
CHAPTER IV

R E S U L T S  A N D  D I S C U S S I O N

L L D P E  and N R  blends w ere prepared  by B rabender m ixer. D C P 
and  M A  w ere  used  as an in itiator and a com patib ilizer respectively . T he 
p roposed  reactive  p roduct could be L L D PE -g-M A , N R -g-M A , L L D P E -g- 
N R . M oreover, use o f  D C P caused  form ation o f  m icrogels or crosslinkage 
p rodu cts (G hosh e t  a l ,  1997). W hen saturated  po lym er chain  such as PE 
w as subjected  to  hydrogen  abstract by alkoxy rad icals o f  D C P , the po lym er 
rad ica l (PE  m acrorad ical) w as produced. C rosslink ing  o f  P E  chains w as 
fo rm ed  by d im erization  o f  rad icals as show n in F igure  4.1.

C H 3 c h 3 c h 3

D C P A lkoxy rad icals (RO*)

RO* + P-H >  R O H  + p*
( a ) (b)

2 p* ------------►  P-P

( c )

Figure 4.1 F o rm a tio n  o f  a c ro ss lin k e d  P E : (a ) p o ly m e r , (b ) P E
m a c ro ra d ic a l, an d  (c ) c o m b in a tio n  to  fo rm  c ro s s lin k e d  p ro d u c ts .
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In  unsatu ra ted  polym er, e.g. N R , the free rad ica l or alkoxy rad ical can reac t 
a t double  bond site to  form  a po lym er rad ical and com bine w ith  additional 
po lym er. T he p roduct w as m ultip le crosslink  bonding  (B arlow , 1993) w hich  
b rough t to  dynam ic  crosslink ing  as show n in F igure 4.2.

R O  + — c = c —p Ç - Ç - pfR -► RO“ Ciff.P N + l
(a) (b)

F ig u r e  4 .2  M ultip le  crosslink  bonding  in po lym er radicals: (a) unsatu rated  
po ly m er and (b) crosslinked  polym er.

F rom  Skulariya (2000)'s w ork, the in fluence o f  M A  and D C P  
con ten t on the am ount o f  copolym er w hich  w as rep resen ted  in term  o f  
re la tive  in tegral ratio  and gel content o f  the blends w ere show n in F igures
4 .3 -4 .4 . Increasing  D C P loading, am ount o f  copolym er increased  for 90/10 
L L D P E /N R  bu t show ed little effect for 50/50 L L D P E /N R  (F igure  4.3). This 
can  be in ferred  th at am ount o f  graft copolym er p roduct increased  w ith  
increasing  M A  conten t for both  com position  (F igure 4.4).

T he influence o f  D C P concen tration  to  gel con ten t (F igure  4 .5 ) 
show ed  th at increasing  am ount o f  D C P, gel con ten t increased. F or 
com position  90/10, m in im um  gel content w as found at 7%  o f  M A  and gel 
con ten t decreased  w ith  increasing am ount o f  M A  for com p osition  50/50 
(F igure  4.6).
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A m ount o f  D C P (% )

F ig u r e  4 .3  R elative  in tegral ratio  o f  90/10 and 50/50 L L D P E /N R  at 3 and 
7%  o f  M A  respectively  (from  crude sam ple).

Figure 4.4 R e la tiv e  in te g ra l ra tio  o f  9 0 /1 0  an d  5 0 /5 0  L L D P E /N R  a t 0 .5 %
o f  D C P  (fro m  c ru d e  sam p le ) .
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F ig u r e  4 .5  G el conten t o f  90/10 and 50/50 L L D P E /N R  at 3 and 7%  o f  M A  
respectively .

A m ount o f  M A  (% )
F ig u r e  4 .6  G el conten t o f  90/10 and 50/50 L L D P E /N R  at 0 .5%  o f  D C P.

