
C H A P T E R  II  
L I T E R A T U R E  S U R V E Y

H is t o r y  a n d  B a c k g r o u n d

2 .1  P o ly m e r  B le n d s

M ix in g  a p o ly m e ric  m a te r ia l to  a p a r tic u la r  p o ly m e r is a  s im p le  m e th o d  fo r 
c o m b in in g  th e  a ttra c tiv e  fe a tu re s  o f  e a c h  m a te r ia l in to  e a c h  o th e r  o r fo r 
im p ro v in g  th e  d e f ic ie n t c h a ra c te r is tic s  o f  th e  p a r tic u la r  m a te r ia l. R e c e n tly , 
p o ly m e r  b le n d in g  h as  b e e n  e m p lo y e d  to  e n a b le  th e  re u se  o f  re c y c le d  in d u s tr ia l 
w a s te  a n d /o r  m u n ic ip a l p la s tic  sc ra p s . T h e  p ro d u c tio n  o f  n e w  m a te r ia ls  d e s ig n e d  
b y  b le n d in g  im p lie s  lo w e r c o s t an d  th e  sh o r te r  t im e  sca le . T h e  m e n tio n e d  
te c h n o lo g ic a l ,  e c o n o m ic a l an d  e c o lo g ic a l a d v a n ta g e s  re su ltin g  fro m  p o ly m e r  
m ix in g  p ro c e s s e s  led , o v e r  th e  la s t 10 y e a rs , to  10%  a n n u a l in c re a se  in  th e  
p ro d u c tio n  o f  p o ly m e r  b le n d s . I t re c e n tly  re a c h e s  a b o u t 2 0  %  o f  th e  o v e ra ll 
p la s tic s  p ro d u c tio n  (F o lk e , 1993).
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2 .2  P o ly e t h y le n e  F ilm

F ilm  is d e f in e d  as fla t u n su p p o rte d  se c tio n s  o f  a  p la s tic  re s in  w h o se  
th ic k n e ss  is  v e ry  th in  an d  g en e ra lly  re g a rd e d  as b e in g  0 .2 5  m m  o r less  in 
th ic k n e ss .

T h e  la rg e s t v o lu m e  o f  ra w  m a te ria l fo r  film  is p o ly e th y le n e . I t  is a v a ila b le  
in  w id e  ra n g  o f  ty p e s  w ith  d if fe re n t c o p o ly m e rs , m o le c u la r  w e ig h t, an d  o th e r  
fa c to rs . B le n d s  o f  v a r io u s  ty p e s  m ay  a lso  b e  u se d  to  o p tim iz e  p ro p e rtie s , 
p ro c e s s a b il i ty  an d  ec o n o m ic s . A lm o s t tw o -th ird s  o f  th e  v o lu m e  o f  all 
p o ly e th y le n e  re s in s  a re  u se d  in  film  o r sh e e t a p p lic a tio n s .

L o w  d e n s ity  p o ly e th y le n e  (L D P E ), th e  o rig in a l fo rm  o f  p o ly e th y le n e , still 
h a s  a la rg e  m a rk e t sh a re  b ased  o n  its h ig h  tra n s p a re n c y , g o o d  te a r  re s is ta n c e , 
im p a c t re s is ta n c e  a n d  m o is tu re  re s is ta n c e . I t h a s  p o o r  re s is ta n c e  to  o ils  an d  
g re a se , h ig h  te m p e ra tu re  an d  is p e rm e a b le  to  o d o rs  a n d  g ases . I t  is p r im a rily  u se d  
c le a r  p a c k a g in g  o f  m a y  item s; su ch  as b re ad , m e a t, p o u ltry , s e a fo o d , fro z e n  fo o d s 
a n d  g a rm e n t b ag s . I t is a lso  u se d  in in d u s tr ia l a p p lic a tio n s  su c h  as lin e rs , 
s tre tc h e d  w ra p s , h e a v y -d u ty  b ag s  an d  sh rin k -w ra p .

In  th e  la te  1980s, lin e a r  lo w -d e n s ity  p o ly e th y le n e  (L L D P E ) b e c a m e  a 
s ig n if ic a n t re s in  in p o ly e th y le n e  film  b u s in e ss . L L D P E  o b ta in e d  u n d e r  lo w  
p re s s u re  re a c to r  w ith  m a n y  sh o rt b ra n c h e s  se e m s to  re p la c e  th e  c o n v e n tio n a l 
L D P E  w ith  lo n g  b ra n c h es . L L D P E  p ro d u c e s  b y  c o o rd in a tio n  p o ly m e riz a tio n  
c o n ta in s  d o u b le  b o n d  a t th e  c h a in  en d  w h ic h  is c a p a b le  to  re a c t  w ith  so m e  
fu n c tio n a l g ro u p ; e. g. m a le ic  a n h y d rid e  (M A ). It h as  a  h ig h e r  te n s ile  s tre n g th , 
im p a c t s tre n g th , e la s tic  m o d u lu s , e lo n g a tio n  a t b re a k , re s is ta n c e  to  h e a t a n d  s tre ss  
c ra c k in g . T h e  re p la c e m e n t g o es on  fo r film  e x tru s io n , b lo w  m o ld in g , w ire  an d  
c a b le  c o a tin g .
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T h e  m o s t o b v io u s  p ro p e r tie s  o f  L L D P E  a re  h ig h  c ry s ta ll in ity , h ig h  m e ltin g  
te m p e ra tu re , n a rro w  m o le c u la r  w e ig h t d is tr ib u tio n  an d  n a r ro w  m e ltin g  ran g e . 
P o ly m e r iz a tio n  p la n ts  fo r  L L D P E  a re  c h e a p e r  to  b u ild , e a s ie r  to  o p e ra te  an d  
m a in ta in  a n d  h a v e  lo w e r  e n e rg y  re q u ire m e n ts . T h u s , th e y  a re  m o re  a ttra c tiv e  to  
o p e ra te  th a n  h ig h -p re s su re  p la n ts . F o r  th e se  re a so n s  m a n u fa c tu r in g  c o s ts  a re  
re d u c e d . L L D P E  h a s  b e e n  th e  m o s t su c ce ss fu l p a c k a g in g  m a te r ia l w h e re  c la rity  
is n o t a  m a jo r  c o n c e rn . It is o ften  u se d  as g ro ce ry  sack s , s tre tc h e d  w ra p s , lin e rs  
a n d  m u lc h  film . T h e re  is a  g ro w in g  m a rk e t fo r its u se  in  d ia p e rs  fo r  b o th  in fan t 
a n d  ad u lt.

