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rubber (ENR) latex using a sol-gel reaction. The effects of various parameters for the 
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ENR was prepared by the in situ epoxidation of natural rubber latex. Then, the ENR 

was reinforced with in situ silica via the sol-gel reaction using TEOS as a precursor. 

The results show that the sol-gel reaction under basic condition resulted in the ring­

opening of epoxy groups whereas the sol-gel reaction under acid condition did not 

affect that one. The increase of the reaction temperature and TEOS content provided 

the increase of in situ silica content and the increase of mole ratio water to TEOS 

resulted in a fast equilibrium of in situ silica content and good dispersion of in situ 

silica in ENR matrix. The optimum condition for the sol-gel reaction in ENR was the 

use of TEOS 90 phr and mole ratio water to TEOS of 57 .77:1 under 40°C for 5 days. 

The in situ silica content was up to 19.25% (23.85 phr) . Moreover, the effects of the 
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physical properties of in situ silica filled ENR vulcanizates were higher than those of 
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tI1'1 fiJ'J'lJ"ll 1 ~n'fl LU'WtJ~ Inn ru" ~'1'fl'fl n~ ~1 fl CU"ll'fl'lth:: L Yl fi1 L~tI mJ'tJ ~ Intl1'1~'1'fl'fl n'"l::'fltlL 'WJ'U LLUU 
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thai rubber, STR) tI1'1LLeJ'WJ'lJrlt)'W (Ribbed smoke sheet, RSS) LU'WI~i\.l L~'fl'l'"l1ntl1'1fiJ'J'lJ"lI1~ii 
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tI 'fllJL ~ n J':: LL~ 1 ~ Yl11 ~~ eJ 1 'W LL~'fl tl 1'11J'ri 1n11J tl1'1 fi J'J'1J"ll1 ~1lJ ii ~ lJU~ ~ 1'W Yl1'WtJ 1,r'W (Oil 
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resistance) L~tI'"I ::U'llJ ~'l~1'fl~ ::~1t11~ d~'fl~lJ er~ nUtJ1,r'WtlLlnJ'L~tllJ LYfn::~1 LlJ L~ n~"lI'fl'ltl1'1 • 
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LL~'1 LL~ ~ rl'fl'W-U 1'1 ~1 ~'1,r'W~'1ii m J'tJ1~1t11'1-U'W1J1 ~ ~ LLU J'~'l tlU~mtl1~Yi'el n; L~i'W (Epoxidation) 

L ~ LU'WtI 1'1 fiJ'J'lJ "ll 1 ~~Yi'fl n;1~i (Epoxidized natural rubber, ENR) ~'1 LtI'Wtl1'1~'1~'1 Lrln::,xii 

," " 
Lrl N~ ~1'1Yl1'1 LrliiVi ~11J1 J'(l ~1'WYl1'WtJ1,r'WLL~ ::~1'WYl1'W L 'fl L "ll'W1~~~'W 'fltl1'1 hri In1lJtl1'1fiJ'J'lJ"lI1 ~ 

~Yi'fl n;1~iii~lJU~U1'1UJ'::mJ'~ ~'fltl n~1t11'1fiJ'J'1J"ll1 ~ L"ll'W ii rl'l11JU ~~tl'W rl'l11J ~1'WmJ'~ml1 ~ • 
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'U 
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LLN~'1 (Tensile strength) In 1 'WYl 1'Wm J''Un"ll1 ~ (Tear strength) 1n1'WYl1'WIn'flmJ'"ll~~ LL~::Yl'WYl1'W1n'el 

rl'l11J~'fl'W (Heat resistance) 1J1 n~'W mJ'L~lJ;~m~'1L 'WtI1'1fiJ'J'1J"ll1 ~~Yi'fln;1~"J!~11J1J'm~1J1rJ1t~tI 
., 

.c:.q.., Ci. 

'lfi~'1 L~lJ (Conventional method) 

" 

, ., 
L n'fl'l '"11 n tl1'1 fiJ'J'lJ"lI1 ~~ Yi'fl n ;1~"J!ii rl'l 11J L u'Wi 'l ~'1 n~ 1 
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tl1'1fiJ'J'1J"ll1 ~ ~'1,r'W'fl'WJ11 rl"ll'fl'l;~ m~11J1J'(l Ln ~'el'WlnJ'mtl11~~nUtl1'1fiJ'J'lJ"lI1 ~~~'fln;1C;)"lI1c;)tlllJ • 
~1 L U 'W ~ 'fl 'I L ~ 1J ~ 1 J' ~ 1'1 'l U (C 0 u pi i n g rea g e n t) 'W 'fl n '"11 n;1 n 1 J' ~ 'I L 1'1 J'1 ::,x~ 'W; ~; ~ n 1 

" (I n sit u s iii c a) L'WLn'eltl1'1fiJ'J'1J"ll1~~Yi'fln;1C;)"J!eJ1'WnJ'::U'l'WmJ'L"ll~-L'"I~ (Sol-gel process) "ll'el'l 

Lin In J'::L'flYl'el n~1"ll L~'W (Tetraethoxysilane, TEOS) n'fl Lu'W~mYl rlilrl~ii'l~~'1tJ~ L ~~'W;Yl;~m~ 
" " ., , 

~'1 Lrl n ::~1rJ1 ~ 11J 1 J'(l n J'::'"I1 tI ~'l 1~~ 1J 1 n~ 'WL 'WL n'fltl1 'I fiJ'J'1J"ll1 ~~Yi'fl n ;l~i d:J'el LVi tlU nu 
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, ~ 

tI'l~fin~"ll'l ~VlL~1~LLN~':JtI;~mLLUU~~ L~~ (Conventional silica) ~~~f'lL~~~~L;~nf'l"1l'tl~ 
" ~ .J 

tI'l~ fiJ'J'~"ll'l ~~Yi'tl n;1eniiJ ,",'l~~ n~'l mJ'L~1~ LLN ~':JtI; ~ n 'l LLUU ~~ L~~ L '1N'lu'1~tlil~ m~t'lI1'l':J:;'Vl 
'U 

L~~'l:;~~ L Un'lJ'i~ L~J''l:;lftl'l~fiJ'J'~"ll'l ~~Yi'tl n;1~'lhJJ':; LI1'Vl ENR-20 ~ ':JtlLJDmtl'l~u;~ ~Yi 'tl n; Len; U 

LLf'l:; ~ n M'l n 'l J'L~1~ LLN"1I'tl~~U;'Vl;~ n'l~ ~ 'lUn J':;u':Jum J'L"ll f'l-L"'l f'l"1l'tl~ L(;l (;lJ':; L'tl'Vl'tl n;1"ll Lf'lUL U 
'U 

~ ~ 

~':JtI;~n'lLnJ'~mJ'A''l Lentl~'lu'1~tlil rfl~tI ~nM'lLJDmtl'l L'lIf'l-L"'lf'lL UoW'ltl'l~fiJ'J'~"ll'l~~Yi'tln;1en"ll1 U 
~ " 

~mu:;"1I'tl~oW'ltl'l~~1'tl Lf'l LYini (Latex) ~~LuuLJDmtl'lVltJ~'W L~tliJ 0en~nM'l~'lri'tlU ~'l~~'l"'l'lnn'lJ' 
~, , 

v'i'l~'lu'1~ tlil "'l:;1~tI'l~fiJ'J'~"ll'l~~Yi'tln;1~iVlv'i'l mJ'L~1~ LLN ~':JtI;~ n 'l ~'lunJ':;u':Ju mJ' L"llf'l L '''If'lVl iJ 

" ~':J'l~rJi''lU'Vl'lUL'tlL"llU rJi''lU'Vl'lUoW'llTu LLf'l:;~~U~L;~nf'l mviL-rlu 'VlU[;]'tlLLN~~ ,",'lmJ'~~~':Jri'tlU"1I'l~ 

, "" ""J' • 1- ''I !:"I <r" 1" 'VlU(;l'tln'lJ'"1I~Cl en"1lu LLf'l:;~'l~'lJ'ClU'l u~"ll ~u'tl(;l~'l~mJ'~tI'l~J'CltlU(;l n'l':JLLf'l:;J''tl~L'Vl'l ~ 
'U q 

1.2.1 ~ nM'l'1fin'lnLf'l:;~'lI1'l':J:;~ L ~~'l:;~~L umn~1~ LLNtI'l~fin~"ll'l ~~Yi'tln;1eni ~':JtI 

L(;l(;lJ':;L'tl'Vl'tln;1'l1Lf'luL~tlL-nm:;u':JumJ'L'lIf'l-L"'lf'lLUJ'LJLLuuLf'lLYini 
'U 

Fourier Transform Infrared Spectroscopy (FTIR) LLf'l:; Nuclear Magnetic 

Resonance (NMR) 

, ~ 

L"'lf'l L~tliJ~':JLLLJJ'Vl~UL"'l~~il 

~ 

11'l':J:; ~':J'l~ Luun J'~- LU~"1I'tl~oW'ltl'l~fiJ'J'~"ll'l ~~Yi'tl n;1eni 

" rei (;lJ''l ~':JU L~tI L~f'l"1l'tl~ L(;l (;l J':; L'tl'Vl'tl n;1"ll Lf'lU[;]'tloW'l 
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Analysis (TGA) 

'fl'lr11h:::n'fltJ ~'Jm'Vlf'lUf'l Scanning Electron Microscope (SEM) 

, '" , 
1.3.6 u;1~m.JU'l'lf'l'fll-Jlh'J11l1I1lu1.jj'Lf'l1'fl'ltJl1ltJ~l-J~'fl'l~nn~'1 (Two roll mill) ~'1~f?l~ViLL~I1l'l1u 

~ ~ 

, .... 
f?l'l~'l'l'Vl 1.1 

~ .,. ill .... oJ
1 
iil.... 11 tr 

~1~1-3V1 1.1 "JjUI1lLL~::: ~l-J'lru~'lnf'll-J'Vl"Jj Un'lnf?l~Ul-Jm'lf'l'fll-J 'l'J11l 

ml-J'lru~'l~~1.jj' (phr) 

Ingredients NR-V ENR-V ESi-12 ESi-24 Eln-12 Eln-24 

NR 100 

ENR-20 100 100 100 112 124 

Zinc oxide 5 5 5 5 5 5 

Stearic acid 2 2 2 2 2 2 

Sulphur 1.5 1.5 1.5 1.5 1.5 1.5 

MBS
a 

1.5 1.5 1.5 1.5 1.5 1.5 

DPG
b 

0.5 0.5 0.5 0.5 0.5 0.5 

Silica 12 24 

Naphthalene oil 1.5 2.5 

a N-oxydiethylenebenzothiazole-2-sulfenamide 

b Diphenylguanadine 

1.3. 7 ~mn~l-Jmi L:n'l n~ LL~:::~~.wi"1J'fl'l f'I'fll-J~'fl~ f?lU'l'lfi~~l-J"Jj'l ~~Vi'fln:n1.l1li ~'JU~U:n'(!:n~ n'l 

LmUtJ LVi UtJ~l-JtJ~~~ ntJf'I'fll-J~'fl~ f?lm'lfi~~"Jj'l ~~Vi'fln:n1.l1li ~'JU:n ~ n'l Ln~I1ln'l~Fh L'li U 

~l-Jmi L:n'ln~ l.~LLri f'I'J'll-J'VlU'Vl'lU(;]'flLLN~'1 (Tensile strength) ~'Jmf'l1'El'l 

Universal Tensile Testing f'I'J'll-JLL;i'l (Hardness) ~'Jmf'l1'fl'lc:JL~ijLf?l'flf 

f'I'J'll-J~'lU'Vl'lU(;]'fln'l~"1il1ltl (Abrasion resistance) ~'Jmf'l1'El'l Abrasion 
~ 

, 
~ cv..r::::::t, 1I.d1 • 

tester ~l-JtJf?l~~'Jf?lL"Jj'ln~ l1l'Jmf'l~'fl'l Dynamic Mechanical Analyzer 
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L~'fl'W)rh L~~~~~:;~~ (Modulus storage) L~~~~~'1JL~U (Modulus 

loss) LL'Vl'WL(9)~I~h (tan ()) 
... 

1.3.8 ~m~nl"l'l1~~1'W'Vl1'WtJ1l!'WLL~:;1"l'l1~'Vl'W'Vl1'W L'fl L"l!'W"1J'fl~ 1"l'fl~'Yi'fl~ j;JU1~fi~~~"ll1~~h~'fln 



d 
'lJ'VI'VI 2 

m.:Jfi:i':i'a.J"lI1~iJ~'tl'Vl1.:J L~iJ~'tl ~~-1 ,4-Yl'tl~l'tl L"lIyi1tJ (cis-1 ,4-Polyisoprene) Li1tJYl'tl~La.J'tlf~1tJ 
., 

L'll(1]N m'J iJ~'l.htJ~11 titJ~'tll'tlL"l!YlrtJ (C5Ha) L~N~~1.:JLa.JL~~~"1I'tl.:JtJ1.:Jfi:i':i'a.J"lI1~~1a.J1:i'mL~f1l.:Jl~~.:J 

nJ~ 2.1 
'lI 

latex) 
., I 

'tl.:J r11h-~n'tlU"1l'tl.:JtJ1 m.:JVi LL(1] n ~1.:J titJ 

2.1.1 

" 

CH3 H 

" / C=C 

/ " 
n 

1u.vi2.1 ~(1]:i'L~N~~1.:J"1I'tl.:Jm.:Jfi:i':i'a.J"lI1~(1 ) 
... 'lI 

Pi' ... (2) 
'U1t11.:tfi11~"ii1(;l (NR Latex) 

tJ1tJ1.:Jfi:i':i'a.J"lI1 ~ (NR Latex) ~1n ~'l.ltJ1.:JYl1:i'1iJ~ m~tru~LtltJ"1I'tl.:J L~~'J~"1I1'J;rtJ~1'tl~~ra.J 

1 tJ'Vl1.:J L~iJ~ f1l LtltJ~1:i'LL"1I'JtJ~'tltJ~1'tl~'tl~~'tltJ ~ (Colloids) iJ m1a.J~tJ1 LLt.ltJlh~a.J1ru 0.975-9.98 

g/cm3 
iJm1a.JLtltJn:i'f1l-c;i1.:J (pH) tJ:i'~a.J1ru 6.5-7.0 iJ~'J1a.J~ilf1l (Viscosity) hhLt.ltJ'tltJ LL~~iJ 

~'JtJtJ:i'~n'tlU"1l'tl.:J~1:i'~tJ1 ~hJ1'lltJ1.:J (Non-rubber constituents) L"lltJ LtJ:i'~tJ l'urtJ mflulml'l:i'(1] 

LL~~~1:i'~tJ'Vlr~tJ1 hiLLt.ltJ'tl'l.l ~tJ'tl~tiui1~~tJ~1.:J1 L"lltJ ~tJfm.:J mfJ~tJtJ1.:J ~~n1:i'nrf1ltJ1.:J ~fin1:i' 
" I 

nrf1lm.:J LtltJ~'l.l ~'J'l.ltJ:i'~n'tlu"1l'tl.:JtJ1m.:JLL~f1l.:Jl~~.:J(1]1:i'1.:JVi 2.1 



" Lij'fltn'lLL~'1 (Dry rubber content,DRC) 

ttl~~t.! 

Fl1 flu lm~wln 

1"ll~t.! 

ln~tFll~il(;l (Glycolipid) LL~:;~1~~'fl~t~1~il(;l (Phospholipids) 

'" o 

t.!1 

m~1nJ (%) 

33 

1.4 

1.6 

1.0 

0.6 

0.5 

0.4 

58.5 

, s- , 

6 

n 1 ~Yhl1 tJ 1'1i'J ~ Cl1 t.!:; d~Jt.!"ll'fl'l L ~~ 'J LL"ll 'Jt.! ~'fl tJ "ll'fl'l n'flt.!'flt.!Jl1 Fl tJ1'1 ~'fltJ ~'J'fl tilt.! L'lIf~l~ . ~ 

L ti'fl'llOj1 n n'flt.!'fl~Jl1 FltJ1'1 ~ n,"'fl~~ ~'JtJit.! ttl~~t.!~i'JtI~:;'1 ~u (Negative charges) ~'fl~~'flU 
I II I I 

~'1it.! ttl ~~t.!IOj :;,yh~ihYi U'fl'l nt.! hll ~ LL[;] ~ :;'flt.!Jl1 FltJ1'1 ~1 ~'J ~ ~') nt.!LUt.! n'tlt.!tJ 1'1 LL ;'1 In n c;t:;n'tlt.!Yi • 
~tJn~1 tFlLL'flFl~~~ (Coagulum) Lti'tl'llOj1ntl~:;'1~u~'tlU'fl~1Fltn'llOj:;tJ~nnt.l'v'hl~'tl~1FltJ1'1hJ~u 

~'J nt.!Ltlt.!n'tlt.!tn'l 

II I "" 

t.!'il nlOj1 nit.! ttl~~t.!IOj:;,"'il~~ ,yh~~1Yi fmn~ Cl1t.!:;n1nut.!"ll'il'l m~'J 1 ~U1 tJ1'1 LL~,) 1 t.!it.! ttl~~t.! • 
'" , 
utY'Ii'J'il~~~~U"ll'fl'l Fl1fU'tln;jL~ In (Carboxylate, RCOO-) ~'1ri'ill~Ln (;ln1~tJ~ nnt.!~:;~~1'1'tl~1Fl 

11 II tI I 

tJ1'1 Ut.!f.1'tl U1tJ1'11Oj:;Fl'l~Jl1"'HUt.!"ll'il'lL~~'J'fltil~~\';ltJihr.rtJ~1~ru 2 t1~:;n1~ f.1'tl 1) it.!ttl~~t.!Yi 
~ ~ 

.q :: <QJ'.J.c:i 0 .... 

n1~L~tJ~Jl1~ (Destability) IOj1 n n1~LUt.!"ll'tl'l L~~,)"ll'fl'lt.!1tJ1'1 IOj:;Ln (;l"llt.!L~'il~ n1~'VI1~1tJt11OjlOjtJ 
"tI II tI 

~1~'1J'Y1'1~'il'l~'1n~1'Jit.!~t.! L"lIt.! n1~~'1JL~tJU1 (Dehydrated) It.!it.!ttl~~t.! n1~l11~1tJ'tl~~flflU 
,s- '" 

"ll'il'l Fl1fu'ilnOJi Lflln ~Jl1~YiU1tJ1'1~ nm:;'VIum:;LVi'ilt.!~'1n~1,)u IOj:;,yh 1 ~'il~Jl1 FltJ1'1 Ln(;ln1~1')~~'J 

LUt.!n'tlt.!tn'l LLtJn~,)'tl'tlnlOj1nL'lI*~ 

i'J~'il'l'VI ~MD~'tlfiu1tJ n ~ In"ll'il'l n1 ~L~ tJ ~Jl1~'fl'tl'l~1tJ1'1 ~ (;l LL~:;r.rU n'tlt.!L'tl'lIn1~fi~~~'lI1 ~ 
(Natural or spontaneous coagulation) 'VI ~MDLL~n.a1'1~1i'Jm(;l Ln (;l~t.!~t.!Lti'il'llOj1ntl!imtJ1"ll'tl'l 

I I II I I 

'1~t.!'VI1tJ nU~1~Yihjl"l1tJ1'1~'1'il~1 t.!U1 tJ 1'1 ~'Jt.!'VI ~M DYi~'il'l L~'il~1i'J n1~~~1tJ ~,)"ll'il'l;S'fl'ilt.!'fl'il'lm(;l 
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,~ ~ 

1"ll~'W'"l1nn1~le:(i:~wlfl;~ (Hydrolysis) "lltl..'l~1~lfltlj;l[;]1..'l1 Vl~tl~1 'WU1U1..'l ~tltl'WL,"~h~'"l~~n~j;liu 

bb'Vl'W~blh~'W~~'ltl'i111f'l"lltl..'lU1..'l bbfl~Yl1,j{jnhl1nu~tltl'Wbfl,"~ b"ll'W bbf'lflL;mJ LLlJn~L;mJ ~..'l~tl~ 
~ ,~ 

1 'WU1U1..'lfi~~lJ"]j1 ~ ,"1-tl Ln j;l'"l1nn1~,"~ j;ltltlnlJ1'"l1n~1nh~ntlUVl bn j;l bj;ltlu{jnhl1"lltl..'l btl'Wl"1!lJ1 'WU1 

U1..'l 

~ , ~ 

n 1 ~ f n 'M1 ~ 111 'Vi U1 tl1..'l LVi tl il tl..'l n'W n 1 ~ L ~ tI ~ 111 'Vi "ll tl..'l U1 tl1..'l "]j 1 'l ~ 'l 'W tl1..'l ~ tl..'l Yl1 

n 1 ~1~ "~1~fn'M1~111'Vi~1U1..'l" (Preservative) ~1~fn'M1~111'Vi~1U1..'l~~1~'Yl~bLri bLtllJblJL~tI 

(Ammonia) b"l!L~tllJifllyJ~ (Sodium sulphite) yJtlflJ1fl~lfll1l (Formaldehyde) LU'W~'W 

1. ~f'l'l1lJ~1lJ1n11'Wn1~Yl1fl1t1 nWlJ'l1..'l ,"1-tl~:;.rum~Yl1..'l1'W"lltl..'l'1~'W'Vl1U[;]1..'l1 L"ll'W 

LLU f'lVl L1t1LLfl~Ltl'W1"II~~'"l:;Yl11 ~U1..'l L~tI~111'Vi 
, ~ , 

2. "ll'ltIL~lJL~ntlm1'Vin1nU'W~1m"ll'l'Wfltltl (Colloid stability) "lltl..'lU1U1..'lbj;ltln1~L~lJ,j~:;'1 

~Cl1'W:; 

3. f'l'l~~~lJU"] Lu'W~h..'l (Alkali) Liitl..'l'"l1 n.r'Wb,j~~'W~lJtl'W111 f'ltl1..'l~,j~:;'"lflU ~~lJ~LU'W • • • 
~ ~ I I . ~ 

~1..'l ~..'lu'W~1~fm~n~111'ViU1U1..'l f'l'ln~lJ pH ,"1-tlL~lJf'l'l1lJ LU'W~1..'l1~nUU1U1..'l 
., , 

4 . "ll'l tliltl..'l n'W,"1-tliru ir..'l,jnmtl1"lltl..'ltl'WlJ fl"lltl..'l bfl,":; bj;ltIL'U'Vi 1:;~tltl'W bfl,":;,"unVltl1'"lYl1 
d.J • " , ~ 

,j{j mtl 1 Ln j;l LU'W [;] :;ntl 'W Ln ~ tl"lltl..'l bfl ,":;VlllJ fl :;fl1 tI U1 L"ll 'W LLf'l fl L; tllJ bLfl ~ LLlJ n~ L;tllJ 

tl'i~fl"lltl..'l bfl,":;ir..'l LU'W~'l"ll'ltl1 ~'1~'W'Vl1UL'"l1'Y L~U L[;]LLfl:;~~ [;]tl~l~ ti'WLU'W~1 L ,"j;j~1 ~ 'Y 

"lltl..'ln1n~tI~111'Vi"lltl..'l~1U1..'l 

~ ~ w 
2.1.3 ,h!l1~'!I'U (Concentrated NR latex) 

" " " , " 
60% "lltl..'lU1,"unU1..'ll1..'l,"lJj;l Yl11 ~~1t1 [;]tlmnnUfn'M1 LLfl:;"ll'W~..'l ~ nl1..'l t.J~ [;].nruevlVlHi'U1U1..'l;J'WLU'W 

" ., 
l' [;]n ~U'"l:;~ f'l'l1lJ L~nmlJ1n;'W bj;ltlU1t11..'l;J'W'"l:;n n~1 LL'Wn [;]1lJ1fin1~t.J~[;]LLfl~"I!llj;l"lltl..'l~1~fn'M1 . " 

~ ., 
n1~t.J~[;]U1U1..'l;J'W1'W'Vl1..'ln1~Fh~ 41fi ~..'l~ 

1. '.lfivh"l.~Lii~Fl~~ (Creaming) ~..'lLU'W1fi~Lfi1LLri~~j;l bj;ltl1'WU f'l . fII . 1924 Traube 1~ 

'Vlj;lfltl..'lt.J~ [;]~1U1..'l;J'Wbj;ltlHi'~1~~Yl11~Ln j;lf'l1lJ (Cream agent) ~..'ll~bLri b"l!L~tllJ,"1-tlbLtllJ 'i:2JL~tltifl~ L'W[;] 
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II !II" I 

(Sodium or ammonium alginate) L~hJ~-:Jl'WoW'lU1-:JMl LL~:;~'Wl'IXL-if'ln'lJoW'lU'l-:J Yi-:JH~:;u:;".iW'~:; 
" '" !II I I 

'Y'j'lJ~'loW'lU'l-:J LLun LU'W 2 on'W on'W~'l-:J LU'W"1I'fl-:J L"'~'JVil'j~'J'W"1I'fl-:JU1-:J LYim L~mJ'flU;-:J"'I:;t:l n LLUn'fl'fln 11.J .. 
'" I II II 

~'J'Won'W'lJ'WLu'Wrl1-~Vil'jLil'flU'l-:J~-:J tl~:;n'fl'lJ~'Jum~'lnJ"1I'fl-:JLL;-:J"'-:J"'~'" (% Total solid content, .. 
... 

• , ..,.. r;:: "" " .... % TRC) u~:;~'lnJ 61 .5% LL~:;~u~~'lnJL'W'flU1-:JLL"'-:J (% Dry rubber content, %DRC) 60% "'~-:J"'I'ln 
'" II I" I 

U'WL~~ LL'fl~ t~ Lilu~-:J 11.J 0.6-0.8% "1I'fl-:JoW'l".unu'l L Yl'flfmt'l~J1'l'Y'joW'lU1-:J-if'W LL~'J~-:J'lJ~~"'I~-:J 1 'Wtl-:JVil'j • 

~~ IV cI cI , ?1 1 " 
2. 'Jfi I."liLfI'a'el.:t~2!1JL·WUI.:t (Centrifuging machine) ~'Wu rl.PI. 1923 Utermark "''Yl'''~'fl-:J 

tJ ~ l'l~ 'l U 'l-:J -if 'W t", u':Jfi". l-J'W L"'~ U-:J (Centrifuging) ~-:J L u'W':Jfi~iju~l -ifl 'W if "'I '1u'W'flth-:J n t) 'l-:J"1I'J 'l-:J 
... , 

tl~:;~'l nJ 95% "1I'fl-:J tJ~ tJ~ l'l~'J~ LL~ :;~'l~'l~t:loW'loW'lU'l-:J-if'WVil~tll.jfVi'l tJ~ l'l.rl nJevlU1-:J ~'l L~"'I~tl1~ LL 'Yl'lJ .. 
'Yl n"llij", t",u~'J 1tl Lrl1'fl-:J".~'Wm~mtl~:;n'fl'lJ ~'JU Cl'JU m~u-:J LLn'W~".~'W~'JU rl'J'l~ L~'Jtl~:;~'lnJ 7,000-•• • 

" ... 
8,000 ~'fl'lJ/'W'l Vi ~'J'Wtl~:;n'fl'lJ"1I'fl-:J Lrl1'fl-:JVi~~ ~~ n'lJoW'lu'l-:J rl'J ~l'j rl'J'l ~'Yl'W'Yl'l'W[;]'fl n'l ~n '" ni'fl'W"ll'fl-:J 

, ... , 
LL'fl~t~Lilu ~'JU ~-:J rl'J~Vi'l"'l'ln m~nn~'l U~ij~ (Stainless steel) oW'lU1-:J-if'WVil~"'I:;l'jm~'lnJ"1I'fl-:JLL;-:J 

I ,.. I " 

<i..,."" " 1.' "" ~"o " "., ........ (Skim latex) "ll-:J~L'W'flU'l-:J'W'flU~'ln LL~:;"'I:;t:lmLtln'fl'fln u L~'fl ~"''W'lU'l-:J"1I'W~'lLL~'J'''I:;u~'lJ~:;In'lJ 
" ... ... 

LL'fl~t~Lilul'WoW'lU1-:Jt"'mh'WLLri~LL'fl~t~Lilu~-:J1tl 0.6-0.8% "1I'fl-:JoW'lU1-:J 

... 
3. 1fiLL!.Inr;l'J!.In'a:aL~l~.w1 (Electrodecandation) U rlA 1937 Semperit 'Yl"'~'fl-:JtJ~l'loW'l 

U'l-:J-if'W t",ul~fi LLU n ~'J U n ~:;LL~ 1 vJYh L ti'fl-:J"'I'l n ~'l U'l-:J ~ In LU'W"1I'fl-:J L "'~'Jtl~:; LJ1'Yl rl'fl~~'flU (;) 

tl~:; n'fl'lJ ~'J U ~'l nL"1I 'J'W~ 'flU'" 1'fltJ 2T ~on'W"ll 'fl-:J 'fl'WJ1 'l rlU'l-:J ~ 'flU ~ 'J'flrJl 'W"1I 'fl-:J L "'~'J ~ LU'W~'J n ~ 'l-:J n'l ~ . .. 
I 11 I I I 

Lrl~'fl'Wl "''J''ll'fl-:J'fl'WJ1'l rl L "'~'lil"'l:;Ln "''flr]'l-:J [;]'fl L il'fl ~ l'l'l~tl~:;"'11 yJ~'lVil'j'flr] Lil'fl-:J"'I'l n'fl'WJ1'l rlU'l-:Jl'jtl~:;"'I 
" " cu CI III 

LU'W~'lJ~-:J~-:J L -if'l"''l,r'J'lJ'J n ~-:JVi'l t",u ~'l'Wn ~:;LL~ 1 yJ~'l~-:J 1 'W~'lU1-:J Vi'll'IX Ln '" rl'J'l~ [;]'l-:J ~ n~'WJ1'lul 'W 
I I '" I I 

L"ll ~; 'fl'WJ1'l rl"1l'fl-:J U'l-:J"'I:; Lrl~'fl'WL -if'l'U'l nVi LU'W-n'J'lJ'J n~-:J'flr]ln ~Vi~ In Vi'll 'IX'fl'WJ1'l rl"ll'fl-:JU'l-:J'flr]~'J~ n'W 
q cu II q III 

"''W'l LL't.i'W"'I'WLn '" LU'W~'lU1-:J-if'WLL~ :;~'flU ~'J;'W ~ ~'l'W'lJ'W ':Jfie"'l:; l~~'lu'l-:J-if'W ~ l'jm~'l nJ"1I'fl-:J LL ;-:J~-:J"'~ In .. 
... ... ... 

