su red i n  the s impl e geometri es s u c h  a s  cap i l l a ry 

tu bes or  rota ti ng  d i scs  or  cones . The f l ows i n  such  g eometri es a re 

somet i mes c a l l ed v i s cometri c fl ows or s impl e l ami nar s hear f l ows . 



TABLE 1 

RESPONSE OF RHEOLOGI CAL MODELS TO S I MPLE SHEAR AND ELONGATI ON 

1·1odel 

Newtoni an F l u i d  
Equa t i on I I - 1 4  
Second Order Fl u i d  
Equa t i on I I - 1 5  
Thi rd Order F l u i d  
Equa t i o n  I r - 1 6  
Whi te-Metzner Fl u i d  
Equa t i on I I -6 

Bogue-Wh i te Model 
Equa t i on I I - 1 9  

Shear Vi scos i ty 
n 

n .. wl 

n ,. wl 

n .. w1+2 ( w4-w5 ) y 2 

n " GTeff 

aT y 
1 n ( 1 -t--l!L ) 

ll • H T [ ' 12 . ] 
o m  

( a T  y/, /2) m , . 

Fi r s t  Horma l Stress 
Di fference Coeffi c i ent 

��'1 
��'1 = 0 

��'1 = -2w3 

IJ!1 = -2w3 

2,.. 2 11'1 = "Teff 
aT y 

1 n ( l � ) 
2 . 12 

1J! .. 2H T [----, 1 o m c. 
( a T  -;·; /2) ·· 

m 
1 ] 

a TmY a TmY 

12 ( l + 12 ) 

*E f n  Equati on I I - 1 9  f s  assumed to be zero i n  der i v i ng thi s  equati o n .  

E 1 ongational  Vi s co s i ty 
X 

X = 3w 1 

X = 3w [l + w2-w3 E ] 1 w1 
3 [ 1 

w2-w3 . 6 ( w4-'u5 )+3w6 • 2 
X " w1 � & E J wl w1 

3GT ff X = 
• e 

( l +ET ff) ( 1 -2ET ) e eff 

3H a ' 1 n ( 1 +a ' E T ) 
x*= � [ I, , I\ I_ I '""� 

E 

+ 3(l +a ' )  

2 
+ 3{a ' -2) 

a ' =  A a 

ET 
1 n ( 1 � . 

l +a '  ET m 
2ET 

l n ( l - m ] 

( 1 +a ' E T ) m 

N 
O'l 
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The s tres s  tensor i n  a l am i nar  s hear f l ow of a v i scoe l as ti c  fl u i d  

may be wri tten a s  (19) 

R, = - p� + p (I I -25) 

011 012 013 -p 0 0 s . 2 
f Y ny 0 

012 022 023 = 0 -p  0 + nv s . 2 
2y 0 

013 023 033 0 0 -p  0 0 0 

(I I -26) 

Thus the  v i s cometri c f l ow f i e l d can  be compl ete ly  descri bed by 

three s tresses ; the  s hear s tress and  the two norma l s tresses and  we need 

to determi ne  three materi a l  functi ons . 

n (r )  = ol / 
y s hear v i scos i ty (I I -27) 

$l (y) = (ol l - o22) /y
2 

fi rst  norma l s tress  

= sl s2 . d i fference coeffi c i ent  (I I -28) 

$2(y) = (ol l  - 033);-y2 second normal  s tres s 

= s2 d i fference coeffi c i ent  (I I -29) 

The v i s cos i ty funct i on and i ts dependence on s hear rate has  been 

w ide ly  s tud i ed for po lymer so l uti ons and me l ts i n  a vari e ty of v i s -

cometers by numerous  i nves ti gators . The v i s cos i ty i s  found to have a 

constant va l ue a t  l ow s hear rates ; but drops rap i d l y  a s  the s hear rate i s  



i nc rea sed . The ex i s tence of norma l s tres ses  was fi rst  shown by 

We i s senberg i n  1 948 ( 1 70 ) . 
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The f i rst norma l s tres s d i fference was experimenta l l y  found to be 

pos i ti ve ,  f i rst  by Freeman a nd Wei s senberg ( 56 ) a nd l ater by Pol l et and 

Cro s s  ( 1 30 ) . Wei s s enberg suggested that the second norma l s tres s  

di fference was z ero i n  v i scometri c fl ow .  Th i s  became popu l ar a s  

We i s senberg ' s  hypothes i s .  However , i n  recent  years the second norma l 

s tres s  d i fference has  genera l l y  been found to be negati ve a nd of the order 

of one- tenth of the f i rst norma l s tress d i fference ( 6 1 , 6 2 , 1 59 ,  1 1 1 ) . 

Two mos t  w ide ly  used  rheometers for measur i ng v i scos i ty a nd norma l s tres ses  

are descri bed be l ow . 

Cone-and-P l a te V i scometer . The cone-a nd-p l a te v i s come ter , a l so 

known a s  the We i s s enberg rheogoni ometer ha s been w ide ly  u s ed for mea s ure-

men t  of normal s tresses  i n  po lymer so l u ti ons and mel ts . I n  thi s geometry , 

the po l ymer f l u i d  i s  s hea 1·ed between a rota ti ng cone and a s tat i onary 

p l a te .  The torqu e  requ i red to keep the p l a te s tat i onary and the force F 

pus h i ng apart the cone a nd the p l a te are meas ured and  rel a ted to the  s hear 

s tres s and  the f i rst  norma l s tres s  d i fference through  the expres s i ons ( 56 , 

45, 1 1 0 )  

T J
R 2 = 2nr o 1 2 0 

N
1 

= 2F/nR
2 

The s hear rate  i s  g i ven  by 

y = Q 
$ 

dr  = 2 3 3 nR 0 1 2 ( I I -30 ) 

( I I - 3 1 ) 

( I I -32 ) 
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The v i scos i ty i s  g i ven by 

= 
012 = 3T !i n 

21rR
3 Q . ( I I - 33 ) y 

Here o1 2  i s  the s hear s tress , R the cone radi u s , Q ,  the a ngu l a r  

ve l oc i ty a n d  � the a ng l e  between  the cone a nd t he p l a te .  

The second norma l s tres s  d i fference can be mea s ured oy combi n i ng  

experiments of  the  cone a nd p l a te and the para l l e l p l ate  v i s cometers ; 

but th i s  wi l l  not be d i scussed  here a s  i t  was not  pursued i n  the present  

work . For experimenta l s tud i es of th i s  type we c i te the s tud i es  of G i nn 

and Metzner ( 6 1 , 62 ) on po lymer so l ut i ons and Lee a nd Whi te ( 97 ) on mel ts . 

Above certa i n  cri t i c a l  s hear rate , the po lymer mel t s tarts to  

f l ow out  of  the gap  between the cone and  the p l ate . Th i s phenomena has  

been observed by several  research groups ( 76 , 90 , 1 2 ,  36 ) . 

Capi l l a ry V i s cometer . The use  of cone-and-p l a te v i s cometer i s  

l im i ted to l ow s hear rate , bel ow a bout 1 0  sec - 1 , due  to the f l ow 

i ns ta b i l i ty ment i oned a bove . At h i gh shear rates , a capi l l a ry type of  

v i scometer can  be used . I t  cons i s ts of a l ong capi l l ary tube through  

wh i c h  a f l u i d  is  pas sed u nder a measured pres sure drop . Severa l 

commerc i a l mach i nes of th i s  type are ava i l a bl e .  

The shear rate i n  the cap i l l a ry rheometer i s  determi ned from 

Wei s senberg equat ion  ( 45 , 1 1 0 ) . 

3n ' + 1 
4n ' ( I I - 34 ) 
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n '  

( I I -35 ) 

Here Q i s  the vol umetr i c  fl ow rate , D i s  the capi l l ary d i ameter 

and ( a1 2
)
w i s  the s hear s tres s  at the wa l l ,  whi c h  i s  determi ned from the 

p l ot of tota l pres sure drop acros s the cap i l l a ry d i e  vers us  L/D rat i o  for 

a ser ies  of d i es at the s ame s hear rate ( 8 ,  1 2 ) . 

( II-36 ) 

Here L i s  the l�ngth of the capi l l ary d i e and �PE i s  the entra nce 

pressure  drop .  Very l a rge  pres sure drops have been o b s erved i n  p o l yme r 

mel ts and so l ut i ons ( 1 2 ) . 

Nyl on-6  

Nyl ons a re condensat ion  polymers and thei r mo l ecu l ar  we i g hts are  

much  sma l l er ( usua l l y  in  the range of 1 5 , 000 to  30 , 000 ) compared to 

po lyo l ef i ns (mol ecu l ar we i g ht  50 , 000 to 500 , 000 ) . Not unexpected l y , 

nyl on me l ts exh i b i t f l ow behav i or more s imi l ar to Newton i a n  l i q u i ds . 

Pezz i n  a nd Geche l e ( 1 28 ) showed tha t  the v i scos i ty of nyl on-6  mel ts 

changes on ly  s l i g ht ly  wi th  s hear rate . They publ i s hed experi menta l  

resu l ts on the  rheol og i ca l  properti es  of  ny l on-6  me l ts of  di fferent 

mol ecu l ar wei ghts  a t  vari ous  temperatures a nd l evel s of moi s ture content .  

The act i vat i o n  energy of v i scous fl ow was found to be 9 to 1 3  K ca l /mol 

a nd to be i ndependent of mo l ec u l a r  wei ght . Wes tover ( 1 7 1 ) has pub l i shed 

s hear·stres s- s hear rate a nd v i scos i ty s hear rate data on nyl on-6  mel ts . An 
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acti vat i o n  energy of 1 1  K ca l /mo l can  be  ca l cu l a ted from this  data . 

Pezz i n  a nd Geche l e ( 1 28 ) a l so estab l i s hed the va l id i ty of 3 . 4  

power l aw i n  the vi scos i ty mo l ecu l ar we i g h t  re l a t i on s h i p  of nyl on-6  me l t 

beyond certa i n  cri t i c a l  mo l ecu l ar  wei g ht .  

Th i s  cr i t i c a l  mol ecu l a r  wei ght  has been reported by Fox and  Loshaek 

( 55 ) and  Fox ,  Gratch and Loshaek ( 54 ) to be 5 , 230 for nyl on-6 . 

Schaefgen and  F l o ry ( 1 40 ) obta i ned vi scos i ty mol ecu l ar we i ght  

rel a t i ons h i ps for speci a l ly  prepared mono , d i , tetra and acta cha i n  

poly ( E - capro l actam ) samp l es .  They obta i ned l i near re l a t i ons h i ps when 

l og of mel t v i s cos i ty was p l otted aga i ns t  the s q uare root of mo l ec u l a r  

wei g h t .  The same data , when rep l otted a s  l og ( v i scos i ty ) vet· sus  l og ( t1) , 
gave l i nes of 3 . 5  s l ope ( 94 ) . The cri t i c a l  mol ecu l a r  wei g ht  wa s h i gher 

for octa cha i n  polymers than a ny other po lymers s tud i ed . 

Kot l i ar ( 95 ) has  co l l ected data on mel t v i scos i ty of nyl on-6  a t  

250°C a n d  var ious  s hear rates i n  the I ns tron rheometer a n d  p l otted as  a 

functi on of i ntri ns i c  v i s cos i ty of extruded po lymer .  He  fou nd a re l a t i on­

s h i p of the form 

B 
nMel t = A[ n] (I I -37 ) 

where A a nd B a re consta nts  wh i ch depend on the s hea r rate  but  l i e i n  

the range of 6000- 1 000 and  two to s i x  res pecti ve ly . 

L i tt l e  i s  known of mel t e l a s ti c i ty of nyl on-6 . However , th i s  

may be sma l l because  of i ts l ow mol ecu l ar wei ght . I n  pri vate commun i ­

ca t ions  from J .  H .  Southern ( 1 45 ) the rat i o  of fi rs t norma l s tres s  

d i fference to s hear s tres s  at  s hear ra te o f  1 0  sec - l  a n d  tempera ture of 
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230°C  ha s been  reported to  be 0 . 0 1 6  for nyl on -6 . Th i s  i s  muc h l ess  than  

that for po l yo l efi ns . 

C .  CRYSTALL I NE ORI ENTAT I ON 

Genera 1 

The crysta l l i ne ori entati on i s  a n  i mportant  aspect  of ma ny po lymer 

processes . The degree of or i entat i on of crysta l s  re l a t i v e  to the mach i ne 

d i rect i on affects the mecha n i ca l  and the opti ca l properti es of the pro-

cessed polyme r .  For examp l e ,  the tens i l e  s trength o f  fi bers i ncrea ses  

tremendou s l y  after ori ent i ng the  polymer mol ecu l es a l ong the fi ber  ax i s 

by the process  of drawi ng . Quanti tat i ve  eva l uat i on of ori entati on i s ,  

therefore , i mporta n t .  Herman s  ( 69 ) h a s  defi ned a coeffi c i ent  o f  a x i a l  

ori enta t i on . Thi s was l a ter mod i fi ed by Z i a b i c k i  ( 1 86 ) . H e  defi nes i t  

a s  " a  rat i o  of the res u l tant  pol ari zat ion  a n i sotropy of a g i ven 

f i berous  system to the  theoreti ca l  po l a ri za t i on a n i sotropy of the sys tem 

con s i s t i ng of i dea l l y  extended and axi a l l y  pa ra l l e l macro mo1 ecu l es 

where the add i ng up  of const i tuent pol ari zati on a n i sotrop i e s  of the 

i nd i v i dua l  s truc tu ra l  e l ements i s  carr i ed out geometri ca l ly ,  exc l u s i ve l y ,  

neg l ect i ng t h e  poss i b l e  c hanges o f  i n terna l  f i e l d . " 

I n  mathemat i c a l  form , 

f = 

( I I - 3  8) 

For r i g i d  crysta l l i tes , Hermans  has s hown , u s i ng " Po l a ny ' s  Sphere "  con-

s tructi on that ( 6 9) 
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-
2
-

f = 1 3 . 
2 - 2 s 1 n <1> = 3 cos cp - 1 

2 ( I I - 39 ) 

h . 2 
d 2 

w ere .  s 1 n  <1> a n  cos <1> a re the average s i ne s quared a nd co s i ne squared 

va l ues  of the a ng l e <1> between the reference d i recti on and the c ha i n  

d i rect i on . The va l ue of f i s  0 ,  1 or - 1 / 2  for random ori entati on , 

or i entat i on pa ra l l e l to the reference d i recti on , or ori enta t i on perpen­

d i c u l a r  to the  reference d i rect i on , respecti ve ly . 

S te i n a nd Norr i s  ( 1 53 ) a nd Ste i n ( 1 54 ) have d i s cu s sed the app l i ca -

t i o n  o f  Equat i on I I -39  expl i c i t ly  to po lyethyl ene c rysta l s .  They have 

used Equ a ti on I I - 39 to defi ne ori enta ti on factors for the a - a nd b-axes 

as wel l a s  the c-ax i s ( cha i n  d i rect i o n ) . I t  i s  us efu 1 to determ i ne 

or i enta t i on fu ncti ons for a l l three crysta l l ograph i c  axes , s i nce  thi s 

prov i des  muc h  more i nformati on about the deta i l ed ori enta t i on a nd 

morphol ogy of the c rys ta l s  i n  the sampl e  than knowi ng the c ha i n  a x i s 

ori enta t i o n  fac tor a l on e .  

For c u b i c ,  tetragonal  o r  orthomb i c  crys ta l  systems , a l l  t he three 

crysta l l ographi c a xes a re mutua l l y  perpend i cu l a r  and  the orthogona l i ty 

rel at i o ns h i p exi s ts . 

where <1> , <Pb and <1> a re the a ng l e s  the three axes ma ke wi th  the 
a c 

refer�nces d i rect i on . Henc e ,  

( I I -40 ) 

( I I  -41 ) 



Thu s , i n  sys tems wh i. c h  have orthogonal  c rysta l a xes , the three 

ori enta t i on funct i ons are not i ndependent , and on ly  two of them a re 
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requ i red to characteri ze  the ori enta t i on . 

2 
The v a l u es of cos ¢ requ i red for the determi nat i on of two of the 

three ori enta t i on funct i ons can be obta i ned from the i n tens i t i es  of x -

ray d i ffract i on  patterns . For exampl e ,  to determi ne 2 cos ¢ , one  needs a 

to have the a z imutha l  d i s tr i bu t i on of i ntens i ty of x - rays d i ffrac ted 

from the set  of p l a nes  wh i c h  a re perpend i cu l a r to the a -ax i s ,  v i z ( hoo ) 

p l a nes . 

1n/2 1
hoo 

2 s i n  ¢ad¢ a . 2 cos ¢ 0 a 
cos  ¢a 

= 

1n/2 
I s i n  ¢

a 
d¢a 0 

hoo ( I  I -42 ) 

Wi l c h i n s ky ( 1 76 ) has  genera l i zed the ana l ys i s  of ori enta ti on 

funct i ons to non-orthogona l  un i t ce l l s .  Th i s  a na l ys i s  cou l d  be u sed 

to determi ne the ori enta t ion  functi on  of a certa i n  crysta l l ogra ph i c  

a x i s even when refl ecti ons from the set  o f  p l anes wh i ch a re perpendi cu-

l ar to  th i s ax i s are  not  ava i l a b l e .  Th i s  ana lys i s  has been u sed  by 

W i l c h i n s ky ( 1 77 ) and Hos h i no ,  et  a l . ( 96 ) a nd Samue l s ( 1 36 ) to obta i n  

the ori entati on functi ons of po lypropyl ene fi l ms . The app l i cat i on  of 

�/i l ch i n s ky • s a na lys i s  to var ious  mel t-spun  fi bers i s  d i s cu s sed i n  

a future sect i on . 

Nyl on-6  

There have been very few papers i n  the  open  l i tera ture on  

quant i tat i ve determi nat ion  of crysta l l i ne ori entat i on functi ons of 
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nyl on- 6 .  Sakaoku , �1a rosoff a nd Peterl i n  ( 1 34 ) reported mea s urements of 

c ha i n  ax i s ori entat i on  of drawn nyl on-6 bri s t l es . Hi l c h i ns ky ' s  a na lys i s  

was app l i ed .  They u sed ( 200 ) a nd combi ned ( 002 ) , ( 202 ) refl ect i ons of 

monoc l i n i c  nyl on-6  crys ta l s  for th i s purpos e .  The cha i n ax i s ori enta­

tion fac tor i ncreased from 0 . 83 to 0 . 97 when the draw rat i o  of nyl on 

f i bers i ncreased from 2 to 4 . 95 .  

D .  MELT S P I NN I NG 

I n i ti a l  Cond i ti on s - -D i e-Swel l a nd Mel t Fracture 

Two i mportan t  phenomena are observed when a po l ymer mel t  f l ows 

through a cap i l l a ry :  the d i e- swel l and the mel t frac ture . When a 

pol ymer mel t emerges out  of a d i e ,  i t  swe l l s .  The extent of swel l i ng 

of a v i scoe l a s t i c  f l u i d  depends on shear rate , L/0 rati o and  the 

v i scoel a s t i c nature of the ma teri a l  (1 1 , 1 1 7 ) . Severa l theori es have 

been proposed to expl a i n  the d i e- swel l effect ( 1 29 ,  1 9 1 ,  1 07 ,  6 ,  1 1 , 

1 48 ) . The d i e- swel l i s  a l so s ugges ted to be due to the unconstra i ned 

e l a s ti c recovery ( 5 1 , 1 46 ,  1 1 7 ) . However , i n  mel t s p i nn i ng proces s ,  

the e l a s t i c recovery i s  not u nconstra i ned . The me l t recovers from 

Po i seu i l l e  s heari ng f l ow to a state of u n i ax i a l  s tres s .  Th i s v i ew has  

been  ta ken by vJh i te and  Roman ( 1 73 ) who devel oped an  equati on for  the  

d i e- swel l rat i o  for a n  extrudate under the i nfl uence of  tens i l e  force . 

When a po lymer mel t i s  extruded a t  h i g h  s hear s tres s ,  the 

extru date becomes d i s torted e i ther i n  the form of u neven swe l l of 

vary i ng peri od or of a s crew thread . Thi s phenomena , c a l l ed mel t 

fracture ha s been s tud i ed by severa l  au thors ( 1 47 ,  1 6 1 , 1 62 ,  1 7 ) . The 

ori g i n  of i n s tab i l i ty i s  found i n  s ome cases to be at the entra nce  of 
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the d i e .  Mel t frac ture occurs a t  a cri t i ca l  va l ue  of s hear s tres s , of  

the order of 1 06 
dynes/cm2 ( 1 47 ,  1 6 1 , 17) . Thi s cri t i ca l  va l ue vari es 

i nverse l y  wi th wei g ht  average mol ecu l ar  we i ght  ( 1 4 7 ,  9 ,  1 0 ) . Genera l ly  

o ne opera tes a t  extens i on rates bel ow the extrudate d i s tort i on con-

d i t i  ons . 

Dynami cs  

A l though  the s tu d i es of me l t  spun  fi bers began i n  1 9 32 w i th the 

efforts of Carothers and  H i l l  ( 30 ) , a seri ous s tudy of both t heoreti ca l 

a nd experimenta l a s pects of mel t s p i nn i ng proces s  was s ta rted by 

Z i a bi c k i  and  Kedz i ers ka ( 1 88 ,  1 89 ,  1 90 ,  1 9 1 ,  1 92 ,  1 93 ) i n  1 959-60 . They 

u sed the  framework of �onti nuum mechan i cs to formu l ate the govern i ng 

equa t i ons of mas s , momentum and energy ba l a nce i n  the s p i n l i ne .  The 

conti nu i ty equa t i on was expressed as ( 1 90 ) 

A . v · . p = W = constant ( I I -43 ) 

where A i s  the fi ber cros s secti ona l area , v the fi ber ve l oc i ty ,  p the 

f i ber den s i ty ,  and H the ma s s  fl ow rate . 

The force ba l a nce on the s p i n l i ne between any pos i t i on X a nd 

the pos i ti on L ( a t  the take-up devi ce ) was expres sed a s  ( 1 88 ) 

where 

Fext (L) = F h ( X  ) + Fd 
( X  ) - F . t ( X  ) + F . t . ( X ) r eo rag grav 1  y 1 ner 1 a 

( I I -44 ) 

Fext = externa l force app l i ed at  the ta ke- up devi ce . 



