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APPENDIX A
C a l i b r a t i o n  D a t a  f o r  G e l  P e r m e a t i o n  C h r o m a t o g r a p h y  ( G P C )

W e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t  ( M w ) ,  n u m b e r  a v e r a g e  m o l e c u l a r  

w e i g h t  (  M ท) a n d  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  ( M W D )  o f  N R  w e r e  

d e t e r m i n e d  b y  a t  r o o m  t e m p e r a t u r e  g e l  p e r m e a t i o n  c h r o m a t o g r a p h y ,  W a t e r s  

6 0 0 E .  T h e  c o l u m n  s e r i e s  o f  H T 4  a n d  H T 5  w e r e  c a l i b r a t e d  u s i n g  n a r r o w  

M W D  p o l y s t y r e n e  s t a n d a r d .  B y  u s i n g  f l o w  r a t e  1 c m 3/ m i n ,  t e t r a h y d r o f u r a n  

( T H F )  w a s  u s e d  a s  a  s o l v e n t  f o r  n a t u r a l  r u b b e r  a n d  t h e  p o l y s t y r e n e  s t a n d a r d .  

T h e  t e m p e r a t u r e  o f  t h e  c o l u m n  w a s  c o n t r o l l e d  a t  3 5 ° c  a n d  t h e  i n j e c t i o n  

v o l u m e  w a s  6 0  p i .

T a b l e  A 1  R e t e n t i o n  t i m e  o f  s t a n d a r d  p o l y s t y r e n e  w i t h  k n o w n  m o l e c u l a r  

w e i g h t  a t  r o o m  t e m p e r a t u r e .

R e t e n t i o n  t i m e  ( m i n ) S p e c i f i e d  M o l e c u l a r C a l c u l a t e d  M o l e c u l a r

w e i g h t W e i g h t

1 1 . 7 7 3 8 4 0 0 0 0 3 6 8 7 7 5 3

1 1 . 9 3 2 8 9 0 0 0 0 2 9 5 8 2 5 4

1 2 . 7 7 1 0 9 0 0 0 0 1 1 5 9 3 5 5

1 3 . 4 1 7 0 6 0 0 0 6 8 8 8 1 9

1 4 . 6 1 3 5 5 0 0 0 3 3 8 2 8 7

1 5 . 7 8 1 9 0 0 0 0 1 9 1 2 6 8

1 6 . 9 8 9 6 4 0 0 1 0 0 2 4 3

1 8 . 3 6 3 7 9 0 0 3 8 3 3 0

1 9 . 3 1 1 8 1 0 0 1 6 8 4 4

1 9 . 9 0 9 1 0 0 9 5 4 9

2 0 . 3 7 5 9 7 0 5 9 4 1
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C u r v e  T y p e :  4 th O r d e r

E q u a t i o n  o f  C u r v e :  l o g  M W  =  + 7 . 4 0 E + 0 1  - 1 . 5 5 E + 0 1 * R  +  1 . 3 2 E + 0 0 * R 2

- 4 . 9 9 E - 0 2 * R 3 + 6 . 8 9 E - 0 4 * R 4 

w h e r e  R  =  r e t e n t i o n  t i m e  ( m i n ) .

C o r r e l a t i o n  C o e f f i c i e n t :  r 2 =  0 . 9 9 9 6 4 5 3 6  

S t a n d a r d  E r r o r  o f

E s t i m a t e :  0 . 0 2 3 8 7 5 8 8

F i g u r e  A 1  C a l i b r a t i o n  c u r v e  o f  s t a n d a r d  p o l y s t y r e n e  i n  T H F  a t  r o o m  

t e m p e r a t u r e  a n d  f l o w  r a t e  o f  1 . 0  m l / m i n .

T a b l e  A 2  E f f e c t  o f  m a s t i c a t i o n  t i m e  o n  m o l e c u l a r  w e i g h t  o f  N R .

M a s t i c a t i o n  t i m e  ( m i n ) M n M w M W D
0 2 2 8 5 1 7 1 1 2 2 5 7 3 4 . 9 1 2 4
5 1 9 2 4 0 4 5 8 2 9 9 6 3 . 0 3 0 1

1 0 1 8 3 5 5 3 4 8 2 7 1 5 2 . 6 2 9 8
2 5 1 5 9 7 8 3 3 6 5 5 9 5 2 . 2 8 8 1



44

T a b l e  A 3  R e t e n t i o n  t i m e  o f  s t a n d a r d  p o l y s t y r e n e  w i t h  k n o w n  m o l e c u l a r  

w e i g h t  a t  r o o m  t e m p e r a t u r e  f o r  t h e  n e w  l o t  o f  N R .