62-63% LL~:; l'jm~'lnJLil'flU1-:JLL'IX-:J 60% "'~-:J"'I'lnu'WLn'lJfm~n tlnm~~LL'fl~t~Lilu 0.7% "ll'fl-:JoW'l".un 

~CI 0 "I IV r , ::" 1 " ... ~ " 'i' 
4. 'Jfi'VI11.~1J1'a~L~!.I (Evaporation) ~'Wu rlA 1938 Revertex "''YlIn~'fl-:JtJ~l'l'W'lU1-:J''ll'W~'''U 

'" I " "' '' '' I " 

':Jfim~~:;muoW'l ~-:Jl'j LYim m~~:;L ",uoW'l'fl'fln"'l'l noW'lU'l-:J~ In L'Yhu'W ~-:Ju'W~-:J ~'fl-:J L~~~'l~ViVi'll 'lXoW'lU1-:J 
... , 

rl-:J~'JLL~:;hh:;L~"'~-:J1tl1~LLri n~ (Glue) t'Y'jLL'Yl~L;U~".1'fl~tl LL~dl'fl-:Jn'WhJl'IXoW'lU1-:JVi~'J"'U'l".1'fl .. .. 
I '" !J " I 

'lJ1L'J nJVil'j n'l~~:;muoW'l Ln In m~4''lJ ~'J m~tJ~ l'lVi'l tlnU m'fl-:JoW'lU1-:Jtln ~ 'Y'j~'fl~"'-:J L~~~'l~ViVi'll 'lXrl-:J ~'J 
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., '" " 
(Potassium coconut oil) 2% ~~'I'"l1mr'Wl111~u1~:;L'\.nJJl'ltlf'l'l1l.J~mJ L(;)t1~1tiu1~'tl'WL;J1hJl'Wci'l 2 
" I " I II 

-D'W VlilU1t11'1'tl~fl1t11 'W "1Iru:;Vl ci'lU~~'U1t11'1~l-J'WhJ~'tlU1 'tl1 n1 filfl1t11 'Wci'l'"l:;~ n ~(;)'tl'tln 'ttl .... ~'tll.J 
" I '" f "" I SI 

nu .... 1u1Vl~:; L ~t1'"l1 nU1t11'1'tl'tl n 'ttll". L~'lVl~ (;) 'lfi'h:;'t~U1t11'1;J'WVlilml.J1 ru"1l'tl'l LL ;'I~'I~l.J(;) 70-• ., , , 
75% U 1t11'1O]'W Vl't~il Fl'l1l.J Fl'l ~'l ~'I ~1l.J1 ~tlU 11tll;Jtl~:; LtI"lI'W1(;)t1 n1 ~e.J~ l.J nU~1 ~Vlil Fl'l1l.J~il(;)~'I 

~ ~ 

'" U1t11'1O]'WLLtl'l't~ d:I'W 2 tl~:;Lfl'VI 

1. 
, ., 

'ti'" <i' q <4 .:I ., 0 

HA latex (High Ammonia latex) ~"lILL'tll.J ~l.JL'WtI~'Itl'l 0.7% L .... 'tl~mn~fl1 .... 'W1t11'1 
'" , 

2. "I ., 'i' "" "I. "" ... 
LA latex (Low Ammonia latex) ~"lILL'tll.J ~l.JL'WtI 0.2% ~'W'W1t11'1LL~:;~1~LFll.J 'tl'W1 

boric acid 0.2 Ltl'tlfL~'W~ santrobrite 0.2% 'tlU~'ltl LU'W~'W 
~ 

., ., ., 
~1'"l:;~'tl'l n1~U11tle.J~ (;l LU'We.J~ (;lJiruey)i'W~ (;)Yf1t1tl~:;Lfl'VI1(;) U1t11'1;J'W4' (;) LU'Wtl1'1~ (;ltl ~ui'W~'W"lItl(;) • • 

~t1'1 'W'tln'"l1 n~1t11'1O]'WLL~'lti'liltl1'1tl~:;Lfl'VI~'W1 ~ m"ll'W tI1'1 LL~'W tI1'1 LL~'W~l.J f'I~'W tI1'1LL~'W~'I LL"''I 

tI1'1 LFl~"" LL~ :;tI1'1 LL vi 'I LU'W~'W 

2.2 !I1.:1fi'i'i"'''lI1iii.n'!ln:a'1.l'l'lf (Epoxidized Natural Rubber, ENR)(4) 

1922 ~'Itl1'1Yi1tlnnltl1nUn~(;)Ltl'tlfLL'tlsn(;) (Peracid) 'tJl~~~Vi'tlnh~ (Epoxy group) 

U'W~1t1L"lILl.JL~n~'1I'tl'ltl1'1 ~'ILL~(;)'I~'I~tl~ 2.2 . ~ 

Peracid .. 
n 

., 
1. Molecular mechanism (~1'tl 1,1-addition mechanism) L~'W'tlFlr'lLL~n L(;)t1 Barlett LU'W 
, ., 

n~1nLntl'lnUn1no]1Ln1:;"1I'tl'lm(;)Ltl'tlf'tl'tln;1u'WLl.JL~n~"1I'tl'ltl1'1fi~~l.J"lI1~~'Iil • 
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2. 1,3-Dipolar mechanism (vi~'fl 1,3-addition mechanism) L~'lJ'fl Lf;)tJ Kwart LL~:; Hoffima 

n~1n~L~tJ'JnUUDmtJrln1n~hJLLuu 1 ,3-Dipo "1I'fl'l1e1f;)~'fln;rl1fU'flU~'fl'fln1"11c;l (iOI1nn1~Lnf;)~'lJfi:; 
., 

1e1Lf;)niOl'lJl'lJLl.JL~n~"1I'fl'lmf;)Lu'flf'fl'fln;) U'lJLl.JL~n~"1I'fl'ltJ1'lfi~~l.J"1I1~ ~'lil • • 

.. 

/ 
"I ...... 0 "C/ O-C_ 0 ~J~I C 0 

1'0 II 1 + II • • + 
/C" 

\: __ C- C ....... H, ...... C, C+ R/~ \ R/ 'OH /1 o R 

OH 

'" I I I 

~~~yj'fln 1"1Ij;)':3fiil~'lhj d:I'lJVl~'lJli01l.J1nwwn LL~:;1'lJ"li'J'ltJ I"1Vl 80 ~'l i3'l.Jijm:;u'J'lJn1~~yj'fln; Un-D'lJ Le;)tJ 
'IJ • 

t ~ I .. 

l.if me;) LU'flfLL'fl;~ n LL~:;n ~f;) LU'flfYl'flfn n on 'l':3fiilvh 1 mJi' t.I~ j;l.n ru"]Vlu1~Yl fiun PliOI1 n n1~LtJWN"1I/rN • 

1'lJtI 1"1 . PI . 1985 Gelling(S) 'Y'IU~11"1'J1l.J Lejfl.Jejf'lJ"1I'fl'ln~e;) LL~:;'tlru~1Jn"1l'fl'lUDmtJ1~yj'fln;Le;)-D'lJ 

LtI'lJi1i014'tJmUf1l.Jml.J1run1~LtJe;)'J'l~Lnf;)~'lJ ~'l~'lt.l~ii'l~l.Ju"i"1l'fl'lt.l~j;l.nru"]~1Ji' L"li'lJ L~'flm1l.JLtI'lJ 

n1f;) LL~:;/~1'fl'tlru~1Jn~1.if~'l tJ1'lfi~~l.J"Jj1 ~~ Ln e;)~'lJ~1l.J1 nvhu{jmtJ1nUn1e;) vl11~~~~yj'iln 1"11 j;) 

LtJf;)'fl'fln n~1mtl'lJ~1~u~:;n'flu1e1e;)ffin;L'iI~LYl'flf ~'lLL~f;)'l~'l~U~ 2.3 
'IJ 
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~ I 

~fi "in situ" epoxidation "ll'il'I'W,)U,)~fiJ'J'l-J"l!,)~~'JULeJL~J'L"'lULtJ'ilf'il'ilnL"l!~LL~:;m~~'ilfnn :n~ 
~ I 

"'l:;~ n L-ifVll-J ~ 1 umJ'l1')tJnmm nUVI'l,i'JuL'il L"l!~1u1uu')u')~ L~'il1,n~u,)"fiJ'J'l-J"l!')~:S~'iln~Leni Lenu 

u'il~numJ'Ln entJnmu')-if')~ L~u"~'il,)"'l1~~')J'~u~J',)u LL~:;U'il~nUmnL~ n~~,)u~'il~'il'iln~ L"'lU ~ n 

~ '" J' ~ d .c.~ ~ .d' "d ..::. '" 4 ~ ~ I 

rllPl rlU"llULtlUrl N LLJ'n 1 uti rl. PI. 1982 LlPlutJD nJ'U,)"'l:; Ln en"llULJ''JVI~ ruVl1Jl-JVI'il~ VI J''ilVi ~') n'J ') 

'ilruVlJlii~'il~ ~~tJ1imm[;\'ilLtJ;1 q" dJ 

[-CH'-T=CH-CH,-] n + HCOOH+ H,O, 
CH3 

Isoprene unit Epoxide unit 

I " I ~ " 

VI~~"'l')nY1~u~u~fin m~fiJ'J'l-J"l!')~:S~'iln~LIPl"l!1~n~')mtluY1~u1"'l~nrlf~ ~~LL[;\tJ rl .PI. 1988 

LtlU~Ul-J,) L~'il~"'l,) n mJ'i~ LrlJ''):;,xU,)~fiJ'J'l-J''l!,) ~:S~'iln~LlPli thutJnmu') in situ epoxidation 

~,)l-J,)J't:1 rl'JU f'jl-JJl,)'J:;1 um J'l1')tJnmu') L~~,)U hI Ln IPltJnmu')-if')~ L~U" LL~:;tJ~~.n ruavl~L~ij rl'J,)l-J 

u1-~ Vlt~~ tJ J':; L VI PI l-J ') L ~ L ~ u L ~ L~ l-J tJ ~ ~ U ') ~ fi J' J' l-J "l! ') ~:s ~ 'il n ;n LIPl i1 U L;n ~ n ') J' ~ ') ~ U l-J ') 2 . " 

'hm~fiJ'J'l-J"l!')~:S~'iln~L~iijVl~:S~'ilnL"l!~~,) (~')n~') 15 Ll-J~ LtJ'ilfL~U(;i) "'l:;~,)l-J,)J't:1~LrlJ',):;,x 

L~lPlu~fiLVlLVlJ'~~'JU HBr 1u glacial acetic acid LIPlUL-D' crystal violet LtlU indicator LL[;\,hij 

VI~:S~'iln L"l! ~~~"'l :;~,)l-J,) J't:1~ LrlJ',):;,x ~'Ju LVI rlUrl:Su~n LJ'~~ LtJ n ~fl-J (Infrared spectroscopy) 

LtJJ'~J''ilUU'JLrl~ufLLl-JmU~mJ'L''l!LLUui (Proton Nuclear Magnetic Resonance) Vl1'ilmJ'VI,) 

~ruVl1Jiin~')~ LLVlJ'U~iu~'Ju LVI rlUrl ~~ L~'il LJ'UL;JU~~ LLnuu~ LLrl~'il1-Ll-JVl1 (Differential Scanning 

Calorimetry)(B) 

"" •• 1 • I '" (9) 2.1.1.1 'ilUY1J',)LJ'IPl~Lun~J'l-J (Infrared Spectroscopy, IR) 

LVirlUrl;11-ir) LrlJ''):;,xVl,)VI~Yl"~niu (Functional group) ~'il~mJ'Ln enVl~:S~'iln L"l!~ ~~yjmJ'il~ 
VI~:S~'iln1"ll~"'l:;tJJ'')nD~U~~,)LLVI'W~ 870 LL~:; 1240 cm" (mJ'l.lLLtJlJ~~ GO ~:S~~nl"l1~) 
1U"1Jru:;~~,)LLVlti~ 835 cm-' ("'l')nmJ'iULLUU~'il"1J'il~~~~ C-H 1u cis-1 ,4-Polyisoprene) "'l:;~~~~ ~~ 



., 
Loadman(10) ~.:jil 

(B) 
~ 

V\ 
(A) 

~ 

, 
"" Ar Ll-J'fl 

aS35 

aS70 

4000 3500 3000 2500 
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"" rl'fl 

"" rl'fl 

"" rl'fl 

2000 

= 

-... 
" \. " 
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. " 
Y'f~ 1 i ~Y '\ 

1. ./ r fn ~'" l'J/\. ~ II V \\ 
11V \l\ 1: R \ 

.1 
II 1 I r 'ft. • \\ 

~ fI ' \ 
fl ,,\\ 
I O~1Il \\ 

~ ~ ~ 
1500 1000 500 

Wavenumber (eml) 



.§ 
~ ... 
~ 
(J 

= ~ 
.c ... 
0 ,., 
.c 
-< 

0.7 

0.6 -

0.5 

0.4 

0.3 

0.2 

0.1 

o 
o 

Absorbance ratio = __ I0..o:::g_Al_B __ 
log NB + log C/O 

10 20 30 

% Mole, epoxy 

o 
83S cm-' 

B 
81~(tn"l 

40 50 

2.1.1.2 ttJJ'(;l'fl'Wtl') LFI ~tI fLLl-J nL 'W~ nL~ L'lI LL'W 'Wi (Proton 

Resonance, 'H-NMR) 

Nuclear 

13 

60 

Magnetic 

';) LFIn:;'lXFI'fll-JiJ1') ~~~'fl n 1'l1 (;l1{;ltIL'YI FltlFl 'H-NMR eln't100-J'W1 LU'WFlf'l LLm L{;ltl Dubertaki
7 

LLfI:; 
OJ 

" Miles (1' ) ';)fitl1-n:s LFI~1:;'IX~1 ~1 LL~t.i'l"ll'fl'l LiJ~(;l'fl'W LLfI:;U'l1.jf~1~1'W,)'W Ll-JfI LiJ'flfL "1I'W!?l"ll'fl'lmJ~~'el n 1"11 ~ 

CH, :H~ 
'c=c>--

ovvvI ~ 
o 

5 

.. 

I I I . 
4 S 2 1 

PPM(TMS) 

~tl;12.6 ' H-NMR ~LiJn(;lfl-J"1I'fl'l ENR-50(6) 
<u 
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" I I 

'VI~~Yitln1"ll~.yh1~~un1nmutJLYiuuYluYi1~L~UtA'-l~~'VI';h-l~CYCY1n.rVi~1LL'\.nl-l 2.70 ppm Lilu 

~CYCY1ru"1Jtl-ltU~lntlUUU~l1futlu~'J-l~Yitln1"ll~ (-CH- ~l'ltlrlU -0-) LL~~~1LL'VI'\.l-l 5.14 ppm Lilu 

" ~ cy CY1ru tU~lntlU ttlL~~U"lltl-l hJL~~~ cis-1 ,4-polyisoprene (CH3-C=CH-) t~uiJ~ 1n~~1u'Jru~-lil 

Mol % epoxide = ~70 
x 100 

A5.14 + ~70 

'" I I 

A 5 14 ~tl YluYi1~Yln"lltl-l~CYCY1ruYi~1LL'VI'\.J-l 5.14 ppm 

2.1.1.3 mfUtlU-13 il'JLf'I~ufLL2.JmU~m~t"llLLUU-n (Carbon Nuclear Magnetic 

13 
Resonance C-NMR) 

L'Vl f'lilf'l 13C_NM R 1-n~mt1'V11 ~1 LL'VI'\.J-l"1Jtl-l mfutlu 1 u tf'lN~h-l"1Jtl-lU1-lfi~~2.J"ll1 ~~Yi'fln;i1~-n 

~'JtlU1-ltJ~n1~':)Lf'ln~lfLL~~-l~-l~U~ 2.7 r.l1mU~ 2.7 '"I~~-lLnln1~~1 mfUtlULLl'l~~~1LL'VI'\.J-l1u 
'IJ 'IJ 

'" I 

tf'lN~~1-l"1Jtl-lU1-lfi1~2.J"lI1~~Yitln:n1~-n uuiJf'I'J12.JLLlnnl'l1-lrlU'flU1-l2.J1n ~-l~12.J1~n~~u1~~1 n1~ • 

Ln~U{jmu1~Yi'fln:nL~iuiJn1~n~~'"I1u~'J1u1utf'l~-l~~1-l"1Jtl-lU1-lfi~~2.J"ll1~~Yitln:n1~-nLL~~n~~'"I1U 

LLUU~2.J (Random) ~Tl hlLilu~~Lijuu 
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.. 
o 

• 14 

• 

• 
~. __________ ~, 4~ ________ ~'~--------~'~--------~'~-----

140 120 80 10 .. 0 ao 
ppm 

-atlvi 2.7 13C_NMR ~Ll.ln(;Jfl-J"lI'fl'l ENR-20(6) ... 

1'lJ1I f'I.fII. 1985 Baker, Gelling LL~:; Newell
5 1~~mt1~l-JU~V1 'NmtlJ1'lfj'll'fl'ltl'l'lfi~~l-J'lI'l~ 

~Vi'fl n~11'li ~ ~.h,.m'l~t)~ f'I'l1 'lJiLL~'.l LI'ltl1-nm'l~Vi'fl n~11'li~ihB-l-J'l ru~Vi'fln 1 "1111110 25 LL~:; 50 Ll-J~ 

Ll.l'flfLsn'lJl?! fjU~'l Ld mnl-J '1 ru"ll'fl'l~~~Vi'fln 1"11 I11L~l-J;'lJ /Ol:;vh 1 t¥'fl ru~J1i3 n~'l~LLVI~'lJ~-n'lJL ~l-J~'lJ 1 
~ . ~ 

m'lfi~~l-J"1I'l~~Vi'fln~11'li"1lill'l(;]'l'l1 ~~.h'lJm~t)~ f'I'l1 'lJiLL~'.l LmtiUL VitiUnUtI'l'lfi~~l-J"1I'l ~LL~:;tI'l'l1 'lJ 

1(;J~; Ld'fl~:; ~u~Vi'fl n~ LI'l-n'lJL ~l-J;'lJ~l-JU~ n'l ~m:; I'l'fl'lJ~'fl ru~J1i3t¥'fl'l/Ol:;~ I'lMvh 1 t¥tl1'1finl-J"1I'l ~ 
• 'II 
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1Pl1'i1.:1;1 2.2 ~U.nr~Ynm1tJIl1~"lI'e)..:JtI1..:Jfil'l'l-J"ll1 ti:SYi'e)n:nl(9li"llU(9l [;]1..:J1 ~eJ1'\..m1l'1'~ ~11ui 

LmtJU L VltJU nutJ 1..:J fil'l'l-J"ll1 ti LL~:;tI1..:J lu llnl'~o"(4 ) 

NR ENR-50 ENR-25 ENR-10 NBR 

Cure, min at 150°C 45 22 40 50 50 

Tensile strength, MPa 27 27.3 25.6 25.4 15.3 

Elongation at break, % 550 565 580 515 365 

Modulus at 300%, MPa 7.7 8.7 6.7 8 9 

Hardness, IRHD 59 58 52 54 61 

Resilience at 23°C, % 78 24 59 73 32 

Fatigue, 50-150% 

Extension, kcs 1300 317 615 >1380 35 

Goodrich HBU, °c 43 51 45 32 88 

n..:J LLaJtI1..:Jfil'l'l-J"ll1 ti'"l:;tl n ~ (9l LLUl'v'h L m~ EN R-50 LL[;]tI1..:Jfil'l'l-J"ll1 ti:SYi'e)n:nl(9liu..:J~1l-J1l'tl Ln(9l .. 
, ~ 

e.J~mU'e)..:J'"l1nn1l'U(9l~'J (Strain induced crystallization) 1~ ~..:JuU~..:J"t11L,",tJ1..:Jfil'l'l-J"ll1ti:SYitln~1(9li 

i:i~'J1l-J'VlULLl'..:J~..:J~..:J LUU ~.fiI . 1983 Davies LL~:;~ru:;12 1~"t11n1l'~mt1tJ1..:Jfil'l'l-J"ll1ti:SYitln~1(9li .. 
~'Jm'Vl ~U~ X-ray diffraction ~ur11u~nhl1:SYi'e)n~ L(9l-Dud:lu stereospecific ~..:J"t11L '"' Ln r;)~tl~ Ll-Jtlf 

~i:i cis-1,4 configuration L(9ltJ'e)tln~ L'"lU'e):;In'e)l-J"lItl..:JtI1..:Jfil'l'l-J"ll1ti:SYi'fln~1(9li~1l-J1l'tl~..:Jl~~tl~nu 

crystal lattice "lI'e)..:JtI1..:Jfinl-.l"ll1tiL(9ltJUJ"t11L'"' Ln (9l~'J1l-JL~1tJ(9l~U 'e)tJ1..:JLrri 1n1l-Jujtli:iml-J1ru:SYitln 1"ll c;) 

l-J1nnr11 50 Ll-J~LU'e)fL;Uj;hEl-J1ru~'J1l-JLUUe.J~n'"l:;~(9l~..:J 

'"l1n 1n1l'1..:J~ 2.3 m:;u'JUn1l':SYi'e)n~ L(9l-DU-rl'JtJU~UUl'..:J m1l-J ~1U'Vl1U[;]tl ~'J"t11~:;~1tJ LL~:; 
q 

~, ~ 

U1lTU"Iltl..:JtJ1..:Jfil'l'l-J"ll1ti n1nU~tJULLU~..:Jml-J11nl'''Il'e)..:JtJ1..:J ENR-25 LL~:; ENR-50 Luu1lTu ASTM 

No. 1-3 ~Ur11tJ1..:J ENR-25 L~l-J1:;~'"l:;u11uL.jf"t11e.J~In.nruoy)~n1l'L.jf..:J1uhl~'e)..:Jil-J~~nu~1lTUl-J1n 

un ~'JUtI1..:J ENR-50 i:i~'J1l-J~1U'Vl1U~1lTuLVltJuLYhl~nutJ1..:Jlullnl'i (l':;~un~1..:J) ~..:jL~l-J1:;~'"l:; 
~ ~ , 

u11u1-if"t11LUUe.J~In.nruoy)[;]1..:j1 ~..:jtj ~1tJtI1..:j~(9lU1lTU, seal, oil-well pipe protector LL~:;~U1 



(;11';11.:1;1 2.3 f'l'l'l~Y1'WY1'l'W~"Ur'W'n'rFltJ1~fiJ'J'~'n'l~:aYi'tln:nL"'i'nU"'~'l~l LmtiULYltiUnUtJ1~ 
fiJ'J'~'n'l ~LL~:::tJ1~ L 'WL(;lJ'~<"(4 ) 

% "1J'tl~m~'l(;lJ'~L~~;'W (4 tJ'W ~ 23 °C) 

NR ENR-25 ENR-50 NBR 

ASTM No. 1 oil 15 12 0.1 0.2 

ASTM No.2 oil 28 3 0.6 0.3 

ASTM NO.3 oil 78 40 1.1 0.7 

17 

'W'tlnlGj'l nl1m:::U'l'Wn'lJ':aYi'tl n:n L",i'W~~~ '" f'l'l'l~~'l~'lHl1 'Wn'lJ'~~ ~'l'W'n'tl~m n'l PI L ~'fl~ m~t'l t1~ 
~ntll1'lYi'n'tl~tI'l~fiJ'J'~'n'l ~:aYi'tln:nL"'"lI1 'Wn'lnJ'l hl1i LiJ'WtI'l~1 'W nJ~ 2.8 LL~ "'~ fOh f'l~~'n'tl~n'lJ'~~ .. 
~'l'W"1J'tl~'tl'ln'lPl~'l'WtJ1~ ENR-25 ENR-50 LL~::: ENR-70 LmtiULYltiUnUtJ1~U'l~~LL~:::tJ1~t'WL(;l~;~ 

;Jm~'lru'tl:::f'l1-t~ L'WL(;lJ'; 39 LU'tlfLoD'W~ ~'ll'l~'tlru~l1~ 20-60 'tl~PI'l L"lI~ L;tI~ (~'l~fUn'lnJ'lLU1i~'l'W . .. 
1'W~'l'W tire, tube LL~::: liner n'lnU~tI'WLLU~'1"1J'tl~~ru~.1J~LiJ'Wi11Gjr.rtl~'l~qJ~~'tl~~'lll~t1~) t1'1LL,j'~'l~ 

70 t~~ LU'tlfL oD'W~:aYi'tln:nL",ilGj :::UfUUN m'l~~'l~'lJ'C11 'Wn'l~~~ ~'l'W"1J'tl'1'tl'l n'l PlIGj'W;J f'l'l'l~~'l~'l~C1 • 

" " ~m'l'W~'l'Vi'~tI'l~ ENR-25 LL~::: ENR-50 IGj:::1,x~~~Ylmn'tl'Wn'W~'tlL~1-~LLN~'ltl:n~mLL~:::f'l'lfU'tl'WLLU~n 

L'll'W N330 ;'1LL~"''11'W(;l'lJ''l'1~ 2.4 t"'tlf'l'l'l~LL-li'1 ~'tl"'~~ LL~:::~~~f'l'l'l~Y1'WLLN~~;JfOh1m~\ii1t1~n'W , 
" " ~'l~fu~'ln~1-~ LL~~'Vi'~ 2 "lIU", 'W'tl nlGj'l nn~'1;J f'l'l'l~ f'l~'ltl n'WY1'l~ ~'l'W~ n~ru:::f'l'l'l~Y1'W~'tl n'l~~n~~'tl 

LL~ :::Y1'Wf'l'l '1 ~ ~'tl'W~ :::~~ ~~ LiJ'W~'l'W~'l ~ ru ~'l~fu n'l J'ti'lLu1i~ 'l'W'tl (;l~'l~ m~~ ~'tl~ L vb LL~:::tJ1'1~C1t1'W~ .. . 



-· .. 
o 
E .. 
b • • .. e 
u 
;: 1x10'" 
Z 
~ co 
% o 
o 
z 
2 ... 
~ 
1&1 
:E 
a:: 
: 

20 

LLtJ~ n Lrh.l~1J'~'l L~l-J (4 ) 

Hardness, IRHO 

Modulus at 300%, MPa 

Tensile strength, MPa 

Elongation at break, MPa 

Abrasion, Akron, min/500rev 

OIN,mm 

Goodrich heat build-up, from 100 DC 

60 

ENR-25 
.,. 

r11 J'tJ 'el t.! 

LLtJ~na 'i~n1a 

69 67 

12.4 12.8 

25.4 21.0 

435 405 

14 15 

272 250 

7 7 

3 50 phr f'11futl'WLLu~n (N330) lf5-tl 50 phr :n~n1 (Hi-Sil 233) 

18 

ENR-50 
.,. 

r11 J'tJ 'el t.! 

LLtJ~na ~~n1a 

73 68 

13.5 12.6 

24.5 22.4 

500 435 

11 14 

278 289 

23 19 
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2.3 ~1j~'JL~~ (Filler for rubber)(1) 

~1~j;j'J L~h.J (Fillers) LrhJVI~\!1 t.!~ln~h.J LL[;)\!~~1 ~ ry~~ "'"1J'el\!U1\! Lti'el \!"'l 1 n~I~j;j'J L~l-J LUt.!1'~ ~~ 

iJ~1 1"11 ~ n L ~tlUn-"Jtll\!fi~~l-J"lI1 ~LL~ :;tll'H~'\! Lrl~l:;tf"llU", [;)1\!1 ~\!iJ~1 rll LL yj\! ~ 1l-J1H11-if e.J~l-J 1 t.!U1\! 
I I I" 

L Yl'el L ~l-Jml-J1 ru"1J'el\! til\! e.J ~ l-J ~ j;)~Vl1'el e.J~ j;).tl ruontll\! 1!t.!f;i'el Lut.!n 1 ~~ '" tXt.!Yl t.!n 1 ~e.J ~ j;)1!t.!L'el\! .. . 
t.!'eln"'lln~~I~j;j'J L~l-JUI\!"lIU"'U\!~Il-JIHl "L~1-l-JLLN" (Reinforcement) 1 '-"riUtll\! n~I'J f;i'elvh 1'-" 

yj 'el ~ Ll-J 'el f~ e.J ~ l-J ri u ~ 1 ~j;j 'J L~l-J iJ rl 'J 1l-J LL;\! LL N ~\! ~ t.! U 1\!"lI U '" ~ 1l-J 1 ~tl Vi 11'-" til\! e.J ~ l-J ~ j;) ~iJ FI'J 1l-J .. .. 
LL;\!LLNl-Jln~t.!n~1 10 LVl1 ~\!hJLut.!~~\!~m~tI~ILV1j;)1"'~I~j;j'JL~l-J"lIU", L~1-l-JLLN~\! LUt.!~Utll-J LL~:;iJ • 

, , 
1. 

IV.c::t. .Q, .c::t. 0 t;q..::::.,.c::!iI t; .Q I 

~1~j;)'JLj;)l-J"lIt.!"'LMl-JLLN (Reinfocing fillers) YlIV1t.!IYlLyjl-JVI~'el~"'j;)t.!'VJt.!nI~e.J~j;) LL~:;"lI'JtI 

L~1-l-J LL~\!Vil1 '-" rl'J 1l-J LL ~\! LL~\!"1J'el\!yj'el ~ Ll-J'elfL ~l-J~\!~t.! ~1 ~j;j'J L~l-J"lIU", L~1-l-J LLN~ ~ 1 ~ ry 1~ LLrl 

I 0 dI".. CJ A. A, 

L"1Il-JI"'IV1~'elrll~U'elt.!LLU~rl (Carbon black) "lI~nI (Silica) "1~"1 

2. ~1~j;j'J L~l-J"lIU", hI L~1-l-JLL~\! (Non-reinforcing fillers) ViIV1UI~ L~l-Jml-JlruVl1'el~"'tXt.!'VJt.! 

nI ~e.J~ j;)'elUI\! L~tI'J hJoJ!'Jm~1-l-J LLN 1 '-" riUyj'el~ Ll-J'elf ~1~j;j'J L~l-J"lIU", hh~1-l-J LLN1~ LLrl 

1 t.!'el j;)~IV1n~~l-J ~1~j;j'J L~l-J~Utll-J1-ifl-J1 n~~ ",f;i'el rllfu'elt.!LLU~ rl Lti'el\!91 niJ~1 rl1 tlnLL~:;"J!'JtI . . " , ., 
L~1-l-JLLN'elUl\!l-J1 n 1'-"riUtll\! -n'el~lri "'"1J'el\! nI~1-if rllfu'elt.!LLU~ rl f;i'el Hle.J~ j;).tl rurvlU1\!~iJ~ ~1 LVl11!t.! 

~\!iJnI~ 1-if~I~j;j'JL~l-J"lIU",~t.! L"J!t.!en~ n1 ~t.!"1JI'J LL~:;LLrl~L;tll-Jrllfu'elLt.!j;) 1t.!e.J~ j;).tl rurvltl1\!~ tX'el\!n1~ 

" I I I 

1 t.!\!It.!~r.r tlil~t.!1 "'l1-ifen ~ nI LUt.!~1 ~j;j'J L~l-J~\!~Il-J1 ~tl L~1-l-J LL~\!1~~~ ~ '" Lij'el L ~tlU riU~1 ~j;j'J L~l-J ~ • 

hJ ~I"l1U"'~t.!1 Lti'el\!"'llnen~ nliJ"lIt.!I"''el'lf1l1 rl L~ n LL~:;iJ~ j;)~ trlN~ ~1\! Lut.!en~ n'elt.!1",-n'el'el n 1'l! I?f (Si02) 

-n'el ~"1J'el\!en~ n 1 f;i'el"J!'J mHutJ~\! ~ l-JU~ul\!1.h:;nl ~"1J'el\!tll\! L"J! t.! L ~ l-J rl'Jll-J tXlt.!YlIt.!~n"1Jl '" (Tear 
, 

strength) ~"'rl'Jll-J~'elt.!~:;~l-J (Heat buildup) L~l-Jrl'Jll-JtXlt.!YlIt.!nI~i"'~ (Abrasion resistance) 

LL~:;L~l-JnI~U"'LnI:; (Adhesion) riU'el\!""tJ~:;n'elU~t.!11t.!U1\! Lut.!tXt.!1t.!nI~1-if\!It.!en~nlUtll-J1-if~I~ 

~rl'Ju (Coupling agents) L"J!t.! ~1~tJ~:;n'elu1'l!L~t.! (Silane coupling agent) Lrl~'elUC4'J'el'lf1l1rlen~nI 
.J ~ c:J,.c! I IV 0 , 11...-. .qJ' J' 

Lyj'el Lyjl-J rl'Jll-J LL"1J\! LLN ~t.!nI~tI '" LnI:;~:;VI'JI\!'J!l111 rl YlI ~VI~l-JU j;)"1I'el\!U1\! "'''11 t.!"11 t.! 
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2.4 :nin1 (Siliear 

on~ n1 dj'W~1~~'J L~~~1~'"l1 nfi~~~"ll1 ~ LL~:;n1 ~i'l Lrln:;\f ~~1J'1i"lJ'el'l;~ n1~WllJ~~1t1i1'"l4'tI 

l~LLri "lJ'W1~"lJ'el'l'el~Jl1rl LL~:;~'WViCj'J m~1ru~11'WtrlN~~1'l (Extent of hydration) LL~:;~~1J'1i'VI1'l 

mtlJl1'V'j L-n'W pH 'el'l~lh:;n'el1J'VI1'lLrl~ m~~~oDlJ'VI1'lLrl~ (Oil adsorption) 

~ , ~ ~ 

~ ~~ t~tll9IN l?1'elm~1 rutl1Vi~1~1HI Lm:;~ ~lJ'WYl'WCj'J LL~:;U'l~ ~~ 1?1'el rl'J1~ dj'Wm~1J'WYl'WCj'J"ll'el'l 
,,~ ~ 

on~n1~'JtI '"l1nrl'J1~~i'J~1-'elrl'J1~"ll'ellJtl1 (Hydrophilic) "1I'el'l;~n1 Yi11""~1~~'J L~~"llU~U~1~1~Cl 
I II I '" 

L~1-~LL~'l1~~1'WtI1'lVi~i'J L-n'W tI1'll'Wll91f~ (NBR) ~1-'eltl1'lrl~'el h'V'j1'W (CR) Wlnn~1t11'lVihj~i'JL-n'W 
~ 

tI1'lfi~~~"ll1~ LL~:;tI1'lL'el~umf (SBR) ;~n1~1~1~mL1.J'l1~ 2 "llU~~'lU 

1. on~m'"l1nfi~~~"ll1~~1-'elon~m"llU~lJ~ (Ground Silica) dj'W;~m~1~'"l1nfi~~~"ll1~ t~tI 

m~~ ~'"l1 m~ij'el'lLL~'JYi1 m~lJ ~ 1 ""~"1I'W1 ~ L~n dj'W~~n t~tlfi~~~"ll1 ~ ;~n1"llU~lJ~UtI~ 

1-D' L~~ L ~'el~ ~ ~'W'VI'WLti'el'l'"l1 n~ n rl1 Cl n LL~:;-n'JtI L ~~~~U~ n1 ~'VI'Wrl'J1~ ~'el'W (Heat 
q ~ 

resistance) ~1~1~mL1.J'lrJ'eltll~dj'W~1~"llU~ l~LLri ;~n1eJ~n (Crystalline silica) 

on~n1t:J~nL~n (Microcrystalline silica) LL~:;;~ml~'el:;l9I'el~L~L'iltl~ (Diatomaceous 

silica) 

2. ;~mi'lLrln:;\f (Synthetic silica) ~imrru:;dj'WeJ'l~"ll1'J"ll'W1~L~n ~1~1~mL1.J'lrJ'eltlH' 

dj'W~1~"llU~~'el ;~m"llU~l'el (Fumed silica) ;~m"llU~l9Inl9l:;n'tl'W (Precipitated silica) 

LL~:;;~m"llU~L'"l~ (Gel silica) 

o 
I 

-Si-OR 
I 
o 

(a) 

OR OR 
I I 

Si-Si-O-Si-

I I 
(b) 

-0 OH 
'\. / 

Si 
- / '\. o OH 

(c) 

:1..1;1 2.9 ~~Yl''lnoD'Wl"ll~1'W'el~1J'W~'WCj'J"ll'el'l;~n1 (a) Isolated silanol group (b) Vicinal silanol 

group (c) Geminal silanol group(1) 
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LI;)1t1~~'WLtI'W~¥'1LLml'WtI ~ . P\. 1941 tl;)tI Dr. Harry Klopfenrn';j'VItl1P\1~l;)f"l!1'JLtl'emr'WL~~Wl~'W 

~'J L~~ L~1-~ LLN ~"l!1'J~iJ ~~U~ L Yltlu1~ nu ~1fu'tl'WLLU~ ~ tf"l"lU'W~~ n1"l!U(;l1'tl LI;)1t1~1~"l1 n • 

, " 
1e1'L(;ln"l'WLL~:;~~n~L"l'WYl~ru'\.wi11000 °c ,"1-'tl~'1n~1'w'W ~t)'W,"1-'tl1~"l!~'1~~I;).nrueyJ"l:;~'JULLU'W . ~ ~ 

+ 

SiC I. + 4HCI 

4HCI 

;ai n1'YlU ~ j;J n j;J~n'elu (Precipitated silica) LI;)1t1~1~I;)tln1r"'1iJlJmtl1"l!'tl'l~1r~:;~1t1 

'L"l!L~tI~~~Lnl;) (Sodium silicate) nunrl;)i~Yh1-n (Sulfuric acid) ,"1-'tl"l!'tl'l~~~"l!'tl'l 

~1fU'tl'W11;)'tl'tln1"ll~ (Carbon dioxide) LL~:;ml;)1e1'LI;)r~~'tl1-n (Hydrochloric acid) J11t11~~J11'J:;~ 

LtI'WLU~ ~'1iJlJmtl1(;]~1iJ~ 

Na2·n·Si02 

Na2C03 

+ CO2 

+ HCI 

n·SiO + 

------.~ 2NaCI + CO2 

:ain1'YlU~L'"I~ (Gel silica) LtI'W~~mi'lL~n:;,r~Lri1LLri~~(;l 'LI;)tlu1-,;''V1 Davision LU'WU1-,;''V1 • 
.c:J ~ J' '" 4.c1 cI 1 II ..::::Jio~ I .cI ,Q,.oC:IIo 

LLm'VI~~I;)"l!'W1'W'VI1'1m~1 ~'tltl ~.P\. 1920 'L(;lml;)rtl~ I;)"l1niJ!lmtl1r:;,"'J1'1~1r~:;~1t1'L"l!L(;ltJ~"l!~Lnl;) 
, " 

numl;)i~yb1-n J11t11~~J11'J:;YlLtI'Wm(;l iJlJmtl1mnI;)1t1~LL~I;)'1~'1~'1'il 
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" I I I 

(Primary particle size) ~1'tlYl'WYiCj'd~IL'WI::; (Specific surface area) b(;1t1"f1'd1tl;n~mLn~~Yiilll'Wl(;1 
., , , 

'tl'W1l1 r1tlliil.Jlll1 L~ n~1'tlilYl'WYiCj'd~1 L'WI::;~~'"l::;·jhtl L~1-l.J LLNl ~LLritll~1~~n~I;n~ m Lm(;1Yiilll'Wl r1 
q cd IU cu 

" I I I 

'tl'W1l1 r1tl liil.JIll11 ~ nJ~1'tlilYl'WYiCj'd~1 L 'WI ::;~1 'W'tl n'"ll nif'"l~ tI ~~ n ~ I'd;) 1~ ~'WLL~ 'd ~~ilif'"l~tI ~ 1 ~ ruYi il 
<III cd cu Q,t .. ., 

.Q..Q. I .Q .Q.Q.cI cv q.dl .Q. .Q..Q. 

'tl'Vlfi'W~ l?I'tlmn~~l.J LLN"lI'tl~"JI~m r1'tl~m~tru::;'VlI~ Lr1l.J"1I'tl~'W'Wr.J'd"JI~m (Surface chemistry) L'Wn::; 
, , 0-

;n~m'Vl n Lm(;1Yitlll.J11-if LtI'W~I~~'d L~l.Jl 'Wtll~~'d'WLL~'d LLfflilmj1"J1~I'W'tl~ (Si-OH) 'tluYiYl'WCj'd 1 'W . .." ,., ., 
ml.J1 rul.J1 n ;~~~1"J1~I'W'tl~ L~~lilrl'tl'W;)I~~'tl~ 1 'J ffl'tl mnn (;1tl~mtll Lr1il LL~::;ilr1'dIl.J dj'Wi'd rl't)'W;)I-:J 

, ., " 
~~ 9-:J~~r.J~vlI1 M~ mLtI'W~I~~'d L~l.JYiil r1'dIl.J LtI'Wi'd~-:J ~'dm~l?Iil ;n~m9-:Jr.J~l.J1 ~L;)lnum-:J"JIil~ .. .. . 

" "I I 

ffll~11~tlln L'Wn::;m~~'d'W1 ~ '1i'"l::;hjili'd~1'tlilr1'dIl.J LtI'Wi'd ~1 Lij'tlr.J~l.J;n~m~-:J1tll'Wm-:J9-:JYiI1~ 
, ., , 

tl'Wl?I~mtlIYi Ln (;1;'W~::;~~I-:Jtll~ nu;n~ mil rll rl'tl'W;)I-:J ~1 tl~::;~'Vlfilll'W 1 'Wm n~1l.J LLN"lI't)-:J;n~ m9-:J 
I I" I 

~'tltl n~1 r11 fU't)'WLLU~ r1 Lij'tl LmtiU L YitluYiYl'WYiCj'd~1 L 'WI::; L'I'l1 n'W 

I " I " 

L ~'tl-:J'"l1 nu'WYl'W"lI'tl-:J Cj'd;n~ mil~2J1 "JI~I'W'tl~ml.J1 rul.J1 n ;~~2J1 "JI~I'W'tl~il'"l::;YiI1 ~'t)'W1l1 r111'tl-:J .. .. . 

, 0-

n~l.Jn'tl'W;n~ m L;)1 ~'dtln'Wfi'tl~'Wfi::;1e1b(;1n9'W (H-bond) ;~il r1'dIl.JLL~-:J LL~~rl'tl'W;)I~l.Jln ~'dm~l?I\l • • 

;n~ m9-:J m::;91t1 ~'d 1 'Wtll-:J 1~tll n n~1 r11fu'tl'WLLU~ r1 ~1~fumru~ L~l.J;n~ m ~~1tll 'Wtll-:Jml.J1 ru 

rl'tl'W;)I-:Jl.J1 n n ~ l.J n't)'W"lI'tl-:J;n~ m n9::; L ;)1l.JI't)u1n ~ n'Wl.J1 n9'Wvl11 ~ Ln (;1 LLN ~-:J (;1 (;1 ~::;~~ 1-:J n~l.J n't)'WlI'tl~ 
q ClJ IlJ q 

;n~ m ~'dtl n'W Ln (;1 LtI'W br1N~ ~1-:J l?Il"1l1t1~ L1t1 n n'W b(;1t1-i'd 1tl~1 "br1N ~ ~1-:J l?Il"1l1t1"l1'tl-:J~1 ~~'d L~l.J " 
'i' ", ....... ':;0'1" .1 ..... .ell J',J 

(Filler-filler network) ~r1NMI-:Jl?Il"l11t1"11'tl~~I~l?I'dLl?Il.J'W'Vl1 ~~m-:Jr1'tll.Jul'd(;1l.Jr1'dIl.J~'W(;1~-:J"1I'W ~-:Jr.J~ .. 
1 ~m::;u'd'Wn 1 ~r.J ~ l?I LtI'W 1tl ~'d tI r1'd ll.Jtll n ~IUI n LL~::;YiI1 ~~'WLtl~'tl~'W~-:J-:JI'W 1 'Wm ~r.J~ l?Il.J1 n~-:J~'W 
91nifru~I~-:Jn~I'd~Il.JI~{lLLm"1l1~(;1t1m~1-if~I~rlr1'du1"J1L~'W ~-:Jmn~l.J~I~rlr1'dU1"J1L~'W~-:J1tl9::;vil 

~ .... 

I cv <4 ,.... q I I q de I cI 

LLl?Inl?ll-:Jn'W r1'tl~~'tl~r1'tln"JI (Alkoxy group) L"JI'W ~~Ll.J'Vl'tln"JI (-OCH3) ~~'tl ~~L't)'Vl'tln"JI (-OC2HS) 

LL~::;~~~LtI'W~I~~'W'Vl1u (Organo-functional group) LL~(;1-:J~-:Jltl~ 2.10 ~1'tlYilmJ'i-:JLf'\~I::;i 
., 

~'W;n~;n~m (In situ silica) 1'WL~'fltI'),l~I'Wn~l~b"JI~L9~ (&1geI process) "JJ'&'lu;Jl?I~L'tl'Vl'tlrn1"J1L~'W 

(Tetraethoxysilane, 
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'fl~'1iJ ry~1~1;) ry~ n'fl[h'l~lJ m'nJ L~'fl1-D:n~ m dJ'W~1~~,) L~~ Fi'fliJ ry~1 L1'fl'l m~FI'Iltlu1'1 

L~'fl'I'"l1n~~1"l!~1'W'fl~u'W:n ~ n1~1~1ffi~ ~oD u~1~~,)Li'ltlnrl1mFl'l~tl~ il [WIt dJ'Wc;l1'1 L"lI 'W ~YJ U~n ,)U~'W cu cu;W cu VI 

(Diphenylguanidine, DPG) ~,)~~1~tl~::;n'flUL:n'l.n'fl'W~'fl'li'ln::;~ (Zn complex) ~'1Yi1~tJ1~LiI'W~1~ 

m::;~'W~1~t'utliimu1 FI'I~tl ~')u ih~ ::;5'W n1~~ ~oDu ~'1 n~1,)'"l::;Yi11 ,x~1~~,) Li'ltliimu1~1'fl 
q dJ cu" ~ 

, 
~1~tl~::;n'flu~1'fl~1~tl~::;n'flu L:n'l.n'fl'W~'fl'li'ln::;~ilm~1 ru~ ~~'1 :n'l'"l::;~'1 ~~Yi11 ,xm'lil~::;~u"ll'fl'l n1~ 

FI'I~tl~ ~~'1 ~')u L"lI'Wn'W Lcnui') ltl ~ ~~~LFlilm'l~1~1~(l~~iJ ru~1~'1n~1,) ~~Un1~~~~1ffi~~1.n~FI'El~ 
'\I cu Q,I' q 

~ ~ 

~1'fl n ~~ L'flil'W~'11tl L Yi n ::;~1 ~tl~::;n'flu L ~~1;j'"l::; L;r 1Yi 1tl{jmu1 nu~~1"l! ~1'W'fl ~u'WYJ'WEh'1ltN 

:n~ m Yi11 ,x~1~~,) Li'ltliimu1~1'fl~1~tl~::;n'flu L:n'l.n'fl'W~'fl'li'l n::;~~ (l n ~ ~oDut~u~~1"l!~1'W'El~ij 
dJ cu cu cu 

m~1 ru~ ~~'1 tl{jmu 1 FI'Iltl n'"l::; Ln ~ L~,)~'W ~')'El rJ1'1~ ~ 1;) ry'1l'El'l ~ 1 ~tl~::;n'ElUL ~~1t1 Hi'LLn 

1~L'fl'Vlfi~'Wln~FI'fl~ (Diethylene gycol, DEG) Yi'fl~L'fl'Vlfi~'Wln~FI'El~ (Polyethylene gycol, PEG) 

Lfln"l!::;L~'Vlfi~'WLl?ll?lnil'W (Hexamethylenetetramine, HEXAMINE) LiI'W~'W 'W'fln'"l1nn1~L~~ 

~1~tl~::;n'flU~'1n~1,)LL~,) n1~tlt'u~1~umn~~~1nFlil~'11tl1'WLFl1'fl'lc.J~~ L"lI'W n1~L~~:n'lf>f'fl'Elnl"l!r;l 

(ZnO) ~'11tl1 'W"lI,)'1yi'1U"11'fl'l n1~c.J~~n'"l ::;"lI,)u~ ~iJ ru~1 n1~~ ~oDu~1~tl~::;n'flu L:n'l.n'fl'W~'fl'li'ln::;~l~ 
., " 

2.5 n~tJ'l1.ln1~L'lI~-L'"I~ (Sol-gel process)(15) 

m::;u,)'Wn1~ t "1l~-L '"l~ LiI'Wm::;u')'Wm~c.J~ I?l~iltl~::; tU"l!,r~~1U'flrJ1'11 'Wn1~c.J~ I?l L "l!~1n n LL~::;LLn') 

t~u L'ilYi1::;tj~ ~~ ~'fl'l n1~FI,)1~u1~'Vli~'1 t~ui') ltl m::;u')'Wm ~ t"l!~-L'"l~ LiI'Wn~::;u')'Wm~Ltl~u'W . . " 
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uljmm~~1~'lJ1um':::1.J,)Un1~L"l!~-L'"l~ ij 3 uljmm ~'el Hydrolysis, Water condensation 

LL~::: Alcohol condensation ijt1'"lr.r£J~1~'lJ~ij~~r;i'el~(;l~1n1nn(;1uljm£JI~'el pH ~')Li~uljm£J1 
~ ~ ~ I 

~(;ln~'buL(;1£JL~~,J1r;i'el L~'\!I::: LL~:::m1.l'\!Illii ~~-WUn1~rl,)l.Jrl~t1'"lr.rm'\!lfi1;j 1 U~1l1'):::Vlr;i1~nU'"l:::.yh 1~ . .., . 
" Alcohol condensation "1I'el~m':::1.J,)Un1~L"l!~-L'"l~LL~(;1~~~r;i'el1u;j 

Hydrolysis: 

Water Condensation: 

M-O-R+~O 

M-OH+HO - M 

Alcohol Condensation: M - 0 - R + HO - M ~ 

M-OH+R-OH 

M-O-M+~O 

M-O-M+R-OH 

L~'el M LL'VlUL~'\!I::: 1~LLfi Si, Zr, Ti, AI, Sn, Ce LL~::: OR LL'VlU Alkoxyl group 

" " " " I 

iU(;l'elULLm1un1~.yhL"l!~-L'"l~ ~'eln1~~~~~I~~~~U (Precusor) nl.J,J1 ~1~~~~uVlUm.JH1u 
~ .J '" ,, ~ ... .J1' n ~:::1.J')un1 ~ L"l! ~ - L'"l ~ LtlU~1 ~u~:::n'ell.JL~ '\!I::: LL~::: n~ L~'\!I:::'Vl ~'el~ ~'el1.J (;1') £J ~ unU(;1'Vl ') (;l'el n1 ~ 

" " I I 

Ln(;1uljm£J1nl.J,J11~~ L"llU Metal alkoxide LtlU~1~~~~UVl1~~l.Jrl,)1~U£J~~~ L~'el~'"lln.yhuljmm 

nl.J~11~~ L"llU Tetramethoxysilane (TMOS) LL~::: Tetraethoxysilane (TEOS) ~')U Alkoxide "llU(;1 
, 

:au L"llU Aluminate, Titanate LL~::: Borate ij1.jj'nu'elth~LLYi1'\!1~I£JL(;1£J~n'"l:::H{1,)l.Jnl.J 

Tetraethoxysilane L"llU 

, " 
Si(OR)4 ~~ R ~'el CH3(TMOS), C2Hs(TEOS) '\!I1'el C3H7 '"l:::Ln(;1uljmm1e]L(;1~1~~~,J1 ~~ 

uljmm~~r;i'el1u~ 

OR 
I 

RO-Si-OR + 4H20 
I 

OR 

OH 
I 

HO-Si-OH + ROH 
I 
OH 



... 

OH 
I 

HO-Si-OH 
I 

OH 

OH 
I 

+ HO-Si-OH 
I 

OH 

~~'fl Alcohol condensation reaction 

OH 
I 

HO-Si-OH 
I 

OH 

OH 
I 

+ HO-Si-OR 
I 

OH 

25 

OH OH 
I I 

HO-Si -O-Si -OH + 
I I 

OH OH 

OH OH 
I I 

HO-Si-O-Si-OH + ROH 
I I 
OH OH 

~1nh:;nmJ~ Ln ~~'W'"I:;Ln ~ullmm rl'fl'WL~'WL'l!i'W~'fl hJ'"I'Wmn[J LU'W Silica Network 'fl~t 'W~Jl1'J:;~ 
~[Jn~1 L'"I~ 9~~[Jnullm[J1~,:m~h'l~1 ullmmt~~rl'fl'WL~'WL'l!i'W 

OH OH 
I I 

HO-Si-O-Si-OH 
I I 

OH OH 

OH 
I 

+ HO-Si-OR 
I 

OH 

OH OH 
I I 

HO-Si-O-Si-OH 
I I 
o OH 
I 

HO-Si-OH 
I 

OH 

e.J~j;].nru,,1'WluLLUU~1~1 L"ll'W fiber, aerogel, xerogel, powder, LL~:; coating film LU'W.rj;]CJ~U 

~'l~¥U'fl j;]~'l~mnJ • 

~:;L~[J~ YM2-JU'l~ L~'Wt[J LL~:; .r~(;Jn'fl'W LU'W~'W ~~LU'W~'l~~~~'W~'l~¥Un'l~e.J~j;]e.J~j;].nru"~h~1 
LL 'W'l t U2-J n'l~'tl'l L'VI rl t 'W t~u ~~ mh'J2-J'l t fl 'WL;~~"1 ru"lltTiJ rl'J'l2-J Lu'Wlul~~~ Ln'fl~'"I'l n m:;u'J'Wn'l~ t'l!~-

'" 
I I" " 

L'"I~ LU'WL'VI rl t 'W t~u n'l~e.J~ j;]V1.yi'll~V1'flru~J)~~'fl-:J ~~\!'Wm:;u'l'Wn'l~ t"ll~-L'"I~~'l2-J'l~C1.yi'll~ ~~ LL~~:;~U . ., 
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2.6 

D.R. Burfield LL~::l")ru:: ( 16 ) P1n'M"lm~~'!Ll")n::,rm'!fi~~l-J"l!I~~Yi'elnen1en"l!1entJHLu~Ll-J1e1(;l1'1.! 

(Bromohydrin) LU'I.!~I~I1l':ln~I'!1e1LennlGl'l.!Ltl'elf'fl'eln1"l!r;) (Hydrogen peroxide) LtI'I.!I1l':lL1'!tJ~mtJl 

LL~::n~enLtl'flf'fl::en~n (Peracetic acid) LU'I.!I1l':lYhtl~mtJl ~~m~P1m~n'VlI,!IGl~'I.!'rj~filIMlf'rju~1 

tl~mtJl~Yi'flnen LWn'l.!LU'I.!tl~mtJl~'I.!~U~'fl'! LL~::'rji'!'!I'1.!ri'elnl-J,r'l.!I'lL 'V11 nu 56.2 nt~~~ (;\'fl Ll.J~ 

tJl'!fi~~l-J"l!1 ~~Yi'flnen1eni~~'! Ll")n::~1~iJ'elru~flij n~l~ LL'Vl~'I.!eni'l.! LL~::I"11 1")':l1l-J~'I.!ILLti'l.!iJ fOil~ 
q ... 

L ~ l-J;'I.!LU'I.!~ (;l~':l'l.!nUml-J1 ru"1l'fl'!mJ~Yi'fl n 1"li r;) 'I.!'fl nlGll n,r'l.!'rju~ 1 m ~U':ll-J 11l':l ~':ltJ I1l':lYiI~::~ltJ ... 

(Solvent swelling) ~iJi':lL~::~MJ~L~'!n~~~~Yi'elrnW;i;w1'flWm~~Yi'fln1"lir;)L~l-J;'I.! 

" 
S.C. NG LL~:: L.H. Gan(17) P1n'M"ltl~mm in situ epoxidation l'1.!'lJlm'!fi~~l-J"l!I~L(;ltJl-ifmen 

~'flfijnl'1.!m~Yiltl~mm ;,!1Gl::1~tJl'!fi~~l-J"l!I~~Yi'fln~1eni LL(;\Lti'fl,!lGllnn~en~'flfijniJl")':lIl-JLU'I.!men 

~'! ~,!,r'l.!Yill ,"':l'! LL ~':l'l.!'fl'tln~ L~'I.!~'flUl 'l.!tJl'!fi~~l-J"l!1 ~~Yi'fl nen1eniLu en'fl'fl n Ln (;l LU'I.!1e1 en~'fl n~~'flfLl-J'Vl ... ... 

LL~::1n~I")'fl~ 1'1.!nHW~~lm'!fi~~l-J"liI~~Yi'flnen1eni~1~IGl::4'ul1l':lLU'I.lIi''fl'l.!ll1tJl'1.! 2 .r':lLl-J'! LL~::nIYiI 
tl~mtJl (;\'fl1tllGl ::Ln (;l':l'! LL ~':l'l.!L[;l [;l~::1e1Len~~ LL~'I.! ~'! ~ ~ 1," Ln en m~L~'fll-J"1I':lI'! ~':ltJ~'I.!fi::~ L'Vl'flf"ll'fl'! 

L[;lL[;l~::1e1L(;l~~LL~'I.! (Tetrahydrofuran) 

, 
Y. Heping LL~::l")ru::(1 8) P1n'M"lnln[;l1tJl-JtJl'!fi~~l-J"liI~~Yi'flnen1eni ViiJ~en~':l'l.!ml-Jlru 

