
C H A P T E R  IX
P L A S M A -A S S IS T E D  C O N T IN U O U S  M O D IF IC A T IO N  

O F  P O L Y E T H Y L E N E

9.1 A b str a c t

T h e  a tm o sp h e ric  p re ssu re  p la sm a  d ie lec tr ic  b a rrie r  d isc h a rg e  (D B D ) d ev ice  
w as u ti l iz e d  as an  u p s tre a m  in -lin e  p ro cess  fo r  co n tin u o u s  m e lt p ro c e ss in g  o f  
L L D P E . T h e  a c tiv e  sites o n  th e  tre a te d  su rface  re su lted  fro m  p la sm a  p re - tre a tm e n t 
can  be  a n o th e r  a sp e c t o f  p o ly m e r  re a c tiv e  p ro c e ss in g  as a  so u rc e  o f  ra d ic a ls  w h ic h  
p e rfo rm e d  w ell to  in itia te  g ra ftin g , in  m e lt state , o r  fu n c tio n a liz a tio n . T h e  p re sen ce  o f  
b o th  o x y g e n  an d  n itro g e n  c o n ta in in g  fu n c tio n a l g ro u p s in s id e  th e  p o ly m e ric  b u lk  
p la y e d  a  s ig n ific a n t ro le  on  p h y s ic a l an d  m ech an ica l p ro p e rtie s  o f  th e  b u lk  m o d if ie d  - 
lin ea r lo w  d en s ity  p o ly e th y len e . T h e  su p erio r ten s ile  p ro p e rty  and  o x y g e n  b a rrie r  
p ro p e rty  o f  film  c a n  be  o b ta in e d  b y  th e  8.3 k v  p la sm a -a ss is te d  m o d if ic a tio n  o f  a 
g iv en  p o ly e th y le n e . In  o u r  ap p ro a c h , the  p la sm a-ass is ted - co n tin u o u s  reac tiv e  
p ro c e ss in g  te c h n iq u e  re p re se n te d  th e  n o v e l p o s t-re a c to r  m o d if ic a tio n , th e  so -ca lled  
In -s i tu  fu n c tio n a liz a tio n  o f  p o ly e th y le n e .

K ey w o rd s: A tm o sp h e ric  p re ssu re  p la sm a  tre a tm e n t, D ie le c tr ic  b a rr ie r  d isch a rg e , 
R eac tiv e  p ro c e ss in g , P o ly e th y le n e
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9 .2  In tr o d u c tio n

In  g en e ra l, a  film  p ro c e ss in g  in v o lv es  u n iax ia l o r  b iax ia l s tre tc h in g  o f  th e  
e x tru d a te . H ig h  m e lt  s tre tc h in g  as w ell as  th e  le a s t d iff icu lty  in  p ro d u c tio n , e .g . b y  
th e  u se  o f  v e ry  n a rro w  d ie  fo r  e x tru s io n , a re  n eed ed  to  p ro d u ce  a  c o n tin u o u s  th in  film  
w ith  e le v a te d  m ech an ica l p ro p e rtie s . T h e  p ro p e rty  o f  m o lte n  p o ly m e r to  in d ica te  a 
h ig h  a b ility  to  b e  d raw n  o r s tre tch ed  is m e lt s treng th . T h is  p ro p e rty  can  be  en h an ced  
in  s in g le  s tep  d u rin g  th e  film  p ro d u c tio n  v ia  reac tiv e  p ro c e ss in g  to w a rd s  th e  
g e n e ra tio n  o f  s lig h t c ro ss lin k in g  o r g ra ftin g  stru c tu re  (G raeb lin g , 2 0 0 2 ).

A s  a so u rce  o f  e n e rg e tic  rad ica ls , th e  ch em ica l in itia to rs  su c h  as b en zo y l 
p e ro x id e  an d  d icu m y l p e ro x id e  are ty p ic a lly  u sed  in  reac tiv e  p ro c e ss in g  te c h n iq u e s  
to  m o d ify  p ro p e rtie s  o f  p o ly m ers . N e v e rth e le ss , fo r  th is  w ork , w e  p u rp o se  th e  
p h y s ic a l su p p ly  o f  th e  ra d ic a ls  fo r re ac tiv e  p ro c e ss in g  v ia  p la sm a  tre a tm e n t on  any  

•■ particular gas m e d ia , e sp e c ia lly  a tm o sp h eric  air. T h is  n e w  a lte rn a tiv e  m e th o d  is a 
c lean  te c h n iq u e  s in ce  th e re  is  no  u se  o f  an y  h aza rd o u s  ch em ica ls . T h e  p rin c ip le  o f  
p la sm a  p h e n o m e n a  and  th e  in te rac tio n  w ith  th e  p o ly m e r so lid  su rface  hav e  b een  
p u b lish e d  e lse w h e re  (F rid m a n  e t a l . ,  2 0 0 4 ). P la sm a  tre a tm e n t has a ttra c ted  m o re  
a tte n tio n  as a p ro c e ss in g  to o l fo r su rface  m o d ific a tio n  in p la s tic  in d u s try  n o w ad ay s . 
C o m m e rc ia lly , p la sm a  ap p lic a tio n  on  film  p ro d u c tio n  is fo r fin ish in g  p u rp o se , i.e . to  
im p ro v e  p rin ta b ility , a d h es io n , and  w e ttab ility . T he in te rm ed ia te  a c tiv e  sp ec ies  on  
th e  p la sm a  tre a te d  su rface  a re  u su a lly  free  rad ica ls  th a t read ily  re a c t to  a m b ien t 
o x y g en  to  fo rm  p e ro x id e s  o r  o th e r ac tiv e  o x y g en -co n ta in in g  spec ies . T h is  b rin g s  to  
th e  m o tiv a tin g  p o in t o f  g en e ra tin g  free  rad ica ls  a ttach ed  to  th e  p o ly m e r  p e lle ts  ju s t  
p r io r  to  e x tru s io n . T h e  rad ica l a ttach ed  p e lle ts  are  su b seq u en tly  fed to  th e  ex tru d e r, 
m o lte n  an d  p e rfo rm e d  as in itia to rs  ( in s tead  o f  ch em ica l p e ro x id es)  fo r  th e  co n tin u o u s  
reac tiv e  e x tru s io n . In th is  w o rk , p o ly m e r p e lle ts  w ere  d e s ig n ed  to  p a ss  th ro u g h  th e  
p la sm a  d ev ice  b e fo re  m e ltin g  in  th e  ex tru d e r  to  s tim u la te  th e  ac tiv e  su rface  s ites . 
T h e re fo re  p la sm a  te c h n iq u e  u tiliz ed  h e re  can  be d e fin ed  as p re - tre a tm e n t p ro cess . A ll 
ru n s  w ere  d o n e  in  a m b ien t a ir  in o rd e r to  k eep  co n tin u o u s  a ir- to -a ir  p ro c e ss . B es id e s , 
th e  p la sm a  re a c tiv e  ex tru s io n  w as ca rried  o u t in c o m p ariso n  to  the  o rd inary7 ch em ica l 
(p e ro x id e )  re a c tiv e  p ro cess in g . T he e ffe c t o f  re ac tiv e  p ro c e ss in g  p a ra m e te rs  su ch  as
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p e ro x id e  c o n te n t in  th e  case  o f  o rd in a ry  reac tiv e  p ro c e ss in g  a n d  a p p lie d  v o lta g e  as  an  
e x te rn a l p la sm a  p ro c e ss  p a ra m e te r  w e re  in v es tig a ted .

C h a ra c te riz a tio n s  o f  p o ly e th y le n e  m o d if ie d  w ith  v a r io u s  ro u te s  w e re  th e n  
d o n e  o n  th e  tw in -sc re w  e x tra d â te s .

9 .3  E x p e r im e n ta l
9.3 .1  M a te r ia ls

L in e a 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 7 G , 
m a n u fa c tu re d  b y  T h e  D o w  C h e m ic a l C o m p an y  (T h a ilan d ) w a s  u sed . Its  m e lt  f lo w  
in d e x  (M F I), d e n s ity , an d  T m as p ro v id e d  b y  th e  su p p lie r  w e re  2 .3  g /1 0  m in , 0 .9 1 7  
g /c m 3, a n d  125°c, re sp e c tiv e ly . T h e  D icu m y l p e ro x id e  (D C P ) w as su p p lie d  b y  
A ld rich . I t w as  g ro u n d  b e fo re  u s in g . 1 ,7 -D ip h e n y l-2 -p ic ry h y d ra zy l (D P P H ) to  be 
u se d  as a  rad ica l sc a v e n g e r  fo r  ra d ic a l m e a su re m e n t w as fro m  F lu k a . B e n z e n e  w as 
u se d  as  a  m ed iu m  for- co lo rim e tric  ch em ica l ti tra tio n , X y len e  w ith  9 9 %  p u rity  w as 
u se d  fo r  S o x h le t e x tra c tio n , an d  Iso -p ro p an o l ( IP A ) w as from  L a b sc a n  A s ia  C o . L td . 
A ll c h e m ic a ls  w ere  u se d  as rece iv ed .