M icrogels, crosslinking, and am ount o f  copolym er are factors w h ich  
a ffect the m echan ical properties o f  the blends such as im pact, tear, creep, 
and  tensile  properties.
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4 .1  M o r p h o lo g ic a l  C h a r a c t e r iz a t io n

4.1.1 E ffect o f  D C P on m orphology
F igures 4.7 and 4.8 show ed SEM  m icrographs o f  tear-frac tu red  

surfaces o f  90/10 and 50/50 L L D P E /N R  blends w ith  various am ount o f  
D C P. F iber like m orphologies w as observed. T he SEM  m icrog raph  o f  
com position  90/10 w ithout D C P, F igure 4.7a, show ed longer and m ore 
un ifo rm  fine fiber, w hich  indicated  the ductile  failure. F rac tu re  su rface  o f  
50/50 L L D P E /N R  w ithou t D C P in F igure 4 .8a  also show ed th ick  fiber 
m orphology  bu t it w as no t un ifo rm  and unorien ted . F or com p osition  90/10, 
the p resence o f  D C P changed  the fracture surfaces by  cu rling  and the 
red uction  in th ickness and length o f  fibrils. F urther addition  o f  D C P , the 
shorter fibrils w ere  observed (F igures 4 .7b-4.7d). T his w as the characteristic  
o f  brittle  failure so that tear strength  reduced  w ith  D C P (L u stig e r and 
M arkham , 1983). Increasing  D C P conten t in com position  50/50, fracture  
su rfaces becam e less fibrous (m ore curling) ind icating  less e ffic iency  to 
stre tch  the structure  to  form  fibril due to  h igh degree o f  c ro sslink ing  and 
such that less energy  w as needed  to break  the sam ple as show n in F igure
4.8.

4 .1 .2  E ffect o f  M A  on m orphology
T ear-fractu red  surfaces o f  com positions 90/10 at 0 .5%  D C P by 

vary ing  M A  con ten t w ere show n in F igure 4.9. T he m ore un ifo rm  fiber 
su rfaces and th inner fibrous (less curling) w ere  observed  as in creasin g  M A  
conten t. This ind icated  a sign o f  in terfacial adhesion  (m ore  e ffic ien t 
stre tch ing). F igure 4.10 show ed fracture surfaces o f  com p osition  50/50 at
0 .5%  D C P w ith  various am ount o f  M A. A dding  1% o f  M A  sh ow ed  both  
curl and stra igh t lines, w hich w ere the d ifferen t patterns on the sam e surface 
(F igure  4 .10a). T his indicated  insufficien t com patib ilization . A d d in g  m ore
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M A  content, the  sam e pa ttern  o f  the su rface (curling) w as observed  bu t for 
7%  M A  curling  w as less and stre tch ing  becam e obvious; th is show ed the 
im proved adhesion  (F igure 4 .10b-d).
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Figure 4.7 T e a r-fra c tu re d  su rfa c e  o f  9 0 /1 0 /3  L L D P E /N R /M A  at v a r io u s
D C P  co n ten t: (a ) 0 % , (b ) 0 .5 % , (c ) 1 .0% , an d  (d ) 1 .5% . A n  a rro w  in d ic a te d
c ra c k  g ro w th  d irec tio n .
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Figure 4.8 T e a r-fra c tu re d  su rfa c e  o f  5 0 /5 0 /7  L L D P E /N R /M A  a t v a r io u s
D C P  c o n ten t: (a ) 0 % , (b ) 0 .5 % , (c ) 1 .0% , a n d  (d ) 1 .5% . A n  a rro w  in d ic a te d
c ra c k  g ro w th  d irec tio n .
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Figure 4.9 T e a r-fra c tu re d  su rfa c e  o f  9 0 /1 0  L L D P E /N R  at 0 .5 %  D C P  by
v a ry in g  M A  c o n ten t: (a ) 1% , (b ) 3% , (c) 5% , an d  (d ) 7% . A n  a r ro w  in d ic a te d
c ra c k  g ro w th  d irec tio n .
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Figure 4.10 T e a r-fra c tu re d  su rfa c e  o f  5 0 /5 0  L L D P E /N R  a t 0 .5 %  D C P  b y
v a ry in g  M A  c o n ten t: (a ) 1% , (b ) 3 % , (c ) 5 % , an d  (d ) 7% . A n  a rro w  in d ic a te d
c ra c k  g ro w th  d irec tio n .
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4 .2  M e c h a n ic a l  P r o p e r t ie s

4.2.1 E ffect o f  D C P on m echanical p roperties
4 .2 .1 .1  I m p a c t  s tr e n g th

T he effect o f  D C P conten t w as show n in F igure 4.11. F or 
L L D P E /N R  90/10, in itial addition  o f  D C P increased  im pact strength  
because o f  enhancem en t o f  M A  grafting  (C ollyer, 1994) and decreased  
c ry sta llin ity  due to  cross-link ing  (N ielsen  and L andel, 1994). Increasing  
D C P  conten t to  1.0%  show ed sligh t increase o f  im pact strength  for 
com position  50/50, bu t at 1.5% D C P, im pact strength  decreased , perhaps 
because  o f  excessive  cross-link ing  (S aengtong, 1995).

