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Recycled glass derived from discarded cathode ray tube (CRT) was used as a 

composition for (70-x)CRT-30K20-xBa0 glass systems (where x = 0 to 20 mol%). 

The glass samples were prepared using the melt quenching method. Fourier transform 

infrared (FTIR) spectroscopy was used to investigate information concerning the local 

structure of CRT -K20-Ba0 glass systems modified w ith the variation of BaO content. 

The densities of the glass samples were measured by Archimedes' principle using 

n-hexane as the immersion liquid. The room temperature ultrasonic velocit ies were 

measured at 4 MHz frequency using a pulse echo technique. It was found that the 

ultrasonic velocities decrease with increasing amount of BaO content. This indicated 

that the BaO acts as modifier oxide by breaking network bonding and creating non

bridging oxygens (NBOs). Then the measured ultrasonic wave velocit ies and densities 

of glasses were used to estimate the elastic properties. Based on the obtained results, 

elastic moduli and micro hardness of the glasses increased with increasing BaO content 

but Poisson's ratio remained almost constant from 0.2552 to 0.2501. Moreover, 

radiation shielding properties have been performed in terms of mass attenuation 

coefficient and half value layer at photon energies 74.228, 97.143, 122, 662, 1173 and 

1332 keV by using narrow beam transmission method. The theoretical values of these 

radiation shielding properties were also calculated by WinXCom program, and 

compared with standard radiation shielding concrete. The results, at 74.228 to 122 keV, 

showed the better radiation shielding properties of prepared glass samples in 

comparison to standard shielding concretes. Therefore it can be concluded that the 

recycled CRT glass containing BaO is a potential candidate for X-rays shielding 

applications. 
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4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

f1.1 

f1.2 

f1 .3 

f1.4 

f1.5 

f1.6 

f1.7 

f1 .8 

'IJVleJtlmrum';i'VIVlfleJ'l"lre.l'l Narrow beam transmission method 
' ' 

'IJV1eJtlf1';itUf11';i'VIVlfleJ'l"UeJ'l Narrow beam transmission method bb'U'U 
' ' 
secondary target 

bbt:-J'U.fl1~~'U~eJ'Uf11';i:J1fleJ'lvllCJ 1 tl';ibbfm.J WinXCom 

~f1'13UJ~'VI1'lf11 CJ.fll~"lffi'l ~leJ~1'l bbtll 

rn1l.l~l.l~'U~';i~"vr)1'lrn1l.!Vl'U1 bb ti'U bbfl~tl~l.l1 m 1V1 CJ 1l.lfln'Utl~mru bb 'U b'1CJl.l 

eJBnhlil"UB'l~leJ~1'lbbtll 

rn1l.l~l.J~'U~';i~Vl11'lrn1l.l b ~lf1~'Ub~CJ'l eYr1 ~111~t1m~'l ~1l.J CJ1lbbfl ~ bUB'Un'U 

tl~l.l1ru bb 'Ub'1CJl.leJBn1~1il"lJB'l~leJ ~1'1 bbtll 

f1l1l.l~l.l~'U~';i~Vll1'11l.JV1~~~ V1Vl~'U (Elastic moduli) n'Utl~l.l1ru bb 'U b'1 CJl.l 
" ' 

eJeJf11sl!lil"UeJ'l~leJ ~1'lbbtll 

f1l1l.l~l.l~'U~';i~Vll1'lfn 1l.l bb~'l';i~vl'U 1l.J 1f1';i ( Micro-hardess) n'Utl~l.J1ru 

bb'Ub'1CJl.leJBf11~\il~b tJ~CJ'Ubbtlfl'l1 tJ 
rn1l.l~l.l~'U~';i~Vll1'lf11';i"V1Vlf1~'U (Absorbance) -r'l~~'UYb1 b ';i"Vln'U b~"Uf1~'U 

" 
(Wave number) "UeJ'l~leJ~1'lbbtll 

f1l1l.J ~l.J~'U~';i ~Vll1 'l~l.Jtl ';i ~~'VIi f11 ';if] Vl'VI e) 'U b ~'ll.J lfl"() eJ'l ~l e)~ 1 'l bbtll bbfl ~ 
b"v'JeJfbvif1eJ'Uf11~ (Ferrite concrete) ~~~'1'11'1..!~1'1 1 
f11';i:J1fleJ'lB'Umfl~CJ1~bflV1~'U';i~Vll1'l-r'l~n'UbbtllvllCJ 1 t]';i bbml.l Wi nXCom 

f1l1l.J~l.J~'U~';i~Vll 1'lf1l1l.!Vl'U1~vl11 ~-r'l~flVlfl'l b Vl~Bf1~'1Vl~'l ( HVL) "UeJ'l 

~leJ~1'lbbtllbbfl~b"v'JeJfbvif1eJ'Uf1~~ (Ferrite concrete) ~~~'1'11'1..!~1'1 1 
d ~..:::.C.: q ~ q 

bfl';ieJ'l'lJ'lBbflf1'VI';ieJ'Uf1~ Denver Instrument f1l1l.Jfl~beJCJV1 0.0001 g 

mn'UV1~1';i Agate 
iJ .c:t, 6" .c:t 0 

b'U1VlfleJl.Jb~';i1l.Jf1~'VI'VI1;u1n Compound Clay 

bmVl~Bl.J~1';ieJruVl.n~ 1 ,8oo B'l\"11 b~m6SCJ~ viH1 'Uf11';i"Vlr1Bl.Jbbnl ~11'11V1CJ 
' " 

f1~l.Jl~CJbbtll fl1f1l'111~~f1~ l.JVl1l'VICJ1~CJeJ'Ufl';i1'1J51~ 
' ' 

b~1eJ'U~1';i6i1Vl-r'UeJ'U~leJ~1'lbbtlleJUJVl.fl~ 1,000 B'll"'1b~flb6SCJ~ ~11'l1VlCJf1~l.J 
' " ' 

l~CJbbtll .fl1f1l'111~~f1~ l.JVl1l'VICJ1~CJeJ'Ufl';i1'1J51~ 
' bblJ~l.JYi b Vl~ f1f1~111~ill.J6i1Vl-r'Uf11';i~'U';itl bbtll 

' " ' " ~ v or:;::), .::1 v • 
bf1';ieJ'l~V1'1J'U'l1'U CJVleJ Benetec limited ';i'U labcut 1010 

' 
bf1~eJ'loVVl ~leJ~1'l bbtll ~11'11Vl CJf1~l.Jl~CJbbtll .fl1f1l'1J1~~f1~ l.!Vl1l'VI CJ 1 ~CJ 

' 

... 
'Vi'U1 

40 

41 

42 
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52 

53 

54 

68 

68 

68 

69 

69 

70 

70 

70 



d 
.fi1'V'l'Vl 

fl.9 

fl.10 

fl.11 

fl.12 

fl.13 

fl.14 

fl .15 

fl .16 

fl.18 

fl. 19 

'1J.1 

'lJ .2 

'lJ.3 

'lJ.4 

~ ~v , 
bfl~m EDS m.l!e.J Hitachi TU S-3400N 

' 
bfl~e.J ·:l'el~Wl~1b"l.f'Ufl SONATEST ~'U Sitescan 230 

' 
bfl~e.J..:J FTIR Spectrometer ~~e.J Thermo Scientific i'U Nicolet 6700 

bfl~e.J..:JeJI'l1®"11'l~~fl ~~e.J Specac 

'l.ll'le.JDflWm1VI-r'Ubmm.J~le.J~1..:Jb~eJlbfl~1~~ FTIR 
' ' 

~T)I'l-r..:J~'I.l'WI'l Nai(Tl) ~~e.J Canberra Model 802 ~'U~m:l1~V1 2 x 2 'ii1 
~T)I'l-r..:J~'I.l'UI'l CdTe Model XR-100T ~'U~VI'Lh~l'l 3 x 3 mm 

transmission 

fl~e.J..:J~1Vi-r'U''J1..:Jbb~'U Target 

fl1 ~ ~ 1'1 e.JLJ fl ~ ru ~ 1Vi -r'U fl1 ~ l 1'1 ~U.J U~ Yl1..:J -r ..:J ~ ~ 1 til5 Narrow beam 
' 

transmission method bb'U'U secondary target 

Vi,j'1Vi~fl'l.le.J..:Jhhbbfl1l.l WinXCom 

fl1~b~e.Jfl511?l~~e.J..:Jfl1~?imn 
' 

m~"il1fle.J..:J~1~LJ~~fle.J'U 1 'Ub 'lJ~bbfl1l.l Win XC om 

e.Jflfl1~r1'1'U1tu'l.le.J..:J ~1~LJ~~ n e.J'U~~e.J..:Jfl1 ~?imn 

... 
Vi'U1 

71 

71 

71 

72 

72 

73 

73 

74 

75 
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76 

78 

78 

79 

79 
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6f1catJru~1ca1.:~ .., 

i 

d ., 
~1':i1~'VI 'Vi'W1 

2.1 ~lJfl1';jfl1';iV!1rh~:wLJ'~~~Vl~'W"lleJ·r'r~~ 1~~ 1-ifb Vlf1'Wf1e1'~~1'1161J'Un 19 
' ' 

3.1 -iJeJ:W~eJ'lrltl';i~f1eJ'Ubb~~~~';i1'Wf11';ib~1~:w~leJ~1'lbbtll G 1 - GS 38 
'IJ 'IJ 

4.1 <U'm.J"el'lrltl';i~f1eJ'UV11'lbf1lJ (Composition) f1l1lJV!'W1ml'W (Density) bb"~ 

tl~:w1m1~~1:w~ (Molar volume) "llel'lbbtll1'W';i~'U'U CRT -K20-Ba0 44 
t.l t{ 21 tJ .Q, t{~il 21 

4.2 "lleJlJ"eJ'lf1'Lh~f1eJ'U"lleJ'lbbf1l CRT ~1f1Vl'W1~eJf1eJlJ'Wlb~eJ1 ~VleJ COMPAQ m~ 
'IJ 

bVlf1'Uf1 EDS 44 

4.3 oUeJlJ"f1l1lJb~lb~~'leJ"~1'1161J'Un (vi, V5) llJ~~~~~Vl~'W (L, G, K, E) 
'IJ 'IJ ' 

e)~';i1~l'WDl61JeJ'l (a) bb"~r111:w bb~'l';i~~'U 1:w lf1';i (H) 46 

4.4 oUeJ:W~fr'Wu~ 1m'l"li1~~'W'U 1'W~leJ~1'l bbtll';i~'U'U CRT -K20-BaO 50 
'IJ 



i 

1.1 ~a.~1u~::fl11a.Jl;h~ru"'Je>.:~1fl";j-!in1";i ... 

d 
'U'VI'VI 1 

0 

'U'VI'U1 

"'Jt!~Bb~n'Yl'HJ'Un~ (Electronic Waste Vl~fl E-waste) Vl~fl 6ll1mJ~(9)DflJsVlbf1~B.:J1mvJ.Yhbb~~ 
Bb~n'Y11B'Dn~ (Waste from Electrical and Electronic Equipment; WEEE) VllJ1t!n\l ~'\.Jmru 

1 vJ.YhB b~n'Y11B'Dn~~1l1 b 'iJ'U~~B'ln11 ~1~ilt1 VllJV"lm t1m11 off.:J1'WVI~B~rub~t!~m-wm11 off.:J1'W [1] 
' ~ v 

1Vl t1 bu'W1 ~ mh .:J ~'l "'J t1 ~ B b~ n'Y11 eJ 'U n ~:S 1'Wl n~ B.n 1 'WVI~ BV"l ~ ru ru1 n 11"1'\11~ BVI~ eJ Vl-r .:J~ bbf11 'Y1 Vl 
' v v 

(Cathode Ray Tube; CRT) ~'W'UlJ1n1'W~Bf1BlJ'Wlb(9)flibb~~1'Y11~1"ltii'Ubn1 -wu;hl1:S1'Wl'Wb~lJlJ1n 
~'W~'W b~lJ b 'iJ'U1J 11JVI11 'W n 11n1~VJVI~Bn 11~Vl d1'U ~'l b 'iJ'Ue.J ~ b ~ B'llJ 1 ~1 nm1lJ b ~~11Jtl1lVI'IJ1'Y11-:J 
b'Ylf11 'W 1~ ~"'JB'ln11e.J~ (9)~eJ 1 'Y11~1"1UVI~B f1BlJ'Wl b(9)fli~ b ~lJ~'Wmh.:J1lV"l b 11 v\'11 1X~Bf1BlJ'Wl b(9)fl i 

bb'U'Ub~lJVI~el~b1t!nl1~fl CRT ~nbb'Yl'U~~lt!e.J~(9)DtlJ6VllVIll1 b"IJ'U ~mb~Vl'le.Jmb'U'Ue.J~m'VIm (Liquid 

Crystal Display; LCD) ~mb~Vl'le.J~'W~1~lJ1 (Plasma Display Panel; PDP) ~mb~Vl'le.J~bb'U'U 

1Vl1BV"lb'IJ~'lbb~'l;alm'W (Organic Light Emitting Diode; OLEO) b'iJ'U~'U 1'W"'JtlJ~b~tlltl'W"lil'lfl1~ 

m11 off.:J1'Wbb~~m1lJ'UtJlJm11 off.:J1'W~Bf1BlJ'Wlb(9)fl1bb'U'Ub~lJb~lJ~ Vl~.:J1 'IJmlJm~b 1m b ~B.:J~1n lj 

m1lJ~1~ilmb~~ 1lJljm1lJ b VllJ1~~lJ~Bm1"t11m1 off.:J1'UBn~B 1 'IJ [2-3] vh 1m 'WD~~t'J'Ulj"'Jt!~ CRT 
' 

b~lJ~'Ub'iJ'U:S1'Ul'UlJ1n 1'WVI~1t1 1 '\.J1~b'Yll"l'Wt11t11lJ~~n1~Vl"'Jt1~ CRT b'VI~1tl1Vlt1n11be.J1VI~fl~'ln~'U 
bb~ b ~fl'l~1n~B CRT i1B.:Jfi'\.J1~neJ'U"'Jfl'l~11~ b 'iJ'UeJ'U(9)11 t1 ~'l~~neJ 1 1XbnV"llJ~'W"cl~'le.J~n1~'Yl'U~fl 
~'lbblV"l~BlJbb~~~'llj;g1(9)b.Um11'Wl'WlJ1n [4] m1Pin"cl1-:J 1 'Wl~t!"'JB'l Q. Xu bb~~f1ru~ [5] 1~vhm1 
~11l~bb'Wl'Y11'l1'Wm1n1~Vl"'Jt1~ CRT 1'W~11511ru-r~'IJ1~'1l1"1l'W~'W ~'lD'l~1,Xb~'Wl1n11"t11"1Jt1~ CRT 

"' 
m11svbfl~ 1 Vlllb ~B 1 1Xbtl'Wiim~B~'l bblV"l~BlJVI~B 1lJ ri B 1 1X bnV"llJ~'W"cl btl'W15~ b Vlm~~lJ bb~~m1~~ 
oJ1m1 m 'Wn11~Vln11tl'U"'Jt1~ CRT 1 1XlJ1 n~'U 1J~~t'J'Uvi'l1~n~'l1 1Xm1lJ~11'9tubb~~'Wt11 tlllJ~~~'\111 

' v 

bb 'Wl'Y11'l1 'W n11fl1~Vl"'Jt1~ CRT ~l t!iBm111svbf!~ bb~~v\'1 1 ,Xb '\Ju)~VJ bb 'U'U 1 Vlll b ~B"Ll11 'IJ1 off.:J1'W 1 'W~1'W 
' ~'W 11~mh.:J b VllJ1~~lJ 'W Bn~ 1 n,Y'Ubb~lrJ.:Ji11(9)~'\.J1~~-:JriVI~m ~B~~~~Vl:S1'Wl'W"'JtJ~ b'VI~1tl1 ,Xij 

'IJ~lJ1ru'IJ BtJ~.:J bb~~v111 1XbnV"l'IJ1~ 1tJ"IlUlJ1n~~VJ B ci1-:J11n(9)1lJrJ.:J1lJi115m1~ b VllJ1~~lJlJ1ntin 1 'W 
' 

fl1~Vl"'Jt1~ b'VI~1ll 1XVIlJV11 'IJ1~ en~t!~\l b~'Wl1n11"t11"1Jt1~ bbtll CRT lJ111svbf!m ~fl 1 offbtl'Wl~Vl rl1D\l-r\l~ 
~ ' 

b 'iJ'UBnVI~\l'Y11\l b~eln~'ll1~'W hB ci1\llJ1n~1VI1'U"lilt!~Vl:S1'Wl'U'1Jt1 ~ CRT ~\l~~v111 ,X bnV"lf1l1lJ FllJfl1 
' bb~~ 1l1btl'W'W"cl~B~'lbb lV"l~BlJ mn 1 '\.Jn11,f'W£1'lb 'iJ'Um1~~'W1l~Vl bb'U'U 1 Vlll~"liltJ1JeJ'ltl'W1\l~~ b 'iJ'U 

' 
B'Wm1t1 1lJ 1 1X~'le.J~m~'Yl'U~B~\llj;g1(9) bb~~~\l bb lV"l~BlJ 1~Bn'Y11\lVI~\l~ltJ 

m1-J1"1J tl~ bbfll CRT m1 offb 'iJ'UeJ'lfi'IJ1~neJ'UVI~n~1VI-r'U b(9)1tJlJbbtllb ~eJ'\.J1~tJn(9)1 off~1'U-r\l~b 'iJ'U~ 
' 

'!l1~'U h b 'W11d1 1J~~t'J'U-r\l~tlnoJ1lJ11 offtl'UeJci1'lbb 'W-JVImtJ 1 'U\l1'WVIm tJ., ~1'U ~leJci1\l b"IJ'U 1 -ifl 'U 
' ~ I 

\l1'W'Y11\l~1'Um 1bb 'W'Ylti 1l11 1 ~~ b 'iJ'Un11(9)1l~1'U~iltJ 1VltJi5m1~1 t!m'W~l t11'l~b ~BVI1m1lJ~VJ'\.Jn~ 
VI~B~\l bb'IJ~n'IJ~BlJm ~1 'W11'lm t1 n11D1DVJ-rm~n hf1'U1\l"ll'UVJ b "li'W n11u1t11'l~b ~Bvi'1mtJVI~BVItJVJ 

' 
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rn~b'~~qJ b~'U b\9l"V€l'l b"l56'1~lJ~ b ~'l V!~€l"il~1.ff-r-:J~1 'Wrn~tl6'1 e:JVJ b ~ m.J~ \9ln rusv1vn-:Jrn ~ bb ~Vlti b lJ'W~'W 
1'W'l1'WV11'l~1'Wn~ru1Vl~1 H-r-:J~b~m~1~l"ilVl-r~mmn~~lJ'IJ1~ b'li'W Ll1il'W ~'Wbd V!~e:Jm"il"il~1.ff-r-:J~ 
1 'W fl1~1 bfl~1~'1-1~'W b ~€)~1 bb'W fl~'W~ b ~1~tl6'1 flV!~€lfifl'l~1 fl1~VlVl~lJ bd51 \9) b lJ'W ~'W 'l1'WV11'l~ 1'W 

" " ' 
1 'U~1rufl~ 1~iirn~1.ff-r'l~"il1flfl1~'U€l'W ( c -14) b~m'h'Wlfi.!V!1€l1 ~"V€l'll\9lflb 'U~1ru 1'Wfl1flfl1~bfl~\9l~ 

' ' 
bb6'1 ~ €l1V!1 ~ 1~ii fl1 ~Q1 ~ -r 'l~ b ~€) 'lj~ 6'1 €l fl1 ~~ fl bb6'1~6'1 Vl fl1~ b 1.11 b~ ~ 1 'We..! 6'11iJ'U 1 'l'IJtJVl fll'UfllJ bblJ 6'1-:J 

' ' 
~\9lT~"1lVl1'l 111 ~ bfl~\91 ~ bb6'1~ -r 'l ~EJ 'l~1lJ 1 ~fl ~ Vl €l1 ~ fl1 ~ bfl'U -rn~1 €l1V!1 ~ 1~~ fl~l ~ 1 'W~l'W "V€l 'l 

" ' 
.fl1fl€l\91~1V!m~lJ 1~111-r-:J~m 1 .fftl~~ 1~"1l'W1 'Wfl1 ~1Vl ~~ ~'U bb6'1~m'UfllJ rn~e..~~\91 m~1Vlm1lJV!'W1 bb6'1~ 

' ' 
m1lJV!'W 1 bb U'W"V€l'lfl1 ~e..~~ \91 m~Vl1~ m~l'Vl m1lJ~'W ml"il~€l'Um~"ll1~Vl"V€l-:JV!€l fl~'WLl1il'W b lJ'W~'W 

' 
'W€lfl"il1fld1e:J1"151 Vltl-r'l~EJ'l flfl 1-ff blJ'Wb ~m ~~'l~1V!-r'Urn~e..~~\9l m~ bb~1 yjyh 1 'Wb ~'l1 yj.W1il1 bfl~~~~~~~l~ 

" 
[ 6] ~l ~ tJ ~~ 1~"1lU~lJV!1 P~16'1 ~-:Jvh 1 ~-r-:J~iJ'UVl'U 1Vl~ ~1AqJ~ e:J'ili \91 tl~~ ~1l'W"V€l'ltl ~~"1l1m 16'1 m lJ'W 

mh'llJ1 fl bb\911 'WV11'lfl~'Un'W -r'l~fl~1lJ1~fl b lJ'WeJ'W m1 ~ ~€l~'lii'ili\9lbb6'1~~'lbb lVlii'€llJ 1~lJ1 fl b'li'Wb~ ~ln'W 
V!1fl hh~ilm~1-:J€l ~ 1-:J bfl~ 'lfl-rVl 15m~V!~'l~"il~~1lJ 1~r1i1 e:J'ln'W eJ'W\91~1 ~"il1 n-r-:J~1~fifie:J ~e:J-:Jiil'~Vl 

' 
~iim1lJ~1m~fl1 'Wfl1~n1LJ'l-r'l~~iitl~~~Vl5.fl1~lJ1'lil~ 1 'Wfl1~tJ€l'l n'W hJ1 ~~1'lfl1 ~ 1~-r'U-r'l~V!~tl 
1~-r'Ui!e:J~~~Vl b vh~"il~ blJ'W 1 tl1~ 

' 
fl1 ~Pi fl~1 b .j€l'l ~'W bVl ~ rn~1 bfl~1~'1-1€l'l ritl ~~ fl €l'U"V€l'l CRT ~1~ "il1 flV!U 1 "il€l fl€llJ~l b\9l€l ~~l ~ 

bVlfltJfl EDS (Energy Dispersive Spectroscopy) ~'U';h1'W CRT ii68~fl€l'W1Vl€l€lfl1"15~ (Si02) blJ'W 

e:J'l ritl~~ fl€l'UV!~ n ~-:JG/l~ fl€l'W 1Vl €le:Jn1"15~~1m ~flvl1V!U 1~ b lJ'W 1m-:J~11-:JV!~fl"V€l'l bbtll1~ 'W€lfl "il1 nd 
bbii'l1'W CRT EJ'ltl~~fl€l'U~l~ MgO Al20 3 PbO CaO bb6'1~ BaO ~'l'VllV!U1~blJ'W~ltl-r'U'll1'lbfl~'l~11'l 
bb6'1~ EJ'l~1lJ1~fl'lil ~ b ~lJtl~~~Vl5mV11 'Wm~n1D''l-r'l~bb6'1~flru~lJm~1'W~'W 61 "V€l'l1~ Vl bbtll 1~~~ n~1~ 

' I ' 

~'l,r'W ~1~~~-:JiJbb'WlfiVl~"il~t11"V~~ CRT m~1"15bfimlJ'W1~Vlbbtll~1-ff~1V!-r'Un1D''l-r'l~ ~'l"il~~1m~r1 
" ' 

t11 ttn .ffb~€lt1€l-:Jn'W-r'l~1m 'W'l1'WV!m~ 1 ~1'W ~'l~nci1lbbii'llJ1i1'l~'W 

1.2 1\9lt:ltl'a~~-:Jf'i"'J€1-:I-:11'W1~fl • 
1.2.1 Pim~1fll1lJb lJ'W 1 tJ1m w11~tl1"V~~ cRT lJ1tl~~ ~n\9l1.ffb lJ'Wl'~lil~1V!-r'Um~n1D''l-r'l~ 

' ' 
1.2.2 fifl~1e..J6'1"V€l'l~1~~lb~lJV!~em~"V€l'l CRT ~iJe..J6'1~€l~lJD~Vl1'lfl1~.fl1~ ~lJD~~VlV!~'W 

' 
~lJm1fl~'l~11'l bb6'1~~lJ'U~Vl1'l-r'l~"V€l'l~l€l~1'lbbtll 

1.2.3 btl~~'U b'Vl~'Uflfi.l~lJD~Vl1'l-r'l~~fl1'Wlfi.lbVl~ 1 off'( tl~bbmlJ WinXCom n'Url1~1~"il1flfl1~ 
' 

VlV16'1m bb6'1~ b'll~~'U b -v1 ~'Un'Ufl€l'Wfl1\9llJ1\91~~1'Wvi'l -ut 'Wm~n1D''l-r'l~ 
"' 

1.3 "ll€l'Ub"ll~m-afim.n~'Ufl11 

rn~Pifl~1fll1lJblJ'W 1 tl1m 'Wfl1~1-ff"V~~ bbtll CRT b~m lJ'W1~Vln1D'l-r'l~ bVl ~rn~Pin~1~n~ru~ 
' 

Vl1'lm~m~ ~lJ~bfl~'l~11'l ~lJm~VlV!~'W bb6'1~~lJmVl1'l-r'l~ ii"V€l'Ub"V\9lfl1~VlV16'1€l'l ~'ld 
' 

1.3.1 ~l€l~1'lbbtll~b\91'1~lJ~'W€l~1'lJ~~'U'U (70-x)CRT -30K20-xBaO bd€l x = 0, 5, 10, 15, 

bb6'1~ 20 molo/o bb6'1~ CRT 1~lJ1"il1flV!U1"il€lfl€llJ~lb\9l€l{ ~~€l COMPAQ 

1.3.2 1 Vl fll 1lJV!'W 1 bb t! 'W "V €l'l ~l €l ~1 'l bbtll bVl ~ 1 off VI~ fl fl1~"V €l'l €l1 ~fiiJ ~ ~ (Archimedes's 

principle) bb6'1~1-ff n-hexane blJ'W"Vtl'lbV!6'1l1'Wfl1~VlV16'1€l'l 

.. 
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1.3.3 Pin~161~~~~V!~'Wbbfl~~tw~1m.:J61~1.:J"UeJ.:J ~leJ~1-:mnl 1~ 81 i b'YlfliJfleJfl~~11sviJn bbfl~ 
' 

beJ'V'JVlbeJm1 (FTI R) 

1.3.4 Plfl~161~tJ~'Yl1.:J~.:J~"Uel.:J~leJ~ 1.:Jbb tll~'W~.:J.:J1'W 74.228, 97.1 43, 122, 662, 1173 bbfl~ 
13 3 2 keV 1 ~ 81 i b 'Vl fl iJ fl Narrow beam transmission bb fl ~ Narrow beam transmission 

method bbtJD secondary target 

1.3.5 Plfl~1 b LJ~8D b Vi 8D61~D~'Yl1.:J 1-:J~"UeJ.:J(;)leJ ~1-:J bbtll~ 1 fl fl11'Yl~fleJ.:J bbfl~ fl11A1'Wl ruvi'l 8 

1 LJ1 bbfl1~ Wi nXCom 1l~~.:J b'tJ~8D bVl 8DtltJfleJ'Wfl~~~1 ~1~1'W~'W~.:J.:J1'Wb~8Jtl'W ~1~;;1'1vl'tJ 
"' 

1.4 th::b£J"ll'l1~fl1~';h~::1~~'U 
1.4.1 611~11t1fl~~1'Wl'W"U8~ CRT bbfl~t'h~1LJ1~8fl~1 ibiJ'Wl61~rhoJ.:J1.:J~~ljLJ1~~'Vl5m-w 1vi' 

' ' 
1.4.2 ljfll1~~bbfl~ b oiJ1 h 1 'Wm~Dl'Wfl11b~~8~~leJ~1.:J bbtll611'Vl1'D 1 ibiJ'Wl61~fl1U.:J~.:J~ 

~ ' 
.C), CU ~ .dl ~c:il I V.C!it, 

1.4.3 611~11t1eJ5D18 e..J fl"UeJ.:J 6111m b~~V!1ele..J fl"UeJ.:J CRT 'Vl~e..Jfl~eJflru61~D~'Yl1.:J fl1 W11'W 
' 

flru61~~~~Vl ~'W flru61~-J~1fl1.:J61~1.:J bbfl~ flru61~~'Yl 1.:J 1'.:J~"UeJ.:J ~leJ ~1-:J bbtll 1vi' 
, , " 'I 

1.4.4 611m1t1eJBD18eJ'W~1il~m~bil~~'W1~Vl1 1.:J 1'.:J~tlDl61~bbtll~'W~.:J.:J1'W~1.:J 11v1 bbfl~ 
b LJ~ 8D b Vl 8D e..Jfl'Vl 1 .:J~.:J~"UeJ.:J ~lel ~ 1-:J bbtll~1v) ~ 1 fl fl11'Yl~ flel.:J bbfl~ fl11rl1'Wlruvll 81 LJ1 bbfl1~ 
WinXCom tltJfleJ'Wfl~~~1m~1'W1vi' 

"' 



d 'U..,.., 2 

2.1 bb'IJ'J~~~'IJ;)1'1Jb~EJ1num';iH!bbrh'TI6llb~i;'l ... 
1~ tJ~l 1 tl bb~l m 'H1~1'l b de1 bbfll ~l'LilJ 1 n~~ 1 off68~ fleJ'U 1~BB n1 ~\91 b tJu B'l f1t11~ f1B'U"v1~f1 bbf;'l ~ fJ'l 

~B'l1 off6111'liltJ"v1i;'leJlJ~'W 1 b~B'liltJ 1 ~bn~ b tJub dmbnl ~'l6111.ffi offb tJueJ'lAtl1~ f1B'U'1JB'lbbfll'Ul'l ~l'd~u 
t11~ b 'V1~1 'Vl tJ f!'l ~ B'l'lll b .7J 1 ~ 1 n ~ 1'ltl1 ~ b 'Vl~ v111 ~ ~ ~u'Vlu n11 t:.J ~ \?1 bb n1~ 61-:l bb~ bb u1?>1 ~~ ~ ~ 1 off bb n1 

' '\J 

~1~bflf!~lf1"v1Ul~B CRT ~~'liltJ1~tl1~"v1fJ~~'U'Vl'Uf111t:.J~\?l b~eJ'l~lflbbfll CRT ~1tii'~lf1"v1U1 
' 

~BflBlJ~l b\?IB1"v1~mllul~B 1 'V11Vi'~ti~ubn1 ~6111B'lAtl1~f1B'U"v1~n~ b tJu 68~ nBu 1~ BBn1~\91 bbf!~~611 1 
' 

~1'111 tJ"v1f"IBlJ t:.J61lJB~ ( \?ll'l11'l~ 4.2) v111 '1X611lJ1'j()"v1f"IBlJ bbnl 1m~ tJ 1lJ~B'l1 offm1.mnlJ1 um 1"v1f"IBlJ ~ 
'\J ' '\J 

61 'llJlf1'\Jf1 'Uelf1~1f1dbb~lbbfll CRT btJ'Ubbfll~~fllllJ1tl~'l161 vl'l~'Ufl1';iU1'1JtJ~bbfll CRT lJ11offbtJ'U 
'\J 

B'lAtl1~f1B'U"v1~m11"v1-r'Ub\?l~tJlJ bbfllb ~B btJ'U~l b~Bn~ b"v1lJ1~61lJ~B fl11U11 tlt:.J~\?lb tJu m~~f1fl1D'l-r'l~ 
~~tl1~~'V15m~ 1~ b~B'l~ln1 'Ubbfll CRT ~~l'Wt:.J61lJ'1JB'l6111B'lAtl1~ f1eJ'U~~m1.!61lJD~1 'Wfl11fllD'l 

' 
-r'l~~~bbfl~flru61lJD~~l'UrllllJ 1 tl~'l161 611lJ11(1lJeJ'l'Vl~fl~l'U 1~~ €im~'lfl11U1'1JtJ~bbfll CRT lJ11 if!'l 

' ' 
b tJu m 1f1 ~~ 1'Ul'U'1J tJ~~~~l'Ut:.J 61lJ'1J B'l6111\?l~ ~1~v111 'IX bn ~ t:.Jfi m~'Vl'U ~1 tJ bb 1 'l ~ B~'ln<ii1 \?1 bbfi~ 
~'l bb 1~~ BlJB~ l'llJl n bbfi~ fJ'l611lJ1 1(1'111 tJ fi~ ~'U'Vl'U m~'Ul'U m 1 t:.J~\?1 b ~11~~ m 11 off611 1 bfl~UeJtJfi'l 

' 
~1 f1f111Pl m;l'll'Ul:ij'tJ~ b~ tJl n'U m1 flTD~'1JtJ~ bbfll CRT v111 '1X'V111'Ul1 bb 'Ul'Vll'l1 'Uf111fh:ij'~ 1 'U 

1J~~D'u~uf!'l1lJ1~tl1~~'V15m~lJ1 n11n b'li'W bt:.Jl"v1~Be:l'lf1fi'U "v1~B toffb tJu~l'Ut:.J61lJ'1JeJ'lfleJ'Uf1~\?1611"v1-r'U 
' 

nB61~1'l bbfi~ nlD''l-r'l~ bb~.VB b~tJ'1JB'lflB'Wf1~\?l nf1B~~fllllJ~u ~'lm~~~v111 ~611 1 bfl~~ b tJueYu mltJ 
'\J 

611lJ11(1~lJ~l'UeJBf1lJ 11~ vl'l~'U~l:ij'tJ~'l~bb 'Ulfl~~~~U1'1JtJ~bbfll CRT lJ1~1~bflf11 "v1lh ~B 1m 'IX bfl~ 
'\J 

t11~ 1tJ"llti 1~ tJfl11UllJ1 b tJu~1ut11~ nBLJ"v1~ n'1JB'l bbnl b~B 1 offb tJu161~611"v11'LJn1D''l-r'l~ b ~B'l~ln m1 
' 

1 i6111 bfl~'Ul'l"ll'W~~11r11 r1 e1u.V 1'l61'l b ~11~~B'l'l11 b .V1~1 n ~1'ltl1~ b 'Vl~ ~ltJ b "v1\?ld~1:ij'tJ~'l~m llJ 
'\J ' '\J 

61'U h~~~61~1'l m~~mbnln1D'l1'l~bBf161ibbf1~-r'l~bbf1lJlJ11~tJ 1 i'1ltJ~ bbfll CRT b tJu1\?l()~'U"v1~f1 
' 

2. 2 tl ';iZ1~fl11lJ b U'IJlJ1 bbi;'l ~fl11lJ~~'IJ ;)1'1Jb~EJ 'Jrl'U1~~bbfl'J 
'U ... • 

161~ bbfll 1 'W Li11lJ"ll1 ~~ b tJu~~:ij'nnu~nAB "bdeJeJ'U6'8b~tJ'U (obsidian)" ~'l~fi~'U'U~bdrum '1111 vJ 
' '\J '\J 

bfl~~l f1fllll~~f111 b~'U~lfl'l eJ ~1'l1l~ b ~l lJ'U'!;~~'l~f11 1U1 bd obsidian lJ11 off'll'U~'l bb~tJ fli1'U 
' ' 

b ~B'l~1md Obsidian ~'l b tJubd~~B~1 'Uli11lJ"ll1 ~ ~~n'!;ru~:a tJu'1JeJ'l bb ~ 'l bdmb\?l f1~f1~ ~~~ fl'!;ru~ 
'\J 

bb "v1fllJ fllJ lJ'U '\;~ CJ r1i1u ~ 'lu tJ lJ 1 off b tJu b r1 ~ eJ 'llj eJ 1 u m 1 ~ 1 ir \?ll "v1 ~ eJ b r1 ~ eJ 'llj eJ 1 u m 1tl 1 ~ n eJ 'U m "v11 1 
' ' 

ue1n ~1 n~u bbnl~l nn11lJ"lll~'Ul'l"ll'W~ n~mllJ61l CJ'lllJ 1 off b tJu bfl~B'ltl 1~vl''U 1~ lJ'W'!;~ b~lJ~:ij'n bbfll 
' ' '\J 

b~eJtl';i~lJltu 5,000 tJ rleJ'Ufl~61\?IPlml"ll 1!m~CJ'W1 1~'UD'U'Vin-.il~ eJA1"llll phoenician 1~bbd~~f1~ 