H ig h  d e n s ity  p o ly e th y le n e  (H D P E ) a lso  h a s  a  la rg e  m a rk e t sh a re . A s 
m o le c u la r  w e ig h t  a n d  d e n s ity  o f  p o ly e th y le n e  in c re a se s , te n s ile  p ro p e r tie s , 
c h e m ic a l re s is ta n c e  a n d  b a rr ie r  p ro p e r tie s  o f  film  p ro d u c tio n  in c re a se . E x c e lle n t 
a b ra s io n  re s is ta n c e  is  a lso  a c h ie v e d . H D P E  film  h a s  la rg e  m a rk e t sh a re  o f  th e  
g ro c e ry  sa c k  b u s in e s s . I t  is a lso  u se d  fo r c e re a l an d  sn a c k  fo o d  p a c k a g in g  w h e re  
its  re s is ta n c e  to  m o is tu re  p e n e tra tio n  is a  p r im e  c o n c e rn . H D P E  is m a n u fa c tu re d  
b y  e th y le n e  p o ly m e riz a tio n  b y  e ith e r  th e  P h illip s  p ro c e s s  o r  th e  Z ie g le r -N a tta  
p ro c e ss .

P o ly e th y le n e  is e x p e c te d  to  c o n tin u e  to  b e  a n  a ttra c tiv e  c o m m o d ity  
p o ly m e r  fo r  m a n y  y e a rs  b e c a u se  o f  its  lo w  c o s t, c h e m ic a l re s is ta n c e  an d  
m e c h a n ic a l p ro p e r tie s . E s p e c ia lly  w ith  th e  o n g o in g  d e v e lo p m e n t o f  m e ta llo c e n e  
c a ta ly s t, p o ly e th y le n e  can  n o w  b e  m a n u fa c tu re d  w ith  a  p re c ise  c o n tro l o f  b ra n c h  
c o n te n t a n d  p la c e m e n t an d  th u s  a llo w s  its p ro p e rtie s  to  b e  b e tte r .



2 .3  N a t u r a l  R u b b e r  ( N R )

T h e  n a tu ra l ru b b e r  is o b ta in e d  in  la te x  fo rm  p ro d u c e d  b y  c e r ta in  p la n ts  an d  
tre e s . T h e  c o m m e rc ia l  p ro d u c t is o b ta in e d  e x c lu s iv e ly  fro m  th e  tre e  Hevea 
brasiliensis. T h e  h y d ro c a rb o n  c o m p o n e n t o f  N R  c o n s is ts  o f  o v e r  9 9 .9  %  o f  lin e a r  
c is -1 , 4  p o ly iso p re n e . I t is a lso  k n o w n  th a t o n ly  few  p e rc e n t  o f  tra n s  
c o n fig u ra tio n , re su lts  in  g re a tly  d if fe re n t p ro p e r tie s  o f  c is  p o ly iso p re n e . T h e  
a v e ra g e  m o le c u la r  w e ig h t o f  th e  p o ly iso p re n e  in  N R  ra n g e s  fro m  2 0 0 ,0 0 0  to  
4 0 0 ,0 0 0  w ith  a  re la tiv e ly  b ro a d  m o le c u la r  w e ig h t d is tr ib u tio n . T h is  c o rre sp o n d s  
to  a b o u t 3 0 0 0  to  5 0 0 0  iso p re n e  u n its  p e r  p o ly m e r ch a in . A s  a  re su lt  o f  its  b ro ad  
m o le c u la r  w e ig h t d is tr ib u tio n , N R  h as  an  e x c e lle n t p ro c e s s in g  b e h a v io r .

T h e  c h a in  s tru c tu re  o f  th e  p o ly iso p re n e  d e p e n d s  o n  th e  b io g e n e s is  o f  N R . 
It w a s  s tu d ie d  b y  g el p e rm e a tio n  c h ro m a to g ra p h y  (G P C ) th a t  th e y  c o u ld  b e  a 
c e rta in  a m o u n t o f  lo n g  c h a in  b ra n c h in g  in  h ig h  M w m o le c u le s , d e p e n d in g  o n  
g ro w in g  c o n d itio n  o f  Hevea tre e  (H o fm a n , 1989).

T h e re  is  o n e  d o u b le  b o n d  fo r  e a ch  iso p re n e  u n it. T h e s e  d o u b le  b o n d s  an d  
th e  a -m e th y le n e  g ro u p s  a re  re a c tiv e  g ro u p s  fo r  v u lc a n iz a tio n  re a c tio n  w ith  su lfu r  
(R o g e r  H a se n , 1996).

T h e  d o u b le  b o n d s  c a n  e n te r  in to  a d d itio n a l re a c tio n s  w ith  o x y g e n  o r  o zo n e  
to  d e g ra d e  th e  ru b b e r. In  h ig h  sh e a r m ix in g  p ro ce ss  a n d  u n d e r  th e  p re s e n c e  o f  
o x y g e n , a  s c is s io n  o f  p o ly m e r c h a in  tak e s  p la c e . In  th e  so -c a lle d  m a s tic a tio n  
p ro c e s s , th e  m o le c u la r  w e ig h t o f  a  v e ry  to u g h  c ru d e  ru b b e r  is b ro k e n  d o w n  to  
fa c ili ta te  its  p ro c e s s  a b ility .

T h e  m a s tic a tio n  o f  N R  is re q u ire d  fo r  m a k in g  c o m p o u n d s , w h ic h  a re  
m ix tu re  o f  ru b b e rs , fille rs  an d  o th e r  in g re d ie n ts . S in c e  N R  is a n  u n sa tu ra te d  
h y d ro c a rb o n , it c an  a lso  re a c t re a d ily  w ith  o x id iz in g  a g e n t lik e  p e ro x id e  o r 
c o m p a tib iliz in g  a g e n t lik e  m a le ic  a n h y d rid e  (M A ).
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CH-, ÇH
p  1 „ t 1 3c  = C H  — CH^—€ท2— c = ะCH'WWW

It is known that during mastication, NR is undergone mechanical
degradation. The molecule is pulled apart and broken by applied shear force
leading to some production of free radicals as following.