F ig u r e  4 .1 1  E ffect o f  D C P content on the im pact streng th  o f  90/10 and 
50/50 L L D P E /N R  at 3 and 7%  o f  M A  respectively .

4 .2 .1 .2  T e a r  s tr e n g th
T ear strength  versus D C P conten t w as sh ow n in F igu re  

4 .12. F or L L D P E /N R  90/10, tear strength  decreased  w ith  in creasing  am ount
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o f  D C P  due to a reduction  o f  crystallin ity  o f  L L D PE . T he crysta llites 
he lped  to  d istribu te  the load and decreased  the chances for c rack  
p ropagation , w hich , in tu rn , increased  the tear strength. In  case  o f  50/50 
com position , a lthough  addition  o f  D C P w as reported  to  enhance  c ro sslink  
and  increase tear strength, low  crysta llin ity  caused a  decrease  in  tea r 
streng th  (N ielsen  and Landel, 1994). T hese  tw o opposing  effects o f  cross- 
link ing  w ere  be lieved  to  be the reason  th at tea r strength  did  no t change w h en  
D C P  loading  increased  for the L L D P E /N R  50/50.

A m o u n t o f  D C P  (% )

F ig u r e  4 .1 2  E ffec t o f  D C P content on the tear strength  o f  90 /10 and 50/50 
L L D P E /N R  at 3 and 7%  M A  respectively .

4 .2 .1 .3  C r e e p
Figure 4.13 show ed the d isp lacem ent as a function  o f  tim e  

for L L D P E /N R  90/10 at 3%  M A  w ith  and w ithout D C P and  L L D P E  50/50 
at 7%  M A  w ith  and w ithou t D C P. The resu lts show ed th a t add in g  only  a 
sm all am ount o f  D C P reduced  the ex tension  o f  test specim ens sign ifican tly . 
A dd ition  o f  D C P  enhanced  crosslink ing  in the b lends, w h ich  resisted  
ex tension  (K ircher, 1987) and im proved adhesion betw een  th e  phases.
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F ig u r e  4.13 D isp lacem ent resu lting  from  creep test o f  L D P E /N R /M A /D C P  
90/10/3 /0 .5 , 90/10/3/0 , 50/50/7/1.5 , and 50/50/7/0 blends.

4 .2 .1 .4  F a tig u e
The fatigue lifetim e o f  90/10 L L D P E /N R  blends w ith  and 

w ithou t D C P  w as show n in F igure 4.14. C om position  90/10 w ithou t D C P 
had a larger num ber o f  fatigue lifetim e. F igu re  4.15 show ed crack 
p ropagation  rate, da/dN  versus range o f  stress in tensity  factor, AK o f  
com position  90/10 w ith  and w ithout D C P. C rack p ropagation  rate  increased  
w ith  increasing  range o f  stress in tensity  factor. F or a g iven ÀK, the crack  
g row th  rate increased as a resu lt o f  adding D C P. T he low er crack  g row th  
rate  ind icated  the m ore d ifficu lt to  crack, thus the h igher fatigue resistance  
w as obtained. F atigue and tear w ere  sim ilar process. A dd ition  o f  D C P 
caused  a reduction  o f  crystallin ity  o f  L L D P E  as m entioned  in tear strength , 
w h ich  enhanced  the low er fatigue resistance. In addition , w ith  D C P, 
m icrogel form ation  is happened  and acts as a defect to  a llow  easy  crack  
g row th  and shorter lifetim e.
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N u m b e r  o f  c y c le  (c y c le )

F ig u r e  4 .1 4  F atigue lifetim e o f  90/10 L L D P E /N R  w ith  and  w ith ou t D CP.

