
CHAPTER V
RHEOLOGICAL MODIFICATION OF LLDPE THROUGH REACTIVE 

PROCESSING WITH PEROXIDE

5.1 Abstract

T h e  p re sen ce  o f  lo n g -c h a in  b ran ch es  p ro v id es  th e  ad v a n ta g e o u s  p ro p e rtie s  
to  a m o lte n  p o ly m e r in  the  film  p ro d u c tio n , e sp ec ia lly  fo r a  fa s t g ro w in g  c o m m o d ity  
p la s tic  su ch  as p o ly e th y len e . B es id e s  th e  in n o v a tio n  o f  p o ly m e riz a tio n , th e  m o s t 
a ttra c tiv e  m e th o d  to  ta ilo r  th e  m o le c u la r  s tru c tu re  is p e ro x id e  m o d if ic a tio n  v ia  
re a c tiv e  p ro c e ss in g  w h ic h  is  th e  p o s t-reac to r tech n iq u e . B y  th is  p ro c e ss , i t  c an  
ach iev e  th e  e n h a n c e m e n t o f  ab ility  o f  th e  m elt to  be  d raw n  o r  s tre tch ed  d u rin g  the  
film  p ro c e ss in g  d u e  to  b ra n c h in g  o ccu rren ce . H o w ev e r, to  a v o id  th e  u n d e s ire d  e x c e ss  
o f  m ac ro sco p ic  m o le c u la r  n e tw o rk  w h ic h  m ay  cau se  the d e fe c t in  th e  film  p ro d u c t, 
th e  sm a ll q u an tity  o f  p e ro x id e  in itia to r  w as u sed  to  m o d ify  b a se  re s in . T he  
rh e o lo g ic a l p ro p e rtie s  as re la ted  to  m o lecu la r  c h a rac te ris tic  w ere  in v e s tig a te d  by  
cap illa ry  rh eo m ete r. R h eo lo g ica l an a ly s is  o f  th e  p ro d u c ts  m o d ified  by  d iffe ren t 
p e ro x id e  ad d itio n  m e th o d s w as co n ce rn ed  as ch an g in g  in  rh eo lo g ica l p ro p e rtie s  
d ep en d s  m ark ed ly  o n  th e  e ff ic ie n cy  o f  in co rp o ra tin g  and m ix in g  th e  p e ro x id e  in to  
th e  p o ly m e r. T h e  p ro cess  p a ra m e te rs  in c lu d in g  m ix in g  te m p e ra tu re , p e ro x id e  
q u an tity , an d  m ix in g  speed  w h ich  ap p ea r to  be  re sp o n s ib le  fo r  th e  m o le c u la r  
c h a ra c te r is tic  a lte ra tio n  w ere  co n s id e red  in o rd e r to  p ro d u ce  m a te ria ls  w ith  p re fe rre d  
rh eo lo g ica l p ro p ertie s .

Keywords: Capillary rheometer, Extrudate swell, LLDPE, Reactive processing,
Rheology
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5.2 Introduction

In  a d d itio n  to  th e  d e v e lo p m e n t o f  p o ly m eriza tio n  p ro c e ss , th e  m o le c u la r  
s tru c tu re  o f  a  c o m m o d ity  p la s tic  such  as p o ly o le fin s  can  be  ta ilo re d  b y  p o s t-re a c to r  
m o d ific a tio n . M a in  p u rp o se  o f  th e  p o s t-re a c to r m o d ific a tio n  is to  o p tim iz e  th e  ease  in  
p la s tic  p ro c e ss in g , to  en h an ce  p o la rity , and  to  sa tis fy  sp ec ific  ap p lic a tio n s . T h e  
eco n o m ic  re a so n  is  a lso  in  acco u n t. O n e -s tep  reac tiv e  p ro cess in g  w as  in tro d u c e d  as a  
m e th o d  fo r  th is  p u rp o se  and  it  h as  g ro w n  in  the  a tten tio n  (G raeb lin g  e t  a l . ,  2002 ). A s 
it has b e e n  n am ed , th e  reac tiv e  p ro cess in g  a llow s sp ec ific  re ac tio n s  to  o ccu r d u rin g  
th e  p o ly m e r p ro cess in g . M an y  re sea rch es  have  e m p h as ized  on  a d d in g  th e  c o u p lin g  
ag en ts  o r  re a c tiv e  co m p o n e n ts  e .g . p e ro x id es  to  th e  m o lte n  p o ly m ers . P o ly p ro p y len e  
ten d s  to  h a v e  c h a in  sc iss io n  u p o n  reac tiv e  p ro cess in g  (T zo g an ak is  e t  a l ,  1989; 
G raeb lin g  e t  a l . ,  1997). O n  th e  o th e r hand , th e  ch a in  e x te n s io n  (n o t c h a in  

- d eg rad a tio n ) is p re d o m in a n tly  fo u n d  fo r  p o ly e th y len e  due  to  th e  la ck  o f  te r tia ry  
ca rb o n  b a c k b o n e  (L ach te rm ach e r e t  a l . ,  1995a, 1995b, 1996b; B re m n e r  e t  a l ,  1992; 

