
THEORETICAL BACKGROUND AND LITERATURE REVIEW
C H A P T E R  II

2.1 Compliant Electrode

D ie lec tr ic  e le c tro a c tiv e  p o ly m ers  (D E A P s) h av e  b een  d e v e lo p e d  to be  u sed  
in  m an y  a reas  su ch  as ro b o t m an ip u la to rs , ac tu a to rs , sen so rs , an d  in  co m b in a tio n  
w ith  d ru g  d e liv e ry  sy s tem s (A ro ra  et a l, 2 0 0 7 ) .T h e  e le c tro d e s  m ad e  o f  d ie lec tric  
e la s to m e r ac tu a to rs , lo ca ted  on  the  ac tu a to r su rface , are  re q u ire d  to  b e  co n d u c tiv e , 
so ft, and  can  su sta in  la rge  d e fo rm a tio n s  w h ile  re m a in in g  c o n d u c tiv ity , an d  th ey  m ust 
be ab le  to  p e rfo rm  for sev era l o f  cy c les  (K im  et al. , 2012 ).

C o m p lia n t e lec tro d es  are  n eed ed  in  a  w id e  ra n g e  o f  ap p lic a tio n s . C erta in ly , 
th e  b o o m in g  fie ld  o f  so ft and  d e fo rm ab le  e le c tro n ic s  a lso  re lie s  on  flex ib le  
in te rc o n n e c ts  th a t can  su sta in  s tre tch in g  a n d /o r b e n d in g  u n d e r  e le c tr ic  fie ld  as sh o w n  
in F ig u re  2 .1 .

Figure 2.1 A p p lic a tio n  o f  c o m p lia n t e lec tro d e , it p ro v id e s  cu rren t to d ie lec tric  
a c tu a to r th en  m a te ria l is sq u eezed  o u t (P e lrin e  et ai, 2 0 0 0 ).

T h u s, it is req u ired  th a t th e  c o m p lia n t e le c tro d e  sh o u ld  be o f  h igh  
co n d u c tiv ity  an d  e la s tic ity . D ev e lo p ed  e la s tic  c o n d u c to rs  c o n ta in in g  co n d u c tiv e  
f ille rs  can  e n h a n c e  th e  e lec trica l c o n d u c tiv ity  (S o m e y a  et a i, 2 0 0 9 , R o sse t et al., 
2013).
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T h e  p e rfo rm a n c e  o f  a d ie lec tr ic  e la s to m ers  (D E ) a c tu a to r  d ep en d s  in p a rt on  
th e  e le c tro d e  m a te ria l used . E lec tro d e  m a te ria ls  u s in g  in  th is  a p p lic a tio n  sh o u ld  
id ea lly  sa tis fy  th e  fo llo w in g  c r ite r ia  (S ch laak  et a l,  2005):

• H ig h ly  c o m p lia n t (i.e . Y o u n g ’s m o d u lu s  < 1 0 0  M P a  (D e lille  et al. , 2006 );
• L o w  e le c tr ic  re s is tan ce  u n d e r la rg e  s tra in ;
• H ig h  su rface  d e n s ity  u n d e r la rg e  s tra in ;
• T h in  in  th ic k n e ss  in  co m p a riso n  to  the  d ie lec tr ic  lay er;
• A b ility  to  be  p a tte rn ed  w ith  h ig h  re so lu tio n ;
• G o o d  ad h e s io n  to  the  d ie lec tr ic  layer;
• C o n d u c iv e  to  ty p ica l D E  ac tu a to r m a n u fa c tu r in g  p ro c e sse s  (lay erin g , 

ro llin g );
• L o n g ev ity
T h e  f re q u e n c y  re sp o n se  o f  the  a c tu a to r is d e p e n d e n t on  c h a rg in g  tim e  and  

co n se q u e n tly  th e  re s is ta n c e  o f  th e  e lec tro d es  (S ch laak  et al., 2 0 0 5 ). H o w ev er, in 
rea lity , the  sp eed  o f  re sp o n se  is d e te rm in ed  by  th e  m e c h a n ic a l re a c tio n  tim e  o f  the  
h ig h ly  v isco u s  m a te ria l (D e lille  et al., 2 006 ).

Table 2.1 C o m p a riso n s  o f  co m p lia n t e lec tro d e  p ro p e rtie s

Materials
Thermal

conductivity
(W/mK)

Conductivity
(S/cm)

Elongation
(%)

Young’s
modulus
(MPa)

Tensile
strength
(MPa)

Strain
(%)

Hardness 
(Shore A)

HG/NBR
nanocompo

sites
(Yang et 
ai. 2007)

0.30 0.3 no - 11.8 - -

SWNT/vin 
ylidene 
fluoride- 

hexafluoro- 
propylene 
composite 
(Sekitani et 
ai. 2008)

- 57 - - - 134 -
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Table 2.1 C o m p a riso n s  o f  co m p lia n t e lec tro d e  p ro p e rtie s  (co n t.)

Materials
Thermal 

conductivity 
(พ/mK)

Conductivity
(S/cm)

Elongation
(%)

Young’s
modulus
(MPa)

Tensile
strength
(MPa)

Strain
(%)

Hardness 
(Shore A)

Graphite/ 
PDMS 

composite 
(Kujawski 

et ai, 2010)

- 0.4 - 1.4 - - -

MWNT/PU 
composite 
(Shin et ai. 

2010)
- 0.5 - - - - -

GNP/silico
ne

composites 
(Raza et al., 

2011)

1.909 3.6 X 10-’ - - - - 60.8

SWCNT/sil 
icône 
rubber 

composites 
(Kim et al., 

2012)

- 63 - - 1.84 - -

MWNT/ 
PDMS 

composites 
(Lee et ai, 

2012)

- 3 X 10° - 2.22 - - -

CNT and 
CB/silicone 

rubber 
composite 
(Witt et a!., 

2013)

- 8 0x1m6 - - - 789,7 -

Y an g  et al. (2 0 0 7 ) s tu d ied  h ig h  p e rfo rm a n c e  e la s to m e ric  n an o c o m p o site s  
w ith  im p ro v ed  m ech an ica l p ro p e rtie s  an d  fu n c tio n a l p ro p e rtie s . A n d  th ey  fo u n d  tha t 
n a n o c o m p o s ite s  e x h ib it in te rca la tio n  o f  g rap h ite  in  th e  n itr ile -b u ta d ie n e  ru b b er 
(N B R ) m a trix . M ech an ica l an d  d y n a m ic -m e c h a n ica l te s ts  d e m o n s tra te  tha t the 
N B R /g ra p h ite  n a n o c o m p o s ite s  p o sse ss  g rea tly  in c rea sed  e la s tic  m o d u lu s  and  ten sile  
s tren g th  (11.8 M Pa), an d  d e s irab ly  s tro n g  in te rfaces . T h ese  N B R /g ra p h ite
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n a n o c o m p o s ite s  p o sse ss  s ig n ific an tly  im p ro v ed  w ea r re s is ta n c e  an d  gas b a rrie r 
p ro p e rtie s , an d  su p e rio r  e lec trica l (0.3 s /c m ) /th e rm a l c o n d u c tiv ity  (0.3 พ / mK ) (Y ang  
et al, 2007 ).

S ek itan i et al. (2 0 0 8 ) s tu d ied  e la s tic  co n d u c to rs  by  u s in g  an  ion ic  liqu id  o f  
l-b u ty l-3 -m e th y l- im id a z o liu m b is  ( tr if lu o ro m e th a n e su lfo n y l)im id e . T h ey  u n ifo rm ly  
d isp e rse d  s in g le -w a lle d  ca rb o n  n an o tu b es  (ร 'พ N T s) as c h e m ic a lly  s tab le  d o p an ts  in a 
v in y lid e n e flu o rid e h e x a flu o ro p ro p y le n e  c o p o ly m e r m a trix  to  fo rm  a  co m p o site  film . 
T h ey  fo u n d  th a t th e  ร พ N T  co n ten t co u ld  be in c rea sed  up  to  20  w e ig h t percen t 
w ith o u t re d u c in g  th e  m ech an ica l f lex ib ility  o r so ftn e ss  o f  th e  co p o ly m e r. T h e  S W N T  
c o m p o s ite  film  w as co a ted  w ith  d im e th y ls ilo x a n e -b a se d  ru b b e r, w h ic h  ex h ib ited  a 
co n d u c tiv ity  o f  57 s/m and  a  s tre tch  ab ility  o f  134% . F u rth e rm o re , th e  e lastic  
c o n d u c to r  w as  in te g ra te d  w ith  p rin ted  o rg an ic  tra n s is to rs  to  fab ric a te  a  ru b b e r-lik e  
ac tiv e  m a trix  w ith  an  e ffec tiv e  a rea  o f  20  X 20 c e n tim e te rs  sq u a re . T h e  a c tiv e  m atrix  
sh ee t co u ld  be  u n ia x ia lly  an d  b iax ia lly  s tre tch ed  by  70%  w ith o u t m ech an ica l or 
e lec trica l d am ag e . T h e  e la s tic  co n d u c to r a llo w ed  th e  c o n s tru c tio n  o f  e lec tro n ic  
in teg ra ted  c ircu its , w h ich  co u ld  be m o u n ted  an y w h ere , in c lu d in g  a rb itra ry  cu rv ed  
su rfaces  an d  m o v ab le  p arts , such  as the  jo in ts  o f  a ro b o t’s a rm  (S ek itan i et al. , 2008).