9 .3 .2  P la sm a  D ev ice  an d  In -lin e  R eac tiv e  P ro cess in g
T h e  a tm o sp h e ric  p la sm a  p ro c e ss in g  h a s  been  se lec ted  in s tead  o f  low  

p re ssu re  p la sm a  sy s tem  due  to  th e  s ize  in d ep en d en ce  o f  m a te ria ls  to  be  tre a te d  by  
v a c u u m  ch am b er; th u s  th e  c o n tin u o u s  p ro cess  can  be  ca rried  on . A c c o rd in g  to  th e  
o v e ra ll p ro c e ss  w h ic h  w as th e  co m b in a tio n  o f  p la sm a  tre a tm e n t an d  c o n tin u o u s  
re a c tiv e  p ro c e ss in g  o f  p o ly m er, th e  ap p ro p ria te  p la sm a  d ev ice  to  b e  a s se m b le d  here  
w as th e  D B D  u s in g  a m b ie n t a ir  as a  p ro cess  gas. T h e  h o m e -b u ilt D B D  d ev ice  w as 
in itia ted  an d  su s ta in e d  by  h ig h  e lec trica l a lte rn a tin g  cu rren t (A C ) v o lta g e  w ith  
f re q u e n c y  o f  500  H z . T h e  p o w e r  su p p ly  u n it an d  g eo m etry  o f  p e lle t tre a tm e n t zo n e  
w as d e sc r ib e d  in F ig u re s  3 .2  an d  7 .6 , re sp ec tiv e ly . T he L L D P E  p e lle ts  tre a te d  w ith  
v a rio u s  a p p lie d  v o lta g e s , 8.3 and  9 .0  k v  w ere  im m ed ia te ly  su b je c te d  to  m e lt 
p ro c e ss in g  u s in g  tw in  sc rew  e x tru d e r  such  th a t th e  m o lten  m a c ro ra d ica ls  c an  f lo w  
and  th u s  th e  m o d if ic a tio n  o r fu n c tio n a liz a tio n  on  th e  p o ly m e ric  c h a in s  can  o c c u r 
th ro u g h o u t the  b u lk  p o ly m e r  m a te ria ls . In le t p o rt o f  th e  p la sm a  tre a tm e n t 
c o m p a rtm e n t w as in s ta lle d  w ith  m o to r-d riv e  fe e d e r a llo w in g  p e lle ts  to  f lo w  in to  and
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o u t o f  th e  tre a tm e n t c h a m b e r  v e r tic a lly  th ro u g h  th e  h o p p e r  o f  tw in -sc re w  e x tru d e r, 
C ollin®  c o -ro ta tin g  ty p e  m o d e l T -2 0  w ith  sc rew  d ia m e te r  o f  25 m m  an d  L /D = 3 0 . 
T w in -sc re w  sp eed  u se d  w as  60  m in ’1. T em p era tu re  p ro file  o f  th e  tw in -sc re w  
e x tru s io n  fro m  feed  z o n e  th ro u g h  d ie  z o n e  w as se t as  fo llo w ed : 130, 150, 160, 170, 
180, 1 9 0 °c . T h e  d is ta n c e  b e tw e e n  an  o u tle t o f  p la sm a  tre a tm e n t zo n e  an d  th e  sc re w  
o f  th e  e x tru d e r  w as  se t a t 3 0  cm , c o rre sp o n d in g  to  0 .2  ร o f  th e  la te n c y  tim e  in  
a tm o sp h e ric  a m b ie n t air.

M o re o v e r , th e  lo w -d o se  ch em ica l p e ro x id e  m o d if ic a tio n  w as a lso  
p e rfo rm e d  in  o rd e r  to  c o m p a re  w ith  th e  p la sm a -in d u c e d  rad ica l m o d if ic a tio n  as 
re g a rd e d  to  th e  o r ig in a lity  o f  th is  w ork . T h e  s to ck  so lu tio n  o f  D C P  in  IP A  w as u se d  
fo r  a  fina l c o n te n t o f  0 .0 2 , 0 .0 6 , and  0.1 p h r  to  k eep  c ro ss lin k -fre e  in  a fin a l p ro d u c t 
(T a sa n a tan ac h a i e t  a l . ,  2 0 0 8 ). T h e  so lu tio n  w as th en  fed  in to  th e  h o p p e r  o f  re s in  feed  
z o n e  u s in g  th e  p e r is ta ltic  p u m p in g  sy stem . In  a d d itio n , a  c o m b in a tio n  o f  p la sm a  
tre a tm e n t an d  p e ro x id e  sy stem  w as in v e s tig a te d  as w e ll.

T o  d iffe re n tia te  th e  e ffe c t o f  u p s tream  p la sm a  tre a tm e n t a n d /o r 
c h em ica l p e ro x id e  m o d if ic a tio n , th e  c o n tro lled  ru n  w a s  a lso  p e rfo rm e d  w ith o u t an y  
p la sm a  o r p e ro x id e  tre a tm e n ts . I t w as in te n d e d  as sh ea r m o d if ic a tio n  an d  th e  sam p le  
w as  th en  lab e led  as sh e a r  m o d if ie d  L L D P E  in th is  a rtic le .

9 .3 .3  F o u rie r  T ra n sfo rm -In fra re d  S p ec tro sco p y  (F T IR )
In fra red  a b so rp tio n  an a ly sis  w as  p e rfo rm ed  u s in g  tra n sm iss io n  m o d e  

o f  N ic o le t N E X U S  6 70  IR  sp e c tro sc o p y  to  p ro v e  th a t the  fu n c tio n a l g ro u p s  can  be  
fo rm ed  on  th e  p la sm a  tre a te d  su rface  an d  co n se q u e n tly  co u ld  be in c o rp o ra te d  in to  
th e  b u lk  p o ly m e r  v ia  m e lt p ro c e ss in g . T h e  sam p le  w as p re p a re d  as a th in  film  o f  
a p p ro x im a te ly  30  p m  th ick . T o  o b ta in  th e  ab so rb an ce  sp ec tru m , it w as  n o rm a liz e d  to  
th e  peak  o f  C -H  s tre tch in g  at 2 9 1 6  cm ’1.

9 .3 .4  M F I an d  R h e o lo g ic a l M easu rem en t
M F I te s te r , Z w ick  4 1 0 5 , w as e m p lo y e d  w ith  2 .1 6  k g  at 1 9 0 ° c  

acco rd in g  to  A S T M  D 1 2 3 8 . A t leas t five  ru n s  w ere  d o n e  and  a v e rag ed  to  o b ta in  th e  
M F I v a lu e  fo r  each  sam p le . T h e  rh eo lo g ica l te s t w as  p e rfo rm e d  u s in g  s tead y -s ta te
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cap illa ry  rh e o m e te r  to  re p re se n t th e  p ra c tic a l p ro c e ss in g  co n d itio n s . C eas t R h e o lo g ic  
5000, w ith  m a x im u m  lo ad  o f  40 k N  an d  15 m m  b a rre l d ia m e te r  w as  u se d  w ith  th ree  
cap illa ry  d ie s  o f  L/D ra tio s  5/1, 20/1, an d  40/1. T h e  tests  w ere  d o n e  at 190°c fo r  
rh e o lo g ic a l te s t. M o re o v e r, m e lt s tre tc h in g  te s t w h ic h  w as e n v iro n m en ta l d e p e n d en ce  
w as p e rfo rm e d  u s in g  d ie  o f  5/1 L/D ra tio  at 190, 200, and  210 °c. T h e  ex tru d ed  
s tan d  d ia m e te r  w as  m e a su re d  u s in g  K e y e n c e  V G  la se r  an a ly tic a l dev ice .