•K a n g  e t  a l . ,  2 0 0 0 ; S a jk iew icz  e t  a l . ,  1995; K h o n a k d a r  e t  a l , 2 0 0 3 ). T he  c h a in  
ex te n s io n  re su lts  fro m  th e  co u p lin g  o f  m ac ro rad ica ls  th a t  are  g e n e ra te d  on  th e  
p o ly m e r b a c k b o n e  a fte r  p e ro x id e  a ttack . T h e ir  co m b in a tio n s  lead  to  m o re  c o m p le x  
ch a in  s tru c tu re , e .g . b ran ch in g  and  lo n g e r m o lecu les  th a t o b v io u s ly  in flu en ce  f lo w  
p ro p erty . H o w e v e r, d iffe ren t ap p lica tio n s  req u ire  d iffe ren t d eg ree  o f  ch a in  
co m b in a tio n  th a t fin a lly  a ffec ts  on  th e  en d -u se  p ro d u c t. T h e  lev e l o f  ch a in  
co m b in a tio n , b ra n c h in g  o r c ro ss lin k in g ; by  w h ich  the  m o d ifie d -p o ly e th y le n e  p ro d u c t 
u n d e rg o es , d ep en d s  m a in ly  on  th e  p e ro x id e  co n cen tra tio n  u sed  (Z h o u  e t  a l ,  1998; 
H e rn a n d e z  e t a l ,  2 0 0 0 ).

B e s id e s  th e  p e ro x id es  and  o th e r co u p lin g  agen ts , th e  p ro c e ss in g  p a ra m e te rs  
have  th e ir  in flu e n c e s  on  th e  m o d ific a tio n  o f  the  ex is tin g  p o ly m ers . T h e  reac tiv e  
p ro c e ss in g  p a ra m e te rs  are m a in ly  p ro cess  tem p e ra tu res  and  m ix in g  speed  o r th e  
ap p lied  sh ea r ra te . M an y  reac tiv e  p ro cess in g  w o rk s h ad  se lec ted  th e  rh eo lo g ica l te s t 
to  in v es tig a te  a n d /o r co n firm  th e  m o d ific a tio n  to  th e  chain  s tru c tu re  e .g . the  in c rease  
in  v isc o s ity  cau sed  by  slig h t c ro ss-lin k in g  o r g ra ftin g  stru c tu re . It w a s  found  th a t 
b o th  sh ea r and  e lo n g a tio n a l v isco sity  in c reased  w ith  th e  q u an tity  o f  p e ro x id e
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in itia to r. A d d itio n a lly , sh ea r th in n in g  b e h a v io u r  b ecam e  m o re  ev id e n t u p o n  re a c tiv e  
p ro c e ss in g  (L em  e t  a l . ,  1982; P o la n c e  e t  a l . ,  1995).

In  th e  p la s tic  film  m a n u fa c tu rin g , lo n g  c h a in  b ran ch in g  o r s lig h t c ro ss lin k  
s tru c tu re  is  m o re  p re fe rab le  th a n  fu lly  c ro ss lin k  (H e rn an d ez  e t  a l ,  2 0 0 0 ). T h e  
c h a ra c te ris tic s  o f  b ra n c h in g  s tru c tu re  s ig n ific an tly  a ffec t th e  f lo w  d u rin g  th e  film  
p ro c e ss in g  th u s  rh e o lo g ic a l p ro p e rtie s  o f  re s in  in  th e  m e lt s ta te  is n e e d e d  to  be  
ex am in ed . N o w ad ay s , th e re  a re  m an y  ty p es  o f  rh e o m e te r ad a p te d  to  m o n ito r  th e  
v isc o e la s tic  b e h a v io r  o f  m o lte n  p o ly m e r (L ach te rm ach e r e t a l . ,  1996a). O n e  o f  th e  
b e s t w ay s  to  d e te rm in e  th e  f lo w  b e h a v io u r  o f  p o ly m e r m a te ria ls  is  b y  cap illa ry  
rh e o m e te r  w h ic h  is  cap ab le  o f  re a c h in g  th e  tem p e ra tu res  an d  sh ea r ra te s  ty p ica lly  
u sed  fo r  a  w id e  ra n g e  o f  p ro c e ss in g  eq u ip m e n t (D ea ly  e t  a l ,  1993). T h e  m a in  
p rin c ip le  o f  th is  in s tru m e n t is  th e  m ea su re m e n t o f  th e  p re ssu re  re q u ire d  to  ex tru d e  
m a te ria ls  th ro u g h  a  sm a ll cy lin d rica l tu b e  a t k n o w n  f lo w  ra tes. A ssu m in g  th a t  n o -s lip  
at th e  .พ ฟ !, fu lly  d e v e lo p e d  f lo w  w ith  z e ro  rad ia l v e lo c ity , in c o m p re ss ib le  f lu id  o f  
p o ly m er, an d  s tead y  iso th e rm a l f lo w , th e  f lo w  p ro file  is s im p lif ied  fo r  th e  an a ly sis  o f  
f lo w  te s tin g  in  c a p illa ry  rh eo m e te r.