ç h 3
------C = C H — ๓ 2

'

ÇH?
I 3 _------c — C H = C H

(2 .1 )

(2 .2 )

T h e  o u ts ta n d in g  p ro p e r tie s  o f  N R  a re  g o o d  g re en  s tre n g th  a n d  g o o d  
b u ild in g  ta c k  ( ta c k y )  th a t is p a r tic u la rly  im p o r ta n t fo r  th e  m a n u fa c tu re  o f  
c o m p o s ite  c o m p o n e n ts . T h e  fa v o rab le  e la s tic  p ro p e r tie s  m a n ife s t  v e ry  lo w  
d a m p in g , lo w  h y s te re s is  an d  lo w  h e a t b u ild -u p  in  d y n a m ic  d e fo rm a tio n s . T h is  
b e h a v io r  c o m b in e d  w ith  v e ry  sh o rt re la x a tio n  tim e s , q u a lif ie s  N R  e s p e c ia lly  fo r 
p ro d u c ts  w h ic h  fu n c tio n  in  d y n a m ic  a p p lic a tio n s ; v ib ra tio n  a n d  su sp e n s io n  
e le m e n ts  a n d  tire s . T h e  d y n a m ic  fa tig u e  re s is ta n c e  o f  N R  v u lc a n iz a te s  is a lso  
e x c e lle n t (W e rn e r  H o fm a n , 1989).
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2 .4  C o m p a t ib i l i z e r  f o r  P o ly m e r  B le n d s

T h e  se rio u s  p ro b le m  o f  p o ly m e r b le n d s  is im m isc ib le  in  m o le c u la r  lev e l 
d u e  to  h ig h  in te rfa c ia l ten s io n  an d  lo w  in te rfa c ia l a d h e s io n  b e tw e e n  tw o  p h ases . 
T h e  p re s e n c e  o f  a  th ird  c o m p o n e n t is  o f te n  re q u ire d  to  o v e rc o m e  th e se  p ro b le m s.

M a le ic  a n h y d r id e  is  k n o w n  to  b e  a w id e ly  u se d  fo r  im p ro v in g  in te rfa c ia l 
re a c tiv ity .

M a le ic  a n h y d rid e  is  p re p a re d  b y  h ig h  te m p e ra tu re  a ir  o x id a tio n  o f  b en z e n e  
a t h ig h  te m p e ra tu re , c a ta ly z e d  b y  a v a n a d iu m  c o m p o u n d . It is  a p re fe ra b le  
c o m p a tib iliz e r , s in ce  it h as  a low  m e ltin g  p o in t (5 2 .6 °C ), m o re  re a c tiv e  an d  less 
w a te r  o n  e s te r if ic a tio n  (H o riu c h i, 1997).

2 .5  R o le  o f  C o m p a t ib i l i z e r  in  P o ly m e r  B le n d s

A  c o m p a tib iliz e r  fo r  an  im m isc ib le  p o ly m e r b le n d  p re se n ts  m an y  
s im ila r itie s  to  lo w -m o le c u la r  w e ig h t su rfa c ta n ts . It is  w e ll k n o w n  th a t the  
d isp e rse d  p h a se  size  o f  an  im m isc ib le  b le n d  is  re d u c e d  a f te r  th e  a d d itio n  o f  
su rfa c ta n t (N o o la n d i, 1982). T h is  is d u e  to  th e  a b ility  o f  s u rfa c ta n t to  re d u c e  the  
in te rfa c ia l te n s io n  b e tw e e n  th e  p h a se s . T h e  q u a n tity  o f  su rfa c ta n t th a t is re q u ire d  
to  e m u ls ify  a m ix tu re  d e p e n d s  o n  fiv e  v a ria b le s ;
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- T h e  a ffin ity  o f  th e  su rfa c ta n t fo r th e  tw o  p h a se s ,
- T h e  d eg ree  an d  ty p e  o f  m ix in g ,
- T h e  s ize  o f  d isp e rse d  p h ase ,
- T h e  ra te  o f  o rie n ta tio n  o f  th e  su rfa c ta n t a t th e  in te rfa c e  an d
- T h e  s ta b iliz a tio n  o f  th e  in te rfa c e  a g a in s t f lo c c u la tio n  an d  

su b se q u e n t co a le sce n c e .
F o r  sm a ll m o le c u le s , th e  e ff ic ie n c y  o f  a  su rfa c ta n t c a n  b e  re p re se n te d  by  

m e a n s  o f  an  e m u ls if ic a tio n  cu rv e , w h e re  th e  d im e n s io n  o f  th e  d isp e rse d  p h a se  
s ize  is re c o rd e d  a g a in s t th e  c o n c e n tra tio n  o f  th e  su rfa c tan t. T h e  e m u ls if ic a tio n  
c u rv e  is c h a ra c te r iz e d  b y  an  in itia l ra p id  d e c re a se  o f  d isp e rse d  p h a se  s ize , 
fo llo w e d  b y  a  p la te a u  th a t re p re se n ts  th e  e q u ilib riu m  v a lu e . F o r  im m isc ib le  
p o ly m e r  b le n d s , th e  e m u ls if ic a tio n  cu rv e  h a s  s im ila r  a sp e c t a s  d e m o n s tra te d  by  
M a to s  (M a to s  et al., 1995). A t th e  b e g in n in g , th e  d isp e rse d  s iz e  d ro p p e d  ra p id ly  
w ith  th e  a d d itio n  o f  a  c o m p a tib iliz e r , as a  c o n se q u e n c e  o f  th e  re d u c tio n  o f  
in te rfa c ia l te n s io n , a n d  th e n  a c r itica l c o n c e n tra tio n  v a lu e  w as  re a c h e d . I t  w as 
d e n o te d  as an  o p tim u m  c o n c e n tra tio n  fo r  c o m p a tib iliz in g  sy s tem , so m e tim e s  
c a lle d  c ritic a l m ic e lle  c o n c e n tra tio n  (C M C ), th e  sa m e  w o rd  u se d  in  e m u ls io n .