9 .3 .5  T en s ile  T es t
T en s ile  p ro p e rtie s  w ere  o b ta in ed  u s in g  L lo y d  L R X , u n iv e rsa l te s tin g  

m ach in e  a c c o rd in g  to  A S T M  D 8 8 2 . T h e  n o n -o rie n ta te d  sam p le  w as p re p a re d  u s in g  
c o m p re ss io n  m a c h in e , W abash®  m o d e l, w ith  th e  sam e  p ro c e d u re  o f  th a t  fo r gas 
p e rm e a b ility  m e asu rem en t. G au g e  le n g th  o f  20  m m  w as set. T e n  sp ec im en s w ere  cu t 
to  th e  re c ta n g u la r  sh ap e . T h e  w id th  ra n g e  w as 4 .9 -5 .1  m m . and  th e ir  th ick n ess  ra n g e d  
am o n g  3 0  -  50  pm . T h ic k n e ss -w a s  ta k e n  .at th ree  d iffe ren t p la c e s  on  the  sp e c im e n  
and  a v e ra g e d  fo r th e  ca lc u la tio n . S am p le s  w ere  ca re fu lly  m o u n te d  s tra ig h t an d  
sy m m e tr ic a lly  in  th e  g rip s  o f  th e  m a c h in e  and  th en  w e re  s tre ssed  at a c o n s ta n t s tra in  
ra te  o f  5 0 0  m m /m in  u n til fa ilu re .

9 .3 .6  D e n s ity  M e a su re m e n t
T he d e n s ity  o f  L L D P E  b u lk  m o d ifie d  w ith  v a rio u s  m e th o d  w e re  

m easu red  u s in g  th e  d en s ity  k it o f  S a rto riu s , m o d e l Y D K  01 w ith  4 d ig its  b a lan ce . 
T h e  m ea su re m e n t w as  d o n e  a t th e  tem p e ra tu re  o f  2 7 ° c  c o rre sp o n d in g  to  0 .9 9 6 5  
g /c m 3 w a te r  d en sity . S ix es  ru n s  w e re  d o n e  fo r each  te s t, and  th en  averag ed .

9 .3 .7  G as P e rm e a b ility  T es t
T he g a s  p e rm e a b ility  te s te r , B ru g g e r G D P /E , w as  u sed  to  ev a lu a te  th e  

o x y g en  g as  p e rm e a b ility  th ro u g h  th e  p la s tic  film s in  th is  s tudy . T h e  c irc u la r  film  
sam p le  w ith  110 m m  d ia m e te r  w as p laced  o v e r th e  v o lu m e  o f  0 .4 3 7 0  c m 3 o f  
e v a c u a tio n  ch am b er. T h e  sam p le  to  be  te s ted  m u st hav e  at leas t one  sm o o th  side  
w h ich  c a n  be  w ell sea led  w ith  th e  face  o f  the  ev acu a tio n  ch am b er. T h e  m e th o d  V  o f  
A S T M  D 1 4 3 4  w as u sed  as a s tan d a rd  fo r th is  te s t and  the  gas p e rm e a b ility  w as
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re p o rte d  in  th e  u n it o f  cm 3.m il/m 2.d .bar. T h e  film s to  be  te s te d  w e re  p re p a re d  by  
co m p re ss io n  p re ss in g , W abash®  m o d e l, a t 1 9 0 °c  w ith  20 to n  fo rce . F iv e  m in u te s  o f  
p re h e a tin g  p e r io d  w ith  a n o th e r 10 m in  o f  c o m p re ss io n  tim e  w ere  a p p lie d . T h e  film  
th ic k n e ss  w a s  th e n  in  th e  ran g e  o f  70-200 p m .

9 .3 .8  D y n a m ic  M e c h a n ic a l A n a ly s is  (D M A )
D y n a m ic  m e c h a n ic a l p ro p e rtie s  w ere  s tu d ied  u s in g  a  D y n am ic  

M ec h a n ic a l T h e rm a l A n a ly z e r  N E T S C H  in  th e  dual c a n tile v e r  m o d e . S p ec im en s 
w e re  o f  th e  fo llo w in g  d im en s io n s : len g th  55-60 m m , w id th  10 m m , a n d  th ick n ess  
a ro u n d  3.0 m m . T h e  s to rag e  m o d u lu s , lo ss  m o d u lu s  an d  ta n  d e lta  w e re  m easu red  
u s in g  a m p litu d e  o f  60 pm . T h e  o b se rv ed  te m p e ra tu re  ran g e  w as fro m  -100 to  120°c 
a n d  th e  fre q u e n c y  em p lo y ed  w as  1 H z.

9 .3 .9  D iffe re n tia l S c a n n in g  C a lo rim e try  (D S C )
T h e  en th a lp ic  c h a n g e  o f  a  s a m p le  w as d e te rm in e d  u s in g  D S C , M e ttle r  

822. D S C  c a lib ra te d  w ith  in d iu m  stan d a rd  p r io r  to  use . T he sa m p le s  w e re  f irs t h ea ted  
fro m  ro o m  te m p e ra tu re  to  1 5 0 ° c  w ith  2 0 ° c /m in  an d  h e ld  th e re  fo r  2  m in  to  rem o v e  
th e rm a l h is to ry , th e n  co o led  d o w n  w ith  1 0 °c /m in  to  re c o rd  th e  c ry s ta lliz a tio n  
b eh av io u r, an d , f in a lly , re h e a te d  to  1 5 0 ° c  at 1 0 ° c /m in  to  trace  th e  m e ltin g  
b eh av io u r. T h e  m e ltin g  te m p e ra tu re  (T m), and  p e rcen tag e  o f  c ry s ta llin ity  w as 
d e te rm in ed , and  ca lcu la ted  fro m  th e  d en s ity  m e a su re m e n t o f  th e  sp ec im en s. 
M o reo v e r, th e  iso th e rm a l c ry s ta lliz a tio n  w as d o n e  w ith  th e  b ased  re s in  in  o rd e r to  
d e fin e  as 1 00%  c ry s ta llin ity . T h e  D S C  p ro g ra m  s ta rted  w ith  h e a tin g  to  1 5 0 ° c  and  
th e n  co o lin g  d o w n  to  1 0 2 °c  w ith  th e  h e a tin g  ra te  o f  1 0 °c /m in . It w as k e p t at th is  
te m p e ra tu re  fo r  6 h  befo re  q u e n c h in g  to  ro o m  tem p e ra tu re  an d  th en  reh ea ted  to  
15 0 ° c .  T h e  h e a t o f  fu s io n  o b ta in e d  by  th is  p ro ced u re  w as d e fin ed  as h e a t o f  fu s io n  at 
100%  c ry s ta llin ity .
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9 .4  R esu lts  a n d  D iscu ss io n
9.4 .1  In fra red  A b so rp tio n  A n a ly s is

T he su rfa c e  ra d ic a ls  in d u c e d  b y  p la sm a  tre a tm e n t te n d  to  b e  v e ry  
ac tiv e ; th e y  c a n  u n d e rg o  v a rio u s  re a c tio n s  an d  su b seq u en tly  p ro v id e  so m e  ch an g es  
o n  th e  m o d if ie d  m a te r ia ls  as o b se rv e d  in  F T IR  sp e c tra  o f  p la sm a  m o d if ie d  L L D P E , 
F ig u re  9 .1 .

F ig u r e  9.1 F T IR  sp ec tra  ( tran sm iss io n  m o d e ) o f  p ris tin e  L L D P E , sh e a r  m o d if ie d , 
ch em ica l p e ro x id e  m o d ifie d , p la sm a  m o d ified , and  p la sm a + p e ro x id e  m o d ifie d  
L L D P E  in th e  range  o f  4 0 0  - 4 0 0 0  c m '1.

T he fu n c tio n a l g ro u p s  w h ic h  w ere  m a in ly  o x y g e n  b a se d  c o u ld  be 
fo rm ed  d u e  to  th e  u se  o f  a tm o sp h e ric  a m b ie n t a ir as a  p ro cess  g as . T h u s , th e  sp ec ies  
co n s id e red  re g a rd in g  to  h u m id  a ir  p la sm a  w ere  o x y g e n a te d  a n d  n itro g e n a te d  sp ec ies  
(R a je sh  e t a l . ,  2003 ). T h e  o b se rv ed  fu n c tio n a l g ro u p s , such  as  c = 0  (c a rb o n y l)  in  
a lm o st sp ec ie s  at 1 6 0 0 -1 9 5 0  c m '1, C -O H  (a lco h o l) at 3 3 0 0 -3 5 0 0  c m '1, H - C = 0  
(a ld eh y d e) a t 2 720  cm "1, C - 0 - C = 0  (es te r) a t 1 1 5 0 -1 2 7 0  c m '1, C -O -O  (p e ro x y )  a t 
3 3 0 0 -3 5 0 0  c m '1, C -O -C  (e th er) at 1 0 70-1275  cm "1, H - 0 - C = 0  (ac id ) at 2 5 0 0 -3 3 0 0  
c m '1, and  H N -C = 0  (a m id e  II) a t 1 4 7 5 -1 6 5 0  c m '1 w e re  p ro b a b ly  g en e ra ted . In  F ig u re
9 .2 , ad d itio n a l p eak s  w ith  so m e b ro ad  b an d s  a t a p p ro x im a te ly  1 6 7 0 -1 7 5 0  c m '1
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co rre sp o n d in g  to  c a rb o n y l s tre tc h in g  can  be c le a rly  se e n  in  p la sm a  m o d if ie d  L L D P E . 
H o w e v e r , fo r  p la sm a  +  p e ro x id e  m o d ified  o n es , th e  p e a k  c o rre sp o n d in g  to  ca rb o n y l 
g ro u p  w as in s ig n ific an t. T h is  w a s  p ro b ab ly  d u e  to  th e  te n d e n c y  in  p e ro x y  fo rm a tio n  
as an  ev id en ce  o f  s ig n if ic a n t a b so rb an ce  at 3 3 7 0  c m '1.