In  th e  p re se n t w ork , th e  D icu m y l p e ro x id e  (D C P ) w h ich  is th e  m o s t 
co m m o n  fu n c tio n a l d i- te r tia ry  a lk y l p e ro x id e  w as se lec ted  as an  in itia to r  to  m o d ify  
lin ea r lo w -d e n s ity  p o ly e th y le n e  v ia  reac tiv e  p ro cess in g  b ecau se  th e  free  rad ica ls  
g e n e ra te d  from  d ic u m y l p e ro x id e  d eco m p o sitio n  are e ff ic ien t fo r m o d if ic a tio n  o f  
p o ly o le f in s  (D lu zn esk i e t  a i ,  2 0 0 1 ). S ince  th e  rh eo lo g ica l p ro p e rtie s  m a y  d ep e n d  on  
th e  e ff ic ie n c y  o f  in c o rp o ra tin g  an d  m ix in g  th e  p e ro x id e  in to  th e  p o ly m e r, th e  
d iffe ren t m e th o d s  o f  p e ro x id e  feed in g  as w ell as  p e ro x id e  c o n te n t an d  p ro c e ss in g  
p a ra m e te rs  a re  m a jo r  co n ce rn ed  in  th is  re sea rch . T h e  th re e  d iffe re n t m e th o d s  o f  
p e ro x id e  ad d itio n  a re  so lu tio n  feed in g  in to  m o lten  p o ly m e r (M i), d ire c t so lid  feed in g  
in to  m o lte n  p o ly m e r (M ii) , and  m ix e d  so lid  b len d in g  (M iii). T h e  m o d if ie d  p o ly m e r 
w as c h a ra c te r iz e d  in  te rm  o f  rh eo lo g ica l an a ly s is  u s in g  cap illa ry  rh eo m e te r.



64

5.3 Experimental

5.3.1 M a te ria ls
T h e  p e lle t re s in  u se d  in  th is  w o rk  w as c o m m e rc ia l film  g ra d e  o f  lin ea r 

lo w -d e n s ity  p o ly e th y le n e  (L L D P E ), D O W L E X  2 0 4 5 . It w as  su p p lied  b y  D O W  
C h em ica l C o m p an y . M e lt f lo w  in d ex  (M F I) as p ro v id e d  fro m  th e  m a n u fa c tu re r  
a cco rd in g  to  A S T M  D 1 2 3 8  is  1.0 g /10  m in , th e  d en s ity  is 0 .9 2 0  g /c m 3 an d  T m is 
1 2 4 °c . T h e  B is  (a ,a -d im e th y lb e n z y l)  p e ro x id e  o r d icu m y l p e ro x id e  (D C P ) as w h ite  
fla k e  fo rm  w ith  9 8 %  p e ro x id e  w as su p p lie d  by  A ld rich . T h e  ten  h o u r  h a l f  life  
te m p e ra tu re  is 114°c. F o r  g o o d  d isp e rs io n  an d  d is tr ib u tio n , it  w as sm a sh  g ro u n d  
b e fo re  u se  as in itia to r . R e a g e n t g rad e  o f  Iso p ro p an o l (IP A ) w as u sed  as in e r t c a rrie r  
to  p re p a re  D C P  so lu tio n  b e fo re  ad d in g  in to  th e  m e lt  L L D P E  acco rd in g  to  th e  firs t 
p e ro x id e  feed in g  m e th o d  (M i). X y len e  w ith  99%  p u rity  w as  u sed  as  so lv e n t fo r  
S o x h le t e x tra c tio n  to  rem o v e  th e  so lub le  p h ase  o u t o f  the  m o d ified  p ro d u c ts . A ll 
ch e m ic a ls  w ere  u se d  w ith o u t fu r th e r  p u rif ica tio n .

5 .3 .2  P re p a ra tio n  o f  P e ro x id e -M o d if ie d  L L D P E
M e lt p ro c e ss in g  w as p e rfo rm ed  in a  2 00  c m 3 c h am b er v o lu m e  o f  

la b o ra to ry  in te rn a l m ix e r, H a a k e  R h eo m ex  90. S ince  th is  a rtic le  e m p h a s iz e d  on  th e  
m e th o d  o f  c h e m ic a l in itia to r  a d d itio n  te ch n iq u e , th e  q u a lita tiv e  v a ria b le s  w ere  th e n  
se t as lo w  an d  h ig h  levels. T h e  reac tio n  tem p e ra tu res  w ere  v a r ie d  as 170 an d  2 0 0 °c . 
T h e  ro to r  sp eed s  w e re  se t as 3 0  and  70 m in"1. D C P  q u an tity  w as v a ried  a s  0 .02  an d
0.1 phr. In  ad d itio n , th e  s im p le  shear o f  L L D P E  (w ith o u t p e ro x id e ) in  th e  in te rn a l 
m ix e r  w as  a lso  p e rfo rm e d  as a  co n tro lled  sam p le . T o  in v estig a te  th e  e ffec t o f  
p e ro x id e  ad d in g  te c h n iq u e , s ta te d  in th is  w o rk  as p a ra m e te r  M , th ree  d iffe re n t fo rm s 
o f  m ix in g  sta te s  w ere  ca rried  o u t. T he firs t m e th o d  (M i) w h ich  w as th e  so lu tio n  fo rm  
o f  p e ro x id e  ad d ed  in to  m o lten  p o ly m e r w a s  p rep a red  by  d isso lv in g  g iv en  a m o u n ts  o f  
D C P  in  2 c m 3 o f  IP A . T h e  sm all d ro p  o f  D C P -IP A  so lu tio n  w a s  th e n  ad d ed  
fre q u e n tly  w ith in  1 m in  in to  th e  m o lten  L L D P E . T h is  m e th o d  w as d e s ig n e d  since  th e  
liq u id  p h ase  p e ro x id e  w as b e lie v e d  to s im p ly  p en e tra te  in to  th e  m elts  an d  p ro v id ed  
th e  b est m ix in g  e ffic ie n cy  re su lts . B e c a u se  the  so lu tio n  is v o la tile  a t am b ien t 
co n d itio n , sp ec ia l ca re  w as ta k e n  to  m in im iz e  its  lo ss  d u rin g  ad d in g  in to  m o lten
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L L D P E . T h e  seco n d  o n e  w as th e  a d d itio n  o f  so lid  p e ro x id e  in to  th e  m o lten  p o ly m e r 
(M ii) as su p p o rte d  th e  h y p o th e s is  o f  its  re ad in ess  to  re a c t w ith  th e  m elt. T h e  la s t one  
w as th e  so lid  p e ro x id e  ad d ed  an d  h ea ted  to g e th e r w ith  so lid  L L D P E  p e lle ts  (M iii). 
T h is  m e th o d  w as se t as  s im u la te d  to  th e  p rac tica l fe ed in g  in to  th e  h o p p e r  o f  
c o n tin u o u s  m e lt p ro c e ss in g , w ith o u t side  feed e r o f  sc rew  ex tru d e r. A fte r  p e ro x id e  
w as fed , th e  re a c tio n  h a d  b een  fu r th e r  co n tin u ed . W h e n  re a c h e d  10 m in  o f  m ix in g  
tim e , th e  sam p le  w as th e n  rem o v e d  from  th e  ch am b er, p laced  o n  s ta in le ss  s tee l p la te  
an d  co o le d  d o w n  b y  a tm o sp h e ric  a m b ie n t air. T o p rep a re  th e  sam p le  a p p ro p ria te  fo r  
fu rth e r te s te d  b y  M F I te s te r  , a n d  cap illa ry  rh eo m e te r, the  p ro d u c t w as  ca re fu lly  
g ro u n d  in to  sm all p ie c e s  u sin g  th e  W illey  m ill lab o ra to ry  g rinder.

