
CHAPTER VI
THE EFFECTS OF PROCESSING PARAMETERS ON RHEOLOGICAL

PROPERTIES OF LOW-DOSE PEROXIDE MODIFIED LLDPE

6.1 Abstract

P ero x id es  a re  ty p ic a lly  k n o w n  as a  ch em ica l in itia tin g  sou rce  a p p lie d  to  th e  
reac tiv e  p ro c e ss in g  sy stem . It p e rfo rm e d  w e ll to  a lte r th e  m o le c u la r  c h a ra c te r is tic s  
co n se q u e n tly  a ffe c ted  to  th e  p ro d u c t p ro p e rtie s  in c lu d in g  rh eo lo g ica l one. O th e r 
b a s ic  p ro c e ss in g  p a ra m e te rs  w h ic h  w e re  m ix in g  ra te  an d  p ro cess  te m p e ra tu re , 
h o w e v e r , h ad  to  b e  in  a c c o u n t as re g a rd e d  to  th e  ac tin g  on  p e ro x id e  c o o p e ra tin g  
e ffic ien cy . O n  th e  o th e r  h a n d s , th o se  sh o w ed  th e  co m b in a tio n  e ffec t o n  th e  m ix in g  
re su lts . In  th is  re se a rch , th e  s ta tis tic a l a n a ly s is  w as  ap p lied  to  v e r ily  th is  h y p o th e s is . 
It w as  fo u n d  th a t th e  M F I v a lu e s  as a re sp o n se  v a riab le  ' w as a ffe c ted  by  b o th  
q u a lita tiv e  p a ra m e te r  i.e. p e ro x id e  a d d itio n  m e th o d  an d  q u a n tita tiv e  p a ra m e te rs  
w h ic h  w ere  th e  a m o u n t o f  p e ro x id e , ro to r speed , an d  th e  c o m b in a tio n  am o n g  th em . 
M o re o v e r, sm all am p litu d e  d y n am ic  sh ea r rh e o m e te r w as  em p lo y ed . C o m p lex  
v isc o s ity , c o n s is te n c y  index , an d  sh ear th in n in g  ch a ra c te ris tic s  w ere  en h a n c e d  w ith  
p e ro x id e  co n ten t. T h e  c ro sso v e r  m o d u lu s  w as sh ifted  to  th e  lo w er f re q u e n c y  an d  
lo w er m o d u lu s  v a lu e  as an  ev id e n c e  o f  lo n g -ch a in  b ran ch es  o ccu rren ce .

Keywords: O sc illa to ry  sh e a r  rh e o m e te r. R eac tiv e  P ro c e ss in g , R e sp o n se  su rface  
m e th o d , V isco e la s tic  p ro p erty
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6.2 Introduction

B y  th e  in d u s tr ia l an d  eco n o m ic  reaso n s , th e  m o d if ic a tio n  o f  L L D P E  in  a  
s in g le  s te p  d u rin g  th e  p ro cess in g , c a lled  reac tiv e  p ro cess in g , is  in  n e e d  w ith  fu r th e r  
re su lts  o f  s tru c tu re  m o d ific a tio n . In  g en e ra l, th e  reac tiv e  p ro c e ss in g  o f  P E  c a n  be  
d e sc r ib e d  b y  th e  ra d ic a l m o d ifica tio n . T h e ir  re ac tio n s  in v o lv e  c h a in  sc is s io n  b u t tu rn  
to  d o m in a te  c ro ss -lin k in g  o r g ra ftin g  fo r  m o st P E  system  d u e  to  n o  e x is te n c e  o f  
te r tia ry  b a c k b o n e  ra d ic a ls  an d  steric  h in d ran ce  e ffec t (D e b b a u t e t  a l ,  1998; 
S m ed b e rg  e t  a l . ,  2 0 0 3 ). H o w ev er, to  av o id  th e  u n d e s ire d  e x cess  o f  c ro ss lin k in g  
w h ic h  m a y  cau se  th e  d e fec t in  th e  f ilm  p ro d u c t, th e  q u a n tity  o f  p e ro x id e  in itia to r  
u se d  w a s  k e p t b e lo w  th e  co n cen tra tio n  th a t p ro d u ces  a  m a c ro sc o p ic  m o le c u la r  
n e tw o rk  (S u w a n d a  e t  a l . ,  1993).

In  a d d itio n  to  th e  ty p e  o f  p e ro x id e , th e  o th e r p ro c e ss in g  p a ra m e te rs  su ch  as 
am o u n t o f  in itia to r  u sed , p ro cess  tem p e ra tu re , m ix in g  sc rew  sp eed  .affec ted  o n  th e  
m o d if ie d  p ro d u c t p ro p e rtie s  as  w ell as  its  m o le c u la r  c h a rac te ris tic . In  th is  case , it is 
p o ss ib le  to  co rre la te  lin e a r v isco e la s tic  b eh av io r w ith  m o le c u la r  c h a ra c te r is tic  by  
sm all a m p litu d e  o sc illa to ry  sh ea r (T u rcsan y i e t  a l . ,  1993; G h o sh  e t  a l . ,  1997; L iao  e t  
a l . ,  2 0 0 3 ).