K u jaw sk i e t al. (2 0 1 0 ) s tu d ied  the  c o m p lia n t e le c tro d e  m a te ria l re a liz ed  by 
b le n d in g  an  in su la tin g  p o ly d im e th y ls ilo x a n e  (P D M S ) e la s to m e r w ith  a  co n d u c tiv e  
ex fo lia te d  g rap h ite  filler. T h ese  m a te ria ls  ex h ib ited  a  low  p e rc o la tio n  th resh o ld : 
ab o v e  3 w t%  lo ad in g , th ey  b ecam e  c o n d u c tiv e , w ith  c o n d u c tiv itie s  re ach in g  as h igh  
as 0 .4  S /cm . T h is  e lec tro d e  rem a in ed  e la s to m eric  u p o n  lo ad in g  up  to  25 w t% , h av in g  
a Y o u n g ’s m o d u lu s  o f  1.44 M P a. It w as c la im ed  th a t th is  m o d u lu s  w as th e  lo w est 
re p o rte d  fo r lo ad ed  e la s to m ers  ab o v e  the  p e rc o la tio n  th re sh o ld . It w as a lso  cap ab le  o f  
u n d e rg o in g  la rg e  d e fo rm a tio n s  (u ltim a te  s tra in s  as la rg e  as 2 5 0 %  a fte r  e x ten d ed  
cy c lin g ), an d  it w as d u rab le  (5 w t%  sam p le s  w ere  c a p a b le  o f  106 cy c le s  to  30%  
stra in  w ith o u t fa ilu re ) (K u jaw sk i et ai, 2 010 ).

S h in  e t al. (2 0 1 0 ) d ev e lo p ed  ru b b e rlik e  tra n s is to r-a c tiv e  m a tric e s  th a t can  be 
s tre tch ed  b ia x ia lly  by  70% . F o r e lec trica l m e a su re m e n ts , p re p a re d  sh ee ts  w ere  cut 
in to  ab o u t 2 0 x 3 x 0 .2 5  m m 3 s trip s. The o v e ra ll e le c tr ic a l c o n d u c tiv ity  o f  th e  s trip s  w as 
1 0 -2 0  S /m  w ith  th e  co n d u c tiv ity  o f  th e  fo res t/ PU  layer b e in g  ab o u t 5 0 -1 0 0  ร/ทา. T he 
la tte r is c lo se  to  the  v a lu e  ex p ec ted  i f  the  p ris tin e  M W N T  fo re s ts  g ro w n  on  Si w afers
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re ta in ed  th e ir  e lec tr ica l co n d u c tiv ity  u pon  in filtra tio n . T h is  c o n d u c tiv ity  is 1 -2  o rders  
o f  m ag n itu d e . T h e  c o m m e rc ia lly  av a ilab le  c a rb o n -f ille d  ru b b e rs  (S to ck w ell 
E la s to m eric s . Inc .. P h ilad e lp h ia . U S A ) ty p ica lly  h av e  th e  c o n d u c tiv ity  2 -2 0  s /m . 
ten sile  s tren g th  2 -6 M P a , an d  stra in  at b reak  1 0 0 % -2 7 5 % . T h ese  v a lu es  a re  m ark ed ly  
lo w er th an  th e  co rre sp o n d in g  v a lu es  fo r th e  p rep a red  fo re s t/P U  co m p o site s . T he 
e la s tic ity  o f  th e  p rep a red  fo re s t/P U  c o m p o site  w as  e v a lu a ted  u s in g  te n s ile  stress  vs. 
s tra in  m e a su rem en ts . T h e  in itia l Y o u n g 's  m o d u lu s  and  fin a l m ech an ica l s tren g th  o f  
th is  c o m p o s ite  c a lcu la ted  from  e n g in e e rin g  s t r e s s -  s tra in  cu rv e s  w e re  ab o u t 19 .4M P a 
and  10.1 M P a, re sp ec tiv e ly . T h ese  v a lu es  o f  Y o u n g ’ร m o d u lu s  and  stren g th  w ere  
148%  and  3 8 % , re sp e c tiv e ly  (S h in  et al. , 2010).

R a z a  et al. (2 0 1 1 ) s tu d ied  th e rm a lly  c o n d u c tin g  an d  h ig h ly  co m p lian t 
c o m p o site s  by  d isp e rs in g  g rap h ite  n an o p la te le ts  (G N P s) in to  a  s ilico n e  m a trix  by 
m ech an ica l m ix in g . X -ray  d iffrac tio n  (X R D ) in d ica te s  th a t th e  av e ra g e  th ick n ess  o f  
the  G N P s d e c re a sed  from  60 to  35 nm  d u rin g  m ech an ica l m ix in g . X R D -tex tu re  
an a ly sis  d e m o n s tra te d  th a t G N P /s ilico n e  c o m p o site s  a t 8 พ t%  G N P s h av e  a  h ig h er 
d eg ree  o f  basa l p lan e  a lig n m e n t th an  at 20  w t% . T h e  th e rm a l c o n d u c tiv ity  o f  the 
20  w t%  c o m p o s ite s  rea c h e d  1.909 W /m .K . T h e  p e rc o la tio n  th re sh o ld  fo r e lec trica l 
co n d u c tiv ity  o f  th e  c o m p o site s  w as at 15 w t% . T h e  co m p re ss iv e  m o d u lu s  o f  the  
c o m p o s ite  in c rea sed  to  tw ice  th a t o f  s ilico n e  at 20  w t% . T h e  c o rre sp o n d in g  s tren g th  
d e c re a sed  b y  a  fac to r o f  tw o  co m p ared  to  s ilico n e  an d  th is  can  be  a ttr ib u ted  to  the  
w eak  b o n d in g  a t th e  G N P -s ilic o n e  in te rface  (R a z a  et a l, 2 0 1 1 ).

K im  e t al. (2 0 1 2 ) p re p a re d  h ig h ly  s tre tc h a b le  and  c o n d u c tiv e  s ilico n e  ru b b e r 
co m p o s ite s  by  ad d in g  ge ls c o m p o sed  o f  S W C N T s an d  a n im id a z o liu m -b a se d  IL. 
T h ese  c o m p o s ite s  w ere  s tre tch ed  to th ree  tim es len g th  an d  th ey  still re ta in ed  th e ir  
h igh  c o n d u c tiv ity  (18 s /c m )  ev en  a fte r  2 0 th s tre tc h /re lea se /s tre tc h  cy c le . T h u s, th ese  
m a te ria ls  co u ld  be  u se fu l as s tre tch ab le  c o n d u c to rs  th a t re ta in e d  a  co n stan t 
co n d u c tiv ity  w h en  a h ig h  ten s ile  s tra in  up  to  2 0 0 %  w as ap p lied  (K im  et al, 2012).

L ee  et al. (2 0 1 2 ) d e v e lo p e d  s tre tch ab le , e la s to m e ric  c o m p o s ite  co n d u c to r 
m ad e  o f  m u lti-w a lle d  ca rb o n  n an o tu b es  (M W N T s) w ith  p o ly d im e th y ls ilo x a n e  
(P D M S ) b y  s im p le  m ix in g . E lec trica l p e rc o la tio n  th re sh o ld , a m o u n t o f  f ille r  at w h ich  
a sh arp  d e c rea se  o f  re s is tan ce  occu rs , has b een  d e te rm in e d  to  be  0 .6  w t%  o f  
M W N T s. T h e  p e rc o la tio n  th re sh o ld  c o m p o sitio n  has a lso  b een  c o n firm e d  from
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sw e llin g  ex p e rim e n ts  o f  th e  co m p o site ; th e  e q u ilib r iu m  sw e llin g  ra tio  s lig h tly  
in c rea se s  up  to  0 .6  w t% , th en  d ec rea ses  a t h ig h e r  a m o u n t o f  f ille r  M W N T s. U p o n  
cy c lic  s tre tc h in g /re le a se  o f  th e  co m p o site , a  fu lly  re v e rs ib le  e le c tr ic a l b eh av io r has 
b een  o b se rv e d  fo r c o m p o s ite s  h av in g  f ille r  c o n te n t b e lo w  th e  p e rc o la tio n  th resh o ld  
v a lu e . O n  th e  o th e r  han d , h y s te re tic  b eh av io r w as o b se rv e d  fo r h ig h e r  f ille r  am o u n t 
th an  th e  th re sh o ld  v a lu e , d u e  to  re a rran g e m e n t o f  p e rc o la tiv e  p a th s  u p o n  the  first 
cy c le  o f  s tre tch in g /re lease . F in a lly , m ech an ica l m o d u li o f  th e  c o m p o s ite s  hav e  been  
m easu red  an d  c o m p a re d  by  b u ck lin g  and  m ic ro te n s ile  test. T h e  b u ck lin g -b ased  
m e a su re m e n t has led  to  sy s tem a tica lly  h ig h e r  (2 0 % ) v a lu e  o f  m o d u li than  
m ic ro te n s ile  m e a su re m e n t, d u e  to  the  in te rn a l m ic ro s tru c tu re  o f  th e  co m p o site . T he 
e la s tic  c o n d u c to r  m ay  he lp  th e  im p lem en ta tio n  o f  v a r io u s  s tre tc h a b le  e lec tro n ic  
d ev ice s  (L ee  et a l, 2 012 ).

W itt e t al. (2 0 1 3 ) p re p a re d  co n d u c tiv e  s ilico n e  ru b b e r  (S R ) co m p o site , filled  
w ith  b o th  ca rb o n  n a n o tu b es  (C N T s) an d  ca rb o n  b lack  (C B ) w as p re p a re d  by  a  s im p le  
ball m illin g  m e th o d . B ecau se  o f  th e  g o o d  d isp e rs io n  an d  sy n e rg is tic  e ffe c ts  o f  C N T  
and  C B , th e  S R  c o m p o s ite  (S R  w ith  2.5 p h r C B  an d  1.0 p h r  C N T  h y b rid  fille rs) 
sh o w ed  im p ro v e m e n t in m ech an ica l p ro p e rtie s  su ch  as te n s ile  s tren g th  an d  stra in  to  
fa ilu re . A s w ell, d u e  to  th e  a sse m b ly  o f  co n d u c tiv e  p a th w a y s  g e n e ra te d  by th e  C N T  
and  C B , th e  n a n o c o m p o s ite  b ecam e  h ig h ly  c o n d u c tiv e  a t a  c o m p a ra tiv e ly  low  
c o n c e n tra tio n , w ith  h ig h  sen s itiv ity  fo r ten s ile  an d  c o m p re ss iv e  stress . L o n g -te rm  
m e a su re m e n t o f  p ro p e rtie s  sh o w s th a t the  SR  c o m p o s ite  m a in ta in s  the  ex ce llen t 
e lec trica l p ro p e rtie s  u n d e r d iffe ren t s tra in  h is to rie s . T h ese  o u ts ta n d in g  p ro p ertie s  
sh o w  th a t th e  S R  co m p o site  has p o ten tia l ap p lic a tio n s  in  te n s ile  an d  p re ssu re  sen so rs  
(W itt et al, 2013 ).

