
CHAPTER III 
EXPERIMENTAL

3.1 Materials

All materials used for the experiments are shown in Table 3.1. Its 
specifications and supplier are provided herein. Moreover, the uses of them are 
described in the table as well.

Table 3.1 Materials used in this contribution

Linear Low Density Polyethylene (LLDPE)
Grade Specifications 

(reported by supplier)
Supplier Remarks

DOWLEX
2045.11

• MFI = 1.0 g/10 min
• Density = 0.922 g/cm3
• Tm = 125°c

DOW
Chemical
(Thailand)

Used as based resin in . 
chapter IV

DOWLEX
2045

• MFI =1.0 g/10 min
• Density = 0.920 g/cm3
• Tm = 124°c

DOW
Chemical
(Canada)

Used as based resin in 
chapter V and VI

DOWLEX
2047G

• MFI = 2.3 g/10 min
• Density = 0.917 g/cm3
• Tm = 125°c

DOW
Chemical
(Thailand)

Used as based resin in 
chapter VII, VIII, and IX -

Natural Rubber (NR)
Grade Specifications Supplier Remarks

STR-5L • Standard Thai Rubber
• Packed in blocks

Rayong 
Bangkok 
Rubber 
Co., Ltd 
(Thailand)

Used as minor phase in 
chapter IV

Maleic Anhydride (MA)
Grade Specifications Supplier Remarks

MA • Melting point = 57°c Acros
Company

Used as coagent in chapter 
IV
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Epoxidized Natural Rubber (ENR)
Grade Specifications Supplier Remarks

ENR-50 • 50% Epoxidation KMUTT
Laboratory*
(Thailand)

Used as minor phase and 
coagent in chapter IV

* ENR was kindly supplied by Dr.Nandh Thavarungkul, Division of Materials 
Technology, School of Energy, Environment and Materials, King Mongkut's 
University of Technology Thonburi (KMUTT), Thailand.

Dicumyl Peroxide (DCP)
Grade Specifications Supplier Remarks

DCP • White flake
• 98% peroxide
• Melting point = 39°c 
. lOh ti/2 @1114°c

.Aldrich Used as chemical initiator 
in chapter V, VI, and IX

1,1 -Diphenvl-2-Picrvhvdrazyl (DPPH)
Grade Specifications Supplier Remarks

DPPH,
Stable
radicals

• Purple powder
• Melting point -  135°c
• < 5% ash

Fluka Used as radical scavenger 
in chapter VII, and VIII

Isopropanol (IPA)
Grade Specification Supplier Remarks

IPA,
Reagent
grade

• Boiling point = 82.2°c University 
Store, (UW, 
Canada)

Used as inert carrier for 
peroxide solution in 
chapter V, VI

IPA.
Reagent
grade

• Boiling point = 82.2°c Labscan 
Asia 
Co.,Ltd.

Used as inert carrier for 
peroxide solution in 
chapter IX
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B e n ze n e
Grade Specifications Supplier Remarks

B en zen e ,
A n a ly tic a l
g rad e

• 9 9 .7 %  p u rity
• B o ilin g  ra n g e  =  79-8 l ° c

M erck
K G aA

U sed  as so lv e n t fo r  D P P H  
so lu tio n  in  ch a p te r  V II, 
an d  IX

T o lu en e
Grade Specifications Supplier Remarks

T o lu en e ,
A n a ly tic a l
g rad e

• 9 9 .5 %  p u rity
• B o ilin g  ran g e

=  110-111๐c

L abscan

c a l t d .

U se d  as so lv e n t fo r 
e x tra c tio n  in  c h a p te r  IV

X y le n e
Grade Specifications Supplier Remarks

X y leh e , ’ 
A n a ly tic a l 
g rad e  '

• 9 9 .8 %  p u rity
• B o ilin g  ran g e  

= 1 3 7 -1 4 2 °c

M erck
K G aA

U sed  as so lv en t fo r 
S o x h le t e x tra c tio n  in  
c h a p te r  V , V II, an d  IX

3.2 Methodology

3.2 .1  B le n d in g  o f  L L D P E , N R . an d  E N R  w ith  M A  an d  th e  A g ricu ltu ra l 
F ilm  P rep a ra tio n s
M e lt b le n d in g  w as p e rfo rm ed  in  lab o ra to ry  in te rn a l m ix e r, 

B rabender®  m o d el พ - 50. T h e  m ix in g  c h am b er cap ac ity  w as 50  c m 3 eq u ip p ed  w ith  
th e rm o p la s tic  m ix in g  head . T h e  m ix in g  tem p era tu re  and  ro to r sp eed  w ere  170°c and  
50  rpm  (in  th e  u n it o f  m in '1), resp ec tiv e ly . A ll ru n s  w ere  d o n e  u n d e r  n itro g e n  
a tm o sp h e re  to  av o id  o x id a tio n  from  a tm o sp h eric  air. T o ta l v o lu m e  o f  b le n d  
fo rm u lae , ex c lu d in g  M A , w as 40  cm 3 w h ich  w as 80%  o f  c h am b er cap ac ity . T h e  
m a jo r  p h a se  w as 8 0 %  พ /พ  o f  to ta l b len d  fo rm u lae  an d  to ta l ru b b e r  co n ten t in c lu d in g  
N R  an d  E N R  w as 2 0 %  พ /พ , ex cep ted  fo r U V -v is ib le  ab so rb an ce  te s t w h ich  w as 
s ta ted  la te r. T h e  reac tiv e  ag en t u sed  fo r reac tiv e  b len d in g , M A , w as lo ad ed  on ly  fo r 3 
phr.
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G en era lly , th e  v e ry  h ig h  m o le c u la r  s ize  o f  N R , n a tu ra l 
m a c ro m o le c u le s  lead in g  to  h ig h  m e lt en tan g lem en t co u ld  b e  re d u c e d  fo r e ase  o f  
p ro c e ss in g  b y  th e  p ro cess  ca lled  m astica tio n . T he ch u n k  N R  w a s  m a s tic a te d  u s in g  
tw o -ro ll m ill m ach in e  a t a m b ie n t tem p e ra tu re  w ith  10 m in  o f  m a s tic a tio n  tim e . T h e  
ro lle r  sp eed  w a s  30 m in '1 and  th e  g ap  d istan ce  w as  a d ju s te d  to  be  5 -1 0  m m  
th ro u g h o u t th e  m a s tic a tio n  p ro cess . R u b b e r  p h ase  w as th e n  cu t in to  sm all p iece s  and  
th e  reac tiv e  a g e n t fo r re a c tiv e  b len d in g , M A , w as g ro u n d  b e fo re  feed in g  to  th e  m ix e r  
to  g e t b e tte r  d isp e rs io n  a n d  d is trib u tio n .

