
CHAPTER IV
PREPARATION OF GRAPHENE/NATURAL RUBBER COMPOSITE FOR 

COMPLIANT ELECTRODE APPLICATION

4.1 Abstract

A  c o m p lia n t e le ctrode  is a stre tchab le  e le c tro n ic  d e v ice  that re ta ins good  

c o n d u c t iv ity  under stretch ing . It has been used in  v a r io u s  e le c tro -a c tu a tin g  a p p lic a ­

tion s  that re qu ire  la rge d e fo rm a tion s  under e le c tr ic a l a c t iva ted  energy. T h e  purpose 

o f  th is  w o rk  w as to fab r ica te  the co m p lia n t e le ctrode  p o sse ss in g  h ig h  e le c tr ic a l 

c o n d u c t iv ity  and good  m echa n ica l p rope rties. D ue  to the e x ce lle n t m echan ica l 

p rope rtie s  o f  na tu ra l rubber (N R ) , it w as used as a m a tr ix  fo r  p re p a rin g  a co m p lia n t 

e lectrode . G raphene  is  one o f  m any  in n o va t iv e  n ew  co n d u c t iv e  f i l le r s  that p ro v id es  

e x ce lle n ce  e le c tr ic a l c o n d u c t iv ity . In o rde r to in ve stig a te  its m ech a n ica l p rope rties  

and e le c tr ic a l c o n d u c t iv ity , an expe rim en t w as ca rr ie d  ou t b y  u s in g  a m e lt rheom eter 

in  ten s ion  m ode. B o th  m echan ica l and e le c tr ic a l p rope rtie s  w ere  im p ro v ed  b y  in tro ­

d u c in g  graphene in to  the m a tr ix . D e sp ite  the stra in  o f  N R  f i lm s  re ach in g  80% , the 

f i lm s  w ere  ab le  to m a in ta in  e le c tr ic a l co n d u c t iv ity  va lu e s  w ith  v e ry  lo w  d rop  o ffs. 

T he  h ighe st e le c tr ic a l c o n d u c t iv ity  w as ob ta ined  fro m  the 35 .0  % v/v  g raphene /N R  

co m po s ite  w h ic h  w as greater than the D A N F O S S  co m m e rc ia l co m p lia n t e lectrode. 

In co n c lu s io n , a graphene /N R  co m po s ite  w as show n  here as a p ro m is in g  m ate r ia l fo r 

u s ing  as a co m p lia n t e lectrode.
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4.2 Introduction

A  c o m p lia n t e le ctrode  is a s tre tchab le  e le c tro n ic  d e v ice  that re ta ins good  

co n d u c t iv ity  under stre tch ing . It has been used in  v a r io u s  e le c tro -a c tu a tin g  a p p lic a ­

tion s  that requ ire  la rge d e fo rm a tion s  under e le c tr ic a l a c tiva ted  ene rgy  (P e lr in e  e t  a l ,  
2000). U t i l iz a t io n  o f  co m p lia n t e le ctrode  has been in c re a s in g  in  the last decade fo r 

e ffe c t iv e  pe rfo rm ances  o f  e le c tro -a c t ive  p o lym e rs  (E A P s ) .

In the recen t w o rk  co m p lia n t e le ctrode  has been fa b r ica ted  from  va riou s  

e la s t ic  m a te r ia ls , p o ly d im e th y ls ilo x a n e  ( P D M S )  e la stom e r (K u ja w s k i e t  a l ,  2010), 

c o p o ly m e r o f  te rt-bu ty l a c ry la te  ( T B A )  and a c ry lic  a c id  ( A A )  ( p o ly ( T B A - c o - A A ) )  

(Y u n  et  a l ,  2012), and s il ic o n e  rubber ( K im  e t  a l ,  2012). T h e  requ irem en ts o f  

c o m p lia n t e le c trode  fro m  lite ra tu re  re v ie w  w ere  h ig h  c o n d u c t iv ity  (m ore  than 0.1 

s/m ), su s ta in a b lity  o f  c o n d u c t iv ity  d u rin g  repeated d e fo rm a tio n  cy c le s , and be ing  

h ig h ly  c o m p lia n t (i.e. Y o u n g 'ร m o d u lu s  <100 M P a )  (D e l i l le  ฝ  ฟ .,  2006).

A c c o rd in g  to requ irem en ts o f  co m p lia n t e lectrode , na tu ra l rubber (N R )  is  a 

cand ida te  as a m a tr ix  o f  c o m p lia n t e lectrode . It is  w e ll k n o w n  to be the m ost e x c e l­

len t ru bbe ry  m a te r ia l h a v in g  ou ts tand ing  m ech a n ica l p rope rtie s  (A ra yap ran ee  e t  a l ,
2008 ) and (B h a tta ch a ry ya  e t  a l ,  2008). M o re o v e r , T h a ila n d  is  one o f  the le ad in g  N R  

p roduce rs  in  the w o r ld . T he  natu ra l rubber p ro du c t is  m ore  than  3 m i l l io n  tons per 

year. T he  g ro w in g  p ro du c tio n s  co n tin u ed  to in crease  fro m  3.05 m i l l io n  tons per year 

in  2007  up to 3 .56  m ill io n  tons in  2011 , a 16.8 percen tage in crease  (M an m ou n , 

2013). In 2012 , the ru bbe r p ro du c tio n  in creased  to 3.6 m il l io n  tons, a 8.25 percentage 

in crease  (S in ch a ro e n ku l, 2012). So, add ing  va lu e  to the T h a i N R  th rough  the p ro d u c ­

tion  o f  co m p lia n t e lectrodes d ire c t ly  bene fits  T h a ila n d 's  e con om y . H o w e ve r, N R  is 

an in su la t in g  m a te r ia l and e le c tr ic a l p rope rtie s  can  be im p ro v e d  b y  in tro d u c in g  

v a r io u s  co n d u c t iv e  f ille rs .

A n  enhancem en t o f  e le c tr ic a l c o n d u c t iv ity  can  be se rved  b y  va r io u s  

m ethods. M e ta l f i l le r s  em bedded  in  p o ly m e r m a trice s  are, fo r  exam p le , an ep o xy  res­

in  (E R )  and p o ly ( v in y l ch lo r id e )  ( P V C )  f i l le d  w ith  co p p e r and n ic k e l pow ders 

(M a m u n ya  e t  a l ,  2002), co n d u c t iv e  p o ly m e r b le n d in g  as a p o ly p y r ro le /p o ly p y rro le  

coated short n y lo n  (P ra m ila  D e v i e t  a l ,  2013), and the co n ve n t io n a l co n d u c tiv e  

f i l le r s  such  as a ca rbon  based p a rt ic le  that are w id e ly  used  in  p o ly m e r com pos ite
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(Sengup ta  e t  a l ,  2011). T h e y  are m any  types o f  ca rbon  based  f i l le r  su ch  as ca rbon  

b la ck , ca rbon  nanotubes, fu lle rene , g raph ite , and graphene.