Frheo 
= rheo l og i ca l  force . 

Fdrag  
= aerodynam i c  drag o n  t he  fi l ament . 

F = i nert i a l  force . i nert i a  

Fgrav i ty
= g ravi ty force 
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The surface tens i on force was fou nd to be neg l i g i bl y  sma l l .  For a g i ven 

mas s  f l ow rate , the grav i ty force is  s i gn i fi cant  at l ow ta ke-up  s peed 

whereas the drag and  the i nert i a  forces become i mportant  at h i gh ta ke-up  

speeds . 

Severa l papers have been pub l i s hed on the a s ses sment of aerodynami c 

drag on  a runni ng fi l amen t .  Sa k i ad i s ( 1 35 ) u sed l am i nar and  turbu l ent  

boundary l ayer a na lys i s  to ca l cu l a te the  dt·ag on a cyl i nder o f  a co n s tant  

d i ameter runn i ng through  a s tat i onary med i um at  a constant  ve l oc i ty .  

The drag force was expressed i n  terms of a so-cal l ed momentum area a s  a 

functi on  of a parameter � 

where 

F 
drag  

2 = PV  0 ,  0 = f ( � ) ( I I -45a ) 

( I I -45b ) 

Re
x 

a nd Red are the Reyno l d ' s  numbers based on the l eng th and the 

d i ameter of the  cyl i nder . 

Andrews ( 4 ) s tud i ed experimenta l ly the a i r-drag o n  a s ta t i onary 
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fi l ament  i n  a wi nd tunnel . H i s  res u l ts i n  terms of fri c t i o n  factor a nd 

the Reyno l d ' s  number Re can  be expressed a s  

( I I -46 ) 

However , i t  i s  doubtfu l i f  the wi nd- tunnel  experiments of Andrews a re 

rea l ly equ i va l ent to the ru nn i ng s p i n 1 i ne .  

Sano and  Or i i ( 1 38 ) a nd Hamana , Matsu i , Ka to (64 } measured ten s i on 

at var i ous  po i n ts of a so l i d i f i ed runni ng fi l ament  and obta i ned C
f-Re 

rel a t i ons h i p  a s  

C = O �y  R - 0 . 6 1 
f . �  e

d 

Sano a nd Ori i ( I I -4 7 ) 

Hamana , et a l . ( I I -48 ) 

These resu l ts g i ve  a l most  the same va l ues of C
f 

i n  the range of Re
d 

of ten to fi fty .  

Aok i , Suzuk i  a nd I s h i moto ( 5 ) d i d exper iments  apparent ly  s i mi l ar 

to those of Andrews and  obta i ned 

( I I -49 ) 

Th i s  g i ves fri c t i on fac tors a pprox ima te ly  equa l to those of Hamana , e t  

a l . 

I t  may be noted tha t the fri ct i ona l drag predi cted by Andrews ' 

exper iments i s  q u i te h i g h  compared to the pred i c t i ons of other workers . 
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Rheo l ogi ca l Aspects of I sotherma l Spi nn i ng 

Goi ng back  to the force ba l a nce Equa t i on I I -44 , the rheo l og i ca l  

force i s  con stant  when the combi ned drag a nd i nert i a  forces a re equa l 

to the g ra v i ty force . For such  a ca se , the equa ti on  of force ba l a nce 

and  cont i nu i ty cou l d  be combi ned wi th a su i tab l e rheo l og i ca l  equat i on to 

obta i n  the d i ameter a nd the vel oc i ty profi l e  a l ong the s p i n l i ne .  For a 

Newto n i a n  fl u i d ,  u nder i sotherma l cond i ti ons , Z i a b i c k i  ha s obta i ned 

these profi l es a s  ( 1 90 ) 

v ( x ) 

d ( x ) 

where x i s  

X = 

= 

= 

the 

vo 

do 

exp [ F h 
. x/xQ] 

r eo · 
exp

· 
[ - F rheo · x/2xQJ 

e l onga t i ona l  v i s cos i ty defi ned by 

F rhe/A 

dv ( x ) /dx  

( I I -50 ) 

( I I - 5 1 ) 

( I I -52 ) 

Exper imenta l s tudi es of me l t  sp i nn i ng of Newton i a n  fl u i d s  have 

been carri ed ou t by some i nves ti gators ( 1 88 ,  87 , 1 08 ) . x = 3n 

rel at i onsh i p  ha s been obta i ned i n  these experi ments . 

Ac i erno , e t  a l  ( 2 ) , Chen , et a l . ( 39 ) and Han a nd Lamonte ( 66 ) 

have experi menta l ly obta i ned x - E re l a t i on s h i ps  i n  i sotherma l me l t 

s p i nn i ng of  v i scoe l a s ti c  fl u i ds . For L OPE , x i nc rea ses wi th E but  for 

HOPE and  po lypropyl ene , x e i ther decreases or rema i ns cons ta nt . 

Most  of  the syntheti c fi bers a re made from v i scoel a s t i c po l ymers 

and as such  an a ppropr i a te cons t i tuti ve eq uat i on mu s t  be u sed i n  the 
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s tudy of rheo l og i ca l  a s pects of sp i nn i ng . The f i rs t attempts to a pp ly  

t he  concepts of v i scoe l a s t i c f l u i d  theory to  fi ber s p i n n i ng wa s made by 

Wh i te ( 1 72 ) and  by Matov i c h  a nd Pearson ( 1 03 ) . Recent l y ,  more r i gorous  

formu l at i ons ( such  a s  Equa t i on I I - 1 8  wi th m
2 

= 0 ) have been app l i ed wi th  

part i a l  success  to  the me l t  s p i nn i ng process  under i s otherma l con-

d i t i ons by Ac i erno , et a l . ( 2 ) , a nd l ater by Chen , et  a l . ( 38 ) . I n  

the i r a na l ys i s  the ba s i c  i dea of e l ongati onal  v i s cos i ty x ( Equati on I I - 52 ) 

was reta i ned . Th i s  equat i on i s  s tr i c t ly  true for the s teady e l ongat i on 

wi th  consta n t  e l onga t i on rate . I n  i sothermal me l t  s p i nn i ng , the 

e l ongati on rate var i es s i gn i f i cant ly  a l ong the s p i n l i ne .  

More recent ly ,  Denn , Petr i e a nd Avenas ( 49 ) u sed a genera l i zed 

Maxwe l l model and  combi ned i t  wi th equat i ons of cont i n u i ty and  momentum 

to obta i n  a s i ng l e d i fferent i a l  equat i on for v( x ) / v( o ) wh i c h  they 

denote u ( � ) . Th i s i s  

u ( I I -53 ) 
du/d�  

where � = x/L ,  a. = T: V  r L ,  the We i s senberg number ,  a nd  E = nQ/F L . 0 

They obta i ned both asymptot i c  so l uti ons and a genera l numeri ca l  so l u t i on 

of Equa t i on I I - 5 3 . They u sed th i s equati on to pred i c t  the po lymer 

re l a xa t i on t ime from the s p i nn i ng data . The pred i cted re l axat i on t imes  

were 20 to  80 percent l arger than  tho se obta i ned wi th a Wei s s enberg 

rheogoni ometer .  

Non- I s otherma l Spi nn i ng 

Al though the  i sotherma l mel t s p i nn i ng i s  better for s tudyi ng the 
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i nfl uence of rheo l og i ca l  properti es i n  me l t  s p i nn i ng , the i ndus tr i a l  

mel t s p i n n i ng process  takes p l ace  under non- i s otherma l cond i t i ons . Here 

the effects of  tempera ture vari a t i on i n  the s p i n l i ne become more i mpor-

tan t ,  a nd the heat ba l a nce  equati on mu st  be s imu l ta neou s l y  so l ved wi th  

the force ba l a nce  equat i on .  Kase  a nd Matsuo ( 84 , 85 ) made a s i mp l e  o ne 

d i mens i ona l  heat ba l ance  on  a d i fferent i a l  e l ement of the  s p i n l i ne ,  

neg l ect i ng rad i at i on and  heat  of crysta l l i zat i on . The i r s teady s ta te 

heat  ba l ance equ a t i on i s  

dT/dx - 2M h (T - T ) ( I I - 54 ) = � a p 

where 

dT/dx = the temperature grad i ent . 

A = the area of cros s - secti on . 

G = the mas s  f l ow ra te . 

h = the heat tra nsfer coeffi c i ent . 

Ta 
= the amb i ent  temperature . 

cP 
= the heat capac i ty .  

The re l at i ons h i p between the Nusse l t number hd/ k  a nd the Reyno l ds ' 
dvo 

number _
·
_a was obta i ned experimenta l ly by Ka se  and  r�a tsuo ( 84 ) by 

lla 
b l owi ng a i r  over a hot wi re .  They found : 

dvp 
hd = 0 . 42 (-a ) l / 3  ( 1 + K )  k lla 

(II -55) 
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where K i s  a fu ncti on of the rat i o  of vel oci ty of a i r  f l ow i n  the 

transverse d i rect i o n  to the fi l ament ve l oc i ty .  The force ba l ance  

equati on used by Kas e  and Matsuo i s  the same a s  t he equat i on of 

Z i a b i c k i  d i s c u s sed earl i er for a constant rheo l og i ca l  force . Th i s i s  

expressed a s  

dA = 
dx 

F .  P A -Gx ( I I - 56 ) 

Ka se  and  Matsuo comb i ned Equat i ons I I - 54 through  I I - 56 a nd 

so l ved numeri ca l ly us i ng experi menta l data for C
p

' p and  X ·  The 

so l u t i on was u sed to s tudy the effect  of various s p i nn i ng var i a b l es on 

the profi l es of tempera ture a nd area of cros s - s ec ti on  of the fi l amen t .  

They obta i ned good agreement wi th the experimenta l profi l es .  Lamonte 

and  Han  ( 96 ) have a l s o s tud i ed the theoreti ca l and exper imenta l a spects 

of rheol ogy a nd hea t  transfer . Emp i ri ca l  equa ti ons  were used to con-

s i der dependence of x on  temperature a nd e l ongati on rate . 

Ac i erno , et  a l  ( 2 ) have computed heat transfer coeffi c i ent  of a 

descend i ng f i ber ,  u s i ng d i mens i ona l a na lys i s  and an  i ntegra l boundary 

l ayer ana lys i s  of forced convect i on from the fi ber . They obta i ned a 

correl at i on between the l oca l Nusse l t number a nd Reyno l d ' s  number . 

None of the a bove au thors ha s taken phase transforma t i on i nto 

cons i dera ti on . Na kamura a nd co-workers ( 1 1 8 ) i nc l uded hea t of 

crysta l l i zat i on i n  the energy ba l ance equat i on  a nd obta i ned an expres s i on 

rel a ti ng c rys ta l l i n i ty to temperature . Morri son  ( 1 1 5 ) s i mu l taneou s ly  

so l ved hea t tra nsfer and  pha s e  transformati on eq uat i ons wi t h  t he  he l p 

of numeri c a l  techn i ques to obta i n  temperature profi l es a s  a funct i on of 
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fi ber rad i u s and ax i a l  d i s ta nc e ,  but  he  negl ected crysta l l i za t i on k i net i c s . 

I n  exper imenta l s tud i es of non - i sotherma l me l t  s p i n n i ng , x (T ) 

func t i on was obta i ned by Ka se  and t1atsuo for PET ( 84 ) a nd po l yp ropyl ene 

( 85 ) a nd by Hamana , �-1a t s u i  a nd Kato ( 64 ) a nd H i l l  a nd Cuca l o  ( 72 ) for 

PET . 

Structure Deve l opment 

As po i nted out i n  Sec t i on C ,  the format i on of s tructure , i . e . , 

c rysta l l i n i ty ,  or i enta t i on  and  morphol ogy duri ng  me l t s p i nn i ng i s  

i mportant i n  determi n i ng mechan i ca l  and opti ca l  propert i es of fi bers . 

As ear ly  a s  1 932 , Carothers and  H i l l  ( 30 ) noted the effects of 

s p i n n i ng vari a b l es l i ke fi ber tens i on on the x -ray d i ffract i on patterns 

of po lyami des and polyes ters . They correctly a ttri bu ted these to the 

mol ec u l a r  ori enta t i on . Kel l er ( 88 ) i n  1 956 d i scussed qua l i ta t i ve ly  the 

or i enta t i on a nd crysta l l i n i ty i n  me l t  spun fi bers and gave s u pport i ng 

x-ray data from nyl ons , po lyethyl ene a nd po lyethy l ene terephtha l a te . 

Hea rl e ( 67 ) i nves ti gated crys ta l l i ne s tructure of fi bers , but  he  d i d 

not dea l wi th the s p i nn i ng process  as  s uch . Z i ab i c ki ( 1 89 ,  1 92 ,  1 93 ) 

used the  techn i ques of b i refri ngence and x -ray d i ffract i on  to s tudy the  

effects of s p i nn i ng parameters on the mo l ecu l a r  ori enta ti on of nyl on 

f i bers . He fou nd that the or i entati on  of mo l ecu l es i ncrea sed wi th  

i nc rea s e  in  ta ke- up  s tres s ,  para l l el vel oc i ty grad i ent  a nd i nverse of 

fi ber d i ameter (meas ure of coo l i ng ra te ) . Abbott and Whi te ( l ) s tu d i ed 

mel t s p i nn i ng of l ow a nd h i gh dens i ty polyethyl ene a nd exami ned vari a ­

t ion  o f  ori entat i on a nd crysta l l i n i ty i n  the  spun  fi bers wi th s pi nn i ng 

s peed , me l t  fl ow rate a nd mel t temperature . The modu l u s a nd tens i l e  



s trength of the fi na l  f i bers were fou nd to i n crease  wi th  i ncreas i ng 

crysta l l i ne or i entati on . 
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Crysta l l i za t i on process  i n  the mel t s p i n n i ng of nyl on  66 fi ber 

wa s s tu d i ed by Chappel  and co-workers ( 35 ) us i ng d i rect x - ray d i ffrac ­

t i on ana l ys i s  o f  s p i n l i ne and  a l so by techn i q ues o f  depol ar i za t i on of 

l i gh t  a nd m i c roscopy .  The effect  o f  moi s tu re o n  c rys ta l l i ne chara c ter 

was observed . Ka tayama , Amano a nd Na kamura ( 86 ) u s ed s im i l a r 

tec hn i ques a l ong wi th f i ber s u rface tempera tu re a nd d i ameter mea s ure­

men ts to  s tudy s tructure deve l opment duri ng mel t s p i nn i ng of po lyo l efi n 

f i bers . They observed a n  i ncrease i n  c rysta l l i zat i on  rate due to 

mol ec u l ar or i entat i on a nd a l so fou nd a morphol ogy cons i s t i ng of  

l amel l ar and  i nterl ame l l a r  reg i ons s tacked norma l to t he  fi ber axi s .  

I s h i ka\'/a (83 ) s tud i ed the morphol ogy of polyethy l ene f i bers 

u s i ng s pec i a l compres s i on a nd s tretc h i ng techn i q ues comb i ned wi th x -ray 

d i ffract i o n  methods . He observed d i fferences i n  morphol ogy i n  f i bers 

spun under d i fferent s p i nn i ng cond i t i ons . From the  e l ectron  m i cro­

gra ph s  of po lyethyl ene fi ber s urfac e ,  Fung and Carr ( 57 ) conc l uded the  

presence of  row nuc l eated s tructure caused by ori enta t i on of mel t  

duri ng  draw-down . They conc l uded tha t a s tress i nduced morphol ogy was 

produced by a s k i n- cot·e effec t  i n  the so l i d i fyi ng fi ber . B i refr i ngence 

meas urement made acros s  the d i ameter of the  f i ber s howed h i gher or i en­

tat i o n  at  t he fi ber  s u rface than at  the cente r .  

More recent ly  Dees a n d  Spru i e l l ( 48 ) a n d  Henson ( 68 ) made a n  

on l i ne x- ray d i ffract i on s tudy o f  polyethyl ene a nd po lypropy l ene 

s p i n l i nes at d i fferent take- up  ve l oc i t i es .  The x -ray patterns were 

u sed to s tudy the deve l opment of crys ta l l i n i ty a l ong  the s p i n l i ne .  
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Hermans-Ste i n or i entat i on functi ons were obta i ned for a l l the three 

crysta l l ograph i c axes of po lyethyl ene ( 48 ) . W i l ch i ns ky ' s  a na l ys i s  wa s 

used  i n  the ca se  of pol ypropyl ene ( 68 ) . 

When p l otted a s  a fu nct i on  of ta ke-up ve l oc i ty ,  the  b-ax i s  ori en­

tat i on funct i on f
b q u i c kl y  dropped to about - 0 . 4  a nd  rema i ned at  th i s  

l eve l . The fc functi on s l owl y i ncrea sed from 0 a nd a pp 1·oac hed va l ues of 

a bout  0 . 6  at the h i ghest  ta ke-up ve l oc i t i es i nves t i gated . For po ly­

ethyl ene , fa fi rs t i ncrea sed to  a bout + 0 . 2 5 and  then decreased a nd 

a pproached - 0 . 5  a s  the take-up  ve l oc i ty wa s i ncreased . Th i s  i nd i ca ted 

tha t  the b-ax i s  was perpend i cu l a r  to the fi ber ax i s a nd the c-ax i s 

s l owl y became more para l l e l to the fi ber ax i s as  the  take-up  ve l oc i ty 
was i ncrea sed . Based on  these s tud i e s , i t  wa s conc l uded that the 

morphol ogy i n  the s p i n l i ne changed from spheru l i t i c  a t  l ow ta ke-up  

vel oc i ty to  a row nuc l eated twi s ted l amel l ae s tructure a t  i ntermed i ate 

vel oc i ti es a nd  fi na l ly  to row nuc l eated s tructure wi th  l es s  twi s ted 

l amel l ae at h i gh ta ke- up  ve l oc i t i es . 

For d i fferent extrus i on temperatures , the p l ots  of f vers us  

ta ke-up ve l oc i ty were s eparated from each othe r .  When  the se  factors 

were p l otted as a fu ncti on  of sp i n l i ne s tress for po lyp ropy l ene ( 68 ) , 

i t  wa s found that fi bers spun  u nder d i fferent s p i n n i ng cond i t i ons l ay o n  

t h e  same c u rves . The ori enta t i on funct ion-sp i n l i ne s tres s  p l ots  

obta i ned by Khokha n i  ( 89 ) for po lyoxymethyl ene fi bers spun  a t  d i fferent  

extru s i on rate  a l so l ay o n  the same curves . 

Nade l l a  ( 1 1 6 ) obta i ned s i mi l a r res u l ts when he p l o tted ori enta­

tion fac tors for polypropyl ene of d i fferent mol ecu l a r  \'/e i g hts  a s  a 

functi on of s p i n l i ne s tres s . Thi s wa s c l ea r  evi dence tha t the 



morphol ogy deve l oped du r i ng mel t  s p i n n i ng i s  determ i ned pr imar i l y  by 

the s p i n l i n e  s tres s . 

Nyl on-6  

4 6  

Mel t s p i nn i ng  s tud i es  of nyl on-6  have been reported by s evera l  

i nvest i gators . Hamana , Ma tsu i  and Kato ( 64 , 65 ) obta i ned d i ameter ,  

temperature and  b i refri ngence profi l es i n  the s p i n l i nes of nyl on-6  a s  

we l l  a s  po lyethy l ene terephtha l a te . Effects of c ha ng i ng ma s s  f l ow rate 

a nd ta ke-up  vel oci ty were observed . At h i g h  ta ke-up ve l oc i ty ,  

b i refri ngence i n  the s p i n l i ne was found t o  i ncrease  even though the 

f i ber d i ameter rema i ned constant  after so l i d i fi cati on . B i refr i ngence 

wa s fou nd to i nc rease  when the dry ,  s pu n  fi bers were cond i t i oned a t  

6 5  percent  R .  H .  X-ray d i ffracti on pa tterns o f  t h e  dry , s p u n  fi bers 

showed amorphous ha l o ;  wh i c h c hanged to parti a l ly  crysta l l i ne after 

cond i ti on i ng .  

P rofi l es of d i ameter a nd tempera ture were compared wi th theoret i ­

c a l  profi l es obta i ned by numeri ca l l y so l v i ng the mass momentum a nd  

energy bal ance  equati ons . Fa i rl y  good agreement wa s obta i ned . They 

a l so obta i ned e l ongat i ona l v i scos i ty as  a funct i on  of temperature . 

S i mi l a r  s tudi es \'Jere carr i ed out  by I s h i ba s h i , Aoki  a nd I s h i i 

( 8 1 ) on nyl on- 6 .  Effects of mel t temperature , po lymer mo l ecu l ar we i g ht , 

extru s i on rate and  ta ke- up  ve l oc i ty were s tudi ed on the profi l es of 

d i ameter a nd temperature . The rel a t i ons h i p  between the e l ongat i ona l 

v i scos i ty and  f i ber  surface  tempera ture wa s experimen ta l l y obta i ned . 

No a ttempt has been made by above au thors to ta ke the v i sco­

e l a s t i c nature  of  the po lymer i n to account . Al s o  no s tud i es have  been 
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reported on deta i l ed rheol ogy of i sothermal  s p i nn i ng of nyl on-6  as we l l 

a s  on the s tructu re devel opment duri ng me l t  s p i nn i ng of nyl on-6 . 

Very few papers have appeared i n  the open l i tera ture on the  

s tud i es of d i e- swel l beha v i or and  mel t fractu re of nyl on-6 . Z i a b i c k i  

( 1 9 1 ) stud i ed effects of var i ou s  parameters on d i e- swel l of  nyl on-6 . 

I nc reas e  of s p i nneret d i ameter ,  ma ss  fl ow rate or decreas e  of s p i nneret 

l ength ( a l l of th i s  i s  equ i va l ent  to reduc i ng the  res i dence t i me for 

fl ow i n  the s p i nneret ) res u l ted i n  i n crea sed d i e -swel l .  The d i e-swe l l 

a l so i ncrea s ed when the extru s i on temperature was reduced be l ow 255° C .  