Table 3.2 B le n d  fo rm u lae  an d  m e lt b le n d in g  step  in  b a tc h  m ix e r

Ingredient
Minute of 
Addition

Binary
Blend
(LN)

Ternary
Blend
(LEN)

Reactive
Blend

(LMEN)
1st (m a jo r p h a se ) 0 L L D P E L L D P E L L D P E

2 nd T 3 N R E N R ' ' M A  •'
T 3 - 6 th - N R E N R
4th - - N R

F u rth e r  m ix in g  tim e 6 m in 3 m in 3 m in
T o ta l m ix in g  tim e 9 m in 9 m in 12 m in

T h e  b len d  fo rm u lae  and  s tep  o f  m ix in g  w as c o n c lu d e d  in  T ab le  3 .2 . 
B len d in g  s ta rted  w ith  m e ltin g  o f  m a jo r  p h ase  w h ich  w as th e  b a se  resin . C e rta in  
am o u n t o f  L L D P E  w as filled  firs t an d  a llo w ed  to  m e lt fo r 3 m in  p r io r  to  th e  ad d itio n  
o f  seco n d  in g red ien t. T h e  th ird  and  fo u rth  in g red ien t w ere  filled  s tep  by s tep  w ith  
co n s ta n t in te rv a l ad d itio n  tim e , 3 m in . N R  w as the  last in g re d ie n t fo r  all b len d s . A fte r  
th a t th e  b len d  w a s  kep t m ix in g  acco rd in g  to  the  fu rth e r m ix in g  tim e  fo r each  b le n d  to  
a llo w  th e  u n ifo rm  m ix in g . H en ce , th e  to ta l m elt b len d in g  tim e  fo r b in a ry  b len d in g , 
te rn a ry  b le n d in g , and  reac tiv e  b len d in g  w ere  9, 9, and  12 m in , re sp ec tiv e ly .

T h e  m ix tu re  w as th en  rem o v ed  from  th e  b a tch  m ix e r, p la c e d  on  
s ta in le ss  s teel p la te , and  co o led  d o w n  by  am b ien t air. It w as th en  sh red d ed  in to  sm all 
p ieces  by  a sh red d e r m ach in e  and  k ep t o v e r n igh t in  v acu u m  o v en  at 110 ° c  b efo re  
p a ss in g  th ro u g h  the  tw in -sc re w  ex tru d e r  (T W E ) to  get b e tte r  h o m o g en e ity .

Collin®  co -ro ta tin g  ty p e  tw in -sc rew  ex tru d e r, m o d e l T -2 0  w ith  sc rew  
d ia m e te r  o f  25  m m , and  30  o f  L /D  ra tio  w as used . A n o th e r  p ro c e ss  p a ra m e te r, sc rew
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sp eed  w as v a r ie d  as 80 an d  90 m in '1. T e m p e ra tu re  p ro file  o f  T W E  fro m  feed  zone  
th ro u g h  d ie  zo n e  w as  se t as  fo llo w ed : 150, 155, 160, 175, 185, 195°c. T he 
th ro u g h p u t ra te  w as  m e a su re d  d u rin g  th e  tw in -sc re w  ex tru s io n .

T h e  ex tru d a te  w a s  fu rth e r p ro c e sse d  in to  th e  th in  film  b y  u s in g  sing le  
sc re w  c h ill- ro ll c a s t  film  e x tru d e r , Collin® . It w as  e q u ip p e d  w ith  a  f la t-s lit d ie  
d im e n s io n  o f  0 .8  X 2 5 0  m m . T h e  sc rew  sp e e d  u sed  fo r  th is  s tep  w as  f ix e d  a t 4 0  m in '1. 
T h e  sam e te m p e ra tu re  p ro file  as  im p o sed  d u rin g  th e  tw in -sc re w  p ro cess  w as  set. The 
s tre tch in g  ro ll w as ch ille d  w ith  15-20°c o f  ch illed  w ate r. A s th e  s tre tc h in g  o r  d raw  
ra tio  (D R ) w as  a n o th e r  p ro cess  p a ra m e te r  in  th is  w o rk , th e  film  w as p ro c e sse d  w ith  
v a r io u s  D R , 7 , 10, 15, an d  20 . T y p ic a lly , D R  w as re fe rred  to  th e  d eg ree  o f  s tre tch in g  
d u rin g  th e  m e lt  so lid if ic a tio n  re su ltin g  to  th e  o rien ta tio n  o f  film . It w a s  d e fin ed  b y  
th e  ra tio  o f  ra te  o r  sp eed  o f  s tre tc h e d  film  to  th a t o f  ex tru d a te  an d  e x p re sse d , in  th is 
w o rk , as th e  ra tio  o f  ch ill-ro ll sp eed  and  e x tru d a te  speed .

D R  =  C h ill- ro ll speed  /E x tru d a te  speed

C h ill-ro ll sp eed  =  (27๙) X (rp m ) in  th e  u n it o f  d is tan ce /tim e  (i.e . c m /m in )
W h ereas: r  =  ro lle r  rad iu s

rp m  = ro u n d  per m in u te  o f  ro lle r  (in  m in '1)

E x tru d a te  sp eed  =  Q  / (D  X A ) in  th e  u n it o f cm /m in  (g /m in .cm 3/g . l / c m 2)
W h ereas: Q  =  th ro u g h p u t ra te  in  g /m in

D  = d e n s ity  o f  ex tru d a te  in  g /c m 3 
A  = c ro ss -se c tio n a l a rea  o f  s lit d ie

3 .2 .2  M e lt P ro cess in g  (B a tch  P ro c e ss )  o f  L o w -D o se  C h em ica l P e ro x id e
M o d ific a tio n
F ree -rad ica l m o d if ic a tio n  o f  L L D P E  u s in g  th e  D icu m y l p e ro x id e  

(D C P ) w as p e rfo rm e d  in  labo ra to ry ' in te rna l m ix e r, H aak e  R h eo m ix  90  w ith  2 0 0  c m 3 
o f  c h a m b e r v o lu m e . H o w e v e r, th e  m a te ria l to  be f illed  w as o n ly  9 0 %  o f  c h am b er 
cap ac ity . T h u s , 180 g L L D P E  p e lle t co rre sp o n d in g  to  «  196 c m 3 w as  filled . T he
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p ro c e ss in g  v a r ia b le s  to  b e  e x a m in e d  in  th is  w o rk  w ere  th e  p ro cess  te m p e ra tu re  (C ), 
c h e m ic a l p e ro x id e  q u a n tity  (P ), an d  m ix in g  ro to r sp e e d  (R ). A n o th e r  im p o rta n t 
p a ra m e te r  to  b e  in  a c c o u n t w as  th e  p e ro x id e  ad d itio n  m e th o d  (M ). M o re o v e r , w ith o u t 
c h e m ic a l p e ro x id e  feed in g , th e  sh e a r  m o d if ic a tio n  o f  L L D P E  w as a lso  p e rfo rm e d  as 
a  c o n tro lle d  sam p le . T h e re fo re , th e  reac tio n  tem p e ra tu res  w ere  v a rie d  as 170, 185 
a n d  200°c. A m o u n t o f  D C P  w as v a ried  as 0 (sh e a r  m o d ific a tio n ), 0.02, 0 .0 6 , an d  0.1 
p h r. R o to r  sp eed s  w ere  se t as  30  and  70 m in ’1. T h e  p e ro x id e  ad d itio n  w as c a rrie d  o u t 
b y  th re e  d iffe re n t fo rm s o f  m ix in g  sta tes. T h e  firs t m e th o d  (M i) w as  th e  a d d itio n  o f  
p e ro x id e  so lu tio n  in to  m o lte n  p o ly m er. T h e  s to ck  so lu tio n , D C P -d isso lv e d  in  IP  A , 
w a s  p re p a re d  b y  d is so lv in g  g iv e n  am o u n ts  o f  D C P  in  2 c m 3 o f  IP A . S m all d ro p le t o f  
s to c k  so lu tio n  w a s  th e n  lo a d e d  freq u en tly  in to  th e  m o lte n  L L D P E . S p ec ia l care  w as 
ta k e n  to  m in im iz e  its  lo ss  d u rin g  feed in g  sin ce  th e  so lu tio n  w o u ld  v o la tile  eas ily . T he 
se c o n d  p e ro x id e  a d d itio n  te c h n iq u e  (M ii) 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 lte n  L L D P E . T h e  la s t o n e  (M iii)  w as th e  so lid  p e ro x id e  an d  so lid  L L D P E  w ere  
fed  an d  h e a te d  s im u ltan eo u s ly . A fte r  p e ro x id e  w as ad d ed , th e  re a c tio n  h a d  b een  
fu r th e r  c o n tin u e d  to  re a c h  10 m in  o f  m ix in g  tim e. T h e n  th e  sam p le  w a s  rem o v ed  
fro m  th e  ch am b er, p la c e d  o n  s ta in le ss  steel p la te  and  co o led  d o w n  by  a tm o sp h e ric  
a m b ie n t air. F in a lly , th e  m o d ifie d  L L D P E  w as  ca re fu lly  g ro u n d  in to  sm a ll p ieces 
u s in g  th e  W illey  m ill la b o ra to ry  g rinder.