2,2 Graphene

G rap h en e  is the  m o st n o tab le  and  recen t e x a m p le s  o f  m a te ria ls  th a t are 
o rg an ic  c o n d u c to rs . It has b een  lo n g  te m p te d  to  e x te n d  th e  u se  o f  th e  fie ld  e ffec t to 
m eta ls , to  d ev e lo p  all m e ta llic  tran s is to rs  th a t co u ld  be  sca led  d o w n  to  m u c h  sm alle r 
s izes an d  w o u ld  co n su m e  less en e rg y  an d  o p e ra te  a t h ig h e r  f req u en c ies  th an  
trad itio n a l se m ic o n d u c tin g  d ev ice s  (L iao  et a l, 2 0 1 0 ). N e v e rth e le s s , th is  w o u ld
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req u ire  a to m ic a lly  th in  m eta l film s, b ecau se  th e  e lec tr ic  fie ld  is sc re e n e d  at ex trem ely  
sh o rt d is tan ces  (< 1  n m ) an d  b u lk  c a rrie r  c o n c e n tra tio n s  in  m e ta ls  are  la rg e  co m p ared  
to  th e  su rface  ch a rg e  th a t can  be in d u ced  by  th e  fie ld  e ffe c t as sh o w n  in F ig u re  2.3.

K rish n a m o o rth y  et al. (2 0 1 3 ) s tu d ied  a  fac ile  so n o c h e m ic a l ro u te  fo r the  
sy n th es is  o f  g rap h en e  n an o sh ee ts  v ia  red u c tio n  o f  g rap h en e  o x id e  (G O ) has been  
rep o rted . T h e  sy n th e s iz e d  g rap h en e  sh ee ts  a re  c h a ra c te r iz e d  u s in g  U V -v is  spec tra , 
F o u rie r  tra n s fo rm  in fra -red  (F T -IR ) sp ec tra , tra n sm iss io n  e le c tro n  m ic ro sco p e , X -ray  
p h o to e le c tro n  sp e c tra  (X P S ) and  R am an  sp ec tro sco p ic  te c h n iq u e s . T h e  U V -v is  
sp e c tro sc o p y  re su lts  sh o w ed  th a t th e  a b so rp tio n  p eak  w as red  sh if te d  d u e  to  the  
re d u c tio n  o f  G O  in to  g rap h en e . F T -IR  an d  X P S  sp ec tra  re v e a le d  th e  rem o v a l o f  
o x y g e n a te d  fu n c tio n a l g ro u p s  in  g rap h en e  a fte r  th e  re d u c tio n  p ro cess . R am an  sp ec tra  
c o n firm e d  th e  re s to ra tio n  o f  n ew  sp 2 c a rb o n  d o m a in s  in  g ra p h e n e  sh ee ts  a fte r the 
red u c tio n . T h e  so n o ch em ica l ap p ro ach  fo r th e  sy n th es is  o f  g ra p h e n e  n an o sh ee ts  is 
re la tiv e ly  fast, c o s t-e ffe c tiv e  and  e ffic ien t as c o m p a re d  to  o th e r  m eth o d s. 
(K rish n a m o o rth y  et al., 2013).

G rap h en e  can  be p ro d u ced  by  sev en  d iffe re n t m e th o d s , in c lu d in g  the  
m ic ro m e c h a n ic a l e x fo lia tio n  o f  g rap h ite  (N o v o se lo v  et a l, 2 0 0 4 ), the  ep itax ia l 
g ro w th  on  th e  e le c tr ic a lly  in su la tin g  su rfaces  (B e rg e r  et a l, 2 0 0 4 ), th e  ch em ica l 
v a p o r d e p o s itio n  m e th o d  o f  h y d ro ca rb o n s  on  th e  tra n s itio n  m e ta l su b s tra te s  (L ee  et 
al, 2 0 1 0 ), th e  e lec tr ic  arc  d isch a rg e  (L ee  et al, 2 0 1 0 ), th e  d ire c t so n ic a tio n  (M u sta fa  
et al, 2 0 0 9 ), th e  u n -z ip p in g  ca rb o n  n a n o tu b es  (K o sy n k in , 2 0 0 9 ), and  th e  so lu tio n - 
b ased  g rap h en e  o x id e  (G O ) o f  ch em ica l re d u c tio n  (M u s ta fa  et a l, 2 0 0 9 ). H o w ev er, 
the  c h em ica l re d u c tio n  m e th o d  has rece iv ed  th e  m o st a tte n tio n  as it is co n s id e red  as 
th e  b e st p o ss ib le  ro u te  fo r in d u stria l p ro d u c tio n  d u e  to  its s im p le  p ro c e d u re  and  low  
cost. T y p ica lly , g rap h en e  is p rep a red  fro m  th e  o x id a tio n  o f  g rap h ite  p o w d e r  by  a 
m o d ified  H u m m ers  m e th o d  and  a  su b seq u en t re d u c tio n  p ro cess  (P e re ra  et al, 2012).

F e rn â n d e z -M e rin o  et al. (2 0 1 0 ) s tu d ied  the  w o rk  fo c u s in g  o n  th e  ch em ica l 
red u c tio n  p ro cess  o f  G O  w h ich  w as co n s id e red  as an  e ffe c tiv e  m e th o d  to  p ro d u ce  
g rap h en e  on  a  la rg e -sca le  at low  cost. H y d raz in e  h y d ra te  w as  w id e ly  co n s id e red  to 
be th e  m o st e ff ic ie n t re d u c tio n  ag en t to  d a te . T h ey  a lso  le ft o x y g e n  a to m s rem a in in g  
on  th e  g rap h en e  an d  co u ld  in tro d u ce  ad d itio n a l fu n c tio n a l g ro u p s  d u rin g  the
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chem ical reduction. R ecently, different reducing agents had been reported  to 
substitu te hydrazine hydrate (F em ândez-M erino  et ai, 2010).

N ovoselov et al. (2004) reported the chem ical reduction o f  G O  using 
v itam in c  as an ideal substitute for hydrazine. H ow ever, expensive vitam in c  and 
long experim ental tim e lim ited a practical application  (N ovoselov et ai, 2004).

A ntonio  C astro N eto (2006) w as able to prepared graphitic sheets o f  
th icknesses dow n to a few atom ic layers (including single-layer graphene) in order to 
fabricate devices and to  study their electronic properties. D espite being atom ically  
thin, the film s rem ained o f  high quality , and the 2D  electronic transport w as ballistic 
at sub-m icrom eter distances. N o o ther film  o f  sim ilar th ickness w as know n to be 
even poorly m etallic or continuous under am bient conditions. U sing few -layer 
graphite (FL G ), they dem onstrated w ith a m etallic field-effect transisto r in w hich the 
conducting  channel could be sw itched betw een 2D  electron and hole gases by 
changing  the gate voltage.

Figure 2.2 G raphene (top left) is a honeycom b lattice o f  carbon atom s. G raphite 
(top right) can be view ed as a stack o f  graphene layers. C arbon nanotubes are rolled- 
up cylinders o f  g raphene (bottom  left). Fullerenes (C 60) are m olecules consisting  o f  
a w rapped graphene through the introduction o f  pentagons on the hexagonal lattice 
(A ntonio  C astro N eto, 2006).



W an g  e t a l.(2 0 0 7 ) s tu d ied  g rap h en e , as a  n a n o fille r , to  be  p re fe rred  o v er 
o th e r c o n v e n tio n a l n an o fille rs  (N a-M M T , L D H , C N T , C N F , E G , e tc .)  o w in g  to  h ig h  
su rface  a rea , a sp e c t ra tio , ten sile  s tren g th , th e rm a l c o n d u c tiv ity  an d  e lec trica l 
c o n d u c tiv ity , E M I sh ie ld in g  ab ility , f lex ib ility , tra n sp a re n c y , an d  lo w  C T E  (W an g  et 
๔ ., 2007).

Table 2.2 C o m p a ra tiv e  ch a rt on  th e  m ech an ica l, th e rm a l an d  e lec tr ica l p ro p e rtie s  o f  
g rap h en e  w ith  C N T , s tee l, p la s tic , ru b b er, and  fiber

M a te ria ls T en sile  s tren g th
T h e rm a l c o n d u c tiv ity  

(W /m k ) a t ro o m  
te m p e ra tu re

E lec trica l
co n d u c tiv ity

(S /m )
G rap h en e 130± 10 G P a ( 4 .8 4 ± 0 .4 4 )x l0 J - 7200

( 5 .3 0 ± 0 .4 8 )x l0 3
C N T 6 0 -1 5 0  G P a 3 500 3 0 0 0 ^ 1 0 0 0
N an o  s ized  steel 1769 M P a 5 -6 1.35 X1 o 6
P la s tic  (H D P E ) 1 8 -2 0  M P a 0 .4 6 -0 .5 2 In su la to r
R u b b e r (n a tu ra l 2 0 -3 0  M P a 0 .1 3 -0 .1 4 2 In su la to r
ru b b er)
F ib e r (K ev la r) 3 620  M P a 0 .04 In su la to r

S tan k o v ich  e t a l.(2 0 0 6 ) rep o rted  as in  T ab le  2.1 a  c o m p a ra tiv e  ch a rt on  th e  
m ech an ica l, th e rm a l and  e lec trica l p ro p e rtie s  o f  g rap h en e  w ith  C N T , s tee l, p lastic , 
ru b b e r an d  fiber. T h e  ten sile  s tren g th  o f  g rap h en e  is s im ila r  o r  s lig h tly  h ig h e r th an  
C N T , b u t m u c h  h ig h e r th an  stee l, K ev lar, H D P E , an d  n a tu ra l ru b b er. T h e  th erm al 
c o n d u c tiv ity  o f  g rap h en e  is h ig h e r th an  all th ese  m a te ria ls . T h e  e lec trica l 
co n d u c tiv ity  o f  g rap h en e  is a lso  h ig h e r th an  th ese  m a te ria ls  e x c e p t fo r steel.

