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ABSTRACT
P o ly m e r  b le n d in g  is a v e r y  u se fu l w a y  to  d e v e lo p  m a ter ia ls  w ith  

certa in  d es ira b le  p rop erties . S y n e r g is tic  p rop erties  o fte n  resu lt w h e n  c o m p o n e n ts  are 
tru ly  m is c ib le . B le n d s  o f  Escor™  3 2 5  terp o ly m ers  and  fou r d ifferen t g ra d es o f  E A A  
c o p o ly m e r s  c o n ta in in g  d ifferen t am o u n t o f  a cry lic  a c id  at v a r io u s  b len d  
c o m p o s it io n s  w er e  prep ared  b y  m e lt  m ix in g  in  a tw in -sc r e w  extruder. T h e  
m is c ib ility  o f  b len d s  w a s  in v e stig a te d  u s in g  d y n a m ic  m e c h a n ic a l m ea su rem en ts. 
R h e o lo g ic a l, th erm al, m e c h a n ic a l, and d y n a m ic  m e c h a n ic a l p ro p er tie s  o f  the  
E sco r™ /E A A s b len d s  w er e  a lso  stu d ied . T h e  resu lts  sh o w e d  that r h e o lo g ic a l  
p ro p erties , su ch  as sto ra g e  and lo s s  m o d u lu s , o f  th e  b le n d s  s lig h t ly  in crea sed  w ith  
in c r e a s in g  E A A  c o n ten t, but the c o m p le x  v is c o s it y  o f  th e  b le n d s  d e c r e a se d  w ith  
in c r e a s in g  E A A  co n ten ts . In ad d itio n , m o st  b le n d s  e x h ib ite d  im p r o v e m e n ts  in  te n s ile  
stren g th  at break , Y o u n g ’s m o d u lu s , h ard n ess  (S h o r e -D ), and  a red u ctio n  in  
e lo n g a tio n  at break  w ith  in crea sin g  E A A  co n ten t. E scor™ /E A A 5 b le n d s  co n ta in in g  
b e tw e e n  8 0  and 9 5 % w t o f  E A A 1  and E A A 5  sh o w e d  sy n e r g e s tic  b e h a v io r  (te n s ile  
stren g th , Y o u n g ’s m o d u lu s  and h ard n ess) d u e  to h ig h e r  p ercen t c r y s ta llin ity , w h erea s  
m o st b le n d s  w ith  lo w  E A A  co n te n ts  sh o w e d  p ro p erty  v a lu e s  b e lo w  a linear  
r e la tio n sh ip  b e c a u se  o f  p h a se  sep aration .

* To whom corresponded should be addressed: E-mail address: manit.ท@chula.ac.th
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1. INTRODUCTION
D u r in g  th e  last 10 years rem ark ab le  a d v a n c e s  h a v e  b e e n  m a d e  in  th e  area o f  

p o ly m e r  b le n d s  b o th  s c ie n t if ic a l ly  and  te c h n o lo g ic a lly . T h is  is  m a n ife sted  b y  
g r o w in g  n u m b er  o f  m o n o g ra p h s, p u b lic a tio n s  and from  th e  in tro d u ctio n  o f  n e w  
c o m m e r c ia l p o ly m e r ic  m ater ia ls  [1 ]. A  p o ly m e r  b le n d  is  b a s ic a lly  a m ix tu re  o f  tw o  
or m o re  d ifferen t p o ly m e r s . T h e  p rep aration  o f  p o ly m e r  b le n d s  is  o fte n  a v e r y  u se fu l 
w a y  to d e v e lo p  m a ter ia ls  w ith  certa in  d es ired  p rop erties  su c h  as im p r o v e d  to u g h n ess ,  
b etter  p r o c e ssa b ility , or better tem peratu re and c h e m ic a l re s is ta n c e . In ad d ition  
b le n d in g  ca n  u su a lly  b e  im p le m e n te d  m o re  ra p id ly  and e c o n o m ic a lly  than  
d e v e lo p m e n t o f  n e w  ch em istry . T h erefo re , th e  u se  o f  p o ly m e r  b le n d s  is  b e c o m in g  an  
im p ortan t factor  in  th e  n e e d s  o f  sp e c if ic  sec to r s  o f  th e  p o ly m e r  in d u stry  o w in g  to  
e c o n o m ic  in c e n t iv e s  [2 ].

W h e n  tw o  p o ly m e r s  are b le n d e d , it can  resu lt in  e ith er  a m is c ib le  b len d  or  
an im m isc ib le  b len d . B le n d in g  d e p en d s on  th erm o d y n a m ic s  o f  m ix in g  [3 ], I f  the  
free e n e r g y  o f  m ix in g  is  p o s it iv e  (AGmix >  0 ) , the b le n d in g  w i l l  r e su lt  in  im m isc ib le  
b len d  w ith  th e  p o ly m e r  c o m p o n e n ts  as sep arate  p h a se s  and  p o o r  a d h e s io n  b e tw een  
th e  p h a ses . I f  th e  free  e n e r g y  o f  m ix in g  (A G mix< 0 ) is  n e g a t iv e  th en  th e  p o ly m er  
b len d  is  m is c ib le  and c o n s is ts  o f  a s in g le  h o m o g e n o u s  and th e r m o d y n a m ic a lly  stab le  
p h ase . M o r e o v e r  th e  fo rm a tio n  o f  m is c ib le  b len d  req u ires  th e  p r e se n c e  o f  favo rab le  
in teraction  b e tw e e n  th e co m p o n e n t p o ly m e r s . T h e  m is c ib i l i ty  is  m easu red  b y  
n u m ero u s te c h n iq u e s  su ch  as tran sp aren cy , m ic r o s c o p ic  and  g la ss-tra n sitio n  
tem p era tu re, etc .