M o re o v e r, th e  c h a ra c te ris tic  p eak s  o f  n itro g e n a te d  fu n c tio n a l g ro u p  
su c h  as  N -H  s tre tch in g  o f  am id e  an d  am ine  w ere  p re se n te d  a t 3 3 5 0 -3 5 0 0  c m '1. T he  
p e a k s  a t 3 3 7 0  an d  3 4 3 0  c m '1 b e lo n g in g  to  O -H  s tre tch in g  in  p o ly m e r  w as o b se rv ed  
in  th e  in se rtio n  o f  F ig u re  9 .2 . T h e  co rre sp o n d in g  p e a k s  o f  O -H  s tre tc h in g  w ere  
o b v io u s ly  seen  a t 3 6 0 0 -3 7 0 0  c m '1 in  F ig u re  9 .2  as w ell.

F ig u r e  9.2 F T IR  sp e c tra  o f  p r is tin e  L L D P E , sh ea r m o d ifie d , ch em ica l p e ro x id e  
m o d if ie d , p la sm a  m o d ified , an d  p la sm a + p ero x id e  m o d ifie d  L L D P E  in th e  ra n g e  o f  
1 6 5 0 -1 8 5 0  c m '1 and  3 3 0 0 -3 5 0 0  c m '1.

S ince , th e  a ssu m p tio n  o f  e q u a ls  in  sam p le  th ic k n e ss  and  w e ig h t w as 
m a d e , bo th  sh ea r and  ch em ica l p e ro x id e  m o d ific a tio n s  sh o w ed  m u ch  le ss  e ffe c t on 
th e  fu n c tio n a l g ro u p  fo rm atio n . T h e re fo re , th e  n itro g en a ted  an d  m a in ly  o x y g e n a te d  
fu n c tio n a l g ro u p s  o b se rv e d  in s id e  the  b u lk  p o ly m er im p lie s  th a t th e  p re -p la sm a
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p ro cess  su c c e e d s  in  tra n s fe r  th e  free  rad ica ls  to  fu n c tio n a liz e  a  p o ly m e r  (L L D P E ) 
d u rin g  e x tru s io n . T he p re se n c e  o f  th e se  fu n c tio n a l g ro u p s , m o s tly  ca rb o n y l g ro u p , 
p ro v id e s  th e  a d v an tag es  fo r  fu rth e r in te rac tio n s  to  o th e r reac tiv e  sp e c ie s  o r  b e c o m in g  
re a c tiv e  s ite s  o n  P E  b ack b o n e . T h is  a p p ro a c h  is th u s  a  p o te n tia l c le a n  an d  ea sy  
m e th o d  to  fu n c tio n a liz e  p o ly o le f in s  to  u n d e rg o  a w id e  ran g e  o f  re a c tio n s , b e c o m e  
co m p a tib le  w ith  o th e r p o ly m e rs , o r  im p ro v e  sp ec ific  p ro p e rtie s .

9 .4 .2  R h eo lo g ica l A n a ly s is
F ig u re  9 .3 sh o w s th e  M F I v a lu e s  o f  th e  m o d if ie d  L L D P E . M F I o f  th e  

p r is tin e  L L D P E  as m e a su re d  in  o u r  lab o ra to ry  w as 2 .1 3  g /10  m in . P la sm a  tre a tm e n t 
s tro n g ly  in f lu e n c e d  on  M F I o f  m o d if ie d  L L D P E  sin ce  th ey  h a d  lo w e r  M F I v a lu e s  
th a n  th a t o f  sh e a r  m o d if ie d  o n es  (0  p h r D C P ). W h en  D C P  w as in c o rp o ra te d , M F I 
d e c re a sed  ra p id ly  and , as  e x p ec ted , th e  v a lu e  go t lo w e r  w h en  in c re a s in g  in  D C P  
co n ten t. . •• • .

F ig u r e  9 .3  M F I o f  L L D P E  m o d ifie d  w ith  v a rio u s  m e th o d s  as a fu n c tio n  o f  ch em ica l 
p e ro x id e  co n ten t.
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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  p la sm a  tre a tm e n t in  the  
p la sm a + p e ro x id e  m o d if ie d  L L D P E  d id  n o t p lay  a  s ig n ific an t ro le  s in ce  th e  in flu en ce  
o f  c h e m ic a l p e ro x id e  d o m in a ted . T here  w a s  no  gel fo rm a tio n  o r c ro ss lin k in g  
o c c u rre d  at a ll c o n d itio n s  u sed  s in ce  n o th in g  w as le ft a f te r  S o x h le t e x tra c tio n  by  
re f lu x in g  x y len e  fo r 24  h  T hus, red u c in g  in  M F I w as d u e  to  th e  s tro n g  en ta n g le m e n t 
c a u se d  by  in c rea se  in  b ran ch in g  a n d  m o le c u la r  w eigh t, as ev id en ced  by  in c rea s in g  
f lo w  ac tiv a tio n  en e rg y , sh o w n  in  T ab le  9.1.

It w a s  reco g n ized  th a t  th e  lo n g  c h a in  b ran ch es  (L C B ) h ad  an  e ffe c t on  
sh ea r f lo w  w h ic h  w a s  a  te m p e ra tu re  d ep en d en ce  v ariab le . T h e re fo re , th e  c o rre la tio n  
b e tw e e n  1/T  o f  ab so lu te  te m p e ra tu re  an d  th e  n a tu ra l lo g  o f  v isc o s ity  w as illu s tra te d

in  F ig u re  9 .4 . A t fix ed  sh ea r ra te , In ฦ  in c reased  w ith  1/T  b y  th e  n o n -lin e a r 
re la tio n sh ip  a c c o rd in g  to  A rrh en iu s  equ a tio n .

ไ] =  A  exp  (E a/R T )

W h e re  A  is  th e  c o e ffic ien t re la ted  to  th e  m e lt v isc o s ity  an d  R  is the 
u n iv e rsa l gas c o n s ta n t, 8 .314  J /m o l K . T he  s lo p es o f  th e se  p lo ts  w o u ld  p ro v id e  the  
a c tiv a tio n  en e rg y  fo r flo w , E a, as rep o rted  in  T ab le  9.1. In c rea s in g  D C P  co n te n t led 
to  a  la rg e  ch an g e  in  v isco u s  flo w  ac tiv a tio n  energ y  fo r c h em ica l m o d ific a tio n . T he 
h ig h e r  a c tiv a tio n  en erg y  d e riv ed  in  th is  re su lts  im p lied  th a t th e  m o re  L C B  w as 
p re se n te d , an d  h en ce , th e  ap p ea ran ce  o f  b ran ch ed  s tru c tu re s  re s tr ic ted  th e  flow  
(D ea ly  e t a l . ,  1990). H o w ev er, sh ea r m o d ific a tio n  (0 p h r o f  D C P ) co u ld  n o t p ro m o te  
th e  d e te c ta b le  lo n g -c h a in  b ran ch ed  sin ce  th e  v a lu e s  w as n o t s ig n ific an tly  g re a te r  than  
the  a c tiv a tio n  e n e rg y  o f  b ased  re s in  w h ich , in  th is  study, w as  2 9 .7 3  k j/m o l.