~~~Yi'fln 1"l! r;) (;\1'1 n'l.!lGllnml-Jlru1e1Len~LIGl'l.!Ltl'flf'fl'fln 1"li r;)LL~::L':l~I~l-ifYiltl~mtJl 'rjU~I'f.Jru~.1Jij m~ 

~~ltJl1l':l~':ltJl")':lIl-J~'fl'l.! (Themal degradation temperature) LL~::'rji'!'!I'1.!mm~::~'I.! (Activation 

energy) il'fltJ~en~l-if1'1.!m~~~ltJl1l':l "1I'fl'!m'!fi~~l-J"l!I~~Yi'elnen1eniL~l-J;'I.!ml-Jml-Jlru~~~Yi'fln1"li~ 
Yill ,"m'!fi~~l-J"l!1 ~~Yi'fl nen1eniiJ 1")':l1l-J L~ CitJ ~'VlI,!I")':lIl-J ~'fl'l.!~'!;'I.!L~'fl LVi tJU num'! fi~~l-J"l!1 ~ ... 

, " 
LL 'fll-J Ll-J L t1tJ~'!Yiltl~mtJl nu n ~en~'flfi1 n LentJ l-if ~~'I.!'fl'l.!1'fl'el'flun LU'I.!~1 ~L Vil-J L~ CitJ~ fll'rj"ll'fl'!'lJltJI'! 

LL ~ :: Vi ~ IGl t! n 1 ~ L n (;l ~ lJ ~ Yi 'fl n 1 "li ~l 'I.! L l-J L ~ n ~ "11 'fl 'I tJ '1 'I fi ~ ~ l-J "l! 1 ~ LL ~ :: ':l L I") ~ 1 :: ,r ~ 1 tJ1l-J 1 ru 
... ... q 