E th y le n e -a c r y lic -a c id  c o p o ly m e r  (E A A ) is  an e th y le n e -a c r y lic  a c id  random  
c o p o ly m e r . E A A  c o p o ly m e r  is  a so ft, to u g h , transparent and  s im ila r  to  lo w  d e n s ity  
p o ly e th y le n e  (L D P E ). Its a ttach ed  fu n ctio n a l grou p s p r o v id e  s p e c if ic  in teraction  
w ith  o th er  p o ly m e r s  su ch  in teraction  b e tw e e n  th e  n e u tr a liz in g  h y d r o g e n  o f  the acid  
grou p  w ith  a ca rb o n y l o x y g e n  o f  an oth er ac id  grou p . T h u s, E A A  c o p o ly m e r  are 
p op u lar as o n e  part o f  b len d  [4 ], F or e x a m p le  w ith  p o ly a m id e s  6 [5 ] , p o ly a c e ta ls [6 ]  
and e p o x id iz e d  natural rubber [7 ].

T h is  research  stu d ied  th e m is c ib ility  o f  b le n d  o f  E S C O R ™  a c id  terp o ly m er  
w ith  d ifferen t grad es o f  e th y le n e -a c r y lic  ac id  (E A A 1  -  E A A 5 )  c o p o ly m e r s . B o th
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p o ly m e r s  (E S C O R ™  and E A A s)  c o n ta in  acry lic  ac id  g ro u p s, and  it is  th o u gh t that 
h y d r o g e n -b o n d in g  in tera ctio n s b e tw e e n  th e se  gro u p s w o u ld  lik e ly  lea d  to  su b stan tia l 
m isc ib ility . R h e o lo g y , m o r p h o lo g y  and d y n a m ic  m e c h a n ic a l p rop erties  o f  th e  b len d s  
w er e  a lso  stu d ied . O n e  p o s s ib le  a p p lica tio n  o f  th e  E S C O R ™ /E A A s  b len d s  is  in  
v ib ra tio n  d a m p in g  sy ste m .

2. EXPERIMENTAL DETAILS
2.1 Materials

F ou r d ifferen t grad es o f  E th y le n e  A c r y lic  A c id  c o p o ly m e r s  (E A A 1 , E A A 2 ,  
E A A 4  and E A A 5 ), c o n ta in in g  d ifferen t am ou n t o f  a c r y lic  a c id , w e r e  e m p lo y e d  in  
th is  stu d y . E th y le n e -M e th y l A c r y la te -A c r y lic  (E -M A -A A )  w a s  s im ila r  co m m erc ia l  
m a ter ia ls  u n d er  tradem ark E S C O R 1 M in  areas o u ts id e  o f  N o r th  A m e r ic a . T h e grade  
o f  E S C O R 1 M e m p lo y e d  in  th is  s tu d y  w a s  E S C O R IM 3 2 5  that o b ta in ed  from  E x x o n  
M o b il C h e m ic a l. T h e  c o m p o s it io n  o f  fou r grad es o f  E A A  c o p o ly m e r s  and  
E S C O R ™  3 2 5  terp o ly m ers are su m m a rized  in  T a b le  1.

2.2 Polymer Blend Preparation
E S C O R ™  3 2 5  terp o ly m ers and E A A  c o p o ly m e r s  (E A A 1 , E A A 2 , E A A 4  and  

E A A 5 )  w e r e  dried  in  a h o t air o v e n  at 5 0 ° c  for 1 d a y  prior to b le n d in g . A  C o llin  c o ­
rotatin g  tw in  sc r e w  k n ead er  Z K -2 5  at 5 0  rpm  and  z o n e  tem p era tu re e ith er  1 2 5 ° c  or 
1 3 0 ° c  w a s  u sed  to prepare b len d  o f  E S C O R ™  3 2 5  and  E A A s . T h e  p o ly m e r  m e lt  
w a s  s o l id if ie d  in  c h ille d  w a ter  (tem p eratu re ~  2 5 ° C )  and p a lle t iz e d . T h e  p e lle ts  w e r e  
d ried  in  as a h ot air o v e n  at 6 0 ° c  for 1 d ay s and  k ep t in  s e a le d  p la s t ic  b ag s. T h e  
sa m p le s  w e r e  la ter c o m p r e ss io n  m o ld e d  u s in g  a W a b a sh  V  5 0 H  c o m p r e ss io n  p ress  
m a c h in e  at 1 6 0 ° c  for 5 m in  and u n d er a fo rce  o f  10  to n s  at 1 6 0 ° c  for  3m in . T h e  
sa m p le s  w e r e  d en o ted  a cco rd in g  to their  w e ig h t /w e ig h t  c o m p o s it io n :  0 /1 0 0 , 5 /9 5 ,  
1 0 /9 0 , 2 0 /8 0 , 3 0 /7 0 , 4 0 /6 0 , 5 0 /5 0 , 6 0 /4 0 , 7 0 /3 0 , 8 0 /2 0 , 9 0 /1 0 , 9 5 /5 , and 1 0 0 /0  
E S C O R ™  3 2 5 /E A A  b len d s .
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3 .3  R h e o lo g ic a l  s tu d y
In ord er to co m p a re  v is c o s it y  and e la s t ic ity  ra tio s o f  E S C O R ™  32 5  

terp o ly m ers  to  E A A  c o p o ly m e r s , th e  c o m p le x  v is c o s ity  (ๆ * ) ,  s to ra g e  m o d u lu s  (O  ) 
and lo s s  m o d u lu s  (G  ) o f  E S C O R ™  3 2 5  terp o ly m ers  and  fou r d ifferen t grad es E A A  
c o p o ly m e r s  as a fu n c tio n  o f  an gular freq u en cy  (co) w e r e  m ea su red  b y  an A R E S  
R h e o m e tr ic  D y n a m ic  A n a ly z e r  R D A -II  w ith  c o n e -a n d -p la te  g e o m e tr y  (R = 1 2 .5  m m ), 
in  th e  d y n a m ic  m o d e . T h e  freq u en cy  sw e e p  te st  w e r e  carr ied  ou t at 130°c and to  
m a k e  su re that th e  b e h a v io r  o f  th e  te st  s p e c im e n s  w e r e  in  lin ear  v is c o e la s t ic  range, 
fre q u e n c y  and  strain  a m p litu d e  w e r e  va r ied  in  th e  ran g e  b e tw e e n  0 .1  to  10 0  rad/s to  
ob ta in  a su ita b le  ran ge o f  th e  torque.

