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Q ~ Q,IQK Q.IQ I t 
4.1. nT-a1 LA ·n ::V1a11u i;tVlt.1i1u'V11 •rn1 wnw a 11u i;i"V11,:ma ,:ma:: A 1111'Vlt.1'VI 11..1i;i e11..11,ie1.:i a1 "a .. 
vJe1avJe1i 

4 .1. 1. a11u~'V11.:imvmVl (Physical properties) 
.. !"i' ., 

4 .1.1.1. fl7'a'JLA'a1::VI tfl'a .:ian:i 

fl7'i1 Lrl 'a7~VILl'l'a-!!,fh:i'1lcJ.:!'17'a'WeJ'1V'lvfl. 'U16 X-ray crystallography zj,:i 

t1lf'lt1Firum.1~fll'a'Ltt11 L'Ut.l (Diffraction) '1lv-:i{-:it4LcJfl'llL~eJcit1-:ieJ1t.1 Lrl'a-:ia{1-:it-J~fl 15'1vi 11 ,..,'\ll'al'U 
' 

'alt1i;l~LBt1lilfll'i'1lilL1t1-:i~1'1Jt1-:it1~i;it1lJ 1 u 'tr1"a-:ia{1-:it-Jiin 1v1mh-:ii;l~ LBtllil't.h~mru 1 A zj,:i 1v1t-Jl;lfll'a 

'Vlli\i;lel-!l~-!l'a'U~ 4.1 LLi;l~ 4.2 
'IJ 

5000 I 
,--. --c-;i ._.., 

4000 I~ -- 8 .:i N = 0 

ll~g = ._.., 
0 3000 

I u .._, 
,e, 
-~ 

2000 = <I> .... 
= .... 

1000 

0-+--..-- ~~-..--~~~~-~~~-~~~-~~----1 
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20 (degree) 

Jtl~ 4.1 X-ray diffraction pattern '1J€l-!la7'a'W€lavlvi'1J'Ulil SrAl20 4:Eu 
2

+ 
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Peak List 

a 

I I 11 .1 1111 ,, I 1l11lliii 1l~l~l i11ln~l11 l1 I.I .L1~JH l1rl1il11illk1il11,i1l 111L1~Jll~Jt11 
b 

ti .. . .. 1 •• 1 ' 4 2+ tl'" .. .., J 'VI 4.2 X-ray diffraction pattern '!Jel-3 a. '111Tiel'1TieJ'j'1f'U\;J SrAl 2O4:Eu L 'jEJtJL'VlEJ'Ufl'U b. 

!1'U'!lell,j'1 Sr(Al20 4) L'ULLYh.J'!Jell,!'1 JCPDS ~l.J1EJL'1'!J 01-076-7488 

fl1 'ji Lfl'j 1 :m1fl-s-3'1{ 1-3~ ~ fl'!J el-l'11Wl el'1W ei {'!lU\;l SrAl2O4:E u 
2
+ -wu11 "'n'l!lru ~'llei-lvi fl~ 

U'j1fl!J L'Uitl~ 4.1 m-lll'U'11'jL~eJ-lLL'1-l'!lU\;1'1\J\eJ'ULvim.m~~iJL'U\J\L~eJ~ hLtlm.J (SrAl20 4:Eu 
2
+) L\;JEJU 

Ylfl~~1m,,,J-3 2-theta ~-S~'U1'U (020), (-211), (220), (21 1) LL'1~ (031) (Bern et al., 2009; Bern 

et al., 2010) zj-3'1eJ\;Jfl~eJ-lf1'U"'fl'l!ICIJ~'tleJ-lvlflmm~1'U 1 'ULLYh.Jimrn JCPOS \.ll.J1EJL'1'tl 01-07 6-.. " 
7488 zj-lLU'U'lJeJ-3 SrAl20 4 ~'3U'j1fl!]L'Uitl~ 4.2 

4.1.1.2. aru11'U1'VIEJ1 

~1flfl1'j1Lfl'j1~i.1~ru~1'Ui'VlEJ1'tlel-l'11'jWeJ'1WeJ{'!lu\;l SrAl20 4:Eu 
2
+ iii'1 EJfl~el-3 .. 

~'1m1?1ufo~nmmJLL'UtJ~ei-lm1\;l LL'1\;l-l~"itl~ 4.3 

'jtl~ 4.3 ~ru~1'Ui'VlEJ1'!JeJ"'11'j'WeJ'1Weii'llu\;l SrAl20 4:Eu
2
+ ~n1"'-l'!J£J1EJ (a) 200 LY11 LL'1~ (b) " .. 

1,500 LV11 
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\I 1n n71'Vlvl?IB'U ?1lJmi'Vl1-:i~ru~1'Ul'Vl cJ7'lJB-:J?l71'Wel?l'W e:i1'1!-uvi Sr Al20q: Eu 
2
+ ~1 cJ rni' 8-:J .. 

\1'1'Vl11PltH:iL~nvl18'ULL'U'I.J~e)-:Jm7vl\1~1~[:.J'1vl-:J1tl~ 4.3 (a) LL'1~ (b) L~B~\171t\J71U 4.3 (a) ~ 
' " " 

n7"'-:J'lJcJ7cJ 200 L 'V17 'V'l'U17?171 'We)?l'We:J1ihtJ~7-:J 1~LL 'W'UB'U 'lJ'U7vle)'Ufl7flijm1m~\17tlli11AB'U'U7-:J 
" ' 

?1J1L?llJe:Je)V~tl1~lJ7t\J 60-100 µm LL'1~L~e:J~\171t\J71tl~ 4.3 (b) ~n7"'-:J'lJcJ7cJ 1,500 L'V17 LD'U 
" " 

4.1.1.3. n7"a1 bfll "a1~\1el-:Jf'ith°::nB'U'Vl1-:J bFtii 

.., ' '. I "" • . I .,I ' .., 2+ 1 " .., n711 Lfl11~Vle:J..:Jfl u1~ n 8'\J'Vl1..:JLfllJ'lJ8..:J?l11 Y18?l y1€J1'lJ'Uvl SrAl20q:Eu 'lJV1'1 nn11 

vivin~'U1'..:i~B'U'W17 L 1v1 (Infrared radiation; IR) 1'-:i~\I~ ('lnL tl~ cJ'U 1 tJ L D'U'V'l"'..:J..:J1'U'lJB..:im1 i'U'lJB..:J 
\J " 

blJL'1~'1 vh1~Lnvln71LU~cJ'ULLU'1..:J dipole moment \l~vl11\l'V'l'U1'U?ILUflvl'fo IR '11-:i1~t:-J'1n71 

'Vlv1'1ei..:ivi'..:i1tl~ 4.4 
" 

4000 

V') 

'<t' 
M 

3500 3000 2500 2000 1500 1000 

Wavenumber (cm-
1
) 

0 
V') 

'<t' 

500 

'.J7 n1tl~ 4.4 L tl'U"' n~ru~Ylfl n11viv1 n ~'LI 1'-:i ~B'U'W11 L 1~'lJ B..:J t:-J-:i?l 11-w ei?l-wei1'1!-uvi 
\J " 

SrAl20q:Eu 
2
+ 'V'l 'IJ17?111'WB?l'WB1~vin~'U1'..:J~B'U'W11L 1v11'U-d1..:iL'1'lJfl~'U 900-400 cm-

1 
'11..:itl11nnYlfl 
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~~1LlVIU-l 845 cm-
1
, 781 cm-

1
, 640 cm-

1
, 450 cm-

1 
LL":: 424 cm-

1 
(Zhu et al., 2009b) lvie.i 

r111l..l tl11fl~tJth ::m ru 781 cm-
1 

Ltltin1'Httiuuueivi~'1l..lmm (Symmetric stretching) ~ 

(;11LLVIU-l 450 cm-
1 

LL":: 424 cm-
1 

LU'\Jm'j«tJLL'\.J'\.J-l'El~'1l..lmm (Symmetric bending)~ 

(;11LLVIU-l'U1-l 845 cm-
1 

LU'\Jn1'j«'\JLL'\.J'\.JVvi'EJ'1l..ll.J1~'j (Antisymmetric stretching) Lrn::~(;11LLVIU-l 

'U'N 640 cm-\ tl'Un1'j«'\JLL'I.J'\.J-l'El'El'1l..lmm (Antisymmetric bending) '!J'El -1 AlOa LtJ SrAl20 4 

(Nag and Kutty, 2003; Nag and Kutty, 2004) i-1dei'-1wuiifl~(;11LLVIU-l 3451 cm-
1 

;-lLUtJn1'j 

«'\J'!J'EJ-lVltj 0-H ,J-1u€Jnn-1m1l.J~'\J~'EJ~ L tJ'11'jW€J'1•,fo{~-1nci11 

4.1.1.4. n1'i1Lft'i1::\1'!J1J1Vitl~l11fl 

n1 'j1VJ'!JtJ1 vi€JtJl)1fl'!J'El-l~-1 '11 'jW €1'1W 'EJ{'lJiJvi SrAl20 4:Eu 
2
+ v11'1 ti L 'VlflUfl n1'j Li tl1 L '\.JtJ'!J'EJ-1 . 

fl~'\.JLL'1-l (Laser diffract ion) 1"1mln1'j'VlVJ"'El-l~-l'jU~ 4.5 
" 

16 .-----------------=====::r 100 

14 - • - Differential volume 
-o-Cumulative Volume • I' - •• 

~ 12 

1 \ 
0 
'-' 
~ 

5 10 
= 0 I . > 8 
-; 

·1 \ ·.::: 
= 6 

~
I . ~ 

i.. 

~ 
~ 4 i \ ~ 

2 l • \ 

80 -~ c:, -~ 
5 

60 = 0 
> 
~ 

40 -~ -!: = 
5 
= 

20 u 

• 
0 

\ 

-1=:zzp:i;t~~DI!!!!~~--~ ............. ~ ..... --J_ 0 

0.1 10 100 1000 

Particle diameter (µm) 

SrAl20 4:Eu
2
+ Yi'\.J11'11'jW'EJ~'Wtiiii'!Jti1vi'El~mfli-1u(,1tJ'j::l.J1ru 20 µm n-1 105 µm iim'jn-S::'11t1 

i1f'l'EltJ'U1-l~tl1L'1l..1€J ~1tJ 1 viqjii'!J'U1VJ'EJ~fl1flLVhnu 70.3±23.6 µm 
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4.1.2. m.1u~'V11•ma~ (Luminescent properties) 
d d 11 

4.1.2.1. fl11l.lEJ11flil'l.l'Vlm::1J1u • 
f11'S'\111rl'l1l..JEJ11i'l~'l.lv1 m::111'\JL U'l.lf11 'S'\111 i'l11l-l EJ11 fl~t.1vi L '\lll..J1::G'lm vfo 1. tlm:: 111'1.1 . ' 

1~1G'l(;]U'1(;1U'10EJLLG'l·H'l.:JG'l(;l L(;]EJ f11'Sf11'\ll'l.l(;li'l11l-lEJ11i'l~'l.lv11Jl-s1'iJ1(;1L'V1111tJ 515 nm LL~1L~i'l11l-l 
' " ' 

c 
•;j 

= ~ -= ~ 

4000---------------------
)., = 365 nm 

' 

3000 

2000 

1000 

0-+--------~-~--------------l 
300 350 400 

Wavelength (nm) 

450 500 

-J1mtli1 4.6 mtlA1J11l-l'lJel.:!f11'Sm::111t.1'lJv.:JG'l7'Svlm'tvlv{'lJ'U(;l SrAl20 4:Eu
2
+ 'WtJ11L~tl 

" ' 
m:: ~'l.lG'll'Si'lvG'lvl 0{~11 EJl'l11l..JEJ11i'l~'l.1~1.:J 1 ?17'Svlv?lvJ ei{-J:: 1 ~f11'SU'1(;l'U ~tlEJ LL?1.:ivil1m1l..l L -ff l-l 

~1.:int.1 L(;]EJ?l7'SvlvG'!Ylei{'lJ'U(;l~.:Jmh1G't1l..l1'rn1:1nm::111'\J 1.~~ 'l.l'l!'N LLG'l.:J el'1~'S1 L 1 Lm'1~ (Ultraviolet 
" ' 

light; UV (100-400 nm)) L(;]EJLU-w1::'1l1.:i UVA (315-400 nm) zj~'iJ1 f1~'1f11'S'V1(;1'1eJ.:!?17'SvleJ?!YleJ{ 

'1l'U(;ltl'iJ::1:1nm::111t.11.~~v1G'l(;lv1m1l..lEJ11i'l~'l.ltl-s::mru 365 nm 
" ' ' 
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d d. I . 1 ' 
4 . 1.2 .2. fl11lJfJ11flil\J'Vluil~ui\tlfJ 

n11~1A11lJEJ11A~'U~U'1~U~vEJVl~?lvU1~EJn1~'U~A11lJEJ11A~'U~1tln1t(,]'U 
' , ., ., ., d ..1. 1 . 1 ' 1 ' d .,, 

Lmnu 365 nm LL'11m1'11~A11lJEJ11A'1'UV1u'1~u'1vEJvvnm 'U'IJ1.:JA11l.JEJ11A'1'U 450 nm CM 

1
., ., .1..i 

600 nm ~~mn11V1~'1v.:JLL?1~.:i~.:i~uV1 4.7 

4000 A- 514 nm 
' 

3000 

c 
·;;; 
= 2000 ~ .... = -

1000 

o---~---~--~--~---~---l 
450 500 550 600 

Wavelength (nm) 

• I d ti ., . I ti ' .. 1 •• 1 ' A 2+ l u'VI 4. 7 m A\Jl1l.l'tm.:in11u'1~ '1vEJ'!Jv.:J?l1fov?lnv1'1J'U~ SrAl2O4:Eu 

-;,i1mtl~ 4. 7 mtlAIJ11lJ'!Jv.:Jn11tli1~tl~vEJ'!Jv.:J?l11Ylv?!Ylvi'IJii~ SrAl2OfEU 
2
+ ViU'J1L~v 

\I 

. . I .,I ' ., .,I . . I 'ti ti ' ..I"" d ti ., ?11111v?lnvwnmt1J1'U ?111nv?111v1 "~ '1vVLL?l.:JVllJA11l.W111'l'1'U 1tmru 450 nm ci.:i 600 
\I ' 

nm iii.:iiim11JL'Ul.JLL1J1Mh.:in'U 1~vtl'1~tl~vmL?t.:ivliim11JL'UlJ?l.:J?1~vlm1l.l v11A~'Utl1t1J1ru 514 
\I ' 

nm ~.:iLU'ULL?1.:i{1L;v1 Ln~-;,i1naL~n1J11v'Ui'U'Uvn?l~'!Jv.:i Eu
2
+ V111'U;i'Uvl1tlii'u·t·H9'.:i.:i1'U 

' 
4f'5d

1
---+ 4f

7 
(Clabau et al., 2005; Bern et al., 201 l b; Chen et al., 2009) mh1fiv L~l.l 

Q ~ ::: 2+ I ..: .r 4 ..: - .... 7 d II V .... 

m'1nmv'U'IJ'U'Uvn?t~'1rn.:i Eu vEJV1?1C11'UtVi'UmvV11t~UVii1.:i.:i1'U 4f Ll.lvcinmt1J1'UmEJVi'1.:i.:i1'U , ~ ~ , 

LL?t.:i~~v 1 w1J1v'UvliiVi~.:i.:i1'UL ~mt?tl.lvh 1 ~~L~n1J11v'Uv!i'UVi~.:i.:i1'U 4t7 v1v-;,i1mi1LL~u.:iL~l.l 1 tle!.:i 

?IC11'Utn1t(,]'Uv!i'UVi~.:J.:J1'U 4( 5d
1 

mh.:i hnml.JBL~nmv'Uv!?tm'Utn1t(il'U ( 4( 5d 
1
) ,r'U h]ijm1l.J 

' ' 
L?I~ EJ1 LL'1 t L ~ v 1 ~ Ln ~ A11l.J L?I ~ EJ1 BL~ n \JlW'U~.:Jtl'1 ~ti~ vEJVi ~.:J.:J1'U vv nm 1 ~(;11lJ'UlJ1v tjvl1t lil U 

'-' Q 4 ~ ,if ( 7) .,J -, - I 

Vi'1.:J.:J1'UL~l.lmvV1?1C11'UtVi'U 4f •1i.:i1Jm1l.JL?IC1EJ1mnn11 
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4.1.2.3. 'j::ma 1f't1n1'jfl.:JelV'tlel.:Jbb~.:J'Vh..lflvltlam.1vilii'.:ivivv1n'j::~'U " . . 
nT~'Vlvi &'!€JUL~ €JV'Ue1'm::: ti::: L 1'11 n11fl.:i t1tj'1l t1.:i LL&'l.:J~"111vl t1 &'lvlt14tl'1v1i.Jcit1 tl'\/1~.:i 

,,mv1n'j:::~\J vi1L())bv1t1tl1"11'jvlt1"1vlt1fttlm:::~'U\i11mL"1.:J UVA (315-400 nm) LU'UL1'11 5 mv\ LL"1 . . ' 
1vl fl1 'j L ,.I~ m .. m tl'1.:J'lleM fl11il L 'Uil LL&'l.:J~tl "v1,J~ €J tl'Vl~.:J'\/1~ vim::: ~'U~';i::: ti::: L 1'11 ~1.:J 11lii' ~rn fl1':i'Vl vl'1 tl .:i 

LL&'lvl.:J~.:J1tl~ 4.8 
" 

3.0 

"8 J 
---"O 
Cj ._.. 
c 2.0 
·;; 
= 
~ = 1.5 .... 
~ 
Cj 

= ~ 
Cj 1.0 r,J 
~ 

·= 8 
= 0.5 
~ 

0.0 
0 

• 
\ 

\ . 

10 

"'--... 
-............. 

--■-----■ 
20 30 

Time (s) 

40 50 60 

';itl~ 4.8 ';i::: ti::: L 1 '11 fl 11 fl,:Jtl ~'lJ €1.:J LL&'l .:J~tJ '1v1tlci tl tl'\/1~.:J'Vltl vim::: ~\J'lJ €1.:J &'11 'Svl €J &'lvl t1i'llU vi 
" ' . " 

SrAl204:Eu 
2+ 

'11m,J~ 4.8 ~u11 h1'll1.:iLL ·rnV1~.:i,,mv1m:::~'W"11':il'lt1"1Ylt14 LL&'l.:i~ ,J"v1tlcit1t1:ufl11iiL-iiii&'l.:i 
\I 'I , 'U 

LL'1:::'1v1 '1.:Jtl ~1 .:J':i1 vi L ~1 LL'1:::'\/l~.:J'11 fl 20 1'U1vi fl11U'1vlU'1€J t1LL&'l.:J'11€J.:J&'l1':ivl€l&'ll'l€l {:ufl11il L 'Uil LL&'l.:J 

'1vl L V1~t1tl1:::mru 20% '1.lt1.:ifl11rn -uii L~ii '11 mTtJn11'1 v1'1.:J'll t1.:ifl11m -uii Lb&'l.:i~,J"v1i.Jciv tl'tl1'1.:J LL'1::: 

I ti d 
fltl\J'1l1.:J fl.:J'Vl 

fl11il L -iiii LLG'l.:J~&'l11vl tl&'!vl t14U'1 v1,Jci el t1"11"1';i Cl L vi t1Uf7Ufl11il &'111.:J 1 'W;a1 \11 U1::: ~11'\J L\il~.:J 

\11111.:ivi 4. 1 



6'17 ~f\tt-11:-Gt!llllA.tLUt!l':l,\!)t ~t-L~Lt!t.i~r.l~t~LfMW. Hd L~t-t!f\ml.r.l~f\itLUf\G~IH,t~r.lllll Lf 

p.,, f\ t L!",@~i +l3:11ozWJS lllQ,ll.}@t,i.~@t,i.tL~t-@o.t-tif\ ,mr.i~f\ itLu~~Ltt.!it;tLU 

}@t,tl:!@t,ttLl,!t-@11.C,~fill,t!l,!tLUULI!: Lrtt-@11. Hd L~t-t!f\11nfil~[l,1tLU ·r£·rv ,. . 

~L!",G~t\lA.tLUf\G~llllA.tLU ~ t-L~Lt!t.i~rrntn & (Jeq =>1:iauaew) U~vl. 1ft11t-y1, 11r.ll'.,,\!)t\tu U_t1.v1.Lfi ,. ,. 
r.lllll nc,~ 0Z/1 n._vLi,t iLr,n._v}@ t,i.~@tAtL~t-L~v1.~tnc,~Lt~~n i L!",P, ,,f\ t}@t,i.~@t,i.tL~Lfir.lllll Lr.l~~Qf\ ,. ,. 

t-~ 1 ~l'.,LLJ~t\ 111ffe11Ll'.,l,!@~t\lA.t LUf\G~llllA.tLUt\f; i}@t,lo~Gt,i.tL~t-Gll.Lf G~t\lA.tLULi;\.U~tLU 

(a:::>ue:is,saJ Ja:ieM) Lrt@~f\lA.rtLt~ ·£T17 

8L 

z-s·o 

s 
OS 

001 

oos'z 

ooo's1-ooo's 

ooo'ooo'L 
W/p::> 

z 

,. 

t,i.tt-m1~Lr.lLl.ft\t\lll'.,~t\: 

~u~ 0017 ~ir.iw (8'0 t\G):1,~~rtW.l) L~~i;\.L\ll~W 

~u~ 0017 ~ir.iw (8'0 t\G):1,~~rtLU.l) LIA.,~i;\.L\ll~W 

~u~ 0017 ~ir.iw (8'0 t\G):1,~~rtLl'.,t.!) l'.,Lll.~i;\.L\ll~W 

N,\llrt~1tlA.t\l!:~tM.t-Gll.l'.,1':1 p > ,.. -
n. 

~til!,rnt iG@t!t,1-lllGt!vl. 

~& c,~,i~t lll@t!vl.t-GO.~t 



14...-------------------------, 

13 -

12 · - · -·-··-•-• 
11 

,. .. 
10 

9 

8-
I 

7 -+--.--~, ---.--.--,~-...... ,--r---r, -.....--....---.---1 
0 2 4 6 8 12 

Time (h) 

79 

'11mtl~ 4.9 1-r:rn..J~l.lit.1fl'Ha•r:h-mrn:::rnn~awrhrnvlt1fomL-dtl1nuA1 pH 'Ut1,n!1 
" " 

'Y'lu11u1mi1a1-svlt1avlt1ft tlLL -dtl1 A1 pH tl1Ltl~t1tJLLtl'1.:i l~t1it.1vl'11m~l.lnA1tl-s:::mru 7.5 1.tlL tlt.1 

11.0 .rne.11t.1-s:::t1:::L1'11 5 imvl LL'1:::L~t11i-s:::e.1:::L1'11LL'litl1L~l.ltt.1'1:::L~t.111A1 pH -ut1.:itl1'1:::L~l.l 

tl~1.:i'tl1 '] L ~tl.:i'11 m~t1a1-svlt1avlt1ivhtllj n~t11nutl1'1::: Lri~tlljii~e.11 Lfl L~'S L'1;a (Hydrol yzation) 

LLa~.:i!i1,:Jal.Jfl1'S~ 4. 1 (Chen et al., 2008; Peng et al., 2006) Lfl~'St1ni6'1Btltl'\J L~'11nm-s 

a'11eJ(J)'J'Utl-!I SrAl2O4 '1-!1e,J'1~t1m-stlfo(J)1'Ut1.:iA1 pH ,rn.:itl1L~l.J~.:itt.1 

(4.1) 
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d ~ ., 4 , 

4.1.3.2. m ·m.Jf!vuu.\Jf!.:i ~fl1<1'111.:i~f!n-uv.:im1vlv'1vlv1 

rn11Lm1::'Vl1A1.:i'1h:i~fin'Ut1.:J'11'iYlt1'1Yh1i'llii~ SrAl2O4:Eu 
2
+ flt1tJLLn::'Vl'1.:JLl'li 

J1vi1:: v:: nm trh.:i 1 L~t1m1\l'1t1tin11L tJ~mm tln<1'Ut1-:i LA1<1'111.:i~fin'Ut1<1'11'iYl t1'1V'lt1i V1~'1t1u t~v 

L'!JLVlfliifl X-ray Diffraction (XRD) 1~tmrn1V1~nt1.:lLL'1~.:ii;i'.:iitJvi 4.10 

Soaked at 6 h (Scum) 

Soaked at 6 h 

Soaked at 4 h 

Soaked at 2 h 

Soaked at I h 

Unsoaked 

10 20 30 40 50 60 70 80 90 

20 (
0
) 

i \Jvi 4.10 X-ray diffraction pattern 'Ucl.:l'111Yl t1'1V'lt1i'!lu~ SrAl2O4:Eu 
2
+ flt1tJLLn::'Vl'1.:lLL '!!'11vi 

1::EJ::L1'11~1.:J 1 

'11 nn111Lfl11::'Vl1r11.:i'111.:i~ fin'Ut1.:J'111V'l t1'1 V'l t1i'llu~ SrAl2O4:Eu 
2
+ ~1m Vl f1Uf1 X-ray 

d iffraction (XRD) 'Vl'1.:lLL'1!'11 V'lU"m~m.1::Yif1tl11n!)i;i'.:iitJvi 4.10 '1::Li,;ui1'111V'lt1'1V'lt1iviLL 'li\l1Li]u 

L1n1 1 -8'1 LlJ.:J 1l.JV'lUfl11Ltl~EJtJLL tln.:J'Ucl.:J Lfl1.:J'111•m fin 1~mr.:ir1.:itl11f1!)Yir1'!Jcl.:Jfl11LiEJ1L UtJLL'1.:ivi 

tri1LLWU.:JL~lJ L~mtl~EJULvim.J X-ray diffraction pattern Yifl'171V'l t1'1V'lt1i V'lu11v.:ir1.:i'1t1~ri~t1.:i 

nuvlr1 Monoclinic phase diffraction 'lJcl.:l Sr(Al2O4) zj.:,m~ntmvh.1-ii'mJn JCPDS 'Vll.11t1Ln'lJ 01-

076-7488 t1~i (~1tJvi 4.2 (b)) ~1u'111Ylt1'1V'leiiviLL'1itl1Hmun11 1 -a'11lJ.:i fl11lJL'!llJ'UeJ.:J'Vifl\l:: 
'Ii '"' 

n~n.:JL~m ~m:m::nm1urn1LL'litl1 t~EJvinn1 6 i1 Ll.l~ '111V'lt1'1Ylei{i~~1i.ivineivtl1LLn:: 1l.lneJEJ 

J1 \l::V'lurn1L tJ~ EJtJLL tJn-:i 1r11.:i'111.:i'Ut1.:i~~ nei ~1.:im n ~.:i Lrn,11~\11 n~ r1vitJ11 f1!)\l::iim1lJ L <ul.J LLn:: 

tri1LL'VIU.:J'UeJ.:J'ViALtl~vu1tJ\l1m~lJ fam,m1::vitri1LL'VIU.:J 20 Lvi1nu 28.47, 29.36 LLn:: 30.02 ei.:ii'11 

LLn:: L~ tl'U1 X-ray diffraction pattern vii Lf111::V11vit tJL viEJUl1U LL ~ lJ'Uell_ln JCPDS V'lU11 
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G'leJv!Aie:i-:inUG'll'SB'W') mnn11 10 'llUvl 1vivhJG'17l.J1'SCl'S:::'4b~17L tl'WG'll'Slv! n1'SL'U~V'I.JLL tJMd 

:irl iL ~'W17G'IWW eJG'!Yle:iiiir111lJ'\ll 'W'V11'W~mJ1vi~e:im1l.lt'W 1Ji'l. m:::~uvi~-:i L vh'1'1.J Vl1 nG"11-svlm,Yle:i{ 

e:iv'1 '1.JG'lm1:::L~e:im um 1'17'1.J1'1.J~:::vh 1 iG'llJU~'1Je:i-:iG"11-svle:iG"1Yle:i1L tJ~vmL 'U'1-:i1 tJ ~1mrnm-s'Vlv1'1e:i-:i 
\J 

1m-:iG'lf 1-:i~~m 'U~V'WLL 'U'1-:i 1 tJ 'l'i11 iJ1\-11Jn'1J€l-lG'l7'SYl€lG'!Yle:i1~:::'1v1'1-:i G'l7l.J7'S'1'1€lm wiie:iJ11~ LL"1 :::~ 

'1JeJ,:jG'l7'SWeJG'!Yle:i{~:::L'U~V'I.J~7n~L \,j~e),:j'I.J1'11 'ULU'I.J~'1J71f{n,;ru:::r1i1mLu-:i~-:i-stJ~ 4.11 
\J 

Phosphor powder 

Unsoaked Soaked at I h 

Soaked at 4 h Soaked at 6 h 

Soaked at 2 h 

\ti? . -- ,, ..,. 
-~ ~ - - .ij' ;;· 

,;; .~,i, ,v • ,.k "':, 
~~,..,".,. .r--

"'"'~~ !".-~-~ 
' ···-ti~~ -

... :t:'>'-~J:~-'11-,~ , .;...,. ,_.,.:.• .... 
Soaked at 6 h (scum) 

Jtl~ 4.11 f{n,;ru:::~-1"11-svle:iG'IYle:i{'lli'ivi SrAl20 4:Eu 
2

+ fl€l'I.JLL'1:::l-1f{-:iLL'liJ1~L1'17~7-:i') 

~1mtJ~ 4.11 f{n,;ru:::~-:iG'l7'SW€lG'!Yle:i1'lli'ivi SrAl204:Eu 
2
+ fleJ'I.JLL'1:::\-1f{-:iLL'liJ1v,iu11 L~e) 

\J 

,J1G"11-svl e:iG'IYle:i-s'1 tJ LL '1iJ1'1'i11 ~~ mi::: fl n,;ru:::'1Je:i-1G'l1-svle:iG"1Yle:i1L tJ~V'I.J 1 tJ~1 n L~h.1~e:i ~1 n L~l.J~ii~ 

4 cl V V ~ .:iii .. Id :'1 q ~ V .c::il.., ~I 
L Vlf!e),:j'I.J1'1LL'1~lJ"1n'\!tru:::r1'11VLl.Jv!'\ll'SlV'1::: LeJVvl L u'1V'I.JL u'I.JG'l'1J71 'I.J7Vl'I.JnLU7'1-:i LL'1:::l.J'1ni;ru::: L u'I.J 

ne:i'I.J L;j e:i 1 -if LL -s-:i n vi~ :::'l'i11 ici1'1.J~ L tJ 'I.Jn e:i'I.J'1'1.JLL(i1 ne:i e:i n~ :::ii f{ n i;ru::: rii 1 v LL u-:izj,:iij L d e:i "1::: Lu v vi 

1J1nn-:i1G"11-svl e:iG'IYle:i{~1l.iLL '1iJ1 ,X-:id-s:::v::: L1"17'1Je:i-:im-su 'li'11~L~l.lt'I.J'l'i11 iG"11-svle:iG"1Yle:i1 L'U~V'I.J 1 tJ 

mnt'I.J 1vivci1'1.J~L'U~V'I.J 1 tJci1'1.J 1 VIC\J'1eJVli7 



d ci II 

4.1.3.3. fl1'Ulf.111fl~'IJ'Vlff'a::~'IJ • 
m 1 ~ 11\l'1el'Uf'l11 l.J EJ11fl ~'IJ~ m:: ~'IJ'Uel-!l~11~ el~~el{ f1el 'U mi ::'\/1~-:i fl 11 LL '1hl1~ 

' 
1::tJ::L1'11~1-!l ') 11i1e-J'1f\11'VIV1'1el-!l~-!litJ~ 4.12 

0 
·;;; = 
~ = .... 

4000-r-- -------------- ----~ 

3000 

2000 

1000 

I 
I 
I 
I 
I 

,,, -.- ' 
" .-:-- .... ' ,,, ,,, •. ' 

,, 
,. ' - -- ., .... ~ ......... : ' 

/ .. -·· ,, 
/ .· 

. ~. . .. .. .. • .... ~ ........ 
I ,. '• ..,_ 

--Unsoaked 
- - - Soaked at 1 h 
----·· Soaked at 2 h 
--• • • • • Soaked at 4 h 
• • • • • • Soaked at 6 h 

, 
• .... ' 

, A.= 365 nm 
·,., 

' 
' . ' ..... ' 

. ', 

.":-~ . ' , · 
• ~ ... ::-

o I • ·;_.,..,.,:?":':J 
300 350 400 

Wavelength (nm) 

450 500 

-s\J~ 4.12 mtlri~~l.J'Uel-!lfl11m::~'U'Uel-!l~11~el~~el{'1luvi SrAl20 4:Eu 
2
+ f1el'IJLL'1::'Vl~-!lf\11LL'li'11 

\I ' 

\l1mtl~ 4.12 ~Ltlri~fl.J'Uel-!lf\11m::~'U'Uel-!l~11~el~~el{'1J'UVI SrAl204:Eu 
2
+ f)el'ULL'1::'Vl~-!l 

" ' 
fl11LL '!ltl1vnr:h \l:: 1 ~v\'1 LL 'Vl'\.J-!l'Uel-:i¥lri 1l.i~1-!l\l1m~l.l mh1~el~1m1n1:1 fl m:: ~'U 11ii'~~~vi~m1l.l EJ11 

" ' ' 
fl~'Utl1::mru 365 nm el~1-!l bnml.J~11~el~~ el{~mrn '!ltl1\l:: 1 ~f'l11l.JL 'Ul.J'Uel-!l¥lfl'1V1'1-!l LL~Vi-!l 1 ~ 

" 
L i1'U11 ~11~el~~ el{~ LL '!lJ 1~1l.J1 wtl '1VIU~ elEJLL~-!l 11ii'ti' el EJ '1-!l 
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4.1.3.4 . fl1111V11fl~'U~tlt1~tl'1elfl 

n11m1vml\Jl'l11l.Jtl11rl~i.J~tlt1~tl'1t1EJ'tJtl.:i"111vhlG'!Yhlirit1i.JLLtl~V1'1.:if111LL'litl1 

.. ' 1" ., ti .. Y11~EJ~L1t11~1.:i'j (ilt:.Jtlf111Yl(iltltl.:J(il.:ii Y1 4. 13 

c 
-~ 
= ~ .... 
= -

4000 ,., 514 nm 

3000 

2000 

l000 

, I..~ 
/ I .._ 

" ' ' ...... 
/ ,-• I · . , ' 

I • • I \ 

I I I ' : .. . , .. • ' 
l,I ,•• I .,. ' ' 

,_~,._,,:· ...•• ·:· ::-.. ·.,'' 

--Unsoaked 
- - - Soaked at 1 h 
- .. - .. Soaked at 2 h 
• • • • • • • Soaked at 4 h 
• .. · .. Soaked at 6 h 

/' :'... : • ''. \ \ 

1.'/: • I • • ".. • \ ~,;:.. : • :-, '·.' 
r ·. • ' '' 

'f,( • :. ·.' 
f t :'• I • ':,',\ 

t/.'· ,., = 51 1 nm -:.",, 
,4,'.•' ..... , 
.- • :~~.:;~~:.::.~::°;;;~ .. 