The take-up  ve l oc i ty was found to have negl i g i b l e effect on the d i e-

swe 1 1  . 

I s h i bas h i  ( 82 ) has carri ed out  exper imenta l work  on the d i e-swel l 

behav i o r  of nyl on-6 mel ts . H i s  data corre l ate wel l  wi th  a n  eq uat i on 

( I I  -57 ) 

where Ts i s  the  s hear s tres s ,  T i s  the abso l u te temperature a nd d/d0 
i s  

the d i e- swe l l ra t i o :  T h i s equati on was obta i ned from the theory of 

rubber e l a s ti c i ty .  

The i rregu l ar i ty of extrudate s urface of nyl on-6  was a l s o s tud i ed 

by Z i a b i c k i  ( 1 9 1 ) . For a s hear rate of 550 sec- l , the i rregu l a r i ty 

a ppea red when the extru s i on temperature wa s a s  l ow a s  220 ° C  a nd i t  

d i sappea red when e i ther the extrus i on tempera ture wa s i ncreased or  the 

s hear ra te wa s decrea sed .  
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. E .  POST TREATMENT AND MECHAN I CAL TEST I NG OF SPUN F I BERS 
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Post treatment of spun  f i bers i nc l udes s evera l p roces ses  s uch  a s  

drawi ng , twi s t i ng , annea l i ng ,  etc . The processes o f  drawi ng a nd 

twi s ti ng are beyond the scope of th i s  d i s sertat i on . Howeve r ,  drawi ng 

as i t  occurs dur i ng mec ha n i ca l  testi ng of spun  fi bers as we l l  a s  

annea l i ng of s p u n  fi bers wi l l  b e  d i scus sed i n  t h i s  sect i on . 

Annea l i ng.  Annea l i ng of fi bers cau ses several c hanges i n  the i r 

s tructura l  c haracter i s t i cs and propert i es . Stu d i e s  of a n neal i ng of a s ­

spun fi bers a re rare , a l though a few papers have been pub l i s hed o n  

t he effects of a n nea l {ng on var i ou s  drawn fi bers s u c h  a s  po l yam i des (7 0 ,  

7 1 , 1 5 ) , po lyesters ( 7 0 ,  1 52 ,  52 ) a n d  po l yu re thane fi bers ( 1 83 ) . The 

mos t  pronounced effects a re on  the SAXS . The l ong peri od of the 

cyrsta l l i tes a s  wel l  a s  t he i ntens i ty of the SAXS i s  i nc rea s ed by 

annea l i ng .  The WAXS s howed l i ttl e c hange i n  the crysta l l i ne or i enta t i on , 

b u t  the  c rysta l l i ne order i nc reased (1 5 , 52 ) . Accord i ng to C l a r k  ( 39 ) 

and  Sprague ( 1 49 ) , the a nnea l i ng trea tment perfec ts the row s tructure 

deve l oped duri ng s p i n n i ng . 

Annea l i ng a l so causes  changes i n  t he c rysta l l i ne forms of poly­

morphous materi a l s .  Aga i n ,  no s tud i es on s pun  fi bers a re reoorted , 

but  c hanges i n  d rawn polypropyl ene f i l ms from paracrysta l l i ne to 

cyrsta l l i ne forms have been stud i ed by Wyc koff ( 1 79 ) . 

Mec ha n i c a l  Test i ng .  Duri ng mechan i ca l  tes ti ng , a f i ber samp l e  

i s  he l d  between two j aws , one o f  wh i ch moves a t  a constant  speed . A 
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typ i c a l  l oad-e l onga t i on res ponse of spun fi bers con s i s ts of i n i t i a l  

s tress bu i l d  u p  reg i on where Hooke • s  l aw app l i es ,  fol l owed by a y i e l d 

poi n t  where fi ber u s ua l l y  necks down . Here a cons i derab l e fi ber defor­

mat i on occurs for a rel a t i ve l y  sma l l i ncrea se i n  s tres s . A further 

i nc rea se  in s tra i n  accompan i es a cont i nuous i ncrease i n  s tress  u nt i l 

the sampl e ruptures . 

Mechan i ca l  p roperti es of a s - spun  pol yethyl ene fi bers have been 

s tud i ed by Abbott and Hhi te ( 1 ) , Dees and Spru i e l l ( 48 ) , Whi te , Dharod 

a nd C l a r k  ( 1 75 ) a nd Sze , S pru i e l l and Whi te ( 1 57 ) . S im i l ar s tu d i es 

for polypropyl ene fi bers have been made by Henson ( 68 ) and  Nadel l a  

{ 1 1 6 ) ; a nd for po lyoxymethyl ene fi bers by Khokhan i  ( 89 ) . The fi l aments 

s pu n  at l ow ta ke- u p  vel oc i ty s howed a yi e l d po i n t a nd nec ki ng .  The 

natura l  draw rat i o decrea sed wi th  i ncrea se  i n  ta ke-up  ve l oc i ty ,  and  a t  

t h e  h i g hest  ta ke- u p  vel oc i t i e s s tud i ed ,  the f i ber exh i b i ted ne i ther 

y i e l d po i nt nor nec ki ng .  The crystal l i ne ori entat ·i o n of the ma teri a l  

i n  the nec ked reg i on wa s con s i derab ly  greater tha n tha t i n  t h e  rema i nder 

of the  fi ber ( 1 7 5 ) . The modu l us and  the tens i l e  s trength i nc reased 

wi th ta ke-u p  ve l oc i ty ,  but  el onga ti on to brea k dec rea s ed . A s trong 

corre l a ti on wa s observed between these properti es a nd the i n i t i a l  c -ax i s 

or i entat i on factor i n  the spun  fi bers ( a s  wel l a s  the s p i n l i ne s tres s ) 

{ 1 ,  48 , 68 , 89 , 1 1 6 ) . 

I t  may be po i n ted out  a t  th i s s tage that the res ponse of fi bers 

to mecha n i ca l  tes t i ng depends on  the s tra i n  rate . Bu tterworth and  

Abbott ( 28 ) have s hown that nyl on 66 yarn  s howed h i g her modu l us and  

l ower e l ongat i o n _ to brea k when  tes ted at  h i gher s tra i n  ra te . 

Phys i ca l  properti es of fi bers a re affected by a n nea l i ng trea tment 
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spac i ng o f  t h e  fi bers were determi ned from WAXS and SAXS . Mec han i c a l  pro­

perti es  were obta i ned for samp l es exposed to 6 5  percent re l a t i ve  

humi d i ty for 24  hou rs . 

Saml l Angl e X-Ray Sca tter i ng 

SAXS patterns were obta i ned u s i ng a Ki es s i g  camera wi th  pi n - ho l e  

co l l i mat i on . The camera wa s mounted on the Ri ga ku rotat i n g a node x -ray 

genera tor . The camera v;�as evacua ted by a mechan i ca l  va cuum pump to 

reduce  a i r  scatteri ng . F i l m  to samp l e d i s ta nce of 4 00 mm was u sed . 

Exposure t ime of ten hours wa s used . 

W i d e  Angl e X- Ray Scatteri� 

To obta i n  WAXS patterns on a spun  fi l ament , the same K i e s s i g  

camera wa s u sed , but  th i s  t ime the samp l e to fi l m  d i s tance wa s reduced 

to 98 mm by e l im i nati ng the extens i on tube u s ed i n  SAXS s tud i es . 

X-Ray D i ffractometers 

An XRD-5 Genera l E l ectri c X- Ray D i ffractometer wa s u s ed to get 

28 scan of the a s - s pu n  fi l aments and  a l so  treated f i bers . F i bers were 

wound on an H-frame i n  a para l l el a rrangement . A s l i t  c o l l i ma t i on was 

used to co l l ima te the x-rays . Th i s  i ns trument was a l s o used  for 

quant i tat i ve eva l uat i on of or i entat i on  fac tors . Or i e nta t i o n  fac tors 

for d i fferen t  hkl p l anes cou l d  be obta i ned . For th i s  purpose the 28 

va l ue for an h k l  p l a ne wa s experimenta l l y  determi ned and  the d i ffrac to-

meter was  set  a t  th i s  28  va l ue . The  samp l e wa s then rotated through  the 

ang l e from equa tor to meri d i a n  in  s teps of 2 . 5  degrees a nd i n tens i ty of 

the d i ffracted beam at each a ng l e wa s mea su red i n  counts u s i ng  a 

f = - 2f 
c a ( I I I - 1 3 ) 

These or i enta t i o n  factors were obta i ned for fi bers s pu n  a t  

d i fferent ta ke-up ve l oc i t i es . 
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Mechan i ca l  Propert i es 

A ta b l e mode l I n s tron Ten s i l e  Tes ter ma i n ta i ned by the U . S .  

Department of Agr i c u l ture wa s u sed to obta i n the force-e l ongati on data 

for f i bers spun  a t  d i fferent ta ke-up vel oc i t i es . A l l tes ts were made 

after cond i t i on i ng the samp l es at 65  percent re l a t i ve h um i d i ty a nd 20 ° C  

for 24  hours . The tests  were a l so made at  the same cond i t i ons . The con­

d i t i o n i ng room wa s a l so ma i nta i ned by the U . S . D . A .  

Tens i l e  s trength , e l ongat i on a t  break a nd i n i t i a l  modu l u s were 

obta i ned from the force-e l onga t i on data . A gauge l ength of one i nch  

and  the cross head s peed of one  i nch/mi nute were u sed . 



CHAPTER I V  

RHEOLOG I CAL CHARACTER I ZATI ON 

A .  MELT V I SCOSI TY 

Res u l ts 

The mel t v i scos i ty of dry nyl on-6  samp l es wa s determ i ned a t  three 

d i fferent  temperatures , 230°C , 250° C ,  and 270° C .  The Wei s s enberg 

rheogon i ometer wa s used for v i scos i ty measurements i n  the s hear rate 

range  of 0 . 1 to 20 sec- l , a nd the I ns tron cap i l l a ry rheometer was used 

-1  -1  i n  the shear rate range of 50 sec to 1 000 sec  . A l though  a 1 1 dry 11 

n i trogen a tmosphere was ma i nta i ned i n  the rheogon i omete r ,  i t  was 

observed a t  the end of  the experi ments tha t the po l ymer had c ha nged i ts 

a ppearance from whi te to dark  brown or b l a c k . Th i s wa s observed ma i n ly  

a t  t he  o uter edge of t he  po l ymer samp l e .  The po lymer wi th i n  the gap  

rema i ned a l most  the same i n  a ppea rance a s  the ori g i na l  sampl e .  I t  wa s 

thus ev i dent that  some of the po lymer degraded duri ng the experi ment . 

The v i scos i ty res u l ts for the nyl on -6  a re s hown i n  F i g ure I V - 1 . 

The v i scos i ty was constant a t  l ow s hear rates . Zero s hear v i scos i ty 

was of order 1 0 , 000 po i se a t  230° C , 5000 po i s e a t  250°C  a nd 3300 po i s e 

D i scuss i on 

The rheogon i ometer data shov/ that the v i scos i ty of nyl on -6 i s  

con sta n t  u p  to a s hea r ra te of a bout 5 sec- 1 . The res u l ts from the 
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rheogon i ometEr and the rheometer s eem to match very c l ose  wi th each 

other ( F i gure I V - 1 ) . A conti nuous curve cou l d be drawn through a l l the 

poi nts except a few l y i ng i n  the s hear ra te range of 5 sec
- l  to 20  sec - l . 

The v i scos i ty i n  th i s range of s hea r rates l i es under the respecti ve 

curves . I n  t h i s r·ange of s hear rate a fl ow i ns tab i l i ty wa s observed i n  

the We i s senberg rheogon i ometer . The me l t  a t  thes e s hea r rates fl owed 

out  of the gap between the cone and the p l a te and consequent ly  l ower 

v i s cos i ty .  

I t  i s  a l s o  pos s i b l e  that the reducti on i n  v i scos i ty i n  the s hear 

rate range of 5 sec- l  to 20 sec- 1  i s  due to the chemi ca l degrada ti on of 

the samp l e .  I n  order to check  thi s ,  the v i scos i ty wa s measured o n  the 

s ame sampl e fi rs t  at i ncrea s i ng s hear rate and then at decreas i ng s hear 

rate . I f  deg radat i on occurs , the v i scos i ty s hou l d be l ower i n  the 

l atter case . No detectab l e change wa s observed when measurements were 

made at 230 °C  and 250°C . A s l i gh t  decrease  of v i scos i ty · wa s observed 

at 270°C .  Thus i t  can b e  argued that the reduc ti on i n  v i scos i ty at  

5-20  sec
- l 

�1a s due  to combi ned effect of fl ow i ns ta b i l i ty and c hemi ca l 

degradat i on a t  270°C but on ly  due to f l ow i ns ta b i l i ty at  230° C and  

In  F i gure I V-2 ,  the v i s cos i ty beha v i or of nyl on-6  samp l es used 

i n  t h i s work i s  compa red wi th  the res u l ts obta i ned by Pez z i n and  

Geche l e ( 1 28 ) and  Kotl i a r  ( 95 ) on thei r nyl on-6 sampl es . Both  the 

i nvest i ga tors reported v i scos i ty resu l ts on nyl on-6  samp l es of var i ou s  

mol ecu l a r  wei ghts  or i n tri ns i c  vi s cos i t i e s . O n ly  those s amp l es a re 

se l ected here for compa ri son purpose  wh i ch have character i s ti cs s imi l a r 

to the nyl on-6  u s ed i n  the present stud i es . These c haracteri s t i c s  
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are s hown i n  Tabl e 4 .  

The moi s ture content o f  the sampl es  i s  a n  i mportan t  factor i n  the 

mea suremen t  of v i scos i ty .  The mo i s tu re content  of the samp l es se l ected 

from the work of Pezz i n  a nd Gechel e i s  l es s  than 0 . 1 5  percent . Kot l i ar 

d i d  not  report the mo i s ture content .  Neverthe l es s , t he v i scos i ty-shear 

rate rel a t i ons h i p s of a l l nyl on-6  samp l es are s i mi l a r qua n ti tati ve ly  and 

qua l i tat i ve ly . I n  F i gure I V-3  we have compa red the v i sco s i ty of nyl on-6  

a t  230°C  wi th  that  of LOP E  a t  1 80°C  obtai ned by Chen  and  Bogue  ( 3 7 ) and  

Ba l l enger , et  a l . ( 1 2 ) . A marked d i fference i s  observed . The v i scos i ty 

of  LOPE  drops s harp ly from i ts i n i t i a l  va l ue of more than  1 05 poi se , a s  

the s hear rate i s  i ncrea s ed . I t  cros ses over the v i s co s i ty of nyl on-6  

- 1 beyond a s hear  rate of a bout 200 s ec The v i scos i ty of nyl on -6  i s  q u i te 

l ow i n i t i a l l y  a nd i t  rema i ns constant  up to a shear rate of a bout 1 0  

sec- 1  a nd  then drops compara ti vely s l owl y .  The d i fference i n  the v i s ­

cos i ty behav i or of po lyami des a nd polyo l efi ns i s  thus  obv i ous . 

Res u l ts 

B .  P R I N C I PAL NORMAL STRESS D I FFERENCE 

The pri nc i pa l  norma l s tres s d i fference N 1 wa s a l so mea sured i n  

the s hear rate ra nge of 0 .  l sec - l  to 20 sec - 1 , u s i ng the Wei s senberg 

rheogon i ometer .  However , i n  the l ow s hear rate reg i o n ( 0 . 1  sec  - 1  

- 1  4 sec  ) N
1 

wa s found too sma l l to be measured accurate ly . Hence 

these res u l ts are reported on ly  i n  the s hear ra te ra nge of 4 to 20 

From these res u l ts  the fi rs t normal s tress d i fference coeff i c i en t  

f N I 2 ) 1 1 ( -- N
l ) wa s \ �l = 1 � was ca  c u  ated . The re l axati on t ime T 

2al 2Y 

to 

s ec - 1 . 

ca l c u l ated u s i ng the v i scos i ty and the  norma l s tres s  re su l t s .  These are 



I nvesti gator  

Bankar  

.Pezz i n and  
Geche l e 

Kot l i ar 

TABLE  4 

CHARACTER I ST I CS OF NYLON-6 SAMPLES USED BY  D I FFERENT I NV ESTI GATORS 

Samp l e 
Des i gn at i on M n 

£::. 23 , 000 
0 

E 280 T 20 , 000 
E 4 1 4 T 22 , 300 
E 41 5 T 2 2 , 900 

K 1 .  2 3  Not  
K l .  3 1  reported 

[ n ] 
d l /g  

::: 1 . ,24 
at 20°C  

1 . 27  at  25 °C  
Not  reported 
Not reported 

1 .  23  
1 .  3 1  

Moi s ture 
Content 

0 . 03% 

< 0 . 1 5% 

Not reported 

Temperaure 
of Mea s urements  

oc 

230  
250  

230 

250  
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p l o tted i n  F i gures I V-4  and  I V - 5  a s  a funct i on of s hear rate a nd are 

s hown by unfi l l ed po i n ts . The average va l ues  of T a re a bout 0 . 034 

seconds a t  23 0vC , 0 . 01 4  seconds a t  250°C a nd 0 . 009 seconds a t  270° C . 

D i scus s i on  

8 1  

�l and  T are  reported i n  t he  s hear rate range of 4 - 20  sec
1 

where 

fl ow i nstab i l i ty \'la s  observed . Hence these are o n ly  t he " apparent "  

va l ues of t h e  fi rst norma l s tress d i fference coeffi c i en t  and the rel axa-

t i o n  t ime .  " True "  va l ues of t hese parameters can  be ca l cu l a ted u s i ng 

F i g u re I V- 1 . I n  F i gure I V - 1 , the  conti nuous curves were a s sumed to 

s how . true va l u e of v i scos i ty .  The experi menta l poi nts i n  the s hear rate 

range of  4-20 cec- l do not l i e on the c u rves and are therefore on ly  

appa rent  va l u es of v i s cos i ty .  Thus 'tie can  wri te Equat i ons I I - 30 a nd 

I I - 31 a s  

3T 
ol 2App = 

nAppy 
= 3 

2n ( R-ll ) 

{ I V- l a ) 

{ 1 I - l b ) 

{ I V -2a ) 

( I V- 2b )  

The s ubsc ri pts  ' ' T 1 1 a n d  "App " i nd i cate true a nd  a pparent va l ues of the 

parameters res pect i ve l y .  ( R-t� ) i s  the effect i ve  rad i u s u p  t o  wh ich  
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wh i c h  the  mel t fi l l s t he  gap . 

Comb i n i ng Equa t i ons I V - 1  and IV-2 , one can obta i n  true va l ues 

of ljll as 

( I V  - 3 ) 

The true re l axat i on t ime i s  now 

( I V  -4 ) 

The 1 1 true 11 va l u es of thes e parameters were thus  c a l cu l a ted us i ng 

Equat i ons I V - 3  and  IV-4  and  a re s hown i n  F i g u res I V -4  a nd I V -5  by 

fi l l ed poi n ts . For compa ri son  purpose , the res u l ts for LOP E a re a l so 

p l otted ( 37 ) . 

D ue to fl ow i n stabi l i ty , the rad i u s  of the mel t wi thi n the  gap  

reduced to  a n  effect i ve va l ue .  The reduct i o n typ i ca l l y ranged from 

zero at l ow s h ea r  rates to a max imum va l ue of 8 percent a t  the h i ghest  

shear rate  u sed ( 2 1  sec- 1 ) . 

L i k e  v i s cos i ty ,  both ljl l  and ' decrea se  wi th  s hear rate , t hough 

one mus t  be wary of  the  accuracy .  The max i mum re l axati on t i me for 

nyl on-6  i s  0 . 03-0 . 04 seconds a t  230°C and 0 . 0 1 1 - 0 . 01 7  seconds a t  

250° C .  I f  one  extra po l a tes  to l ow s hear rates , va l ues  o f  order 0 . 1  

and 0 . 035 s econd s  m i g ht be obta i ned . Th i s  may be compared wi th  t he 

max i mum rel axa t i o n  t i me '
m 

of nyl on-6  obta i ned by Kot l i a r ( 95 ) . He 

fi tted h i s v i scos i ty- shea r rate data of nyl on-6  at 250°C  to Carreau ' s  

mode l  a nd obta i ned 'm of the  order of 0 . 00 1  to 0 . 003 sec for samp l e s  

84 



85  

hav i ng  characteri s t i cs s i mi l a r to those u sed in  the present  s tud i es .  

Tm obta i ned i n  the present s tud i es fo r nyl on-6  at  25aoc i s  a bout  0 . 03 

seconds wh i ch i s  an  order of magn i tude h i ghe r ,  s ugges t i ng that ca l c u l a­

t i ons of  T based on  Carreau mode l v i scos i ty funct i ons are d ub i o u s . . m 

The max i mum re l axat i on t i me for nyl on-6  u sed i n  these  stud i es i s  

much sma l l er than the re l axat ion  t i me of LOP E ( about fi ve  seconds ) . The 

fi r st  norma l s tres s  d i fference coeffi c i ent  i s  a l so about two-three  

orders of magn i tude h i gher for LOPE  than fo r nyl on-6 . Thu s nyl on - 6  

mel t s eems t o  be very Newton i a n compa red t o  LOP E .  

C .  COMPAR I SON TO THEOR I ES O F  V I SCOELAST I C  FLU I D  BEHAV I OR 

Compar i son  of re i axa t i on t i mes for nyl on-6 and polyethyl ene 

suggests  that  a rheo l og i cal  mode l  fo r a Newto n i a n  f l u i d ,  Equa t i o n  I I - 14 
cou l d  approx i mate ly  desc ri be nyl on-6  mel t .  Th i s  i s  i ndeed the case for 

the  s hear v i scos i ty res u l ts .  The mode l s uggests a v i scos i ty i ndependent 

of s hear rate . The experi menta l res u l ts s how tha t the v i scos i ty i s  con­

stant  i n  the  shear rate range of 0 . 1  to 20 sec - l . Therefore , i n  th i s  

range , nyl on-6  mel t cou l d  be descri bed by a Newtoni an  f l u i d  mode l . 