3 .2 .3  P la sm a  S u rface  T rea tm en t
3 .2 .3 .1  T re a tm e n t o f  L L D P E  P e l le ts

T h ere  w e re  tw o  ty p es o f  a tm o sp h e ric  p re ssu re  p la sm a  dev ice  
u til iz e d  for L L D P E  p e lle t tre a tm e n t in th is  co n trib u tio n . T h e  f irs t o n e  w a s  A P P J. 
B o th  je t  n o z z le  and  p o w e r  su p p ly  w as k in d ly  su p p o rted  by JE  P la sm a  C o n su lt 
G m b H , G erm an y . A n o th e r  o n e  w as the  D B D  w h ich  w as d ev e lo p ed  in  o u r  lab o ra to ry . 
T h e  tre a tm e n t c o m p a rtm e n t w as  d esig n ed  fo r  th e  ap p lica tio n  o f  each  sy stem . B o th  
p la sm a  ap p a ra tu se s  w ere  o p e ra ted  at a tm o sp h e ric  p re ssu re  to  k eep  c o n tin u o u s  a ir-to - 
a ir  p ro cess .

3 .2 .3 . น  U s in g  A P P J
T h e  A P P J an d  p o w er su p p ly  sy stem  u se d  in  th is  

w o rk  w ere  jo in t ly  d e v e lo p e d  by  JE  P lasm a  C o n su lt G m b H  and  R e in h a u se n  G m b H ,
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G erm an y . T h e  j e t  n o z z le  d ia m e te r  w as 8 m m . T o  g en era te  a n d  su s ta in  th e  p la sm a , a  
s in u so id a l h ig h  v o lta g e  (k V -ra n g e ) w ith  a  fre q u e n c y  o f  ty p ic a l 10 k H z  (m id -ran g e ) 
w a s  su p p lie d  to  th e  sy stem . T h e  w o rk in g  o r  p ro c e ss in g  gas w a s  p u re  n itro g e n  (> 9 8 %  
p u rity )  a n d  th e  L L D P E  p e lle ts  w ere  ex p o sed  to  th e  p la sm a  in  a  g lass  tu b e  sh o w n  in  
F ig u re  3 .1 .

Figure 3.1 G la ss  tu b e  re a c to r  g eo m etry  fo r A P P J  tre a tm e n t o f  p o ly m e r pe lle ts .

T o  p rev en t m e ta s tab le  q u en ch in g  b y  o x y g e n  th a t 
c au se s  red u ced  j e t  len g th s , th e  p e lle t m u st be p u rg ed  by  n itro g e n  gas an d  th e n  fed  to  
th e  tre a tm e n t zo n e . T he p ro c e ss in g  gas f lo w  ra te  w as v a rie d  as 7, 8, 9, 10, 15, 20  
L /m in . F o r feed in g  zo n e , th e  gas flow  ra te  w as  v a ried  to w ard  10 L /m in . W ith  5.5 k v  
ig n itio n -v o lta g e , th e  ap p lied  je t-v o lta g e  am p litu d e  w as v a ried  from  6 .6 , 7 .7 , 8 .8  to
9 .9  k v .  A t 9 .9  k v  a  m ax im u m  p o w er o f  58 พ  w as d e liv e red  to  th e  p la sm a  je t  as 
m e a su re d  v ia  T e k tro n ix  T D S  7 2 5 4  o sc illo sco p e  eq u ip p ed  w ith  h igh  v o lta g e  p ro b e . 
T h e  le n g th  o f  n itro g e n  p la sm a  je t  w as v e r if ie d  as  p ic tu res  cap tu red  by  c o m m erc ia l 
C C D  cam era .

S am p lin g  m e th o d  o f  L L D P E  p e lle t to  be  tre a ted  w as 
c o n tro lle d  to  be a lm o st th e  sam e  sp h erica l sh ap e  and  size  (by  w e ig h t), th e re fo re ; 
a sy m m etrica l sh ap e  o f  p e lle t w as  ig n o red . T h e  p e lle ts  w ere  fed one b y  o n e  at th e  
p e lle t feed in g  p a r t in  F ig u re  3 .1 , th en  w as p u rg ed  an d  p u sh e d  by  n itro g e n  gas. T h e
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a ssu m p tio n  o f  z e ro  in itia l p e lle t-v e lo c ity , n o  fr ic tio n  b e tw e e n  th e  m o v in g  p e lle ts  and  
th e  tu b e  su rfa c e  w a s  m ad e . T o  d e fin e  th e  p la sm a  tre a tm e n t tim e , th e  p e lle t  v e lo c ity  
a n d  th e  j e t  le n g th  w as  m easu red . U sin g  p ro je c tile  m o tio n  o f  th e  p e lle ts  c o m e  o u t o f  
th e  g la ss  tu b e , th e  p e lle t  v e lo c ity  co u ld  b e  ca lcu la ted  b ack w ard  v ia  th e  d is tan ce  
m e a su re m e n t as  c o n s ta n t j e t  v e lo c ity  th ro u g h o u t th e  p la sm a -je t v o lu m e  w a s  ap p lied .

3 . 2 . 3 . 1 . 2  U s i n g  D B D

T h e  D B D  u se d  in  th is  re se a rch  w as d e v e lo p ed  in  o u r 
lab o ra to ry . T h e  e lec tro d e  an d  th e  p la sm a  tre a tm e n t z o n e  w ere  d e s ig n ed  acco rd in g ly  to  
a c h iev e  th e  re q u ire m e n t o f  th e  tre a tin g  p ro c e ss  and  th e  u n ifo rm ly  d isch a rg e . I t w as  
co n s tru c te d  re g a rd in g  to  su rface  m o d if ic a tio n  ap p lic a tio n  a t a tm o sp h e ric  p re ssu re  
u s in g  a m b ie n t a ir  as  a  p ro cess  gas. T h is  p la sm a  u n it u tiliz e d  a v a riab le  v o lta g e  co n tro l 
to  b e  a  p o w e r  su p p ly  w h ich  c o n s is te d  o f  th e  s in u so id a l h ig h  v o ltag e  o f  500  H z  as 
lim ite d  b y  s tep r u p  tra n s fo rm e r u sed . W ith  ad ju s tab le  in p u t v o ltag e , it w as  ab le  to  
co n tro l th e  o u tp u t o r  v o ltag e  ap p lie d  to  th e  D B D . T h e  io n ized  gas o c c u rre d  in  th e  
sp a c e  b e tw e e n  tw o  e lec tro d es  n a m e d  d isch a rg e  space  w h e re  th e  tre a tm e n t o f  p e lle ts  
w as . A  sc h e m a tic  d iag ram  o f  th e  p o w e r su p p ly  u n it w a s  sh o w n  in  F ig u re  3 .2 .