G raphene  is  one atom  th ic k , tw o  d im en tio n a l h oney  co m b  la tt ice  m ate r ia l 

and it  is an idea l cand ida te  as a h ig h -p o w e r and h ig h -e ne rg y  m ater ia l 

(K r is h n a m o o rth y  e t  a l ,  2013). W a ng  et al. (2007) s tud ied  the pe rfo rm ance  o f  g ra­

phene com pa red  w ith  the o ther co n ven tio n a l n a n o f il le rs  (n an o c la y , ca rbon  nanotube, 

e thy lene  g ly c o l) . It w as found  that g raphene has h ig he r su rface  area, la rg e r aspect 

ra tio , g reater ten s ile  strength, h ig he r the rm a l c o n d u c t iv ity  and e le c tr ic a l c o n d u c t iv ity , 

better tran spa ren cy  and f le x ib i l i t y  (W a ng  e t  a l ,  2007). L u o n g  et a l.(2011 ) stud ied  the 

m ech a n ica l p rope rtie s  o f  p o ly im id e /g rap h en e  co m po s ite , they  found  that Y o u n g ’ s 

m od u lu s  o f  the co m po s ite  f i lm  w as d ra m a t ic a lly  in c reased  fro m  1.8 G P a  to 2.3 G P a  

and ten s ile  strength  w as in creased  fro m  122 M P a  to 131 M P a  b y  ad d in g  0 .38  w t%  o f  

graphene (L u o n g  e t  a l ,  2011). K im  et al. (2011 ) p repared  m u lt i- la y e rs  

graphene/styrene bu tad iene  rubber n anocom pos ite  and s tud ied  the e le c tr ic a l co n d u c ­

t iv ity . T h e y  reported  that the e le c tr ic a l c o n d u c t iv ity  o f  the co m p o s ite  w as in creased  

fro m  4.5 X  1 0 '13 s /cm  to 4.5 X 10 '7 s /cm  w ith  a co rre sp o n d in g  in crease  o f  graphene 

from  0.5 w t%  to 5 w t%  ( K im  e t  a l ,  2011).

T he  pu rpose  o f  th is  w o rk  w as to fab r ica te  the co m p lia n t e lectrode  

possess ing  h ig h  e le c tr ic a l c o n d u c t iv ity  and good  m ech a n ica l p rope rtie s  based on 

graphene as a co n d u c t iv e  f i l le r  and N R  as a m a tr ix . M e c h a n ic a l and e le c tr ic a l 

p rope rtie s  w e re  eva lua ted  in  term s o f  g raphene co n cen tra tio n  and ca rr ie d  out by  

u s ing  the m e lt rheom eter in  ten s ion  m ode. T h e  pe rfo rm ance s  o f  g raphene /N R  

co m po s ite s  w ere  d ire c t ly  com pa red  w ith  the c o m m e rc ia l D A N F O S S  co m p lia n t 

e lectrode.

4.3 Experimental

4.3.1 C h e m ic a ls  and M a te r ia ls

D o u b le  cen tr ifu g e  natu ra l rubber la tex  (con cen tra ted  la tex , 60 % o f  

d ry  rubber con ten t) w as ob ta ined  fro m  T h a i Easte rn  R u b b e r C o ., L td . G raphene  

m u lt ila y e rs  (c o m m e rc ia l grade) h a v in g  p a rt ic le  d im e te r < 2 p m  w as pu rchased  from  

X G  S c ien ce s  (U S A ) .  T W E E N  80 as a su rfactan t, 2 -m e th y l-4 ’ - (m e th y lth io )-2  m or-
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p h o lin o p ro p io p h e n o n e  ( M M M P )  as a p h o to - in it ia to r, and tr im e th y lo l-p ro p a n e  3- 

m e rcap top rop iona te  ( T M P T M P )  as a c ro s s lin k e r  w ere  co n tr ib u te d  fro m  S ig m a  A l ­

d rich . T o lu e n e  (reagent grade) w as ob ta ined  fro m  C a r lo  E R B A .  D e io n iz e d  w ate r was 

used in  a ll the expe rim en ts . A l l  o f  reagents w as used w ith o u t fu rthe r p u r if ic a t io n .

4 .3 .2  P repa ra tion  o f  G ra p h en e /N R  C o m p o s ite

T M P T M P  con cen tra tio n  w as v a r ie d  at 0.1, 0 .5, 1.0, 2 .0, 3.0, 5.0, 7.0, 

10.0, 15.0, and 20 .0  % v/v  o f  N R .  T he  M M M P  co n cen tra tio n  w as set up  to be at 3:1 

ra tio  o f  T M P T M P .  F irs t, T M P T M P  and M M M P  w ere  m ix e d  toge the r w ith  m agne tic  

s t irre r u n t il h om ogenous. T h e  T W E E N  80 (1.0 % v/v) w as  added in to  20  m l D I  w ater 

and m a g n e t ic a lly  s t irred  fo r  5 m in . G raphene  w as s lo w ly  added  in  T W E E N  80 s o lu ­

t io n  to m ake  a graphene so lu t ion . T he  m ix tu re  o f  T M P T M P  and M M M P  w as added 

in to  la tex  and stirred  u n t il hom ogenous, to be ca lle d  the la tex  m ix tu re . L a s t ly , the 

graphene so lu t io n  w as added to the la tex  m ix tu re . T he  co m po u nd ed  la tex  w as m ag ­

n e t ic a lly  st irred  fo r  15 m in . befo re  cu r in g  w ith  u v  rad ia tio n . T h e  N R  f i lm  and its 

co m po s ite  w ere  in ve stig a ted  under the e ffec ts  o f  c ro s s lin k in g  concen tra tion , 

c ro s s lin k in g  t im e , and graphene concen tra tion .

4.3.3 C h a ra c te r iza t io n s  o f  G ra p h e n e /N R  C o m p o s ite

R am an  spectroscope  w as used to v e r ify  g raphene m u lt ila y e rs  due to 

the a b il it y  to id e n t ify  and cha rac te rize  a ll the m em bers o f  the ca rbon  fa m ily . T he  in ­

d ic a t io n  o f  g raphene w as m easu red  by  the ram an sp ec tro sco py  ( N T - M D T ,  N T E G R A  

Spectra ) w ith  632.8  nm  e x c ita t io n  laser, o b je c t iv e  lens lO O x and accu m u la te  t im e  60s 

from  N a t io n a l N a n o te ch n o lo g y  Center.

T h e  w id e  ang le  X - r a y  d if f ra c t io n  m ic ro sco p e  ( X R D )  w as used to 

s tudy  the c ry s ta l s tructu re  b e lo w  the nanom ete r sca le . T h e  C u K - a lp h a  rad ia tio n  

sou rce  w as operated  at 40 k V /3 0  m A . K -b e ta  f ilte r  w as used to e lim in a te  in terfe rence 

peak. D iv e rg e n ce  s lit  and sca tte ring  s lit  0.5 deg together w ith  0.3 m m  o f  re ce iv in g  

s lit  w e re  set on  the in strum ent.

T h e  c ro s s lin k  d en s ity  o f  N R  f i lm s  w as m easu red  b y  fo l lo w in g  A S T M  

D 6 8 14-02. T he  d ried  rubber sheets w ere  p repared  b y  ca s tin g  the la tex  on  g lass p lates 

and cu red  under u v  ra d ia tio n  at v a r io u s  c ro s s lin k in g  t im e s  and c ro s s lin k in g  ratios.
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T he  th in  f i lm s  w e re  cu t in to  sm a ll p ieces (1 c m 2) and then im m e rsed  in  to luene (150 

m L )  u n til the sw e ll in g  reached  the e q u ilib r iu m  (3 days). T h e  m o le  percen t up take o f  

so lven t, w e ig h t loss, and c ro s s lin k in g  d en s ity  o f  c ro s s lin k e d  N R  w ere  ca lcu la ted  

fro m  the fo l lo w in g  equations:

w c- w 0
M o le  p e r c e n t  u p ta k e  o f  s o lv e n t  =  — ^ — X  1 0 0  (4.1)Mw

w here Wo and พ,  are the w e igh ts  o f  d r ie d  and sw o lle n  sam p les , re sp e c tiv e ly . M w is  the 

m o la r m ass o f  to lu ene  (92 .14  g m o l '1).

%  W e i g h t  l o s s  -  - - - - - -  X  1 0 0  (4.2)
Mj

w here  Mj  and M g  are the w e igh t o f  d ried  rubber befo re  and a fte r so a k in g  in  to luene.