F ig u r e  4 .1 5  Stress in tensity  factor versus crack grow th  rate  o f  90/10 
L L D P E /N R  w ith  and w ithout D CP.
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4.2 .2  E ffec t o f  M A  on m echanical p roperties
4 .2 .2 .1  I m p a c t  s tr e n g th

F igure  4.16 show ed im pact strength  versus M A  con ten t o f  
L L D P E /N R  90/10 and 50/50 at 0 .5%  D C P. F or the 50/50 b lend , im pact 
strength  increased  sign ifican tly  w ith  increasing  M A  content. T he resu lts 
supported  th at M A  prom oted  adhesion betw een  the phases. T he im pact 
strength  o f  90/10 L L D P E /N R  also increased w ith  M A  conten t, but, at 7%  
M A , decreased , w hich  m ay indicate saturation  o f  the in terface by 
com patib ilizer (O om m en and T hom as, 1997).

F ig u r e  4 .1 6  E ffect o f  M A  content on the im pact strength  o f  90/10 and 
50/50 L L D P E /N R  at 0 .5%  DCP.
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4 .2 .2 .2  T e a r  s tr e n g th
F igure 4.17 show ed tear strength  versus M A  loading. For 

L L D P E / N R  90/10, tear strength  increased w ith  increasing  M A  conten t 
ind icative th a t com patib ilization  enhanced  the tear resistance. In contrast, 
M A  con ten t had  only  a sm all effect on tear strength  for the 50/50 b lend. 
A lthough  addition  o f  M A  im proved in terfacial adhesion, gel conten t or 
cro sslink ing  decreased  w ith  increasing M A  conten t (F igure 4.6). T he 
adhesion  im proved  tear strength, w hile  reduction  o f  crosslink ing  caused  
decreasing  tear resistance. So tear strength  o f  50/50 L L D P E /N R  did not 
change w ith  increasing  M A  loading.

F ig u r e  4 .1 7  E ffect o f  M A  content on the tear strength  o f  90/10 and 50/50
L L D P E /N R  at 0 .5%  D C P.
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4.2.3 E ffec t o f  N R  on m echanical p roperties
4.2.3.1 Impact strength

Im pact resistance could be im proved  by th e  addition  o f  
e lastom er in to the p lastic  (O om m en and T hom as, 1997). T he resu lts 
ind icated  th a t addition  o f  10% N R  to pure L L D PE , no M A  and D C P , 
increased  im pact strength  from  1.71 to 2.16 J/m m . F or pu re  N R , im pact 
streng th  w as no t m easured  because 100% N R  cou ld  no t be m olded  to  ob tain  
sm ooth  surfaces. N o  variation  in im pact strength  w ere  observed  as a 
function  o f  N R  con ten t w hen M A /D C P conten t w as appropria te ly  ad justed  
for good m echan ical p roperties (F igure 4.18).
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F ig u r e  4 .1 8  E ffec t o f  N R  content on the im pact strength  o f  various 
com positions.

4.2.3.2 Tear strength
The highest tear strength, 109.82 N /m m , w as ob ta ined  

from  pure  L L D P E . A ddition  o f  N R  10% w t (w ithout M A  and D C P ) to  pure  
L L D P E  decreased  tear strength to be 88.65 N /m m . T ear strength  o f  pu re  N R  
w as no t m easure  as m entioned  in im pact strength. D ecreasing  N R  conten t, 
increased  tear streng th  w hen  appropriate levels o f  M A  and D C P w ere

T C\ P) 1 v7>0 2  °\
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incorporated , as show n in F igure 4 .19. F o r these blends, stra in  induced 
cry sta lliza tion  o f  N R  w as evidently  insign ifican t com pare to  the contribu tion  
from  the L L D P E  crystallites. T ear strength  w as know n to  be dependent 
m ain ly  on the properties o f  p lastic  phase (Q in, e t  a i ,  1990).
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F ig u r e  4 .1 9  E ffect o f  N R  conten t on the tear strength  o f  various 
com positions.

4 .2 .4  E ffect o f  w eathering  on tensile  properties
T he sam ples w ere  exposed to  accelerated  w eath erin g  for 7 days 

and to ta l uv irrad iation  in tensity  o f  260 kJ/m 2 (C om pared to  average  to tal 
irrad ia tion  o f  16.15 M J/m 2/y ear in T hailand).