5 .3 .3  C h a ra c te riz a tio n s
5 .3 .3 .1  M e l t  F lo w  In d e x  M e a s u re m e n t

M e lt flow , in d ex  (M F I) has b een  u sed  as a  ro u g h  e s tim a tio n  o f  
th e  w e ig h t-a v e rag e  m o le c u la r  w e ig h t o f  a  p o ly m er. N o rm a lly , th e  M F I is th e  o n ly  
sp e c if ic a tio n  o f  m e lt c o n s is te n c y  th a t is p ro v id ed  co m m erc ia lly . A cc o rd in g  to  A S T M  
D 1 2 3 8 , a  te s t  te m p e ra tu re  o f  190°c, and  a to ta l lo ad  o f  2 .1 6  k g  w as u se d  w ith  
K ay en ess  Inc . G a lax y  V , m o d e l 8 052  (M F I te s t set).

G el co n ten ts  w ere  d e te rm in ed  b y  a S o x h le t ex trac tio n  te ch n iq u e  
w h e reb y  m o d ified  L L D P E  sam p le s  w ere  k ep t in  re flu x in g  x y le n e  fo r 12 h. T he 
sam p le  h o ld e r , th im b le , w as th en  d ried  in  a v acu u m  oven  a t 110°c. T h e  p e rcen tag e  
o f  th e  w e ig h t rem a in in g , w ith  re sp e c t to  th e  in itia l w e ig h t, p ro v id e d  the  gel frac tio n .

5 .3 .3 .2  R h e o lo g ic a l  S tu d y
C ap illa ry  rh eo m e te r, C eas t R h eo lo g ic  5 0 0 0 , u sed  in  th is  w o rk  

has a c y lin d e r  o f  15 m m  d iam e te r. A ll tests  w ere  d o n e  at 1 9 0 ° c  a fte r  2 m in  o f  
p re h e a tin g  p erio d . A  se t o f  c ap illa ry  d ies  w ith  the  d ie  d iam e te r o f  1 m m  w as se lec ted . 
T h e  L /D  ra tio s , 0 .5 /1 ,5 /1 , and  2 0 /1 , w ith  fla t (jt/2  an g le ) e n tra n c e  w ere  u sed . T o  
o b ta in  th e  rea l rh e o lo g ic a l d a ta , b o th  R ab in o w itc h  and  B a g le y  c o rre c tio n s  w ere  
ap p lied . T h e  real sh e a r  ra te  (Jreai) is g iven  as in e q .( l )  w h e rea s  “ ร,, is th e  s lo p e  o f  log  
sh ea r s tre ss  an d  log  a p p a re n t sh e a r  ra te .

Yreal ~  [(3s +  1) /  4 s] Yapparenl (1)
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5 .3 .3 .3  E x tr u d a te  S w e l l  M e a s u r e m e n t
T h e  d ia m e te r  o f  each  fu lly  sw o llen  e x tru d a te  w as c a p tu re d  an d  

re c o rd e d  b y  th e  la se r  e q u ip m e n t co n s is tin g  o f  la se r ray  tra n sm itte r  an d  re c e iv e r  
n e a rb y  th e  d ie  e x it o f  th e  c a p illa ry  rh eo m e te r. T he p e rcen tag e  o f  c h an g e  in  ex tru d a te  
sw e ll w as th e n  m e a su re d  as p e rc e n ta g e  o f  th e  d iffe ren ce  b e tw e e n  b o th  ex tru d a te  and  
d ie  d iam e te rs  d iv id e d  b y  d ie d iam e te r.