The v i scos i ty drops wi th s hear rate i n  the range of 20 to 1 000 

s ec - l  The Newton i a n  fl u i d  model  does not pred i c t th i s .  I t  a l s o  does 

not predi ct  norma l  s tresses . I n  the present s tud i es ,  norma l stres ses 

a re observed at  shear  rates of 4 sec- l  and greater . 

I n  order to descri be the behav i or of nyl on-6  over t he ent i re 

range  of shear rate , more soph i st i cated mode l s have to be u sed . Three 

such model s  have been a ttempted i n  the present s tud i es .  
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Co l eman - No l l Second Order a nd Th i rd Order F l u i ds 

The second order f l u i d  t heory d i scu ssed i n  Chapter I I  prov ides  

s econd o rder correc t i on to Newto n i a n  f l u i d , i n  tha t i t  predi c ts norma l 

s tres ses when the  fl u i d  i s  s u bj ected to s impl e s h eari n g . However , t h i s 

t heory pred i c ts v i scos i ty and fi rst norma l s tres s d i fference coeff i c i en t  

wh i c h  a re i ndependent o f  s hear ra te . As s uch  thi s t heory i s  s t i l l  not 

a b l e to descr i be the resu l ts obta i ned from the rheogon i ometer a nd the 

rheometer over the enti re range of s hear rate . On ly  the res u l ts i n  the 

l ow s hear rate  reg i o n  cou l d be descri bed by t he second order fl u i d  

t heory .  

The th i rd order fl u i d  descri bed by Eq ua t i on I I - 1 6 pred i cts both 

non-Ne\o.Jton i  a n  v i scos i ty a nd norma l s tresses . 

( I V  - 5 ) 

( I V -6 ) 

Th i s  suggests  that n beg i n s  to vary w i th s hear rate before 1/J l does . 

However ,  our  res u l ts s how that  v i scos i ty i s  a l most  constant  i n  t he 

range  of shear rate where 1/J
l 

d ecreases . Thi s i s  probab ly  a ga i n  d ue  to 

fl ow i ns ta b i l i ty wh i c h  tends to s how a rather rap i d decrease i n  1/J l
. 

Wh i te-Metzner Model 

The v i sco s i ty and  the  fi rst norma l stres s d i fference coeffi c i ent  

for th i s  mode l  a re g i ven i n  Tab l e 1 i n  Chapter I I .  
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( IV-7 ) 

{ I V -8 ) 

Thi s  agrees rea sonab ly  wi th  experiments i f  we take ' eff as a functi on of 

s hear rate . Th i s  func t i on  cou l d ,  ho\'Jever , o n ly  be arb i trary ,  chosen  i n  

such  a way a s  to sat i s fy exper imenta l  res u l ts .  

The average va l u es of , obta i ned from F i g ure I V - 5  a nd the va l ues 

of G obta i n ed us i ng Eq ua ti on ( I V - 7 ) are s hown i n  Tabl e 5 . 

. Bogue-Wh i te Mode l  

Tab l e I g i ves the s hea r v i scos i ty and the fi rst  normal s tress 

d i fference coeff i c i ent  pred i cted by the Bogue -�l h i  te mode 1 .  The 

va l ues of 'm i n  these equati ons were ta ken as 2� s i nce for a box d i stri ­

but i on of rel a xa t i on s pectrum (wh i ch wa s u s ed to der i ve these  equat i ons ) , 

'm i s  equa l to 2T. F i gures IV-6  and  I V- 7  show these funct i on s  p l otted 

for d i fferent va l ues  of the constant 11 a . 1 1 The poi nts  on thes e g raphs  

i ndi cate experi menta l data . 

From F i gure I V- 6 ,  i t  i s  c l ear that the  1 1 a 1 1  va l ues of 0 . 18 ,  0 . 22 

a nd 0 . 20 sat i sfy the  v i s cos i ty res u l ts at  230° C ,  250°C a nd 270°C  

respect i vel y .  We have not  tri ed to fi t the model to the  v i scos i ty 

res u l ts  i n  the  s hear ra te range of a bout 6 to 20 s ec - l . Th i s  i s  

the  range  where the  fl ow i ns tab i l i ty was observed , and the res u l t s  

a re therefore erroneou s .  

Th i s  i s  the same range i n  wh i ch the norma l s tresses are reported . 

Al t hough  we have tri �d to fi t the  model to these data i n  F i g ure I V-7 , 
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TABLE  5 

AVERAGE RELAXAT I ON TIME  AND SHEAR MODULUS OF  NYLON-6 

Temperature T 
Dynes/em� oc Seconds 

230 0 . 034 2 . 94 X 1 0
5 

2 50 0 . 0 1 4  3 . 58 X 1 0
5 

270 0 . 009 3 . 66 X 1 0  
5 
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the a ttempt i s  not very s uccessfu l . There i s  no qua l i ta t i ve agreement 

between the experi ments and the theory i f  we u se  " a 1 1 v a l ues  of 0 . 1 8  to 

0 . 22 .  Us i ng these  " a "  va l ues , the  mode l  suggests  near ly  constant 

magni tude of �
1

; but experimenta l l y ,  � l i s  decrea s i ng rap i d l y .  Aga i n ,  

th i s  i s  due to the  fl ow i ns tab i l i ty a nd the therma l degradat i on of 

nyl on-6  \'Jh i  ch ca u s es a rap i d  decrease i n  � l . 



CHAPTER V 

RHEOLOGY OF  NON- I SOTHE�1AL SP I N N I NG 

A .  I NTRODUCT I ON 

Experi ments were carri ed out  on a steady s p i n l i ne of nyl on-6  to 

s tudy the dynami cs and the rheol ogy of non - i sotherma l s p i n n i ng . Mono-

fi l aments extruded through a s p i nneret were a l l owed to cool down i n  the 

amb i ent  a i r  and  then ta ken u p  on  a bobb i n .  The exper i menta l l y  obta i ned 

profi l es of fi ber  d i ameter and s urface temperatu re were u sed a l ong wi th 

the fi ber ten s i o n  measu red at the take- up  devi ce to obta i n  the  stres s -

deforma t i on-temperature rel at i onsh i p .  Th i s  re l at i ons h i p  wa s expressed 

a s  e l ongat i ona l  v i sco s i �  as  a funct i on of tempera ture . The methods a nd 

t h e  cal c u l a ti on s used to obta i n  i t  from the fi ber d i ameter , temperatu re 

and ten s i o n  are d i scussed i n  t h i s  c hapter .  

Res u l ts 

The s p i nn i n g  cond i t i ons u sed i n  these experi ments were : 

Mel t  temperatu re 

Mel t pres s ure 

Extru s i on rate 

Take- up  s peed 

F i ber den i er 

4 x 1 0
7 

to 6 x 1 0
7 

dynes/cm2 

2 . 5  gm/mi n 

1 00- 1 000 meters/mi n 

22 . 5  - 225 

B .  D IAMETER ,  TEMP ERATURE AND VELOC I TY PROF I L ES 

F i ber  d i ameter and fi ber s u rface temperature are p l o tted as a 
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functi on of d i s tance x from the s p i nneret i n  F i gures V- 1  and V-2 for 

ta ke-up  s peed of 1 00 to 1 000 meters/mi nute . The fi ber vel oc i ty was 

cal cu l a ted poi nt  by poi nt from the d i ameter profi l e  u s i ng the conti nu i ty 

equati on 

nd2 
4 · v . P = W = constant  (V - 1 ) 

The dens i ty p of the f i ber wa s obta i ned u s i ng the temperature profi l e  

of the  f i ber  a nd the  temperature- spec i fi c  vo l ume rel a t i ons h i p for 

nyl on-6  obta i ned by I noue  ( 78 ) . Th i s  rel ati onsh i p  i s  repl otted a s  

temperatu re-dens i ty i n  F i gure V- 3 .  The a brupt change i n  t h i s curve 

bel ow a bou t 220°C  i s  due to the change i n  dens i ty caused by 

crystal l i zat i on .  As wi l l  be s hown i n  a l a ter c hapte r ,  nyl on-6  does 

not crystal l i z e  i n  the s p i n l i ne .  I t  rema i n s amorphous i n  the s p i n l i ne .  

Therefore t he amorphous dens i ty must be u sed i n  these  ca l c u l a ti ons . 

Th i s  wa s obta i ned by extrapo l at i ng the  l i near porti on of the curve to 

0°C  { s hown by a dotted l i ne ) . The ca l cu l a ted vel oc i ty profi l e  i s  s hown 

i n  F i gu re V-4 . 

D i scus s i on 

The d i ameter profi l e  i n  Fi gure V- 1  i s  a s  expected from earl i er 

stud i es .  The d i ameter decreases  rap i dl y  from i ts i n i ti a l va l ue when the  

po lymer i s  mol te n .  As  the  fi ber cool s down and s o l i d i fi es , t he d i ameter 

decreases  more s l owl y and fi na l l y  a tta i n s  a consta n t  va l u e .  The 

vel oci ty profi l e  s i mi l a rl y  i ncreases rap i d l y  i n  the beg i nn i ng  and 

fi na l l y  atta i n s  a constant va l ue .  
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The temperature profi l e  i n  F i gure V-2 s hows that the fi ber coo l s 

down rap i dl y  i n  the beg i nn i ng , but more s l owly as  the  f i ber temperature 

approaches the  amb i e n t  temperature . The temperature profi l es ,  when 

extrapo l a ted to zero d i s tance s how that t he temperature of the fi l ament  

a t  the  s p i nneret ex i t  i s  about 280- 285°C .  The  me l t temperature mea s ured 

i n  the s p i nn i n g  b l oc k  (j u s t  before the me l t  enters the s p i nneret 

a s sembl y ) i s  262 °C . I t  i s  poss i bl e  tha t th i s  d i fference of 20°C  i s  due  

to  a n  exper i menta l error i n  the  mea surement of fi ber temperature very 

c l ose  to the  s p i nneret . I n  th i s reg i on the f i ber i s  mo l ten and s t i c ky 

and the  tempera ture measu rement wi th  contact thermocoup l e becomes very 

d i ffi cu l t .  However ,  i t  i s  poss i bl e  that the d i fference ari s es d u e  to 

v i scous hea t i n g  of po lymer i n  the s p i nneret a s sembl y ,  espec i a l l y  i n  the 

fi l ter s creen , a nd the  di s tri butor p l ate p l us the cap i l l ary .  

Wi th i ncrea se  i n  the ta ke- up  ve l oc i ty the fi ber coo l s more 

rap i dl y .  Th i s  i s  i n  agreemen t wi t h  earl i er work ( 48 , 68 ) . I t  i s  cau sed 

by the i ncreased s urface to vol ume rat i o  of smal l er d i ameter fi l aments 

and a l s o  a h i gher heat transfer coeffi c i ent cau sed by h i g her l i near 

vel oc i ty through  the cool i ng med i um .  

A typ i ca l  temperature profi l e  for a h i g h den s i ty polyethyl ene 

f i ber ( HOPE ) obta i ned by Oees and  Spru i e l l ( 48 ) i s  a l so shown i n  

F i gure V- 2 .  A s i gn i f i cant  d i fference i n  the temperature prof i l es of 

nyl on-6  and HOPE i s  the p l ateau observed for the l a tter ; but not for 

the former .  Thi s p l ateau occurs because  polyethyl ene crysta l l i zes on 

the s p i n l i ne and the res u l t i ng  evol u t i on of t he heat of crysta l l i za ti on 

reduces the rate of cool i ng of the fi ber .  Oees and  Sprui el l report 

25-40 percent  crysta l l i n i ty of HOPE i n  the reg i on of the p l a teau . The 
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reason  nyl on-6  does  not s how such  a pl a teau is  e i ther that i t  has a very 

l ow heat of c rysta l l i za t i o n  or i t  crysta l l i zes to a very l ow extent o n  

the  s p i n l i ne .  T h e  heats of crysta l l i za t i on o f  1 00 percent crys ta l l i ne 

nyl on-6  and  HDP E a re 45 . 6  and 64 . 8  ca l /gm respect i ve ly  ( 79 ) . A s i mp l e 

ca l c u l at i on wou l d  s how tha t  nyl on-6 mu st  crysta l l i ze to 30-45 percent i f  

i t  i s  to p roduce the same amount of heat as  HDPE a nd s how a s i mi l ar 

p l ateau . S i nce nyl on-6  does not show a p l atea u , i t  can  be conc l uded t hat 

i t  c rysta l l i zes  to  a very l ow extent on the s p i nl i ne .  Th i s  i s  not 

s urpri s i ng  when one noti ces tha t the rate of crys ta l l i zat i on  of  nyl on-6  

i s  l ower than that  of  HDPE by an  order of mag n i tude or  more ( e . g . , t 1 1 2  

for i s otherma l c rysta l l i za ti on wi th 1 0° undercoo l i ng i s  a bout 9 0  

mi nutes for nyl on-6  ( 80 ) a n d  9 . 3  m i n u tes for HDP E  ( 26 ) ) . Actual l y  as  

wi l l  b e  s hown i n  a l ater c h a p ter , nyl on-6 was  found to  be amnrphO!J S  i n  

the  s p i n l i ne .  

C .  SP I N L I NE FORCE 

The var i a ti on of s p i n l i ne take- uo force F L and s p i n l i n e  s tres s  · ex � 

a ( =4 F t/�d2 ) wi th ta ke-up  vel oc i ty i s  s hown i n  F i gure V-5 . Both 
ex  . 

i nc rease  w i th ta ke- up vel oc i ty .  The actua l force F
rheo 

wh i ch a cts  to 

deform the descend i ng fi ber  i s  not equ a l  to Fext · Th i s  c ou l d  be 

ca l cu l ated u s i ng Eq uat i on 1 1 � 44 wh i ch i s  d i scussed i n  Chapter I I .  

The  methods u sed for ca l c u l a ti on of vari o us force components a re 

g i ven i n  Append i x  A .  The aerodynami c drag  needs further e l a borati on . 

The drag force per u n i t l ength of a fi ber of d i ameter d runn i ng 

at a ve l oc i ty v can  be wri tte� from the defi n i t i on of d ra g  coeffi c i ent  

as  
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where C
f 

i s  the drag coeffi c i ent wh i ch depends o n  the Reyno l d ' s  number . 

% i s  the  dens i ty of the  su rround i ng med i um .  

As d i scussed i n  Chapter I I ,  the C
f

-Re rel a ti on s h i p has  been 

exper imenta l l y obtai ned by severa l groups . Thi s i s  expressed as 

dv P - n  

cf = m ( lla 

a ) ( V-3 ) 

The va l u es of m and  n obta i n ed by d i fferent  groups  are s hown i n  Tab l e  6 

and  t he C
f-Re rel a t i ons h i p  has been p l o tted i n  F i gure V - 6 . The dotted 

l i nes i n  th i s  fi gure s hov1 the CrRe rel at ionsh i p  obta i n ed by u s i ng 

Saki ad i s ' n umeri ca l  so l ut i on of the boundary l ayer probl em for a 

cyl i nder runn i ng through  a s tagna nt  med i um .  The parameter x/ r for fi ber 

s p i nn i ng i s  u s ua l l y  about 1 04 to 1 0
6

. The fi ber Reyno l d ' s  number ( ba sed 

on  the  d i ameter ) i n  t he  p resent s tud i es l i es i n  the range of about  20 

to 60 . F i gure V - 5  s hows that  i n  th i s range , the exper imenta l corre l a­

t i ons  of Hamana , Mat s u i  a nd  Kato ( 64 ) (wh i c h  we  wi l l  des i gnate HMK ) , 

Sano a nd Ori i ( 1 38 ) (wh i c h we wi l l  des i g nate S . O . ) a nd Aok i , Suzuk i  and 

l s h i moto ( 5 ) (wh i ch we wi l l  des i g na te AS I ) g i ve a l most  equa l  va l u es of 

drag coeffi c i ent . The Andrews ' experiments ( 4 ) s how very h i gh drag 

whereas the Sa k i a d i s '  a na l ys i s  shows a l ower drag . 

I n  order to see  what effects  these  d i fferent C
f-Re re l a ti ons h i ps 

have on the rheo l o g i ca l force� sp i n l i ne deformat i on re l at i ons h i p ,  the  

aerodynami c drag  wa s ca l cu l a ted us i ng a l l  these  expres s i ons . The 

expre s s i o n  due to  Andrews wa s omi tted because  i t  gave r i d i cu l ou s l y  h i g h  



TABLE  6 

CONSTANTS m AND n I N  EQUAT ION  V-3  OBTA I N ED BY VAR I OU S  
RESEARCH GROUPS 

Resea rch Group  m n 

Andrews ( 4 ) 1 . 3 0 .  61  

Hamana , et a1  ( 64 ) 0 . 37 0 . 61 

Sano and Or i i ( 1 38 ) 0 . 68 0 . 8  

Aok i , e t  a 1 . ( 5 ) 0 . 1 8  0 . 44 

1 02 
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mag n i tudes of drag force . As i t  i s  ev i d ent  from Fi g ure V-6 ,  the  drag 

forces ca l cu l ated by u s i ng d i fferent exper imental  correl a t i ons ( HMK ,  SO 

and AS I ) a re a l most  equa l  (wi th i n  5 to 10 percent  of each other ) bu t are 

cons i stent i n  be i ng 200-250 percent h i gher tha n the drag  force  pre­

d i cted by the Sa k i ad i s  a na l ys i s .  

Let u s  try to rat i ona l i ze th i s d i fferenc e . As s hown i n  Append i x  A ,  

the  Sa k i a d i s a na l ys i s  wa s u sed wi th  average val ues  o f  ve l oc i ty and  

d i ameter of fi ber .  However ,  most  of the drag  i s  produced by the  

so l i d i fi ed fi ber hav i ng constant fi nal  d i ameter and  runn i ng a t  the  

max i mum vel oc i ty ( equal  to the ta ke-up vel oc i ty ) . Therefore , the c a l cu ­

l a t i ons ba sed on the average va l u es are probab ly  u nderest i mated . When 

the ca l cu l a t i ons were made based on  the max i mum vel oc i ty and the fi na l  

constant  d i ameter ,  rather than  the  average va l ues , a n  i ncrease  i n  the  

d ra g  force of about 1 7 -20  percent was obta i ned . Thu s  the u se  of average 

va l u es of d i ameter and ve l oc i ty contri buted on ly  s l i g ht l y to the  

d i fference of  200- 250 percent c i ted i n  the preced i ng paragraph . 

I t  seems that  th i s  d i fference ar i ses because  the turbu l e nce  i n  

the boundary l ayet· a t  h i g h  ta ke-up vel oci ty i s  not proper ly  cons i dered 

i n  t he  Sa k i ad i s ana l ys i s .  The exper imenta l correl a t i ons were a l so  

ba s ed on  the mea s uremen ts of tens i on i n  the fi ber . These mea surements 

are not a l ways very accurate and they cou l d  i ntroduce some errors . 

The rheol og i ca l  force wa s ca l cu l ated u s i ng Equ at i on II-44 and the 

c a l cu l ated va l u es of var i ou s  force components . At l ow ta ke-up  ve l oc i ty ,  

there was no s i g n i fi cant  d i fference i n  the magn i tudes o f  F h o bta i ned r eo 

by u s i n g d i fferent C - Re rel at i ons h i ps for ca l cu l a t i ons of fr 1 c t i ona l  f 

drag . However , a t  h i gh ta ke-u p ve l oc i t i es ,  F h obta i ned by u s i ng r eo 
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Sak i ad i s drag  theory was h i g her  by a s  much a s  50- 1 00 percent  ( for 1 000 

m/m take-up  vel oc i ty ) than F h obtai ned by u s i ng  var iou s  exper i mental  r eo 

Cf
-Re correl a t i ons . 

I n  F i gures V-7 and  V-8 var ious  force components have been s hown at  

take-up  ve l oc i t i e s  of 1 00 m/mi n a nd  1 000 m/mi n res pect i ve l y .  The das hed 

l i nes s how the drag force and the rheo l og i c a l  force based o n  experimenta l  

Cf-Re rel at i onsh i p  of  Hamana , e t  a l . The s o l i d  l i nes  are based on  the 

ca l cu l a ti ons u s i ng Sa k i ad i s  theoret ica l  ana lys i s .  I t  i s  c l ear from 

F i gure V-7  that the  i nerti a and the aerodynami c  drag  are q u i te negl i g i b l e  

a t  l ow ta ke- up  ve l oc i ty but  become s i gni f i cant a t  h i gher vel oc i ty .  The 

·reverse is  true for the  grav i ty force . The as sumpt i on of constant  

rheo l og i ca l  force often made in  the s tudy of rheol ogy of s p i nn i ng i s  

qu i te va l i d  a t  l ow ta ke- up  ve l oc i t i es but  i s  not s o  good at  h i g her take-

up  vel oc i t i es . At h i g h  take-up ve l oc i ti es ,  Frheo i ncreases a l ong the 

sp i n l i ne .  

D .  ELONGATI ONAL V I SCOS I TY 

The e l onga t i onal  v i scos i ty was cal cu l a ted po i nt by po i nt u s i ng 

x (T ) = 
F /A 
rhea 

dv/dx ( V-4 ) 

where dv/dx i s  the e l ongati on ra te obta i ned from the ve l oc i ty profi l e .  

Loca l  x i s  p l otted aga i ns t  the  fi ber temperature i n  F i gures  V -9  and 

V- 1 0 .  Exper imental  Cf-Re corre l ati ons o f  Hamana , e t  a l . wa s u sed to 

obta i n  x wh i ch i s  p l otted i n  F i gu re V -9  and  Sa k i a d i s  ana lys i s  wa s used  

for F i gu re V- 1 0 .  
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x va l ues obta i ned a t  d i fferent ta ke- up  vel oc i t i es a re qu i te c l ose 

to eac h other at h i gh temperatures but s pread a part  a t  l ower tempera­

tures . Moreove r ,  th i s  s pread i s  much greater i n  F i gure V-9  where 

exper imental  Cf-Re re l a t i onsh i p of Hamana , et al wa s u s ed . They pred i c t  

h i g h  Faero a nd a l so h i g h  d i fference i n  Faero a t  d i fferent take-up  

vel oc i ti es . Th i s  res u l ts i n  w i de  d i fference i n  Frheo and consequent l y  i n  

X ·  

I n  F i gure V- 1 0 , x - T  rel a t i onsh i p  obta i ned by I s h i ba s h i , et  a l . 