M c A llis te r  e t al. (2 0 0 7 ), S tan k o v ich  et al. (2 0 0 6 ), an d  B ece rril e t al. (2 0 0 8 ) 
rep o rted  th e  su p e rio r  p ro p e rtie s  o f  g rap h en e  c o m p a re d  to  p o ly m e rs  an d  th ro u g h  
p o ly m e r/g ra p h e n e  n an o co m p o site s . P o ly m e r/g ra p h e n e  n a n o c o m p o s ite s  sho w ed  
su p e rio r  m ech a n ic a l, th e rm a l, gas b a rrie r, e lec tr ica l an d  flam e  re ta rd a n t p ro p erties  
w h en  co m p ared  to  th e  n ea t p o ly m e r (S tan k o v ich , 2 0 0 6 ). It w as  a lso  rep o rted  th a t the
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im p ro v e m e n t in  m ech an ica l an d  e lec trica l p ro p e rtie s  o f  g ra p h e n e  b a sed  p o ly m er 
n a n o c o m p o s ite s  w ere  m u c h  b e tte r  in  co m p a riso n  to  th a t o f  c lay  o r o th e r  c a rb o n  fille r- 
b ased  p o ly m e r n an o co m p o site s . A lth o u g h  C N T  sh o w ed  c o m p a ra b le  m ech an ica l 
p ro p e rtie s  c o m p a re d  to  g rap h en e , g rap h en e  w as b e tte r  n a n o fille r  th a n  C N T  in ce rta in  
asp ec ts , su ch  as th e rm a l and  e lec trica l co n d u c tiv ity . H o w e v e r , th e  im p ro v e m e n t in 
the  p h y s ic o -c h e m ic a l p ro p e rtie s  o f  th e  n a n o c o m p o s ite s  d e p e n d s  on  th e  d is tr ib u tio n  o f  
g rap h en e  lay e rs  in  th e  p o ly m e r m a trix  as w ell as in te rfac ia l b o n d in g  b e tw een  the  
g rap h en e  lay e rs  an d  p o ly m e r m a trix . In te rfac ia l b o n d in g  b e tw e e n  g rap h en e  and  the 
h o s t p o ly m e r d ic ta te s  th e  final p ro p e rtie s  o f  the  g rap h en e  en fo rc in g  p o ly m er 
n an o co m p o site . P ris tin e  g rap h en e  w as n o t c o m p a tib le  w ith  o rg a n ic  p o ly m e rs  and  d id  
n o t fo rm  h o m o g e n e o u s  co m p o site s . In co n tra s t, g rap h en e  o x id e  sh ee ts  w ere  h eav ily  
o x y g e n a te d  g rap h en e  (b ea rin g  h y d ro x y l, ep o x id e , d io ls , k e to n es  an d  ca rb o x y ls  
fu n c tio n a l g ro u p s) th a t co u ld  a lte r the  v an  d e r W aa ls  in te ra c tio n s  s ig n ific a n tly  an d  be 
m o re  c o m p a tib le  w ith  o rg an ic  p o ly m ers  (M c A llis te r  et a l, 2 0 0 7 , B ecerril et al.,
2 0 0 8 ). T h e re  w e re  a lso  so m e  ad d itio n a l c a rb o n y l an d  ca rb o x y l g ro u p s  lo ca ted  at the  
ed g e  o f  th e  sh ee ts , w h ic h  m ad e  g rap h en e  o x id e  sh ee ts  s tro n g ly  h y d ro p h ilic , a llo w in g  
th em  to read ily  sw o lle n  an d  d isp e rsed  in  w a te r  (S zab o  et al, 2 0 0 5 , N e th ra v a th i et al,
2 0 0 8 ). F o r th is  re aso n , G O  has a ttrac ted  c o n s id e ra b le  a tte n tio n  as a  n a n o fille r  fo r 
p o ly m e r n an o c o m p o s ite s . H o w ev er, G O  sh ee ts  co u ld  o n ly  be  d isp e rse d  in  aq u eo u s 
m ed ia , w h ich  w e re  in c o m p a tib le  w ith  m o st o rg an ic  p o ly m e rs . In ad d itio n , u n lik e  
g rap h en e , g rap h en e  o x id e  w as e le c tr ic a lly  in su la tin g , w h ic h  m ak es  it u n su itab le  fo r 
th e  sy n th es is  o f  c o n d u c tin g  n an o co m p o site s . T h e  su rfa c e  m o d if ic a tio n  o f  g rap h en e  
w as an  e ssen tia l step  fo r o b ta in in g  a  m o le c u la r  leve l d isp e rs io n  o f  in d iv id u a l 
g rap h en e  in  a  p o ly m e r m a trix . T h e  e lec tr ica l c o n d u c tiv ity  o f  th e  re su ltin g  
n a n o c o m p o s ite s  c an  be  in c re a se d  by  th e  ch em ica l re d u c tio n  o f  G O , p re su m a b ly  by  
re s to rin g  th e  g rap h itic  n e tw o rk  o f  sp 2 b o n d s (S tan k o v ich , 2 0 0 6 ).

P an g  e t al. (2010) s tu d ied  a g rap h en e  n a n o sh e e t/u ltra -h ig h  m o le c u la r  w e ig h t 
p o ly e th y le n e  c o m p o s ite  w ith  a  seg reg a ted  s tru c tu re  w h ic h  h a d  b een  fab rica ted  u sing  
w a te r/e th an o l so lv e n t-a ss is te d  d isp e rs io n  and  h o t c o m p re ss io n  at 200 °c. A  
p e rc o la tio n  th re sh o ld  as lo w  as 0.070 v o l.%  h ad  b e e n  a c h ie v e d  b ecau se  o f  the  
fo rm a tio n  o f  a  tw o  d im en s io n a l co n d u c tiv e  n e tw o rk  (P an g  et a l, 2010).
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Z h o u  e t al. (2 0 1 1 ) u sed  so d iu m  h y d ro su lfite  in  re d u c in g  g rap h ite  o x ide . T he 
p re p a ra tio n  o f  p o ly  (v in y l a lco h o l)  (P V A )/g ra p h e n e  n a n o c o m p o s ite s  w as  rea lized  
u sin g  tw o  s im p le  steps: th e  sy n th esis  o f  P V A /g ra p h ite  o x id e  (G O ) n a n o co m p o site s  
film  an d  th e  im m e rs io n  o f  su ch  a  film  in the  red u c in g  ag en t aq u eo u s  so lu tio n . T his 
m e th o d  p ro h ib ite d  th e  ag g lo m e ra tio n  o f  G O  d u rin g  th e  d ire c t re d u c tio n  in P V A /G O  
aq u eo u s  so lu tio n  an d  o p en ed  a n ew  w ay  to  sca le  up  th e  p ro d u c tio n  o f  g rap h en e  
n a n o c o m p o s ite s  u s in g  a  s im p le  red u c in g  agen t. A  4 0 %  in c rea se  in  te n s ile  s tren g th  
an d  7 0 %  im p ro v e m e n t in  e lo n g a tio n  at b reak  w ere  o b ta in e d  w ith  o n ly  th e  ad d itio n  o f  
0 .7  w t%  o f  re d u c e d  g rap h ite  o x ide . F u rth e rm o re , th e  h ig h e s t c o n d u c tiv ity  ach iev ed  
w as 8 .9 X 10 ' 3 s /m  fo r th e  c o m p o site s  co n ta in in g  3 w t%  re d u c e d  g rap h en e  o x id e  
(rG O ), an d  th e  c o n d u c tiv ity  ach iev ed  w as co m p a ra b le  to  th o se  ach iev ed  w ith  
h y d raz in e . In a d d itio n , rG O  co u ld  la rg e ly  in c rease  th e  c o n ta c t an g le  o f  P V A  m atrix  
by a ro u n d  10 d eg ree  d u e  to  its h y d ro p h o b ic  n a tu re  (Z h o u  et a i, 2 0 1 1 ).

K u jaw sk i et al. (2 0 1 0 ) fab rica ted  co m p lia n t e le c tro d e  m a te ria l as re a liz ed  by 
b le n d in g  an  in su la tin g  p o ly d im e th y ls ilo x a n e  (P D M S ) e la s to m e r  w ith  co n d u c tiv e  
e x fo lia te d  g rap h ite  fille r, as p ro d u ced  by  a  m ic ro w a v e  irrad ia tio n . T h e  co n d u c tiv ity  
an d  s tiffn e ss  o f  th e  e lec tro d es  w ere  d e te rm in ed  as fu n c tio n s  o f  fille r  co n cen tra tio n . 
T h ese  m a te ria ls  e x h ib ite d  a lo w  p e rco la tio n  th re sh o ld : ab o v e  3 w t%  lo ad in g  th ey  
b ecam e  co n d u c tiv e , w ith  co n d u c tiv ity  re ach in g  as h ig h  as 0 .4  s/cm. T h ey  rem ain ed  
e la s to m eric  u p o n  lo ad in g  up  to 25 w t% , h av in g  a  Y o u n g ’s m o d u lu s  o f  o n ly  1.4 M P a. 
T h is  m o d u lu s  w as th e  lo w est re p o rte d  fo r lo a d e d  e la s to m e rs  a b o v e  th e  p e rco la tio n  
th re sh o ld . It w as a lso  c ap ab le  o f  u n d e rg o in g  la rge  d e fo rm a tio n s  (u ltim a te  s tra in s  as 
la rge  as 2 5 0 %  a fte r  ex te n d e d  cy c lin g ), and  it w as d u ra b le  (5 w t%  sam p le s  w ere  
cap ab le  o f  106 cy c le s  to  3 0 %  stra in  w ith o u t fa ilu re ). T h e  p e rfo rm a n c e  o f  th ese  
e lec tro d es  w as c o m p a ra b le  to th a t o f  P D M S  lo ad ed  w ith  c a rb o n  n an o tu b e s , bu t the  
ex fo lia te d  g rap h ite  m a te ria l can  be p ro d u ced  a t a fra c tio n  o f  th e  c o s t (K u jaw sk i et al. , 
2 0 1 0 ).