2 .4  D if f e r e n t ia l  S c a n n in g  C a lo r im e tr ic  (D S C )  s tu d y
D S C  stu d ies  o f  pure c o m p o n e n ts  as w e l l  as o f  th e  b le n d s  w e r e  p erform ed  

u sin g  a P erk in -E lm er  D S C 7  u s in g  n itro g en  g a s  as a p u rg e  g a s. T h e  sa m p le  o f  9  ±  0.1  

m g  w a s  h ea ted  from  30°c to 140°c at h ea tin g  rate o f  5 ° c /m in  and  c o o le d  d o w n  to  
30°c at c o o lin g  rate o f  5 ° c /m in  and reh eated  it ag a in  from  30°c to  140°c at h ea tin g  
rate 5 ° c /m in . T h e  first h ea tin g  sca n s w e r e  carried  ou t to  erase  a n y  th erm a l h isto ry  o f  
th e  sa m p le .

2 .5  X - r a y  d if fr a c t io n  s tu d y
X -r a y  d iffra c tio n  pattern s o f  sa m p le s  w e r e  o b ta in ed  u s in g  a R iga k u  

R in t2 0 0 0  d iffra cto m eter  eq u ip p ed  w ith  a grap h ite  m o n o ch ro m a to r  and  a C u  tube for  
g e n era tin g  a C u K a  rad iation  (1 .5 0 4 6  °A ). F irst, sh e e t  sa m p le s  w e r e  erased  their  

h is to ry  o f  p o ly m e r s  u s in g  D S C  at h ea tin g  rate 5 ° c /m in .  T h en , th e  sh e e t  sa m p le  w a s  

put on  a g la s s  s lid e  sp e c im e n  h old er. T h e  sa m p le  w a s  e x a m in e d  b e tw e e n  5 ° -3 5 °  2 9  

at a sc a n n in g  rate o f  2 °  2 0  /m in  in  0 .0 2 °  2 9  in crem en ts . C u K a  rad ia tion  w ith  A. =  
0 .1 5 4  n m  w a s  u sed  as th e  X -r a y  so u rce  and op era ted  at 4 0  k v  and  3 0  m A .
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3.7 Mechanical study
T h e  te n s i le  p rop erties  o f  the b len d  w e r e  d e term in ed  at ro o m  tem perature  

a c co rd in g  to  A S T M  D 1 7 0 8  m eth o d  u s in g  a U n iv e r sa l te st  m a c h in e  (In stron  C o.: 
M o d e l 4 2 0 6 ) .  A t lea st  f iv e  sp e c im e n s  p er b le n d  sa m p le  w e r e  te s te d  u s in g  a 
c r o ssh ea d  sp e e d  o f  1 3 0 m m  m in '1. A  sh o re  D  d u rom eter  w a s  u se d  to  m easu re  
h ard n ess o f  th e  b le n d s  a cco rd in g  to  th e  A S T M  D 2 2 4 0  m eth o d .

4 .  R e s u l t s  a n d  d i s c u s s io n
R h e o lo g ic a l p ro p e r ty

A s  th e p r o c e ss in g  o f  p o ly m e r  in  m o st  c a s e s  in v o lv e  f lo w  o f  th e  m ateria l. 
T h ere are tw o  fu n d am en ta l r h e o lo g ic a l p rop erties  that are o f  p r im a ry  co n cern  in  
p o ly m e r  p r o c e ss in g . T h e se  are v is c o u s  and e la s t ic  p ro p erties  [8 ], T h e  v is c o s it y  is  a 
v ery  u se fu l and  r e v e a lin g  r h e o lo g ic a l fu n c tio n  that d e sc r ib e s  a m ater ia l in  the m o lten  
state [9 ], F ig  l(a -d )  s h o w  the c o m p le x  v is c o s ity  (ๆ * )  as a fu n c t io n  o f  freq u en cy . 
T h e c o m p le x  v is c o s ity  v a lu e  (ๆ * )  o f  the E S C O R ™  3 2 5 /E A A s  b le n d s  are in  b e tw e e n  
pure E S C O R ™  3 2 5  and  E A A s . T h e  c o m p le x  v is c o s ity  (ๆ * )  o f  th e  b le n d s  d ecrea ses  
w ith  in c r e a s in g  freq u en cy , in d ic a tin g  p se u d o p la s t ic  nature o f  th e  b le n d s . T h is  
o ccu rs  b e c a u se  th e  ap p lied  force  d istu rb s th e  lo n g  c h a in s  o f  th e  p o ly m e r  from  their  
eq u ilib r iu m  p o s it io n  and th e m o le c u le s  b e c o m e  d ise n ta n g le d  in  th e  d ir e c tio n  o f  the  
fo rce  c a u s in g  a red u ctio n  in v is c o s ity  [8 ]. T h e G ' and  G ' o f  E S C O R ™  3 2 5 /E A A s  
b len d s  lie  b e tw e e n  v a lu e s  o f  G ' and  O ' for pure E S C O R ™  3 2 5  and p u re  E A A s  (se e  
in  F ig  2 (a -d )  and F ig  3 (a -d )) . T h e  G ' and  G ' o f  the p ure E A A  c o p o ly m e r s  is  h igh er  
v a lu e  than  that p ure o f  E S C O R ™  3 2 5  terp o ly m er. T h ere fo re , w h e n  E A A  is  ad d ed  to  
E s c o r ™ 3 2 5 , the G ' and  G ' o f  th e  b len d  s lig h tly  in c r e a se s  w ith  in c r e a s in g  am ou nt o f  
E A A  c o n ten t. H o w e v e r , th e  G ' and G' o f  the b len d s  at h ig h  fr e q u e n c ie s  d o e s  n ot  
c h a n g e  m u c h  w ith  ad d itio n  am ou n t o f  E A A  c o n ten t, in d ic a tin g  that for th e  storage  
m o d u lu s  and  lo s s  m o d u lu s  d u rin g  m ix in g  o f  pure m a ter ia ls  and p o ly m e r  b len d s  are 
a lm o st th e  sa m e  at h ig h  freq u en c ie s . M o reo v er , It is  a lso  apparent that G  increases  
w ith  in c r e a s in g  freq u en cy ; in d ica tin g  that there is  an in crea se  in  th e  s tiffn e ss  o f  
p o ly m e r  b le n d
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T h erm a l p r o p e r ty  a n d  %  crys ta llin ity
T o  u n d erstan d  th e  th erm al p rop erty  o f  E S C O R ™  325 ter p o ly m e r  and EAA 