A s a sc reen in g  ex p erim en t fo r  co n tin u o u s reac tiv e  p ro c e ss , th e  p ro cess  
p a ra m e te rs  h av e  to  be  tak en  in to  c o n s id e ra tio n  in  o rd e r  to  p ro d u c e  th e  D C P -m o d if ie d  
L L D P E  w ith  p re fe rred  rh eo lo g ica l p ro p e rtie s  (R am o s e t a l . ,  2 0 0 4 ) T h e re fo re , an  
e x p e rim e n ta l d e s ig n  w as ca rried  ou t to  ev a lu a te  th e  e ffec t o f  p ro c e ss in g  p a ra m e te rs  
w h ic h  p la y  an  im p o rta n t ro le  to  the m ic ro s tru c tu re  m o d ific a tio n . P e ro x id e  a d d itio n  
m e th o d s  (M ), am o u n t o f  in itia to r  u sed  (P ), p ro cess te m p e ra tu re  (C ) as w e ll as m ix in g  
ro to r  sp e e d  (R ) w ere  in v estig a ted  in  th is  w ork . N e v e rth e le ss , th e  m en tio n e d  
p ro c e ss in g  p a ra m e te rs  m ay  h av e  a co -o ccu rren ce  effec t o n  th e  m ic ro s tru c tu re  o f  
re su ltin g  p ro d u c t; h en ce  tw o -lev e l fa c to ria l d es ig n s  w as in tro d u c e d  to  e s tim a te  th e  
e ffec t o f  each  p a ra m e te r  o r  c o m b in a tio n  o f  p ro cess in g  p a ra m e te rs  on  th e  se lec ted  
v a ria b le , in  th is  case  w as M F I. In a fac to ria l ex p e rim en t, e ffe c ts  o f  a n u m b e r o f  
d iffe ren t p a ra m e te rs  are  in v estig a ted  s im u ltan eo u sly . T he  ru n s  c o n s is t o f  all p o ss ib le  
c o m b in a tio n s  o f  th e  lev e ls  fro m  the  d iffe ren t p a ram e te rs  o r  fa c to rs . F ac to ria l d e s ig n  
is h ig h ly  e ff ic ien t b ecau se  every  o b se rv a tio n  p ro v id es  in fo rm a tio n  ab o u t a ll th e



79

fac to rs  in  th is  ex p e rim en t. W h en  in te rac tio n s  am o n g  th e  fa c to rs  ex is t, a  fac to ria l 
d e s ig n  is n ece ssa ry  to  av o id  co n fu s in g  co n c lu s io n s . W h en  n o  in te ra c tio n s  e x is t, a 
fa c to ria l d e s ig n  g iv e s  th e  m a x im u m  e ffic ien cy  in  th e  e s tim a tio n  o f  th e  m a in  e ffec ts  
o f  th e  fac to rs  (B o x  e t  a l . ,  1978). T h e re fo re , tw o -le v e l fac to ria l d e s ig n  w as ap p lied  
a n d  re sp o n se  su rface  m e th o d  w a s  se lec ted  to  an a ly ze  such  d esig n .

6.3 Experimental

6.3.1 M ate ria ls
L in e a r  lo w  d e n s ity  p o ly e th y len e  (L L D P E ) u se d  in  th is  w o rk  is  th e  

c o m m e rc ia l av a ilab le  film  g rad e  D O W L E X  2045  su p p o rted  as  the  p e lle t  fo rm  by  
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) acco rd in g  to  A S T M  D 1 2 3 8  sh o w s 
1.0 g /10  m in  w ith  d e n s ity  o f  0 .9 2 0  g /cm 3 and  m e ltin g  T em p era tu re  (T m) a s  re p o rte d  
b y  su p p lie r  is 122°c. .

T h e  D icu m y l p e ro x id e  (D C P ), o b ta in ed  from  A ld ric h , in  w h ite  flake  
fo rm  w ith  98%  p e ro x id e  w as u se d  as ch em ica l in itia to rs . I t w as  g ro u n d  to  red u ce  
a g g lo m e ra tio n  b e fo re  u se . Iso p ro p an o l re a g e n t g rade  w as u se d  as so lv e n t an d  in e rt 
c a rr ie r  fo r  th e  a d d itio n  o f  p e ro x id e  in to  th e  m elt. X y len e  w ith  99%  p u r ity  w as u sed  
a s  so lv e n t to  ex trac t th e  so lu b le  g ra ftin g  m o d ified  p ro d u c ts . A ll ch em ica ls  w ere  u sed  
w ith o u t fu rth e r p u rifica tio n .