K a la itz id o u  e t al. (2 0 0 7 ) s tu d ied  n a n o c o m p o s ite s  m ad e  o f  p o ly p ro p y len e  
re in fo rced  w ith  ex fo lia te d  g rap h ite  n an o p la te le ts  (x G n P ) as fab rica ted  by  m elt 
m ix in g , in  a  p o ly m e r so lu tio n  and  co a tin g . C o a tin g  w as a  n e w  co m p o u n d in g  m eth o d  
p ro p o se d  in  th is  w o rk , w h e re  x G n P  an d  p p  p o w d ers  w ere  p re m ix e d  in  iso p ro p y l 
a lco h o l u s in g  so n ic a tio n  to  d isp e rse  the  x G n P  by  co a tin g  in d iv id u a l p p  p o w d er
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p a rtic le s . It w as  fo u n d  th a t th e  co a tin g  m e th o d  w as m o re  e ffe c tiv e  th a n  th e  p o ly m er 
so lu tio n  m e th o d  w id e ly  u sed , in  te rm s  o f  lo w erin g  th e  p e rc o la tio n  th re sh o ld  o f  
th e rm o p la s tic  n a n o c o m p o s ite s  an d  e n h an c in g  the  p ro b a b ility  th a t th e  la rge  p la te le t 
m o rp h o lo g y  o f  x G n P  co u ld  be p re se rv ed  in  th e  f in a l co m p o site . T h e  co n d u c tiv ity  o f  
x G n P /P P  n a n o c o m p o s ite s  m ad e  by  th e  p re m ix in g  c o m p o u n d in g  m e th o d  w as as h igh  
as 1 er4 s /c m  at a  lo ad in g  o f  3 vo l. % , in d ica tin g  th a t th e  p e rc o la tio n  th re sh o ld  w h ich  
co u ld  be  ach ie v e d  by  th is m e th o d  w as m u ch  lo w er th a n  th e  o th e rs . F o r b o th  x G n P  
lo ad in g s  u sed , 3 an d  5 vo l. % , th e  p ro p o sed  co a tin g  m e th o d  re su lte d  in  co n d u c tiv ity  
h ig h e r th an  th e  c o n d u c tiv ity  o f  th e  p o ly m e r so lu tio n  p ro c e sse d  sam p le  w ith  a  lo w er 
p e rc o la tio n  th re sh o ld  0.1  vo l. % , fo r the  sam p le s  m ad e  b y  co a tin g  an d  co m p ress io n  
m o ld in g . C o m p o s ite s  w ith  s im ila r  co m p o sitio n s  m ad e  b y  m e lt m ix in g  an d  in jec tio n  
m o ld in g  h ad  a  p e rc o la tio n  th re sh o ld  o f  7 vo l. % . A d d itio n a lly , ad v a n ta g e s  o f  th is  
m e th o d  are  th a t th e  ex p e rim en ta l se t up  w as v e ry  s im p le , no  so lv en ts  w ere  used , 
th e re  w as no  n e e d  fo r h ig h  te m p e ra tu re s , an d  th e  n o n -so lv e n t can  b e  ea s ily  recy c led  
m a k in g  th e  m e th o d  to  be p rac tica l, safe , co s t an d  tim e  e ffe c tiv e , an d  e n v iro n m e n ta lly  
fr ien d ly  (K a la itz id o u  et al, 2007 ).

H e rn a n d e z  e t al. (2 0 1 2 ) s tu d ied  n a tu ra l ru b b e r  (N R ) an d  fu n c tio n a liz ed  
g rap h en e  sh ee ts  (F G S s) n a n o co m p o site s  as p re p a re d  b y  a  c o n v e n tio n a l tw o -ro ll m ill 
m ix in g . T h e  m o rp h o lo g y  an d  stru c tu re  o f  th e  F G S  w ere  c h a ra c te r iz e d  co n firm in g  the  
su ccessfu l e x fo lia tio n  o f  the  F G S . T h e  s tro n g  ru b b e r- to -f ille r  in te ra c tio n s  acce le ra ted  
th e  c ro ss - lin k in g  reac tio n , in c reased  th e  e lec tr ica l c o n d u c tiv ity  a t h ig h e r  n an o fille r 
c o n c e n tra tio n s , su g g e s tin g  a p e rc o la tio n  th re sh o ld  b e tw e e n  0 .1 -0 .5  p h r cau s in g  an 
im p o rta n t e n h a n c e m e n t on  th e  m ech an ica l b e h a v io r  o f  th e  N R  n an o c o m p o s ite s . T he 
n a n o fille r  d id  n o t a ffe c t th e  m o le c u la r  d y n a m ic s  o f  N R , w h ile  th e  p resen ce  o f  
v u lc a n iz in g  ad d itiv e s  s lo w  d o w n ed  th e  seg m en ta l m o tio n s  an d  d e c re a se d  s lig h tly  th e  
tim e sc a le  o f  th e  g lo b a l ch a in  d y n am ics  in  N R /F G S  n a n o c o m p o s ite s  (H e rn a n d e z  et 
al., 2 0 1 2 ).
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Table 2.3 P h y sic a l p ro p e rtie s  o f  d iffe ren t c a rb o n  m a te ria ls  (M a  et al., 2 0 1 0 )

Properties Graphite D iam ond Fullerene SW C N T M W CN T
S p ecific  gravity (g /c n f ) 1 .9 -2 .3 3.5 1.7 0.8 1.8
Electrical conductiv ity  (S /cm ) 4000 10'2- 1 0 ' 15 10‘5 102- 1 0 6 o r o

E lectron m obility  (cm 2/(V  ร)) 2 . 0 -  104 1800 0 .5 -6 105 1 0 - 1 0 5
Thermal cond uctiv ity 298 9 0 0 -2 3 2 0 0.4 6000 2000
( พ / (m K))
C oeffic ien t o f  thermal 2.9  X  10‘5 3 X10‘6 6.2 xlO"5 Negligible Negligible
expansion ( K 1)
Thermal stability  in air ( C) 4 5 0 -6 5 0 < 600 - 6 0 0 > 6 00 > 600

2.3 Natural Rubber

N a tu ra l ru b b e r  (N R ) is a  local tree  in  B raz il an d  G u ian as . F irs t d isco v e red  
by  th e  an c ie n t O lm ec , M ay a  an d  A ztec , th e  la tex  sap  fro m  th e  ru b b e r  tre e  w as once  
u sed  to  m ak e  ru b b e r  b a lls , to  w a te rp ro o f  c lo th e s , an d  ev en  to  fo rm  h o m em ad e  
sh o e s (M a n m o u n , 2 0 1 3 ). T o d ay , th e  la tex  sap  fro m  th e  ru b b e r  tre e  is still u sed  in the 
m o d e m  p ro c e ss in g  o f  ru b b e r an d  is o ften  a  su b s tan tia l so u rce  o f  in co m e  for 
in d ig en o u s  p o p u la tio n s . A t p resen t, m o st o f  th e  w o rld 's  ru b b e r  c o m es  from  
ag ricu ltu ra l e s ta te  in In d o n esia , T h a ilan d  an d  M alay sia . R u b b e r  tre e  c o m m o n  n am es 
are  c a o u tc h o u c  tree , h ev ea , p a ra  ru b b e r tree , ru b b er, ru b b e r  w o o d , an d  y an g  para . 
S c ien tif ic  n am e  is Heveabrasiliensis (A . Ju ss)  M uell. A rg  an d  m o le c u la r  ch em ica l 
s tru c tu re  o f  n a tu ra l ru b b e r  is c is - l ,4 -p o ly iso p re n e  as sh o w n  in  F ig u re  2 .3 . (P iya- 
a ree th am  et al. , 2013 ).

F re sh  la tex  fro m  th e  ru b b e r tree  co n ta in s  2 8 -3 5  w t%  d ry  ru b b e r  co n ten t 
(K h a m p u t et al, 2 0 1 1 ). A fte r c o lle c tio n , th e  fre sh  la tex  is s ta b iliz e d  w ith  N H 3 and  
tra n sp o rte d  fro m  th e  p la n ta tio n  to  an  in d u s try  w h e re  it u n d e rg o e s  co n tin u o u s 
c e n tr ifu g a tio n  to  p ro d u ce  co n c e n tra ted  N R  la tex , c o n ta in in g  - 6 0  w t%  d ry  ru b b er 
co n ten t. F o r lo n g -te rm  p re se rv a tio n  and  tra n sp o rt th e  la tex  to  th e  fac to rie s , th e  la tex  
is co n c e n tra ted  fo r sav in g  the  tran sp o rta tio n  co st, th e  N Fft c o n te n t is u su a lly  ra ised  to 
0 .6 - 0 .7 w t% ; th is  is re fe rred  to  as h ig h -a m m o n ia  p re se rv e d  c o n c e n tra ted  latex .
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M e d iu m -a m m o n ia  p re se rv ed  co n c e n tra ted  la tex  co n ta in s  0 .4 -0 .5  w t%  N H 3. L ow - 
a m m o n ia  p re se rv e d  co n c e n tra ted  la tex  co n ta in s  o n ly  0 .2 -0 .3  w t%  N H 3. 
T e tra m e th y lth iu ra m  d isu lf id e  (T M T D ) is u sed  as a  b a c te r ic id e  (K h a m p u t et al,
2 0 1 1 ).

Table 2.4 T h e  c o m p o s itio n  an d  fu n c tio n s  o f  c o m p o n e n ts  in  N R  la tex  (R o jru th a i, 
2012)

C o m p o n e n t
C o n cen tra tio n

(w t% )
F u n c tio n  o f  c o m p o n e n t

R u b b e r h y d ro c a rb o n 35 M ain  c o m p o n e n t o f  N R
P ro te in s 1.4 E n fo ld  ru b b e r  p a rtic le
L ip id s 1.6 S erv e  as co v e rin g  on  th e  su rface  o f  the  

ru b b e r p a rtic le  an d  fix  p ro te in s  c o v e r  on  
ru b b e r  p artic le .