Step-up
Transformer

T il ะ Step-up transformer. vjn= 0-70 V, V0111= 0-220 V, 50 Hz 

Tr2 ะ Step-up transformer. Vjn= 0-230 V, V0111 = 0-15 k V . 50 Hz 

Tr3 ะ Step-Iip transformer, vjn = 0-230 V, VG 1,, = 0-15 kV . 50 Hz

F ig u r e  3 .2  S ch em a tic  o f  h ig h  v o lta g e  p o w er su p p ly  u n it fo r D B D .
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F o r  tre a tm e n t o f  L L D P E  p e lle ts , th e  p e lle ts  to  be  
tre a te d  w ere  a ss ig n e d  to  f lo w  th ro u g h  the  p la sm a  tre a tm e n t zo n e  b y  th e  g rav ity . T hus 
th e  tre a tm e n t c o m p a rtm e n t w as d e s ig n ed  fo r v e rtic a lly  p e lle t fe e d in g  in  an d  o u t th e  
p la sm a  tre a tm e n t zone. E lec tro d e  g eo m e try  co n sis ts  o f  a  p a ir  o f  p lan e  p a ra lle l 
e le c tro d e s  m a d e  o f  s ta in le ss  s tee l w ith  th e  d im en s io n  พ  X L  w a s  7 X 100 m m . T he 
g ap  d is tan ce  b e tw e e n  th e  e lec tro d es  w as 7 m m  to  a llo w  flo w in g  o f  a  n o rm al 
c o m m erc ia l p e lle t. T he d ie lec tr ic  m a te ria l u se d  as d ie lec tric  b a rr ie r  w a s  P o ly m e th y l 
m e th ac ry la te  (P M M A ) sh ee t w ith  1 m m  th ick n ess . T he d ie lec tric  b a r r ie r  w as  p laced  
a d ja c e n t to  o u te r  su rface  o f  b o th  e lec tro d es . T h e  sp ec ific  d e ta il o f  D B D  g eo m e try  fo r 
p e lle t  tre a tm e n t w as  sh o w n  in  F ig u re  3.3.

YDielectric Materials

F ig u r e  3 .3  E lec tro d e  a rran g em en t o f  D B D  fo r  p e lle t tre a tm en t.

T h e  gas d isch a rg e  b e h a v io r  w as in v e s tig a te d , w ith o u t 
p e lle t trea tm en t. W av efo rm  o f  b o th  cu rren t and v o ltag e  w as c a p tu red  u sin g  
o sc illo sc o p e , L eC ro y  W a v e R u n n e r  m odel 6 0 5 0 A  (5 0 0  M H z, 5 G S s’1) as a signal 
d e tec to r. T h e  v o ltag e  ap p lie d  to  th e  D B D  w as m easu red  u s in g  a  re s is ta n c e  v o ltag e  
d iv id e r  (R -d iv id e r)  w ith  a ra tio  o f  1281 .93 . A t the  sam e  tim e , e le c tro s ta tic  m ete r, 
ty p e  2 0 6 5 , w as  u sed  to  ev a lu a te  th e  o u tp u t v o lta g e  in ro o t m ean  sq u are , R M S . S ince, 
in  p rin c ip le , th e  e lec tro s ta tic  m e te r  had  no re s is tan ce , th e  e ffec t o f  in s tru m e n t lo ad in g  
co u ld  be n eg lec ted . T h u s, th e  v a lu e  g iven  by  R -d iv id e r and th e  a p p a re n t o u tp u t 
v o lta g e  cou ld  be co m p arab le . T he d iv e rg en ce  fac to r o f  v o ltag e  g iv en  by  b o th  m ete rs  
w as  ca lcu la ted  to  g en e ra te  th e  reaso n ab le  w a v e fo rm  o f  th e  o u tp u t v o ltag e . M o reo v er,



32

th e  o h m ic  co n d u c to r, w ith  115 Q , w as c irc u ite d  in  se ries  to  e s tim a te  th e  cu rren t 
su p p lie d  to  th e  p la sm a  d ev ice .

In te n d e d  fo r  th e  ap p lic a tio n  o f  tre a tm e n t d u rin g  th e  
g ra v ity - in d u c e d  m o tio n  o f  p e lle ts  th ro u g h  th e  d isc h a rg e d  re g io n , it w as  n e c e ssa ry  to  
s tu d y  th e  e ffe c t o f  th e  v o lta g e  ap p lied  to  th e  D B D . A cc o rd in g  to  lim ita tio n  o f  p o w e r 
su p p ly , th e  ap p lied  v o lta g e  w a s  v a ried  fro m  m in im u m  th a t th e  g lo w -lik e  d isch a rg e  
w a s  o b se rv ed , so -c a lle d  ig n itio n  v o ltag e , to  th e  m ax im u m  v o lta g e  b e fo re  th e  
d isch a rg e  w as u n s ta b le  an d  th e n  g en e ra ted  th e  arcs. T h e re fo re , th e  ap p lie d  v o lta g e  
ra n g e d  fro m  6.5 to  9 .0  kV .

3 .2 .3 .2  T r e a tm e n t o f  L L D P E  F ilm s
T he sam e  o f  b o th  p o w e r  su p p ly  u n it (F ig u re  3 .1 )  an d  D B D  

g e o m e try  u n it (F ig u re  3 .2 ) as  im p o sed  fo r  p e lle t tre a tm e n t w as u tiliz e d  fo r th e  
tre a tm e n t o f  L L D P E  film  as w e ll. A tm o sp h e ric  a m b ien t a ir  w as a lso  u se d  as a 
p ro c e ss in g  gas. T h e  d iffe ren t p ro ced u re , w as th e  fo im  o f  L L D P E  to  be  tre a ted . T h e  
film  w as fix ed  on  th e  film  h o ld e r  to  o b ta in  th e  c e n te r  a lig n m e n t in s id e  th e  tre a tm e n t 
zo n e . T h e re fo re , th e  e ffe c t o f  p la sm a  tre a tm e n t tim e  w as ab le  to  b e  in v es tig a ted . 
G en e ra lly , a t le a s t th re e  e x te rn a l p la sm a  tre a tm e n t p a ra m e te rs  a ffec ted  th e  trea ted  
p ro d u c ts . T h ey  w e re  ap p lied  v o ltag e , p la sm a  tre a tm e n t tim e , and  th e  in te rv a l tim e  
p r io r  to  th e  fo llo w in g  step  (ca lled  la ten cy  tim e  o r ag in g  tim e ). T he a p p lie d  v o ltag e  
w a s  v a rie d  w ith in  th e  sam e ran g e  as ap p lie d  fo r th e  p e lle t tre a tm en t. T h e  p la sm a  
tre a tm e n t tim e  w as v a rie d  as 0 .2 , 5, 10, 15, 30 , an d  60 ร. T h e  ag ing  tim e  w as a lso  
v a ried  up  to  10 m in  w h ich  w as  a ss ig n ed  as tim e  to  reach  a s tead y  su rface  in  th is  
w ork .