R e t e n t i o n  t i m e  ( m i n ) M o l e c u l a r  w e i g h t

1 1 . 5 3 2 1 2 9 0 0 0 0

1 2 . 3 0 6 5 2 0 0 0 0

1 3 . 2 3 7 1 7 2 1 0 0

1 3 . 9 7 8 6 6 0 0 0

1 5 . 4 2 7 1 0 8 5 0

1 5 . 9 6 5 5 4 6 0

l o g  M W  =  +  1 . 2 3 E + 0 0 1  - 5 . 3 7 E - 0 0 1  T A 1 

R A 2  =  0 . 9 9 9 7 7 2  

R  =  0 . 9 9 9 8 8 6

F i g u r e  A 2  C a l i b r a t i o n  c u r v e  o f  s t a n d a r d  p o l y s t y r e n e  i n  T H F  a t  r o o m  

t e m p e r a t u r e  a n d  f l o w  r a t e  o f  1 . 0  m l / m i n  f o r  t h e  n e w  l o t  o f  N R
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T a b l e  A 4  E f f e c t  o f  m a s t i c a t i o n  t i m e  o n  m o l e c u l a r  w e i g h t  f o r  t h e  n e w  l o t  o f  
N R .

M a s t i c a t i o n  t i m e  ( m i n ) M n M w M W D
0 3 0 8 2 1 0 2 1 9 6 9 9 3 7 . 1 2 8 2 4 1
5 2 1 0 4 6 1 1 0 2 0 5 7 2 4 . 8 4 9 2 1 8
8 1 9 0 2 2 1 7 8 6 1 1 9 4 . 1 3 2 6 5 2

1 0 2 0 5 0 5 7 7 0 9 5 7 9 3 . 4 6 0 4 0 7
1 3 1 7 8 7 5 9 6 5 6 3 1 8 3 . 6 7 1 5 1 8
1 5 1 7 6 1 0 2 6 1 9 2 1 9 3 . 5 1 5 2 6 2
2 0 1 7 9 5 7 5 5 1 9 9 7 5 2 . 8 9 5 5 8 4
2 5 1 6 5 8 0 6 4 7 2 3 3 5 2 . 8 4 8 7 2 2



APPENDIX B
T o r q u e - T i m e - T e m p e r a t u r e  R e l a t i o n s h i p  o f  F i l l e d - N R  C o m p o u n d s  

P r e p a r e d  b y  M e l t  T e c h n i q u e  u s in g  B r a b e n d e r  P l a s t i c o r d e r

A b b r e v i a t i o n s

A  : L o a d i n g  p e a k

G  : I n f l e c t i o n  p o i n t

E  : E n d

B  : M i n i m u m

X  : M a x i m u m

A - B  : L o a d i n g  p e a k  t o  M i n i m u m

B - X  : M i n i m u m  t o  M a x i m u m

X - E  : M a x i m u m  t o  E n d  =  F u s i o n  t i m e  ( t )

A - X  : L o a d i n g  p e a k  t o  E n d
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T in e  [ n in ]

F i g u r e  B 1  T o r q u e - t i m e - t e m p e r a t u r e  r e l a t i o n s h i p  o f  N R  c o m p o u n d
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Figure B2 Torque-time-temperature relationship of NR/gypsum compound
composition 80/20 in volume fraction
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F i g u r e  B 3  T o r q u e - t i m e - t e m p e r a t u r e  r e l a t i o n s h i p  o f  N R / c a r b o n  b l a c k  ( N 1 1 0 )  

c o m p o u n d  c o m p o s i t i o n  8 0 / 2 0  i n  v o l u m e  f r a c t i o n

Torque[N m ] Temp [ ° C ]

Figure B4 Torque-time-temperature relationship of NR/carbon black (N220)
compound composition 80/20 in volume fraction
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F i g u r e  B 5  T o r q u e - t i m e - t e m p e r a t u r e  r e l a t i o n s h i p  o f  N R / c a r b o n  b l a c k  ( N 3 3 0 )  

c o m p o u n d  c o m p o s i t i o n  8 0 / 2 0  i n  v o l u m e  f r a c t i o n
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Figure B6 Torque-time-temperature relationship of NR/silica (Hi-Sil927)
compound composition 80/20 in volume fraction
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Torque [Null Temp [°C ]