5.4 Results and Discussion

T y p ic a lly , th e  h o m o ly tic  c leav ag e  o f  D C P  a t e le v a te d  te m p e ra tu re s  p ro v id e s  
free  ra d ic a ls  th a t  re ac t to  a b s tra c t h y d ro g e n  fro m  p o ly e th y le n e  c h a in s  to  fo rm  
m a c ro ra d ica ls . T h e  ra d ic a ls  w e re  th e n  te rm in a te d  by  c o m b in a tio n  w h ic h  c a n  re su lt as 
g ra ftin g  to  m a k e  m o re  b ran ch es , ch a in  ex ten d in g  to  m ak e  lo n g e r  m o le c u le s , o r  
c ro ss lin k in g  to  m ak e  th e  n e tw o rk  o r gel.. In c rea se  in  b ra n c h  u n its  o r m o le c u la r  s ize  
re su lts  in  m o re  e n ta n g le m e n t an d  h ig h  v isc o s ity . It sh o u ld  be  n o ted , in  th is  w o rk , th a t 
n o  gel f ra c tio n  w a s  o b se rv ed  fro m  all- sam p le s  b ecau se  th e re  is n o  re s id u e  o r 
in so lu b le  p h a se  o b ta in ed  a fte r  S o x h le t ex trac tio n . T h is  re su lt w as  fo r th e  ex tru d a te  
c o m in g  o u t o f  c ap illa ry  rh e o m e te r  a fte r th e  rh eo lo g ica l a n a ly s is  as w ell. T h ere fo re , 
th e  se lec ted  p e ro x id e  co n c e n tra tio n s  and  p ro c e ss in g  co n d itio n s  w ere  p ro p e r  to  avo id  
c ro ss lin k in g  o r th e  fo rm a tio n  o f  n e tw o rk  stru c tu re .

M F I m e a su re m e n t w a s  p e rfo rm ed  fo r all sam p les  m a d e  fro m  d iffe ren t 
fe ed in g  and  m ix in g  co n d itio n s . T h e  re su lts  are  show n  in  F ig u re  5 .1 . It w as  fo u n d  th a t 
M F I o f  p u re  L L D P E  w as d ro p p e d  from  0 .75  g /10  m in  w h ic h  w as  th e  v a lu e  o f  b ased  
L L D P E  to  th e  ra n g e  o f  0 .5  - 0 .7  g /1 0  m in  d u e  to  sh ear m o d ifie d  m e lt s tru c tu re . W h en  
p e ro x id e  w a s  in c o rp o ra ted , as  ex p ec ted , th e  M F I red u ced  fu r th e r  and  g o t lo w e r as 
p e ro x id e  a m o u n t in c reased . O n ly  D C P  o f  0.1 p h r c an  red u ce  M F I to  b e lo w  0 .03 
g /1 0 m in . S ince  th e re  w as n o  gel fo rm a tio n , th e  red u ced  M F I is due  to  th e  h ig h ly  
e n ta n g le m e n t c au sed  by  in c rea sed  b ra n c h in g  and  m o le c u la r  w e ig h t o r  m o le c u la r  
w e ig h t d is trib u tio n .
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Figure 5.1 M F I p e rfo rm e d  at 190°c u s in g  2 .1 6  k g  acco rd in g  to  A S T M  D 1 2 3 8 .

M o re o v e r, w h e n  co m p ared  am o n g  p e ro x id e  ad d itio n  m e th o d s  (p a ram e te r 
M ), all sa m p le s  o f  M iii p ro v id ed  th e  h ig h e s t d ro p  o f  M F I fo llo w e d  b y  M i. T he 
sm a lle s t d e c rea se  in M F I o ccu rred  w ith  M ii. T h is re c o m m e n d s  th a t, b e s id e s  th e  
co m m o n ly  co n ce rn ed  reac tiv e  p ro c e ss in g  p a ra m e te rs , th e  m e th o d  o f  p e ro x id e  
ad d itio n  (M ) is an o th e r k ey  to  a lte r  th e  m a c ro m o le c u la r  flo w  b e h a v io r  as m a n ife s tly  
o b se rv ed  a b it  d iffe ren ce  in  M F I a m o n g st th e  sam e te s t co n d itio n .
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Peroxide Quantity (phr)
Figure 5.2  D ep e n d e n c e  o f  M F I o n  .perox ide q u an tity  a t v a rio u s  p ro cess  co n d itio n s .

In o rd e r  to  ex a m in e  th e  in flu en ce  o f  co n s id e red  p ro cess in g  p a ra m e te rs  
e x c lu d in g  th e  p e ro x id e  ad d itio n  m e th o d  on  M F I, F ig u re  5 .2  w a s  p e rfo rm ed . It sh o w s 
th e  d e p en d en ce  o f  M F I o f  the  L L D P E  m o d ified  by  th e  th ird  p e ro x id e  feed in g  m e th o d  
(M iii)  o n  p e ro x id e  q u an tity . M F I v a lu e  w h ic h  p ro p o rtio n a lly  re la ted  to  v isc o s ity  w as 
d e p e n d e d  m a in ly  on  p e ro x id e  q u an tity . In c reas in g  m ix in g  tem p e ra tu re  an d  ro to r 
sp eed  a lso  red u ced  M F I. T h is  im p lie s  th a t  th e  p ro c e ss  tem p e ra tu re , a m o u n t o f  
p e ro x id e , and  m ix in g  ro to r  sp eed  affec ted  on  th e  flo w  o f  th e  m elt. H o w e v e r, a t h ig h  
D C P  co n ten t, th e  e ffec t o f  m ix in g  tem p e ra tu re  and  ro to r  sp eed  b ecam e  in s ig n ific a n t 
o n  M F I.