•>-:ii 
0 -+------.-------,.------r-----,--------,.-----1 

450 500 550 600 

Wavelength (nm) 

1tl~ 4 .13 mtlr1~1°l.J'tlt1.:in11tlt1(iltl~tltl'tlt1.:i"111vlt1G'lvlt11°'l!U(il SrAl2O4:Eu 
2
+ nmJLLtl~V1'1.:if111LL'litl1 

" 

v1nit1~ 4.13 m tlr1~1°l.J'tlti.:irn1tlc1(iltl~t1EJ'tlt1.:i"111vlt1"1vl t1i'!Ju(il SrAl2O4:Eu 
2
+ nt1i.JLLt1~ 

via.:i f111 LL 'lltl1'W\J11 G'l11vl tlG'lv-1 tii Ld min m~ !,li.Jv~tltl (il \.l~ tiEJ LLG'l.:i~iir111l.JEJ11rl~i.Jtl1 ~l.J1 ru 450 
" ' 

nm i1.:i 600 nm L(iltlG'l11vlt1"1vlt1irit1i.JLL'!jtl1v~tl11novlr1rn1tlt1(iltl~tltJLLG'l.:i~r111l.JEJ11rl~i.J 514 

nm zj.:i L tlii LLG'l.:i~ L ;EJ1 L~t1~1iJf111LL 'lltl1"111vlt1G'lvlt1i~~mL 'lltl1v~tl11 n!)Yi r1rn1tlt1(iltl~t1EJLLG'l-!I~ 

fl11l.Jtl11rl~iJ\Jtitltl.:i (Yu et al., 2008; Guo et al., 2007) ~.:ivh~t1~L1"1f111LL'li'11 6 i1Ll.J.:J 

tl11nnt1tj~tl1~mru 511 nm i.Jt1nv1nder.:i~u11 fl11l.JL'1Jl.JLLG'l.:J'tlti-!lf111tlt1(iltl~t1EJ'tlt1-!IG'l11 

vlt1G'lvlt1iv~t1(il\Jt1t1t1.:iml.J1~EJ~L1mn11LL'!ltl1~L~l.Jti.i zj,:iLtJiJt:.J t1l.J1v1n1r11.:iG'lh:it:.J~n'tlt1.:i SrAl2O4 

iin11Ltl~t1i.JLLtlt1.:imntmdmL'lltl1LtJiint11mi.i (Yu et al., 2008) 
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' d,J ,J ' ., ., 4.1.3.5. 'a:a.t::L 1i'11fl1'atHelV'UiNU~./JVI i'lfl i'lelV'\lli'l./l'\IIVfln'a::\Jltt " . . 
1:: v:: L 1n1m11-1.:ieJ Fi'IJ ,N LL'1.:i~i.Jnf1Uft el m,,«./l'\IIEJ fl m:: (;)'U'!Jel.:i '111Wel'1W eJ{ riel'U 'Ii • • 

LLn::'\ll«.:irn1LL'litl1 'li,\'t,mm1V1flnel.:i~.:i1,J~ 4.14 
" 

3.0 ....------------------------, 

~ 2.5 

--"O 
~ 
_e, 2.0 
·;; 
= 
~ = ·-
~ 
(j 

= ~ 
(j ,,, 
~ 

= ·-e 
= ..;i 

1.5 ' 

1.0~ 

0.5 ~ 

0.0 
0 

• - • - Unsoaked 
-o- Soaked at I h 
-llE- Soaked at 2 h 
- x- Soaked at 4 h 
- • - Soaked at 6 h 
- • - Soaked at 6 h (Scum) 

• • 

~~~Q~Q~k 
""'-- •----•-•-• I ·-·-·-·-• ; 

10 20 40 50 60 

iu ~ 4 .14 1:: v:: L 1 n 1 n 11 ri-rn tj 'IJ el .:i LL'1.:i~t1 "fl t1 ft el v'\11« .:i'\11~ fl n 1:: ~'U '!Jel.:i '111w el '1w el itu fl 
2+ I '1 I !,' 

SrAl204: Eu flel'ULLn::'\lln.:i fl11LL '!l'U1 

'11 n1tl~ 4.14 w v:: L 1n1 n11r1.:ielFl'!Jel.:I LL'1.:i~tlnfltlftelEJ'\11'1.:i'\IIEJflm:: (;)'U'!Jel.:i'111wel'1Wel{ " "(, , , 

'!IUfl SrAl20 4: Eu 
2
+ riel'UUn::'\ll«.:im1LL 'litl1 L ~m U'Ufl11Ylfl'1elUci.:ir111lJ'11l.J11'11 'Ufl11L~el.:i LL'1.:i'!Jel.:i 

'111wm,wel{-X.:i neltJLLn::'\11«.:i m1 LL '!h!1m EJ'\11'1.:i'11fl'\IIEJfl m:: i;i''U 'l'lu11'111wel'1W el{~C1n LL '1h11 L tl'U 
' . " 

1:: EJ:: L 1n1~-3'U 1'U'1:: 1 ~A111J L 'V1J m,.:i~i.Jn~tlftel El LLn:: 1::EJ::L 1'11 n11r1.:iv~'1Jel.:I LL'1.:i~tlnfltlft e)EJ'\11'1.:i 

., ., ~ti., d .. ., •. 1 •• 1 ,d~ ' , ~ 
'\ll~flm::!Jl'Uflvmi.:imlJ~ mv LlJelLVIEJ\Jfl\J'111Tiv'1 nel1Vl ~lJLL'!l'U1 (Yu et al., 2008; Peng et al., 

2006) «n~ru:: n11tlnfltlftvt1LL'1.:i'!lv.:i'111Ylti'1WeJ'iriv'ULLn::'\ll«.:im1LL 'li\11 LL'1fl./l~.:i1tl~ 4. 15 
" 



Unsoaked 

Soaked at 4 h 

Phosphor powder 
after excitation 5 min 

Soaked at 1 h 

Soaked at 6 h 

85 

Soaked at 2 h 

Soaked at 6 h (scum) 

·n.J~ 4.15 ~n~ru:::n11U"1\;\Urit1mL"1.:JV1~.:ilil1 n'VlcJ\;l m:::~'U"111v,j e:i"1v,j -eJ1'l!iivi SrAl20 4:Eu 
2
+ ne:itJ 

" ' ' ., 
LL"1t'\ll~.:Jn71LL'U'U1 

SrAl20 4:Eu 2+ ne:imrn:::V1~.:in11LL 'l!tl7V'lU17 "111v-le:i"1v-le:i1vihl LL'Utl71iitU"1vii.Jrim.1 LL"1.:J~L ;v1 LL"1t1 ~ 
1"1171.JL 'Ul-J LL"1.:ivii.J"1\;\Uri e)cJ"1.:!'\ll~eli11"111l-J"117.:Jl-Jln \117.:!'17 n"111v-lt1"1v-lti{viri n LL 'Utl1 L~e) 1 ~'j'tc)t L 1"17 

" " 
1 tJ n 11 LL-dtl 1 L 'U'U L 1"17'U7 'Ut'U "111v-l ti "1v-l e:i11il:::U"1\;\Urie:i cJ LL"1.:ivii1r111l-.l"111.:iii e:i cJ"1.:J LL"1ti.J11 n!J L U'U 

bL~.:i~Mitr:rvhm nt\J C-J "1i;).:Jnri11'1~ ~tlvlfliKt1.:inu m1v-ln11,J"1\;\Uri€lcJ 1 mi.Jvi 4.13 viV'lU'l 7fl17l-Jcl71 
" 

r1~tJvii.J"1vii.Jrie:imL"1tm1l-.lL 'LJl-JLL"1.:ii1ri1"1v1"1.:i 'UeJn'11ndL~m,.:iLrn,1"111v-le:i~v-l ei1viri mL -dtl1 6 -ti'1 Ll-1.:J 
" 

LL"1~vi"1e:ivtl1 '1t L ~ \J17 n11U"1\;\U"1eJEJLL"1.:i-..i::: h Jrieivi1m1l-.l"1tl1 L"1l-lti (L U'ULL"1.:i~vh "1~unuL;cn) 

L tiei.:i-..i1n 1m .:i?1{1.:ic.J~n'!Jel.:!?171v-leJ?lv-leJirin bfl Lvl1 b"1'8~mnueJcJ hJ L vi1n\J 
" 
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ti 
4 i G/4 4' -..,4 t t 

4.1.4. a1 mn Lfl~1::'Vlm.1u ~viu~1uV11<1 n1 t1mvi a11u ~V11 ,:i ua,rnr1::Pt1111V1'1J'V11'1J~eiu1 

'lle><1a1w~eiaweii 

'11~vh:i'1vh:i{ii1!'l~•rn~1<1'\ll~fl~t1 SrAl20 4 ~u~1ii!'l111.J'tll'tl~:: ii'tlm~mfnl'lth::mru 70.3 

µm '11l.JTrnm::~'IJ 1~~~1'l11l.JEJ111'l~'IJ 365 nm LLc1::,Jc1~tJcit1mL'1<1~m11.1EJ11l'l~'U 5 14 nm 

uti mn nilti'-:i'Viu11 '11~Yle>'1Ylt1{~:: 1aJviuV11tJ1J1tim111tu 1i;w L~m,11~'1 num 111tu~1:: 0:: L 1c11'Vl~-:i 

'11~Wv'1Ylt1i~::iim1 L ,J~EJ'ULL ,Jc1-:ifi1m11.1 EJ111'l~'U~tJc1~,Jci tl El LL"1::l'l11l.J L '1Jl.JLL'1<1~tfo~,Jci tl 0ijfi1 

Uel E.Jci<I LL"1::~ fl~C\J::'tltl-:!'11'Wi el'1Yl t1iLt1-:I~:: L ,J~EJ'U 1 tJL U'U~'tl11 



n.n. ,m,e.11,m t Ll,!~_t,!.LUl,!t}l,!IA., ~~,,~Uf\£tr3t.~~n~n. ,~u~12L~Wt1J,C!IA. ,~Lll.rt!.!.9t-Lr3 n.1L~rtLl.tl 

6 ~~,, L 'S ~~Lnt-1t.~il!lUt-LrC!t-~L~l!l~rtl21':H,LU1,!}BIA.L~~tL14~ f\ttf\iirlt,fl,!.Ll2~~,1 p,ntLl,!~1, 

rtt.~tLl2 f\ttf\ ,rn c,p.n,ttL!\ np., nG}rtLt,1,1n,k~t G~irtG~11.tLUUL~w~mi111.rn111., t-Gri.ni;, ~rui;i.u~ 
,. ' 

[!~[!1,!1 !.Ll2r\ t l!l£-~t r\~ rn ~!Jl1i r\l! i l!l],t-Lr B l,!}BIA.L~G!Jl~ t:11:-~ftt ~I! r3 B ,Cll'U Lrt~f\t:~ l. r\~ ~1,!1 !.Ll2 

" ~ttLU~UL~UBr\ t-~l!l~t-Lr3t-Bll.Wt:111.rtLt,I,!~ t Ll4~1!~r\@~iU1Jt-Lr3@pi t-Lr3t-Bll.Wt:11.rtLt,l,!ULl!t-Bp i 

" " t-kl,!U~t-12n~rtt:1, 11,!}C!IA.L~~ t Li4rtB~i11,U~ 12L~Mn tfl, tt-~~r\t,LMrt(!l,!t-Lr3~t C!~p !IJ!.f1.rtl2rt(!~i11,U~l2L~ M 
/I ,S I I 

l!lt}l-1.rtLt,1,!U Ll!Lrtt-~n,g:i:-~rt~ i I,!} BIA.L~~ t Ll4~1!rtB ~11.rt~ i U~l2L~M.w~mp1 U ~ 12 L~M.w~, ~t~t-t,p. 

ni; 1~U!. ,,1:-c.p.u Ll!Lrt~t:lr\r,}, ~t-1,! ~~1,1:-~w~ ~I! c,~,, t-p11.w~t-~r\}rt~, L~[!rtl2t:1!.LUl,!}BIA.L~U!. ,,1:-c.p.n t 

L~f\M~n~n. itLUl,!t}l,!IA. itf\ 1rnw1 )3d/ddltlN t-L~il1,~t~n~n. itLUUL~U~l2L~M.rt1J,BIA. ,~Lll.rt!.!.9 

" . " ~Lll.rt!.!.9t-Lr3t-C!ll.L~t, ,n.1' rtl2t:1!.LU[!Vl1.l'UC! ~~,, L~t, ,n.1'1,!}BIA.L~t-L~i11,~!.~r\~rtf rtLt,I,! 9i ·p ~f\!. 

(U!W) 3W!.L 
Z1 01 8 9 .. 'l 0 

001 0 
UO!lt?'Z!tre:>[M :>!WllUAQ ---

pua1q a1dw!S --
on s 

;3 
~ 9 p "O OJ>l 01 ., 

I 
,Q 

~ 
I\ = ., ~ ~ 

\J 
.... 

- = Q. ., 091 Sl ~ ~ 

-9 0 

("") 
- -081 oz 

OO'l S'l 

I\ 

9 l '17 ~f\!.l:-1rtl2t:1!.LUl-1,L!.U~t ~U[!Lr\Wt 

n.n. ,m,e.11,m t Ll,!~1,tLUl,!t}l,!IA. rn~,,~uf\n.n. ,,~n~n. ,tLUl,!t}l,!IA. ,fl, t r3W1 u,ti111.Lr,rlwl 0£/0£/017 n.1'L!A, ,. 
~n~n.itLUr\t,~L!.ltl~~ )3d/ddltlN t-L~l1.~W~l2L~Mrtl}GIA.i~Ul.rt!.!.9t-Lr3rtr3~1.tlitLU 

}Bt,1,ijC!t,1,!.Lij 

llijl';l ~U~ijLl?M.111.}C!IA. 1 ~Lfl.11!.!.!lt-Lil t-C!ll.~_cLllijC!~ }!)r\l?f\ 1!.LUijt}ijl,1, 1 t-C!ll.l?M.£1,1,~Lf.l.Ul!t!.LU ·z·p 

L8 
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1(;llJ1ij flJShHl'i fl fl11i:.J~lJLL'1telN'\llflijfl1-s i:.J~lJL Vli'.im.Jn'Uvl L1'11 L~lJ \Jl\Jn1'Hm lJv'U (l,:J 7 mvi LLlll 
' " 

'\ll~.:Jv1fl 7 mviL tlw ,i'lJ 1 tl 1'i1V1 ei{r1 n11i:.J~lJ LL'1tt1ruV1fli1fl11i:.J ~lJ'!Jt1.:J t11.:icr11lJ'l!1~iL V1t1-ITlJYi'11~~fl 
' " 

vl Llll~EJl.J~1EJ15fl111'1fl11 mt-a'lJLL tJtJ 1(;\mfo1Jiil'i1~.:Jfl'l1fl11L tJ'1lJ(;l LL tJtJtlfl ~ L ~el.:Jv1flfl11L tJ'1lJ(;l 
" 

~1EJ15n111'1r111 uLti'ULLtJtJ 1(;lmijflJvti'.im1L~l.J~111'1rn 1lJ'l1L'IJ11 tl (mvivl 7) 1 lJ'!Jrutvln11i:.J~l.J 

vii 1 ~EJ1.:JLn(;lfl111'1fl11 'Ut1 lJ'!JNti:.J~l.J ~.:Ji:.J'11 l-11'11Vlel{fl'\ll~elfl11l.J'\IIU(;l'!Je),:JEJ1.:J511l.J'll1~ L Vlel-ITl.J 

Yi"1~~m ~lJtlJ U'1tYi~.:J.:J1'U 1 lJfl11tJ(;li:.J~lJL ~l.Jt'U~.:Ji:.J'11 l-1eJN'\llfljj'!JeJ,:J fl11tJ(;l(:.J~lJ L ~lJtlJ '\ll~.:Jv1 fl 
' " 

Jm~ei 1 l-11tEJtL 1'11 n11i:.J~lJ L~l.JtlJvtvi11 l-11'i1V1eifan11i:.J~lJl'lt1EJ 'l '1(;1'1.:Jt1El1.:illiei L~ei.:i L tllJi:.J'1lJ1 

'11 fl 1 lJ fl1tufl11 L tJ '1lJ(;l LL tJtJtlfl~ vtvi11 mlJ L'1 fl'1 t11.:J'!J1(;lelelflv1 fl fllJlJ1 fltlJ ~1'\.J 1 lJmru'!JeJ.:Jfl11 
' 

1'1r111 mtimL tJtJ 1(;\lJ 1i1 flJvtvi1 L l-1Lf1(;1 fl11LLlll flelel fl'!JeJ.:J t1lJfl1r1EJ1.:i1'11-n 1 lJi L tl'Ut1lJmr1vl L~ fl'1.:J 
' ' 

mtv1EJ 1 'UYi'11~~fl'\11'1ellJ 

4.2.1. ~lJ'U~L;i•mn (Mechanical properties) 

Llll~m.Jt11.:icr11lJ'l!1~ L V1t1-ITlJ·,·rn1~~ flv1flfl11 LtJnlJ(;l1t'\1111.:J NR/PP /PEC L(;)EJLL tl1 

L 'Vlfl\iflfl11 L tJnlJ(;l 1 tJ'Vl(;l~eltJ~lJtJ~'Vl1.:J~1lJfl11~.:JnellJLL'1t'\ll~.:Jfl1 'StJlJL 1.:J LL'1t fl11~(;11\.l'1111LL tJtJ 
" 

~,:J 1~i:.Jnfl11'Vl(;lne).:J~.:Jlll111.:Jvl 4.2 LL'1t1tlvl 4.17-4.20 
" 

m'j7,:iyj 4.2 ~l.J'U~ L =8-:i flnnellJLLnt'\ll~.:Jfl11\!lJL 1.:J'!Jel.:JEJ1.:J51-SlJ'll1~L 'VlelTil.JYi'11~~flyj(:.J~l.J~11 

v-lei~v-lei{ L(;)EJLL tl1LV1r1\ir1n11LtJn'\.J(;l 

Properties 

Unagiog 

Modulus at 50% (MPa) 

Modulus at 100% (MPa) 

Tensile strensth (MPa) 

Elongation at break (%) 

Tension set(%) 

~ 

Tensile strength (MPa) 

Elongation at break (%) 

Retention 

Tensile strength (%) 

Elongation at break (%) 

Simple blend 

4.87±0.45 

5.10±0.40 

6.47±0.82 

390±61 

52.1±3.1 

5.85±0.40 

247±76 

90.4 

63.2 

Technique 

Dynamic vulcanization 

4.77±0.07 

5.43±0.07 

7.93±0.11 

317±4 

28.5±7.2 

8.79±0.08 

355±13 

110.9 

112.2 
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~ Lll.rtttgt,L,["3 L~fl. M.t-~ 1rtfttLU t-~111.:::~im@µ ~n.~n. ,tLUblt),bllA.1 t[b ,mw1 }Bf,1,!2Bt,1,tLl2rtl2t'l~U~l2L~ M. 
~ 

rtl}BIA.1~Lll.rtttgt-Lr3t-Bll.Wr3~\el1rtLtblfl.,Vf1.~1rtLtblt-L~l/1.:::t9n.~rt~rtLtbl L l '17 ~[bW L& 

001' 00£ 001 0 
1-------'---_.__ _ ____. __ _,_ __ '----L---'----,I-0 

'Z 

00 
HS 8!J!'.ifaun .... 

t ., 

I 
~ 

"' "' 
~ - -

\ 
9 ~ 

- asim 
J\.Q8!J!813U[l 

8 ., 
,. ~------J\.Q 8uµly 

01 

68 



90 

500 10 

~ w 
8 400 --~ -

0 
~ 

p.,. 
'-' 
.::a:: ~ 
f 300 

'-" 

I. -= 6 
~ - -t).I) 

~ 
= ~ 
I. 

-
- ~ ~ ,<>(> 

~ ~ 
= 
.2 200 

-c,i -~ 4 
~ 
t).I) 

·;;; 

= = ~ 

,y 
- 1\A 

~ ~ 
E,-. .£ 

~ ~ ~ ~ >( 
2 100 -

y ><$ ) 

~>So 
0 I 10 0 0 10 0 N I 0 A 

I I 

Simple blend Dynamic vulcanization Simple blend Dynamic vulcanization 

~tlvl 4.18 G1lJ~rn-s~-:i'lJB-:it11-:i5-s-slJ'lJ1~LV1t1ftl.lvm1G1~n~e.im..JG11-svlm'lvhi{ lv1mLtl-SLV1AUl'lfl1'S 
" < II I ~ 4 ~ 
L\Jft'Uv'I (a) A11l.Jll11'U'Vl1'Ull1BLL'S-:Jv'l-:J LLft:: (b) -s::EJ::EJv'IVlvv'l'll1v'I , 

v1nit1~ 4. 18 al.J~fl1'S~-:J'!JB.:JEJ1.:Jl'i'S'Sl.J'!f1~L V1BnlJWft1a~n~e.ial.Ja1'S'l'IBa'l'IB{ Lv'IEJLLU'S 

L VlAUAfl1'SL \Jft'U"1 (a) A11l.J!l11'U'Vl1'U(11BLL -s.:i~.:i LLft:: (b) -s::EJ::eiv1~vv1'!J1v1 W\J11EJ1.:Jl'i'S'Sl.J'IJ1~L 'VlB{ , 

LlJWft1a~ n~ Lll11tll.Jv11 EJ L VlAUA n1'H \Jft'U"1 LL uutln~i:iri1 r111l.J 1111'UV11'U (118 LL -s.:i~-:i~ ~ 1n11 LL ft:: 

r111l.Ja1m-sC11 'Wrn-seiv1~a-:in11rn-sLv11EJl.Jv11m VIAU rim -si'ft 1-111 'UL 'll'tl'ULL \J\J 1v1'U1iJ ni L ~B-:iv1 n EJ1-:i 
\I 

l'i'S'Sl.J'IJ1~ L V1BTilJWft1a~ n~ Lv11EJl.Jv11 v rn-sL \Jft'U "1LL uutl n ~ihfoHi1'U1Vl EJ1'll B.:J L via EJ1.:i L U'U L vi '1 ... 
(iltJL~t1-:i vh 1 ~i:ir111l.JG11m-sc, 1 'Wrn-seiv11vi'mnn11 LL(1ll'l11l.JLL ~.:JLL-s-:iv::ut1v n11;-:iL U'UG11J~'llt1-:JEJ1.:i 

~hl Lf1v'I fl1'S1 ftf111 'W'li ~1'UEJ1-:Jl'i'S'Sl.J'IJ1~ L VltlnlJWft1'1~n~Lvl1 EJl.Jv11 EJ L VlAUA fl1'S1ftA11 'U L'll'tl'ULL \J\J 

1v1miJni;.:ii:iiru!1'W1VlEJ1'!lt1.:iL via t11-:i n-s::\11EJ~11 'Wwft1a~m-11t1wft1a~m U'ULlJVl~ncffvi11 ~al.J~ 

'tlt1.:i1av1t'Ut1tl nuL Ylawft1a~ m U'Ul-1~ n Ei ni.:ii:i L YlaEJ1.:i LL ft:: lriw B~ L1Jt1i'!Jt1.:i l w-sw~'ULB~~'U~ 
' \I 

'11lJ1'SC1Lf1v'I fl1'S1ft A 11 'W'll1vi' ~,:j e.Jft 1 i1av1i'.iA11lJ!111'UVl1'U(1ltlLL 'S .:i~.:i a.:i LL(il\J::i:i-s:: tJ ::tiv'l~vv'l'tl1 (,1~1 
' \I , 

'Utl nv 1nd\lt L ~'U11 EJ1.:Jl'i'S'Sl.J'IJ1 ~L Vltlnl.J'Vift1 a~n~ Lvl1 EJl.Jli11 EJ L VIAUA fl1'S L \Jft'U!,1 LL \J\Jtl n~v:: 1 \11-11 

L ~EJ-:JL \J'UlJ1\ll'S~1'U~lJ1nn11fl1'SLlll1EJl.Jv11tJL Vlf1Uf11ftf111 'UL 'IJ'tl'ULL \J\J 1v1'U1iJ ni LW'S1tfl1'S L \Jft'U!,1 ... 
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LL UU'Ufl~'1~~.:i ~rn 1 iXEJ1.:J Ln\91 L 'U'U L yj,wim ~e:i.:i~hh:,J1 L?il.Je)i;i',:rn.J~ 4.22 ~.:ivh 1 iX?il.JiJ~"!Je).:JEJ1.:J 
" 

0Trnt1~L 'Vlel':iLl.J'V'll;l1?1~niim1mL ,.htJT"l'U 

60 

T 
50 1 

,-... 40 
~ C, 

-
.._, -~ V} 

C 30 -
0 
·;; 
C 
~ 

~ 20 -
><'. 

10 
) ,I 

-
~ ~ ><. ~ ~ 

0 
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I 

Simple blend Dynamic vulcanization 

-au~ 4.19 fl1':i~ \91':i\JmTrn uu~.:i"!Je:i.:iEJ1.:i'61'il.J'!l1~L 'VleJTil.J'V'll;l1?1~n~~?ll.J?11'iyje:i?1-yje:i{ L\91mL \J'S 
V \I 

L 'VlFl'UFlfl1'iL \Ji;l'Uvi 

'i'U~ 4.19 fl1':i~\91':i'Um1'iLLUu~.:i"!le:i.:im.:i'B'i'il.J'll1~L'VleJTil.JV'll;l1?1~n~~"'""'1'iyjeJ?1-yje:i{ hw 
" " 

LL \J';iL 'VlFlUFlfl1':iL Ul;l'Uvi'V'lU11 EJ1.:J'6';i';il.J'1J1~L 'Vl elTil.J'V'lm?l~fl~L~~Ell.J~1Elfl1'iL Ul;l'Uvi LL uutJ fl~'1~ 1 iX1-11 

fl1':i~~':i\Jf\11':i LL UU~.:J~?l.:J fl11 fl1'iL~~Ell.J~1V L 'Vl Fl'UFlfl1 'i1l;lF111 'U L'lf'U'ULL \JU 1\91'U1iJni L ~ el.:J V1.:J 
" " 

i)';j';jl.J'1J1 ~ L 'VI el Til.J'V'l l;l1?1 ~ n~ L~~ Vl.J~1 V fl1 ';j Lu l;l'U vi LL 'U'U\Jn ~ii L yj"' V 1.:i~\,J11;1F111 'U61i'Vl~el'i:'11 V L'1f 

1m1;1n'1~.:i hJLii\91fl1':iLzjm.J fo.:i vh 1iXm1l.J'Vl'U'Vl1'U~eJLL 'i.:Jm~vh~1 Lrn~L~el'1fl LL ':i.:Jm~vi1'1~vi11 iXlii'1 . " 
1"1~~~'i\J1~~1V LLl;l~fl~'UA'U~?lf111~ L~l.JV1fl ~1'Ufl1'iL~~Vl.J~1 V L 'VIFl'UFlfl1'i1l;lF111 'UL'1f'U'ULL \JU . " " 
1\91miJniL-yj?1v1.:iiim':i11;1A11 'U'1l '5.:i?ll.JU1i"!JeJ.:J1?1\91'1~L 'U'U 1 \Jml.J~'Vlfi'V'll;l"!JeJ.:Ji'Uo~L zjell.J LEM n~11AeJ • 
~\91Lzjell.JLV.:J Ll.JLl;l~l;l (Crosslink point) ~1vi'U'B~LF1ii L\J~VUL?liieJ'U~\91Fl11l.J~1 (Memory point) 

1 'Wfl1'i~.:Jfl'1\J'l,'l~eJA'U\i11fl'1U '5.:iL'U'lJ\,\1LLVIU.:JV\91~1'U"!JeJ.:J Ll.JLl;lfll;l~~\91':itJ1 iXn~umeJv"l 'lJ(,11LL 'VIU.:i L~l.J . " " 
vi11 iXv1.:Jfi';j';jl.J'1J1 ~ L 'VlelTil.JV'll;l1"1~ fl~ L~~ Ell.Jv11V L 'VIFl'UFlf11 ';i1l;lF111 'UL'1f'U'ULL \JU 1\91miJ niiim':i~ \91~\J 

f\11';iLL UU~.:J~1fl11fl1';i L~~Vl.J~1V L'VlFl'UFlfl1'iL \Ji;l'Uvi LL uutJn~ 



n~~mn~~tM. lt-Bf!.}cm,~@M.t,11 ::;~,,~LJl.rtttQt-U3t-@r1.nqm t n}rt~ ,il'n t Ll,!~1,tLUUL~~!;!, ::;~Lf\ 

t-~ 1rtfLtLUt-~v1.1'3Llln}rt~ ,i:-trm~fl.~Ut-(: ,~~rt~~tLU~U~Ln~t fl.fl. ,m_g.11,m t Ll,!~1,tLUl,!t}l,!IA mr. ,, 

" rtr3iltl1 tLun_vr.~u t-LIAn t l'3 L~~t M.Llf~rtB~1tLU~~mtLrtL~ fl.tt-l,!tLU(:fttt-~il'n t Ll,!~1,tLU~~, fttt-U3 

~ IA ,~tLU,PUL~U Bn 1'3L~::;W~t,1, mm, Ll'31AtnLirtlf (:t-Ll'3~t,\ ,~tLUL~UULrt~t n~nr;p n@}rtLtl,!::;~n 

nM~u@@ np., rt@~i::;tLLrnr._vme:l':lmLu@Wt-Ll'3~tA,NLY. (zz·v ~fl.~t-~t-~~,,) t-@~m~t,1wtiy1.rm 

WIAtnLiru» (:~U ri.r.r. ,, ~ n~r. 1 tLU l'3 t~rtl'3 iltl1 ~u ~ ~L~ M.rtl}BIA 1 ~ LJl.rttt!;!t-Ll'3 UL~ Lrt~l':lni; 1 t}t-~ 
' ,. ,. 

n}~t-lfl.r\kfl.~U t-~, \i(\rt~(:::;~~u~Ln~t r.r. ,m,E,a.m t L t,1~ i,tLUt,1t}t,11A., ra t~rtl'3~1.tlit LU ~::;rur1. t-~1'3 @~ 

t-LIA.n 1.f\ t nra ~fl. 1 ::;~~u fl.fl.fl. ,,~n~r. ,t LUl'3t~rtl'3~1.tl1 ~u~~L~M.rtl}BIA 1 ~LJl,rttt!;!t-Ll'3t-Bf1.~U i:-e: ,~rt~ 

t-~ 1rtfLtLUt-~v1.1'3LL! L~fl.M.~n~r.1tLUl,!t}l,!IA 1tf1.111'3~1 }Bt,\~Bt,\tL~rt~l':l~U~~L~M.rtl}BIA 1~Lll.rtttQ 

~n~r. ,tLUl,!t}l,!IA 1tf1. ,m~1 }Bt,\~Bt,\tL~rt~l':l~U~~L~M. 
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4.2.2. ~ru~1u1V1v1 (Morphology) 

n7':i ~ n'l~1~ N~1'U1Vl tl1'tlel.:Jt11.:Ji'i':i':il.J'1J1 ~L Vlel 'fil.J'l'I '11~~ fl~~l.J~ 1':ivleJ~vl eJ{'1::: LL U.:J .. 
elelflLU'U 2 LLU'U LL'U'ULL':ifl~el LLuuhl~nlilLvl~ LU'Ufl1':i~f1'\!f1~f1'\!fru:::~'U~1'tlel.:Jt11.:Ji'i':i':il.J'1J1~LV1'€lfll.J 

'l'i "11 ~~fl~~~" ~11vl el~vl el{ LL'1 :::m1ii L -if 1 n-u Hh:::vr:h.:i ti 1.:i o':i':il..1'111 ~ L Vlel {1ii'l'I "11~ ~ n n'U ~11 

vlel~vlel{ LL"1:::LLU'U~ 2 ~el LLUU~fl\ilLvl~ LU'Ufl11Pifl'l!f1fl1':if11:::'11tl~1'tlel.:JLvl~t11.:il'ULVlelTil.J 

'1'1'11~~fl 11il~'1fl1':iV1\il'1el.:JLL~\il-:lvl.:J':i\J~ 4.21 LL"1::: 4.22 \il1m\'1vi'u 
" 

Technique at 200x magnification at 1,000x magnification 

Simple blend 

Dynamic vulcanization 

1tl~ 4.21 ~ru~1'U1Vltl1 LL \JU hl~n\ilL vl~'tlel.:Jt11-:li'i':i':il.J'1J1~ L Vlelftl.J'l'l'11~~f1~mJ~1':ivl el~vlel{ L\iltl " .. 
LLD':iLVll°l'Ul°lfl1':iLLU"1'UvJ ~rh~.:i'tlt11t1 200 Lvi1 LL"1::: 1,000 Lvi1 



Simple blend 
200x 2,000x 

Dynamic vulcanization 
2,000x 
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·rt.I~ 4 .22 '1ru\i1ti1Y1t11 LL uu'1nlilL Yl'1'tlB~EJ1~5-s-sii'!l1 ~L 'Vlvniivrn1'1~ nt-1'1lJ'11-svh:i'1Ylvi LlilEJLL th " .. 
L'VIFlUFlfl1-SLU'1'Uvl (a) LL'1t (b) fl1'iLU'1'Uv1uuutln~vlrh"'-:i'!lEJ1EJ 200 Lvi1 LL'1t 2,000 LV11 

lil1lJ~1v1U LL'1t (c) fl1'S1'1Fl11 'UL'l/'U'ULL uu Llil'U1ijnavlrh"'-:i'!JEJ1EJ 2,000 LV11 

-stl v! 4 .21 '1 uHi1'U1 'VI EJ 1 LL uu 1lJ"' n lil L Y'l '1'!1 v-:i v1-:i5-s -s ii'!l1 ~ L 'VI el i1iiYi '11'1 ~ n t.J'1 lJ '111 " .. 
wv'1Ylvi 11ilmLtl-sL'Vlr1tir1n1-sLLu'1'Uv1 vln1"'-:i'!Jt11v 200 Lvi1 LL'1t 1,000 Lvi1 Yiu11vln1"'-:i'!Jt11v 

200 L v\1 EJ1-:J fi'S'SlJ'!l1~ L 'VltlTilJYi'11'1 ~ fl~ Llil~ EJlJ~1 EJL 'VI Fltirl fl1 'SL U '1'U vl LL uutl fl~""' fl~H\Jt ~1 vl'VIEJ 1U 

fl11 fl1'iLlil~tJlJv11tJ L 'VIFl'WFlfl1'S"J'1Fl11 'UL'll'U'ULL uu11iltJ1ij n~ L ;j,M~1flfl1WJl~tJl.J~1 m YlFl'UFlfl1'SL \J 

'1'UvlLL uutl n~ii'tl'U11ilL Yl'1t11-:i1 V1ajn11m1Llil~t1ii~1m 'Vlriiiri n1-s1'1r11 L 'UL'll'U'ULL uu LlilmiJnrimn 

LlilEJ~1vlL~EJU~1'UL Vlqj Lf11il'11flL W'1Yi'11'1~fl LL'1tv!n1"'-:J'!J EJ1tJ 1,000 L v\1 vh L i.1L i1'U'1fl1Yi'itltJ~tl 

'St'\1111-:J EJ 1-:J fi'i 'il.1'!11 ~ L 'Viel TilJYi '11'1 ~ fl 11U'11 'i 'W tl'1'W vi-a' lilt'U zj,:iEJ 1-:Jfi'i'SlJ'!l1 ~ L 'VI tlTilJYi '11'1 ~ nil 

Llil~ EJlJ~1 EJL 'Vlritiri n1-s L U'1'Uvl LL uutln~ LL'1t L 'VlriiJ ri fl1-S1'1Fl1 L 'UL 'll'U'ULL uu Llil'U1ij nri 1 ,.;'fi fl'l!Jrut~ 

L 'Vlil tl'U l1'Uffo YiU'l 1ihiv-:i 11-:i~~1tl-s t ~ qJ'i t'V111 -:J '11'S'W tl'1W vi nu EJ 1-:Jfi'S 'SlJ'!l1 ~ L 'VI el TilJYi'11 '1 ~ fl 
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LL?l (,l-311?11'Whrnvl tifbJ L 'U1 fl'IJ El 1-3 iS'l 'll.J'll1 ~ L 'Vltl nl.JVH'n" ~ fl L ti tl-3 'iJ1 fl ?11 'l'W tl?l'W tl i L U\J?l1 'ltlU\JVl 

1EJ1l.lL-U1fl'IJ?l1'lB'lJVl%ti~1W1-3511l.J'll1~L'Vltlnl.JYl"1?1~fl (Chen et al., 2008; Chen et al., 

2009) 

'iJ7 mtJvi 4.22 i ru~1u1viEJ1 LL uu?t n (,l L 'W?l'lltl-3EJ 7-35'lW'll1~ L vitiiLl.JY1"1 ?I~ mrnl.J?t 11 " .. 
vl tl?l'W tii L(,l EJLL U'l L VlrlUrl fl1'l L 'IJ"\Jv)Yl'IJ11 EJ1-3i5'l'll.J'll1~ L Vltlnl.JYI m" ~flvi L\,11EJl.Jv1'W L VlrlUrl fl1 ') 

L'IJ"\J{;)LL'IJ 'IJUfl~vin1~-3'lJEJ1EJvi 200 LV11 (1i.Jvi 4.22 (a)) L'W?IEJ1-3'iJ~flfl?lfl(,ltltlflzj-3'iJ~L~\JL'W?I 
" " 

Ylm?l~flihlti-311-3J-3L~flLL"~ 1 Vin 1m~'iil1 EJ"1"ltl~ zj-3 L tli.J~"l\J'lltl-3 EJ1-3vivn EJ 1 U'iil1 flfl1'l?I fl(,lv1"l EJ 1 Vl" ~\J ·~ " " 
~"l'WEJ1-3 i5'l'll.J'll1 ~ L 'VltlTil.JYl"1" ~flviL\,11 Ell.JI')') EJ L VlrlUrlfl1'l L 'IJ"'Wvl LL 'IJ'IJU fl~vin1~-3'lJEJ1 EJ 2,000 L v\1 

(~tJvi 4.22 (b)) LL?l(,l-31 ~L~'W~fl'\~ru~~"lU'l~~t\J'l~Vl11-3EJ1-3LL"~Yl"1"~fl zj-3L vlm VltlTil.JYl"1?1~fl'iJ~ 

Lum vl?t ~ m ti ti-3 1tJJ-3?1 ti-3vi fl~7"ll.J1U-3'1.Jtl fl~W7-3511l.J'll7 ~ L VltlTil.JYI "1" ~ flvi L1,11EJl.J v1 "l EJ L vi riu r1 
" 

m1L'IJ"\JvlLL uutJfl~'iil~ 1 ~iru~1u1V1EJ1L tlm vl?t~m titi-3 J-3i1L 'W?IEJ7-3'iil~L tlm vl?t~m titi-3i'.i'lltJ7(,lvihi .. 
?1J1 L?ll.JtlLL"1~£i,'W~"lvi'lJ1'lJ1~ ~m titi-3 fl'IJL 'W?I LVltlnl.JYl"1?1~ fl 'iii 1 mtJvi 4.22 ( c) L U\Ji CU~1'W1VlEJ1 . " .. 
'lJtl-3 EJ7-:!511l.J'll7 ~L VltlTil.JYI "17?1~ flvi L1,11EJl.Jv11m vi riu riflW1"1 m 1 m 61!-U\JLL uu 1(,lmiJflivi n1~-3'llEJ7 EJ 

2,000 L V11 zj-31v1?1fl(,lL'W?ILVltlnl.JY1"11?1~fltltlfl 'iJ~Yl'IJ11EJ1-3'iJ~L tl'WL 'W?lfl'l~'iJ1EJ1 'UL 'W?l~mtiti-3'lltl-3 

LVltlTil.JYl"17?1~flvi~fl?lfl(,ltltlfl 1 tJ fam 'W?IEJ7-31"1A71 'W'llii'lJm(,lti~mr1tJ1~mru 5 µm EJ7-3511l.J'll7~ 

L Vltlnl.JYl"11?1~flviL1,11Ell.Jv1"lEJ L VlrlUrlfl1'l1"1rl11 'WL61l'U'WLL 'I.JU 1(,ltJ1iJ fli'iil~ 1 ~iru~1'W1Vlt11 ~1-3'iJ1 fl .. 
m1L U"1'Wv1LL uutJfl~ L titi-3'iil7flfl11L1,11EJl.J~"l m V1r1ur1m11"m 1 'WL61l-U'WLL uu 1(,li.J7iJfliiim11~?111 