V ,  =  ะ± s a ะ ! i p ^ ท ฮ  (4 ,3 )

พ พ ั้- พ เ

w here  v e is  e f fe c t iv e  num ber o f  cha in s  in  a real n e tw o rk  per un it vo lu m e , v r is  v o l­

um e fra c t io n  o f  p o ly m e r in  a sw o lle n  ne tw o rk  in  e q u il ib r iu m  w ith  pure so lven t and is 

ca lcu la ted  as:

17 __ W eigh t  o f  d r y  r u b b e r / d e n s i t y  o f  d r y  ru b b er  / t  AN
' T  W e i g h t  o f  d r y  r u b b e r  ^  W e i g h t  o f  s o l v e n t  a b s o r b e d  b y  s a m p l e  (4-4)

D e n s i t y  o f  d r y  r u b b e r  D e n s i t y  o f  s o l v e n t

w here Xi is  p o lym e r-so lv e n t in te rac tion  param eter (0 .391) and V, is m o le cu la r  v o l­

um e o f  so lven t.

T h e  m echan ica l and e le c tr ic a l p rope rtie s  o f  pure N R  and com pos ite  

f ilm s  w ere  m easured  b y  the m e lt rheom eter (R h e o m e tr ic  s c ie n t if ic , A re s )  w ith  the 

ex ten s io na l f ix tu re  at ro om  tem perature. In th is  expe rim en t, the trans ien t m ode was 

ap p lie d  and the stress w as m on ito red  d u rin g  s tre tch ing . To  eva lua te  the e le c tr ic a l 

c o n d u c t iv ity , the D C  vo ltage  w as ap p lied  w ith  D C  p o w e r s u p p ly  (Instek, G F G  

8 2 1 6 A )  connected  w ith  a d ig ita l m u lt im e te r (T e k tro n ix , C D M  250) to m o n ito r  the 

vo ltage  inpu t. T h e  e le c tr ic a l c o n d u c t iv ity  d u r in g  s tre tch ing  w as ca lcu la ted  th rough  

the fo l lo w in g  equation :



36

1 1 1 Ia — - x - = - x -R A  V  A (4.5)

w here  a  is  the e le c tr ic a l co n d u c t iv ity  (S /cm ), R is  the re s is t iv ity  (T lx c m ) , l is the 

leng th  o f  sp e c im en  (cm ), A  is  the c ro ss -se c t io n  area o f  sp e c im en  (cm 2), /  is the 

cu rren t (A m p e re ), and F i s  the ap p lie d  vo ltage  (Vo lt).

In  add it ion , the leng th  and area o f  sp e c im en  depend  on the stre tch ing  

w h ic h  w ere  ca lcu la ted  based on  the in co m p re ss ib le  m a te r ia l v ia  the fo llo w in g  

equations:

Y =  ~  =  ~  =  0.5 (4.6)

t x =  t „ ( l  -  6 3 3 ) =  t 0 ( l  + 0 .5 e n ) (4.7)

VJX =  พ 0(1  -  <r33) = พ 0(1  + 0 .5 e n ) (4.8)

l x = i o ( l  +  £l l ) (4.9)

6 _  _  f i- 'o  
11 h  0̂

(4 .10)

w here  y is  the P o s s io n  ra tio  (fo r rubber = 0.5), F11,22,33  are the stra in s in  X , y, z  axes, t
is the th ickne ss  o f  sp e c im en  (cm ), พ  is the w id th  o f  sp e c im en  (cm ), / is  the leng th  o f  

sp e c im en  (cm ). S u b sc r ip t  X m eans any stra in , and sub sc r ip t 0 m eans at s tra in  = 0.

A  f ie ld -e m is s io n  scann ing  e le c tron  m ic ro sc o p e  ( F E - S E M ,  J S M -  

7 0 0 IF )  w as used  to e xam ine  the m o rp h o lo g ic a l structu re  and to de te rm ine  the 

d isp e rs io n  o f  the graphene in  the N R  m a tr ix . T he  f i lm  w as p la ced  on  the h o ld e r w ith  

an adhes ive  tape and coated  w ith  a th in  la ye r o f  g o ld  u s in g  an io n  spu tte ring  d ev ice  

fo r  100 sec p r io r  to ob se rva tio n  under F E - S E M .  T h e  S E M  im ages w e re  in vestiga ted  

by  u s in g  an a cce le ra t io n  vo ltage  o f  20 k v  w ith  a m a g n if ic a t io n  in  the range o f  2 k  - 

60k  tim es.

T h e  to p o lo g y  o f  the  co m p o site  w as o b ta in e d  b y  u s in g  th e  a to m ic  force
m ic ro sc o p e  (A F M , P ark  S y stem , X E -1 0 0 ) in a ir  u n d e r a m b ie n t co n d itio n s . F o r the
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4 .4  R e s u l t  a n d  D isc u ss io n

4.4.1 C h a ra c te r iza t io n s  o f  G raphene  M u lt i la y e rs

T he  R am an  spec tro scopy  is a p o w e rfu l ch a ra c te r iza t io n  techn ique  o f  

a ll types o f  ca rbon  nanostructu res. T he  m a in  features in  the R a m a n  spectra  o f  g ra ­

phene are c a lle d  D  and G  peaks, w h ic h  are p resen t at a round  1329 and 1575 cm -1, 

re sp e c tiv e ly , as show n  in  F ig u re  4.1. T h e  G  peak represents the bond  s tre tch in g  o f  a ll 

pa irs  o f  sp2 a tom s in  bo th  r in g s  and cha ins. T h e  D  peak  re fe rs  to the b rea th ing  m odes 

o f  sp2 a tom s in  the s ix  ang les r in g s  (F e rra r i, 2007). A n o th e r  peak  is  2 D , at 2660  c m '1, 

w h ic h  is  the second  o rde r o f  D  peak (K r is h n a m o o rth y  e t  a l ,  2012).

T h e  p u r ity  and c ry s ta ll in ity  o f  the graphene w ere  e xam ined  by u s ing  

pow d e r X R D  m easurem ent, as show n  in  F ig u re  4.2. T he  g raphene m u lt ila y e rs  X R D  

d if f ra c t io n  show s strong  and sharp peaks at 26.4°, 43 .9°, and 77 .4° that can  be re ­

fe rred  to as the (h k l)  c ry s ta l structu re at (002), (101), and (004), re sp e c tiv e ly  (Y u e  et  
a l ., 2013). T h e  n a rro w  sharp  peaks in d ica te  that the g raphene is  h ig h ly  c ry s ta llin e . 

T h is  im p lie s  the h ig h  p u r ity  o f  graphene.

4 .4 .2  C h a ra c te r iza t io n s  o f  C ro s s lin k e d  N R

T h e  c ro s s lin k  d en s ity  o f  N R  f i lm s  w as m easu red  fo l lo w in g  A S T M  

D 6 8 14-02 and e x am ined  under the e ffec ts  o f  c ro s s lin k in g  t im e  and c ro s s lin k in g  co n ­

cen tra tion . F ig u re  4.3 show s the e ffe c t o f  u v  ir ra d ia t io n  t im e  on  the c ro s s lin k in g  

dens ity . W h en  in c re a s in g  U V - ir r a d ia t io n  tim e , the c ro s s lin k  d en s ity  o f  N R  f i lm  is 

d ra m a t ic a lly  increased . T h is  is because the bonded  ju n c t io n  p o in t betw een  each ru b ­

ber ch a in  in creases w ith  U V - ir r a d ia t io n  t im e  (Y a h y a  e t  a l . , 2011). W ith  longe r U V -  

ir ra d ia t io n  tim e , the p h o to - in it ia to r  and the c ro s s lin k e r  c o u ld  becom e  m ore  d is a s so c i­

ated le ad in g  to m ore  p o s s ib il it y  to attach w ith  the rubber m o le c u le  and cau s in g  m ore 

c ro s s lin k e d  p o in ts  w ith in  the rubber ch a in  (C h o i e t  a l . , 2006). H o w e ve r, U V -  

ir ra d ia t io n  t im e  o f  15 m in . e x h ib its  the low est c ro s s lin k  d en s ity  because h ig h  ene rgy

c o n v en tio n a l A F M , th e  n o n -c o n ta c t m o d e  w as o p e ra ted  w ith  th e  c a n tile v e r  (N S C 3 6 )
tap p in g  at scan  ra te  o f  0 .5  H z, ap p lied  Z -se rv o  g a in  o f  10, an d  sc a n n in g  a rea  o f  2
p m 2.
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from  u v  lig h t m ay  create ch a in  s c is s io n  deg rada tion  that can  d es tro y  c ro s s lin k ed  