c o p o ly m e r  b le n d s , d ifferen tia l sc a n n in g  ca lo r im etr ic  s tu d ie s  o f  th e  p u re c o m p o n en ts  
o f  E S C O R ™  325, EAA1, EAA2, E A A 4 , EAA5 and  th eir  b le n d s  w e r e  carried  ou t in  
the tem p era tu re ran ge 30 to 140°c. T h e  p eak  tem p era tu res for  th e se  sa m p le s  are 
lis ted  in  T a b le  2 . T h e se  v a lu e s  are r e la t iv e ly  c lo s e  to th e  p u b lish e d  w o rk s  [4,10]. 
T h e c o m p a r iso n  th e e f fe c t  o f  % acry lic  ac id  to th e  c r y s ta lliz a tio n  tem p era tu re o f  th e  
pure c o m p o n e n ts . EAA1 c o p o ly m e r  h a s the lo w e s t  % a cry lic  a c id  that c r y s ta lliz e s  at 
the h ig h e s t  tem p era tu re than  th o se  pure c o m p o n e n ts . It m ig h t b e  e x p la in e d  that the  
m in o r  m o n o m e r  o f  a ran d om  c o p o ly m e r  or terp o ly m er  a cts  as an  im p u rity , w h ic h  in  
turn a cts  as a crysta l d e fec t . I f  the m in o r  m o n o m e r  c o n ten t in  th e  p o ly m e r  ch a in  is  
large, th in n er  th ic k n e ss  o f  cry sta ls  w ill  resu lt h a v in g  lo w  c r y s ta lliz a tio n  tem perature
[12]. In term s o f  th e  m e lt in g  tem p era tu re, th e  m e lt in g  tem p era tu re d ep en d s on  
th ic k n e ss  o f  cry sta l form  d u rin g  th e c o o lin g  c o n d it io n  and to ta l d e fe c t  con ten t o f  
fo rm in g  cry sta l are a lso  a ffe c ts  the c r y sta lliz a tio n  tem p era tu re [1 2 ]  or a ltern a tiv e ly  
the m e lt in g  tem peratu re is  an in v e r se ly  fu n c tio n  o f  a cry lic  a c id  con ten t. [1 3 ]. 
E S C O R ™  325 and EAA1 sh o w  th e lo w e s t  and th e h ig h e s t  m e lt in g  tem peratu re at 
69.9°c and  100.5°c, r e sp e c tiv e ly . EAA1 p ro b a b ly  h a s  th e  th ic k e st  o f  crysta l 
th ic k n e ss  co rr e sp o n d in g  to th e  resu lt o f  lo w e s t  a m o u n t o f  d e fe c t  c o n te n t o f  fo rm in g  
crysta l w h e r e a s  E S C O R ™  325 p rob a b ly  h as th e  th in n est o f  cry sta l th ic k n e ss . EAA2, 
EAA4, and EAA5 sh o w e d  in term ed ia te  v a lu e s  w ith  EAA1 an d  E S C O R ™  325. T h is  
ap p ea ran ce  is  a lso  re la tes  to  their  cry sta lliz a tio n  resu lts .

F or  th e cry sta lliz a tio n  th erm ogram  o f  E S C O R ™  3 2 5 /E A A 1  b le n d s  is  sh o w n  
in  fig u re  4a . T h e  u p p er and lo w e r  c u rv es  rep resen t th e  c r y s ta lliz a tio n  p ea k  o f  E A A  1 
and E sc o r ™  3 2 5 , and in term ed ia te  c u r v e s  are b le n d s  c o n ta in in g  2 0 , 4 0 , 5 0 , 6 0 , and  
80% w t E A A 1  con ten t. T h e c r y sta lliz a tio n  tem p era tu res o f  th e  b le n d s  e x h ib it  d o u b le  
c r y s ta lliz a tio n  tem p era tu res at 2 0 , 4 0 , 5 0  and  6 0 % w t E A A 1  co n ten t. T h is  
o b se r v a tio n  m ig h t b e  d u e  to p h a se  sep ara tio n  or p o s s ib ly  artifacts from  b len d in g  
e f f ic ie n c y . A  s in g le  c r y sta lliz a tio n  p eak  c o u ld  b e  o b se r v e d  at 80%  E A A 1  b len d , and  
o b se r v e d  p ea k  ap p eared  at h ig h er  c r y sta lliz a tio n  tem p era tu re  than  th o se  o f  pure  
c o m p o n e n ts . T h e se  o b ser v a tio n s  su g g e s t  that th ere  is  a p o s s ib le  c o -c r y s ta lliz a tio n  o f  
th e  b le n d s , c a u se d  b y  in crea se  in  in teraction  b e tw e e n  b le n d  c o m p o n e n ts  o f  th ese
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b le n d s  or c r y sta lliz a tio n  o f  tw o  cry sta llin e  pure c o m p o n e n ts  in  th e  sa m e  la m ella e  
cry sta ls  [1 4 ] . F ig u re  4 (b -d )  illu stra tes  ty p ica l c r y s ta lliz a tio n  p e a k s  o f  E S C O R ™  
3 2 5 /E A A 2 , E A A 4  and E A A 5  b len d s . T h e  resu lts  o b ta in ed  sh o w e d  s im ila r ity  to that 
o f  E S C O R ™  3 2 5 /E A A 1  b len d s . T h e  b len d s  p resen ted  th e  d o u b le  c ry sta lliza tio n  
p ea k s at 2 0 , 4 0 , 5 0  and 60%  w t o f  E A A 2 , E A A 4  and  E A A 5 , b u t s h o w e d  a s in g le  
c r y s ta lliz a tio n  p eak  at h ig h  % E A A 2 , E A A 4  and E A A 5  (o v e r  8 0 % w t) co n ten t.