1240cm-
1 

;'1 LL~ (;l'!n'!m~iJ~lJ~Yi'fln 1"l! ~U'l.!Ll-J L~ n~"1I'fl'!tJ'1'!fi~~l-J"l!I~ 'I.!'flnlGlln~U,!'rju~lml-J1 ru 
... q 

~~~Yi'fl n 1"li r;)~ Ln en;'I.!u'I.! Ll-J L~ ~ ~"1I'fl'!tJl'!fi~~l-J"l! 1 ~~'I.!nu'f.J ru~.1Ji1 LL~:: L':l ~1~1-if1 'l.!m ~YiltJ~mtJl 
~'! ~~ 1 ,"'flru~fli1 ml~ LL 'Vl~'I.!eni'l.!"1I'fl'!tJl'!fi~~l-J"li1 ~~Yi'fl nen1eniiJ fOil~'! n~ltJl'!fi~~l-J"l!1 ~ LL~::iJ fOil 

q ... ... 

L~l-J;'I.!LU'I.!~ en~':l'l.! LentJ [;IN nUml-Jlru~lJ~Yi'el n 1"li r;) ... 

U. N. Okwu LL~::I") ru::(20) P1n'M"l m~L[;l1tJl-JtJl'!fi~~l-J"l!1 ~~Yi'flnen1eniLL~::~ (;l LLtl~'! ~':ltJmn~l-J 

men1'VlL'fl1n~I")~'el~n (Thioglycollic, TGA) L~'fl~enLLtl~'!m'!fi~~l-J"l!I~~Yi'flnen1en"li1tlLU'I.!m'! ENR-
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" , 
tI'1'1fiJ'J'l-J"lI'1~ ~~'I'"I'1mr'IJ,j'1t1'1'1Yl ~~l-Jl-J1 L~w>nf1J~'\.m1J~1'I (Carbon black) LL~::~'1mJ'1'~I'I'1 lwll 

i.I .4 ~.Q !I.... ~J'" 
i?1'Jm::1J1Jn'ltlJ'::~VlfiJl'1Yi (Semi-efficient vulcanization) ~'I~~ 1~1'I'1 Ll-Ji?1~~ (Modulus) LYil-J'tI'lJJ'~tI 

'IJ 

I " 11 I .... '" .... 0 ~ tV,q.J' .J .c. 
~:: 46 m 1'I'J1l-J LL "1J'I 1'I'J'1l-J m'IJVl'1'IJ~~ mJ'1J'Jl-J ~'J i?1')tI ~'J'Vn~::~'1mL~::'W'1l-J'lJC;)'tI'IJ L'IJ~'I'"I'1 nmJ'L~l-J 

m'l EN R-TGA ~~l-J rl1Jm'lfiJ'J'l-J"lI'1 ~ iJ~l-J~ L~;J~'lJmJ'L~~l-J LLNtI '1'1 fiJ'J'l-J"lI '1 ~ ~')mJ':n'IJ LLl'i~'1 l,x Fl'1 

m J'~ i?1 ~'J n~'IJ"1J 1 i?1 LL~::1'I,)1l-J~1'WVl'1'Wl'i'tlLLJ''I~'I~i?1~'I L"rW1::1'I'J'1l-JLU'W~~ n'tl~'Im'lfinl-J"lI'1~~Vi~n:nlc;)i 

Bandyopadhyay A. LL~::l'Iru:: (2 1 ) ~n~'1i1'"14'tI~iJ~VlfiYi~l'i~LI'IN~~'1'1LL~::~l-J~'tI~'Im'l 

fiJ'J'l-J"lI'1 ~~ Ln i?1 mJ'~Yi~ n:nli?1iLL~ ::L~~l-J LLJ''I Li?1t1:n~ m Li?1t1l-if L VlI'IUI'I L 'l!~-L'"I ~'tI~'I L~ ~J'::L~Vl~n;1'l! L~'W 

1~ LLn ~,)~'1~::~'1t1 ~ C\.m.lJ~'tI'tl'l n'lJ'Ln i?1tllJm-m L"lI ~-L'"I~ LL~::~ ~J''1~,)'lJLi?1t1Ll-J~'tI'tl'l~'1 l'i~ 
L~ m::L~Vl~ n;1"l! L~'W ~~'"I'1 n m J'Vl C;)~~'I'VI1J~'1 ~,)~1 ~::~'1t1"l1Ui?1 L~ ~J':: le:1LC;)J'yJ LLJ''IJ ~'I ~~ l,xml-J'1 ru 

OJ 

, , , 
:n~ n'lYl~'I LI'IJ''1::~1~l-J'1 nYl~ i?1 L;J~ Lmtl1JLYltl1Jrl1J 1'I~'tl LJ'yJ~fl-J LL~::I'I'1f1J~'lJL~ ~J'::I'I~~ h~ LYin:: • 

"" " 1'I'J'1l-J~'1l-J'1 J'Cll 'lJm J'J',)l-J ~'J LU'lJL ij~ L~m rl1J,j,),W'tltl n ~ 1 'IJ~ n'"l1 n~'VI1J~ 1 ~'lJJl'1 1'I'tI~'I:n ~ m m::'"I'1t1 ~'J • 

Yoshikai K. LL~::I'I ru::(22) ~n~'1 m J'L~~l-J LLN"1J~'I~'W:nVl:n~ m~~'1 LI'IJ''1::if ~h'Wm::1J,)'lJmJ' L"l!~-
'IJ 

"" " 
L '"I ~ 1 'W,j'1t1'1'1~ 1~ 1'IJU'JVl ::1i?1~'WLL~ ::,j'1 tI '1'1 1 'Wl~J'; Li?1t1 iJ L~ ~J':: L~Vl~ n;1 "l! L~'lJLU'W~'1J'~'I ~'IJ 1 'lJmJ' 

Ln i?1:n~ m Yi1J~'1ml-J'1 ru"1J~'I L~ ~J'::L~Vl~ n;1 'l! L~'lJLL~::'il ~J'1~,)'IJ Lc;)tI Ll-J~"1J~'I L~ ~J'::L'tlVl~ n;1"l! L~'lJl'i'tl 

~'1iJ ~~ l'i~ml-J'1 ru 'tI'IJ'1 i?1 LL~::tlJ'::~VlfiJl1'V1l 'lJmn~~l-J LLN"lJ'tl'l~'IJ:nVl:n~m L~'tll-if~'IJ:nVl:n~m LU'IJ 
'IJ OJ 

Tangpasuthadol v. LL~::l'Iru::(23) ~n~I'I~l-J'VI~~~"1J'tl'lm'lfiJ'J'l-J"lI'1~~L~~l-JLLN~')tI:n~m~'I~n 
~ :: .Q .Q.Q ~.Q J' i.I .J 

~'I LI'IJ''1 ::~'tI'lJJl'1 til 'IJ'W'1m'lfiJ'J'l-J"lI'1 ~ ~'WJl'1 1'I'l!~ m'IJLn i?1"1J'Wc;)')tI m::1J'J'lJmJ' L "l!~-L '"I ~Vl 50 ~'I fI\'1 • 
'" I" I" 

L "l! ~ L;tI ~'tI~'I L~ ~J'::L ~Vl~ n;1 "l! L~'IJ~ ~ l-J rl 1J,j 1 tl1'1 fiJ'J'U'Jl '1 ~~'I LU'IJ,j')tI'1'1YliJ L ij'tltl'1'1~tltlJ'::l-J'1 ru 60% 
OJ 

.. 
tlJ'::l-J'1ru 100-200 nm '"I'1nmJ'~J',)'"I~')tln~'tl'l'"l~VlJ'J'fI1,.rnL~I'I~J''tl'W"lIUC;)~~'I~'1'IJ 'W~n~'1n~1~~'1 • 

m J''tl~ n LL1J1J':3fimJ'Vl1'1 ~ {i~~~ "m J'~~ n LL1J1J LL1J1J LL yJ n ~~ L1t1~~~'IJ'::~1J" ~'1~¥1J ~ n~~VlfiYi~'tI'tl'l 

ml-J'1 ru L~ ~J':: L~VlVl~ n;l'l! L~'IJ LL~l-J Ll-J L ~tI LL~:: L'J~ '1 1'I'IJ'tll'i~~l-JU~ L:n'l n ~'tI'tl'ltl'1'1 Fl~l-JYi'tl~ ~ 
'IJ 
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" 
mn.J~).JLLuU~ .. :n~).J (Conventional mixing) 

AS. Hashim LL~:;f'lru:;(14 ) ~m~t1L~mnumn[;l1tJ).JtJ1":)fi)')').J"II1~:a~'eln:n1(;1of~'eltJl\JnJtJ1":) .. .. 
, " 

LL~..:)).J1 L~1).J LL),":) ~'JtJ:n~ mVi-K..:) Lf'l),1:;'-111?1tJ ~TlJn),:;U'JtJn1), t"ll ~HIil~"lI'el":) L[;l [;l),:;L'elYl'eln;1 ':lI L~tJ t(;ltJitJ 

LL), n U1 tJ 1,,:) fi )' )').J ':lI1 ~ :a ~ 'el n :n 1 (;I of ).J 1 L f'l ~ 'el U ~ 'J tJ 'el :; ii t tJ t Vi )' ~ ~ 1 Yl )' L'el Yl 'il n ; 1 ':lI L ~ tJ (3-

Aminopropyltriethoxysilane, APS) tl?1tJ1 ~ f'l'J1).J~'iltJ~ 180 'el":) P\1L':lI~ L;tJ~ ~1'-1fu"ll'J":) L'J~1~1ft tJ 

m),f'l..:)lu (Cure time) LL~:;U1).JTVhuljmm t':ll~-LIil~ "lI'ML[;l[;l),:;L'ilYl'eln;1'11L~tJ1tJ~1ffi:;~1tJihYi~L'ilijtJ 

(Butylamine) Viu~1ijm).J1ru:n~m~-K..:) Lf'l),1:;'-11~~'eltJ~:; 28 LL~:;~[;lnm),LU~tJtJ (Conversion) 

).J1nn~1~'eltJ~:; 60 1il1nmn~1).JLLNm":)fi)')').J'1I1~:a~'eln:n11?1of~'JtJ:n~m~1tJm:;U'JtJt':ll~-LIil~ ~..:)~~ 

1 ~m":)fi)')').J"II1 ~:a~'iln:n1(;1ofij f'l'J1).JLL;":) n~1m":)fi)')').J'1I1 ~:a~'eln:n11?1of.r~ f'l11 tJof~'J 1u tl?1tJ rh f'l'J1).J Lr1tJ 

.r:::l ....-=:t. ~ QJ' d 
(Stress) f'l'J1).JLf'l)'tJI?1 (Strain) LL~:;~).JU[;lVi~'J[;l (Dynamic mechanical properties) (;I'1ItJ LtJ'il..:)1il1n 

Lnl?1m),L~'il).JttJ..:)~tJfi:;),:;'-1~1..:):n~mnum..:) ENR-APS 1tJm:;u'JtJm)'t':ll~ - LIil~ 

Poompradub S. LL~:;f'lru:;(24) ~nM1mn[;l1tJ).J:atJ:n~:n~m1tJ~1),~:;~1tJm":)fi)')').J"II1~~1tJ 

uljmm t':ll~-LIil~ L~'el LLniI 'lJ'-11 m)')''J).J ~'J LtJtJn~).J n'eltJ"lI'el":)'el~Jl1 f'l:n~m1 tJ~'Jn~1..:)tJ1":)fi)')').J'1I1 ~ 

L~'elm).J1ru"ll'el..:):atJ:nYl:n~mijm).J1ru~..:)n~1 50 ~'JtJ1tJ~'eltJ~'JtJ tl?1tJm)'~nM1~~"lI'il":)~'Jl11~:;~1tJ .. .. 
"IIU(;I LL~ :;f'l'J1).J L .;J).J.;JtJ"ll'il..:) ~'J d,,:)UljmtJ1 ~ [;ln~'JtJ t(;ltJ t).J~'1I'il":) L[;l [;l)':; L'elYl'il n;1':l1 L~tJ~'el~1 LL~:; 

'r:Jru'-11Jii1 tJn1J'Ln (;lulj mtJ 1 ~'elm).J1rum),Ln I?1'el~Jl1 f'l:atJ:n~:n~ m ViU~1~'iltJ~:;'1I'el":) ~~ 1~"ll'el":) 

:atJ:n~:n~ m~..:)~..:) 70 ~'JtJL tJ~'eltJ~'JtJ ~..:)ij I"h Ln~ L~tJ..:) nun1n'huljmtJ1 t':ll~-LIil~ LtJtJ1":) LL;..:) 

" " , 
tJ'elnIil1nnU":)ViU~1'el~1 f'l~tJ:n~:n~ m n)':;1il1tJ ~'J 1~~L tJL U'elm..:) fi)')').J "II 1 ~ LL~~1m).J1 ru:n~ mlil:;L~).J 

J' 
~":)"lltJ .. 



3.1 

>-
o " ... 1 . 'Wlt11'l"lJ'W"ll'W(;) HA 

2. tI1'lDJ'J'l-J"llI~ STR 5L 

3. nJ'(;)yJtlf~n 98% (AR grade) 

4. 1~L(;)n'"l'WLutlftltlnl"llt?l30% (AR grade) 

5. L"llL~tml~L(;)n'"l'W~l1futlL'W1'l 

6. Ll-J'Vl1'Wtl~ (AR grade) 

7. L"llL~tmL(;)L(;)n~~i~LyJl'l 

8. L'VI'VIJ'::;Ltl'VItln:]l"llL~'W (AR grade) 

9. ~'lntltlnl"llt?l (Commercial grade) 

1 O. m(;)~L~tl1n (Commercial grade) 

11. DPG (Commercial grade) 

d 
'lJ'VI'VI 3 

12. Naphaline oil (Commercial grade) 

13.N-oxydiethylenebenzothiazole-2-sulfenamide 

(Commercial grade) 

14. i~LyJtlf (Commercial grade) 

15. ~~n1"llU(;)~1~YlLI'lI'l (Hisill-255) (Commercial 

grade) 

16. L"llL~tll-J~l1fUtlL'W1'l 
>-

17. oWl21''W ASTM oil No. 1 

Thai Rubber Latex Co. ,Ltd. 

Pan Innovation Ltd., Thailand 

Merck, Germany 

Orec, New Zealand 

Orec, New Zealand 

Merck, Germany 

BDH,UK 

Fluka, USA 

Pan Innovation Ltd., Thailand 

Pan Innovation Ltd., Thailand 

Pan Innovation Ltd., Thailand 

Pan Innovation Ltd., Thailand 

Pan Innovation Ltd., Thailand 

Pan Innovation Ltd., Thailand 

PPG-Siam Silica Co., Ltd ., 

Thailand 

Orec, New Zealand 

Pan Innovation Ltd., Thailand 



3.2.1 

3.2.2 

3.2.3 

3.2.4 

3.2.5 

3.2.6 

3.2.7 

3.2.8 

3.2.9 

(Two roll mill) 

LfOi~'tl~1'(;lim~tru:;n1~I"l~~U 
'" 

(Moving die rheometer, MDR) 

(Univesal testing machine, UTM) 

(Hardness testing machine) 

(Universal testing machine) 

(Compression molding hydraulic) 

, ., 
LI"l1'tl~~'U;'W~,)'tlth~LL~:;'Yl (;l~'tl'U L'tl L"li'W 

(Dynamic Mechanical Thermal 

Analyzer, DMTA) 
, .. 

3.2.1 0 LI"l~'tl~ TG/DT A 
, .. 

3.2.11 LM'tl~ FT-IR 

...I 
3.2.12 LI"l~'tl~ DSC 

3.2.13 Ll"li'tl~'Wm'WLL,jL~~n 

3.2.14 Ll"li'tl~~'Wm'W1'YJYh 

3.2.15 ~'tl'U~ru'U1n1P1 "" "" .... 
3.2.16 m:;'U'tlnm~"lI'W1(;l100 2J~., 500 2J~. 

30 

: Model R 11-3FF(3338) 

Tokyo,Japan 

: Rheotech MD+, Thailand 

: Lloyd Universal Testing Machine 

LR 10K PLUS, England 

: REX GAUGE 2000 & OS-2 Stand, UK 

: Universal Testing Machine 

INSTRON 3366, Thailand 

: Model V75h-18-BPX, Serial 

9593 Wabash, Indiana, USA 

: BF Goodrich Flexometer Model II, USA 

: TOYOSEKI , Japan 

: GABO EPLEXOR QC 25, USA 

: Perkin Elmer Pyris Diamond, USA 

: Perkin Elmer FTIR spectrum RX-I, USA 

: Mettler Toledo 822 E, USA 

: IKA C-MAG HS 7 

: IKA C-MAG HS 7 

: MMM Vacucell 55 R 

... ... 
3.2.17 'Umn'tl~"lI'W1(;l 50 2J~ . , 100 2J~ . , 250 2J~ . , 1000 2J~ . 
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, , a 
3.2.21 bb'Vl'lblJ.Jb~~n 

" 
nlJ'i'l bf01J'1:;"ffi'W~tl~~ niL 'Wu1m'l;s~'8n~1c;)i ~1'WnJ':;UnmLn L"ll~-L'"l~ 

cI .1" J'.I 
nlJ'Ll'!J'tI~m'l f01'8~u1,) c;) bb~:;nlJ'~'Wlum'l 

nlJ''VlC;)~'8lJ~~~L~'1n~ LL~:;~~~yj~~ 
., 

nlJ''Vl C;)~'8lJ f01,)1~~1'W'Vl1'WU1~'WbL~:; L'8 L"ll'W 

, '" , 
3.4 .1 -n'lL"llL~tI~LC;)Lc;)n~~-n~LvJl'! 3.6 nf~ ~:;~1t1L'WU1n~'W 200 nf~ 

, " , 
3.4.2 -n'lL"llL~tI~1e]LC;)J'L'"l'Wf011flJ'8L'W1'! 7.4 nf~ LL~:;nJ'c;)vJ'8fiin 16.24 nf~ ~:;~1t1L'WU1n~'W 

200 nf~ 

3.4.3 L~~~1J'~:;~1t1L"ll L~tI~LC;) Lc;)n~~i~ LvJ 1'!~1~'"l1n;r'8 3.4.1 L~~~'1L 'W~1t11~;J'W"llU(;l 

LL'8~L~Liltl~'1 (HA) ~i'J 60 %DRC m~1ru 200 nf~ m'WLL~:;uflJ'8ru~J1ii~1J'~:;~1t1 
" . " 

m'lL1XLi1'W 50 °C 

3.4.4 L~~ ~1 J'~:;~1t1 J':;~~1'1 L"ll L~tI~1e]LC;)J'L'"l'Wf011 flJ'8 L 'WI'! nlJ n J'c;)vJ'8fii n~ Lj;i~tI~1~'"l1 n;J'8 

., 
3.4.5 ~~~'"l1mr'W~tlc;)1e]LC;)J'L'"l'WLU'8f'8'8n1"ll~ 30% m~1ru 40.01 nf~~'1~1J'~:;~1t1t11~ 

Lc;)tlHL,)~1~tlc;) 8-10 'W1Vi l11n1J'n,)'W LL~:;L1X'8ru~J1ii~ 50 °c LtI'WL,)~1 24 i')'UJ~ . " 
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, " , 
rJ1'lfi~~W1l1~:aYhln:n1~i~1~~')m~'YI'W'tl~ 1000 ij~~~j;]~ LL~::""1'l~,)rJU1n~'W 500 

'" ij~~~j;]~ 2 I"l~'l 

3.4 .7 U1rJ1'l ENR-20 ~1~hJ'tlUL,"LL,"'l~'tlru'VIJlij 40 'tl'lf'l1L"ll~L:nm~ ~,)rJr;l'tlU~runJ1n1f'1 '"I'W 
q CU CU CUGlG' 

3.5.1 ~LI"l~1::tf'VI~:a~'tln1"1!~~')m'YII"lUI"l Fourier Transform Infrared Spectroscopy (FTIR) 

~LM1::tf~')mI"l1'tl'l FTIR !'W Perkin Elmer FTIR spectrum RX-I tr;)rJvf')hJ:a'WyJ~1L~~~LtJnj;]f~"lI'tl'l 

rJ1'lfi~~~"ll1~:a~'tln:n1r;)iYin"1J'tl'l'VI~:a~'tln1"ll~'"I::tJnn!lYin~j;J1LL'VI'll'l 870 "ll~ .1 LL~:: 1240 "ll~ -1 ~'lYin 
" " '" 

;1'l ~'tl'l~'"I:: hltJ n n!lL 'WrJ1'l fi~~~"ll1 ~ ~'l,r'Wn1 ~~ LI"l~1 ::tfm~1 ru'VI~:a~'tl n:n1~i~1~1 ~() rl1'W,) ru1~ 

'"I1nn1~rl1'W')ru~j;]n~,)'Wn1~~~n~'W (Absorbance ratio) "lI'tl'lYin~j;J1LL'VI'll'lL~"lII"l~'W 870 "ll~ -1 [;\'tlYin 
'U 

I I I I 
.d 0 I dI -1 ..... .0::::1 .d 0 1..::::1 -1 o4.d .., I ..... 

'YIj;]1LL'VI'W'lL~"lII"l~'W 835"ll~ ~')~nU'Ym'YIj;]1LL'VI'W'lL~"lII"l~'W 870"ll~ (LL~r;)'l{)'ln1~~'Yi'Wfi:: C-H j;]'tlnu 

-C=C- "lI'tl'l cis-1,4-polyisoprene) t~rJrl1'W')ru'VI1~j;]n~,)'Wn1~~r;)n~'W'"I1n~~n1~~ (3.1) 

= (3.1 ) 

~j;]n~')'Wn1~~r;)n~'WLL~'l~1~'"I1n~~n1~ (3.1) Ld'tll"lru~,)rJ 100 '"I::LtI'Wm~1ru~Rr;)Lij'W 
'U 'U 

LtJ'tlfL:]'W~'VI~:a~'tln 1sn ~ 
'U 
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3.5.2 -:SLrlJ''1~'\.hlhJ'1cw,"~~~'flni."1Ic;l~')mYlrlilrl Proton Nuclear Magnetic Resonance 

CH-NMR) 

~ , 
U'1tJ'1'l EN R-20 2-J'1~~~'1ul 'W~')":h~~~'1U ~rl~'fl LJ'vJ'flf2-J ,"~'l"'l'1mr'WU'1 hF5 LrlJ''1~,r~')mrl1'fl'l 

1H-NMR t'W Varain FTNMR spectrometer Ll?lu.wn"ll'fl'l,"~~~'flni."llc;)"'l~lh'1n!l~ chemical shifts 2.7 

ppm m2-J'1cw,"~~~'flni."llc;l~'12-J'1J'rt~'1'W')cwi.~"'l'1n~2-JmJ'~'l~ (3.2) 

Mol % epoxide = A;..70 (3.2) 
x 100 

~ , , 
As 14 lii'fl Yi'WVll~L~'WL~'l"ll'fl'li'1l'1l'1CWVl~'1LLWW'l 5.14 ppm 

3.5.3 -:SLrlJ''1~,r~2-Ju'1iYl'1'lrl,)'12-J~'fl'W~')mYlrlilrl Differential Scanning Calorimetry (DSC) 

L(;lUU'1~,)'flth'ltJ'1'l ENR-20 m2-J'1CW 0.5 nf2-J l~L"1I~~'fl~~nLilU2-J LL~,)U'1hh'1'll'W~'1LLWW'l,)'1'l 

L"ll~~"II'fl'lLrl1'fl'l DSC 1'W Mettler Toledo 822 E Yl(;l~'fl'lfl'1t11~fl'1,)~uJ'J'tJ'1mfl\"II'fl'li.'WLI'1J'L"'l'W L(;ltlL-lf • 

II I " II I 

U'1U'1t1'1'l ENR-20 VlLI'11t12-Ji.~"'l'1ni')-if'fl 3.3 2-JTvhmnJfu pH ,"~'l"'l'1mr'WL~2-JU'1n~'W LL~~ 
~ 

ri'fltl1'"tlI?lLYlYlJ'~L'flYl'fln~i."llL~'W (TetraethoxysilanTEOS ~'ll'WU'1t1'1'l ENR-20 ":hmnnu~,)'flth'll'.!n 

24 -F,)L2-J'l Ll?lmLl.l'l~'1J'~~~'1t12-J'11h~2-J'1CW 5 n~~nf2-J LL~~":hmJ'l'1nl'1~n'fl'WtI'1'l In situ silica/ENR 
"I I "" 

~')tlL2-JYl'1'W'fl~ LL~ ~U '1 hJ'flU"'l'WU'1wt! n rl'lVl fl '1') ~"II 'fl'l1Jnmtl'1 L"1I ~-L"'l ~ Vl~ n'ft'1ii ~'l [;]'fl i.1Jil pH 
~ 

~1'1J"1~,)'WLl?ltlL2-J~"II'fl'lU'1[;]'flTEOS 'flCW,"fln LL~~m2-J'1CW TEOS LL~I?l'l~'lI'1'1J"1'l 3.1 
• 'IJ 
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~ .J1 "Pl 11 '" '" L j;l1'i1.:J't1 3.1 Jl1'J::'Vl"ll nM1 !Jnnn '1I~-LIOj~ 

TEOS Mole ratio Temperature Reaction time 
No. pH 

(phr) H20rrEOS (C) (Day) 

1 4 10 
a 

50 1 

2 10 10 
a 

50 1b 

3 4 10 
a 

50 9 

4 4 20 
a 

50 9 

5 4 30 
a 

50 1
c 

6 4 30 50 1
c 

7 4 30 
a 

40 1
c 

8 4 30 
a 

RT 1
c 

9 4 30 38.51 50 1
c 

10 4 30 38.51 40 9 

11 4 30 38.51 RT 9 

12 4 30 38.51 40 9 

13 4 40 38.51 40 9 

14 4 50 38.51 40 7 

15 4 50 46.22 40 7 

16 4 50 53.92 40 7 

17 4 50 57.77 40 7 

18 4 70 57.77 40 5 

19 4 80 57.77 40 5 

20 4 90 57.77 40 5 

21 4 100 57.77 40 
d 

a hJilmn~l.JJ1~N11.JJ1t.n~ ENR 

b Ln~mnU~tl1.JLFlN~~1~'ilfNt.n~ ENR 

c LnlnmTj;Jnj;J:;ntl1.J'ilfNt.n~ ENR 
>-

d Ln~mTLLtlm~M:;vI'l1~'\hll.Jt.n~ ENR 
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i~m~ In situ silica/ENR-20 lJ11.h:::~rHU 10 2'h~~nflJ 1~lw platinum pan LL~I),w1hJl~1tJ 
, " .4 I 0 ..,oCIiI ,Q o ...:::t 0 Q 

Lrl~'el~ TGAIDTA ~tJ PerkinElmer (Pyris Diamond) Ynn1~'Jl'Ii'l~r;u'VI.1JlJ 40 C ~tJrt~ 1000 C i'l 

ra(;]~l 10 DC/tJ1V1 Jl1t11~Jl1'J:::~1-if'el1n1Pl mlJ1r;u~tJeni'len~n1LL~:::~'eltl~:::n1~LU~tltJ*jJ'el~ TEOS 
" 

" " mlJ1r;uen~n1 (%) = tJ1'V111n~'J'el£h~ri'eltJL~1- tJ1'V111n~'J'el£h~'VI~~L~1 (3.3) 

" x 100 
tJ1 'VI 11n ~'J'el£h~ ri'eltJL~l 

x 100 

mlJ1 r;uen~ n1 (;]llJi'lD'MD 

(3.4) 

n1~~n'M1m:::~1t1~'J*jJ'el~~tJeni'len~n11tJm~ ENR-20 tl'ltltJ1t11~ In situ silica/ENR-20 lJ1,xn 
" " , 

~'Jtl1tJ t(;]n~tJL 'VI~'J LL~'JtJ11u'J1~UtJLLiltJi'l'el~ L 'VI~'el~ LL~'JtJ11u Lrl~'elU ~'Jtli'l'el~ 'VI~~~1 n11tJtJ1 L'l Lrl1'el~ 

n~'el~"~i'l~~Pl'IILLUU~'el~n~ll'1 (Scanning Electron Microscope, SEM) ttJ JEOL JSM-6400 ~rl'J1lJ 

m'Jrl~tJ 1 0 1lJtrlnlJ(;]~ rl'J1lJr;l1~~mr 15 nt~ t'J~[;] 

(Copper grid) LL~'JtJ11u Lrl~'elU ~'JtI rl1fU'eltJ 'VI~~~1 m!tJtJ1 L -if1 Lrl1'el~ n ~'el~" ~i'l~J'Pl'IILLUU~'el~ ~ltJ 
(Transmission Electron Microscope, TEM) ttJ JEOL TEM-100U ~rl'J1lJr;l1~~mr 80 nt~t'J~Pl 

tJ1m~ D~~lJ"l!l ~~Yi'elnen1wJ!~ L(;]1-tllJ1~lJ1 ~fllJ riUfl1 nrlii r;l1~1 ~~ LLfl eMl tJ(;]1n~~ 3.2 U~ 
I II I I 

~fllJtl'lti Lrl1'el~Ul'I~fllJ 2 ~ n n~~ L1lJ~ln n1~tJ1m~DnlJ"l!1 ~~Yi'elnen1(;l-nlJ1U(;l1 ",,"illJ LL~:::1~t"l! L~tllJ 
" 

" 
rl1fU'elLtJ(;] d:JtJL'J~l 2 tJ1V1 'VI~~~ln11tJl~en~r1'el'eln1"l!"'LL~:::ml'lflL~tl1n~~1u~fllJrium~d:JtJL'J~1 2 

I "'" I 

tJ1V1 LL~'JFi'eltl11~en~n1~~1uU(;l~fllJrium~~'Jmrl1'el~u(;l~fllJ 2 ~nn~~ ('hiitJ1,rtJ:n~d:JtJfl1J'''jbtlltJ 
" , 

n1~~fllJl",,"Fi'eltl11~1UYi~'ellJriuen~n1) 'VI~~~ln11tJul'I~fllJriu MBS LL~::: DPG :n~1-ifLi1tJfl1~Li~ 
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tJnnhJ1n1~L~'alJLtJ-:JtJ~lJJliiLL~~'Vl~tJJlii 1W1lJ~1~1J LthJL'Jin 2 tJ1Vl Ld'af')~1J 2 tJ1Vl ~'atJ1L~lJ d.J cIS 'U q 'U 

" i~LyJ'af~-:JltJu~nutJ1-:J L~tJt-nL'J~1(:J~lJtJ~~lJ1ru 2 tJ1Vl ~~.yl1tJ f')'JUf')lJ'aruVlJlii~nn~-:Jhl1~\ntJ 50 
q q q 'U cu 

... , , 
°c L~tJ~1~Un1~U~(:J~lJtJ1-:JLL~~-:JttJ~tJ 3.1 VI~-:J"'I1mrtJU1tJ1-:Jf')'alJtJ1'J~VlUlttJ'Vl~~'aUVl1L'J~1L1-lJ 

OJ 

f')-:JttJ (Scorch time) LL~~L'J~1n1~f')-:JttJ (Cure time) ~'Jmf')1'a-:J Moving Die Rheometer (MDR) ttJ 

Rheotech MD+ L~tJt-nm1.lVIJliittJn1~'Vl(;l~'aU 150 °c LtltJL'J~1 30 tJ1Vl ~1lJ ASTM 02084-93 
• OJ 

, , 
1.5 MPa ~n.!VI.1:Jii 150 °c ~1lJ~~tJ~L'J~1ttJn1~f')-:JttJ"lI'a-:JtJ1-:JVll~"'I1nn1~'Vl~~'a1J~'Jmf')1'a-:J MDR 

II " '" I 

"'I1nt!tJVi-:J~tJ-:J1tJVllrJi1tj' 24 "lIlJ . LL~'Ju11tJ'Vl~~'au~lJmiJ?i1-:J1 L"lItJ ~lJU~n1~f')-:JttJ ~lJmin1~~-:J 
... , " 

~lJU~'rj ~t)~ LL~ ~ f')'J1lJ ~htJ'Vl1tJL'a L"lItJLL~ ~U1~tJ L(;ltJn~lJtJ1-:JVlU1lJ1'Vl ~~'aU'Vl ~ LLu-:Jl~~-:Jtj • 
4 4 ",.c.4 i,I c:.!1 

tJ1-:Jfi~~lJ"lI1~ tJ1-:J ENR-20, tJ1-:J ENR-20 LMlJLLN~'JtJ"l!~n1Lm~n1~f')1, tJ1-:J ENR-20 L~~lJLLN~'JtJ 

iitJ~~:n~n1 J?i'altJ"'I~iStJn~1 NR-V, ENR-V, ESi LL~~ Eln ~1lJ~1~U 

...I ~ ill qd
t 

iiL q tJ <r 
f;l1~1-11V1 3.2 "lItJ~LL~~ ~lJ1ru~1nf')lJ'Vl"l! tJn1~L~~tJlJtJ1-:Jf')'alJ 1'J(;l 

I 

illlJ1ru~1~Vlt-n (phr) 

Ingredients NR-V ENR-V ESi-12 ESi-24 Eln-12 Eln-24 

NR 100 

ENR-20 100 100 100 112 124 

Zinc oxide 5 5 5 5 5 5 

Stearic acid 2 2 2 2 2 2 

Sulphur 1.5 1.5 1.5 1.5 1.5 1.5 

MBS
a 

1.5 1.5 1.5 1.5 1.5 1.5 

DPG
b 

0.5 0.5 0.5 0.5 0.5 0.5 

Silica 12 24 

Naphaline oil 1.5 2.5 

a N-oxydiethylenebenzothiazole-2-sulfenamide 

b Diphenylguanadine 
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1~ ZnO LL~:; Steric acid lJ~'W1'W 2 'W1Vi 

~'elU11~~~n1LL~:; Naphthalene oil 

1~ MBS LL~:; DPG lJ~'W1'W 2 'W1Vi 

., 
U1=D'W'Vl~~'ellJ"lJ'W1~n,y1'1 2 L"l!'W~h~~~ U1'J 2 L"l!'W~h~~~ ,"'W1 2 n~~L~~~ ~1~ ASTM 0471 

I "" I I " I 

LU'WL'J~1 72 -D'J L~'1 ~1nu'WU1=D'W'Vl~~'ellJVitJ1'Wn1m"li1 'W~'JYi1~:;~1U'Vl L~;S'W~1-D'IU1WWn u1~~Vi't~ 
'IJ 

, 
o cv IV cv Q 

r11'W'Jn.m1'el~~1n1~lJ'J~~'J ~'1~~n1~'Vl (3.5) 

~~nn1~lJ'J~~'J (Swelling ratio) = (3.5) 
x 100 

M1 

., ., 
= U1,"un~'W 'Vl ~~'ellJ n'el'WLL"li1 'W~'JYi1~:;~1U 1 'W'Vl L~;S'W 

'IJ ., ., 
= u1,"un=D'W'Vl C;)~'ellJ,"i'l LL"li1 'W~'JYi1~:;~1U 1 'W~ L~;S'W 

...,. .cS 

3.12.1 n1~'Vl~~'ellJ~~lJ~n1~~'1 (Tensile test) 

., 
n1~'VlC;)~'ellJ~~lJ~n1~~'1LU'Wn1~'Vl~~'ellJm~~1~~lij1'W ASTM 0412-80 (Die-C) =D'W'Vlc;)~tllJ~:; .a 

i1ltJ'VlN~~LlJ~ (Dumbbell specimen) L~ui1ltJi1'1LL~:;"1I'W1~~'1LL~C;)'11'WltJ~ 3.2 L~UU1U1'1~tJ1'W 
, '" " I 

n1 ~r1'1 ~tJ LL~'J~1 ~ ~ ~'JU ~'JU Lr11'el'l ~ ~~'W'Vl ~~'ellJ~1,"ilJ LLN ~'1 =D'W'Vl ~~'ellJ~:;(1 n'Vl ~~'ellJ ~'JU Lr11'el'l 
'IJ 'IJ 
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'VIc;\MltJ Universal Testing Machine, UTM t'W lloyd Universal Testing Machine LR 10 K PLUS 

L ~'tl'VI c;\ ~'tltJ~lJtJ"i ~1'Wn 1 r~~~'tl~U1~~ eJ 1'Wn1 r~~ nJ LL~'l L ~'tl,"1 1"11 ~'l1lJ'VI'W~'tl LLr~ ~~ (Tensile .. 
, " .c::I • I.... .0::1 ~ IV I 

strength) r:;u:;uc;\ ru '"IC;\~1C;\ (Elongation at break) LL~:;mlJ'tlC;\~~ (Modulus) "l!~"l!'Wm'tlU1~'"I:;tln 
• 'IJ .. 

'" I I II 

t)c;\ 5 ~f~ LL~'l,J1lJ1,"1r)1L'U~U ~'tl'W1~n1r'VIC;\~'tltJij~~~'tlhj~ 

'tlru,"J1ii . .. 25 °C 

" ~'l1lJ;'W~lJ~'VIfi 60% 

~'l1lJL~'l t'Wn1r~~ 500 lJlJ./'W1Vi 

f~ . wo 

r- ~ , 1 
~J-cT 

LO .f 

TYP£IV 

W : 6lJlJ. WO : 19lJlJ. G: 25lJlJ. R: 14 lJlJ. 

RO : 25lJlJ. 

. ... . 
T : 4 lJlJ. ''''tlfll0-n 

L: 33lJlJ. LO : 115lJlJ. D : 65 mi. 

~.: cv 

jtlVl 3.2 "l!'W'VI C;\~'tltJ LLtJtJ C;\lJ LtJ~ .. 