T he f lo w  cu rv es  o f  L L D P E  m o d ified  w ith  0.1 p h r  o f  D C P  m ix e d  a t 2 0 0 ° c  
an d  70  m in ’1, F ig u re  5 .3 , sh o w  th e  e ffec t o f  p e ro x id e  fe e d in g  m eth o d . A ll rh eo lo g ica l 
d a ta  p lo tted  in th is  a rtic le  w ere  rep resen ted  v ia  the  d a ta  g iv en  by  20/1 L /D  o f  
c a p illa ry  d ie  u sing . It sh o u ld  be  n o te d  th a t th e  m elt fra c tu re  w as o b se rv e d  at sh ea r 
ra te  ab o v e  500  ร’1. B o th  real sh e a r  stress and  rea l sh ea r v isc o s ity  o f  M iii m o d ified  
L L D P E  w ere  th e  h ig h e s t fo llo w in g  b y  th o se  o f  M i and  M ii, re sp ec tiv e ly . H o w e v e r, a 
sm a ll h ig h e r  v a lu e  w as o b se rv ed  fo r  M iii and  M i. T h e  re su lts  w ere  a lso  re lev an t to  
th e  M F I m e a su re m e n t th a t the  m o re  p re ssu re  o r s tre ss  g en e ra ted  w h e n  th e  m elt 
b e h a v e d  m o re  re s is tan ce  to  flow .
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Figure 5.3 F lo w  cu rv e  o f  L L D P E  m o d if ie d  w ith  0.1 p h r  D C P  p ro c e sse d  a t 2 0 0 ° c  
an d  70 m in '1 w ith  v a rio u s  p e ro x id e  ad d itio n  m ethods.

T h e  p ro cess  co n d itio n  th a t can  p ro v id e  m u ch  o f  th e  b ran ch  o r ch a in  
c o m b in a tio n  is  p re fe rred  as an  im p ro v e m e n t o f  the m e lt s tren g th . T h is  m o le c u la r  
c h a ra c te ris tic  ty p ica lly  o b s tru c ts  th e  f lo w  w h en  it is fo rced  in  m e lt sta te . G en era lly , 
th e  s tress  m easu red  fro m  cap illa ry  rh e o m e te r  o ften  reco rd s  th e  p re ssu re  g en e ra ted  
from  e n tran ce  and  ex it e ffec ts  (to ta l p ressu re  d rop  in  th e  in s tru m en t) . In a d d itio n  to  
rea l rh eo lo g ica l da ta , th e  e lo n g a tio n a l b eh a v io u r o f  th e  m e lt is o b ta in ed  fro m  th e  d a ta  
o n  p re ssu re  d ro p  acco rd in g  to  C o g sw ell theo ry . T he e lo n g a tio n a l v isc o s ity  can  be  
u sed  to  ch a rac te riz e  th e  m o le c u la r  fea tu re  as it re fe rs  to  the  m e lt s tren g th  p ro p erty . 
F ig u re  5.4 sh o w s th e  d e p e n d en ce  o f  ten s ile  stress an d  e lo n g a tio n a l v isc o s ity  on  
e lo n g a tio n a l ra te  o f  0.1 p h r  o f  D C P  m o d ified  L L D P E  p ro c e sse d  at 2 0 0 ° c  w ith  70 
m in "1 o f  ro to r  speed . T o  fo cu s  on  th e  m e th o d  o f  p e ro x id e  in co rp o ra tio n , th e  p lo t w as 
p re se n te d  w ith  d iffe ren t p e ro x id e  ad d itio n  m eth o d . B o th  ten sile  s tre ss  and  
e lo n g a tio n a l v isco sity  fo r  th e  sam p le  ty p e  o f  the th ird  p e ro x id e  ad d in g  m e th o d  (M iii) 
s till lay ab o v e  th o se  o f  L L D P E  m o d ified  by M i and M ii w h ich  ran k ed  the seco n d  and  
th e  last, re sp ec tiv e ly . T h e  h ig h e r in  e lo n g a tio n a l v isco s ity  can  im p ly  to  th e  g rea te r  in
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th e  a b ility  o f  p o ly m e r m e lt to  be  s tre tch ed  o r  h ig h e r m e lt s tre n g th  w h ic h  s tro n g ly  
re la te d  to  th e  m o re  d ec rea s in g  in  M F I. M o reo v e r, th e  h ig h e r  m e lt  s tre n g th  w as 
e x p e c te d  to  ca u se  b y  w id e r M W D  a n d /o r h ig h  level o f  lo n g  c h a in  b ran ch es . T h is  
s im ila r  te n d e n c y  as o b se rv ed  fo r  sh e a r  b eh av io r, in  F ig u re  5 .3 , c o n firm e d  th a t  M iii 
p e rfo rm e d  th e  g re a te s t e ff ic ien cy  o f  p e ro x id e  in c o rp o ra tio n  d u rin g  th e  reac tiv e  
p ro c e ss in g  in  th e  s tu d y  range.

T h e  m e th o d  o f  p e ro x id e  ad d itio n  th a t p ro v id es  m o s t c h a in  co m b in a tio n  is 
M iii w h ic h  is th e  m e th o d  o f  m ix in g  so lid  p e ro x id e  to g e th e r  w ith  L L D P E  p e lle ts  th a t 
w as  th e n  m e lte d  s im u ltan eo u sly . S in ce  b o th  so lid s  w ere  hea ted , m e lted , an d  m ix e d  
to g e th e r , th e  w e ll d isp e rse d  so lid  p e ro x id e  can  d eco m p o se  in  th e  v ic in ity  o f  m o lte n  
L L D P E  a llo w in g  th e ir  re a c tio n  to  o c c u r  read ily  and  m o st e ffic ien tly . T h e  d iffu s io n  o f  
th e  g ro u n d  p e ro x id e  in to  th e  m o lte n  p o ly m e r (M ii) w as  n o t e asy  due  to  th e  h ig h  
v isc o s ity  o f  th is  g rad e  L L D P E .