T ensile  strength  and e longation  at b reak  consistently  decreased  after 
exposure  to  accelerate  w eathering , as show n in F igures 4 .20-4 .29 . T he 
reduction  on  elongation  at b reak  ind icated  the em brittlem ent. N R  con ta ined  
double  bonds w hich  w ere  prone to chain  scission, because o f  ox ida tiv e  
degradation  and uv cleavage, and hence exhib ited  poor w ea th er resistance  
(H ofm an, 1989). F or 90/10 L L D P E /N R , increasing  am o u n t o f  D C P  
decreased  th e  percen t reduction  in tensile  strength, w hereas, for 50/50

C o m p o sitio n  o f  L L D P E /N R /M A /D C P  (% )
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L L D P E /N R , a h igher percen t reduction  in tensile  strength  w as found, as 
show n in F igures 4 .20-4 .21 , respectively . T he reduction  in tensile  strength  
decreased  w ith  increasing  M A  content, particu larly  for the 50/50 b lend  
(F igures 4 .22-4 .23).

F ig u r e  4 .2 0  E ffec t o f  D C P conten t on tensile  strength  befo re  and after 
w eatherin g  o f  90/10 L L D P E /N R  at 3%  o f  M A.
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F ig u r e  4 .2 1  E ffec t o f  D C P conten t on tensile  strength  b efo re  and after 
w eatherin g  o f  50/50 L L D P E /N R  at 7%  o f  M A.

F ig u r e  4.22 E ffect o f  M A  conten t on tensile  strength  b efo re  and after 
w eatherin g  o f  90/10 L L D P E /N R  at 0.5%  o f  DCP.
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F ig u r e  4 .2 3  E ffec t o f  M A  con ten t on tensile strength  before  and after 
w eatherin g  o f  50/50 L L D P E /N R  at 0 .5%  o f  DCP.

T he effect o f  increasing  am ount o f  D C P on elongation  at b reak  
show ed  a sim ilar trend  to  that on tensile  strength (c.f. F igures 4 .24  and 4.25 
versus F igures 4 .22  and 4.23). Increasing  M A  conten t appeared  to increase 
the pe rcen t reduction  in e longation  at break for com position  90/10 and to 
reduce the percen t reduction  in e longation  at b reak  for com p osition  50/50 
(F igures 4 .24-4 .25).
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F ig u r e  4 .2 4  E ffec t o f  D C P conten t on elongation  at break befo re  and after 
w eatherin g  o f  90/10 L L D P E /N R  at 3%  o f  M A.

Amount of DCP (%)

F ig u r e  4 .2 5  E ffect o f  D C P content on elongation  at b reak  before  and after 
w eatherin g  o f  50/50 L L D P E /N R  at 7%  o f  M A.
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F ig u r e  4 .2 6  E ffect o f  M A  conten t on elongation  at b reak  before  and after 
w eatherin g  o f  90/10 L L D P E /N R  at 0 .5%  o f  DCP.

F ig u r e  4 .2 7  E ffect o f  M A  conten t on e longation  at b reak  befo re  and  after 
w eatherin g  o f  50/50 L L D P E /N R  at 0 .5%  o f  DCP.
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F or h igh  rubber sam ples, increasing  N R  conten t su rprising ly  tended  
to  low er the percen t reduction  in tensile  strength  (F igure 4 .23) and increased  
the p e rcen t reduction  in e longation  at break (F igure 4 .27). T his is exp la ined  
th at increasing  N R  content m ay bring  about m ore crosslink ing  in N R  during  
w eatherin g  so th at tensile  strength  and elongation  at b reak  sligh tly  reduce. 
F o r h igh  po lye thy len e  sam ples, increasing N R  conten t resu lted  to increase 
%  reduction  in bo th  tensile  strength  and e longation  at b reak. T his is 
a ttribu ted  to  the degradation  o f  N R  to soften  m echanical properties o f  th ese  
sam ples.
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F ig u r e  4.28 E ffect o f  N R  content on tensile  strength  before  and after 
w eatherin g  o f  various com positions.
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Composition of I.LD PFK W N W IX P (%)

F ig u r e  4.29 E ffect o f  N R  con ten t on e longation  at b reak  b efo re  and after 
w eatherin g  o f  various com positions.
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