T h is  w as  n o t rea lly  tru e  fo r p la sm a  assis ted  m o d if ic a tio n  an d  p la sm a  + 
p e ro x id e  m o d ific a tio n . B o th  8.3 k v  and  9 .0  k v  p la sm a  p re tre a tm e n t (0  p h r  o f  D C P ) 
co u ld  p ro m o te  th e  ch an g e  in  m o le c u la r  s tru c tu re  since  th e  E a w ere  g rea te r th an  that 
o f  b a se d  resin .
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T a b le  9.1 F lo w  ac tiv a tio n  en e rg y  o f  b u lk  m o d ifie d  L L D P E  m easu red  at sh e a r  ra te  o f  
50  ร '1

R ea c tiv e  P r o c e ss in g  P a ra m eters
D B D
(k V )

D C P
(p h r)

0 0
0 0
0 0 .02
0 0 .06
0 0 .1 0

8.3 0 .02
8.3 0 .06
8.3 0 .10
9 .0 0 .02
9.0 0 .06
9.0 0 .10
8.3 0
9.0 0

A ctiv a tio n  E n e r g y  o f  F lo w  
a t A p p a r e n t S h ea r  R a te  o f  5 0  ร"1 

(k J /m o l)
29/73
31 .13
3 6 .26
52 .02
7 3 .06
36 .72
34 .72
33 .35
35 .12  
50.43 
31 .47  
44.21 
42 .96

H o w ev e r, th e  v a lu es  w ere  f lu c tu a ted  and  ten d ed  to  g e t s lig h tly  lo w er 
a t h ig h  D C P  co n ten t. T h e  f lo w  ac tiv a tio n  energy  w a s  the im p o rta n t m o le c u la r  
p a ra m e te r  to  in s ig h t in to  th e  s tru c tu re  o f  p o ly m ers. N e v e rth e le ss , s in ce  L L D P E  w as 
m o d ifie d  w ith  v a rio u s  m e th o d s , m an y  d iffe ren t s id e -ch a in  len g th s a n d /o r  ch em ica l 
m o le c u la r  c h a rac te ris tic  w o u ld  be o b ta in ed . T he p la sm a  + p e ro x id e  m o d ified  
L L D P E  sh o w ed  m o d era te  s tru c tu re  h e te ro g en e ity  d u e  to  the  m o le c u la r  s tru c tu re  
c h an g in g  w ith  sm all c h em ica l s tru c tu re  a lte ra tio n . M o re  h e te ro g en e ity  w as fo u n d  fo r 
p e ro x id e  m o d if ie d  L L D P E  as h igh  E a o b serv ed .
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1/T (K'1)
F ig u r e  9 .4  A rrh e n iu s  p lo t o f  b u lk  m o d ified  L L D P E .

E lo n g a tio n a l v isc o s ity  p lo tted  w ith  e lo n g a tio n a l ra te  is sh o w n  in 
F ig u re  9 .5 . T he  h ig h e r in  e lo n g a tio n a l v isco s ity  cou ld  b e  a ttr ib u te d  to  g ra ftin g  or 
s lig h t c ro ss lin k e d  s tru c tu re  th a t w as  fo rm ed  a f te r  p la sm a  tre a tm e n t (B o co k  e t  a l .,
2 0 0 5 ). T h e  e lo n g a tio n a l v isc o s ity  o f  8.3 k v  p la sm a  m o d ifie d  L L D P E  w as 
c o m p arab le  w ith  0.1 p h r D C P  m o d ified  one. O f  co u rse , b o th  ch em ica l and  p h y s ic o ­
ch em ica l re ac tiv e  e x tru s io n s  sh o w ed  g rea te r e lo n g a tio n a l v isc o s ity  th an  th a t o f  sh ear 
m o d if ie d  and  p ris tin e  L L D P E . T he h ig h es t e lo n g a tio n a l v isc o s ity  o ccu rred  w ith  the 
p la sm a + p e ro x id e  m o d if ie d  L L D P E .

In  ad d itio n  to  g ra ftin g  fo rm a tio n , it p o ss ib ly  a ttr ib u te s  to  the 
in te ra c tio n  am o n g  th e  fu n c tio n a l g ro u p s  in d u ced  v ia  p la sm a  tre a tm e n t p r io r  to  m elt 
m ix in g . T h is w as  c o n firm e d  by  F T -IR  spectra  (พ น  e t  a l ., 2 0 0 6 ).
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F ig u r e  9 .5  E lo n g a tio n a l v isc o s ity  o f  v irg in  L L D P E  an d  L L D P E  ex tru d a te  m o d if ie d  
w ith  v a rio u s  m e th o d s . C o n d itio n  fo r c ap illa ry  rh eo m ete r: 40/1 L /D  ra tio  o f  ro u n d  
fla t-e n tran c e  d ie  a t 190°c.

M o reo v e r, th e  m e lt s tre n g th  w ere  m e a su re d  an d  re p o rte d  as th e  m e lt 
s tre ss  a t b re a k  acco rd in g  to  th ree  d iffe re n t tem p e ra tu res , sh o w n  in  F ig u re  9 .6 . In  
g en e ra l, w h en  in c rea s in g  te m p e ra tu re , th e  m o le c u la r  d is tan ce  in c rea se s  co n seq u en tly  
re d u c e s  th e  m o le c u la r  fo rc e  a n d  w e ak en s  th e  m e lt  s tren g th  (W o n g  e t  a l . ,  1997). T h e  
e x p e rim e n ta l re su lts  in d ic a te d  tha t, th e  m e lt s tren g th  in c reased  w ith  te m p e ra tu re . 
T h is  w as  n o t as  e x p ec ted ; h o w e v e r, it co u ld  h ap p en  d ep en d in g  o n  th e  c o n d itio n s  
u sed . T h e  in itia l v a lu e s  o f  th e  v e lo c ity  and  acc e le ra tio n  co n d itio n s  w ere  v e ry  
im p o rta n t fa c to rs  fo r  th e  m e lt s tre tch in g  m easu rem en t. T he  p re se n t re su lts  w e re  
o b ta in e d  a t th e  co n d itio n  b e fo re  th e  s ta rtin g  o f  m e lt frac tu re . T he o p tim u m  c o n d itio n  
fo r  m e lt s tre tc h in g  m e a su re m e n t w a s  th e  ex tru s io n  speed  o f  12 .50 m m /s  
c o rre sp o n d in g  to  0 .0555  g /m in  o f  a p p a re n t o u tp u t f lo w  a t sh ear ra te  o f  100 ร '1. T h e  
p u lle y  s ta rt sp eed  w as 2 0  m m /s  w ith  20  m m /s2 acce le ra tio n . S in ce  th e  te s te d
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c o n d itio n  w as fa s t, th e  d iam e te r o f  ex tru d a te  s tan d  w as v e ry  little  and  it  w as 
so lid if ie d  q u ick ly . T h u s , h ig h e r  d ie  te m p e ra tu re  co u ld  k eep  lo n g e r  f lu id  sta te  o f  the  
e x tru d a te . M o re o v e r , in c re a s in g  te m p e ra tu re  re d u c e d  the  m e lt v isc o s ity  an d  in c rea sed  
th e  m e lt  co m in g  o u t o f  th e  cap illa ry  d ie  as th e  ex tru d a te  d ia m e te r  s lig h tly  in c re a se d  
a t c o m p a ra b le  te n s io n  sp eed . T h e  m e lt  s till f lo w e d  ea s ily  p r io r  to  so lid if ic a tio n  by  
e n v iro n m e n ta l a ir , c o n se q u e n tly  p ro v id e d  th e  s tra in  h a rd e n in g  d u e  to  th e  p o ly m e r 
ch a in  o rie n ta tio n . O n  th e  o th e r h a n d s , th is  w as e x p la in ed  as th e  p re s su re  e ffe c ts  on  
th e  m e lt s tren g th . D e c re a s in g  p re ssu re  as te m p e ra tu re  in c re a se d  c a n  cau se  th e  m e lt 
s tren g th  to  in c rease .

T h e  L L D P E  b u lk  m o d if ie d  w ith  8 .3 k v  a ir-p la sm a  h a d  the  h ig h e s t 
m e lt s tren g th . T h is  sh o w e d  th e  co n tra ry  w ith  e lo n g a tio n a l v isc o s ity  re su lts  s in c e  th e  
m e lt s tre ss  a t b re a k  o f  p ia sm a + p e ro x id e  m o d ifie d  L L D P E  w as  as lo w  as p e ro x id e  
m o d if ie d  L L D P E . T h is  \y o u ld  be e x p la in e d  in  te rm  o f  th e  d iffe re n ce  in  m o le c u la r  
ch a in  o r ie n ta tio n  o f  ex ten tio n a l f lo w in g  fie ld  an d  th e  sh ea rin g  flo w in g  fie ld  w ith o u t 
é x te n tio n a l te n s ile  s tre ss  (R o h n , 1995). M elt s tren g th  w as th e  m e a su re m e n t o f  fo rce  
ap p lied  to  th e  e x tru d a te  d u rin g  s tre tc h in g  u n d e r u n iax ia l s tre ss  u n til th e  m e lt b ro k en  
up ; h e n c e , s tra in  h a rd e n in g  h ad  an  e ffe c t on  th is  re su lt as w ell.
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F ig u r e  9 .6  M e lt s tre ss  o f  L L D P E  m o d if ie d  w ith  v ario u s  m e th o d s . (M e a su re m e n ts  
w ere  d o n e  u s in g  d ie  o f  5/1 L /D  ra tio  at d iffe re n t tem p e ra tu re , 190, 2 0 0 , an d  2 1 0 ° c .)