( 81 ) a nd Hamana , et  a l . ( 65 ) a re a l so pl otted . The l atter au thors 

u s ed the HMK correl a t i on for obta i n i ng a i r drag  and observed a sprea d i n  

data s i mi l ar to that  i n  F i gure V-9 , t he reasons  for wh i ch are d i scus sed 

i n  the  preced i ng paragra ph . Surpri s i ng l y ,  I s h i ba s h i , et  a l . obta i ned a 

s i m i l ar spread too , even though they u sed Sa ki ad i s a na l ys i s  to ca l c u l ate  

a i r  drag . I t  seems that a l l these experi ments depend very muc h on the 

mea sured take- up  ten s i o n  a nd the methods used for these mea s urements a re 

not very a ccura te .  

The x va l ues obta i ned i n  the p resent s tud i es a re qu i te s im i l a r 

to those  of I s h i ba s h i , et  a l . but  much l arger than  those of Hamana , 

et a l . 

Thi s d i fference i s  due  to the d i fference i n  mol ecu l a r  we i g hts  of 

nyl on-6  u s ed i n  these s tud i es .  The Mn va l u e of nyl on-6  u s ed i n  the  

present experi ments i s  23 , 000 . I s h i ba s h i , et a l  report Mn for  the  

nyl on-6  they used (mea sured after extru s i o n ) to be 1 9 , 000 . Hama na , 

et a l . report the v i sco s i �  average mol ecu l ar  we i g ht  of the i r po l ymer as  

1 6 , 000 . I f  t he i r  [ n ] - M rel a t i o nsh i p was bas ed on narrow fracti ons , 



then Mn I M � 1 . 8 a nd the i r M < 1 0 , 000 . These fi gures  a re 
n n 

suffi c i ent to expl a i n  the resu l ts s hown i n  F i gure V - 1 0 .  

1 1 1  



CHAPTER V I  

RHEOLOGY O F  I SOTHERMAL SP I NN I NG 

A .  RESULTS 

F i bers were spun  at 200 , 300 and 556 meters/mi nu te take-up 

vel oc i t i es through a n  i s otherma l c hamber ma i nta i ned a t  270 + 2 °C . 

Mea s urements were made of fi ber d i ameter and tens i on .  The fi ber v e l oc i ty 

and the rheo l og i ca l  force were eva l u ated i n  the same manner a s  for non-

i sotherma l s p i n n i ng . F i gure V I - 1 and F i g ure V I - 2  s how the  d i ameter 

a nd the vel oc i ty profi l es .  A s l i gh t  d i e- swel l i s  observed before the 

d i ameter s tarts decrea s i n g .  

The e l onga ti ona l  v i scos i ty was ca l c u l a ted i n  the  s ame manner a s  

for non - i sotherma l sp i nn i ng . F i gu re V I - 3 s hows the e l ongat i ona l 

vi scos i ty p l otted a s  a fu ncti on of e l ongat ion  rate . The e l onga t ion  rate 

wa s obta i ned from the  v e l oc i ty profi l e .  On t he same pl ot  are drawn the 

c urves for the  s hear v i s co s i ty n and 3n , o bta i ned from the rheogon i ometer 

experiments , p l otted as  functi ons of s hear rate . The e l ongat i onal  

4 4 
v i sco s i ty l i es i n  the range of 4 x 1 0  to 6 x 1 0  po i s e a nd i t  i ncreases 

wi t h  t he el onga t i on rate . 

B .  D I SCUS S I ON · 

I f  the nyl on-6  mel t was stri ct ly  a Newton i a n  fl u i d , i ts e l onga­

t i onal  v i scos i ty wou l d be equa l  to 3n . Th i s  i s  s hown i n  F i gure  V I I -3 

by the 3n-y c urve . The x va l u es obta i ned from the s p i nn i ng exper iments 

1 1 2  
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a re a bout  1 5  t i mes h i gher t ha n  the s hea r v i scos i ty n and fi ve t i mes h i gher  

than  the Newto n i a n  pred i c t i on , 3n , and they a l so i ncrea s e  wi th the e l onga­

t i on  rate . I f  one  extrapo l a tes the s p i nn i ng data to l ow e l onga t i on rates 

( a s  s hown by the dotted l i ne ) , i t  i s  poss i bl e  to meet the  3n-y curve . 

I t  woul d appear that  the nyl on-6 mel t i s  behav i ng more l i ke a 

v i s coel a s t i c  fl u i d  i n  t he  s p i nn i ng exper iment s . The h i g h  mag n i tudes of 

x and the v i s coel a s t i c  behav i or of nyl on-6 i n  s p i n n i ng are q u i te 

s urpri s i ng i n  v i ew of  the s hea r exper iments wh i c h  u ndou bted ly  s howed a 

more Newto n i a n  f l u i d - l i ke behav i or .  

I t  i s  poss i bl e  to est imate x/n rat i o  for nyl on-6  mel ts from t he 

ear l i e r  s tud i es of  Hamana , Matsu i a nd Kato ( 65 ) and I s h i ba s h i , Aok i  a nd 

I s h i i ( 8 1 ) . The se  a uthors obtai ned non - i sotherma l x ( T ) data . They d i d  

no t report the  s hear v i scos i ty n of the mel ts but  reported the mol ecu l ar 

wei g h ts . U s i ng these  mol ecu l ar  we i g h t  f i g u res and  the n - M rel a t i on­n 

s h i p  for nyl on-6  obta i ned by Pezzi n and Geche l e ( 1 28 ) , one  can  e st ima te 

the shear v i scos i ty n .  Combi n i ng th i s  wi t h  the  x ( T ) mea s urements , we 

e sti mated x/n rati o for thei r pol ymers . The rat i o  wa s a bout  e i g h t  for 

l ower mol ecu l a r  we i g ht  po lymer of Hamana , et a l , and  wa s no l ess  t han 

20 for a h i g h mol ecul a r  we i g ht sampl e of I s h i ba s h i , et a l . Moreover , 

i n  a pri vate commun i cati on , McKoy of Monsa nto reported t hat thi s rat i o  wa s 

1 5  for nyl on-66  mel ts . Th i s  wou l d seem to confi rm the h i g h  va l ues of x 

that we observed i n  our  experi men ts . 

The e l ongat i ona l v i scos i ty approach  u s ed i n  our  s tud i e s  ( i . e . , 

x = ���dx ) i s  perha ps quest i ona b l e becau s e  the  e l ongat i on rate i n  our 

experimen ts i s  c hang i ng .  I n  our experiments , t he res i dence t i me of 

the mel t  i n  the i sothermal chamber i s  about 0 . 6  seconds . 1" (= 2�) · m  
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a t  270°C from Chapter I V , i s  a bout  0 . 02 seconds .  Th i s  l eads to a n  

apparent Deborah number ( 1 9 ) of the process  

( V I  - 1 ) 

of 0 . 034 whi c h  i s  sma l l .  However , the  vari at i on i n  dv/dx a l ong the s p i n -

l i ne ma kes i t  q u est i onabl e whether such  a c ho i ce o f  average res i dence 

t ime wh i ch g i ves a g l o ba l  Deborah number . i s  appropri ate . From the 

vel oc i ty profi l e  i n  Fi gure V I - 2 ,  i t  seems tha t dv/dx wou l d  tend to become 

con s ta n t  fu rther away from the sp i nneret . ( Perhaps  exper iments wi th  a 

l onger i sothermal c hamber wou l d es tab l i s h th i s . ) Debora h number ba sed on 

t h i s cons tant  dv/dx i s  probabl y more appropr i ate 

dv  
dx  ( V I - 2 ) 

Th i s l eads to NDeb va l ues of  order 0 . 0 8  or h i gher and s u ggests tha t 

v i s coel a s ti c i ty needs to be cons i dered . 

As the fi rst  approx i mat i on ,  i t  wa s attempted to u se  the Whi te­

Metzner mode l  a nd the  Bogue-Wh i te mode l (wi th  a box d i str i but i on of  

rel axati on t i mes ) , a l ong wi th the  mater i a l  parameters obta i ned i n  the 

s hear experiments to  pred i ct the e l ongat i onal v i scos i ty .  I n  such  a pro-

cedure we neg l ect the trans i ent  v i scoel a s t i c  response . I n  F i gu re V I - 3 

dashed l i nes s how p red i c ti ons of the Wh i te-Metzner mode l  a nd the so l i d  

l i nes s how the pred i c t i ons of the Bogue-Wh i te mode l  for two d i fferent 

rel axati on times , 0 . 01 seconds and 0 . 1  seconds . The re l a xat ion  t ime 
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obta i n ed i n  the s hear  experiments at  270°C wa s a pprox ima te ly  0 . 01 second s . 

I t  i s  s een  that  the p red i cted va l u es of x a re c l ose  to 3n  a nd are q u i te 

d i fferen t from the  experimenta l  X ·  

T he a na l ys i s  of Denn , Petri e and Avenas ( 49 ) wh i c h  i s  a more 

r i gorous  so l u t i on of the Wh i te-Metzner model  wa s a l so  u sed to pred i ct 

the re l axat i on t i me from the sp i nn i ng data . The Newton i an a symptote , 

a �  0 ,  a nd the  asymtpote of h i g h  i mposed stresses compared to t he 

modu l u s ,  �h � 0 ,  a s  wel l a s  the numer i c a l  so l ut i on were u sed to obta i n  

the re l axat i on  ti me .  I n  u s i ng t h i s  ana l ys i s ,  Denn , e t  a l ' s  v term wa s 

ta ken to be z ero a n d  the  i ni t i a l  boundary cond i t i ons  were taken as  those  

a t  the po i nt of max imum d i e- swel l .  Ta bl e 7 s hows the va l u es of 

re 1 axat i  on t i mes obta i  ri'ed for d i fferent cases . 

The  fi rs t two co l umns were obtai ned by u s i ng t he expres s i on s  for 

the rel axat i on t i me deri ved by Denn , Petr i e  a nd Avena s .  These are 

wri tten after s i mpl i f i ca t i on as  

a � 0 ,  
1 
v X , nvo  ( V I -3 ) 

( V I -4 ) 

The l as t  co l umn wa s obta i ned by fi tt i ng t he exper imental  vel oc i ty profi l es 

wi t h  the profi l es obta i ned by numeri ca l l y  s ol vi ng the  momentum a nd t he 

cont i nu i ty equat i ons s i mu l taneou s l y .  The thi rd order Runge-Kutta method 

wa s u s ed for th i s  purpose . F i gure V I -4 s hows an  examp l e of such ve l oc i ty 



Take-Up 
Ve l oc i ty 

m/mi n 

200 

300 

556 

TABLE 7 

RELAXATI ON T IME  CALCULATED U S I NG THEORY OF  
D ENN , PETR I E  AND  AV ENAS 

Rel axati on T ime , Sec 

E -r 0 a -r o a 

0 . 378 0 . 694 

0 . 309 0 . 520 

0 . 245 0 . 390 

1 1 9  

Numer ical 
So l ut i on 

0 . 45 to 0 . 60 

0 . 4  8 to 0 .  50 

0 . 35 to 0 . 45 
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profi l es for d i fferennt va l ues of re l axat i on t i mes  for a take-up  ve l oci ty 

of 556  m/m .  The vel oc i ty profi l e  pred i c ted by u s i ng ; = 0 . 01 s econds 

( th i s i s  the  re l axati on t i me determi ned from the  s hea r experiments ) i s  

s een  to be very c l ose  to the  Newton i a n  pred i c t i o n  (; = 0 ) . 

Ta b l e 5 s hows that the  re l axa t ion  t i me obta i ned from the s p i nni ng 

data i s  more than  a n  order of magn i tud e h i g her compared to that  obtai ned 

from s hear experi men ts . 

The  compari son  made so far of the pred i c t i ons  of  var i ous v i sco­

e l ast i c theori es  wi th  the re s u l ts of s p i nn i ng experiments s hows a wi de 

d i sagreement .  The materi a l  appears to be much  more v i s coel a s t i c .  

A t  fi rs t ,  i t  wa s thought  that the  temperature of the fi ber i n  the 

i so therma l chamber m i g h t  not  be rea l l y  the  same a s  the c hamber tempera ­

ture i tse l f .  Th i s  wou l d  g i ve materi a l  propert i e s  d i fferent from what 

they are thought  to be . However , a l l ow ing  the  f i ber temperature to 

devi ate as w ide ly  as  20°C from the c hamber temperature wau l  d not reduce 

the d i fference between x a nd n apprec i a b ly  or  i ncrea s e ; s i g n i f i cant l y .  

I t  i s  a ttrac t i v e  to t h i n k  [ i n  l i ne wi th the conc l u s i on of Chen , 

et  a l . ( 38 ) ]  that  the  d i screpancy was due  to i nadequate frami ng of mel t  

preh i s tory . Howeve r ,  for a re l a t i ve ly  i ne l a s t i c fl u i d  l i ke nyl on-6  mel t ,  

t he prehi story s hou l d be rather i ns i g n i fi cant . 

I n  concl u s i on ,  i t  may be sa i d that  the ny l on-6 mel t res po nds  i n  

the  s p i n l i ne a s  i f  i t  has a much h i gher e l onga t i ona l  v i scos i ty a nd memory 

tha n wou l d be expected , ba sed on a rheogoni ometri c s hear data . None of 

the  rheo l og i ca l  mode l s con s i dered here a re ab l e to repre s ent  the  

behav i or  of mol ten nyl on- 6 .  Perhaps the on ly  con s i s tent  expl ana t i on 

mi g h t  be that the  mel t has  a w ide  re l axat ion  spectrum a nd H ( T ) decrea ses 
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very s l owly a t  1 a rge  T s o  tha t the ra t i o  Tm
/� i s  l a rge .  I t  i s  a l so 

pos s i b l e  that we m i ght  have s ome error in our T va l u e s  because of the 

fl ow i nstab i l i ty a nd degradati on .  



Res u l ts 

CHAPTER V I I 

STRUCTURE DEVELOPMENT AND MORPHOLOGY 

A. ON- L I NE STRUCTURE DEVELOPMENT 

W i de a ng l e  x-ray d i ffracti on patterns of a porti on  of a runn i ng 

s p i n l i ne a bou t 1 60 em be l ow the sp i nneret were ta ken at  d i fferent take­

up ve l oc i t i es .  The exposure t i me ranged from three to f i ve hours depend­

i ng on  the d i ameter of the s pi n l i ne .  D i ffracti on  patterns were taken 

for f i l aments spun i n  a i r  of a bout 6 5  percent rel a t i ve h um i d i ty as we l l 

a s  i n  the constant  humi d i ty chamber wi th 1 00 percent  R . H .  F i ber 

temperature at  the poi n t  \vher·e x- Y'ay measurements  a re carri ed ou t was 

about  80-90 ° C .  Th i s i s  wel l be l ow l 40 ° C  wh i c h i s  the tempera ture of 

max imum rate of crysta l l i za t i on ( 1 0 1 ) . F i gures V I I - 1 and  V I I - 2 s how 

these patterns for two d i fferent take-up vel oci t i e s . A l l the patterns 

cons i s t of s i ng l e d i ffuse  ha l os whose average d-s pac i ngs  correspond to 

a bout 4 . 23 to 4 . 33A0 • 

The b i refri ngence of the runni ng f i l aments wa s a l s o meas ured a t  

d i fferent  pos i t i ons a l ong the s p i n l i ne for ta ke-up  ve l oc i t i es ra ng i ng  

from 1 00 m/mi n to 1 000 m/mi n .  F i gure V I I - 3 s hows these b i refri ngence 

profi l es .  

D i scus s i on 

Ro l da n  and  Kaufman ( 1 32 ) s howed that the d - spac i ng s  of 4 . 1 6A0 

to 4 . 3A0 of ny l on-6  d i ffracti on pattern i s  obta i ned from quenched 

1 23 



(A )  1 00 m/mi n ( B) 1 000 m/mi n 

F i gure V I I - 1 . On l i ne WAXS patterns of nyl on - 6  s p i n l i ne .  F i ber 
spun in  65 percent  re l at i ve h umi d i ty env i ronment .  
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(A ) 200 m/mi n (B) 556 m/mi n 

F i gure VI I - 2 . On l i ne WAXS patterns of ny l on - 6  s p i n l i ne .  F i ber  
s p un  i n  1 00 percent re l a ti ve h um i d i ty envi ronment . 
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Fi gure V I I - 3 .  S p i n l i ne b i refri ngence a s  a functi on of d i s tance from 
the s p i nneret . 
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amorphous sampl es . The res u l ts of the presen t s t ud i es thus  i nd i cate 

that  the  nyl on-6  rema i ns  amorphous on the s p i n l i ne even when the ta ke-up 

ve l oci ty was i ncreased to 1 000 m/mi n .  Thi s res u l t d i d  not  change even 

after s p i nn i ng  ny l on-6 i n  wet saturated a i r ,  a s  i s  ev i dent  from 

F i g ure V I I - 2 .  Thi s i s  s urpri s i ng because  eq u i l i bra t i on wi t h  mo i s ture 

i s  known to i nc rease the  crysta l l i n i ty of nyl on-6 ( 64). However , one 

mus t  remember that  the res i dence t ime of nyl on-6  mo l ecu l es i n  the hum i d  

a tmosphere i s  very s hort , n o  more than one second . Thi s t i me does not 

s eem to be  enough to produce crysta l l i za t i on in the s p i n l i ne .  

The a bsence  of c rysta l l i n i ty i n  the s p i n l i ne of ny l on-6  i s  i n  

comp l ete contra s t  \vi th the res u l ts on h i gh dens i ty po lyethyl ene and  

po lypropyl ene sp i n 1 i ne where crysta 1 1  i n it y  as h i g h  a s  30-60 percent  

was observed . Th i s  i s ,  of course , due to q u i te h i g h  rates of crysta l l i ­

zat i on of po l yo l efi ns compared to nyl on-6 . For examp l e ,  the ha l f  t i mes 

of i s otherma l q u i es cent crysta l l i za t i on of HOPE ( 26 ) and nyl on-6  ( 7 7 ) 

wi th  1 0° undercoo l i ng a re 9 . 3  mi nutes and 90 mi n u tes  respect i ve ly . 

The b i refri ngence i n  the s p i n l i ne s tead i ly  i ncreases  from zero 

i n  the mo l ten  reg i on near the s p i nneret to a s teady va l ue for fi bers 

at l ow take- up  vel oci t i es .  The b i refri ngence i s  g reater a t  h i gher  

ta ke- up  vel oc i t i es and  keeps on i ncrea s i ng even  when  the fi ber vel oc i ty 

g radi ent  becomes zero . The temperature of the fi ber i n  th i s reg i on i s  

a bove the g l a s s  trans i t i on temperature . Therefore , l a rge s p i n l i ne 

s tres ses a t  h i gher  ta ke-up vel oc i t i es cou l d cont i nue  to cause  mo l ec u l a r  

rearrangement  i n  the fi ber and conti nued a l i g nmen t  o f  t h e  mo l ecu l es  

paral l e l to the f i ber ax i s and  thereby i ncrease the b i refri ngence . 

I t  i s  a l so pos s i b l e tha t the i ncrease i n  b i refr i ngence i s  due 
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to i nc i p i en t  format i on of pseudohexagonal  c rysta l l i tes . Howeve r ,  the 

s i ze of s uc h  i nc i p i ent  c rysta l l i tes i s  too sma l l to obta i n a ny detectab l e 

c rysta l l i ne i nterference effects on the on - l i ne WAXS patterns . 

Res u l ts 

B .  STRUCTURAL CHARACTERISTI CS OF  SPUN F I B ERS 

WAXS patterns of spun f i bers were ta ken  i n  a vacuum camera 

i mmedi a te ly  a fter  s p i nn i ng .  The t ime req u i red to take the  s amp l e  from 

the bobb i n  and  put  i t  i n  a vacuum camera wa s l es s  tha n fi ve mi n utes . 

These patterns a re s hown i n  F i gure V I I -4 .  

F i gure V I I - 5  s hows effects of cond i t i on i ng the samp l es a t  65  

percen t  re l a t i ve h umi di ty for 24 hours  on HAXS . The effect of con -

d i t i on i ng on the b i refri ngence of the samp l e  i s  s een  i n  Tab l e B .  The 

b i refri ngence of the cond i t i oned samp l es i s  p l otted i n  F i g ure V I I -6 

aga i ns t the  s p i n l i ne s tresses . 

The crysta l l i ne ori entat ion  of the s pun a nd cond i t i oned fi bers 

was determi ned u s i ng a n  x- ray d i ffractometer . Hexagona l  symmetry of 

the un i t  ce l l was a s s umed i n  the spun fi bers . The a- and b -axes  of a 

hexagona l ce l l a re c rysta l l ogra ph i ca l ly equ i va l ent . Therefore i t  i s  

not poss i b l e  to determi ne separa te a - and b-ax i s ori entati on functi ons . 

We a s s ume that f = f
b

. Thi s va l ue ,  a s  we l l a s  f , a re p l otted i n  a c 

F i gure V I I - 7  aga i n st  take-up ve l oc i ty and i n  Fi g ure V I I -8 aga i n s t  

s p i n l i ne s tres s . The fc wa s obta i ned u s i ng Wi l ch i ns ky • s  a n a lys i s  for 

a hexagona l un i t  ce l l .  Thi s g i ves 

f = -2f  c a ( V I I  - 1 ) 



(A ) 200 m/mi  n ( B ) 1 000 m/m i n 

F i g ure V I I - 4 .  �JAXS patterns of nyl on -6  fi bers take n  i mmed i ate ly  
after s p i n n i n g .  
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(A ) 0 Hours ( B ) 24  Hours  

F i gu re V I I - 5 .  WAXS patterns of  nyl on -6  fi bers s p un at  1 00 meters 
per  mi n ute and cond i t i oned  at 65 percen t  rel a ti ve 
humi di ty for di fferent  l engths of t i me .  
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Ta ke-up  
Vel oc i ty 
Met/mi n 

1 00 

200 

300 

556 

1 000 

1 3 1 

TABLE  8 

B I REFRI NGENCE OF NYLON-6 FI BERS I N  THE SP I N L I N E  (MAX I MUM 
VALUE ) AND AFTER CONDITION I NG AT 65 PERCENT RELAT IVE  

HUMI D ITY FOR 24  HOURS 

Maxi mum B i refri ngence 
i n  the Sp i n l i ne 

X 1 Q 5 

9 

1 5  

47 

97 

1 72 

B i refri ngence of 
Cond i t i oned F i ber5 

X l 0 

1 1 0  

450 

700 

1 500 

2280 
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F i gure VI I - 6 .  B i refri n gence o f  ny l on - 6  fi bers con d i t i oned  for 
24 hours at 65 percent rel a t i ve h umi d i ty p l otted as a 
funct ion  of s p i n l i ne s tress . 
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F i g u re VI I - 7 .  Or i entat i o n  function  of s p un and  con d i t i oned  ny l on - 6  
fi be rs a s  a funct ion  of  ta ke- up vel oc i ty .  
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I n  Fi gure V I I - 9 ,  SAXS patterns of t he samp l es s pu n  a t  d i fferent ta ke-

up vel oc i t i es a re shown . 