3 .2 .4  C o n tin u o u s  R eac tiv e  P ro c e ss in g  o f  L L D P E
A c c o rd in g  to  th e  o rig in a lity  o f  th is  w o rk , th e  m o d if ic a tio n  o f  L L D P E  

w as  p u rp o sed  to  b e  p ro c e sse d  c o n tin u o u s ly . T h e re fo re , the  Collin®  c o -ro ta tin g  ty p e  
T W E  m o d el T -2 0  w ith  sc rew  d iam e te r o f  25  m m  and  L /D = 3 0  w as u tiliz e d  as a 
co n tin u o u s  m elt p ro c e ss in g  m ach in e . S c rew  sp eed s  w ere  se t at 60  m in"1. T em p era tu re  
p ro file  from  feed  z o n e  th ro u g h  d ie  z o n e  w a s  se t as fo llo w ed : 130, 150, 160, 170,
1 8 0 , 190°c.
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T h e  lo w -d o se  c h e m ic a l p e ro x id e  m o d ific a tio n  w a s  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 ifica tio n . A s th e  c h em ica l p e ro x id e  
a d d it io n  m e th o d  w as  th e  im p o rta n t p ro cess in g  p a ram e te r, th e  so lu tio n  o f  D C P  in  IP A  
w a s  fed  to  th e  sy stem  w h en  th e  re s in  w as s till so lid  L L D P E  p e lle t. T h e  v o la tile  o f  
so lv e n t, IP A , p ro v id e d  th e  f in e  p a rtic le  o f  D C P  sp ray in g  in to  th e  so lid  L L D P E  
p e lle ts . T h u s  th e  g o o d  d isp e rs io n  an d  d is tr ib u tio n  o f  D C P  w a s  g iv en  b y  th is  p e ro x id e  
a d d itio n  m e th o d . T h e  s to ck  so lu tio n  o f  D C P  in  IP A  w as p re p a re d  fo r a f in a l c o n te n t 
o f  0 .0 2 , 0 .0 6 , an d  0.1 p h r  to  k e e p  c ro ss lin k -free  in a  fina l p ro d u c t. T h e  so lu tio n  w as 
th e n  fed  in to  th e  h o p p e r  o f  re s in  feed  zo n e  u s in g  th e  p e ris ta ltic  p u m p in g  sy s tem .

3 .2 .5  P la sm a -A ss is te d  C o n tin u o u s  R eac tiv e  P ro c e ss in g  o f  L L D P E
P la sm a -a ss is te d  c o n tin u o u s  m o d ific a tio n  o f  L L D P E  w as a c c o m p lish e d  

b y  th e  c o m b in a tio n  o f  p la sm a  p re - tre a tm e n t and  c o n tin u o u s  m e lt p ro c e ss in g  o f  
p o ly m er. T o  .take th e  b e n e fit  fro m  a tm o sp h e ric  am b ien t a ir  as a  p ro cess  g a s , th e  D B D  
d ev ice  w a s  a sse m b le d  h e re  as  in -lin e  p e lle t p re -trea tm en t p ro cess . In le t  p o r t  o f  th e  
p la sm a  tre a tm e n t z o n e  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  an d  o u t o f  th e  tre a tm e n t c h a m b e r v e rtic a lly  th ro u g h  th e  h o p p e r  o f  m e n tio n e d  
T W E . W ith  g rav ity -in d u ced  m o tio n , th is  e lec tro d e  g e o m e try  p ro v id e d  0 .2  ร o f  
p la sm a  tre a tm e n t tim e . T h e  d is ta n c e  b e tw een  the  o u tle t o f  p la sm a  tre a tm e n t zo n e  and  
th e  sc rew  o f  th e  e x tru d e r  w as se t at 30 cm , c o rre sp o n d in g  to  0 .2  ร o f  the  la te n c y  tim e  
in  a tm o sp h e ric  a m b ien t a ir w h ic h  w as d e fin ed  as the  in te rv a l tim e  b e tw e e n  th e  end  o f  
p la sm a  tre a tm e n t and  th e  s ta r tin g  tim e o f  n ex t p ro cess . T he overa ll sy stem  w as 
sh o w n  in F ig u re  3 .4 . T rea ted  L L D P E  p e lle t w as im m ed ia te ly  su b jec ted  to  the  tw in  
sc rew  e x tru d e r  such  th a t the  m o lte n  m ac ro rad ica ls  co u ld  m o d ify  th ro u g h o u t th e  b u lk  
p o ly m e r  m a te ria ls . T h e  v o lta g e  ap p lied  to  the  D B D  w as 8.3 an d  9 .0  k v .  
A d d itio n a lly , a co m b in a tio n  o f  p la sm a  tre a tm e n t and  ch em ica l p e ro x id e  sy stem  w as 
in v e s tig a te d  as w ell.
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P lasm a A pparatus: DBD

P lasm a A pparatus: Pow er Supply

Figure 3.4 T h e  se tu p  o f  co n tin u o u s  p la sm a-a ss is ted  m o d if ic a tio n  o f  p o ly m er.

M o re o v e r, th e  co n tro lled  ru n  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  w as  a lso  p e rfo rm e d  to  d iffe ren tia te  the  e ffe c t o f  u p s tre a m  p la sm a  
tre a tm e n t a n d /o r  ch em ica l p e ro x id e  m o d ifica tio n . It w as d e fin e d  as sh ear 
m o d if ic a tio n  an d  th e  sam p le  w as th en  lab e led  as sh ea r m o d ifie d  L L D P E  in  th is 
a rtic le .

3.3 Characterizations

3.3.1 T o ta l R ad ica l C o n cen tra tio n  M e a su re m e n t
F o r  p la sm a  su rface  tre a tm en t, th e  in te rm ed ia te  sp ec ie s  re v e a le d  on  the  

su rfa c e  o f  p la sm a  tre a te d  m a te ria ls  w h ich  are  th e  rad ica ls  o r  fu r th e r  p e ro x id e s  w ere  
d e te rm in e d  in  th is  w o rk  u s in g  th e  liq u id -p h ase  rad ica l tra p p in g  in c o rp o ra te d  w ith  
c h em ica l titra tio n  m e th o d . T h e  rad ica l sca v e n g e r u se d  w as 7 ,7 -D ip h e n y l-2  - 
p ic ry h y d ra z y l (D P P H ). T h e  so lu tio n  o f  D P P H  in  b en zen e  w ith  the  c o n c e n tra tio n  o f  
1.0 X 10 '4 m ol/1 w as p re p a re d  as  a liqu id  p h ase  rad ica l d e tec to r. A fte r  p la sm a  
tre a tm e n t and  ag in g  p e rio d , th e  p la sm a  trea ted  m ate ria ls  w e re  k ep t in  th is  so lu tio n  at
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70°c fo r  2 4  h  to  d e c o m p o se  th e  rad ica l fo rm e d  o n  an d  n ea r th e  su rface . A fte r  th e  
rad ica l tra p p in g  tim e , th e  trea ted  m a te r ia ls  w e re  th e n  rem o v ed  o u t. T h e  c o n c e n tra tio n  
o f  D P P H  so lu tio n  w as  m e a su re d  u s in g  u v -v is ib le  lig h t sp ec tro m e te r. T h e  a m o u n t o f  
D P P H  co n su m e d  w a s  m easu red  b y  th e  d iffe ren ce  o f  U V -v is ib le  lig h t ab so rb an ce  
sp ec tru m  a t 521 n m  b e tw e e n  th e  p r is tin e  an d  p la sm a  trea ted  p e lle ts .