"Il l CJ~'l'1JB'ltl 1 bf1611\?lubbf1~ 1~~m1ne1 1 vJ 1~CJ 1 ib'U mB'W ~'l btJum1LJm 'U\?1'1JB'l1~~1 61eJ'lfleJ'Ubb 'Vl'Ub\?11 

lJl'jeJ'l"v1~eJ~tl~ ~'leJ ~'U'U 1 vJ v111 'IXneJ'Ub u ~ 'jeJ'U"v1f!eJlJfi~mtJ 'j'"JlJn'Uvr'U'Vl'jl CJ.7fl'l~l'l bn~ b tJu bbfll~'U 
~'l~m1lJb~Bnui1m1A'u~'U 1~CJD'l bBt1JdbtJu~~nlb'W~'1leJ'lf111t:.J~~bbnl 1~CJmljBlJ~'!;~ [7 -1 OJ 

.. 
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"bbtl'J" lJ1"il1flJl1~1eJ-:J nn~'"J1 "Glass" b t!t!l~Wle:Jirru~J1'W~ii~n~ru~ fl-:J1't.Jbb6'l~b 'iJ'Wbt1'm~cn Dl , ~ ~ 

hw't.Jn ~bb;;l'J bfltil "il1 fl fl11 b8'U ~16'l-:Je:J~1-:J 11til b ~1'1Je:J-:Jl61til'V16'le:JlJ'WWtil ~-:JVll 1 ~fl11 bb ~-:J~'JJ'W hj ne:J ~1 
' btl'Ut:-.~~fl 611lJ11flir-:Jbfl(9)1~"il1me:Jmb(9lfl.Xfl~-:Jii~n~ru~6'l~ bB tltil (Conchoidal fracture) b t1'e:Jbbn'J~ 

tJ~~'Vl~"il~lim1lJ 1 L.J1-:J161 ~1riB'W-li1-:Jbb~-:J 'Vl'W ~Bm1ntiln1B'W b5Bt~ ~BL.Jl)n~m'Vl1-:J bflii bb6'l~~1m'W 
~-:Jb'iJ'Wflrut'ilJ~~vh1 ~bbn1iiL.J1~ 1t~'Uu~Bm1't111 Lfl-tl'-:J 1'W B~1-:Jnl'1-:J'IJ'J1-:J [1 o-11] 

' 
lt'i til bbtl'J611lJ11fl t:-.1 ~ (9)1~'V16'l1 fl'V16'l1 til5 btil til5fl11 t:-.1~ (9l"iJ~ b~e:J fll (9lfl ~tJ~Lotl bb6'l~ "il ~ ~ B-:Jii fl11 

' ' 
A1'W1rub ~B'V11't.J~lJ1tw6111~~B-:J m11-b1 'Wbb~6'l~ fl#-:J b ~B-:J"il1n6111~~e:J-:Jm11-b1 'W bb~6'l~fl#-:J 1~lJ1 "il1 n 

L.Jl)n~m bflii'llB-:J1 (9l~~tJJ'W 11til t~1 'U 1~'V1l1-:J m1'V16'le:JlJ1 (9l~~tJ"il~ bntil m1 b L.J~ t~'W bb 't.J6'l-:J'Vl1-:J bflii bb6'l~ 
'Vl1-:J 1fl1-:Jt'1~1-:J iivJmmml"lbntil~'U ~-:J~B-:Jf11-:ij'tile:Je:Jn1 L.J 1 'Wt:-.~~(9lnrusnb"il-:J'W1ru'U~~~mm1~'U1't.J'Vl1-:J~ 

'\) 

bu'W1~"il~Vh btil tlfl11Lotlm~tJ'J'Wfl11'Vl1-:Jfl'J1lJ~B'Ub .zl1'1i1t! b ~Bf11-:ij'tilm1lJb~'U (Stress) ~ bfltil~'U 
b ~B-:J"il1 n m1 b8'W ~16'1-:J e:1 ~1-:J11 til b ~1 t'ilJD~'Il B-:J bbtl1 611lJ11t~L.J ~tJ't.J1-:J 1m til t1 m1 t:-.~61lJ6111 B-:Jfi'L.J1~ ne:JtJ 

' 
~'W 16'1-:J 1 'W b t1'mbn'J 'V1~e:Jfl11't.J~tJt'im'W~1 t1 m11-tlm1lJ~B'W b ~Bm1lJt'i~mn1 'Wm~tJ'J'W fl11t:-J~(9llJ 
n11 b~lJ6111 bflli ~'U 6'1-:J 1 L.J1 'W ci'J'Ut:-.~t'ilJ ri B'Wfl11'V16'l e:JlJ bbn'J bbn'J ~-:J~ nti 1lJ 11-tl'L.J 1~ 1t~'U'l11 'W~ 1'U~1-:J 1 

e1 ~1-:J bb 'W1'V1m t1 ~-:J bb~e:J ~ (9l"iJ'W~-:J1J"i!"i!D'W 
' 

2.3 ~n~ru::m-abn~bdelbbfhbb~::1f'l-a~l;1~1~~'11't.J"tJeHibbfh 
~ n~ru~m1 bfltil bbtl1611lJ11fl bfltil~'W 1~ ~l t1 m11 ~m1lJ~e:J'W ntJ l(9lfl~tJ~ b t!'Ucil'Ut:-.1 t'ilJ'IJB-:J bb n1 

' 
"il'Wm~~-:J b L.J~ti'W61Jl1'W"il1fl'IJB-:J bb~-:J nmm t!'W'Ile:J-:J b 'V16'll ~-:J"il~b~tlfll1 "bbtll b'V16'll (Molten glass)" 

"il1 nJ'Uvh 1 ~ bbtll b 'V16'l1 bfl til n11 bb ~-:J ~l ~l t1 fl116'ltil eJ ru'V1JliJ6'l-:J B~ 1-:J1ltil b ~lbtil t1 hJ riB 1 ~ bfltilt:-.1 ~ n ' '\) 

(Non crystalline) ~'WL'Wbt1'mbnl [12] ~n~ru~fl11bfltilbt1'mbtllbbt'itil-:JL~b~'W1~~-:JJl1'W~ 2.1 

D 

Temperature 

Shrinkage due 
to freezing 

_j~---
,c 
I Crystalline 
I solkJ 
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-;u1 flfl1Y-l~ 2.1 bbM1~fll1~i1:! .. J'W'W5~~vrh~tnl.JVI.fliJ (Temperature) tl'U'\J~~1 m:ij1 b Y-l 1 ~ 
' " 

(Specific volume) b~e:J 1 ~fll1~1e:J'Wtl'U~l'We.J61~"Ue:J~ bbfll ~~ b~'W m1i'J DCBA -;u~vh 1 ~~l'We.J61~~ 
btl'W"Ue:J~bb~~nmmU'W"Ue:J~bVIm~~Vl C b~t.Jfl~tl..!VIJ,JiJ~Vld-;h melting point Liquid temperature 

(T m) ~-dl~ CB bU'Wfl1~b'\J~t.i'W61tn'W~-;u1n"Ue:J~bb~~nmmtJ'W"Ue:J~bVIm ~~-;u~vh1~"Ue:J~bb~~bnV1m~VIV1 
~lVI~e:Jt.J'U~l bb~~ fl6'11 tJb tJ'W bbfll b Vl~1 (Molten olass) -;u1 fl,!'W~Vl e:JUJVI.fliJ"Ue:J~ bbfll b Vlmm b ~e:J 1 ~ bilVJ 

, :::, 'I 'U 

m~bb~~~l~~vh1~ 2 ~n~ru~ fiB 

(1) ~Vl~UJVIJ,JiJ"Ue:J~bbfl1bVIm~~\?11~b~'Wm1i'J ABCD -;u~1~"Umbb~~~ile.J~fl (Crystalline solid) 

b ~e:J~-;u1nm ~~Vl~UJVIJ,JiJ~~ mlJ b~'Wm1i'Jdb U'Wm ~~Vl ~ruVIJ,JiJ~~e:J~1~-if11vh 1 ~e:J~\?le:JlJ 1 1..1 bbfl1 b Vl~l 
bnVJm~:ij'VJ b~t.J~ ~1nmm U'We.J~fl -d1~ BC btJ'W-dl~~e.J~mnVJ~'W ~~"Ue:J~ bb~~bnVJm~VIVJ~lVI~e:Jt.J'U~l 

' 
(2) ~Vle:JUJVI.fliJ"Ue:J~ bbfll b Vlmm \?11lJ b~1..1m1i'J ABE -;u~ 1~"Um bb ~~~hJ btl'We.J~flVI ~e:J bflVl b d e:J bbfb 

' " ~'W b ~m-;u1 n-d'J~d b U'Wfl1~~Vle:JUJVI.fliJ~~e:J~1~~1Vl b ~l ~~-;u~ vh 1 m~"Ue:J~ b VIm b~'W~le:J~ 1~ ~~t.J1Vl 
' " 

(Supercooled Liquid) \?11lJb~'Wm1i'Jd e:J~\?le:JlJ1 'Wbbfl1 b Vl~l8'~:ij'Vl b1t.J~~1 hJ61lJ\j~ruil~'W5~~hJ 
~m ~e:J~v111 ~il61fl1Y.J b tJ'W"Um bb ~~ bb~hh U'We.J~ n -;uVJ~ m1i'J b~ lJiJm~ b '\J~t.J'Wbb '\J~~m1lJ-ir'W b1t.Jn 

' 
~tl..!VIJ,JiJ~~Vldl1 glass transition temperature (T~ ) 

1r1~~6111~ bbfb 1V1t.J~11 '\J-;u~'\J~~fle:J'U~l t.1 1lJb~fl~"Ue:J~ ~l 1m~~1 mbfllvl1VIil1~ b tJ'W 1m~61~1~ VI~ n 
' 

"Ue:J~bbfl1 ~le:J~1~1fl~~6111~bbfll68~bfl\?l bb61V1~1'WmY.J~ 2.2 (a) 1m~6111~1lJb~fl~"Ue:J~ Si04 ~e:J~1'W 
' " 

61 fl1'W~ e.J~ n-;u~ b i11..1~ n~ru~ 1fl ~ ~61~1~ n1~ b ~e:JlJ ~e:J 1fl ~ ~~1 t.1 bb 'U'U beJflGij~ 1 fl'We:J~~ b tJ'W ~ ~ b Ut.J'U e:J ~ 1 ~ 
-iJVJ b-;u'W bb\?ll 'WmY.J~ 2.2 (b) 1fl~~6111~"Ue:J~ Si04 ~e:J~1 'W61tn'W~bbflle:Ji1ru\i1'W-;u~ffilJb~nm ~e:JlJ~e:J n'W 

" "" ' 
bb'U'U~lJ 1V1 t.JlJe:Je:Jfl68b-;u'We:J~\?le:JlJb tJ'W~1 b~e:JlJ~'W5~ 1flb1b~'Wii ~~b1t.Jfll1 Bridging Oxygen (BO) b~e:J 
b'\J1t.J'U b Vi t.J'U 1r1~~6111~~hh tJ'We.J~fl"Ue:J~ bbfl1 tl'U 1m~6111~bb 'U'Ue.J~fl bbnT;u~iJY.J~~~1'W~hJ b61~t.J~ b vh n'U 

61tn'W~e.J~fl"Ue:J~e:J~fl'\J~~fle:J'U~bVIile:J'Wtl'W 1 'Wfl1'V.J~ 2.3 fie:J 1fl~~6111~ b~e:JlJfl1~b~lJ~1vl16'llt.J 1fl~~~1t.J 
(Modifier) b 'IJ'W611~'\J~~ fle:J'UB~fl11~u vl11 mr1~~~1 t.JVI~ fl bflVl fl1 ~ bb\?1 fl~fl"U e:J~~'Wu~ 1fl b 1 b~ 'W ii 

fl~1t.JbU'W Non-Bridging Oxigen (NBO) il~'Wu~1e:Je:Je:J~fln'U1e:Je:Je:J'W"Um1~VI~B~fl11~u ~~-d1t.JV1~ 
' 

'\J~~-;u 1 ~61lJVl~ [ 13] 
' ' 

crystalline 

(a) 

e Soloc111 otlom 

Q o._.atom 

non-crystalline 

(b) 

.n 1'1Al~ 2.2 1~';j~~~1 ~ hH~n~"ll e:l~ sio4 Ca) 1~-:i~~~1 ~ blJb~n~"lle:l ~ sio4 ~mn 'W~t:n'W::N~n . . ~ 

Cb) 1~-:i~~~1~"ll'[)~ sio4 ~m.J1'W~m'W::bbn·;m~ru~1'W 
~ ~ 
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e Si.t- o•· 

"" "-' 2.4 "tt'U~"lle:J.:IUfl1 

f11';ibb 'tl-:~th"~b.f1'Vl'll€l ,mnl ~1:1J1';iflbb tJ-:~1~'Vlmmb'U'U b 'li'W bb tJ-:~mlJm';ilJi5m';i~~\91 bbtl -:J\911 lJ 

€1-:J l"lth"~ fl€l'U'Vl1~ bfliJ 'Vl1€l bb tJ~ \911lJ m ';i 1 off~1t.1 bb~1~ tJ~l'U 1 'Vlqjifml~ bb 'tl~th~ b.f1'Vl ml.lml"lth"~n€l'U .. 
'1J€l ~bb tll ~~ti [14-16] 

2.4.1 Ufl1bEll~11~~ (Soda-Lime glass) 

bbtllbS!!~ 11mj'Vl~€lbbtll ~ €l'U (soft glass) b tl'Ubbtll~iJ~l'U ~ ~lJ'll €1~ 16!1 b~ tJlJ €l €l n16!!v1 

t h ~lJ 1 ru 12-1 7% bbfl ~ b61i tJ lJ€1 €l n hv1 8-12% 'U€1 n~'U b tl'U 6Bi1 m bbtl l'VU ~ d~'U b ~'U 1~vi'l hJ 
tJfl~lmh~b'li'U bbtll~btl'U'Vl~ bbn1J1 m~':ilfl'VlU1~ 1 ~ btl'U~'U bbtll'1Ju~d~1lJ1';iflvl11~bfi~~~1~ 1 

1m~tJfl1';ib~lJ€l€l n hv1'1J€l~ 1~'Vl~'Vl';i1'U6Bi'U~v111~bn~~~-:~1 tfl 'Ubbtll bbtll'1Ju~.n~1lJ 1';i f\tJ11 tJ~~\91 btl'U 

bbfllU';iirtJ (Safety Glass) 1offbtl'Um~':ilmfltJ'Uiin1~b'li'Un'U 

2.4.2 bbfl1b'U h~~bn\9l (Borosilicate glass) 

bbfllb 'U b6Bi1 bfl\9lbtl'Ubbtll~iJ€l~fltJ';j~fl€l'U'V€l~6B~m 70-80% 'U€l'1fl€l€ln16!!~ 7-13% bb~~ 
iJ1 ~ bb 'Vl~ L61itJlJBBn16!!v116!! b~tJlJ€l€ln hv1 bb~~B~~~ b titJlJBBn hv1 ~~lJB~ b~ntiBtJ bbnl'1Ju~diJrh 

'U 'U 

"'lJ'\J';i~~'Vl ~fl1 ';i'lJtJ 1 tJ ~l b ~ m':il1 flfll1lJ1'€l'U ~1 'Vl'U ~€1 f11';i b tJ~ tJ'Ubb tJG'Nfll 1lJ1€l't.J bb~~f11 ';in~ fl~€l'U 
'll€l ~~1';ibfliJ bbnl'1Ju~d~~ b tl'U bbnl~UtJlJ 1m t.~~\91~1'\llm';ilJbfliJ bb~~~B~tJl)\J~ m';i u11 tfl offvi'1 bfl~B~ 
bb flli'VltJ1fl11~Vl1 vl1.f11'1J'U~ bbtll~1'Vl-ru 1m 'Ub\9111lJ 1mnvJ btl'U~'U 

2.4.3 bbfl1\9l~tl1 (Lead glass) 
2J ~ .or::!ril .d V .<::iii I 2.1 .c::t, Q..l ~ 2.1 .do:::!~ 1 .c::t,.c::t, 

bbfll \9l~fll'Vl';i€l'VllJ fl':il~ b ';i tJ m1 "bbfll m~\91~ " b U'Ubbfll'VllJ~l'U~ ~lJ'll€l~S!l~m 54-65% 

\9l~rtl€l€lfl16!!~ 18-38% bS!lb~tJlJ€l€lfl16!!~ b~bb'Vl~b61itJlJ€l€lfl16!!v1 bb~~€l€lfl16!!v1~l~'U 113-15% btl'U 

b btll~iJ~'1JU~m 'Vl~~:!Jl flfll1 bbtll'1JU~~'U f11';i'Vl~€llJ~~;;n tlbbtll':il~ 1 off\9l~rrl b tl'U Flux v111 ~'Vl~€llJ 
'U 

~~;;n tJ 1~~1 tJ 1~ bbtll~iJ'\J';i~ f11 tlbb lll1l~l tJ~ 1lJ bb~ ~~1:1J1';ifibbfl~~~ flb tl'U~l~;;ll tJ ~1-:1 11~ 
~~ifn':iJ~u11 tJ1 offvi'1b tl'Ubfl~€l~bbnl~iJ';i1fl1 bb ~~ 'UB n':il1ndbbtllfl'1~~~ 8~iJfll1lJ ~1'U'Vl1'U 1 vJw1~~ 
~~u1hfl-ff~i1\91BtJmrui'VltJ b';im1 bb~~'Vl~B~1'Vl';iVi'fll'l1 btl'U~'U 

' ' 
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2.4.4 urh1m.JeJ~ (Opal glass) 

bbtl'J beJ'\.JeJ~ b 1J'W bbtl'J~iJ fll'H~:W ~1l';i'U1 ~ ~'J b 'li'W b"ll b~ ~:W~ ~ eJ eJ b\il Vi~ eHbrl~ b6/J ~:W 
'\J 

~~eJeJ blil bb~'Jv\'11 ~iimwm~~nVi~eJm';ibb~m~~~'W1 'Wb-dmbnl v111 ~bbnl'I1'Wlil-diJm1:w"ti'WVi~eJ 1 '\.J~~ 
'\J ' 

bb~~ b tieFr<il1fl~1:w1 ';if\Vi~eJ:w b Vim bb~~~'W';1'\.J1vi'~1~ ~~ii~'WVl'Wn1';1~~ ~fleJ'WoV1~ ~1 bb~~~~~1m ';1flvl1 
'\J ' 

1 ~iir111:W bb ~~ bb ';1 ~Vl'WV11'W:W1 fl~'Wb~m111 '\.J~ 1'W m~'U'J'W n1';1el'U (Tempering) Vi~eln1 ';1 brl~ eJ'U 

(Laminating) bbtll 1eJ'\.JeJ~~m111 '\.J1 -tl'\.J';i~ 1~'11oJVl1~n1';1~11 iv11 b1J'Wbrl~eJ~'\.J';1~r;l'U 1-tiv11 b1J'W~lnm~ 
m~:v1mb~~ b~eln1';1~m~l1~ 1 'WeJ'\.JmruVi~eJfl1'11'W~'U';i';i:V~1~ ., bbtl'J beJ'\.JeJ~.m m 'Wl~lil rieJ~11~irn:v~ , , I , 

ij~ ~eJ eJ 1 ';1\il b1J'WeJ~fl'\.J';i~fleJ'U~~"~ ~eJ~iJm';i:Wi~m';i~~~bb 'U'U'Wb?l~ b ~eJ 1 mvi'~~~1:W~eJ~n1';i 
'\J 

2.4.5 bbn1eJ~~m 'W61i~bn~ (Alum inosilicate glass) 
" 

bbtl'J eJ~~m 'W~~ btl~ b 1J'Wbbtl'J~iJeJ ~ii'W1 bb~~~~fl1 b 1J'W~'J'W~~:WVi~ n bbtl'J'IJ'iJ lild~1:w1';1fl 
'\J '\J 

~1'WV11'W ~eJ~1';1 br~iJ bb~~ 1 ~~1~ eJruVi.flii~~ Vl'WV11'W ~eJ~m1~ n1';1b '\.J~~'Wbb'\.J~~eJruVi.fliieJ ~1~~'UY-J~'W 
, '\J '\J , '\J 

1vi'~ bb~~ii :VlilBeJ'W~l'UeJ~ bbtll~~ Y-J eJ~:v~iJm tl'W n1';1b~~';1'\.JV1';1~ b~eJvl1 m ';jeJ'lJ b ~eJ b ~:wm 1:w bb ~~ bb ';1~ 
' '\J '\J 

1 ~bb ri~~~Ji'rusn ~~<U~:w1-tibbfld'I1'Wlild1'Wm';1~~~ Combustion Tube ~~ b1J'WVi~eJlilbbtll~~li1~~1 'W 

Furnace 'W eJ n:v1nd~~1 iv11 b VleJft:wii b~eJ1 vl1Vi~eJlil ~ruun m?lV11~~h~flVl';1eJ'iJn~ vl1 b rl~eJ~r11'1 
' v v 

vl1 Combustion tube b1J'W~'W 

2.4.6 bbn1el~fl1b~'ll-bB~Vl eJ~in'I.J61i~bn~ (Alkaline-earth aluminosilicate glass) 
" bbn'JeY~m 1~oJ-bB1Vl e1~m 'W~~bn~b 1J'Wbbn'J~iJ~'J'W~~:wr~~1mbn'J 1"1lli111~l1 bb~iJeJeJn 1"1llil 

'\J 

'UeJ~n~:weY~r~11~oJbMV1 b'li'W bbr~m61Jf!:weJeJn 1"1llil bb~~ bb'Ub~~:weJeJn 1"/llil eJ~1 'W~l'I.J~~:wvi'lfl v111~iifi1 
' '\J 

r;l'IJ.U~m Vi'UeJ~ bb~~ 1n~ bfifl~n'Ubbnl ~~rr1 bb~~~ ~~1 mil1 bb~~iim1:WVl'WVl1'W~eJ~11br~iJ~iim1:w b iJ'W 
I I 2.1 d.J d i.l 

mlilbb~~li11~mnm1bbm~~mb~fl'WeJ~ 

2.4.7 unTWeJ!;IbW\91 (Phosphate glass) 

bbnl~eJ~b ~~b 1Jtmnl~ii~eJ~~eJ1'~b Y-J'W~~eJeJn 1"1llil b 1J'W~l'I.J~~ :wVl~ n bb~~iJSB~m ~~:weJ~ 
'\J 

vll~'U1~~Tu bbn'J'\.J1~ b.flVldii~:w'tJ~Vl'W~eJ m1nlil n~m.J'Um mli11®' bli11~~eJeJ~n ~~'\.Jn~ b 1J'W~1';1 br~iJ~ 
'\J 

~1:w11fl~~m~SB~mVi~eJtllil n~€l'W bbtll 1vi' bbn'J'\.J1~b.flVldnm11m1 i'\.J1~ 1fl'I1'W1 'W~1'W~iimli11®' bli11 
'\J 

rl~eJ~n b 'li'W 1 'Wm~'U'J'Wn11 b~:W'I"J~eJeJ~'W b oV11 '\.J1 'W 1:w b~ n ~~11B'WV118 (fluorination) 'W €lfi:v1 nd 
'\J ' 

m1 b~:WeJeJn 1"1llil'UeJ~~eJ~~eJ1~~~ 1 '\.J'Ii1 ~1 ~ bbtll 1~lillilfl~'Wbb~~bVi.Umh~Vi~ eJilm1lilliln~w.JeJ ~~~lil 
'\J '\J ' 

~~1-tiv11 bbtlleJ~~111 11m~~ (Ultraviolet glass) 'WeJfl:V1nd1in'UY-J'Jflbbtl'JVl1~bb~~'IJ'Ulil'Wb?l~ b'li'W 

bbtlllillilfl~'Wr111:w1eJ'Wbb~~ bbn'J~~eJm 1m"ll'WI?i b 1J'W~'W 
'\J '\J 

2.4.8 bbn1b~':i1iJmi (Glass-ceramics) 

bbn'J b"ll11iin~b1J'Wbbn'J'\.J1~ b.flVl~bVi~:weJ~m 'WSB~bn~~m VlVl1 b.U~:w Vi~m"lleJftr~b-u~ ~~:w 
'\J 

eJ~ b~n'!JeJ~ 1 'W1~Vil1~m~'Ul'Wn11Vl 1~ rll1:W~eJ'Wb ~eJ 1 ~iim1 ~n~~n 1 'Wb -deJ bbtll ~~m:v:v~v111 ~bbnlii 
m1:w'ili'U bb~~Vi~eJ 1 '\.J~~ bb~~~'WeJ ~ n'U'IJ'Ulil'Um ~~n bbnl b"ll11iim1:v ~iiVl'WVl1'W~ ~~ bb~~il~:w'\.J';i~ ~VlB 

'\J '\J 

fl11'U81fl~'JbtieJ~:V1 nr~11:w~eJ'W~1 ~1:w11m111 '\.J1-tib1J'Wm'I1'W~Vi~ ~:w l'~lil~mb~~mm';i Vi~eJ1 -tib1J'W 
' ' 

l'~lil~'W~m1:w b1J'W~'W 
' 

'WeJn:v1ndm:vilbbnl'\.J1~b.flVl~'W 1 BnVim~'\.J1~b.flVl ~'WeJ~n'U~l'W~~:W~bb~n~1~tl'WeJeJn1'\.J bb~ 
btieJ~:V1nm:v1~iim11i~bbY-J~Vimm'Tn ~~1~t11:w 1n~111'W~d 
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2.5 e:~~f>i'\.J';i~mn.J"'..B~bbn1 

1 tJm~e..~~ ~l!;Wl bbtl1~1m~t1~1 bb tJn1~t1~hme:Jm UtJ 4 n~~ m~~~0~e:J~rh.b~ nm.H ~e:Jvh1 ~ 
' ' ' " 1~\9lbbn1i1f1ru~~0~~1\l 1 ~~11 [15 , 17J 

2.5.1 Glass forming oxide 

Glass forming oxide Vl~e:J network former ~e:J ~1~~b~~!;'l~1'1J1tJbbtl1bb~Tvl11~bfl~ 
bUtJ1f1~~~~1~bbtl1 1~f.l~1 h.Jbb~1~e:J6E~m ~~i1wJ1f.J~e:Jf.J~tJ\i1tJbUtJ6E~bn~ (Si04) ~1m~mb~~~1~ 

"" 
b~tJ1v1~~m-w~ 2.4 tJe:Jfl~1n6E~mbb~18~iJe:Je:Jn161l~~tJ~n b"litJ 1'\J~e:JtJe:Je:Jnh~ e:J!;'liJbUf.J~e:Je:Jn161l~ 

" 
1tJ1m~~~1~'1Je:J~bbtl1 borosilicate bb!;'l~ aluminosilicate bUtJ~tJ 

o o· 

2.5.2 Glass modifying oxide 

Glass modifying oxide Vl~e:J network modifier ~e:J ~1~~b~~!;'l~1'1J1tJbbtl1b~e:J'Vllmf.J 
1m~~~1~ 1f1~~~1f.l'IJe:J~ bbfl1'\J1~611tJ ~~~~vh 1 ~m1~VloW~'IJe:J~ bb tl1!;'l~!;'l~ bb!;'l~~1~ 1~t1 hJ~tJTt.J1v1~1f.l 

" 
~1e:J~1~'1Je:J~~1~fl~~~ b"litJ Na 20 K20 CaO bb!;'l~ MgO bUtJ~tJ 1f1~~~~1~'1Je:J~bbtl1~m~ru~~~1~1~t1 
bb~~~1~b~tJ1v1~~m-w~ 2.5 

0 s,• 

0 o• 

.J 'i " " ,do I " o " .J fl 111WVI 2.5 bfl';i~~':i1~"1.le:J~bbn1vtu';i~fle:J'U~'JEJ Si02 VI1VitJ1VIbutJ network former bb6'1~ 

Na20 vh'Vf'W1~bUtJ network modifier 

2.5.3 Intermediate oxide 

Intermediate oxide ~e:Je:Je:Jfl161l~~hJ~1m~mil~ 1m~~~1~ 11"1~~~1 f.J'IJe:J~bbtl1 1v1v11 fJ 

~1be:J~ bb~~1m~m·ih 1 L.l~1~n'U 1m~~~1~ 1f1~~~1~iJe:J~1v1 btJtJe:J~ri"LJ~~fle:J'U~"Ii1f.J b~~~~0~m1~ 
" 

'VltJVI1tJ ~e:J ~ 1 ~ bf1i1 bb!;'l~ b ~~ r111~ bb ~~ bb ~~1 ~ih.J bbn1 'VltJ ~e:1n1 ~n ~n ~e:JtJ'IJe:J~ ~1 ~ bf1i1 bb!;'l ~~.n11~ 
bbd~~e:J~1v)~ b"litJ Al20 3 boV11't.l~1~n'U1f1~~oV1f.J6E~m1tJ~L.l Alo4·4 bb'VltJfl~~'IJe:J~ Si04-

4 btJtJ~tJ 
" ' 
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2.5.4 Minor ingredients 

~1'li1~LJ~\.JLJ~-:J~d.Jtf~~hu~'W 1 b tl'W1\9l~~h.Jvfl m 'WLJ1d.J1tub~~-:Jb~m:lem bb~iJf111d.J~1~11J 
b~Bb~d.Jf1tu~d.JtJ&i"V€l-:Jbbtl11~~~'W [17] ~1€)~1-:Jb'li'W 

' 
2.5.4.1 ~1~1~~€l-:J (Fining agents) b'li'W 16(lb~~d.Jim~\9l (Na 2S04) m1b6()Uf1 (As20 3) 

bb€l'W&i1d.J'tl (Sb20 3) btl'W~'W m~v11-:J1'W"VB-:Jm1b6(JUf1bb(l~bbB'W&i1d.J'tl~~ f1~1~ 1 n'W bb~bbB'W&i1d.J'tliJ 

LJ~~~'Vl5m'W~frJ1~Bru'VlniJ~1 :ij-:J b Vld.J1~~B m~ 1 -tln'U bbtl1~iJ \9l~ri'1 hm 1 -tl b ~ ~-:JLJ~~m ru~B ~"~ 0.8 
' '\J 

'U1-:Jmrul-tl~-:J 2 "1!'01'1 B~1-:J(I~f1~-:J~~1~LJ~~~'Vl5m'W~rd11-tl"ll'WI'lb~~1 
2.5.4.2 &11~~€lfl~ (Decolorizing agents) b'li'W ~~bi1~d.J (Se) 1f1'UeJ(I\9l (Co) b~B~Bfl 

~b~~1~bfll'l~ 1flb'Vl~fl€JBfl16(jv11 -tlmn1 'Wfl1~e.J~\9l bbtl1 ~~B-:Jfl1~f111d.J 1 LJ~-:J1&1 ~1d.Jtl-:J bbtl1 f1~&1~" 11'1~ 
~~1-tlilB~d.J1n1'W~~vi''U ppm bvh~'W 

2.5.4.3 &11~vl11~bfll'l~ (Coloring agents) 1tii'bbn 1(1Vl~fl~d.J'Vl~1'W68.a-'W ~vh1~bfll'l~ 
~1-:J1 b'li'W bbd.J-:Jfl1~&1 (Mn) v111~bfll'l~l.J1-:J oX-:JGib\9l'W (W) bb(l~ f1B'tJb'tJB1 (Cu) vh1~bfii'1Mh ~b~b~~d.J 

(U) bb(l~\9l~tt1 (Pb) v111~bfll'l~b'Vl~B-:J b'Vl~n (Fe) vl11~bfil'l~b~m btl'W~'W ~-:Jm~bnl'lml'l 1 ~'WB~n'U 
Gifl11~11'1Bflezl (Redox reaction) 1 'Wbbtl1 bD'W'Vl~fl 'WBfl~1n-d'ir-:JiJ51\9l'Vl1BBf116(ll'l1 'Wfl~d.J51mmMu 

' ' ' 
(Rare Earth) ~v111~bfll'l~1til b'li'W Eu 20 3 v111~bfll'l~bbl'l-:J Nd20 3 vh1~bfll'l~l.J1-:J bD'W~'W 

2.6 bbrl'J'Vl6HJVI'!.:i~bbflb'VIV1 

bbtl1Vl(l€ll'l'!'l~bbf11'Vll'l (Cathode Ray Tubes glass; CRTs glass) bD'Wbbtl1~'W'Ud.J1f11'W~€lfl1'W 
"VB-:Jf1Bd.J~1 b\9lB1bb(l~ 1 'Vl~oXP~th'W bri1 ~-:J~m~ru~"VB-:J'Vl(l€ll'l'!-:J~bbf11 'Vll'l&11m~mb&il'l-:J 1 ~b~'W 1tilvi'-:Jm'W~ 

' 
2.6 1J~~tJ'Wbtl'W~'Vl~1'Un'W~l1 b 'Vlf11 'W 1"8m~e.J~\9l'Vlih~Bf1Bd.J~1 b\9lB1bb(l ~ 1 'Vl~oXP~ub~~run11Vlu1 

' "' 
e1 ~1-:J~11'1 b 11 vh 1 ~iJ"V~~~dJ1~1 n'Vlil1~Bf1Bd.J~1 b\9lB1 bb(l~ 1 'Vl~oXP~u~'Ubn1-d b ~d.J~mh'W1'Wmn ~-:J e.J(I 

' 
1 ~"V~~b'Vl~1-dnmmtl'W1Jru'Vl1~~vr'U 1"n~~B-:Jm~n1~1'11~Vld.JI'l1 LJmJ1-:J~11'1 b11 11'1 ~~1'W 1 vmJ bb~1 ~~ 

"' "' 

'tl~d.Jn1~1'111'1~ 1 -Ul5bm'Vl1B~-:J fl(I'U bb~15m~-d~-:J e.J(Ifn~'Vl'U~€l~-:JiJ'll1\9lbb(I~~-:J bb 11'l~Bd.J b tl'WB~1-:Jd.J1fl 
1'W'Vlm~ 1 LJ~~b'VlP!:ij-:J'Wmmd.J'Vl1bb'W1'Vl1-:J~'W 11 'Wfl1'jfl1~1'l "V~~b'VI~1-d'1~'VId.JI'l1LJ11'1~ 1l.J~-:Je.J(Ifn~'Vl'U 
11'1 1 ~€l&ii11'Wbbdl'l~€ld.J'VI1B~-:Je.J(Ifn~'Vl'UUB~~Gil'lbVh~~~btl'Wlt.JltiJ1'Wbbtl1 CRT 11'1~~1'W1'VIrubb~1 , "' 

'W'Ul1iJ68~fl€l'W 11'1B€lfll6(lvl (Si02) b D'W€l-:JfllJ~~fleJ'U'Vl~fl 'WeJ fl~1fl~'WiJ'liJ G11~'li1 ~'VI(IeJd.J bb(I~G11 ~'li1~ 
t.J'!'ULJ~-:J 1f1~-:J &1~1-:J bbn1 b tl'W B-:JI"lt.J ~~ nB'UB nlii'1 ~ 

' 
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2. 7 ~113.1Vi'IJ1bb'W'IJ 

nl~l~fi'J1:lJVI'U1 bb oJ'U (Density) '1JB~~lB~1~bbtll~BtUVIfllJ~eN 1~tJ 1 oUVI~f1f11~'1JB~m1fiiJ~~ , " 
(Archimedes' principle) bdB1~~~:lJB~1 'U'VB~ bVI(lTU1~~l'UVI~m~~~VI:lJ~ ~~i1bb ~~~'U~lVIiJTvjfl 1 

lii'1'1J'VB~l~tl 1~ tJ bb ~~~'IJ~I''h bbVIoJ~~:lJ~f1f1l1~~ijf11:W1f1f1';h bb ~.:J~~5~ bfl~~'U~.:JVI:lJ~~.:Ji1~flvJ.:J~'lJ 1 'U , , 
' ~ 

bb'Ul~.:J b'1tJf1l1bb~.:J(lBtJ~l (Buoyant force; F8) bb(l~'lJ'U1~'1JB.:Jbb~.:J(lBtJ~lbYhi1\n11VIirf1'VB.:J 

'Vm b Vlm~t~nl'~mbYl'lJ~ V1~Bm~nci1111i111 ti'1i1m~~.:Jl~t11 'UB1f11flbb(l~.rr.:J1~t~1 'U'VB.:J bVI(l1 e-1(1~1-:J 'U , , , 