po in ts  and rubbe r ch a in s  (K e h le t  e t  a l ) .
Fu rthe rm ore , the c ro s s lin k  d en s ity  o f  N R  f i lm s , under the co n d it io n  o f  

con cen tra tio n s  o f  c ro s s lin k e r  is  sh ow n  in  F ig u re  4.4. C ro s s l in k  d en s ity  o f  N R  f ilm s  

w ith  v a r io u s  con cen tra tio n s  o f  c ro s s lin k e r  c o n t in u o u s ly  in creases w ith  in creas in g  

co n cen tra tio n  le v e l due to m ore  p o s s ib il it y  to attach w ith  the ru bbe r m o le cu le . T h is  

m ay  re su lt fro m  the in crease  o f  p e rm anen tly  bonded  ju n c t io n  p o in ts  w ith  in c re a s in g  

c ro s s lin k e r  co n cen tra tio n  (C h o i e t  a l ,  2006). B u t  the c ro s s lin k  d en s ity  tends to 

decrease at c ro s s lin k in g  con cen tra tio n  ove r 15 % v/v  because an o ve r c ro s s lin k in g  

agent in troduce s  a hete rogeneous c ro s s lin k in g  n e tw o rk , w ith  o v e r -c ro s s lin k e d  d o ­

m a in s  as a c lu s te r (G o n z a Â le z  et  a l ,  2005). T h is  d o m a in  causes a la rg e r a c cu m u la ­

tion s  o f  de fect com pa red  w ith  u n ifo rm  d is tr ib u t io n  n e tw o rk s  o f  the c ro s s lin k e d  sites.

F ig u re  4.5 and 4 .6  show  the m echa n ica l p rope rtie s  o f  c ro s s lin k e d  N R  

f i lm s  at v a r io u s  U V - ir r a d ia t io n  tim es and con cen tra tio n s  o f  c ro s s lin k e r , re spec tiv e ly . 

U n d e r a p p lie d  stra in , stress increases m o n o to n ic a lly  because m o le cu le s  o f  

c ro s s lin k e d  N R  f i lm s  becom e o r ien ted  and re -a rranged  in  the d ire c t io n  o f  s tre tch ing , 

in  w h ic h  c ry s ta lliz a t io n  o f  m a te r ia l o ccu rs  d u r in g  s tra in in g , the p ro cess is ca lle d  

stra in  in d u ced  c ry s ta lliz a t io n  (T o k i, 2014). Fu rthe rm ore , under a p p lie d  sta in  up to the 

c r it ic a l po in t, the m a te r ia l loses e la s t ic ity  and the stress su d d en ly  d rops. T he  c r it ic a l 

p o in t is c a lle d  the y ie ld  strength, it is the p o in t that m a te r ia l can  h o ld  the e la s t ic  part 

w ith o u t any  defect. W h e n  the stra in  is la rge r than the c r it ic a l p o in t, the m a te r ia l tends 

to c o m p le te ly  d e fo rm  and can not re co ve r to it o r ig in a l shape and s ize . T h is  causes 

the lo ss o f  e la s t ic  b eh a v io r and the v is co u s  part is  dom inan t.

T a b le  4.1 sum m arize s  the m ech a n ica l p rope rtie s  o f  N R  f i lm  w ith  v a r i­

ous U V - ir r a d ia t io n  t im es o f  the N R  f ilm s . T he  y ie ld  strength , y ie ld  stra in , and 

m o d u lu s  in creases w ith  in c re a s in g  U V - ir r a d ia t io n  t im e  because w hen  in c re a s in g  

c ro s s lin k in g  tim e , the c ro s s lin k  d en s ity  is  in creased  le a d in g  to the m a te r ia l becom es 

m ore  stiffen . T h e  U V - ir r a d ia t io n  t im e  o f  12 m in . show s the h ighe st va lu e , w h ile  U V -  

ir ra d ia t io n  t im e  o f  15 m in . show s the low est v a lu e  w hen  com pa red  w ith  others. The  

decrease o f  m o d u lu s  at a h ig he r U V - ir r a d ia t io n  t im e  m ay  have  o ccu re d  fro m  the deg ­

rada tion  o f  rubber m o le cu le  du rin g  the u v  c u r in g  (K e h le t  e t  al. 2014), w here  the
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c o lo r  appearance o f  c ro s s lin k e d  f i lm  tu rned  to a y e llo w -b ro w n  co lo r. T he  resu lt 

suggests that 15 m in . is  not app rop ria te  to fab r ica te  a c ro s s lin k e d  N R  f ilm .

T h e  f i lm  m echa n ica l p rope rtie s  change s ig n if ic a n t ly  w ith  con cen tra ­

t io n  o f  c ro s s lin k e r , as show n  in  F ig u re  4 .6  and T a b le  4 .2 . T h e  h ig he r con cen tra tion  

is, the greater m ech a n ica l p rope rtie s  are ob ta ined . B u t, the m e ch a n ic a l p rope rties 

d rop  o f f  w ith  e x ce ss iv e  con cen tra tio n  o f  c ro s s lin k e r . T he  m a in  reason  can be re la ted  

to the d is tr ib u t io n  o f  c ro s s lik e d  ne tw o rk . I f  N R  f i lm  has a hom ogeneous ju n c t io n  

po in t, the stress a r r iv in g  at the connected  po in ts  w i l l  be q u ic k ly  transfe rred  to the 

o ther co n n e c t in g  ch a in s  as illis t ra te d  in  the co n cen tra tio n  o f  c ro s s lin k e r  b e lo w  5.0 

% v/v. B u t, at the le v e l o f  con cen tra tio n  o ve r 5.0 % v/v  o f  c ro s s lin k e r , s ig n if ic a n t 

decreases o f  the m ech a n ica l m ech a n ica l p rope rtie s  o c cu r because the m o le cu la r  m o ­

tion s  are m ore  re s tr ic ted  and the stress is  no t ra p id ly  tran s fe rred  th rough  N R  cha in s 

cau s in g  som e a c cu m u la tio n s  o f  stress w ith in  som e c lu s te rs  (L e d e re r  e t  a l ,  1981). 

Fu rthe rm ore , the p h o to in it ia to r  and c ro s s lin k e r  a lso  b lo o m e d  ou t to the N R  f i lm  

su rface  that co n f irm s  the e x ce ss iv e  con cen tra tio n  to c ro s s lin k  the f i lm . C on sequen tly , 

the best m a te r ia l p e rfo rm ance  b e long s to the co n cen tra tio n  o f  c ro s s lin k e r  o f  5 % v/v 

w h ich  show s the m a x im u m  strength  o f  0 .77  M P a  and y ie ld  s tra in  o f  50 %.

4.4.3 C h a ra c te r iza t io n s  o f  G ra p h en e /N R  C o m p o s ite

F E - S E M  im ages o f  the com pos ite s  are show n  in  T a b le  4.3. T he  ph o ­

tog raphs e x h ib it  the d isp e rs io n  and d is tr ib u t io n  o f  g raphene m u lt ila y e rs  in  the N R  

m a tr ix . T h e  5.0 % v/v  g raphene /N R  co m po s ite  have a good  d isp e rs io n  w hen  co m ­

pared w ith  20 .0  % v/v  g raph ene /N R  co m po s ite  at the sam e m a g n if ic a t io n . M o re o ve r , 

the m a g n if ic a t io n  o f  60 k x  can be used to c o n f irm  the a g g lo m e ra t io n  o f  graphene 

m u llt i la y e rs  in  20 .0% v/v  g rap h ene /N R  com pos ite .