B o th  p h e n o lic -m o d if ie d  a n d  m a le ic -m o d if ie d  p o ly p ro p y le n e  w e re  u se d  as 
c o m p a tib iliz in g  a g e n t fo r P P /N B R  b le n d s  b y  G e o rg e  an d  CO w o rk e rs . T h e y  fo u n d  
th a t th e  a d d itio n  o f  1%  M A -P P  re su ltin g  in  3 5 %  re d u c tio n  o f  N B R  d isp e rse d  
p h a se  s ize , b u t fu rth e r  ad d itio n  o f  c o m p a tib iliz e r  d id  n o t a llo w  e x tra  re d u c tio n  o f  
p a r tic le  s ize . O n  th e  o th e r  h an d , a d d itio n  o f  10 %  P h -P P  c a u se d  7 7 %  re d u c tio n  o f  
N B R  d isp e rse d  p h a se  s ize . F ro m  th is  re su lt  it se e m e d  th a t  M A -P P  c o m p a tib iliz e r  
w a s  m o re  e ffe c tiv e  th a n  P P -M A  c o m p a tib iliz e r .
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2 .6  M o r p h o lo g y  o f  P o ly m e r  B le n d s

T h e  s tru c tu re  o f  im m isc ib le  b le n d s , d e f in e d  as th e  in te rre la tio n sh ip  
b e tw e e n  b le n d  m o rp h o lo g y  an d  flo w  c o n d itio n s , h a v e  b ee n  e x te n s iv e ly  s tu d ied . 
T h e  s iz e  a n d  sh a p e  o f  th e  m in o r p o ly m e ric  p h a se  w a s  a ffe c te d  b y  fa c to rs ; su c h  as 
th e  c h e m ic a l s tru c tu re  o f  th e  c o m p o n e n ts , c o m p o n e n t v isc o s ity , d isp e rse d -p h a se  
c o n te n t a n d  th e  ty p e  o f  s tre ss  e x p e r ie n c e d  d u r in g  flo w . A n  in c re a se  in  th e  m in o r- 
p h a se  c o n te n t led  to  g re a te r  c o a le sc e n c e  o f  d ro p le ts  an d  th e re fo re , a  la rg e  
d isp e rse d  p h a se  s iz e  w as  o b ta in e d  (S a n tra , 1993). A n  e x te n s io n a l s tre ss -f lo w  
fie ld , su c h  a s  o n e  o c c u rrin g  d u r in g  e x tru d in g  in  b lo w n  film  an d  c a s t film  o r a t th e  
e n tra n c e  o f  c a p illa ry  rh e o m e te r , w a s  m o re  e ffe c tiv e  th a n  sh e a r-s tre s s  f ie ld  to  
d e fo rm , e lo n g a te , a n d  o rie n t d ro p le ts  o f  d isp e rse d  p h a se  (D u m o u lin , 1984). In  a 
sh e a r  f lo w  filed , d isp e rse d  d ro p le ts  f irs t e lo n g a te d  an d  th e n  b ro k e n  a t a c ritic a l 
v a lu e  o f  d e fo rm a tio n  ra te .

2 .7  T h e r m a l  P r o p e r t ie s

S tru c tu ra l c h a n g e s  a re  u su a lly  a sso c ia te d  w ith  c h a n g e s  in  h e a t a b so rp tio n  
o r  e m is s io n  a n d  a re  m e a su re d  u s in g  c a lo rim e te r . C a lo r im e te r  c a n  a lso  m e a su re  
c h a n g e s  a t c o n s ta n t h e a tin g  o r c o o lin g  ra te . T h e  d if fe re n c e  in  h e a t lo ss  o r  g a in  
b e tw e e n  th e  sa m p le  an d  th e  re fe re n c e  c e lls  a re  m e a su re d  in  d if fe re n tia l s c a n n in g  
c a lo rim e te r .

A  th e rm a l sc a n  o f  im m isc ib le  p o ly m e r b le n d  ty p ic a lly  e x h ib its  th e  g lass 
tra n s it io n  te m p e ra tu re  (T g ) c o rre sp o n d in g  fo r e a ch  c o m p o n e n ts  as a  re su lt  o f  the  
c o m p le te  p h a se  se p a ra tio n  o f  p o ly m e rs . O n  c o n tra ry , c e rta in  a m o u n t o f  
c o m p a tib iliz e r , lo c a tin g  a t th e  in te rfa c e  e n o u g h  w ill re su lt  to  e x h ib it  a  s in g le  T g . 
T h e  c ry s ta lliz a tio n  (T c ) an d  m e lt te m p e ra tu re s  (T m ) o f  a  c ry s ta lliz a b le  p o ly m e r,
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w h ic h  is p re s e n t in  an  im m isc ib le  b len d , m ay  b e  a lte re d  b y  p re s e n c e  o f  se c o n d  
c o m p o n e n t (T h e ra y a  et al, 1994).

2 .8  P r o c e s s in g  o f  P o ly e t h y le n e

A lth o u g h , p la s tic  m a te r ia ls  in  p rin c ip le  can  b e  p ro c e s se d  in  a  v a r ie ty  o f  
p h y s ic a l s ta te s  ( in  so lu tio n , em u ls io n , m e lt) . M e lt p ro c e s s in g  is u se d  a lm o s t 
e x c lu s iv e ly  w ith  p o ly e th y le n e .

P o ly e th y le n e  is p ro c e sse d  b y  a  w id e  v a r ie ty  o f  te c h n iq u e  m o s t o f  w h ic h  
a re  b lo w n  film  an d  ch ill ro ll c a s t film  ex tru s io n . T h e re  is s u ff ic ie n t sp a c e  h e re  to  
d ea l a d e q u a te ly  w ith  th e  p rin c ip le  an d  p ra c tic e  o f  th e se  p ro c e s se s  o r e v e n  w ith  the  
p a r tic u la r  c h a ra c te r is tic s  o f  p o ly e th y le n e  film  fa b rica te d  b y  th e se  p ro c e sse s .

2 .8 .1  B lo w n  F ilm  E x tru s io n

B lo w n  film  is th e  m o s t im p o rta n t m e th o d  fo r  p ro d u c in g  
p o ly e th y le n e  film . I t is e s tim a te d  th a t so m e  9 0 %  o f  all P E  film s a re  p ro d u c e d  on 
b lo w n  film  lin es . A n d  it c an  b e  seen  fro m  th e  o v e ra ll u sa g e  s ta tis tic s  fo r  L D P E  
th a t  b lo w n  film  p ro c e ss  is a d o m in a n t p o s itio n . T h is  p ro c e s s  o ffe rs  o p tim u m  
e ff ic ie n c y  a n d  o th e r  a d v a n ta g e s , lik e  v a r ia b ili ty  in  th e  w id th  a n d  th ic k n e ss  
d im e n s io n s  an d  th e  o u ts ta n d in g  m e c h a n ic a l p ro p e r tie s  o b ta in a b le  b y  b ia x ia l 
o rie n ta tio n  (R a je n , 1994).
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F ig u r e  2 .1  S c h e m a tic  d e sc r ib in g  th e  film  b lo w in g  p ro c e ss , a) e x tru d e r , b ) ro ta tin g  
b lo w -h e a d  w ith  in te rn a l a ir  e x c h a n g e  sy s tem , c) c a lib ra tio n  b a sk e t, d ) b u b b le  
c o lla p se , e ) h a u l-o ff , f) c o n ta c t w in d e r  w ith  te n s io n  ro lls  an d  d a n c e r  ro lls .