'1JB.:Jnl~.rr.:J~.:J~B.:J~~ijr)1 b vh nuJ 1VIiJf1'1JB.:J'lJB.:J b Vlm~i1LJ1:W1~~ b Yhtl'UtlB'lJl~tl~~:lJBtJ l 'U'VB.:J b Vl(ll , " 
~1:lJ1~tlbb~ ~.:J~.:Jfl1~~ 2.7 i5m~.nbVI:lJ1~tl'UtlB'Ul~~bb~.:J~~:WJ1 bb~~B.:JhJv'hLJl)f11tJ1tl'UJ1VI~B 
(l~(l1tJ1 'UJ1 [15] ~.:J~1:lJ1~tlrl1'UltuVI1~l1:lJVI'U1bboJ'lJ~1:lJVI~f1f11~.n1\ii'~.:J~:lJf11~~ (2.1) [19] 

! 

f 

bdB p ~B Fn1:lJVI'U1bboJ'lJ'lJB.:J~lB~1.:Jbbtll (g/cm3
) 

PI ~B Fn1:WVI'U1bb"li'IJ'1JB.:J'VB.:Jb'VIm (g/cm3
) 

Wa ~f) J1VI'Uf1'1JB~~lB~1.:Jbbtll~~.:J1'UB1f11fl (g) 

Ws ~B J1VIirf1'VB.:J~lB~1.:Jbbtll~.rr.:J1'U'VB.:JbVIm (g) 

2.a m3.11~':i1~EJ13.1~ 

(2.1) 

LJ1:w1~~ 1~ tJ 1:w(l (Molar volume) tlf1fl1VI'lJ~btJ'U'lJ1:w1~~~tlf1i'nB'UfnB.:J'VB.:J~1~VI~.:J 1:w(l1 'U 
" " 

l~~VI~.:JV!oJl tJ(lf1'U1fln b~'U~ b:lJ~~ ~ 1:lJ1~tlVI111ii'~ 1f1~:lJn1~~ (2.2) [20] , " 

(2.2) 

bdB Vm ~B LJ1mm1~tJ1:lJ(l (cm3
) 

Mg ~B :Wl(l1:Wb(l~(l'VB.:Jbbrb (g/mol) 



12 

2 . 9 b 'Vlflijflfi~'Llb~v-:~el'~H~1~1111il-nn 
n1'jlVJ ~l.nJ'~rrn~~ V~Vi£hJ'lleJ'r!~V~ J'W 1V~ mJ n~ bb~1 "'il~vh n1'j~'l.J'j'IJ \911~~1 \9l'j\i1'W bb~1vl1 n 1'j 

, 'I 'U Q:ll 

'VlV~~eJ'U b"li'W 'VlV~~eJ'Um 1~ bb ~~ bb 'j~'/JeJ-:Jl~V~ n1'j'VlVJ~eJ'U 1 'W~n~ru~'iib tJ'Wnl'j'VlVJ~eJ'U bb 'U'Uvl1m8l'~V~ , , 
~~J'Wm 'j 1 -if b 'V1 rrufl m 'j'VJVJ~eJ'U bb 'U'U hJv11~18l~ V~~18fl~'Wb~8~ e)~ \91~11"11-nn b ~eJ'VlV~~eJ'Uflru~~tf~ , , 
~VJVirl'W'lleJ-:ll~VJ b tl'Wb 'Vlflijfl~ b'Vi~1~~~tl'Ul~VJ~~'W'j'lJfJ1f1 [21] 

, 'I 'I 'U 

2. 9.1 fi~'Llb~v-:~el'~;wl~1111il-nn 
m'j~1 bb 'Wf1fl~'W b~8~m~1'jtl~ 1 bb 'W n\911~f111~ ~'lleJ~fl~'W 1~ ~~ii 
2. 9 .1.1 B'WYb1"1l1TU (infrasound) fl~'Wb~8~'1JtiV~'iiilf111~~~eJ8f1l1 20 Hz btl'Wfl~'W 

b~8~~5Jm1~~~1n11f111~~~Vi~'W~6"'i1~~1~1'jtl1''Un~ 8f1~1eJ81~b"li'W fl~'Wbb~'W~'W 1 Vi1 m'j 
" , " 

~'W~~bVieJ'W'lleJ~eJ1f11'j btJ'W~'W 
2.9.1.2 eJ~fl~~f1 (acoustics) btl'Wfl~'Wb~8~~ilf111~~eJrl'j~Vil1~ 20Hz~~ 20kHz 

" " 
~~Vi~'W~6~1~1'jtJ1~8'Wm1~~d n1'j 1~8'W"'i!~~'WeJrln'U bb~~~'Uflfl~ bb~~m8~18 

'U 'I 'U , , 

2. 9 .1.3 eJ~\91~1"11111.1 (ultrasound) btl'Wfl~'Wb~8~~ilf111~~~1nn11 20 kHz 1-b't'W~1'W 
\9l'j1"'iJ~eJ'Ul~V~ bb'U'U hJ"V11m8 ~~"'il~ b~~~'IJ'j~~1ru 20 kHz ~1Vl1''U'VlV~~eJ'Ul~V~fleJ'Wf1~\9l bb~~m1~~ , , 
~11LJm-if"'il~eJrJ'j~Vl11~ o.5 bb~~ 1o MHz 

" 
2.9.2 'tlij~'!Jel-:Jfl~h.J (Type of waves) 

fl~'W~1~1'jtl~1 bb'Wf1 1~ 2 '1JtiV~ \911~-YiPI'V11~n1'j bfl~eJ'W~'lleJ~fl~'Wbb~~eJ'Wf11 fl ~~.Q' , 
2.9.2.1 fl~'W\911~811 (longitudinal waves Vi~eJ pressure waves) 

fl~'W \911~ 811 b tJ'W f1 ~ 'W~iJ'YiP~'V11 ~ f1 1 'j bfl ~ eJ'W~ 'lleJ~ f1 ~ 'W eJ 81 'W 'Vi PI b ~ 81 n'U'YiPI 
" 

'V11~f11'j~'W~~b YieJ'W'lleJ~~1nm~ r111~ b 11'lleJ~fl~'Wb~8~m~m1"'il~ilfi1f1~~1 'Wl~V~ bb~~~'IJ'j~ bfl'Vl b "li'W , 
fn1~b11fl~'Wb~8~\911~8111'Wb'Vi~ f1f1~1 (steel) 5Jfi1bVlltl'U 5920 m/s btl'W~'W bdeJ~ "'iJ1'j UJ1f11'j 

I I I I 

.c:!t .c:::i I V V V .::I l .Cil Cit 

bfl~eJ'W'Vl"'il~~'U1 1f11'jf)'j~"'iJ18\911~~~f11'jeJVJ\911'1JeJ~eJ'Wfl1fl"'il~~'j~8~Vi1~fl~'Vl\9l~eJ V] '[JUJ~'Vlf11'j , 
bfl~eJ'W~m~ 8111 'W ~1nm~il-YiP~'V1 1~m'jbfl~eJ'Wm 'Wbb 'W1 b~ 81 n'Un'UeJ'Wm r1 ~~v111 ~fl~'WLJ 'j~ bn'Vldil , 
fi1r111~ b 11fieJ'WoU1~~~ ~~fl~'W~tlf161~e:Je:Jfl"'i11fli1'1i'V~fl~'W b~8~eJ~\91~11"1ltin1V~8~1 1 i.J"'i!~btJ'Wfl~'W~il 

" " 
m1~ b 11~~ b"li'Wn'W fl~'Wm~811~1m'jmnV~~'W 1vil 'W~1nm~~b tJ'W 'lleJ~bb~~ 'lle:J~b'Vl~'d bb~~n16(1 

" 
1V~ mtJ'Wfl~'Wb~8~~ bflVJ"'i11flf11'j~'W'lleJ~ b~~b 'IJ'j'W [21] ~~ bb~V~~1 'Wf11~~ 2.8 ~~"'il~vl11 ~bnV~611'WeJV1 
(Compression) bb~~611'W'll818 (Expansion) 

Compression Expansion 
a w~ve crest <> wave trough 

~d0f <··. :. · :~t. ,~;t;:!/.· ·_: 'i:~;,:~;~t rt:,~·lf:·~_~ : si .· 
~ ~ 
-vfb ration di rect1ons 

-------Direction of wave propagation 
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o:d ~ ~ ..::!11 .dil 

2.9 .2.2 fi61'W~1lJ"lJl1.::1V!~f:lfi61'WbiilfJ'W (Transverse waves V!~f:l Shear waves) 

b U'W fl ~'W~ii'Vl Pl'Vl1 .::~ m ~~'W"ll B'l B'W.fl1 fl bbm~'Vl Pl'Vl1 .::~ m~ bfl~ B'W~"lJB'l fi~'W ~.::~ :u 1 n 
' 

n'Wvi'11 ~fi~'W bQB'Wiirhfll1lJ b ~l~f) tJf1l1fl~'W ~1lJtJ1l fld1lJ b ~lfl~'W b~m bQf)'W ;u~iir1 1fl.::~m 'Wl'~ ~ bbl11 
' 

61~t.h~b.fl'Vl b"li'W fll1llb~lfl~'Wb~tJ.:JbQB'W1'WbV!~nml'1 iir1wvhn'U 3250 m/s bU'W~'W [21] \9llmh.::~~ 
b~'W1~'li~b;;J'W b"li'W 1 -ff~B~'Ub"ilBmb~l~~tr~ b"ilBn~'W61.:J1 'Wbb 'Wl~.:J 9;1P!'Vl1'ln1~bfl~B'W~"lJB'lfl~'W;u~~.::~ 
u1 f1n'U'Vl Pl'Vl1.::1 f11 ~ bfl~ fJ'W~"lJf)'lfJ'W.fl1 fl'U'W b61''W b "iJB f1 \il.::~ bb~ ~.::11 'W.flTW~ 2. 9 

' 

" Uillllft'ftlJ 

-- --------1-- --- - ------- --- -- ----- ----------------- '"'-"'" 

2.9.3 n!J"'..el~l:lb'I.Jiil (Snell's Law) 

b~Bfl~'WmlJtJ1lbfl~B'W~;;J1n\9llnm.::~~ 1 1i.Jf!.::~\9llnm.::~~ 21~tJvl1lllJ aL n'Ub61''Wi.Jn~ 
' 

(Normal line) ;;J~bU'W1i.Jml!f1-!Jn1~~~VlfJ'Wbb61~bfl~f11~bi.J~tJ'Wbbi.J61'l"lJfJ'lfl~'W (mode conversion) 

bll'Wfl~'WbQB'W [21] lil.::~m'W~ 2.1 o ~.::~;u~ bfl~fl~'W~1lltJ1lbb61~fl~'WbQB'W 1 'W\9llnm.::~~ 1 bb61~ 2 

Medium I 

Medium II 

c 
L 

Nonnalline 

~ ..::!11 ~ .d_ 0 V2.1 q 

blJB CL flB fl61'W~1lltJ1l'Vl~nm~'Vl'U'Vl1llll aL n'Ub~'W'\.Jn~ 
' 

Interface 

Cu ~B fl~'WmlJtJ1l~~~VfB'W1'W\9llnm.::~~ 1 bU'W~lJ {Ju tl'Ub~'W'\.Jn~ 
CTI ~f) fl~'W~1lJ"lJl1'l~~~VlB'W1'W\9Jlf1t;11.::1~ 1 blJ'W~lJ /hi tl'Ub61''Wi.Jf1~ 
CL2 ~B fi~'W~1lltJ1l~~1'WboU1hfi'W\9llnm .::~~ 2 bll'W~ll /]L2 n'Ub61''Wi.Jn~ 
CTI ~B fl~'W~1lJ"lll1.::1~~1'WboU11i.J1'W\9llnm.::~~ 2 bll'W~ll /]TI n'Ub~'W'\.Jn~ 
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m"J" thvtu vrYi Pl'Vll~"U€1~ A~'U b~CJ ~ ~~ nl Vl'U V1 niJ b~'UtJ n ~ ~~ m "J"'lX n b Vlbb6'1~ m "J"~~VI Btl "Um 

A~'Ub~CJ~btl'U~~ 1 tJ\9ll&Jn~"UB~m'W6'1 (Snell's Law) ~~~:Wfll'J'~ (2.3) 

b~€1 C1 fl€1 fldl:Wb~l"U€J~A~'Ub~CJ~1'W~'Jn6'll~~ 1 

C2 fiB ml:Wb~l"UB~A~'Wb~CJ~1u~lnm~~ 2 

a1 fl€1 :IJ:IJ~ C1 VlltliJb~'UtJn~ 
' 

a2 fl€1 :IJ:IJ~ c2 vlltliJb~'WtJn~ 
' 

(2.3) 

~lA~um:wml CL 1um'V'l~ 2.11 \9lnm~'VliJvll:W:W aL niJb~'UtJn~ \lln~lnm~~ 1 
' 

~lub·ih1tJ1ul'lln6'll~~ 2 bb~lvi'l1~ CL2 B~~~l"UB~"J"BCJ~B fiB /3L2 bvhntJ 90 mPll ~~[ll'V'l 
~ 2.11 (a) \1~ b1CJnll ~:w1n~\9l~Vl~~ (first critical angle) ~~ b 'J'l\I~'V'liJllA~'Ub~CJ~~~l'Ub oVl1 tJ1 'U 

1~ Vl~'U "~~;;ln~ru~ b tluA~'U bUB'U cil'UA~um:w CJ ll "~ bflVl~ ~l"J"BCJ ~€J"U€J~l~V11vl'V'l€J~ bb6'1~ b~B:W:W 
' ' ' 

QL b't.J~CJ'U 1 tJ\I'Uvll1 ~ C T2 €J ~~~l'J'€1 CJ ~€1 1vl'V'l€J~ fl€1 /3T2 bVhtliJ 90 tl~Pll ~~.fll'V'l 2.11 (b) \1~ 
b1CJnll ~:w1n~\9l~61€J~ (Second Critical Angle) ~'Ufl€1 A~'U(9ll:IJCJll\1~61~Vl€J'U€J€Jn\lln~T161~ 
bb6'l~A~'UbU€J'U\I~€J~~ ~l"J"BCJ~€1 1vl''V'l€l~ ;;ln~ru~~ bflVl~'U.Qb tlum"J"vi'l1 ~ bflV1A~'U bUB'U 1 'Ul61V1 ~~ b tJu 

" ' 
Vl;;lnm"J"b ~m1l1 tJ~~\9l btl'U~lml\161€JiJA~'Ub~CJ~eJ6'1\9l~l1svtin"!ltiV1'lXl:w:w ~l'Vl-riJm"J"l'V1ml:w b 1lA~'U 
bQ€J'U 1 'Ul61~"UtiV1~l~ 1 

c 
L 

(a) 

' 

(b) 

.d .c::t. ~ .d d 
[l'l'W'VI 2.11 m·nnV1~1l'Jn~\9l'VI'Vl'U~ (a) bb6'l::!;leJ~ (b) [21] 

1 'W'Vll~tJ ;hj~~ ~~ \9l'lXl \9l "J"l\161€JiJ A ~u b~ CJ~eJ6'1 \9l~l1 svti n"!lti V1'lXl1J:W~Al l:W -oJ l b tJu~\1~ ~€1~ 
~ " ' 

vll1 ~ bflVl bu'V'll~ A~'U b~ CJ~ \9ll:IJ"Ul l~Vl~€JA ~'U bQ €J'U b Vll~'U 1 'Ul~Vl \9l'J'l\161€JiJ ~~ -oJ' l b tl'U ~€1~~ nl'J' 
I I I I 1 , 

fll'Ulruvn:w:win~\9lViww~ bb6'l~:w:w1nn\9lVi~B~Vivh 1 ~bJ bflV1A~'Wb~CJ~\9ll:WCJll 1 u161V1 1V1CJ\I~fll'Wl ru 1-ii 
" " "I " 

V ..d I 2.J i.1 i.1 

n~"U€J~~b'U6'l V1~'Vln6'lll:I.Jlbb6'ld"Ul~\9l'U 



CU'Ylh'LV 
6t 
1.) !o lp 1 

ciS 51 

2.9.4 t'VIflilfloW~iiheJflbfl (Pulse echo technique) 

15 

b'VIf1iJf1~t'ls6bBf11f1 b tJ'tiJ5nT~Vi~-:J 1 'Wf11'~\9l'Jl~~BU~,~~ 1~ ~ 1-iJ'fl~'Wb~~-:J~l'W~~~VlB'W m)'U 
' ~lml~~B'U~~Vl1ViLJ1~btl'W~-:J~l~-:Jbbt'l~~l'!'U~-:l~'1JqJ1tuf1~'W b~~-:JBt'l\91~11"1ltin BBn hfl 'W~n~ru~ 

~t'l~ (Pulse) f1~'Wb~~-:J~~ bb~m~~1~BBn 1 LJ1 'Wl~~~'Wm~vf-:J~-:JBn~1'WVi~-:J'1JB-:Jl~~~-:JVl11 ~f1~'W 
' ' 

b~ ~-:J~~Vf B'Wfi~'U b 1J'U'U1 -:J~l'WVi~m~-:JVi:W ~ fl1~'W~~~VleJ'Wf1~'U~-:Ju1 n tl'U'Vi ~'VI1 -:Jn 1 'J bf1~ B'W~'lJB-:J f1 ~'W 
b~~-:J~~v111 ~f1~'Wb~~-:J~~~VfB'Wn~'U~n~'U 1 '\.J1 'WVJ~'VI1-:J b~:w bbt'l~~~~-:J~Tr'U~l ~'a~~~ b 1m Vi~-:J~'WB~ 

'\J 

tl'Uf1l1:W b1l'1JB-:Jf1~'Wb~~-:J 1 'Wl~~ bbl?it'l~'IJiJ~ bbt'l~'J~~~vi1-:J'1JB-:l~l\9l'Jl ~~B'Utl'U~l~~VJB'W [ 15] 
' 

m'J1~ 1~ ~ 1-i!b'VIf1tif1f1~'Wb~~-:JB't1\91~116!1Un ~~Vl1m'J1~m1:w b1lf1~'Wb~~-:JBt1\91~116!1Un 
\911:W81l 1~~1-if~l\9l'Jl~~B'U\9l'J-:J (Normal beam probe) bbt'l~f1d1:Wb1lf1~'Wb~~-:JBt'l\91~1htimQB'W 
1~~1-if~lml~~B'U~:W (Angle beam probe) ~n~ru~m'Jn1'Jl~bt~~-:J1~b~'Wvl-:J.f11i"l~ 2.12 

ngle beam probe 

rmal beam or be 

1+----+-- Renection wave 

Sample 

Q.l.:::.,~ I Q.l il 

2.10 ~:W'U\9lti~'Viti'W'1J€1~1~~Un'J • • 

Sample 

M11i"l~~Vi~'W (Elasticity) AB ~:WD~'1JB-:Jl\9ltl~b'\.J~~'Wbb'\.Jt1-:J'J'\.J11-:J1~b~Bljbb'J-:Jn'J ~vl1 bbt'l~~~ 
' ' '\J 

n~'UA'W~'J'\.J11-:Jb~:w1~b~mii~~BBmb'J-:Jm~Vl111iBl\9lti,!'W bbtllbU'W elastic material ~~:W'U'~tUbb'U'U 
\J\J , , \J 

n~ 1lAB ~~ 1lJ b '\.J~~'W'J'\.J11-:JB~1-:J t11l'J bbl?iljf1l 1:W b '\.J'J1 ~ ~-:JVi:W 1 ~ ~-:J~~ bb\9l f1 b~B 1~1'U m 1:W br1''W 
'\J 

(Stress) ~b~:W~'W [15] 

2.10.1 fi11:Wt~'W (Stress; (J) 

m1:wbr1'W Vi:W1~~-:J bb 'J-:J~1'W'VI1'W.fl1~ 1 'Wb~Bl~~~ljl?lmb 'J-:Jm~'WBn~mm~Vl111iBVI~-:J 
' 

m.h~~'W~ bbl?ib~B-:J~1nf1l1:W hJ bVi:l.J1~~:W'VI1-:J'\.Ji]D'~ bbt'l~m1:wmn 1 'Wn1'Jl~Vi1~1~ b 'J1~-:J:Wn~~~~ 
~-:Jf1d1:W b~'W 1 'W'JD'lJB-:J bb 'J-:J.f11~'WBf1~:l.J1 m~Vl1 l?ieJVi~-:JVi't.h~~'W~ ~l~ b Vi\9le..Jt'l~l1 bb 'J-:Jn'J~vl1.f11~'W Bn 

'\J ' 

ljf1l1:W~:W~t'ltl'U bb 'J-:J~1'W'VI1'W.f11 ~ 1 'W 
' 

2.10.2 fi11:Wtfl~tl~ (Stain; G) 

f1l1:Wbf11~~ Vi:l.J1~~-:J bb 'J-:J~:w1m~Vl111im~B'1JB-:Jl~~ ~'Wl~~btl~1''Ubb 'J-:J,!'W HhJ1 Vil Vl1 
' ' 

1 ~btl~ m 'Jb '\.J~ ~'Wbb '\.Jt1~'1J'W 1~ bbt'l~'J'\.J11-:J 1 LJ1 'WVJ~'VI 1-:J '1lm bb 'J~~mm~Vl1 b 'li'W btl~ m'J~~ ~lB Bn 
'\) 

(Elongation) Vi~BVi~~lb'ih (Contraction) 

khanitha
Rectangle

khanitha
Rectangle

khanitha
Rectangle
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afl19fj ~ Vl'Vi ~'W'lJe:J.:r'J~ V1 bb{;]ft ~'lJ'U V1 e:JTil ';;J ~~ ';;J1';itw11~';;J 1 n m1'Wrr:m.J~:wYrwb~Vil1~fll1:W br1''W n'U 
' ' 

fll1:W bfl~tJVl vl'~bb~V1~1~b~'W1'Wm'lfj~ 2.13 ';;J1flm1'Wb~e:Je:Je:Jmb';i~~~1~V11 ~~Vle:Je:Jfl~'Ul1fll1:W br1''W';;J~ 
' 

b tJ'WL.J5m flbVl tJ l'l';i~ n'Ufll1:W bfl~ tJV11 'W•1h ~';i~ tJ ~Vi~~ ';;J'W ~~~Vl~ b~tJ n11~V1 ·•ih n V1 f11';j bb l.J';iir'W ~'~ ';i ~ 
(Proportional limit) bV1tJ1 'W'lil~'ii1~~';;J~lJ~~~m';i:Wbb'U'U~Vl'Vi~'W (Elastic behavior) ;~';;J1flm1'W 
b';i1~1:1J1';itl'Vi1r11t1'~1:w~"'~ (Young's modulus; E) 1~';;)1flfl'd1:1J~'W1'W'lil~d il''Wfie:J E = (J/E: bbft~ 
';;J V1 ~ V1 Vi'1 tJ~1 ~Vl ';;J ~ hJ~ 1m ';inn "''Um iJ~ fl ~ m ';i:W bb 'U'U ~ Vl'Vi ~ 'W 1~fi e:J';;JV1 ~ b~ tJ fll1 ~Vl ~1 n V1 fll1:W 

'I 'I Cl a I 'I 'I 

~Vl'Vi~'W (Elastic limit) Vi"'~';;J1fl~1'W'lil~'ii1L.Jbb~lfll1:1J~:IJ~'U5vl'~n~1l';;J~ 1l.lb U'WL.J5mflbV1tJI'!';i~{;)e:J 1 L.J 

Bfl bbft~~1e:Je:Jf1bb';i~~~~~';;JV1~b~tJfll1 ';;JV1fl';i1f1 (yield point) ;~bU'W';;JV1~fll1:1JtJ1l'lJm1~V1b~:We:J~1~ 
, 'I 'I , 

';ilVlb~l b~e:Je:Je:Jf1bb';i~~~{;)e:J1L.J1~V1';;J~'lJ1Vle:Je:Jf1';;]1fltl'U';;JV1-d'b~tJfll1 ';;JVlbbl'lfl~fl (Fracture point) ;~';;)Vl , , , , 
.c::i..:::::l a • ~ .q . 

'Vl:Wfll1:1Jbb'lJ~bb ';i~l'!e:Jbb ';i~Vl~~~~Vl b ';itJfld1 Ultimate Strength [22] 

'W e:Jfl';;J1fldbb~l 1 'W'lil~'U1 b ltu~1~V1lJf11';i b L.J~ tJ'W';iD~1~ b~e:JiJ bb ';i~:W1 m~VI1Vi'1e:J~~1~V11 ~~ V1 e:Je:Jn 
' 'IJ ' 

bbft~t1'~~1:1J1';itlfl"''lJ~';jlJ~1~b~:W 1~ b~e:J'VitJVle:Je:Jn bb ';i~m~Vi1 n'U1~V1 b~tJn'U1nru'ii11 fl1';j~mL.J bb 'U'U 
'\J\1 , , 'U 

~Vl'Vi~'W (Elastic deformation) ~l'W 1 'W'lil~~1~VllJfl1';i b L.J~tJ'W bb l.Jft~';iD~1~ 1 l.Je:J~1~tl1l';i 1l.l~1:1J1';itl 
' ' 'IJ 

n"''U~';iL.J~1~ b~:W 1~ bVl tJ1 ~Vl tJ'~ 1l.J5n'lJ1V1Vi'1mbl'lfl~n b~tJ n'U1 b 1 rudi1 f11';i~V1';il.J bb 'U'U~ft1~ ~n 
'U'U , '\J 

(Plastic deformation) 

Stress (a) 
Ultimate strength 

Yield point I 

Elastic limit \ 

~ . 

l Propo11ionallimit 

Fracture point 

------~----------+ Strain (c:) 
Elastic deformation +-- 1 ----+ Plastic deformation 
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2.10.3 ba.J~~!;l\911a.J~1'J (Longitudinal modulus; L) 
" 

1a.~~~~l'l1:l.W11 fiB Bl'l~1~TWfn1:JJbfl'WI'l1:JJtn119ieJm1Wfl~tJ~m:JJtJ11 btl'WA1fn1:JJ 
'U 

~1'W'V11'WI9imb~..'ln~1'Wbb'W11'11:JJtn1'lleJ..'ll~~ bb~~..'l1~~..'lm'V'l~ 2.14 , 

2.10.4 ba.J~~!;lbOB'W (Shear modulus; G) 
" 

1:JJ~~~ b~B'W fiB Bl'l~1~1'Wfi11:JJbfl'Wb~eJul9ieJm1:JJbfl~tJ~ b~B'W Vl~B~ bb ~..'l'll'W1~ b vhnufi 
'U 'U 

Vl~..'l~eJ tJ l 'W~~'WTU b~tJ1bb\9J~Vil"l'V11..'l~1'W'V11..'l tl'Wfl1~'Vlltl't.Jl~~ vh 1 ~~1'1JeJ..'ll~~ bflVl fl1 ~ b~eJ'W 1 tJ l~Vl 'U , , , 

~m:JJVl ~~ b~B'W~..'l bb~Vl..'l11l'l'ln~u~fi11:JJ'Vlul9ieJm~ b~Bu~~Vl11..'l~1'llml'~V1 ~~ ~..'l~1m~fl bb~Vl..'l1 ~ 
'\.1 'U , , 

b~'W1~~..'l[l1'V'l~ 2 .1 5 

F 

F 

2.10.5 1a.~~~!;lb~.:tma.J11'l'a (Bulk modulus; K) 
" 

1:JJ~~~ b 6fi..'ltl~:JJ11'1~ fiB Bl'l~1~1'Wfi11:JJbfi'u 19ieJfl11:lJ bfl~tJ V1 b "tl..'ltl~m ~~ Vl~BB~~1 ~1u 

'lleJ..'lm~ b tl~tJum1:lJ~u19ieJfl11:lJ bfl~tJVl b 6fi..'ltl~:l.J1 \91~ b tluri1~'1J..'lueJnm1:lJ~1u'V11'W'lleJ..'l 'lleJ..'l bb~..'l Vl~B 
'lleJ..'l b'Vlm b~B~ bb ~..'l:l.J1m~v111 'W'VlflVil"l'V11..'l bbibv111 ~tl~:lJ11'l~btl~tJ'Wbb tJ(;J..'l1 tl 611:JJ1~fl bb~V1..'l1 ~b ~'W 1~ ~..'l , 

..,; 
.fl1'V'l'V12.16 
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2.1 0.6 Blil":i1ri':ruiJ1~ElHl.:J (Poisson 's ratio; (J) 

Blil';i1~Tt.rul~6!leJ..:J fie:J e) m1~TU"lJ€l..:Jfld1l.lbfl~tJ~ 1 tm t!l~Tuob'1-.:J ~ e:Jm1&J bfl~tJ~ 1 t!bb til 
V Q.J .dil Q.J 1 Q..l I I Q..l Q.l I 

~1'UtJ1l"lJ€l..:Jl~~ ~';i€l€llil';i1~l'U"lJ€l..:Jn1';i~~lilllil1l.l"lJ'd1-.:Jiil€l~'UltJfll1l.ltJ1lnDn1';i"lJtJ1tJiilllil1l.ltJ1llil€l 
' 

~~ltJfl'd1l.ltJ1l rl1Bm1~ 'd'U1:b~6!!€l..:J"lJ€l..:Jbbtl'd ~ ~ljf11€l~';i~W-:l1-.:J 0 ~..:J 0.5 ~1~1D High cross-link 

density ~~eJ~1t!'lil..:J 0.1 ~..:J 0.2 bb;;'l~ Low cross-link density ~~€l~1t!'lil..:J 0.3 ~..:J 0.5 [23] 
~ ~ 

1~tJ"'mm.1~bb ';i..:J~m~vhn'tr11ilt11il1&JUtJ1&J"lJ€l..:JBiil';i1~lt!tb~6!!€l..:J bb~~..:J 1~vi'..:Jm~~ 2.17 
' 

F F 

2.10.7 ~.:lbl.llil~!;l (Young 's modulus; E) 
'U 

~..:J bl.l~ "'~ f1 €l rl1fll 1l.l 8 ~ ~ ~'U"lJ eJ..:Jl~~ l1f11 b vh tlDB lil';i1~l'U ';i~~l1-.:Jfll1l.l bflt! ~eJ 
'\J ' ' 

fl'd 1l.J bfl~ tJ ~ b tlt! rl1D €l n';i~ vlDfl'd1l.l bb ~..:J bb ';i ..:J "lJ €l..:Jl~~ ~1€l b tlt! rl1 ~ bb~~..:J ~..:J fl'd1l.J ~1 'U V11'U ~ €l 
' 

m1&J bfl~tJ~~lj bb ';i..:Jm~vh}11"1V11-.:Jb~m :r~~~l1~-.:J 1&J~"'~&J1n bb~~..:Jl11~~~t!l1fl l1l.!Vl'U~€l n1';i 
' '\J ' 

blJ~tJ'UbbD;;:J..:Jfll1l.ltJ1l 1~&J1n vl..:Jbb~~..:J1 tim~~ 2.18 'U€ln~1n-d'bbfbf11~-.:J 1&J~"'~~..:J~1l.l1';it1~11~~1n 
'\J 

fld1l.loff'U"lJ€l..:J n';i1'\-'J fl'd1l.J~l.J~'Uih~~l1-.:Jfld1l.J bfl'UtlD fld1l.J bfl~tJ~"lJ€l..:J1~ ~ 1 t!'li'd..:J~lj~q~n ';i';il.J b tJ'U 

bbDD8~~~'U (Elastic behaviour) vl..:Jm~V1 2.13 
' 

I ~ <V 1 ~ 2.10.8 fl1fl11llbb"ll.:J"a::lilD ll bfl"a (Micro-hardness; H) 

rl1fll1l.l bb ~..:J';i~vlD 1&J bfl';i b tlt!fltl.!~l.lU~"lJ€l..:J1~~~~1l.l1 ';itl ~1'UV11t!~1€lVl'U~€l n 1 ';i 
' ' 

b~tJ~LJ bbDD~m~~n 1~tJLJn ~ bn~~1nm';iVll 1 ~b lJ'tJ-;j€JtJ~1 n m';in~ €l ~1-.:J 1 ';ifllil1l.lfll1l.l bb ~..:J€l1~';ill.l~..:J 
v • q v a v 

fld1l.llil1'UV11'Uiil€ln1';i"lJ~ n1';i"lJ~ ';i€ltJt1;;:J€Jn btlt!lil'U 

1 > 
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'lh:rr-:J~B'lJ~~1b~~vfiofftJ~~1~'11'W1'Wf11~lbf1~1~~Vl1-!lbf1~ 1~bbfl 'li'N Middle IR b~eWil1fl'1il-:J 
d-r-:J~B'W~~1 b ~~~~~-:J-:J1'Wrle:J'WoU1-:J ~1 b~e:J 1:wb~n~'1Je:J-:J611~~~n~'W-r-:J~B'W~~1b ~~ b .U11 tl~~vh 1 ~~'Wli~ 

, 'IJ 

1 'W 1:w b~fl~ bfl~ f11~~'W bb~~ fl1T'v1:W'W ~-!l bfl~ f11~ b tJ~ ~'W bb tl~-:J'1Je:J-:J1:W b~fl~ m~ffi:w b~ fl~~~ ~~ fl~'W -r-!l~ , , , , 'U 

B'W~~1 b ~~ 1~~'W f1l1:W~'1le:J-:J-r-:J~B'W~~1 b ~~ ~~ ~e:J-:J~riwvhn'Um1:w~m~~'W'1le:J-:J1:w b~~~'1le:J-:J611~~'W 1 

~-!l611~e:J~'WVl~~ bb~~~'11~~~~~ri1m1:w~'1Je:J-!J m~~'W~:ij1 b ~1 ~bb~~ bb\Pln ~1-:Jn'W 1 tJ vh1 ~611m~t1'111 
b Vlf1~f1d:w 11m 'W fl1 ~l bm1~~1f1~-!l61~1-!l bb~~'11~~'1Je:J-!l611~e:J~'WVl~ m~ fl1~ bb61~-!l ~~~1~ ~1 fl fl1~ 
lbf1~1~~~lmVlf1~f1dbb61~-!lb U'Wf1l 1 :W~:W~'Wth~vd1-:J b~'1Jf1~'W (Wave number) tl'Ubtle:J'h~w•1m~ 
~-!l~1'W-r-!l~ (%Transmittance) 'V!~e:Jbtle:J1b~'W~fl1~~~fl~'W-r-!l~ (%Absorption) ~-!lb~cJfll1 Infrared 

spectrum bb~~~fl'13ru~m~~~fl~'W-r-!l~B'W~~1b~~~~bU'Wbbtl'U (band) 'V!~e:J~f1 (peak) [24] 611:l.J1~tl 

bb61~-:J1~b~'W1~~-!l.f11~~ 2.20 
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nT~i~~n~'W~-!l~B'WvJ-;i1 b -;i~m-:Jn'U"tl6'i'-:J-:J1'W 1 'WoUl-!l 2 n-:J 10 nb6'lbbf16'16ie.J~I9ie.J bl.l6'1 "1'16'i'-:J-:J1'W'UeJ-!l 
'\J 

~ -:)~ bbll b 'Vi~ n 1 vJ'vh 1 mh'W'ii n eJ 1 ~ bn ~ n1 ';i~'W '() e.J-!l~'W 5~1 'W bl.l b6'1 n6'l'Ue.J-!l ~ 1-;i 2 bb 'U'U ~ eJ bb 'U'U ~~ 
' 

(Stretching) bb6'1~ bb 'U'U-!le.J (Bending) 1~ t.J m ';i~'Wbb 'U'U~ ~ b 'iJ'Um';i bf1~ e.J'W ~ e.J ~ 1-:J b 'iJ'U ~-!l'Vil ~ \?11l.l 

bb'Wl bbn'U~'W5~'Ue.J-!le.J~\?le.Jl.J~ 19ie.Jtl'We.J~ vl11 ~ bn~ n1';i b 'IJ~ t.J'W bb 'IJ6'1-:J'Ue.J-!lf1l1l.J t.J1l~'W5~ ~-!lm~~e.J-!l 
'\J 