F ig u r e  5 .4  E lo n g a tio n a l b e h a v io u r  o f  L L D P E  m o d ified  w ith  0.1 p h r  D C P  p ro c e sse d  
at 2 0 0 ° c  and  70  m i n 1 w ith  v a rio u s  p e ro x id e  ad d itio n  m e th o d s.

L a c h te rm a c h e r  an d  R u d in  rep o rted  th a t the  p e ro x id e  so lu tio n  p e rfo rm e d  the  
b est jo b  (L a c h te rm a c h e r  e t a l . ,  1 996b) w h ich  w as n o t s im ila r  as o u r  co n d itio n s . T h is  
m ay  be  c au sed  b y  th e  v o la tile  lo ss  o f  p e ro x id e  b efo re  e n te r  in to  th e  m elt ev en  sp ec ia l
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ca re  w as tak en . N e v e rth e le s s , th e  m u c h  f in e r  D C P  p a rtic le s  g iv en  o u t a fte r  so lv e n t 
e v ap o ra tio n  ( fo r  M i) c o u ld  be  b e tte r  in co rp o ra ted  a n d  d is tr ib u te d  in  th e  m o lte n  
L L D P E  th a n  th e  g ro u n d  D C P  (M ii). In  co n c lu s io n , th e  e ff ic ie n c y  o f  p e ro x id e  
in c o rp o ra tio n  a c c o rd in g  to  in itia to r  a d d itio n  m e th o d  can  b e  as fo llo w e d  : M iii >  M i >  
M ii.

In  a d d itio n  to  th e  k ey  p a ra m e te r  o f  the  m ix in g  e ff ic ie n cy  w h ic h  is th e  
m e th o d  o f  p e ro x id e  a d d itio n , the  in v es tig a tio n  o f  o th e r p a ra m e te rs  is  a m u s t as th e  
fac to rs  to  m a n ip u la te  th e  p e ro x id e  in c o rp o ra tio n  in  reac tiv e  p ro cess in g . T h e  cu rv e  o f  
rea l sh ea r v isc o s ity  an d  rea l sh ea r ra te  p e rfo rm e d  w ith  th e  cap illa ry  d ie  L /D  20/1 o f  
th e  M iii sa m p le s  w h ic h  w e re  p lo tte d  to  s im p lify  the  an a ly sis  o f  m ix in g  ro to r  sp eed  
e ffe c t an d  o f  p ro c e ss  te m p e ra tu re  e ffe c t w ere  sh o w n  in  F ig u re  5 .5  an d  F ig u re  5 .6 , 
re sp ec tiv e ly . I t w as  fo u n d  th a t th e  L L D P E  m o d ified  a t 200°c c a n  p ro v id e  h ig h e r  
sh e a r  v isc o s ity  th a n  th a t  o f  one  m o d ifie d  a t 1 7 0 ° c  as  o b se rv ed  th e  h ig h e r  tre n d  in  

■ F ig u re  5-.6.

F ig u r e  5 .5  D e p e n d e n c e  o f  real sh ea r v isc o s ity  on  real sh e a r  rate: c o m p a riso n  o f  
m ix in g  ro to r sp eed .
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Figure 5.6 D e p e n d e n c e  o f  rea l sh e a r  v isc o s ity  o n  rea l sh e a r  ra te : c o m p a riso n  o f  
p ro c e ss  tem pera tu re.-

A n o th e r  in d ic a tio n  o f  p o ly m e r  m o le c u la r  c h a ra c te r is tic  is ex tru d a te  sw ell. 
T h e  ex tru d a te  c o m in g  o u t o f  th e  c a p illa ry  d ie  ex it rap id ly  in c rea se s  in  c ro ss-sec tio n a l 
a rea  s in c e  s tre ss  g e n e ra tin g  (i)  d u r in g  th e  tra n s fe r  o f  th e  m e lt from  th e  b arre l o r  m e lt 
re s e rv o ir  in to  th e  c a p illa ry  d ie  an d  (น) sh ea r g rad ien t in  c ap illa ry . T h ese  s tre sses  
a ffec t th e  p o ly m e r  c h a in  o rie n ta tio n s . T h is p h e n o m e n o n  w as n o rm a lly  u se d  fo r 
e v a lu a tin g  th e  e la s tic ity  o f  p o ly m e r m e lt d u rin g  e x tru s io n  an d  w as o f  g rea t 
im p o rtan ce  in  th e  p la s tic  m a n u fa c tu rin g  w h ic h  o ften  d e s ire d  a re s in  h av in g  
p re sc r ib e d  sw e llin g  ch a rac te ris tic s .
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Figure 5.7 P e rc e n ta g e  ch an g e  in  ex tru d a te  sw ell v s . a p p a ren t sh e a r  ra te .