In c a se  o f  the m e lt in g  tem peratu re o f  E S C O R ™  3 2 5  b le n d s  w ith  E A A 1 , 
E A A 2 , E A A 4  and E A A 5  b len d s. T h e  m e lt in g  tem p era tu re  o f  th e  b le n d s  is  p lo tted  as 
a fu n c tio n  o f  the % E A A  con ten t in  th e  b len d s  as illu stra ted  in  F ig  5 (a -d ). T h e  
m e lt in g  tem p era tu re o f  E S C O R 1 M 3 2 5 /E A A 1 , E A A 2 , E A A 4  and  E A A 5  b len d s  at 2 0 , 
4 0 , 5 0 , and  60 % w t E A A  con ten t e x h ib its  tw o  m e lt in g  p e a k s  c o r r e sp o n d in g  to the  
m e lt in g  tem p era tu re o f  their  co n stitu en ts . T h e se  o b se r v a t io n s  illu stra ted  th e  b im o d a l 
d istr ib u tio n  o f  crysta l th ic k n e ss , i.e . th e  p o ly e th y le n e  from  E S C O R ™  32 5  
terp o ly m e r s  form  a sep arate  cr y sta llin e  p h a se  to  th e  p o ly e th y le n e  in  E A A  
c o p o ly m e r s . H o w e v e r , T h e m e lt in g  tem p era tu re o f  E sc o r ™  3 2 5 /E A A 1 , E A A 2 , 
E A A 4  and  E A A 5  b le n d s  at 80% w t E A A  co n ten t p resen ted  a s in g le  m e lt in g  p ea k  at a 
s lig h t ly  h ig h er  m e lt in g  tem peratu re than th o se  o f  pure c o m p o n e n ts . T h is  co u ld  b e  
e x p la in e d  b y  th e p o ly e th y le n e  s e g m e n ts  from  th e  terp o ly m er  and  c o p o ly m e r  are 
m ix e d  to g e th er  an d /or so m e  in teraction  b e tw e e n  th e c o m p o n e n ts  is  p resen ted  as 
r e f le c te d  b y  the sh ift  to  h ig h er  tem peratu re than that o f  th e  p u re c o m p o n e n ts  [1 5 ]. 
T h e  resu lts  o f  m e lt in g  tem peratu re m ea su rem en ts  are sh o w n  in  T a b le  3.

It w a s  d if fic u lt  to  accu rate  d eterm in ed  th e  c r y s ta llin ity  m ea rsu rem en ts  from  
b a se lin e  d eterm in a tio n  o f  D S C  cu rves. T h u s, th e  fra ctio n a l c r y s ta llin ity  o f  th e  b len d s  
w e r e  d eterm in ed  v ia  x -ra y  cry sta llo g ra p h y  e x p e r im e n ts , w h e r e  th erm a l h is to ry  o f  the  
sa m p le s  w e r e  erased  in  th e  D S C  ex p er im en t. It is  a lso  im p ortan t to p o in t  ou t that the  
c r y s ta llin ity  resu lts  from  D S C  and X R D  m ea su r e m e n ts  w e r e  n o t d iffe r e n t for all 
m ea su rem en ts  [4 ], F rom  x -ra y  c r y sta llo g ra p h y  o f  E S C O R ™  3 2 5 , E A A 5  and  
E S C O R ™  3 2 5 /E A A s  b len d s  (F ig  6 ) , th ere  are tw o  sharp r e f le c t io n s  at 2 9  v a lu e s  o f  
2 1 .4 °  and  2 3 .7 ° , w h ic h  can  b e  a ss ig n e d  to  th e  1 1 0  and 2 0 0  r e f le c t io n s  o f  
o rth o rh o m b ic  sub c e ll . T h e  a m o rp h o u s h a lo  is  cen tered  o n  2 0  =  2 0 .6 3 . D -sp a c in g  o f  

th e  u n it c e l l  and 2 0  v a lu e  o f  E S C O R ™  3 2 5 , E A A 5  and E S C O R ™  3 2 5 /E A A s  b len d s



22

are a lm o st  th e  sa m e. T h e  X -r a y  d iffra c tio n  data  in d ic a te  that th ere  is  n o  d etec ta b le  
m o d ific a tio n  o f  th e  cry sta l structure o f  th e  c o m p o n e n ts  in  th e  b le n d s , as com p a red  to 
th o se  o b se r v e d  sep a ra te ly  [1 6 ] . T h is  o b se r v a tio n  illu stra tes  that th e  tw o  co m p o n e n ts  
o f  the m ix tu r e s  c r y s ta lliz e  at th e  sa m e  p o s it io n . T h is  b e h a v io r  is  s im ila r  to  b len d s  o f  
E S C O R ™  3 2 5  w ith  o th er  E A A s . T h e  p ercen t c r y s ta llin ity  o f  th e  p ure c o m p o n e n ts  
and their  b le n d s  from  x -ra y  cry sta llo g ra p h y  ex p e r im e n ts  are sh o w n  in  T a b le  3. T h e  
p ercen t c r y s ta llin ity  o f  E S C O R ™  3 2 5 /E A A s  b le n d s  g ra d u a lly  in cr e a se d  w ith  
in c r e a s in g  E A A  co n ten t. T h e se  resu lts  c o u ld  b e  u sed  to  e x p la in  th e  e f fe c ts  o f  
b le n d in g  o n  th e  m e c h a n ic a l p rop erties o f  th e  b len d s .