6 .3 .2  P ro ced u re
6 .3 .2 .1  S ta t is t ic a l  E x p e r im e n ta l D e s ig n

T he e ffec ts  o f  tem p e ra tu re  (C ), p e ro x id e  c o n c e n tra tio n  (P ), 
an d  ro to r sp eed  (R ) on  th e  M F I v a lu e , as  a re sp o n se  v ariab le , w e re  a n a ly z e d  u s in g  a 
2 3 fac to ria l desig n  w ith  fo u r cen tra l p o in ts  (O ). T h e  v a lu e s  o f  in fe r io r  (-1 ) and  
su p e rio r  (+ 1 ) levels  o f  co d ified  in p u ts  are  p re sen ted  in  T ab le  6 .1 . T h e  ex p e rim e n ts  
w e re  ran d o m ized  an d  ru n  to  a to ta l o f  tw e lv e  ru n s  as sh o w n  in T a b le  6 .2 . Six 
o b se rv a tio n s  tak en  a t e a c h  p a r tic u la r  tre a tm en t co m b in a tio n  fo r m elt f lo w  in d ex  (M F I) 
ev a lu a tio n . A fte r th e  ev a lu a tio n  o f  the  m a in  and  th e  in te rac tio n  e ffec ts , a  su rface  
re sp o n se  w as b u ilt u s in g  the  s ig n ific an t fac to rs . T h e  p e ro x id e  ad d itio n  m e th o d  is a 
q u a lita tiv e  fac to r; th e re fo re  th is  v a riab le  w as an a ly zed  se p a ra te ly  in  te rm  o f
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2 3 F a c to r ia l  E x p e r im e n ta l  D e s ig n

Table 6.1 T w o  level p a ra m e te rs  fo r 2 3 fac to ria l ex p e rim en ta l d es ig n

modification efficiency according to relatively low melt flow index. Moreover, the
response surface method was applied to illustrate other two variables of flow
behavior which were consistency and power law index as well.

Factors
Level Process Temperature

(°C)
Peroxide Quantity

(phr)
Rotor Speed 

(min'1)
+ 1 200 0.1 70
0 185 0.06 50

- 1 170 0.02 30

Table 6.2 2 3 fac to ria l ex p e rim en ta l leve l (v a riab les  in  co d ed  u n it lev e l)  w ith  4 c e n te r  
p o in ts

Test c P R Combination
1 + 1 + 1 + 1 CPR
2 + 1 + 1 - 1 CP
3 + 1 - 1 + 1 CR
4 + 1 - 1 - 1 C
5 - 1 + 1 + 1 PR
6 - 1 + 1 - 1 P
7 - 1 - 1 + 1 R
8 - 1 - 1 - 1 -

01 - 0 4 0 0 0 O
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6 .3 .2 .2  P r e p a r a t io n  o f  P e r o x id e -M o d if ie d  L L D P E
A  ce rta in  a m o u n t o f  L L D P E  p e lle ts  w e re  a llo w e d  to  m e lt fo r  2 

m in , o th e rw ise  s ta ted , in  a  la b o ra to ry  in te rn a l m ix er, H aak e  R h e o m e x  90 , b e fo re  th e  
in itia to r  w as  ad ded . V a rio u s  p ro c e ss  tem p e ra tu re  and  ro to r sp e e d  w as se t as  sh o w n  in  
T a b le  6 .1 . T h e  p e ro x id e  q u an tity  w a s  v a ried  as 0 .02 , 0 .06 , and  0.1 ph r. M o re o v e r, th e  
ab se n c e  o f  p e ro x id e  w a s  o b se rv ed  as  sh ea r m o d ifica tio n . T o  in v es tig 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  (M ), th re e  d iffe ren t fo rm  o f  m ix in g  sta te s  w ere  c a rried  ou t. 
T h e  f irs t m e th o d  (M i) w h ic h  w a s  th e  so lu tio n  fo rm  o f  p e ro x id e  ad d itio n  in to  m o lte n  
p o ly m e r  w a s  p re p a re d  by  d isso lv in g  g iv en  am o u n ts  o f  D C P  in  2 c m 3 o f  iso p ro p an o l 
(IP A ), c o n se q u e n tly  ch a n g e d  in  c o n c e n tra tio n  o r ra tio  o f  p e ro x id e  and  so lv en t. S ince  
th e  D C P  so lu tio n  is v o la tile  a t ro o m  tem p e ra tu re  and  p ressu re , sp ec ia l c a re  w as ta k e n  
to  m in im iz e  its lo ss  d u rin g  a d d in g  in to  m o lten  L L D P E . T h e  seco n d  o n e  is th e  
a d d it io n  o f  so lid  p e ro x id e  in to  th e  m o lten  p o ly m er (M ii) and  th e  la s t o n e  is  th e  so lid  

. p e ro x id e  ad d ed  to g e th e r  w ith  so lid  p o ly e th y len e  p e lle ts  (M iii). A fte r  p e ro x id e  ad d in g , 
th e  m ix in g  in  b a tch  m ix e r  h ad  b e e n  fu rth e r to  reach  the  d e s ire d  p ro c e ss in g  tim e  
w h ic h  w as 10 m in . T h e  sam p le  th en  w as rem o v ed  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 led  d o w n  by  a tm o sp h eric  am b ien t a ir. G rin d in g  in to  sm all 
p ie c e s  w as th e  la s t s te p  fo r  b a tch  reac tiv e  p ro cessin g .