F ro m  to p o lo g y  im age  o f  A F M  techn ique , the d is tr ib u t io n s  in  m ic ro ­

sca le  o f  a co m po s ite  in  the area o f  2 p m 2 are ob se rved  as show n  in  F ig u re  4.7. The  

h ig he r graphene co n cen tra tio n  em bedded  in  the N R  m a tr ix , the la rg e r agg lom e ra tion  

can be obse rved . In te res ting ly , 5.0 % v/v  g rap h ene /N R  co m p o s ite  e xh ib its  the best 

d isp e rs io n  o f  g raphene in  the m a tr ix  w ith o u t a g g lo m e ra t io n  and a lso  show s a 

u n ifo rm  d isp e rs io n  com pa red  w ith  o ther co m po s ite s . In con trast, the 20 .0  % v/v
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g rap h ene /N R  co m po s ite  has a p oo r d isp e rs io n  w ith  v e ry  la rge  ag g lom e ra tio n  o f  

graphene. N e v e r th e le s s ,  the co m m e rc ia l D A N F O S S  co m p lia n t e le c trode  e xh ib its  a 

perfect d isp e rs io n  o f  s ilv e r  m e ta llic  p a rtic le s  w ith in  p o ly d im e th y ls ilo x a n e  m a trix  

(B e ra rd i, 2013).

M e c h a n ic a l p rope rtie s  o f  g rap h ene /N R  co m po s ite s  are show n  in  T ab le

4.4 and F ig u re  4.8. T h e  co m po s ite  f i lm  m echa n ica l p rope rtie s  s ig n if ic a n t ly  va ry  w ith  

in c re a s in g  graphene con cen tra tio n  because graphene acts as a re in fo rcem en t to 

enhance the strength  o f  N R  m a tr ix . T he  20 % v/v  o f  g raphene co n cen tra tio n  show s 

the h ighest va lu e s  o f  strength  w ith o u t any m a te r ia l b re akdow n . T h e  la rge su rface  

area o f  g raphene o ffe rs  m u ch  stronger re in fo rcem en t e ffe c t and causes a greater 

in te r fa c ia l in te ra c t io n  betw een  graphene and the N R  m a tr ix  (Y a n g  e t  a l ,  2007). The  

strength o f  N R  f i lm  in creases fro m  0.6  M P a  to 9.9 M P a  w h en  ad d in g  20 % v/v o f  

g raphene, a 1500 % in crease  in  the strength  at m a x im u m  stress. T h is  obse rved  

im p ro vem en t is h ig he r than that p re v io u s  lite ra tu re . F o r  exam p le , m u lt i-w a lle d  

ca rbon  n an o tu b e /N R  co m po s ite  had an in crease  in  stress o f  700  %  (B o ko b za , 2012). 

H o w eve r, the p resence o f  a sm a ll am ount o f  re in fo rcem en t p a rt ic le , as 0.01 and

0.1 % v/v  o f  g raphene in  N R  m a tr ix , m ay  no t have a s ig n if ic a n t  in f lu e n ce  in  

m ech a n ica l p rope rtie s  because the p a rt ic le s  do not re s tr ic t N R  m o le cu la r  ch a in  

m ovem en t d u r in g  s tre tch ing  (K u e seng  e t  a l ,  2006). Fu rthe rm o re , add in g  a large 

am oun t o f  g raphene (ove r 20 .0  % v/v), it behaves l ik e  a s t if f te n in g  m ate r ia l. F o r  the

35.0  % v/v  g rap h ene /N R  com pos ite , it appeared to b re akd ow n  at s tra in  o f  13.06 % 

due to  an e x ce ss iv e  graphene con ten t em bedded  in  the N R  m a tr ix . T h e  la rge am ount 

o f  g raphene acted as a de fect in  N R  m a tr ix  because g raphene p a rt ic le s  tended to 

agg lom e rage  and thus p ro v id ed  the phase sepe ra tion  ca u s in g  a w eak  p h y s ic a l 

in te ra c t io n  betw een  graphene su rface  and the N R  m a tr ix . M o re o v e r , the 

pe rfo rm ance  o f  co m po s ite  changes fo rm  ru b b e ry - lik e  to p la s t ic - l ik e  b eh av io r w ith  

ap p lie d  graphene con ten t m ore  than 20 .0  % v/v. T h u s , th is  in d ica te s  that an in crease 

o f  g raphene co n cen tra tio n  d ire c t ly  a ffe cts  the m e ch a n ic a l p ro pe rt ie s  o f  com pos ite s . 

C o m p a r in g  w ith  co m m e rc ia l D A N F O S S  c o m p lia n t e le ctrode , o ve r 5.0 % v/v o f  

g raphene em bedded  in  N R  m a tr ix  e x h ib its  a better m e ch a n ic a l p e rfo rm ance  

in c lu d in g  y ie ld  strength, y ie ld  stra in , and m odu lu s . E s p e c ia l ly  fo r  y ie ld  strength, 

these co m po s ite s  sh o w  a va lu e  h ig he r than that o f  D A N F O S S  b y  a fa c to r o f  2.
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F ig u re  4 . 9  show s the e le c tr ic a l c o n d u c t iv ity  o f  co m p o s ite  f i lm  under 

stre tch ing . T he  e le c tr ic a l co n d u c t iv ity  tends to decrease w ith  in c re a s in g  stra in  be ­

cause the d is tan ce  betw een  graphene pa rt ic le s  is  longer, w h en  a p p ly in g  a la rge r 

stra in . T h e  e le c tro n  pa thw ays are h inde red  w ith  in c re a s in g  s tra in  and thus e le c tr ic a l 

c o n d u c t iv ity  is  d ra m a t ic a lly  reduced. M o re o v e r , at a c r it ic a l s tra in , som e o f  the g ra ­

phene co n d u c t iv e  pa thw ays are p e rm anen tly  dam aged  b y  e x ce ss iv e  stre tch ing . A s  a 

h ig he r graphene con ten t em bedded  in  N R  m a tr ix , a greater c r it ic a l s tra in  is  obta ined, 

as show n  in  T a b le  4 . 5 ,  because a la rge r am oun t o f  g raphene has a la rg e r num ber o f  

co n d u c t iv e  n e tw o rk s  and le ad in g  to e le c tr ic a l n e tw o rk  b re a kd o w n  (C o c c i e t  a l ., 
1 9 7 3 ) .

In add it io n , e le c tr ic a l c o n d u c t iv ity  in creases w ith  in c re a s in g  graphene 

co n cen tra tio n  as the e le c tr ic a l co n d u c t iv e  pa thw ays fro m  g raphene are increased . The  

e le c tr ic a l c o n d u c t iv ity  can  be d iv id e d  in to  2  groups. F o r  the f ir s t  g roup , the 0 . 0 1 ,  0 . 1 ,  

and 1.0 % v/v  o f  g raphene con ten ts sh ow  v e ry  lo w  c o n d u c t iv ity  because co n d u c t iv e  

p a thw ay  o r d is tan ce  betw een  graphene f i l le r  is too  la rge  to co n d u c t the e lectrons 

a lo ng  the spec im en . T h e  second  group , o ve r 5 . 0  % v/v o f  g raphene co n cen tra tio n s  has 

a h ig he r c o n d u c t iv ity  because the am oun t o f  g raphene em bedded  in  rubber m a tr ix  is 

h ig h  enough  to co n d u c t e le ctrons  and the d is tan ce  be tw een  g raphene p a rt ic le s  is 

shorter. T he re fo re , the e le c trons  transfe r is eas ie r and the c o n d u c t iv ity  is  g reater than 

the f irs t  group. A t  th is  con cen tra tion , the graphene con ten t reaches the p e rco la tio n  

th re sho ld  due to the ove rshoo t o f  e le c tr ic a l c o n d u c t iv ity . T h e  3 5 . 0  % v/v graphene 

co n cen tra tio n  e x ib ite d  the h ighest co n d u c t iv ity  (0 .6  s /cm ) because  the f i l le r s  w ere  

ve ry  c lo se  to each o ther a llo w in g  e le ctrons to e a s ily  ju m p  and hop  a lo n g  the e le c tr i­

ca l p a thw ays th roughou t the spec im en  ( K im  e t  a l ,  2 0 1 2 ) .  T h e  e le c tr ic a l co n d u c t iv ity  

w as im p ro v ed  b y  4  orders o f  m agn itude  w h en com pa red  w ith  the p r is t in e  rubber. 