~~~lJ~~1~1 ~1lJ1rtl~1'W'lru1~'"I1n~lJn1r~ (3.6) , (3.7) LL~:; (3.8) f;l1lJ~1~tJ 

... o<t • 
~'l1lJLL"lI~LLNC;\~ (Tensile strength, TS) Fu (3.6) 

A 
... .4 

r:;U:;UC;\LlJ'tl"ll1C;\ (Elongation at break, EB) = Lu - Lo x 100 (3.7) 

La 
, ov.,. ... 

lJ'tlC;\~~'VIr:;uc;\ 300% (Modulus, M) • F/A (3.8) 

£ 300 



4 
L~'fl Fu 

F 

A 

Lu 

La 

£ 300 

... ... 
,",'fl LLNM~'1~(;\ (N) '" . 
~'fl LLN~'1~YhL""tn:jtlcn'fl'fln"'lJi.~J':;u:;~n1'Wwcn (N) 

" , 
~'fl Yl'IJl1,"ih~cnL~~ (nm·') 

, ... ... 
,",'fl WJ1~m'JL~'flurW.IJlcn (mm) 

~'fl ,",'Jl~m'JL~~ (mm) 
, 

..::::I .od Q .0:::1 

,",'fl ,",'Jl~ L,",J'U (;\'VlJ':;U:;U (;\ 300% 

3.12.2 n'lJ''Vlcn~'flU~~~,",'Jl~LL;j'l (Hardness test) 
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n'lJ''Vlcn~'flU,"I~lml~LL';'1'11'fl'lm'l~~I'IJn'lJ',",'1J'tJLL~'J Yhn'lJ''Vl(;\~'flUm~~I(;]J'~I'IJ ASTM 
'" ~ 

02240-81 ~'Jm,",i'fl'l(;\h~L(;]'flf (Durometer) LLUU Shore A i'IJ REX GAUGE 2000 & OS-2 Stand '" . 
I II I '" 

LL~:;L,",1'fl'lij'flL 'lJn'l J'," 1 ~, ,",'Jl~ LL';'1 LcnU:n'IJ'Vl (;\~'flUl1L-nt) (;\mJ'iJ ,",'Jl~,"'lJl'flUl'1U'flU 6 ~~. 'IJ'fln",ntJ 

II " I '" 
:n'IJ'Vl (;\~'flU ~'fl'l iJC:h L1-uu LL~ :;"1I'lJl'IJn uYl'IJ~ ') i~ ~~"1I'fl'l L ;j~l1 n cn~'1U'IJ:n'IJ'Vl cn~'flU vii n'lJ't) cn ,",'Jl~ LL';'1 

, , 
Q 0 I I'" c:a. c::I 0 cv.dl I 1,1 0 l.od 

"1I'fl'lm'l 'Vl(;]ILm'IJ'I(;]1'11 n'IJ 5 '(;\1 ~:; 5 'J'lJl'Vl 'Vlln'lJ'U'IJ'Vln,",1 LL~'J'lJl~I,"I,",IL'U~U 

3.12.3 ~~~~''IJn'lJ'-ncntl (Abrasion test) 
" 

n'lJ''Vl (;\~'flU ,",'Jl~ ~''IJ'Vl''IJr;l'fl n'l J'-n cn tl"1l'fl'lm'l~ ~ 1 'lJn'l J',",'1 J'tJ LL~'J vi 1 n'l J''Vl cn ~ 'flU (;] 1 ~ ~ 1 (;] J'~I'IJ 
"" ~ 

DIN 53516 LLN~L-nL'lJn'lmcnL'Ylinu 12.5 il')~'IJ ~ml~L~'JL'lJn'lJ'icn~ (Abrasion speed) L'Ylinu 
" I " I 

0.32 L~ (;]J'n'IJll1 LL~:;Ul:n'IJ'II'IJ~I-n'l,"IUl1,",rn~ cnVI1U LYl'flUI i.tJ Fll'IJ'J n.ml ~lm~1 (;]mlJ'~ n I L~U . ".~ 

J' . 
L'IJ'flm'l (Abrasion loss) 

3.12.4 ~~U~n'lJ'~n"1Ilcn (Tear Test) 

~~U~n'lJ'~n"1l1(;\LU'lJn'lJ''Vlcn~'flU(;]I~~I(;]J'~I'IJ ASTM 0624-1 (Die C) L(;\UUlm'l~~I'IJn'lJ' 
~ 

,",'1J'tJ~1 ~ cn ~'Jm,",i'fl'l ~ cn~'IJ'Vl cn~'flu~,,"fu'Vl (;\~'flU~~U~ n'lJ'~n'1l1 cn ~'IJ'Vl (;\~'flU":;LU'lJLLUU~~ iJ " . 
~n1;"ru:;~'1J'tJ~ 3.3 viln'lJ't)cn,",'Jl~,"'lJl"11'fl'l~'IJ'Vlcn~'flU 3 ~'LLm.l'l LL~'JL-n~ln~I'1 (Median) LU'IJ 

" " , , 
,",'Jl~,"'lJl"11'fl'l:n'IJ'Vl cn~'flULYl'fl L-n,"1 ~''Vl cn~'flUn'lJ'~n"1l1 cn n'lJ''Vl (;\~'flU":;L-n L,",1'fl'l'Vl (;\~'flU LLJ''1 ~'1 L{;lUL-n 

~(;]J'1n'lJ'~'1 500 mm/min ~~ n'lJ''Vl cn~'flU":;'flUL 'lJJ'tJ,",'Jl~ ~''IJn'lJ'~n"1l' cn Lcnu Fll'IJ'J ru 1~", n~~ n'lJ'~ 
" " 

(3.9) 



...l 
L~'el 

, " ." 
~1~~1~~1U~1un1~.n~1~ (Ts) F 

, " 
F ~'el LL~'1~,rV1vl11wnu,:nu~1~ (N) 

" ~'el ~~1~~U1~'el'l:nU'I1U (mm) 

I- A '\ 

f 
u 

I. -, HJ-L 
..,j " ru'VI 3.3 :nU~~~'elULLUim~ ASTM 0624-1 (Die C) 

~ . 
IV l: ..... 

3.13 n1~'VI~1f'fl'l.Jfl11)J~1'U'VI1'1..n.I1)J'U (Oil resistance test) 

II "" I II II 

40 

(3.9) 

,J1:nU~~~'elU~U1~n~1'1 1 U~ tI1~ 2 U~ LL~:;~U1 2 i1~~L~~~ L~tli'l,J1~-wn:nu~~~'elulu 
tJ "I " '" '" I 

'el1n1MLL~:;1u,J1 LL~~uulin,J1wwnVllJl '"l1mrU,J1:nu~~~'eluhJLL"lIlu,J121'u ASTM oil No. 1 Vl 
I "'" I SI I 

'elru~Jli1100 °c LiluL~~1 72 i~L~'1 '"l1n-wu,J1:nu~~~'eluVlchun1m"ll1u,J121'u~1i'l1U'el1n1MLL~:;1u . " 
~1 ,J1CJ~~lJl~1u~ru~1n1~LtJ~tlULLtJ~'1L:n'lm~1~~ ~'1~~n1~~ (3.10) 

n1ntJ~tlULLtJ~'1L:n'lm~1~~ % = (m
3 

- m4) - (m
1 

- m
2

) 

(m 1 - m
2

) 

...l 
L~'el m1 

m2 

m3 

m4 

x 100 

"" I '" 

,J1~-Wn:nU ~ ~~'elUi'l1 U'el1 n 1 M rl'elULL"lIl U,J 121'U 

'" '" I '" '" 

,J 1~-Wn:nU~ ~~'elUi'l1 U,J 1 rl'elULL"lIl U,J 121'U 

"" I " 

,J1wwn:nu~~~'tlui'l1u'el1n1M~~'1LL"lI1u,J121'u 
"" I '" " 

,J1WWn:nU~ ~~'elUi'l1 U-W 1~ ~'1 LL"lIl U,J121'U 

(3.10) 
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3.14 n1'1'V1~~'!ltJ FI'J1)J r;lTIJ'VITLIi:'!l Lan'\.! (Ozone resistance test) 

II I I I I 

~'IJ'Vl r;)~'eltJYiL-if'Vl r;)~'eltJ~l-Jlliin1 ~L~'ell-J~Jl1~"1I'el'ltJ1'1 L C'el'l'"ll n n1~~l-J ~~ L'el L"ll'IJ Lr;)tJL-if Lri~'el'l 
I .od '" ~ ~ ~ ~ 

Ozone aging tester ~'IJ TOYOSEKIl-J"1I'lJ1r;)n')1'1 19 l-J~~Ll-JI?l~ m'J 90 l-J~~Ll-JI?l~ LL~:::~'lJ1 4 
... '" I I II 

ij ~ ~ Ll-J I?l ~ Lr;)tJ~'IJ Lr;)tJ~ 'IJ'Vl r;) ~'eltJ'"l:::(1 nu r;) L'J tJ Lri~'el'lr.rtJYi tJ~ 1m1'1 ~'el'l ~l'IJri'el'IJ-W 1 L -ih ~'eltJ L'el L"ll'IJ 
" " 

L1'el'IJ1"11L 'lJn1~'Vlr;)~'eltJiJ ~'I~'el1tJ~ 

rl'J1l-JL-ifl-JL'el L"ll'IJ 50 ppm 

'elru~Jlij 40 °C . " 

LtJ'elfL"ll'IJ"'n1~Ur;)r;]'J (Static/Dynamic) 20% 
, 

L'J~l 24, 48 LL~::: 72 i'Jh.J'I 

0-

3.14 n1'1'V1~~'!ltJFI'J1)J'1'!l'\.!~::~)J (Heat build up test) 

, 
IV '" "" 4 'J r;) rl'J1l-J~'el'IJ~:::~l-J"1I'el'lm'l r;)'Jmrl~'el'l BF Goodrich Flexometer (Model II) 1?l1l-Jl-J11?l~~1'IJ 

ASTM 0623 (A) Lr;)tJ;'IJ~tJ~'IJ'Vlr;)~'eltJLU'IJ~tJ 'VlNm:::tJ'elm~'IJ~h'IJf'\'lJtJn~l'1 17.8 ij~~Ll-JI?l~ ~'I 25 
IU '\J III qJ 

ij~ ~ Ll-J I?l~ 'J1'11 n 'IJ~:::~~1'1 r;]'Jr.rtJtJ'lJLL~ :::',i1'1 l-J'el LI?l'elf"1l'el'l Lrl1!l'l~l-J'IJ 1 ~'eltJ'"l::: L1J'lJn1m r;) LLN LL~:; • 
," 

rl~lmL~'IYi~'IJ'Vl r;)~'eltJ~~tJn'IJ~'JtJrl'J1l-J L~'J 1 ,800 ~'eltJ/'lJ1Yi Stroke 4.45 ij~~ Ll-JI?l~ LU'lJL'J~1'IJ1'IJ 25 

.c::i .... dI .oc::..J~J' I 

'lJ1'Vl '"l r;)tJ'IJ'Vln 'elru~Jll-J'Vl L ~l-J"1I'IJ L 'IJ~:::~'J1'1 n1~'Vl r;)~!ltJ . " 

3.15 n1'1'V1~~'!ltJ~)J,:r;; .... 'il~ (Dynamic mechanical test) 

n1~'Vlr;)~'eltJ~l-JlliiL~'I~~~'"l:::L-ifLrl1'el'l Dynamic Mechanical Thermal Analyzer (DMTA) i'IJ 

GABO EPLEXOR QC 25 ~l-JtJ'1i~.yi1n1~~mt11~LLri l-J'el".!~~~:::~l-J (Storage modulus) l-J'el".!~~ 
" ~'1JL~tJ (Loss modulus) LL~:::LL'Vl'IJLr;)~~l (tan 8) ~'IJ'Vlr;)~'eltJ'"l:::iJ"jJ'lJ1r;)nt)1'1 15 ij~~Ll-JI?l~ m'J 30 

ij~~Ll-JI?l~ LL~:::~'lJ1 1.5 ij~~Ll-JI?l~ Lr;)m;ln1~'Vlr;)~'eltJL'IJ-rl'J'I'elru~Jlij -80°C ~'I 30°C 'ti'1?l~ln1~L~l-J , " 

"1I'el'l'elru~Jlij 5°C/'lJ1Yi rl'J1l-J~ 1 Hz ttJJl1~:::LLtJtJLLN~'I Lr;)tJiJrl'J1l-JLrl1tJr;) (Strain) L'VllntJ 0.005 . .. 
~1'el5% 



mtf1.L~~LU~f"j (~ " £) ~~Lutt~uLbmtf1.L~~l!!l ~ " ttlfo OL8 f1.~le!~~'t-f1.k"t"L~~U~l1l1ttt~ ~_ ttlfo 9£8 
, " 

,. 
f1.~le! ~~, t-f1.k"t "L~ ~U~~~ ~ _ ttlfo OL8 f1.~le! ~~, t-f1.k"t" L~ ~U~t-~~t-~" t-~IT.f1.~Ul!!l!!~LUL~~~mtf1.L~~l!!l 

I I I I 

,. ,. 
Ij Ifot U ~~~rtk"tm LttWLk"tm tf1.L~ ft~t~Jsl!!U!U ~~~~ LlfottUgt-L~t-~lT.tt~~ uft' ~~tt@!tL!1-f1.,!1oU Lbt-~k"t , ~ 

f1.jol!!' !=U~~~L~lli~ftL~LUt-~k"t~ LlfottUgt-L~t-@~~U~' 111 f1.11f1.~l!! !i'1J Ifo t U@~~~k"t(:!L~t-l!!~" IJIfo t U@~~~k"t 

t-~IT.t-f1.k"t "L~f1.IJ't-~ (.f~g, ~f1. \ O-J t-~IT.l!! ~l1m'f1.~~LU) ~ " ttJr. OvZ ~ ;:~" (ljlfot U~~~t-tt-@IT.l!!~l1m' , , 

f1.~~LU) OL8 t-f1.k"t"L~~f1.~Ul!!c,~LUI1M;:b~" ~Llfott~~gt-L~l1l1W~'t-tlfof1.\f1.~Ul!!c,~LUt-l!!~" (q) ~"v , , 
,. ,. 

~ft~f1. \ OZ-ClN3 t-~lT.tt~~ Uft' ~ Clll.:l ~;:m ~f1. \ ~ L!f.tt~~gt-L~t-~~;:LM~mjoyt-k\ortk"tt-l!! ~'m~le!IT.~' , , , 

f1.1J't-~ (H-J=J t-~~~t-l1mm~~LU)~_ ttlfo 9£8 ;:~" (H-J t-~~~t-l1mm~~LU) 9LO '(H-J t-~~~t-l1m' 
" , 

f1.~~LU) 9vv~ '(J=J t-~IT.l!!~l1mm~~LU) £v9~ '(H-J t-~IT.l!!~l1mm~~LU) 9~6Z t-f1.k"t"L~~f1.~Ul!!c, 
I I I I 

~LUI1M ((8) ~"v) ClN t-~lT.tt~~UftW Clll.:l ULb ~"v ~ftlt-~t-l!!~"~le!1~~1A.1Uft'~l!!~'L~tA.f1.~le!Ule!IA.' 

~t,lf (OZ-ClN3) Jsl!!t!=U~~~~L!f.tt~~gt-L~;:~" (ClN) ~L!f.tt~~gt-Wt-~IT.t-L~~t-~le!1k"t;:L~le!'~~LU 
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'itJ;1 4.1 FTIR ~LtJn(;lf~"1J'B~ (a) NR LL~:; (b) ENR-20 .. 
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rt~L~I'tL~ tlV'lN-H ~ 

;:~" tlll.:l l!!Ul!!IA.1ULb~VUtJnL~~~LtU@~~~k1.ruLI't-81rtllt-@~l!!~@~~t~t-@~~IA.~LU~t:lt-~ %9'0<:: 

.. 
rtll LiA 1ru LI't-81n ~~tI'tJo~U~U@~~U U~ LLI'tUgt-LraL~ntt"~ ~ t-~ ~'m~ (51:)% ~ n~I't~' ~ LLI'tUgt-Lra 

It AI AI III n. 
U LI't~U~' I'tlt-L~k1.;:~~ ~ t-~ t-~,,~ ~ L!;4- tJ~~~!1k1.nIJ'~ Lt U@~~~LLI'tUgt-Lrat-@It.~U~' I'tl nrt~L t U@~~!1k1. 

" , 
.. 5 

ULbLI'tt-@t:'~t:I~Ut-~ ~LLI't~~gt-LraL~Ut-~L~~Jo~t~U@~~~LLI't~~gt-Lrat-@1t. 1 L~~tntt';:b 8 0 OV-
, "" 

.. b .. 

n!o~n~IA.'WL~Ut:l!k1.ru@L~rtM. SOv ~~~t-~t-~~"~t~~t:I tlA.l't't@~l!!"t-unu,,~~ra!:,ru'j@~'~~l!!Ul!!IA.' 

ratJ~t-@lt.n@~I'tLtJl!!t-LIA.~I't~~;:L~l!!'W11J-~t~u@~~~L!!.I'tUgt-Lra;:~"~L!!.I'tUgt-Lrat-L~@tJ,L4lL!1-

.. 
%OG ruLI't;:~~~LtU@~~!1k1.ruLI't-81~~tl'trat~'~Jo~t~U@~~ 

~L!!.I'tUgt-LraL~t-~~" tlll.:l l!!Ul!!IA.'JHra~lrutJnL~~LUrtllt-ra~,~u~L~~t-~ %S~0G rtllLiA' 

Jo~t~u@~~~k1.ruLI't-81~L~rtM. Jo~~U@~~~L!!.l'tUgt-Lrat-@It.~LtU@~~~k1.ruLl'twrutJnL~~LU~t:lULb (GoS) 

.. b 

~~LUI't~t-~~trutJnL~~LtU@~~!1k1.t-@fT.ruLI't-81 Jo~t~u@~~~L!!.I'tUgt-Lrat-@fT.~u~'l'tlnrt~Ltu@~~ 

~k1.t-@lt.rt@U;:~~~t-@nlJ'~n@rtjLl!!rtll@~~n@~~~lt-@It.t-iU1."L~nlJ't-~ 0 ~~) wdd LOG t-11k1."L~ 

~ lJ!llS 188!W8118 rtM.t-9;:~" tlN t-@fT.I't~~u~'~rtlln@!Jk1.' wdd ~ oS ;:~" vooG '89° ~ t-11k1."L~~ WllS , , 

188!W8118 ratJ~rt@U;:~~;:b OG-tlN3 t-@It.t-@It.I't~~u~wn~t-~ (H-8=) tJ,L4lI't~!1t~ (8U11l18V'l) !tlA.tl't, 

t-@lt.n@~~~lruLrnrn~nlJ' (p ~~) wdd ~ O S t-11k1."L~~ ;:~" (-1:H8-) n~~I't't-@lt.n@~~~lruLrnrn~ 

nIJ' (8 ;:~" q ~~) wdd vooG t-11k1."L~~ (£H8-) ~~I't't-@fT.n@~~~lnLrnrn~nIJ' (8 ~~) wdd 

89° ~ t-nk1."L~1A. Wlls 188!W8118 ratJ~rt@U;:~rl;:b tlN t-@It.I't~~Url'~ tlV'lN-H ULb GOV IA.rllt-~t-~~" 
I 0 p:::tr "I....... I .. ~ prl" ..... , , 
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~ \tV))) 
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f 

'aU 4.2 1H-NMR ~LtJn[;lfa.J"1l'el~ (a) NR LL~::; (b) ENR-20 ... 
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(a) 

0.0 

(b) 

0.0 



DSC /(mWImg) 
taxo 

0.2 

0.0 

-0.2 

-0.4 

-0.8 

Glasa Transition; 
Onset ~3.2 ·C 
Mid: ~0.8'C 
IntIectIon: ~0.1'C 
End: -58.1 'c 

~---_-._IDeIl8 Cpo; 0.443 J/{g°K) 

46 

(a) 

-O.8~ ______ ~~ ______ ~~ __ ~ __ -=-________ ~ ______ ~~ ______ ~ __ 
-100 -40 -20 

OSC I(mWImg) 
texo 

0.2 

0.0 

-0.2 

Tempeqtunt rc 

Glasa TtanaiIion: 
Onset -"3.3 ·C 
Mid: -40.0 *C 
InfIedion: -39.4 °c 
End: -36..8·C 
Delta Cpo; 0.0404 JI(g"K) 
~ 

o 20 

(b) 

~..8~ ________ ~ ________ ~ ________ ~ ________ ~ ________ ~ __________ _ 

-100 o 20 

..a 
'itJ'VI 4.3 DSC thermogram "1I'tl~ (a) NR LL~:: (b) m~ ENR 20 ... 

" FTIR, 'H-NMR LL~:: DSC ~1l-J1~t1~~lOju1~~1iituj~h~'tln't"J!~Lnj?l~utnlil-JL~n~"1I'tl~t11~fi~~l-J"J!1ti 
OJ OJ • 

" , 
1Oj1mJDmtl1~Vi'tln;Lj?liuLL~'l111111t11~finl-J"1I1ti~Vi'tln;'tj?liV1't~L;r1~n~::'lJ'lum~vhtlDmtl1t"1l~-

" , 
LIOj~ LuiUIn'tluj;J'tl 'ttl (~l-J'lJ'1i"1l'tl~m~fi~~l-J"1I1 ti~Vi'tln;'tj?liV1 LIn1t1l-J't~LL~j?l~ ~~J111"lt.JU'l1"l n) 



.. 
nU1 141 ~1 U @@141 U'~ I!o ~ U @~~r'U1.t'@lT.nr,k1. m'r,~ \ ~I':l t'~ flU 1 I'tll't@11 flL~:!~.!: L~mr,.lt' JoI41U:U @~~~ L I!oI'tUg 

t'LflL'~1.t'@1T. Hd n.~ft'!:LUULbLI'tt'@D'~I':l!:EbL@Ut'~ (q)v'v ~ftlt'~t'141~11 r,LUflL~~:!ru~U~!:E.lt'~~t'Lfl 
II I '" " I I 

@D':! ~1m@J(numl1 r,~ n.}L1.!: LI't L ~ !11}I41~~U @~~~ LI!oI't.!:.!:g t'L fln@U:!WUw U L bt'~k1.L~n.M. ~@LIA.1't1 flr,.lt' 
" 

n@U:!WUW'!:LUL~LI't n~ ~ ~b'-~l!olLfl-lliQftnL~~JoI41~~U@~~~LI!oI't.!:.!:gt'LflL!1-L!1-@ts1 6 n.l1L!A.' Hd 
, " , 

~:!rulT. (e) v'v ~ftlt'~t'141~11 ~b'-~l!olLfl-lliQftnL~.lt'~!1~~JoI41~~U@~~~LI!.I't.!:.!:gt'Lfln.l1n@tsk1.m@J(nU1 

r,~n.}L1.!:LI'tL~JoI41~~U@~~~LI!.I't.!:.!:gt'Lfl ~@nLlA.l'tmr,.lt'n@u:!wuw.!:LUL~LI't n~ ~ ~b1-~1!o1 Lfl-lliQft 

nL~~JoI41~~U@~~~LI!.I't.!:.!:gt'LflL!1-L!1-t'~k1. v n.l1L!A.1 Hd ~L~n.M. ~b'-~l!ol Lfl-lliQftnL~flI411Lu~~tA.~n~ 
, " , 

S031 n.111't~ I':l L I'tnl1 t'L!£l ~ ~ n,,-I41.!: U:! r,L Lf!:E~JoI41~~U @~~~ L I!.I'tUgt'Lfl , , 

L!1-L!1-nr-ULbt'~k1. 6 n.l1L!A.'JoI41~~U@~~~LI!.I'tUgt'LflL!1-t'@1T. Hd L~.lt'~t'~:!.!:unb MjM% g'G n,!{ol't,!{o' 
" " "I 

I'tLr,~ !:E~flU 1 I'tll't@11 flL~:!~.!:L~flr,.lt' Hd n.~ftLI'tJoI41~~U @~~~ LI!.I't.!:.!:gt'LflL!1-L!1-fll411.lt'~l'tfliW1 L1.!:LI'tL~ 
, " 

~n.mU1 ~:!r,LLfn 1Jo141~~U @~~~ LI!.I't.!:.!:gt'LflL!1-l'tfli WH Lunr,~ I41wnlJ' ~:!r,LLft'141 ~11 t'~ V ru LI't:!.!:ft 
I " I I 

Hd L~!:E:!bUt'@~I41IA.'!:LUn\nloI411~U@~~Lfl-lliQftnL~t'~k1.JoI41~~U@~~~LI!.I't.!:.!:gt'LflL!1- (G :!~11 ~ 
" " 

~t'@~I41IA..!:LU:!r,LLf) n: ~t'L.!:LWn\t'141~11t'~ 6 :!~'1 V n.l1L!A.1 Hd @~:!r,LLf G !:EL~U~'!:LUL~~ Hd fll411 
" , 

LU~~tA.~n~ruLI'tg1@!£l~I':l!:E~JoI41~~U@~~~LI!.I't.!:.!:gt'LflL!1-t'@1T. Hd L~t'@IT.~I':l~U~Ut'@~I41IA..!:LUn\ 
, " " 

JoI41~~U@~~~LI!.I't.!:.!:gt'LflL!1-t'@1T. (Hd) ~m-I41WnU1I'tLr,~L~t'@IT.~1':l ~ 'G'v 
" 

~b1-~JLl LIi~q/1nLf:I¥,1411~US~~~ LlAolt!.!.gt-LIiLt"n 1.. LU ~~iA.~n~~::L!,~'t-~!.LU ~t;1 l'v 
" 

Lv 



o 
/ \ -c-c- + NH3 

/ \ 

OH NH2 
I I 

-----.-. -C-C-

I I 
... ~n1'iY14.1 n1nuen,)~~'el~'\.n.HiYhlnl'llen.r(5) 

'II 
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... , , 
~i~91n~'Wti1m~fi),),lJ"l!1~~~'eln~leniYlH\hJ~mninMru::tf'1N~~1~~,)£JL'VIf'1Uf'1 FTIR LYi'el 

U'WtJ'W tf'1N~ ~1~~'el~£J1~finlJ"l!1 ~~~'el n~len'll1 'W111,):: f'1,)1lJ LU'Wmen LL~:: LU~~ [;h~ rl'W LL~::U'WtJ'W~1 

tf'1N~~1~"1l'el~~,j~~'elnl'll~Lnenn'lnuen')~hhu'W~,jle1en),'eln~~LL~::L'eliJ'W91~ (1'W111,)::LU~) nJ~ 4.5 
'11'11'11 

LL~ en~~ LU n [;IflJ~'el~£J1~fi),),lJ"l!1 ~~~'el n~leni~i~ cJ1'WU~mm t 'll~ - L 9~ ~111')::men LL~::LU~~ [;]1~rl'W 

9 ::i~ Ln [;I L ~'W~ 1~ LU n [;IflJ~'el~£J1~fi),),lJ"l!1 ~~~'el n~leni~111')::n)'en LL~:: LU~iJ n'l)'en en n~'W~ ~1 LLWtl~ 
'II 

870 (n'l)'i'WLLuUUen~'el~,)~~~'elnl"l!~) LL~:: 1240 'lllJ-
1 (n'l)'i'WLLUUUen~'el~ C-O l'W~Lfi'elf) ~~LU'W 

... , 
~1 Lm\l~~'el~~,j~~'eln 1'll ~L~il'el'Wrlu~'el~m~fi),),lJ"l!1 ~~~'el n~leni [;)~ ~'W LL[;]£J1~fi),),lJ"l!1 ~~~'el n leniYl 

'IJ 

.q .dI I l.d -1 1 .dI .d.t 
111,)::LU~9::U),1n~]'Ymn'l)''!lenn~'W"l!')~m1'V1 3150-3600"l!lJ (n'l)'i'WLLUU£Jen~'el~ -OH) 'VIlJ1n~'W 

LL~::1'W~1Lm\l~n'l)'enenn~'W~ 870 LL~:: 1240 "l!lJ -
1 

% Transmittance ~en~~ LL~en~~~)'u~ 4.5(b) 
'IJ 'II 

LL~ en~~1iJn1 ),LU en,)~"1l'el~~~~~'eln 1'll ~~i~ n1)'ufu pH ~,)£J~1),~::~1mL'ellJtlJ LlJ£J LL[;]91n n1), 

~ Lf'1n::~1,j~1lJ1)'r;)i~ Ln [;I n'l)'en en n~'W~'el~~,j L'eliJ'Wl~ L~'el~91 n"jh~ n'l)'en enn~'W~''el'W'';U rl'W),::~~1~ 
'IJ" 'II 

, ... 

~,jle1 en)''el n~~ LL~ ::L'eliJ'WYl"J!')~ n'l)'en en n ~'W 3200-3600 "l!lJ -
1 ~~,r'Wl 'Wn1),~ nM1 C.J~~'el~'el ru~l1ij 

'U 'U " " 

... , 
~[;In~')'Wten£J~'el~ti1[;]'el TEOS LL~:: mlJ1ru TEOS ~'el~U~m£J1t'll~-L9~YliJC.J~[;]'elmlJ1ru 

, ... 