6 .3 .2 .3  T o rq u e  M e a s u re m e n t
T h e  v isc o s ity  o f  th e  m ate ria ls  can  be  co m p ared  re la tiv e ly  v ia  

to rq u e  m e a su re m e n t th ro u g h o u t th e  m e lt p ro cess in g . U sin g  in te rn a l b a tc h  m ix e r  
p ro g ra m m e d  w ith  R h e o m ix  90 , th e  m ix in g  to rq u e  w as reco rd ed  d u rin g  p ro cess in g .

6 .3 .2 .4  C h a r a c te r iz a t io n s
T h e  m o d ified  L L D P E s to  be c h a rac te riz ed  in  th is  c h a p te r  w ere  

th e  sam e  m a te ria ls  o b ta in e d  in  ch a p te r  V  and  th e ir  m e lt f lo w  in d ex  (M F I) v a lu e s  
w ere  u sed  fo r s ta tis tica l an a ly s is  in  th is  chap ter.

M o reo v e r, freq u en cy  d ep en d en ce  o f  sm all am p litu d e  
o sc illa r to ry  sh ea r m o d u li in th e  m o lten  s ta te  w as done  u sing  a p la te -p la te  rh eo m e te r, 
T A  In s tru m e n ts  m o d e l A R 2 0 0 0 . T h e  m easu rem en ts  w ere  p e rfo rm ed  at 1 9 0 °c . T h e  
d ia m e te r  an d  the  d is ta n c e  b e tw een  th e se  tw o  p a ra lle l p la tes  w ere  25 m m  an d  0.8 m m , 
re sp e c tiv e ly . L in ea r v isc o e la s tic  p ro p e rtie s  such  as the  co m p lex  sh ea r v isc o s ity  (ๆ ),
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th e  s to rag e  (G ')  m o d u lu s  as w e ll as th e  lo ss  m o d u lu s  (G ") w e re  o b ta in e d  fo r each  
sam p le .

6.4 Results and discussion

R e s p o n s e  S u r fa c e  o f  M F I
M e a su re d  M F I o f  sh ea r m o d ified  L L D P E  w ith  v a r io u s  p ro cess in g  

c o n d itio n s  w e re  sh o w n  in  T ab le  6 .3 . T he h ig h e r  D C P  co n ten t in c o rp o ra te d  in to  th e  
sing le-phase . L L D P E  reac tiv e  p ro cess in g , th e  lo w er M F I v a lu e s  o f  th e  m o d ified  
L L D P E  w ere . T h e  p e ro x id e  a d d itio n  m e th o d  w as the  k ey  p a ra m e te r  a ffe c tin g  on  th e  
M F I v a lu e  as  c o n c lu d ed  in  th e  p rev io u s  w o rk  (T asan a tan ach a i e t  a l . ,  2 0 0 8 ). T h e  
cap illa ry  rh e o m e te r  w a s  em p lo y ed  in  o rd e r  to  ob serv e  th e  s tead y  sh ea r f lo w  and  to  
d iffe re n tia te  th e  e ffec t o f  o th e r p ro c e ss in g  p a ram e te rs  w ith in  th e  sam p le  g roup  o f  
sam e  p e ro x id e  ad d itio n  m e th o d . H o w ev e r, it w as in te re s tin g  to  v e rify  th ese  
e x p e rim e n ta l d a ta  an d  to  p ic tu re  th e  o v e ra ll effec ts.

Table 6 .3  A v e rag e  m e lt f lo w  in d ex  (M F I) o f  p e ro x id e  m o d ifie d  L L D P E

Test Level Conditions Averaged MFI (g/10 min)
c P R Mi Mii Miii

1 + 1 + 1 + 1 0.0261 0 .0433 0 .0 1 9 2
2 + 1 + 1 - 1 0 .0312 0 .0692 0 .0 2 0 4
3 +  1 - 1 + 1 0 .1352 0 .1885 0 .0 3 4 9
4 + 1 - 1 - 1 0 .2126 0 .3585 0 .1 2 9 6
5 - 1 + 1 + 1 0 .0258 0 .0 4 4 8 0 .0 2 0 8
6 - 1 + 1 - 1 0 .0212 0 .0418 0 .0 1 5 2
7 - 1 - 1 +  1 0 .0989 0 .1 1 9 0 0 .0 3 3 8
8 - 1 - 1 - 1 0 .3 5 9 0 0 .4488 0 .2 8 4 0
9 0 0 0 0 .0475 0 .0 5 9 0 .0 2 7 8
10 0 0 0 0 .0529 0 .0 5 8 6 0 .0 2 8 7
11 0 0 0 0 .0477 0 .0 6 0 0 0 .0 2 7 4
12 0 0 0 0 .0503 0 .0594 0 .0293