Fu rthe rm ore , w hen  com pa red  w ith  co m m e rc ia l D A N F O S S  co m p lia n t e lectrode , fo r 

the con cen tra tio n s  o f  g raphene o ve r 1 0 . 0  % v/v em bedded  in  N R  m a tr ix  indcued  

h ighe r e le c tr ic a l c o n d u c t iv ity  than the co m m e rc ia l one. C o m p a red  w ith  the o ther 

co n d u c t iv e  f il le rs , the e le c tr ic a l c o n d u c t iv ity  o f  s in g le -w a lle d  ca rbon  nano- 

tu b e /a c ry lic  e la stom e r com pos ite , ca rbon  b la c k / s il ic o n  ru bbe r com po s ite , s ilv e r  

n a n o p a t ic le /p o ly (te /7 -b u ty la c ry la te -co -a c ry lic  a c id )  co m po s ite , and ca rbon  nano- 

tube/po lyu re thane  w as 0 . 3 4  s /cm , 1 . 7 X 1 0 " 4 s /cm , 2 . 8  x lO '3 s /cm , and 0 . 1  s /cm , re ­
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sp e c t iv e ly  ( K im  e t  a l ,  2012 , W it t  e t  a l ,  2013 , Y u n  e t  a l ,  2012 , and S h in  e t  a l ,
2010).

In o rde r to be used as a c o m p lia n t e le ctrode , the co m po s ite s  shou ld  

possess the a b il it y  to absorb  ce rta in  le ve ls  o f  s tra in  w ith o u t u n d e rg o in g  any  s ig n if i­

cant deg rada tion  in  th e ir e le c tr ic a l co n d u c t iv ity . E le c t r ic a l c o n d u c t iv ity  under 

s tre tch ing  c y c le s  is  in ve stig a ted  and show n  in  F ig u re  4 .10 . B o th  o f  the 0.01 and

5.0 % v/v  o f  g raphene con cen tra tio n  com pos ite s  th e ir e le c tr ic a l c o n d u c t iv ity  rem a ins 

n ea rly  constan t w ith  in c re a s in g  stre tch ing  cy c le . B u t  fo r  20  % v/v  o f  g raphene c o n ­

tent, e le c tr ic a l c o n d u c t iv ity  g rad u a lly  decreases due to the lo ss  o f  e le c tr ic a l co n d u c ­

t iv it y  pa thw ay  (K u ja w s k i e t  a l ,  2010). Indeed, w hen  the co m po s ite s  are stretched to 

1 % stra in  fo r 20  tim es, the co n d u c t iv ity  o f  a ll co m po s ite s  d rops o ff. T h e  change in  

c o n d u c t iv ity  o f  20 .0  % v/v  g rap h ene /N R  co m po s ite  is  m u ch  h ig h e r than the others in  

w h ic h  it decreases b y  a fa c to r o f  1.36 (from  0.33 s /cm  to 0 .14  s /cm ). W h ile  5.0 % v/v 

g rap h ene /N R  co m po s ite  has a decrease b y  a fa c to r o f  0.1 ( fro m  0.11 s /cm  to 0 .10 

S/cm ). T h is  lo w  deg rada tion  o f  e le c tr ic a l c o n d u c t iv ity  o f  5 .0  % v/v  g raphene /N R  

co m po s ite  is  due to the u n ifo rm  d isp e rs io n  o f  g raphene in  the N R  m a tr ix . D u r in g  

stre tch ing  in  the f irs t  c y c le , the co n d u c t iv e  pa thw ays are a lig n ed  in  the d ire c t io n  o f  

stra in  as a f i l le r  o r ien ta tion . A f te r  seve ra l s tre tch ing , d e s tru c t io n  o f  the e le c tr ic a l 

pa thw ays s lig h t ly  o c cu rs  (B u s e ll i  e t  a l ,  2011). B u t in  the case o f  agg lom era ted  

graphene in  the m a tr ix , co n d u c t iv e  pa thw ays are pe rm anen tly  dam aged  w ith  w eak  

con tacts w ith  n e ig h b o r in g  co n d u c t iv e  pa rt ic le s , due to e x ce ss iv e  o n e -d im en s ion a l 

s tre tch ing  that causes a la rge r co n d u c t iv ity  d rop  under repeated stra in  ( K im  e t  a l ,
2012).

T h e  o ther s tre tch ing  param eter that a ffe c ts  the c o n d u c t iv ity  o f  the 

co m po s ite s  is the stra in  rate. A s  m en tioned  ea rlie r, d u r in g  stre tch ing , tw o  poss ib le  

phenom ena  can o c cu r w h ic h  are f i l le r  o r ie n ta t io n  and co n d u c t iv e  n e tw o rk  b reak ­

dow n . B e yo n d  the c r it ic a l stra in , the b reakage o f  co n d u c t iv e  pa thw ay  becom es m uch  

m ore  p redom inan t. A s  show n  in  F ig u re  4 .11 , the c r it ic a l s tra in  o f  5.0 % v/v 

g rap h ene /N R  co m po s ite  at the stra in  rates o f  0.01 ร '1, 0.1 ร '1, and 1.0 ร '1 are 2.01 %, 

16.60 %, and 61 .35  %, re spec tiv e ly . It is ev id en t that c r it ic a l s tra in  in creases w ith  

in c re a s in g  e x ten s io n  rate because m ate r ia l has a lit t le  t im e  fo r  the c o n d u c t iv ity  re ­

sponse. H ence , the re su lt im p lie s  that the faster m o b il ity  o f  co m po s ite  is  re spon s ib le
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fo r the decrease in  the co n d u c t iv e  pa thw ay  b re akd ow n  and the fo rm a t io n  o f  a fe w  

new  co n d u c t iv e  n e tw o rk s  in  the N R  m a tr ix  m ig h t be o c cu r (D a s  e t  a l ,  2002).

4.5 Conclusions

F le x ib le  c o m p lia n t e le ctrode  has been p repared  b y  na tu ra l rubber (N R )  

fd le d  w ith  m u lt ila y e r  graphene nanop la te le ts. T h e  c ro s s lin k e d  N R  f i lm s  w ere  o b ­

ta ined  b y  the u v  c ro s s lin k  techn ique. T h e  best c ro s s lin k in g  co n d it io n  w as 7 m inu te  

o f  u v  ir ra d ia t io n  t im e  and 5.0 % v/v c ro s s lin k e r  con cen tra tio n , it  e x h ib ite d  the y ie ld  

strength  o f  0.77 M P a , y ie ld  s tra in  o f  50.4 %, and m o d u lu s  o f  0.018 M P a , and w ith  

the c ro s s lin k  d en s ity  o f  7.3 X  10'5 m o le /cm 3. In ad d it io n , the m ech a n ic a l p rope rty , 

e sp e c ia lly  the strength, o f  N R  w as im p ro v ed  w hen  add in g  graphene. T h e  h ighest 

e le c tr ic a l c o n d u c t iv ity  w as ob ta in ed  fro m  the 35.0 % v/v  g rap h e n e /N R  co m po s ite  (0.6 
s/cm ). In te re s tin g ly , the e le c tr ic a l c o n d cu t iv ity  o f  the 5.0 % v/v  g rap h ene /N R  co m ­

pos ite  d id  not s ig n if ic a n t ly  change w ith in  20 s tre tch ing  c y c le  t im e s  due to a u n ifo rm  

d isp e rs io n  o f  g raphene in  N R  m a tr ix . F ro m  these resu lts , it can  be su m m ar ized  that