3 .3 .2  F o u rie r  T ra n sfo rm -In fra re d  (F T -IR ) S p ec tro sco p y
In fra red  an a ly sis  w a s  p e rfo rm e d  in  o rd e r to  in v e s tig a te  th e  v ib ra tio n  

an d  b e n d in g  o f  th e  fu n c tio n a l g ro u p  ex is tin g  fo r m easu red  m a te ria ls . T h e  F T -IR  
sp ec tro m e te r, N ic o le t m o d e l N E X U S  670  IR , w as  em p lo y ed  fo r  all te sts . T h e  ran g e  
o b se rv e d  w as  4 0 0 -4 0 0 0  c m '1 w ith  32 scans. B o th  tra n sm iss io n  m o d e  to  ex am in e  
th ro u g h o u t th e  sam p le  a n d  A tte n u a te d  T o ta l R e fle c tio n  (A T R ) m o d e  to  e x a m in e  o n ly  
th e  sam p le  su rface  w e re  p e rfo rm ed . T he sam p le  film  th ic k n e ss  fo r tra n sm iss io n  
m o d e  w as 2 0 -1 0 0  p m . F o r  h o riz o n ta l A T R -F T IR , th e  4 5 °  o f  Z n S e  w in d o w  w a s  u sed  
w ith  m u ltip le  b o u n ce  co rre sp o n d in g  to  p e n e tra tio n  d ep th  o f  0 .5  -  5 pm . O ne side  o f  
th e  film  su rface  w as n e e d e d  to  be  co m p le te ly  fla t to  th e  Z n S e  w in d o w .

3 .3 .3  U V -V is ib le  L ig h t S p ec tro sco p y
T o in v e s tig a te  th e  ab so rb an ce  o f  rad ia tio n  in  th e  v is ib le  lig h t an d  u v  

reg io n s  o f  th e  film s p ro d u c e d  b y  b len d in g  o f  L L D P E  and  ru b b e r , U V -v is ib le  lig h t 
sp ec tro m e te r, P e rk in  E lm e r m o d e l lam b d a-1 0 , in  ran g e  o f  2 0 0 -8 0 0  nm  w a s  u sed  w ith  
so lid  m easu rin g  set.

M o re o v e r, o th e r U V -V is ib le  lig h t sp ec tro m e te rs  w ith  liq u id  cell 
(q u a rtz  ce ll w ith  1 cm  o f  a b so rp tio n  cell th ick n ess) , S h im ad zu  U V -2 5 5 0 , w as  u sed  to  
m e a su re  th e  ab so rb a n c e  at the  w av e len g th  o f  521 nm  in o rd e r to  ev a lu a te  th e  am o u n t 
o f  D P P H  co n su m ed  fo r to ta l rad ica l co n cen tra tio n  m e a su re m e n t fo r p la sm a  su rface  
tre a tm en t. A n o th e r  o n e  w h ich  w as u tiliz e d  o n ly  fo r A P P J  tre a tm e n t o f  L L D P E  p e lle ts  
w as  V a ria n  V -5 5 0  sp ec tro sco p y .

3 .3 .4  X -R ay  P h o to e m iss io n  S p ec tro sco p y  (X P S )
T o  a n a ly z e  the  ch em ica l e lem en ts  on  th e  su rface , X -ray  p h o to e m iss io n  

sp e c tro sc o p y  (X P S ) w a s  em p lo y ed . T he  p rin c ip le  o f  X P S  in v o lv e d  the  ir ra d ia tio n  o f
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th e  so lid  in  v a c u u m  w ith  m o n o en e rg e tic  so f t x -ray s su c h  as M g K a  a n d  A lK a  w h ic h  
th e  en e rg y  w a s  1 .2536  k e V  an d  1.4866 k e V , re sp ec tiv e ly . T he  e m itte d  e le c tro n  w a s  
d e te c te d  an d  so rted  b y  en e rg y . D u e  to  th e  m ean  free  p a th  o f  th e  e le c tro n s  w a s  v e ry  
sm a ll, th e  e m itte d  e le c tro n s  fro m  th a t lim ite d  p en e tra tin g  p o w e r p h o to n  o rig in a te d  
fro m  on ly  th e  to p  fe w  a to m ic  layers. T h e re fo re , X P S  w o u ld  b e  u se d  to  o b se rv e  th e  
ch em ica l c h a n g e  o f  th e  L L D P E  su rface  in  th is  re sea rch . T he sp e c tra l re so lu tio n  w a s  
h ig h  en o u g h  to  an a ly ze  su c h  so lid  su rface . T h e  sp ec tru m  o f  each  e le m e n t h a d  u n iq u e  
a n d  th e  sp e c tra l p eak s  fro m  a  m ix tu re  w ere  ap p ro x im a te ly  th e  sum  o f  th e  e lem en ta l 
p e a k s  fro m  th e  in d iv id u a l one . S y n ch ro tro n  ra d ia tio n  a t N a tio n a l S y n c h ro tro n  
R e se a rc h  C e n te r , (S iam  P h o to n , N S R C , T h a ilan d ) w as  u tiliz ed  as  X -ra y  so u rce . T h e  
X P S  s ta tio n  w a s  k in d ly  su p p o rted  to  ex am in e  th e  su rface  c o m p o s itio n  o f  b o th  
p r is tin e  an d  p la sm a  tre a te d  L L D P E  film s.

F o r  L L D P E  film s, th e  sam p le s  w ere  a ttach ed  o n  th e  sam p le  h o ld e r  
w ith  specia l ca re  n o t to  to u c h  th e  sam ple  su rface . M o s t o f  the  sp ec tra  w e re  re c o rd e d  
u s in g  a m o n o c h ro m a tic  M g K a  so u rce . T he sp o t size o n  th e  sam p le  w a s  
a p p ro x im a te ly  350  p m  F W H M . T he p re ssu re  d u rin g  X P S  o p e ra tio n  w a s  c o n tro lle d  to  
b e  b e lo w  1.0 X 10 '7 m b ar. T h e  re la tiv e  a to m ic  co n cen tra tio n s  w e re  ca lcu la ted  b y  
V G sc ie n tif ic  so ftw are .

3 .3 .5  P o la r iz in g  O p tica l M ic ro sco p y  (P O M )
M a c ro sc o p ic  m o rp h o lo g y  o f  th e  reac tiv e  b len d  f ilm s  w ere  o b se rv ed  

u s in g  L e ica  D M  R X P  w ith  m ag n ific a tio n  o f  up  to  50. T he p o la r iz e d  lig h t from  th e  
x e n o n  so u rce  w as u se d  w ith  the  re flec tio n  m ode. T h e  film  sam p les  w ere  p laced  an d  
f ix e d  on  th e  sam p le  h o ld e r.

3 .3 .6  S can n in g  E le c tro n  M ic ro sco p y  (S E M )
S E M , Je o l 5200 , w as u sed  to  in v estig a te  the  su rface  m o rp h o lo g y  o f  

th e  sam ple . In  o rd e r to  o b se rv e  th e  p h ase  m o rp h o lo g y  o f  the  b le n d e d  ex tru d a te s , th ey  
w e re  c ry o g en ic  b ro k en  to  av o id  th e  p h ase  ch an g e  p r io r  to  ex tra c tio n  o f  ru b b e r p h a se  
b y  so ak in g  in  to lu en e  a t 70°c fo r 24  h to  sw ell, co n seq u en tly  th e  ru b b e r  p h ase  w as  
d isso lv ed  o u t. T h e  e x tra c te d  sam p le  w as th en  dried  u s in g  v acu u m  o v en  o v e rn ig h t. 
H o w ev e r, in  case  o f  fo a m -lik e  s tru c tu re  in v es tig a tio n  o f  reac tiv e  b le n d  e x tru d a te , th e
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ru b b e r  p h a se  w as n o t n e e d e d  to  b e  e x trac ted  sin ce  th e  s tru c tu re  p e rfo rm e d  as a  
c o m p o s ite  o f  th e  b len d  m a tr ix  an d  air.