A n o th e r  v isc o e la s tic  p ro p e rty  m easu red  in  th is  w o rk  w a s  th e  ex tru d a te  
d ie  sw e ll w h ic h  w a s  sh o w n  as p e rcen tag e  ch an g e  in  ex tru d a te  sw e ll, F ig u re  9 .7 . 
U n su rp ris in g ly , th e  sw ell ra tio  in c reased  w ith  real sh e a r  stress. T h e  sam p le  o f  
L L D P E  bu lk  m o d if ie d  w ith  8.3 k v  p la sm a  p e rfo rm ed  the  h ig h e s t o f  d ie  sw ell a t lo w  
sh ea r ra te  im p ly in g  to  th e  h ig h e s t e las tic  reco v e ry  am o n g  th e  sam p le  g ro u p .
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Real Shear Stress (Pa)
F ig u r e  9 .7  E x tru d a te  sw e ll ra tio  vs. re a l sh ea r ra te  c o m in g  o u t o f  40/1 L /D  ra tio  a t
1 9 0 °c .

F o r th e  p la sm a  +  p e ro x id e  m o d ifie d  L L D P E , th e  d e p e n d en ce  o f  d ie 
sw ell o n  h ig h  sh ea r s tre ss  w as  less c o rre sp o n d in g  to  the  lo w  e las tic  reco v ery . T h is  
w as p o ss ib ly  due to  so m e ch em ica l in te rac tio n  o ccu rred  w ith  sh o rt ch a in  b ra n c h e s  
u n d e r th e  sh ear fie ld . M o reo v e r, a g re a te r  n u m b e r o f  b ran ch in g  o b s tru c ts  sw e llin g  o f  
th e  e x tru d a te s  (L ag en d ijk  e t  a l . ,  2 001 ).

9 .4 .3  T e n s ile  P ro p e rty
B asic  m ech an ica l p ro p e rty  fo r a film  ap p lic a tio n  is te n s ile  s tren g th ; 

th e re fo re , ten sile  y ie ld  s tren g th , Y o u n g ’s m o d u lu s , and  %  s tra in  a t m a x im u m  lo ad  
w ere  ev a lu a ted . Y ie ld  s tren g th , th e  s tre ss  at w h ic h  a m a te ria l b eg in s  to  d e fo rm  
p la s tic a lly , o f  th e  n o n -o rie n ta te d  film  w as ran g ed  from  10 u p  to  17 M P a  as sh o w n  in 
F ig u re  9 .8 . T he f ilm s  o f  8.3 k V  p la sm a -a ss is te d  m o d if ie d  L L D P E  p e rfo rm ed  th e  best 
ten sile  p e rfo rm an ce  w h ich  w as p o ss ib ly  a ffec ted  b y  th e  re la tiv e ly  h ig h  so lid  d en s ity  
and  %  c ry s ta llin ity  as  sh o w n  in  F ig u re  9 .12  an d  T ab le  9 .2 , re sp e c tiv e ly . In  g en e ra l,
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th e  te n s ile  p ro p e rtie s , %  c ry s ta llin ity , an d  d e n s ity  sh o u ld  b e  in  th e  sam e tre n d  as th e y  
in f lu e n c e d  co n cu rren tly . H o w e v e r , th is  c o n c lu s io n  can n o t b e  ap p lied  fo r  9 .0  k v  
p la sm a -a ss is te d  m o d if ie d  L L D P E  sin ce  its  y ie ld  s tren g th  a n d  stiffn ess  w ere  h ig h e r  
b u t th e  d en s ity  a n d  p e rcen tag e  o f  c ry s ta llin ity  w ere  lo w e r th a n  th o se  o f  ch em ica l 
p e ro x id e  m o d ifie d  L L D P E  (0  p h r  D C P ). T h e re fo re , c h an g es  in  m o le c u la r  s tru c tu re  
(b ra n c h in g )  w ith  sm a ll c h e m ic a l s tru c tu re  a lte ra tio n  ( th e  p re se n c e  o f  fu n c tio n a l 
g ro u p s) are  n o t n e g lig ib le  ex p lan a tio n .

20.0 
1 8 .0

ร  1 6 0
I  1 4 .0

I* 12-0
พ 10.0
I  8.0 
1  6,0 
É  4 0

2.0
0.0

0 .0 0  0 .0 2  0 .0 4  0 .0 6  0 .0 8  0 .1 0

DCP C onten t (phr)

F ig u r e  9 .8  T en sile  y ie ld  s tre n g th  o f  b u lk  m o d ified  L L D P E  m e a su re d  acco rd in g  to  
A S T M  D 8 8 2  w ith  th e  stra in  ra te  o f  500 m m /m in .

Y o u n g ’s m o d u lu s  o f  L L D P E  b u lk  m o d ified  w ith  v a rio u s  m e th o d s  are 
p lo tted  in  F ig u re  9 .9 . M o d u lu s  o f  e la s tic ity  w h ich  is d e fin ed  as  ab ility  to  ca rry  s tre ss  
w ith o u t ch an g in g  its d im e n s io n s  cou ld  be  re fe rred  to  th e  s tiffn e ss  o f  a m a te ria l. It 
w as fo u n d  th a t th e  e la s tic  m o d u lu s  sh o w ed  th e  sam e tren d  as  th a t o f  y ie ld  s tren g th . 
W h en  D C P  w as in c o rp o ra te d  d u rin g  th e  m o d ific a tio n , th e  co n ten t o f  ch em ica l 
p e ro x id e  p layed  a s ig n ific a n t ro le  on  m o le c u la r  ch a ra c te ris tic s , p a rtic u la rly  at h ig h  
D C P  loaded .

- Chemical Peroxide Modification 

— *—  8.3 kV Plasma + Peroxide Modification 

— *—  9.0 kV Plasma + Peroxide Modification

T--------------- 1--------------- 1--------------- 1--------------- 1--------------- 1----------
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P e rc e n ta g e  o f  s tra in  a t a  m ax im u m  load , sh o w n  in  F ig u re  9 .10 , ra n g e d  
from  1200  to  2 2 0 0  % . T h e  f lu c tu a tio n  o f  the  s tra in  is, in  g en e ra l, a ttr ib u te d  to  th e  
v a r ia tio n  o f  b o th  o rd e r in g  an d  d iso rd e rin g  p a rts  in s id e  th e  b u lk  m a te ria ls . L o n g  c h a in  
b ra n c h e s  e x is tin g  in  th e  L L D P E  m o d ifie d  w ith  0.1 p h r  D C P , s ig n if ic a n tly  in c re a se d  
th e  y ie ld  s tre n g th  an d  s tiffn e ss , w h ile  d e c re a sed  th e  p e rc e n ta g e  o f  s tra in  a  m a x im u m  
lo ad  d u e  to  th e  en ta n g le d  ch a in s. M o reo v e r, as th e  ev id en ce  b y  th e  in c rea se  in  s lo p e  
o f  the  s tre ss -s tra in  cu rv es  b e fo re  fa ilu re , in  F igu re  9 .1 1 , th e  s tra in  h a rd e n in g  b e h a v io r  
o r  n e c k in g  o ccu rred  w ith  m o s t sam p les . S ince th e  s tra in  h a rd e n in g  is c o n tro lle d  
p rim a rily  b y  th e  o r ie n ta tio n  o f  the  a m o rp h o u s  p h ase  o f  e n ta n g le d  c h a in s  an d  th e  
d eg ree  o f  b ra n c h in g , h ig h e r  b ra n c h in g  re su lts  in  a  h ig h e r  ra te  o f  s tra in  h a rd en in g .

A s th e  re su lts  o f  su p e rio r  ten sile  s tren g th , m o d u lu s  a n d  p e rcen tag e  o f  
s tra in  o f  th e  film s p ro d u c e d  in  th is  w o rk , th ese  m o d ified  L L D P E  c o u ld  be  u se d  in  
h ig h -lo a d  film  a p p lica tio n s . N e v e rth e le ss , th e  e x ce llen ce  m e lt s tren g th , as  sh o w n  in  
F ig u re  9 .6 , and  te n s ile  s tren g th  o f  p la sm a -a ss is te d  m o d ified  L L D P E  a llo w s th e se  
g iv en  L L D P E  to  b e  p ro c e sse d  and  u sed  as  h ig h -s tren g th  fib e r ap p lica tio n s .