5.0 % v/v g rap h en e /N R  co m po s ite  is  an in te re s ting  m a te r ia l cand ida te  fo r use as a 

c o m p lia n t e le c trode  w ith  v e ry  lo w  c o n d u c t iv ity  d rop  under repea ting  s tre tch ing  c y ­

cles.
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Table 4.1 M e c h a n ic a l p rope rtie s  o f  N R  f i lm s  at v a r io u s  U V - ir r a d ia t io n  tim es, a 

f ix e d  co n cen tra tio n  o f  c ro s s lin k e r  o f  2 .0  % v/v, b y  u s in g  the m e lt rheom ete r in  the 

ten s io n  m ode  w ith  a s tra in  rate 0.01 ร '1 and tem peratu re o f  300  K

U V - ir r a d ia t io n  

t im es (m in )
Y ie ld  strength  (Pa) Y ie ld  s tra in  (%) M o d u lu s  (Pa)

0 2 .65E+ 5 ± 9 .27E+ 4 53 .97  ± 7 .3 9 4 .6 7 E ± 3 ±  1.0E±3

7 4 .92E+ 5  ± 1.12E+5 70 .39  ± 7 .2 6 6 .82E± 3  ± 8 .74E± 2

12 8.62E+ 5 ± 1.70E+5 73.61 ± 2 .0 9 1 .16E ± 4±  1.75E+2

15 3 .23E+ 5 ± 9 .67E+ 3 62.23 ± 4 .28 5 .05E± 3 ± 5 .06E± 2

Table 4.2 M e c h a n ic a l p rope rtie s  o f  NR f i lm s  at v a r io u s  con cen tra tio n s  o f  

c ro s s lin k e r , a f ix e d  U V - ir r a d ia t io n  t im e  o f  7 m in ., b y  u s in g  the m e lt rheom ete r in  the 

ten s ion  m ode w ith  a stra in  rate 0.01 ร '1 and tem peratu re  o f  300  K

C o n cen tra t io n s  

o f  c ro s s lin k e r

(% v/v)

Y ie ld  strength  (Pa) Y ie ld  stra in  (%) M o d u lu s  (Pa)

0.1 3 .0 9 E ± 5 ± 9 .0 0 E ± 4 45 .02  ± 9 .1 7 7 .76E± 3 ± 7 .00E± 2

0.5 3 .4 1 E ± 5 ± 6 .0 0 E ± 4 36 .76  ± 3 .3 7 1,00E± 4  ± 1,09E± 2

1.0 5 .53E± 5 ± 5 .37E± 3 46 .80  ± 3 .2 0 1 .2 9 E ± 4 ± 9 .8 2 E ± 2

2.0 4 .9 2 E ± 5 ±  1.12E+5 51 .57  ± 5.84 1 .0 6E ± 4±  1.36E±3

3.0 5 .2 5 E ± 5 ±  1.40E±5 39.58  ± 6 .0 7 1 .3 0 E ± 4 ± 2 .2 0 E ± 3

5.0 7 .71E± 5 ± 2 .04E+ 5 50.41 ± 5 .1 8 1 .79E ± 4±  1.27E+3

7.0 5 .08E± 5 ± 1 .1 1E±5 39.18  ± 2 .7 4 1 .1 6 E ± 4 ± 3 .9 3 E ± 2

10.0 6 .2 9 E ± 5 ±  1.22E±5 45 .46  ± 3 . 1 8 1 .32E ± 4±  1.08E±3

15.0 7 .4 4 E ± 5 ±  1.15E+5 50 .30  ± 4 . 9 8 1 .54E ± 4±  1.69E±3

20.0 6 .7 1 E ± 5 ± 5 .8 1 E ± 4 53 .66  ± 5 . 8 2 1 .9 6 E ± 4 ± 3 .0 2 E ± 3
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Table 4.3 F E -S E M  im ages o f  the 5.0%v/v graphene/NR com posite and the 

20.0% v/v graphene/NR com posite at d ifferent m agn ifications

Magnification FE-SEM images
5.0%v/v graphene/NR com posite 20.0%v/v graphene/NR com posite

2 kX

60 kX



50

Table 4.4 M e c h a n ic a l  p r o p e r t ie s  o f  g r a p h e n e /N R  c o m p o s i t e s  a t  v a r io u s  c o n c e n t r a ­
t io n s  o f  th e  g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  te n s io n  
m o d e  w i th  a  s t r a in  r a te  o f  0 .0 1  ร"1, te m p e r a tu r e  o f  3 0 0  K , a n d  a p p l ie d  e le c t r ic  f ie ld  o f  
5 v o lt

G r a p h e n e  c o n ­
c e n t r a t io n

(% v /v )
Y ie ld  s t r e n g th  (P a ) Y ie ld  s t r a in  (% ) M o d u lu s  (P a )

0 .0 6 .1 4 E + 5  ±  1 .1 8 E + 5 6 3 .6 0  ± 2 . 0 4 4 . 7 5 E ± 4 ±  3 9 9 .4 5

0 .01 6 .2 6 E + 5  ±  3 .2 8 E + 4 7 0 .2 3  ± 2 . 4 2 8 .4 8 E ± 3  ±  4 9 7 .6 5

0.1 4 .0 7 E + 5  ±  1 .0 4 E + 5 5 4 .8 7  ±  1 .88 5 .9 5 E + 3  ± 4 0 1 .5 6

1.0 7 . 1 1E + 5  ±  2 .7 6 E + 4 6 6 .4 6  ±  2 .2 9 7 .1 2 E + 3  ±  3 2 .1 0

5 .0 8 .3 6 E + 6  ±  4 .1 8 E + 5 6 9 .8 6  ± 3 . 4 9 1 . 1 3 E ± 5 ± 5 .6 7 E ± 4

10 .0 9 .1 5 E + 6  ±  4 .5 7 E + 5 5 3 .5 3  ± 2 . 6 7 1 .6 3 E ± 5 ± 8 .1 5 E ± 4

2 0 .0 9 .9 9 E + 6  ±  4 .9 9 E + 5 6 0 .4 2  ± 3 . 0 0 1 .5 4 E ± 5  ±  7 .7 1 E + 4

3 0 .0 4 .9 5 E + 6  ±  2 .4 7 E + 5 1 6 .7 5  ± 0 . 8 4 2 . 6 6 E ± 5 ±  1 .3 3 E + 4

3 5 .0 4 .3 6 E + 6  ±  2 .1 8 E + 5 1 3 .0 6  ± 0 .6 5 2 .4 6 E ± 5  ±  1 .2 3 E + 4

4 0 .0 3 .6 5 E + 6  ±  1 .8 2 E + 5 2 .4 6  ± 0 . 1 2 6 .9 9 E ± 5  ± 3 .5 0 E ± 4

4 5 .0 5 .9 4 E + 6  ±  2 .9 7 E + 5 1 .4 4  ± 0 . 0 7 3 .6 5 E ± 6  ±  1 .8 3 E + 5

D A N F O S S 2 .8 4 E + 6  ±  1 .7 8 E + 4 7 5 .1 2  ± 2 . 6 0 8 .1 5 E ± 3 ±  1 8 9 3 .5 0
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Table 4.5 E le c t r ic a l  c o n d u c t iv i ty  o f  g r a p h e n e /N R  c o m p o s i t e s  a t  v a r io u s  c o n c e n t r a ­
t io n s  o f  th e  g r a p h e n e  m u l t i l a y e r s  a s  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  te n s io n  
m o d e  w i th  a  s t r a in  r a te  o f  0 .01  ร '1, te m p e r a tu r e  o f  3 0 0  K , a n d  a p p l ie d  e le c t r i c  f ie ld  o f  
5 v o l t

G r a p h e n e  c o n c e n t r a t io n
(% v /v )

C o n d u c t iv i ty  
b e fo re  s t r e tc h in g  (S /c m )

C r i t i c a l  s tr a in *  (% )