D i scu s s i on 

I t  i s  seen  i n  F i gu re V I I -4 that the s amp l e s pu n  a t  200 meters/ 

mi nute s hows an amorphous ha l o wi th d =4 . 23A0 , a nd the : sampl es · s pu n  a t  
avg 

1 000 meters /mi n ute exh i b i ts a pattern characteri s ti c  of a we l l  or i ented 

y-form wi th  sma l l c rystal  s i ze .  Th i s  d i fference seems to be due to the 

h i gher rate of n uc l eat i on cau sed by h i gher mol ecu l a r  or i entat i on  i n  the 

l atter samp l e .  Th i s  h i gher mol ecu l ar ori entati o n  was genera ted a s  a 

res u l t of the h i gher  s p i n l i ne s tres s  deve l oped by the h i gh ta ke - u p  ra te . 

Thus , a l though nyl on-6  does not crysta l l i ze on  the s pi n l i ne ,  i t  does s o  

on  t he  bobbi n ,  and  the  rate of th i s  process depends on  the mo l ecu l a r  

or i entat i on devel oped by the s p i nn i ng cond i t i on s . 

I f  the samp l es wh i ch a re i n i ti a l ly  amorphous a re cond i t i oned i n  a 

humi d a tmosphere , for a s uffi c i ent ly l ong t i me ,  they crys ta l l i ze i n to a 

y-form . Th i s i s  seen i n  F i gure VI I - S  where the cond i t i oned samp l e  s hows 

a d i s t i nct  c rysta l l i ne ri ng  wi thi n the amorphous  ha l o .  Th i s i ncrease i n  

crysta l l i n i ty has been observed by other i nvest i gators a l s o and  i s  

a ttri bu ted to the p l a st i c i z i ng act i on of wa ter mo l ec u l e s  wh i ch i ncrease 

the cha i n  mobi l i ty .  

The proces s of condi ti oni ng a l so causes  a n  i ncreas e  i n  the 

mol ecu l ar ori entat i on of ny l on-6  fi bers . Thi s i s  obv i ous  from Tab l e 8 

where the b i refr i ngence of the cond i t i oned fi bers i s  seen  to be ten 

to fi fteen t imes h i gher tha n the h i ghes t b i refr i ngence va l ues observed 

i n  the s p i n l i ne .  
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(A) 1 00 m/mi n ( B )  200 m/mi n 

( C ) 556 m/mi n ( D ) 1 000 m/mi n 

F i g ure V I I -9 .  SAXS patterns of s pun  and  condi t i oned ny l on -6 fi bers . 
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The mol ecu l a r  or i enta t i on of the sp u n  and  cond i t i o ned samp l es 

depends on the s pi n l i ne s tres s . Th i s  i s  s tr i k i ng ly  seen i n  F i g ure 

V I I - 6 .  As i n  the case  of other polymers (48 , 89 ) , nyl on -6  a l s o s hows 

a n  i ncrease i n  b i refri ngence wi th s p i n l i ne s tres s . 

The c rysta l l i ne ori entati on factor f , s hown i n  F i g ures V I I -7 and  c 

V I I -8 ,  i ncreas es wi th ta ke- up  ve l oci ty and  sp i n l i ne s tres s , but  fb 

decreases . Thus as  the  take-up ve l oc i ty or the s p i n l i n e s tress i ncrea ses , 

the c- axes tend to become more near ly  para l l e l to the fi ber ax i s ,  wh i l e  

the b- axes ( o r  a-axes ) tend to become more nearly perpend i cu l ar to the 

fi ber  axi s .  

For compar i son , fb and  fc 
va l ues for po lyethyl ene ( P E ) ( 48 ) , 

polypropyl ene ( PP ) ( 68 ) , and  polyoxymethyl ene ( POt·1 ) ( 89 )  fi bers a re a l so 

s hown i n  F i g u re V I I - 9 .  I n  case  o f  P E  and PP , f
b drops to about 

-0 . 4  and  the b-ax i s becomes nearly perpendi cu l a r  to the fi ber ax i s even 

at very l ow s tres s l evel . For nyl on-6  and  P0�1 ( hexagona l u n i t ce l l ) , fb 

decrea ses  s l owl y wi th s p i n l i ne s tres s . 

I n  the case  of  PE  and  PP  ( orthorhomb i c  and  monoc l i n i c  un i t  cel l s ,  

res pec ti ve ly ) , one can  u n i que ly  determi ne fa and  fb from sepa rate x-ray 

data . For ny l on - 6  and  POM , we cannot d i s t i ngu i s h  between the a - and  b­

a xi s .  I n  determi n i ng fa or f
b for the hexagona l u n i t ce l l , the 

i ntens i ty d i s tr i but i on for the ( 1 00 ) refl -:r:ti ons  i s  i n  effect averaged 

wi t h  the  d i str i but i on  from the ( 0 1 0 ) refl ec ti ons .  The net  effect i s  

that the mea sured va l ue of fa 
( or  fb

) represents the average ori entati o n  

of both t h e  a - and  b-axes i n  the f i b e r .  Thu s , n o  conc l u s i on ca n be 

drawn from the  fact tha t th i s  va l ue decreases more s l owly  tha n the 

va l ue of fb for PE and PP . 
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I n terest i ng ly enough , the f va l ues  for P E  and  POM are near ly  c 

eq ua l i n  the l ow s tre s s  reg i on and i ncrea se  s l owly  wi t h  s p i n l i ne s tre s s ,  

but  those for PP a nd nyl on-6  i ncrea se rather sharp ly  to a va l ue of 

about 0 . 4  a nd  then i nc rease s l owly . 

The SAXS patterns i n  F i gure V I I -9 s how that for 1 00 m/mi n samp l e ,  

there i s  a nearly un i form d i ffuse r i ng ,  but  a t  h i g h  ta ke-up  ve l oc i t i es , 

typi ca l  two poi n t  d i agrams a re obta i ned . The l ong  per i od s pa c i ngs  

obta i ned from these patterns are l i s ted i n  Tab l e  9 . They l i e i n  the  

range of  60- 65A0 • Thi s can  be compared wi th the va l ue of 60A0 obta i ned 

by Ge i l ( 60 ) for s i ng l e crysta l s  of nyl on-6 . The l ong peri od s pac i ngs 

of nyl on-6  are much sma l l er tha n those  of po l yethyl ene or polypropyl ene 

wh i c h a re a bout  230A0 and l 35A0 res pect i vel y .  

Poss i b l e  Morphol ogi ca l  I nterpretati on 

The SAXS of ny l on- 6 spun at  l ow take-up ve l oc i ty ( 1 00 m/m ) shows 

a d i ffu se  r i ng . Th i s  i s  i nd i cat i ve of a n  unori ented l ame l l ar s tructure , 

probab ly  spherul i t i c  s tructure . The SAXS of nyl on - 6  a t  h i g h ta ke- up  

ve l oc i t i es s hows a two poi n t  d i agram .  Thi s suggests  a row nuc l eated 

s tructure wi t h  l amel l a e growi ng perpend i c u l ar to the f i ber ax i s .  These 

l amel l ae cons i s t  of a l ternate crysta l l i ne and  amorphous reg i ons . The 

c ha i ns i n  the l amel l ae fol d .  I t  may be reca l l ed that  the l amel l a r  

s tructure has  been observed i n  the so l u t i o n  crysta l l i zed  s i ng l e  c rysta l s 

( 60 , 1 23 ) . I nfrared s tudi es on  the b u l k crys ta l l i zed a l i phati c po ly­

ami des a l so s uggest the exi s tence of  cha i n fo l ded s tructure ( 92 ) . 

Ev i dence for cha i n  fo l d i ng i n  nyl on 66 has been d i s cu s sed by D i smore 

and S ta tton ( 52 ) .  A mode l of cha i n fol ded l ame l l ar s truc ture i n  the 



Ta ke- up  
Ve l oc i ty 
Met/mi n 

1 00 

200 

556 

1 000 

1 500 

2000 

2400 

TABLE 9 

LONG P ER IOD SPAC I NGS OF NYLON-6  F I BERS SPUN  AT D I FFERENT 
TAKE-UP V ELOCI T I ES 

Long Peri od 
S pa c i ng 

Ao 

6 5  

6 5  

65  

6 3  

6 3  

60  

65  

1 39 
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mel t  spun  nyl on-6  fi bers thus  s eems rea sonab l e .  

The two po i nt SAXS d i agrams of nyl on-6  a re not very s harp . The 

i ntens i ty s preads  s l i g ht ly  from the mer i d i an a round the i nc i dent  beam 

and s i deways . Th i s  may mean that the l ame l l ae a re not growi ng  s tri ct ly  

perpend i c u l a r  to the  fi ber axi s ,  but  a re s l i g ht ly  ti l ted . On the other 

hand , i t  i s  a l s o pos s i b l e  that the l ame l l ae a re growi ng perpend i cu l a r 

and  a re twi s t i ng  s l i ght ly  as  they grow . I n  the absence of e l ectron 

m i c roscopy and due to the i mpos s i bi l i ty of obta i n i ng defi n i t i ve ori en­

tat i on data due  to the hexagona l symmetry of the nyl on-6  (y-form ) u n i t 

ce l l ,  i t  i s  not poss i b l e  to draw deta i l ed conc l us i ons  about  the nature 

of the l amel l ar morpho l ogy . One mi ght  specu l ate tha t i f  one i ndeed 

has l amel l ar s tructure wi th the c-ax i s perpend i c u l a r to the broad face 

of the l ame l l a  and there i s  regu l ar  twi s t i ng of the l ame l l ae about 

s ome growth d i recti on ( perpend i c� l a r  to c -ax i s i n  the un i t ce l l ) , the 

va l ues of f and f ( or f
b

) s hou l d  be +0 . 2 5 and-0 . 1 2 5  respect i ve l y .  I f  c a 
there i s  l es s  twi s t i ng f shou l d  be grea ter than +0 . 25 and  f be l es s  c a 

tha n - 0 . 1 25 .  The f
a 

or f
b 

va l ues for POM ( hexagona l symmetry ) i n  

F i gure VII-9 a t  l ow s tres s l evel (a bout 3 x 1 06 dynes/cm2 ) a re about 

- 0 .  l i nd i cat i ng  the pos s i b i l i ty that the l ame l l ae may be regu l a r ly 

twi s t i ng at  th i s s tress l evel . At h i gher  s tres s l evel s ,  the se  va l ues 

become a bout - 0 . 3  s howi ng  l es s  twi s t i ng . For POM t here i s  a l s o 

e l ectron m i c roscopy i nd i cat i ng l ame l l a r twi s t i ng ( 89 ) . 

For nyl on-6  fa = -0 . 3  even a t  very l ow s tress l evel s of a bout 

3 x 1 06 dynes/cm2 . Thus , i t  seems that nyl on-6  l ame l l ae twi s t  to  

a l es ser extent ( i f  i ndeed they twi st ) than P E  or  POM . Thi s i s  a l s o 

ev i dent  from fc v a l ues i n  F i g ure VII-3. They a re l oY.Jer  for P E  and  P0�1 



than for ny1 on-6  or  even PP  i n  the reg i on  of l ow s tres s  l evel s .  

Res u l ts 

C .  POST TREATMENT O F  SPUN F I BERS 

1 41 

The effects of annea l i ng treatmen t  of spun  fi bers i n  wa ter a nd 

20 percent formi c a c i d  a re s hown i n  WAXS patterns of F i gure s  V I I - 1 0 and  

V I I - 1 1 .  The meri d i ona l pea k of 8 . 2A0 s l owl y d i sappears and  the  

eq uator i a l  peak of 4 .  1 3A0 sp l i ts i n to two refl ecti ons . The angu l a r  

d i fference between these two refl ect i ons wa s s tudi ed  wi th  the he l p 

of a n  x- ray d i ffractometer and i s  s hown i n  F i gure V I I - 1 2 .  · Th i s trans -

format i on  becomes more pronounced a t  hi gher temperature . At a ny 

tempera ture the formi c ac i d treatment s eems to  be more effecti ve 

than  annea l i ng e i ther i n  water or a i r .  I nterp l anar  spaci ngs  determi ned 

from the angu l a r pos i t i on of  the peak of each observed ref l ecti on are 

g i ven i n  Tab l e 1 0 .  The l ong peri od s pac i ngs obta i ned from SAXS are 

s hown i n  Fi gu re V I I - 1 3 .  I t  i ncreases a t  fi rs t s l owly , but  l a ter qu i te 

rap i d ly  wi th  temperature . 

D i scus s i on 

The s pun  f i bers i n i t i a l l y  s howi ng  a pseudohexa gona l s tructure 

changes s l owly i n to a monocl i n i c  s tructure after annea l i ng .  The 

equatori a l  pea k  ( 1 00 ) or  ( 0 1 0 ) of the pseudohexagona l  s tructu re ( y­
form ) sp l i ts i nto hvo peaks , ( 200 ) .and a doub l et  ( 002 ) ( 202 ) of a 

monoc l i n i c  s tructure (a-form ) . Thi s a-form i s  rather i mperfect a nd 

has  been ca l l ed 1 1 pa t·acrys ta l l i ne a-form1 1  by Rol da n and  Ka ufman ( 1 32 ) . 

The d - spa c i ng s  of th i s  form are not s harp ly  defi ned . They vary wi th 



(A )  Unannea l ed 

F i g ure VI I - 1 0 .  WAXS patterns of  ny l on - 6  fi bers annea l ed i n  water 
at d i fferent  temperatures for two hours . 
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( A ) U na nnea 1 ed 

Fi gure VI I - 1 1 .  WAXS patterns of nyl on-6  fi bers annea l ed i n  20 percent 
formi c ac i d at  di fferent  temperatures for two hours . 
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TABLE 1 0  

CHARACTERI STICS  OF SPUN AND ANNEAL ED NYLON-6  F I BERS -­
TAKE-UP SP E ED = 556 MET/M I N , ANNEAL I NG T IME = TWO HOURS 

D 1 fference 6 Long 
Annea l i ng Between the Peaks Per iod  
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Annea l ed Tempera ture ( 002 ) ( 202 ) and Spaci ng Bi refri ngenc3 i n  oc (200 ) degrees Ao 
X 1 0  

Vacuum 2 5  0 . 0  64 . 6  1 5 . 0  
Oven 70 1 . 2 6 6 . 2  2 1 . 4  

1 00 2 . 0  70 . 1  37 . 7  
1 50 3 . 4 9 2 . 3  42 . 1  

Water 2 5  2 . 2  70 . 4  20 . 8  
60  2 . 7  7 3 . 9  2 7 . 3  

1 00 3 . 4  87 . 9  30 . 6  

20% 25 3 . 2  7 5 . 6  30 . 3  
Formi c Ac i d  7 5  3 . 8  82 . 6  49 . 6  
So l ut i on 1 02 4 . 0  89 . 5  6 6 . 8  
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the annea l i ng treatment . 

The pl ot  of angu l a r  d i fference between the two equator i a l  pea ks 

of the a-form as  a fu nct i on of annea l i ng temperature i n  F i g ure V I I - 1 2  

a ga i n  s hows that the mos t rap i d  transformat i o n  i nto the a-form occurs 

i n  20  percent formi c a c i d .  The tra ns formati on  i s  much s l ower when 

annea l i ng i n  a i r .  The rate of transforma t i on i ncreases wi t h  temperature 

for a l l three med i a .  The annea l i ng i n  form i c ac i d a t  a bout  l 00 °C  

y i e l ds a n  a-form wi th about 4 °  a ngu l ar separat i on . Th i s corres ponds 

to the va l ue obta i ned for Bunn-a form . 

The reason  for h i gher  rate of transforma ti on i n  formi c ac i d  than 

i n  water or i n  a i r must  be  due  to ease of break i ng  of hydrogen bonds by 

the med i um .  

thems e l ves . 

Th i s  a l l ows c ha i ns  i n  the crysta l l i tes to rea rrange 

Concentrated formi c ac i d d i s s o l ves nyl on-6 . Th i s  wou l d  

seem to s ub stanti ate th i s  s �ggesti o n .  



CHAPTER V I I I  

MECHAN I CAL PROPERT I ES OF SPUN NYLON -6  

A .  RESULTS 

The tens i l e  properti es of spun fi bers cond i t i o ned i n  65 percent 

re l at i ve humi d i ty env i ronment at 20°C for 24 hours were measured on an  

I ns tron Tens i l e  Tester .  Typ i ca l  eng i neer i ng
-
s tres s -e l ongat i on data 

obta i ned a re s hown for d i fferent ta ke-up ve l oc i t i es i n  F i gu re V I I I - 1 , 

wh i l e  F i g ure V I I I - 2  s hows correspondi ng data for the natura l draw rati o .  

Var i ou s  tens i l e  properti es s u ch a s  tens i l e  s trength ( based on  the 

i n i t i a l  c ro s s - secti ona l  a rea ) , ta ngent modu l us ( = i n i t i a l  s l ope of  the 

s tres s -e l ongat i on  curve and e l onga t i on at brea k were obta i ned from these 

data . The se  are p l o tted i n  F i gures V I I I -3 through V I I I -6 as  functi ons 

of vari ou s  parameters s uch  as  ta ke- up  ve l oc i ty and s p i n l i ne s tress 

B .  D I SCUSS I ON 

F i gure V I I I - 1  s hows that the fi bers spun  a t  l ow ta ke-up 

vel oc i t i e s  s how h i gher  e l ongat i o n  to brea k ,  but l ower s tres s ( based 

on or i g i na l  c ros s - s ect i ona l area ) at brea k .  They a l so  s how a d i s t i nct 

y i e l d  poi n t .  Such  a y i e l d poi nt  i s  not observed fo r fi bers spun  a t  

very h i gh take-up  ve l oc i t i es ( s uch  a s  2400 meters/m i n ute ) . 

A natu ra l  draw rat i o  ( NOR } or y i e l d  e l onga t i o n  ca n be ca l cu l a ted 

frcm the s trP.s s -e l o nga t i o n  curves of F i g ure V I I - 1 . Thi s wa s done 

1 48 
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by ex trapo l a ti n g  the part of the curve wh i ch s ho\'JS the yi el d poi n t a nd 

a l l owi ng i t  to i n ters ect wi th the ex trapol a ted pa rt of the stra i g h t  l i ne 

porti on of the c u rve beyond the y i e l d po i nt .  ( Thi s extrapo l a t i on i s  

s hown i n  F i g u re V I I I - 1  fo r th e curve o f  556 meters/mi nute . ) The 

e l o n ga t i o n at the po i nt of i nters ec t i o n  g i ves the NOR . Th i s  i s  p l o tt2d 

i n  F i gu re V I I I - 2  as a fu nct i o n  of ta ke-up vel oc i ty .  I t  i s  s een tha t 

th e NOR dec rea s es wi th ta ke- up  vel oc i ty a n d  goes  to zero a t  h i g h  ta ke-up 

vel oc i t i es .  

F i gure V I I I - 3  s hows tha t th e tens i l e  s trength and the modu l u s 

i nc rea s e  wi th i nc rea s i ng ta ke-up ve l oc i ty .  The modu l us i ncreases  s l owl y 

i n i ti a l l y ,  but  much fa s ter  when the ta ke-up vel o c i ty i s  i nc reased 

b eyo nd 1 000 meters/mi nute . The tens i l e  s trength i nc rea s es a l most  

l i nearl y wi th take-up  vel oc i ty .  The e l o ngati on a t  break dec reases 

wi th ta ke-up  vel oc i ty .  The decrea s e  i s  mu c h  s l ower i n  t h e  h i g h ta ke-up 

v e l oc i ty regi o n .  

I n  earl i er s tud i es ( 1 78 ,  37 , 38 ) , s p i n l i ne s tres s was s hown to 

be the  pr i ma ry vari a b l e i n  determi n i ng the morphol ogy and  the phys i c a l  

properti es o f  s p u n  pol yethyl ene a n d  po lypropyl ene fi bers . For th i s  

reas o n  t he  tens i l e  properti es of nyl on-6  a re pl otted aga i n s t  s p i n 1 i n e 

s tress i n  F i gure V I I I - 4 .  The properti es vary i n  the same manner wi th 

the s p i n l i ne stress a s  wi th the ta ke-up ve l oc i ty .  

Fi gure V I I I - 5  and  V I I I -6 s how tha t the tens i l e s trength a nd the 

modu l u s i ni ti a l l y i ncrea se  very s l owl y wi th s truc tural  character i s ti cs 

o f  fi ber suc h  a s  b i refri ngence and c-axi s ori entati o n  fa cto r ,  f
c

, but  

the  i nc rea se  i s  much  sha rper i n  the reg i on of  h i gh va l u es  of b i refri ngence 

and f
c

. 
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I n  F i gures V I I I -7  arid V I I I -8 we have compa red the tens i l e  pro -

pert i e s  of  nyl on - 6  wi th  those of  polyethyl ene ( 48 ) a nd polypropyl ene 

( 68 ) . The changes i n  the properti es wi th s p i nn i ng cond i t i o ns are s i mi l a r 

fo r a l l po l ymers . I n  genera l , nyl on-6  i s  found to have a h i g her ten s i l e  

s trength but  l ower el ongat i on to brea k than both pol yethy l ene and po l y­

propyl ene . However , we mus t  be cauti ous i n  ma k i n g  s uch  compa r i son 

because  the tens i l e  properti es of po lymers depend heav i l y  on  the i r  

mol ec u l a r  wei g hts , and there i s  a very '.'Ji de d i fference i n  the mo l ecu l ar  

wei ghts of po l yami des a nd po l yo l efi ns . 
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CHAPTER I X  

CONCLUS I ONS AND RECOMMENDAT I ONS 

Vari oL• s  a s pects of mel t s p i nni ng  of nyl on-6  have been studi ed i n  

th i s d i s sertat i on . The maj or conc l us i ons reached from thi s s tudy , a s  

wel l a s  recommendat i ons for fu rther study a re pre s ented i n  t h i s chapter . 