T h e  e s tim a ted  e ffec ts  o f  those  p a ram e te rs  on  the  re sp o n se  v a ria b le , M F I, 
w e re  d e te rm in e d  s ta tis tic a lly  an d  the  re su lts  w ere  sh o w n  in th e  T ab le  6 .4 . In th is  
ca se , the  p e ro x id e  ad d itio n  m e th o d  w as d e s ig n ed  as a q u a lita tiv e  v a ria b le  w h ich  u se
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as th e  b lo c k s  to  e s tim a te  th e  e ffe c t o f  q u a n tita tiv e  fac to rs . T h e  m o s t s ig n ific a n t 
p a ra m e te r  o b ta in ed  s ta tis tic a lly  w a s  a m o u n t o f  p e ro x id e  a d d e d  to  th e  reac tiv e  
p ro c e ss in g  system . M ix in g  ro to r  sp eed  an d  th e  c o m b in a tio n  e ffec t o f  p e ro x id e  
q u a n tity  an d  ro to r  sp eed  w ere  th e  seco n d  an d  th ird  s ig n if ic a n t p a ram e te rs , 
re sp ec tiv e ly . H o w e v e r, th e  an a ly sis  o f  v a rian ce , T ab le  6 .5 , im p lie d  th a t th e  p e ro x id e  
a d d itio n  m e th o d  (p a ra m e te r  M ) p la y  a  s ig n ific an t ro le  o n  th e  M F I v a lu e  as  w e ll.

T a b le  6 .4  E s tim a te d  e ffe c t p e rc e n ta g e  o f  v a r ia b le s  on  th e  M F I v a lu e s

V a r ia b le
R e g re s s io n
C o e f f ic ie n t

A v e ra g e d
E ffe c t C o n t r a s t

S u m  o f  S q u a r e
(SS) %

c -0 .01 03 -0 .0 2 0 4 -0 .2 4 4 4 0 .0025 0 .7 9
p -0 .08 43 -0 .1 6 8 7 -2 .0 2 3 8 0 .1 7 0 7 5 4 .2 0
R -0 .0501 -0 .1001 -1 .2 0 1 2 0.0601 19 .09
C P 0 .0135- 0 .0 2 7 0 0 .324 0 .0 0 4 4 1.39
C R 0 .0 1 8 9  - 0 .0 3 7 7 0 .4 5 2 6 0 .0085 2.71
P R 0.0485 0 .0 9 6 9 1.1632 0 .0 5 6 4 17.91
C P R -0 .0 2 2 6 '. -0 .0 4 5 3 -0 .5 4 3 4 0 .0123 3.91

T a b le  6 .5  A n a ly s is  o f  v a rian ce  fo r  M F I p red ic tio n

S o u rc e  o f  
V a r ia t io n

A v e ra g e d
E ffe c t ss D F M S F o P -V a lu e

M 0.0 7 9 0 2 0 .0 3 9 4 24 .03 0 .0 0 0 0
c -0 .0 2 0 4 0 .0008 1 0 .0008 0 .47 0 .5 0 4 4
p -0 .1 6 8 7 0 .3683 1 0 .3683 224.71 0 .0 0 0 0
R -0 .1001 0 .0841 1 0.0841 51.33 0 .0 0 0 0
C P 0 .0 2 7 0 0 .0048 1 0 .0048 2 .90 0 .1 1 0 8
C R 0 .0 3 7 7 0 .0 0 7 0 1 0 .0 0 7 0 4 .27 0 .0 5 7 7
P R 0 .0 9 6 9 0 .0 7 6 9 1 0 .0 7 6 9 46 .93 0 .0 0 0 0
C P R -0 .0 4 5 3 0 .0173 1 0 .0173 10.58 0 .0 0 5 8
E rro r  0 .0 2 3 0  14 
T o ta l 0 .6 6 1 0  23

0 .0 0 1 6
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T he re sp o n se  su rface  m e th o d  w as th e n  ap p lied  to  p ic tu re  th e  re sp o n se  o f  
th e se  im p o rta n t q u a n tita tiv e  p ro c e ss in g  fac to rs . L in ea r re g re ss io n  an a ly sis  w as  d o n e , 
a cco rd in g  to  an a ly sis  o f  v a r ia n c e , in  o rd e r to  o b ta in  th e  m o d e l sh o w n  b e lo w :.

M F I =  po +  P iP  +  p2R  +  P3P R
w h ere : p =  the  re g re ss io n  co e ffic ien ts

T h e  re g re ss io n  c o e ff ic ien ts  fo r th e  M F I re sp o n se  su rface  m o d e ls  o f  the  
m o d if ie d  L L D P E  w ith  v a r io u s  p e ro x id e  a d d itio n  m e th o d  w as sh o w n  in  T ab le  6.6. 
T h is  m o d e l p e rfo rm e d  th e  b e s t f it to  the  m e a su re d  d a ta  o f  all m e th o d s  a lth o u g h  R 2 
fo r  M iii w as m u c h  d e v ia te d  fro m  “ o n e ” m e an in g  th a t th e re  w as d iv e rg e n c e  b e tw e e n  
p re d ic te d  M F I v a lu e  an d  th e  m e a su re d  ones.