~'W~'VI~~n19::~1n1)'~nM1YlI11,)::f'1,)1lJLu'Wn)'en~'el~U1£J1~fi),~"l!1~~~'eln~leni 
'IJ 
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4.2.2 ·~fl''tl~'fJru\.t1:Jijlwm~Ln ~tl~mtJ1 L'll~H 'ilfl 

m~Pin~ ~fl'1l'tl~'fJruVIJJij''tl~tl~mm L 'llfl-L'ilfl~il ~fll'l'tltl'hJ1 ru~\l:nXl:n~ m (LL~ ~~ 1 \l[;l1n~~ 

3.2, fl1'):::m~Y1 "'fl'tl~~ 9-11) L~'tlVl1'tlruViflij~ L VI~..J1:::~l-J1 \lm~i~ Lrw1:::'l-ffi\l:nY1:n~ m1 \l~1U1~ , .. " 

fi~~l-J'll1 ~~.y;'tln:n1~'ll1 ,n~mwlru~\l:nY1:n~ ml-J1 n~~ ~ L~U'tl ruViflij~.yhm~Pimt1 ~'tl 'tlruViflij'iX'tl~, 
'" 'II 'II CU 'II IIlI 

., 
40 LLfl::: 50 °c [;)1l-Jih~U n1V1\l~1'iX'tl[;)n~,)\lL~ULl-Jfl'1l'tl~,J11'l'tl TEOS L'Vhri'u 38.51 :1 LLfl:::ml-J1ru 

TEOS L'Vhri'u 30 phr fl1U1~fl1,):::~,)1l-JLtl\lm"''1I'tl~~1m~fi~~l-J'll1~~.y;'tln:n1~i ~tl~ 4.6 LL~"'~~fl 

''tl~'fJruVl1Jij1 \lm~Ln ~tl~mu1 L'llfl-L'ilfl~il ~fll'l'tlml-J1 ru~\l:nXl:n~ m YlUtJ1 L~'tl'fJ ruVl1Jij"1J'tl~ m~ 
.c. .Q.QQ ~ J' '" .Q, .Q .Q.c:t. d !'1 "..::.I i.I J' .: 4 
Ln~tl!JmU1 LYll-J~~'\l ~~ ~fl1V1ml-J1ru'tl\l'llXl'llflmY1i~ L~n:::VI ~~l-JLL\l,) L\ll-J~~"1J\l \l'tln'il1n\lLl-J'tl 

'fJruVl1Jij~~~\l 'tl[;)~1mnn~tl~mu1 L'llfl-L'ilflilLL\l') L Ul-J~~~\l (Yi'il1~ru1'il1nm1l-J-n\l''tl~n~1Yl) L~U 