M e c h a n ic a l p ro p e r tie s
T e n s ile  te st  is  th e  m o st  w id e ly  e m p lo y e d  te st  to  ch a ra cter ize  th e  m e ch a n ica l  

p ro p erties  o f  m ateria l. F ig  7 (a -c )  sh o w s  the te n s ile  p rop erties  o f  E S C O R ™ 3 2 5  and  
E A A 1 -E A A 5  b le n d s  o f  d ifferen t c o m p o s it io n s . A l l  b le n d s  sh o w e d  in c r e a s in g  te n s ile  
stren g th  at b reak  and Y o u n g ’s m o d u lu s  (F ig . 7 (a -b ))  w ith  in c r e a s in g  am o u n t o f  E A A  
c o p o ly m e r s . In ad d itio n  to th e  te n s ile  stren g th  and  Y o u n g ’s m o d u lu s  o f  th e  E A A 1  
and E A A 5  b le n d s  are fou n d  that there is  a sy n e r g ism  at h ig h  (o v e r  80%  E A A  
c o n ten t)  E A A 1  and  E A A 5  con ten t. T h e se  resu lts  su p p o rted  o b se r v a tio n s  from  D S C  
and X R D  i.e ., c o -c r y s ta lliz a tio n  w e r e  o b se r v e d  at h ig h  E A A  c o n ten t b le n d s . T h is  
co u ld  b e  e x p la in e d  b y  th e greater in tera ctio n  b e tw e e n  th e b len d  co n stitu e n ts  as 
s u g g e s te d  ear lier  [7 ], H o w e v e r , resu lts  from  th e  e lo n g a tio n  at b reak  w e r e  r e la tiv e ly  
d ifferen t. T h e  e lo n g a tio n  at break  o f  th e  b len d s  w a s  s lig h t ly  d e c r e a se d  w ith  the  
ad d itio n  o f  E A A  c o n ten t (F ig  7 c ) . F or th e  h ard n ess te st  re su lts , p resen ted  in  F ig  7, 
in d ic a te s  that h ard n ess m o n o to n ic a lly  in c r e a se s  as E A A  c o n te n t in c r e a se s . It m ea n s  
that th e  b le n d s  h a v e  h ig h  r es is ta n ce  to d e fo rm a tio n  or to  ab ra sion  w ith  in crea sin g  
E A A  c o n ten t. T h e  sy n e r g is tic  b eh a v io rs  are sh o w n  in  th e  b le n d s  m a d e  w ith  E A A 4  
and E A A 5  at h ig h  E A A  con ten t. T h is  b e h a v io r  c o u ld  p ro b a b ly  b e  d u e  to  th e  h igh  
fraction a l c r y s ta llin ity  o f  th e se  b len d s  as su g g e s te d  in  th e  ear lier  d is c u s s io n  o n  the X- 
ray d iffr a c tio n  ex p er im en t.
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M isc ib ility  s tu d y
T h e m is c ib ility  in th e  m o lte n  sta te  o f  th e  E S C O R IM 3 2 5 /E A A s  b len d s  

w a s  d e term in ed  u s in g  the lo g -a d d it iv ity  ru le  [9 ]. B e c a u se  th e  c o m p o s it io n  
d e p e n d e n c e  o f  v is c o e la s t ic  fu n c tio n s  g iv e s  m u c h  in fo rm a tio n  ab ou t th e  d eg ree  o f  
m is c ib i lity  o f  th e  b len d  m ateria l.

L o g  F b =  <(>111 lo g  F 111 +  (j)d lo g  F d

W h ere  F  is  a v is c o e la s t ic  fu n ctio n , <j) is  a v o lu m e  fra ctio n  and su b scr ip ts  “b ” , “m ” 
and “d ” in d ic a te s  th e  v a lu e  o f  th e  b len d , th e  m atrix  and  th e  d isp e r se  p h ase , 
r e sp e c tiv e ly . O n  th e  o th er hand, the v is c o e la s t ic  fu n c tio n s  for im m isc ib le  b len d s  
d ev ia te d  from  th e  lo g -a d d it iv ity  ru le. Im m isc ib le  p o ly m e r  b le n d s  ca n  b e  c la s s if ie d  
in to  th ree  c a te g o r ie s , d e p e n d in g  on  the b len d  c o m p o s it io n  d e p e n d e n c e  o f  the  
v is c o e a ls t ic  fu n ctio n . T h e se  c a te g o r ie s  as ( i)  p o s it iv e  d e v ia t io n , ( i i)  n e g a tiv e  
d e v ia t io n , and ( i i i )  p o s it iv e -n e g a t iv e  d e v ia tio n  d e p e n d in g  o n  w h e th e r  th e  d ev ia tio n  
from  th e lo g -a d d iv ity  ru le  is  p o s it iv e , n e g a tiv e  or b o th  in  d ifferen t c o m p o s it io n  
reg io n s .

F ig u re  8 sh o w s  the c o m p le x  v is c o s ity ,ๆ * (๓ ), o f  th e  E S C O R ™  /E A A 5  
as a fu n c tio n  o f  th e  E A A 5  co n ten t at v a r io u s fr e q u e n c ie s . T h e  re la tio n  b e tw e e n  
ๆ * (๓ ) and  E A A  fraction  o f  E S C O R ™  3 2 5 /E A A 5  b le n d s  sh o w e d  s lig h t ly  p o s it iv e  
d e v ia t io n  from  th e  lo g -a d d it iv ity  ru le at E A A  co n ten t b e tw e e n  0  and  40 %  E A A 5 ,  
w h ile  th e  ex p er im en ta l data lied  o n  th e  data  o f  lo g -a d d it iv ity  ru le  o c c u r s  for E A A  5 
co n ten t greater  than 40%  E A A 5  con ten t. It in d ic a te s  that th is  ty p e  o f  b e h a v io r  the  
ty p ica l for m is c ib le  b len d s . It a lso  c le a r ly  to o k  p la c e  in  th e se  E S C O R ™  3 2 5 /E A A 5  
b le n d s , w h e r e  the c h e m ic a l nature o f  th e  co m p a red  b le n d s  are v e r y  s im ila r , and m o st  
o f  p r o c e s s in g  p aram eters are the sam e.
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5. Conclusions
T h is  w o r k  fo c u s e s  o n  th e s tu d y  o f  r h e o lo g ic a l, m e c h a n ic a l an d  th erm al p rop erties  
and m is c ib i l i ty  s tu d y  o f  E S C O R ™  3 2 5  terp o ly m ers and fou r d ifferen t grad es o f  E A A  
c o p o ly m e r s . T h e  resu lts  from  th e r h e o lo g ic a l m ea su rem en t in d ic a te  that th e  ad d ition  
o f  E A A  c o p o ly m e r s  in  th e  b le n d s  led  to  the in crea sed  o f  th e  r h e o lo g ic a l p rop erties. 
T h e c o m p le x  v is c o s ity  (ๆ * )  o f  th e  b le n d s  w a s  d e c r e a se d  w ith  in c r e a s in g  freq u en cy , 
and th e  s to ra g e  m o d u lu s  (G ')  and  lo s s  m o d u lu s  ( G " )  w e r e  s lig h t ly  in crea sed  w ith  
in c r e a s in g  freq u en cy .