F i g u r e  B 7  T o r q u e - t i m e - t e m p e r a t u r e  r e l a t i o n s h i p  o f  N R / s i l i c a  ( H i - S i l 2 5 5 )  

c o m p o u n d  c o m p o s i t i o n  8 0 / 2 0  i n  v o l u m e  f r a c t i o n

Torque[Nm  ] Temp r ° C ]

Figure B8 Torque-time-temperature relationship of NR/silica (Ultrasil-
VN2) compound composition 80/20 in volume fraction
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Torque[Nm] Temp [ “Cl

F i g u r e  B 9  T o r q u e - t i m e - t e m p e r a t u r e  r e l a t i o n s h i p  o f  N R / c a r b o n  

b l a c k / g y p s u m  c o m p o u n d  c o m p o s i t i o n  8 0 / 1 6 / 4  i n  v o l u m e  f r a c t i o n

T o rq u e [N n ] Temp C°C]

Figure BIO Torque-time-temperature relationship of NR/carbon
black/gypsum compound composition 80/12/8 in volume fraction
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Torque[Nm] Temp [*C3

F i g u r e  B l l  T o r q u e - t i m e - t e m p e r a t u r e  r e l a t i o n s h i p  o f  N R / c a r b o n  
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Figure B12 Torque-time-temperature relationship of NR/carbon
black/gypsum/silica compound composition 80/12/4/4 in volume fraction



APPENDIX c
Calculation for Amount of Materials that used in Brabender
Plasticorder

F r o m D  = M / V ( C . l )

T h e n D to ta i M t o t a l /V  tota| ( C . 2 )

A n d M to ta l =  ( M x+ M y+ M z+ . . . ) ( C . 3 )

V tota i =  [ ( M x/ D x ) + ( M y/ D y ) + ( M z/ D 2) + . . . ] ( C . 4 )

w h e r e D  =  d e n s i t y  o f  m a t e r i a l  ( g / c m 3 )

M  =  w e i g h t  o f  m a t e r i a l  ( g )

V  =  v o l u m e  o f  m a t e r i a l  ( c m 3 )

E x a m p l e  o f  c a l c u l a t i o n

F o r  c a r b o n  b l a c k  f i l l e d - N R  c o m p o u n d  c o n s i s t s  o f  m a t e r i a l s  a s  s h o w n

b e l o w :

N R  h a s  d e n s i t y  0 . 9  g / c m 3 w i t h  l o a d i n g  1 0 0  p a r t  

C a r b o n  b l a c k  h a s  d e n s i t y  1 . 8  g / c m 3 w i t h  l o a d i n g  5 0  p a r t  

Z i n c  o x i d e  h a s  d e n s i t y  5 . 6 7  g / c m 3 w i t h  l o a d i n g  5  p a r t  

S t e a r i c  a c i d  h a s  d e n s i t y  0 . 9 4  g / ' c m 3 w i t h  l o a d i n g  2  p a r t  

M B T S  h a s  d e n s i t y  1 . 5 4  g / c m 3 w i t h  l o a d i n g  1 . 8  p a r t  

S u l f u r  h a s  d e n s i t y  2 . 0 8  g / c m 3 w i t h  l o a d i n g  3  p a r t

F r o m

Dtotal — Mtota|/Vtotal
Dtotai = [100+50+5+2+1.8+3]

[ ( 1 0 0 / 0 . 9 ) + ( 5 0 / 1 . 8 ) + ( 5 / 5 . 6 7 ) + ( 2 / 0 . 9 4 ) + (  1 . 8 / 1 . 5 4 ) + ( 3 / 2 . 0 8 ) ]

=  1 . 1 1 9 6  g / c m 3
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D u e  t o  a  c h a m b e r  o f  B r a b e n d e r  P l a s t i c o r d e r  h a s  v o l u m e  8 0  c m 3 a n d  t o  

a c h i e v e  a  g o o d  m i x i n g  t h e  m a t e r i a l s  s h o u l d  b e  f d l e d  i n  8 0  %  o f  c h a m b e r  

v o l u m e  t h a t  i s

( 8 0 x 8 0 ) / 1 0 0  =  6 4  c m 3

T h e n  w e i g h t  o f  m a t e r i a l s  t h a t  w a n t e d  i n  b l e n d i n g  i s  