A .  CONCLUS I ONS 

Rheo l ogi ca l  Characteri zati on 

Nyl on-6 mel t s hows approx ima te ly  Newto n i a n  behav i or i n  the l am i nar  

- 1  shear  fl ow experi ments at  shear  rates o f  1 0  s e c  and l ower . The s hear  

vi scos i ty decreases wi th s hear  rate i n  the ra nge of 1 0- 1 000 sec - l  

Very 1 01" norma l s tres ses are detected i n  these exper ·i ments . The po lymer 

re l axat i on t ime mea s u red i n  the rheogoni ometer i s  of the order of 0 . 007 

to 0 .01 1 sec at 270°C  a nd 0 . 025 to 0 . 04 sec at 230 °C . The accuracy of 

measurement  of norma l s tres ses is  l i mi ted due  to therma l degradati on and 

f l ow i ns tab i l i ty .  The Bogue-Wh i te rheo l og i ca l  model  (wi th a " box ' ' 

d i s tr i but i on of rel axat i on s pectrum ) descri bes the shear  v i s cos i ty 

behav i or  i n  the range of shear  rate of 0 . 1 - 1 000 sec - l , i f  the  va l ue of 

consta nt  " a "  i n  the model  i s  chosen a s  0 . 20 .  

Non- I sotherma l Mel t Spi nn i ng 

The force d i s tri bu t i on i n  the s p i n l i ne was obta i ned for w i de 

range of  ta ke- up  ve l oci ti es . At l ow ta ke-up  ve l oc i t i es , the i nert i a  

force and  the a erodynam i c  drag  are neg l i g 1 bl e ,  but  the grav i ty force 
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i s  s i gn i f i c a n t .  At i ntermed i a te vel oci t i es , the grav i ty force ba l a nces 

the comb i ned drag  and i nert i a forces . At h i gh ta ke-up ve l oci t i es , both 

the i nert i a force and the aerodynami c drag are s i g n i f i cant  but  the 

grav i ty force i s  neg l i g i b l e .  The rheo l og i ca l  force decreases a l ong the 

s p i n l i ne at l ow take-up  ve l oc i t i es , rema i ns con s tant  at i n termed i ate 

ve l oc i t i es a nd i ncrea ses a t  h i g h  ta ke- up  ve l oci t i es . The aerodynami c  

drag  obta i ned by L• s i ng the boundary l ayer ana lys i s  o f  Sak i ad i s ( 1 3 5 ) 

i s  much l ower tha n  th at  obta i ned by u s i ng exper imenta l  Cf-Re re l a ti on­

s h i ps  of  severa l other research groups ( 5 ,  64 , 1 38 ) . 

The non- i s otherma l e l ongat i ona l vi scos i ty i ncreases exponenti a l ly  

a s  the  f i ber temperature i s  decrea sed . T he  res u l ts  of  t he  s p i n l i nes 

s pun  a t  d i fferent take- up  vel oc i ti es over l a p  i n  the h i g h temperature 

reg i on but  spread a part at l ower tempera tu res . The spread i s  greater 

if the exper i menta l C f- Re re l a ti ons h i ps of Hamana , et a l . ( 84 ) a re used 

to ca l cu l ate  the drag a nd the e l ongati ona l v i s cos i ty .  

I sotherma l Mel t Spi nn i ng :  

I sotherma l me l t  s p i nni ng experi ments i nterpreted i n  terms 6f 

e l ongat i ona l v i s cos i t i es g i ve a x funct i on whi c h  i nc reases w i th  

e l ongati on rate . The x/n ra ti o of about 1 5  obta i ned i n  the present  

stud i es genera l l y  agrees wi th a na l ys i s  of  prev i ou s l y  pub l i s hed data 

on x and n for separa te pol ymers . 

P red i ct i ons of e l onga ti ona l v i scos i ty ,  u s i ng va r i ous  rheo l og i ca l  

mode l s a n d  materi a l  parameters determi ned i n  the s hear experi ments , l i e 

c l ose  to the  Newton i a n  pred i c ti ons . I n terpreta ti on  of the data i n  

terms of the theory of Denn , Petri e and Avenas for me l t  s p i nn i ng of a 
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convected Maxwe l l f l u i d  s hows that agreement i s  o n ly  pos s i b l e  i f  we use  

a va l ue of  re l axat i on t i me 30  to 40 t imes g reater than the  norma l s tres s  

bas ed average re l axat i on t i me .  

S tructu re Devel opment  and Morpho l ogy 

Nyl on-6  fi l aments remai n  amorphous i n  the ru n n i n g  s p i n l i ne even 

at take-up ve l oci t i es  of  up to 1 500 meters/mi nute . A hum i d s a turated 

a tmosphere a round the s p i n l i ne does not produce a ny crysta l l i n i ty i n  

the  runn i ng s p i n l i ne .  B i refr i ngence i ncrea ses  a l ong the  s p i n l i ne .  At 

h i gh ta ke- up  ve l oc i t i es ,  the i ncrease  pers i st s  even. at temperatures 

as l ow as  80°C and  a fter the fi l ament has reached i ts fi n a l  d i amete r .  

Th i s  behav i or i s  prob�b ly  caused by an  i nc i p i ent  crysta l l i za t i o n  order i ng  

phe nomenon . However ,  x- ray d i ffracti on patterns do not s how any 

crys ta l l i ne t'ef l ect i ons i n  th i s  poi nt  of the s p i n l i ne .  

Spun  nyl on-6  fi l aments c rysta l l i ze i nto ps eudohexagona l form upon 

cond i t i on i ng them i n  a h umi d atmosphere . The b i refri ngence a l so  

i ncreases tenfo l d  or more on condi t ion i ng . The SAXS  patterns of f i bers 

spun  at i ntermed i ate and h i gh take-up  ve l oci t i es show a meri d i ona l two­

poi nt d i agram .  At l ow vel oc i t i es the i ntens i ty of the SAXS ref l ecti on 

s p reads mqre u n i form ly  around the i nc i dent x-ray beam . 

The c - ax i s or i entati on funct i on of the cond i t i oned fi l aments 

i ncrea ses wi th  take-up  vel oci ty and s p i n l i ne s tres s . 

When the s pun  cond i t i oned fi l aments a re annea l ed i n  a i r ,  water 

or  20 percent formi c ac i d  at i ncrea s i ng temperatures , the  pseudohexagona l 

structure c hanges s l ow ly  i nto a monoc l i n i c  s tructure . The cha nge i s  

more severe wi t h  wa ter and  formi c ac i d trea tment .  The l o ng per iod  
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of l amel l a r s tructure i nc reases wi t h  i ncrea se  i n  a n nea l i ng  temperature . 

Mechan i ca l  Properti es 

F i bers s pun  at l ow ta ke-up vel oc i t i es s how y i e l d po i nts i n  the i r 

s tres s -e l onga t i on c urves , but those spun a t  extreme ly  h i g h  take-up  

vel oc i t i es do not  s how th i s  behav i o r . The na tura l  d raw rat i o  decreases 

wi th  i ncrea s i ng the take-up  vel oc i ty .  The tens i l e  s trength a nd the 

modu l us i ncrease  s l owly at f i rs t ,  but  rap i d ly  l a ter , wi th i ncrease i n  

s uch  process  vari a b l es a s  take-up vel oci ty and  s p i n l i ne s tres s . The 

e l ongati on to break decreases rapi d l y  a t  fi rs t ,  but  s l ow ly  l a ter ,  wi th 

i ncrease  i n  these vari ab l es . S i mi l a r behav i or  i s  observed when these 

properti es a re p l otted aga i ns t  such s tructural character i s t i cs as 

b i refr i ngence and c - ax i s o r i e n ta t i o n factors of cond i t i oned f i bers . 

B .  RECOMMENDATI ONS 

( l ) A more thorough  s tudy of the v i scoe l a s t i c  properti es of 

nyl on - 6  mel ts i s  t'equ i red . The s pectrum of rel axa t i on t i mes  s hou l d be 

mea s ured .  I n  add i t i o n ,  more wo rk i s  needed o n  t h e  meas urement of  norma l 

s tresses . The sens i t i v i ty of the transducers a nd the norma l s tress 

spr i ng s hou l d  be i ncrea sed so  that the norma l s tres s es cou l d  be mea sured 

more accurate ly  i n  the l ower s hear rate reg i on .  

( 2 )  D i e- swel l of nyl on-6 fi bers s hou l d  be mea s ured a t  di fferent 

l evel s of s p i n l i ne s tres ses . 

( 3 )  A better theoreti ca l  and experi menta l treatment of s p i n l i ne 

rheol ogy i s  needed . As part of thi s a l onger i sotherma l c hamber shou l d  

be u sed i n  the s tudy of i sotherma l me l t sp i nn i ng .  
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( 4 ) Aerodynam i c  drag coeff i c i ent s hou l d be determi ned experi ­

menta l ly .  A ten s i ometer wi th  h i gher  accuracy of mea s urement s hou l d  be  

used . 

( 5 ) A constant temperature c hamber a s  we l l a s  a s team chamber 

s hou l d  be u s ed a round the s p i n l i ne to see i f  nyl on-6  wou l d crys ta l l i ze 

i n  the s p i n l i ne .  

(6 ) S p i n neret d i �ens i ons , extrus i on temperature and  extrus i on 

rate s hou l d  be vari ed a nd the i r effects on the s p i n l i ne s tres s , s truc­

tura l character i s t i cs and properti e s  s hou l d  be  s tud i ed .  

( 7 ) S tud i e s  of drawi ng of nyl on-6  fi bers a nd of s p i n-draw 

i n teract i on a re needed . 

( 8 ) F i na l l y ,  one s hou l d s tudy other ny l on fi bers to see  i f  the 

conc l us i ons of present stud i es a re true for a l l po lyami des i n  genera l . 
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APPEND I X  A 

Ca l cu l a t i ons  of va r i ous force components i n  the force ba l ance 

equat i on are as  fol l ows . 

G rav i ty Force 

The grav i ty force i s  wri tten as 

/ pgAdx X ( A- 1 ) 

The fi ber d i ameter does not change from x = 1 60 em to the take-up 

bobb i n  ( x = L ) . Therefore , Fg r  a t  x = 1 60 i s  

F g r· ,  1 60 • g • A1 60 ( L  - 1 60 ) (A- 2 ) 

The tota l l ength of the s p i n l i ne ,  L ,  i n  th i s  exper iment i s  373  em . The 

g rav i ty force at  s ucces s i ve poi nts above x = 1 60 em wa s ca l cu l a ted by 

trapezoi dal  rul e of i ntegrati on ; thus , e . g .  

p l 55 + p l 60 Fg r ,  1 55 = 
Fg r ,  1 60 + 

( 2 ) 
A l 55 + Al 60 

( 2 ) . g . 5  

( A-3 ) 

The  ca l cu l a t i ons were carri ed out i n  th i s  fas h i on from x = 1 60 em to 

x = 5 em. The experi menta l ly obta i ned profi l e  of d i ameter wa s used 

to ca l cu l ate the area A ,  and the temperature profi l e  and the  dens i ty­

tempera ture re l at i o ns h i p  were used to obtai n the dens i ty .  

1 76 



I nerti a Force 

The i nert i a fo rce a t  each  poi nt  was ca l cu l a ted  as 

(A-4 ) 

where W i s  the mas s  fl ow rate . 

Aerodynami c Ora q  

The aerodynami c drag per un i t l ength o f  a f i ber d i ameter d 

runni ng at  a ve l oc i ty V can be g i ven by Equa t i on V- 2 .  Th i s  can  be 

obta i ned wi th Equat i on V-3  and  i ntegrated to y i el d 

F
aero 

= m1r 1 -n 
2 P a  

n 1L 2-n 1 -n d ]Ja X v_ d X ( A-5 ) 

P rocedure exac t l y  the s ame as  that u sed i n  the  c a l cu l a ti ons of the  

gra vi ty force was u sed to  ca l cu l ate the  drag force . Va l ues  of  rn and 

n requ i red for thes e c a l cu l ati ons a re l i s ted i n  Tab l e  4 ,  page 79 . 

· The drag force was a l so ca l cu l ated by us i ng the Sak i ad i $ 

ana lys i s .  Th i s  a na l ys i s  i s  carri ed ou t for a cyl i nder of  constant 

d i ameter runn i ng a t  a constant vel oc i ty .  I n  fi ber s p i nn i ng , both of 

them vary .  For th i s  reason , average va l u es of d i ame ter a nd ve l oc i ty 

a re used . The  average wa s ca l c u l ated a s  

v dV9 
= 1 

n 
n 
E 

i = 1  
d 
avg (A-6 ) 

1 77 

The d i mens i on l es s  parameter � g i ven by Equ a t i on I ! -45b , was ca l c u l ated 



'1 78 

a nd the numeri ca l  s o l ut i on of Sa k i a d i s  wa s used to obta i n  the  momentum 

a rea e from � - The tota l  drag on the fi l ament between x = 0 a nd 

x = x i s  g i ven by Equat i on I I -45a . 

The force ba l ance ( Equat i on  I I -44 ) on the s p i n l i ne i s  made 

between x = x and  x = L ( see Cha p ter I I ) . Therefore the drag mu st  be 

obta i ned on  th i s  l ength of the fi ber .  Th i s  i s  done a s  

F = F - F x ,  L 0 ,  L 0 ,  X 

where F L denotes drag on the f i l ament between x = x a nd  x = L X ,  

(A- 7 ) 
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TABLE 1 1  

EXPERI MENTAL AND CALCULATED DATA FOR NYLON-6 NON-I SOTHERMAL S P I N N I NG --
TAKE-UP VELOCITY .. 1 00 MET/MI N ,  TAKE-UP TENS I ON "' 1 47 DYNES 

.. Force D i s tri buti on 
wi thi n the Sp1 n l i ne ,  El onga t i o n a l  DJ::nes 

Di s ta nce Fi ber F trh eo 
V i scos i ty B i re-

from Fi ber Temper- . Fi ber F i ber Vel o c i ty d rag Poi s e  x 1 0 - 5  fri n-
5p1 r.neret Di ameter ature Den s i ty Vel oci tv Gra d i e�r Fgrav Fi ner HMK* Sa k i adi s** HMK S a k i a d i s  HMK Saki a d i s  gence 

em em x 1 02 · oc gm/cc em/ s ec s ec 

1 0  4 . 1 5  2 7 1  0 .  9 7 7  31 . 5  3 . 47 1 00 . 1 5 . 7  20 . 6  1 2 . 5  2 2 1 . 8  2 28 . 9  0 . 47 0 . 49 
co 20 2 . 7 5 251  0 . 987 7 1 . 1  4 . 39 90 . 7  4 . 0  20 . 5  1 2 . 4  2 1 4 . 2  2 2 1 . 3  0 . 82 0 . 85 0 

30 2 . 20 231 0 . 998 1 09 . 8  3 . 7 9 85 . 9  2 . 4  20 . 2  1 2 . 1  21 1 . 0 21 8 . 4  1 . 4 5  1 . 5 2  

4 0  1 .  9 3  2 1 0  1 .  008 1 41 . 3 3 . 27 82 . 5  1 . 1 1 9 . 8  1 1 . 7  209 . 7  21 5 . 8  2 . 1 8  2 . 2 5 2 . 8  

so 1 .  79 1 9 7 1 .  01 5 1 53 . 1  1 . 1 9  79 . 9  0 . 0  1 9 . 3  1 1 . 3  208 . 6  21 5 . 6  6 . 92 7 . 1 9  3 . 8  

60 1 .  73 1 77 1 . 025 1 57 . 0  0 . 47 7 7 . 5  0 . 0  1 8 . 7  1 0 . 9  206 . 8  21 3 . 5  1 8 . 63 . 1 9 . 34 4 . 7  

7 0  1 .  7 3  1 57 1 . 03 0  1 67 . 0  0 . 00 ·  7 5 . 1  0 . 0  1 8 . 2  1 0 . 5  204 . 9 . 21 1 . 6  co co 5 . 9  

80 1 .  73 1 53 1 .  037 1 57 . 0  0 . 00 72 . 7  0 . 0  1 7 . 6  1 0 . 1  203 . 1  209 . 6  co co 5 . 7  

90 1 .  73  1 4 �. 1 .  041 1 67 . 0  0 . 00 7 0 . 3  0 . 0  1 5 . 0  9 . 7  201 . 3  207 . 6  00 00 7 . 2  

1 00 1 .  7 3  1 39 1 .  044 1 67 . 0  0 . 00 67 . 9  0 . 0  1 5 . 5  9 . 3  1 9 9 . 5  205 . 6  00 00 7 . 9  

1 1 0 1 .  73 1 30 . 1 .  049 1 67 . 0  0 . 00 65 . 5  . 0 . 0  1 4 . 9  8 . 9  1 97 . 6  203 . 6  "" .. 9 . 3  

1 20 1 .  73 1 1 8 1 .  054 1 67 . 0  0 . 00 63 . 0  o . o  1 4 . 3  8 . 5  1 9!' . 7  201 . 5  .. 00 8 . 9  

1 30 1 .  73  1 1 1  1 .  058 1 67 . 0  0 . 00 60 . 6  0 . 0  1 3 . 8  8 . 1  1 9 3 . 8  1 99 . 4  .. 00 8 . 9  

1 40 1 .  73 1 06 1 .  061 1 67 . 0  0 . 00 58 . 1  0 . 0  1 3 . 2  7 . 8  1 91 . 9  1 9 7 . 4 .. .. 9 . 6  

1 50 1 .  73  1 01 1 .  053 1 6 7 . 0  0 . 00 55 . 7  0 . 0  1 2 . 6  7 . 4  1 90 . 0  1 9 5 . 3  .. "' 9 . 3  

1 60 1 .  7 3  9 7  1 . 06 5  1 67 . 0  0 . 00 53 . 2  0 . 0  1 2  . l  7 . 0  1 88 . 2  1 93 . 2  .. .. 8 . 6  

*HMK: C a l cu l ations based on the Cr-Re rel at i o n s h i p  of Hamana , �1at s u i  a nd Kato. 

**Sa k i a d i s :  Cal cu l a ti o n s  based on the Sa k i ad i s  a na lys i s  of aerodynami c. drag . 



TABLE 1 2  

EXPERH·!F.NTAL /\NO CALCULATED DATA FOR NYLON-·6 NON - I SOTHERMAL S P I NN I N G - -

D i s tance F i ber 
from F i ber Temper-

Spi nneret D i ameter a t u re 
ern em x 1 02 o c  

1 0  3 . 80 2 7 0  
2 0  2 . 48 248 
30 1 .  90 228 
40 1 .  58 206 
50 1 . 4 5  1 88 
60 1 . 3 7  1 7 1 
70 1 .  28 1 5 5 
80 l .  22 1 4 6  
90 1 .  22 1 37 

1 00 l .  22 1 2 9  
1 1 0 1 .  2 2  1 20 
1 20 l .  22 1 1 1  
1 30 1 .  22 1 03 
1 40 1 .  22 98 
1 50 l .  22 93 
1 60 l .  22 88 

TAKE-UP VELOC ITY = 200 MET/i1I N ,  TME-UP TENSION = 21 5 . 6· DYNES 

Fi ber 
Dens i ty 

gm/ cc 

0 . 978 
0 . 989 
0 . 999 
1 .  01 0 
1 .  01 9 
1 .  028 
1 .  036 
1 .  040 
1 .  045 
1 .  04 9 
1 . 053 
1 .  058 
1 .  062 
1 . 0 6 5  
1 .  067 
1 .  069 

Fi ber 
Vel o c i ty 

em/ s e c  

37 . 6  
85 . 2  

1 47 . 1  
2 1 0 . 4  
247 . 6  
27 5 . 0 
3 1 2 . 5  
3 33 . 4  
3 33 . 4 
3 3 3 . 4  
3 3 3 . 4  
33 3 . 4  
3 3 3 . 4  
3 3 3 . 4  
3 33 . 4  
3 3 3 . 4  

-
Ve1 oc i ty 
G radi e�t F g ral! sec 

4 . 07 5 5 . 4 
5 . 49 4 7 . 6  
5 . 9 5 4 3 . 9  
5 . 1 2  4 1 . 5  
4 .  01 3 9 . 9  
3 . 64 38 . 3  
2 . 88 3 6 . 9  
0 . 93 3 5 . 7  
0 . 00 3 S . O  
0 . 00 33 . 8  
0 . 00 3 2 . 6  
0 . 00 3 1 . 4  
0 . 00 3 0 .  l 
0 . 00 23 . 9  
0 . 00 2 7 . 7  
0 . 00 26 . 5  

force D i s tri b u ti o n  
wi th i n  the Sp� nl i ne ,  

D nes 

Fd rag ... P.r·1K* S a k i a d i s** HNK r i 11 e r  

1 2 . 3  44 . 0  23 . 8  2 1 4 . 7  
1 0 . 3  4 3 . 6  2 3 . 6  209 . 1  

7 . 8  43 . 4  2 3 . 3  208 . 2  

5 . 1  42 . 5  22 . 7  209 . 5 
3 . 6  41 . 4  2 2 . 1  2 1 0 . 5  
2 . 4  40 . 3  2 1 . 4  2 1 1 . 2 

0 . 9  39 . 2  20 . 7  2 1 2 . 4  

0 . 0 3 7 . 9  1 9 . 9  2 1 3 . 4  

0 . 0  3 6 . 7  1 9 . 1  21 3 . 9  

0 . 0  3 5 . 4  1 8 . 2  2 1 4 . 0  

0 . 0  34 . 1  1 1 . 5  2 1 4 . 1  

0 . 0  3 2 . 7  1 6 . 8  2 1 4 . 3  

0 . 0  3 1 . 4  1 5 . 9  2 1 4 . 3  

0 . 0  30 . 1  1 5 . 2  2 1 4 . 4  
0 . 0  23 . 8. 1 4 . 4  21 4 . 5  

0 . 0  27 . 5  1 3 . 6 2 1 4 . 6  

*HII,K:  C a l cu l ati ons ba sed o n  the Cf- Re rel at i o n s h i p o f  Hamana , 1'-la t s u i  and Kato . 