F o r th e  su rface  in v e s tig a tio n  o f  L L D P E  film  an d  D B D -tre a te d  L L D P E  
film s , th e re  w as no  sp e c if ic  sam p le  p rep a ra tio n .

A s n o n -c o n d u c tiv e  n a tu re  o f  th o se  sam p les , th e y  w e re  th e n  sp u tte r- 
co a ted  p r io r  to  th e  o b se rv a tio n  by  g o ld  at an  a rg o n  p re ssu re  o f  0.1 T o rr  fo r  4  m in  a t a  
c u rre n t o f  10 m A . T h e  m ic ro g ra p h  w as th en  cap tu red  u s in g  10 -  2 0  k V  o f  filam en t 
ex c ita tio n  a t th e  m a g n if ic a tio n  o f  2 ,0 0 0  - 10 ,000 .

3 .3 .7  A to m ic  F o rc e  M ic ro sco p y  (A FM 1
T h e  A F M  im ag in g  w as ca rried  o u t u s in g  a  S c a n n in g  P ro b e  

M ic ro m e te r  (S P M ), D ig ita l In s tru m e n ts  in co rp o ra ted  w ith  a N a n o sc o p e  IV  so ftw are . 
D a ta  a c q u is itio n  w as ta k e n  in  ta p p in g  m o d e  th a t m ap p ed  to p o g ra p h y  b y  lig h tly  
ta p p in g  th e  su rface  w ith  an  o sc illa tin g  p ro b e  tip . T h e  .can tilev e r’s o sc illa tio n  
am p litu d e  ch an g ed  w ith  sam p le  su rface  to p o g rap h y . T h e  th re e -d im e n s io n a l im ag es  
w ere  m a n ip u la te d  w ith  th e  m e n tio n e d  so ftw are . T h e  scan  s ize  w as 5 p m  w ith  
sc a n n in g  ra te  o f  1 .489 Etz.

3 .3 .8  C o n tac t A n g le  M easu rem en t
S ta tic  co n ta c t an g le  m e a su re m e n t u s in g  K riiss, m o d e l D S A  10, w as 

a lso  p e rfo rm e d  at a m b ie n t te m p e ra tu re  to  p ro v e  th e  o ccu rren ce  o f  h y d ro p h ilic  sites 
on  th e  p la sm a  trea ted  su rfa c e  o f  p o ly m er. T h e  D B D  tre a te d  film  w a s  th en  k e p t in  the  
a m b ie n t e n v iro n m e n t fo r  ab o u t 15 m in  to  se t as a  s tan d a rd  fo r  c o n ta c t ang le  
m e a su re m e n t in  th is  w o rk . W h en  reach ed  th e  a ss ig n ed  in te rv a l tim e , th e  su rface  
co n ta c t an g le  w as th en  m easu red . T o  p e rfo rm  th e se  s tu d ies , 10 p L  se ss ile  d ro p le t o f  
d e -io n iz e d  w a te r  w as th e n  d ro p  v e rtic a lly  by  h an d  w ith  a m ic ro -sy r in g e  o n to  th e  film  
su rface . T he co n tac t a n g le s  w ere  m easu red  five  tim es  an d  th en  av e rag ed .

3 .3 .9  D iffe re n tia l S can n in g  C a lo rim e try  (D S C )

D S C , M e ttle r  822  w as em p lo y ed  to  o b se rv e  th e  T m, T c, h e a t o f  
fu s io n  o f  th e  L L D P E  b u lk  m o d if ie d  w ith  v a rio u s  m e th o d s . T h e  sam p le  o f  4 -8  m g
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w as filled  in  4 0  p L  o f  a lu m in u m  p a n  an d  sea led  w ith  a lu m in u m  lid . T o  d e le te  th e  
th e rm a l h is to ry , th e  sam p le  w as  sc an n ed  as h e a t-c o o l-h e a t b y  h e a tin g  fro m  25  to  
1 5 0 ° c  a t 1 0 ° c /m in , th en  w as  k e p t a t  1 5 0 ° c  fo r  2 m in  to  e rase  th e  th e rm a l h is to ry . 
T h e  seco n d  sc a n  w as c o o lin g  d o w n  to  2 5 ° c  w h ic h  T c w a s  o b ta in e d  an d  th e n  re h e a te d  
to  1 5 0 ° c  w ith  1 0 °c /m in . T h e  T m w a s  g iv en  by  th e  la s t scan . M o re o v e r , th e  
iso th e rm a l c ry s ta lliz a tio n  w a s  d o n e  w ith  th e  b a se d  re s in  in  o rd e r  to  d e fin e  as 100%  
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 ea tin g  ra te  o f  1 0 °c /m in . It w as k ep t a t th is  te m p e ra tu re  fo r  6 h  
b e fo re  q u e n c h e d  to  ro o m  te m p e ra tu re  an d  th en  re h e a te d  to  1 5 0 ° c . T h e  h e a t o f  fu s io n  
o b ta in e d  b y  th is  p ro c e d u re  w a s  d e fin ed  as  h e a t o f  fu s io n  a t 1 00%  c ry s ta llin ity .

3 .3 .1 0  D y n am ic  M e c h a n ic a l A n a ly s is  (D M A )
D y n am ic  m e c h a n ic a l p ro p e rtie s  w ere  s tu d ie d  u s in g  a  D y n a m ic  

M ech an ica l T h e rm a l A n a ly z e r  N E T S C H  in  th e  th re e -p o in t b e n d in g  m o d e  fo r th e  
a n a ly s is  o f  b u lk  m o d if ie d  L L D P E . T h e  sto rage  m o d u lu s , lo ss  m o d u lu s  and  ta n  d e lta  
w ere  m e asu red  u s in g  a m p litu d e  o f  60 pm . T h e  freq u en cy  e m p lo y e d  w as 1 H z . and  
o b se rv e d  te m p e ra tu re  ra n g e  w as from  -100 to  120°c fo r  b u lk  m o d if ie d  L L D P E  
sam p les . T h e  sam p le  w a s  p re p a re d  u s in g  W abash®  c o m p re ss io n  m a c h in e , m o d e l 
V 5 0 H -1 8 -C X  a t 20  to n  c o m p re ss io n  fo rce . S p ec im en s  w e re  th e n  cu t in to  th e  
fo llo w in g  d im en s io n s : len g th  5 5 -60  m m , w id th  10 m m , an d  th ic k n e ss  3 m m .

3.3.11 R h eo lo g ica l T est
3 .3 .1 1 .1  O s c i l la to r y  R h e o m e te r

T h e  v isco e la s tic  ch a rac te ris tic s  o f  th e  p o ly m e rs  in  th e  m e lt-  
sta te  w ere  m e a su re d  w ith  a  ro ta tio n a l rh e o m e te r  o p e ra tin g  in  th e  o sc illa to ry  m o d e . 
T A  In s tru m e n ts  m o d e l A R 2 0 0 0  w ith  p a ra lle l-p la te  fix tu re  w as  u tiliz e d  o v e r th e  ran g e  
o f  0.01 -  100 ร’, o f  freq u en cy  sw eep s at a s tra in  level o f  2% . S h ea r ra te  d e p e n d en ce  
o f  th e  v isc o e la s tic  p ro p e rtie s  such  as  th e  co m p lex  sh ea r v isc o s ity  (ๆ*), th e  s to rag e  
(G ')  m o d u lu s  as  w ell as th e  lo ss  m o d u lu s  (G ") w as  p e rfo rm e d  a t 190°c. T h e  sam p le  
w as p rep a red  u s in g  c o m p re ss io n  p re ss  m ach in es  w ith  th e  m o ld  th ic k n e ss  o f  1 m m .
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T h e  d ia m e te r  an d  th e  d is tan ce  b e tw e e n  th e se  tw o  p a ra lle l p la te s  are  25 m m  an d  0.8 
m m , re sp ec tiv e ly .