In  th e  b lo w n  film  p ro c e ss  a  p o ly m e r m e lt is e x tru d e d  (u su a lly  in  a 
v e r tic a lly  u p w a rd  d ire c tio n ) an d  b lo w n  b y  a ir  th ro u g h  th e  d ie  h e a d  in to  th e  tu b e  to  
o b ta in  th in  b u b b le . T h e n  it is c o o led , f la tte n e d  o u t an d  w o u n d  up . T h e re  a re  
th re e  im p o r ta n t p a ra m e te rs  fo r b lo w n  film  p ro c e ss , b lo w -u p  ra tio , d ra w -ra tio  and  
free z e  lin e  d is ta n ce .

a) B lo w  u p -ra tio  (B U R )
B lo w  u p -ra tio  m a in ly  e ffe c ts  to  m o le c u la r  o rie n ta tio n  in



13

tra n s v e rs e  d ire c tio n

BUR =i^k 
Rd

W h e re  R b is ra d iu s  o f  film  b u b b le  an d  R<1 is ra d iu s  o f  a n n u la r  d ie .

(2.3)

b ) D ra w -ra tio  (D R )

DR = Vs
Ô7

(2.4)

W h e re  v s is sp e e d  o f  n ip  ro ll (m /s) an d  Qv is e x tru s io n  ra te  (m /s )
c ) F re e z e  lin e  d is tan ce
F re e z e  lin e  d is ta n ce  is d e f in e d  as th e  d is ta n c e  b e tw e e n  th e  d ie  and  

fro s t lin e , w h ic h  th e  e x tru d a te  b ec o m e s  so lid ify  an d  o ften  b e  se e n  b y  a p p e a r in g  o f  
h a z in e ss .

T h e  e ffe c t o f  th ree  p a ra m e te rs  o f  tu b u la r  b lo w n  film  fo u n d  to  b e  
re la te d  to  m o le c u la r  o rie n ta tio n . P o ly e th y le n e  m o le c u le s  in  th e  m e lt h a v e  a  sh o rt 
re la x a tio n  t im e  (m e a su re  o f  th e  tim e  ta k e n  fo r  m o le c u le s  to  co il a f te r  re le a s in g  o f  
an  a p p lie d  s tre ss ) . T h u s , in  th e  tu b u la r  film  b lo w in g  p ro c e s s  o n ly  m o le c u le s  th a t 
a re  in  m e lt  s ta te  b e fo re  th e  free z e  lin e  can  b e  o rie n te d  an d  th e  o r ie n ta tio n  w ill b e  
fre e z e d  a f te r  th e  free z e  line . In  ad d itio n , th e  m o le c u la r  o r ie n ta tio n  d u r in g  b lo w n  
film  o p e ra tio n  is k n o w n  to  h av e  a m a jo r e ffe c t on  th e  m e c h a n ic a l a n d  th e rm a l 
p ro p e r tie s  o f  b o th  a m o rp h o u s  an d  se m i-c ry s ta llin e  p o ly m e rs .
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2 .8 .2  C h ill R o ll C a s t F ilm  E x tru s io n

A lth o u g h  a la rg e  p ro p o rtio n  o f  p o ly e th y le n e  film  is m a d e  b y  b lo w n  
film  p ro c e ss . S o m e  film  is p ro d u c e d  by  e x tru d in g  fla t film  fro m  slit d ie  e ith e r  
in to  a  w a te r  b a th  o r o n  to  c h ille d  c a s tin g  ro ll. T h e  h ig h e r  c o o lin g  ra te  th a t is 
p o ss ib le  in  ch ill ro ll p ro c e ss  is p re fe rre d . T h e  p ro d u c ts  o f  h ig h  c la rity  w ill  be  
o b ta in e d .

T h e  p ro d u c tio n  o f  film  b y  ch ill ro ll c a s tin g  is o n e  o f  th e  c la ss ic  
e x tru s io n  p ro c e sse s . F ilm s  o n  fla t film  lin es  a re  m a in ly  u se d  in  th e  p a c k a g in g  
in d u s try . M o s t th e rm o p la s tic s  can  b e  p ro c e s se d  o n  fla t f ilm  lin es . Q u a lity  o f  
ch ill ro ll c a s t film  can  p ro v id e  e x c e lle n t o p tic a l an d  d im e n s io n a l p ro p e r tie s  w h ic h  
a re  h ig h ly  d e m a n d e d  p e rm its  h ig h  ta k e -o f f  sp e e d  in f lu e n c e  th e  m o rp h o lo g y  o f  th e  
film  v e ry  fa v o rab ly .

F ig u r e  2 .2  S c h e m a tic  d e s c r ib in g  ch ill ro ll c a s t film  lin e , a ) e x tru d e r , b ) a d a p te r , 
c) d ie , d ) c o o lin g  ro lls , e ) th ic k n e ss  sc a n n e r, f) ta k e -o f f  u n it, g) e d g e  tr im m in g , h ) 
w in d in g  s ta tio n .
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C h ill ro ll c a s t film  e x tru s io n  is b ased  on  th e  p r in c ip le  o f  sh a p in g  a 
m e lt th a t  h a s  b ee n  p la s tic a te d  and  h o m o g e n iz e d  in th e  e x tru d e r  in to  a p la n a r 
sh ap e . C o o lin g  an d  s ta b iliz in g  th is  s tru c tu re  can  b e  d o n e  b y  m e a n s  o f  ro ll c o n tac t 
an d  th e n  w in d in g  up  a fte r a tr im m in g  to  o b ta in  c e rta in  w id th . D e p e n d in g  on  film  
th ic k n e ss  an d  a p p lic a tio n , a d is tin c tio n  is m a d e  p a r tic u la r ly  b e tw e e n  fin e  film  (10  
to  50 p m ), th ic k e r  ca s t film  (100  to  4 0 0  p m ) an d  th e rm o fo rm a b le  sh e e t (0 .2  to  2 .5  
m m ). T h e  ch ill ro ll c a s t film  h as b e tte r  tra n sp a re n c y , g lo ss , c ry s ta llin ity , r ig id ity , 
a n d  th ic k n e ss  to le ra n c e  th an  b lo w n  film s (m o s tly  m a d e  o f  p o ly e th y le n e )  w h ic h  
o ffe r  a d v a n ta g e s  o f  h ig h e r  te n s ile  s tre n g th  in b o th  m a c h in e  (M D ) an d  tra v e rse  
(T D ) d ire c tio n s  an d  s im p le  a lte ra tio n  o f  film  th ic k n e ss  b y  c h a n g in g  th e  b lo w  up 
ra tio .