m~L~l-J~\l''tl~'tl[;)~1m~Ln~tl~mu1~1l-J1~'''tlfi1J1U1~'il1n~l-Jn1~'tl1fLntlu~ (Arrhenius Equation) 

~~~l-Jm~~ 4.2 'il1n~l-Jm~Yl1JtJ1rh~~~'tl[;)~1mm1~Ln~tl~mu1 (k) 'il:::LLtl~~\lL~U[;)Nri'1J'fJruVl1Jij 

m~Ln~tl~mm ~~t!\l~'tlL~l-J'fJruVl1Jij'1l'tl~tl~mm~~~fl1'iXrh~~~'1I'tl~'tl[;)nm~Ln"'tl~mmL~l-J~\l 

Yl11 'iXml-J1 ru''tl~~\l:nY1:n~ m L~l-J~\lLLfl:::il LL\l') L Ul-J L~l-J~\lL~'tl'tlruViflij~~~\l 'tlti1~ hn [;)1l-J ~:::U:::L,)fl1 
'" 'II '" III 

1 \ln1nn ",tl~mu1 L'llfl-L'ilfl LL Y11J'il:::hJil ~fll'l'tl n1~L ;h~~l-J ~fl"1J'tl~ml-J1 ru~\l:nXl:n~n1~ Ln "'~'tl 

tlJlmm'il:::L-1h~~l-J~flfl1U1\l 7 1'\l ~l-JL~\l'il1nml-J1ru'1l'tl~~\l:nY1:n~m~Ln~~\l~l-J~~~ L~um~1ru 
;u IIU 'II '" 

'1I'tl~~\l:nY1:n~m~Ln~~\l~'tlruViflij'iX'tl~ LLfl::: 40 °c ilml-J1ru~\l:nY1:n~m~i~L~~1:::Vl1~ ru ~l-J"'fl 
" 'II 'lJ '" " 

L'VI1ri'U 6.38% LLfl::: 7.30% [;)1l-J~1~1J LLI'l'tlth~hn[;)1l-J L~'tl'fJruVl1Jij1\lm~.yhtl~mU1L~l-J~\lLtl\l 
., , , 

50 °c ~~~fl1 'iX,J1m~fi~~l-J'll1~~.y;'tln:n1",iLn "'m~[;) n [;):::n'tl\lLLU n'tl'tl n'il1 n~1~fl:::fl1UU1~ L n'tl~'il1 nVi 

'tlruViflij~~'il :::1tl Li~ m~Ln ~ m ~~,)l-J ~') ri'\lLtl\ln~l-J n'tl\l~1U~\l ~~t!\l'tl ruVifl ij~ L Vll-J1:::~l-J1 \ln1~ 
" "'" q "II '" ., , 
i~ L~~1:::'l-ffi\l:nXl:n~m1 \l,J1m~fi~~l-J'll1 ~~.y;'tln:n1~i ~1\ltl~mu1 L'llfl-L'ilfl ~'tl 40 °c Vifl1,):::~,)1~ 

., ., 
Ltl\ln~"''1I'tl~,J1U1~fi~~l-J'll1 ~~.y;'tl n:n1~i LLfl:::'il::: 1-if'l. \lm~Pi mt1 ~fl'1l'tl~'tl [;) n~,)\l L~U Ll-Jfl'1l'tl~,J11'l'tl 

TEOS LLfl:::ml-J1ru'1l'tl~ TEOS "1J'tl~tl~mmL'llfl-L'ilfll'l'tl1tl 

-E In k = __ a + In A 
RT 

(4.2) 

~'tl Ea ~'tlYl~~~1\lri'tlri'l-Jl!\ll;1''tl~tJ~mm (kJ/mol) , A ~'tlLLYlnL[;)'tlf~,)1l-J~~~ilrh~~~1\l"lh~ 

'fJruVl1Jij~nt)1~, R ~'tl rh~~~'1I'tl~LLn~ (J/K·mol) LLfl::: T ~'tl'fJruVl1Jij'1l'tl~tJ~mU1 (Kelvin) 
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Reaction time (days) 

ltlYl 4 .6 ~~"lI'tl-lT.lru~.lJi11'WLn~tlDnhJ1 L"lI~-LiOl~~ij~~~'tlUh,J'lru~'Wen~en~m 

" 
4 .2.3 ~~"lI'tl-lra~J''l~'l'WL~t1"l1'tl-l-W'l~'tl TEOS 

1 'Wn'lJ''Vl (;)~'tl-l~~n~'l ~ ~"lI'tl-lra ~J''l~'l'W L~t1 Ll-J~"lI 'tl-l~'l ~'tl TEOS ~ij ~~ ~'tl1Bl-J'l ru~'W;'Vl 
'" 

" , 
;~m t~t1ra~J''l~'l'Wt~t1tl-J~"lI'tl-l-W'l~'tl TEOS Vl~n~'l1~LLri 38.51, 46.22, 53.92 LL~:: 57.77 

~'ll-J~'l~U t~t1rh~'W~1t\'ml-J'lru TEOS ~-l~ ~ 50 phr T.lru~.lJi11'Wmnn~tlDmtl1 40 °c Jl'ltl1~ 
" " Jl'l'l::~'l'll-JLU'Wm(;)"lI'tl-l-W'ltl1-.lfiJ'J'l-J"lI'l~~.y;'tlnen1wn LLfl ~-.l1'W~'lJ''l-.lVl 3.2 (Jl'l'l::mJ''Vl ~~'tl-lVl14 -17) 

I I I " 

LL~::~~ mJ''Vl (;)~'tl-.lVl1~ LLfl (;)-.l ~-.lJ'tlVl 4.7 iOl'l n ~~ m J''Vl ~~'tl-.l'YiU~'l Lij'flra ~J''l~'l'W t~t1 tl-J~"lI'tl-l-W'l ~'tl 
" 

TEOS L~l-J;'W ~-.l~~1t\'ra~nmnn(;)tlDmtl1t"l!~-LiOl~L~'l;'W t~t1~-lLn~1~iOl'ln~'l'll-Ji'W"lI'tl-.lL~'Wnn~ 
.c:J .... J' .ca. ~.:..::a. q '" ~ J' 0..... ~ I '" 

'Vl"l!'W"lI'W ml-J'l ru"ll'tl-.l'tl'W"l!'Vl"l!~mfl-ll-J LL'W'l t 'Wl-J L'Yil-J"1I'W~'ll-J~'l (;)U 'W'fl niOl'l n'W'YiU'l'l mJ'L"1I'l ~Jl'l'l::fll-J (;)~ 
" 'U fU .. 

~~ t; CJ J' 4.... :: I ~ .J' 
"1I'tl-.ltl!lnJ't1'l t"l!~-LiOl~iOl::L"lI'l~fll-J!1J~ LJ''l"ll'W Ll-J'tlml-J'l ru'tl ~J''l~'l'Wt~t1tl-J~"lI'tl-.l'W'l ~'tl TEOS L'Yil-J"lI'W 

LL~::J'::t1::L'l~'l1 'Wmnn~tlDmtl1 L"lI~-LiOl~ijLL'W'l L Ul-J~ (;)~-l L~t1~ra~J''l~'l'WL~t1 Ll-J~"lI'tl-.l~'l~'tl TEOS 

Lyhriu 38.51 ml-J'lru~'W;'Vl;~mLn~;'WMfl~ ru fll-J~~ Lyhriu 11 .59% ~L'l~'l~'lLU'WhJ"lI'tl~ 
ClJ " 'I IIIj 

tlDmtl'lLyhriu 7 t)'W "lIru::~ml-J'lrura~n~'l'WL~t1Ll-J~"1I'fl~~'l~'tl TEOS L~l-J~'WLU'W 57.77 (1 .5 Lyh 

"lI'tl~ra~1'lfl'l'WL~t1"1J'tl-.lLl-J~~'l~'tl TEOS ~ 38.51) 'Yiu~'lml-J'lru~'W:n'Vl;~mfl-.lfl(;)~Ln~;'W ru fll-J~~ 
cu cu lit III 

Lyhriu 11.52% ~L'l~'l~'lLU'W1tl"ll'fl~tlDmtl1 5 t)'W ti'W~l-J'ltl~'l'll-J~'lmn~l-Jra~J''l~'l'WL~t1Ll-J~"lI'tl~ 
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" " ,J1~'e) TEOS hJ~ 'HJ~~'e)1IhJ1ru~'Wen'Vlen~mY1fll,):;~~~~ '"llni'e)~~Y1tJl~I~IJ'tl'e)fiulut~~lmJ' 
" ." 

, " 
LYi~m~lru,JI1.'Wtlllm-Ult"l!~-L'"l~ (ril~'W~1.~m~lru TEOS ~~~)~~~~1.~~~~~~'e)~nlJ' • 

Ln ~tlllm-ulte1t~ J't~en~ (Hydrolysis) 1. 'Wn J':;u')'Wn 1 J' t"l!~-L'"l~ ~1~lnl ~1 L U'Wttl;rl~mJI~1 n;'W 

LL~~~~~~~m~ (4.3) vi11.~l"h~~~~~"J~ (K) '1I'e)~tlllm-mt"l!~-L'"l~L~~;'W ~~eJ~1.~m~lru~'WenX!en~m 
" "" " L;rI~~~ ~~ L~,);'W ~~'I1'W'"lln eJ~ mJ''Vl ~~'e)~\lMtlt~~I~ (;]J'I~')'Wt~U t~~'1I'e)~,J1 ~'e) TEOS L'YiI riu " . , 

, , " 
57. 77 Y1'e)ru~flij 40 °c Y1fll,):;~,)I~ LrI'Wm~'1I'e)~,JIUI~fiJ'J'~"l!I~~~'e)nent~i 1.~m~lru~'Wen'Vlen~m . " " 

, " 
L'Yilriu 11 .52% L~'e)L,)~I~ILU'Wttl'1l'e)~tlllm-UI 4 tj'W LL~:;'"l:;1.;rfll,):;n1J''Vl~~'e)~\l~m~leJ~'1I'e)~ 

m~lru TEOS '1I'e)~tlllmm t"l!~-L'"l~ 1.'W,r')i'e)5~ ttl 

14.0 

12.0 

~ 10.0 
~ 
'-' .... = 8.0 ~ .... = 0 
U 6.0 

1:11 
.~ -.. 00 4.0 

2.0 

0.0 

0 2 4 

+ 38.51H20rrEOS 

• 46.22H20rrEOS 

... 53.92H20rrEOS 

. 57.77H20rrEOS 

6 
Reaction time (days) 

8 

1t1eVi 4.7 eJ~'1I'e)~~(;]n~')'Wt~u~~'1I'e)~~I~'e) TEOS ~iJeJ~~'e)m~lru~'Wen'Vlen~n1 
~ " 

Si(OC2H5)4 + 2H20 ~ Si02 + 

K = 
[Si02] [C2H50H] 4 

[[Si (OC2 H5)4 J] [H20 F 

4C2H50H (4.3) 

(4.4) 
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" , 
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LU~!!iA.!!n~~LL!h@L~rT.M. (~:U"LS) ~t'~ S031 @\f1L!1-t'@1T.~111~14l1nc,~Lb~~~tl4lnk1.Ly~14l1 Jljd 06 
, " 

• 
rT.llL!A' S031 ruLI1W@~'\f1" t'~~@)t~~nlIt'L~k1.;:bL~-llib~n~l41\;!'LU~!:t'@IT.~LL!n@~tL!,A ~c,~u~n~ 
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r\; It It '" 
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Lu~!:iA.!!n~ruLI1W~t @~'L)tk1.t'LJff1~ ~te" ~Ilol L~-lligf1t'f';:te,ULte,u@n ~te,'-~Ilol L~-lligf1141\;!'~Lunt L!1-
, " 

• • • ULl1nll t'L~k1.;:~t'~" 14l \;!' L!1-t'@IT.~U~' 111;: ~'m~ULI1LU ~!!~ LL!!'1.@rT.@~I1@~f1~ LJf ';:te,L!1-t'@IT.~U~' I1wt L~ 
"" " 

fl4l~!:U@~~~ L!['I1~~gt'L~~L~;:~~L~n t L~ru LI1WI1~ '~LU U Lte,t'@?' ~~~n~l4l \;!' LU ~!:iA.!!n~~ LL!h@ 

t'@IT.c,~ ~Lte,;:~U~LU~ t ~~t'~ S031 @\f1 L!1-t'@1T.~111 ~14l1 nc,~L~~~I1~ gLU ~;:ru IT.n t (e) 0 ~"v ~f1l 
'" • I I 

t'~ t'14l~" ~@)t~~n~l4l\;!' Lu~!:iA.!:n~~LL!h@t'@IT.C,~~Lte,::W~LU~t ~~ t'~ t'~" t'~" ~Lu~~iA.!!n~~LL!h@ 
" , . ~ . 

t'@IT.~U~' 111 t'L~k1.;:bt'~" 14l \;!'~ t L!,A U LI1~~nll U Lte,t'L~~ t L U ~ !!lA.!!n~~ LL!n@U ~'llH LI1L~rc~ t'~L!1-
" 

t'@IT.~u~ml ~@)t!:f~L~;:~~L~ntL!1-ruLI1W@~' t'~c,!-nlJmLc,~!:ft'~ (HO-!S) ~@nL~Ilo~~k1.!:f;:te,LU~!: 
II I" I 

t'@IT.C,t!~ULte,t'@U 't}t'1'\ (q) 6"v ~f1lntt'l4l ~" t'~ 1411-~~n~ 't'L~@t'~l4l~Lu~!:iA.!:n~t'@lT.n@,vI1~unlJ'l1u 
I I " II I 

~LUl4l\;!'~LU fl4l~!:U@~~~L!['I1~~gt'L~@~mtn~~c,~~Lte,;:WLu~!:iA.~n~~LL!h@L~~~n~';:te, (Jljd os 

rT.ll L!A' S031 ruLI1Wl4lnk1.LY) U "LS rT.llL!A' S031 @\f1L!1-t'@1T.~111~14l1nc,~L~~~I1~'@~'\f1" (e)6"v 
" , , 

~f1lt'~ t'14l ~" (8le68J66v) n@,v l1~unlJ' 11C,~;:LUgLUl4l \;!' LU ~!:iA.!:n~t'@IT.~ LL!h@~14l1 fl4l~!!U@~~ 

~L!['I1Ugt'L~@umt~rc~~c,~~Lte,;:~U!:fLu~!:iA.!:n~~LL!h@ (J4d os rT.llL!A' S031 ruLI1Wl4lnk1.LY) 
" 

~S "8S rT.ll L!A' S031 @\f1L!1-t'@1T.~111~14l1nc,~L~~~~L~rT.M. (~"S ~t'L~L~ntt'l4l~"t'~ rT.~L~I1L~ 
" " 

OG ;:~" H 'v~ ~t'@~l4llA.~LU;:C,LL!) U "LS rT.llL!A' S031 @\f1L!1-t'@1T.~111~14l1nc,~L~~~~ J4d 06 
, '" 

rT.ll L!A' S031 ruLI1W;:~" Jljd OS ~ ~t'~ S031 ruLI1W U "LS ;:~" ~S"8S ~ S031 @\f1L!1-t'@1T.~111 
I I I" 

~ . ~ 

~L!['I1~bgt'L~ntLU~!!lA.!!n~t'@IT.~LL!n@t'@lT.l4lLnlT.;:~"c,~~Lte,;:W~LUL.f;l.U~bLUt'l4l~" 6"v ~f1~ , 

vS 
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" t1'Nfi:i':i'lJ"ll1~~YhlnonL"'"J!Ln "'~'WL~~ il n1 nn1:;mllJ ri''WU1..:J LYim L~nU'elti LL~:;~..:J~U~1'el'WJ11 rl"ll'el..:J • • 

~'W:nXl:n~mil"ll'W1",u:i':;lJ1ru 10 'W1L'WLlJln:i' 

~1n~~n1:i'~"'~'el..:J~1..:J~'W~:i'UL~~1J11~:;~L~lJ1:;~lJl'Wn1:i'~..:JLrl:i'1:;~~'Won~:n~n11'Wtl1..:J . ... 

fi:i':i'lJ"ll1~~Yi'eln:nL"'"J!~h'Wu~mtl1L"1I~-L~~ ~'el n1:i'1-D~1n:i'1~~'WL"'t1LlJ~"1J'el..:J~1[;]'el TEOS L'Yl1ri'U 

, " 
57.77:1 mlJ1ru TEOS L'YI1ri'u 90 phr Yi'elru~J1ij 40 DC J11t11~J11~:;m1lJLtJ'Wm"'"1J'el..:J1.J1t11..:J . ... 

fi:i':i'lJ"ll1~~Yi'eln:nl"'"J! L~~1,~hLU'WLU"ll'el..:Junmtl1 4 1''W ~1lJ1:i'ClL~~~In.nrum'W:n~:n~n1~..:Jti..:J 20% OJ ... ... 

(24 phr) LL~:;il"1l'W1{;l'el'WJ11rlU:i':;lJ1ru 1 0 'W1 L'WLlJln:i' • 

n~~n~~~~~~~;~;~n1 
~'11n rl~~~~~;~:n~n1 

~ 
I '" _ ... __ 

n~~n~~~~~~~'~'~n1 

'it! 4.9 SEM micrograph "1l'el..:J'el'WJ11rl~'W:n~on~n11'Wtll..:J ENR-20 ~~1n:i'1~~'WL"'t1LlJ~"1l'el..:J~1[;]'el 
v .... 

TEOS L'Yl1ri'U (a) 38.51 :1 (TEOS 50 phr), (b) 57.77:1 (TEOS 50 phr) LL~:; (C) ~mlJ1ru 

TEOS 90 phr (H20 : TEOS = 57.77:1) 
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'it! 4.10 n~ln~n1~Lnf'l (a) n1nn1:;n~~'1Itl\ltlW11f'1~'W~i'I~~n1 LL~:; (b) n1~m:;r.ntl~'J'1Itl\ltl'W111f'1 u q q cu q 

~'W~i'I~~n1 tf'ltl (-) LL~f'I\lCi\l~'Wfi:;1e1tf'l~L"'W~:;~~1\1~lJl"l1~1'Wtl~riu~~l"l1~1'Wtl~'1Itl\l~'W~i'1 
cu cu '\l cu 

" ~~n1 (_ .- ) LL~f'I\lCi\l~'Wfi:;1e1tf'ln"'W~:;~~1\1~~l"l1~1'Wtl~riut~L~n~'1Itl\l1l1 LL~:; ( ....... ) 
'lJ • 

" " LL~ f'I\I Ci\l~'Wfi:; le1 tf'l L "'W~~:;~~1\1 t~ L~ n~'1Itl\l1l1 riu t~ L~ n~'1Itl\l1l1 • • 

zt! 4.11 TEM micrograph '1Itl\ltl1¥l1f'1~'W~'tl~~n11'Wm\l ENR-20 ~~j;]~1~'J'Wtf'ltlt~~'1Itl\l~1j;jtl 

TEOS 57.77:1 (TEOS 50 phr) 

... 



'anbJOl WnW!X8V'J) lei ~t'~1eI Gt'b1' L~ L~n.M.UUL~U@n LJtbLUIeIW'LU~~11~1~jolelt~U@~~~L!J.l1bM! 
~ , 

~ ~ ~ 

t'LflL~U t'~L~ t'~~LU ~~IA.~n~I1~' ~jolel~~U @~~~ L!J.I1Ugt'Lfl t'@1T.1eI Gt'b11 t'L~ tMm~t'~ G ~ 'v ~fLb , ~ , . .. 
t'~N4~11 LJtbLUIeIW' LU~~t'@IT.~ Llln@L~U ~~~leIt~u @~~~ L!!.I1Ugt'Lfln \ t..~ flL~~WLU ~~IA.~n~ 

t'@IT.~ Lllh@u LH@~ 1 LJtbLUIeIW1 LU~~11~1 ~jolel~~U@~~~L!!.l1bbgt'LflL~Ut'~L~ ~LU ~~iA.~n~I1~1 ~ 
" , 

jolelt~U@~~~L!J.l1Ugt'Wt'@IT.IeIGt'b"t'L~~t'lL~n.M.UUL~U@n LJtbLUIeIW'LU~~I1~'~jolelt~U@~~~L!!.I1Ug 
~ , 

'" .. 
t'LflL~Un~ t'@lT.fLn~bLUn \ L~t..1JIoV~LU ~~IA.~n~I1~1 ~jolel~~U@~~~L!J.I1Ugt'Lfl n~t'~ LJtbLU 

~ ,~ 

IeIW'LU ~~L ~ufl@tt~@nL~!J.~~k1.ruLI1-81~LU ~~iA.~n~t'@IT.t..t:~n~L~n.M. (V'J.:lV) ad08S0J8!V'J a8JO.:l 
, " .. 

8!WOlV ~U~ IA., fl141 L!tbLU14W1 LU ~~n.1l LU ~~IA.~n~t'@I1.t..t:n~L-l;l.U~~t (a)~ru~ ~~" !W8>t8JnV'J 
~ 

t'@lT.fl}t;nLt'U L~ LJtbLUIeIW1 LU~~L~Ufl@tt~@nL~!!.~~k1.ruLI1-81~LU ~~iA.~n~t'@IT.t..t:~n~u L ~t'@~ 1 
'" , 

.. 
11~' ~jolel~~U @~~~ L!J.l1bbg t'LflL~n.M. nllLfA 1 ~11~'bLuruLl1f11n \ L!tbLU14bU1 LU~~n.llLU ~~IA.~n~ 

11~1 ~jo14~~U@~~~ L!J.l1b6gt'LflLru6L~ ~@~ tJO V'J t'@~~1 t'@11.1e1 GM" t'@IT.t'L~ ~t'l n.llM~ fllel}Jn~l1~ I1Lt..~ 

~t'~ jo14t~U@~~~L!J.l1b6gt'Lfln.llLfl~6~n~14 ~m~' t..~6L~t'@IT.~ Lllh@UL~t'@~1 n~l1~ 1 ~ ('\l!SUap 
I I "I I 

.. 
~ L!!.I1Ugt'Lflt'@I1.14 Gt'611 t'@IT.t'L~ ~ t'l ~~ru IT.n \ (9Z) LU~~~~tftl.~jo14t~U@~~~L!!.116bgt'LflL~UULl1fL~ 

t'~6LUn\ L~t..1~~'1 !!.J@U~L~t..1JIo\ LU ~~~\~jo14~~U@~~~ L!!.I1Ugt'Lfl~\ ~t'lt'~ ~11~'!t'tn!o!!.1jon~ L~~~ 

Lfl~gfLn~~W6L~nIJ1 ~Lttk1.L~lj6LI1L~fiU'!ro~ U@@Jl t'~ \ L~ (jon ~ L~~~n~~W6L~nIJ1 ~Lttk1.L~) 

~!ro~ U@@Jl t'~n.llLfl~gfLL~6LU@~t..~ t'@~~~@nL~Ilo~~k1.~LU ~~t'@IT.t..t:~n¥,u L~t'@? 1~t'~ n~u LI1I1~ 1 

.. 
Lu~~ruLI1-81@~n~l1~mtt1 t..n11~~~1' n~I1~114Gt'6'1t'@IT.t'L~~t'l ~~1' fL6t'~6LUn\L~t..' !roJ@U~L~t..'~\ 

~t'lt'~jo14~~U@~~~L!!.I1Ugt'Lflntt'~LU~~11~1@~mL~~6~t'L~@~11 nllt'L~U~11fit (lV 'abJOl 811ap) 

14 Gt'6'1 t'@IT.t'L~ ~t'l ~~ru IT.n t (SZ)n~u LI1t'Lt..IT.I1@~ 1 Lfl~gfL@~ t..~ t'@~I1Lt..~ ~~~gn~~ t L~ ntM.!ro1 @~ t'@1T. 

flt..!1k1.nt~~gn~t'EfLtn@6~U~1~lA.mL~6LU14~m6LI1L~t'~ ~@@~k1.1 (UOJpala J!8d aU01) W~114141~ 

n@b~ U~, ~~jo14t~U @~~~ L!!.I1Ugt'Lflt'@IT.~ u~, 111 nn.J1!rot U @~~~k1.n \n~' ~U@@t'!1k1. 11 L~ U L~t'@? 1 

Ut'~ ~L!J.1166gt'LflL~un~~ (06::>1 'aW!l aJn:)) fLlt'~6LUntL~t..'~~" (z51 'aW!1l.j8J08S) !roJ@U~L~t..' 
~ " ". 

~jo14t~U@~~~ L!J.l1Ugt'W14 }LfLl1@~L~n.M. ~ 'v ~t'L6L~ t'~ t'14 ~'1 L!t6LU14W1 LU ~~@tk1.LU ~~iA.~n~I1~' 

ftl.~~1111~'~jo14t~U@~~~L!!.I1Ugt'Lfl ~L!!.I1Ugt'Lfl14}LfLl1@~t'@lT.fLlt'~6LU~ru.j;{,U~l.r(;l.U~6LU 

LS 
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M H) "1I'el,:jUI,:jfi~~~"lf1 ~H1Yi'eln:n1rnof~ L~~:n~ n'liJf'hLL~,:jurn~,:jfh'lL~~;'W LL~:;iJ LL U'J L U~ L ~~:t''WL~'el " . 
m~1 rw:n~ n'l~1 n:t''W LL~ :;U,:j~lJ~IUI,:jfi~~~"1I1 ~~Yi'el n:n1rnof~ L~~~'W:n'YI:n ~ ntiJ f'l1 LLNU rn~,:j ~ rn 

" " . 
~1 n n~ 1 U 1,:j fijj~"1I1 ~~Yi'eln:n1rnof~ L~~:n~ n'l Lnjrn n'ljFlI L~'el,:j1Ol1 n n'ln~~'el'WJ11 f'l:n~ n'l LiJ'Wn'ln~~ • 

L~~~LiJ'W"1I'el,:jLL;,:j (Rigid) ~,:j1'Wm,:j 't11HL~L~~~"1I'el,:jUI,:jLf'l~'el'W~1~mn~'W LL~:;'el~J11f'l~'W:n~:n~n'l 

~1~ljn m:;IOlIU ~'J 1 'Wm,:jfij~~"111 ~~Yi'el n:n1rn"1l1~~ n~I:n~ n'l Lmrn n'l ~FlI ~,:jCJ~ 1,x f'lILLNU rn~,:j~ rn"1l'el,:j " . 
m,:jfijj~"lfI~~Yi'eln:n1rnof~ L~~~'W:n'YI:n ~ nliJ f'l1 ~1 n n~ IUI,:jfijj~"1I1 ~~Yi'eln:n1rnof~ L~~:n~ n'l Lmrn 

" 
" n'ljf'l1 

cI __ ,j ,j<l" 
j;lITl~" 4.1 ~~lJt;ln'ljf'l,:jj "1I'el,:jf'l'el~ l'Jrnm,:j 

" 
Scorch time, Cure time, Maximum torque, Minimum torque, MH-ML, 

Sample 
T52 TC90 MH ML ~T 

code 
(mins) (mins) (dN .m) (dN.m) (dN.m) 

NR 3.22 7.12 4.39 0.39 4.00 

ENR-V 1.23 4.59 4.48 0.42 4.06 

In-12 3.10 6.66 6.37 0.96 5.41 

Si-12 3.41 7.5 7.05 1.24 5.81 

In-24 4.85 9.67 7.95 1.40 6.55 

Si-24 5.45 10.99 7.93 1.09 6.84 

4.5 nl'a~ntilnl'an~'"II!J ~1'!J'el~:ai nl" U!JI~ fi'a'a~1I1 ~~,"'eln:a'1.j;l'J!Y1 ~'U nl'a1'i FlI '1. U'J! 

n'l~~ mtl n'lm j:;IOlIU ~'J"1I'el,:j~'W:n'YI:n~ n'l1 'Wm,:jfijj~"1I1 ~~Yi'el n:n1rnof ~'JU n~'tl,:jIOl~'YI~~filoJLLUU " . 
~'tl,:jnjlrn LmUlJLVlUlJnUUI,:jfij~~"1II~~Yi'eln:n1rnof~1~:n~n'lLmrnn'ljFlI1'Wm~lrw~L'Yhn'W~'tl 12 

LL~:; 24 phr t;l1~~I~U LL~rn,:j~,:jl,j~ 4.12 ~lJ~I'el~J11f'l"1l'tl,:j~'W:n~:n~n'l~~,:jLml:;i!l1~lOlln,jljmm 

L"lf~-LIOl~m:;IOlIU~'J 1~~1'WUI,:jfijj~"1II~~Yi'tln:n1rnof 1 'W"lf rw:;~'el'WJ11 f'l"1l'el,:j:n~ nt Ln ~rn n'l ~FlI Ln ~ntj • 

m:;IOlIU ~'J 1 'WUI,:jfi~j~"lf1 ~~Yi'el n:n1~"lf1~iJ~ iJ~ m~trw:;LiJ'Wn~~ n'el'W"1I'tl,:j'el'WJ11 f'l:n~ nt L~'el,:j1Ol1 n • • 

m~lrwi!liJ1"l!~1'W'tl~lJ'W~'J"1I'el,:j:n~n'lLm~ntjFl1iJm~1 rw~1 n n~1~'W:n'YI:n ~ nt 't111 ,x'el'WJ11 f'l"1l'tl,:j:n .. .. . 
~ ntiJ LLN~,:j rn rnj:;i!I~ 1,:j L~ L~ n~ ~'Ju~ 'Wfi:;1~LrnnlOl'W~,:j ~,:j Ln rnn'lnn'l:;n~~1~~1t1 L~'el LmtllJ LVlUlJ 

~ 'II 'lj .. 

nlJ'tl'WJ11f'l"1l'el,:j~'W:n'YI:n~n1 . .. 
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:t1;14.12 SEM micrograph "1Jtl~U1'! ENR-20 ~L~~:s'W:ntl:n~n1 (a) 12 phr LL~:; (b) 24 phr 

LmUULYlUUnum'! ENR-20 ~L~~:n~n1Ln~~n1~~h (c) 12 phr LL~:; (d) 24 phr 

4.6 n1'i'VIfl'l4'!l1.J n1'i1.J'J~ ~'J 

Pim~n n1~U'J~ ~'J"1Jtl'!U1'!D~~WJj1 ~ U1'!D~~~"l11 ~:SY;tl nonl~i~hJ L~~ LL~:; L~~:S'WonYlon~ n1 
" 

Lmuu LYlUUnum'!D~~~"l11 ~:SY;tln:nl~i~1~:n~ n1 Lm~ n1~~h 1 'W~'J111~:;~1U L Yl~~'W LL~ ~'! ~'! (;J1n'! 
" 

~ 4.2 'Yiu~1m'!Dn~"l11~:SY;tln:nl~iih:;~un1~u'J~~'J (Degree of swelling) iltlUn~1U1'! 
, ~ 

D~ffi"l11 ~L~tl'!"l1 n L~N~~1,!"1Jtl'!m'! D~~~"l11 ~:SY;tl n:nl~iiJ ~'J1~ LtJ'W-D'J~1 n n~1U1'!fi~~~"l11 ~ ~'! ~~ 

1 t\'~:;~u n1~U'J~ ~'J"1Jtl'!U1'! D~~~"l11 ~:SY;tl nonl~"l11 'W~'J111~:;~ 1U L Yl~~'WiJ rhiltlU n~1U1'! D~~~"l11 ~ 
" 

LL~:;ujtl111m~L~~on ~ m~~ 1 'Wm'!Dn~"l11 ~:SY;tln:nl~i 'YiU~ 1mru'J~ ~'J"1Jtl'!m'!D~~~"l11 ~:SY;tlnonl~':I!1 'W 

~'J111~:;~1UL Yl~~'W~ ~~'! LL~:;iJ LL'W'J L il~~ ~~'! L~tllli~1ruon~n1 L~~~1n~'W ;'1 n1n~~:n~ n1~'!1 'W 

m'! D~~~"l11 ~:SY;tl n:nl~i~'! ~~ 1 t\' m1~~'W1 LL 'I1'W"1Jtl'!~'WD:;;h~ L ~~~'W L titl'!"l1 n LtJ'W~Yl nu n'W~~1 
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~::~Un'1~U(nJ ~'lL 'W~'lVi1 'Cl ::'Cl1U m.hc.J n ~'Wflu~::~u ~'l1~VI'W1 LL t.!'W"lI'fl'l-w'Wfi::i1~ ~'l c.J'Cl~t~ 

~'fl~~~'fl'lnUc.J'Clj;J1"l1'fl'lLLNU~ (~'l;r'fl 4.4) L~'fl~'"l1~ru1U1'lfi~~~"lI1~H)Y;'fln;t~i~L~~~'W;'YI;~m 
'IJ 

nu;~ m Ln~~ m~FI1 YlU~1~::~U m~u'l~ ~'l"ll'fl'lU1'lfi~~~"lI1 ~~Y;'fl n;tc;)i~ L~~~'W;'YI;~ mU'flU n~1 
'IJ 

U1'lU~~"lI1~~Y;'fln;tc;)i~L~~;~n1LmC;)n1~FhL'Wm~1run1n~~;~n1~L'Vhn'W L~'fl'l'"l1nn1~ 

m::'"l1U ~'l"ll'fl'l'fl'Wfl1 ~~'W;'YI;~ n1L 'WU1'lfi~~Wl!1 ~~Y;'fln;tc;)i~ ntJ1;~ n 1 Ln ~~ n1~Fh ~'l c.J'ClL \X 
• 'IJ 

'fl'Wfl1 ~~'W;'YI;~ m Ln ~'ti'W~~mU1 nUm'l t~~1 n ntJ1;'Cl1 Ln~c;)m ~A'1 Vi1L \X ~'l1~VI'W1 LL t.!'W"lI'fl'l-W'Wfi:: 
• 'IJ 

J' 
~'l"ll'W 
'IJ 

(;I1~1,:j;i 4.2 c.J'Cl"1J'fl'l n1~U'l~ ~'lL 'W~'lVi1'Cl::'Cl1U t 'YI'Cl~'W"lI'fl'lm'l~ ~1'Wn1~t)'Cl ~1 t'Wi 
'IJ 

Sample code Degree of swelling (%) 

NR-V 380.58 ± 13.61 

ENR-V 301.93 ± 10.38 

Eln-12 271 .24 ± 20.37 

ESi-12 282.96 ± 14.12 

ESi-24 255.33 ± 13.25 

Eln-24 229.35 ± 11.88 

4.6 n1~'VI(;I~'fl1.na.J,mL:a,:jn~ 

, 
"':! 'i' ......... ,... ... 

c.J'Cln1~l"1mt1 ~~~'Cl~'YI~::U::U~ 300% n1~'YI'W~'flLLN~'l~'l~C;) ~::U::U~ ru '"l~"lI1C;) LL'Cl::~'l12-J 
~ ~ ~ ~ 

LL;'l"ll'fl'lU1'lfi~~~"lI1 ~ U1'lfi~~~"lI1 ~~Y;'fln;t~i~hl L~~ LL'Cl::L~~~l.!;'YI;~ n1 LmUUL YiuunUU1'l 
'IJ 

fi~~~"lI1~~Y;'fln;t~i~L~~;~mLm~n1~FI1 LL~~'l~'l~t.l~ 4.13 YlUtJ1U1'lfi~~~"lI1~iil"h t~~tr~~ 
'IJ 'IJ 

~::U::u~ 300% 
I <4.c1 CI I .Q 

n1~'YIl.!~'flLLN~'l~..:J~C;) ~::U::U~ ru '"l~"lI1~ LL'Cl::~'l1~LL"1J'l~'lm1U1'lfi~~~"lI1~ 
~ q .. " 

~Y;'fln;t~i L~'fl'l'"l1n t~N~~1'l"ll'fl'lm'lfi~~~"lI1 ~~Y;'fl n;tc;)iiiVl~~Y;'fl n t"ll c;) ~'lU1 n j;J'flmnn c;) strain .. 
induced crystallization L~'flLmuuLYiuunut~N~~1'l"1J'fl'lU1'lfi~~2-J"lI1~ ( 1 2) ~'lc.J'ClL\Xm'lfi~~~"lI1~ii 

~~mi L;..:J n 'Cl~ L VlU'fl ntJ 1m'lfi~~~"lI1 ~~Y;'fln;t~i LLl'ii'flunYli'fl..:J ~'l mh'l ~1~1n1t.lfut.lN 1 \X~~l.!t~ • 

t~Un1~1~~1~~'lL~~;~n1 YlutJ1I"ht~~tr~~ 300% .. I I <de CI 

~1'Y1l.!~'fl LLN ~..:J~'l ~ ~ LL'Cl::~'l1~ LL "lI..:J"1I'fl..:J 
'IJ • 

m'lfi~~~"lI1~~Y;'fln;tc;)i~'l~'WL~'flLmuuLYiuunUU1..:Jfi~~~"lI1~~Y;'fln;t~i~t~t~L~~;~n1 LL'Cl::ii .. 



t'.m fl.%~~ LU ~[:iA.[:f1.~rt~, ~Jo~~[:U @~~~ Ll!.rt~~gt'LIl@~m!tt'~ U Lrt~~ t'LIlfl.,V LIl-lli~ ~f1.~~ k!' U~LrtL~ 
o 0 " ... .. 

LU~[:lA.[:f1.~l!lLLJf1.@~1.L~ G ~ ' v ~flWLI!,~~~U't'~ L~~LU~~U'LU~[:L~U~~1Jo~~[:U@~~~Ll!.rt~~gt'LIl 

f1.1. ('l41llL I!,::~ U L U ~ [:iA.[:f1.~t'@ 1T.l!l L LJYt@ULI!,t'@?' L~~LU~~U' LU ~[:rt~, ~Jo~~[:U@~~~Ll!.rt~~gt'LIl 

.. .. .. 
L~Ut'~~~ LI!.U!~LU ~fl.rt~::~" U~ ~~LU ~fl.rt~~LU ~[:lA.[:f1.~rt~' ~Jo~~[:U@~~~Ll!.rtUgt'LIlLru~LI!,~ 

o 0 

@~' f1.~~~LI!.U!~LU::~" [j~~~LU~rt~~~Ll!.rtUgt'LIl~1. ~~ t'~ f1.~~~ 1Jo~~[:U@~~~ Ll!.rt~~gt'LIl 

t' @ If. ~ U t' ~ 1 !!I",fl. rt ~ t't fl fl.l fl U ~ L rt L ~ o~ (L U ~ ~) t' ~ l' rt £ ~ 1 ~ L ~ t' @ If. !!I",fl. rt ~ U L I!, t' @ ~ 1 L U ~ [: 

rt~1 ~~ffl,~Jo~~[:U @~~~ Ll!.rt~~g t'L Il fl.,V fl.1l ~ 1 fl.IlW 1 @~m~~Jo~~[:U @ ~~~ Ll!.rtUg t'L 1lt'@If.~ LIT.U!~ LU 

.. 
::~1m~~~LU~rt~L~fl.M. Jo~~[:U@~~~ Ll!.rtUgt'L 1lf1.1.fl~ t'~ LU ~[:rt~1~ LU L~@~1 ~" ~ Ll!.rtUgt'LIl 

L oW Il@~ ~ L I!.U!~LU:: ~11 [j ~ ~~ L Uf1.LlA.f1.LJtlrtL(,l!l ~rt~~Jo~~[:U@~~~ Ll!.rt~~gt'LIl~1. ~~ t'~ fl.1l~:p::~ 

f1.I:P t'Lra@~UU~' rtl!f-lIlL~t'@IT.(,l4l t'1l~ ~ ~~LU ~~ Ll!.rt~~gt'LIl~::ru 1l.f1.1. Lrt('~k1.t'Lra@f1.~~ k!'Jo~~[:U@~~ 
. .. 

~ LlJ.rt~~gt'LIlt'@Il.~U ~1 rtl!f-lllL ~ t'L~k1.::~ ('14l t'lli1 ~ ~~ LU ~ 1. L ~ ~!rt ~ U @~~f'tk1.~Jo~~[:U @~~~ LlJ.rtUg 

t'LIlt"nt'L~~t'~l!ll U LI!,t'@t} 1 ~ L!J.rt~~gt'LIl L~U Il@~ Jo~~[:U@~~~ LlJ.rtUgt'LIlt'@Il.~ LIl.U!~LU::~" [j 
o 

.. .. 
f1.1. L~~LU~~U' LU ~[:rt~, ~Jo~~[:U@~~~ Ll!.rtUgt'LIlL~U t'~L~ ~LU ~[:lA.[:f1.~rt~, ~Jo~~[:U@~~rt~~gt'LIl 

t'@Il.t'~" rtL(,l!l L~ L~fl.M.nU LI!,U@f1. f1.,V L\A' ~1.~LU ~ [:ru LrtWf1.1.fl.Il~' fl.IlW1 @~1 L~~ LU ~W, LU ~[: 
"0 0 

.. . 
L~~LU~~U'LU~[:L~U~Jo~~[:U@~~~Ll!.rt~~gt'LIlf1.1.(,l4lIlLI!,::~ULU~[:lA.[:f1.~l!lLlJf1.@ULI!,t'@?' L~~LU 

~W, LU~[:rt~' ~Jo~~[:U@~~~ L!J.rtUgt'LIlL~UL~~ LIl.~~ ru ~ ~::Il::~~::ru 1l.f1.1. L~~LU~W1 LU~[: 
o 0 0 

At b At I1t At 

rt~, ~Jo~~[:U @~~~ L!J.rt~~gt'LIlL~U t'~ ~ ~t'~ t'~ t'~11 @~f1.lA.L~ ::~" %008 ~~~~ rtl L~ ~::I!,LU ~[:lA.[:f1.~ 
o 0 

no 
rt~, ~Jo~~[:U @~~~ L!J.rt~~gt'LIlL~fl.M. f1.,V L\A' ~rt~1~LUru LrtWf1.1. L~~LU~tU' LU ~[:fl.,VLU~[:lA.[:f1.~ 

o 0 

• 
rt~1 ~Jo~~[:U@~~~ L!J.rt~~gt'LIlLru~ LI!,~@~' t'~~ ~f1.rak1.~ ~rtL('l!l~:: ~" f1.~U LIl~~~f1.@~l!l' t'LIlt'@1l. 

~U~, rtl!f-lIlL~~ 1. ~~ t'~ t'LIlt'@Il.~U~, rtl t-@Il.('k1. ~f1.@~l!l1~LU t-L('IT.~ ~fl~ t-ELU~[:t-@Il.l!l LLJh@::~11t'LIlf1.1. 

t-~t-~ 11 t-@IT.f1.IJ' ~~t.1. 1 rt~ 1~LUf1.1J1 LU ~[:rt~1~LU U LI!,t'@t} 1nt',LAo f1.~rt~ 1 LU ~[:ru LrtW@~1 t'~~ ~rtt1-l (,f1." 
I I I "..... " I t 

~9 
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m'::.yh~1l-J1nl m'::~1t1 LLN Hl~ ~'l ~~ 1 ~~l-J~m)'i ~ n LL~::~l-JU~ m)';n'll1 ~'lI'tl'ltl1'l fi),),l-J'lI1 ~ ., 

~~'tln~1~i~L~l-J~'W~'Vl~~m~'lnr)1t11'lfi),),l-J'lI1~~~'tln~1~i~L~l-J~~n1Ln),~n1),.91 ., .. 

30 
12 (a) 

~ = 
(b) 

10 

~ 8 
Q, 

6. 6 
= = 
~ .... 4 

2 

o , ' 
4 4 ~ ~ b> bo 
~ ~ .~ ~ .~ ~ 
~ ~~ ~"-''''' V~ ~"-''''' V~ 

Sample Code 

Q, 25 

6 
..c:= 20 ... 
~ 

~ 15 
.l: 
'" Qj 10 

== '" = ~ 
5 

o 
4 4 ~ ~ bo bo 
~ ~ .~ ~ .~ ~ 
~ ~~ ~"-''''' V~ ~"-''''' V~ 

Sample Code 

900 
~ 

~~ (c) 
60 (d) 

~ 

~~ = ~~ 
~~ = =~ o 
~~ = ~~ 
= S 100 
~ o , · -, 

4 4 ~ ~ b> bo 
~ ~ .~ ~ .~ ~ 
~ ~~ ~"-''''' V~ ~"-''''' V~ 

Sample Code 

<' 50 
Qj r~ 8 40 

..c:= 
00 

';; 30 I I , 
'" Qj = 20 'E 
~ 10 illJ 

o 
4 4 ~ ~ b> bo 
~ ~ .~ ~ .~ ~ 
~ ~~ ~"-''''' V~ ~"-''''' V~ 

Sample code 

.... 

'itlv1 4.13 ~l-J~tl1'lfi),),l-J'lI1~ tl1'l ENR-20 ~hlL~l-JLL~::L~l-J~'W~'Vl~~n1 LmtiULVitiunUtl1'l 
~ ., 

ENR-20 ~L~l-J~~n1Lm'~n1)'.91 (a) tl-J~~~~)'::tI::u~ 300% (b) )'::tI::u~ ru ~~'lI1~ LL~:: ., . 
-'I ......" 

(c) n1),'Vl'WLL),'l(M~'l~~ (d) ~l-JUI?1I"l,)1l-JLL'lI'l ., . 

;L 



11~1 ~~ L!1.I1Ugt-L~Lru6LI:?J~B~1 N~~ ~t-L~B~ 1 t-BlT.ru LI1-81U LI:?Jt-B? 1 n.~U LI1I1~ 1 LU ~~ruLI1-81@~1 

t-~~ ~l1tt 1 (,1'1. 11!:S~ ~11 t-~~ ~LU ~~11~1 ~Js~\~UB~~~ L!1.1166gt-L~t-BIT..6~ LI1-81t-~ 1 t-~~1m~~~16LU~ ~ L!:1o 

Js~\~UB~~~ L!1.I1Ugt-L~n.~ LU ~~t-BIT.~ LlfhBBf4J ~~!:Srt\n.,ttL!tUU LI:?JUBn. (9'v B~(,1t) n.~~lA.l~L~~~ 
",. 

L!:1o(,14ln. ~ (,14l 11 (,n.6LU t-BIT.~~ n.,V t-B~~ ~ B~t-~ n.~~n.,ttL!tn.LlA.n.L~ Js~\~UB~~~ L!1.rtUgt-L~~ ~ ~~ t-~ 
'" ,. 

~ . 
n.~l1~ 1 I1L~~g~t-BlT.n.f1. 11 Ln.k1.I1L('~ ~ ~ L!:1o [lB('14l ~LI:?J~W LU ~~t-Bn;.~ Llfl'1.B!:SJo~\ UB~~~ L!1.rt66gt-Wn. ~ 

U LI:?Jt-B? 1~t-~ n.~U LI1LU ~~ru Lrt-81B~1 t-~~ ~l1tt 1 (,1'1.11 !:Sf4J11 LU ~~rt~1Jt'\rt\~Jo~\~UB~~~ L!1.1166gt-L~ 

U L~t-Lf4J U ~11 rt\ 6~ Lrt-81t-~ 1 t-~~1m~ ~~1~I:?JJo~\~U B~~~ L!1.I1Ugt-L~L~n.M.Jo~\~U B~~~ L!1.1166gt-L~ 

~ 

1'1. ~t-~LU~~11~1 !1WWn. ~ ~ L!1.I1Ugt-L~L~U~Btt6~ LI1-81t-~1 t-~~1m~~~16LU~ ~ ~~ t-~ (,j.!1rtk1.n.IJ1t-~ 
I I" I I 

n.1-~1~UB~~L~-llig~ULI:?J~\;!1~~!1.\UB~~~k1.!:SJs~\~UB~~~L!1.1166gt-L~~~run;.n.~ ~L!1.1166gt-L~t-Bn;. 

(,14l 11 (,n.6LU Bf4J ~L~t-~ (,j.!:Srt\ Btk1.L~ (,~!:s!1n.Bn..f L~6~1~\n.IJ1 t-L~~ t-6~1!:S t-~n.~U~B~ t,!:S!1n.,ttL!tn.IJ1 
" I " I I " 

~ 'ON V'USV n.,ttL!t~~11 (,j.!:Srt\!1t-L~n.IJ1~L!1.1166gt-L~t-BIT.t-~~t-6~1 ULI:?Jt-BU1 Jo~\~UB~~~L!1.I1Ug 
" " I I 

~ 

t-L~n.,V n.~!1 1 n.~W1 B~1 ULI1t-~6~ L 11-81t-~ 1 t-~~1m~~~16 LU!:S~ L!1.I1Ugt-L~L~n.M. LJil6LU~6U1 LU ~~ , , 

11~1 !1Jo~\~UB~~~ L!1.1166gt-L~n.,Vn.~!1 1 n.~W1 LU ~~iA.~n.~I1~1 ~~11 11~1 rt\!1Jo~\~UB~~~ L!1.I1Ugt-W , , 

(q) 

VHSV n.,ttL!tn.LlA.n.L~ I1L('~ L~U~6LU ~~t-~ ~11 ,. 

--"-'"'r""'11"""'i- 0 

S ;3 
~ 
'"I 

O[ '" 
::t 

S[ ~ 

OZ ;. 

SZ ~ a 
Of! 

apOJ aldw8S 

~~ ;..c,4 ,~~ ... ;..~4 ~~4 ~~ 
~<. ~~ . ~~ ~" ~ ~ 

-,......,......,......,...... 

(e) 

> 
OZ ~ = '" ... 
01' g 

< 
09 g, 

= 
08 ~ -o 
OO[ : 

---on 8 
8 ... 
'-' 

~----------------------~ Sf '----------------'- Ol'[ 

£9 



~LU.Bt.k1. ~~m~~tS £ L~UULl1raB~t.LraI1Lt.~ nt..l}f1tn.!Lnt.nL~U~'mB~~~' S<:) 

~~111~~tS £- ~ U~1mB~t.LraI1Lt.~ nt..l}f1tn.!Lnt.nL~U~'mB~~~' 17<:) 

~~m~~tS ~ L~UraB.t'-U~'mB~t.LraI1Lt.~ nt..l}f1tn.!Lnt.nL~U~'mB~~~' £<:) 

L~~1L~rat.~n~'t-BI1I1£1 nt..l}f1tn.!Lnt.nL~U~'mB~~~1 G<:) 
! 

L~~'L~rat..!t'n~'t-Bl1l1l' ULl1nt.nL~U~'mB~~~' G-8 
! 

L~~1L~rat.~n~'t-BI1I1£1 raB.t'-nt.nL~U~'mB~~~' G-\;j 
! 

~t-L~L~t-~t-~~m n.~:::~ v nQmB~t-f1"t-En.~:::~:::~~'mtt-~ J n.~:::~:::~" 8 n.~:::~ \;j n.~:::~ B~ n.~:::~ 
! ! 

'" . £ nQ't-f1":::bn!r.1B1nLlA.nLJtlI1Lt.~t-Bu.~~nLt-raL~~LU n.~L~I1L~ t-111t.~ GL L~t.mQ' J o 017 tSLlk1.ftlB 

~ wljdd as n~I1J{o' I1Lt.~~n!ro1 B111\€' t.LraI1Lt.~ t-BU. %OG UBBt-~ U [jnLt-n~~:::t.LVJtltraLLlL.j;{,U~ 
! ,, ! 

'" '" ra~19 ~ 'v ~~t-~ t-~ ~" L.\t~LU~W' LU ~~~t~Jo~t~UB~~k1 L!roI1Ugt-Lran.lln.ra~mra~, LU~~IA.~n~I1k11 

:::~" 11k1' f1t~Jo~t~UB~~k1 L!roI1~~gt-Lra k1 L!roI1~~gt-Lrat-Bu.n!ro 1 B1 nLlA.nLJtlI1Lt.~ t-BU.L.j;{,U~~LU~~ 

L.\t~ LU ~~ U, LU ~~11k11 ~Jo~t~u B~~k1 L!roI1~M t-Lra L~U ~~t n,ttL~B~ 
! " 

'" k1 L!roI1~~gt-LraL~U U LI1I1LJI-:::gn~t-Bu.nf1." Lnk1.I1Lt.~ ~ LU ~~IA.~n~I1k1' ~Jo~t~u B~~k1 L!roI1~~gt-Lra 

L~:::LM.1, 't1t-~ %G ftl LI1:::~~L.\t~LU~W' LU ~~I1k1' ~k1L!roI1~~gt-LraL~uraB.tt~~ LI1Wt-~ 1 t-~~'mra~~'~LU 
~ ~ I I 

179 
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'rjlJ~lr:::~lJfO)'JI~~1'l.!'VllhlL!l L'lIhl"-1!l-ltll-lDrr~"l!I~!lu1 hlJ':::~lJ C-5 ~!l Ln 1'lJ'!lmL[;ln~lhl'Jhl\!lJ 
'" 

hhl'Jhl ml~tll'Jr!ltl~lnn~1 3 n~~h~[;lr ~1'tl"ll11'l1hl"-1ru:::~J':::~lJfO)'JI~~lhl'VllhlL'tlL'lIhl"-1'tl-ltll-l 

Drr~'lII~~Yi'tln~lwr'tlu1hlr:::~lJ C-4 ~'tl Lnl'lr!lmL[;ln~lhl'Jhl\!lJhhl'Jhl ml~tll'JJ'!lmL[;ln 1-3 
'" 

... tI t I 

n~~ L~ [;lr 'Vi-lilL n!l-llOn n L~ L~ n~"ll!l-ltll-lDrr~'lI1 ~iJ~hlD:::f01 (Double bond) ~-l~'tl-ll'Jl'l!lnrn'l . '" 

tJljmtllnlJL!l L'lIhl LL~:::iJm~lru~hlD:::~~ln~1 L~ L~ ~~"ll'tl-ltll-lDrr~'lI1 ~~Yi'tln~ll'lof ~-l!:-l~ 1~tII-l 

Drr~'lI1 ~ Lnl'lr'tltl"-111'l~n"llll'l"llhlI1'l1 ~ '1i L~mll nrJ'L~~~~ nr~-l1hltll-lDrJ'~"l!1 ~~Yi'tln~ll'lof 'rjlJ~1 

fO)'Jl~ ~lhl'Vllhl L!l L'lIhl"ll'tl-ltll-lDJ'r~"l!1 ~~Yi!ln~ll'lofL~~~hl J':::~lJ fO)'Jl~ ~lhl'Vllhl L'tl L 'lIhl'tlU~J':::~lJ C-4 
'" 

~!l Lnl'lr'tlmL[;ln~lhl'Jhl\!lJhUl'Jhl ml~tll'Jr'tlmL[;ln 1-3 n~~L~[;lr LLl'liJm~lruJ''tltl~n"llII'l~I'l~-l 

L~!l LmtllJ LVltllJnlJtII-lDrJ'~"l! 1 ~~Yi'tl n~ll'lof~hJ L~~~ LLN ~'JtI:n~ nr LL~:::iJ LL hl'J L il~~ I'l ~-l L~'tlm~1 J' 

~~ nr~1 n;hl L ~'tl-l'"l1 n'tlhlJlI fO)"ll'tl-l:n~ n 1 Ln I'lrelhl[;lrmtll nlJtll-l Dn~'lI1 ~~Yi'tl n:nll'lof yir 1 ~tll-l • 

DrJ'~"l!1 ~~Yi'tln~ll'lofLn 1'lJ'!ltl~n"llll'ltil n;hlL~'tl~~ ~~ nlJ L'tl L 'lIhl ~!lYi'"lIJ'rult11-lDJ'~"l!I~~Yi'tln~ll'lof 

~ L~~~hl~'Vl~~ nrnlJ:n~nr LnJ'l'lnrrflr 'rjlJ~1 fO)'Jl~ ~lhl'Vllhl L'tl L 'lIhl"-1'tl-ltll-lDn~"l!1 ~~Yi!ln~ll'lof~ L~~ 
'" 

~hl~'Vl:n~nrL~~;hl J':::~lJfO)'JI~~lhl'VllhlL'tlL'lIhl!lU~ C-3 ~'tl Lnl'lr'tlmL[;ln~lhl'Jhl\!lJl~ll'Jhl fO)'Jl~tII'J 
'" '" 

r!lmL[;lnil'tltln~1 1 n~~ L~[;lrtll-l L~'tlLmtllJLVltllJnlJDrr~'lI1 ~~Yi'tln~ll'lof~ L~~:n~ nr LnJ'l'lnrrr11 

L~!l-l'"l1 n'tl~JlI fO)~hl~t1:n~ nr n J':::'"lIt1 ~'J 1 hltll-lDJ'r~"l!1 ~~Yi!l n~11'l'll1~t) n~I:n~ nr LnJ'1'l nrrr11 Yi11 ~ 

Ln I'lrelhl[;lJ'mtll nlJtll-l1~~1 n~I~~ nr Ln J'1'l nr J'r11 ~-l!:-l~ 1 ~tll-lDJ'J'~'lI1 ~~Yi!l n~ll'lof~ L~~~ LLN ~'JtI 

i)hl~'Vl~~nr~lhl'VllhlL'tl L'lIhl~lnn~1 
'" 

160 

-140 
~ 
'-' 120 
~ 

~ 100 

~ 80 

= .~ 60 
Of) 

~ 40 
-= 
U 20 

O-l-..L----r-

NR-V ENR-V ESi-12 Eln-12 
Sample code 

ESi-24 

~ , 

EIn-24 

'it1 4.15 ~~~ml~~lhl'Vllhl-Wll!hl"ll'tl-ltll-lDJ'J'~'lII~ tII-l ENR-20 Vll~L~~LL~:::L~~~hl~'Vl:n~nr .. .. 
LmtllJ LVltllJnlJtII-l EN R-20 ~ L~~:n~ nr LnJ'1'l nrJ'r11 
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'it! 4.16 ~UJ1J'1ifil'J'UJ~h'Wt'el t"l!'W~ L'J~1 72 -B''J UJ'!"lJ'el'! (a) NR-V, (b) ENR-V, (c) Eln-12, (d) ESi-12, ... 

(e) Eln-24 LL~:; (f) ESi -24 

4.9 --- ---~UJ'l..Jj;I"'~'lj;l 

nJ 4.20 LL~ "''I ~unr~~ ~1"~"1l 'el'! [J1'! fiJ'J'l-J"l! 1 ~:a~'el n~l","J!~hlL~h.JLL~ :;L~hJ:a'W~Vl~~ n 1 
~ ~ 

Lm[J1JLVi[J1Jn1Jm'!fiJ'J'l-J"l!1~:a~'eln~1"'"J!~L~l-J~~n1Lm"'n1J'~h "l1nnJ~ 4.20 (a) ~1J~1jOhtl-J",i~ 
~ ~ 

~:;~l-J (Storage modulus, E') Ln"'n1J'LU~[J'WmJ~'!~1l-J"ll'J'!1~LLri "ll'J'!~m'W:;fil~1mLn') (glassy 

state) "ll,)'!LU~[J'W~m'W~ (Transition state) LL~~ "ll'J'!~m'W~fil~1[Jm'! (Rubbery state) ~1J~1jOh E' 
~ ~ 

1'W"ll')'!~m'W~fil~1mLn'J (-80 ~'! -40 DC) "1l'el'!m'!~'!~'W L1-£J'l~1~1Jl~~'!t1 ENR-V < ESi-12 < Eln-12 
~ 

, , 
.dI l.ct .odI" 4 

< ESi-24 < Eln-24 L'W'el'!"l1nfil1 E' 1J'elnn'!n1J'(;l'el1J~'W'el'!LL1J1J Elastic ~J''elfil'J1l-JLL"lJ,!Vl'el (Stiffness) 

~,!,r'Wn1 J'L~l-J~~ n1 ~'!lu"l:;.yh 1 ~[J1'!fiJ'J'l-J"l!1 ~:a~'el n~l"'"J!iJ fil') 1l-J LL ~,!~'ell-J1 n~'W L ~'el'!"l1 n'el'Wfl1 fil • 

-
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:n~ m hJi m"ll,)1~ m TLr1 ~(tl'W 1 ~,)"lI'tl~ L)J L~ n~ m~fiTT)J"lI1 ~:a~'tl n:n1mi LL~ ~ L~'tlm)J1 ru:n~ m)J 1 n~\l , 

.yh1m)JL~n~"lI'tl~U1~fiTT)J"lI1~:a~'tln:n1miLr1~'tl'lJ1~,)u1n;\l ~'1~~1~1"11 E' ~~~\l LL~~1\l'jh~mT . ~ 

LU~U\l~ m\l~ ~'tlm'lfiTT)J:a~'tln:n1~'l!1~flJ't'i~'1'11\l"'l\l;.yh 1 m)J L~ n ~"lI'tl'lm'lfiTT)J"lI1 ~:a~'tln:n1mi , 

Ln~mT Relaxation Ln~mnU~U\l~m\l~ "'l1n~m\l~r1~1mLn')hhu\l~m\l~r1~1Um'lVi11~R1 E' 

"'l~~~~'1'tl~.h~T')mL~,) LL~~L~'tl~"'l1Tru1R1 E' ~ 20 °c (-rl,)'1~m\l~r1~1Um'l) YiU~1R1 E' "lI'tl'lm'l 

Eln-24 "'l~~R1~'1n~1m~fiTT)J"lI1~ (NR-V) m'lfiTT)J'l!1~:a~'tln:n1~i (ENR-V) LL~~~'1n~1m~ ESi-
~ ~ 

24 LL~m'l~'1[111T1'1~ 4.1 ~'1LL~~'1~1m'lfiTT)J'l!1~:a~'tln:n1~i~ L~)J:a\l:n'Vl:n~m"'l~~ r1,)1)J LL;'1~'tl)J1 n 
~ 

~~ ~LL~~~ r1,)1)J LL;'1~'tl)J1 n n~1m'l fiTT)J'l!1 ~:a~'tln:n1~i~ L~)J:n~ m Ln Tm mT~11 \lm)J1 rumn~)J~ • 

L'Vl1 n\l L ti'tl~"'l1 n'tlW11 r1"l1'tl'l:a\l:n'Vl:n~ m ~ 1)J1Ttl n T~"'l1U ~') H)~ LL~ ~~1)J1 Ttl Ln ~~\l[11Tmm num'l . ~ 

fiTT)J'l!1 ~:a~'tl n:n1~'l!1~)J1 n n~1:n~ m Lm~ mT~1 ~'1 ~~ 1 ~m'lfiTT)J'l!1 ~~ R1 m1)J LL ;'1~'tl)J1 n~\l ~'1 

~'tlml"1~'tl~nUmT'Vl~~'tlUR1L)J~~~~T~U~U~ 300% (i').;]'tl 4.6) \l'tln"'l1n~YiU~1R1 tan 8 ~'1~~ 
~ 'IJ , 

(The maximum of peak tan 8) "lI'tl'lm'lfiTT)J"Il1~:a~'tln:n1~i~L~)J:n~m"'l~~R1~m~~ LL~~"'l~L~'tl\l1u 

'Vl1'1'tlru~lln~'1(Temperature of maximum tan 8 peak) L~'tlLmUULYlUUnUm~fiTT)J"Il1~LL~~m'l . "" 

fiTJ')J"Il1~:a~'tln:n1~i~hl1~L~)J:n~m LL~~'1~'1),U~ 4.20 (b) LL~~ [111J'1'1~ 4.1 L~uun~m),L~)J~1), 
" 

L~1)JLLN"'l~~~~~1~R1~'1~~"lI'tl'l tan 8 ~~~'1LL~~ L~'tl\l1u'Vl1~'tlru~lln~'1 (31) Lti'tl~"'l1nR1 tan 8 
" tt q "" 

, ., , 
~1)J1J'tlU'tl n (i 'I m nu~ U\lLLU~'1 ~ m\l~ ~'1t! \lLij 'tl L~ )J'tl \lll 1 r1:n ~ m~'11u1 \lm'l fi)')')J"Il 1 ~:a ~ 'tl n:n 1m i • 

\l'tln"'l1n"'l~LU\lmJ'L~)J L~~~ d:J\l rigid LL~,) 'tl~1l1 r1:n~mu'l1ui m"ll,)1'1mJ'Lr1~'tl\l1~,)"lI'tl~ L)JL~~~ 

"lI'tl'l U1'1fiJ')')J"Il1 ~:a~'tl n:n1mi ~'1 ~~ 1 ~U1'1fi)')')J"Il1 ~:a~'tl n:n1mi~ r1,)1)J LL ;'1~'tl L ~)J;\l Ln m m)' 

Relaxation "lI'tl'lL)JL~n~1~mn R1 tan 8 "lI'tl'lm'lfi)')')J"Il1~~L~)J:n~m~'1Lr1~'tl\l1u'Vl1'1'tlru~lln~'1 
IIIj q "" 

LL~~YiU~1R1 tan 8 "lI'tl'lm~ Eln-24 ~R1~1~~L~'tlLYlrJunum'lfiT),w1l1~:a~'tln:n1mi~hJ1~L~)JLL~~ • 

L~)J:n~ m1 \lm)J1 rum),L~)J~ L'Vl1 n\l ~~ ~ ~ 1 ~m'lfi)')')J"Il1 ~:a~'tl n:n1~i~ L~)J:a\l:n'Vl:n~ m~ r1,)1)J LL;~ 
'IJ 

~'tl)J1n ~'1Vi11~R1 tan 8 ~1 LL~~"'l1n[111),1'1~ 4.1 "'l~Yiu~1m'lfi)'rn"ll1~:a~'tln:n1mi~L~)J:a\l:n'Vl:n~m 
" 

I I I I II 

"'l~~R1 E' Yl~'1 LL~~ tan 8 Yl~1 LL~~~~1~R1)J'tl~~~~'lJL~rJ (Loss modulus) ~1 ~~t!\lU1'1 

fin)J"Il1 ~:a~'tln:nl~i~ L~1)J LLN ~,)rJ:a\l:n'Vl:n~ m L~'tl1~fu LL),'1 m~Vi1"'l~~ m)'~ ru L~UYi~'1'11\l1u1 \l)'U 
" " w " 

, 
4 I tV '" '" 'tl\l L'l!\l Yi~'1~1\lr1,)1)J)''tl\l\l'tlrJ~'1 
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'itl.v14.17 tUJ~Yl~~"lltl'l ENR-20 ~L~~LL~::hj1~L~hJ:a'\J:n'V1:n~n1 LWtJULYlU1JrlUtJ1'1 ENR-20 ~ 
u ~ 

L~~:n~n1Lm''''n1J'~'1 t"'tJ (a) t~",~~~::~~ LL~:: (b) tan () 
~ 

(;l''iI~ 4.4 ~~~Yl~~"lltl'ltJ1'1fiJ'J'~"ll'1~~Yitln:n1"'i 

EO at 20°C Temperature of maximum tan () peak The maximum 

(MPa) (DC) peak of tan () 

NR-V 1.0 -46.8 2.27 

ENR-V 1.7 -23.0 1.93 

Eln-12 3.2 -21 .6 1.68 

ESi-12 3.9 -20.7 1.51 

Eln-24 4.6 -20.6 1.34 

ESi-24 10.3 -20.4 1.21 



~ ~ 

lU ~[:lA.[:n~r-t~' ~jo~\[:U ~~~~ l!J.r-tUgt-lral~ U N~ l,ttb l U ~W, lU ~[:r-t~, ~Jo~\[:U ~M.~ 

~ l!J.r-tSSgt-lran ~r-t~;:~n~~r-tlc,l!!l~ ~ ~ l\:t n~u lra.\t'\n~~r-tlc,l!!lA.' ralp lU ~[:l!!LLfh~l\:tlU ~[:l!!LL!h~ 

~ 

~~l\:t l,ttSlU~W'lU~[:l~U~.\t'1Ja~\[:U~~~~l!J.r-tUgt-lran~c,~rall!,;:WUSlr-tl~lU~[:lA.[:n~Ull!,t-~?' 

l~~\~U' t-~;:I!,n.~~~ lA.SlU ~H:lUll!, ~.\ 0 ~ t-~l,tt~W' LU~[:r-t~' ~Jo~\[:U~~~~l!J.r-tUgt-Lral~Ura~tt 

;:l!,lU ~[:iA.[:n~r-t~' ~jo~\[:U~~~~ l!J.r-tSSgt-U~t-~IT.r-t~;:~n~~r-tLc,l!!l~ L~n.M. Jlld VG ru Lr-tWlU ~[:r-t~ 