3 .3 .1 1 .2  C a p i l la r y  R h e o m e te r
C ap illa ry  rh eo m e te r, C east R h e o lo g ic  5 0 0 0 , w a s  em p lo y ed  

in  th is  w o rk . T h e  cy lin d e r b o re  d iam e te r w as  15 m m . M a x im u m  lo ad  w as 40 kN . 
P re ssu re  tra n sd u c e r  w as  p la c e d  ad ja c e n t to  th e  b arre l su rface . T h e  te s t tem p e ra tu res  
w e re  190, 200, an d  210°c. T h e  te s ts  w ere  done  w ith  5 m in  o f  p re h e a tin g  p erio d . A  
se t o f  c a p illa ry  d ies  w ith  th e  d ie  d iam e te r o f  1 m m  w as u sed  (L /D  ra tio  =  0.5/1, 5/1, 
20/1, an d  40/1). A ll d ie  w ere  f la t o r 7t/2 an g le  en trance . T o  o b ta in  th e  rea l rh eo lo g ica l 
d a ta , b o th  R a b in o w itc h  an d  B ag ley  co rre c tio n s  w ere  ap p lie d , co n seq u en tly , th e  
e lo n g a tio n a l v isc o s ity  w as g iv e n  as  w ell. T h e  ex tru d ed  s tan d  d ia m e te r  w a s  m easu red  
u s in g  K ey en ce  V G  la se r an a ly tic a l d ev ice  co m p ris in g  o f  a  la se r  lig h t so u rce  an d  a 
sen so r. M o re o v e r , th e  m e lt s tre tch in g  u n ite d  w as em p lo y ed  a t th re e  d iffe ren t 
te m p e ra tu re s  w h ic h  w ere  190, 200, an d  2 1 0 °c  in  o rd e r to  v e r ify  the  m e lt s tren g th  
u s in g  L /D  ra tio  o f  5/1. T he m e lt  s tan d  d is tan ce  to  th e  to rq u e  m e a su re m e n t w a s '24 cm  
w ith  th e  p u lle y  d ia m e te r  o f  6 cm .

3 .3 .1 2  M e lt F lo w  In d e x  (M F I) M e a su re m e n t
T h 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 e r w as  ro u g h ly  

e s tim a ted  u s in g  M F I v a lu e . It w as th e  o n ly  sp ec if ic a tio n  o f  m e lt c o n s is ten cy  
p ro v id ed  c o m m e rc ia lly . A c c o rd in g  to  A S T M  D 1 2 3 8 , fo r p o ly e th y le n e , a te s t 
te m p e ra tu re  and  to ta l load  w e re  190°c an d  2 .16  kg , re sp ec tiv e ly . T h e  M F I teste r, 
K ay e n e ss  In c . G a la x y  V , m o d e l 8052  eq u ip p ed  w ith  M F I te s t se t w as e m p lo y e d  fo r 
lo w -d o se  p e ro x id e  m o d if ic a tio n  o f  L L D P E  in b a tch  p ro cess , o th e rw ise  u sin g  M F I 
te s te r , Z w ick  4 1 0 5 . A t least s ix  ru n s  w ere  d o n e  and  av e rag ed  to  o b ta in  th e  M F I v a lu e  
fo r  each  te s t. T h e  b u lk y  sam p le  co m in g  o u t o f  the  m ix tu re  w a s  g ro u n d  in to  sm all 
p ie c e s  p r io r  to  th e  m e asu rem en t. L in ea r reg re ss io n  m e th o d  w as u sed  in  o rd e r to  
d isc u ss  s ig n ific a n c e  o f  the  c h a n g e  o f  M F I. In d iv id u a l d a ta  v a lu e s  (a v e ra g ed ) o f  each  
te s t w ere  u tiliz e d  fo r th e  s ta tis tica l an a ly s is  in ch ap te r  V I.



40

3 .3 .1 3  G as P e rm e a b ility  T e s t
T h e  gas p e rm e a b ility  te s te r , B ru g g e r  G D P /E , w as  u se d  to  ev a lu a te  

th e  o x y g e n  gas p e rm e a b ility  th ro u g h  th e  p la s tic  film s. T h e  c ircu la r  film  sam p le  w ith  
110 m m  d ia m e te r  w as  p la c e d  o v e r th e  v o lu m e  o f  0.4370 c m 3 o f  e v a c u a tio n  ch am b er. 
T h e  sam p le  to  b e  te s te d  m u s t have  a t le a s t o n e  sm o o th  s id e  w h ich  c a n  be  w e ll sea led  
w ith  th e  face  o f  th e  e v a c u a tio n  ch am b er. T he m e th o d  V  o f  A S T M  D 1 4 3 4  w as u sed  
as  a  s ta n d a rd  fo r  th is  te s t  and  th e  gas p e rm e a b ility  w as  re p o rte d  in  th e  u n it  o f  
c m 3.m il/m 2.d .bar. In  o u r  c a se s , th e  gas o b se rv ed  w as o x y g en  w ith  th e  m a ss  f lo w  ra te  
o f  100 c m 3/m in . T h e  f ilm s  to  be  te s te d  w ere  p re p a re d  b y  c o m p re ss io n  p re ss in g , 
W abash®  m o d e l, w ith  20 to n  fo rce  a t 190°c fo r  L L D P E  film s. P re h e a tin g  tim e  w a s  5 
m in  w ith  a n o th e r  10 m in  o f  c o m p re sse d  tim e . T h e  film  th ick n ess  w as th e n  in  th e  
ran g e  o f  70-200 pm .

3 .3 .1 4  D e n s ity  M e a su re m e n t
T h e  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 ere  

m e a su re d  a c c o rd in g  to  A S T M  D 7 9 2  a t 27  ° c  u s in g  th e  d en sity  k it, 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  d en s ity  o f  w a te r  at th e  m e a su rin g  te m p e ra tu re  
w as 0 .9 9 6 5  g /c m 3 as m e a su re d  d u rin g  the  m e asu rem en t. A t le a s t s ix  ru n s  w ere  
m e a su re d  an d  th e n  a v e ra g e d  to  o b ta in  th e  re p o rte d  d ensity .

3 .3 .1 5  T en s ile  T e s t
T en s ile  p ro p e rtie s  w e re  o b ta in ed  u s in g  L lo y d  In s tru m e n t, L R X , 

U n iv e rsa l T es tin g  M a c h in e  (U T M ) acco rd in g  to  A S T M  D 882 . 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 ach 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  o f  gas p e rm e a b ility  m e asu rem en t. G auge len g th  o f  2 0  m m  w a s  set. 
T en  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  ran g e  w as 4 .9 -5 .1  m m  
and  th e ir  th ic k n e ss  ra n g e s  am o n g  30  -  50  pm . T h ic k n e ss  w as tak en  a t th re e  d iffe re n t 
p la c e s  on  th e  sp e c im e n  an d  av e rag ed  fo r th e  ca lcu la tio n . S am p les  w ere  c a re fu lly  
m o u n te d  s tra ig h t and  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 e n  w ere  
s tre ssed  at a  co 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 .
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