2 .9  M e c h a n ic a l  P r o p e r t ie s

2.9 .1  T e n s ile  P ro p e rtie s

T e n s ile  p ro p e rtie s  a re  d e te rm in e d  by  p u ll in g  a te s t sp e c im e n  a t a 
c o n s ta n t sp e ed . T h e  re su ltin g  s tre ss  (o r  lo ad  a p p lie d ) is m e a su re d  an d  re c o rd e d  as 
a fu n c tio n  o f  s tra in  (o r  e lo n g a tio n ). T h e  s tre ss  an d  s tra in  a re  d e fin e d  
m a th e m a tic a lly  by :

L o ad  su p p lie d  o n  sp e c im e n  ( ^ )
S tre ss  =  --------------- -— -ÿ ----------- --------7

C ro ss-sec tio n a l a re a  o f  sp e c im e n

In c re a se  in len g th  o f  sp e c im e n
S tra in  =

O rig in a l len g th  o f  sp e c im e n
(2 .6 )
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T e n s ile  s tre n g th  is th e  m a x im u m  te n s ile  s tre sse s , w h ic h  a  m a te r ia l is 
c a p a b le  to  su p p o rt. It is c a lc u la ted  fro m  th e  m a x im u m  lo a d  c a rr ie d  d u r in g  th e  
te n s ile  te s t  d iv id e d  b y  th e  o rig in a l c ro ss -se c tio n a l a re a  o f  th e  sp e c im e n . T h e  
te n s ile  te s t  p ro v id e s  in s ig h t o f  th e  s tre ss -s tra in  b e h a v io r  o f  a  m a te r ia l u n d e r 
u n ia x ia l te n s ile  lo a d in g  an d  d is tin g u ish e s  b e tw ee n  b r itt le  a n d  d u c tile  m a te r ia ls  
u n d e r  a  g iv e n  se t o f  te s t co n d itio n s . T e n s ile  v a lu e  is s tro n g ly  in f lu e n c e d  b y  
te m p e ra tu re , s tra in  ra te , m o is tu re  lev e l an d  fa b ric a tio n  c o n d itio n s  (W a rd , 1990).

F le x ib le  c h a in  can  b e  c o n v e r te d  in to  h ig h ly  o rie n te d  an d  e x te n d e d  
c o n fo rm a tio n  b y  d ra w in g  w h ic h  ca u se s  su b s ta n tia l in c re a se  o f  te n s ile  s tre n g th . 
T h e  d ra w n  p ro c e s s  p re se n ts  o p p o rtu n itie s  fo r  s ig n if ic a n t a d v a n c e m e n t in  
m e c h a n ic a l  p ro p e r tie s  fo r th e  c o m m o n  se m ic ry s ta llin e  p o ly m e rs . M a n y  a tte m p ts  
h a v e  b e e n  m a d e  fo r  o b ta in in g  th e  h ig h e s t d ra w  ra tio  (D R ) a n d  o p tim iz e d  ten s ile  
p ro p e r tie s . F o r  u ltra -h ig h  m o le c u la r  w e ig h t th e  m a x im u m  D R  w a s  a c h ie v e d  a t 
3 5 0 . T h e  d ra w n  sa m p le  g av e  a  te n s ile  m o d u lu s  o f  2 1 0 -2 3 0  G P a  (C o le , 1994). 
H ig a s h id a  et al. (1 9 9 3 ) s tu d ie d  th e  m e c h a n ic a l p ro p e r tie s  o f  u n ia x ia lly  an d  
b ia x ia lly  ro lle d  P E  an d  p p  sh ee ts . T h ey  fo u n d  th a t  th e  te n s ile  s tre n g th  o f  the  
ro lle d  P P  s h e e t re a c h e d  a lm o s t 100 M P a  w h ic h  w a s  th re e  t im e s  la rg e r  th a n  th a t o f  
o rig in a l re s in . C h a n  et al. (1 9 8 9 ) s tu d ie d  th e  p ro p e r tie s  o f  o r ie n te d  p p  lam in a te s . 
T h e y  fo u n d  th a t  th e  s tre n g th  an d  m o d u lu s  o f  o r ie n te d  p p  in  m a c h in e  d irec tio n  
(M D ) in c re a se d  w ith  an  in c re a se  in  d ra w  ra tio , h o w e v e r, th e  tra n s v e rs e  d ire c tio n  
(T D ) p ro p e r tie s  re m a in  re la tiv e ly  u n c h an g ed . T h is  in d ic a te d  th a t  m o le c u la r  
o rie n ta tio n  s tro n g ly  in f lu e n c e d  th e  s tre n g th  o f  p o ly m e r.

2 .9 .2  Im p a c t S tre n g th

Im p a c t re s is ta n c e  is a  m e a su re  o f  th e  a b ility  o f  m a te r ia l to  w ith s ta n d  
a su d d e n  lo a d  w ith o u t fa ilu re . T h e  im p ac t re s is ta n c e  o f  a  s tru c tu re  is th e re fo re  a
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c o m p le x  fu n c tio n  o f  g eo m e try , m o d e  o f  lo a d in g , c ro ss  h ea d  sp e e d  an d  m a te r ia l 
p ro p e rtie s .