F ig u r e  9 .9  Y o u n g ’ร m o d u lu s  o f  bu lk  m o d ified  L L D P E .
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9 .1 0  P e rc e n ta g e  o f  s tra in  at u ltim a te  ten s ile  stress o f  b u lk  m o d if ie d  L L D P E .

F ig u r e  9.11 C h a rac te ris tic  ten sile  d iag ram s o f  b u lk  m o d if ie d  L L D P E .
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9 .4 .4  D iffe re n tia l S can n in g  C a lo rim e try  ('DSC') A n a ly s is
H ea t o f  fu s io n  o f  100 %  c ry s ta llin ity  o f  th e  raw  re s in  w a s  m e a su re d  as 

2 9 0 .4 9  J/g . T h e  m e ltin g  te m p e ra tu re  (T m) and  c ry s ta lliz a tio n  te m p e ra tu re  (T c) w e re  
d e te rm in e d , p e rc e n ta g e  o f  c ry s ta llin ity  w e re  th en  ca lcu la ted  as  c o m p a re d  to  100%  
c ry s ta llin ity  o f  th e  ra w  re s in , th e  re su lts  w e re  sh o w n  in  T ab le  9 .2 .

T h e  b a se d  L L D P E  sh o w ed , as a  ce rta in  type , tw o  d is tin c t m e ltin g  
p eak s  at 1 1 8 ° c  and  1 2 3 ° c .  T h is  w as ex p la in ed  by  th e  p resen ce  o f  p o ly m e r frac tio n s  
th a t  h ad  d iffe ren t d eg ree s  o f  sh o rt-ch a in  b ran ch in g  (S C B ). T h e  h ig h e s t m e ltin g  
te m p e ra tu re  w as d u e  to  th e  e th y len e  r ic h  o r re la tiv e ly  lin ea r m o lecu le s  c ry s ta lliz in g  
fro m  th e  m e lt  first, w h ile  th e  p eak s  o ccu rrin g  at lo w e r tem p e ra tu re  w a s  d u e  to  th e  
m o re  b ra n c h e d  sp ec ies  w h ic h  c ry s ta lliz ed  a t la te r s tag es  (C ran  e t  a l . ,  2 0 0 5 ). T h e  b u lk  
m o d if ie d  L L D P E  sh o w e d  s in g le  b ro ad  en d o th e rm ic  cu rv e  w ith  th e  ran g e  o f  m e ltin g  
peaks, a ro u n d  1 2 0 ° c  -  1 2 5 ° c  an d  th e  p e a k  o f  c ry s ta lliz a tio n  tem p e ra tu re  (T c) ran g es  
fro m  1 0 3 ° c  -  1 0 8 ° c . T h e se  w ere  im p lied  th a t b u lk  m o d if ie d  L L D P E  sam p le s  
sh o w ed  s ig n ific a n t d iffe re n c e s  in  th e ir  m o le c u la r  s tru c tu re , p a rticu la rly  in  reg a rd  to  
th e  d is tr ib u tio n  o f  ch a in  b ra n c h in g  an d  p ro p o rtio n  o f  p o ly m er, in  each  frac tio n  o f  
L L D P E s as rep o rted  by  S h an k s e t a l. (S h an k s e t a l . ,  2000 ). S ince  s in g le  m e ltin g  
p eak  w as o b ta in ed  in  m o s t sam p les  an d  th e  lack  o f  th e  seco n d  one  ( lo w e r m e ltin g  
en d o th e rm ) in  the  b u lk  m o d if ie d  L L D P E  w as found , th is  co u ld  be a sso c ia te d  w ith  th e  
in flu en ce  in  th e  c ry s ta lliz a tio n  p ro cess  o f  the  L C B  e n tan g lem en t o r  am o rp h o u s  
o b s tru c tin g  in  the  m ic ro -p h a se  seg reg a ted  m elt (H a ig h  e t  a l . ,  2 0 0 0 ; M u n a ro  e t a l . ,  
2 008).

T h e  h ig h e s t in  Tc o f  8.3 k v  p lasm a +  0.1 p h r D C P  m o d ifie d  L L D P E  
w as , g en e ra lly , re su lted  fro m  th e  ease  o f  c ry s ta lliza tio n  p ro cess  w h ic h  p ro b ab ly  
p ro v id e d  th e  sm all c ry s ta llin e  s ize  o r  o rd e rin g  p a rt, c o n seq u en tly  c au sed  lo w es t in 
T m. T h is  su p p o rts  th e  h y p o th e s is  th a t th e  p resen ce  o f  an  a m o rp h o u s  c o m p o n e n t o r 
ch a in  e n tan g lem en t c an  e ith e r  in c rease  o r  d ecrease  th e  ten d en cy  to  c ry sta llize  
d e p e n d in g  on  the  b ran ch  ch a rac te ris tic  su ch  as b ra n c h  len g th  (C ran  e t  a l . ,  2 0 0 5 ). 
H o w e v e r, th e  co n v e n tio n a l D S C  tech n iq u e  d em o n stra te s  p o o r re so lu tio n  y ie ld s  
cu rv es  th a t m ay  h av e  in su ffic ie n t deta il to  enab le  th e  id en tif ic a tio n  o f  an  u n k n o w n  
L L D P E  (S h a n k s  e t a l ,  2 0 0 0 ).
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T a b le  9 .2  D a ta  o f  D S C  m e a su r e m e n t

R e a c tiv e  P r o c e ss in g  
P a ra m eters D S C  M e a su r e m e n t

D B D D C P T m Tc A H C ry sta lin ity
(k V ) (p h r) (°C ) (°C ) (J /g ) (% )

0 0 123 106 183 63
0 0.02 123 106 172 59
0 0.06 125 104 133 46
0 0.10 123 105 86 30

8.3 0 123 104 201 69
8.3 0.02 122 107 110 38
8.3 0.06 123 106 120 41
8.3 0.10 120 108 105 36
.9.0 ’ 0 122 103 132 45
9.0 ■' 0.02 122 106 105 36
9.0 0.06 123 107 117 40
9.0 0.10 121 108 120 41

Increase in total amount of chain branching leads to the lowering of density . 
in final products which is associated with the fact that the SCB is largely excluded 
from a crystal leading to a disturbance of the regular chain folding. Such disturbance 
leads not only to decrease in crystallinity, but it also increases the number of tie 
molecules created upon crystallization. Therefore, the lower % crystallinity is 
favored by the lower density with increasing total amount of SCB. However, the 
LCB may play an opposite effects on the crystallinity due to the long range of 
ordering part. Since the crystallinity of the bulk modified LLDPE were lower than 
that of virgin LLDPE, it was inferred that the change in crystallinity was dominated 
by chain entanglement as molecular defects rather than the long side chain effect.
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9.4.5 Density
Figure 9.12 shows the solid density at 27°c of modified LLDPE. 

Generally, the density of semi-crystalline polymeric material depends on both 
amorphous and crystalline fractions. On the other hands, it is a sensitive probe of the 
organization of polymer chains within the solid. Interaction alignment of neighboring 
chains can be induced, consequently forms the crystalline structure (Bocok et ah,
2005). When the branches were long, they hinder the crystallization process, 
resulting in poor packing ability; consequently lower the density of the solid resin. 
The density of shear modified and plasma modified LLDPE had slightly drop from
0.917 g/cm3 to the range of 0.900 -  0.916 g/cm3. Increasing DCP content decreased 
the density as the occurrence of branch chains. However, the LLDPEs modified by 
DCP of 0.06 phr had higher density than expected, especially for the ones 
cooperating with plasma in-line treatment process.

0.00 0.02 0.04 0.06 0.08 0.10
D C P  C o n t e n t  (p h r)

F ig u re  9 .1 2  D e n s ity  o f  L L D P E  b u lk  m o d ifie d  w ith  v a rio u s  m e th o d s . M easu rem en ts  
w e re  d o n e  at 2 7 ° c .
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Since the plasma-assisted modified LLDPE had some carbonyl 
groups, revealed in FT-IR results, these acted as defects on the molecules which 
discouraged molecular chain packing.