**Sak i a d i s :  Cal cu l a ti on s  based on the Sa k i ad i s anal ysi s of a erodynami c  drag . 

F rheo 

Saki a d i s 

234 . 9  
2 2 9 . 2  
228 . 4  
229 . 3  
229 . 8  
230 . 1  
231  . 0  
2 3 1  . 4  
2 3 1 . 5  
231  . 1 
210 . 7  
230 . 2  
229 . 8  
229 . 4  
228 . 9  
228 ; 5  

E 1 onga t i o n a l  
V i s c os i ty B i re-P o i s e  x 1 0- 5  fri n-

HMK Sa k i a d i s  gence 

0 . 47 0 .  51 
0 . 7 9 0 . 86 
1 .  2 3 . 1 .  3 5  
2 . 09 2 . 28 1 . 8 
3 . 1 8  3 . 4 7 2 . 1  
3 . 94 4 . 2 9 2 . 4  
5 . 7 3 6 . 23 2 . 7  

1 9 . 60 2 1 . 28 3 . 0  .. .. 3 . 1  .. .. 3 . 2  00 00 3 . 2  .. .. 3 . 2  .. .. 3 . 1  .. .. 3 . 1  .. .. 3 . 1  00 00 3 . . 1 

...... 
00 ...... 



D i s tance 
"i'rom 

Spi nneret 
c:n 

1 0 
20 
30 
40 
50 
60 
70 
80 
90 

1 00 
1 1 0  
1 20 
1 30 
1 40 
1 50 
1 60 

*HMK: 

Fi ber 
D i ame ter 
em x 1 02 · 

:1 . 75 
2 . 20 
l .  7 5  
1 . 48 
l .  30 
l .  1 7  
1 . 08 
l .  02 
l .  00 
1 . 00 
1 .  00 
1 . 00 
l .  00 
l .  00 
1 . 00 
1 . 00 

F i ber 
Temrer-

a tu re 

TABLE 1 3  

EXPERIMENTAL AND CALCULATED Of.TA FOR NYLON-6 , NON- I SOTHERMI\L SPINNING - ­
TAKE-UP S P EED = 300 MET/t� I N ,  TAKE-UP TENS I ON = 284 . 2  DYNES 

Force Di s tr i b u t � o n  
wi thi n the Spi n l i nc ,  

OJ:nes 
F trheo 

Fi ber Fi ber Vel o c i ty d rag 

Dens i ty Ve l oc i ty F HMK* SC�. k i  a d i  s** HMK S a k i a d i s 
o c . gm/cc em/ s ec 

Gra d i e �t 
s e c  . g ruv F i ner 

258 0 . 984 38 . 3  4 . 30 4 1 . 2  1 9 . 2  68 . 9  3 5 . 3  242 . 3  2 7 0 . 8  
2 3 5  0 . 996 1 1 0 . 0  6 . 59 34 . 0 1 6 . 3  68 . 7  3 5 . 1  233 . 3  2 6 6 . 9  

220 1 . 003 1 7 2 . 7  6 . 60 3 1 . 0  1 3 . 6  68 . 2  3 5 . 7  233 . 4  2 6 5 . 9  

206 1 .  0 1 0 239 . 8  7 . 1 2  2 9 . 0  1 0 . 8  67 . 4  34 . 1  234 . 9  2 68 . 3  

1 84 1 .  0 2 1  3 07 . 5  7 . 1 2  2 7 . 4  8 . 0  66 . 4  33 . 3  2 37 . 2  2 7 0 . 3  

1 66 1 .  0 3 0  376 . 3  6 . 80 2 6 . 2  5 . 2  6 5 . 1  3 2 . 3  240 . 2  2 7 2 . 9  

1 50 1 . 038 438 . 2  6 .  01 2 5 . 2  2 . 6  6 3 . 4  3 1 . 3  243 . 4  2 7 5 . 5  

1 3 5 1 .  046 487 . 5  2 . 07 2 4 . 3  0 . 5  6 1 . 5  30 . 1  2 4 C . 5  2 7 7 . 9  

1 2 6 1 .  050 500 . 0  0 . 00 2 3 . 5  0 . 0  59 . 4  29 . 0  21\8 . 3  2 7 8 . 7  

1 1 9 1 .  054 500 . 0  0 . 00 2 2 . 7  0 . 0  57 . 3  2 7 . 8  249 . 6  27 9 . 1  

1 1 0 1 .  0 5 8  500 . 0  0 . 00 2 1 . 9  :J . O  5 5 . 2  2 6 . 5  2 5 0 . 9  2 79 . 5  

1 04 1 .  061  5 0 0 . 0  0 . 00 2 1 . 1  0 . 0  5 3 . 1  2 5 . 3  2 52 . 2  2 7 9 . 9  

1 00 1 .  064 500 . 0  0 . 00 2 0 . 2  0 . 0  5 1 . 0  24 . 3  2 5 3 . 4  280 . 2  

9 5  "1 . 066  500 . 0  0 . 00 1 9 . 4  0 . 0  48 . 9  2 3 . 1  " 254 . 7  280 . 6  
90 1 .  068 500 . 0 0 . 00 1 8 . 6  0 . 0  46 . 8  2 2 . 0  256 . 0  280 . 8  

86 1 .  070 5 00 . 0  0 . 00 1 7 . 8  0 . 0  4 4 . 7 2 0 . 7  2 5 7 . 3  281 . 2  

Ca l c u l a t i ons based on the  Cf-Re rel ati onsh i p of Hamana, ' Ma tsui  a nd Ka te . 

**Sa k i a d i s :  Ca l cul a t i ons based on the Sa k i ad ·i s  analys i s  or a erody nami c drag .. 

E l onga t i o n a l  
V i s cos i ty B i re-

Poi s e x 1 0-5 fri n-
Ht�K S a k i a d i s  gence 

0 . 5 1 0 . 57 
0 . 9 3 1 . 07 
1 . 4 7  1 . 68 
1 . 9 2  2 . 1 9  2 . 8  
2 .  5 1  2 . 86 3 . 6  

3 . 29 3 . 7 3 4 . 5  
4 . 42 5 . 01 5 . 2  

1 4 . 58 1 6 . 4 3  5 . 9  .. 6 . 1  
6 . 2  
6 . 9  
6 . 9  
6 . 8  
6 . 8  
6 . 8  
6 . 8  

_.... 
co N 



D i s t<'nce F i be r  
from F i ber Temper-

Spi nneret Di ameter ature 
em em x 1 02 o c  

1 0  3 . 70 2 5 9  

20 2 . 20 2 3 6  
30 1 .  50 2 1 9 
40 l .  20 1 9 6 
50 1 .  0 5  1 7 5  
60 0 . 9 2 1 54 
7 0  0 . 84 1 39 
8 0  0 . 76 1 30 

9o 0 . 7 3 1 2 2 

1 00 Q . 7 3  1 1 4  
i 1 0  0 . 7 3 1 04 

1 20 0 . 73 96 

l 30 0 . 73 91  

1 40 0 . 7 3  86 

1 50 0 . 7 3 8 2  

1 6(1 0 . 7 3 78 

TABLE 1 4  

EXPERIMENTAL AND CALCULATED DATA FOR NYLON -6 , NON- I SOTHERMAL SP I N N I NG - ­
TAKE-UP VELOC I TY • 556 MET/MI N ,  TAKE-UP TENSI ON = 3 72 . 4 DYNES 

Force D i s t r i buti o n  
wi t h i � the Sp i n l i ne ,  

D nes 
F F 

F i ber F i ber V e l o c i ty 
drag rhea 

Den s i ty Ve l o c i ty Gra d i e�r F
g rn v  

F
i ner 

Ht·lK* S a k i adi s** HI'<K S a k i a d i s  
gm/cc cmjs e.c s e c  

0 . 98 3  3 9  5 . 42 27 . 2  36 . 9  1 42 . 7  5 5 . 4  21 9 . 9  307 . 2  

0 . 99 5  1 1 0  9 . 57 2 0 . 1  3 4 . 0  1 4 2 . 5  5 5 . 2  2 1 6 . 0  3 03 . 3  

1 .  003 2 3 5  1 1 . 46 1 7 . 4  28 . 8  1 4 1 . 9  5 4 . 6  2 1 9 . 1  306 . 4  

1 .  0 1 5 363 1 2 . 33 1 6 . 0  2 3 . 5  1 40 . 7  5 3 . 7  2 21! . 2  3 1 1 . 3 

1 . 0 2 6  4 6 9  1 2 . 6 5 1 5 . 0  1 9 . 0  1 3 9 . 0  5 2 . 5  2 29 . 3  3 1 5 . 8  

1 . 036 605 1 2 . 4 5 1 4 . 2  1 3 . 4 1 36 . 7  5 1 . 1  236 . 5  3 2 2 . 1  

1 .  044 720 1 2 . 7 3 1 3 . 5  8 . 6  1 3 3 . 7  4 9 . 4  2 4 3 . 6  3 28 . 0  

1 .  048 876 1 1 . 57 1 3 . 0  2 . 1  1 3 0 . 1  4 7 . 3  2 53 . 3  336 . 1  

1 . 0 5 2  9 2 6  2 . 80 1 2 . 6  0 . 0  1 25 . 8  44 . 9  2 59 . 2  340 . 1  

1 .  056 926 0 . 00 1 2 . 2  0 . 0  1 2 1 . 4 4 2 . 9  263 . 1  341 . 7  

1 .  0 5  i 926 0 . 00 1 1 . 7 0 . 0  1 1 7 . 1  4 0 . 7  267 . 1  343 . 4  

1 .  0 6 5  9 2 5  0 . 00 1 1 . 3 0 . 0  1 1 2 . 7  38 . 6  2 7 1 . 0  3 4 5 . 1  

1 . 0 68 926 0 . 00 1 0 . 8  0 . 0  1 08 . 3  36 . 3  2 7 4 . 9  347 . 0  

1 .  0 7 1  926 0 . 00 l 0 . 4  0 . 0  1 03 . 9  34 . 2  278 . 9  348 . 6  

1 . 0 7 3  9 2 6  0 . 00 1 0 . 0  0 . 0  9 7 . 6  3 2 . 2  284 . 8  3 50 . 1  

1 .  0 7 5  9 2 6  0 . 00 9 . 5  0 . 0  9 3 . 2  30 . 0  288 . 7  351 . 9  

*HMK: C a l c u l a t i o n s  ba s ed o n  the C
f

- Re rel at i o n s h i p  of Hamana , Matsui  a nd Kato . 

**Sa k i ad i s :  Calcul ati ons based on the Saki ad i s  a na l ysi s of a e:·odynam i c  dra g .  

E1 ongat i ona1  
Vi scos i ty B i re-

P o i s e  x 1 0- 5  
fri n-

H�1K Sa k i a d i s  gence 

0 . 38 0 . 53 

0 . 5 5 0 . 7 7 1 . 2 

1 . 08 1 . 5 1  5 . 7  

1 .  60 2 . 23 1 1 . 4 

2 . 07 2 . 86 1 9 . 7  
2 . 87 3 . 91 2 9 . 0  

3 . 4 7  4 . 67 3 7 . 6  

4 . 8 5  6 . 44 48 . 8  
2 1 . 96 28 . 83 5 7 . 6  

6 2 . 0  
68 . 0  
80 . 2  
8 5 . 7  
94 . 3  
96 . 0  
97 . 9  

__. 
co w 



Di s tance 
from 

Spi nneret 
em 

1 0  
20 
30 
4 0  
5 0  
60 
70 
80 
90 

1 00 
1 1 0 
1 2 0 
1 30 
1 40 
1 50 
1 60 

*HMK: 

Fi ber 
F i ber Temper-

Di ameter ature 
em x 1 02 cc . 

3 . 40 2 7 0  
2 . 1 8 2 4 2  
l .  57 2 1 3  
1 .  24 1 91 
1 . 00 1 7 5 
0 . 7 9 1 60 
0 . 7 1  1 44 
0 . 6 9 1 2 9 
0 . 6 5 1 1 5  
0 . 60 1 03 
0 . 54 94 
0 . 54 87 
0 . 54 86 
0 . 54 76 
0 . 54 7 3  
0 . 54 70 

TABLE 1 5  

EXPERIMENTAL AND CALCULATED DATA FOR NYLON-6 , NON - I SOTHERMAL S P I N N I N3 - ­
TAKE-UP SPEED = 1 000 MET/M I N . , TAKE- UP TENS I ON = 470 . 4  DYNES 

. .  Force Distri buti on 
wi thi n the Spi n l i n e ,  

D�ne s  
F drag F rheo Fi ber Fi ber Vel oc i ty 

Dens i ty Ve l oc i ty Gra d i e�f Fgrav Fi ner HMK* Sakiadi s** HMK Saki adis  
gm/cc em/sec sec 

0 . 970 47 6 . 1 0  20 . 3  67 . 5  267 . 4  109 . 3  1 55 . 8  3 1 3 . 9  

0 . 992 1 1 3  9 . 00 1 4 . 2  (; 4 . 8  267 . 2  1 09 . 0  1 4 9 . 9  3 1 0 . 8  

1 .  007 2 1 4  1 0 . 7 5 1 1 . 4  6 0 . 6  2 6 6 . 6  1 08 . 5  1 54 . 7  3 1 2 . 7  

1 .  01 8 339 1 3 . 68 9 . 8  5 5 . 3  2 5 5 . 6  1 07 . 7  1 59 . 3  3 1 7 . 2  

1 . 026 5 1 7  1 8 . 1 0  8 . 8  47 . 9  2fi3 . 8  1 06 . 4  1 67 . 5  3 24 . 9  

1 . 03 3  8 2 3  1 9 . 7 0 8 . 2  3 5 . 2 260 . 8  l 04 . 4  1 82 . 7  339 . 0  

l .  04 1 1 01 1  2 0 . 56 7 . 7  2 7 . 3  256 . 4  1 02 . 0  1 94 . 4  3 4 8 . 8  

1 .  049 1 062 20 . 32 7 . 3  2 5 . 2  2 5 1  . 4  9 9 . 4  2 01 . 2  3 5 3 . 1  

l .  056 1 i 8 9  1 8 . 94 7 . 0  1 9 . 9  2 4 5 . 8  96 . 6  2 1 1 . 6 36 0 . 9  

1 .  062 1 333 1 6 . 2 6 6 . 7  1 1 . 6 2 39 . 5  93 . 5  2 2 6 . 0  3 7 2 . 0  

1 .  0 5 6  1 667 1 0 . 87 6 . 4  0 . 0  231 . 7  89 . 6  2 45 . 1  33 7 . 2  

1 .  070 1 66 7  0 . 00 6 . 2  0 . 0  2 22 . 9  85 . 5  2 5 3 . 7  3r\l . 1 

1 .  0 7 3  1 667 0 . 00 5 . 9  o . o  2 1 4 . 1  81 . 5  2 6 2 . 3  394 . 8  

l .  076 1 667 0 . 00 5 . 7  0 . 0  20 5 . 2  78 . 1  2 7 0 . 8  398 . 0  

1 . 077 1 667 0 . 00 5 . 4  0 . 0  1 96 . 4  74 . 3  2 7 9 . 4  41)1 . 5 

1 . 079 1 667 0 . 00 5 . 2  0 . 0  1 87 . 6  69 . 8  288 . 0  405 . 8  

Ca l cu l a t i ons ba s ed on the Cf-Re rel ati onsh i p  of Hama na , Matsui and Kato . 

**Sa ki adi s :  Cal c u l a t i ons based on the S a k i ad i s  ana l ys i s  of a e rodynami c  d rag . 

El onga t i onal  
V i scosi ty Bi re-Poi s e  x 1 0-5 fri n-

H�lK Sald adis  gence 

0 . 2 8 0 . 5 7 
. 0 .  4 5  0 . 93 . 

0 . 74 1 .  5 0  3 . 4  
0 . 96 1 .  92 9 . 3  
1 . 1 8  2 . 29 1 7 . 3  
1 . 89 3. 51  3 2 . 8  
2 . 39 4 . 28 49 . 6  
2 . 6 5 4 . 65 5 7 . 8  
3 . 3 7 5 . 74 69 . 5  
4 .  91  8 . 08 85 . 7  
9 . 8 5  1 5 . 56 1 1 4 . 0  

1 2 9 . 0  .. 1 67 . 0  
1 67 . 0  
1 6 1 . 0  
1 72 . o 

__, 
co ..j::oo 
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TABLE 1 6  

EXPERIMENTAL AND CALCULATED DATA FOR NYLON -6  I SOTHERMAL SP I NN I NG 
TAKE-UP  SPEED  = 200 MET/MI N ,  TAKE-UP TENS I ON = 2 1 5 . 6  DYNES 

D i st"
ance E 1 ongat i o na l  from F i ber F i !)er Ve l oc i ty F V i scos i ty Spi nneret Di ameter Vel oci ty Gradi ent  rheo -

1 0-4 em em x 1 02 em/ sec s ec- 1 dynes Poi s e  x 

1 . 5 7 . 85 8 . 8  247 

3 . 5 7 . 29 1 0 . 2  1 . 07 245 5 . 48 

5 . 5 6 . 5 1 1 2 . 8  1 .  74 243 4 . 1 9  

7 . 5  5 . 68 1 6 . 8  2 . 1 5  241  4 . 4 1  

9 . 5 4 . 99 2 1 . 8  2 . 63 239 4 . 66 

1 1 . 5  4 . � 7 27 . 2  3 . 1 5  238 4 . 8 1  

1 3 . 5 3 . 98 34 . 2  3 . 69 237 5 . 1 4  
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TABLE  1 7  

EXPERIMENTAL AND CALCULATED DATA FOR NYLON-6 I SOTHERMAL S P I NN ING  
TAKE-UP  SP EED = 300  MET/M I N ,  TAKE-UP TENS ION  = 264 . 6  DYNES 

D i s tance E l ongati ona l from Fi ber  Fi ber Ve l oc i ty F V i scos i ty Sp i nneret D i ameter Ve l oc i ty Grad i e� f rheo -4 
em em x 1 02 em/sec s ec dynes . Po i s e  x 1 0  

1 . 5 7 . 85  8 . 8  265  

3 . 5 7 . 02 1 1 . 0 1 .  55  263  4 . 38 

5 . 5 6 . 1 4  1 4 . 4  1 .  93 261  4 . 57 

7 . 5  5 . 40 1 8 . 6 2 . 33 259  4 . 85 

9 . 5  4 . 77 23 . 8  2 . 68 257  5 . 36 

1 1 . 5  4 . 28 29 . 6  2 . 9 1 ?.56 6 . 1 1  

1 3 . 5  3 . 83 37 . 0  4 . 07 255  5 . 45 
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TABLE 1 8  

EXP ERIMENTAL AND CALCULATED DATA FOR NYLON -6  I SOTHERMAL S P I N N I NG 
TAKE-U P  SP EED = 556 MET/M I N , TAKE-UP  TENS I ON = 343 DYNES 

D i s tance  
from Fi ber F i ber  Vel oc i ty F E l ongat i ona l 

Sp i n neret D i amete2 Vel oc i ty Grad i e� r rheo V i scos i t4 
em em x . 1 0 em/sec sec dynes  Poi s e  x 1 0-

1 . 5  7 . 85 8 . 8  280 

3 . 5  6 .  7 2  1 2 . 0  l . 96 278 4 . 00 

5 . 5  5 . 73 1 6 . 5  2 . 35 276 4 . 55 

7 . 5  5 . 0 1 2 1 . 6  2 . 59 274 5 . 37 

9 . 5 4 . 48 27 . 0  2 . 93 272 5 . 88 

1 1 . 5  4 . 03 33 . 4  3 . 81 2 7 1  5 . 56 

1 3 . 5  3 . 59 42 . 2  4 . 38 270 6 .  l 0 



TABLE 1 9  

PROPERT I ES OF  SPUN N YLON-6  F I BERS COND I T I ONED 
AT 65 PERCENT RELAT I V E  HUM I D ITY AND 20° C FOR 24  HOURS 

Tens i l e  Propert i es 

Sp i n l i ne Tens i l e  
Ta ke-U p  Stress Strength Mod u l u s  

Ve l oc i ty ') 2 2 E l ongat i on  dynes/em'- dynes/em dynes/em B i refri ngence met/mi n 
x l 0- 6  x l 0-9  x l 0- 9  to  Brea k 

x 1 03 percent  

1 00 0 . 63 1 .  27  3 . 93 750 1 . 1 

200 1 . 84 1 .  27  4 . 09 630 4 . 5  

300 3 . 62 1 . 46  3 . 96 650  7 . 0  

556 8 . 89 1 .  5 1  3 . 9 5 5 1 0 1 5 . 0  

1 000 20 . 50 2 . 09 4 . 04 240 22 . 8  

1 500 37 . 80 2 . 89 5 . 20 1 04 26 . 7  

2000 3 .  72 64 28 . 6  

2400 3 . 49 7 . 6 1 79  32 . 1  

Or i enta t i on 

fa 

- 0 . 1 892  

- 0 . 2853 

-0 . 2988 

-0 . 3428 

-0 . 3 1 72 

-0 . 3437 

Factors 

f 
c 

0 . 3784 

0 . 5706 

0 . 5976 

0 . 6856 

0 . 6 344 

0 . 6874 

_. 
co co 
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After comp l et i ng h i s h i gh s c hool  educati on i n  1 963  from Un i on  H i g h  School , 

Bombay , he a ttended t he S t .  Xav i er • s  Co l l ege fo r one  year a nd t hen  
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Upon graduat i on , he  worked as  a produca t i on s uperv i sor for Ca l i co 
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