2 .9 .3  T e a r  R e s is ta n c e

T e a r  re s is ta n c e  is a  m e a su re  a m o u n t o f  th e  fo rc e  re q u ire d  to  
p ro p a g a te  te a r in g  ac ro ss  a film  o r sh e e t sp e c im e n . T h e re  a re  tw o  ty p e s  o f  
sp e c im e n s , a  re c ta n g u la r  ty p e  an d  o n e  w ith  c o n s ta n t ra d iu s  te s tin g  len g th . T h e  
E lm e n d o rf- ty p e  te a r in g  te s te r  is th e  m o s t w id e ly  u se d  te s tin g  m a c h in e . In  th is  
ty p e  o f  te s tin g  m a c h in e , th e re  is a  p e n d u lu m  sw in g s  th ro u g h  an  a rc , a c tin g  by  
g ra v ity  to  te a r  th e  sp e c im e n  fro m  a  p re c u t s lit. O n e  s id e  o f  s p e c im e n  is in itia lly  
g rip p e d  o n  o n e  h a l f  b y  th e  p e n d u lu m  an d  o n  th e  o th e r  h a l f  b y  s ta tio n a ry  m e m b e r. 
A  p o in te r  in d ic a te s  th e  lo ss in  e n e rg y  o f  th e  p e n d u lu m . T h e  sc a le  in d ic a tio n  is a 
fu n c tio n  o f  th e  fo rce  re q u ire d  to  te a r  th e  sp e c im e n . T h e  a v e ra g e  te a r in g  fo rce  
(i.e . th e  te a r  re s is ta n c e )  is th e n  c a lc u la te d  u s in g  th e  fo llo w in g  fo rm u la :

A v e ra g e  te a r in g  fo rce , m N  =  a v e ra g e  sc a le  re a d in g  X  p e n d u lu m  c o n s ta n t (2 .7 )
ท

W h e re  ท =  n u m b e r  o f  p lie s  o f  fd m  u se d  fo r  e a ch  te s t ru n

S in c e  th e re  is n o t a  d ire c t l in e a r  re la tio n sh ip  b e tw e e n  te a r in g  fo rc e  an d  
s p e c im e n  th ic k n e ss , d a ta  fro m  th is  te s t m e th o d  a re  re p o r te d  as te a r in g  fo rc e  in 
m illiN e w to n  to g e th e r  w ith  sp e c im e n  th ic k n e ss . O n ly  se ts  o f  d a ta  fro m  sp e c im e n s  
o f  s im ila r  th ic k n e ss  a re  c o m p a ra b le .
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2.10 M o lecu la r Orientation

T h e  o r ie n ta tio n  o f  m a c ro m o le c u le s  in fa b ric a te d  p o ly m e r  film s p la y s  an 
im p o r ta n t ro le  in  d e te rm in in g  th e ir  p e rfo rm a n c e  ra n g in g  fro m  m e c h a n ic a l to  
o p tic a l c h a ra c te r is tic s .

I f  p o ly m e r  m o le c u le s  a re  o rie n te d  b y  s tre tch in g , th e  o p tica l p ro p e r tie s  are  
a n iso tro p y  b e c a u se  th e  m o b ility  o f  e le c tro n s  w ith in  a p o ly m e r c h a in  d if fe rs  fro m  
th o se  in  tra n v e rs e  d irec tio n  to  m o le c u la r  ch a in s . T h e  m o le c u la r  o r ie n ta tio n  is 
d e te rm in e d  b y  m e a su re m e n t o f  to ta l b ire f r in g e n c e  an d  in f ra re d  d ic h o ism  
sp e c tro sc o p y .

2 .1 0 .1  In fra re d  D ic h ro ism

In fra re d  d ic h ro ism  is a  m e a su re m e n t o f  an iso tro p y  o f  a b s o rp tio n  o f  
e le c tro m a g n e tic  w a v e s  in  a  m ed iu m . T h e  a b so rp tio n  o f  th e  e le c tro m a g n e tic  w a v e  
o c c u rs  w h e n  th e  f req u en c y  o f  e le c tro m a g n e tic  w a v e  is e q u a l to  th e  n a tu ra l 
f re q u e n c y  o f  e le c tro n . T h is  n a tu ra l v ib ra tio n  a ffe c ts  th e  t ra n s it io n  m o m e n t 
v e c to r . In  th e  in fra re d  w a v e le n g th  ra n g e s , th e  v ib ra tio n s  a re  a s so c ia te d  w ith  th e  
m o le c u la r  o r ie n ta tio n .

T h e  a b so rb a n c e  o f  lig h t p a s s in g  th ro u g h  a sa m p le  is  d e f in e d  as :

A = log f M
น  )

(2.8)

H e re , I0 is th e  in c id e n t b ea m  in te n s ity  an d  I th e  tra n s m itte d  b e a m  in te n s ity . T h e  
v a lu e  A re la te s  to  th e  e x tin c tio n  c o e ff ic ie n t (e ) fo r  lig h t o f  a  sp e c if ic  w a v e le n g th  , 
th e  d e n s ity  o f  th e  m a te r ia l (p  ), an d  th e  th ic k n e ss  o f  th e  sa m p le  (b ) as  fo llo w s:
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A = ebp (2 .9 )

F o r  in fra re d  d ic h ro ism  s tu d y , th e  in c id e n t b e a m  is p o la riz e d
s u c c e s s iv e ly  in  th e  sa m p le  m a c h in e  d ire c tio n  an d  r ig h t a n g le s  to  it. T h e  ra tio  o f  
th e  a b s o rb a n c e s  is th e  d ic h ro ic  ra tio  a t c e rta in  fre q u e n c y  (o r  w a v e  n u m b e r) . 
S p e c if ic  a b s o rb a n c e s  a re  d e te rm in ed  b y  d e g re e  o f  in te ra c tio n  b e tw e e n  th e  in fra re d  
lig h t a n d  th e  m o le c u le s  c o m p o s in g  th e  sa m p le . T h e  o rie n ta tio n  o f  th e  c ry s ta llin e  
an d  a m o rp h o u s  w a s  d e fin e d  by th e  “H e rm a n s  o r ie n ta tio n  fu n c tio n  ( f )” (R u sso  et 
ai, 1996).

in  w h ic h  0 re p re se n ts  th e  a v e ra g e  an g le  b e tw e e n  th e  c h a in  a x is  in  a  p a r tic u la r  
p h a se  a n d  a  re fe re n c e  ax is  th a t u su a lly  th e  d ra w n  d irec tio n .

T h e  a v e ra g e  o r ie n ta tio n  fu n c tio n  w h ic h  a c c o u n t fo r  o v e ra ll 
o r ie n ta tio n  o f  th e  c ry s ta llin e  an d  a m o rp h o u s  p h a se s , is d e f in e d  as

/  =
3 cos2 0 - 1

2
(2 .1 0 )

(2 .1 1 )

in  w h ic h  <j)c is th e  v o lu m e  frac tio n  o f  c ry s ta llin e  p h a se  g iv en  by

(2 .1 2 )
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w h e re  d  is d e n s ity  o f  th e  sam p le , d c and  d am a re  d en s ity  o f  c ry s ta llin e  an d  
a m o rp h o u s  p h a se s . F o r  L L D P E  c ry s ta llin e  an d  a m o rp h o u s  d e n s itie s  w e re  ta k e n  as
1 .002  a n d  0 .8 5 5  g /m l re sp e c tiv e ly  (fro m  so rp tio n  m e a su re m e n t as re p o r te d  b y  
P e z z u tti, 1985).