1"1r111 ui~-3~"11 ~EJ1-3Lfl(,lfl711"1r111 u61!1 u'llru~ n11~?1l.J LL"1~ L~tlEJ7-3Lfl(,lfl111"1r111 ui'iil~vh 1 ~EJ1-3£i 

rl11l.JVl'U(,l?l-3t\J L~tl'IJ(,l~?ll.J~tl 1 U'iJ~'V111 ~tl'W.fl1rlEJ1-31"1rl11 \J611Lfl(,lfl1')LL\,lfltltlflLU\Jtl'W.fl1rlL~ fl"1-3 
" ' . 

m~'iJ1t11'WYl"7?1~flVl"1tll.J (L~~-B~, 2557; Asalethe et al., 1999; John et al., 2003) 
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4.2.3. n17n7::~1vi 1"1Je1-:ia17'V'lm wle1fl.tw1 -:icr7711"1J1~LV1e1nil'wa1a~nvie.ia11a17'V'le1a'V'le1i 

m 7?1 m:n n 17 m::'11 EJ ~1 '11 u.:i a11vluavlufl 'lJEJ7.:i67W'1l7 ~ L VI uftl.JYii'l 7'1 ~fl~ ~mrn11 

vluavlui 1v1mL U7L Vlf'lUf'lfl77L Ui'l'lJ~ ~1EJfl~u.:i~i'lm7Pivl~um 7'1 L'll'lJ'll1 ~LLa.:i~m11JEJ11f'l~'lJ 450-

490 nm LLfl~1tl~7.:i LL'1::1-ffn1"'.:i'1JcJ1EJ 4 L'V171~~'1f177Plfl~7LL'11il.:J~.:i7,J~ 4.23 
" 

Method of mixing 
at 4x magnification 

Simple blend Dynamic vulcanization 

'17 nLl.JVl~flivlii~viu fl17 "!J'lJ7 lilu'Um f'l"!Jt1-i a17vl uavlufl 'lJEJ1-icr111J'!l1 ~ L VI uftl.JYi '17a ~ fl YI L~ ~ Ell.I 
' 

~1m Vlf'lUf'lfl7'H Ufl'lJ~LL uu,J fl~Sj'V'lJ71ili.J7::l.J7 ru 71.2± 16.5 µm LLfl::fl1'H~~EJl.J~1m Vlf'lUf'lfl77 

1'1f'l11 m'll-U'ULL uu 1v1'lJ1ijm,ij"!l'lJ1v1th::mru 72. 9± 16.2 µm ;.:i'1::L i1'lJ11m1L Ui'l'lJ~i.:iau.:iLVlf'lUf'l 

v::Sj"!J'lJ71il"!Jel.:ia77'WeJavlt1i¢bJ~1.:in'lJ -X.:iiJEJ7.:Jfi'j'jl.J'!J7~LVlelnl.J'Vifl1'1~fl~L~~EJl.Ji;)1EJLVlf'l'Uf'l-X.:iau.:i 

v:: 1 ~m 7 fl'S:: '17 El ~1'() u.:ia17vl eJavl t1fatj-X 1-X.:i LL~'lJEJ7.:J 6':i 'jl.J'!J 7 ~ L VI ilnl.J'Vi '17 a~ fl U.:!Uel fl ci.:ia1 'j 

fl uavl u iii fl7 ':i m:: v 7 El 111m'lJEJ7.:!677l.J'1l7~ L VI eJftl.JYifl7 a~ fl LL fl:: L Vlf'lUf'lfl77 L~ ~Ell.I EJ1.:Jfinl.J'il 7 ~ 

L V1uftl.Jvm1a~ flvl~al.Ja11vl uavl uiv:: hl~..i ~fl~u"!J'lJ7 lil'1l u.:i eJtJm f'ta11vl t1avlu i~ m:: v7 EJ~1 
' 
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4.2.4. i;UJU~'Vl1-:11.1.~-:I (Luminescent properties) 
4 d 11 

4.2.4.1. fl11lJV11flil'IJ'Vlfl'S::i;fU 

fl1'S'Vl111'1 el'IJ rl17l.J tl71 A ~'W~ m::: li1'W'1JelW7.:J fi'S'Sll'll7 ~ L 'Vlel-fll.JVH'\1 '1~ fl~ t-1 '1l.J'17 'S • 
vleJ'1vleJ1 l111EJLL't.hL'Vlr\Ur\fl1WJ'1'W\i11~t-1'1fl1 'S'V1111'1el.:Jv1.:J'SU~ 4.24 

'U 

3000 

2500 

2000 

c 
·;;; 
= 1500 Cl) -= -

1000 I 
I 

, ' / 

I 

500 L / 

0 
300 350 

--Simple blend "' = 373 nm - - - Dynamic vulcanization I 

..-:, ' ,, ---
/ I ..,_ -

400 

Wavelength (nm) 

' 
' ' 

' ' ' 

450 500 

'ltl~ 4.24 m'IJfl(11{l.J'1JeJ.:im-sm:::tX'W'1m-m1.:io-s-sl.J'll7~L'Vlel'fowm1c1~fl 1111mLtl-SL'VlrlUrlfl1'SLU'1'W\i1 
'U • 

v1m'IJ~ 4.24 m tJ rw11'l.J'1Jel-lfl1'i m~~tJ'1Jti.:i e.n.:i5'i'il.J'll1~ L 'Vl el-fll-lw" 11;1 ~fl 1111mL 'U'i L 'Vlf'lUrl 
'U • 

fl7 'SL U'1'W\i1~ U17 Li1 eim:::lii''Wm.:io'S'Sl.J'1J7 ~ L 'Vlel-fll.J~ "11'1 Mfl~1 EJLL'1.:J~ijm1l.Jt111rl~'W~~h.:ini.r~::: 1 VI 
• 

rl17l.J L 'LJl.J LL'1-l~'U '1111 'U G'I tl ti LL(11 fl ~7,:i fl'W l111 ti El 7.:J fi'S'Sl.J'll 7~ L 'V1 elofll.J~'17'1 ~ fl~ L(,l; El l.J~1 ti L 'Vlr\Url fl 7 'S 

L U'1'W\i1 LL uutlnMLL'1::: L 'Vlr\Urlfl1'S1'1m 1 'W L'IJ'U'WLL uu 1111t11iJ flJ~::: 1 VI~ fl~ru:::'1Jel.:i-w1,~,J-s1n!Jf'l~1v1,~.:i 

fl'W zj.:J'11l.J1'Sflflflfl'S:::li1'W 1~m mh.:im1iit111rl~'Wtl'S:::l.J7ru 360-440 nm (111~7flr\11l.JL'LJl.JLL'1-:!~'1.:J 
" ' \J " 

n11 70% '1l el.:i m 1m 'LJl.J LL'1-:i L~l.Jti1'W) 1111 vv1-:io-s-Sl.J'll1 ~ L 'Viel -fll.J~ '17'1~ fl~ L(11; t1l.J~1m'V11,ii 1,m-s 

L U'1'W\i1 LL uutln~ LL'1::: L 'VlflUflfl7'S1'1rl71 m'llii.m u u 1111'W1iJflJ~:::tl-s1 fl n-w rl'1.:J'1111~fl17l.Jtl71rl~i.J 3 71 ':,.J 'U • 

nm LL'1::: 373 nm (117l.J'17"1U zj.:J'1-:l fl17r\17l.J tl71fl~'W~fl'S:::li1i.J'17'Svlel'1vlel1L~l.J (365 nm) (111t-1'1 
'U • 'U 
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nTWJ\;l'1u.:i 1~~.:i1tlvi 4.6) ;.:iu1'1Lf1\;l'11nm1~m\1LL"11.:i1 tJL2.JV11ni L\;lEJL2.JV11nivlifo1.:11'1f'l11 'W'l!~Bsi 
" 

L 'Uf'l11l.JEJ11f'l~'W 1 t.1m1m~~'Wvi"11.:in·;hLllVl~n'1lvfliliiEJ1.:11'1f'l11 'W'11 . " 
d dt) ti ' 4.2.4.2. fl1111tl11f'li'I\J'Vl i'lft i'liltJ 

n1 i Vl\;l "11 m.Jf'l 112.J EJ11 f'l ~uvitl '1 \;l tJ ~ B EJ'U Bsl EJ 1-:J liiil.J'!l1 ~ L Vl B fill Yli'l 1 "11 ~ n~ i:J "'" 

"1111vlmwlu{ L\;lEJLLtl1LV1f'ltif'lm1LtJn'Wv11~i:.inm1V1\;lnu.:i~.:i1tlvi 4.25 

3000 

2500 ; 
/ 

2000 

a ~ / ,, 
·;;; 
= 1500 
~ .... 
= -

1000 

500 

0 
450 

A = 509 nm 

/ 
/ 

I 
, - 1- ..... 

;' I '-

A. = 512nm 

500 

" 

--Simple blend 
Dynamic vulcanization 

550 

Wavelength (nm) 

600 

1t1vl 4.25 "11L 'Uf'l9lfll'UB..:Jn7'I'Un\;ltl~BEJYl"'sl.:J1'W'!Jv.:JEJ1slliiilJ'll1~1L VlBnlJYln1"1!~n L\;lEJ LL 'U5L Vlf'IUf'l 
" 
n15L Un'Wvl 

'11 mt!~ 4.25 mtlf'l91fll'UBs!n15'Un\;l'U~BEJYl"'slsl1'W'UB..:J EJ1slli55l.J'!l1 ~L VlBnlJYln1"11~n L\;lEJ 
" 

LL tl5L Vlf'IUAn15L Un'Wv!YltJ11 L~Bm~Gl'WEJ1..:Jli55l.J'!l1~L VlBnlJYln1"11~n~1EJf'l11lJEJ11f'l~'W 37 5 nm . 
EJ1slli55l.J'!l1~L VlunlJYln1"11~ nviL9l~EJlJ~1 EJ L Vlf'IUf'l n15L 'Un'Wvl LL U'U'U n~ LLn~ L Vlf'IU f'l n151nf'l 1 L 'WL'1!'8''W 

LL'U'\.JL\;l'W1"n~1~m1tlnmJciumL~s1"11.:1"11\;l~f'l11lJEJ11f'l~'W 512 nm LLn~ 509 nm m2.J~1~u ;,:i " . 
m12.JEJ11f'l~'W~tln~tlciuEJLL"1!..:J"1!.:1"11~~1n11'!m..:i"1111vlB"11vlB{L~lJ (514 nm) ( ~ 1~ '11ni:.inm1V1~nB..:i 

" . " 
~,:i5tJyj 4. 7) n15n~nsl'UB.:I f'l11lJEJ11f'l~'Wyj'Un\;l'UciBEJ'UBW1..:Jli55lJ'!l1~ L VlBnlJYln1"1!~n B1'1'1~ Lfl~ 

" 
'11 nm5~m \1LL"11slviLn~:ff 'W'11n Ll.JV17n'll L\;lEJLlJVl~ni~iiEJ1.:11nA1 L 'W'll'1~ 1 ~A11l.JEJ11f'l~'\JL tl~EJ'W 1 tl 

mn n11 LlJV11n'l1vi1iliiEJ1..:J1nf'l1 L 'W'i1 'WBn'11ni1Yi'U11 EJ1slli55l.J'!l1~L V1Bnll'V'ln1~~ nv\Llll1EJlJ~1EJ 
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L 'VlAUA m-s1a m 1 m 'll'U\JLL 'lJ'lJ 1v1u1ii fl~'\!:: 1 ~A11l.J L 'nl.JLL~.:i~,Ja vii.Jci elEJ~.:i fl11fl1 'SL uauvi LL 'lJ'lJi.J fl~ 

en '\I Li'ivi'\11 flfl1'S L uauvi LL uu,J fl~1 ~"' ru!1\J1'VlEJ1 Lum vl~IJl el L ~t1.:i ;.:i L vl~v1.:i '\l::i'.i'!Jti1v11 'Vlajvi 11 ~ii 

fl1-suv1u.:iLL~.:i~L .if 11 i.J m:: v1\JLLa:: LL~.:i~,Jav1i.Jcit1vm flfl11 L V1r1iir1m-s1ar111 \JL'IJ'U\JLL 'lJ'lJ 1v1ti1iifl~~ • 
L vl~v1.:i Lum vl~m::'\11 EJlil.:JLL~vi.:i 1 u-s,J~ 4.26 

" 

Photon 

Simple blend 

Elastomer 

Phosphor 
powder 

Photon 

Dynamic vulcanization 

1tJvi 4.26 ~fl~ru::'!Jtl.:J LL~-:J~L '!J11 ,Jm::v1'UEJ1-:Jfi'S'Sl.J'!11~ L 'VltlTil.J'V'l'11~~fl~iiaru~1\J1'Vl EJ11Jl1.:Jf1\J " . .. 

4.2.4.3. 'a::ti::L 1a1m"afl.:JuV'1Ju-:JLL'1-:i'V1tlav1tl'1ut1'Vli.:ivmv1m::~u " . . 
"a:: EJ:: L 1 a 1 fl 1-s r1.:i el Ei'll t1 .:i LL~ -:i ~tl a vitl ci u EJ'Vl~-:i '\11 fl'VI EJ vi fl 'a::~ \J'!l t1 -:iv 1.:i " . . 

o'a'Sl.J'll1~L 'Vlt1Til.J'V'la1~~fl~~~l.J~Trvlcrnvlt11 1vimL i.J-sL V1r1iir1m-sL uau(;l 1~~an11V1v1ael-:ili1-:i-stl~ 
" 

4.27 



' ' u~~L~M.rtl}BIA.i~LQ.m.!.Qt-Lr3t-Bll.tl.~::!.U~r3~UL&t-J~t-~i,r3B~f\~~f\!.LU::ru~UJ11~111BL\U~i~Uf\ 

" 1111,, ~M.IJl11 !.LU i!!Q,l!!IA 111 C,~rtra~ 1!11 tLUL~UNmB~f\WIJ[\~t-~,, rt~ irtLll!!!:Hm~Ln.Wt n.n. ,m_e,11,m t LI.!!~~ 

Lll1M.M.Ut-L\!1U\!1111A.l!!M.l!!IA. i r3C,Wrtr3!.1!11tLUrt I A I r7 ,_ 11 119 fl;i, 

~u~~LIJM.rtl}BIA., ~Ul.rt!.!.Qt-Ll1t-Bll.N~,mE, irtLC,1.!!l11116, 1111~[\ mpi_p,uL&U Bn. ~t-l!!t-LE,tl.B~::~,,t-lJL]> 

::&t-~iirtE, irtLll!!t-Bll.t-lJWIJ!.LUM.rUL& rt~irtE, 1rtLC,1.!!t-Bll.~n.~i}Bf\ i S"Z ruLrt::!.f1.l!~~ iw~::&t-~iirtE, 1 

. ' " rtLC,1.!! !6LM.~ 0£ n.~::WWl1~UL&t-»~::1Ji1 C,~ 1Wltt-Lrat-~1irtE, irtLU!lt-Bll.t-lJWIJ!.LU~::~iiNmmrtE, 1 

rtLll!!N::& 11111, Z t-r~n.~111!.LUl!l(!,l!l1Ail1l~rtl1~1!1i~}l!tA~GtA!.L~rt~t:l~U~~U~l.4.rtl}GIAi~Lll.rt!.!.Q 

t-Ll1 n.~::W~f'3~UL&t-»~U!. iit-qi.n. t L~l1M.~M.IJl1 i!.LUl!IQl!IIA 1tf1,1ir3Wl }GtA~GtA!.L~rt~t:l~U~~L~f,l.rtl 

~n.~11, tLUl!l(!,l!IIA. it[\ ,mw1 }GtA~GtA!.L~rt~t:l~U~~LIJM. 

rtl}GIA 1 ~Lll.rtU!lt-W t-Gll.n.~ ::w Wf'3~t-»~11G~f1.W~f1.~t-~i,c-a11.rat-l!l!.LU L~ c, i ::ra ::t LZ'tl ~f\S 

(s) .lW!.L 

09 OS Ot, 0£ o, Ol 0 
o·o 

-== e =:::::::::::::: • 
~ 0 =:::::::::: . = o~e ,·o 3 

~--· 
o~• 

= ~ 
i:,, 
t') 

0~ 

~ 
.,.o = t') 

\ 
~ 

-· = .... a ~ 

9"0 = i:,, 

~ 
-
t') 

Q. 

--- UO!lll'Z!U~(OA O!Wl?UAQ -0-8'0 3 
pu:i1q :l(dW!S -■-0 

.._y 

0·1 

OOt 



tl.,Vt-L~[t~t~ra t,&:::Wtl,U~ irmk~, tLUl.!tJ,l.!IA it-@121:-rt-B!l.}BtA,12@ tA,tl,J2 

i:-@n.t~raL&:::wtLun.t~ W1Att1.LKruiUL&Lmumr,i, it-~ ~urmn. ,,~rnm, tLUl.!tJ,l.!IA, rat~rmk~itLu 

" L~U~t-12,it-LIA~,(11112~~,, t-~n.n. ,,ttLl..liU~~tLU t-~ irtf),tLUt-~111.~fti,2 ~Ut-~i~_c1ftl2~L :::&ru~Ltl.~t 

n.n. 111'1.],ll,11'1. t Ll.!~,t,nUl.!tJ,l.!IA, rat~rtrak~1~U~l2L~M.rtl}BIA, ~Lll,fttU)t-Lra B~P,l:-1}BtA,128tA,tLl2 

ftl2~~U~i,2l,~M.ft1J,GIA i ~l,ll,ftttQt-t,rat-Bll.~,(11112~ wu ~l,tl.~t n.n. ,m],ll.11'1. t l,l.!~,t,tLUl,!t}l,!IA ,:::m,~Uf"l, 

n.n. ,, ~mm, r.Lu l.!tJ,l.!IA, ra t~}B tA,12@ tA,tL12rt12~~u~12L ~M.rtl}BIA, ~ Lll.rttr.gi:-Lrartrak~,r.Lu 

" ... n ·v ~fl.tn. ii:-~12,, 1:-~Lra1Att1.L~ruiULHrt~~r.r,i,, i:-~ ~u11n.n. ,, ~n.~n. itLUl.!tJ,l.!IA, rat~rtrak~, 

tLU L ~U U LrtBrtl2i t,ri,2:::~1, rtE, i rtt,tl.! ~U ~12L~ M.ft1J,BIA 1~ Ul.rtttQt-Lra 1:-B ll.t-121i ra B~f\~~[\t t,U :::rui-1.U ~ 

~ L ~&~u~Ln~t n.n. im],11,m t Ll.!~,t,tLUl.!tJ,l.!IA, ra~1 rn~ ,~1:-12,, ra@~f\~~f\U~l2L~M.rtl}BIA ,~ui.rtttg 

t-Lra~ L ~&£tt-Bl21:-r~n.~n. itLU£t L~n.M.~n.~n. ,tLUl.!tJ,l.!IA, t[\ ,, ra~1 }BtA,12BtA,tLl2ftl2~~U~l2L~M. 

ft1J,BIA1~LR.rtttQt-Wt-@n.n.~:::w~~i11.ULM~il1.t-12i1raG~f\~~f\tLU~rul-l.U~ 8Z'17 ~fl,tULI!. 
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4.3. n11f1 n~, ~VI 5VI a ,rn -:i 15 n11 e.ia1J~e1 a1Ju~ "1Je1-:it11 -:i fi'i«.i1J'tJ1~ L vi e1 i11JV1 a1 a~ nvl e.ia1J a, 1 

~e1avle1i 

n7'H(il~tJ1Jtl1.:JiS".i'il.J'1l1~LYlelf'Ll.JVH't1"~m::vrh-:i NR/PP/PEC vltJm1G'l1\Jn7'iL\Jfl\J~LY11f1\J 

40/30/30 1v1ml1vn1n 1v1t1L'!nfim'icrn1JvlLL(iln~1.:in\J 4 15 f1el Step mixing-E, Step mixing-I, 

Precompound-E LLfl:: Precompound-1 Lvltl15LL\J\J Step mixing ,i::LU\Jn1'iLi;J~EJl.Jt11.:J 

iS'i'il.J'tl1 ~ L VI cifil.JW" 1"~ n1 \J.ff \J(,\ el \J L~ EJ1 ;,:i,i::1G'i"1 'ifl.:J1 u ~ ""via ::'1liivl LL"1 ::15 LL \JU 

Precom pound ,i:: L U\Jn1'iL(il~tJl.Jtl1 .:JFlell.JW11\J~nel\Jvl'1:: L(il~EJl.J L U\Jtl1.:JiS'i'il.J'1l1~L Vlelnl.JW fl1"~n 

G'iTu E LLa:: I ,i::Ltlu '1'11Ku1\Jm'i~"""1-svlcim•lcii 1v1t1 E ,i::Ltlun11L~l.J"11vlci"vlcifl\J.ff\J(ilel\J 

"v1i1t1 LL a:: I '1::L U\Jn7'iL~l.J"1'ivlci" vlcifl \J.ff \J(ilcJ\JLL 1n'Vl«.:i,i1n 1G'iLuv1wa1"~n n7'i~"l.J-X.:i 4 15 • 
1~m1vln1'i~""IK.:i1u~ 4.29 

" 

30 
- -Step-E 

25 - - Step-I 

- • - Precom-E 

e 20 - --- - Precom-I 
i 
"Cl 
'-" 
a> 15 
= 
E' 
~ 10 

5 

0 
0 2 4 6 8 10 12 14 

Time (min) 

1tlvl 4.29 Fl11l.J~l.J~\Jlh::w;h.:ir11V1ciiFin\J L 1"11'!Jel.:J t11.:Jfi'i".il.J'1l1 ~ L Vlelnl.J'l'i"11" ~ n,i1n n1'iL \J"1\J~ 
" 
'i::'Vl11.:J NR/PP/PEC LvltlLLU'i1fin1'i~"" 



103 

120 100 

100 
--Torque 80 

- 80 8 
i 
"'0 .._,, 

60 ~ = O" 
I. 

~ 40 

- -Temp -u 
0 .._,, 

60 ~ 
I. = -~ I. 

40 
~ 
Q. 
8 
~ 

20 
20 

0 0 

0 1 2 3 4 5 
Time (min) 

Yl11'Ul>l 

'11 m,J~ 4 .29 fl11:W~:W~'Ui5it'Vl17.:Jrl1'Vl€J{fln'U L1i;l1 bbi;lt€JC\J'Vli1iif11 ii:.JG'l:Wf1'U L1i;l1'1J€J.:Jtl1~ 
" ' " 

5ii:W'1l1 ~ b 'Vl vft:W'l'li;ll "'~ n-..i1 nflli b 'Ui;l'U\>lit'\1111.:J N RIPP /PEC 1~ tlbb ·1.h15f11 ii:.JG't:W'W'U11 rll 'Vlvifl 

f11ii:.JG't:W'1Jtl.:Jf17i~JG't:WJ.:i 4 16 '1t'Uitn€J'U~1EJ 3 'WA 'WAbbin'Uiln!]~\1\'1bb'VI\J.:Jb~tl111'U~tl 'UitlJlC\J 

d.J ..J Q, .: 4 Q .cJ C: I cit .cJ ..:ii. Q d 

'Ul'Vl'Vl 1 •1mn~'1J'U'17nA11:W'Vl'U~'1J€J.:J'\'li;llG'l\,lf\'Vlb i:W'Vli;ltl:W G't1'U'Wfl'Vl 2 bf\~'11 f\fllib\,l:Wtl1.:J'\111€Jtl1.:J 

fltl:W'W11'U\>li;l.:J1 'U'U~i:.JG't:W zj~'Ui1fl!J~'U1Vl~ 2 '\111€) 4 tuv~f1'Ubb(;li;lt16f\1ii:.JG't:W ?t1'U'Wfl~~vhm1u 

bn~-..Jlf\f\1 i1i;ll'll 1 mi1 'Ub ~G'ttll.:J b~tl ht"11i1i;lA11 'U"ll'V11€Jtl1.:JA€J:W'W11'Ul>l~il?i1mrn:w'1J€J.:JG'lli 

ll;lA11 uil;l.:i1 ,J ?i.:ii:.Jl;l 1 ~m1:wV1ii~'1Jruti:.JG't:W'1Jv.:iv1~5ii:W'1l7~b 'Vlvfl:wwl;l7G't~m~:wG't~tu b~tl 1 ~L11;l7 
\J 

L 'Uf\WI.J ~ i:.J?l:W L ~:w=i1u'ilt L ~'U11fl11:W'Vl'W~'Vl~€Jrl1'Vl€J{fl'1J€J.:Jf11'fl.J~i:.J?l:Wi'.Jrl1 i;l~M L {j€J.:J'il1 f\€JUi11 fl 
' 

tl1 .:J1i;lfl11 'U'llbn~ fllibb\,lf\€)€Jf\bU'Utl'4i11A~ b~f\i;l.:J 'Utlf\'11fl'1'1t b i1'U11f11ii:.JG't:Wbb 'U'U Step mixing 

n'U Precompound Yl'U1115LL'U'U Precompound -..it'l.~rl1'Vl€Jifl'1JC\JttJ1.:JLn~fl1i11;lfl11 'U"ll~G't.:i 
" 

fl11bb'U'U Step mixing b~tl.:J'11 f\16bb'U'U Precompound G't1i11;lfl11'U"ll'1t~f\'U~i:.JG't:Wi.'Utl1.:Jfltl:W 

Yl11'Ul>lL~tJ\,}i~ L ~G'ltl1.:J~~G't1:IJ1imn~fl1i1i;lA11 'U'IJL~b ~1 f\11 bbi;lt:1J1nn11f\11i:.JG't:W Lb 'U'U Step 

mixing 'Utl n-..i1n'1n11L\,\1tJ:WtJ7.:Jfl tl:W'W11'U(;IL ~tl 1 'UL un11L\,\1tl:WtJ1.:J511:W'1J1~b 'Vlvft:W'Wl;l1G't~n ~ 

nnv-ln11t:,m:w 1~~.:i1tl~ 4.30 -..itb~u11L~tl 1?iv1.:il;l.:i 1 tl'U~i:.JG'l:wr11'Vlvi1-1-..ittuG't.:i L~v~-..i1nm1:wV1-u~ 
\J " 
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n1"Hjj'vi'!l1VI ,rnmn nd~:: L ~'I.Jr11VleJif-1~ L tl~l:J'I.J 1 tl L U'I.J'll1.:! 1'1i.iLnvi~1n n111'1~17Lf'lm 'I.J1::id1.:i 

L!Jl~e.JlW1~f'lcllJW11'1.Ji;1 

4.3.1. aiiuiL;j~ml (Mechanical properties) 

L1J1~1:JlJ1:J1~li77lJ'll1~L V1eJTil.lwt11~~m11nm1L ut1i.ii;11::vi11.:i NR/PP/PEC 1vimL tl1 

16n17~~lJ 416~'1 Step mixing-E, Step mixing-I, Precompound-E LLti:: Precompound-1 Ltl 

VlVl~cltJ ~lJtJ~Vl1.:!~ 1'1.J n17 ~.:i fl e)'I.JLL'1 ::vi~.:i m1tlm ~ .:i LL ti:: m 1 ~ vi1tlm11 LL tJtJ ~.:i 1~~" m 7VlV1'1 cl~~ .:i 
" .,j ' 

!Jl171~Vl 4.3 LLt1::1tlvi 4.31-4.34 
" 

d 
!Jl1'a1.:JV1 4.3 ~l.lu~ L -B.:i nti rivmrn::vi~.:im 1tllJ L ~ .:i'!JeJ~ e., 1.:i577lJ'll1 ~ L V1vitl.lwt11~ ~n~~ ~lJ~11 

vl eJ~vleJi LVll:JLL tl715n17~~lJ 

Properties 
Step-E 

Method of mixing 

Step-I Precom-E Precom-1 

Unaging 

Modulus at 50% (MPa) 4.77±0.07 4.77±0.08 4.85±0.20 4.95±0.08 

Modulus at 100% (MPa) 5.43±0.07 5.42±0.07 5.32±0.21 5.45±0.07 

Tensile strength (MPa) 7.93±0.11 7.67±0.22 12.41±0.20 12.15±0.23 

Elongation at break (%) 317±4 300±3 487±6 473±8 

Tension set(%) 28.5±7.2 25.4±2.9 24.5±2.9 29.5±2.4 

Agins 

Tensile strength (MPa) 8.79±0.08 8.21±0.23 11.72±0.25 11.28±0.32 

Elongation at break (%) 356±13 320±2 488±4 477±18 

Retention 

Tensile strength (%) 110.9 107.1 94.4 92.8 

Elongation at break (%) 112.2 106.7 100.2 100.9 



" "' " "' L~~~~Lll.~&~~~;:r3;:wL&~\ ~ u~~L~@tl.Q,mLt.lelt:-~1.mr:-13~~1_p,uL&UGt1. t:-~M. ,,r:-~ ,mLt.lel~;:~,,~1 

u~t:1~\;!,;:&~n.~~i;.M. l~BM.t:-Gri.~t,1, iuLHrt~t:1t1.Q, ,o,r:-~ r:-~r:-~r:-~ imLt.te1;:~,m~~Brt~;:&~~i B!,ttl.,Vt:-L~ 
' ,. ,. 

I\ 
ft\[\J;.~~J;.LU;:mJ;l.U~~t;:& £t V t:-~}Bt,l,~Gt,1,J;.L~rt~t:1~U~~L~M.rt1J,GIA. ,~ui.rtngr:-Lr3t:-Gll.t:-~ il'tf\ 

,. ' 

J;.LUt:-~111.;:~imB~t:-~~r3~lelirtLt.leln.,Vt1.Jt111Lt.lel L~n.M.rt~t:1J;.LU£tJ;.[\iif3~1 }Bt,1,~Gt,l,J;.L~rt~t:1~U~~L~M. 
,. ' 

(q) t:-~1l1f\J;.LUt:-~111.;:~,, (e) t1.G~rt~t:1J;.LU£~J;.[\irn~1 }Bt,1,~Gt,l,J;.L~ 
I\ 

rt~t:1~U~~L~ M.rtl}BIA. i ~ LQ.rtJ;.J;,gt;-Lr3t:-Gll.~r3 ~leli rt Lt.lei n.,Vtl.Jti rtLt,lelt:-L ~li1,;:J;.¥t1.~rtf rtL t,lel 1 €'17 ~fU, 
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00!, 00t> 00£ ooz 00[ 0 oos 00t> 00£ ooz 00[ 0 
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~f\rn t rtl.UH,l,Ul.l}GIAL!"UL~~t ~~tl. t Ll.l~k,tLUru Lrt~f\) rrn~i:-~~Ui:'~ ,~,(\m? f3G,C\~'\29tl. t Ll.l~k,tlU 

~ ~il:'~f3GL\Tlllrt~f\~l~ i~129t1. t Ll.l~k,tLU~~,i:-~~l,ll,rtttlli:'Lf3~tA i tl. lJ-tl. t Ll.l~k,tL~i:'Gfl.tl.~rt~ irtt,C,l,l 

~ t ~Hi:'~ ~GP.rtL~l:-f}GrtigGM.tl. lJ-tl. t u,m~tL~l:'Gfl,C,~[3l,(~:;wtLU~i:'~ dais rm iirtf3~lll,~U~~L~M. 
~ 

rtl}GIA i~ LJl.rtttQl:'Lf3l,~U i:'~~12'tl. t Ll.l~k,tLU~~i UtLrtL~~Lll.rtUQl:'Lf3~ t L!A~ LP.rtttQl:'Lf3 ~t.1. i tl. t 

~G:;~[UL-1. t tl,C,~~n. t Ll.l~k,tL~ punodwOJaJd n.n. iirtf3~1Jl,~U~~L~M.rtl}GIA ,~l,Jl.rtttQl:'Lf3UL~i:'Gp, 

n.~i~,e.i:-t,rG punodwOJaJd £~f3l~rtf3~lllitLUL~Ut,~U~~L~M.rtJ}GIAi~LP.rtttQl:'Lf31:'Gfl.~Lfl.~~~~~ 

:;[3:;t:;~i,i:-~i:-t ,m~t1.l,IA.f1,L~rtLll.!L!"~t:;~ dais n.n.,irtf3~lll,tLU£~L~n.~ ,:;~ punodwOJaJd :;~,, 

dais n.n. iirtf3tlllitLUl:'Lrn:;tn.f31A mf3tf\ mrtmUL~UGn. ~Lfl,~~IA,~[3:;[3:;t:;~i,i:-~i:-t ,,mllM.LIAM.Llll P:, I ,C,, ,C,, f":" f' JP P I '1 

rtLll.!L!"G~~Hi:'~ftP~~t,P.rtttlli:'Lf3~t (3 %L-1-I) 1:-~v1.Giv1.n.Gµ}GtA~GtAtl~~tf3~l u~~L~M.rtJJ,GtA.i 

lllLP.rtttQl:'l,f3rtf3tlllitlULln.M. ~Lfl,~~IA,~[3:;[3:;t (q) :;~,, 1:-~i:'t ,mlllM.LIA.n.Llllrtl,C,l,l (e) rt~HtLUQC, 11:P ,C. I ~ IP P I n It"~ 

~ 

t("\irn~l }GtA~GtAtl~rt~H~U~~L~M.rtl}GtA.i~Lll,rtUQl:'Wi:'Gfl.i:'~tLU~,(\rt~ Z£'t7 ~f\t 

~----------~009 

90l 
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Lii~fuih.foJ1rumnLrntvnnr111l.JLL\;lfl~1,:i'IJeMr11V1t1{r1ti't1m1t~eJci,:in111"1r111ui~Ln~fuiji.J~l.J1ru 
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Step-E Step-I Precom-E Precom-1 

-atlvi 4.33 fl11~~1U'11'J1LL '\.J'I.J~,:J'IJeJ,:JtJ7,:Jli11l.J'll1 ~L 'Vltinl.JYl"11G'I~ fl~~G'll.JG'l11'WelG'l'W'EJ{ famL ,J1 .. " 
16fl11~G'll.J 

~1m,J~ 4.33 fl11~~1U'11'J1 LL '\.J 'I.J~,:J'IJe),:JtJ7,:Jli11l.J'1J1~L 'Vlelnl.JYl'11 G'l~fl~~G'll.JG'l11'WeJG'l'Wtl{ 
" " 

l~mLi.J11im1~al.JYl'U11 v1,:io11l.J'll7~L 'Vlt1Til.JW"11a~n~L\;l~Vl.J~1v15m1~al.JJ,:i 4 15 ~t1 ,Xri1 

rnie3vt~tlcn:rm uu~.:i hJ~1.:in'U zj.:,eJ ~~tli~mru 27 LtleJ{ L~'U~ LLavt.:i1115rni t-H'll.J hfafo.J'1~el 

G'll.J'U~~1l.lfl11~Vlii.J l.lel fl~1fli1V,:JU,:J'I.JeJflci,:i EJ7,:ili11l.J'll1~ L 'VlelTil.JW~1ff ~ fl~ L(ll~ Vl.J 1~~1 nJ,:i 4 16 ij 

ll.,IQ,Q,, - cil'.c:ie 
G'll.J'\.J(lltl~1ff(llfl'Vl~ 



1:-~, rt[\1:-fi,1,~UI:-(?: i1&..,n.rt~M11l.i:'L~Ultl11 rtLll,,IG~~l':ll:-~ft1 u~~L~M.rt)J,GIA., ~LR.m.tQW1 

n.it-~ (3 G~i,1, I) }GtJ,,~GtJ,,tL~rt~l':ltLUfl.Gltlfl.~L~n.M.~ULlWGfl. 1:-~fl.1mr.l~fl.1ft1~1.tlLll.l!l~~ltl~~fil~t 

~~,rn@,etu~,i:-~l.tl~i:'LIA.fl. ifl.1 n.r.i~fl. ,i:-~i:-t ,rn~n.LIA.fl.L~rtLt,l,,IL!e'~ i~C!. punodwo::>aJd n.n. ,,£~filt,~ 

rtfililtl1~U~~L~M.rt1J,GIA.1~LR.rtttQl:-l,filfl.t,~ 1:-~ 1 rt[\i:'~J,1,fl.~t-~rt~ i_g.n. 1 Ll,,1~£,U~~L~M.rtJJ,GIA. 1 t-Gll.~Ui:'& 1 

~,(\rt~~ i Ly\ ~1 @~_g.n.1 Ll,,1~£,tLUl!l\;!rntLrtL~~LR.rtttQt-Lr.iL~ULE,~WUCSLn.ltl1n.n. ,,~n.1 Ll,,1~£,tLu 

n.@l.tl n.~n. ~n.1 LI,,! ~ii LU ltl\;!,i:-~~n.~~Gm~~tM. 11:-@ll.} G rti ~@M.1,,111:-@ri.~t,1,, n. i ~L M.oi r.i l!ll u ~~ L~M. 

" rt}J,GIA. 1 ~LR.rtttQl:-Lfilfl.1,.filGG~i,1, 11:-~1,1,~_g.n.1 Ll,,l~l,!.L~ 1:-~ 1rtf\fl.1 U~~L~M.rt)J,GIA. i~LR.rtttQl:-Lfi!Lri@p1 

~t,I, i rtL~t-~n. ~1 t,~r.lLC!.~WlltLrtL~l19fl.1 Li,,1~£,tL~~ i Ly\ ):Id/ dd/tlN rt~l':ltLUl:-L~l,1,~tn. ~fl.1 LI,,!~£, 
... 

tL~rt~1tLULy\ dais n.n. ,m~l':ltLUfl.Gltlfl.~~~u~~L~ M.rt)J,GIA. i ~ LR.rtttQl:-Lr.lU LM@p i n.~rt~ i 

!:-LIA.fl. ill. 1 fl.r.l~fl. iltlLll.ltl~~ltl~~fil ~t~~,,i:-~i:-t ,rn~fl.LIA.fl.L~rtLt,l,,IL!e'~ i ~C!, dais n.n. 11£~r.lt,~rtfililtl, 

~U~~L~M.rt)J,GIA.1 ~LR.rtttQt-Lrl L~n.M.rt~l':ltLU£~!.fl.1irl ltll } GtJ,,~GtJ,,tL~rt~l':l~U ~~L~M.rt)J,GIA. i 

~LR.rtttQW'li:'Gll.fl.G}rtLt,l,,lr;it,~1:-~ irt[\1:-fi,1,~Ut-& 1~rt~t'Gll.r@t-l,,l!.LU~fl.~1} Gf\ 1 17£'17 ~fl.t 

rt~l':ltLU£~!.fl.11r.l ltll } GtJ,,~G tJ,,!.L~rt~l':l~U~~L~M. 

rt)J,GIA. 1~LR.rtttQt'Lr.lt'Gll.fl.G~rtLt,l,,lr.lt,~t-~ 1rt[\t'fl,1,~Ut'(?:1~rt~t'Gll.~Gt'l,,l!.LU~fl.~1} Gfl. 1 17£"17 ~fl.t 

801 

){WJ9 lB uo9Biuo13 ~ 
~U~.QS ~{!SU~l D 

3:-dillS 
0 

oz 

Ot, 

09 

08 

001 

on 

Ot,l 

~ 
~ 

-
~ 

= -o· 
= -.. 
~ 0 

--



109 

4.3.2. i1NJ1'L!1'Vlll1 (Morphology) 

rn 1~mn i N,i7'U1'VIV1'Uv.:J v1.:i511l.16ll1 ~ L 'Viv fh.1-w'11 ~ ~ n~m.1~ 1wJ v~vJ t11 1viv LL 'IJ 1 .,. 

15fl11~~lJ 4 16 flv Step mixing-E, Step m ixing- I, Precompound -E LL'1:: Precompound-1 

1\ii'~mL~vl.:J'11.:J1'U~ 4.35 LL'1:: 4.36 
'IJ 

Method of mixing at 200x magnification at 1,000x magnification 

Stcp-E 

Step-I 

Prccompound-E 

Pree om pound-I 

LL'U11fifl1'j~~lJ ~ri1~.:J'UV1V 200 LVl1 LL'1:: 1,000 LVl1 
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Method of mixing 

at l ,000x magnification 

- tOJf",-

Step mixing-E Step mixing-I 

~w~~ 