C a rb o h y d ra te 1.6 W h en  it w as d ig e s te d  by  b ac te ria , it w ill 
g en e ra te  sm all ac id  to  re d u c e  s tab ility  o f

In o rg an ic 0.5 latex .
co n s titu e n ts 0.4 P ro o x id an ts
O th e r 58.5 /7 -caro tene c au se s  y e llo w  c o lo r  and
W ate r th e  rest p o ly p h en o l o x id a se  o x id a tio n  an d  sto rage  

h a rd e n in g m e d iu m  o f  la tex
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3
ท

Figure 2.3 M o le c u la r  ch em ica l s tru c tu re  o f  n a tu ra l ru b b e r, c is - l ,4 -p o ly iso p re n e  
(D e ite rs  et a l, 2006 ).

Y ig it e t al. (1 9 9 6 ) s tu d ied  an  e le c tro c h em ic a l sy n th es is  o f  co n d u c tin g  
p o ly m e r p o ly th io p h e n e . S y n th e tic  and  n a tu ra l ru b b e rs  w e re  u sed  as th e  in su la tin g  
p o ly m e r m a trices . F o u rie r  tran sfo rm  in fra red  sp e c tro m e te r  (F T -IR ), d iffe ren tia l 
scan n in g  c a lo r im e te r  (D S C ), scan n in g  e le c tro n  m ic ro sc o p y  (S E M ) an d  m ass 
sp e c tro m e try  (M S ) w ere  u tiliz ed  to  ch a ra c te riz e  th e  c o m p o s ite  b lends. T he  
co n d u c tiv ity  m e a su re m e n ts  w ere  d o n e  b y  u s in g  a  s tan d a rd  fo u r-p ro b e  te ch n iq u e . T he 
ab o v e -m e n tio n e d  m e th o d s  sh o w ed  th a t th e  re su lta n t c o m p o s ite s  had  d iffe ren t 
p ro p e rtie s  re la tiv e  to  th o se  o f  p o ly th io p h e n e  d u e  to  th e  in te ra c tio n  o f  th e  ru b b ers  w ith  
the  e le c tro c h em ic a l p o ly m e riz a tio n  o f  th io p h e n e , w h e rea s  th e  sam e  a rg u m e n t w as 
no t v a lid  fo r th e  p o ly p y rro le  sy n th esis  v ia  th e  sam e  p ro c e d u re  (Y ig it et al. , 1996).

T a b le  2 .5  C o n d u c tiv itie s  o f  N R -P T h  film s (Y ig it et al, 1996)

%  P T h C o n d u c tiv ity  (S /cm )
80 3 .Ox 1 O' 1
85 3 .5 x 1 0 ''
90 3 .2 x  10 ' 1
95 3 .7 x 1 0 ''
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T h e  m e a su re d  co n d u c tiv itie s  o f  N R -P T h  film s a c c o rd in g  to  the  w e ig h t 
p e rcen t o f  th e  P T h  in  c o m p o site  b len d s  are  g iv en  in  T ab le  2 .4 . T h e  h ig h  p e rcen tag es  
o f  P T h  in  th e  c o m p o s ite s  w e re  d u e  to  lo sses  in  ru b b e r  co n te n t d u rin g  th e  th io p h en e  
p o ly m e riz a tio n . T h is  m e th o d  d id  n o t a llo w  US to  o b ta in  h ig h  ru b b e r co n ten t 
c o m p o s ite  film s (Y ig it et ai, 1996).

H e rn a n d e z  e t al. (2 0 1 2 ) s tu d ied  a  n a tu ra l ru b b e r  (N R ) an d  fu n c tio n a liz ed  
g rap h en e  sh ee ts  (F G S s) n an o c o m p o site s  w h ich  w ere  p re p a re d  by  a  co n v en tio n a l 
tw o -ro ll m ill m ix in g . T he m o rp h o lo g y  an d  s tru c tu re  o f  th e  F G S  w ere  ch a rac te riz ed  
c o n firm in g  th e  su ccessfu l e x fo lia tio n  o f  th e  F G S . T h e  s tro n g  ru b b e r-to -fille r  
in te rac tio n s  a c c e le ra te d  th e  c ro ss -lin k in g  re a c tio n , in c re a se d  th e  e lec trica l 
co n d u c tiv ity  at th e  h ig h e r n an o fille r  c o n c e n tra tio n s , su g g e s tin g  a p e rco la tio n  
th re sh o ld  b e tw e e n  0 .1 -  0 .5  phr, and  cau sed  an  im p o rta n t e n h a n c e m e n t on  th e  
m ech an ica l b e h a v io r  o f  th e  N R  n an o co m p o site s . T h e  n a n o fille r  d id  n o t a ffec t the 
m o le c u la r  d y n a m ic s  o f  N R , w h ile  th e  p re sen ce  o f  v u lc a n iz in g  a d d itiv e s  s lo w  d o w n ed  
th e  seg m en ta l m o tio n s  an d  d ec rea sed  s lig h tly  th e  tim e sc a le  o f  th e  g lo b a l chain  
d y n am ics  in  N R /F G S  n an o c o m p o site s  (H e rn a n d e z  et al., 2012 ).

M ato s  e t a l.(2 0 1 2 ) d e sc rib ed  th e  sy n th esis , c h a ra c te r iz a tio n , and  s tu d ied  
p ro p e rtie s  o f  no v e l m u ltifu n c tio n a l co m p o site  m a te ria ls  o b ta in e d  by  n a tu ra l ru b b e r 
la tex  an d  a  sp ec ia l k in d  o f  m u lti-w a lled  ca rb o n  n a n o tu b e s  (C N T s), in  w h ich  the 
cav itie s  w e re  filled  by  m ag n e tic  spec ies . T o  p rep a re  s tab le  aq u eo u s  d isp e rs io n s  o f  
C N T s, tw o  ap p ro a c h e s  h ad  b een  em p lo y ed , b ased  on  a  m ix tu re  o f  th e  su rfac tan t 
so d iu m  d o d ecy l su lfa te  o r  a  p rev io u s  tre a tm e n t w ith  a  m ix tu re  o f  ac id  so lu tio n s. 
S ev era l sam p le s  h ad  b een  p rep a red  co n ta in in g  d iffe re n t a m o u n ts  o f  C N T s fro m  0.01 
to  10 w t% . T h e  o cc u rre n ce  o f  n e tw o rk s  o f  C N T s in th e  p o ly m e ric  m a tric e s  p ro v id ed  
s ig n ific a n t e ffec ts  o f  th e  C N T s on  th e  e lec trica l, m e c h a n ic a l, c h e m ic a l an d  th erm al 
p ro p e rtie s  an d  th e  so lv e n t so rp tio n . A d d itio n a lly , b ecau se  o f  th e  sp ec ie s  en cap su la ted  
in C N T s, th e  co m p o s ite s  ex h ib ite d  m ag n e tic  b eh av io r, as c o n firm e d  b y  th e  m ag n e tic  
fo rce  m ic ro sco p y . T h is  ap p ro ach  re su lted  in a  no v e l m u ltifu n c tio n a l m a te ria l w ith  a 
g rea t p o ten tia l fo r fu rth e r ap p lica tio n s  (M a to s  et a l, 2 012 ).

K u esen g  et al. (2 0 1 3 ) s tu d ied  C N T s/N R  m a s te r  b a tch es  p re p a re d  by  p re 
d isp e rs in g  an d  co n v e n tio n a l m e th o d s w ere  m ix ed  w ith  N B R  fo r p rep a rin g  C N T s- 
filled  5 0 /5 0  N R /N B R  b len d s. T h e  am o u n t o f  C N T s in  th e  b len d s  w as v a rie d  from  0
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to  6  ph r. A t a  g iv e n  C N T s lo ad in g , th e  h a rd n ess , m o d u lu s , te n s ile  s tren g th  and  tea r 
s tren g th  o f  th e  b len d s  co n ta in in g  the  m as te rb a tc h e s  p re p a re d  by  th e  p re -d isp e rs in g  
m e th o d  w ere  s ig n ific an tly  h ig h e r th an  th o se  p rep a red  by  th e  co n v e n tio n a l m ethod . 
T h is  w as s im p ly  d u e  to  th e  b e tte r  C N T s d isp e rs io n  in  th e  b len d s . A d d itio n a lly , 
d y n am ic  m e c h a n ic a l re su lts  sh o w ed  th a t th e  m a x im u m  tan  d e lta  o f  th e  v u lcan iza tio n  
c o n ta in in g  th e  m a s te rb a tc h e s  p rep a red  b y  th e  p re -d isp e rs in g  m e th o d  w as lo w er th an  
th a t o f  th e  c o rre sp o n d in g  c o n v en tio n a l sam p les. T h is  b e h a v io r  in d ic a te d  th e  s tro n g er 
re in fo rc in g  e ff ic ie n cy  w h en  th e  m a s te rb a tc h  p rep a red  b y  th e  p re -d isp e rs in g  m e th o d  
w as u tilized . In  ad d itio n , th e rm a l c o n d u c tiv ity  o f  th e  b le n d  h a v in g  4 p h r o f  C N T s 
w as 1.7 tim e s  h ig h e r th an  th a t o f  th e  co rre sp o n d in g  sam p le  p rep a red  by  the 
co n v e n tio n a l m e th o d  (K u esen g  et al. , 2013 ).

2 .4  V u lc a n iz a t io n  o f  R u b b e r

T h e  v u lc a n iz a tio n  is a p ro cess  th a t tra n s fo rm s  th e  th e rm o p la s tic  o r raw  
ru b b e r  in to  an  e las tic  o r  h ard  eb o n ite -lik e  sta te . T h is  p ro cess  is a lso  k n o w n  as 
“ c ro s s lin k in g ”  o r “ c u r in g ”  an d  in v o lv es  th e  a s so c ia tio n  o f  m a c ro m o le c u le s  th ro u g h  
th e ir  re a c tiv e  sites.