F ig u re  5 .7  sh o w s th e  d e p e n d e n c e  o f  p e rcen tag e  c h a n g e  in  ex tru d a te  sw e ll on  
p e ro x id e  c o n te n t o f  a ll ru n s  p ro c e sse d  at 200°c w ith  p e ro x id e  ad d itio n  m e th o d  M iii. 
N o t su rp ris in g ly , in c rea se  in  p e ro x id e  q u an tity  and  sh ear ra te  fo r c ap illa ry  e x tru s io n  
c a n  g en e ra te  la rg e r  s tre ss  a n d  c o n se q u e n tly  in c reas in g  ex tru d a te  sw ell. T h e  lo w er 
sp eed  o f  m ix in g  cau ses  le ss  ex tru d a te  sw ell; h o w ev er, w h e n  u sin g  h ig h  a m o u n t o f  
D C P  (0.1 p h r), th e  e ffec t o f  ro to r  sp eed  on  ex tru d a te  sw ell b eco m es  in v e rsed . It 
co u ld  be  re fe rre d  th a t th e  e ffec t o f  m ix in g  sp eed  in d irec tly  in d ica tin g  sh ea r ra te  
a p p lie d  d u rin g  th e  m elt p ro c e ss in g  b e c o m e s  p re d o m in a n t fo r sh ea r m o d ific a tio n . A t 
h ig h  p e ro x id e  c o n te n t in c o rp o ra te d  w ith  h ig h  sh ea r ra te  ap p lied  d u rin g  m ix in g , the  
a ttack  o f  p e ro x id e  w h ich  d ec o m p o se d  at p ro cessed  tem p e ra tu re  on  L L D P E  ch a in  to  
p ro d u c e  m a c ro ra d ica ls  o c c u rre d  q u ic k ly  and  th en  p ro v id e d  m o re  o f  sh o rte r  ch a in  
b ra n c h e s  th an  th a t o f  lo w  m ix in g  sp eed . O n  th e  o th e r h an d , lo w  sh ea r ra te  o f  m ix in g  
p ro v id e d  m o re  o f  lo n g e r c h a in  b ra n c h e s  in th e  h ig h -c o n te n t in itia to r  sy s tem  w h ich  
seem ed  re sp o n s ib le  fo r e la s tic ity  p ro p e rty  as the  h ig h  o f  p e rcen tag e  c h an g es  in 
e x tru d a te  sw ell w as  o b se rv ed .

N e v e rth e le ss , th e  u se  o f  th e se  rh eo lo g ica l d a ta  to  o b ta in  all in fo rm a tio n  
ab o u t lo n g  c h a in  b ra n c h in g  is n o t feas ib le , it is n ece ssa ry  to  sep ara te  th e  e ffe c t o f
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m o le c u la r  w e ig h t d is tr ib u tio n  from  th a t  o f  lo n g  ch a in  b ra n c h in g . T h is  is d iff ic u lt 
b ecau se  b o th  s tru c tu ra l fe a tu re s  p e rfo rm  s im ila r  e ffec ts  su ch  as, b o th  b ro a d e n in g  the  
M W D  an d  in c re a s in g  th e  lev e l o f  lo n g  ch a in  b ran ch in g  h av e  s im ila r  e ffe c ts  o n  the 
v isc o s ity  cu rve .

5.5 Conclusions

R e su lts  o f  re d u c e d  M F I a n d  in c rea s in g  v isc o s ity  w ith  p e ro x id e  co n te n t 
in d ica te  th e  f lo w  d iff ic u lty  and  h e n c e  th e  in c rea se  in  b ra n c h in g  s tru c tu re  o r  ch a in  
e x te n s io n s  to  L L D P E  m o le c u le s  as a  re su lt o f  re a c tiv e  m ix in g  w ith  a n  in itia to r , D C P  
a t lo w  co n ten t. T h e  a ll p e ro x id e  m o d if ie d  L L D P E s still e x h ib ite d  p se u d o p la s tic ity  o r 
sh ea r th in n in g . A m o n g  th ree  m e th o d s  o f  in itia to r  a d d itio n , M iii is th e  m o st 
ap p ro p ria te  m o d e  o f  p e ro x id e  a d d itio n  d u e  to  th e  h ig h es t rea l sh e a r  s tre ss , v isc o s ity  
and  th e  lo w es t M F I. M iii p ro v id es  th e  w ell d is tr ib u tiv e  m ix in g  o f  th e  so lid  p e ro x id e  
and  L L D P E  p e lle ts  in  th e  d ry  s ta te  p r io r  to  h e a tin g  an d  th u s  o n ce  th e y  a re  m o lte n , the 
p e ro x id e  w as d ec o m p o se d  in sid e  an d  read ily  reac ted  w ith  m o lte n  L L D P E . T h is  
a llo w s th e  m o st e ff ic ie n t re ac tiv e  m ix in g . P ro cess in g  te m p e ra tu re  and  m ix in g  ro to r 
speed  b ec o m e  m o re  in flu en ce  on  p e ro x id e  feed in g  m e th o d s  at lo w  a m o u n t o f  
p e ro x id e  b u t at h ig h  D C P  co n ten t th e y  sh o w  le ss  im p o rtan t e ffec ts  on  e x te n t o f  
re ac tio n  in  te rm s o f  v isc o s ity  and  e la s tic ity  o f  th e  reac ted  L L D P E . S in ce  ch a n g in g  in 
rh eo lo g ica l p ro p e rtie s  d e p en d ed  m a rk e d ly  on  th e  e ff ic ien cy  o f  in c o rp o ra tin g  and 
m ix in g  th e  p e ro x id e  in to  th e  p o ly m e r, the  m e th o d  o f  p e ro x id e  ad d itio n  an d  the  
p ro c e ss in g  c o n d itio n s  w ere  im p o rta n t fac to rs  o f  th e  re a c tiv e  p ro cess  o f  se lec ted  
L L D P E .
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