~~~~ 

\.;.,,.,,.;"\~·..-··~-' - 1f· "l-

Precompound-E Prccompound-1 

'i"tlvl 4 .36 "'ru~1u1V1 t11 LL uu"1nviL W"1'1Jv.:it11.:i;s111Jt1~ L V1,rfl1Jvrn1"1 ~ m .J "1lJ "11'rv-lmw{ v1 1vi EJ LL ,J1 " ... 
15fl1'i"t.J"1lJ vin1".:J'lJEJ1EJ 2,000 LV11 

~1 mi.Jvi 4.35 "'ru~1'\J1VI EJ1LL UU 1lJ"1 nvi L W?l'llel.:JEJ1.:J5'i"'i" lJ 'll1 ~L Vl elTilJ'l'l tl1"1~nt.J ?llJ?l1 'i" " ... 
w v?lw vi 1\;lmLu 115rn1t.J?llJ vln1~.:i'tlt11t1 200 Lvh LLti:: 1,000 LVh Y1u11t11.:i;s111J'!11~LVltlnlJ 

'l'ltl1"1~f)yjL\Jl~ EJlJ~1 EJ16fl1'i" t.J ?llJi-:i 4 16 ~~ 1 ~ '1 n~ru::vrn"' ru~1'\J1 VI EJ1~1lJ \Jl1.:J fl'\Ji.:ivl ri1'1.:J'1JEJ1EJ 

200 Lvi1 Lrn::viri1".:i'llt11EJ 1,000 Lvi1 1vit1~ri1".:i'tlt11t1 200 Lvi1 ~ru~1u 1 V1 t11~::ii"n~ru~~1vl ... 
'll 'i"'ll'i" ~ LLtl ::ihv EJ'VlfJ f) Lvt EJ'i"tl EJ'VlfJ f) Ln vi ~1 f) f)1'j" LL\Jl f) tl tl f)'1Je)-'.l 'l'ltl 1?1 ~ f)'\'l el~L 'l'l 'i" 'W ~ '\J LLtl:: ~ ri 1 " -'.I 'll El 1 El . 
1,000 L vi1 ~~ L i-1u11ii'liv-311.:J 'i"~'Vl11.:J?l1'i"Wtl?IWtl ':iflUEJ1-35'i"'i"l.J'!l1 ~ L VltlTilJ'l'l tl 1?1~n LL"1vt.:J11?11'i" 

Wtl?IWvftlJ L 'U1 nUEJ1.:J5'i"'i"lJ'!l1~ L VlelTilJ'l'l tl1"1~f) L ~tl-3~1 f)?i1'i"~ el"1Wtl':iL U'\J?l1'i"tlU'IJVl%'11-:i 1lJ L 'U1 nu 
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G'l11iJ'Uvt%el ~ 1.:ll:J1.:lliiil.J'1J1 ~ L Vlelnl.JV'l'11 G'I~ fl 'U el mn ni1Lri el'Y1'111 t:\J1'tl'U1\?l'1Jel.:IG'l 11Yl elG'!Yl el{~ 

th1fl!]V'IU11 '1J'U1\?l'1Jel.:JG'l11YlelG'!Ylel{fltm\?leltj~ 50-100 µm (1\?l\,11l.JLL'U1EJ1'J) zj,:i\,11.:JflU'LJ't.11\?l 

'1Jel.:JG'l11YlelG1Ylel{L~lJ(,1'tJ (thtmru 70 µm) LLG'l\?l.:JLl~\i1uci.:im1u\?l~G'il.JhJci.:i~rn~el'1J'U1\?l'1lel.:JG'111 

YlelG'!Ylel{ 

..i 
'11 fl) 'U VI 

" 
4.36 '1t:\J~1'U1Vll:J1 LL UUG'lfl\?lL YlG'1'1Jel.:!l:J1.:!liiilJ'1J1~ L Vlelnl.JV'1'11G'l~fl~G'll.JG'l11 

YlelG'!Ylel{ 1\?lmL'Ui15f11i~G'llJ ~rh"'.:!'1JEJ11:J 2,000 LV11 V'IU11tJ1.:llii)lJ'1J1~LVlelnlJV'l'11G'l~fl~L\,111:JlJ 

vl'Jl:J15f11i~G'lmr.:i 4 16 1 ~'1t:\J~1'U1Vll:J1'1Jel.:IL YlG'IEJ1.:Jfl"'n~rutel'U.fl1Af1'1l.Jfl)t'11tlL 'UL YlG'!LvtelfllJ .. ' 
V'l'11G'l~fl L~el.:1'11nflm11cim11'1r111 ui ci.:i~'11 ~l:J1.:!Lf1\?lf11)1'1A11 'W'1J"l 'W'1Jt:\Jtf11WG'll.J LL'1t LrimvlG'I 

EJ1.:J1'1A11 'Wi~.:ivh 1 iflm1lJV1'U\?lG'l.:J:ff 'W LrielU\?l~G'llJ~el 1'U'1t'V111 iL YlG1EJ1.:i1'1rl11 'W61JLf1\?lf111LL\,J fl 
" 

!'1 ..i " 1 Q ( .,, QQ elelf'IL u'Wel'W.fl1AVIL'1fl'1.:Jflit'11EJ 'WV'1'11G'f\,Jfl'\11'1ell.J L'1t611 \?l, 2557; Asalethe et al., 1999; John 
' 

et al., 2003) 'Welfl'11 fli1Lrielf1'11 it:\J1tn.:!liiil.J'1J1~ L vtelfll.JV'l'11G'I~ fl~fl f11') L\,111:Jl.Jvl'J EJ15f111~G'll.J 

LLUU Step LL'1t Precompound ~fl~1{;1\Jf111LciG111YlelG'!YleliL'Vlijel'Wfl'WV'IU11 EJ1.:Jli11lJ'1J1~LVlel{ 

1ii'V'l'11'1 ~ flflt'W1 \?l'1lel.:Jel'W.fl1 ritn.:i 1ll LL\,J fl ~1-:i fl'W LL'1t Lriel'V1'111ru1i'W \,Jel'Wf111~G'll.JG111Yl elG'!Yl eli~ 
' 

~1-:!fl'W (E LL'1t I) V'IU11EJ1.:!li11lJ'1J1~LVlelfllJV'l'11G'l~fl~flm1L~lJG'l11YlelG'!Yleli1 'UL 'Wi'W\,Jel'tJLL 1fl (I) 

flel'W~'1 t L~l.J EJ1.:J'\ll~elEJ 1-:i A ell.JV'l 1'J'W ~ '1tvh 1 i L Yl '11:J 1.:i~ fl 1t'11 EJ~'J L 'W L Yl G'IV'l '11'1 ~ flflt'W 1\?l L~ fl fl11 

f11iL~lJG'l11YlelG'!Yleli1 'Wi'W\,Jel'WG'l\?lVl11:J (E) L ~el.:1'11flG'l11YlelG'!Ylel{L U'W faVlt flA11lJLL ~.:i LL'1tA11lJ 
' 

Vl'W1 LL 'W'WG'l.:J Lriml11 'U~G'll.JflUl:J1.:!liiilJ'1J1~L Vlelnl.JV'l'11G'l~fl'\1111 ~Lf1\?l LL i.:J LUel'WlJ1 fl:ff 'W 1 'Wi'W\,Jel'W f11') 
" 

~G'll.J zj,:i f11i~G'llJG'l11YlelG'!Ylel{'1.:iL 'UL Vlelnl.JV'1'11G'l~fl L 'Wi'W\,Jel'WLL ')fl (I) '1tVh 1 iL Vlelnl.JV'l'11G'l~flfl 

m1l.JV1'U\?l L ~l.JG'l.:i:ff 'W Lfl~ LREJ.:inum1l.JV1'U\?ltu.:iEJ1.:im fl:ff 'W iru~1'W1vttn Lf1\?lL tl'Wi' Nn ri~m ~el.:i Lriel " .. ~ 

EJ1.:i Lf1\?lf1111'1r111 'W61J'1t 1 ~'1l'W1\?lel'W.fl1AEJ1.:i1'1r111 'W61JL U'ULL uuL i1el'1t LBl:l\?lVl~elflt'W1\?lel'W.fl1A L~fl 
' ' 

UflJ.:im1~G'llJG'l11YlelG'!Ylel{'1.:J 1 'W L Vlelnl.JV'l'11G'l~fl L 'Wi'W\,Jel'W LL ')fl (I) flit l:Jt L 1'11~'11 iWelG'!Ylelfo flU\?l 
" 

~"'ii 1 'W1:J1.:ili11ii'1J1~ L Vlelnl.JV'l'11G'l~fl'W1'Wfl11m1 L~lJG'l11YlelG'!Yleln 'Wi'W\,Jel'W~\?lVl11:J (E) 
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4.3.3. n11m::~1v1111'1JD~m1~mwlDflut11~51111,i1~L'VlDiL11Vlil1a~nvii:.Ja11a1wlDa~Di 

n11Pl n~1n11 m::'11 ti tll'l'IJD~a11Ylmwi elfl tJEJ1~li'l1>.J'll1 ~ L VI el 'tt>.J'Vi f'l1'1~ n~ ~a11a 11 

YlelavlDi 1~mLthLVll'liil'lnTH'Uf'ltJ~ L!1l~nn11Pln~1LL'1~~~~1tl~ 4.37 
" 

Method of mixing 
at 4x magnification 

Step mixing-E Step mixing-I 

Precompound-E Precompound-1 

t~mLtl116n11~'1l.J'Vi'U11 E.11~fi'j'j>.J'IJ1~LY!tl'ttl.J'Vif'l1'1~n~iin1'H(Jl~EJ>.JLL(;ln1Jh~ntJ 4 16 ~::1~ 

'1n~ru::'!Je)~f111m::'11E.ltll1'1Jtl~'111Wel'1Weli1li~1~ntJAEJ L~el1~LL'1~~iil'l11>.JE.1111'l~tJ 450 - 490 

nm 1 um::~'U:a'U!111elV1~EJ1~611>.J'll1~L YleJ'it>.JVin1'1~fl '111Wel'1Wel'Sfl'1::rinm::\J1tJ"11 L ~iin11 
' " ' 

tln~tlci el EJLL'1~elel fl1J1 zj~'1:: L ~tJ L tl'Uel~f111'1'111~ L tltJ~ L ;iv1t1EJtJ ii~~1~'11n EJ1~61'l>.J'll1~ L Vltl'tt>.J 

Vif'l1'1~ n~ii~viun11 '1JtJ1~el'-'m l'l'!J t1~a11Ylelavle:ift tJL VI EJ'ttl.J'Vif'l1 '1~ n~ L(Jl~EJl.J!111 E.115 Step-E, 

Step-l, Precompound-E LLn:: Precompound-I ii'llm~tl1::111ru 72.9±16.2, 78.1±18.5, 

73.7±21.9 LLn:: 73.9±15.3 µm mmi1v1u (1~!111EJLtl'lLLm>.J lmageJ) '5~'1::L~tJ111fifl11~'1l.JLli 

~ ~ ~ n ~ el'tJtJ1 ~ el'-'m l'l a 11Yl El a Yl Eli LLf'l:: a11Yl EJavl e:i iii rn 1 m:: '11 EJ rih El tj ~ 1 ~ ~ LLeJ tJ EJ 1 ~ 51 'll.J '111 ~ 
L Vlelnl.J'Vin1'1~fl L~EJ LlJLfl1::flcil.JtltJ 

' 
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4.3.4. al.lu~vi1.:iu.a.:i (Luminescent properties) 
d d 11 

4.3.4.1. fl11lJ£111flfl'UVln1::~'U • 
nTrn~ ?I m.J i'117:i.JcJ71 i'l~tJv1m:: tii'tJ'U ,McJ1.:Jfi11:1.J'IJ1 ~ L Viel ft:i.Jvm 1?1 ~ nv1 ~"'""' 11 • 

'V'lt1?1Ylt1i 1~mLth15f111~?1:1.J 1~m1nwv1~l;lel.:J\il.:J1'1Jv1 4.38 

3500 

3000 

2500 

c 2000 
·;;; 
C 
Qj - 1500 C .... 

1000 

500 

0 
300 350 

" 

"- = 373 nm --Step-E 
- - - Step-I 
- .. - .. Precompound-E 
• • • • · • Precompound-1 

400 

Wavelength (nm) 

450 500 

~?ll.J'V'l'IJ11 L~e:Jm:: ~'Wtl1.:Ji5))l.J'IJ1~ L vmftl.l'V'll;l1'1~f1~1tlFl11l.Jtl11Fl~'Wv1\.h .:inwiJ:: 1 ~Fl11l.J L 'LJl.J LL'1.:Jv1 

,Jl;l~'U"1tl£1(;17.:Jn'W 1~t115f171 L(jJ~cJlJ t11.:io11l.J'IJ1~ LVrnftl.l'V'll;l7'1 ~nv1~ '1l.J?l71'Wel'1'We:Jf~.:i 4 15 il-rl i'1 

v1'1J17f1I11'1i1 cJi'l~.:Jfl'lJ zj-:J ?lll.J11C1m::ti\'tJ1~~1'1.J'111-!li'111lJcl11i'l~'lJ'U1::l.J1ru 360-440 nm (~\11f1 
;..J • " 

1'111:1.J L 'LJlJ LL?t-:Jvl?t-!1f111 70% '1Jtl-:Ji'111l.JL 'LJlJLL?l .:J L~l.Jtii''lJ) LLl;l::ili'111lJcl11i'l~'lJv1?11:1.J11C1m:: ti\'u 1~~vl?t ~ 
" . ' 

miv1 3 73 nm 'Wtl n-;;i1ni1L~t1-w-;;i11ru1m1m irmL?t-!!v1t11-:io11lJ'IJ7~L vit1ftuv·rn1?1 ~ f1'Ul;l~'U"1tl cJ'W'\.J17 
" 

£17-:Jfi11lJ'IJ7~ L V1 tlTilJ'Wl;l7?1~ nvl L\ji~ tJlJ~1 EJ15 Precom pound-I Cif1 m:: tii'tJ 1~~v1?t~ 1tl-!ll;l.:Jl.J1~ el 
" ' . 

Precompound-E, Step-I LLl;l:: Step-E ~7lJ~7\il'U LL?l~-:i1iL~'lJ17f111~?1lJ15LL'\.J'\.J Precompound 

-;;i::vh1i?111'V'lel?l'Wt14~nm::~tJ1~~7£1f117f111~?1lJLL'\.J'\.J Step L~tl-:J\17f116LL'\.J'\.J Precompound il 

m11~tl1l1'tJ 1 'WEJ7-:Ji'ltllJ'W71'W\;l zj,:iJ1l1'tJ-;;i:: 1 'IJ LLV11m::"111.:i ?11EJ L61JLlJLl;lfrnm.:ivh 1 i?11cJ 1'1i1:i.J Ll;lf1l;l 
' ' 
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u1,nh~ nu111ntu~~iim1111 th~ LL'1~ L ~11tu LL a:: 1 uiu1J1 cJ'Un1i~ '1l.1'11 iVhrnv-ltifoT·l L~l.1'11i 

'Y'lcJ'1'Y'lcJiM1 u1 uiutJ1titJLL in (I) \l::vh 1 ~'11i'Y'lcJ'1'Y'ltifonm::l))tJ 11ii'~1u n-h'\-1~cJLL'1~'11l.11iCl Li11 u " . 
m::i;i'u 11ii'111nr111miL~l.1'11i'Y'lti'1'Y'ltiia~ 1 u1 ututJ1titJ'1v1vhu (E) zj~ Lf1vl\11nmiL~l.1'11i'Y'lcJ'1'Y'lcJfa~ . . 
1 u1 uitJIJlcl'ULL in (I) \l::Vh 1 ~U1~'oiilJ'lJ1~ L vmi111wa1~~nii'1JtJ1vl'lJtl~tl'U.f11flU1~1'1Fl11 tJ'llL~ nn11 • 
n1iL~lJ'11i'Y'lt1'1'Y'lt1ia~1u1utulJltl'U~vli1u (I) (~1lJ1iClvliUHi1'U1'VIU11~'UiU~ 4.36) zj~tl5U1U 

'I 'U .,,. 'U 

L ~1111ii'\11mtl~ 4.26 ~t1fiU1una '1.nn1ivi1~1tJ'1Jt1~LL'1~~1J1nm::V1u'111'Y'lt1'1'Y'lt1i \l::wu11mm 'Y'l'1 
" 

u1~ii'llu1v11 "'n 1\l::uv1u~n11~t1~'Vl::a~1u'1Jt1~LL'1~ 1 tlei'~\lvi~u vi11 ~~1i'Y'lt1~'Y'lt1i'1.lii'~umim::i;i'u 
-~ 41 'I 'I 

i!ti ua~~ ~,Ja vii.Jciti u LL~~ '1.lii'-u t1 u a~ 

cl d. 1 . 1 ' 4.3.4.2. 1"111lJU11fHl'lJ'Vlu'1vluflilU 

n1i'Vlvl '1tlUF111lJ l:.J11 Fl~'U~i.Javi,Jcie:i 1:.J'lltl~l:.J1~'oiilJ'!f1~ L 'VltlTilJ'W'11'1 ~ n~~'1lJ 

'11i'Y'lt1'1'Y'lt1i 1vimLUi15n1i~~" '1.lii'~an11V1v1ae:i~~~1,J~ 4.39 

.c -~ = ~ ..... = ~ 

4000 

3500 

3000 

2500 

2000 

1500 

1000 

500 

0 
450 

••• ✓ /~ 

.·/ ~ 
... 9 

., 

"'= 509 nm 

. . . , .. 
I 

..... --·:-··, 
_,_..... ' . 

500 

I '- • • ' • '. ' .• 

--Step-E 
- - - Step-I 
- .. - • · Precompound-E 
• • • • • • Precompound-I 

,,. , ... 
~-:. 
"' .. 3:~ 

"' ' " ~-,-. .. ,~. 
-~ 

' 
550 

Wavelength (nm) 

600 

1,J~ 4.39 '1 L tlfltJ1~lJ'llt1~n11tlav1tlcit1uw'1'~~1tJ'1Jt1~ u1~'oiil.l'!f1~ L 'Vlt1Til.JWa1'1~n 1vi u LL Ui15n1i 
" 
~'1l.J 
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'17fm.J~ 4.39 m'IJA1>1!l.J'UeJ-:irn1'1J,w1'1JcimJ'l"l~..:i-:rn.1'UeJ..:it11..:i511l.J'1!7~L'VleJTil.JYi,rn'l~fl 1~EJ 
" 

LL'U'516fl71~?1l.J'Yi'U11 L~tlfi5:::~'l.lEJ1<l51'5l.J'U1~L'V1€lfil.JYi'11?1~fl(i)1EJfl11l.JEJ11fl~'U 375 nm EJ1<l 
' 

5'5'5l.J'1!1 ~ L 'Vltl Til.J'\"li.'l1 i;'I ~ fl~~i;'ll.Ji;'l71\IJ e)i;'I\IJ e) 1'1t 1 ~fl71'U '1~'U ci e) EJ LL?l<l?l<l i;'l~~fl11l.J E.111 A ~'U'U1 t m ru " . 
509 nm zj._:i L tlt.1fl17).Jtl11 A~'U 1fl~ LAEJ<lfl'U~?111\/JeJ?1\/JeJfo~?l'Vlfi'Ui.'l~'Uci m.J L ~€l<ll.J1'17 fl fl71'V117t.1"8 

• 

'tl'U'Utl<lBLftfll>11€l'l.l'Utl<l Eu z+ ~'at~'U'Yi~..:i..:i1t.1 4( 5d
1 ~ 4t7 ~1ti1eJ5'U7EJ1 ii.t.1i1off eJ 4.1.2.2 

'Utlfl'11 flt1'1t L ~'l.111 EJ1<l51'5l.J'!l1~L 'V1€lnl.J'l"li.'l1"1~fl~ Ll>l~EJ).Jti11EJ15 Precompound-11 ~fl11l.JL off l.J LLc'l<l 

d 4$ .cit v Q,Q! o Q,J a 
'Vl~<l'l~ 1€l-3Ml.J1fltl fl7'5Ll>1'5EJl.J~1EJ15 Precompound-E, Step-I LL'1t Step-E 1>11l.Ji.'l1~'U 'll-l'Utl fl 

n..:iiurn1~?1l.JLL'U'U Preco mpound '1t 1 ~fl71'U'1~'UcieJEJLL?l<l~<lfl1715fl75~"1l.JLL uu Step L~tl<l'17fl 

15LL uu Precompound '1tilrn11~tl1l!u 1 ut11-:ir1eJl.J'l"l71'U(1)rieJ'U~'1tU11 'IJ Ll>l~EJl.JEJ7<l511l.J'1!7 ~L 'VleJ{ 

Ll.J'Yi'17"1~fl -H..:itl1l!u'1t 1 'IJLL 'V15flW'l-111..:i?11t1 L'l!Ll.JL'1fli.'lt11..:i vh 1 ~"17EJ L'l!Ll.JL'1fli.'lt11..:ili1..:int.1m fl<fiu~-:i 
• • 

~<l~i.'l 1 ~t11..:iilm1l.J 1 'IJ'i..:i LL?l<l L ~l.J<fi'Ufl1115LL'U'U Step ~ilrn11~J1l1'u 1 'IJ'l-1~<l'11fl~~?ll.JEJ1'3 LL'1t 

Yi'11"1~flLL~1 L~EJ 1 'Ufl7'5~"1l.JLL uu Step '1tVh 1 ~J1l!t.1~~?1l.J 1 'Utl~L 'UL \IJ?!Yi'11"1~fll.J1flfl11L \IJ?1t11..:i 

L Yi11t L yj"' t11..:iil fl11l.JVIU~?l-3tl1lJ'U~'3L-ff11 'IJ LL 'V1'5fl~11(i)EJ1 fl 1 t.1~1'U'Utl<l,h~Ufl71~"1l.J?l 71\/Je)i;'I\/Je) { 
" 

'1tL ~'U11fl11~?1l.JLL 'U'U I (l~?175\/JeJc'1\/JeJ{rieJt.11~EJ1<l) 1 ~fl7'5'U'1~'UcieJEJLL?l<l?l<lfl11fl7'5~?1l.JLL 'U'U E 
" 

(l~?l7'5\/Je) i;'I\/Je) { '1,1~<l'11 fl 1~EJ1<l) L ~tl<l'11 fl rn 11~LL 'U'U I '1 t 1 ~Jru\i1'l.11'VlEJ1'Utl<ltl'U.f11flEJ1<l~il'U'U1~ .. . 
Lftflfl11LL'U'U E 

4.3.4.3. 'atEJt L 11.'l1fl1'5A-:lelfl'Uel-:ILLril-3~'Ui.'l~tlaeJVVll;i',:n'IV~fl':i::~'U ., . . 
'at EJt L 1 i.'17 m1 r1-:ieJ V'UeJ -:i LL?l-:i~'IJ'1 ~'IJcieJ EJVl~-:i '17 fl rn 1 m ~ ~ 'U'U eJ-:i EJ 1..:i 515l.J'U7 ~ " . 

L'V1€lnl.J'Yift1"1~fl~~i;'ll.J?l7'5\/Je)i;'I\/Je){ L~EJLL'U116fl7'5~"1l.J 'Vl~?le)'U L~EJ1'ULL?l<l UVA 1'1Jmt~'U~1€JV1'3 

L tlt.1 L1ft7 5 t.1Tvi LL~11>111'11 ~m1 L ,J~ EJ'ULL 'Uft<l'UeJ..:im1m -ff mL?l..:i~'IJft~'IJcieJ EJ'l-1~<l'17 fl'l-1EJ~m~ ~t.1 . . 
111 .., • 1 d 

~~'1fl11'Vl~fttl<l~'3'5u'Vl 4.40 
" 



1.4 

.r 1.2 l A 

s --"O 
~ 1.0 

.a ·-VJ 

~ 0.8 -·= Q,I 
u 0.6 
C 
Q,I 
u 
VJ 
Q,I ·= 0.4 
s = 
..:l 0.2 

0.0 
0 

-■- Step-E 

-o-Step-I 
- • - Precompound-E 
-llE- Precompound-1 

~ 
' ·~~ 

~ Q:::::--...llf "=:::::::~ ---

~ Q::::,_o.......::::::::~==---::;;;;e =--

IO 20 30 40 50 60 

T ime (s) 
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<atJ~ 4 .40 'a~ EJ~ L "Hl1 fl7'arl ·HJFl '!Jel.:J LL'1.:J~U"1v1Uri el EJ'Vl~.:J'VIEJvl m~ \JltJ'!J el.:J EJ7 .:JG'Vil.J'1l7~ L VlelTil.J 
" '(j , , 

Yi"17'1~n~t:J'1l.J'17<a•,fo'1Yle:i1 1vimL tl-sitm-st:J'1l.J 

. ,..i ' ..i. , .1' ., ., Q ' 

'S uVl 4.40 'S~ EJ~ L 1 "17 fl7'Srl.:JeJFl'!JeJ.:J LL'1.:JV1 u"1vl u"1elEJ'Vl"1.:J'VIEJvl n'S~\Jl'\.J'!Jel.:J EJ7.:JG'S'Sl.J'1J7 \Jl L Vlel'S 
" '(j , , 

Ll.J'Vi"17'1~ n~t:J'1l.J'11-svle:i'1Yle:i1 1viEJ LL tl-s1tn11t:Jclm~u11 1 mh.:i LL -snvi~•:r'11 nviEJvim~llltJ t11.:i 
' ' 

o'S'Sl.J'1l7 ~L VleJTil.J'Vi"17'1~ n~t:Jcll.J'111Yle:i'1•1fo1 ~L\Jl~EJl.J 1v1t11tm-st:J'1m~.:i 4 15 il fl11"1v1"1.:i'!Je:i.:im1l.J 
., 

I.I Id d ._, II Q.C/1-., II I 

L '!Jl.JLL'1.:J elEJ1.:J'S1vl L 'S1 \ltJl.J1C\.:JL1"11'Vl"1.:J'11 nvi~vim~~tJ 20 1\J1Vl '11fl'\.JtJl"l11l.JL '!Jl.JLL'1.:J\l~rlelEJ 1 

"1vi"1.:J\ltJLf1el'U\l~rl.:J~ tJelfl\11 fl'1Lflm ~EJ'UL V!EJ'Url11l.J L '!Jl.J LL'1.:J~U"1vlUrieJEJ'!Jel.:JEJ1.:!6'S'Sl.J'1l1~ L VlelTil.J 

Yi " 1 '1~ n~ L\Jl~ EJl.J '11 ni5~ LL\Jl n11h .:in'\.J'Vi'U'l 1 t11.:i o'S'Sl.J'!l1 ~ L V1 eJTil.J 'Vi" 1 '1~ n~ L\Jl~ EJl.J ~1 EJ15 

Precompound 1 ~rl11l.JL 'Ul.J LL'1.:J~tl"1v1tlrieJEJ~.:Jfl1115 Step ~.:IL 'Vl~t:J"1mvlmh1m 1 tJ\11'!Jel~ 

4.3.4.2. LL"1~Lflm tl~EJ'UL vlt1u.ff u\JleJtJfl11t:Jcll.J'111Yle:i'1Yle:i1 (I LL"1~ E) Yiu11 .ff u\JleJtJfl7-St:J'1l.J'1~ 1 ~ 
WV:: L '" 1 fl 11fl.:i cl ~·irn.:i LL"1.:ivltl"v1tl'1tl tJ'Vl"'.:i'VIEl\>'lm:: ~tJ hJ 11h.:i nu Llil EJ~fl~(\J~ fl1 'SU'1v1tlrie:it1 LL'1.:J 

V1~.:i'11 fl'VIEJ vim ~<ntJ'!JeJ.:i t11.:io-s-swv1~ L Vl eJ Til.J'Vi'11'1~n~t:J'1l.J'171Yl eJ'1Yle:i1 1v1t1 LL tl-s1tn1"St:Jcll.J 
' ' 

'11l.J11'1v11vl'17mtl~ 4.41 
" " 
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Method of mixing 
after excitation for 5 min 

Step-E Step-I 

Precom-E Precom-1 

-:itlvl 4.41 ~ n~rut n7":iUG'l\il'U'1€l EJLLG'l..:ivt~..:i-..i1 m,iEJ\ilmt (,1'\J'1JcM EJ1..:lli'fill'1l1 ~ L 'Vlvftll'WG'l1'1~ n~~G'lll " . . 
?11":ivlv?lvhi{ L\ilEJLLU":i16nTrn?lll 

-..i1n":iu~ 4.41 ~n~rutm":iUG'l\ilU'1vEJLL?1..:ivt~..:i-..i1nvtEJ\ilmt~'\J'1Jv..:iEJ1..:ili":i1lJ'1J1~L'Vlvnll " . . 
Yi G'l 1 ?I~ n~ ~ ?lll?111Yl v?lvl vi L\il EJ LL ,J 116 m 1 ~?lll'W'\J17 1:J1 ..:ili":i":ill'1l7 ~ L 'V1 vTill'W m?I ~ n~ L\11~ EJll vi' 1 EJ 15 

Precompound 1 ~n7":i'UG'l\il'U'1€JEJLL?l..:iiim 1llm11 L?ll.lmrntiirn 1lJ L -VlJ LL?l..:1~..:lffl116 LL 'U'U Step 

'\Jvn-..i1n'1L~vvi-..i11ru1.ffu\1lv'\Jm11~?111Ylv?!Ylv{":itvt11..:i Precompound-E fl'U Precompound-

1 LLG'lt Step-E fl'U Step-I -..it 1l-lL~W-n1lJLL\1lmh..:in'IJ'1Je)..:l~n~rutm":iUG'l\ilU'1€JEJLL?l..:IV!~..:l'oJ1nvt~\il 

mt \,)'\J'1Jv..:iEJ1..:ili11lJ'1J1~ L 'VlvTill'Wnl?l~n . . 



3 f"\f"\ ii}G~~G/M.Llut~l':l!.LUf"\~L~H, t !.LUL~UU ~i~t-Lf3l,jLLJhGt-Gll.Lf31A.~ 

n.Lirui~ij11L~U~t-~111:-LIA.~rt~~t I f"\f"\11}G~~Gt,ttL~rt~l':l!.LUf"\~L~~~u~~LijM.f11J,GIA.i~Ll!.m.tQ 

l:-Lf3 }Gt,t~Gt,t!.L~rt~l':lt LUM.GlllM.Jt-Gfl.n.t~ dais f"\f"\iirt~l':l!.LU L~U~U~~LijM.f11J,GIA. i ~Ll!.rt!..!.Q 

l:-Lf31:-Gfl.rn1,1:-LV.~,Cut~~ij,, 1:-~ iltf\!..LUl:-~111.ijUl:-8:,~L\ft~ ijUt-8:,~f"\rt~~ t~~ punodwo:,aJd f"\f"\ii 

rt~l':ltLUL~f"\M. 1-punodwmaJd ~ij,, 3-punodwmaJd '1-8u1x1w dais '3-8u1x1w dais Git £~ 

17 M.1Jl:-L~Ullln~rt~H!.LU£~tm~1 }Gt,t~Gt,ttL~rt~l':l~U~~LijM.ft1J,GIA.1~Ll!.rtUQl:-Lf3rtf3~lll1!..LU 

!,@U~@U!,.L~rt~HlA.Ulll~LijM , ... ... I" .,. 
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Ltl~~tJ~eJIJl11'11tJ L Yl1 fltJ L~tlvi'111ru11'111l.Jt-1'Wvl'tltl.:J L VltlTil.JYH'l1a~ n~t-1"1tll.ml.Ju1ru ( 1.5-2.0 
" 

mvi) '1~Viu11 n11ffil'IYitl~ Ll.J EJ{'lJEJ.:ivrn~1 V'l1vl~urnii~utl~m rum n 1 uci' m1~1u n11 L \J"1tJ(;)'1~vi1 

L "11'111l.Jt-1'Wvi'tlru~t-1"1tll.Ja.:iml.J 1 tlv11EJ 
" 

1uu1vi~ 2 (L1"11 B) LiJun111'1a11vlEJavlEJfo.:i1uLviEJfll.l'Y'lma~nt-1"1EllJV'l\J11 n11L~l.Ja11 

vlEJavlEJ 1'1~ '1.:i i:.rn L "11'111l.Jt-1Uv1'tltl.:! L vi EJfllJV'l "11 a~ nt-1"1 Ell.! L ~ l.lim~ ni1 EJEJ 

1uu1vi~ 4 Ltlu n11L~lJEJ1.:il'IEJlJV'l11'\J{;)V'l\J11 '1~V'luvl l'ltl11n!]iu 2 vll'lv11EJntJ~tl vll'ILL1n 

~L1"11tl1~mru 4.2 mvi (L1"11 C) zj,:iLiiv1'11nm 1l.Jt-1'Wvi'lJEJ.:iEJ1.:il'IEJl.Jm1t.1vi~tl11tlt-1alJ '1~Ll1tJ11 

ei'm1~1un11L\J"1tJvJ~1.:i1 '1~Ll11'111l.Jt-1'Wvl~hi~1.:inumn ~1uvll'l~ 2 Lnvl~L1"11tl1~l.J1UJ 4.7 

mvi (L 1"11 0) Lnv1'11nEJ1.:Jl'ltll.JVi11lJvlLfivinW1"11'111 tJ'llitJL lJ1~t-111.:!n11tJalJ v~L~tJ11eJIJl11'11tJ 

n1) L\J'1\Jvl~ 40/60/0 v~1"1vll'IJ1~'lvl '11tJeJIJl11'11tJ~tJ.,~~1Lmu.:iilvdi1-h1n~\~EJ.:JfltJ U1v~ 

L iJtJtJ"1v1 n Ll'l 'Y'l tl~Ll.Jtl{'tltl.:!V'ltlm V'l1vi~tJLtlii~ua1m1mnv1n111'11'111 tJ'l111l.Jfl\JEJ1.:J 1~ 

tJtlnv1niln11ffil'l 'Y'ltl~ Ll.Jtl{'tltl.:JVitl~L V'l1vl~tJLtlii~tJ 1 tJellJl11'11tJn11L \J"1tJv11 tJmmrum n 

v~vi1 L "1n111'11'111 tJ'l1Lnvi~m ~tl.:J 1 u1vi'~m~EJ~t-1'1.:i;.:iL ~lJ 1vi't-1~.:iv1nmvi~ 4. 7 EJ1.:Jn11lJ'IJ1~LVltl{ 

LlJV'l "11a~n~iiei'1J111~1tJ Ll'l'Yitl~ Ll.Jtl{'lJtl.:JVi tl~L Vi1vi~tJLtlii~u~1.:i fltJv~ L "1~ n~ru~vll'l~ Lnvin11 

1"11'111tJ'l1~1.:JfllJ zj,:iv~L~tJ1vl'!lv1LvtJ~el\Jl11~1tJ 40/0/60 1vim11t-1un Llluei'm1'11u~h.iih-rn~ 

LVi1vl~t.1 Viu11 t-1~.:iv1nmvi~ 4.7 n111"11'111u'll'tltl.:JEJ1.:in11l.J'll1~L viEJfll.!Yi"11a~nv~Lnv1;1umh.:i 

~m ~EJ.:ivuci.:iu1vivl 5. 7 (L1"11 E) ;.:ii1fi1viti{!'l~1.:iv1n'tlEJ.:JEJ1.:in11l.J'tf1~LVl tlfll.!Yi"11a~nvlLIJl~EJlJ 

1v1EJn111-uei'1J111~1u 40/60/0 1vim11t-1u'n mh.:iiviLvtJ n111"1l'l11 tJ'll'tlti.:i Ll'l'Yiti~Ll.Jtii'tlEJ.:i'YiEJ~ 

1 Vi1vl~tJLEJ~~uvlLnv1;1ut-1~.:iv1nn111"11'111 uiEJ1.:in11lJ'tf1~ L ~EJ.:iv1nn11LL Yi1'lJEJ.:ia111"1l'l11 uiv1 n 

EJ1.:Jl'ltllJ'Yi11tJvllJ 1aLl'IVitl~Ll.Jtl{'tltJ.:JVitl m Vi1vl~u Ltiii~u 1'111l.Jt-1'Wvlav1Vl1 EJ'lJtJ.:J EJ1.:Jn11l.J'IJ1 ~ L Viti{ 
" ' 

Ll.l'Yima~n'Yiu11 EJ1.:in11l.J'tf1 ~ L viEJfllJYi"11a~ n~ffil'IYitl~ Ll.JEJ{'tlv.:J'Yiv~1 Vi1Yi ~urnii~u 1 utl~mru 

m nnv~ 1 ~1'111l.Jt-1'WvlavivhEJmnlJl1lJ 1 U~1EJ zj,:i LUtJ~Vl5Vi'1'tltJ.:JitJn~ L zjtll.J LEJ.:J 1 tJ L1'11.:ia~1.:i 
' 

4.4.1. ~llU~L;).:ina (M e chanical properties) 

LIJI ~Ell.! EJ1.:J n11l.J'tf 1 ~ L Vl tlTilJ'Yi "11a ~nv1nn11L \J'1\Jvl1~t-111.:i NR/PP /PEC Lv!EJLL tl1 

ei'1J111'11un11L \J"1tJvi1 uviviavuam1~m1~.:irivuLrn~t-1'1.:im 1ul.J L 1-:i LL a~ m1~~1tlm11 LL \Ju~.:i 
" 

\v1t-1"1n11Vlvl"1tl.:J(;l.:JIJl111.:!~ 4.4 Lrn~1,J~ 4.43 - 4.46 
" 
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d 
m71.:J'VI 4.4 ?ll.JU~ L :a.:i m=i rim.J LL'1 :::VI~.:! 1nnJm ~ .:l'lltlW 1.:lli') ')l.J'!l1 ~ L 'Vl€l n l.JV'l '11 ?I~ n~ f,J ?ll.J ?111 

YIB?llfo{ L~EJLLtheJ1,111ci1un11LtJ'1'Ul'l'll€l.:! NR/PP/PEC 

Blend ratio of NR/PP/PEC 
Properties 

40/60/0 

Unaging 

Modulus at 100% (MPa) 11.94±0.08 

Modulus at 300% (MPa) 

Tensile strensth (MPa) 12.41±0.11 

Elonsation at break (%) 142±14 

Tension set(%) 40.6±2.0 

Aging 

Tensile strensth (MPa) 11.36±0.17 

Elonsation at break (%) 54±6 

Retention 

Tensile strensth (%) 91.6 

Elonsation at break (%) 38.2 

16 

14 

12 

- 10 
= 
~ 

~ .._, 8 

"' "' Cl.I 6 i.. -00 

2 .. : : : :: : : : : , • , 

, ,' • 

40/40/20 

7.63±0.05 

8.61±0.12 

14.02±0.31 

406±4 

27.1±0.3 

13.04±1.19 

399±53 

93.0 

98.2 

. · • . 