F rom  therm al a n a ly s is , th e  c r y sta lliz a tio n  cu r v e s  o f  b le n d s  o f  E S C O R 1 M 3 2 5  
and fou r d ifferen t grad es o f  E A A  at 6 0 , 5 0 , 4 0 , and  2 0  % w t o f  E A A  c o n ten t, T h ey  
sh o w e d  tw o  cry sta lliz a tio n  p eak s, w h ic h  is  p ro b a b ly  d u e  to  th e  d ifferen t  
c r y s ta lliz a tio n  rate b e tw e e n  E S C O R ™  3 2 5  and E A A  c o p o ly m e r s . H o w e v e r , the  
c r y s ta lliz a tio n  p eak s o f  th e se  b len d s  w e r e  h ig h er  than  th o se  o f  th e  pure c o m p o n en ts , 
th is  m a y  b e  d u e to s o m e  in tera ctio n  b e tw e e n  tw o  c o m p o n e n ts . T h e se  resu lts  
co rr esp o n d ed  to resu lts  ob ta in ed  from  m e lt in g  tem p era tu re  resu lts . C ry sta lliza tio n  
cu rv es  o f  E S C O R ™  3 2 5 /E A A 1 , 2 , 4  and 5 b len d s  at o v e r  8 0 % w t E A A  con ten t  
sh o w e d  o n ly  a s in g le  c r y sta lliz a tio n  tem peratu re. T h is  w a s  b e c a u se  o f  c o ­
c r y s ta lliz a tio n  and w a s  co rr esp o n d ed  to  their  m e lt in g  tem p era tu res.

M e c h a n ic a l p rop erties  o f  b le n d s  o f  E S C O R ™  3 2 5 /E A A s  su ch  as Y o u n g ’s 
m o d u lu s  an d  te n s ile  stren g th  at break  and  h ard n ess w e r e  in cr e a se d  w ith  in crea sin g  
E A A  c o n ten t. H o w e v e r , the e lo n g a tio n  at b reak  resu lts  w e r e  d ecrea sed  w ith  
in cr e a s in g  E A A  con ten t. T h e  E S C O R ™  3 2 5 /E A A s  b le n d s  at o v e r  80%  E A A  con ten t  
sh o w e d  sy n e r g is t ic  b eh a v io r , d u e  to h ig h e r  p ercen t c r y s ta llin ity  (p ro b a b ly  ca u sed  b y  
c o -c r y s ta lliz a tio n ). T h is  is  b e c a u se  b o th  m ater ia ls  ca n  b e  c r y s ta lliz e d  and form  
stron ger in tera ctio n  b e tw e e n  th e m se lv e s .

T h e  m is c ib ility  in  m o lte n  sta te  o f  E S C O R 1 M 3 2 5 /E A A 5  w a s  o b se r v e d  at 
E A A 5  c o n ten t greater than 40% . It m ig h t su g g e s t  that th e  c h e m ic a l nature o f  the  
c o m p o n e n ts  w a s  v e r y  sim ilar , and m o st  o f  p r o c e ss in g  p ara m eters w a s  th e  sam e.
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6 . A C K N O W L E D G M E N T S
T h e au th ors w o u ld  lik e  to g r a te fu lly  a c k n o w le d g e  th e c o o p e r a t io n  o f  E x x o n -M o b il  
C h e m ic a l in  su p p ly in g  sa m p le  for th is  stu d y. F in a n c ia l su p p ort w a s  p ro v id ed  b y  
C h u la lo n g k o m  U n iv e r s ity  th rou gh  th e D e v e lo p m e n t  G rants for N e w  
F a c u lty /R e se a r c h e r s. P artia l su p port from  th e P e tro leu m  and  P e tr o c h e m ic a l C o lle g e  
D e v e lo p m e n t  F u nd  at C h u la lo n g k o m  U n iv e r s ity  w a s  a lso  g r ea tly  a c k n o w le d g e d .
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CAPTION OF FIGURES

F ig u r e  l a  C o m p le x  v isc o s ity , T|*, as a fu n ction  o f  freq u en cy  for pure E A A 1 , pure  
E S C O R ™ 3 2 5  and E S C 0 R ™ 3 2 5 /E A A 1  b len d s.

F ig u r e  l b  C o m p le x  v isc o s ity , ๆ * , as a fu n ction  o f  frequ en cy  for pure E A A 2 , pure 
E S C O R ™  3 2 5  and E S C O R ™  3 2 5 /E A A 2  b len d s.

F ig u r e  l c  C o m p le x  v isc o s ity , ๆ * , as a fu n ction  o f  freq u en cy  for pure E A A 4 , pure 
E S C O R ™  32 5  and E S C O R ™  3 2 5 /E A A 4  b lends.

F ig u r e  Id  C o m p le x  v isc o s ity , ๆ * , as a fu n ction  o f  frequ en cy  for pure E A A 5 , pure 
E S C O R ™  32 5  and E S C O R ™  3 2 5 /E A A 5  b len d s.

F ig u r e  2 a  S torage m od u li, G', as a fun ction  o f  freq u en cy  for pure E A A 1, pure 
E S C O R ™  32 5  and E S C O R ™  3 2 5 /E A A 1  b len d s.

F ig u r e  2 b  S torage m od u li, G', as a fun ction  o f  frequ en cy  for pure E A A 2 , pure 
E sc o r ™ 3 2 5  and E sc o r ™ 3 2 5 /E A A 2  b len d s.

F ig u r e  2 c  S torage m od u li, G', as a fun ction  o f  frequ en cy  for pure E A A 4 , pure 
E S C O R ™  325 and E S C O R ™  3 2 5 /E A A 4  b len d s.

F ig u r e  2d  S torage m od u li, G', as a fun ction  o f  frequ en cy for pure E A A 5 , pure 
E sc o r ™ 3 2 5  and E sc o r ™ 3 2 5 /E A A 5  b len d s.