';i'\.Jbb'U'U~e.Jt.J ~e.J bb'U'U~l.Jl.J1\?l';i (Symmetric) bb6'l~bb'U'Ue.J~l.lmm (Asymmetric) ~l'Wn1';i~'Wbb'U'U-!le.J 
'\J 

b'iJ'Wn1';ibf1~e.J'W~~v111 ~bn~m';ib 'IJ~t.J'Wbb'\.J6'1-:Jl.ll.l~'W5~ ~-:Jm~Uih'IJ bb'U'U'IJ~n~e.Jt.JBn 1~ bbrl twisting 
' '\J 

wagging 'Vi~e.J rocking bb6'1~~-!l'Vil.l~-d'm~Ubn~m';ibf1~e.J'W~B~1'W';i~'W1'Ub~t.Jltl'W (in-plane) 'Vi~e.JI9i1-:J 
';i~'W1'U (out-of-plane) il1~ ~'\.Jbb'U'Un1';i~'Wb'Vi~1'\ibb~~-:J1~bi1'W~-!lf11"tl~ 2.21 [26] 

asymmetric stretching symmetric stretching 

(a) Stretching vibrations 

in-plane bending 

or scissoring 

out-of-plane bending 

or twisting 

out-of-plane bending 

or wagging 

in-plane bending 

or rocking 

(b) Bending vibrations 

.f11'Wvl 2.21 fl1"ai'W"llB..:Ibl.Jb~~~b'W~'IJU'U'UI9i1..:J ~ [26] 
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2.12 n:wl1t~lil.n1cw~.:~~u~ ::~.:~ ~ 

n:wl1t~ lilmv-rr.:~~ b tJt.~LJ~1 n!Jm ~rum~~m ~ ~1~ bfi~~tl beJ'l'lJt~'lti1 bfl~~~1 t~ t~~lileJ:w~hJ b~n~ ~ 
m:wLJn~ bb~1 m ~~e:J ~ lile:J:W~m ~~1~ n ~~lim~ bb~-r'l~~~ lil111111vl1 ~ b 'lit~ -r'l~ bbe:J~Yh .Um bb~~ 
bbfl:w:w1 b t!t~ ~tl ~.:nil~ ~1 nn1~~m~ ~1'lJeJ'l~1 ~n:w~t~ \il-r'l~ 1~~ ~1~d ~~LJ~~LJ~e:J ~n:w~t~ lilm-w-r'l~ 
eJ eJ n:w1 bb~ ~ 1vi'ii n1 ~n 1 ~tl ~ fl11:w bb ~ 'l-r 'l~'lJ tl'l ~1 ~ n:w~tl \il-r 'l ~1n tl ~oJ1 ~ 1 ~ b t!t~ b 'Ufl bfl eJ b ~ ~ 

(Becquerel) 1~~~ 1 b'Uflbfltlb~~ ~~bvhn'Um~~m~~1'lJeJ'l~1~-r'l~~~'leJ~\ileJ111'W~~'l~oJ1~l'W1~ 
(1 Disintegration/second) ~~Ati'W'UD~1fl!Jfl1~run:w~tl\ili11'W-r'l~ fle:J Be:J'llil1tl Be:J'l1 bdJmb~~ 
"ll11~f'lb~~ ~'l1vlrlti'W'Ubdt~tJ fl.~ . 1896 [27] 

-r'l~ btlt~-w~'l'l1t~~LJ~~'l ~1:w1~flv11LJ~fi1mn'U~1nm-:J1m~~m~ri1~b'Vl'W~'l'l1t~1~n'U~1nm-:J 
~'lv111 ~btl~ n1 ~ b LJ ~~ tlbb LJ~'l1~ ~v111 ~B b~ n mt~t~1 tle:J~ lil eJ:w~1eJ 1:w b~ n ~ ib~~'U'W~'l'l1'W ~ 'l~'W 

' 'U 

(Excitat ion) bdm~~'U'W~'l'l1tl~'l'We:J vl11~B b~fl \il1e:Jt11 tl1'l1fl~~~~~e:Je:Jfl111~1 fleJ~\ileJ11~'1eJ 1:w b~fl~ 
'U ' ' 

b'1~ w,h btl~ fl1~ bb\ilfl ~1 b tlt!LJ~~~ (I on ization) bb~~ b'1~n-r'l~~v111 ~btl~ m~'U1tl fl1~~'lfl~11l1 -r'l~ 
' 

~v111 ~~1nm-:Jbfi~m~bblilfl~1b tlt~LJ~~~ [28] -r'l~bbD'le:Je:Jm tlt~~m~"llti~ ~'l1'Wm~v111'<il~ fl ~'ld~~ 
' 

~mn n'll ~~ bbtl1 ~1 i611~-r'U nTu'l-r'l ~ b iJns& bb~ ~-r'l~ bbfl11111 :5-:J 'lJeJ ~ ~ fl~ 11 n'l bu'W 1 ~fl ru~:WD~~'W 151'W 
' ' "" 

b~~1n'U-r'l~biJns&bb~~-r'l~bbn:wm ii~1~~~bB~~~'ld 
Q,, 9 ~ ({ 

2.12.1 'a.:ll;!beJfllij (X-rays) 

-r'l~biJns&flnri't~-w'U1t~tJ fl.~. 1895 1~~'!JnYJ~n~"ll11b~m~tl~eJ l~b®'~:w fle:Jtlbb~~ 
'U 

b1t!~bfltl (Wilhelm Konrad Roentgen) ~'l'W'U-r'l~ffi~~D'lbBqJ1t~'lJru~~b'lJ1vl1fl1~'Vl~~eJ'lb~mn'U 
-r'l~bbfl1 'Vl~ 1 t~~e:J'llj~~ti'Vl b'lJ1G1-:J bfllill1 bdbb'Ub'1~:wbb'W~~1 t~1S~Jm 1 'W~bfi~ m~b'1t~'lbb~'l~t~ v111~?>1~'J1 
~~~eJ'llj-r'l~'U1'leJ ~1-:J bfi~~tl~1 n~~eJ~-r'l~bbflL 'Vl~ bb~~ljeJ'1tJ1~'Vl ~~'Vl~m'l~'l~tl~1111~fl~1'Wt:.JLJ'l 

' 'U 

~~t~~ bbfl1 'Vl~ 1 LJ8-:Jnt~'Wbd1vi' b1'W~bn'W b'1~n1'-:J~d11 -r'l~biJns& ~'l-r'l~biJns&dbt!t~-r'l~~bfi~~1mfl~t~'l 
r\'1 b u~-r'l~ b 'lit~ bfl~t~'l b~ ns& b ~~ bfl~m d-:Jt~'Wmfl-w~'l'l1t!~'l 1~ mil~ ~1nm~ d-:J1 ~B b~n lil~t~'W~~~~ 

' 'U ' 

t~t~n:w1~1n1~~~t1~~'lvi'1~m1:wb ~1~'lbb~11 lJ"Ilt!bth~~eJ~~v11vi'1~ 1~~~~'11n v111 ~bth~~t~~LJ~e:J~ 
'U 

1'l~b~fls&t!t!fl111 [10, 29] bb~~'l1~d~t!~'lfl1'W~ 2.22 

tron m tal targ t (tung t n} 

vacuum 
heated filament 

Xry 
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1'<l~'hB ns&bfi~"il1nm'j'IJtJn\J'(J€l'lB b~n (?l'je:JtJ~B~1 'W1'lbfl~i!'j'(Je:J'l b i11 i11'W~'l 'l1t!~ci'l1 ~ 
" 

Bb~nme:J'Wmnn11'W~'l'l1'W~8~€lb~nme:J'W 11 :v~vh 1 ~Bb~n\?l'je:J'W'Vlfl~e:Je:Jn:v1 ne:J~\?le:J&J €l b~n\?l'je:J'W , 
:V1m'lbfl:V'j~tJ~ij'W~'l'l1'W:lJ1 nn'J1:v~~'l b •ih 1 LJ bb Vl'W~'W~e:J&Jn'Um ~'W~'l'l1'We:Je:Jn&..~11 tJ<jlJ'I5m1''l~bB no& 

" 
1''l~bBni"1JiJ~'\i b1~nl1 Characteristic X-ray ~'l:v~ij'W~'l'l1'Wbu'W1~'U1'lfl1 bVll,!'W 1~ ~ijfi1b vhn'U 

e-~61~1'l'j~Vll1'l'W~'l'l1'W~'l~~'(Je:J'l€l b~ n\?l'je:JtJ 1 t!1'lbfl:U'jb~&J~ t!bb61~1'lbfl:V'j~~vh~ i11€l b~n (?l'je:JtJ~'l " , 
~1'WboU11 LJ1niliJ1bfl~~~:v~rm~'l~~ 1~~~'W1&J 1 vJ.Yh~bfi~:v1nLJ<j~liJ'U1n~ij B~1'Wi11bfl~~~ vh1 ~bfi~ 

\J '\J , 'U 

f11'jb LJ~ ~t!'Vli"'V11'l bbil'1m ~'W~'l'l1'W e:Je:Jnm m~'U1t!m 'j'\i vh 1 ~'W~'l'l1'W'(JB'lB b~n\?l'je:Jt!fl~fl'l1~ ~ :v~ 
fl1~e:Je:Jn&J11'W~LJ1''l~bBni 1''l~bBni"1JiJ~d b1~n11 Bremsstrahlung 'W~'l'l1'U'(Je:J'l1''l~bBni~ijm'j 
n1biJ~bb'U'U'li:v~ijfi1~'lbb~mnn111"l'W~ b~ntie:J~n'lfi1~'l~~ bvh~:v~m~ [1o, 29-30J ~n~ru~m'jbfi~ 

" " , 
1''l~bBni~'l~e:J'lbb'U'U~1:lJ1'jflbb~~'l1 ~b~'W 1~~'lm'W~ 2.23 

Incident electron 

I nela stica lly 

Scattered Electron 

__ _~/ 

Elastically 

j Scattered Electron 
/ 

/ 

.n1cw~ 2.23 fl1'abn~ Characteristic X-ray bbfl::: Bremsstrahlung 

2.12.2 -!{l~bbmJl.l1 (Gamma rays) 

1''l~ bbn&Jm b tJtJfl~'Wbblh Vl~n 1 vJW1"1JiJ~Vl~'l~ij'W~'l'l1'W~'l ij-d1'lfl11&J~11fl~'W~'Unl1 
" 

1''l~bBni btJ'W1''l~~bfi~:v1niJ1bfl~~~'(Je:J'le:J~\?le:J&J~e:J~1'W~fl11~hJb~~~'j (Excited state) hJij&J16'1 
" hJijLJ<j~liJ b tJtJ nci&..~'W~'l'l1'W~ bfl~e:J'W~~1 ~fl11&J b 11 b vh tl'Ufl11&J b 11 bb~'l b ~e:J'l:V1n1''l~ bbn&..~m hJij ' , 

LJ<j~liJ 1 vJw1~'l hJijm'j blJ~~'WbblJfl'lVli"!Vl1'l1 'W~'W1&Jbblh Vl~n bb~ijm'j bb\?ln~1b tJtJ 1BBB'W 1~tie:J~n11 
' 

e:J'Wfl1 r1 bbe:J6'\vJ1 bbfl ~ti \?11 ~'l1''l~bbfi&J:!J1 b tJtJn ci&..~'l5e:J'l'W~'l'l 1'U~ci'le:Je:J n&J1:V1 n n 1'j~m t1 ~1'15B'li11 bfl~ t1 ~ ' , 
~b1t.Jfll1bvJ\?le:J'W (Photon) [10] bbfl~btJ'Wfl~'WbblJb'Vl~n1vJw1~ijm1&J~~'l&J1n f11'j~mt.J~11~1''l~ 

" 
bbn&..~m b tJtJ n 1 'j~m t1 ~1'15B'li11 bfl~ t.J~'()e:J'l e:J~ \?1 e:J&J 1 'W '15ru~~ij n1 'jb LJ~ t.J'W~ m'W~ :v 1 n~m 'W~'W~'l'l1'W~'l 

" 
1LJbtJ'W~tn'W~~~1nl1 bb~tim:vbfi~:v1nm~'U1'Wf11'j~'W 1 Jh~ b"li'W bfi~~m~m:v1flf11'j~mt.J~11~ 
:r'l~bbe:JflvJ1 Vl~B D\?11 btJ'W~'W 1''l~bbn&J&..~1iJB1'W1:vvh1~bfi~m'jbb\?ln~11~tie:Jt.Jmn bb~ijm1&..~~1&J1'jfl 

Vl~6'\Vl~6'\J'l~~'l&J1n [31 -32] , " 
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2.13 B'W~-am~1-a~vl'h~'W~~-nw 1'VJ~e:~'Wri\m!;l1"a 

eJ'W~~n~tn~~·vrJ1.:J 1 vi~€l'Wn\.J61611~~~ bb\?lnl?i1.:J~1n€l'W.fl1fl~ihh~~ b~€l.:J~1n 1 vi\?l€l'W hJihh~~ 
' ' ' 

bb6'1~ 1lJ61ru b~ tJ'V'l~.:J.:J1'W"Vru~ bfl~€l'W~~1'WI'll n6'11.:J 1B n 161m~ bn~ B'W ~~n~tn l?im~ tJ~'Vl1.:J~ bfl~B'W~ 
'\J ., 

btl'W'V'l~~m~lJV11.:J61Cl~ ~'W€l~ n\.J'IJ{j~"1J€l.:J\9Jln6'11.:Jbb6'1 ~'V'J~.:J.:J1'W"V€l.:J 1 vi~€l'W b~€l1 vi~€l'WV'h eJ'W~~fl~tJ1 
tl'U61611~m~~ ~ () n~ ~n ~ 'W 'Vl~€l bfl~ m~ b 'IJ~ tJ'W bb 'IJG'l.:JVlfil'Vl1.:J 1~ tJ il~.:J61 ru b~tJ 'V'l~.:J.:J1'W bb6'1~ 1lJ61 ru b~tJ 

'V 'U 'U..., 'U Ill 

'V'J~.:J-:)1'\.J eJ'W\?l~fl~ti1"1J€l.:J 1 vi~€l'Wtl'U61611~ lJvl.:J.n [ 10, 33-34] 

2.13.1 m-am~b~~bb'U'U'VIB~~'Wbb6'1~b'a~~ (Thomson and Rayleigh scattering) 

n1 ~ n ~~ b ~.:J bb 'U'U'Vl €llJ~'W (Thomson scattering) b tl'W n1 ~n ~~ b ~ .:J"V €l.:J 1 vi \?1 €l 'W tl'U 

~h~ nm€l'WB61~~ (free electron) 'Vl~€J{j'J bfl~ tJ61 ~l'Wf11 ~m~ b ~.:J bb 'U'U b ~~~ (Rayleigh scattering) 

btl'Wm~m~b~.:J"Vm 1 vi\?l€l'Wtl'll€l~~€llJ~.:J€l~ \?l€llJ 1~ t~m~'lll'Wm~.OB b~n\?l~€l'WV1nl'll1 'W€l~\?l€llJ~ ~il 
' ~l'W~llJ1'Wm~ bfl~ (coherent manner) ~.:J~.:J 2 m~'lll'Wf11~~~1lJilm~ri1mVl'V'l ~.:J.:J1'W (elastic 

scattering) €l~\?l€llJ~~n'IJ'W~~1lJbn~m~ excitation 'Vl~€l ionization ~1'Vl1''ll1vi~€l'W~~ilm~ 
b 'IJ~tJ'Wbb 'IJG'l.:JVlfilVl1.:J b vht!'W 

2.13.2 'IJ"a1f1!]n1"arub 'VJb~Bb~n'VI~n (Photoelectric effect) 

'IJ~1n!Jm~ru1 vi1\?1Bb~n'VI~n btl'Wm~'lll'Wm~m vi \?1B'Wri1t~ b'VI'V'l~.:J.:J1'W1 ~n'UBb~n~~B'W 
"V€l.:J€l~~€llJ (bond electron) ~.:J'VllJ~ bbG'l~Vh 1 ~B b~ nm€l'W'Vl6'1 ~€l€lf1~1f1€l~ \?l€llJ vl.:J bb61~.:J1 'W.f11'V'l~ 

' 
2 .24 B b~n ~~€l'W~'Vl6'1 ~ €l€l nm~ ~ b~tJ n-;h 1 vi1~~ b~ n~~€l'W (Photoelectron) ~.:J~l'WlJ1 n~~ b tl'W 

' 
~ b~n ~~€l'W.ff'W K (K-shell) 1 'W"Vru~ b~ tJltl'WB b~n mB'W 1 'W~~vl'll'V'l~.:J.:J1'W~~lJ1~~6'1m~vl''U'V'l~.:J.:J1'Wb.rr1 
lJ1 bb 'Vl'W~~ b~n \?l~€l'WI'll~'Vl6'1~ 1 'IJ ~.:J~~~B.:Jilm ~'IJ6'1~'1J~€ltJ'V'l~.:J.:J1'W'll1.:J~l'W€l€ln 1 'IJ b ~B b orr 1m bb 'Vl'W~ 

' 
'V'l~.:J.:J 1'W~'IJ 6'1 ~'IJ~BtJ €l€l nmt!'W ~ ~€l 81 'W ~'IJ"VB.:J1'.:J ~ b~ns& bb6'1~1'.:J~ b~ ns&'U 1-:J~l'Wille:l m61~~~ ri1 tJ b 'Vl 

'\J '\J 

'V'l~.:J.:J1'W 1 ~n'll~ b~ n~~B'WI'll~'W n1'V'l~.:J.:J1'W~ri1t~ b VllJlJ1n'V'l€l~~~611lJ1~m'h 1 ~Bb~ nmB'WI'llt!'W'VlG'l~ 
' 

€l€lf1lJ11~~~b~tJf1l 11m~~b~f1\?l~€l'W (Auger electron) 1~tJ'V'l~.:J.:J1'W~6'1LJ"V€l.:J~b~nm€l'W ~~il~1\?11lJ 
v Q.J 6 Q.J .d 

fl'J1lJ61lJ'V'l'W5~.:J61lJf11~Vl (2.1 0) 
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Ek =hv-B.E. (2 .10) 

~ ..:::!11 v 6' Q,~ 
bJ.Je:J Ek fle:J ~(;l'l'l1'W~(;l'W'1Je:J'le:Jb(;ln~~mJ 

hv Ae:J ~"'l'l1'W~'lVIJ.J~'1Je:J'l1 'V'l~e:J'W 

bde:~-r'l~vheJ'umn~mnu1~~ bb~Tvh1~bn~'IJ~1n[Jm~ru1 'V'l1~Bb~nVl~n ~'l1e:Jm~1 um~ 
bn~'IJ~ln[Jm ~ru1 'V'l1~~ b~nVl~n~m1J.J61J.J~'W5~-:Jd 

bdt~ (jpe fie:~ 1e:~m~m~bn~'IJ~1n[Jm~ru1'V'l1~~b~nVl~n 
Z ~€) b(;1~€J~~€)jj~€FJD1~ 

' 

m~ulum~bn~'IJ~1n[Jm~ru1 'V'l1~Bb~nVl~ n~~me:~m~m~ bn~m n 1 u mru~1 'V'l~e:~u 
Vl'1t~-r'l~bbnJ.JJ.J1~~~"'l'l1'W~1 bb(;l~~lnm'l btl'W51~ 1(;1VI~VIirn 1 'V'l~eJ'W~~~rub~8~"'l'l1'W~'lVIJ.J~ 1'1J1 u 

' ~ v 

m~u1um~ bn~eJ'u~~f1~81 bb(;l~~"'l'l1'W~(;ltJ~'l~~'1lm1 'V'l1~~ b~n ~~eJ'W~~1'1J~~J.Jl ru 150 eV ~'l 
~ ' 

~1m~n~'l~1'Wtl11~b ~8'l 0.03 em ~'l~'W~"'l'l1'W'1JeJ'l1 'V'l1~~b~n~~e:J'W~'lnn~~n~'W~'lVIJ.J~1 'W~'W 
~ ~ 

'1le:J'lb.Om~e:~ ~'Wbb~~'l1 ~b~'Wl1~"'l'l1'W'1lm1 'V'l1~~b~n~~e:~u~~~ e.J(;11~8~~'l~eJ'IJ~mru-r'lm u~'l~~i~ 
' " ' 

Vi~b'Wm8e:~ [19] 

2.13.3 nTm':i~b~{lbbUUfHJ1.1U~'W (Compton scattering) 

m~m~b~'l bb'UUfleJ1.1D~'W b tJu m~'Ul'Wn1~~1 'V'l~e:J'Wbn~m~m~ b~'l (Scattering) nu 

Bb~n~~e:J'WB~~~ (free electron) bde:J 1 9fJ ~e:J'W~'l'IJ'Wtl'U~ b~n~~eJ'W~mJ1 'Wl'l1fl~~ 1 'V'l~e:J'W~~~m ~ 
~ 

ri18 b Vl~"'l'l1'W'U1'l~l'W 1 ~tl'U~ b~ n ~~e:J'Wbb(;l~VJ11 ~~ b~ n~~eJ'W b 'U'WeJ eJnVJ1 ~JJ q; nuVi 1"\Vll'l b&lJ.J'IJeJ'l 

1 'V'l~eJ'W b18nl1 Scattered electron ~l'W1 'V'l~eJ'W~~ b'U'WVJ1J.JJ.J 8 nuVii"!Vl1'lb&lJ.J'1JeJ'l1 'V'l~eJ'W b'18nl1 
' 

Scattered photon bb~~'l1 ~b ~'W~'li11~~ 2.25 bb(;l~~"'l'l1'W~(;ltJ'1JeJ'ln1~m~b~'l bb'U'UfleJJJD ~'W 
~1m~nVI11~~1nfll1J.J61J.J~'W5~'l~J.Jm~~ (2.11) 

Ek = hu-hu' (2.11) 

bde:J . Ek fie:~ ~"'l'l1'W~(;ltJ'1Jmm~m~b~'lfleJJ.JU~'W 
h v Ae:J ~"'l'l1'W~'lVIJJ~'1JeJ'l1 'V'l~eJ'W 
hv' fie:~ ~"'l'l1'W'1leJ'l1'V'l~e:~u~m~b~'l 
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Scattered photon 

E = hv 

Scattered electron 

hu' = hu 
hu 

1+--2 (1-cosB) 
m0c 

(2.12) 

b~e:J mod fie:J 'W~-:J .:n 'UlJ1~U-:J'Ve:J-:J~h~n\9l"J€l'tJ (0.511 MeV) 

e fie:J lJlJm"Jm~ b~-:J'Vm 1 "W\9l€l'U , 

b~€11 'W\9le:J'U'Vt!tltJB b~fl(9)"Je:JWil~Yh 1m 'W\9le:J'U bLJ~m.rVi!3l'V11-:J bb~~'W~-:J-:J1t!~~~Vl ~-:J ~-:J 
Scattered photon bb~~ Scattered electron fJ-:J611lJ1'Jt:lvl11-l~\nV1B'U\9l'Jfl~tl1~€lb ~€1-:J 1Ji'Bn fl1'J 

m~ b ~-:J bb tJtJ fle:JlJD ~'U~TWlJ1 n ~~ bflVl ~ 1 n fl1 'J'IJ'UtltJB b~fl \9l'J€l'U1-:J'U €l n ~-:J~~fiVl bfl1~ tl'U €1~ 1-:JVlmlJ 1 

1eJn161fl1'jbflWil~;;JVl;;J-:J b~€11 'W\9le:J'UJJ'W~-:J-:J1'U~~-:J~'U fl1'Jm~b~-:J 'VeN Scattered photon 611lJ1'Jt:lvl1 

lJlJ1Ji' ~-:Jbb~ o ~-:J 180 e:J-:Jm ~-:J~~~'UtltJ'W~-:J-:J1'U'Ve:J-:J1'W\9le:J'U ti'11'W\9le:J'Um~b~-:Jvl1lJlJ 180 e:J-:Jm , , 
b1tifll1 Backscatter radiation ~1'Ufl1'Jfl1~ b~-:J'V€1-:J Scattered electron 611lJ1'Jt:lvl1lJlJ 1Jl ~-:J bb~ , 
o - 90 e:J-:Jm m"Jm~b~-:J bbtJtJfle:JlJD~t!fT-:J611m"Jmbl.J-:Je:Je:Jm.Ut! 2 LJ"J~ b.fl'Vl~-:J;i 

2.13.3.1 fl1'Jm~b~-:J bbtJtJ 1fl~b~'Us& (Coherent scattering) 

n 1 "Jm~ b ~-:J bb tJtJ 1fl~h~t!s& b .Ut! m "J'Il'U bb tJtJ~VlVl~'U~-:J hH:Jm 'J~11! b~ti'W~-:J-:J1'U 
'V€1-:J 1 "W\9le:J'Uv111m "W\9le:J'UbLJ~t~'U'Vi!3l'V11-:Jwh~'U m"Jm~b~-:JbbtJtJ 1fl~b~'Us&me:JmmfiV11Ji'lJ1n1 'Uli1\9l~n , 
b~'V€l~\9l€llJ 61-:J., b ~ e:J-:J~1 flB b~fl\9l'J€l'U~~t:lfl~-:JVlV11llVl titJ1 bfl~t161vl11 ~B b~flme:J'UVl;;JVle:Je:Jn1Jlmn bb~ 

'U l 'U 'U , 

LJ"J1fl£Jfl1"Jru'ii~~bnVl bQ'W1~·~h-:J~'W~-:J-:J1'U 1 "W\9le:J'U~1 bYh~'U 1Vl tl~~ bflVl b~e:J'W~-:J-:J1'U'Ve:J-:J 1 "WI91e:J'UJJI"11 

ti' e:Jti n11'W~-:J-:J1'Ufi V1 b Vl~t11'Ve:J-:JB b~n 191"Je:Jt! 1e:Jn161n 1"J bnVllJ"J1 fl£] m"Jrun1 "Jm~ b ~-:J bbtJtJ 1fl~ b;;lt!s&JJ 
IJ 

v v <fv .o:::lil 

fld1lJ61lJ'W'UliVl-:J'U 
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2.13.3.2 f111m~b~.:'lbb'U'UB'U bfl~b6'l'Ui (Incoherent scattering) 

r111 f11 ~ b ~ .:'! bb 'U 'U Bub fl ~ b"' us& b tJ u r111 "ll u bb u u 1 ~ ~ V1 Vi ~ u ~ ~ :lj r111 ?I ru b ~ t.1 
' 'U ... 

'V'l61.:'1.:'11'U"VeN b '\'J(I)tl'Ub~tl b '\'J(I)tl'U"ll'Utl'UB b~f1(111tl'U 1 'Utl~(l)tllJ"Vtl.:'!l?IV"l m1m~ b~.:'l bb 'U'UB'U bfl~b6'l'Ui:ij 
' 

btl m ?I bilV11~ lJ1 n1 u Li1 (l)~:lj b6'l"V tl~ (l)tllJ?I .:'! 61 bb6'l ~ bflV1~'V'J61.:'1.:'11'U "Vtl.:'l b '\'J (l)tl'U ~1 btl m?t f111 bil V1 
' 'U I 

L.b1 f1!J m1rum1 m~ b ~.:') bb uuBu bf1Eb6'l'Uifll 1ll61'll~u5~.:'1~ 

z2 
(Y . oc 2 

li!CO ( hv) 

2.13.4 f11'HJ~(I)fl'Ufl1flfi (Pair production) 
• 'IJ 

b'I'J(I)tl'U~:lj'V'J61.:'1.:'11'U?I.:'!lJ1f1'V'ltl ~.:'lbb\Jl 1.022 MeV btl'U~uhJ ?11lJ11t1YlleJ'Umil1t.J1tl'U 
'U 

?I'U1lJ 1 '\'J~11tl'U 1 111 bfl~ CJ?I"Vtl.:'ltl~(l)tllJ 'V'l61.:'1.:'11'U b '\'J(I)tl'U~.:'l'VllJV"l~~ b 't.J~ CJ'U b tlum6'l bb6'l~'V'l61.:'1.:'11'U~m1 
"Vtl.:'l 1 'V'l68mtl'U (Positron) bb6'l~Bb~f1mtl'U (Electron) tl~1.:'16'l~ 1 ~l b1t.Jf1f11~'Ul'Uf111~';h f111e.J~(I) 
tl~fl1fl~ (Pair production) ~.:'lbb?IV"l.:'!1'Um'V'l~ 2.26 tl~fl1flb'V'J68(111tl'U~bilV1~'U1~?11lJ11tltl~1~mlJ 
Li11lJ"ll1 ~ 1 u-uru~ bfl~tl'U~~ ~ :lj f111~t1J b~CJ'V'l 61.:'1.:'1 1 u 1 'tJ b~tl t.1 1 vh 1 Vfm1 bfl~ tl'U ~-li1 6'l.:'l ri tl'U~ 
b 'V'J6/l(l11tl'U~~1lll nuB b~f1(111tl'U B?t1~~l'Vl~.:'l~'Vlt.JV1U.:'l lll6'l"Vtl.:'l b 'V'J6/l(l11tl'Ubb6'l~B b~ f1(111tl'U~~ b 't.J~t.~u 1 'tJ • 
btl'U b '\'J(I)tl'U 2 ~l bfl~tl'U~tltlf11 'U~f"lm.:'loff1lJ bVl CJ b '\'J(I)tl'Ubb\Jl6'l~~l~~:lj'V'l61.:'1.:'11'Ub vhtl'UlJl6'lU.:'l (rest 

mass - 0.511 MeV) b1t.Jf1f11~'Ul'Uf111~"h Annihilation 

- e 

. 
q A ' 

fl1'Vi'Vl 2.26 n'a~'U1'Uf11"HJ6'l(l)fl'Ufl1flfl 
• 'IJ 
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6i1Vl1''U 1Bm~1 'Uf11~ btlV1f11~'Ul'Uf11~e.J~~€l'U.f11flA (Pair production) ii m.J~~'U~~..:Hr'U 
' 'IJ 

b6'l'll€l~~rnJrh~~~€l~ bb6'1~~~~~1'U'll€l~ 1 'W~€l'U~1~1~t~Vl11~m~~~m~~ (2.13) 

hv =2m c2 + E + E 
e k e/ecrron k positron 

b~€l (Jpp ~€l1€lfl1~f11~btlVlf11~'Ul'Uf11~e.J~~€l11.f11fl~ 
mec2 ~B ~~~~1'U~lml~'ll€l~Bb~f1~~€l'Ubb6'1~ 1 ~68m€lu 

2.14 ~l.nJ~'Vl1\l~\l~ [35] 

(2.13) 

b~€llJl~V1m~u-r~~~iifi1~~~~1'UA1b~EJl (Mono-eneroetic source) ~~iim~V1Vlf1~'U-r~~,j'U 
' ~ 'IJ 

111 'Ub tlBl'~V16il'UVl~~ bb6'l~m~~~n-r~~€lf16iluVl~~~~1m~t~'Vl~6'1~1ul'~V1Ju 1 t.J1~ ~~-r~~~ ~1u 1 t.J1~ 
' ' ' Ju~~iifll1~b-i!~6'1V16'1~ ~~bb~V1~1um~~ 2.27 

~ X ----.1 

~1f1TUoW~1~ru1-r~~~lJfll1~b-iJ~ lo ~1'Ub-iJ11i.J1ul'~V1~lJfll1~Vl'U1 X vh1~m1~b-iJ~1'~~ 
'IJ ' 

6'1V16'1~ I 1V1EJ~fll1~b-ii'~'ll€l~-r~~~6'1V16'l~~'U€l~rl'Ufll1~Vl'U1'llml'~V1~~'U ti'u~e:J 
'IJ ' 

b~e:J f.1 ~e:J A1"'~'\.J~~~'Vl~f11~6'1Vl'Vle:J'Ub'li~b~'U (Linear attenuation coefficient) 

10, I ~e:J fl1fll1~b-ii'~'lle:J~1'~~fie:J'Ubb6'l~Vl~~~1'Ul~~~'U 
" "" .., .., 

X fle:J fll1~Vl'U1'1Je:J~l~Vlf1'U 
' 

(2.14) 
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:V1fl~:Wfl1~~ (2.18) b tl'W~:Wfl1~bb~~~fll1:W~:W~'W5~~~-h-'l fll1:W boV:W'Ve:J~-r~~ tltJfll1:W~'W1 
'Vml'~~ ~~~tJl1fll1:1Jb oil:w -r~~~~1:1J1 ~tl'Vl~G'l ~1'Wl~ ~~i1m1:w~'W 1 x 1v1~'W :v~i1rh m1:w b -il:w-r~ ~ 

' ' ' 
61~61~bbtJtJ bBfl"lll ~ b'W'Wb :at.JG'l (exponential) 1~t.J~1:W1~tlbb~~~ 1 ~b ~'W 1v1v1lt.Jm1vj#J~m~~ 2.28 

Intensity (%) 

Io 

]Q 
2 

Thickness (em) 

~:v1~ru1fll1:w~:wYY'Wm'W~:wm~~ (2 .18) t111~ x 112 btl'Wm1:w~'W1'VeNl'~t~~'W~vh1~m1:w 
' 

boV:W'Ve:J~-r~~G'l~G'l~b~~e:Jfl~~~~~ ~1e:J~b1t.Jfll1 Half Valve Thickness ~~e:l Half Value Layer 
" ' 

(HVL) tJ1~fl-r~ b1cJfll1 fll1:W~'W1fl1~rh 

bde:J bb'Vl'W~1 X = X1 12 = HVL bb61~ 1 = lo :V~fll1:W~:Wofr'W51~lJbtl'W#i'~~:wm~~ 
2 

(2.15) n~ (2.17) 

Io _ 1 -p·(HVL) -- oe 
2 

J-L·(HVL) 

HVL= 0.693 

f.1 

0.693 

(2.15) 

(2.16) 

(2.17) 
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2.15 hhbbn'a~ WinXCom [36] 

1'WtJ fi.Pl. 1995 Hubbell bbG'l~ Seltzer 1~rl'WI'fl.iJ5f11';i"Vl1~1~~'\J';i~~Vl~fl1'm~VleJ'Ub<a'llJ'JG'l 
(f.im) 1~t.J~1lJ1';itlbb~~'l1'W~'\Jbb'U'U'IJB'lm';i1'loVm;Jm~m11lJ1~ir'U~'4'W'l1'Wl~t.J ~Bm1 'WlJ fi.Pl. 1999 

Berger bbG'l~ Hubbell 1~ilf11';i~~'W1f11';ibb~~'l~1';i1'loVB~mtl'W1 '\J';ibbfl';ilJV11'lfleJlJ~'Jb~B4 "X Com" 

611VJ1''U f11';i"Vl1~1 ~lJ'\J-;j~~Vl~ f11';iG'l~VleJ'W b <a'llJ'JG'l (f.i m) ~'l~1lJ1';itlrl 1 'W'Jtl.J 1~~'l51 ~ bbG'l~ ~1 ';i'\J';i~ f1 eJ'U 

1'W'Iil'l'V'l~'l'l1'W 1 keV- 100 GeV 1'WtJ fi.Pl. 2001 L. Gerward bbG'l~flru~ [36] 1~ilf11';i~~'W1 

1 '\J';i bbfl';ilJ X Com 1 ~~1lJ1';it11 i'U'W';i~'U'U'\J5D'~m';ibb'U'U windows bbG'l~ b '\J~t.J'W~m tl'W WinXCom 

1~ t.1 1 '\J';ibbfl';ilJ WinXCom tl1 i611Vl1''Uf111rl1'W'Jtl.!Vl1~1~lJ'\J';i~~Vl~f111G'l~VleJ'Ub<a'llJ'JG'l ~'l~1lJ1';itl 
rl1'W'Jtl.J 1~~'l51~ bbG'l~~1';i'\J';i~fleJ'U 1 'W'Iil'l'V'l~'l'l1'W~'l bb~ 1 keV - 100 GeV 'WeJn:\11fltl~'l~1lJ1 ';itl 

' 
ri'1'Wlru1Bm~1'Wm1bn~B''W~';if\1m~1'l 1 ';i~Vll1'l1 ~~B'Wn'U~~1';i b'li'W '\J';i1fl!Jf11';iru1 ~~~b~f1V11f1 

f11';im~ b~'l bb 'U'UfleJlJU ~'W bbG'l~f11';i~~ ~B'Wfl1 fl~ 611VJ1'uu~~D'W 1 '\J1bbmlJ WinXCom iJVJ~1~ eJ 
' " ' 

bb~~'l ~ G'l~ 'lfl1'V'l~ 2.29 bbG'l ~ n1 'V'l~ 2.30 b tl'W f11';j bb~~ 'l ~1 ~lJ'\J-;j~~Vl~f11';iG'l ~ VleJ'W b <a'llJlmbG'l ~ 
B''W~';in1m~1'l 1 'llB'lu1~68~f1B'W 

!:. WinXCom 0 X 

Filt Edit Vitw Help 

j e, ~ Q @' ><~...J;;:'' ::==~=====================~! 
~~~~~~rloo~o~P~~~----------------------------------------------------------1 

\'JnX :.m 

Introduction 

WinXCom calculat<s tables of cross soctions for tho intm.ttions ofpbotons with any dtmm~ compound or mixture, for 
photons with energies between 1 k<V md 100 GeV. Interaction codlicitnfs and total attenuation eoefficimts for compounds 
and mixtures are obtained as sums of the corresponding quantities for the atomic constituents. 