40/30/30 40/20/40 

5.74±0.1 1 4.29±0.07 

6.69±0.08 5.20±0.05 

14.83±0.35 13.73±1.08 

469±4 518±19 

21.7±3.4 16.1±2.1 

12.51±0.69 10.81±0.62 

462±23 498±24 

84.4 

98.4 

78.8 

96.1 

.-·'unaging 
• -40/60/0 

- - - 40/40/20 
- · · - • · 40/30/30 
.•.... 40/20/40 

• • • • • 40/0/60 
Aging 
- 40/60/0 
- - - 40/40/20 
- • • - • • 40/30/30 
...... 40/20/40 
• • • • • 40/0/60 

0 +--..----.---,-..---,---,---,---,-,---,---,----.---,-.,..--,----1 

0 100 200 300 400 500 600 700 800 

Strain(%) 

40/0/60 

1.93±0.03 

2.54±0.06 

12.75±0.19 

626±4 

7.8±0.6 

10.63±0.47 

671±32 

83.4 

107.3 

Jtl~ 4.43 A11l.l~mrurh:::w:h.:im1l.l L~'U f1tJF111lJ LFl~EJ~'lltl.:I EJ1.:lli11l.J'!l1 ~ L 'Vl€lnl.JV'l '11?1~ n~f.J?ll.J 

?111Yl€1?1Yl€l{ 1~mLt.h0m1ci1un11LtJ~u111t€l.:i NR/PP/PEC rim.JLL'1:::V1~.:in11ul.ld.:i 
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'11 mtl~ 4. 43 m1l.Jil.JitJG'i::\111~1'11111 Lf1\J n'Ul'111l.J L1'1~ EJ (il'lJcJ~ EJ1~ fi'i'il.J'!l1 ~ L 'VI cJ -fl11 
" 

W'11'1~n~i:..i'1l.J'11'itlm:wlcJi L(ilEJLL tl-sa\Jl-s1ci1um-sL 'U'1\J"1 ricJtJLL'1::\1"'~ m-stim ~~ L~m tl1EJ'U L viEJ'U 

am 1 ci1tJ n1 'i L 'I.J'1\J"1W'U11 -x~ ricJtJLL'1 ::\1"'~ n1'iUl.J L ~~'lie)~ EJ1~fi'i'il.J'!l1 ~ L 'VI cJiLl.J w '11 '1 ~ n~ii 

!l\Jl'i1 ci1tJ'llcl~YicJgiL Yi'r~~\J L '\Jtl~111ru111 n'1:: 1 ~r11r11111Lr1\J~F11111 Ll'1~ EJ(il L(il ~ ~~n11EJ1~5'i'il.J'!l1 ~ 

L 'Vlclnl.J'Vi'11'1~ n~iiam1ci1\J'!Jcl~Yi cl~L Yi'iW~\J,rclEJ\1~cl hiii L(ilEJVm1ci1tJ 40/60/0 ""' n~ru:: n1'i 

~(il'iULL 'U'ULL ~~ Ltl-s1:: ~~tln~wcJ~L w-sw~tJ'1:: 1 ~'1l.JU~m'i~(il'itJ LL 'U'ULL~~ L \1UEJ1 LLlJl L ~cl~'11nn1-s 
" " 

'Vl(ili;1c)'I.J~1~rl\Jl'i1 L ;1 500 ij'1~Ll.J\Jl'j(Jlc)\J1Vl ~~ci~ ~-rn 1 ~L tl'1Wcl~L W'iW~\J 1lJ'11l.J1'it)~(ilL1EJ~(,11 

111 EJL1J1r11111 LA\J 1~~\JL 1'11 ~~Ln(il n7'i'll1(iltlcJ n 1~ L ;1~~ LL'1(il~"'n~ru:: m-s ~(il'iULL 'U'U LL~~ L tl-s1:: 
" 

\Jc) n'11nif v~W'U11 n, 'iLL 'VI\J~L tl'1 L W'iW ~\J~1EJ L1'1Wcl~Ll.Jcli'!Jcl~ L W'i~ ~\JLtll1~\J'1::ci~i:..i'11 ~EJ1~ 

fi'i'il.1'!11 ~L 'Vlclnl.JW"1'1~nii'1l.JU~~1\J~'11'1~n~L ~11tw,m.n.flmru'Ucl~ L1'1Yiclfol.JcJi'Uu~ L W'i~~\J 

Lcll1~\J L(il EJW'11'iru 1'11 m:: EJ:: ~ (il~'1 (il'lJ 1(il LL'1:: L~tl L tl1 EJ'U L vi EJ'U'i::\111~ ncJ\JLL'1 ::\1"'~ n1 'iUl.JL ~ ~'1:: • 
Yi'U11 v1"'~ti11 d ~ EJ 1~ G'i'il.l'!l 1 ~ L 'VI cJi'i:11 mn '1 ~ nii ri 11'11111 Lf1\J~'1 (il'1 ~ '11 nL~l.l L ~ B~'11 n m-s 

clcJn;j L(il'U\J'llcl~ EJ1~fi'i'il.J'!l1 ~ L 'Vlclnl.JW"1 '1 ~ n 

18...-------------, 

16 

40-60-0 40-40-20 40-30-30 40-20-40 40-0-60 

Ratio of NR/PP/PEC 

700 ...-------------, 

.:i:: 
t'$ 
~ 

600 

E 400 -t'$ 

§ 300 
'.C 
t'$ 
I:).() 

§ 200 
~ 

100 

40-60-0 40-40-20 40-30-30 40-20-40 40-0-60 

Ratio of NR/PP/PEC 

'itl~ 4.44 '1l.JU~ n1'i~~ ncJ\JLL'1::\1"'~n1'iUl.JL ~~'!Jcl~EJ1~fi'i'il.J'!l1~L 'Vlclill.JW '11'1~ n~i:.J'1l.J'11'i 
" 
tlcJ'1lfoi L(ilEJLLtl-sam1ci1tJm'iL'U'1\J"1'!lcl~ NR/PP/PEC (a) Fl11l.JIJ11\J'Vl1\Jl1lcJU'i~~~ LL'1:: (b) -s::EJ:: 

.. .,j 
EJ(il'Vi'1(il'!J1(il 

' 
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~1m,J~ 4.44 '1l.J~fl1i~-!lnt1ULL'1~'Vl~-!lfl1ii.h.JL~-!1'1ltl-!IEJ7-!16iil.J'1l7~LV1tlTil.J'Vi'17'1~fl~~'1l.J 
" 

'11wlt1'1vlt1i LlilEJLL ,J1e1'm1ci1ufl11L\J'1Uvi° (a) m1ii~1uvi1u\11mL 1-:i~-:i LL'1t (b) itEJtVlil~~lil'1l71il 
' 

'Vi\J17 m1ii~1uV11u\11mL 1-:i~-:i'Ut1-:iEJ1-:io112.J'U7 ML VlvTil.J'Vi'17'1~ fl~i1'11iit1-:ir1,J1~ flv\J~t 1 ~Fi11-1112.J 

~7\JV17\J\91tl LL 1-:i~-:i h ] \111-:inu 1 ULL\91'1~elm7?!1\JLL'1ti1Fi1m flfl17EJ7-!16iil.J'1l7~ L Vltl1Ll.J'Vi '17'1~fl~i1'1v-!I 

v-!lflUitfltl\J~tl NR/PP (40/0/60) LL'1~ NR/PEC (40/60/0) L~tl-!1~7flEJ7-!16iil.J'1l7MLVltl1Ll.J 

'Vi'17'1~fl~L(;l~EJm-t'Vl17-!IEJ7-!16iil.J'1l7~fl\JYW~H 'Vii'W~U 1 ~A17l.J'17l.J7ifl 1 Ufl7i(;lfl~~fl'1-!I fl17 EJ7-:i 
" 

oiil.J'1l7 ~L vivnii'Vim'1~ fl~L(;l~EJi1~1EJe1'm1ci1u~u 1 zj-:iL tlu~'1m~7flfl7i(;lfl~~fl 1 U'Viv~L 'Viivl~u ~ 

'17l.J7ifl(;lfl~~fl1~~-:i,J1tmru 41.2-62.5 % (Govorcin Bajsic et al, 2010; Liao and Tjong, 

2010; Brzozowska-Stanuch et al, 2014; Tjong et al, 2014; Uthaipan et al, 2015) L~v1~ 

LL 1-:i~-:iiu-:i1ulil1EJe1'(;111 L 11 500 11'1~ Ll.Jm\91vmvi lm'1 fl'1'1lv-:i L 'Viivl~u~i1u~mru~~fl'1-:i~t hJ 
' " 

'17l.J7if1Lf11ilfl7i~lil L~EJ-!1(1)1f17EJ L~A17l.J L~U 1~-XUL 1 '17~-!I Lfllil fl7i'U7 liltltl fltl ~1-!li11il L 11 ?f-!1~'11 ~it El~ 

Viii~~ lil'U7 Iii~ 1m fl 'Urut~ EJ1-:io112.J'1l1 ~ L vit11'1i1Vi'17'1 ~fl~ L(;l~ EJm ~V111-:i EJ1-:i 011i1'1l1 ~ nu LA'Vi v ~ 
' 

Ll.Jv1'1Jv-:i L 'Vi1Yi~mt1vi~uiru~ti11-111iiL tluv~ru,i7Ul.J1fl~'11il ((;lfl~~fl 11iluvEJ~'11il) LlilEJ LA'Viv~ Liivi .. ' ' 
'Uv-:i l Y11Yi~mt1vi~ui!u'11m1fl(;lfl~~ fl 11ilu1~mru 12% ~-:i 1 ~it EJ ~ Vlil~~lil'll7 lil'1-:i LL'1~i11-1112.J 

' " 
LL ~-!ILL 1-:1~1 ci1uv1-:io11i1'1l1~ L vivnii'Vim'1 M fl~Hf'Vi v~ Ll.Jt1i~1ii nu'17l.J'1l'Ulilflv EJ1-:io112.J'U1 ~ 'Viv~ 

L 'Viivl~u LL'1~ LA'Vit1~Li1t1i 'llt1-:i L 'Vii-W~mvvi~ui!u~~ 1 ~m1ii~1uV11u\11mL1-:i~-:iLL'1titEJt Vlil~~lil'1l1vi 
' 

L ~ii'1-:itu~1flfl711 ~'1l.JU~~L'1~l.J nu1tV111 -:ici1u~ L tlu~~fl'Uv.:J'Vi v~L 'Viivl~u LL'1~ci1u~ L tlu 
" 

t1~ru,i1 U'1lv -:i l1-1Y1t1faiit1i'll v-:i L 'Vii-W ~mvvi~u1 ut1-:ir1,J1~ flvrn u'1uvi° '1vvi 1-1~ v-:i nm1ui~ EJ'1lv-:i .. 
Uthaipan et al. (2016) ~M L(;l~EJl.JL Vlvnl.J'Vi'11'1~ff"J'1A11 U6ll~1 flfl7iL \J'1\Jvlit'V111.:JL Vlvil'iv~ 

Ll.Jtl1'1Jtl-!1Lvvi~ul'Vii-W~u1vi5u (Ethylene propylene diene terpolymer, EPDM) LA'Vitl~Ll.Jtl1 

'1Jt1.:JLt1vi~ut1t1flviu (Ethylene octene copolymer, EOC) LL'1t'Vitl~L 'Vii'W~U 'Vl\J11 LA'Vit1faiit1i 

'Utl-!!Ltlvi~Utltl nviu~~'1h El L ~l.JA11l.J L 'D1 nu 11ilit'V111.:J L 'W'1 tJ7.:J L Vltl1'Vitl~ Ll.Jtl1'1Jtl.:J Lvvi~u L 'Vii'W~U 

1viBUfl\JL 'W'1 L VltlTil.J'Vi'11'1~f1'Vitlm 'Vi i'W~U 
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40-60-0 40-40-20 40-30-30 40-20-40 40--0-60 

Ratio of NR/PP/PEC 

~:::v1t1 EJ'1.:I L~t1i'.iwt1~1 w·r~~mfa.J1 rumn.ff u 1 uei'v1 ·nri1unTH U'1tJl>i L ~t1.:i~1nwt1~1 w 1w~uiiR11l.J 

L tlut.J~n 1 u Lf'l1.:1"1{ 1.:i,m,1~t1"11 EJ L'llLl.JL'1n'1Lf'l~tltJ 1 m 1vi'EJ1n L~t1EJ1.:io11l.J'l!1 ~L 'Vlt1Til.JY'l'11"1~m1n~.:i 
" . " 

~li\~:::vh 1 \1f111PlmtJL UtJ 1 tJ1vi'ut1 El f111L ~l.JD1l.J1 ru 1m.:i"1{1.:i LL UUt1~ru~1tJ 1 tJEJ1.:1511l.J'l!1~ L 'VltlTil.J 
V ~ 

vrn1'1~n Llilm ~2.Ji.J~2.J1ru 1r1wt1~ Ll.lt11'llt1-:i 1 w·r~~tJLt1ii~tJ~~vh 1 \11'111l.JL UtJC-J~ n 1 u 1m.:i"1{1.:i'!Jt1.:i EJ1.:i 

o11l.J'l!1 ~L 'VltlTil.JY'l'11"1~n'11ilM "11EJ 1'!i1l.JL"n" Lf'l~mJ 1 m 1vi'mn.ff u ~-:i'1uEJ1.:io11l.J'l!1~ L 'Vltlnl.J • 
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7tl~ 4.46 L1.J-El{L~'l..l\;lnTrn•Hlt!'1Jel-:im.1u~L:n-:im,'Vl~-:in11,JlJLi-:i'1Jel-:Jtn-:io11l.l'll1~LVlel11mrn1G'l~n~ 
~ ~ 

~G'll.1'11-Sv-lelG'lv-lel{ L~VLL thB\;\11~1'1.Jn11L U"1'1.Jvi'1Jel-:J NR/PP /PEC 

'11mi.J~ 4.46 L i.Jel{L~'I.J(,1n11A-:Jelt!'1Jel-:JG'll.lllii L :n-:i n"1'Vl~-:in11,Jl.lL i-:i'llel-:JEJ1-:io11l.l'll1~L Vlelf'Ll.l 
~ ~ 

Y-l"11G'l~n~~"'l.1"'11v-lelG'!v-l el{ 1~ EJ LL i.J1eY\;\11~1un11L u "1'1.Jvi'Y-lu11 G'll.lu~m1l.lti11uV11'1.JIJl el LL 1-:i~-:i'lJel-:i 

EJ1-:io11l.l'll1~L V1el{1m'l"11G'l~nmEJ'Vl~-:in11,Jl.l L i-:iiir11"1~"1-:ii.J1~mru 10-20% '11nfi1 L~h.11 'I.JVln 
' 

eJ\Pl~1~1m i.rnuvi L ~t1-:i'11m.11-:io~~l.J'll1~ L V1t111l.JY-l'11G'l~nt1nt1t1n•BL!,li Lf1\,l f11~(,1(,l'lJ1(,l'1JtJ-:J'11tl 1'li 
~ 

Ll..JL'1n"1 ~-:im=i 1 im1l.ltii'1uV11'1.JIJleJLL 1-:i~-:imt1'\ll~-:i,Jl..JL i-:i'1Jel-:JEJ1-:io11l.l'll1~ LVlelf'Ll.lY-l'11G'l~n'1(,l'1-:J 1 u 
' 

~1 '1.J'llel-:J-S~ EJ~ 8 ~ ~ '1 ~'lJ 1 ~ '1J el-:J EJ 1-:i o-S-Sl.1'1!1 ~ L 'VI elf'Ll.l Y-l'11 G'I ~nm EJ'l-1~ -:i m-s,Jl.l L i-:i'V-l u11 EJ 1-:i o-S-Sl.1'1!1 ~ 
' 

L Vlel4Ll.JY-l'11?1~n~L\;\~EJlJ L\,ltJ1-ue1'm1'11'1.J 40/60/0 L\,lEJtl1wun ii-s~EJ~ 8(,l'1J1(,l'1(,l'1-:Jelt!1-:Jl..J1 n 

'\ll~-:J'11n~1'1.Jn11Ul..J L i-:i L ~el-:J'11n 1m-:i '1{1-:iV11-:i LAi1'1Jel-:JY-lelm Y-l1~~'1.JG'l1lJ11'1 Ln~ f111(,1~'1J1~'1Jel-:J?l1 EJ 

L"llLl.lL"1 n "1 '11 nel'I.Jl.1"1 L i.J el {el eln 1 'llvi LL"1 ~ '1 nel el n'81~sli'11 nel el n-8 L '1'1.JLL" ~ m 1l.l fau 1~~ 1 EJ n11 
'I 'I \I \/ 

1m-:i'1{1-:i'1Jel-:i LAY-lel~Ll.lel{'1Jel-:i 1 Y-l -S~~urnvi~u ~zj-:in11ii~1'1.J'1Jel-:JY-lel~ Lelvi~u 1 u 1A-s-:iG'l{1-:i'1hEJ"1~ 

ilqimi 1-:i \,)'I.J 1vi' mh1 flel'Y-l elfa elvi~m~ el 1vi'f Uel'4lJ"1~G'l 1 ~ LL~1 n11itJ'l ~'lJ el-:Ji.Jijn% 1'11'1.J 1 "1aj '1~ 

Ltl'I.Jf11111l..Jvl1n'I.J'1Jel -:J G'l1EJL'llbl..JL"1n" (Peterson et al., 2001) zj,:iL~'I.Jbv1'11nEJ1-:Jo11:IJ'll1~LVlel11lJ 
' 



f\ 

817'17 :rn,, L17'17 ~fH.t-~t-WJ.!1mf1~1 ~n.~n.,tLUtl.t~U.~~ 

t['\ ,, llWl }B~l:!Bt,\tLJ.!rtl:!t-:J~U~J.!L~M.rtl}BlA, ~Lll.rtugi:-Lll t-B fl.LlllA~n.Liru ~LRU~tLU 

(A60104dJOv--J) LlllAtnt,irn~ ·z·t(17 ... ,. 

n.~rt~ mc..traw1 rm~i::tLLJI:! ,. . . 
B ~ tl.lArl.BU ::t['\~t-B tl.j; 1 tl.~~Bm~~tM. 1 t-Bll.}B rti ~BM.~lli~U~J.!L~M.rtl}BlA 1 ~Lll.rtttm·L'3~ L L_\A rB 

B ~vl.1 t-~vl.~ll-tl. \ L~~itLJ.!UL~t-~ irt[\::nlfl.~ll1-tl. \ L~~itLUW~itltLrtLJ.!tl.~~Bm~~tM. l t-Bfl.}Brti ~BM.~1 

~tLUrl.1Jrl.BU ::tf\ rt~1WLfl.W~~w~::ra::UBfl. %01 t1.~1ft1 ULrtllB_tit-~ irt[\tLUt-~vl.llLlfWLll. 

W~lAWll ::r;i ::tt-Gll.t-~n 11tl.r.J ~n 1tLUrt::~n.BU ::tn ~t-Bn.n 1tl.~IA.G1tl.~M.tM.1t-Bfl.tBrti~BM.~1 rtlAU~J.!L~M. r-s,, Iv f"I • p, I•, 1; !Q,oao Jl:l''at , .,,. !,;c,;f" • 

9Z1 
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NR/PP/PEC at 200x magnification at 1,000x magnifi cation 

40/60/0 

40/40/20 

40/30/30 

40/20/40 

40/0/60 

4' c,j O "-' I I 

nTiL'U'1'\.J\;l 'Vln1'1-:J'lJtJ1cJ 200 L'Vl1 bL'1~ 1,000 b'Vl1 



L!Artl21':1 ~mn.r. t 11.}~~i~r.G~, M, ,,u L~t-Gp 1 U ~12L~M.rt1}GIA. ,~ Lll.m.t9t-Lf311. tt-~}G µ12GµtLl2rti2!':ltLU 

t-~L1f3 ~, r\M.ftt G ~L1t-~f3G_t\!bL1 t ~Lr.fl.~~} Gµl2Gt,\tLl2~Ll!r\Gt-Gll.t~r.n.rG~LU1 ~U ~i ~L 11.ll.}G. t,\i2Gt,\ 

tLl2~Ll/r\G. f\M.~,, rt~, u L~t-L~ftt ~tri.tn.~mi;i.u~~}G.t,\!2Gt,\tLl2~Ll/r\Gt-Gll.t~L~f\M. (L!A, 000' ! 

f3Lf31l.t-~Li-J Ltl°v ~f"\t) U~i2L~M.rt1}GIA.i~LR.rtUQt-Lf311.tt-~rti2!':l~}G.t,\!2GµtL12f\,V (L!A, oos-'i 
f3Lf3 ll.t-~Li-J £'t7 ~f"\t) u ~~L~M.rt1}GIA. i~ LR.rtttQt-Lfm tt-~rti2!':ltLUt1.Gµ}Gt,\i2Gt,\tLl2f\f3~ 1f\f3~ rn~, 

~UL~uGr. r.,g:~~U,G.t,\!2G.µtLl2f\~LE,iU~i2L~Mrt1}GIA.1~LR.rttt9t-Lr3NLY. (9Wl •·10 1a ued,eym) 

G~f3Gtt~mt ,;n.12 µ, t-L~LA.~trtt~~r. t L~~1,tLu ~~it Lu ~~,m~~mr.~~t M l~GM.t-Gll.}Grti~GM~l~µ, 

t-G.ll.U ~12L~~t1.Q, irtLt~U L~ Lrt~t:111.f; i ~~Lrtpt-r U Lrtm Lrt~["\11. t r.~~tM. rnGM.~H~r.~n. i tLUt1.t~Lt~f 

~U~l2L~M.rt1}GIA.1~LR.rtUQL~UULrt (t1.~LE,1rtLtl,J~) f\f3~i~G~f3Gt~rui;i.u~~tULrtTULrt~["\t1.~~m 

11.~~tM. l~GM.t-Gll.}Grti ~G.M.~JJ:~i!lr.~n. itLUt1.t~Lt~f ~t-~ t1.}~,8,}Gt,\i2Gt,\tLl2f\,VU ~~L~ M.rt1}GIA. i 

~LR.rtttQt-Lf3t-L~L1~tG.~f3GtM.Ll!l211.~ ,~ tLY. Ly\, ooo'i ~r.~t-~~f3Lf31l.t-~LiJE,ttLUr\t~ t-~WQLA., 

t-~ iirtLt~t:r.~~tM. rnGM.U L~t-Gp i ULrtU_l3L1f3 Gtt:~~,, ~tri.tri.~t~ ~TUJ.\.U~t:U LrtTU Lrt;f"\n t 11.~~tM. l 

~GM.~~l!lr.~mtLUr\t~Lt~f~L~fl.M. L!A, ooz 1'3Ll'31l.t-~Li-J~ ~r.~mtLUt1.t~Lt~ft["\irn~1 }Gt,\~Gµ 

.,. " n~rtl2!':IU ~12L~M.rt1}G. IA.,~ LR.rtt!,Qt-Ll'3t-Gll.12tJ, ,~,V12ftt n.n.,, Lf3 IA.~r\L~TUf L v·v ~f"\WL~ 

L!A1 ooo'z 1'3Lf31l.t-~Li-J~ )3d/ddltlN t-Gll.l!ln~mtLUr.t~Lt~ft["\i, 

m~1 }Gt,\i2Gt,\tLl2rtl21':1~U ~12L~M.rt1}GIA. i~LR.rtttQt-Ll'3 t-G.ll.12µ ,~~12n.n. ,iLf31A.~r.Limf av·v ~['\.t 

8l! 

09/0/0 t, : J:id/ddroN 0t,/0Z/017: J'.:ld/dd/~ 

0£/0£/0 IT : :J3d/ddroN 0Z/0'1/0t,: :J3d/ddroN 

uoqE:J~}IU~hiw X()()()'Z lE 

O~Wl pU~l8 

0/09/0 '1 : :J3d/ddroN 
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1 ~el'4Jl 1fil'IJ\J1v1 L~ n'\ll'lvl tlcln '11 nt1'4Jl1 fil~11WmWieJ{'IJU1v11 'Vlqj1 tl~~l.Jel tjnut11.:,5'j'jl.J'IJ1~ L Vlelftl.J 

Vlf11~~nLLVl\J 

'11mtJvl 4 .48 ~ ru~1\J1 V1 EJ1 LL 'I.J'I.J~ nvi L W~'IJelW 1.:,5'j'jl.J'IJ1~ L Vltl'ttl.J'Vl '11 ~ ~ n ~~l.J~11 " ... 
Wt1~Wt11 Lv1EJLLU'jr)(Jl'j1'11\Jn11L'I.Jf1\Jl>i'Vl'I.J11 vln1"'.:,'IJt11EJv1 2,000 Lvt1 t11.:,LU\JLW~m::'11EJ1\JLVltJ{ 

Ll.J'Vi'11~~n ti1.:,L'\llfl)~flffiv1t1Bu1t111lu~1-v't1 4.3.2 zj.:,t11.:,1f1r111uiij'IJu1vit1'4fl1filtl1::mru 3-4 µm 

1n~ L~ EJ.:, nu 1 uvin r)vl'j1'11\Jn11L 'I.Jfl\Jl>i L ~e).:,'11 nLL 'j.:, LOcJU1 un1'j~~lJ'1::ijm1lJ 1n~ L~ t1.:,nu 
' 

\Jcln'11 ntlEJ,:i'Vi'\.J11 rJm1'11\Jn1'jL '\.JflUl>ivliJmim 'V'l'jvl~u1 \JU~l.J1 rumm:1:: L i1U'IJ\J1vltl'4fl1filt11.:, 

mh.:,-uviL '1\J a1uvlffir1Ylcl~Ll.Jcl{'IJm'Vit1~L "fl'jv1~\JLcJ~i:i\JL tlueJ.:,f)t)'j:: ncJ'I.JL tmuvi1 utl~m rum mru 

'1:: L i1u Lfil 'V'l cl~ Ll.Jt1{'1Jt1.:,'Vi el~L 'V'l'jvl~mcJ~ ~u 1l.irin~nvit1t1nt1~1'jcJ'I.Jt1Umr1t11.:,1f1r111 ui vh 1 ~ L i'.1u 
" " ' 

t1umr1t11.:, 1l.iiviL '1\J zj.:,L tluL-du ilL "fl'j1:: Lfil'Vlel~ Ll.Jt1i'IJt1.:,Yl cJ~L "fl 'jvl~mt1~i:iu 1v1rin1f1r111 ui1 U'IJru:: 
' " 

4.4.3. n1 'rn"a:: '11tl~11.1 el~ fl1"a'rl el flW el {L 'Utl1 ~5"a"a11'1l1 ~ L 'Vleln l.l~ gi1 fl~ nv1 e..J fll.l fl1 "a 

vleiflvle>{ 

m 'j Pi n~1 n Trn1:: '11 EJ (1)1 '1Jt1.:,~1 'j'rl ti~W t1fl 'Utl1.:J511l.J'IJ1 ~ L vi eJ'ttlJ'V'l fi 1 ~ ~ nvl~ ~" 

~11-rlmnfo{ LvlEJLLtl1rYm1a1\Jm'jL'I.Jf1\Jl>i 1v1~f1n1'jPln,~1LL~v1.:,~.:,1tJvl 4.49 
" 

Blend ratio 
at 4x magnification 

NR/PP/PEC : 40/60/0 NR/PP/PEC : 40/40/20 NR/PP/PEC : 40/30/30 

NR/PP/PEC : 40/20/40 NR/PP/PEC : 40/0/60 

"atlvl 4.49 "'n~ru:: n1-sm::'11EJ(l)1'1J,M~1-svlt1"1'rlt1fl mn.:,5'j'jl.J'IJ1~ L VlcJ'ttlJ'Vi'11~~n 'i:vimL t)'j 
" 
rJ(Jl'j1a1\Jn1'jL'\.Jn\Jvl'IJcl.:J NR/PP/PEC 



. " . t8µI,mµr.L12n~::W1A.rl.~l,IC..Lf3rtLC..l,ILt.Ut-121A.t\~l,IC..Lf3rtLC..l,lt1.f1. i 1:-11, WU U£ r,.~l,IC..Lf3rtLC..l,IIA.l!ll21A.l!ll!lt , ,. I"' I"' ' ,.. I"' Ip I"' I"' ,.. I"' .. ,. 

n~::wur.LrtLl2t-~ n.llt-~t,1f3L~t,1{juLr.f'\~l,I~~ n.c..~Lr.~~ s-t-t~n~mr.Lun.c..~Lt~~f3l!l1 n.llt-L~u~,, 

~f3 8~['\l!l~f'\~t-12TI rt~ i rtL C..l,I~ i::~n.ll t' L~t\~l,I C..Lf3 rtLC..l,I ~t\~:: Wt LU L ~n.M~n.~n., tLU rl.C..~Lt ~f 

. " r.[\ irnl!ll u~~L~Mrtl}BIA ,~ui.rtttllt-Lf3t-Gn.n~::wr.Lut-Bn.rtk~l,lf\il2 o~·v ~f\WL~ 

)3d/ dd/t!N t-8fl.~t\~n.1 

tLUt\C..~Lt~f t[\ ,rnl!l1 U~l2L~Mrt1J,81A, ~LJl.rttt!H·Lf31:-8fl.t1.~ ::wr.LUt-Bll.rtklfll,I['\ ,12 O!i't7 ~fl,t 

(wu) qJ~U.lf3Al!M 

oos 0St 00t OS£ 00£ 
__ __._ __ _.__ _ ___., __ _.__~'---~--..__ __ 0 

0001 

~ 

= - oooz 
fD 

= ,,, 
~ 

000£ 

~-------------------~ooot 

" o~·v ~['\tt-14t-B~l!11Ar.LU~l':l~t ~n.~rmLUrl.C..~Lr.~ft['\1if3l!l1 }8µ128µ 

r.Ll2rtl2 l':l IA.U ~ 12 L~Mrt' r.GIA i ~ LJl.rttr. llt-Lf3 t-8 ll.t\~ ::t U IA.t1.~l,IC..Lf3 rtLC..l,lf\.812l!IIA.tLU ~ 'D 1.i 'D 11 ra' p 

• n.~::wlA.n~l!ltLf3rtLtl!I Tt7't1't7 II f" p 

U~l2L~Mrt1}81A. i~LJl.rtttlll:-Lf3t\ WC..~f3Ll~::tu 

t LU~} Bµl2BtA,r. L~ l:-!2U Gf\.1:-[1 rl.lll:-L~ ftt} BtA,128 µr, L ~ t-Bfl.l!l Ln.n.~::~,, 11.l! rt~U ::Lui ftt f3 l!l1 U ~12 L~M 

ft1J,81A. i ~Lll.rttr.llt-Lf3t\f:111 t'~C..~~8} 8 µ128 µt Ll2 t-8 ll.C..~ f3 L~ ::wtLUt-Gn.::ruf;\U ~~ 1 ::~ n.c..~ Lt~ J ,. ' 

on 
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\J~,w1i (365 nm) J,rd'ti1'1LUULVfn~~'Y15'Virl'!JeJ.:IG'll.Jmv.Jm:rnL'H'IL'lf'U'1i'!J'€NLlJ'Yl~f1'1i zj,:i1111mh11 n 'U 
' " 

i1i eJ 4 .s .4.1 tJ eJn'11nd L~ eJ-W'11'HU1 fl11l.J L 'LJlJ LLa.:i~c.11.:ifi'i'ilJ'l!1 ~ L 'YI mLl.l'Vi ma~ ntlr1 ~ tl~ mmu11 

~cYm1a1tJm 'i b ur1tJvi~i:l1fl'VieJ~ bl.J eJ{'!l eJ.:i l 'Vi'i'W~'U beJii~'U 1 tJtl~l.11 rul.11 n '1~\J nm~~'U 1111~n11t11.:i 

fi'i 'il.l'1!1 ~h 'YI eJ{LlJ'Vi r11a ~ n~ihi' m1 a1tJ'VieJ~L 'Vi 'i'W~'Ul.11 n J.:i·d\ 'U'U~ rll.11 '11 n Lfl'Vi eJ~ bl.I eJ{'!leJ.:i 

L 'Vi'i'W~'ULe)~~'U~ija1'UeJ~ru11'U~.:ILLrl~ilfl11lJ"''U1Lb l.l'U~1 (0.866 g/cm 
3
) vh 1,XLba.:ia1lJ1'i()'Yl~'l 

~ 1 ml.l'Yl1 n'l!1 tl n 'i~ ~'U a1 'iv.J eJ av.J eJ 111ii'~ n11 'Vi eJ~L 'Vi 'iv; ~tJ;.:ia1lJ1 'in \;In~~ n 1111 a.:i bbrl ~ilm 1 l.l 
' " 

"''U1Lbl.l'U~.:i (0.9 g/cm
3
) aeJ~fl~eJ.:lfl\J.:11'U1~tl'!leJ.:I Mishra et al. (2009) ~1111~n~1'1!U~'!leJ.:l'VieJ~ 

Ll.JeJ1~eJalJU~'!J e),:j'Vi e)~ Ll.J eJ{ ~al.Ja1 'iv.J eJav.J eJfa\J11 'Vi e)m 'Vi'i'W ~'U 1 ,xfl11l.JL 'Vl.J bba.:i~tlrl ~tl ~ mrn.:i 
" 

f111'Vie)~ Le)~~W-l11l.J"''U1 Lb l.l'U~1 b tieJ.:1'11 fl'Vie)~L 'Vi'iv;~'Uij fl11l.J"''U1 Lb l.l'U~1 LLrl~ \;If)~~ fl 11ii'tJeJtl f111 

'Vi eJ~ LeJii~'U m11J"''U1 LL tlw,h 

4.4.4.2. A11l.Jt111fl~'U~tlr1~tlcim.1 

m 'i'Yl ~ a eJ um 11J t111 fl~ tJ~tl r1 ~tl ~ eJ t1'!leJ.:it11.:i fl 'i 'il.J'!l 1 ~ L 'YI eJ -fll.l 'Vi r11 a~ n~ ~ al.I 

a1'iv.JeJav.JeJ{ 1~ mL tl'icYm1a1tJm'i b ur1tJvi 11ii'~r1m'i'Yl~r1eJ.:i~.:i~tl~ 4.50 

c 
·;:; 
= ~ .... = .-1 
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'· I 

.-·::.::.~~-~ ·., .. 
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.' ,...,, .'\\·. • , , '\ . 

.' .;.; \ \·. 
• ,:, \'. ·, 

•• ,i-i \ '.. 
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--40-60-0 
- - - 40-40-20 

- ·· - ·· 40-30-30 
. .••••• 40-20-40 

• • • • • • 40-0-60 
,. ... ... ,., . , · 

•• ~ \-:•. •• ,,, ·.:..-:. 
~ ~-

,~ '';.-: . •• ..-, ..• . 
- -'._: . 

-.,, ..... 
·.·~---. 

~.:.• .. ----~..::. 