9.4.6 Gas Permeability
Another property that made LLDPE leading commodity plastic worldwide 

was the good barrier to oxygen gas. In this work, the main application point of view 
of the final products was packaging film. Therefore, the barrier property of untreated 
and LLDPE modified - with various methods were investigated. The oxygen 
permeability result was shown in Figure 9.13. The undrawn film of based LLDPE 
had the gas permeability about 3,233 cm3.mil/m2.d.bar. This value was quiet high 
due to non-orientation of compressed samples. However, both shear modification 
and chemical peroxide modification allowed larger volume of oxygen gas to pass 
through the film while the plasma ipodified LLDPE film showed the opposite trend. 
LLDPE modified by plasma pre-treatment reduced the oxygen to pass through to 
film about two times of that of virgin LLDPE. The influence of peroxide 
concentration fed during the processing on the oxygen permeability was clearly 
visible for the plasma + peroxide modified LLDPE. The higher amount of DCP was 
used, the lower oxygen barrier properties of the film were found. However, when 
plasma-treated LLDPE pellets was processed with low DCP content, 0.2 phr, the 
oxygen permeability of the film was much lower than that without plasma pre­
treatment.

This may be due to the higher in branch density as corresponding to less free 
volume which obstructed the flow or diffusion of oxygen molecules through the 
films. On the other hands, more branches led to less free volume for oxygen to pass 
through. However, it showed opposite trend when the entanglement acted as defects 
obstructing the molecular ordering (Boersmaa et al., 2003).



156

F ig u r e  9 .13  Oxygen permeability through undrawn films of LLDPE bulk modified 
with chemical peroxide or 8.3 kv plasma + peroxide modification.

It becomes clear that the mobility and solubility of the oxygen are 
very important parameters in the permeability of oxygen through the film. The 
magnitude of these parameters is governed by polymer-oxygen interactions. In 
general, the permeability is a function of the diffusion coefficient and the solubility 
of oxygen. Since the solubility depends on the chemical interactions between 
polymer and oxygen, it is expected that this parameter plays a significant role when 
oxygen-containing species are incorporated into the bulk LLDPE films. However, in 
the films containing some oxygenated functional groups which were the plasma- 
assisted and plasma + 0.02 phr peroxide modified LLDPEs, oxygen permeability was 
reduced. This is possibly due to the non-increase in solubility coefficient due to the 
lack of polar interactions of (ว2 with the polar of carbonyl groups inside the bulk 
polymer (Marais et al., 2002). Moreover, the functional groups generated on the 
plasma treated surface, as in FT-IR results, plays a significant role in the barrier
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property. Such the corresponding peaks of hydroxyl stretching would be attributed to 
a distribution of intermolecular and/or intramolecular H-bonding, consequently 
stiffens the polymer chain and, thus, reduces the chain flexibility that makes 
difficulty for oxygen to diffuse through. However, if the oxy (-0-) bonds are formed, 
the polymer chains get relatively flexible which allows the gas molecules to diffuse 
easily.

A high degree of molecular packaging or high % crystallinity, 
provides the impermeability, so diffusion can only occur in amorphous domains or 
through structural imperfections. This is not really true for our results since, in 
addition to the crystallinity, the gas permeability is influenced by other parameters 
such as the molecular chain stiffness, molecular orientation, and free volume.

9.4.7 Dynamic Mechanical Analysis (DMA)
The dynamic mechanical results, were obtained in terms of storage 

modulus (£'), loss modulus (£"), and tanS. Figures 9.14 and 9.15 show the 
temperature dependence of E' and E", respectively. It can be observed that E' of 
LLDPE modified with 8.3 kV plasma treatment was greater than that of 0.1 phr DCP 
modified LLDPE and virgin material referring to the high chain stiffness of plasma- 
assisted modified LLDPE.

B u lk  m o d if ie d  L L D P E s h ad  lo w e r E "  th an  p ris tin e  L L D P E  at 
te m p e ra tu re  ran g e  o f  -50 to  30 °c. T h is p h e n o m e n o n  w as m o re  p ro n o u n c e d  in 
p la sm a -a ss is te d  m o d if ie d  L L D P E  th a n  in ch em ica l p e ro x id e  m o d if ie d  L L D P E . A ll 
sa m p le s  ex h ib ited  a  p - tra n s itio n  in  the  te m p e ra tu re  ran g e  o f  -30 to  0°c. T his 
re la x a tio n  tem p e ra tu re  h a s  b een  a sso c ia ted  w ith  m o tio n s  o f  b ran ch ed  ch a in  u n its  and 
o f  th e  ch a in s  co n ta in ed  in  th e  p a r tia lly  o rd e red  c ry sta llite  in te rface . T h e  in c re a se  in 
th e  in ten s ity  and  th e  sh if t  o f  th e  lo ca tio n  o f  th e  P -tran sitio n  to  a  h ig h e r  te m p e ra tu re  
co u ld  m ean  th a t th e  fra c tio n  o f  in te rfac ia l ch a in s  is in c rea sed  and  its m o b ility  is 
su p p re ssed . T h is  b e h a v io r  im p lie s  th a t at ro o m  tem p e ra tu re  th e  p la sm a  m o d ified  
L L D P E  p e rfo rm ed  b e tte r  o x y g en  b a rr ie r  as th e  ch a in  m o b ility  is le ss  th an  o th ers .
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F ig u r e  9.14 Storage modulus of virgin LLDPE, peroxide, modified LLDPE, and 
plasma modified LLDPE.

Temperature (°C)

F ig u r e  9 .15  L o ss  m o d u lu s  o f  v irg in  L L D P E , p e ro x id e  m o d if ie d  L L D P E , and  p la sm a  
m o d if ie d  L L D P E .
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F ig u re  9 .1 6  Tan Ô of virgin LLDPE, peroxide modified LLDPE, and plasma 
modified LLDPE.

Typically, the stiffness of the materials can be described by either two 
characteristics (E', E") or tanô. In Figure 9.16, tanô value at -50 to 40°c of plasma- 
assisted modified LLDPE was less implying that the molecular chain tended to 
restrict rather than flow or flex, therefore, allowed less oxygen molecules to pass 
through the bulk polymer. Another important transition revealing by tanô is a- 
transition, presented at the temperature range of 80 to 95°c. The a-transition peak of 
plasma-assisted modified LLDPE shifted to higher temperature which is contributed 
to the occurrence of difficulty in rotation or partial rotation of short molecular 
sequences in crystallite. On the other hands, it is primarily dependent on crystalline 
size and correlates with the degree of crystallinity as observed in Table 9.2.

9.5  C o n c lu s io n s

The DBD device performed well to initiate grafting, in melt state, or to 
functionalize oxygen-based species on the polymer chain as confirmed by FT-IR 
spectra. The greater voltage applied to the DBD, the more .content of functional
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group was found as evidence of increasing in the absorbance. On the other hands, the 
chemical peroxide could not provide much of the functional groups inside the bulk 
modified LLDPE, especially for carbonyl containing groups. MFI values of bulk 
modified LLDPEs implied that the peroxide modification could alter the physical 
molecular structure rather than the chemical one which occurred predominantly for 
plasma-assisted modification. The molecular characteristics of polymer materials, 
implying from an increase in elongational viscosity and flow activation energy was 
long chain branching or graft structure which could be occurred during mixing in the 
presence of radical sites. The maximum of tensile yield strength, Young’s modulus, 
the solid density, percentage of crystallinity, barrier property as well as melt 
elasticity occurred with the 8.3 kv plasma-assisted modified LLDPE. Moreover, the 
molecular chain stiffness at the service temperature was enhanced as observed by the 
DMA analysis. Therefore, the plasma pre-treatment is as good as using chemical 
peroxide to modify of LLDPE pellets by rendering the improvement in meltrStrength 
as well as increasing in tensile properties. Since the plasma-DBD device developed 
in our laboratory was operated at atmospheric pressure using an ambient air as a 
process gas, it can be employed as an in-line continuous plasma-assisted polymer 
blending or recycling as well.

9 .6  A c k n o w led g em en ts

G ra te fu l a c k n o w le d g e m e n ts  are fo rw ard ed  to  T h e  P o ly m e r P ro c e ss in g  and  
P o ly m e r  N a n o m a te r ia ls  R esea rch  U n it, C h u la lo n g k o m  U n iv e rs ity  an d  to  T he 
T h a ila n d  R esea rch  F u n d  (T R F ) th ro u g h  the  R o y a l G o ld en  Ju b ilee  P h .D . P ro g ram  
(R G J); G ran t N o . P H D /0 2 2 8 /2 5 4 5 , fo r  sch o la rsh ip  and f in an c ia l su p p o rt.

9 .7  R eferen ces

B o co k , T ., Z ican s , J ., and  K aln in s, M ., ‘C ro ss-lin k ed  th e rm o p la s tic  b len d s  
o f  p o ly e th y len e  w ith  an  e la s to m e r 3. R h eo lo g ica l ch a rc te ris tic s  o f  m e lts ’, M ech an ic s  
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