The program can genmte cross sections and anenuationcoef!icients on a standard mergy grid, spaced approximately 
logarithmically, or on a grid selected by the us<r, or for a mil of both grids. The program provides tot.! cross sections and 
attenuation eoef!icimts as weD as partial cross sec-tions for the foDov.ing proeesses: incoh<rmt scanering. coh<rent 
scattering,photoelecuieabsorption, and pairprocluction. Forcompomds, the quantities tabulated are partial and total mass 
intmction coefficients. The total attenuation coefficient is equal to tht sum of the inleraction coefficimts for the indi>idu.al 
processes. Total attenuation coefficimts without the contribution fromcoberent scattering are also giHn, because-they are 
often used in gamma-ray transpon calculations. 

WinXCom is based on a DOS program named XCOM. A description oflhis program is a>mble in :-<ational Bumu of 
Standards Report NBSIR-87 by M J. Bergtr andJ. H. Hubbell The authors ofXC0:-.1 can be roached at the National Institute 
of Standards and Technology, Gaithmlug. MD 20899, Pbone: 9 5-mo. 
Porting XC0:-.1 to the Wmdows® pla!fonn was the initiative of leifGerv•ard of the Deputment of Physics at The T ecbnical 
Uni,·ersity ofDemrwk. 

\'J nX~)m 
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::. WtnXCom - 0:\t 1is\tl\.ii!: ~.ht\WmXcon\O StO.wxc - 0 X 

File Edil Vio.w Help 

D~Q @' " ~ !!;) 

Sl.tlt:tance Definiticrl U~ C.o" Sections [b(am) • lll"'1·2~) cm2] 

E ::J Eiemenls . Ereog~[loleV) Cohe<ent lnCohelert Phoro Elec!Ji: PAIA Nucleai PAIR Elec!Jon Sum{b/al<wn) s..., NonCohe<"' . 
~ H [Hyaogen) 

{blotom[ [blat om) lblalom) lb./atom) (b./atom) [bioi om) 

He [Heli.Jm) 
U[llium) 

~ 
~ - -- - - - - - 0 7 .J2E+004] .31E+004 Bef8el}41ium] l.OOOE.QOJ 1.18E+002 6.14E..QOJ 7.31E+004 0 

aJ, 8 [Booon) 1.500E..003 !.07E+002 1.12E+000 2.49E+004 0 0 2.50E+Il04 2.49E+Il04 

~ C[C.rbon) r 1.839E.Q03 9.89E+001 1.44E+000 1.43E+004 0 0 1.44E+004 1.43E+004 
N JN irogenJ t---- 14 K 1.839E..003 9.89E+OOI 1.44E+000 1.49E+005 0 0 1.49E+OOS !.49E+OOS 
0 (O<ygen) r ! .29E+005 0 !.29E+005 !.29E+Il05 ~ F[FlourineJ 

2.000E..003 9.55E+001 1.58E+000 0 

Ne[Neon) f- J .OOOE..OOJ 7.78E+001 2.31E+000 4.56E+004 0 0 4.56E+Il04 4.56E+Il04 
Na [Sod~ml r 4.000E..003 6.55E+001 2.86E+000 2.11E+004 0 0 2.11E+Il04 2. 11E+004 

' MgiMagnesP.. r 
. AJ[Ainmm) S.OOOE.()()J 5.64E+001 3.32E+000 1.14E+004 0 0 1.14E+Il04 1.14E+Il04 

I' -• !BEll 6.000E..Q03 4.90E+001 3.72E+OOO 6.80E+003 0 0 6.85E+003 6.81E+003 

P[PI-<>s~ 
f- 8.000E.Q03 3.75E+001 4.43E+000 2.98E+003 0 0 3.02E+003 2.98E+003 

' 
-' ' S [SuiU<) r l.OOOE.Q02 2.90E+OO! 5 .02E+000 1.55E+003 0 0 1.58E+Il03 !.55E+Il03 

CI[Ct-lorno) r 1.500E.()()2 ! .67E+001 6 .01E+000 4.59Et002 0 0 4.82E+Il02 4.65E+Il02 
ArV.gon) 1- 1.91E+002 0 0 2.08E+Il02 !.97E+002 · K [Pot.,;..,l 2 .000E..002 1.09E+001 6.54E+000 

Co[Calrun) 3.000E.Q02 5.85E+000 7.00E+000 5.41E+001 0 0 6.70E+OO! 6.11E+Il01 
' Sc [Scand!E f- 4.000E.()()2 3.68E+000 7.!6E+000 2.!9E+001 0 0 3.27E+001 2.90E+00l 
' n r i.mm] r 5.000E-oo2 2.52E+OOO 7. 17E+OOO !.OSE+OOl 0 0 2.04E+Il01 1.79E+001 

V (Vonadn) -
; ' Cr (Ouomixn) 6.000E.()()2 1.83E+OOO 7.12E+000 6.01E+000 0 0 1.50E+Il01 1.31E+OOI 

Mn(lflan!)Mf r 8.000E.()()2 !.OSE+OOO 6.92E+OOO 2.39E+OOO 0 0 !.04E+OOI 9.31E+OOO 

FePoonJ f-, 
l.OOOE.()()l 7.17E.Q01 6 .68E+000 1.17E+000 0 0 8.56E+OOO 7.84E+OOO 

• Co[Coball) r l.SOOE..OOI 3.32E.Q01 6.11E+000 3.17E.QOI 0 0 6.75E+OOO 6.42E+000 
Ni(N~kel) r 
Cu )Coppeo) 2.000E.QOI l.91E..Q01 5.63E+000 1.28E.Q01 0 0 5.95E+OOO 5.76E+000 

I • ZniZrocl 3.000E..QQI 8 .60E-002 4.92Et 000 3.68E.002 0 0 5.04E+OOO 4.96E+OOO 

i • Go [GaiJmJ f- 4.000E.()()l 4.87E..Q02 4.42E+000 1.59E..Q02 0 0 4.48E+OOO 4.43Et000 .. · Ge [Germaniu r S.OOOE.()()l 3.12E.Q02 4.04E+000 8 .62E.Q03 0 0 4.08E+OOO 4.05E+000 
AstA/seric) r 

; Se [Sel,.,ixn) 6 .000E.()()l 2.17E..Q02 3.74E+000 5.39E..Q03 0 0 3.77E+OOO 3.75Et000 
; 

Bo[Boorrine) r S.OOOE.QOI 1.22E.Q02 3.29E+000 2.73E..Q03 0 0 3.30E+OOO 3.29E+000 : 

- 1(!1 Kr(Kll!>tonl v 

f-' 
!.OOOE+OOO 7.84E.Q03 2.96E+OOO !.70E-003 0 0 2.97Et 000 2.96E+000 

( > 1.07?F+000 7.-'iOF-001 'J .Q~F .f-000 l .fiOF-OCH 0 0 7.Q4F+000 J.QlF+-000 v 

Modifi~ r --
/ 

' ~ 

.f11WVi 2.30 n1':if'lTU'Jru~~tJ':i:::~'VI5n1':i!;l~'VIel'Ub~·U.Jdf;ltleJ.:I51Vl~ilml'U (Si) • 

bneJ 1 'V'J~eJ'Ubr1~m.~~~l'U~~l1~-:~tl1~neJ'Uvi'ltJeJ~~eJ~~l-:~ 1 eJ~~eJ~bb~~~~l~l'Ul1rh~'U~ 
.nlrl~~'llll-:1 (cross section) ~-:~vh1 ~bfi~B'W~1fi'1m1~Vdl-:J 1 'V'J~eJ'Wtl'U~~l1 ~-:J:U~!;l~'VleJ'Wrlll~ b-il~ 
-r-:~~~-:1 1~mb~~-:~ 1 'Lib 'VleJ~i!il.lth~~'VIBm1~~'VleJ'U-r-:~~ b"U-:1 b~'W (linear attenuation coefficient) l!n 1 i 
i!iqJqJl~n~ru f.1 ~1eJi!im .. b~~'Vl~nl1~~'VleJ'Ub'U-:~m~b"U-:~~l~ (mass attenuation coefficient) 1i 

i!iqJ~n~ru f.l/p ~1eJ f.lm 

bl1eJ 1 'V'J~eJ'Wb~'W'Vll.:J~l'W~lnm.:J~1eJ~~l1 1eJm~1 "Um1bfi~tl~ fi1tJ l'lleJ-:~ 1 'V'J ~eJ'Un'U ~ln~l-:~ 
~'Wfl'U~l'Ul'WeJ~~eJ~~eJtl'1~l ~1~-:Jrh'!i ~'Wfl'Urlll~~'Wl bb'li'W'lleJ.:J~ln~l.:J (p) ~ll.ll1flbb~~.:J 
rlll~i!il.J~'Utfl ~b~'U 1vi'~.:J~l.Jnl1~ (2.18) 

Jl 
p 

bl1eJ f.lm ~eJ rhi!iuth~~'VlBm1~~'VleJ'Ub'U.:Jl.ll~ (cm2/g) 

f.1 ~eJ rlli!il.J'LJ1~~'VIBm1!;l~'VleJ'Wb;u.:Jb~'W (em -l) 

p ~eJ All~~'Wlbb'li'LI'lJeJ.:J~lnm-:~ (g/cm 3) 

(2.18) 
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1LA\J';i bbmJJ WinXCOM ~1JJ1 ';itlfl1't.r:H1JVI1"'JJtl';i~ ~h·1~fl1 ';if! ~'Vle:J'W b 'S.:JJJlf!';ilJJ (Total 

mass attenuation coefficient) '1Je:J.:J~~1';i~.:J1 'W';itl'1Je:J.:Jli1\9lbbfl~~1';itl';i~ ne:J'U 1~t.J"'JJtl';i~~'Vl~fl1';i 
" ' 

fl~'Vl e:J'W b OS .:JJJlmlJJ :u~~rh b vh tl'U ~fl ';ilJJ'1Je:J.:J"'JJtJ-;j~~'Vl~fl1 ';if! ~'Vle:J'W b 'S.:JJ.Jlfl'1J e:J.:J bb~fl ~Btl \9l';i f\1 t1 1 

~1m';imb~~.:J1~b~'W1~vi'.:J~J.Jfl1';j~ (2.19) bbfl~ (2.20) 

( fJ) = (fJ) + (fJ) + (fJ) 
i pe com pp 

p p p p 

bde:J ( '\ fiB rh"'J.JtJ-;j~~'Vl~fl1';jfl~'Vle:J'Wb'S.:JJ.JlmlJJ'1Je:J.:J~1';ie:J.:JAtl';i~ne:J'U 
p 

( f.-1.) pe fie:J rl1"'JJtl';i~~'Vl~fl1';if!~'Vle:J'Wb 'S.:JJJlfl'1Je:J.:Jtl';i1nDfl1';it;1.i1 'V'l1191B b~n'Vl1n 
p 

( f.-1. )com fie:J fl1"'JJtJ-;j~~'Vl~fl1';jfl~'Vl€l'Wb'S.:JJJlfl'1Je:J.:J'lJ-;j1nDn1';itUn';i~b:ij,:Jfle:JJJti~'W 
p 

(2.19) 

(2.20) 

f.-1. fie:J rl1"'JJtl';i~~'Vl~n1';if!~'Vle:J'Wb'll.:Jmfl'1le:J.:Jtl';i1nnm';irum';i~~\9le:J'Wmflfi (-) pp ~ ' " 
p 

Vl~nmJ 3 bb'U'U fie:J tJ-;j1nnm';iru1'V'l1191Bb~n'Vl1n m~b:ij.:Jbb'U'Ufle:JJ.Jti~'W bbfl~fl1';j~~\9le:J'W.fl1flfi 
'\J d.J 'I 'U 

n';i~'Ul'Wn1 ';i~.:JVIJJ~.O-v111 ~ bn~ n1 ';i~1t.J b 'Vl~ ~.:J.:J1 'W'U1-:J61lt~VI1e:J~.:JVIJJ~ :u1 n .Y.:J ~1 tJ b tlt~~~.:J.:J 1'W'1Je:J.:J 

Bb~n\9l';ie:J'W ~.:JbiJ'W~fl1 ~.Y.:J~VI1t.J 1 tl'VI1e:Jm~b:ij.:J 1tJ~~JJ~1-:J 11 'W'U1-:Jmru~.Y.:J~~n~:u1';itl.n1 'W~tl'1Je:J.:J 
€1'4.fl1fl€11:U~m~t.Jnl1 "1 'V'll9le:J'W " (photon) 

2.16 .:~1'U11ij'~Vibn~1ile:~.:~ 

1 19lt1tl';i~~.:JAVI~n'1Je:J.:J.:J1'Wl~ t~.01!-:J b ~'W bb 'Wl'\111-:J lum';iflTD~'1Jtl~ bbrll CRT bbfl~~1JJ1';it1U1'1J t1 ~ 
' ' 

bbnl.01tJ1-lil ~bn~tJ-;j~ 1t~'1J'W1~~-:J~~ 1~t1:u~-vl1 m':ifin~1 m1J.J biJ'W 1 tJ1~ t~m';i1oU'1lt.J~ bbnl cRT b ~e:J 
" ' 

b iJtJ'J~~ bbrlltl1D.:J.Y .:J~ bbfl~fl1 ~VIl.:Jl115m ';i.Q' :U~ b iJtJ bb'Wl'Vl1-:JVI~.:J 1 'W fl1';itl1~~'1Jtl ~ CRT ~11!61-:J~fl 
' 

m~'Vl'U~e:J~.:J~'I11191 bbfl~ b tlt~~ (91-;j~e:J~.:J bb 1~~e:JJJ 1 t~'\J:u:ulrt~~m';ifin~1 bMt~ln'Um';i~161lbf1fl1~~ bbnl 
' ' 

CRT b iJmh'Wl'WJJ 1 n 1~ t1 611'W 1 VltU bb~l:U~ 1-li-J~~ bbrll CRT b ~e:Jb iJ'W €1-:Jrltl';i~ne:J'U ~1 VI.Y'U b\91~ t.JJJ 
v ' 

fle:J'Wn~\91 b~€1'1111-lil 'W.:J1'W'Vl1-:J~ 1'Wfl1';ifle:J~11-:J Vl1e:Jfle:J'Wn~\9lm1JJVI'W1 bbU'W~.:JvTI-ub 'W.:J1'W'Vl1-:J~1'W fl1';i 
" 

n1 lr.:J.Y.:J~ bB n~ b tlt~~'W ~.:J~ m';ifin~1 bMt.Jltl'U fl1':itl1~~ bbfl~ fl1';i~161l bflfl'1Jtl~ CRT biJ'W~1'Wl'Wm n 

b ~ e:J.:J:U1 n'1Jt.J~ b VI~1.Qb~JJ nf! 1 t1 b tlt~iJtl,JVI1~~ fll 1JJ ~e:J.:J m';i1 t~n 1 ';i~~ m ';i'V11e:J n 1 ~ ~€181-:J b ~ .:J ~ l'W 

1t~tJ fl.Pl. 2012 Q. Xu bbfl~flru~ [5] 1~-vl1fl1';i~1';il:UoU€JJJflfl1':itl1 ~~'1Jti~VIih:ue:J CRT 1'W~1li1';itl.l~ 
" .Y~th~'1J 1 '1J'W~'W ~'Ul11'Wbb~f!~tJm';i~~\9l'VI~1:Ue:J CRT ~m:u1n 1 'Vl';iVlPltitl';i~mru 6,000,000 ~'W 

"' 
bbfl~ fle:JJJ~l bl9le:J1~l'W 'U flf!'lJ-;j~JJ 1ru 1 o,ooo,ooo ~'W ~.:Jm~ m ';iru1~11 e:J'W 1 fl\911 'W 11l-li'1:u~~'1Jt.J~ 

' 
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vnh;ue:J CRT bvj:W~'Wb tJ'W~TWl'W:l.nfl 'We:Jfl';u1 n-d'~.:JiinT~£'11~1-;u-ile:J~~ 1 'W'lJ~~ b'Vlf'l~'W 1 Bfl 'l"lLrJ1 bfl~B'l 
flB:W~l b(9le:J1 bb~~ 1 'Vl'~Vi'Plu ~611'JB'l1 i1 'WD 2006 1 'W m:w ~m b Vltie:J m ~11-;u~ nm m tl'W'tl tJ ~ LJ'J~m ru 

163,420 ~'W 1'W~~bbfl~~B1btimYJtJ.:J~b~tJl'lJ~~mru 2,900,000 ~'W'tlB'l';uBVi1 (74,000 ~'W) bb~~ 
"" 

3,200,000 ~'W'tl€l'l';u€lfl€l:W~lb(9le:J1 (48,000 ~'W) 1'W~Vl~1'1Jtl1UJ1~mnfl1~rJ1-;u~ii'tltJ~ CRT bfl~~'W 
LJ~~:w1ru 104,532 ~'W ~.:JiihJ~~lb~Bnt'11Vl~tJ16~-;u~1.11'tltJ~ cRT b'Vlci1-dmi't~1m'Vl~1~ -;u1n~:w:wm 
'tlmvfl 1~nii b tl'W~fl1~ n'W11ii bYJtJ.:J 26.7 5% 'tlB'l 'tltJ~ CRT -;u~nn111n;;1tJm1m Vi~ LJ~~mru 59% 

'IJ 

-;u~ 1~~tJm~t:l.:Jn~tJ bb~~ 14.7 5% -;u~nm~ 1 ~.:Jm-;uci.:J~~m~'VltJ1'1mb~'l~B~'lii"li1(9lbb~~~'lbbJ~~B:w 
'IJ 

b1'J'Ue:J~1'l:l.nfl 1 'Wfl1~611~l';ufl~'l.Q''I"ltll1 m~1J1'tltJ~Vl,J1-;ue:J CRT :W1rl~ bbtJflbb~~1111 LJ~16!lbfl~ 1 ~b tJ'W 

~(9l~~B~'lbbd~~B:W 1~~~;;)'1"lfi~~bb~~~:wrhmn~'W ~Bm P. Walczak bb~~flru~ [37] 1~111'tltJ~bbflJ 
' 

CRT :W11offb ~m tJ'Wcil'W'lJ ~~ fle:JtJ 1 'W fl1~vl1fl€l'Wfl~(91 1~tJ -;u~ 1-ff bbtll CRT tJ~~~ bBtJ~ bb 'Vl'Wfl1~ 1-ff'V1~1 tJ 
b ~ B b(91~ tJ:WflB'Wfl~(9l~lB ~ 1'l~'W:w1 bb~~ b LJ~tJtJ b VitJtJ~:wu~'V11.:Jn~'tlB'lflB'Wn~(9l~iicil'W~~:w'tlB'l'V1~1 tJ 
bb~~ bbtll CRT ~iim~U:Wb 1'J'Ub 1m 2 bb~~ 28 l'W ~~~1~~1 ~b ~'Wl1 fl€l'Wfl~(9l~iicil'W~~:W'tltl'l bbtll 

CRT iifll1:W ~1'W'V11'W~Bbb ~'leJ~ bb~~bb ~.:J&i.:J:l.nflfll1 fl€l'Wfl~(9l~ijcil'W~~:W'tl€l'l'V1~1 tJ'lJ~~:w1ru 16% bb~~ 
14% m:w~1vl't1 bb~~~'l'l"ltJBn11 m~u:wflB'Wfl~(91B 28 l''W1~m1:Wbb~'lbb~.:Jmnn11u:wB 2 l''W 

1'WtJ 2013 H. Zhao, C.S. Poon bb~~ T.C. Ling [38] hiloffbbtll CRT cil'W funnel m1-ff~l:Wfltlfl1~ 

1-ff'V1~1tlbb~tl1 ~ 0% 25% 50% bb~~ 7 5% b ~Bvl1 b tl'Ufl€l'Wfl~(9lfll1:W'Vl'W1 bb tJ'W~'l (High density 

concrete) 1~ tJvl1 fl1 ~?1 fl'\~1 ~:w1J~ b :a'l fl~ m 1:W fl'l'Vl'W (Durability properties) bb~ ~~:WU~'tle:J 'l 

fle:J'Wfl~(911'WMl1l~fl€l'Wfl~(91~~ (Fresh properties) ~~~1~6/TI~b~'Wl1 b~mvj:wLJ~mru CRT :l.nfl~'W 
-;u~'IJltJ'lJ~tJ'lJ~.:Jflru~:wu~'tlB'lflB'Wfl~(911 'W~ml~flB'Wfl~(91~~ bb~~:w~b :a.:Jn~ b'll'W bb ~.:JB~ bb~.:J&i.:J bb~~ 

' ' " ' 
fll1:W~~Vl~'W -;u~iif"11~~~'l 'W€lfl';u1flUfl€l'Wfl~(91Viiicil'W~~:W'tlB'l CRT ~'l~1:W1~tl~~fl1~Vl~~l'tl€l'lfl1~ 

' 
€ltJbb~'lbb~~bvj:Wfl1~'tltJ1tJ~l alkali-silica reaction (ASR) 'tl€l'lfl€l'Wfl~(91 1~tJ1'W'I1l'lbdmfl1~€ltlbb~'l 
56 l'W f"11fl1~Vl~~l (drying shrinkage) 'tl€l'lfl€l'Wfl~(9l~~:WVJfl~l€l~1'lii,JBtJfll1 0.075% 1'W'I1l'l 

nm 14l'W fle:J'Wfl~(9l~iicil'W~~:W'tle:J'lbbtll CRT iim~'tltJ1tJ~l,JBtJfll1 0.1% ,!'Wbb~~'l1~b~'Wl1 
CRT ~1:W1~n1-ff b tJ'Wcil'WD~~fl BtJ£'11Vl~tJvl1 fle:J'W fl~ (9lf1J1:W'Vl'W 1 bb tJ'W~'l1~ ~'l~'l b 1'J'Ubb 'Wl'V11'l'Vl~ 'l~ 

'IJ 

'11ltJ~~~1'Wl'W'tltJ~ CRT1~Vl:w~1LJ~ltJ 1'WtJ fl.!"!. 2014 C.S. Poon bb~~ T.C. Ling [39] 1~ 

vl1 m~?im~1 fll1:W b tJ'W 1 LJhi1 'Wfl1 ~1-ff'tltJ ~ bbtll CRT b ~ B1 -ffv11fl€l'W fl~(91B~tl~B nLJtr'W 6/l.:J ~~~1~ 
"" 'IJ 

~1 ~ b~'Wl1 fl€l'Wfl~(9ltJ~€lfl~iicil'W~~:W'tl€l'l CRT bvj:W:l.nfl~'Wiifll1:W~1'W'V11'W~tlbb ~'leJ~ 1 'W'J~vltJ~~ 
bb~~fl1~'tltJ1tJ~l alkali-silica reaction (ASR <0 .1 %) bb~~m'lJ~tJ'lJ~'lflJ1:W~1:l.n~tl1'Wfl1~~1'W'V11'W 

' fl1'J~~fll1:W~'W bb~~ b~m vj;w CRT :l.nfl~'W€ll';u';u~ij~~v111 ~(91~ ~l~B~1 'Wfltl'W fl~(9lflfl'IJ~~1'l€l€lfl:l.J11~ 
'IJ 'IJ 'IJ 

~1tJ~'W vl'lt!'W:5'lbb'W~1J11~b(9l~tJ:Wfl€l'Wfl~(9ltJ~€lfl~iicil'W~~:W'tl€l'lbbtll CRT ,Je:JtJfll1 25% ';u~b~'W1~ 
l1fl1~111'tltJ~bbtll CRT :w11 offbtJ'Wcil'W'lJ~~fle:JtJ'tle:J'lflB'Wfl~(91B~tJ~e:JmtJ'Um~~hbfl~'tltJ~ CRT hil 'W 

"" 
LJ~mru~,JBm~m'lJ~tJtJbVitJtJfltJ~1'Wl'W'tltJ~ CRT ~bvj:W:W1fl~'WVJfl 1 tJ 

'We:Jn-;u1n-;u~ 1 off'tltJ~ bbtll CRT btl'Wcil'W~~:w 1 'Wl~~flB'Wfl~(9lfllU'l~'l~bb~l l'~~bbtll btl'WBfl'Vl~'l 
' ' 

l'~~~t11~'W h£'11Vl~t1 1 offbtl'Wl'~~rhu.:J~.:J~ b ~B.:J-;u1niim1:w 1~b LJ~tJtJ~1'Wm1:w 1 LJ~.:J1~ iifll1:w bb ~'l bb ~'l 
' ' 

bb~ ~ ~1:w 1~nLJ ~tJLJ~ 'l fl ru ~:wtr~1~ ~ 1 tJ m 'JLJ ~tJ b LJ ~ tJ'W B 'l fiLJ 'J ~ n B tJ ~ .:Jii'Vlm tJ '11 'Wl ~ tJ 1~?1 fl'lj1 
' ' 

flru~:wu~~1'l ., 'tlB'll~~bbtll b~BLJ~~tJfl(911-ff~1'Wfl1~rl1U'l~'l~ ii~1mBtJ~~t11~'Whvl''l~B1LJ-d 1'WtJ 
" I " " 
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rU'l. 2008 K.J. Singh bb~~rHU~ [40] 1~~f1'1~1bbfl11tJ~~'U'lJ xPb0-(1-x)Si02 (x = 0.45-0.70) bb~~ 

~~'J"~tl'lJ~:WD~'Vn..:J-r..:J~1V1£JlBfl1 ~~..:J~1u-r..:J~ bb 'U'lJfl1'r..:J~bbfl'lJ (narrow beam transmission) ~ 
~~lii''lJ'V-l~..:J..:J1ti 1-w~e:Jti 662, 1173 bb~~ 1332 keV lbm1~VlLfl~..:J~~1..:J bbfl1~1£J FTIR bb~~ 1 oUb'Vlfl'Wfl 

m~ibfl~1~~~1£Jfl~tib~£J..:JB~~~1 hiJn b ~mn~:w'IJ~~VJVI~tJ e.J~fl1WlVJ~e:J..:J'lit ~b~u11 bbfl'J 1 u~~'lJ'lJ'\1 
' 

i1~fl£Jil1'V-l1 tJ m~r\'1'\J..:J-r..:J~~~ bd m V1 £J'lJ tl'lJfltlti fl~~:w1~~~1ti (Iron con create) ~'Jti~:WD~~VJVI~ti 
~ ' 

'V-l'lJl1lJ~1~Vl~..:J~1:Wfl1~b~:W~ti'1Je:J..:JLJ1:w1ru PbO bbfl'J~tJ1~tih~m~'lJ'lJ ~tl P20 5-Pb0-Ba0 ~ 
~m~n1V1£J M.H. Kharita bb~~flru~ [41] b~e:J'VlVJ~e:J'lJ~fl£JJl1'V-l1um~1offbtJtil~V1rl10..:J-r..:J~ 1V1£J 

' 
m~~mn e.J~m~'Vl'lJ'1Je:J..:Jbb~~~~1~LJ~~fle:J'lJe:Je:J n16(!~ 'V-l'lJl1 m1:wV1u1 bb tJtJ'1Je:J..:J bbfl'J~~'lJ'lJ.Qb ~:w~u 

I I lJ I I I 

~1:WB~~1~1ti PbO .Ykw:w:Utibb~~Bm1~1ti BaO bb~~ P20 5 Yl~Vl~..:J e)~~1~1tiVl:W1flYl~V1'1Jtl..:J PbO 
' .Cij .c:J V I _.d i.J .c:::!i V I ..d 2.1 .o=J 0 V 

fle:J 65 wt% '1Jru~'Vle:Jm1~1ti'Vltie:J£J~V1'1Je:J..:J BaO fle:J 0 wt% bb~~e:Jm1~1ti'Vltitl£J'Vl~V1~1VI~'lJ P20s 
' ' 

~e:J 35 wt% e.J~~'V-lthb~VJ..:Jl1~~'lJ'lJ bbn1'\1b Vlm~~"~b tJul'~V1n10..:J-r..:J~bb~~i1-ife:J~ ~1um1:w 1 LJ~..:J1~ 
' 

bb~ ~n r11 1:w ~ 1ti'V11tie.J ~'11 e:J..:) -r..:) ~~ ~ n'l1 bde:J b LJ~£J'lJ b V1 £Ju n'lJ bb n1 ~J 1 LJ ~1 off b ~ tl b 1Ju bb n1 n 1'\J..:J -r..:) ~ 
titl n"1 n'\1~..:JlJfl1~~m~n~:w0~~ V1VI~ti'1Je:J..:J bbfl'J barium-lead borosilicate ~..:Jtle:Jtibb~~VI~..:J m~ 

' 
u1£J-r..:J~bbfl:W:W1 ~1£Jb'VlfliJfleJ~~~116(!iJfl1V1 £J R. Laopaiboon bb~~flru~ [ 42] ~..:J m~l'V1~1b iJum~~ 
~tl.!VIJJ~~e:J..:J 1V1£J1oUb'VlfliJfl pulse echo m1:w~ 4 MHz -ii'm.j~fld1:Wb11fl~tib~£J..:JeJ~~~116(!iJfl'1Je:J..:J 
~1e:J~1..:J bbfl'J"~oJ11 LJrhu1 ruVI1 ~1m1:w ~VJVI~ti 1:wV1 ~~ bb~~m1:w bb ~..:J~~Iii''lJ 1:w 1m ~1V1-r'Um 1:w ' , 
Vlti1 bbtJti'1Je:J..:J~'Jtl~1..:Jbbfl'J"~flfllV11V1£J1offVI~flfl1~'1Jtl..:J Archimedes bb~~ 1-ff n-hexane btlti'1Jtl..:JbVIm , 
~..:J'Y-l'LJ'l1m1:w b11fl~ub~£J..:JeJ'~~~116(!iJn m1:w~VJVI~u 1:wV1~~ bb~~m1:wbb~..:J~~Iii''lJ 1:w 1m i1~1b ~:w~u ' , 
bdm~:wLJ1:w1ru sao bb~~LJ'1:w1ru-r..:J~bbfl:W:W1~u1£J1~n'lJ~1e:J~1..:Jbbn'J "~b~u1~11 BaO iJe.J~~ 
tJ1~tih~e:Jflru~:w0~~VJVI~tJ'1Jmbbfl1 ~e:J:W1 A.B. Edathazhe bb~~ H.D. Shashikala [43] ~..:JlJfl11:W 

' ' 
~ti h'V11m~b~~£J:W~'Je:J ~1..:J bbfl'J 1 u~~'lJ'lJY'Je:J~b Y'J~~i1~1tie.J~:W'1Je:J..:J ~1~LJ~~ fle:J'lJ BaO ~..:JiJ~mbbfl'J b tJu , 
(26-x)Na20 -xBa0- 29Ca0-45P20s (x = 0, 5, 10, 15 mol%) bbfl'J 1 ti~~'lJ'lJ.Q'b~~£J:W~ti 1V1£J 1offi5 

melt-quench i no 1V1 £J~mn ~:w0~1fl~..:J~~1..:J bb~~ ~:w0~~VJVI~ti'1Jtl..:J bbfl1~1 oUe:JtuVIJl:iJVI~tl:W bb~fl~1..:J :::, , , '\.1 

nu~ 1000, 1100 bb~~ 1200 e:J..:JP11b6(!m~£J~ e.J~m~'VlVJ~e:J..:Jit~b~tJl1fld 1:WVItJ1 bbtJtJi1~1b~:w~um~ 
m:w b ~:W'1Je:J..:JLJ1:w1 ru BaO ~e:JruVIJl:iJVI~e:J:w b~ £J'Jtlti bb~bd e:J 1 offeJruVIJlii1 tJ m ~VI~ €l:W:w1 n~um 1:w 

"' '\J 'l '\J 

Vlti1 bbtJtilJ~1,j'eJ £J n11 b~ mJ€l£J ~m~ru~~ b tJtJbb 'lJ'lJ€l~ru~1tJ'1Jm bbn1~1:w1 ~n ~u~u 1~~1£Je.J~'1J€l..:Jfl1~ 
"' 

b~£J'Jb'lJtJ~1£J-r..:J~b~ns5 e.J~m~ibm1~VI1fl~..:J~~1..:J~1 m 'Vlfltifl FTIR 'V-l'lJl 1 ~bLJn~-r:wbb~VJ..:J 1fl~..:J~~1..:J 
'1J€l..:JVItJ'J£JVI~fl ~€JY'JeJmY'J ~~i1 three non-bridging oxygen (01

) bb~~ two non-bridging oxygen 

( 0 2
) ~€1 £J bb~n«n'1J€l..:J m ~l'VJ m1 :w bb ~..:JiJ m1:w b tJu B~~~ m:weJ..:J riLJ ~~ fleJ'lJ ~'l~ m~ru~m~ riB ~1'1J€l..:J 

~eJmb~fl"~nn~~'J"~eJ'lJ 1V1£J 1 off SEM m~ b1J~1 ~ bb~mb~~~~£J~ nmi1m1:w~:wYrwfn'lJm~ 1 VI~ bb 'lJ'lJ , 
'V-l ~ 1 ~ ~ fl (plastic flow) 1 til~ ~~ti bbn 11 tJ fl ~:W'lJ m ~~ il lJfl'J 1 :w tl1 ~ti h b -du nu b ~ e:J..:J :w 1" 1 n 

~:wLJ~~~'V1Bfl1~'1J£J1£J~'J'V11..:Jf1J1:W~tlti~1 S.Y. Marzouk [44] ~..:J~tih~m~1flru~:w0~~VJVI~ti'1J€l..:J 
' ' I I I lJ' 

V QQ iJ .o:::i IV c:f iJ .c;f .:::::.1 iJ 

bbflJ~~'lJ'lJ SiOr Na20-B20 3 'Vlb~:WV11£J Gd20 3 'V1 mol% bb~flm..:Jflti 6(!..:Jbbfld~fl'1Jtib~~£J:WV11£J 

b'Vl fliJfl rapid quenching m1:w b 11fl~tib~£J..:JeJ~~~116(!tifl m:wm1 bb~~ m:W'1J11..:J~fllV1~1m 'VlfliJfl 

Pulse echo fl11:W~ 4 MHz ~€lillVIJl:iJ~€l..:J fld1:W~VlVI ~tJ1:WV1~~ €ltuVIJl:iJbV1€l'lJ1£J €lillVIJl:iJB€lti~'J 
'I '\J 'I '\J 'I '\J , 'U 

bb~~ e) ~~1 ~1uib ~ 6(!€J..:J'1J€l..:J ~~'lJ'lJ bbfl1~i1 m ~ b LJ ~ £Jti bb LJ ~..:Jm 1:w b .V:w-ilu'1l€l..:J G d20 3 'V-l'lJl1 ~ eJtJ-iJ 1..:J "~ 
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11 ~tltl~fll.h~ f1tl'U bbfll bb(;l~ ~~iim~b 'll~8'U b Vl8'U~~·vr;h~-ifmmriTvn~1~ b\9le:J~m1~ ~~"v1~ti~1til ~1 n 
'U ' 

f11~'Vl~(;ltl~bb(;l~fl1~f"11ti1t:\J 1tilm~'Vlt)~~1~ 81 offbb 'U'U"iJ1(;JtJ~ "bond compression" titlf1~1f1.Qbb~1 
M.S. Gaafa bb(;l~ S.Y. Marzouk [45] 1tilv'hm~Pif1~1bbtl1 sodium borosilicate ~b~~lii'18 Er20 3 

~fldl~b -if~-ii'tibb\91 f1~1~flti bbtl1~f1b\91~8~~ti 1~ 81 offb 'Vlf1'Wf1 rapid quenching f11~l~fld1~ b ~1f1~ti 
b~8~eJ(;l\911116(1'Um~~m~811bb(;l~\911~'1J11~11il~1b'Wtim~~e:Jru"v1n~~tl~ 1~81-ffml~~ 4 MHz r111~ 

' 'U 

~~"v1~ti 1~~~~ tltu"v1i1~ b~tl'U18 tlt:\J"v1i1~~tlti~1 bb(;l~eJ\91~1i:11tiD1~6(1tJ~ '1Jtl~ bbtl1~ b~~lii'18 Er 20 3 
, '\J " '\J 'I cu 

bb~~~1 ~ b ~ti-:h"fi1~1~ b\9le:J~-ii'1~~tiliri1 b 'll~8tibb L.J(;J~tl e:J8mn b~tl\"111~ b -if~-ii'ti'1ltl~ Er20 3 b ~~~ti 
m~Pin~1 FTIR spectroscopy bb(;l~bb'U'U"iJ1(;Jtl~'Vl1~'Vlt)~~ (bond compression) btltif11~lbf1~1~-v1 

b ~~Ll1~ 1 rub~ e:J1 mlil-if tl~(;l b ~~ b~~ bM 8 1nu 1m ~~11~'1Jtl~ bbn1 1 ti ~~'U'Ud m~Pi n~1~1 ~ b ~ti11 
'U 