0 +----,-----.----.......----,----...,..------, 
450 500 550 600 

Wavelength (nm) 

':itl~ 4.51 m tlflt;1f lJ'lleJ.:i m':itl r1~tl~ 0t1-w".:i.:i1tJ'!leJ.:i t11.:ifi'i':il.l'l!1 ~ L 'YleJ {llJ'Vi r11 a~ n l~t1 Lb tl'l 
" 
tlt;l':i1G'l1'U f11'i b \Jrl'Uvi'!leJ.:! N RIPP /PEC 
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~1mtlvl 4.51 mtll"l~tlJ'lJv.:in11tlft111tlrim.1Yi'1·N1tJ'll€JW1.:Jil-S-SlJ'!l1~LVrnfll.lvrn1'1~n 1111EJ 
" 

LL tl-sci'~-s1ci1un11L UfttJ\,JViU11 L~vmt (1)tJEJ1.:i5-s-slJ'!l1~ L 'Yl vfll.1Yi ft1'1~mi'1t1m1l.l EJ11i"l~u 3 7 5 
• 

nm EJ1.:J5'S'SlJ'lJ1~L 'YltlTilJVi'11'1~nvlLL tl-sci'~-s1ci1un1-SL UfttJl,)(111.:J '1 ~t 1 im-stl"1111tlri €JEJLL'1.:J'1.:J'1\llvl 
I " • 

m1lJEJ11i"l~utl-stmru 509 nm ;i.:i~1n11m1lJEJ11i"l~tJ~'11-svlv'1vlvfo1'1'Ylitlft111tlrivEJ L~v.:i~1n • 
V'Yl5Vift'll€l.:J'1l.lu~vl ftvm 1m'lltJ'll'lJ€l.:JLl.l'Yl1n'!i (111 '1.~~1 mrnn11'Yl111ft v.:i 1 ui1-uv 4.5.4.2) m-s " " 

tlft111tlrivEJLL'1.:ivliil"l11lJEJ11i"l~utl-stmru 509 nm 'IJ€JW1.:J5-S'SlJ'!l1~L'Yl€JTilJ'Wft1'1~n L~v.:im~1n 

n1-s'Y\-s1uiBiu'llv.:ivL~nmvtJ'IJ€l.:i Eu
2
+ ~1tv1U'Vi'1.:i.:i1u 4t65d

1 ~ 4f
7 

~'1.~v5U1EJ'1.11.ui1-uv 

4.1.2.2 uvn~1n'1~tL~u11 EJ1.:J5-S'SlJ'!l1~L'Yl€JTilJVift1'1~nvliitJ~mru'llv.:J Li"l'Viv~Ll.lvi'llv.:i 1 Vi'S~~u 

Lv~~u 1 uci' ~-s1 ci1um -s Lu fttJl,)l.11 n ~t 1 im 1l.l L 'UlJLL'1.:i~ '1.:in11 EJ1 .:Jli"S"Sl.l'IJ 1 ~ L 'Yl €1 TilJVift 1'1 ~ n~ii 
" 

Vivm mvi~tJe..J'1lJ€lEJL ummrumn L ~€l.:i~1n Li"lVi tl~LlJ€J'j'IJ€).:J 1 Vi'Svi~tJLtl~~u~iici1um,ru~1u'1.:ivh " ~ " 
t iLL'1.:J'11lJ1 -SC1'Ylt "e.J1u Ll.l'Y\1 n'll1 tl mt ~u'11-svlv'1vl vi LLftttlft111tlrivEJ€1€l nm '1.~~n11Viv~1 Vi'Syj~u • • 

;i.:i'11l.l1-se1~ne..i~n'1.~'1.:i 
" 

4. 4 . 4 .3 . "It m: L 1'11n1-s fl.:i €1 V'tlv .:i LL'1.:ivltl '1111\J '1 eJEJ'lllil .:ivm 111m:: ~u " . . 
'St El t L 1 ft 1 n1 'Si"l.:J tl Fl 'lJe).:J LL'1.:ivltl ft \ll tlri tl E.1'111'1.:J ~ 1 n'III El \ll mt (l)tJ'lJ e).:J El 1.:J5'SW'IJ1 ~ 

~ . . 
L'YlvTilJVi"11'1~nvl~'1l.l'11-Svlv'1vlvi 1111 EJLL tl-sti'~-s1ci1um-sL uftui;i 1~~"1n1-S'Yl\ll"1v.:i~.:i1tlvl 4.52 

1.6 ~-------------------~ 

-,.. 8 

1.4 

--"O 1.2 
c.; -.£ 1.0 
"' = Q,> .s 0.8 
Q,> 
c.; 

~ 0.6 
c.; 

"' Q,> 

.5 0.4 
8 
= 
~ 0.2 

0.4 N R-PP-PEC 
~40-60-0 
-0-40-40-20 
- • - 40-30-30 

0.34, -o- 40-20-40 

,~ -•o-o-,o 

*' '-'~~!~: 
0.1 60 

so ~ 20 30 40 

'\:¾~~ 
"'-==•:::::~~""""::ce.,a- ~e=~ • 

0.0 4-----~~-~-~~-~----~----l 

0 10 20 JO 

Time (s) 

40 50 60 

" 

"Itlvl 4.52 "It EJt L 1 "11n1-si"l.:i vFi'!Jv.:i LL'1.:i~tl"1111tlrivEJV1'1.:JV1EJ111 mt ~tJ'!Jv.:i EJ1.:J51-Sl.l'll1~ L 'Ylvill.l 
" ~ , , 
Vi"11'1~n~e..i'1l.l'111vlv'1vlvi 1111mLtl-sci'm1'11um"ILU"1tJl,)'tm.:i NR/PP/PEC 
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L' .::ii IJ I C:.: d IV II 

rl11l.J L 'Ul.J LL~·H'l.:J LL~::l.Jfl1'Hl~fM6Uel.:Jrl11l.J L 6Ul.JLL~.:Jelt11.:J'i1~ L 'i1 '1'Ul.J1'1-:i L 1~1Vl~.:J'11 fl'Vltl~ m:: (,l'lJ 20 
" ' ' 

:Smvi v1m!'Uf'l11l.JL '1il.JLL~.:iv::r1elt1'1 ~~~.:JLL~::r1el'U-1i1.:if'l.:i~ '1.Jelflv1fli1L~mtl~mJL vit1u'i::t1:: L1~1 

r,n 'if'l.:J el V 6U el.:J LL~.:i~,J~ ~ ,J~ el tl'VI"' .:J'VI ti~ fl 'i:: ~ '1.J LL~:: rl11l.J L-iil.J LL~.:J~,J~ ~ ,J ~ el tl'U el .:J ti 1.:J 5'i'il.J'!l1 ~ L YI el { 
" ' ' 

1uvm1 ~~ fl~ L\,l~tll.Jv\1 tl'i)(,l 'i1~1'1.Jfl1 'i L U~'U vi~ LL\,l fl~1.:Jfl'lJ'V'lU11 tl1.:J5'i'il.J'!l1~ L YlelTil.J'V'l~1~~fl~i1 

tl1mru6Uel.:J Lf'l'V'lel~ Ll.Jel{'Uel.:J L 'V'l'i~~'Urn'Vi~'U 1 mrm1~1'1.Jfl1'iL u~'Uvll.J1fl vh 1 i'i:: t1::L 1~1fl1'if'l.:Jel v 
" 

'V'l m~~ fl~i1tl1m ru'U el.:J'V'lel~L 'V'l'i'ri ~ '1.J 1 mr (,l'i1~1'1.J fl1'i L u~'Uv1mfl v1.:i L 'Vltl)t:-J~~1vi'fl~11m 1 '1.Ji.11-iiel~ 

4.4.4.2. 1~t1"'m~ru:: fl1'itl~~tl~eltlLL~.:JVl"'.:J'11fl'Vltl~fl'i::~'lJ6Uel.:Jtl1.:J5'i'il.J'!l1 ~ L YlelTil.J'V'l~1 ~ ~fl~ LL tl'i 
' ' 

Bm1~1'1.Jfl1'i L U~'Uvl~1l.J1'ifl~ 1v1'11 m,J~ 4.53 
" " 

Blend ratio 
after excitation 5 min 

NR/PP/PEC : 40/60/0 NR/PP/PEC : 40/40/20 NR/PP/PEC : 40/30/30 

NR/PP/PEC : 40/20/40 NR/PP/PEC : 40/0/60 

'i'U~ 4.53 "'fl~ru:: fl1'iU~~i.J~el t1 LL~.:JV1"'.:iv1 fl'VI ti~ m:: ~'1.J'Uel.:J t11.:J5'i'il.J'!l1 ~ L YlelTil.J'V'lm~ ~fl~t:-J~l.J 
" ' ' 
~1'i'Wel~vlel{ 1~mLtl'iB\,l'i1~1'1.Jfl1'iL U~'Uvl'Uel.:J NR/PP /PEC 
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f\S.f\~tLUn. L lltLrtLl.mLC,l,! l!l~tLUTl. L lltLrtLl.?rtLC,l,!~ L l:!11t-~::~t-~~n.C,~l!lf Tl.1.,l!lrl.l:!11 mew ::tf\1'!t-G 

~ 

n.in.~~r.M.rnGM.rllLl't~f\~tLU::1,rn ()3d/tlN BilA dd/tlN) l!lQ,ll. Z }Grti~GM.HottLUL~Ut-~t-~t-tii 

G~Tl.LIA.Tl.L~rtLC,t,;~rt~~ L ()3d/ dd/tlN) l!lQ,ll. £ }Grt1~GM.r3C,~rtr3kllli~u~~Ll:!M.rt1}GIA.1~LQ.rtttll 

t-Lr3 G~_pt-~}G~~GtAt L~rt~l1~U~~Ll:!M.rt1}GIA.1~LQ.rtttllt-Lr3t-Gl!.~rt~~ L )3d/ dd/tlN t-Gl!.~Tl.l:!11 i 

t LUTl.C,~Ltl!l~tf\ ,, r3l!ll }G tA~GtAt L~rt~l1~U~~L~M.rtl}GIA., ~ LQ.rt!.!.llt-Lr3rtf3klll,tLU 

}@t,tij@t,t!.Lijrtijl':I ~U ~ij Ll!M.rtl}@IA.1 

~ Ln.rtt.!.ll t-Lflt-@n.~!\rt ij@f!! ~ Tl.I! n. 1 t. Lune, ~Lt.l!l l!t-@n.l!M.£1.t~LI-I.U ~!. LU t-@n.l!l':I f\tij S' ·17 ·17 

~ 

t-~rtE, i rtLC,t,;~::1!1iGrt~1 Lr~rtLC,l,!~~t-~ii r3 G~f\l!ll:!f\S.LU~ L ::~ U Lrtn.~~Gin.~~tM. 1 t-Gfl.}Grt1 ~G M.t,;l 

ru Lrt~f\~~~ Tl.1!111 tLUTl.C,~L!. lll~ L~n.M.~Tl.l:!11 i tLUTl.C,~Ltl!l~S.f\ 1111l!ll }GtA~G tAtL1m~rn~u~ ~Ll:!M. 
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4.5. n1 'aA n,;1 ~ 'V15'YHl 'U'€Hlml.J1t\Hl1'a~mw.Je:ii~mUJ'U~'U '€I <I EJ1<1fi'a'al.J '1!1~ b 'V1 '€JTil.J'VHl1 a~n~ 

~aiiai-a~e:ia~e:i{ 

fl1'ab(,l~EJl.JEJ1<15'a'n.J'1l1~LV1'€JTil.JYffl1?1~m:::vrh~ NR/PP/PEC ~e)(,l'a1~1tJfl1'jb'\Jn'U~ 

L'\11111'\J 40/30/30 Li;JEJ\11'\ll'Un b'tll6fl11~?!).JLL'U'U Precompound-I Li;JEJLL'lhi.J1:i.nrua11vleJ?tvleJi 

~i.n:i.nru 0, 3, 6, 12 LLn::: 24 wt% of the mixture 1iii'm1vlm1~?1l.J~s11,J~ 4.54 
" 

----------------------------- 200 
30 

25 

-6 20 
i 
"'O 
'-' 

--No phosphor 

r:: - - 3wt% 
- - -6wt% 
- • • 12wt% 
......... 24 wt% 

~ 15 = c:i" 
I. 140 

~ 10 

120 
5 

0 100 

0 2 3 4 5 6 7 8 9 10 

Time (min) 

'a'U~ 4.54 fl11l.J~l.JitJl5'a:::V!';hs1r11V1eJiAn'U L 1n1 Lbn:::eJruV!.niJn11~?1l.J 11'\JL 1n1'1Jel<IEJ1slfi'j'jl.J'1J1~ " , " 
L V1eJUl.J-Wn1?1~mnnn11L 'UntJ~1:::w;i1s1 N RIPP /PEC 1i;imL i.J1'1..l1l.J1ru?111vleJ?tvl e:,{ 

'11mi.J~ 4 .54 A11l.J~l.Ji'l.15'a:::W'l1slr11VleJ{Af1'UL1n1LLn:::eJruVl.fliJfl1'a~?ll.Jf1'UL1n1'1JeJ<IEJ7<1 " , " 
i)'j'jl.J'1J1~ L VleJTil.JY'lm ?I~ mn n fl1 'aL 'Unt.1i;11:::'\1111<1 N RIPP /PEC L\,'11:J LL '\.J1'\.J~l.J1ru?t11vleJ?tvleJ{wu11 

V1eJ{r1m1~?1l.J'lJ'€1<1EJ1<1u11l.J'1l1~L V1eJU l.J-Wn1a~m ~l.JttJ(,11l.Ji.J1:i.n ru?111vl eJ?tvl e:,{~ L ~l.Jtu zjs11 um-s 

Vl\,'lneJ<1-ci''1:::L~'I..ILiii'ii;iL'1'1.J~'\.J~:i.nru'lJeJ<1?11-svleJ?tvleJ{ ~mnn11 12 wt% of the mixture L~el<l'11n 

?11-SvleJ?tvl e:,{ L U'l..!?11 'a el'U'I.J'Vl~ ~~iitl1V1un Ll.J Ln fln ?Isl Lbn::: Ll-l'\llnell.J.f11 El b\11el ruV1.niJ~?tl.J ~sl'Ui;)'lJ'J1slfl1'S 
'I 'U 'I \I 

L Vln'lleJ<1?11 EJ 1•1fil.J Ln fln'lleJ<1EJ1<1u-S'Sl.J'1l7~ L VleJTil.J-Wn1?t~n ~<1~n 1 ~r11V1e:,{r1m-s~?tl.J'lleJ<11:J1<1u11l.J'1l1 ~ , 

L'VleJUl.J-Wn1?1~m,s1tu(,11l.Ji.J1mru?111vlm,vle:,{ 
" 

,-.._ u 
0 
'-' 
~ 
I. = .... 
~ 
I. 
~ 
C. 
6 
~ 
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4.5.1. alJ~Lil,rn~ (Mechanical properties) 

f11'iL\Jl~EJlJEJ1~6'i'ilJ'll1~iLvrnfh.1vrn1'1~mnnn1'iL'UmJ{;!'i~V111~ NR/PP/PEC L{;)EJLLtb 

tl~lJ1UJ'11'i~ tl'1YhJi vfmmru 0, 3, 6, 12 LL"~ 24 wt% of the mixture 1tJV1{;1'1cJU~lJ~ 

V11~(,)1tJf11'i~~ricltJLL"tVl~~,Jl.JL 1~ f11'i~\;l'iUfl11'iLL 'U'U~~ LL"~l'l11lJ LL~~ 1t,1~rnm'iV1{;1"c)~v)~\Jl1'i1~ 
" 

~ 4.5 LL"~'itJvf 4.55-4.59 
" 

\Jl1')1~vf 4.5 ~l.J~L ;~n"ncltJLL"~Vl~~,Jl.J L 1~'Ucl~ EJ1~6'i'ilJ'll1~ L VlclTil.JYi"1~~f1~c.J~l.J~1'iyj cJ~yjcJ{ 

L{;)EJLLtl'imlJ1ru'11')yjeJ'1yjcJ{ 

Properties 

Unaging 

Modulus at 100% (MPa) 

Modulus at 300% (MPa) 

Tensile strength (MPa) 

Elongation at break (%) 

Tension set(%) 

Hardness (Shore A) 

Aging 

Tensile strength (MPa) 

Elongation at break (%) 

Retention 

Tensile strength (%) 

Elongation at break (%) 

Phosphor content (wt% of the mixture) 

0 3 6 12 24 

5.86±0.08 5.70±0.11 5.72±0.16 5.72±0.06 5.45±0.08 

8.34±0.05 8.27±0.02 8.22±0.03 8.19±0.05 7.91±0.02 

14.04±0.49 13.41±0.95 14.49±1.29 13.64±0.47 11.75±10 

473±11 458±28 493±38 479±17 452±4 

24.1±0.8 23.8±1.1 25.2±0.5 24.7±1.2 24.5±1.0 

84.8±0.6 86.0±0.5 86.2±0.3 85.8±0.8 85.8±1.0 

10.77±0.37 10.12±0.38 10.13±0.27 8.47±0.43 7.82±0.22 

419±19 

76.71 

88.45 

402±15 

75.49 

87.71 

402±14 

69.91 

81.66 

331±24 

62.11 

69.08 

324±21 

66.53 

71.68 
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I 
14 
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~ 10 
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~ 

,,. 

l
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I
~.· 
: 

f 

00 6 

--d?.-· 
~-r-· 

~y:~~ .• 
Unaging 
--Owt% 4 
--- 3wt% 
- -- - ·· 6 wt% 

2 ....... 12 wt%, 
.... · · 24 wt%, 

0 -+--.---.---.-.---..--~-.---.-----.----t 
0 100 200 300 400 500 

Strain(%) 

16 I ~ 

I 
14 

12 

~10 

~ 
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I. -00 6 

4 

2 

0 
0 
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· .. p:·.·· 

7-,'!-'f::.•:;,,,-::·::';,:::-:: •• 

••• • Aging 

--Owt% 
--- 3 wt% 
- ·· - ·· 6 wt% 
....... 12 wt% 

• ··· · ·24wt% 

100 200 300 400 500 

Strain(%) 

~,J~ 4.55 f'l11l.J «l.J~tJ6'aivrh~m1l..l Lrl'lJf1Uf'l11l.J Lf'l~EJ~'1Je),:l EJ1~1:i'j'jl.J'!l1 ~ L Yle:Jnl..1'1'1"'1G'l~n~~G'll.J 
" 
G'l1'j~e:JG'l~e:Ji L~EJLL'1.h'lfimruG'l1'j~e:JG'l~e:Ji (a) rie:itJ'Ul..ld~ Lrn~ (b) '\ll"'~'Ul..ld~ 

'1 1 niu~ 4 .55 f'l 11l..l«m~'\Jfi'j ~ 'W:I 1~f'l11l.J Lfl'lJ 11Uf'l11l.J Lf'l ~ El ~'1J el~ EJ1~1:i'j'jl.J'!l1 ~ L Y1 e:Jnl..l 

'V'l "'1"'~ n~~G'll..lG'l1'j~ e:JG'l~e:ii ~ LL 'I.J'j'I.J~m ruG'l1'j~e:JG'l~e:iiY1u11 EJ1~1:i'j'jl.J'!l1~ L Yle:JTil..1'1'1'91 "'~ nil 

YI n~ n 'j'jl.J n7'j ~~'j'I.Jf'l~ 1 EJ ntJ~~ ri e:JtJ LL"'~'\ll"'~'Ul..l L ~~ fie:i1G'I ~ '<il ~ill..! e:i~~"' LL"'~ f'l11l..l LL~~~~"'~ LL"' ~il vi 'U 'I 'I 'U 

f'l11l..l L UtJ~"'1G'l~n tJe:Jn'<iJ1 n'l1L~eJ~G'll..lG'l1'j~eJG'l~e:ifo~1 'l.l1 tJ'l.l~mrum nttJvh1 '!Xm1l..l Lfl'I.ILL"'~ 

m1l..lLf'l~EJ~'1Je:i~1G'I~"'~"'~ L ~e:J~'<il1 nG'l1'j~e:JG'l~e:ii~~"'l..l"1~ 1 'l.l1 tJi.J~mrumn'<il~ 1 'l.l-u~'1J11~ n7'ji;i n~~ n 
' 

'1Je:J~'V'lcJ~L Yi'j'Vi~'W LL"1~vh 1 '\Xil'<il~Un'V'l~cJ~ 1 uim1ul..l1ntu 
' 
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20 600 

- -- -----► 
18 

I 1
- - - - - - - ! E B 

500 
..-.. - .,,,.' - - - -- -- --- .. ..-.. e,: 16 ~I~-----1 -------· ~ ~ = e '-' 

400 .::a:: 
14 e,: 

..= Q> 

"Si, 
~s. 

i.. 
.Q 

= 300 1; Q> 12 i.. • .... = "' 0 
~ ·-10 .... 
' ;;j e,: 

= 200 01) 

Q> = ~ 0 
8 -~ 

100 
6 

4-+-----,-----,.---..-----.-----.--..--......----..--~o 

0 6 12 18 24 

Phosphor content (wt% of the mixture) 

-stlvi 4.56 m.1~fl1'j~.:J'lJt1.:iEJ1.:ifi'j'SlJ'll1 ~L 'Vlt1fll.l'V'lrt1~~ nvic.J~l.J~1-sv-lmw-lt1i L\i1 EJLL tl-stl1m ru~1-s 
" 
v-la~v-lt1i 

\fil.11 ru~1-sv.J,rnv.Jafou11 EJ1-!lfi'S'Sl.J'll1~ L 'Vltinl.l'V'l"1 ~~nviii fl1'Sc.J ~lJ~1'jv-ltJ~v.Jafl \JU1l.J1 ruvi~1 

n11 12 wt% of the mixture 1lJ'V'IUfl1-SLtl~EJtJLLtlrt.:i~11'111lJ<ihti'Vl1ti~mL<s.:i~.:iLLrt~<s~EJ~V\i1vi'1i;i 
' 

'lJ1\i1tiv1.:iihTmh•1qi LL~Ldac.J~l.J~1-sv-la~v.Jafltitnl.l1ruvi~.:i;1tivi 24 wt% of the mixture ,i~vh 

1 ~~1m 1l.Jt111uV11u~mL -s .:i~.:i LL rt ~-s~ EJ~vli1v1'1\i1'll1\i1rti;ir1.:ia v1.:iL ~u 1vi'ili1 L ~a.:i,11n~1-sv-lt1~v-la·h tlu 
' 

~1'StlUU'Vl~V~1lJ L '!J1 nu nu~1-s0,.J'Vl %t1V1.:IL vi~ EJ1.:ILLrt~'V'l"1 ~~ n Ldt11~1 utl1mrum n,i~~.:ic.Jrt 1 ~ 

Ln\i1 -sa EJ~ a-s~-v,11.:i L v-l~~l.11 n;1ti m-s~.:i ~1\JLL -s.:i Lf'1U'j~-v,11.:i<st1EJ~a 1lJ~ Ln \i1 L UU'1\i1~~ ~l.ll'l11mr1u 
' 

(stress concentration) 1v) vi11 ~1~(;jii~li1Un'V'l~t1.:i1 \JL '1t11~(;jl.l1n;1u L 'l!\JL~EJ1num-s?ini;1'!J,N 

Wong et al. (2006) v11v1L(;J~EJlJ'V'ltl~Ll.liirtLl.J'V11l'l~Lrt(;Jvic.J~lJ~1-sv-la~v.Jafau11 'V'ltl~Ll.liiml.l'V111'l~ 

Lrt(;J~c.J~l.J~1-sv-la~v-lafl u'lflmruv1~.:i;1u,i~ 1 ~~l.l~L :S.:imrnli1rt.:i 
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40~-----------------------, 

30 -~ 
-1--• C> .._, .... 

~ 

"' = 20 
0 
·; 
= ~ 

~ 

10 

0 +-------~-----~--~- ~-~------l 
0 6 12 18 24 

Phosphor content (wt% of the mixture) 

1uvi 4.57 rn-s~~-sumTrn uu~.:i-uv-Hn.:io-s-slJ'U1~L V1vTilJYrn1'1~n~c-.i'1lJ'11-s'l'lmn-lvi 1~EJ LL u1 
V \I 

u1mru'111'1'1v'1'1'1vi 

~1m,J~ 4.57 f111~~1U'1111LLUU~.:J'l)e).:JEJ1.:J511lJ'U1~L'VltlTilJYi"11'1~f)~C,.1'1lJ'111'1'1v'1'1'1vi 
" " 

1~ EJ LL ,J -s,J1m ru'11-s'l'I v'1'1'1 vfau11 m-s L ~lJU1lJ1 ru'111'1'1 v '1'1'1v fhj ~.:i c-.i" vi v '1lJ'U~ vi' 1 tJ rn 1 ~ ~ 1,J LL vi 
" 

v~1.:i1~ LLlJ~~L~lJ'111'1'1v'1'1'1vfluci.:i 24 wt% of the mixture zj.:JLL~nv11.:i~1nc-.i"1f111'V1~'1eJU'S~EJ~ 

ti~'lJ1~ i.:ii1th~~ L tltic-.i"1m ~1 mu LL uu n11V1 ~'1vu m1~~1,Jm11 LL uu ~.:i~i' ~~ L uv {L 'lltJ~n 11~ ~ 
" " 



~~kt-Bll.u~~t-L}~t-tt.!1 n.r,p:;1,m (% Zl ~t u~t1ulfln.~~Bm~~tM. lt-Bll.}Btti~BM.t.!l :;~,, %s .. z9-z· Iv 

~t Ujt-JUlfln.~~tM. l~BM.) ~tu jl"J UlfltltLrtL~n.~~Bm~~tM. lt-Bll.}Btti~BM.t.!l:;~,m~~tM. l~BM.:;LtM., 

u~~n.i; ,u~~L~M.t-Bll.~t,t 1 UL~LrtU~~L~M.rtl}BlA. ,~LQ.rttt9t-Lf'3 t-Bll.t-~ ,, rtLtt.!UL~t-Bp 1 'r/ a;o45 

~8 rllLrt:;tf\~rBt-~iirtLlt.!t-~ IU~L~f'3,tl,~t-LrBn.~t-L~~tt-~1irtLC.,t.!L!iJ~ aJnlX!W a41 JO %lM VZ 

n.~ L !A m~~L~U f'313 r-ru Lrt~f\tl. lJ,B t,t~B t,tt L~ rt~ l"J~U ~ ~L ~M.rtl}BlA. i ~LQ.rtttQ t-Lfl L~f'l.M.}B t,t~B t,tt L~ 
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100...---------------------, 

80 

-~ 60 Q -= 0 
.: = ~ 

40 -~ 
~ 

20 

0 -+---.------.--~--..---~-~--.------.---
0 6 12 18 24 

Phosphor content (wt% of the mixture) 

':itlvi 4 .59 L '-1t11L~'\J{,lf11 ':ifl.:J elV'1Je:mu.1lli1 L :S.:in"',,,~.:ithi L j,:iv11 e..im1l.Jf el'U'1Jel.:i e..i1.:i6'fil.J'lf1~ L 'Vlel'lLl.J 
~ ~ 

~ 1;'17?1 ~ nvii;.i ?ll.J ?l7 ':iv-l el ?tv-l el1 1vi mL t.h'-11m ru?11-sv-l el?lv-l el{ 

6'S'HJ'lf 1 ~ L 'Vl elTil.J~ 1;'11 i;'I ~ nvii;Ji;'ll.Ji;'l7 'Sv-l el?lv-l el{ Lvi eJ LL \J-s,J1m lli?l7'Sv-l el?lv-l el{~'U'J 1 eJ 1.:J6'S'Sl.J'lf1 ~ 

L 'Vlelnl.J~"'1"'~nvi ~11..1m':iul.JL fr'1~ 1 iL t1el1L~'U{,)f11'Sfl.:ielv'1Jel.:i?tl.Ju~ L :a.:in"',,,~.:iul.J L j.:i"'vi"'.:i LLi;'I~ 
~ 

"'vli;'l.:Jl.Jl n:fi'U Ln el i;Ji;'ll.Ji;'l7'Sv-lel?lv-l el TI 'UU1l.J1 ru~?t.:i:fit.1 zj,:i L UtJi;J 1;'1"11 f1 ?ll.Jlli11 'U v) 7'\J f11':ii11 fl11l.J{el'U~~ 
~ 

'1Jel.:J?11-sv-lv?1v-lv{ (Ben et al., 2009) m-s;j\J1mru?11-sv-lv?1v-lv{mn:fimi.:ii;.il;'l1ifl11l.Jfel'ULL~jLi1 

1 ui. tJV1 .:i5'S'Sl.J'll1 ~ L Vltlnl.J~'11 ?I~ fl 1v1-S11>1 L ~1:ff u -5.:ii.'1.:i i;,m \,ltlf11':i b~tll.J?lfl1~'Vtl.:i e.J1.:iti'S'Sl.J'll1 ~ b Vltl { 
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4.5 .2. a'NJ1U1'VIV1 (Morphology) 

m 1Pl mi1"' Mi1'U1YlEJ1'1J,N EJ 1.:i cr11l.J'll7~ L Yltii1wtrn1'1~m.ml.J'111~ m~~vi 1~EJ LL tl 1 .. 
mmru'111~tl'1~vi L!i1~'1LL'1~.:i~.:i1,J~ 4.60 LL'1~ 4.61 

'U 

Phosphor content at 200x magnification at l ,OOOx magnification 

\\'ilhoul phosphor 

3 wt% or the mixture 

6 wt% or U1e mixture 

12 wt% of the mixture 

24 wt% of the mixture 
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Phosphor content 
at 2,000x magnification 
-------- - -

Without phosphor 3 wt% of the mixture 6 wt% of the mixture 

12 wt% of the mixture 24 wt% of the mixture 

1tlvi 4.61 iurn1'UiY1 t11LLU'U?1n1>1 LYl?1'1Jei.:it11.:io1'SlJ'll1~LY1eifllJYHn?1~nt-1m.1?1Tr vlmwhi1 Ll>ltJLL tl'S " .. 
,J~mru?11-svl0?1Yl01 ~rh~.:i'llt11t1 2,000 L vi1 

-s,J~ 4. 60 i UJ~1 'U1Yl ti 1 LL 'UU 1ii ?I fl \11 L yj ?I'll el-!! ti 1-!115'S'Sl.J'll1 ~ L Yl el {Lm~ '11 ?I~ n t-1 ?ll.J ?11 'S " .. 
Yl0?1Yl0{ L1>1mLiJ-s,J~mru?11'SYlei?1Yl0{ ~n1~.:i'Ut11t1 200 LYl1 LLn~ 1,000 Lvi1 Y'lu11iru!1'U1Y1t11 

'Uel-!ltl1-!15'S'Sl.J'll1~ L YlelTilJY'ln1?1~n~f11~-!l'Utl1tl 200 L Vil i.J'S1 n!)v'4f11f'l'1Je).:J?ll'Svl el?lvl ei{m~~1 ti (111 

1 'U LlJYl~n 'IIL ~l.Jt'U~1l.Jn7'S L ~lJ,J~mru?11'SYlv?1Ylei1l 'Uei.:iFiiJ'S~neiuL Un'Ui;J LLn~~n1i.:i-ut11 t1 1,000 

LYl1 Y'lU11~ n"Mru~iru~1'U1Yltl1'Ue).:Jtl1-!15'S'Sl.J'll1~L Yle)TilJY'ln1i:'l~n hl LL~ rwh.:in'U 

~, mtl~ 4.61 iru~1'U1Yltl1LL 'UUi:'lfll>lL Yl?l'Ue)-!ltl1-!16'S'Sl.J'll1 ~ L Yle)TilJY'lnl?l~nt-J?llJ?l1 'S " .. 
Ylei?lvleii L1>1m LU'Stfonru?11-svl0?1Yleii ~n1~.:i'1J£J1t1 2,000 Lvh Y'l'U11v1.:io'S'SlJ'lll~LYlvTilJ 

Yin 1?1 ~ n~iltl~m ru?11-svl vi:'lvl ei{m n~~ 1 ~i n"Mru~i 'Y!1'U1Yl v1'1Jei.:iv'4.f11l"lt11.:iil-u'U11>1 L~ n n.:i 

L ifo.:i~1 n?l1'SWel?IYlv1L 'U'U Ln'VI~ lJl"l11lJLL ~.:i LLn~l"l11lJVl'U1 LL '4'Ui;'l-!I L~e) t-J?ll.Jn-!I 1 'UL Yle)TilJY'l n1?1~ n~~ 
" 

vh 1 ~ L vim YlvTilJY'l n1?1~nilm1l.JV1U1>1 L ~l.J?l.:it'U 1ni L~ t1.:i fl'U l"l11l.JVl'Wl>l'Uv.:i L Yl?1t11.:im nt'U l"l11l.J L -if 1 
" 

fl'U 1Ji''1J v.:i'W ei ~ Ll.Jvi-uru~ L Un'U i;i~.:im ntu ~ .:i t-1 n 1 ~Ln1>1 m'Sv'r \9ll'U1iru!1'U1Y1t11 L 'U'U1!Jfl1 l"l 

LL uu ~ei L ~ei.:i~n~ LBt11>11v1~ nei'U~~~ Ln1>1nwfol"l11 'U'IILLn~ Ln1>1m'SLUv'U L 'U'Uv'Uml"lm~~1tJ(ll11 'UL Yl?I 
' 
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Ll.J'Vl~fl'll L~E.Jfl1'S 'lvi'~ru!1'l.li'V1EJ1 L U'l.11!)fl11'1 LL tJ 'U~tl L ~cJ.:ivim: L~ EJ~l.11 flifi'l.lL~ tlEJ1.:i Ln~ fl1'S1"'1'11 L '\..I'll 

~~ 1 \1'tl'l.11~tl'4fl11'1EJ1.:J1"'1'11 L t.1'11viij'1J'l.11~tl'4fl11'1L~fll.J1flifit.1v1'lEJ 

4.5.3. fl11fl'j ~~,v~1t1e1.:ia1wleiavle1fluv1.:i5113.1'tf1~LV1eJfl:3.Jwi'\1a~flvii:..1m.Ja11vleiavleii 

fl1'S~ fl'lfl fl 1-sm~ ~1 vv1n ei.:i'11wl m,~ eifl t.1 v1.:i5-s•rn'tl1 ~ L 'V1 cJTil.lvrn 1'1 ~ flvit-i~l.1~1-s 

vlcJ~vlcJi t~mLth'\J~mru~1-svlcJ~vlcJ{ 'lvi't-i"'fl1'S~fl'l~1LL~~.:i~.:i-s'\J~ 4.62 
" 

Without phosphor 

Phosphor content 
at 4x magnification 

3 wt% of the mixture 6 wt% of the mixture 

12 wt% of the mixture 24 wt% of the mixture 

~1 n~tlv1 4 .62 ~n~t1w fl1 ')fl'Hi~1tJ {ll'l'lJti.:i'11')vl rJ'1vl rJTI 'l.ltJ1.:Jfi')'SlJ'111~ L V1cJit11vrn1~~fl 

t~mL 'U'S'U~l.11 ru~1'S'Wtl~~tli Yl'U11 L~tlL vh.1'\J~l.J1'1J~1'S'Wel~vleln 'l.ltl1.:Jfi')'Sl.J'111~ L Vlelnl.JYH11~~fl 

~.:i t-Ji'l 1 \1ijl'l11l.J'\,l'\..11 LL'U'l.1'1Jtl.:1~1'S'Wtl~v-lcJfl 'l.l EJ1.:16'S'Sl.J'tl1 ~L 'Vl tl'SLlJYl"'1'1~fl L ~11:ff u LL~l:J.:Jl'l.:iijm-s 

fl 'S~ ~ 1 tJ(ll1~tl 1 L~l.Jtl~1,X.:i LL~'l.l V1 .:Jfi'j'Sl.J'111 ~ L 'V1 cl nl.l'Vli'l 1 ~~ fl 
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4.5.4. a~miV11.:iu.a.:i (Luminescent properties) 
d d II 

4.5.4.1. f111~t111f11;t'UV1m::i;iu 
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-- 3wt% 
_ ,, _ 6wt% 
• •••• 12 wt% 

11. =375 nm • • • • 24 wt% 
I 

·'· . ' . 
I 
I 
I 

• I 

11. = 430 nm 
' ' ' • I ., 
r ,. , . 

, ,,- .., • • ,,.. •.. I • 

1 I '"",1 • 
, I ~ • 

t I _. • • _ I "", , 

• ,,, ✓~-- -· - ~·,: ... •• 
• I • I ; - I"'" ....._ •~ • 
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Wavelength (nm) 

~1 mtJ~ 4.63 m tJf'li;iflJ'llv.:inTms:: (,)'U'lJeJ.:i t11.:io11lJ'1l7~ L 'Vlel'Ul..l'W'17 ?t~n 1i,i m L 'lhi.J1mru 
'U ' 

?111yj ei?tyj ei1 rim..1n11ulJ d.:i-wu11 1) t11.:i 011l..1'1l7 ~ L 'Vlel'UlJ'W'17?1 ~ n~e.J ?tl..l?t 11yj ei?1yjei1i.J1m ru 

L ~lJ:ff uci.:ie.J'11~m1m::(;1'Uvi11~~1t1:ff 'U ~.:iiim1m 'nl..lLL?1.:i~,J"i,i,J~eit1?1-:i(u 2) m·rn-s::(;1'Ut11-:i 
' 'U ' 

o11l..1'1l7~L 'Vlel'UlJ'Wm?t~n~e.J?ll..1?171yjei?tyjei{?11m1rinw(,1'U 1~~~f'l17l..lcJ71f'l~'U 3 71 nm zj,:i?1.:in11 
• 'U 

n 11m::(;1'U?11-syjei?1yjei1u1?1V15 (365 nm) (i,ie.J'1f111'Vl\,1'1el-!l(;l-!l1tJ~ 4.6) Lrn:: 3) 'Wf'l~i.J1::mru 430 
, 'I \I " 

nm ~ ::i.J11 f1!) L~'U'8'i,i:ff 'U L~eiiii.J1mru?111yj eJ?lyj ei1i!eit1 L tiei.:i~ 1n 1~1'u~'Vl5'W'1'1Jel-!I ?llJ~yj~eim 1?1 

b'lf'U'IJ'll el-!I blJ'Vl~f1'1J (cJ1-!16'l'llJ'1l1 ~ b 'Viel 'UlJYl '11?1~ f1) zj,:i'1 ::,J17 f1!]'W f'lf11'l m ::~'U~f'l11l-Jtl11f'l~'U 

i.J1::mru 376 nm LL'1:: 440 nm 

LL'1::i11cJVl~.:i m1ul..l d.:i-wu11 1) t11.:io11l..1'1l7~L 'Vlel'UlJ'W'17?1~n~~1'Un11ulJd.:i~::m::(,1'U 1~ 
' 

t11nm n:ff 'U L ~'U 1~ '17 nn11'1!,1'1-!l'1Jei.:im1lJ L 'nl..l'll ei.:im1i.J "i,itJ~ eicJ LL?1.:i'1Jei.:im.:io11l..l'll1~ L 'Vlel'Ul-.1 
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'V'H'l1'1~rndel~1'Uf111Um f 1 2) fl11l.Jt!11fl~'U~ f1W\11'Utl1-:tli11lJ'1l1 ~L VlelnlJ'l'H'l1'1~f1~CJ'1JJ'111 
' 

vlel'1vleli~~1'Uf111umj-:i1vi'~ Ael 375 nm aff-:i~ri1'1-:tf111f1el'Uf111Ul.Jd-:t LL'1:: 3) v'lri~~1LLWU-:t 
" 

i.b::mru 430 L\;1'\J'tl~tu (J-:iLn~ 1v111~::tum Lflel\J L'1l.lelfl\Jfl11l.l'1-:t'1lel-:tv'lr1~r111l.l£J11r1~u 37 5 
" 

nm) L ~el-:!~1 f1f111L~ellJ'1fl1Vi'1Jel-:!LlJ'Vl1f1<ii f1~11AelL~eltl1-:tli11lJ'1l1~iL Vlelnl.l'Yi'11'1 ~f1~1'Uf111UlJ L j,:i 

~::vh 1 ~v1-:ili11lJ'1l1 ~L Vlelnl.l'Yi'11'1~m1n eleln<B1~<ii Ln~n11~~'1l1~'1lel-:t'11t11 '1fLlJL'1f1'1 1~ m~vn:: 1 u 
" ' 

~1'U'1lel-:t'Yi el~1 Yi1~ ~u~'11m1C1 Ln~ n11~~'1l1~'1lel-:i'11t11 '1f '1l.l L'1 n"1m n~'1~~1 nG'llJ~'1Jel-:i 1r11-:i'111-:i 
' ' 

Vl1-:t Lflij J~~1'U~G'l-:t'1lel-:t'Yi el ~1 Vi1~ ~'U 1 'Uel-:tl"li.h:: nelrn i.J"1'Uvl LL"1:: n 11vi1V1i!1~dJmlJV11 n'1f1 u 
" 

1r11-:i'111-:i zj,:iJlJtr'1n1.Jr111lJ1el'ULL'1::elel n<BL~'U 1vi'~ ~-:ivi11 ~t11-:tli11l.l'1l1~ L Vlelnl.l'Yi'11'1~ n~r111l.l~'U 
' 

4.5.4.2. fll11lltl11fll~'lJ~tl~~tl'6'1elfl 

f111Vl~ '1el\Jfl11lJ tl11 fl~ \J~tl'1~tl~ el t!'ll el-:! tl1-:tli11lJ'1l1 ~ L Viel nl.l'Yi'11'1~f1~ CJ'1lJ 

'111vlel'1vleli 1~mL tl1tl1m ru'111vlelG'lvl eli 1vi'CJ"1 n11V1~"1el-:t(;)-:t1tl~ 4. 64 
" 
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LL i.hmmru'11'WhJ'1vlcl{ ViU11fl11lJ L 'UlJU'1.:i~tl'1v1tlcimJ'Ucl.:iEJ1.:i,ffrn'!l1~L Vlclfi:lJVi'11'1~mlt LL U') 

~'lJl1l').:inutl~mrua1')vlclavlcl{ (Wong et al., 2006; Bern et al., 2009; Bern et al., 2010; 

Bern et a l., 201 la; Bern et al., 2011b) LL'1t'\lnflL~?l1')vlclayjclfl 'lJU~lJ1rutJt1EJaV15Vi'1'1Jtl\) 

Q ' ' 1 V d ..J. I • I I c,j I II 

LlJVl')fl'IPilta.:ii:.rn 'Vlfl11lJEJ11fl'1'lJVlu'1~u'1tlEJlJl-11'lJtlEJ'1.:i (Bern et al., 2009; Bern et al., 2010; 