H aq u e  e t al. (1 9 9 6 ) s tu d ied  th e  c ro ss lin k in g  o r th e  re a c tio n  o f  a  ru b b e r to  
fo rm  a  th re e -d im e n s io n a l n e tw o rk . C u re  o f  th e  ru b b e r  re su lte d  in  th e  v u lcan iza tio n  
m a k in g  it m o re  e la s tic . W h en  th e  N R  w as irra d ia te d  b y  h ig h  e n e rg y  rad ia tio n , 
h y d ro g e n  a to m s o f  th e  tru n k  ch a in , m a in ly  o f  th e  m e th y le n e  g ro u p  p ro p o rtio n a l to 
d o u b le  b o n d s , w ere  e jec ted  an d  rad ica l s ites  w ere  fo rm ed , an d  th e se  rad ica l sites 
w ere  c o m b in e d  in to  C -C  c ro ss lin k . T h e  a d d itio n  o f  N R  ra d ic a ls  is to  u n sa tu ra ted  
C 5C  b o n d  p ro v id e d  fo rm a tio n  o f  c ro ss lin k s . H o w ev e r, th e  ra d ia tio n  c ro ss lin k in g  
e ff ic ie n cy  o f  N R  w as n o t h igh . T h is  w as b e lie v e d  to  be d u e  to  th e  lo o se  p ack in g  o f  
N R  m o le c u le s  w ith  th e  c is -s tru c tu re  and  th e  p re se n c e  o f  m e th y l g ro u p  (H aq u e  et al. , 
1996).

A tie h  e t al. (2 0 1 0 ) s tu d ied  an  u ltra v io le t (U V ) ra d ia tio n  cu rin g , a  w id e ly  
e s ta b lish e d  a rea  o f  in d u s tr ia l im p o rtan ce  and  acad em ic  in te res t. T h is  w as d u e  to  the  
c o m b in e d  a ttr ib u te s  o f  rap id , e n e rg y  e ff ic ie n t c u rin g  at a m b ie n t te m p e ra tu re  on  
ex p o su re  to  ra d ia tio n  an d  th e  p o ss ib ility  o f  a c h ie v in g  fo rm u la tio n  free  o f  v o la tile
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o rg an ic  co m p o n e n ts . B ecau se  o f  its d is tin c t ad v an tag es , th e  p h o to -c u rin g  tech n o lo g y  
h ad  fo u n d  a  g ro w in g  n u m b e r o f  a p p lica tio n s , m a in ly  in  c o a tin g  in d u s try , g rap h ic  arts , 
m ic ro e le c tro n ic s , w o o d  fin ish es , p h o to  re s is ts , e le c tro n ic s /e le c tr ic a l, d eco ra tiv e  
ap p lic a tio n s , c o n v e r tin g /p a c k a g in g , d en ta l re s to ra tio n s , f lo o rin g , an d  ad h esiv es  
(A tieh  et al, 2010 ).

W an g  e t al. (1 9 9 5 ) rep o rted  th a t u v  c u rin g  w as s im ila r  to  p o ly m eriza tio n  
reac tio n s  w h ich  in v o lv ed  free  rad ica l, c a tio n ic  o r  an io n ic  m e c h a n ism s  d ep en d in g  on  
th e  fu n c tio n a l g ro u p  o r u n sa tu ra ted  b o n d  o f  th e  p re p o ly m e r an d  w ith  in itia to rs  or 
ca ta ly s t. A  m e th o d o lo g y  had  been  e s tab lish ed  for sy s te m a tic a lly  e v a lu a tin g  p o ly m er 
film s p ro d u c e d  by  u v  cu ring . C ast film s o f  1,3 -b is [(p -a c ry lo x y m e th y l)p h e n e th y l]  
te tra m e th y ld is ilo x a n e  (I) an d  n o rb o re n y lp o ly d im e th y ls ilo x a n e  (II) w e re  cu red  by u v  
irrad ia tio n . T h e  film s w ere  ev a lu a te d  fro m  re a l- tim e  F T IR  s tu d ies , a  non - 
rh e o lo g ic a lly  d e s tru c tiv e  m e th o d  fo r d e te rm in in g  m ic ro -v isc o s ity , d y n am ic  
m e c h a n ic a l th e rm a l an a ly s is  (D M T A ), and  leach in g  an d  sw e llin g  s tu d ies. R ea l-tim e  
F T IR  in d ica ted  th a t w h ile  co n v e rs io n  from  a  p re p o ly m e r to  a  n e tw o rk  w as co m p le te  
fo r (II), c o n v e rs io n  w as o n ly  80%  fo r (I) w ith  0 .0 5 %  b e n z o in  m e th y l e th e r (B M E ), 
an  in itia to r, an d  o n ly  6 0 %  w ith  0 .5 %  B M E . R esu lts  o f  D M T A  sh o w ed  th e  g lass 
tra n s itio n  te m p e ra tu re s  (Tg v a lu es) o f  th e  film s to  h ad  an  in v e rse  ran k  o rd e r 
c o rre la tio n  w ith  co n v e rs io n . A lo n g  w ith  m ic ro  v isc o s ity  re su lts , th is  w as in d ica tiv e  
o f  a  d iffu s io n  ra te -lim ite d  cu rin g  reac tio n . R esu lts  o f  le ach in g  an d  sw e llin g  
d e m o n s tra te d  g rea te r  ra tes  and  ex ten ts  o f  leach in g  and  sw e llin g  fro m  film s p rep a red  
w ith  a lo w er c o n c e n tra tio n  o f  in itia to r  (0 .0 5 %  B M E ). T h ese  o b se rv a tio n s  w ere  in 
g o o d  a g re e m e n t w ith  the  re su lts  from  the  m icro  v isc o s ity  an d  D M T A  s tu d ie d  w h ich  
sh o w ed  la rg e r free  v o lu m es  and  lo w er Tg v a lu e s  as w ell as s lig h tly  lo w er 
c ro ss lin k in g  d e n s itie s  in film s p rep a red  w ith  a  le sse r  a m o u n t o f  in itia to r. T he  
m e th o d s  p re sen ted  in th is  w o rk  had  been  sh o w n  to be  u se fu l in  q u an tify in g  the 
reac tio n  o f  th is  n e w  c la ss  o f  film  fo rm ers and  in id e n tify in g  th e  m e c h a n ism s  o f  film  
fo rm a tio n  (W an g  et al, 1995).

K e lle r  et al. (2 0 0 4 ) s tu d ied  th e  p h o to -c u ra b le  c o m p o s ite  re s in  m ad e  o f  four 
m a jo r c o m p o n en ts : an  ac ry lic  m o n o m er, an  ac ry la te  fu n c tio n a liz e d  o lig o m er, a 
p h o to in itia to r  an d  the  m in e ra l filler. N a n o c o m p o s ite  m a te ria ls  m ad e  o f  silica te  
p la te le ts  d isp e rse d  in  a  c ro ss lin k ed  p o ly m e r h av e  b een  p ro d u c e d  by  p h o to - in itia te d
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p o ly m e r iz a t io n  o f  a m u lt ifu n c t io n a l a c ry lic  re s in  c o n ta in in g  o rg a n o p h ilic  c la y . 

E x fo l ia t io n  o f  the s ilic a te  nanopa rtic le s  w as dem onstra ted  b y  X - r a y  d if f ra c t io n  

sp ec tro sco py  and b y  tra n sm iss io n  e le c tron  m ic ro sco p y . U n d e r  in tense illu m in a t io n , 

the so lven t-free  h yb r id  fo rm u la t io n  w as tran s fo rm ed  w ith in  seconds in to  a hard  and 

tough  m a te r ia l at am b ien t tem perature. A n  ac ry la te  end -capped  po lyu re thane , P U A  

(E b e c ry l2 8 4  o r E b e c ry l 8402  from  U C B  C h e m ica ls ) , w as used as te le ch e lic  o lig o m e r 

(M = 1 20 0  g). H e x a n e d io ld ia c ry la te  ( H D D A  fro m  U C B  C h e m ic a ls )  w as used as 

re act ive  d ilu en ts  at a w e igh t con cen tra tio n  o f  27%  to reduce  the fo rm u la t io n  

v is c o s ity . A  co m b in a t io n  o f  tw o  p h o to in it ia to rs , a h yd ro x yp h e n y lk e to n e  (2 w t%  

D a ro cu r  1173 fro m  C ib a  S C )  and an acy lp h o sp h in e  o x id e  (1 w t%  Irgacu re  819 from  

C ib a S C ) ,  w as cho sen  to a ch ie ve  both  su rface  and deep th rough  area, re spec tive ly . 

T he  fast p h o to -b le a ch in g  o f  the s tron g ly  ab so rb in g  a c y lp h o sp h in e  o x id e  

p h o to in it ia to r  m ade the in c id en t rad ia tio n  penetrated p ro g re s s iv e ly  deeper in to  the 

sam p le , thus p ro m o tin g  a fron ta l p o ly m e r iz a t io n  p rocess ( K e lle r  e t  a l ,  2004).