1f1~~~11~'1Jmbbtl1b"v1ci1di:11ti1 -v1'1J~~'ll~~f1tl'Uiii'18"v11.i18 Si04 ~ij four bridging oxygen (04
) bb(;l~ 

three bridging "v1~tl one non-bridging oxygen (03) bbtl1~iifl1~b~~tle:Jf116(1vl'1Je:J~1(;l"v1~"v1'Wf1~f1 
Pin~11~ 8 C. Bootjomchai bb(;l~f1ru~ [ 46] ~~vl1 fl1~Pif1~1 bbtl1 1 'U b68~ bf1\9l~lii:11ti'll~~f1tl'U '1Jtl~ 
tle:Jf116(1vlli1\911{;l"v1~"v1'Wf1 (HMO) 1ti~~'U'U xBi20r50Ba0-(50-x)Si02 b~tl x= 0, 5, 10, 15 bb(;l~ 20 

' 
mol% \911~~1vl'U vl1f11~Pif1~11ii'18f1~tib~8~eJ(;l\911116(1'Wnlii'18lB pulse echo ~~ 1til-ii'm.](;lfl1fld1~ 
~ ~"v1~ti 1~~~ ~ t1 ru-v1n~ b~ e:J'U18 B\91~1 i:11tii11~6(1e:J~ bb(;l~m 1~ bb ~~ ~~vru 1~ 1m bb(;j~Pin~1 n11 

" 'U , 'U 

b 'll~8ti bb D(;l~ 1m~~11~ 1~81 off FTIR ~1f1f11 ~f'in~11~ 81 offbb -v1ci~n1 b 'W~-r~~ bbf1~m Co-60 Yi'U ';hri1 

f111~"v1ti 1 bb 1..lti'1Jtl~ bbn1iiri1 b ~~~tim~ m ~ b ~~~ti'1Jtl~'ll1~1 ru Bi20 3 A1e:Jru"v1n~ b~ e:J'U18 r111~ b ~1 
' 'U 

f1~tib~8~~~\911~811bb(;l~m~'1J11~ (;l~{;l~\911~m1~b-ii'~-ii'ti'1ltl~ Bi20 3 ~b~~~ti ~~ne:Jtibb(;l~"v1~~m1 
u18 -r~~ bb(;l~ f11 ~f'if1~1 bbtl11ii'1 8 FTIR Yi'Ul11f1~~~ 11 ~ bbtl1 b 'll~ tJti 1 'll-v1~~~1 n5J f11 ~u1 tJ -r~~ fl'U bb tl1 

bb~~~ 1 ~b ~ti11'll1~1ru-r~~5Jt:.J(;l~e:J1f1~~~11~ bbtl1 1 u 1168~ bfl\91 ~~ b ~ti 11il11f1ru~~~1f11~~11~'1Je:J~ bbtl1 
' 

ne:Jtibb(;l~"v1~~f11~u1tJ-r~~niim1~1..11~tihlii'1m'litinti ~e:Jm M.A. Marzouk, Y.M. Hamdy bb(;l~ 

H.A. ElBatal [ 4 7] ~~~ti hf!in~1~~0~1r11~~11~ bb(;l~~~D~'Vl1~-r~~'1Jtl~ bbtl1 1 ti~~'U'U hb~ tJ~68~1f1 

'We:J~b'W~ ~~vl1f111l~~b'llf1\9l-r~'Vl 1 ~bb~~ bb(;l~ FTIR fl'U~1tl~1~ bbtl1 16(1b~tJ~68~1f1'Wtl~b'W~~ b~e:Jiii'18 
W03 (0, 0.5, 0.75, 1.0 bb~~ 1.25 mol%) b~eJ~fl~1"'fl~ru~61tnti~ valence '1JeJ~Vl~61b~'W1eJBeJ'W 
~ t:.Jm.J eJ tJ 1 ti1'l.J'1JeJ~ bbtll t1 Bfl16(jv1 bb(;l~ ~leJ ~1~ bbtll 1tilnn~ n~1 m 'tJ fl(Pl~~ €i nr1~ ~"v1"'~~ 1 n~~ m ~u1 tJ til 1 tJ 

'U 'U 'U 

-r~~bbf1~~1'll1mru 8x104 Gy ~1tJ~ 1 ~bbtll~hJ1tilb~e:Jiii'18 W03 ~~bb~~~m1~~f1~ti'1Je:J~bbfl'U uv ~ 
iim1~ b~ti-ll~ ~~iim1~bMtJ1-ifmn'Ub -v1~n 1e:Je:Je:Jti (Fe3+) m~11~~ btltit:.J(;l~1fl~ti\9le:Jtim~ b\91~8~ bbtl1 

bbn1~ b~t1til18 wo3 ~~5J~Y11 bb(;l~ bb~~~ 1 ~ b ~tin~~ b 'lln\91-r~m~~~n~tibb~~~ bb\9lf1~1~nti ~~1..11~~~1 
'U 

~1n 1e:Je:Jtlti W6
+ bb(;l~ w5

+ m~Pin~l~b 'll n\91-r~m~~~n~ti-r~~Bti'W~l b 1~~1fl~ltl~1~bbtll bb~~~1 ~ 
'U 

b ~tin~ bbfl'U m~~~ n~ti-r~~Bti'W~1 b ~~~bb\9lf1 ~1~tl'ti ~~1..11 ~~m~1 m'll bb 'U'Um~iti'1ltl~ 1m~"lh 8 
'U 'U 

'WBm 'W~ bb(;l~68~ bfl\91 tie:Jf1~1ndbbn1~ b~t1til18 wo3 (0.5- 1.25%) hJ1tilne:J1 ~bf\~m~b 'll~8ti bb L.J(;l~ 
m~iti'1ltl~ bbfl'Uf11~ ~ ~ n~ti-r~~Bti'W11 b 1~ bb(;l~ m ~u18-r~~ bbf1~m hJ11ilv111 ~"il1ti1ti"v1~e:JI911 bb -v11.i ~ 

'U 

-v1~ n'1Je:J~ bbfl'Uf11 ~~~ n ~ti -r~~Bti'W11 b 1 ~ b 'll~ 8ti bb L.J(;j ~ b ~t1~~1~1 nm1~ b ~~ 8 ~'1ltl~ 1m ~"lh 8 bbtl1~5J 
'U 

nci~1m~~11~~1~ntin'U1e:Je:Je:JtiVi'~~b\9lti ~b'lln\91-r~ ESR '1le:J~~1e:J~ 1 ~bbtl1~b~e:Jiii'18 wo3 bb~~~1~ 
' 

b~tin~m1iit1~'1Jtl~B b~ n\911Bti 1~~ b~tJ1'1JH~ 1e:Je:Je:JtiVi'~~ b\9lti bb(;l~~'I!'U~titit:.J(;l'Vl1~ bb~~lilltJ 
'U ' 

\.., 
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:;nm1~61~ bB ~~~mhnn-v1-:J ~'W b ~1:u~ b ~'W 1vi'-hr~~ bbtll b tl'WBn'Vl~ -:Jl~~~'I11~'W 1 :ueJ ~1-:J:mn 
9 9 

~1Vi-r'Utlld.J1tl~~~n~1 oUvll'W-r-!l~ ~l~~~-!lb~-!l b~'Wl1n1~t11"V~~ CRT m~1~bfimtl'Wl~~ bbtllm oUb~el 
9 " 9 

n1D'-:J-r-!l~b tl'WBnV1 1-:J b~eln'Vi~-:J~tl l ~'W h~1Vi-r'U•1h ~61~~1'Wl'W"V~~ CRT ~m:uneJ 1 ~bfi~d.J6l~~~eJ 
~-:JiH11~bb61~~-:Jbn~6leJd.J bb61~ tJ-:J b tl'Wm'jt11-v~~bbtll CRT d.J1~1~bfi611 ~ bfi~tl~~ 1~"1l'W1vi'~-:J~~Bnvi'l~ 

" 9 

.. 
.\ 
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"' 3.1. 1 ~1':ibfl11 

d 
'U'VI'VI 3 

3.1.1.1 bl"l'!;bbtll CRT ~1~~1flVIi!1~BflBlJ~lb\?lB1 ~VlB COMPAQ 

3.1.1.2 

3.1.1.3 

3.1.1.4 

3.1.1.5 

3.1.1.5 

Potassium Oxide (K20) fll1lJ'U~~'Vl~ 99.0% 'U~~'Vl Ajax Finechem 

Barium Oxide (BaO) fld1lJ'U~Gi'Vl~ 99.0% 'U~~'Vl Ajax Finechem 
' ' Potassium bromide (KBr) fld1lJ'U~Gi'Vl5 99.0% 'U~~'Vl Loba Chemie 

' ' n-hexane 'UB..:J'U~~'Vl Merck Millipore fld1lJ'U~~'Vl5 95.0 o/o 

"" "" flGWilB~'U 

~ 1J v 
3.1.2.1 m~V11'1;'ll..:JG11~bb"~'llB'U\?lflG11~ 

3.1.2.2 fl~fl'UV1G11~ Asate 

3.1.2.3 DflbflB1' 'U'U1Vl 250 ml 

3.1.2.4 m~Vl1'\;'Vl~1tJ b'UB1' 400 800 bb"~ 1,200 
~ d_,C\~ q d'..::JV .c:t 

3.1.2.5 bfl~B..:J'Il..:JBb"fl'Vl~B'UflGi t!VIB Denver Instrument fll1lJ"~bBtJV1 0.0001 s 
v .,. ' 

3.1.2.6 b'U1Vi"BlJ b61l~1lJflG1 

3.1.2. 7 bblJ~lJ~bVI~nml'111'G1tilJ 

3.1.2.8 b\?11Vi"BlJ 1 vivh Bf1!VIfliJG1..:JG1Vl 1,400 B..:JI"l1 b61)" b68tJG1 G11'1..:J 1VltJ flcilJl-:5'tibbtll 
, (\J '-! 'I , 

mA1VJ~m1 fltw~l'Vlt111"11G1\?11' lJV11l'Vlt11~tJB'U"~1'1l5TW 
' 

3.1.2.9 b\?11B'U1vi.Yh Bf1!VIfliJG1..:JG1Vl 1,000 B..:JI"l1b61l"b68tJG1 G11'1..:J1Vlt~flcilJl~tlbbtll 
'I '\J 'U 'I 'I 

fl1fll'll1VJ~m1 fltw~l'Vlt111"11G1\?11lJVI1l'Vlt11~tiB'Um1'1l5TW 
' ~ Q.J 1J .ci '11 I 

3.1.2.10 bmB..:J\?lVlbbfll tJVIB Benetec limited ~'U labcut 1010 
' 

3.1.2.11 bfl~B..:JoVVl bb tll G11'1..:J 1V1 tJ fl~lJl-:5'tibbtll fl1fll'IJ1VJ~ fl ~ fltw~l'Vl tl11"11 G1 \?11' 
' .,. v "" 

lJVI1l'Vltl1"tiB'U"~1'1l51'U 
' 

3.1.2.12 nB1bt1tJfl1~btJB1' fll1lJ"~bBtiV1 0.05 mm 

3.1.2.13 bbvl..:JtJ-r'UbVlti'UlJ1\?1~:01'U'IltiV1 K1 (DIN 54120) bb"~ K2 (DIN 54122) 
"' 

3.12.14 ~l1Vlfl~'Ub~ti..:JeJ"\?11'1161ltifl'IJtiV1~l\?l~..:J fld1lJ~ 4 MHz 

3.1.2.15 ~l1V1fl~'Ub~ti..:JeJ"\?11'1161ltifl'IJtiV1~llJlJ 45 B..:JI"l1 fld1lJ~ 4 MHz 
' 

3.1.2.16 bfl~B..:JeJ"\?11'1161ltifl ~VlB Sonatest ~'U Sitescan 230 
' 

3.1.2.17 ~l1V1-r..:J~'IltiV1 Na i(Tl) ~VlB Canberra Model 802 

3.1.2.18 ~l1V1-r..:J~'IltiV1 CdTe Model XR-100T 



3.1.2.19 ~'Wn1b'W~-r~~'ll'W~ Cs-137 co-60 bb(;l~ co-57 

3.1.2.20 bb~'W Target (bb~'W~b~b.Um..J bb1;l~bb~'W(91~fl1) 

3.1.2.21 bbvl~(91~rt1bb(;l~'Vl€l~ bb~~~1Vi-rtJn1tr~-r~~ 
3.1.2.22 bfl~m MCA (Multichannel Analyzer) D1~'Vl ORTEC 

' ' .r:::!il. .<::::!1 i.J I 

3.1.2.23 bfl~€l~ FTIR Spectrometer t1Vi€l Thermo Scientific 1'W Nicolet 6 700 
4 ~ V I 

3.1.2.24 bfl~€l~ EDS t1Vi€l Hitachi ~'W S-3400N , 
3.1.2.25 hbbbfl1:l.J WinXCom 

3.2.1 m-ablil~mJbU1'VII;'IEJ:Wb~-a1iimi 
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U1~'WbVit1tl1~1 b ~~~i.J (Compound Clay) ~~:wntJLl11ui.J1:w1ru~b Vi:W1~~:Wbb'I1~~H 
tb ~:w 1 ru 2 i'u ~ 1 fi~'W n ~e:J ~ b m b~'I"J 1 ~~1'W ~ 1;l ~ b ~ t1 ~ bb~1 b 'Vli;l ~D '\.Jbb~~:w~hJ ui.J1;l1 ~ b (91e:J1~i.J 

'\J '\J 

'Vl~~m~tJ€lfl~b(91~tJ:l.J H ~eJ1 m~m1:WVI'W1 (911:l.J~~€l~fl1~bb~1b 'Vl~'WbVI(;ldeJeJfl ~~ 11Wn~fl bb~1U1€l€lfl 
~1flbb~~:w.Wi.Jui.J(;l1~b(91eJ1 u11 i.J(911fl bb~~ 1 ~ bb~~ Vi~~~1 n~m111 i.J b~11 'Wbm b~1lvHh~muViflii 

'\J , '\J 

1,250 eJ~I"11b61!m6/1ti~ btl'Wb1m 2 ~11:w~ bb~1i.J~eJt11~b~'W~11;l~~muVInii~€l~~~1~bD1Vi(;leJ:l.J 
' '\J 

b61!~1iJfl~ (Ceramic Crucible) m-if~1Vi-rtJVI(;l€l:l.Jbbfl1 
3.2.2 n1-ab"~~1Jt9l'dtl~1~bbtid 

... ... ' 

~1mh~bbfl1b(91~ti:W:U'W~1fl~mbbflTYl'W~i1'W (70-x)CRT -30K20-xBaO b~eJ x = 0, 5, 
'\J "" 

10, 15 bb(;l~ 20 mol% b~tl~1~bfl~~1-ff~m1:WD1~'Vltr1eJ'WoU1~~~ bb(;l~bbfl1 CRT 1~:w1~1f1Viih 
' '\J 

~€lfl€l:W~1 b(91€J1~~€l COMPAQ U1:W1D~ 1 ~(;1~ b~ tl~ bb(;l ~l br111 ~~eJ~fii.J ~~ fl€ltJ~1 t1b 'VlfltJfl EDS 

~~bb~~~1'W(911~1~~ 4.2 'tl1~1~bfl~:w1-&~J1Vitin~1mfl~eJ~~~~h~n'Vl~€l'Wn~ m1:w(;l~ b~ti~ o.ooo 1 g 

(911:l.JeJ~fii.J~~fl€ltJ bbn1~ bb~~~ 111 um~1~~ 3.1 ~1n~u~~:w~1~br1m ~b t!ubtleJ b~ ~nnu 1 'Wb D1Vii;leJ:w 

b61!~1iifl~ bb~1U11i.JVI(;leJ:W1'WbmVi1;leJ:W1v·JVh~eJruVIflii 1,250 €l~l"11b61!m6/1ti~ btl'Wb1m 2 i11:w~ 
' '\J 

~'W~i.J bbfl1~Vi(;leJ:l.JbVI1;l1tl'Wbb~~:w.W b Vi~flfl~11 ~~'W:w ~1fl~'WU1 bbfl11 i.J eJtJ 1 'WbmeJtJ 1 ~~1~€l tuViflii 
'\J ' '\J 

4so eJ~I"11b6l!m611t~~ b~eJ(;l~m1:wbfi''W~bil~~u1ubtlmbn1 ~~Hi.J~~mru 2 ~11:w~ tJ~b(911eJtJ1~~1bb~1 
i.J~ eJtl 1 ~eJruVifliifl1 tJ 1 'Wb(911 (;1~(;1~ n~eJ ruVIflii~eJ~ bb~1-w1 ~1€l ~ 1~ bbn1~1vn LJ ~~ bbi;l~-v~ 1 m~~~u 1tJ 

Cj 'V 'l 'U 

b~eJ 1m 'Wfl1~Vi1rl1fl11:l.Jb ~1fl~'Wb~tl~'5(;1 (91~1 h'Wn bbi;l~flru~:wmm~rhtr~-r~~ 
' 

CRT K20 BaO 

G1 70 30 0 70CRT-30K20 - 0Ba0 

G2 65 30 5 65CRT-30K20 - 5Ba0 

G3 60 30 10 60CRT-30K20-10Ba0 

G4 55 30 15 55CRT -30K20 - 15Ba0 

G5 50 30 20 SOCRT-30K20 - 20Ba0 

.. ~ . 
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3.2.3 m"a'Vi1~11~'Vi'W1uth.Jbbfil~m~1~'a1~£J1~fil 

rn 1 :W'Vi'W1 bb 1-l'W"lJe:J'l ~1 e:J ~ 1'l bbtl'd nnl'~ ~mLJ'Vi J1il~B'l1~ ~ 1-li'Vl~ n m~"lJe:J'l e:J11Ail~61 ~'l 
'\J ' '\J 

'Vl~flfl1~-n611:W1~fl'Vl1fl'd1:W'Vl'W1 bb 1J'lJ"lJB'll61~ ~'IJ'Vl~'l1~ 61 ~'l~1~fl~11 1lbb6'11 1 'W'U'Vl~ 2 fl1~'Vl1rl1fn1:W 
'"' I 

'Vl'W1 bb1.l'W"1Je:J'l~'de:J~1'l bbfll611m~nvh 1~~ ~ m~-B''lm~"lle:J'l~'de:J ~1'l bbtl'de:J~1'l~~ b~~~ 1 'W mml"l bb~~-B''l 
:W'd ~"liB 'l ~'dB~ 1 'l bbtl'd 1 'W 611 ~~ ~ ~ 1 ~~'Vl ~1'\J rn 1 :W'Vl'W 1 bb 1.1 'W 1 'W 'l1 'W 1 :ij ~-d' b~ e:J n1-li n-hexa ne b tl'W 

611~~~~1~ b ~e:J'l:WT'in n hJ·vh'IJ5n~~1n'U ~1e:1 ~ 1'l bbn'd bb~~'Vl~1'Url1fn1:W'Vl'W1'W bb 1-l'W~ bb 1-l'WB'W 1~ ~ij 
f11 fl11 :W'Vl'W 1 bb 1.1 'W b vh tl'U 0. 65 48 g/ cm3 "il1 fl~'W f11 'W 1 tw'Vl1 f11 rn 1:W'Vl'W 1 bb 1-l'W "lJe:J'l ~1 eJ ~ 1'l bbfl'd 

m:w61:wm~~ (2.1) bb6'1'du1r11rn1:W'Vl'W1 bb 1.l'W"1Je:J'l~'de:J~1'lbbtl1 1 '1Jf11'W 1ru~m ~e:J'Vl1'1J~:w1~~ 1~~ 1:w~ .. 
~1:W61:Wfl1~'Vl (2.2) 

3.2.4 'Vl~J;IeJ'UJ;I~u~£i~'Via'W 1~£~ 1 if~~'Wb~hrel'fil~~11Elli1n • 
rie:J'W "il~'Yl1 m ~l'~fl11 :w b ~'dfl~'W b~~ 'l B'~ \?1~1 hrw n"lJ e:J'l ~l e:1 ~ 1'l bbn'd ~1 b tl'W ~e:J'lij m ~ 

'IJ1'UbVi~'Ubfl~e:J'leJ~I?1~11"1l'Wnrie:J'Wb61:WB1~~~oX1l'~rn1:Wb~1fl~'Wb~~'l"II'W~oX11?1~'l fl11:W~ 4 MHz "il~ 
'\.J1'UbVi~'Utl'Ubbvl'l:wl\?1~~1'W"II'W~ K2 (DIN 54122) bb~~oX'dl~fl11:Wb~'dfl~'Wb~~'l"II'W~oX'd:W:W 45 e:J'lP11 

~ ' 
fn1:W~ 4 MHz "il~'IJ1'UbVi~'Utl'Ubbvl'l:wl\?1~~1'W"II'W~ K1 (DIN 54120) [20] 

~ 

3.2.4.1 fl1~l~fn1:Wb~'dfl~'Wb~~'l\?11:W~11 (v,) 

m~l'~rn1:wb ~1fl~'Wb~~'lm:wm1"1Je:J'l~'de:J~1'l bbtl'd 1~ ~ 1-lifl~'Wb~~'leJ~I?1~11"1l'Wn 
611:W1~flvl11~~ ~vl1 fl1~l~ fn1:W'Vl'W1"1Jtl'l bbfl'd ~'dtl~ 1'l1~~ 1-lib 'dtl bti~1fl1~h '1Je:J1 bb6'11 1-lioX'dl~fl~'Wb~~'l 
"II'W~oXlm'ln~~'l'U'W ~'dB~ 1'l bbtl'd 1~~"il~ 1 olin~ b "IIB'1'Wb tl'W~'dnm'l1 'W m~~'l~1'Wfl~'Wb~~'l B~l?1~11"1l'Wn 
~'l1 'IJ1 'W~1B~1'l bbn1 ~'l-d'"il~~e:J'l ~'Jf11 bfl~e:J'leJ'~ 1?1~11"1l'Wn1 ~ b Vl:W1 ~61:w n'U"II'W~oX1l'~"II'W~oX11?1~'l [20J 

"il1 fl~'W'IJ1'U'Vl1 fl'd 1:W b ~'dfl~'Wb~~'l\?11:W ~ 11"1Jtl'l ~d tl~ 1'l bbtl'd ~'l "il~ij fl'd1:W b~~d b ~tl'l tl'Wtl'U fl'd1:W'Vl'W1 

"(Je:J'l ~'dtl~1'lbbtl'd 

3.2.4.2 fl1 ~l~fn1:Wb~'dfl~'Wb~~'lb5e:J'W (V5 ) 

m~l'~rn1:w b ~1fl~'Wb~~'lb5e:J'W"IIB'l ~1B~1'l bbn'd 1~ ~ 1 -lifl~'Wb~~'leJ'~I?1~11"1l'W n 

611m~n'Yl11~~~m~1-lioX1l'~fl~'Wb~~'l"II'W~oXl:w:w 45 e:J'lP11 n~~'l'U'Wfl~~'l'U'W ~le:J~1'l bbfll 1~~ 1-li 
' n~b"IIB'1'Wbtl'W~lnm'l1 'Wfl1~~'l~1'Wfl~'Wb~~ 'l~'l1 tfl 'Wbbtll~le:J ~1'l 1~ ~"il ~~m~'lrl1 bfl~e:J'leJ~ 1?1~11 "ll'Wn 

1 ~ b 'Vl:wl~61:wn'U"II'W~oX1l'~"II'W~oX1:w:w 45 e:J'lP11 [20] 'IJ1'U'Vl1fn1:W b ~'dfl~'Wb~~'l m:w'IJ11'l'IJB'l bbtl'd 
9 

~le:J~1'l ~'liirn1:w b~m b~ e:J'ln'Wn'U~~ ~~~fl~'Wb~~'leJ~I?1~11"1l'Wn61~Vfe:J'W b tl'W:w:w 45 e:J'lP11 1 'W~le:J~1'l 
' 

bbnln'l-x'd-r~ 1~'Y1tl~ 

3.2.5 'Vl~J;IeJ'UJ;I:WU~b~'a\lJ;I~1\l~1m 'Vl~i1~ be:J'V'lmeJm{ (FTIR) 

fl1~l bfl~1~~1fl~'l61~1~"1Jtl~~ltl~ 1~ bbtll~'d ~ b 'Vlfl'Wfl FTIR b ~tl ~'WiJ'W~~~1~ "il1 fl fl1~ 
1 bfl11~,.,~lm 'Vlfl'Wflfl~m~~~B'~ 1?1~11"1l'Wn 1~ m 'Vlfl'Wfl'ii611m~n'U t1 n'Vll!Yl~ n<U''W'IJB~ ~wi~ Vl~B 

'\J 

~n~ru~m~ b 'IJ~ ~'Wbb 'IJ~~'IJB~~'W5~~ bn~~'W 1 'W~le:J~1~ bbfll 1 'W~'W\?1e:J'Wfl1~ bl?1'1~:w~'de:J ~1~ bbtll b ~e:J 
u11 '\.Jlbfl11~~~1m 'Vlfl'Wfl-d'v111~~ ~fl1~U1~ltl ~1~ bbtll:W1'U~~61:Wtl'U Potassium bromide (KBr) 

1~~1-lieJ'1?1~1~1'W~'de:J~1~bbfll~e:J KBr bvl1tl'U 1 ~e:J 100 'U~btl'W~~1~~~bB~~"il'Wnmmtl'Wb-dm~mn'W 
U11'1JB'~btl'Wb~~'U1~1 'IJ'W1~b~'W~1'W~'W~flm~'IJ~~mru 1.2 em 1~~1oUbb~~~'W 8 tons/cm3 "il1fl~'W 
U1~ltl~1~bbnl1'\.J1bfl11~~~lmfl~tl'l FTIR Spectrometer 

t •• 



... 

40 

3.2.6 'Vlt9J!;feJu!;f~u~nT'an1u~~~~ 

~1Vi:r'UnT~Vlt9l~eJ'U ~wir~m';irhu..:J:r..:J~"UeJ..:J ~leJ~ 1-.:Jbbtll ~';i~\iluV~J~..:J..:J1'W~1..:J 1 "~vh 
f11';ilt911t9lt11~\VJf1tJf1 Narrow beam transmission method ~..:Jih1ti(;'l~b~tlt911ii'..:J~eJhJ.0 

Narrow beam transmission method b1J'WbVlf1tJf1~1-d'Vlt9l~eJ'U~~D~fl1-;ifhD..:J:r..:J~ 
"UeJ..:Jl~t91 ~..:J"~iJ..:J~m11:r..:J~"1n1eJ 16!11 VJtl:r..:J~1 ~~1'W~leJ~1..:J 1t91 t~m..:J bdeJ:r..:J~m~VJ'Ul~t9l~leJ~1..:J"~ 

' ' 
bflt91B'W~';in1t11';i~Vil1..:J:r..:J~tl'Ul~t9l~leJ~1..:J til..:J~1vi'n~1l tl'bb~l 1 'W'UVJ~ 2 1t9ltJ"~iJ:r..:J~~l'WVi~..:J~flfl 

' 'U 

l'~t91t9lt91 n~u 11 bb(;'l~:r..:J~~n~l'WVi~..:JVJ~"~1'W 1 tJ1vi' "1m!uf11ulruVi1~~tJ-;j~~VJtm';i (;'lt91VleJ'W b ~..:J b~'W 
9'U ' 

"UeJ..:Jl~~ ~1lJn~"UeJ..:J Beer-Lambert lii'..:J~lJfll';i~ (2.14) 15 Narrow beam transmission ~1-d 
'W~..:J..:J1'W1 ~~eJ'WVi~eJ:r..:J~"1fl1eJ 16!11 Vltl:r..:J~~1'W~leJ~1..:Jbbtll 1t91 tJ\9l';j..:J "~lt911vl~';i~\il'U'W~..:J..:J1'W 122, 662 

1173 bb(;'l~ 1332 keV ~1Vi:r'UmT~'t91'1Jt91eJtlmruVJt9l~eJ'Ufl1';irl1D..:J:r..:J~"UeJ..:J~leJ~1..:Jbbtllvlltil5 narrow 
' ' 

beam transmission bb'U'U1meJ 16!11 VJtl:r..:J~Vl~(;'l~1'Wl~t9l~leJ~1..:J1t91ti~';i..:J ~1lJ1';itlbb~t9l..:J1~b~tJiii'..:Jm'W 
' ' 

~ 3.1 1t9lti 1eJ 16!11 Vltl:r..:J"~tlfl~tifleJtJb 'W'U~eJfl~vh"1fl~~rrl (Lead container) ~..:J"~'lhmJeJ..:Jtl'W 1l-11 ~ 
'U 'U 

:r..:J~VJ ~"~ 1'W eJeJ fll-1 1oU1..:J'W eJ n bb(;'l~:r..:J~flflD..:J~'U 1 ~ b 1Juci'1 b~ n ., ~1'W bbtll ~l eJ ~1-.:J ~..:J"~ 1-d''~Xllt91 
' 'U I 

Na I(Tl) b .Uu ~lii''Ult91 ~ru ru1 ru "1 n~u~ruru1 ru~1vi'" ~fl fl bbtl(;'l..:J bb(;'l~ bb~t9l..:J ~(;'leJeJfll-11 ~1'WV11..:JVIU1 "eJ 
QJ QJ Q,l cv '\J 

(Display) 1~t~n1Vi'W~';i~tl~'l,h..:J"1fl1eJ 16!11 Vltl:r..:J~~..:J~ll~i1ri1tl-;i~l-llru 18 em 

HV 

25 em 

3cm 

+ 

r 
12 em 

l 

Pre-Amp 

I+----- 6 em -----..1 
lOcm --.. 

Amplifier 

N ai(Tl) detector 

Lead collimators 

Lead container 

Isotope source 

Display 

.d ~ 
.fl1~Vl 3.1 "llt9leJUfl'arufl1'aVlt9l~e:wueJ~ Narrow beam transmission method • • 
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•ih~~'W~~Hlb'Vl rl iJYJ Narrow beam transmission method bb'U'U secondary target 1~t~Hf'Vl~~€l'U 

~d.Jlr~m~thu~-r~~'UB~l'~~m~~~~~1'W1'W~1'W-r~~bSns& (X-ray) ~~~~~'Vl~nm~ ~B m~lr~~'U1~ 
~'Wtl1b'D~-r~~'Vl1B1 yj~e:J'W~1fl1B16!.11 'Vli.J-r~~1 i.Jm~'Vl'U~ bb~'W Target bb~1m~~'W1 ~bfi~m~i.Ji:l~i.J~e:Jt! 
~~~~1'W€l€lfld.Jl 1~t!~~~~1'W~1vle:J€lfld.J1€l1~~~mvlmn t!~~~~1'W~'W e:J~tl'U'UiJ~'Ue:J~ bb~'W Target bbi:l~ 
~'Wtl1b'D~-r~~ ~~11~~1-rr Decay scheme btl'W~1'U€lfl~~~~1'W~1vle:J€lfld.J1 ~1fl~'W~~D~~m11-r~~~ 
1vl~1flfl1~m~~'Wbb~'W T a roet ~~e:Jt!b 'W~1'W-r~~bBfl"ll 1 ~bY1~€l'WVl1 i.J'IJ'Wtl'U~le:J ~1~ bbfld -r~~~1'W~~1'W ' ~ ~ 

~1B~1~bbn1~~nn,J'Ul'~ 1~t~ 1 .U~1l'~ CdTe ~'U'1nru~11~-r~~~~ 1 oUbbvl~'Vlmbb~~i.J~~fl'U b~B'tJB~tl'W 
~ 

-r~~~'U m'W ~1 fl.fl1 tJ'W e:J n ~ ruru 1ru~,J'Ul'~ 1vl~1 n~11~-r~~ ~~n n bb i.Ji:l~ bbi:l~ bb~ ~~t-~i:le:Je:Jfl d.J1 ~ 1'W'Vl1~ 
v v ~ 

'Vltl1 ~e:J (Display) 1~ t!~~ t!~'Vl1~~ 1 n1B16!.l 1 'Vli.J-r ~~ ~'W~~~ll~ -r~~~rhi.J~~d.J1 ru 25 em ~1'\il-r'U 

~1'Wl..ijtJ.Q~~ 1ibb~'W~~~1 bbi:l~ bb~'W~ mtit~d.J btl'W Target bbi:l~ 1-ff Co-S 7 btl'W~'Wtl1 biJ~ 1B16!.l 1 'Vli.J-r~~ 
~~~~m~~'W1 ~bb~'W~~~l bbi:l~ bb~'Wt! mtit~d.Ji.Ji:l~i.J~e:Jt!~~~~1'W e:Je:Jfld.J1~ 7 4.228 bbi:l~ 97.143 keV ' ~ 

~1d.J~1~'U ~n~ru~m~..ij'~'IJ~Bi.Jmrum~'Vl~i:lmbb~~~1~bi1'W 1vl~~m~~ 3.2 

HV 

T 
13cm + 
t 3cm 

2!m T 
_f_ 

t 
Scm 

+ 
T 
5cm 

+ 
T 

' ' 

Pre-Amp Amplifier 

- Sample I--+ Copper collimators 

Lead collimators 

Display 

lOcm 

1 
Lead container 

Target Isotope source 

1+--10 em --+1 

.cl o I ~ 
fl1~'Vl 3.2 'U~e:Jumrum~'Vl~i:l€1\I'Ue:HI Narrow beam transmission method • • 

bb'U'U secondary target 
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3 .2 . 7 n1'ali!1~e!..:!~:UU~VI1..:!'r:~~~1tl hhbbn'a:U WinXCom 

1 't.J'mmlJ WinXCom b U'U 1 D':ibbmllvfl-li'm':ilil1~€J-:J'W1':i1iJb~eJ1~lJD~f11':iflTU-:J-r-:J~"ileJ-:J 
l'~~bbtl'd 1~~1il~vhm':itJeJ'UoUe:JlJ~eJ-:Jr1LJ':i~neJ'U"ileJ-:J bbtl'd boU11Lfl 'U\?l1 1 Ll':ibbmlJ ltl1nL!'U 1 Ll':ibbmlJiil~vh ' ~ 

f11':ifl1 'U1UJ'W1':i1lJb~eJ1e:Je:Jf1lJ1 ~-:J~1vi' n~11 Hbb~'d 1 'U'UVl~ 2 1 D':ibbmlJ Win XC om bU'U~1'Uoli'e:JlJ~~ 
"' ~ 

~1lJ1':iflfl1'U1ruVl1FhiilJLJ':i~~Vl~f11':i~~VleJ'Ub '8-:J:IJ'd~ (f.Jm) bb~~B'U~':in~m~1-!l1 ~fl1'U1ru 1vi'~-:J51~ 
~1':ill':i~f1€l'U bb~~~1':it:-.~~lJ ~':i~~'U'W~-:J-:J1'U~-:Jbb~ 1 keV ~-:J 100 GeV bb~~~1lJ1':irleJB'U1~1e:Jm~1'U 
m1 bn~eJ''U ~1n~~ 1"ile:J-:J1 'V'J~e:J'Un'U\?l1 nm-:J-ue:J-:Jl~~ ~-:J~'Ue:J ~n'Uli!1'U1'UeJ~~e:Jll~eJLJ~lJ1~1 bb~~fl11ll ' ~ 

Vl'U1 bbU'U"ileJ-:J\?l1nm-:J ~'U~e:J'Uf11':i~1~€J-:Jvl1~ 1 LJ':ibbmlJ WinXCom bb~~-:J1 ~b~'U 1vi'~-:Jm'W~ 3.3 

Simulation by 

WinXCom program 

I 
Input ratio of 

70CRT -30K20-0Ba0 

65CRT-30K20-5Ba0 

60CRT - 30K20-10Ba0 

55CRT -30K20-15Ba0 

50CRT -30K20-20Ba0 

l 
I I 

(f.l m)pe (f.lm)com (f.l m)pp 

I I 

Mass attenuation 

coefficient (f.lm) 

Linear attenuation coefficient (f.l} Half Value Layer (HVL) 



"" 'U'VI'VI 4 

1u'Uvrn~~n~1ln~e.J~m11bm1~~.vBlJ~flru61lJ,J~hm~~lB~1~bbfb b~mJ1~biium1lJbiJu1tflmum1 
'\J ' 

1~'11EJ~bbtll CRT biJu161~thv'i-r'Ufl1,J~-r~~ ~~~nh~b~'Ufltw61lJllilvmvl'1'U'V11~mEJm~ 1m~6111~ m1lJ 
' ' 

~~'Vi~'U bbi;i~61lJ,j'~'V11~-r~~'IJB~~lB~1bbtll~1vl~1flfll1~1"1lb~~bbtll CRT vllEJfll1'Vi~BlJe.J61lJfl'U K20 bbi;i~ 
' 