1 . 1 1 9 6 x 6 4  =  7 1 . 6 5 4 4  g

M a t e r i a l s  h a v e  t o t a l  a m o u n t  a t  1 6 1 . 8  p a r t  =  7 1 . 6 5 4 4  g

T h e n  N R  h a s  1 0 0  p a r t =  ( 1 0 0 x 7 1 . 6 5 4 4 ) / 1 6 1 . 8  

=  4 4 . 2 8 5 8  g

C a r b o n  b l a c k  h a s  5 0  p a r t =  ( 5 0 x 7 1 . 6 5 4 4 ) / 1 6 1 . 8  

=  2 2 . 1 4 2 9  g

Z n O  h a s  5  p a r t =  ( 5 x 7 1 . 6 5 4 4 ) / l  6 1 . 8  

=  2 . 2 1 4 3  g

S t e a r i c  a c i d  h a s  2  p a r t =  ( 2 x 7 1 . 6 5 4 4 ) / 1 6 1 . 8  

=  0 . 8 8 5 7  g

M B T S  h a s  1 .8  p a r t =  (  1 . 8 x 7 1 . 6 5 4 4 ) / l  6 1 . 8  

=  0 . 7 9 7 1  g

S u l f u r  h a s  3  p a r t =  ( 3 x 7 1 . 6 5 4 4 ) / 1 6 1 . 8  

=  1 . 3 2 8 6  g

V o l u m e  F r a c t i o n

I n  t h i s  t h e s i s ,  t h e  v o l u m e  f r a c t i o n  i s  c a l c u l a t e d  o n l y  f r o m  t h e  v o l u m e  

o f  N R  a n d  t h e  v o l u m e  o f  e a c h  f d l e r  o r  i s  n o t  i n c l u d i n g  t h e  v o l u m e  o f  t h e  

o t h e r  a d d i t i v e s  s u c h  a s  z i n c  o x i d e ,  s t e a r i c  a c i d ,  M B T S  a n d  s u l f u r .

F r o m  v x =  v x /  Vtotai

w h e r e  V x =  t h e  v o l u m e  f r a c t i o n  o f  m a t e r i a l  X

v x =  ( m x/ p x)  =  t h e  v o l u m e  o f  m a t e r i a l  X ( c m 3 )

Vtotai =  v x +  v y +  v z + . . .
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E x a m p l e  o f  c a l c u l a t i o n

F o r  c a r b o n  b l a c k - f i l l e d  N R  c o m p o u n d  c o n s i s t s  o f  m a t e r i a l s  a s  s h o w n

b e l o w :

N R  h a s  d e n s i t y  0 . 9  g / c m 3 w i t h  l o a d i n g  1 0 0  p a r t  

C a r b o n  b l a c k  h a s  d e n s i t y  1 . 8  g / c m 3 w i t h  l o a d i n g  5 0  p a r t

Vcarbon black V  carbon black /  Vtotal

=  [ ( 5 0 / 1 . 8 )  /  ( ( 5 0 / 1 , 8 ) + (  1 0 0 / 0 . 9 ) ) ]

=  0 . 2

V n R V carbon black /  ^tota l

=  [ ( 1 0 0 / 0 . 9 )  /  ( ( 5 0 / 1 , 8 ) + (  1 0 0 / 0 . 9 ) ) ]

=  0 . 8



APPENDIX D
M e c h a n i c a l  P r o p e r t i e s  D a t a  o f  P u r e  a n d  F i l l e d  N R  C o m p o u n d s

E a c h  t e s t i n g  w a s  d o n e  r e p e a t e d l y .  T h e  a v e r a g e  v a l u e s  o f  a l l  t e s t s  a r e  

o b t a i n e d  f r o m  3  r u n s .

T a b l e  D 1  T e n s i l e  s t r e n g t h  d a t a  o f  r u b b e r  c o m p o u n d s .

R u b b e r  c o m p o u n d T e n s i l e  s t r e n g t h  ( M P a )

M i x  1 1 9 . 3 3  ±  1 . 4 3

M i x  2 2 0 . 5 9  ± 0 . 1 8

M i x  3 2 6 . 5 6  ± 0 . 3 8

M i x  4 2 7 . 2 7  ± 0 . 5 2

M i x  5 2 8 . 9 6  ± 0 . 4 4

M i x  6 1 3 . 3 6  ± 0 . 6 0

M i x  7 1 2 . 7 5  ± 0 . 3 4

M i x  8 1 1 . 7 9  ± 0 . 3 5

M i x  9 2 7 . 4 3  ± 0 . 3 7

M i x  1 0 2 6 . 0 2  ± 0 . 6 6

M i x  11 2 3 . 2 2  ± 0 . 2 8

M i x  1 2 2 0 . 0 9  ± 0 . 5 3
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Table D2 Elongation at break data of rubber compounds.