Bern et al., 201 l b) flci11~clEJ1.:ii5')')lJ'!l1~LV1t1fi:lJVi'11'1~fl~iim')~?llJ'11')yjclavlclftutl~mru 

lnflfl11V1~mvhnu 12 wt% of the mixture '1t1~F111lJEJ11F1~u~tl'1v1tlcic!EJ'Ucl.:iEJ1.:i5nlJ'!l1~ 

L Vlclfi:lJVi'11'1~fl Lfl~\FiEJ.:i nua1')yjclavlclfo~aV16~cl~ 514 nm zj.:iL tltJLL?l.:i~ L; EJ1'1.lcl.:ifl1')Vl')1tJ'H'tl'lJ 
' 

2+ .,I ., ., ,f, I 7 -I Q !'i' .. .,I., 
't)c)\) Eu Vl')tvlUViM\)1\J 4t 5d ---+ 4f 'l.lrutVIEJ1\)i)')')lJ'!l111lLVlcl') ~lJVi'11'111lfl'YllJfl1')~'1lJ?l1') 

yjm1vlclflutl~mru~uclEJfl11 12 wt% of the mixture '1tL~fl11lJEJ11fl~tJ~tl'1v1tlcimJLu'1tlV11.:i 

fl11lJEJ11fl~'lJ~tJclEJ'1·:J\•1~cl~1fl11 514 nm L ~cl.:i'11fl 1~foaVl5Vi'1'1.lcl.:!al.JU~W'1clclL ')?IL'lJ'lJ'll'l.lcl.:! LlJVI 
" 

~fl'ij \Jc) fl'11fldv'.:iYiU11 fl1'),JlJ L 'i.:IEJ1.:li5')')lJ'1J1~L Vlclfi:lJVi'11'1~flVh 1 ~fl11lJ L 'UlJLL'1.:!~tl'1v1tlcicl EJ 

LL'1tfl11ll EJ11fl~\J~tl'1~tlcicl f.J'l.lcl.:J f.J1.:li5')')lJ'll1 ~ L Vlclfi:lJVi'11?1~fl'1v1'1.:i'11 fl L~ll~U')1 fl!) 1 mh LL 'Vli..i.:i 

514 nm L~cl.:1'11flfl1')L~cllJ?lfl1Vi'l.ltl.:!LlJVl~fl'll~.:l~flci111 i'L 'II\JL~EJ1flU 1 \J~1'Ucl 4.5.4.1 

' ... , .1' ., ., 
') t EJ t L 1 '11 fl 1 ') fl\) cl ~'Ile) .:i LL a.:iVI u '1 vi u'1clEl'\11'1.:i'11 fl fl1 ')"1 ~vim t ~ \J 'I.I cl.:! EJ1 .:i 

i)')')lJ'!l1 ~ L Vlclfi:lJVi"1 '1~ fl~~'1lJ?l1')vlcl ?!Wcl{ 1~ EJLL U')mlJ1 ru'11')W cl'1vlcl{ 1~~" fl1 ')Vl vi" cl.:i ~.:l')U~ 
" 

4.65 (EJ1.:Jo')')lJ'!l1~ L Vlclfi:lJ'V'l'11?1~ fl~hl~'1ll'11')Wclavl t1')1l.la1m')C11v1Fi11~~.:i 1l.l LLav1.:i1 mtl~ 
" 

4.65) 
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~M:rn t-B fl,~ Bt-1.H, LU L\Jt, 1 ::;ra ::;r.::;1J11 fl B~f\l!IIJ f\~t-~,, rtE, 1 rtL t,l,j~ t:::H ~ i rt[\t LUt-J111l Llf U ~~LIJM 
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t-~,, t-Gll.~Bt'l,jtLU L\Jt, 1 ::;ra ::;r, :::IJ11 ra B~f\l!l\Jf\~t'~11rtE, irtLt,l,j L~n.Mn~t-L~u111,, ~}GtJ,~GtJ,S.L~TULrt~f\ 

~lll!ll rtra~~i~u~~LIJMrtl}BIA ,~Ll!.rttr.i;it-Lra t-Gll.llB~f\111\Jf\~t-~,mE-, rtLt,l,jn,ra~ in.ra ~f\ mp, ~t-l,j 

t-Lll.r\Gt,j::;IJ11t-lJLl!.:::~t-~11rtll.1rtLUe!t-Gll.t-lJIIIIJr.LU IALnt, OZ nw:::Wl!l(;ll1UL~t-lJ11:::IJ,i t.r.il!IUt-LllG I'll 11 l'I ~-.:a,, 11 ,-,, I 

t-lJIIIIJ t-~,m~ irtLt,l,j~ t n~ t-L ~ ru L rtH\n lJ,G t,',~ GtJ,S.L ~rt~r-:1 ~u ~ ~ L IJMrtl} GIA,~ LR.rtr.r. flt-Lil n~ ::;s, u 
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1tl~ 4. 66 m 11J~1JitJfl'Ut1-:itl~mru'11·wicJ?1yj ,rinum11JL -umu,-:i~-s~ ti~ L 1m'll!~-:n,,t1!ilm~~tJ 30 " . . 
1tJ1vi 

~1 m tl~ 4.66 ?11lJ1'rnL ;tltJ?ll.J f11'Srl11lJ~l.JitJfl'Utl-:JU~lJ1 ru?11-syj e)?lyj0{ fl'\.Jrl11l.J L 'Ul.J LL?l-:1 
" 

~-s~t1~L1"1'11!~-:i 'll!t1!ilm~~tJ 30 imvi 1v1v1-:1?11Jrn-s~ 4.2 • • 

y = 0.0467x - 0.06 .............. (4.2) 

i fl'l!fCIJ~ fl1 'S'U'°' (;)'U'1 el fJ LL~ -:J'llli-:1~1 fl'II! fJ (il fl'S ~ ~tJ'U el-:! fJ 1.:16'S'Sl.J'1l1 ~ L V1 el TilJ~ "1 ?I~ fl~ LL tJ 'S . ' 
tl~lJ1W'11'Syj tJ'1yj t11LL?l\'l-:J~-:J'SU~ 4.6 7 

" 
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Phosphor content Before aging After aging 

3 wt% of the mixture 

6 wt% of the mixture 

12 wt% of the mixture 

24 wt% of the mixture 

~'U~ 4.67 ~n'l!/Ntn1~'U'1vl'U'1tlEJLL~-:1"1~-:1'11n'l-1EJvln'lt\JliJ'1Jtl-:IEJ1-:ll511l.J'1l1~LVltlf'Lm•i"11~~n~t-J~l.J " . . 
~1wlu~vlu{ LvlEJLLtl1mmru~11vlu~vlu{ 

'11 n~tlvi 4.6 7 "'n~ru~ n1"l'U"1v!U'1 tl El LL~-:l'\11~-:I '11n'lt1tjvln'l t ~iJ'1Jtl-:IEJ1-:ll511l.J'tf1 ~ L VI uf'Ll.J 

Yl'11~~n~i:J~l.J~11vlu~vlu11~EJLLtl1mmru~11vlu~vle:i{Yl'U11 L~t1L~l.Jtl~mru~11vlm,vlu{'1~-vi1 

1 ~iiJVlvl~ u'Uiim1l.J L .ff l.J LL~-:i~tl" vitlciu m ~l.Jtuuv1-:iL i1u Hi'ivl Lrn tiiJVlvl~ u'U~ t-hum 1Ul.J L 'i-:1'1 t 

L ~r111l.JL .ff l.J LL~-:l~'U'1vl'U'1tl EJ'1vl'1-:1~1 n L~l.J L~ nu tl El L ~tl-:1~1 nfl11l.J L~tll.J~fl1Yl'1Jtl-:I Ll.JVl~n'll ~1iJEJ1-:I 

l511l.J'1l1~L Vluf'Ll.JYl'11~~n~1).]i:J~l.J~11'Wtl~'Wtl{ Yl'U111l.liin11\J'1vl'U'1tl EJLL~-:iuunl.J1 ~-:i 1l.ltl1l.J1 

LL~vl-:i1mtl~ 4.67 
" 



4.5.5. a1J~L;j~fl11111tl'U (Thermal properties) 

4.5.5.1. fl1111Li'ltlV~'Vl1~fl11111tl'U 
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n7 'j1 Lfl'j1~ \1'Vl1 tl OJ'Vll)i'J n7 'j"1 ~ 1 V ~1'1J e)-3 V1-3l)'j'j1J'!j1 ~ L Ylvfi1l'Vi ~ 1 "1 ~ nil ~"111"11 wl tl"1V'I tl 'l . " 
1~mL\htl~mru'11'jV'lc:i"1V'lc:ii v11mY1flUfl TGA mtiL(;)'1m1~1u1uiwJu 1~mim1n7'jL~l.Jtu'tm-l 

tlOJ'Vll)i°JLY11flU 5°C/min 1v1~~f11'jYl~~tl-3~-3<jtJyj 4.68 m1~ 4.69 . " " 

80 

20 

Phosphor content 
--Without phosphor 
--- 3wt%, 
_.,_ .. 6 wt% 
............... 12 wt% 
.. .. .. 24 wt% 

200 300 400 

0 Tempareture ( C) 

• .. .... . . 

-... ..... __ _ 

500 

<jtJvi 4. 68 Fi 1 L tlv i L -nu~f11'j'1fl1L~mJ 1V1,Tnm v L(;) vru'Vlni'J'!l tl-lV1-ll:i'j'j1J'IJ1 ~ L vmftl.l'Vi~1'1 ~ n~"'" 
\I \111~ ll \I 

"11 <jV'ltJ'1V'I c:iivi LL ,J <jtJ~1J 1 ru "11'jV'ltJ'1V'ltl'l 
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0 

- -1 
Phosphor content 

.5 --Without phosphor 
8 - - - 3wt% --~ 0 -2 -··-·· 6wt% 
'-' ............ , .. J2wt% 
~ 
~ 

• • • • • • 24 wt% .£ -3 --= ~ 
-~ -4 
~ 
cu .:: - -S i:-= 
> ·c 
cu 
A -6 

-7 
100 200 300 400 S00 

Tempareture (0 C) 

~,J~ 4. 69 eJm1 f11'H tl~ Ell.I LL tl".:!1'11 L tl vi L ;l.lliltl1-v,,1'n~?1 fll'\'17 EJ/11 EJ 1~ tlt1J"v1flii'IJB.:t EJ1.:!G'Vil.J'tf1 ~ 
" iu·~ , \.I 

L'VlvTil.JVi"1?1~f1~?1l.J?l1')WtJ?IWBi~LLU')ml.J1ru?l1')Wtl?IWBi 

WB?IWvi'1~:ffuv~inuv.:il-itl')~f1ffULtmuvi' L(;)EJ"f11')?1'11EJlli1 3 '1i1 .:i~1EJnt1 '1i1.:tLL1n~vru"v1flii 180-" . " 
320°C ~.:i L Ul.lf11')?1"1EJlli1'1Jv.:t?11')~"J1-..,'11'n 1m" n"~1 L-dl.l J1l1't1 ?111'1i1 EJLL U')')U LL"~?l1') . " 
1m"n"L~n~uri 'li1.:i~ 2 ~vru"v1fliitl')~mru 320-395°C LUl.lf11')mnEJlli1'1Jv.:tLwaEJ1.:i LLf'l~'li1.:i~ 3 , I , \I 

~~ru...,JJiitl')~l.11 ru 39 5-455°C L Ul.lf11 ')"1f'l1EJlli1'!Jv.:tVi"1a~ n LLf'l~ L ...,~vv.:i1-1tl')~nvuffilJ?1m EJlli1 

1~ LL fl "11')Wtl?1Wvfa1l.JU~l.J1 ru~m l.lEJ1.:tfi')') l.J '!J1~L Vl vTil.JVi'11"1~ f1l.ltlf1\11nd'1~ L ~l.111 L~vL ~l.J 

tl~m rua1')Wvawvi'1~~.:i ~" 1 ~f11')?1f'l1EJ(J)1'1J v.:i EJ 1-:i fi')')l.J'1l1 ~ L vmfhm '11?1 ~ n Ln(;)ifll.l 'lvi-ff 1 f'l.:i 

..i •• 1 •• , , .. ., 
Ll.ltl.:t\11f1"111n tl?l n vWF111l.J\lfl11l.J')Bl.l?l.:t (Bern et al., 2009; Bern et al., 2010; Bern et al., . " 
201 l b) 

4.5.6. iUJ~f11')L'VI~ (Rheological properties) 

f11 ')1 Lr111~ ,fam~m11-vif'l'IJ v.:i EJ 1.:tfi')1l.J'1l1 ~L VltlTil.JVi'11 ?l~n~~al.l?l 1')W tl?IW vi L(;) EJ 

LLU')tl~mrua1')wvawvi ~1mr1~tl.:t Capillary rheorneter V1(;1"1 v\J~~ru-v1,;iii 200°C L(;)EJneJm1 

f11')L0vl.lLV11fl\J 50, 100, 250, 500, 1,000, 1,250 LL'1~ 1,500 s·
1 

L~~'1f11')V1(;1'1tl.:t~.:!')U~ 4.70 
" 



0 
-~ 
:r2 
'-' 
r,i 

~ a. 

100 

.... 
r,i 

a. 
gj 
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- 'withoJt phosphor 
_._3 wt% 
-+-6wt% 
-,,- 12 wt% 
-¼-24wt% 

100 1000 

Shear rate (s-1) 

[I] -.Without 
';j' 1000 ~-==---------1-----_._---+J_wt_ o/c~o--...__----1 

~ -+- 6 wt% 
~ -,.- .12 wt% 

·i -91E- 24wt~ 
0 
CJ 

-~ ... 
a. 
gj 
-= r,i .... 
= Q,I 
a. 
~ 
Q., 
Q., 

< 

J00-t---.....----,-----,.--,-....--rT-r-t---..-----.--,.---.-r-.....,....-+---.----1 

100 1000 

Shear rate (s-1) 
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it1~ 4. 70 fl11lJ~lJ~tJ5'W'Wl1.:J Apparent shear stress nu Shear rate (a) mit Apparent 

shear viscosity nu Shear rate (b) '!l€l.:Jt11.:Jfi~·rnt1~LY1cl'filJVi "1~~m.mlJ~1·n-lmw-leJ{~LLth 

mm ru~1 ~'Wcl~'Wcl{ 



~Ut-~i~rrn~t~l':lt-~~& amix,w a4i JO %:\M Zl L~UULrt}B~~Bt.U,L~~V-LU L~r\M.t-.Qt:UL&UBr\ 
" I\ • ... 

t-~ ii rt LU!~~,, 1:-J,1r\r\ ii t U UfU ~ ~tLUB \1l ~l':I t-~ rtt\1lii t-~~~ t-Lf) l!l Lllr\B~ Lr\fl.t-Bfl.Lf) IA~r\LJHU f 

~~rufl. r\}rt~, L!"'!JUU Ltf\r\B~, ~t}lll.rtLtl,l ~~,,tiu Ltf\r\B~, rt~, rtLtl!l u~~L~M.rtl}BIA ,~Lll,rtttJ;!t-Lra 

t-Bfl.t~ra L~ ~t LU~Ltlll.ruG rt~ ~t U ~~111.t-flll.t-~i, t-Bll.r Bt-t,Jt LU t-~ i rt(1t-f 111.~~,mB!J t-rt-~1, f)B~f\~~f\ 

tLU ~Ut-~ 1~r\rt~t-Bll.t-~f\ ,mra~f\ it LU rt~l':I ~ruri.rt L u~~L~M.rt]J,BIA 1~Lll.rtttJ;!t-Lrat-Bfl.~t}lll.rtLtl!l~ t 

L)!-}B~~B~t L~ru Lfthl\rt~ i B(:, B~t},t-~}B~~ B~tL~ rt~l':l~U~~L~M.rt]J,BIA 1~Lll,rtttJ;!t-Lra t-Bll.~rt~ 
' I /t t 

~ t }B~~B~tL~ru Lrt~f\tf\ ,m ~u-B~~ B~tL~rt~l':I ~u ~~L~M.rt]J,BIA.1~ LJl.rtttJ;!t-Lra rtra ~lfl1 tLU 

t@~~@~tL~rt~HIAUlfl~L~M. , I" .. 

rtl}BIA 1 ~ Lll,rttt l:H•Lrl t-B 11.~rt~ @!1'} B~~@~t L~ru Lrt~t-B ll.~M.£ IA~ L~U~tLU ~Hf\l~ • L "!i"t7 

ra t~f\ t rtLlflrt}rt~ 1~U~1rtJJl>l f)L~t-Bll.~111. t tLUt-Ltll.~£,tLU~ LL)!

rt~rt~ 1 }B~~B~t L~!JB~1 }Brti ~BM.t-Bll.~U~1 ftJJl,l f)L~t-Bfl.~111. t tLUt-Ltll.~£,f\ l}B~~B~tL~UL&t-Bp 1 

}B ~~B ~tL~ru Lrt~f\rt~, B~, r\}rt~, t LU !JU~ ~L ~M.ftl}BIA, ~ Lll.rtttJ;!t-Lra t-Bll.UU Ltf\rtB ~, ~n111. 

rtLtl!l~~,,tiuLtf\rtB~m~mLtl!IL!"' t-plll.L!"'~t-l!lrtB~iLtlfl~~r\B~~IAL!"'LnltL&~@~i rtB~iLtlfl~rt~, 

B (:1 ti u L !.f\rtB~, ~e:v1. rtL C,l,l t-B ll.t-~~ ~ t LU~~,, tiu Lt f\rtB ~m~, rtL C,l,l t-Bll.rt!:rt~, tLU !Jra ~1 ( JO!/\e4aq 
' " ' 

au,uu,4i-Jea45) t-t}rt~}ra~mmrnuu ~bM.t-~~,, }B~~B~n~ruLrt~f\tf\ ,rn~1 }B~~B~ 

tL~rt~l':l~U~~L~M.rtJJ,BIA.i~LJl.rtttQt-LraL~r\M. (q) aieJ Jea45 r\~ N!SOJS!/\ Jea4s iuaJeddv 

~~,, (e) a+eJ Jea45 r\~ ssaJ+s Jea4s iuaJeddv t-L~lll.~t¥rt~rtfrtLtt,J on, ~f\tUL& 
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4.6. m-aA m~1ij'Vl5'Vrn'tliHIU,i.11rul 'VIL VIL ihrnlflililn 1~i;i~m=ti.iu~'tlil.:J v1.:i6-a<ai.1'tl1~ L 'Vl ili1i.i 

4 d .. 1 •• 1 , 
~~,a~n'Vl~ai.ia1<anilanil'a 

n1<aL!,l~t1i.it11.:i15-s-si.1'1!1~L'VleJflm'i'11~~1m:vr:h.:i NR/PP/PEC 
.J -., I ' 

'Vlil~'a1~1\Jf11'aL 'U'1\J\11 

LVl1f1'U 40/30/30 1,iv,11'Vlun 1-&'~1-svleJ~vleJi 12 wt% of the mixture 1!15f11'S~~i.iLL'U'U 

Precompound-l L\11EILLU"ammru1'VlL'VlLUEli.J1\11eJeln1'llvi~ 0, 10, 15, 20 LL'1~ 25 phr 1i;i'm1vlm-a 

., ,J ,J 
~~i.J\11.:J'S 'V1 4. 71 

" 

30 190 

180 
25 

170 

s20 

i 
"'0 
';'15 
= E' 
~10 

5 

--Ophr 
- - !Ophr 
- - - 15 phr 
- • • 20phr 
.. ....... 25 phr 

,..._ 
160 U 
~ 

150 ~ 
= -140 f 
Q,l 
C. 

130 e 
~ 

120 

110 

0 100 

0 2 4 6 8 10 

Time (min) 

-a,J~ 4. 71 i'l11l.J~l.J'W\Jfi'S~'Vl11.:J!'l1'Vlel'lflf1'UL 1"11LL'1~ellli'VIJ11Jf11'S~~i.l f1'UL 1"11'!Jel.:!tl1-315'S'Si.1'1!1 ~ 
" , " 
L 'VleJfli.ivrn1~~mnnn1-sL'U"1tJviw'Vl11.:i N RIPP /PEC 1,imL ,J-s,J~mru 1 'VlLVlL'UEJlJ 1,ieJeJfl 1'llvi 

.., U '-" ' I I ' -., Q U 

~1 m'I.JVl 4. 71 fl11i.J~i.l'Vi\Ji5'S~'Vl11.:!fl1'Vlel'Sflfl'U L 1'11 LLfl~ elt\J'VIJ)1.Jf11'S ~~1.Jn'UL 1"11'!Jel.:!t11.:! 
" , " 

B'i'i1.J'1!1~ L VleJ'lL1.J'Vi '11~~n~1nn1-sL 'U"1tJvi-s~'V111.:i NR/PP/PEC 1,i mL ,J-si.J1i.11ru 1 VlL 'V1 L iivi.i 

1,ieJeJn1'llvi'Vi\J11 f11'SL~i.J1'VlL'V1LUEJi.J1\11eJeln1'llvi'mmruueJEJn11'Vl~elLVl1f1'U 25 phr (~7.6 %wt) '1~ 

1li~.:i~"1\JleJl'11VleJiflm-s~~lJLL"1~eJru'VIJ1i1n1-s~~1.1 L dei.:i'11 n 1 VlL VIL 'UEJlJ 1,ieJeJn 1'llviii'lltJ1\11eJtJm fl L~ n 
' " , 

( 0.4 µm) LL'1~i'.j,J~mruUelt1~.:ii'.inTm'S~'11EJi1m \Jtl1.:!i5'S'Si.1'1!1~L 'Vlelni.J'Vi"11~~f1 
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4.6.1. m.1u~t;i,:infl (Mechanical properties) 

nTHIJl~t1l.Jt11-!lli'S'HJ'IJ1 ~kv1 t1fil.lvm1G1 ~mnnnTH 'Urt'U~-s:::·wJ1.:i NR/PP /PEC L(;l ti LL ,J-s 

,J'imruG11-s1viLV1LUt1l.JL(;lt1t1n1'lJ~~,J'imru o, 10, 15, 20 LLrt::: 25 phr 1\JV1(;1'1t1'UG1l.J~V11.:iv11u 

n7'S~-!lf1tl'U LLrt:::vt~.:i,Jm 'S-!l n1-s~m,Jm1-s LL 'U'U~-!l Lrn::: fl11l.JLL ~,!) 1vi' ~.Jfl n7'SVl(;lftt).:!~.:!IJl1'S1-!l~ 4.6 
" 

LLrt:::-s,J~ 4.72-4.76 
" 

IJl111-:ivi 4.6 i?ll.J~ L :a.:inrt f1tl'ULLrt:::vt~-:i,Jl.J L 'S-!l'lltl-!I tl1-!lli'S'Sl.J'IJ1 ~ L VltlTil.J'V'lrt1'1 ~n~ ~i;'ll.Ji?l1 'S'VJtli?l'Wtl{ 

L(;ltJLLi.J-s,J'imrui?l1-s 1 VlLVlLUtll.J L(;lt1t1n L'IJ~ 

Properties 

Unaging 

Modulus at 100% (MPa) 

Modulus at 300% (MPa) 

Tensile strength (MPa) 

Elongation at break (%) 

Tension set (%) 

Hardness (Shore A) 

Aging 

0 

5.56±0.06 

8.27±0.10 

13.28±0.40 

462±4 

24.8±1.4 

84.8±0.3 

TiO2 content (phr) 

10 15 20 25 

5.67±0.12 5.65±0.06 5.80±0.09 5.77±0.14 

8.52±0.22 8.31±0.15 8.57±0.15 8.50±0.23 

13,38±0.30 13.48±0.23 13.50±0.45 13.44±0.24 

464±19 478±8 467±1 466±17 

24.3±1.2 24.6±1.4 24.7±0,8 24.4±0.5 

84.2±0.3 84.3±0.3 83.8±0.6 84.7±0.8 

Tensile strength (MPa) 10.11±0.46 8.87±0.38 9.49±0.28 8.58±0.52 8.85±0.29 

Elongation at break(%) 378±2 348±6 369±3 314±32 372±21 

Retention 

Tensile strength (%) 

Elongation at break (%) 

76.08 

81.84 

66.26 

75.01 

70.39 

77.32 

63.53 

67.28 

65.85 

79,83 
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14 14 

~ 
,. [}] 

12 12 

10 I, 10 
I, 

/4 - -~ 8 ~ 8 
~ ~ 

~ ~ .._, .._, 
"' 6 Unaging "' 6 Aging "' "' cu cu 
i.. --Without TiO

2 
i.. --Without TiO

2 - -r:,:; r:,:; 
4 - - - TiO

2 
10 phr 4 - - - TiO

2 
10 phr 

- ·· - ·· TiO
2 

15 phr - ··-·· TiO
2 

15 phr 

2 ••••••• TiO
2 

20 phr 2 ••••••• TiO
2 

20 phr 

• • • • • • TiO2 25 phr • • • • • • TiO
2 

25 phr 

0 0 
0 100 200 300 400 500 0 100 200 300 400 500 

Strain (%) Strain(%) 

\11 fl'fU~ 4. 7 2 rl111J~1J~'Wth tvd 1.:im111 LA'U fl\Jfl111J Lfl~ EJ(;l'!le).:!tl1.:! fi111J'!l1 ~ L 'Vle) n11 
" 

Yi G'l 1 a~ fl~ tJ a11 a 11'\'l e:i avl e:i 11 (;) t1 LL ,J 1i.H111 rua111'VlL'V1Lut1111(;1 e:i e:i fl 1'1l lil'Vi u11 fl 1111 L A'U nu 

fl111J Lfl~tl(;l'!le)-:1 tl7.:!5111J'!l7~L 'Vle:Jn11mna~fl t.J?l1J?l 711 'Vl L 'VlL 'Utl1J 1(;1 e)e) fl 1'1llil~i.Hm ru~1.:i fl'U ii 
Yi fl ~m11J fl11~\>11UfliK1 ti fl'U~.:iri tl'U LL'1t Vl~.:!'U1JL ~.:i ~tl1?1(;lvtii1l e)\,l~a LLG'ltfl171J LL ~.:i~.:ia.:i LL'1tii .. I \I "' , \I 

fl171JL U'UB'11?1~fl 
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16 500 
--------► 

I 

_ _ -f- _ _ E.B. ! 
15 - - - - - -■--- - --,-.. -- ----- -- --- ,-.. 

~ 450 '.f-~ ......, 

e 14 .:ii:: 

! 
~ 

.c 

i ! f f - ,Q OD 
= -Q> 13 400 ~ a. = -"' T.S. .S2 

.~ -~ "' 12 OD = s Q> 

E--- 3S0 _S2 
r.;i 

11 -

10 300 
0 5 IO 15 20 25 30 

TiO
2 

content (phr) 

nlvi 4 . 73 '1l.J~fl1 'j~,:j'lJe),:j E.11-:!6'j'jlJ'1J1~ L YltlnlJYH'11'1~fl~t-Jal.J'11 'jflmw-1 e:i{ Lv!E.ILL t.htJ~lJ1CIJ'°11'j 
" 
1 YILYIL'folJ 1vlclclfl 1'lli;J 

~1mtJ~ 4. 73 '1l.l~fl1'j~-:i'!Jt1-:iv1-:i5nu'U19i L Y1t1ftuvrn1'1~ n~t-J '1lJ'11'jfltJ'1Yl ti{ 1vi mL tJ<j 
\I 

tJ~mru 1 VIL YI L ifou 1vititifl 1'lli;i'Viu11 n1w11:gvuv1-:ifi'j'jlJ'1J1~L 'VltJTil.l'Vi'11'19in~t-J'1lJ'11'j 1 YIL 'VIL iivu 

1vitltlfl 1'llvi1 utJ~lJ1{1JlJtJE.lfl11"1~tlL vhnu 25 phr ~:: 1u~-:!t-J'1l))tJFl1Fl11lJvl1lJ'Vl1lJl))tJLL 'j,:j~.:J LL'1:: 

'j::m:~v1~~vit11v1 L ~v-:i~1n 1 VIL VIL iivu 1vititifl 1'lli;iij'lJu1vit1urn~L~fl (0.4 µm) LL'1::ijtJ~mruutiv , , 

(s 7 .6 %wt) ~-:iilfl1'jfl'j::~1E.llil1m lJE.11-:!6'j'jl.J'IJ19iL 'VltlftlJYi'11'1~fl 
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40-.------------------ ----, 

30 --~ Q 
'-' I -~ ~ 
= 20 -

-~ 
~ = ~ 

~ 

10 

0 +--.--.-, --.--.-,--r- -r,--r--"T", --.--.-,--,---t 
0 5 10 15 20 25 30 

Ti0
2 

content (phr) 

1tlvi 4 . 7 4 f11"'i~\>l"'i'UC11THL UU~.:J'll€l.:Jt11.:Jfi"'i'Sl.J'll1~L 'Vl€lnl.l~'11G'l~n~t:J'12.JG'l1"'ivJ€l'1Yh)1 L\>I EJLL 'U'S u ~ 

tl~mom1-s1'VIL'VIL'Wtil.l1\>lvvn1'1f\j) 

'11 n"'i'U~ 4. 7 4 f11"'i~\>l"'i'U'111'SLL UU~.:J'll€l.:Jtl1.:Jfi'S'Sl.J'll1~L 'Vlvfl:l.J~ '11'1~0~C,J'1l.J'11 "'ivJm'lvJ€l-S 
~ ~ 

L\>IEJLL tJ-stJ~mruG11-s 1 'VI L'VIL'Wtll.l 1\>lvvn 1'1f\j)~u11 m-st:J'1l.l'11"'i 1 'VlL'VIL'Wtll.l 1\>lvvn 1'1f\j)'1.:J1 'Utl1.:Jfi"'i'Sl.l'll1~ 

L 'VI v1Ll.l~ '11 '1 ~ n hli1 e.i '1 t,1€JF11 m-s ~ \>1-si.J m1-s LL uu~.:i u €l n '11 nt1e1.:iu .:iuv n c'i.:i L 'VI v 11l.l~ '11 '1 ~ n 
~ 



~U~lA.rtmr; ,~L_t\~L.14:.;~1,i:-1.,~121:-il!!1 n t U~l':lUltliLU~~n~~U4 l~(W.l:'Bfl.12~ 1ULHrtl:'~ V 

a;oys S-8 rtlLrt:.;if\~rB nlJl:'L\l)fttt-~11rtLtl.lL~~ ;yd S"Z n.lJLfA1B~~L~UraB,tirtlLrt~f\n1.,l!ll!ttUBBl!lt 

rtrao, 1 lA. w. ti Ll2rtl21':l ~u ~ 121.,~ M.rtl} B lA. ,~ ui.rtiigi:-1.,ra L~r\M.~l!tt u B Bl!lt rt rat: 11A.11A. t i1.,12ru Lrt~f\ 

!;Z OZ > 1 01 > 0 
1--~--·~~--·~~-~·-~-~·-~-~·-~--t-09 

,.. Ol 

= ~ 
., Q. 

= ~ 
c-,, 

,.. 08 c-,, 

-r.ri -I ■ =- ■ 0 ., 
~ 

,.. 06 > .__, 

.___-------------------~001 

091 
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100 

90 

- 801----- 18! 
~ ----- 18! ~ __ ® ______ _ 

E.B. C --- --

.9 70 .... 
C 
~ .... 
~ 

~ 

601 
T.S. 

so 

40 , 
0 5 10 15 20 25 30 

Ti0
2 

content (phr) 

-a'l.l~ 4. 7 6 L 'l.lei{L~tJ~rn-ar1-:ieici'llei-:im.1u~Mi-:in"1-i1~-:iul.JL ~-:i~1EJr111l.J~eJtJ'llei-:im-:io-s-sl.J'll1~L 'Ylffttl.J 
~ ~ 

W"11"1~fl~i:.J"1l.J"11-sv.Jmwlei{ LV1mLtJ-s,Jfa1,1m1-s 1 'YlL'YlL'WEJl.J 1Vleiein 1'11~ 

\11mtJ~ 4. 7 6 L'l.Jei{L~tJ~n1-sr1-:ieici'lJei-:i"1l.Ju~-i1~-:i,Jl.JL ~-:i'lJei-:iEJ1-:io-sw'll1~L 'YleJ11l.JW"11"1~fl 
~ ~ 

iJ LL u11 Ul.J"1V1"1-:I L~m vll.J'\.J~mru"11-s 1 'YlL 'YlL 'WEJl.J 1Vleiei n 1'11~ L ~eJ.:J\11fl 1 'Yl L 'Yl L 'WEJl.J 1Vleiein 1'1l~lJ"1l.JU~ 

LiJ'ULv-lLlilr1~1il~ 1"1~"1 (Photocatalysis) lJ\1U1~VelEJ"1"11EJ"11'i~'t.J'Yl~6 (Y'l'i't.J.fl1, 2548; 'll1111{ 2549) 

LL'1~"1l.JU~L v-lLlilr1~1il~ 1"1~"1\l~lJUW~'Yl6.fl1'Y'l"1-:l;ff 'UL~eli:.J"1l.J~1l.Jf1'\.J"11'iv-leJm~ei{ (Yoon and Kim, 
~ 

2010) L tiei-:i\11 flLL"1-:1~"11'iv-leJ"1v-leJ{tJ"1VlU~elEJ\I~ 1 Ufl'i~~'Ufl1-Svi1-:i1'U'llel-:! 1 'YlL 'Yl L 'UEJl.J 1Vlelelfl 1'1l\1l1 'U 
' 

L :a-:i 1 v-lLlilr1~1il~ 1"1~"1l.J1 fl;ff 't.J 
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4.6.2. ilruJ 1'U1'Vlll1 (Morphology) 

rn1Pi n'l!f1'1W5i1'U1'VIEJ1'Uv,:J EJ1,:Jfi11l.l'!!1~ L 'VlvTil.l~n1'1~nt.J'1l.l'111~ v'1~ v1 1~EJ LL i.h 

mmru'1111'VIL'VILUEJlJ1~vvn1'lli;i 1~t.JnLLG'1~,:J~,:J')U~ 4.77 Un~ 4.78 
'U 

Titanium dioxide content at 200x magnification at l ,000x magnification 

Wilhou t Ti02 

Ti02 10 phr 

TiO2 15 phr 

Ti02 20 phr 

TiO2 25 phr 

n l~ 4. 77 '1UHi1'U1VlEJ1LL UU 1lJ'1n~L~'1'Uv-lEJ1-lfi'i'ilJ'!!1~L VlvTilJ~n1'1~m.JG'1lJ'11'i~ tl'1~ tl{ 1~EJ 
" .. 
LLU'immru'11'i1'VILV1LUEJlJ1~titln1'lli;i ~ri1~,:J'UEJ1EJ 200 L'Vl1 LLn~ 1,000 L'Vl1 



Without Ti02 

Titanium dioxide content 
at 2,000x magnification 

10 phr 

20 phr 25 phr 

tfhnru?11')1 'VlL'VlLUEJl.l 1\?le:ie:in 1'1lii ~n7'1'3'!JEJ1EJ 2,000 L'V11 
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15 phr 

lil1mtl~ 4.77 LL"1::: ')'U~ 4.78 ~ru'51'U1'VlEJ1LL'U'U?lfl\?!Lv.JmL"1:::1l.i?lfl\?!Lv.J?l'!Je)-3EJ1'3i)')')lJ'!J1~ 
'U 'U .. 

L 'VlvfllJY-l"11 ?l~m.J?llJ?l7 ')v.Jt1?1v.J e:i{ L\?l EJLL 'U')'\.J~m i\J?l1') 1 'Vl L 'VIL ,1 EJlJ 1\?l tlel fl 1 'llii Y-l'U11~ i\Jji1'U1'VIEJ11l.i 

LL~flM1'3fl'U 



N2l!ll:U3G~f"\l!l~f"\}GtJ,,~GtJ,,!.U2~rn,, rt~ 1 rtLtl,l::~,,}GtJ,,~GtJ,,!.L~n.~::w["\ \ L~ i ::&~t-~,,~ t L_\A 

t-~ (OlOZ 'W!>t pue uooA '.6v~z '}!o!~ll. '.g17~z 'LLtMM.) i4ln.~it-Grt~t-tp.t-~1,::~,,ltl~m1qLt.ltl~~ 

t-tp.n. t t-~,m~u l!l ~ l.lh LrtL ~t-~ ~ ~~l ::lll ::l!llllltA 1 n.r;, ~,Cl,rt!Jt:~ flt\ uG G l!l\rtr3t}, v. ,v. tu L&r:-G p, 
n.&, l!l,ll,ftl ::~,, t-~l!l~} G tJ.~GtJ,,t.L~n.~ it-Grtt.Lu~ t L_\AU ~~ L~M.rtl}GIA, ~Lll.rtngt-wn.1..,l!lll.\ u GGl!l\ 

rt r:lt} 1 IA 1 lA tt. L~rt~r1 !.LU rtLltl ~ t. t t-Lr G U ~ ~ L~ M.rtl}GlA i ~ Lll.rtt.t,g t-Lr:ln.~,i t-rt~G rtm Lf ~rtL t,l,I 

t:}GtJ.~GtJ.t. L~t-Gfl.t~r:iL&::w.r.Lu L~n.M.~11.l uGGl!l\ rtr:lt} w. ,v. i t.L~ruLrt~!.f"\ iml!ll }GtJ.~GtJ.r.L~rt~r1 

Jqd Sl 

Jqd SC: Jqd OZ 

Jqd 01 

UO!lt?~!J!U8tnu xp lt? 

lU~lUO~ ~P!XO!P llin!Ut?l!.1 

6L"17 ~["\tt-~t-l!l~1,LA.u~r.Lu~r1i4t ~11.i uGGl!l\ rtr:lt} w. ,v. \t.L~ruLrt~!.f"\ iml!ll }GtJ.~GtJ. 

!. L~rt~ r1~U ~ ~L~M.rtl} G lA. i ~Lll,rt!.!.Qt-Lr:ln. t}GtJ,,~G tA,t. L~t-Gfl.t~r:l L& ::W !.LU LA.U ~!. LU 

}@ t,1,l?@t,1,!.Ll? rtl?hl ~u ~ l?Ll:n.1.rtl}@ IA 1 ~ Llli,rt!.!.Q t-LIU\ )J,@t,1,l?@t,1,!. LI? t-@fl.C,~f) LM!. U!.LU 
0

£
0 

9 ·17 

1791 



165 

4.6.4. a11u~V11.:iua.:i (Luminescent properties) 
d d 11 

4.6.4.1. fl1111E.111flfl'\.A\lln7::~'U • 
nTrnvi~el'UFn1)JcJ11f'l~tJ~m::(;\'u'!lel-:lcJ1-:lil':i':i)J'!J1~LVlelfi:)J~"11~~n~~~"~1':i 

' 
'i"lel~'V'lel i famL \hi.J~mru~1':i 1 VIL vi L uv111vieleln 1'1fvi nel'ULL"1t'Vl~-:iu)Jd-:i ri1viuvir111lm11r1~u~ 

m1:v1vivi 515 nm 1~~"1n1':iVlvi"1el-:l~-:l':iU~ 4.80 
" 

7000~----------~ 

6000 

5000 

.€ 4000 
Ill = 
~ 
~ 3000 

2000 

1000 

0 
"' = 418 nm 

I 
I 

A. = 370nm ,~ 
I \ 

I J·, \ 
I /I •. \ 

';"/~ .. \ '. \ 
:ff: \'\ 
::' : .. . \ ,'.~ 

, •• 1 • ',, 
,~ . . .. ·., 
I : _' I •. '• \\ 
tt, I • ,•. 