~~~;:rulT.n~ J o G rulr-t;:b~LU~[:r-t~'~jo~\~U~~~~l!J.r-tSSgt-WL~Ura~ttr-t~;:~n~~r-tLc,l!!L~~;:l!,lU~~ 

iA.[:n~r-t~'~~l!J.r-tSbgt-Lra Jlld G ~ ~Lu~[:r-t~'blurulr-twra~l n~ULr-tnyt-l~U~";:l!,l,ttSlU~SU'lU~~ 
~ 

n.YlU~[:lA.[:n~r-t~'~t-lrat-~IT.r-t~;:~n~~r-tlc,l!!l~ n~r-t~'LU~[:ruLr-tW~~l~n.M. nYLfA.'~LU~[:r-t~'SLU 

rulr-twn~ L,ttSLU~W'lU ~~r-t~, ~~ll!.r-tSSgt-Lran.YlU ~[:iA.[:n~r-t~' ~Jo~\[:U~~~~ L I!.r-tUg t-Lral rus ll!,t:! 

~ 

~,r;;' n~t-~l,l!! ~lU ~[:r-t~1 ~jo~\[:U~~~~LI!.r-tSSgt-wn~r-t~;:~n~~L~~~~t;1t-~ n~Ulra~\n~~r-tlc,l!! 

lA. 1 raLp Jo~\[:U ~~~~ l !J.r-tSSgt-lra~ ~ L\:t n~u lra~\~n~~l!!'Jo~\~U ~~~~ l !J.r-tSbgt-lra t-~IT.~U ~1 r-tW ~ l\:t 
" " 

Jo~\[:U~~~~ ll!.r-tSSg t-Lra t-~IT.r-t~;: ~n~~r-tl C,l!!l~ L ~n.M. Jo~\~U @~~~ LI!.r-tUgt-Lran ~ t-~ LU ~~r-t~, ~~ 

;:~'1 (l!! Uc,nt;1l!!LV) ~ . l!! ~lt-~t-~~1' Jo~\~U@~~~LI!.r-tUgt-Lral~UULr-tL~~~~ll!.r-tUgt-Lrat-@IT.~~t-~ 

g u8l L~n.Yt-@~l!!~@~t-~ ~LI!.r-tSSgt-Wl~Ul~t-~~\[:U@~~~L!J.r-tSSgt-Lrat-@IT.r-t~;:~n@~r-tlc,l!!l~n1tt-~ 
" " 

t-~IT.~lraL~ULI!,t-@?1 ~ll!.r-tSSgt-Lrat-@IT.L~UL~Jo~\[:U@~~~L!J.r-tSSgt-Lrat-@IT.r-t~;:~n~~r-tlc,l!!l~L~n.M. 

L ~ · v ~~lt-~ t-~ ~1' l,ttSlU~W' LU ~~r-t~1 ~~ll!.r-tSSgt-wn.yn.ra~, n.raW1 lU~[:iA.[:n~r-t~';:~" r-t~, ft\ , , 
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35 

,-.. 
U 30 
0 
'-' 
~ 25 = ~ 

'"' u 
.S 20 
~ 

'"' = 15 -= '"' 8. 10 
e 
~ 5 

0 

NR-V ENR-V ESi-12 EIn-12 ESi-24 Eln-24 

Sample code 

11..1;1 4.18 ~1fl1,)1lJ~mH'l:;MJ'1I'fl.:JU1.:Jfi~~lJ"l!1~ U1.:J ENR-20 ~hJL~lJLL~:;L~lJ~'IJ;V1;~n1 
u ~ 

LWmJLViuutiutJ'l.:J ENR-20 ~L~lJ;~mLml?lm~~h 



.. 
~U t-~' ~lm~~t-E (,~" ~~1'1.Ifal @1 :::~'m,ttL!l-1'1.LlA.1'1.LJtlI'tL('tel ~rl.l't~~:::le,U Lle,U@1'1.LU ~~lA.~1'1.~fl('~M'1I't~' 

, " 

~1-~\~U@~~~ LIfaI't~~gt-Lfl1'1.!tt-~ LJt~LU~W' LU ~~fl('~ t-~"I't-t~, ~1-~\~U@~~~ L lfal't~~gt-Lfl L~ U ~ 
, " , .. 
:::~" 1'1.~~ ~U t-~' ~f1I't~~~ t ~I':l t-~LU ~~lA.~1'1.~fl('~ t-~" 1't-t~'1-~\~U@~~~LIfaI't~~gt-Lfl@~ ~" ~Llfal'tUg 

t-LflLWfl@~lA. ~Ln;,U'MLU [j~~LU1'1.L~I'tL(,tel t-n;"mL(,tel t-~~LU~f1I't~ 1'1.!!.' ~Ut-!!.'~f1I't~I't~" ~L!!.I't~~g 
I " F' p:. .... " I' ~ ~ I 'b' ~ FI 'b' 

t-LflL~U ~1'1.1fal @1::: ~'m,ttL!l-1'1.LlA.1'1.LJtlI'tL(,tel ~1't~~1-~\~U @~~~ L!!.I't~~gt-LflL~f1M. ~ ~@M.1't @tel t- L fl 
" 

t-@n;,Lt-L~~LtI't~L.j;j,U~1'1.!tULle,t-~k1. ~~l'tmlL1'1. 0 ~ ~L1'1.n;,~:::~" j~d VG t-~t-~~\~LU~~1A.~1'1.~ 
" , 

~:::L~tel' t-~lMLI'tL~ 1'1.~ V 1'1. tflLl11-~\~U@~~~ L!!.I't~~gt-LflL!l-t-@n;.~W1'1.1J' I'tL(,tel:::('Ll1JtltflLl1 J o Ov 
" 

Lfl-lligfb~h!'~LU1'1.tt:[jk1.ruB~ ~ :u ' L9 f111L!Am~' 1fa\~U@lA.@':::~lA.lA. '@~Lttt-@n;.~l11fl~l1'1.('~L~~~ (j~d ) 
, " 

t-LflBtPt-Bn;,1'1.('~fl@~1'1. t1'1.('~ 06 1'1.~' 1fa\~UBlA.@':::~~~'JH~LU @~ ~le,'-~Ifol Lfl-lligfb1'1.L~1-~\~UB~~ 
" .. 

~ L!!.I'tUgt-LflL!l-1'1. t LU~~lA.~1'1.~k1.:::L6tel' t-~6LU1'1. tl't~:::LI'tk1.' ~:::('Ll11'1.!tt-~ 1-~\~U @ ~~~ L!!.I'tUg t-L fl 
" , " 

.. 
L~f1M. 1'1.~' 1fo\~U@lA.B':::~~ ~1 @~ Lrt-@n;.~l'tlfl~11'1.('~L6~ ~I't~'~ LU ~:::ru n;.1'1. t 1'1.~1't~ 1 LU ~~lA.~1'1.~ 

ru L I't-tfb~ t ~ I':l t- ,~ 1'1.~I't~m~' 1fo\~U@lA.@1:::~~~,ruLI'tW:::~" ~le,'-~Ifol Lfl-lligfb~ h!16LUt:[jk1.ruBB~' 

1-~\~U@~~~L!!.I'tUgt-Lflt-@n;,~tel't-LlA.t-L~~t-~tellt-~fb'mfl~fb'6LU@~~I':lt-~ftUo~\~UB~~~L!!.I't~~gt-Lfl 

.. no 
Lttt-@n;,~W1'1.1J' I'tL(,tel:::('Ll1~:::ru n;,1'1. t 1'1.~@'::: ~" ~ ~U @~~ ~\ftk1.1'1.IJ' fbij' Ifo \ U@~~ftk1.t-@n;,t-(,~11'6 LU fl~l 
" , 

.. 
UU~1-~\~U@~~~LIfa1't6~gt-LflL!l-t-@n;.~f1mlJ' I'tL('tel:::('Ll1L~f1M. 1'1.Jtlt-~~L~1'1.IJm~' 1fo\~UBlA.B':::6 ~ ~, ,1ft 

, " " 
no 

fl~l ~ le,1- ~ 1fo16 LU 1'1.(, f1:::6 U fl ~11-~\~ U @~ ~~ L 1fa1't~6 g t-L fl L!l-1'1. t L U ~ ~lA. ~1'1. ~~::: L6tel' t-~6 LU L!;4. 
" .. 

1'1.!tULle,t-~k1. % ~G ruLI't:::6fb~lfotU@~~ftk1.ruLI'tW~1-~t~UB~~~L!!.1't66gt-LflL~f1M.t-@~~lA.~LU~I':lULb 
" 

~ L!!.I'tUg t-LflL !l-t-@n;,1'1..!-~' ~U B~~Lfl-lligfbnL ~1-~\~U @~~~ L !!.1't66g t-LflJ1o::: L~ tel, t-~6L U L!;4.fl~l ~b' 
" .. 

-~Ifo 16L un ('f1:::~ U 1'1.L~ 1-~t~ U @~~~ L!!.I't~6gt-LflLttn t LU ~~lA.~1'1.~k1.::: u tel, t-~6 LU L.j;j,U~Ufl~~1'1.Lt-
" " 
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~~~ULd'tl L YitJU nUtJ1-:jfi:i'nJ"lI'l ~ LLrl !;tJ'l-:jfi:i':i'l-I"lI'l ~~~'tl n:nlc;)i~'hJl~ L~1l-1 LL:i'-:j LLrl!;L~1l-1 LLN ~(W:n~ n'l 

~ 

Ln:i'C;)n'l:i'FI1 

5.2 '" 'tI '!I L ~ 'U '!I U 'U:: 

5.2.1 FI'J:i'ij n'l:i'~ m~nn'l:i'~-:j LFI:i"l!;~~U:n'Vl:n~ n'lL UtJ'l-:jfi:i':i'l-I"lI'l ~~~'tln:nlc;)i~ijtIhJ'l ru ... 

~"J~'W'tl n L"lI c;ll-l'l n~u L ~'tl c;)t-Jrl'1l'tl-:j1Jhn ru~"J~~'tl n 1"11 t'f ~'tlml-l'l ru~U:n'Vl:n~ n'l ... .,... " 

, 
5 .2 .2 FI'J:i'ijn'l:i'~mt'l"llUC;)'1l'tl-:j~'l:i'rl!;rl'ltJ~Lftun'lnlfu pH '1l'tl-:j ~ 'l:i'rl!;rl 'l m ~ l-I L~l-I 

L~'tl-:jr.nn pH '1l'tl-:j~'l:i'rl:;rl'ltJijt-Jrl~'tln'l:i'Lnc;)ml-l'lru~u:n'Vl:n~n'l 
'II 

5 .2 .3 FI'J:i'ijn'l:i'~mnml-l'lru'1l'tl-:j~'l:i'rlC;)rl-:jLL:i'-:j~-:j~'J (surfactant) L~'tlLm~ml-l'lru~u:n'Vl:n~n'l 
" 

.J .l' 
'Vll-l'ln'1lU 

5 .2.4 FI'J:i'ijn'l:i'~m~n t-Jrl'1l'tl-:j r;i'J Li-:jullm-tJ'l L~l-I L~l-I L ~'tlL m~ L'Jrl'l~Lft un'l:i'~-:j LFI:i''l:;~ 

~u:n tl:n~ n'l ~'lun:i':;u'Jun'l:i' t "lIrl-L"i rlU'tltJ rl-:j 

5.2.5 FI'J:i'ijn'l:i'~m~nt-Jrl'1l'tl-:j'W'tl~L'tlVi~ULnrlFl'tlrl (Polyethylene glycol , PEG) ~1'tl ~'l:i'~ 

Fl'JUL"lILrlU (Silane coupling agent) LU~lJl:i''1l'tl-:jtJ1-:jfi:i':i'l-I"lI'l~~~'tln:nLc;)i~L~l-I:n~n'l 

Ln:i'C;)n'l:i'A''l L~'tlLmtJULYitJU~l-Iu'1iL:n-:jnrlnUtJ'l-:jfi:i':i'l-I"lI'l~~'tln:nLc;)i~L~l-I~U~'Vl:n~n'l 
'II 
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111fle.JU'Jn n 

., .-
611'11-:1 n.1 'tl~rl1.h:;n'tl'l.J"lI'tl~U1tJ'NU1tJ1~;r'tJ 

Contents name 

Total solid content (%) 

Dry rubber content (%) 

Non-rubber content 

Ammonia content (on total weight, %) 

pH value 

KOH number 

Volatile fatty acid number 

M.S.T@55% TS., SEC. 

Specific gravity at 25 °C 

Magnesium content (on solid, ppm) 

611'11-:1 n. 2 'tl~rl1.h:;n'tl'l.J"1I'tl~tJ1~fiJ'J'2-J"1I1~ STR 5L 

Content name 

Dirt, retaned on 46 aperture (% wt) 

Ash (% wt) 

Volatile matter (% wt) 

Nitrogen (% wt) 

Mooney Viscosity M L (1 +4) at 1 00° C 

~ QoQ .c:!to oiCiI4C1t. 

611'11-:1 n .3 ~2-J'l.Jj;)"lI'tl~"1I~n1"11'tJt'l'ViJ'"1I'ViLj;)j;) Hisil 255 

Content name 

pH (5% Suspension) 

Moisture (as packed) (%) 

Na2S04 (%) 

Bulk density (g/cm3) 

2 
Surface area (m /g) 

Content 

61.50 

60 

2 

0.65 

11 

0.85 

0.05 

650 

0.94 

60 

Content 

0.009 

0.24 

0.20 

0.30 

89.15 

Content 

6.9 

5.5 

1.17 

0.250 

177 

77 



~'W1.:J n.4 ~~U~'tl."tJ1"'fi:i':i'~"lI1 ~~.y;tln;'t","lf 

Content name 

% Epoxidation 

Mooney Viscosity ML (1 +4) at 100°C 

Content 

20 

85.43 

78 



1l1fUJU';In en 
CV I 0 

j;\';I'el!l1~n1'5'fl1U';Itu 

o .~ ... a 1 .. ... "11.1 n1'ift1U'lW1.J'i3J1W'f)'Vi'f)n "li(;l~1m'VIftUft FTIR 

tfhn ru,.nJ~Yh.ln len ~ 
" 

o 
.dI 

Ll-J'el a83S 

a870 

.dI 

FI'el 

.... 
FI'el 

a870 

x 100 
a870 + a83S 

o 0 
I .dI,q 4 -1 

Fl1n1J't'lt'lm'l'l..!LL~~'VlL~"1IFI~'W 835 'lil-J 
" 

o 0 
I .diI.<::::II.o::I -1 

Fl1n1J't'lt'ln~'WLL~~'VlL~"1IFI~'W 870 'lil-J 
" 
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'"I1n~Ltlnlnfl-J"1I'el~ FTIR 'W'lJrhn1J't'lt'lLL~~~L~"1IFI~'W 835 LL~:; 870 'lil-J.
1 

L'Yl1n'lJ 0.775 LL~:; 
" 

0.21 1n1l-J~1~'lJ 

ml-J1ru,"~~~'elnl'li~ 
" 

0.21 
x 100 

0.775 + 0.21 

= 21 .31% 

o ... ~ ..:::..a 1 .. ... 1 "11.2 n1'ift1U'lW1.J'i3J1W'f)'Vi'f)n "li(;l~1m'VIftUft H-NMR 

ml-J1ru,"~~~'elnl'jj~ 
" ~.70 

x 100 

As.14 + ~ 70 

Ld'el ~ 70 
., 0 0 

fii'el Yl'WVil~L~'WtA'~"1I'el~i'1!'1!1ruVi~1LL'"ti~ 2.70 ppm 
., 0 0 

AS.14 fii'el Yl'WVil~L~'WtA'~"1I'el~i'1!'1!1ruVi~1LL'"ti~ 5.14 ppm 

" 0 

'"I1n lH-NMR "1I'el~ ENR-20 'W'lJ'W'lJYl'WVil~yjn"1l'el~ ~ 70 LL~:; A S.14 L'Yl1n'lJ 1.0 LL~:; 3 .64 

1n1l-J~1 ~'lJ 

ml-J1ru,"~~~'elnl'jj~ 1.0 

3.64 + 1.0 
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21.55% 

'tI.3 n1'i~1'utnutl'hl1w TEOS m~.J1wJ1 

~')'tlth'le]'tllJ~n1J'~nM1t.J~~'tl'l'tlruViflij~ljt.J~l'l'tlmlJ1ru~U:n'Yl:n~n1~~'1Lf'1J'1:;Vl1~~ Lj;)u1,x 
" 'I '" " 

I I '" I I 

mlJ1ru TEOS f'1'1Vi Vi 30 phr ~lnn~,)uLj;)u'i:lJ~"1I'tl'lll1l'l'tl TEOS Vi 38.51 :1 Vifl1,):;f'1,)1lJLUunJ'j;) 
~ ~ 

"ll'tl'lll1tJ1'1nJ'J'lJ"ll1 ~~yj'tln:nlj;)i lj.;r'tllJ~ ~'1il .. 

" 
ll1tJ1'1 60 %d.r.c 

mlJ1ru TEOS 

TEOS (g) 

TEOS 

TEOS 

mlJ1ru~1 

Mole ratio H20 :TEOS 

~ 

mlJ1rull1 

mlJ1ru~1 

100 n~lJ 

~ 

mlJ1ruLU'tltJ1'1 x mlJ1ru TEOS (phr) 
~ 

mlJ1 rull1tJ1'1 

60x 30 

100 

18 n~lJ 

(mlJ1ru~1/lJ,)~ LlJL~~~water) 
(mlJ1ruTEOS/lJ,)~ 'i:lJL~~~TEOS) 

38.51 X (18/208.6)*18 

59.81 n~lJ 
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111 f>l1:J~'l.I~ f>l f>l 

~1'i1~ FI.1 ~ht~(?l~~~ 300% "1l'el'lm'lfi~~~"1l1~ m'lfi~~~"1l1~:SYi'eln;1(;)i~hiL~~LL~:;L~~;~nt .. 
NR-V ENR-V ESi-12 Eln-12 ESi-24 Eln-24 

2.56 2.20 2.36 2.09 5.48 9.21 

2.58 2.22 2.33 2.60 5.02 9.84 

M300 (MPa) 2.64 1.95 2.23 2.44 5.28 8.07 

2.62 2.22 2.28 2.40 5.27 9.00 

2.45 2.42 2.09 2.36 5.00 9.43 

average 2.57 2.20 2.26 2.38 5.21 9.11 

SO 0.07 0.17 0.10 0.19 0.19 0.66 

~1'i1~ FI .2 f11'Yl'WLLN ~'l~'l~ (;)"1l'el'lm'lfi~~~'llI~ m'lfi~~~'ll1 ~:SYi'eln;1(;)i~hlL~~LL~:;L~~;~ nt .. . 
NR-V ENR-V ESi-12 Eln-12 ESi-24 Eln-24 

20.88 17.78 18.65 19.99 23.19 26.63 

Tensile 20.05 18.83 18.20 19.73 19.93 24.57 

strength 20.04 19.73 19.04 19.77 24.10 23.70 

(MPa) 22.45 17.34 21 .04 20.06 21 .07 24.98 

20.85 19.46 20.64 20.80 21.34 24.23 

average 20.86 18.63 19.51 20.07 22.07 24.97 

SO 1.14 1.04 1.25 0.43 1.91 1.23 

~1'i1~ FI .3 ~:;£J:;U(?l ru ~(?l"1l1(;) "1l'el'lm'lfi~~~'llI~ £J1'lfi~~~'llI~:SYi'eln;1(;)i~hlL~~LL~:;L~~;~nt • 

NR-V ENR-V ESi-12 Eln-12 ESi-24 Eln-24 

805.37 701.38 650.19 612.84 565.18 465.48 

Elongation 786.59 673.51 698.63 654.17 451.17 587.76 

at break 839.67 706.21 688.21 692.55 503.46 518.18 

(%) 780.30 779.15 714.59 646.37 503.40 499.81 

800.01 778.00 683.61 620.05 576.87 450.97 

average 802.39 727.65 687.04 651.48 520.02 504.44 

SO 23.15 48.14 23.79 32.73 51.38 53.69 
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~1~1-3 FI.4 rh FI'l1~ LL~'l"1l'tl'lm'lfi~~~"1I1 ~ m'lfi~~~"111 ~~-W'tl n~l~i~'W L~~ LL~:;L~~~~n1 

NR-V ENR-V ESi-12 Eln-12 ESi-24 Eln-24 

43.32 42.00 45.00 45.50 54.50 51 .50 

43.53 42.00 43.00 45.50 41 .50 52.50 
Hardness 

43.00 41 .50 44.50 46.00 45.50 49.00 
(Shore A) 

43.00 41 .50 43.50 46.00 48.00 49.50 

43.13 41 .00 43.50 44.50 46.50 48.50 

Average 43.20 41.60 43.90 45.50 47.20 50.20 

SO 0.23 0.42 0.82 0.61 4.74 1.72 

~1~-3 FI.5 ri1F1'l1~'Vl~~'tln1Ji ~rI"1I'tl'ltn'lfi~"1I1~ tn'lfi~"1I1~~-w'tln~1",i~bJ L~~LL~:;L~~~~n1 .. 
NR-V ENR-V ESi-12 Eln-12 ESi-24 Eln-24 

46.4 122.8 75.1 73.45 102.8 98.21 
Abrasion loss 

44 118 80 78.2 78.8 61.01 
3 

(mm) 
48.4 126.5 91.2 85.68 87.24 50.79 

Average 46.27 122.43 82.10 79.11 89.61 70.00 

SO 2.20 4.26 8.25 6.17 12.17 24.96 

I 

~1~-3 FI .6 ri1F1'l1~'Vl~~'tln1~n"1l1"'"1I'tl'ltn'lfi~~"1I1~ tn'lfi~~"1I1~~-w'tln~1",iY1bJL~~LL~:;L~~~~n1 

NR-V ENR-V ESi-12 Eln-12 ESi-24 Eln-24 

18.26 14.63 17.51 18.61 22.31 27.71 

19.51 14.23 18.12 18.92 23.56 28.55 
Tear strength 

18.36 15.52 18.94 19.34 21 .21 26.99 
(N/mm) 

20.34 16.56 19.76 21 .22 24.54 28.51 

22.12 15.83 20.12 20.67 24.65 29.01 

Average 19.71 15.35 18.89 19.75 23.25 28.15 

SO 1.59 0.93 1.09 1.13 1.48 0.80 
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j;l1'i1~ fit. 7 '"''1 f'),)'1iJ~'tl'\J~~tUJ'1J'tl_:jtl1_:jfiJ'J'iJ"lI'1 ~ tI1_:jfiJ'J'iJ"lI'1 ~~Yi'tln;1~i~hJ L~iJ LL~~L~iJ;~ m 

NR-V ENR-V ESi-12 Eln-12 ESi-24 Eln-24 

Heat build-up (temperature 

increasetC 
8.7 6.7 10.3 8.3 30 18.3 

j;l1'i1~f1 fit.S ,",'1mJ'~'1'\JYl'1'\J~'1'1J'tl_:jtJ'1_:jfiJ'J'iJ"lI'1~ tI1_:jfiJ'J'iJ"lI'1~~Yi'tln;1~i~hlL~iJLL~~L~iJ;~m 

Oil resistance 

(Chance in 

3 
volume/mm) 

SD 

NR-V ENR-V 

141.7 37.5 

1.8 0.7 

ESi-12 Eln-12 ESi-24 

34.4 32.3 30.9 

0.7 0.7 0.7 

1.00E+04.r------------------------, 

1.00E+03 
""" ~ 
v 
:l 
'3 
'0 

1.00E+02. 0 
S \ \, ~NR-V 
~ 

\ II - ENR-V eb 

• ~ ... 
0 .... 
til 

1.00E+Ol 

1.00E+00 , ~"""q et .. q ..... 

-80 -60 -40 -20 o 20 40 

Te-IDI)('"rature (OC) 

_lei 'i' .... .... 
'alJ'YI fit.1 ~iJ~~~~~~iJ'1J'tl_:jtl1_:jfiJ'J'iJ"lI'1j;1 LL~~ ENR-20 
... 'IJ 

Eln-24 

28.6 

0.7 
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2.5 -rl------------------------------------------------------, 

2 -
I I ~ 

--+- NR-V 

_ ENR-V 
1.5 

«'I 
c: 
t'IS 

r-< 
1 

o .c; , 

o , _ 1..."- ~ ... ~::::::~:el~ 
-80 -60 -40 -20 o 20 

Temperature (DC) 

~t1v1 fI.2 tan 0 "ll'El'lm'lfiJ'J'~"llI~ LL~::: ENR-20 .. 
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kl1tJ1l1~'l~ LLn'lnkln1~(;I~ Ln~Lri'el1'kI~ 17 (;I~1fUJ Yl.fll . 2528 ~1L~"'In1~~m11 • • ., . . 
lkl~~(;)'IJ-nkl,rfitJ~~m~t1t1fi 6 "'I1nt~'H1tJkI~(;I1~~'VI~tJ~1n1~ r.r~~1'~~~'VI~tJnn1~ L~'el Yl.fll. • • 
2547 ~1L~"'In1~~m11~~(;)'lJill'll 'll1 (;11 ill'll 'll11'V1tJ1 fll1 ~ (;I~U ru.;i (;I~1'1l1 Lfi1ij~ (;I~1~m~~­

Lfi11'fl~n'fl1 Lfi1~1~i "'11 n fi1 ru~1'V1tJ1 fll1~ (;If ~ t:l1UklL 'VI fi1 tklt~tiYl ~~"'I'el~ Ln ~1 Lr.r1 fi1 ru'VI~1~ • 
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