F ig u r e  3 a  S torage m od u li, G" as a fun ction  o f  freq u en cy  for pure E A A 1 , pure 
E S C O R ™  32 5  and E S C O R ™  3 2 5 /E A A 1  b len d s.

F ig u r e  3 b  S torage m od u li, G", as a fun ction  o f  freq u en cy  for pure E A A 2 , pure 
E S C O R ™  32 5  and E S C O R ™  3 2 5 /E A A 2  b len d s.

F ig u r e  3 c  S torage m od u li, G", as a fun ction  o f  frequ en cy  for pure E A A 4 , pure 
E S C O R ™  32 5  and E S C O R ™  3 2 5 /E A A 4  b len d s.

F ig u r e  2d  S torage m od u li, G", as a fun ction  o f  frequ en cy  for pure E A A 5 , pure 
E S C O R ™  32 5  and E S C O R ™  3 2 5 /E A A 5  b len d s.

F ig u r e  4 a  D S C  crysta lliza tion  peaks o f  pure E A A 1 , E S C O R ™  325 and
E S C O R ™  3 2 5 /E A A 1  b len d s con ta in in g  2 0 , 4 0 , 5 0 , 6 0  and 80% w t E A A 1

F ig u r e  4 b  D S C  crysta lliza tion  peaks o f  pure E A A 1 , E S C O R ™  32 5  and
E S C O R ™  3 2 5 /E A A 2  b len d s con ta in in g  2 0 , 4 0 , 5 0 , 6 0  and 80% w t E A A 2
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F ig u r e  4c  D S C  crysta lliza tion  p eak s o f  pure E A A 1 , E S C O R ™  3 2 5  and
E S C O R ™  3 2 5 /E A A 4  b len d s con ta in in g  2 0 , 4 0 , 5 0 , 6 0  and 80% w t E A A 4 .

F ig u r e  4d  D S C  crysta lliza tion  peaks o f  pure E A A 1 , E S C O R ™  3 2 5  and
E S C O R ™  3 2 5 /E A A 5  b len d s con ta in in g  2 0 , 4 0 , 50 , 6 0  and 80% w t E A A 5 .

F ig u r e  5 a  D S C  m eltin g  p eak s o f  pure E A A 2 , E S C O R ™  3 2 5  and E S C O R ™  3 2 5 /E A A 1  
b len d s con ta in in g  2 0 , 4 0 , 50 , 6 0  and 80% w t E A A 1 .

F ig u r e  5 b  D S C  m eltin g  p eak s o f  pure E A A 2 , E sc o r ™ 3 2 5  and E S C O R ™  3 2 5 /E A A 2  
b len d s con ta in in g  2 0 , 4 0 , 50 , 60  and 80% w t E A A 2 .

F ig u r e  5c  D S C  m eltin g  peaks o f  pure E A A 2 , E sco r™ 3 2 5  and E S C O R ™  3 2 5 /E A A 4  
b len d s con ta in in g  2 0 , 4 0 , 50 , 6 0  and 80% w t E A A 4 .

F ig u r e  5d  D S C  m eltin g  p eak s o f  pure E A A 2 , E sco r™ 3 2 5  and E S C O R ™  3 2 5 /E A A 1  
b len d s con ta in in g  2 0 , 4 0 , 50 , 6 0  and 80% w t E A A 4

F ig u r e  6  X -ray d iffraction  patterns o f  E S C O R ™  3 2 5 /E A A 1  b len d s ะ (a) pure
E S C O R ™  3 2 5 , (b) 20%  E A A 1 , (c ) 40%  E A A 1 , (d ) 50%  E A A 1 , (e ) 60%  
E A A 1 , (f) 8 0 % E A A 1, and (g ) pure E A A 1 .

F ig u r e  7a  Y o u n g  m od u lu s o f  E S C O R ™  3 2 5 /E A A s  b len d s.
F ig u r e  7b  T e n s ile  strength at break o f  E S C O R ™  3 2 5 /E A A s  b len d s.
F ig u r e  7c  E lon ga tion  at break o f  E S C O R ™  3 2 5 /E A A s  b len d s.
F ig u r e  8 H ard n ess o f  E S C O R ™  3 2 5 /E A A s  b len d s
F ig u r e  9 C o m p lex  v isc o s ity , r|*(co) as a fu n ction  o f  b len d  c o m p o s itio n  for 

E S C O R ™  3 2 5 /E A A 5  b len d s at variou s freq u en cies
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Table 1 Copolymer and terpolymer compositions (all values are in mole fractions)

Sample Ethylene Acrylic Acid Methyl Acrylate
Escor™325 0.893 0.028 0.079

EAA1 0.988 0.012 -
EAA2 0.974 0.026 -

EAA4* 0.974 0.026 -
EAA5 0.961 0.039 -

*EAA4 has a lower average molecular weigth than EAA2
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Table2 The melting and crystallization temperature of pure components
Sample Tm (°C) Tc (°C)

Escor™325 69.93 50.73
EAA1 100.52 87.23
EAA2 97.18 83.48
EAA4 96.52 82.15
EAA5 93.43 76.07



Table 3 The melting temperature and % crystallinity of ESCOR™ 325 with EAA1, EAA2, EAA4 and EAA5 blends

EAA EAA1 EAA2 EAA4 EAA5
(%wt) Tm (°C) % crystallinity Tm (°C) % crystallinity Tm (°C) % crystallinity Tm (°C) % crystallinity

0 69.93 5.71 69.93 5.71 69.93 5.71 69.93 5.71
20 70.10, 100.35 10.98 63.02, 98.10 10.53 71.68, 96.83 10.94 62.93,93.18 9.05
40 68.60, 100.52 12.84 61.35,97.43 12.60 75.35,96.77 11.87 62.93, 93.18 9.45
50 69.85, 100.60 13.84 65.35, 97.60 12.78 96.85, 96.85 12.60 62.93,93.10 9.81
60 68.10, 100.52 13.94 66.60, 97.68 13.36 96.93, 96.93 12.75 58.93,93.10 10.44
80 101.02 21.89 72.60, 98.27 15.41 97.27, 96.27 16.45 93.52, 93.35 11.24
100 100.52 21.77 97.18 17.96 96.52 16.40 93.43 11.94

o
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Figure 8



F ig u r e  9
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