Y u a n  et a l.(2012) s tud ied  the p r im a ry  u v  cu rab le  re s in  fo rm u la t io n  u t iliz e d  

w h ic h  w as a 7:2:1 m ix tu re  o f  E B 2 7 0 : H D D A :  T P G D A .  T h e  above  syn th e s ized  L D H -  

S A  w as added in to  the re s in  w ith  the re spec tive  con cen tra tio n s  o f  1, 3, and 5 wt% , 

and stirred  fo r 48 h to a ch ie ve  the co m p le te  d isp e rs ion . A f te r  to lu ene  w as rem oved  

under vacuum , a ra d ic a l fragm enta l p h o to in it ia to r, R un te cu re  1104, (3 w t% ) w as 

added and s tirred  fo r  2 h. A l l  the ope ra tion s w ere  p e rfo rm ed  in  da rk  to p reven t any 

unexpected  p o ly m e r iz a t io n . T he  pure o rg an ic  fo rm u la t io n  as re fe renced  w as ob ta ined  

by  E B 2 7 0 :  H D D A :  T P G D A  (7:2:1) w ith  3 w t%  R un te cu re  1104. T h e  above  ob ta ined  

U V  cu ra b le  b lend s w ere  exposed  to a m ed iu m  pressure m e rcu ry  lam p  (1 k w ,  F u s io n  

U V  system s, U S A )  w ith  the band co n ve ye r speed o f  2.2 m  m in -1 at the in c id en t lig h t 

in ten s ity  o f  30 m W  cm "2 on  the sam ples. M o re o v e r , the u v  cu red  p o ly m e r / L D H  

n anocom pos ite s  co n ta in in g  the L D H - S A  w ith  the re sp ec tiv e  con cen tra tio n s  o f  1, 3, 

and 5 w t%  w ere  nam ed  as L S I ,  L S 3 , and L S 5 , re sp e c tiv e ly  (Y u a n  e t  a l ,  2012)
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2.5 Polymer/Carbon Filler Composite

A  re la tive ly  new approach to incorporate carbon fille rs  into a po lym er 

m atrix  is based on the use o f  latex techno logy. Latex is a co llo id a l d ispersion o f  

d iscrete po lym er partic les, usua lly  in an aqueous m edium . B y  using th is techno logy, 

it is possib le to disperse carbon base m ateria ls in po lym ers. Con tra ry  to the in situ 

po lym eriza tion  system, the add ition  o f  carbon f ille rs  in th is technique takes place 

after the po lym er has been synthesized. The first step o f  the process consists o f  

ex fo lia tion  or d ispers ion/stab ilization  o f  carbon f ille rs  in an aqueous surfactant 

so lution, fo llow ed  by m ix in g  the stable d ispersion o f  surfactant- treated carbon f ille rs  

w ith a po lym er latex. The advantages o f  th is technique are obv ious in the Too lb ox  

fo r d ispers ing  carbon f ille rs  into po lym ers to get conductive nanocom posites by 

(G ross io rd  e t  a i ,  2006). The so lvent used for carbon fille rs  d ispersion is water, thus 

the process is a safe, env ironm enta lly  fr iend ly  and low -cost method. Now adays, 

po lym er latex is industr ia lly  produced on a large sca le (M a  e t  a i ,  2010).

Carbon particles OH/giease

N .
อastomeic mabix

Figure 2.4 The three m ain types o f  carbon-based electrodes: a) Loose carbon 

powders partic les d ire c tly  app lied  on the elastomer membrane; b) Carbon grease 

consists o f  carbon partic les d ispersed in a v iscous o il; and c) Conductive  rubber 

consists o f  carbon partic les dispersed into a cross linked  elastom er (Rosset e t  a i ,  
2013).
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In the f ie ld  o f  co n d u c t iv e  p o ly m e r nanocom pos ite s , researchers are u sua lly  

a im in g  at a c o n tro lle d  and lo w  p e rco la tio n  th re sho ld  and a sa t is fa c to ry  o ve ra ll 

c o n d u c t iv ity  co m b in e d  w ith  enhanced m ech a n ica l p rope rties . T u n in g  these p rope rties 

is  a lw ay s  a ch a lle nge , as m any  param eters are in v o lv e d  and p la y  a ro le  in  the system , 

sta rting  from  the se le c t io n  o f  the com ponen ts ( f il le r , p o ly m e r m a tr ix  p lu s  op tion a l 

su rfactan t), p a ss in g  th rough  the o p t im u m  ra tio  f il le r /m a tr ix  o r f ille r/su rfa c tan t/m a tr ix  

and f in is h in g  w ith  one o f  the m ethods used fo r  o b ta in in g  a good  n a n o f il le r  d isp e rs io n  

and p ro ce ss in g  o f  the com pos ite .

T k a ly a  et al. (2012 ) s tud ied  u ltra -so n ica t io n  o f  g raph ite  fo r  140 m in  in  the 

p resence o f  su rfactan t, fo llo w e d  b y  ce n tr ifu g a t io n  and f ilt ra t io n . T h is  y ie ld ed  

transparen t f i lm  w ith  c o n d u c t iv ity  up to 1 .5X 1 o4 s/m . S im ila r  re su lts  w ere  ob ta ined  

fo r S W C N T s /w a te r  system s son ica ted  in  the p resence o f  S D S  and sp ray -coa ted  on  a 

g lass substrate. T he  ba lance  betw een the f in a l c o n d u c t iv ity  va lu e s  and the 

tran spa ren cy  is s t i l l  needed to be o p t im ize d  in  o rde r to be ab le  to a p p ly  these system s 

c o m m e rc ia lly  in  an e f f ic ie n t  w ay. P ro b a b ly , the p resence o f  re m a in in g  su rfactan t is 

s t i ll an issue  h in d e r in g  c o n d u c t iv ity  in  th is  case. N o te  that the a lk y l ch a in  length  can 

be ne ith e r too  short (the exten t o f  in crease  o f  the h yd ro p h o b ic  in te ra c t io n  and the 

m is c ib i l i t y  is  not enough), no r too long  (the therm a l s ta b ility  m ay  be deteriora ted). 

T h e  c o n d u c t iv ity  o f  the com pos ite s  w as show n  to reach  4 s /m  in  w h ic h  the surfactant 

a lso  p ro ved  to co n tr ibu te  a litt le . P S  co m po s ite  co n ta in in g  o n ly  a su rfac tan t e xh ib ited  

a c o n d u c t iv ity  up to 0 .006  s /m  (T k a ly a  e t  a l ,  2012).

M a r t in -G a lle g o  et al. (2013) s tud ied  and com pa red  the f i l le r  p e rco la tio n  

ne tw o rk  o f  m u lt i-w a lle d  ca rbon  nanotubes ( M W C N T s ) ,  as g ro w n  b y  a ch em ica l 

v ap o r d ep o s it io n  and th e rm a lly  reduced  fu n c t io n a liz e d  g raphene sheets ( F G S s )  in  an 

ep o xy  resin . T h e  f i l le r  n e tw o rk  w as eva lua ted  by the p la te -  p la te  rh e o lo g ica l 

response o f  un -cu red  d isp e rs io n s  and the e le c tr ic a l p rope rtie s  o f  cu red  m ateria ls. It 

w as found  that F G S  d id  not ra ise  the v is c o s ity  o f  the system  as m u ch  as M W C N T ,  

m a in ta in in g  the N e w to n ia n  b eh av io r even at 1.5w t%  F G S . M W C N T  re a d ily  fo rm ed  

a f i l le r  n e tw o rk  com pa red  to F G S , as e v id en ced  by  lo w e r  e le c tr ic a l and rh e o lo g ica l 

p e rco la t io n  th resho ld s , the p resence o f  y ie ld  stress, and h ig h e r storage m odu lu s  o f  

the d isp e rs ion s . O n  the o ther hand, the m echa n ica l p e rfo rm an ce  o f  the cu red  F G S  

n anocom pos ite s  ou tp e rfo rm ed  the M W C N T ,  w ith  enhancem ents o f  50%  and 15% o f
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Y o u n g ’ s m o d u lu s  and strength, re spec tive ly . T h is  c o m b in a t io n  o f  good  p ro ce ss in g  

p rope rtie s  w ith  lo w  v is c o s ity  and enhanced  m ech a n ica l p rope rtie s  m ade F G S  great 

cand ida tes to d e ve lo p  as m u lt ifu n c t io n a l p o ly m e r m a te r ia ls  (M a r t in -G a lle g o  e t  a l . , 
2013).

B ane rjee  et al. (1995) and J in g  et al. (2000 ) fo u n d  a n ew  co m po u nd in g  

m ethod  fo r  e x fo lia te d  g ra p h ite -p o ly p ro p y le n e  n an o com pos ite s  w ith  enhanced 

f le x u ra l p rope rtie s  and a lo w e r p e rco la tio n  th resho ld . T h e  im po rtan t p rope rtie s  in  

e le c tr ic a l co n d u c t iv e  co m po s ite s  w ere  the e le c tr ic a l c o n d u c t iv ity , reported  as b u lk  

c o n d u c t iv ity , and the p e rco la t io n  th resho ld  d e fin ed  as the m in im u m  vo lu m e  content 

o f  the co n d u c t iv e  re in fo rcem en t above  w h ic h  the p o ly m e r co m po s ite  becam e 

e le c t r ic a lly  co n d u c tiv e . It w as de s ira b le  fo r the co n d u c t iv e  f i l le r  con ten t to be as lo w  

as p o ss ib le  in  o rde r to a ch ie ve  good  p rocess a b il ity ,  lo w  cost, and sa tis fa c to ry  

m e ch a n ic a l p e rfo rm ance . B o th  the c o n d u c t iv ity  and the p e rco la t io n  th re sho ld  w ere 

a ffe cted  b y  v a r io u s  fac to rs  such  as the vo lu m e  fra c t io n  and g eo m e tr ic  cha rac te r is t ic s  

o f  the co n d u c t iv e  f i l le r  (B ane rjee  e t  a l ,  1995, J in g  e t  a l ,  2000), the f i l le r  o r ien ta tio n  

and sp a c in g  w ith in  the p o ly m e r m a tr ix  (G ô k tü rk  e t  a l ,  1993, F is k e  e t  a l . ,  1997) as 

w e ll as the c ry s ta ll in ity  o f  the m a tr ix  (C h o d a k  e t  a l ,  1999). T h e  fa b r ic a t io n  m ethod 

and p ro ce ss in g  co n d it io n s  o f  the com pos ite s  p la yed  an im po rtan t ro le  in  the 

p e rco la t io n  th re sho ld  and c o n d u c t iv ity  s in ce  they a ffe cted  the o r ie n ta t io n , d ispe rs ion , 

and in te r p a rt ic le  sp ac in g  w ith in  the p o ly m e r m a tr ix  w here  they  m ig h t a lte r the 

f i l le r ’ s aspect ra tio , o r enhance the in te ra c tion s  be tw een  f i l le r  and m a tr ix , and change 

the m a tr ix  c ry s ta llin ity .
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