In fra re d  d ic h ro ism  is w id e ly  u se d  to  d e te rm in e  m o le c u la r  
o r ie n ta tio n . T h e  in te n s ity  o f  an  in fra re d  a b so rp tio n  b a n d  d e p e n d s  u p o n  th e  a n g le  
b e tw e e n  th e  tra n s it io n  m o m e n t an d  c h a in  d irec tio n . In te ra c tio n  o r re so n a n c e  
p ro d u c e s  a  tra n s it io n  in  th e  m o lec u le s . T h e  o rie n ta tio n  fu n c tio n  /  fo r th e  sp e c ie s  
u n d e rg o in g  tra n s it io n  is g iv en  by:

( ง - 1)(ง 0 + 2 )  
/ =  ( ง  + 2 )(ง 0 - 1) (2 .1 3 )

W h e re  D  =  — ^ ;  D0 = 2 c o t 2 ^ .  T h e  an g le  y/ is a n g le  b e tw e e n  th e  tra n s itio n  A T
m o m e n t a n d  c h a in  d irec tio n . V a lu e  o f  a n g le  y/ o f  H D P E  is 8 7 -9 0 °  as re p o r te d  
b y  W e d g e  w o o d . C o le  et al. (1 9 9 4 ) re p o rte d  th e  a n g le  o f  0° fo r  l in e a r  low - 
d e n s ity  p o ly e th y le n e , R u sso  et al. (1 9 9 6 ) d e te rm in e d  th e  a n g le  to  b e  18° fo r 
p o ly p ro p y le n e .

2 .1 0 .2  B ire fr in g e n c e

B ire fr in g e n c e  is a c ru c ia l m e th o d  fo r m e a su re m e n ts  o f  o rie n ta tio n . 
U su a lly , b ire f r in g e n c e  is d e fin e d  as th e  d if fe re n c e  in  re f ra c tiv e  in d e x  b e tw e e n  
tw o  p r in c ip le  ax es .

An, 2 = ท1-ท2 (2.14)
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N o te ; 1, 2 d e n o te  firs t an d  se c o n d  p rin c ip a l axes.

T h e  in p la n e  b ire f r in g e n c e  À n i2 (th e  re fra c tiv e  in d e x  d if fe re n t 
b e tw e e n  p r in c ip le  ax es  ly in g  in the  p la n e  n o rm a l to  th e  ax is  o f  m ic ro sc o p e s . T h e  
m o n o c h ro m a tic  w a v e  o f  lig h t d iv id e s  in to  tw o  p a rts , p o la riz e d  a lo n g  th e  1 an d  2 
p r in c ip le  d ire c tio n s  w h e n  th e y  tra v e l a t d if fe re n t v e lo c itie s  V! an d  v 2.

2๗! f 1____1_N
A  น  2 V

(2 .1 5 )

w h e re  R  is re ta rd a tio n , À. is w a v e le n g th  an d  h  is th ic k n e ss .
B ire fr in g e n c e  is p ro p o rtio n a l to  th e  s tre ss  e x e rte d  in th e  m a te r ia l.

An =  c c (2 .1 6 )

w h e re  c is a co n s ta n t.

R e c e n tly  P ez z u tti et al. (1 9 8 5 ) d e te rm in e d  in tr in s ic  b ire f r in g e n c e  
fo r b o th  c ry s ta llin e  an d  a m o rp h o u s  p h a se s  o f  L L D P E  to  b e  0 .0 5 7  an d  0 .0 4 3  
re sp e c tiv e ly . P ic o t (1 9 8 4 ) s tu d ied  th e  m o le c u la r  o rie n ta tio n  o f  P E  film  w h e n  
ta k e -u p  sp e e d  w a s  v a r ie d  o v e r th e  ra n g e  o f  50 to  120 m /m in . H e  fo u n d  th a t  the  
c ry s ta llin e  o r ie n ta tio n  fu n c tio n  f c w as s lig h tly  n e g a tiv e  b e lo w  tak e  u p  sp e ed  o f  50 
m /m in  an d  ro se  to  v a lu e  o f  0 .4  at 120 m /m in  w h e n  c o o lin g  sy s te m  w a s  q u e n c h  
b a th  te m p e ra tu re  o f  37 .8  °c. W h ite  et al. (1 9 8 9 ) sh o w e d  th a t fo r m e lt s p in n in g  o f  
p o ly e th y le n e  an d  p o ly p ro p y le n e  fib ers , s tre ss  d u r in g  so lid if ic a tio n  in d u ce d  
c ry s ta lliz a tio n  to  o c c u r  (i.e ., v e ry  lo w  s tre ss  p e rm itte d  sp h e ru lite  fo rm a tio n  w h ile
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h ig h  s tre ss  y ie ld e d  a  lam e lla  s tru c tu re  w ith  lam e lla e  p e rp e n d ic u la r  to  d ra w  
d ire c tio n ). T h e re  w e re  m an y  p a ra m e te rs  th a t a ffe c te d  to  m o le c u la r  o rie n ta tio n , 
i.e . n o t o n ly  p ro c e s s  v a r ia b le  su ch  as d ra w  ra tio  an d  b lo w  u p  ra tio , b u t a lso  
p ro c e s s in g  c o n d itio n s , in te rn a l s tre ss , c o o lin g  ra te , d ie  te m p e ra tu re , m e lt 
te m p e ra tu re  an d  d ie  gap . O v e ra ll o rie n ta tio n  s tre ss  s tro n g ly  d e p e n d s  o n  d ra w  
ra tio  b u t h ig h e r  o p e ra tin g  te m p e ra tu re  re d u c e s  th e  o v e ra ll o r ie n ta tio n  (C h a n  et al.,
1985). F a s te r  c o o lin g  ra te s  an d  lo w e r d ie  te m p e ra tu re s  c a u se  th e  in c re a se  o f  
su rfa c e  o r ie n ta tio n  w h ile  th e  co re  o rie n ta tio n  re m a in s  a lm o s t u n c h a n g e d  
(S a k e lla r id e s , 1985).
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