BaO 1~EJliM11bbtllbiJ'U (70-x)CRT -30K20-xBa0 b~B x = 0, 5, 10, 15 bbi;i~ 20 mol% \911lJ~1~i\.J 
'\J 

1vle.J~fl11Vl~~B~~~~B 1 u-d' 

~ ~ I ~ 

4.1 t;tn~ru:::'V11·!1n1EJfl1't'l"lleHI\911e:JEJ1~bbn1 
' ' 

~1flfl11'Vi!;1BlJbbtlTVlmu'Vifl~ 1,250 mmb6/l~b6ilEJ61 bbi;i~vhm1B'UVimu'Vin~ 450 B~Pllb6/li;ib6/lm~ 
, 'U , 'U 

b~B~~fll1lJ bfl~EJ~\9lflfl1~ 1 'Ub .Q'Bbbtllb~ B~~1flfl11bU~ EJ'Ubb Ui;i~B tl.l'Vifl~ B~1~1l~ b~l ~lB~ 1·mtll~1vl Vi~~ 
' '\J 

fll1'Vi~BlJli~m~ru~ hJ~ ~bb61-:J biJub-d'm~milu hJli'YJB~m mPlbn~~'U EJml'u1u~lB~1~~limlJ1tw BaO 

0 mol% li'YJB.:JBlfl1Plbfl~~'U1'Ub.Qmbtllb~fltlBEJ b~Blifl11bU~EJ'Ubb'\.JmmlJ1t:W BaO bbi;i~ CRT ~~lie.J~ 
v111~~'1JB~~lB~1-:J bbtllb'IJ~ EJ'Ubb'\.J~.:J 1 'IJvllEJ 1~EJ~'IJB.:J~lB~ 1-:Jbbtll~~ b'\.J~ EJ'U~1n~YJ 11'1JbiJ'U~b'Vi~B.:JlJ1fl 
~'U\911lJfl11b~lJ~'U'IJB.:JmlJ1tw BaO 'Vi~B\911lJfl11~~~~'1JB.:Jmmru CRT l~EJ~lB~1-:Jbbtll G1 (BaO 0%) 

bb61~-:J1~b~'UbiJu~YJ 1 bbi;i~~lB~1~bbtll GS (BaO 20%) bb61~-:J1~b~'U~b'Vi~B.:J~boVlJfll1~lB~1-:Jbbtll~'U 1 

~.:J.Q fll1 b'\.J~ EJ'Ubb'\.J~~~'IJB.:J~lB~1~ bbrbli e.J~b ~ mlJ1~1flB~A'IJ1~flB'U~ b 'IJ~ EJ'UbbU~.:J 1 tJ1 'U~lB~1-:J bbtll 1 'U 

bbtll1~'U'U.Q BaO ~~vl1'Vitl1~biJ'U611 1"1ilEJ'Vi~BlJb'Vi~lci.:Je.Ji;i1~~m~lJmlJ1tl.l BaO lJ1fl~'U ~lB~1-:Jbbtll 
~~611lJ11fl'Vi~BlJb'Vii;il1vl~1EJ~'U ~1'Vi-r'Ubbtll1 'U1~'U'UtlmlJ1 t:W BaO lJlfl~61~ bb~~mlJ1ru CRT tlBEJ~61~ 

' ' 
~611lJ11flvl11~bfl~biJ'Ub.QBbbtll1vlfiB 20 bbi;i~ 50 mol% \911lJ~1~'U 
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4.2 e:~.:~f'1u-a~ne:~u'V11.:~bflii wJ13J'Vi'W1 bbt.h.1 bb(;l~m3J1\Pl-a 1~t~13J(;l"IJe:J.:~~'Je:~~1.:~bbn'J 

~le:J~ 1-:J bbtll~H1 ~1 nm1V1~ t~~il ~ .:J'Vi~~ 5 ~le:J ~ 1-:J bb \?!~ ~ ~1 eJ ~ 1-:J ~ ~ il m 1 b 'tJ ~ 8'W bb 'tJ ~ .:J 
eJ.:JrJ'tJ1~nmn~Vil1.:J CRT n'U BaO ~.:Jn1''v~'W~1~LJ~mru K20 i'l.:J~ 1~8e:J.:Jrl'th~ne:J'U'V11.:Jbi'l il m1~ 
Vi'W1 bb 'li'W bb~~LJ~~1 \Pl1 1~ 81~~"llt~.:J ~lt~ ~ 1-:J bbnl bb~~.:J 1 ~ b'~'W 1 'W\91111-:J~ 4 .1 bb~~ m 1i bm1 ~~ 
eJ.:JrlD1~neJ'U'IJeJ.:Jbbtl1 CRT ~1~~1nVi,J1~e:Ji'ltllJ'Yhb\9leJ1 ~~e.J COMPAQ ~lm'Vli'ltJ i'l EDS ~'Ul1 
1'Wbbtl1 CRT il68~nt~'W1~e.Je.Jn161l~ (Si02) btl'We.J.:JrJD1~neJ'UVi~n 'Ue.Jn~1n~'U8.:Jil~11'li18Vi~e:J~bb~~ 
~11'li18'tJ1''U'tJ1.:J bi'11.:J~1'1.:J bbtllbtl'Wt~.:Jrl'tJ1~nt~'UBn~18 ~.:J~ bb~~.:J 1 'W\91111-:J~ 4.2 

' 

\Pl1'a1.:1~ 4.1 olie:J~(;le:J.:If'1tl-a~ne:J'U'V11.:1bflii (Composition) fi'J11l'Vi'W1bbU'W (Density) bb(;l~ 
m1l1\Pl'ab~tlb3J(;l (Molar volume) "l.le:l.:I~'Je:l~1.:1bbfl'J 

Composition (mol%) Density (g/cm 3
) Molar volume (cm 3/mol) 

Sample 
±0.0007 ±0.0075 CRT KzO BaO 

G1 70 30 0 2.8232 33.3990 

G2 65 30 5 2.9372 33.1062 

G3 60 30 10 3.0416 32.9398 

G4 55 30 15 3.1362 32.8863 

G5 50 30 20 3.2266 32.8791 

d il ~ il iJ Q cfdtl II 

\Pl1'a1.:1'Vl 4.2 "l.le:J~(;le:J.:Ifltl'a~ne:J'U"l.le:l.:lbbn'J CRT \l1n'Vi'W1\le:lfle:l1l~'Jb\Ple:l'a ti'Vie:l COMPAQ ~'Jtl .. 
b'VlfloUfl EDS 

No. Compound mol% 

1 Si02 37.6 1 

2 Al20 3 16.55 

3 Na20 13.04 

4 K20 8.80 

5 BaO 6.47 

6 CaO 6.10 

7 MgO 5.72 

8 PbO 5.71 

Total 100.00 

~1n\91111.:J~ 4.1 ~~b~'Wl1b~t~ilm1b~~LJ~mru'/Je:J.:J BaO ~1n~'U ~~~.:J~.m1~ri1i'111~Vi'W1bbU'W 
'1Je:J.:J~le:J~1.:J bbtll b ~1l~'W~;8 ~1'U'tJ~m\Pl1 1~ 81~~ ~ ~ilroh~~~.:J \911~'tJ~m rum 1 b ~~~'W'IJ~.:J BaO 

~1m1mb~~.:J1~b~'W1~~.:Jm~~ 4.2 
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1 'Ufll~~ 4.2 'OJ~ b~'U11il1lmllJVi'Ul bbU'U"IJ'eJ.:J~'deJ ~l.:J bdhiJ bb'U'd 1 UlJ b ~lJ~'UmlJtl'1lJl ru BaO 

1~tJlJflleJ~1~Vill.:J 2.8232 ~.:J 3.2266 ofcm 3 ~.:J-d'fl'dllJVi'UlbbU'U'IJeJ.:J~'deJ~l.:Jbbtl'd'OJ~~'UeJ~rl'UlJJ~ 
~ ~ ~ 

1lJb~f1~'1JeJ.:JeJ.:Jrltl1~f1eJ'Ubbfld~llJi1~~1'U b~eJ.:J'OJlf1lJ'd~blJ b~f1~'1JeJ.:J BaO (Mw = 153.3264 o/mol) 
' ' ~ 

lJflllJlf1f1lllJ1~1w~~mJeJ.:J Si02 (Mw = 60 .0843 g/mol) [48-49] ~.:J Si02 vllVIUl~b'iJ'U 
eJ.:Jrltl1~ f1eJ'UVi~ n1 'Ubbrb ~.:J~'Ub~m ~lJtl1m ru BaO lJl f1~'U~.:JlJ~~v1l1 ~fl'dllJVi'Ul bb U'U'IleJ.:J~'d eJ ~l.:J 

' " 
bbtl'dlJfllbYllJ<fl'U 61eJ~fl~eJ.:Jrl'U.:Jl'Ul~tJ'IleJ.:J R. Laopaiboon bb~~flru~ [42] bb~~ N. Singh bb~~flru~ 

[50] tl'1lll~11~tJ 1ll~ AeJtl'1lJlm~nnmeJ'Ufl1eJ.:JVi~.:JVitl'dtJlJ'd~'lleJ.:J~'deJ~l.:Jbbtl1 1~tJ~1 1tl bb~'dfldllJ 
~ 

VI'Ul bbU'Ubb~~tl'1lJl~11~tJ 1ll~ 'OJ~ bb61~.:J~~~m1lJm.:Jn'UillJ 'OJ~ b~'U1ltl'1m~11~tJ 1ll~'lleJ.:J~1eJ~ l.:J 

bbtl'd~~m~n-d'iJfil~~~.:J'OJlf1 33.3990 ~.:J 32.8791 cm3 /mol1~tJ~'UlllJbb'U1 1 tilJm.:Jn'UillJrl'U 

mllJVI'Ul bb tl'U ~.:Jell'OJ'OJ~lJVimtJ b Vi~~~~~.:J~~ 1 ~tl'1lJ l ~11~ tJ 1lJ~'IleJ.:J bbtl'dlJfll b ~lJ~'UVI~eJ~~~.:J 
' 

~lVi-r'Uf1l1~~~.:J~b ~'U 1~ 'U ~'del ~ l .:J bbtl'dfl~.:J-d'eJl'OJ'OJ~ b 'iJ'U~~ b ~ eJ.:JlJl'OJl n-rPllJleJeJeJ'U'IleJ.:J bb 'U b~tJlJ 
(Ba2

+ = 1.35 A) lJ'Il'Ul~ 1 Vi~f1ll-rPllJ1eJeJeJ'U'IleJ.:J61i~f1eJ'U~.:JvllVIUl~ b'iJ'U 1m.:J611'l.:JVI~f11 'U~'deJ~l.:J bbtl'd 

(Si4
+ = 0.4 A) b~eJlJ f1l1bb 'Vl'U~'IleJ.:J SaO 1 'U 1m.:J611'l.:J bbtl'dlJlf1~'U 'OJ~~.:J ~~ 1 ~fl'dllJtll'd~'U5~Vi~eJ 