Table 6.6  R e g re ss io n  c o e ff ic ie n ts  fo r  th e  re sp o n se  su rface  m o d e ls  o f  th e  M F I

Variable
Experimental Set

Mel hod i Met lod ii Met lod iii
P a ra m e te r

9 5 %
C o n fid en ce

In te rv a l
P a ram e te r

9 9 %
C o n fid en ce

In te rv a l
P a ra m e te r

95%
C o n fid en ce

In te rv a l
Mean

m
0 .5 0 1 7 ± 0 .0 5 7 5 0 .7112 ±  0 .0 6 0 3 0 .4 1 1 6 ± 0 .0 5 4 1

p -4 .8 2 4 7 ± 0 .7 9 8 7 -6 .5873 ± 0 .8 3 8 8 -3 .9 9 9 8 ±  0 .7525
R -0 .0 0 5 3 ± 0 .0 0 1 1 -0 .00 77 ± 0 .0 0 1 1 -0 .0 0 5 4 ± 0 .0 0 1 0

PR 0 .0 5 2 7 ± 0 .0 1 4 8 0 .0745 ± 0 .0 1 5 6 0 .0 5 4 6 ± 0 .0 1 4 0

S S E 0.0151 0 .0166 0 .0 1 3 4
R2 0 .8 5 6 4 0 .9 0 9 6 0 .7 9 0 2

A s in s ig n ific a n t co e ffic ien t, th e  reg re ss io n  m o d e l fo r th e  M F I sh o w s tha t 
m ix in g  tem p e ra tu re  h as  less  e ffec t on  M F I than  am o u n t o f  p e ro x id e  and  m ix in g  
sp eed . T he re sp o n se  su rface  o f  p red ic ted  M F I o f  L L D P E  m o d ified  w ith  th e  th ird  
m e th o d  o f  D C P  ad d itio n  w a s  sh o w n  in F ig u re  6.1. T h is  p lo t p ic tu re d  th a t h ig h  sh ea r 
ra te  ap p lied  to  th e  system  o f  h ig h  p e ro x id e  co n ten t re su lted  in g e ttin g  lo w e r o f  M FI 
v a lu e  c o rre sp o n d in g  to  th e  m o le c u la r  s tru c tu re  tha t g rea tly  re s is te d  to  flo w ; i.e. 
b ra n c h in g  o r  side  ch a in  en tan g lem en ts .
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F ig u r e  6.1- R e sp o n se  su rface  fo r th e  m e lt f lo w  in d ex  (M F I): fo r M iii.

R e s p o n s e  S u r fa c e  o f  K  a n d  ท
T h e  c h a rac te ris tic  f lo w  o f  m e lts  w as e s tim a ted  acco rd in g  to  th e  re la tio n sh ip  

b e tw e e n  th e  sh ea r s tre ss  an d  sh ea r ra te . T he d ep en d en ce  o f  sh ea r s tre ss  as a  fu n c tio n  
o f  sh e a r  ra te  co u ld  be  d e sc rib e d  by  th e  em p irica l p o w e r e q u a tio n  as X =  Ky" w h ere  
ท an d  K  w ere  co n stan ts . B y  su b s titu tin g  T| =  x/y th en  a n o th e r  e q u a tio n  w as d e r iv e d  as 
ๆ =  K y" '1. T h u s , the  c o n s ta n t K  w a s  a m easu re  o f  c o n s is ten cy  a n d  ท w as th e  flo w  
b e h a v io r  in d ex  o r p o w e r la w  in d ex  (D ea ly  e t a l . ,  1990). K  and  ท v a lu e s  o f  p e ro x id e  
m o d if ie d  L T D P E  u sin g  M iii o f  p e ro x id e  ad d itio n  m e th o d  w ere  sh o w n  in T ab le  6 .7 .
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T a b le  6 .7  C o n s is te n c y  in d e x  (K )  an d  p o w e r la w  in d ex  {ท) V a lu es  fo r  M iii

T e s t L e v e l C o n d i t io n s C h a r a c te r i s t i c s
c P R K ท

1 +  1 + 1 +  1 49767 0.28
2 +  1 + 1 - 1 43185 0 .30
3 +  1 - 1 +  1 33089 0 .34
4 + 1 - 1 - 1 24389 0.38
5 - 1 + 1 +  1 4 6984 0 .29
6 - 1 + 1 - 1 4 1396 0.33
7 - 1 - 1 +  1 31059 0.35
8 - 1 - 1 - 1 19006 0 .44
9 0 0 0 41261 0.32
10 0 0 0 41880. 0 .32
11 0 0 0 41613 0.32
12 0 0 0 41227 0 .32

T h e  m o d e ls  fo r re sp o n se  su rface  f ittin g  o f 'v a r ia b le  K  an d  v a ria b le  ท w ere  
sh o w n  below .