R u b b e r  c o m p o u n d E l o n g a t i o n  a t  b r e a k  ( % )

M i x  1 7 6 3 . 2 0  ±  1 6 . 0 7

M i x  2 6 1 6 . 6 6  +  2 8 . 4 7

M i x  3 5 6 0 . 0 5  +  3 6 . 7 8

M i x  4 5 4 4 . 4 7 +  1 4 . 8 4

M i x  5 5 2 4 . 0 8  +  2 9 . 1 3

M i x  6 5 5 0 . 7 0  +  2 7 . 4 5

M i x  7 5 5 6 . 4 8  +  2 3 . 4 9

M i x  8 5 7 6 . 6 6  +  1 8 . 4 5

M i x  9 5 7 2 . 6 8  +  2 7 . 0 7

M i x  1 0 5 8 4 . 6 5  +  4 5 . 0 0

M i x  11 6 0 2 . 3 4 +  1 4 . 0 3

M i x  1 2 6 2 3 . 8 4  +  2 2 . 9 2



Table D3 300% Modulus data of rubber compounds.

Rubber compound 300% Modulus (MPa)
Mix 1 3.45 + 0.02
Mix 2 4.17 + 0.28
Mix 3 11.39 ± 1.40
Mix 4 15.271 0.92
Mix 5 16.641 0.96
Mix 6 5.001 0.28
Mix 7 5.02 1  0.23
Mix 8 4.23 1  0.20
Mix 9 10.171 0.97

Mix 10 8.201 1.31
Mix 11 7.9710.13
Mix 12 5.541 0.36



Table D4 Hardness data of rubber compounds.

Rubber compound Hardness (Shore A)
Mix 1 39.42 ±0.19
Mix 2 49.04 ±0.59
Mix 3 69.20 ±0.91
Mix 4 68.98 ± 1.75
Mix 5 70.72 ± 1.78
Mix 6 68.30 ±3.30
Mix 7 69.52 ±8.47
Mix 8 70.04 ± 1.90
Mix 9 63.04 ±3.37

Mix 10 62.04 ± 1.95
Mix 11 57.44 ± 1.13
Mix 12 52.02 ±0.69



Table D5 Resilience data of rubber compounds.

Rubber compound Resilience (%)
Mix 1 80.5 ±6.69
Mix 2 77 ±2.37
Mix 3 47 ±0.53
Mix 4 48.31 ± 1.79
Mix 5 47.89 ±3.46
Mix 6 49.9 ± 1.46
Mix 7 48.1 ± 1.13
Mix 8 46.3 ±0.32
Mix 9 47.9 ±0.55

Mix 10 48.6± 0.04
Mix 11 49.04 ±0.4
Mix 12 49.46 ±0.54



Table D6 Abrasion loss data of rubber compounds.

Rubber compound Abrasion loss (mm3)
Mix 1 81.01 ±6.69
Mix 2 73.13 ±4.68
Mix 3 48.31 ± 5.58
Mix 4 43.6 ±5.58
Mix 5 43.0 ±5.53
Mix 6 65.91 ± 10.88
Mix 7 75.97 ±5.48
Mix 8 84.03 ±5.39
Mix 9 48.31 ±5.58

Mix 10 57.97 ±5.58
Mix 11 49.6 ±5.73
Mix 12 70.07 ±5.78
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Table D7 Tan delta data of rubber compounds.

Rubber
compound

G' (N/m2) GM(N/m2) Tan delta

Mix 5 4.15xlOy ± 1.20xl0b 3.85x10" ± 1.13x1 o4 0.0927 ±0.0216
Mix 9 5.39xl0y ± 4.38xlOb 3.70x10" ±3.04xl04 0.0687 ±0.0095
Mix 10 2.09xl0y±7.07xl02 6.06x10^58.05 0.0290 ±0.0185
Mix 11 2.21xlOy± 1.14xl04 1.99x10" ± 1.41 x l0J 0.0899 ±0.0182
Mix 12 2.47xl0y±7.07xl0J 1.44x10" ± 7.07xl02 0.0582 ±0.0047
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