1~ tJ~'Vil.:J 1~Vill.:J eJ ~ ~ eJlJrl'U eJ ~~ell! b ~lJ~'U til 1 tJ v1l1 ~lJ'd~ l9ieJVi~.:JVitl 1 tJtl1m ~1'/JeJ.:J bbtl'd 1~'\J'U-d'iJfil 
~~~ .:J 'UeJf1'0Jlf1-d'bb~1 f1l1bb'Vl'U~'IleJ.:J BaO 1 'U~'deJ~ l .:J bbtl'd'OJ~v1l1 ~~'U5~ 1 'U 1fl1.:J611'l.:J bbtl'd ~f1vllmtJ 
bb~~~'U5~~~'U n'UeJeJf161ib'OJ'U'Ul.:J~'d'U'OJ~'IJl~ViltJ 1 tJ Vi~el~ b~tlf1ll f1l1 d')~ non-bridging oxygens 

(NBOs) ~'U1 'U~'deJ ~ l.:J bbtl'd ~.:JlJ.:Jl'Ul~tJVi~l tJ~'U 1til~1 ~b ~'Ul l b~eJlJf1l1 b ~lJ~'U'IJeJ.:Jtl1mru BaO 
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1"LJbbtl1~~ci-:Je.J~ 1 Vibn~m~'lJ1~'lJeN~"LJLi~ 1"LJ 1m-:J61~1-:J bbtl1 [51-53] ~-:Jm~'lJ1~'lJB-:J~"LJLi~~en~'l111 tlci 
'U 

fl1 ~ bfl~~"LJLi~ 1BBBtJ m~Vll1-:J Ba2
+ tl'UB~ \?lBlJ'lJB-:J BBf1S'Bb ~"LJb~ ~n 1~mf1~"LJ tii'-:JLf"LJlJ161l.JlJ ~l1fl1~ 

b~l.J 1BBB"LJ'lJB-:J Ba boiJ11 tJ1 "LJ bf1~-:J61~1-:J bbtl1b ~B'Vllm 8~"LJLi~'U1-:J~1"LJ'lJB-:J bm-:J~1 tJVl~f1 1 "LJbbtl1~~'U'U~ 
At! Si-O-Si ~~vh1VitJ~mm1~8bl.l~'lJB-:J~1€!~1-:J bbtl1~Pimn~-:JVlll~n~1~~~-:J [54-55] 

Q.I'.C:::. ~ I Q.l I i/ 

4.3 ~~'U\9lfl11~ti~Viti"LJ'lJB-:J\911Btn.:lbbn'J • 
f111:Wb~1f1~"LJb~8-:J\?11:W811 bb~~bQB"LJ'lJtJ-:J~1mh-:J bbtl1~1~~1nm~1~~18 b 'V1 r1D r1~~edb€l f1bf1b~81 off 

f1~"LJb~ 8-:JeJ~\?1~116!1~ nt1 m11ll11 off b ~€lrl1"LJ1tuVl1f1ru61:wt1~ f111l.18~Vl~"LJ'lJeN ~1€!~ 1-:J bbtl1 \?11:W~l.lm~~ 
'U • • 

(2.4) n-:J (2.9) 1~bbfl bl.l~~~\?11l.1811 (Longitudinal modulus: L) 1:w~~mQ€l"LJ (Shear modulus: G) 

bl.l~~~b~-:Jtl~m\?1~ (Bulk modulus: KJ bb~~blJ~~~'lJ€!-:J~-:J (Young's modulus: E) "LJ€lf1~1f1~~-:J 
'U 'U 

~1l.11~tlrl1"LJ1U!Vl1~1eJ\?1~1ci1"LJ'iJ1~6!lm (Poisson 's ratio: (J) bb~~~1f111l.lbb~-:J~~tii''U1ll1f1~ (Micro-

hardness: }{) 'lJ€l-:Jbbtl1 1~~18 ~-:J~11ii'-:Jf1~11bb~~-:J 1-rl"LJ\?11~1-:J~ 4.3 

\911'a1.:1~ 4.3 oVB~~fl11~b~1b~tl.:r5~\91~1b&lf~n (Vb V5 ) UJ~~~fi~Vl~"LJ (L, G, K, E) 

el\91-a1t;i1"LJU16l!B.:I (a) bb~::fl11~bb.ij.:~-a::~u 1~ bfl"a (H) 

Vt Vs L G K E a 

Sample (m/s) (m/s) (GPa) (GPa) (GPa) (GPa) 

±5 ±8 ±0.1261 ±0.0719 ±0.1557 ±0.1384 ±0.0012 

Gl 5364 3075 81.2396 26.7006 45.6388 67.0300 0.2552 

G2 5276 3030 81.7612 26.9605 45.8139 67.6176 0.2540 

G3 5200 2989 82.2346 27.1681 46.0105 68.1002 0.2533 

G4 5141 2961 82.8905 27.4971 46.2278 68.8417 0.2518 

G5 5094 2941 83.7269 27.9022 46.5239 69.7604 0.2501 

H 

(GPa) 

±0.0338 

4.3573 

4.4213 

4.4680 

4.5498 

4.6488 

~1 fl\?11~1-:J~ 4. 3 ~~~-:] bf1\?l b ~"LJl1 ~1€!~1-:J bbtl1~~'U'U~ij f1d1l.J b ~1f1~"LJb~8-:JeJ~ \?1~116!1~ f1\?11l.J 811 

:l.J1 f1 f1l1f1d1l.J b ~1f1~"LJ b~ 8-:JeJ~ \?1~1b6!1~ f1 bQ€J"LJ b ~ €l-:Jl.J1 ~1 f1f)~"LJb~8-:J eJ~\?1~1b6!l~f1\?11lJ 811 b tJ"LJf)~"LJ b~ tJ -:J 
~ijVll"l'V11-:Jfl1 ~ bf1~€l"LJ~ €l ~1 "LJ Vll"l b~ 81 tl"LJ tl'UVll"l'V11-:J fl1 ~~"LJ'lJ €l-:J~1 f)~ 1-:J ci1"LJf1~"LJb~8-:J eJ~\?1~1b6!1~ f1 

'U 

bQ€J"LJb tl"LJf1~"LJb~8-:J~ijV11"1 m~ bf1~ t!"LJ ~'lJ€!-:J f1~"LJ ~-:Ju 1 n n'UVll"l'V11-:J m ~~"LJ 'lJ€!-:J ~1 nm-:J ci-:Je.J~ 1 Vi f1~"LJ 
b~ 8-:JeJ~ \?1~1 hD n \?11ll 811 ~1:w 1 ~ mr1~ t!"LJ ~1 tJ1~ 61~~1 n bb~ ~v'h 1 Vfij m1 :w b ~1:w 1 n ni1 f1~"LJ b~ 8 -:J 

e)~ \?1~1b6!ltJf1bQ€J"LJ [20] bdm ~:wtl~l.11ru BaO :lJ1 f1~"LJ 1 "LJbbtl1 ~1f111W ~1f1~"LJb~tJ-:JeJ~\?1~1b6!ltJf1 
\?lll.J811ij~1~~~-:J~1f1 5364 n-:J 5094 m/s bb~~f11 1:Wb~ 1f1~"LJb~8-:JbQ€J"LJij~1~~~-:J~1f1 3075 n-:J 

2941 m/s ~1"LJ~1blJ~~~f111l.18~Vl~"LJbb~~m1l.lbb~-:J~~tii''U 1:w 1mij~1 b~lJ~"LJml.ltl~mru'lJ€!-:J BaO 
'U • 

bb~~ ~ 1 er \?1~1 ci1"LJ1J1~6!1€l-:J'lJ€l-:J~1€!~1-:J bbn1n~1 ~€l"LJoii'1-:Jf1-:J~€l ~~~Vll1-:J o.25o 1 n-:J o.2552 ~-:jn 
'U 

~ru~l.ltJ~btl"LJbb'U'U High cross-link density [23, 55] f111l.lb~1f1~"LJb~8-:JeJ~\?1~1b6!ltJf1blJ~~~ 
8~Vl~"LJ bb~~f1d1l.J bb ~-:j~~tii''U 1ll bf1~'lJ€l-:J ~1€!~1-:J bbtl1 bb61~-:J 1 Vi b~"LJ 1\iltii'-:Jm~~ 4. 3 n-:J 4.5 \?11l.lci'11ii''U • 
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fl1~~ 4.4 fl11~~~oW'Uf5-a::'VI11\Ib~\il~~£i\il'VI~'U (Elastic moduli) num~1Wbb'Ub~£J~ 
'IJ • 

BBn 16ll~'liB\I~'JB~1\Ibbtl1 
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1ufi1'V'j~ 4.3 'V'jLJl1fl11:W b ~lfl~Ub~tJ'l B!;'l ~~11"111) n~'l ~1:w tJ11 bb!;'l~ b~t~uiiri1 !;'1VJ!;'l'l~1:w n1 ';i 

b~:W~U"ll€1-:Jtl~mru BaO ~'l.Qbtit~-:J:IJ1~1mdm~:wtl~mru BaO mn~u tl~~ti:W"ll€1-:J Ba ~~boih1tJ 
bb ·mnt~ tJ 1u 1fl';i'l~~1-:JVI6l'n"IJB'l bbrbii e.J!;'lovh 1~'Wun~ 1fl';i'l~1tJVI6l'n"IJm bbfll~~'Un'Ut~t~n68 b~U"ll1V1Vi1 tJ 1 tJ 

" b~:W:W1n~u~'l~ bfltJ 1~n~11:w1 bb~l ~1m Vi~-d'vh1 ~€1~ ~ti:W"lltl'l Ba boU1:1J1-ii'V'l"ll11'l'V11'l b~U"ll€1-:Jfl~U 
' 

b~tJ'lvl11 ~fl~Ub~tJ'lB!;'l~~11"11{)n bfl~€lu~1 tl1~~1'U1n:W1n~Ubb!;'l~~'le.J!;'l1 ~fl11:W b~lfl~Ub~tJ'liiA1~V'l!;'l'l 
~'lb';i1~~b1tJntl';i1nnm';i-rl'l1 n1';i"IJ11'l~U'V11'lb~Ufl~Ub~tJ'l (Hindrance effect) ~1mVi~e.J!;'l.Q~'lvl1 
1 ~m1:w b ~lfl~u b~tJ'l~1:w m1 bb!;'l~ b~BU"lltl'l~l€1 ~ 1-:J bbfll 1u';i~LJLJ-d'iiri1!;'1V'l!;'l'l ~BV'lfl~ B'ltl'U'l1Ul~ tJ 
"IJ€1-:J C. Bootjomchai, J. Laopaiboon bb!;'l~ R. Laopaiboon [56] 

fll 1:w~ VJVI ~ubtluri1~'\.J-:J'U t~n~-:Jfl11:W~1:W1';it11u m';i~llU'V11U~tl bb ';i-:J~m m~vi' 1n'Ul' ~V11u 
' ' 

~tl bb'U'U~1'l1 b -du 1:w~61~~1:WtJ11 btlum1:W~1:W1';it11Um';i~1U'V11u~mb ';i-:JnV11uVi~~1:w tJ11"lltl'll~~ 
1:wV16l'~b~€JU '\.J-:J'Utlnm1:w~1:1J1';it11um';i~1U'V11U~tl bb ';i'lnV11uVi~bbU1"ll11-:JVI1t~'Wun~ m:w"IJ11-:J1u 

" 
l'~V'l 1:wV16l'~b "8-:Jtl~:w1m b tlufl11:W~1:W1';it11um';i~1U'V11U ~€1 bb ';i-:J~mm~vi'11u'VlnVi~'V11-:JVI1t~'VlU~tl 

' " ' 
m';i b tl~tJUbbtl!;'l'l b "8-:Jtl~:IJl~';i ~1UA11:wVJ61~"1Jtl'ltJ'l b tJuri1~'\.J-:J'Utlnfl11:W bb ~'l bb ';i -:JVI1B b tJuri1~ bb~V'l'l 

" 
~'lfl11:W~1U'V11U~tlm1:Wbfl1tJV1~1mb';i'l~m~vi'1 ~1nm'V'j~ 4.4 bb~V'l'l1~b~Ul1bdt~tl~:w1ru BaO 

b~:w:w1n~u 1:wV16l'~~V1Vi~U~~ii bbUl 1 Ulb ~:w~u ~-:Jdbtit~-:J:IJ1~1 mdt~ BaO boU11 'llbb'Vl';in 1u 1m-:J~~1'l 
" ' 

Vi6l'n"IJB'l bbfll bb~lvi'11 ~~un~"llt~'l1fl';i'l~~1-:JVI6l'n"IJB'lbbn1~V'ltltlnVI1m!h 1~~un~~m tJ 1 tJ 'V'j61-:J-:J1U8VJ 

bVItitJl"llt~'l1m-:J~1'1-:J"lltl'l bbfll~'l!;'lVJ!;'l'lb tJue..~!;'l1 ~fl11:W bb~'l bb ';i'l"llt~'l1m-:J~~1'l'lltl'l bbfl1!;'1V1!;'1-:JA1fl11:W 

~VJVI~U~'lb~:w~u [35] tiubb~V'l'l1~b~Ul1bdm~:wtl~mru BaO :w1n~u ~1€1~1'lbbfl11U';i~'U'Ud~~ii 
' 

fl11:W~1:1J1';it11um';i~1U'V11U~tl bb ';i'l~:w1m~v111u~tl bb 'U'U~1'l11~:w1n~utiubt~'l 

4.70 

4.65 -~ 
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~ 
~ 
~ 

! 
...... ····················· 

.. ··· 
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~ 
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... ····1 ·············"············ 

.... ············· 
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BaO (mol.%) 

fi1'V'l~ 4.5 fl111J~:I.JoWU5':i~Vi'h~fl111Jbb~~':i~~'U11Jbfl':i (Micro-hardess) num1.11Wbb'Ub~£.11J 
e1e1n 161l~"lleJ~~1mh~urh 
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'VIi:U1'HU1.fl1'Y1~ 4.5 fll1lJ~lJ~'W~1~'vd1'lrl1fll1lJbb~'l'H~~tJ1lJ1fl1tl\J'lJ~lJ1t\J BaO ~ 
bl.J~rJ'Wbb l.J6'l'l1 l.J'1JeN ~le:J~1'l bbtll 1 'W1~tJtJ (70-x)CRT-30K20-xBa0 'Y1'tFJlfl1fll1lJ bb~'l1~~tJ 1lJ 1fl1 

'1Je:J'l~le:J~1'lbbtlle:J~1'W'Iil'l 4.3573 fi'l 4.6488 GPa b~e:Jb~lJLJ~lJ1tu BaO :U1fl 0 fi'l 20 mol% 
'IJ 

ri1m1lJ bb~'l1~~tJ 1lJ 1A1ij bb'Wl 1 ii'lJb ~lJ~'W ~-:Jri1m1lJ bb~'l1~~tJ 1lJ 1m btl'WG4lJLJ'~~'tl-:JtJe:Jnfi-:Jm1lJ 
~1'W'Vl1'W'1Je:J'llG4~ ~e:Jfl11 bb LJ11L.Je:J~1-:Jml11 'WtJ~b ltubu'Y11 ~~ b 'liu fl11btl~1e:J m.llJvt1e:J1e:JrJ~~'Iil'W 

' 'IJ ' 

~-:J-d'e-.J6'l:U1 nm1 b ~lJLJ~m ru BaO m n~'W 1 'W~~~l'We:J-:JALJ1~n e:JtJ bbtll:U~~ 'l e-.J6'11 ~btl~ fl11'1J1 ~'1Je:J'l 
~'W5~ 1A1-:J'Ii1 £Jvt61n~;ij'tJntJe:Je:Jn68 b:U'W b~e:J-:J:u1n Bao vl1VIU1~ b tJ'W~ll.J~tJLJ1-:J1m-:JG4~1-:J bbnl 1~£Jfl11 

' 
'1J1~'1Jf:l'l~'W5~ 1 'W 1fl1'l'li1£JVI61n:u~v111 ~e:J~\9le:JlJ'1Je:J'l Ba boU11 LJG4~1'l~'W5~ntJe:Je:Jn68 b:U'W1 'W~h bbVitJ'l~ 
bflrJG4~1-:J~'W5dllJntJ 1m-:J'Ii1£JVI61 n btl~ b tl'W~'W5~ 1e:Je:Je:J'Wn~ bb~'l bb 1-:JlJlfl~'W 1 'W 1A1-:JG4~1-:Jbbrb [57] 

~-:Jti'W~'l~'le-.J6'11 ~fld1lJ bb~'l1~~tJ 1lJ 1fl1'1Jf)'l ~lf) ~1-:Jbbtll 1 'W1~tJtJ.Q'ijfi1 b ~lJlJlfl~'W 

4.4 ~~-u~1fl-a-:~~~1-:~"lJeJ-:~~1mh,mrh 

G4lJD~1fl1'lG4~1'l'1Je:J'lbbtll CRT -K20-Ba0 ~fllbfl11~Vi1~£J1ibfl~f:l'l FTIR Spectroscopy ~'lvl1 
fl11l~fl11~~fl~'W~'l~B'W'Yb1b1~'1JfJ'l~lfJ~1'lbbtll1'W1~tJtJ-d'~'lil'lb6'1'1Jfl~'W~'lbb~ 400 fi'l 2,000 cm·1 

'IJ 

e-.J6'lfl11lbfl11~~bbG4~'l~'l.fl1'Y1Vi 4.6 

Ba020% 

400 600 800 1,000 1,200 1,400 1,600 1,800 2,000 

Wave number (cm-1) 

.fl1'W~ 4.6 f'l11~~~~u5-a~vrh-:~m-a~~n~'W (Absorbance) i'~~B'lJ'Y'l-a1b"a~ntJbi;~"l.lf'l~'W 
'IJ 

(Wave number) "l.leJ~~1eJ~1~bbtl1 
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.fi1'W~ 4.6 bb~Vl.:JA'J1&..J~&..Jfr'W5~~vrh:Jm~V1V1 n~'W1.:J~~-h.~'YJ~1 b ~Vl'IJe:J.:J~'Je:J ~1 -:mn1~ b6'1'1JA~'W 
'U 

~.:Jbbl?i 400 ~.:J 2,000 cm·1 'W'tr;l1~b6'\'IJA~'W1'W-d'J.:J 400 ~.:J 1,200 cm·1 btl'WoU'J.:J~1bbVlti.:Jm~i'W'IJe:J.:J 
fr'W5~1'Wflfl&..J Silicate networks (Si03, Si04) bb6'\~flfl&..J Lead networks (Pb03, Pb04) [58-61] 

' ' 
b6'\'IJA~'W1'WoU'J.:J 440 ~.:J 520 btl'Wbbtl'Ufl1~i'W'IJe:J .:JYl''W5~ Si-0-Si bb'U'U bending [ 4 7, 58-60, 62-6 7] 

bb6'1 ~ fr'W 5~ Pb-0 [59-61] 'W eJ fl ~ 1 n'li~ .:J b tJ 'W ~1 bb Vl ti.:J fl1 ~ i'W 'IJ eJ .:Jfr 'W 5 ~ 1 'W fl fl&..J 'IJ eJ .:J bbA'Vl1 eJ eJ eJ 'W 
' 

(Modifier cations) [58, 60, 6 7 -68] ~ b6'\'IJA~'W 620 ~.:J 690 em ·1 b tl'W~1 bb Vlti.:J m~i'W'IJe:J.:JYl''W5~ 
Si-0-Si bb6'1~ 0-Si-0 bb'U'U bending [62, 66-67, 69] ~b6'\'IJ A~'W'th~l.J1tu 760 ~.:J 780 cm·1 btl'W 

~Am~i'W'IJe:J.:JYl''W5~ Si-0-Pb bb6'1~ Si-0-Si bb'U'U Symmetric stretching [59, 64, 66-67, 64] ~ 
b6'\'IJA~'W't.b~&..J1ru 860 ~.:J 880 cm·1 btl'W~1bbVlti.:Jm~i'W'IJe:J.:JYl''W5~ Pb-0 1'Wfl fl&..J Pb04 bb6'1~ Pb03 

' 
[58-60, 64] ~.:J'Wu;h~~1bbVlti.:J'Ii~'Je:J~1.:Jbbfl'J~jJLJ~mru BaO Oo/o il~A~b~'WoUV1&..J1flfll1~'Je:J~1.:J 
bbfl'J~'W 1 ~b6'\'IJA~'WLJ~~&..J1ru 915 ~.:J 930 cm·1 btl'W~1bbVlti.:Jm~i'W'IJe:J.:JYl''W5~1'Wn~&..J Si-0-Al 

bb6'1~ Si-0-Pb [65, 69-71] ~b6'\'IJA~'W1'WoU'J.:J 980 ~.:J 1,080 cm·1 b1J'W~1bbVlti.:Jm~i'W'IJe:J.:Jfr'W5~ Si-
Q.l ~ 0 I 

0-Si bb'U'U Asymmetric stretching bb6'\~'W'W5~ Si-0-Pb [58-59, 62, 64, 69-71] 'Vl\?11bbVl'W.:J 1160 

em ·1 b~~n-ile:J.:Jtl'UYl''W5~ Si03 [64, 6 7, 69] btl'W'U~ nru~ bflVl NBOs ~~1 bbVlti.:J b6'\'IJA~'W 1,425 

em ·1 btl'W~b LJ fll?l1'&..Jm~i'W'1Je:J.:J~'W5~ 1 'Wfl"&..J'IJe:J.:JA11'Um 'W\?1 Vl1e:J C -H [58, 65, 6 7] ~~1 bb Vlti.:J b6'\'IJ 
' 

A~'WLJ~~mru 1,620 ~.:J 1,660 cm·1 btl'W~1bbVlti.:Jm~i'W'IJe:J.:JYl''W5~1'Wfl~&..J'IJe:J.:J hydroxyl Vl1e:J H-

0-H [47, 58, 61-62, 65-67, 69] bb6'1~~1Vl1''U~'W5~~b~cn-ile:J.:Jtl'Ufl1~blJ~fJ'WbblJ6'1.:JI?ie:J~ &..Jtf~ 
1A~.:J~~1.:J'1J e:J.:J bbfl'J 1 'W~~'U'U'Iifie:Jfr'W5~ 1 'W fl"&..J 1A~.:J'Ii 1 fJ68~hfll?l (Silicate networks) bb6'\~flfl&..J'IJe:J.:J bbA'Vl 

' ' 
1e:Je:Je:J'W (Modifier cations) bb~Vl.:J~.:J\?11~1-:J~ 4.4 

Wave number 

(cm-1) 
Assignment 

Silicate network 

440- 520 Si-0-Si bending vibrations [47,58-60,62-67] 

620-690 Si-0-Si and 0-Si-0 bending modes [62,66-67,69] 

760-850 Si-0-Si symmetrical Stretching [59 ,64,66-67,64] 

980-1080 Si-0-Si asymmetric Stretching [58-59 ,62,64,69-71] 

1160 Si-0 stretching vibration of trigona l [Si03] [64,67,69] 

Modifier cations 

400-500 Covalents of Pb-0, Ca-0, Al-0, Mg-0 [58,60,67 -68] 

460-475 Pb-0 bonds in [Pb04] structural units [58-61] 

860-880 Pb-0 bonds in [Pb04] structural units [58-60,64] 

915-930, 1030 
Pb-0 bonds in [Pb03] structural units 

[65 ,58-59 ,64,69-71] 
Al-0 bonds in [Al03] structural units 
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1fr~-!l~~1-!l~ btl~ t!'W bb Dfl-!l hJ"tJB~ f?i'1B ~1-!l bbfl1 bnervh fl1'H tl~ti'Wbb 'llfl·nJ~m ru CRT bbfl~ BaO 

vnr:i1:Wm1~~B~fl~B-!l Nu~f1"1lmm1~ b ~1 fl~'Wb~ m Bf11?1~11"1l11n ~-!lfl11~ b ~1fl~'Wb~tJ-!leJf1 1?1~11"1l11n 
.Jf-!l m~tJ11 bbf1~b5B'W"1JB-!l f?i'1B ~ 1-!l bbn1:iJ bb'W1 1 Ullfl~fl-!l lil1nm~~ n'l31~~0~1fl~-!l~~1-!l"1JB-!l bbfl1~~LJLJ'!i' 
~1t!fl1~l~~b'lln1?11'~m~~~n~'W1'-!l~B'W'll'b1 b ~~ v.JLJl1 btl~ bbflLJ m~~'W"1JB-!l~'W5~ Si-0-Si Si-0-Pb 

'U 

bbfl~ Pb-0 ~'W~I>l1bbVIU-!lbf1"1lfl~'Wtl~~~1ru 860 i'i-!l 880 em -1 ~-!l'V-l'Ul11 'Wf?i'18~1-!lbbflT~,'W\i1'W~tJ-!l hJ 
"" 

:Wm~b~lJtl~mru BaO (BaO 0%) f1-!l1'llbb~~-!l1~b~'W~qjqJ1tubtl'W~fl~b~'WoU~ bbfl~b~Bvhm~b~lJ 
tl~lJ1ru BaO lJ1n~'Wiil~v111 ~~'1JqJ1ru~LJ~nru'li':iJfl11lJ b~'Wi~tJBt!m bbf1~~'1JqJ1ru~1~ btl~ m~ b~ B'W 

(Shift) Vi~Bbbtim'I'J~1tlb~ni.J'Bti ~-!l811illil~btl'W~fllJ11il1nfl1~bil~ NBOs ~'W1'W~'W5~~1>l1bbVIU-!l'\i' ~-!l~'W 
m~b~lJtl~lJ1ru BaO lJ1n~'W1 'W~~ci1'Wbbfl11il~v111~~1'W1'W~'W5~"1lm 1m-!l'll1t!Vi~nVi~B 1fl~-!l'll1ti1 'W 

ncilJ"tJB-!l Silicate tJBt!fl-!l bbfl~ci-!l~f11 ~fl11lJ b ~1fl~'Wb~tl-!leJfl 1?1~11"1ltin"tJB-!l f?i'1B~1-!l bbfl1 :iJ~1tJBtifl-!l 
' 

1?11ll1'll~1t!,t'Wbm b'li'Wb~t!1rl'WflLJbbtlLJfl1~~~n~'W1'-!l~"1JB-!l~'W5~ Si-0-Pb bbfl~ Si-0-Si bbLJLJ~~~ 
'U 

1dJ~lJlJ1\?l~ 1 'WI>l1 bbVIU-!l bbt1LJfl1~~'W~ bf1"1lfl~'Wtl~~lJ1ru 980 ~-!l 1,080 em -1 1~ti~l>l1 bbVIU-!l'\i'btl'WbbtlLJ 
I I I IJ' 

.c:rl I 2.1 i.l 4 9.1 V .c:t. V I .::;f 0 Q.l .:::t.c:t. .::;f 

'VlflB'W"1l1-!lm1-!l SZl-!l bbt1LJA11l!m1-!l"1JB-!l~ qJ qJ1 rum~ bn ~v.J'W5~~1lJ1 ~flLJ-!l'U B n t1-!llil1'W1'Wv.J'W5~'Vl bn~ "tJ'W 

l1 btl~ 1~mnVi~BtJBt! nci11€im!t!Vi~-!l AB n1 bbt1'UA11lJnl1-!l:iJ"tJ'W1~n11-!llJ1 mb~~-!ll1:iJm~~~ 1-!l 
" V .::;f ~ .t:::il 111 i.l Cl[ i.l 2.1 I .c:t. 

v.J'W 5~lJ1 n"tJ'WVi~BlJ fl1~f1 ~ f1-!l"1JB-!l N BOs bbl?lm bbtl'U fl11lJ m1-!llJ"1l'W1~ nl1-!l'WB t!fl-!l bb61~-!l11 bn ~ m ~ 

61~1-!l~'WD'~ 1~i.J'Bti fl-!lVi~B:iJ fl1~b ~lJ~'W"tJ B-!l N BOs lil1 n~-!l bn\?1 bbtlLJ m~~'W 1 'WLJ~ n ru'!i'v.JLJl1 f?i'1 B ~ 1-!l 

bbfl1~'W\i1'W~tJ-!l1dJ:Wm~b~lJtl~mru BaO (SaO 0%) :n~~t!~bbt1LJ~n11-!l bbfl~b~'WoU~lJ1nn11f?i'1B~1-!l 
"" 

bbfl1~'W 11~ m~m~l!tl~lJ1ru BaO lJ1n~'WB11illil~v111 ~bil~m~b tl~t!'Wbb tlmm1lJt!11~'W5~VI1BlJll 
~'W5~b~B-!llil1 mil~ NBOs bbfl~b tl'W~f11 ~fl11lJ b ~1fl ~'Wb~t!-!leJfl\?1~11SZ11'Jn.Jf-!l\?11lJ t!11 bbfl~ b5B'W"1JB-!l 

f?i'1B ~ 1-!l bbfl1 :iJ ~1 f1 ~fl-!l lil1 n-ilBllfl m 1w ~1 fl~'W b~ tJ-!leJfl\?1 ~11 SZlti n v.J'Ul1 :iJfl1 1lJ 61B~fl~B-!l fi'LJ m ~ 
'U 

b tl~t!'Wbb 'llf1-!l1m-!l61~1-!l'1JB-!l f?i'1B ~1-!l bbfl1 bb61 ~-!ll1 m ~~ n'l311fl~ -!l61~1-!l"1lm f?i'1B ~1-!l bbfl1 1~ tJ 1-ff b 'Vlfltifl 

FTIR 61ULJ61'W'W~flfl11lJb 11fl~'Wb~t!-!leJf1\?1~11SZltin"tJB-!l f?i'18~1-!l bbfl1 
' 

4.5 ~lJu~m-arhu-:~-r-:~~"IJB-:~~1f)~1-:~uti1 

~1Vi1''Ufltu61lJD~ m~ fl1LJ-!l1'-:J ~"1JB-:J~~LJLJ bbfl1 (70-x)CRT-30K20-xBaO lil~~mn 1 'Wb 'VlBlJ"tJ 8-:J 
' 

~lJtl~~~'Vltfl1~fl~'VlB'Wb'IJ-:JlJ1fl (f.Jm) bbfl~fl11lJVi'W1l~~~v111 ~1-:J~fl~fl-!lb Vi~Bfl~-:JVi~-:J (HVL) 1~ti 
lil~vl1 fl1 ~ b tJ~ tJ lJ b 9/i t!LJ'V-J1 ~1iJ bl?lB1"1lB-:l f?i'18 ~1-:l bbfl1~1~ lil1 n fl1 ~'Vl ~ flf)-:J rllJ~1'Vl1-:l'Vlt)'l3~~rl1'W1tu 1~ tJ 

1-ff1 tl~bbn1lJ WinXCom 'WB nlil1 ndbb~1 tJ-:JlJn1~ b'll~t!LJ b 'Vit!'U fi'LJ b 'I'JB11 ~vl flB'Wn~ \?1 (Ferrite 

concrete) b~Btl~~biJ'Wfld1lJbtl'W1tJ1vli'Wm~'l11bbfl1~1"1lbflfl CRT ~iJci1'W~~lJ"1JB-:J BaO bbfl~ K20 

1'll1offb~f)fl1LJ-:J1-:J~ 1~tilil~vl1fl1~'Vl~~f)LJ~'V-J~-:J-:J1'W 74.228 97.1 43 122 662 1173 bb(l~ 1332 

keV ~-:J~f1~1~bb61~-:J1~b~'W~-:Jmv.J~ 4.7 bbfl~ 4.8 
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0 200 400 600 800 1000 1200 1400 

Energy (ke V) 

fl1~~ 4. 7 rt113.!~3.!W'Lil:h~'Vl';h..:!~3.!tl1'~~'VI~n1'Hil~'VIfl'Lib~..:!3.!1~"llfl..:!~1e:JEh..:!bbtl'JU~~ 
bWBfhvirte:J'Lifl~\91 (Ferrite concrete) ~~~..:!..:!1'1.1~1..:! 6j 

'V .c:::!i ..d V I I .c::::i Q..l ~ 

bbflT~lflfll';i'VI~fltl.:J (Ex) 'VI~'!;!] (Th) bbfl~ Ferrite concrete 'Vl'Y.Jfi'I'ITW\91l'l 1 'Y.J'\Jll'Vl'Y.Jfl'l'll'W\91l 1 
~'lbbl9i 74.228 ~'I 122 keV rll~:W'\.J';i~~'Vl~fll';ifi~'Vltl'Wb"ll'llnfi"Vtl'l~ltl~l'lbbtll~~~r)lf'1tl'WoVl'llJ1fl ~ 
'Y.J~'I'Il'W61'1lJ1 fl~'W ~'~ bbl9i 662 ~'~ 1332 keV rll ~:W'\.J';i~~'Vl~fll ';ift~'Vltl'LI b "ll'llnfl~~~r1lfl~fl'l bbfl~ b~:W 

'\J 

fl'l~ ~fl'j;DJ~fll';ibfl~ b'li'Wtlbtl'Wb'Vi~e-Jflb~tl.:JlJ1~lfleJ'W\9l';ifl~tJll9il'l 1 ~bfl~~'W';i~Vill'l'!'l~tl'\J bbtll 1 'LI 

';i~'\J'\Jtl ~'I'Y.J'\JlleJ'W\9l';ifl~tnbb '\J'\J 1 'V'J1191~h~n'Vl~mn~ 1~mn~'Y.J~'I'Il'W~l 1 bbfl~ btl~ 1~~mJ~'Y.J~'I'Il'W 
lJ 4' lJ I I 

61'l'li'W ~'l~e-Jflv'h 1 ~~:W'\.J';i~~'Vl5m ';ift~'Vltl'W b "ll'I:Wlfi"Vt~.:J ~l B~ l 'l bbtll 1 'W';i~'\J'\J'\1 ~r1lm nVi'Y.J~'I'Il u ~l 
'\J 

bbfl~~rllfl~fl'l ~'Wb~:llfl'l~ bdtJ'Y.J~'I'Il'W~'IlJl fl~'W ~'leJ'W\9l';ifl~tnl9il'l 1 ~ bfl~~'W';i~Vill'l'!'l~tl'\J bbtll 1 'W 

';i~'\J'\Jtlbb61~'11~b~'Wvl'lfll'Y.J~ 4.8 bbfi~'Y.J'\J'~l~'Y.J~'I'Il'LI'\.J';i~lnru 88 keV rllir:w'\.J';i~~'Vl~fll';ifi~'Vltl'W 
b "ll'l:wlfi"VB'I~ltl~l'lbbtll~rll b ~:w~u t1 ~l'lb ~'W 1~-tl~ b~B'I~ln'!'l~v'h 1 ~~ b~ fl\9l';itl'WVifl~~l nB~ \91B:W 

' 
bbft~'!'I~Vi~B1 'V'J \91B'W ~~l'i'B'I~'lf.J~'~'~l'W61'1n1l'Y.J~'I'~l'W8 ~ b Vi~~l"VB'I~ b~n mB'W b~~n'\J~ b 1ru~ bfl~~ud 

'\J 

ll "Absorption edge " 1~ ~~~~~:W'\.J';i~~'Vl~1 u fll';i b fl~eJ'LI\9l';ifl~~ l ~'~~~ bdtJ~'Y.J~'I'Il'W1n~n'\J 
absorption edge bbfl~~~~rl l fl~fl'l bdtJ-!'1~~ b oVlvheJ'u \9l';ifl~ tn~'Y.J~'I'Il'W~'I~'W 1~ ~~rll bbl9lf119il'ltl'W 

r;ilVi'!'IJ~ b~ nmB'Wbbl9ift~~'Wbbfl~ bb\91 n 19il'l nu 1 u bbl9ift~5l \91 u Bfl~l ntl8'19f.J'\J';hi1:w'\.J';i~~'Vl~fll';ifl ~'Vltl'W 
' 



, 
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b"a·UJ1~'lleJ.:!~1eJ~1.:!bbtl';djf11b~l.l~'W~1l.l'll~l.l1ru'll€l.:! BaO (GS > G4 > G3 > G2 > G1) ,j''Wbb61V1-:Jl1 

fltl.J61l.JLJ~fl1 ~ n 1LJ.:J~ .:~~1 'W b 'Vl fJlJ'll eJ.:Jirl.l'll ~~ ~'Vlim ~~Vl'Vl fJ'Wb "3-:Jl.l'd~~'W fJ ~ tl'U'V'I~.:J-:1 1'Wbb~~'ll~m ru ' ~ 

BaO ~ b ~l.l~'W 1 'W~1eJ~1-:J bbtl'd ~~'U'U.Q b~mihm~ b 'll~~'U b 'Vl~'Url1i1l.l'll~~~'Vlim ~~Vl'VleJ'W b "3-:Jl.l'd~'lleJ.:J 
~'dB~ 1.:~ bbnl~H1-o;,1nm~'VlVl~eJ.:~ n'Ur11'Vl1-:~'Vl~~~ w'U11 f11~hh1nm~'V!Vl ~eJ.:~ n'Ur11~r11'W'dru hl' 'V\1.:~ 
'Vl~~~l1r111m1\~~.:Jn'W bb~~ b~eJ'Vllfl1~ b 'll~~'U b 'Vl~'U~leJ~1-:J bbtlltl'U Ferrite concrete 'V'I'Ul1~ 
w~.:~.:J1'W~1 11'W'Iil.:J'V'I~.:J.:J1'W~.:Jbb~ 74.228 ~.:~ 122 keV i1l.l'll~~~'Vlim~~V1'VleJ'Wb"a.:~l.ll~'lleJ.:J~leJ~1-:J 
bbflli1rl1l.l1tltll1 Ferrite concrete ~'V'I~.:J-:11'W61-:J~'W 1'W'Ii1.:!'V'I~.:J.:J1'W 662 ~.:! 1332 keV 'V'I'Ul1 

~ 

irl.l'll~~~'Vlim ~~Vl'Vl eJ'W b "3-:Jl.ll ~'llfJ-:1 ~l eJ ~ 1.:1 bb n1i1f111 n ii\~ ~.:! n'U Ferrite con crete vl.:!~'Wfl ru61l.JLJ~ 
' < "' ' 

'Vl1.:~~ 1'W ~.:~m 'W b 'VleJlJ'll eJ.:~ i1l.l'll~~~'Vl5n 1 ~~VJ 'Vl eJ'W b "3-:~m ~-n ~1 eJ ~1.:~ bbn1i1flru61l.lD'~m ~n1D'.:~~'Vl~ n'J1 
' 

Ferrite concrete 1'W'Iil.:!'V'I~.:J-:11'W 74.228 ~.:! 122 keV bb~1'W'Ii1.:!'V'I~.:J.:J1'W 662 ~.:! 1332 keV 'V'I'Ul1 

~leJ~1-:Jbbtlltl'U Ferrite concrete i1flru61l.JLJ~m~n1LJ.:J~.:J~vhn~\~~.:Jn'W 

-Oll ........ 
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.n1-w~ 4. a m-a~1i;lv~el'wwamfl1~biiVJ~'W-a~vrh:~i'~~n'U~'Jv~1~ un1~bf! 1 tJ-auml.l 
WinXCom 

mw~ 4.s bb61VJ-:~1~b~'W~.:~er'W~~n~m~bnVJ~'W~~vd1.:~~-:~~n'U~leJ~1.:~bbn'd 1VJ~w'U115'W~~n1m 
bb'U'U fl1~t.J~~fJ'W.fl1flrl (Pair nuclear bb~~ Pair electron) bflVl~'W1~tfeJ~lJ1f) 61 bb~~i1f11hJf1eJ~ 

' ~ I 

b 'll~~'W bb'll~.:~mnirn b~e:Jw~.:~-:~1'Wb 'll~~'W 1 tJ ~1'WeJ'W~~n1~ 1 bb 'U'U m~m~ b~.:JfleJl.ltJ~'W (Coherent 
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bbfl~ InCoherent) bflV11~:J.J1fl~'W&r'l'l1'U~'l 1 B'U\9l'Jfl1tJ1~btl~tJ'Ubbtl61'leJ~1'lb~'U1~-B'V1AeJ 
tl'J1fl!]fl1'Jru'1 'W1\9l~h~n'V11n 1V1 t1~~~f11m n~'W&r'l'l1'U ~1 1 bbfl~~f11LJ'eJ tJfl'l~'W&r'l'l1'U~'l~'U bbfl~ b~:J.J 
fl'l~~'W&r'l'l1'U?l'l~'U:l.J1fl 1 if'Ubtl'Ub'W'J1d1~'W&r'l'l1'U~'lbb~ 1.20 MeV bfl'1JeJ~\9leJ:l.J'Iffi'lbb~fl~l51\9l~~ 

~ ' 
hJ~ e.Jfl ~eJri16t:utJ 'J~~'Vl~m'J61V1'Vl eJ'Ub ~'lm 61'V111 ~~ ri1 b vh n'UV!:J.J V1 eYt!m il1t~ 1 'Jl:J.J~ bil V1~'U~-:JV!:u V1.Q'iJ 

e.J(l ~eJrl1 Gt:utl 'J~ ~'Vl ~fl1'JflV1'Vl eJ'U b ~'l:l.Jlfl'1JeJ'l ~leJ ~ 1'1 bbtll ~'lt!'U b Vl\9le.Jfl~'V111 ~Gt:utl 'J~~'Vl~fl1 'J(l V1 'VleJ'U 
' I 0 0 !J 

b ~'lmf1'1leJ'l ~leJ ~ 1'1 bbn1ilri1:u 1 nVi'W&r'l'l1'U ~1 1 bbfl ~ilr11LJ'eJtJf1'lVi'W&r'l'l1'U~'l~'U b tJ'Ue.J 61:J.J1~1 n B'U \9l'J 

n~tJ 1 ~'l Vl:u Vl~ b n V1 ~'U 'J ~wJ 1'11 'l ~ n 'U bb n 1 'J ~'U'U.Q'if 'U b eJ 'l 

7.0 -r-----------------------------, 

6.0 

5.0 

-5 4.o 
~ -

3.0 

2.0 

1.0 

• Gl Ex 

x G2 Ex 

.a. G3 Ex 

• G4 Ex 

• G5 Ex 

... 
1.! 
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.f11~~ 4.9 fl11:U~:U~'Wfi1::Vl'h~r~11:U'Vi'U1~'Vhb~i'~~f;'IV1f;l~b'Vi~Bf'l~~'Vlti~ (HVL) "l!B~~'JB~h~ 
bbfl'Jbbf;l::bWB'fl:rvif'lB'Ufl~\91 (Ferrite concrete) ~~~~~1'UI9i1~ 6J 

fll1:J.JV!'U1l?IV1~'V111 ~1'l~f1V161'l bV!~eJrl~ 'lV!~'l ( HVL) Vl:l.J1t!n'l rl1~D'l'UeJfl'1J'U 1V1 m1:J.JV!'U 1'1JeJ'l 
' 

l'?!V1 b~m111 tJ1-li'n1iJ'l1'l~bb~l'V111 ~1'l~f1V1f1'l b Vl~eJVlt~'lr~~'lb~ t~l ~'lr11.Qilm1:u~1 ~rueJ~1'l:J.J1n ~eJm 'J ' ~ 

e.J~ \9ll?IV1 b~eJlJfl1'J1.JTJ?IV1t!'U 1 tJ1-li b tl'Ul?IV11 'U fl1'Jfl1D'l1'l~ ~1Vl1''Url1 HVL '1JeJ'l~TeJ ~ 1'l bbtll~1~~1 n 
' ' ' 

fl1'J'VlV1fleJ'lbbfl~rl1'Ulru1~~1n1 tl'Jbbfl'J:J.J WinXCom 'Jl:l.J~'lrl1 HVL '1JeJ'l Ferrite concrete~ 
'W&r'l'l1'U~1'l 1 bbf!V1'l1~b~'U1~~'li11'W~ 4.9 ~~b~'U1~l1~'W&r'l'l1'U~11 rl1 HVL '1JeJ'l~leJ~1'lbbtll~~iJ 
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A1LJeJtJ ~~~'l'l1'W~'l:J.J1f1~'W HVL ~~iif11b~lJ:J.J1f1~'W bVltJ-klh.lbb~lA1 HVL ~'liif11i!e:w 1 ~~ii 
Plf1t!m~1'Wf11'Hl1D'l~'l~~~f1l1A1 HVL :J.J1f11 b~~1~ A1 HVL LJe:JtJ 1 ~~VllJ1tJfn1lJVl'W1"1JeNl~~ 
LJe:JtJ1 n~1lJ1~~1-tl~'WVl~e:Jfl1D'l~'lffi~61Vl61'lbVl~e:Jfl~'lVl~'l1Jl ~l'WA1 HVL lJ1f1 1 tlVllJ1tJ~'l~~~e:J'l 
1-tl'm1l!Vl'W1l~~mn 1 ~'l~~~1ll1~~ 1m 'W m~n1\J.:J~'l~ bb61~-v111 ~ii~'l~61Vl61'l b Vl~e:Jfl~'lVl~.:J1Ji'ii''Wbe:J'l 
'We:Jf1~1f1.Q'bb~l~'l~'Ul1 A1 HVL ~~61Vl61'l\911lJf11~b~lJ~'W"lJeJ'l'\J~mru BaO ii''Wbb~Vl'l';h fltw~lJ~f11~ 

' 
fl1D'l~'l~1'WbVle:JlJ"lJeJ'l HVL ~'WeJ~n'U~~'l'l1'Wbb61~'\J~mru BaO 1'W~leJ~1'lbbtll~~'U'U.Q' bb61~bdeJ-v11 

'\J 

m~b'\J~tJ'U bVltJ'UA1 HVL "(JeJ'l~leJ~1'l bbnl~1Ji'~1nm~VlV161mn'Ur11Vl1'lVltJ'I~~ ~v;h f11~1J1~1 n m~ 
Vl Vl61 e:J'l n'Uf11~f11 'Wl ru 1Ji'VJ1 'lVlt)~~ii f111n~ brl t!'l n'W eJ ~ 1'l1 ~n 1911ll r1 1~-JV11J1~1 n m ~V1Vl61e:J'l ii f11 

m f1f1l1A1~rl1'WlruJi'ltJ 1 '\J~bbmlJ WinXCom b~f1LJeJ tJ ~'l~~G1'l bf11911Ji'eJ~1'liVl b~'W~~~'l'l1'W~'l1 
'WeJf1~1f1.Qbde:J-v11 m~ b'\J~tJ'U b VltJ'U~leJ~1'l bbtlln'U Ferrite concrete ~'U';h~~~'l'l1'W~1 11 'W'lil'l 

~~'l'l1'W 74.228 ~'l 122 keV ~le:J~1'lbbtlliiA1 HVL LJeJtJf1l1 Ferrite concrete bb~~~G1'lbf1\9lb~'W 

l1~leJ~1'lbbtll~ G1 iif11 HVL 1n~bfltJ'ln'Wn'U Ferrite concrete ii''Wm~~~b'iJ'Wb~~1d1~leJ~1'l 
bbtll G1 hJiim~b~lJ"lJe:J'l BaO (BaO 0%) -v111~iil'i'nwn~1'Wm~n1D'l~'l~LJeJtJf1l1~leJ~1'lbbtll~'W 1 

~ii'\J~lJ1ru BaO b~lJlJ1f1:ff'Wii''WbeJ'l bb61~~~~'l'l1'W~'l~'W1'W'lil'l~~'l'l1'W 662 ~'l 1332 keV ~'Ul1 
" ~le:J~1'lbbtlliiA1 HVL lJ1f1f1l1 Ferrite concrete ~'l,!'Wfltw~lJD~Vl1-:JJi'1'W~'l~1'WbVleJlJ"lJeJ'l HVL 

' 
~leJ~1'lbbnliiflru~lJD~f11~fl1D'l~~~f1l1 Ferrite concrete 1'W'lil'l~~'l'l1'W 74.228 ~'l 122 keV 

' 
bb~1'W'lil'l~~'l'l1'W 662 ~'l 1332 keV ~'Ul1 Ferrite concrete iiflru~lJD~f11~rl1D'l~'l~~~f1l1 

' 
~leJ ~1'lbbtll1 'W~~'U'U.n~~~~'UflJ1lJVl'W1 b~t!l n'W n1~e:J'lf11~ 1 ~ bbtlliiflru~lJ~~ b vh b VltJlJ n'W~e:J'l b ~lJ 

' 
fll1lJVl'W 1'1JeJ'l ~le:J~1'l bbtll1 ~lJ1 f1f1l1 Ferrite concrete Vl~eJeJ1~~~'\J~'U'\J~'lfltw~lJ~ bbtllbVl tJ m~ 

' ' 
b'\J~tJ'Wbb '\J61'leJ'lfi'\J~~f1eJ'U b~e:l111l~Vlbbtll CRT 1 LJ1-tl'b 'iJ'Wl~Vlfl1D'l~'l~~iiflru~lJ~~~'W 

' ' ' 
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5.1 t;l':itJ~~nT~'Vl~~e~.:~ • 
~lB~l~bbtll1'W1~'U'U (70-x)CRT -30K20-xBa0 ~b(91~£J:W~'Wlj~fl'l;ru~ 1LJ1~bb6N btl'Wb~Bb~£Jltl'W 

bb6'1~1lJij1~1'WVl~B"v'JB~mmf"lbfl~~'W1'Wb~mbtll £Jf1bl'W1'W~lB~l~~ljLJ~:wlru BaO 0 mol% ~'U-;hlj " . 
"v'Jv~Blfllf"lbfl~~'W1'Wb~ Bbbtllb~ f1'W B£! bd Bljfll1 b~:W'IJ1:wl ru BaO :Wlf1~Wil~lje.J611 ~~lB~l ,Hbtll 
Vl6'\B:W b'Vl6'll 1~~l £J~'W bb~~ BaO ~~lje..~~ 1 ~ bbtll1 'W 1~'\J'Ud bD~ £J'W ~lf1~~l btl'W~b'Vl~B~:wlf1~'W 1~£J 
eJ(911lG1l'W'lJB~ BaO :Wlf1~61~bb~~eJ(911lG1l'U'lJB~ CRT i!v£J~61~~vh1~bfl~btl'Wb~Bbbtll1~fiv 20 bb~~ ' . 
50 mol% ('ll:Wr;ll~'U ~lVl1''Uf1ll:WVl'WlbbLJ'W'llB~~lB~l~ bbtll1 'W1~'U'Udljbb'Wl1 ii':wb~:W~'W('ll:W'IJ~:wlru 
BaO G11'W'IJ~:wlm 1~£J 1:w~f1~'Uljbb'Wl1 ii':w~~~~(9ll:Wf1l1b~:W~'W'llmm:wlru BaO 

ril f1ll:w b ~')f) ~'W b~ £J ~er ~(91 ~l1~tif1~~ ('ll:w £Jll bb~~ b5v'U 'llv~ bbnl1 'W1~'U'Udljril~ ~ ~~ ~~d 
btim:wl~lf1 BaO lj e.J~vll1 ~~'WD~ 1m~-dl£JVl~f1'lJB~ bbtll~..ij'Utl'UBBf16'Bb~'W'lll~Vll£J 1 LJ 1~£J eJ~(9leJ:W 
'lJB~ Ba b oVl:wl-if~'lll l~'Vll~ b~'Wf1~'Wb~£J~vll1 ~f1~'Wb~£J~eJ~ (9l~l1~tJf1 bf1~B'W~1 LJ1~r;ll'Ulf1:Wlf1~'Wbb~~ 
G1~ e..~~ 1 ~ml:w b ~lf1~'W b~£J~ljfil ~~~~11'\.Jbv~ v ~l~ 11nm :w ril1:w~~61~~Vl~'Wbb~~rilml:wbb~~1~~'U 

" ' 
1:w 1f11'lJB~~lB~l~ bbtllljfil b~:W~'W bti B~:Wl ~ l f1eJ~(9leJ:W'lJB~ Ba boVl1 'lJ61~l~~'W5~tl'UeJ~(9leJ:W'lJB~ 
Bvf16'Bb~'W bfl~ b tJ'U~'WD~ 1vBBtJf1~ bb~~ bb 1~:Wlf1~'W ~l£! b Vl(9le.J~d~~vll1 ~rllf1ll:W ~~Vl~'Wbb6'\~f1ll:W bb~~ . ' 
1~~'\J 1:w 1f11'lJB~~lB~l~ bbtllljfil b~:W~'W 'WBf1~l f1dbb~l b 1l~'Ull eJ(911 l G1l'U1Jl~~B~'lJB~~lB~l~ bbtlllj 

rl l rlB'WoVl~f1~~B~1~Vlll~ 0.2501 ii~ 0.2552 ~~lj~ru61:Wtmbtl'Wbb'U'U Hi~h cross-link density 

f1l1~f1'\;l61:WD~1f11~61~l~'llB~ bbtll CRT -K20-Ba0 ~l £!61 b'lJf11(911611f1tl'lltJV1 FTIR ~'U';h bflVl 

m1~'W'llB~~'Wu~~'W~b~'llf1~'W1w~'hbbVlLJ~~l~ 1 ~'Wu~~bnVl ~'W fiv Si-0-Si, o-si-0, Si-0-Al, 

Si-0-Pb, Pb-0, Ca-0, Al-0, M~-0 bb6'1~ H-0-H 1V1£J~'U'll 1f11~61~l\l~ bD~£J'Wbb 'IJ~~1 D'llB~ 
~lB~l~ bbtll bdvvllf1l 1b LJ~£J'W bb LJ~~LJ~m ru CRT bb~~ BaO ljf1l l:W 61BV1 f1~B~tl'Ue.J~'lJB~f1ll:W b ~l 
f1~'W b~ £!~e)~ (9l~l1 ~tJ f1 ~~61l:Wl1tloW~l1 tul1~~ l f1f1ll:W b oV:W 'lJB~~f1Vl~B bbtl'U f1l l:W f1ll~'lJB~~'WD~ fll1 

~'W ~~Bl~btJ'Ue.J~lJl~lf1f1l161~l~Vl~Bf1l1vll~l£J~'W5~1'W11"11~61~l~bbtll 1V1£Jfll161~l~Vl~Bvllm£J 
~'WD~ 1 'W 11"11 ~61~l~ bbtlld ~~lj e.J~ Vll 1 ~f1ll:W £! ll~'W 5~Vl~B:W:W~'W 5~ bD ~ £J'W bb LJ ~~ 1 LJ bb~ lvll1 ~ 

' V ~ .d Q.J iJ c:::i.c:!:il V ~ IQJ 

61~ bf1(9lb Vl'W fll1b~B'W'lJB~61qj qjlru bb~~f1ll:W b 'll:W'lJB ~~f1Vl1Bf1ll:Wf1ll~'lJB~bbtl'Ufll161'W ~~ bb(9lf1(9ll~f1'W 

~l £J ~lf1f1l1ir~ bf1(9lb 1l~'Ull bdm~:w'IJ~:wlru BaO :Wlf1~'W f1l l:W boV:W~f1Vl~Bf1ll:Wf1ll~ bbtl'Uf1l1~'W 
'llm~'W5~ Si-0-Si Si-0-Pb bb~~ Pb-0 1'W\9\'lbbViLJ~b~'llf1~'W~D1~:Wlru 860 ii~ 880 cm-1 bb~~~ 
LJ1~mru 980 ii~ 1,200 cm-1 ljfil~V1~~bb~~bflV1f1l1b~B'W'llB~irqJqJlru ~\lJ'W~~lje..~~1~f1ll:Wb~l 
f1~'Wb~£J~eJ~(9l~l htif11 'Wbbtllljfil~Vlm~l £J 

fll1'VlV1 61B'Uf1ru61 :WD~'Vll~1'~~~1~~'U~~~~l'W'llB~ 1 vJ (9leJ'W 74.228, 97.143, 122, 662, 1173 
' ~ ' ~ 

bb~~ 1332 keV ~'Ullrllir:W'lJ1~~'Vl~fll1~Vl'VlB'Wb"8~:Wl~ljbb'Wl1ii':wb'W:W~'W G1l'Wrll HVL ljfil~Vl~~ 

m:w'IJ~mru BaO bb~ ~fr~~'UBf1ll61:WD~'Vll~1'~~~~61B~ b'Vlv:wiiril1f1~ bA£J~n'U e..~~~rht:nru 1~'Vll\l 
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Vlt)~~ 'W eJ fl';u1 n'ii bb;;)1 Ldm tl~ 8'U b 'Vl 8'U ~ru~unJ'~VJ1·r!~ ~'UeJ~ ~1 eJ~ 1~ bbrl1fl'Uf1eJ'W n ~\?l:W 1 mji1'W "y'j'tJ'J1 

~1e1~1~ bbn1i1~:wD'~m~rhD'~'!~~~~ fll11"1eJ'Wfl~\?l:W1 \?1~~1'W 1 'W"Ii1~"y'j~~~1'W 7 4.228 fi~ 122 keV ... 
bbm~ 1 'W"Ii1~"y'j~~~1'W 662 fi~ 1332 keV "y'j'tJl1i1Aru~:wD'~m~n1D'~'!~~~1n;;) bfl8~fl'Wfl'U AeJ'W fl~\91 , 
mm~1'W Ldm tl~8'U b 'Yl8'Url1 HVL 'UeJ~~1eJ ~1~ bbrl1 fl'Uf1eJ'W fl~\?l:W 1 \?1~~1'W "y'j'tJl11 'W"Ii'J~"y'j~~~1'W ... ... 
74.228 fi~ 122 keV bbrll~1~~1flfl1~l~8i1f11 HVL UeJ8fll1tl~~:w1ru 2 Lvh bb(;l~~"y'j~~~1'W1'W"Ii1~ 
662 fl~ 1332 keV bbrl1~1~~1flfl1~l~8iJrl1 HVL :W1flfll1tl~~:W1tw 1.5 bVll ~~bbrl1~1~~1fl 
~1'Wi~8'ii~1:w1 ~m111 t.J1-tl~~'W119ieJ L tl'Wm~~nrhD'~:r~~L~n'11611VI'!'ULA~em~n'li L ~81-D~t!81 ~1"1 LLI9iih 

Vl1 n ~ e1 ~ n1 ~u 1 bbn 1 ~ ~'U'U 'ii1 tJ1-tl n 1 D'~ :r ~~ Vl1 e1 e.J t1 n n1 n n :w lJ'W (?) :r ~ ~~i1 "y'j ~ ~~1'W ~~:w 1 n~ 'W 1 ~i1 
" tJ~~~VJ5fl1"y'j b'Vl 8'UbVhf1eJ'Wfl~\?l:W1 \?1~~1'W~1 btl'W~eJ~ b ~:Wf1l1:WVI'W1'Um~lel~ 1~ bbrll 1 'W~~'U'UtTl ~VI'W 1 ... ... 

:w1n~'Wtl~~:w1ru 1.5 Lvh 

5.2 .ij'e:Jb~'We:ltb'W~ 

~1flfl1~Vhl~ 81 'Wf1#~'iiiJruVI1~"y'j'Uflelfl1~b\?1~8:W~\?l~bbrll b~el 1 m~bbrl1~lJf111:W 1 tJ~~ 1~ bbi;l~ hjiJ 
v " 

'V'Jmm fl11"1 bfl~~'W 1 'Wb 'iieJ bbrll bb 'WlV11~fl1~ bbtll 'UfleJtl'!'U~\?1~ bbrll 1~8fl1~b~:W~1~ 1~'V'JeJ~(;l~ 1 tlb ~eJ 1m~ 
" 

L'ii mLn1~i1~ n~ru~ h1i1'V'J eJ~ bb(;l ~i1r111:w 1 tl~ ~1~:w1 n~'W ~1 nn1 ~VJ~(;l eJ~ L'ii mLn1~i1tl~:w 1 ru'UeJ~ 
bb 'U b~8:WeJeJ n1SZlllimn~'W~~ 1 ~~b V1~eJ~:w1n~'W~~ihi1~:w1mn'W 1 tlm ~~~ h1 b VI:W1~~:wl91eJ m ~9.! 11 t.fl-tl 

Ltl'Wm~~1n1D'~'!~~ Lb 'W1VJ1~m~ LLm 'UfieJm~~~~eJ~ L~:w~1~'V'Je1n ~1 ~:w1n~'Wb~eJ 1m~ L'iiB LLnl~iJ 
m1:w 1 tl~~ 1~ bVI:W1~ LLrim~u11 tll11 b tl'Wm~~nn1D'~'!~~ 

~1flfl1~Vl~~eJ'UV11~~1'W'!~~"y'j'Ul1~1eJ~1~bbrl1 CRT ~iJ~l'W~e.J:W'UeJ~ BaO ~~fl1D~'!~~1~~fll1 
f1eJ'Wfl~\?llJ1\?1~~1'W~~~~'U"y'j~~~1'W1'W"Ii1~ 74.228 fi~ 122 keV bbl9i~~~eJ8fll1fll1Ldm'Y18'U1'W"Iil~ ... 
"y'j~~~1'W 662 fi~ 1332 keV Vl1fl~mm~1~i1~:wD'~m~n1D'~'!~~b'Yl8'UbVllfl'Uf1eJ'Wfl~\91lJ1\91~~1'W ... 
~~ ~ eJ~iJm 1:WVI'W 1~:w1 n n'J1~~m ~~~-v111 ~i'W b tl~eJ~ ~'WVJ'W:w 1 n~'W bb 'WlV11~ m ~ Lbtll 'UfieJ m~ ~ ~ ~eJ~ , 
tl'!'U~\?1~ bbrll 1~ 8fl1 ~ b~:Wtn \?IVIUfl'11'W~~'Wb ~:w b -iJ11 tl b ~eJ 1 ~bbrl1 ~1 eJ~ 1~i1m1:WVI'W1 bb oJ'Wb ~:w:w 1fl~'W " , 
L~eJ 1 ~i1Aru~:w~1 'Wfl11n1D'~:r~~1~~~'W , 

e1~1~ 11il \?11:W~leJ~1~ bbrll~b\?1~8:w 1~dm1i1m1¥in~11"1ru~:wD'~ L~:WL~:w L"li'W ¥in~1 e.J(;l'UeJ~'!~~ , 
19ieJ~:wD'~I911~ 1 ~bn~~'Wfl'U~leJ~1~ bbtl1VI~~fl1~u18'!~~ bb(;l~¥in~1~ru~:w1J~VJ1~bb~~~1 mVJA'UA 

UV-visible btl'W~'W 
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