K  =  Po +  P iP  +  P2R  +  p3P R  +  p4C P R
«  =  Po +  P iC +  P2P +  p3R

w h ere : (3 =  th e  re g re ss io n  co e ffic ien ts

T he re g re ss io n  co e ffic ien ts  fo r th e  K  re sp o n se  su rface  m o d e l o f  th e  m o d ified  
L L D P E  w ith  th e  th ird  m e th o d  o f  p e ro x id e  ad d itio n  (M iii)  w as sh o w n  in T ab le  6.8 
an d  th e  re sp o n se  su rface  o f  p re d ic te d  K  o f  L T D P E  m o d if ie d  a t 2 0 0 ° c  w as sh o w n  in 
F ig u re  6 .2 . It w a s  found  th a t  all p ro c e ss in g  p a ram e te rs  in c lu d in g  p e ro x id e  co n ten t 
(P ). ro to r  sp eed  (R ), and  p ro c e ss in g  tem p e ra tu re  (C ) a ffec ted  on  th e  co n sis ten cy  
in d ex . H o w ev e r, the  m o st s ig n ific a n t fac to r w as  th e  c o n c e n tra tio n  o f  p e ro x id e  added  
in to  th e  system . T he co m b in a tio n  e ffec ts  o f  p e ro x id e  co n te n t and  ro to r  sp eed  ranked  
th e  seco n d  w h ile  th a t o f  p ro c e ss in g  te m p e ra tu re , p e ro x id e  co n ten t, and  ro to r speed  
w as le ss  s ig n ific a n t p a ram ete r. N u m erica lly , th e  co n s is ten cy  in d ex  w as equal to  the 
v isc o s ity  u n d e r  n o rm a liz e d  co n d itio n  w h ere  y =  1 ร"1 H en ce , th e  in c o rp o ra tio n  o f
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h ig h  D C P  c o n te n t u n d e r  h ig h  sh ear ra te  w o u ld  p ro v id e  th e  m o le c u la r  s tru c tu re  w ith  
h ig h  re s is tan ce  to  f lo w  as sh o w n  and  d iscu ssed  in  p rev io u s  ch ap te r.

Table 6.8 R e g re ss io n  c o e ff ic ien ts  fo r  th e  re sp o n se  su rface  m o d e ls  o f  th e  c o n s is te n c y  
in d ex  (K )

Experimental Set
Variable Method iii

Parameter 95% Confidence Interval
Mean (po) 8616 ±  3504

p 2 97645 ± 4 8 7 1 4
R 286 ± 6 5

PR -4502 ± 2 4 7 0
CPR 17 ±  12

SSE 4 .4 9 E  +  07-
R 0 .9 4 8 9

T>VtjBV
CL

55000 
50000 
45000 

40000 
35000 
30000 25000 20000

0 03

C o n sisten cy
ndex
(Pa

20000 25000
a a n  35000 I'. 1 40000m u  45000 ■ ■ ■  50000 IMH 55000

Rotor S p eed  
(min'1)

0.10 
0.09 

0.08
0.07

0.06
0 05 Peroxide Quantity 

(phr)

F ig u r e  6 .2 R esp o n se  su rfa c e  fo r the  co n s is te n c y  in d ex  (K )  at p ro c e ss in g  tem p e ra tu re
o f 2 0 0 ° c .

F o r p o w er law  index  (ท) re sp o n se  su rface  m o d e l, th e  reg re ss io n  
co e ffic ien ts , sh o w n  in T ab le  6 .9 , w o u ld  p red ic t th e  su rface  re sp o n se  o f  ท o f  L L D P E  
m o d ifie d  w ith  M iii at 2 0 0 ° c  as sh o w n  in F ig u re  6 .3 . A s ex p ec ted , p e ro x id e  co n ten t
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p lay ed  th e  m o st im p o rta n t ro le  o n  sh ea r th in n in g  b eh av io r as  re fle c ted  by  d e c rea se  in  
p o w e r law  in d ex  (B o co k  e t  a l ,  2 0 0 5 ). B o th  p ro c e ss in g  te m p e ra tu re  an d  ro to r  sp eed  
w ere  n o t in c o n s id e ra b le  as  w e ll. U s in g  a h ig h  a m o u n t o f  p e ro x id e  w ith  h ig h  ro to r 
sp eed , th e  m o le c u la r  s tru c tu re  w as a lte red  m u c h  since  th e  ท v a lu e  w a s  d ra m a tic a lly  
d e v ia te d  from  N e w to n ia n  f lu id  {ท =  1).