:i: .. \~ ..... , 
,:f : ....... ~, 
I. • ' '~: . ·,•;.' ,,, 

111 ... ~ ,~ 

'i:: Unaging • • • , .. . 
,i!: --0phr 

'/!: - - - 10 phr I ' I. 

, '.1/:· - .. - .. 15 phr 
_ - - - -,_:_.:::-· .' . ..... 20 phr 

.·.::·:·:-:.'::·:: • ... · · 25 phr 

7000 , 

6000 I 

5000 

.c4000 
•;j 

= ~ .... 
~ 3000 

2000 

1000 

~ 

"' = 375 nm 

"'= 420 nm I 
I 

Ii\ 
I I \ , : \ 

I • , .... • \ 
I ,I I \ \ 

I ,' .. ~"., •. \ 
I ; / I , • ', \ \ 

I!,'-~ • :. \ \ 
I j: • I ~, •, \ 

::::·: \' .. , 
!: , -~ ' \ .. ' 

\\ __ , 
;t 
,;•• 
I :i: 
I

, .. ... 
I;:• 

I ::: ,, ,:, 

/ /,._.::/ 

• II .. ,:, 
1\ \ I 

A ging 
--0phr 

- - - 10 phr 

\\'4 , .. , 

: --~--- ~--: ~ ;_:~:· .. .. _ 

- .. - .. 15 phr 

•••••• 20 phr 
• • • • • 25 phr 

04--~-~~-~~~-~--1 0 +---r-~--r-.---,---,--,----t 

300 350 400 450 500 300 350 400 450 500 

Wavelength (nm) Wavelength (nm) 

nl~ 4.80 m Uf'l\il~lJ'!lel-:l n1':im::(;\'u'!lelW1-:iil':i':i11'1J1~L vieli1l.l~"11~~n fav LL U':iU~l.J1ru~1':i .. ' 
1 VlLVlLUtllJ 1vieleln 1'1fvi neluurn ~-:i (a) LL"1t'Vl'9-:!Ul.Jd -:i (b) 

:v1mi.Jvi 4.80 m ,Jr1t,1{l.J'!lel-:l n1':in':it(;l'U'!Jel-:i t11-:iu':i':ilJ'!J1~ L VlelTil.!~"11~ ~ nvi~~l.l~1':i 
" ' 

'i"lel~'V'leli 1vimLi.J':ii.J~mru1viLV1LUtJ)JLvieleln1'lfii nel'Uul.Jd-:i (a) LL"1t'Vl'1-:!U)Jd-:i (b) ~u11 1) n11 

~~l.l~1':i Ti0 2 "1-:i1ut11-:iu':i':ilJ'!J1~LVlelfi:lJ~'11~~nvh1~ri1r111l.ltJ11r1~uvim::~ut11-:iu':i':il.J'!J1~Lvieli 

1l.J~'11~~m,J~t1'ULU:v1n 370-375 nm (LlJL~~1':i Ti0 2) 1i.Jeltj~ 418-420 nm (L~el~~l.!~1':i Ti0 2) 

L ~ el-:l '11 n 1 vi L vi Lu t1lJLv1 el el n 1'1f vi~~",r~ L tl u 1 'WL\ilf'l:: \il:: 1'1 ~ ~zj,:i~1m ':i'1 vi vi n ~'WLL~ -:i1 mh-:i 
" 

e)"1\il':i1L1Lm"1\ilLL'1tLL~-:i-d1-:i~l.Jtl-:!L~'UL~ ('l'l':i'Wm, 2548; '!J1i'1{ 2549; Yoon and Kim, 2010) ~-:i 

vh1~LL~-:i~:v::L-v'11,Jm::(;)'ULULUV11-:lf'l11l.Jtl11f'l~'W~m::(;\'u~1':i Ti02 (441 nm ) ~1lJ1':i'1v1Fn1l.J 
' ' " 

tl11f'l~'Uviv1n~'ULL'1tU'1v'IU~eltl~~,:j,:j1'lJ'!Jel.:J~1':i Ti0 2 1~vi':ii.J 4.81 2) n1W~l.J Ti02 1ui.J~mru 
" " 



n.r;it-~) WU ozv t1,~l,!C,L1'3rtLtl,!1'3C,~~Jl,tUCm~trtll[:iV.ilA.ttLlm~:;wtLU~:;mn. WU OOS" L~UL~t\,~l,j 

tLllrtLC,l,!1,1,~~, t-~imB~f\~~ru LUl.1.t:;& (~~, tBtA~BtAtL~n.~:;wutLrtL~V.t\,~l,jtLllrtLtl,!t\.G it-u.) WU 
,.. ltl'/1 " I II ,C,-1'1 ~ l'I r» ~ J' r 

S-9£ t1.~l,!tLllrtLtl,!~~t1.Lt't'~M.llt~~U.t UBB~t rtll~ iv. iv. t tL~n.~:;WtLU L~ll.M.~U.t UBB~t rtllt} ilA. iv. t 

tL~t'Bfl.t1.Lt't'~M.llB~f\~~f\!.LUt'Bll.rtflfll,!f\i~ (q) t8'17 ~f\t:;~ii WU OZ17 L~Ut'~~t\.~l,!tLllrtLtl,!llt~ 

~U.t UBB~trtllQ w. ,v. V-L~n.~:;wBpi ~~t WU S" t S" t\,~l,!tLllrtLtl,!~t'~imB~f\~~f\lltLrtL~~Jl,t UBB~t . ~ 

rtrm ,v1. , v1., t LI:! Lt-1"\M.~llt, ucrn~, rmmv1.1 v. H,Ll:!t-an.n.lil~WiLut-an.rtilill!!n rn (E?) rn·v v1,n i 
,r:. '1 1 , \,. '1 ,r:. '1 11 n, 1• i-'• 

(wu) qJ~ U3 f3AC,M (wu) qJ~ U3f3AC,M 

OS9 009 oss oos OSP oos OSP OOP OS£ 00£ 
0 0 

•• 
W U S9t = "{ 

\:,- ... ooz ooz 
\~ ' ,, --

I 

' I 

' W U 8Z9 = 't 

.. \ OOP - OOP -W U OZP = 't \ = = .... 
(D 

.... 
(D 

= = c,, ~ . 
009 a .... 

009 '< 
I 

I 
I I 

I 

WU ( t,t, = 't 
008 008 

I / I 

0 ~ ' I 

ooor ooor 

t-~llB,ti~tt-~,m~u~~ zo!..L NL.\..\t'~ zoLL t-Bfl.M.Lll~rtB~itLUUL&~~,:;&&LB~t-f t-~mf\, 

tLU t1.L~ B~, ~11.t u BB~t rt1'3[:, 1,1,, 1,1, t rt~l1 ~u~ l:!L~M.rt)J,BV., ~Lll.m.tQt-Lllr\ t t1.}ll L~~t ~~, :;&n.~:;wtLU 

L~r\~ i:;&_t:UL&UBr\ 't ·v ·s-·v Ba,t,t-\t1. t t~i,LrttL~U~~n.11n.11rn~mp., ~u~v.rmBn.M.LlJ~rtB~itLU 

UL&t-Bp i t-~ irtf\,tLUt-~l.1.t1.}rt~ m~:;wtLUt'Bll.t\.~l,jtLllrtLtl,!L~~ lO!.l rt~Hftt:;~,m~11~u~~L~M. 

rtl}BV., ~Lll.rtt!.Qt'Lll (£ n.~u Lrt~t u~~L~M.rtl}B IA. ,~Lll.rtnQt-Lllt-B fl.ll B~f\~~f\:;~,m~:;Wf\ t 
" ~ 

La, ,~t-~,m~u ~~llt LrtL~:;&~11, t UBB~t rtll[: ,v. ,v1. t UL&t-Bp, t-~ irtf\,!.LU t-~l,1,:;~imB~t'f t1.1lt1.B~l.1. mi;, 

tL ~u t-1:;m~U~t'~t-~~ ~u ~~ L~ M.rt)J,B v., ~Lll.rtttQt-Lll t-Bll.ll B~f\~~f\~t-~,, rt~, rtL C,l,j~ t L 14:;&u Lrt 

99 { 
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m1l.lt111r1~u ~a1lJTrnn 'i~ ('lt.1EJ1-:i5nl.l'll1~L VleJTilJV'l"11'1~ n~i:Jal.la111 vi L vi L iit1l.l 1vlveJn 1 'l!vlL(;)~) '1 ~ 
' 

1~m1tl"1vltlcivmLa-:i1(;)~ffl1n11m~~\Jv11tlA11lJtl11A~'\..I 365 nm LL'1~'\..lelmJ1ndv-:itl11novir1~ 

i;i1LL'W\J-:I 628 nm zj,:i~1-:it1\JG'f11vleJavleJ{~eJm~~'\..1(;)1tlrl11lJtl11A~'\..I 420 nm (~1(;)'11ni:J"1n1'i 

Vlvl'1eJ,,:jL\JitJ~ 4.82) 

4000-.------------------- - - ---, 
200 

A. = 513 nm 
I 

150 

3000 100 ' A. = 628 nm 

so 

610 620 630 640 650 
, ... ' _, I 

' " I 

' I 

' ' I 

' 
1000 

I 

' ' ' ' 
' 

450 500 550 600 650 

Wavelength (nm) 

d 
l 'UVI .. 
A'1'\..I 365 LL'1~ 420 nm 

A~'\..I 365 LL'1~ 420 nm zj.,:i1(;)'Vl1n111LA'i1~~L~ffl.11'11L'Vl~'Uel-:im1\J11novlr1vi~hm•nl-:i 629 nm 

'UeJ-:it11-:i511lJ'll1~ L VleJTilJV'l"11'1~n~i:JalJLL"1~ hii:Jal.la11 Ti02 L~eJm~ 111'\..1(;)1 t1V'l~-:i-:i1u~r111l.lt111r1~u 
' 

420 nm '11nn11Vlvl"1el-:i'V'l\J11 n11m~111'\..1(;)1tl'V'l~-:i-:i1u~m1l.Jt111l'l~'\..I 365 nm zj.,:iLtlt.1r111lJt111 
' 

r1~u~a1mwm~111ua11vlvavleJn(;)~~av1'1~V'l\Jvir1Lvit1-:i 1 i;i1LLV1tJ-:iLvhi!u~ 513 nm 'Uru~vim1 
' ' 

m~~\J(;)1tll'l11l.Jtl11A~'\..I 420 nm G'f11vltlG'fvleJi'1~\J11n!)vlA 2 i;i1LL'\ll\.l,,:j(;)1tll1'\..lfiel~ 513 nm LL'1~ 

628 nm i;i'-:i'1ua1m1t1a1tJ1(;)11vir1i;i'-:i nci11Lnv1'11 m'll.l~'!Jv-:ia11vltJavltJiL tlu'Vl~n 
' 
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..I d• I • I ' 4.6.4.2. fl1111fl11flfttJVI u ft~u ftilfl 

f111Vl~H'1tlUA11l.J EJ11A ~tJ~tln\lltl~ tlfJ'1JtlW1-3 fi~1l.J'1J1 ~ L Vl tl'ttl.JY'ln1G'1~ n~t:-JG'1l.J 

G'111Ylt1G'1Ylt1{ L~EJutl1tl~mruG'11~ \ VILVlLUVl.J L\lltltln L'!lvl ntiULLn::\.1«-lul.JL ~-3 Lv1t:-Jnf111Vl~ntl-li-l~tl~ 
'U 

4.83 LLn:: 4.84 

0 

6000-.--------------
~ ),, = 512 nm 

5000 

4000 

A = 375 nm .. 
Unaging 
--0phr 
- - - 10 phr 
- ·· - ·· 15 phr 
....... 20 phr 

·a 3000 

.... · · 25 phr 

Cl> .... 
= -

2000 
). = 505 nm 

I 

1000 
~ ~ \ : \ ..... ·.._ ., .,,. - ... 

•• ·:•.~·:··:~(:~-:\~.~' 
••• ... _:.:~::. . .:;. .. v ?,.~rr-r. 

0 -+----.---.-----.--.---r-----.--.-----t 

450 500 550 600 650 

Wavelength (nm) 

6000 . 
G] A = 375 nm 

ex 

5000 j Aging 

). = 512 nm --0phr 
- - - 10 phr 

4000 ~ /1\ - ·· - ·· I 5 phr 

\ 
••••••• 20 phr 

0 1 I • • • • • • 25 phr ·a 3000 
Cl> .... 
= -

2000 ; A = 504 nm 

1000 

I
~\ ,; I ' , __ ...,_ 

.:_;.,_':, I '-

';:=:~•.: :}:.:--~ ' ' 

~. • >: :--:~_\:_:;'"-;~.~-7 
0 -+----.---.----r--.---r-----.- -.----t 

450 500 550 600 650 

Wavelength (nm) 

1tl~ 4.83 m tlA (1\ f 11'1J tl-3 m1tln \llU~ ti EJY'l«-3-37'1J'1Jtl-l EJ7-lfinl.J'!l7 ~ L VltlTil.JY'ln 1G'1 ~n t:-J G'1l.JG'17 ~YI tiG'1YI ti{ 
" 
~LLtl1~mruG'111 \ VIL VILUEJlJ Lvmtin L'!lvl ntitJ\JlJL ~-3 (a) LLn::\.1«-lul.Jd-3 (b) L"1tJm::~'\Jv11EJA17l.Jtl11 

d 
AntJ 375 nm 



7000-.----- ------~ 

6000 

5000 

.£ 4000 
"' = ~ -.5 3000 

2000 

1000 

450 

11. = 508 nm 

11. = 420 nm 
ex 

Unaging 
- -Ophr 
- - - 10 phr 
- ··-·· 15 phr 
------- 20 phr 
• • • • • • 25 phr 

11. = 629 nm 

500 550 600 

Wavelength (nm) 

650 
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7000-.------ ----- ---, 

6000 

5000 

c 4000 
-~ = ~ -~ 3000 

2000 

1000 

[II 11.= 505 nm 
11. = 420 nm 

•• 

Aging 
--Ophr 
- - - 10 phr 
-·· - ·· 15 phr 
------- 20 phr 
• • • • • • 25 phr 

0 -t---,---,----,---,----,---,----,---1 

450 500 550 600 

Wavelength (nm) 

650 

1tJvi 4.84 m tJri~tlJ'UeJ•m1 'lU'1v1Uci m.J'W~ -3-31 \J'UelW1'35'l'llJ'll1~L'VlelnlJ'W'11 ~ ~ mrnlJ~1 'l'W el ~'W el'S 
" 
viLLtl1tl1mru~111 'VlL 'VlL UEJlJ 1vieiein 1tvi riei\Jum ~-l (a) LL'1~Vl~-lum~-l (b) 1v1vm~~\J~1vr111l.lv11 .. 
1'1'1\J 420 nm 

'11 mtlvi 4.83 ~L tlri~flJ'U eJ-lf111tl'1v1tlciei EJ 'W~-l-l1\J'UeJ-lEJ1-lo11lJ'll1 ~ L 'VleJTilJ'W'11~ ~ m.mlJ 
" 

?111-wei~-wei{ 1v1mLtl1~mru~111'VlL'VlLUEJlJ1vieiein1tvi riei\Jul.ld-3 (a) LLn~Vl~-lUlJd-3 (b) vim~vi'\J 
• 

\'11 EJrl11lJEJ11fl~\J 3 7 5 nm (L U\Jrl11lJEJ11rl~lJ~L VllJ1~~lJ~~vi 1 lJf111fl'l~(;)lJEJ1-lo11lJ'll1 ~L 'Vlel'ttlJ 
' ' 

'W'11~~nffil.Ji:.J~lJ~1'l Ti02) -wu11 

1) m1m-vmL~-l~tl'1v1tlcieiv'1~'1v1MmlJtl1mru~11 Ti02 ~Lvil.ltu LDei-l'11f1 Ti0 2 '1~ 

vlv1f1~\JLL?l-lvi L -V11 tlm~ti1lJLL'1~ LL?l-l~U'1v1UcieJEJ 11 fl'Uvl1 LeJ-l 1\'1~ " . 
2) fl11lJ EJ11fl~\J~U'1v1UcieJEJ'Uel-lEJ1'35'l'llJ'll1~ L 'VlelnlJ'W'11~~niil'11 '1v1M'11 m~lJ 512 nm 

(EJ1'35'l'llJ'!l1~L'VleJnlJ'W'11~~n1l.Ji:.J?llJ~1'l Ti02) LU\J 504-505 nm (EJ1'35'l'llJ'111~L'VleJnlJ'W '11~~f1 

(:,J~lJ~1'l Ti02) Liiv1"il1f1~Ylli'W'1'Uel-3 f11'lU'1v'ltlcieimL~-l 1 \J'Uru~m~ ~\J'Uel-3 Ti02 vi?11lJ11fltl'1v1tlcieiv 

LL~-l1~m\J'Uru~m~ti1lJ~rl11lJEJ11rl~lJ~1f111 500 nm (~-l'lU~ 4.81 (b)) 
' " 

LL'1~ 3) EJ1'35'l'llJ'll1~L'VlelnlJ'W'11?1~f1~(:,J~lJ~1'l 1 'Vl L 'VlL UEJlJ 1v1eiein 1 tvi'Lilei~1lJf11'lUlJd-l '1~ 

vi11~m1lJL'VlJLL~-lvitl'1vitlcieim~lJtlJL~mieiv L~el-:1'11f1 Ti02 L~ellJM11'W'Uru~ulJd-3 ~-:li:.J'11~ Ti02 
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'11 mtlvi 4.84 '1L Uf'WlflJ'Ufl.:ln11tl'1vitlriti EJVi"'.:l.:11\J'Ufl.:IEJ1.:1511lJ'll1~ L YlflnlJVi'11'1~m.J'1lJ 
" 

'11wlt1'1wt1{ 1v1mLtl1i.nmru'1111Y1LY1LUEJlJ1v1t1t1n1'!1~ rivuum~.:i (a) LL'1~'111'1.:!Ul.Jd.:i (b) vinw\Jlu 
• 

~1EJl'\11lJEJ111'1~\J 420 nm (LU\Ji'\11lJEJ111'1~\JvlL 'llllJ1~'1lJvl'1vi 1 um1m~\J1\JEJ1.:1511lJ'll1~L YlflnlJ . . 
Vi'11'1~m.J'1ll'111 Ti02) Vi'\.J11 

1) EJ1.:1511lJ'l!1 ~ L YlflnlJVi'11'1Mnvlt:-.1'1lJ Ti02 '1~iil'111l.JL 'UlJLL'1.:!vltl'1vitlritim vilJ~\J 

Ltit1.:i'11nm1tl'1v1tlrit1mL'1.:ivlm1lJEJ111'1~\Jtb~mru 500-515 nm '1~1~f'U'11n 2 ~Y15Vi'1~1EJnu 

~fl 1) BY1BVi'1'Ut1.:im1tl'1vitlrit1mL'1.:i'Ut1.:i'111wt1'1wt1{vliimiL~lJ LL'1~ 2) ~Y15Vi'1'Ut1.:im1tl'1v1tlrit1 v 
" 

LL'1.:l'Ufl.:1'111 Ti02 viLMlJL'U11 tl L~flm~\J1\JEJ1.:1511lJ'l!1ML YltlnlJVi'11'1~nvliin11t:-.1'1lJ'111Wfl'1WtJ{ • 
LL'1~ Ti02 ,i~vh1~n11tl'1v1tlrit1EJLL'1.:IL'11lJl1\J \Jflf),J1ndEJ1.:i511lJ'l!1~LY1flnlJVi'11'1Mnvlt:-.1'1lJ Ti02 

v.:i 1 ~1'111lJ EJ 11 l'l~u '1vi'1.:1'11 n L~lJ Lnvi,11 n 1~foBV15Vi'1'U ti.:im 1tl'1 vitl'1BEJ LL'1.:i 1 \J'U ru~ m~ \J1\J'Uti.:i • 
Ti02 ~.:i Ti02 '11lJ1Wtl'1vitlritimLa.:i1~~\J'Uru~m~~uvlm1lJEJ111'1~u~1n11 500 nm ~-!lJtlvl 

4.81 (b) 

2) EJ1.:1511lJ'll1~LY1flnlJVi'11'1~nvlt:-.1'1lJ Ti02 mnn11 10 phr (3.2 %wt) J.:int1ULL'1~'111"'.:I 

UlJ L ~ -!l" ~vi 11 ~1'111lJ L -ff llvitl'1 vitl" tiEJ'Ue:i.:i v1.:i511lJ'!l1 ML YI tiiLlJVi '11 '1 M n'1 vi '1.:1 L ~ti.:i,11 n LLa.:ivi 

tl'1vitl"tiEJ~n~vin~un"''\.J (Reabsorption) ;.:il'l~1vnrn1u1~EJ'Ut1.:i Won~ et al. (2006) vit~ 
L\;l~EJlJVifl~LlJvi'1LlJ'Vl11'11L'1(Jlt:.J'1lJ'111Wfl'1Wfl{ L~tl 1-ua11wt1a'rlt1{lJ1nn11 12.4 %vol ,i~vh 1 ~n11 

U'1vitlri tlEJ LL'1.:l'Utl.:!Vi tl~ Ll.Jvi'1 LlJY111'11 L'1(>1'1vl'1.:I 

3) EJ1.:1511lJ'l!1ML Y1t1nlJVi'11'1~nvlt:-.1'1lJ'1111 'VIL VIL UEJlJ 1v1t1t1n 1'!1~vle-hun11ulJ d.:i "~ 1 ~ 

1'111lJL 'UlJLL'1.:!vltl'1vitlrit1m ~l.Jtu L tiv-!l'11n Ti02 Lf1vln11L~fllJ'1fl1Vi'Vh 1 ~ Ti02 v1v1n~ULL'1.:!vl'111 
" 

wt1'1'rlt1{tl'1v1tlrit1vut1EJ'1-!1 

LL'1~ 4) n11m~\Jl\JEJ1.:1511lJ'll1~L'VlflnlJVi'11'1~nvll'111lJEJ111'1~\J 420 nm \Jt1n,11n,1~ • 
tl11n!]'Wl'lvltl1~mru 505-508 nm LL~1 v-itl11n!]vll'lvl~1LL'llllJ.:I 629 nm L~tl.:1'11nLU\J'1lJ~'Utl-l 

J-ia11-wt1awt1fa'1~ Ti02 vlt~viAtl11n!]tu1~L~t1n1~~u~1EJl'111lJEJ111'1~\J 420 nm 1viEJ'11lJ11Cl 

tl 1 ., ., ,j d d .,. .,. ' 1 ' .. I •. 1 , "" 
~f11Vi 'l~f)tJ'\.J vlvl-lJ 'VI 4.81 LL'1~ 4.82 'll-ltlY15Vi'1'11lJ 'lllqJlJ1'11n'111Titl'1Titl°l L\Jfl.:l,J1f1EJ1.:I 

511lJ'l!1MLY1tJ11lJVi'11'1~nvimrn'111Wfl'1Wflnv1EJhit:-.1'1lJ Ti02 tl11n!]'Wl'lvl~1LL'llllJ-!l 629 nm viii 

1'111lJ L 'UlJ'1.:I 1n~ LFi EJ-:111'\.J EJ 1.:1511lJ'll1~ L YlflnlJVi '11 '1 M nvl t:.J'1lJ '111W fl '1W ti{ LL'1 ~ t:.J'1lJ Ti02 
" 
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4.6.4.3. ':i::ti::L 1rl1n1':ifl.:JelV'tlel.:JLLi'l.:JVlt.lr1,itJ~e1tJ'V1a,:mt1fln':i::!Jl'IJ " . . 
':i:: EJ:: L 1r11 m ':il'l.:JtltJ'!Je>.:i LL'1.:ivit1r1~tl cieJ EJVl~.:J'11 m,m~ m:: !i1'\J'!ltl.:J EJ1.:JGnl.l'lJ1 ~ " . . 

LVlelTilJYlrl1'1~n~i:.J'1lJ'11':i'Wel'1Weli 1~mL tl1mmru'11':iL VIL VIL UEJlJ L~eleln L'!f~ L~EJ1-ffl'l11lJEJ111'l~'\J 

.. ' .. 'l ., ••1 ••1 , 1tl ., 1 " tl1::mru 370 nm (l'l11l.lEJ111'lrl'\J'lJ1.:JVIL'Vll.11::mJ~'\Jm1m::\Jl'\J'111 v1el'1v1eJ1) m::\Jlu ~i:.ir1n11 • • 
Vl~rlel.:J~.:J':itl~ 4.85 

" 

3.0 

.r-s 2.5 --"C 
c.l --.£ 2.0 .,,, 
= ~ .... 
. 5 1.5 
~ 
c.l = ~ 
c.l 1.0 .,,, 
~ = ·-E 

0.5 = i-,;i 

0.0 
0 

Unaging 
-o-O pht 
- -o- 10 phr 
-•o .. 15 phr 
---0- - 20 phr 
.. O • • 25 phr 

Aging 
----4-- 0 phr 
- ,.._ 10 phr 
_.,. .. 15 phr 

···• ·· 20 phr 
.. .t. • • 25 phr 

o , 

i h:i•,lt--i•,ir~i~~.-..;~.~--a-... .,...,.. 
10 20 30 40 50 

Time (s) 

60 

':itlvi 4.85 ':i:: EJ:: L 1 r11 nTrn.:i eJtJ'!JeJ.:i LL'1.:i~tl r1~tlci tlEJ'Vl~.:J'VIEJ~ m:: !i1'\J'!ltl.:J EJ1.:JG':i':il.l'lJ1~ L VleJiLl.l 
" \I , , 

t1'11'1~n~i:.ial.la11wc1awc1i 1~mL tl1i..l~mrua111 VIL VIL UEJl.l 1~tieJn L'1l~ riu'ULLrl::'Vl~.:iul.l L i.:i 

\11 mtl~ 4.85 1:: EJ:: L 1'11n1':il'l.:Jtl~l'!Jtl .:J LLa.:ivltl'1~tlci tlEJ 'Vl~.:J'VIEJ~m:: 111'\J'!J el.:JEJ1.:Jfi';j';jl.J'lJ1 ~ 
" \i '\ , 

L V1eJTil.lvm1a~n~~al.Ja11wm1wc1i 1~mLtl1tl~mrua111 VILVIL UEJl.J 1~uc1n L'!f~ riti'ULLrl::'Vl~.:iul.JL i.:i 

t1u11 EJ1.:JG':i':il.J'll1~L VltlTil.lY1"1a~n~~'1l.la111 VIL VIL UEJl.l 1~utl n L '1!~1 \11'l11l.l L -Vl.l LLa.:i'1 ~r1.:it1 ti1.:im n 

LL'1:: tl~m rua 111 VIL VIL ii EJl.J 1~ tl tl n 1 '1!~1 t.iti.:i Fi tl1:: n tiu Lu '1'U~ v:: LL tl1 i:.i n ~'U num1l.l L -nmLa.:i~ 

\J'1~tlcieJEJ~.:inti'\JLLrl::'Vl~.:iiJl.JL ~.:i L ~u.:iv1n 1 VI L VIL UEJl.l 1~utln 1'1!~'1::~~n~'ULLa.:i~L-v11 tlm::ti1'ULLr1:: " . 
LLa.:i~tl '1~tlci tlEJ'!Jtl.:J EJ 1.:J 6':i':il.J'lJ1 ~1L VltlTil.J'Vi'11 a~ n 

a1l.l 1':ifl~t,)1 ti ti 1-:i~ n°clru:: m 1tlr1 ~tlci ti EJ LLa.:i'Vl~.:J'11 n'VIEJ ~ n 1:: li1'U'!l ti.:i EJ 1-:i fi':i':i l.J'll1 ~ L VI tifl11 " . . 
Y1'11a~ n~LL thtl~m rua111 VIL VIL i'.iEJl.l 1~tiein 1'1f~11P1~.:i1tl~ 4.86 

" 
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TiO2 content Before aging After aging 

0 phr 

10 phr 

15 phr 

20 phr 

25 phr 

'jtJ~ 4.86 "n'l!fru~ m1t1'w1tl'1 mi LL'1.:JV1".:i'11 nV1EJ111 m~ ~tJ'UcJ.:J EJ1.:Jfi'j'jiJ'tl1 ~ L YlcJfiii~ '11'1 ~n~~'1ii 
" ' ' 
'111~cl'1lfoi L\il EJLL \hmm ru'1111 Yl L YlL iivii 1111cJcJn 1'!ll1i fltltJLL'1~'\ll".:!UiJL 'i.:i 
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v7n'S'U~ 4.86 an~ru~n1'i'U'1\il'UcitJEm'1.:t'\'1a.:tv7n'\'1EJ\iln'S~til'I.J'lltlW1.:!i5'fil.J'tl7~L'VltlTil.J 
" ' ' 

Yi'17'1~n~~'1l.l'17'irlt1'1rlt1{ LlilmL tl1tl1mru'1111 'VlL 'VlL'UEJl.l 11ilt1t1 n 1'1f(;)Yi\J17 L~m ~l.ltl1mru'11'i 

1 'VlL 'VlL 'UEJl.l 11ilt1t1n 1'1f(;)v~vh 1 '1'8tJ'Vl\il"'t1i.Jiim1'1.l'11il'l.lrit1mL"'.:t"lil".:it1Ei1.:i L 1.1u1~ilil L ~t1.:iv1n m1 

~\il n~tJLL"'.:t'llt1.:t 1 'VlL 'V1Li1m.111ilt1t1n 1'1f(;) mEJ'\'1"'.:im1ul.JL 'j.:!EJ7.:ti5'i'il.l'll7~L 'Vlt1fil.l'l'i'17"'~n~~"'l.J"'7'i 

1 'Vl L 'VlL 'UEJl.J 11ilt1t1n 1'1flil1 '1n7'i'U'1\il'Ucit1EJLL"'.:i 1lJLL(;ln~1.:inuni.Jnt1tJUl.JL j,:i 

4.6.5. ,UJ~L;i{lfl17l.limi (Thermal properties) 

4.6.5.1. fl17l.JLfl~!l'i\ll7{1fl11l.JivtJ 

n7 'i1 Ll'l'i1~ ~'\'17 ti (IJ'\'1f1li n1'i"''17 EJ \J11'1J ti.:! El 7.:!i5'i'il.J'll7 ~ L 'V1 ti fil.J'l'i'17"' ~ n~ ~"'l.J"' 7 'i 
' " 

rlt1"'rlt1{ L\ilEJLLtl'itl1mru"'111'VlL'VlL'UEJl.l11ilt1un1'!1(;) ~1EJL'Vll'l'Ul'l TGA mEJ1tJi'"'m1~1u1mLvtJ L\ilEJ 

el(;l'nn7'iL~l.J:fitJ'1Jtl.:ttlru'1f1foY17fl\J S0C/min 1~~'1n1'i'Vl\il'1tl{l~.:t'i'U~ 4.87 LL'1~ 4.88 
' " " 

100 .------..... =;;;;:;:::::----------------, 

TiO
2 

content 

80~ --0phr 
--l0phr ,,__ 

··i 
-- 15 phr ~ 0 
--20phr __, 

(I) 

--25 pht (I) 

~ --= 0.() 

-~ 
~ 

40 

20 

o--~-~-~-~-~-~-~--~-~-
100 200 300 400 500 

Tempareture (°C) 

1t1vi 4.87 ~7 L tlt1{ L'ntJ(;lm·rnn 1L~ mh'\-lunm EJ 1tJi' ti (\J'\-lf)ij'l) tl.:IEJ1.:li5'i'il.J'll7 ~ L 'Vltl nl.l'l'i'17"' ~ n~"'l.J " "-~ , " 

'17'irluG'lrl t1fv1LL 'U'i'U1l.J7ru"'7'i 1 'VlL VIL 'UEJl.J 11ilt1t1n 1'11~ 
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0 

- -1 TiO
2 

content C 

5 --0phr 
--~ -2 -- I0phr 0 --- --15 phr "' "' --20phr .£ -3 - --25 pht .c: 
1)1) 

·;;:; 
-4 ~ 

cu .:: - -5 ~ 
> ... 
r.. 
cu 

-6 ~ 

-7 
100 200 300 400 500 

Tempareture (°C) 

-n.l~ 4.88 tl\1l'I1 n1'I L ,J~ EJ\J LL thNfl1 L ,J tii L~i.Jl>l'11"v1Un~~ n I vn EJm EJ 1(;1t1ru"vlnihm~EJ1 ~fi'I'IlJ'!l1 ~ 
" "-~ ' \J 

EJ1~fi'I'IlJ'!l1 ~L V1t1nlJvrn1~~mmlJ~1'IW t1~wt1i~LL i.J'Ii.J~m ru~1'I 1 VIL VIL UEJlJ 1~t1t1n L'llvl 

'11n~,J~ 4.87 LL tit 4.88 'WU11 n1'I~'11 EJ\Jl1'!Jtl~EJ1 ~fi'j 'jlJ'!J1~ L VltlTilJ'W'11 '1~rnrnlJ~1'j 

wt1~wt1i'1::tut1Finut1~Ri.J'I::nm.JL 'Ut1\Jvl L~EJijm'I~t11EJi1 3 -d1~1>11EJni.J -d1~ LL 'In~tiruvinij 180-
,; . " 

320°( ili~LU\Jn1'IG'l'11EJ\Jl1'Utl~~1'j~ijJ,viun LlJLtinti~1 L'11\J tl1l1u ~1'I'111EJLL th':ii.J LL'1t'11':i LlJLtinti 
. " . 

L~n~i.J"' -d1~~ 2 ~tiru"vlniji.J':i::mru 320-395°C LUi.Jm':i'1t11EJi1'tlt1~LW~EJ1~ LLt1::-d1~~ 3 ~ 
I • " 

tiruviniji.J':i::mru 39 5-455°C L uum':i~t11EJi1'tlt1~-wt11~~n Lrn:: L vi~t1t1~r1i.J':i:: nt1u~1lJ~mEJi1 . " 

L1>1LLn '11'IWtlG'!WtJimmrui.J':i::lJ1ru 12 %wt LLti:: TiO2 \111lJmmruvl~~lJ \Jt1n'11ni1'1::L~\J11L~tl 

L ~lJU~lJ1ru TiO2 '1t 1lJ~~~f1(,ltJn1':i~'11EJ\Jl1'Utl~EJ1~fi';j';ilJ'1l1~L VltlTilJ'Wt11'1~m ~tl~'11n TiO2 ij 

mmruut1EJLL'1t'U\J1~tl'1J111"1L~n 

4.6.6. ~i.iu~m'Il'VI~ (Rheological properties) 

m ':i1Ll"l':i1t\1~lJ\J~ n1';i 1 ,,,tl'!Jtl~ EJ1~5':i':ilJ'!l1 ~ L VltlTilJVHl ,a~nv1~'1lJ'11':iW tl'1Wtli fa El 

,J,J- 1 .. 1 1 ,., ... ..1 -LL ':i ':ilJ1rua1'I VILVlL\JEJlJ ~tltin 'll~ ~1EJLl"l':itl~ Capillary rheometer Vl~i'ltl\JVl~ruVIJ;]lJ 200°c 

L~EJiic1m1m'ILOt1mvi1nu 50, 100, 250, 500, 1,000, 1,250 LLti:: 1,500s-
1

11>1~"1m':iV1~t1t1~i~ 

-:ii.J~ 4.89 
" 



,...._ 
"! 
~ 

~ -~ 
·;; 
0 
(j 

"' ·;;: 
i.. 
~ 
~ -= "' .... 
= ~ 
i.. 
~ 
C. 
C. 
< 

---- ~ithout TiO2 , 

-+- 10 phr 
---15 phr 
_..,_ 20phr 
~ 25 phr 

IO-i----.---,---,--,-,---,-,r-r+--....----.---.--.---,-,...,...,;-----,---1 

IO 

1000 ~ 

100 
10 

100 1000 

Shear rate (s-1) 

100 

:- Without TiO2 

:-+- I0phr , 
~1_5ghr · 
,---.--,20 phr 
,-,tE--,25 P,hr 

1000 

Shear rate (s-1) 
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at1~ 4.89 1-1111Ji1JitJfi1~i-,11-:i Apparent shear stress nu Shear rate (a) LL'1~ Apparent 

shear viscosity nu Shear rate (b) 'tleNE.11-:ll'i11lJ'll1~LYltl1LlJYl'11~~n~~lJ~11vltl~vltli~LLth 

inl.11 ru~111 YI L VIL tit11J 1~e:ie:in 1'lli;i 
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~~t.1.t-~t.1.t-~iit-131l.~13t-l!ltLU~l:?ii t-~ iltf\t'~t.1.~l:?iml3~t-¥t-~i, r313~f\~l:?f\tLU t-~ iltf\t'~t.1.l:?Ut-~ i~~rt~ 

t\~rt~ ,tiuLtf\t\132, ~t}t.1.rtLUl~l:?,, tiu Ltf\t\132, t\_\,lirtLU:1~ t L.(A~l!,t Ul3B~t rtr3t}, IA., IA. ttL~nlLrt~f\ 
,. ' 

rt~ m~, 13~_p.t-~}13t,1,~13t,l,tL~rt~l':l~U~~Ll:?Mrt1}131A. ,~u1.rtttQt-Lr3 t-1311,~rt~~ t ~l!,t Ul3B~t rtr3t} ilA. i IA. t 
n~rnLrt~f\t[1 irn ~1 }13t,l,~13t,l,tL~rt~l':l~U~~Ll:?Mrt1}131A. ,~Lll.rtttQt-Lr3rtr3~1fl, tLU 

}@t-t~@t-ttL~rt~H~U~~Ll:?M.111}131.1.1 

~Lll.rtttgt-Lrat-@fl,W,rt~@!l)~llot U@!!~\ rt rat} 11.1.11.1. truLrthl\t-l!ll,l:?M.£1.1.~LAUl\ttLUl:?Hf\S~ • L "9'17 
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