0 .0 1 .4 1 E -5  ±  5 .4 7 E -6 >  100

0 .0 1 3 .5 5 E -5  ะเะ 1 .7 7 E -6 >  100

0.1 4 .0 5 E -5  ±  2 .0 3 E - 6 >  10 0

1.0 3 .8 4 E - 4  ±  2 .2 3 E - 4 >  100

5 .0 1 .1 0 E -1  ±  5 .5 0 E -3 2 .0 1  ± 0 .1 1

1 0 .0 1 .5 0 E -1  ±  5 .0 7 E -2 3 .1 1  ± 0 .5 1

2 0 .0 3 .3 6 E -1  ±  1 .9 0 E -2 5 .0 2  ± 0 . 6 7

3 0 .0 6 .0 4 E -1  ±  1 .0 0 E -2 1 2 .7 0  ± 0 . 9 2

3 5 .0 6 .1 2 E -1  ±  3 .0 6 E -2 0 .8 8  ± 0 . 0 4

4 0 .0 5 .2 2 E -1  ±  2 .6 1 E - 2 0 .2 3  ± 0 .0 1

4 5 .0 4 .8 6 E -1  ±  2 .4 3 E -2 0 .0 7  ±  3 .6 4 E -3

D A N F O S S 2 .5 4 E - 2  ±  1 .2 7 E -3 6 .4 5  ± 0 . 3 2

* C r i t ic a l  s t r a in  r e fe r s  to  5 %  c o n d u c t iv i ty  d ro p . B e y o n d  th is  c r i t i c a l  s tr a in  p o in t ,  th e  
m a te r i a l ’s b e h a v io r  is  n o n - l in e a r  a n d  th e  c o n d u c t iv i ty  d e c l in e s .
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Figure 4.1 R a m a n  s p e c t r a  o f  g r a p h e n e  m u l t i la y e r s .
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Figure 4 .2  X R D  p a t te r n  o f  th e  g r a p h e n e  m u l t i la y e r s .
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Figure 4 .3  C r o s s l in k in g  d e n s i ty  o f  c r o s s l ik e d  N R  f i lm  a t  v a r io u s  c r o s s l in k in g  t im e s , 
a  f ix e d  c r o s s l in k  c o n c e n t r a t io n  o f  2 .0  % v /v .
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Figure 4.4 C r o s s l in k  d e n s i ty  o f  c r o s s l ik e d  N R  f ilm  a t v a r io u s  c o n c e n t r a t io n s  o f  
c r o s s l in k e r ,  a n d  a t  a  f ix e d  U V - i r r a d ia t io n  t im e  o f  7 m in .
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S tr a in  ( % )
1000

Figure 4.5 S tre ss -s tra in  cu rv e  o f  N R  film  a t v a r io u s  U V -irra d ia tio n  tim e s , a  fix ed  
c o n c e n tra tio n  o f  c ro ss lin k e r  o f  2 .0  % v /v , by  u s in g  th e  m e lt rh e o m e te r  in th e  te n s io n  
m o d e  w ith  a  s tra in  ra te  0.01 ร"1 an d  te m p e ra tu re  o f  30 0  K.
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•  1 0%v/v Concentration of crosslinker
•  2.0%v/v Concentration of crosslinker
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© 5.0%v/v Concentration of crosslinker
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o  15.0%v/v Concentration of crosslinker
•  20.0%v/v Concentration of crosslinker
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Figure 4 .6  S tre s s -s tra in  c u rv e  o f  N R  f ilm  o f  v a rio u s  c o n c e n tra tio n s  o f  c ro ss iin k e r , a 
fix ed  U V -irra d ia tio n  tim e  o f  7 m in , by u s in g  th e  m e lt rh e o m e te r  in th e  te n s io n  m o d e  
w ith  a  s tra in  ra te  0 .0 1 ร ', an d  te m p e ra tu re  o f  3 0 0  K.
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(e)

F ig u r e  4 .7  D is tr ib u tio n  in m ic ro -sc a le  o f  c o m p o s ite  in th e  a re a  o f  2 p m 2 ะ 
(a ) 1 .0% v/v  g ra p h e n e /N R  c o m p o s ite ; (b ) 5 .0 % v /v  g ra p h e n e /N R  c o m p o s ite ;
(c) 10 .0% v /v  g ra p h e n e /N R  c o m p o s ite ; (d ) 2 0 .0 % v /v  g ra p h e n e /N R  c o m p o s ite ; and
(e) D A N F O S S  c o m m e rc ia l c o m p lia n t e lec tro d e .
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® 0.01 %v/v Graphene/NR composite
© 0.1 %v/v Graphene/NR composite
O 1.0 %v/v Graphene/NR composite
•  5.0 %v/v Graphene/NR composite
o  10.0 %v/v Graphene/NR composite
o 20.0 %v/v Graphene/NR composite
o  30.0 %v/v Graphene/NR composite
•  35.0 %v/v Graphene/NR composite
o  40.0 %v/v Graphene/NR composite
o  45.0 %v/v Graphene/NR composite
O DANFOSScommercial compliant electrode

J— L - J  1 1 1

10๓

F ig u r e  4 .8  S tre ss -s tra in  cu rv e  o f  g ra p h e n e /N R  c o m p o s ite s  a t v a r io u s  c o n c e n tra tio n s  
o f  th e  g ra p h e n e  m u ltila y e rs  a s  m e a su re d  by  th e  m e lt rh e o m e te r  in th e  te n s io n  m o d e  
w ith  a  s tra in  ra te  o f  0 .0 1 s '1, te m p e ra tu re  o f  3 0 0  K, an d  a p p lie d  e le c tric  f ie ld  o f  5 v o lt.
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____________________________ S tra in  ( % )
o Pure NR
•  0.01 %v/v Graphene/NRcomposite
•  0.1 %v/v Graphene/NRcomposite
o 1.0 %v/V Graphene/NR compos ite
•  5.0 %v/v Graphene/NRcomposite
•  10.0%v/v Graphene/NRcomposite
•  20.0%v/v Graphene/NRcomposite
o 30.0%v/v Graphene/NRcomposite
•  35.0 %v/v Graphene/NR compo ร ite
o 40.0%v/v Graphene/NRcomposite
•  45.0%v/v ftaphene/NRcomposite
o DANFOSS commercial compliant electrode

1000

Figure 4.9 C o n d u c tiv ity  o f  g ra p h e n e /N R  c o m p o s ite s  a t v a r io u s  c o n c e n tra tio n s  o f  
th e  g ra p h e n e  m u ltila y e rs  a s  m e a su re d  by  th e  m e lt rh e o m e te r  in th e  te n s io n  m o d e  w ith  
a s tra in  ra te  o f  0.01 ร"1, te m p e ra tu re  o f  3 0 0  K , an d  a p p lie d  e le c tr ic  f ie ld  o f  5 vo lt.
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o  0.01%v/v Graphene/NRcomposite 
A 5.0%v/v Graphene/NR composite 
o  20.0%v/v Graphene/NR composite
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S t r e t c h in g  c y c l e

20

F i g u r e  4 .1 0  C o n d u c t iv i ty  o f  th e  g r a p h e n e /N R  c o m p o s i te s  a s  a  f u n c t io n  o f  s tr e tc h in g  
c y c le s  a t  f ix e d  s t r a in  1%  as  m e a s u r e d  b y  th e  m e l t  r h e o m e te r  in  th e  t e n s io n  m o d e  w ith  
a  s tr a in  r a te  o f  0 .0 1 s '1, t e m p e ra tu re  o f  3 0 0  K , a n d  a p p l ie d  e le c t r i c  f ie ld  o f  5 v o lt .
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S t r a in  (% )

F ig u r e  4 .11  C o n d u c tiv ity  o f  5 .0  % v /v  g ra p h e n e /N R  c o m p o s ite s  a s  a  fu n c tio n  o f  
s tra in  ra te  a s  m e a su re d  by th e  m e lt rh e o m e te r  in th e  te n s io n  m o d e  w ith  a  s tra in  ra te  
o f  0 . 0 1 s 1, te m p e ra tu re  o f  30 0  K , an d  a p p lie d  e le c tr ic  f ie ld  o f  5 vo lt.
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