Table 6.9 R e g re ss io n  c o e ff ic ien ts  fo r  th e  re sp o n se  su rface  m o d e ls  o f  th e  p o w e r  law  
in d ex  {ท)

Variable
Experimental Set

Method iii
Parameter 95% Confidence Interval

Mean (pO) 0.5886 +_0.0519
c -0.0008 ±0.0003
p -0.9338 ±0.1021
R -0.0011 ± 0.0002

SSE 0.0018
R2 0.8988

Xa>~ot
iCÜ
a>Io

CLT!JH "C 1ร
CL

R otor S p e e d  
(m in 1)

P ow er Law  
Index, ท

0 28
teiฟเพ 0.32 
r^g-า 0 34 

0.36 
0.38

t ■ :
0.1 0 

0.09 
0.08

0 07
0.06

0 05 P ero x id e  Q uantity  
(phr)

0 02
F ig u r e  6 .3  R esp o n se  su rface  fo r th e  p o w er law  in d ex  {ท) a t p ro c e ss in g  te m p e ra tu re
o f 2 0 0 ° c .



89

The resistance to flow or viscosity of the melt during mixing was indirectly 
implied by the mixing torque. The final torque of the melt was shown in Figure 6.4. 
It was observed that the final torque of LLDPE modified with Miii were more resist 
to flow than that of LLDPE modified with Mi and Mii. This result confirmed the 
MFI measurement. The predicted final mixing torque can be applied and the 
response surface can be obtained using the linear regression analysis as well, 
however, being different in the regression coefficients.

Test Label 1 2 3 4 5 6 7 8 9
Tempeiatme PC) 2 0 0 2 0 0 2 0 0 2 0 0 170 170 170 170 185

DCP (pill) 0.1 0 . 1 0 . 0 2 0 . 0 2 0 . 1 0 . 1 0 . 0 2 0 . 0 2 0.06
Rot0 1 Speed (min1) 70 30 70 30 70 30 70 30 50

Peroxide Mi 0  DCP Solution lilt 2 cnr'IPAl + Melted LLDPE
Addition Mii ■  Solid DCP + Melted LLDPE
Method Miii 0  Solid DCP + Solid LLDPE

Figure 6.4 Final torque of batch mixing of DCP modified LLDPE: comparison in 
the addition method of peroxide.
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Since there was no gel content in all modified samples, the rheological 
properties relating to the molecular build-up characteristic was then investigated. 
According to the viscoelastic property of polymer, a parallel plate oscillatory 
rheometer was employed in order to investigate the effect of branch resulting from 
the reactive processing.

According to the Cox-Mez rule, the curve of shear viscosity as a function of 
shear rate is often identical to the curves of complex viscosity versus frequency 
(Rohn, 1995). Dependence of complex shear viscosity on frequency of LLDPE 
modified with low/high amount of peroxide and/or with low/high mixing shear rate 
was shown in Figure 6.5.

Figure 6.5 Complex shear viscosity of LLDPE modified by shearing force with and 
without DCP loaded.

At low frequency, the complex shear viscosity among them was obviously 
noticed. Low shear modification (without peroxide addition) provided the lowest 
viscosity, and the value increased when using high mixing rate. When the DCP was 
incorporated with high shear, the viscosity was greater than with the low one. It 
implied to the branching occurrence since the more presence of LCB, the higher 
complex viscosity. However, at high DCP content, the effect of mixing shear rate
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was insignificant. The same manner was also found for storage modulus, as shown in 
Figure 6.6.

Id

10°

105H

10 -

1<r

LLDPE at 30 rpm
LLDPE at 70 rpm
LLDPE + 0.02 DCP at 30 min ]
LLDPE + 0.02 DCP at 70 min;1
LLDPE + 0.1 DCP at 30 m in 1
LLDPE + 0.1 DCP at 70 m in 1

0.1 10
Frequency (ร'1)

100 1000

Figure 6!6 storage modulus of LLDPE modified by shearing force with and without
DCP loaded.

Figure 6.7 are the plots of G', G" of a raw resin, LLDPE, used in this 
research and those of 0.1 phr of DCP modified LLDPE at 70°c with 70 min’1 rotor 
speed. It was obviously seen that G" of raw resin was higher than its G' at low 
frequency which was the characteristic of linear chain polymer, Figure 6.7 (A). 
When the long chain branches were presence the crossover modulus was then shifted 
to lower frequency and lower modulus value as observed in Figure 6.7 (B).
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Frequency (ร1) Frequency (ร1)
(A) (B)

Figure 6.7 Crossover modulus of (A) based LLDPE without modification and (B) 
LLDPE modified with 0.1 phr DCP using 70 min'1 at 70°c

Although it was quite difficult to separate the effects of molar mass, molar 
mass distribution, and LCB, these results implied that the reactive processing via 
lose-dose DCP could provide some side chain and/or broaden MWD as well.

6.5 Conclusions

As shear thinning behavior, getting higher shear viscosity as well as lower 
crossover modulus were influenced either by the presence of long-chain branches or 
by molecular mass distribution, it could directly imply that those was affected by 
reactive processing. The peroxide concentration (P) as well as peroxide addition 
method (M) were significantly factors as referred to the efficiency of peroxide 
cooperation in the reaction. The fitted model of measured MFI, Kโ, and n values also 
supported this speculation as it showed that mixing rotor speed significantly 
influenced the MFI values as well as their combinations.
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