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Abstract: 

Window glasses were recycling as (90)RWG - (10)Na20 - xRmOn where RWG and RmOn 

are recycled window glasses and oxide of dopants, respectively and x = 0.001, 0.01, 0.1 and 

1 mol%. Density of the glass samples were defined by using Archimedes's principle. 

Structural properties of the glass samples were carried out by using ultrasonic technique. 

The density and ultrasonic velocities were used to calculate elastic moduli before and after 

gamma irradiation at 1 kGy. The experimental elastic moduli were compared with theoretical 

values by using bond compression model. The results found that the structures of the glass 

samples were damaged by irradiation, occurring NBOs in the structure. Moreover, there was a 

good agreement between the theoretically calculated and experimental elastic moduli for 

the glass samples. 
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1. 'U'Vl'lh 

1.1 FJ113J~h~ruu~~~3J1"llv.:Ji1ruvn~vhm-a1:5'~ ., ., 

V'l~.:~-nu 1vh~1b t!tJ'u~~ t1~~1A'ry ~el~.:JFI11 ~,~,~~:uil'l'UeJ·nJ1i'et~ vr.:~ 1 uv~l'l u~~'\Ju ~,~.~~el'lJ1fll'l 
1l'lJ'etEJi.im111~v.:~m1 1m 'V'Jvh ~. vi11~uv~1.:~ hJil:U(;)~1n(;) 1 u'!Jru~~Yl1'V'lt~1m~~~~~l'11 '\"Jvhn~'U~(;)~.:~mu 

' 
Yl1.:Jtl'lJ vh1 m 'lJVImtJ I tl1~6Yli'l~~cnJ'lJ11,1,~'Jl.rum1 it 1.:!1 '\"Jvhibl.fl~tJ16 ~m tlurh~.:JVI~fl1 'lJfl11~~1'1 
1 'V'Jvh111 n~u vr.:~d~. ~eJ.:~~1n1 1.:~1 'V'Jvhu1bfl~vi6'11ll11fl~~l'11 'V'Jvh Hlt1~111ru111n bb~~ ~. Y1t~.:~V'leJ~eJm111 
11lv.:~m1 1m 'V'JV111~v~1.:~ ~,~,vi'~~.:~ 

hJb V1tJ.:JI.VhtTu m11oUtl1~ 1tJ'llU~1fl6'111tllllJ'lJI'11.:J~ 1 'lJ~1'lJ~'lJ I nil111'lJ1'lJI,I,~~bb V'l~VImtJ1 'lJ 
VlmtJI ~1u eJ1Vib'liu YJ1.:J~1'lJfl11bfl'ell'11 ~1'lJn11bi.V'lY1~1'.:~~1n'el1 Yl1.:J~1'lJ~I'16'11VIm111fl11~~1'1 m1 
1'111~6'leJU)6'l(;)l.b 'U'U 1lJv\'1mtJ (NOT) t, tlul'lu [1-2] 

' 
~'Jtlb Vll'ldiS.:~v\'11 ~ilUfll~tJVIfntJ'VhtJ1 ~fl11116'l'lJ h~~~~fl'el1vl1.:J1'lJl~tJ b~tJ'J tl'U1'.:J~ b 'litJ fl11 

' 
uv.:~nueJ'um1v~1n-r.:~~ m1rhu.:~-r.:~~ m11'111~l'(;)tl~111ru-r.:~~ btlu~u [1-6] ~.:~1li11~~~.t!u.:~1ub~tJ1n'U 
fl11UeJ.:J ntJVI~vm1~l(;)1'.:J~ l6'l(;) b Vlci1tTtJ~1'lJ bb~1 l.b~~eJ.:J 1~-r'U m1mu-r .:~~ bb YJuvY.:~ ~'lJ ~.:~ ~11'6'1 (;)tTtJ 1~1'\J 

' ' 
fl11 eJ 1'\J -r.:! ~~11 ~uiltl~111 ru -r .:!~ 6'1~6'111111 fll n eJ 1 ~ ~ ~ vl 11 Vlbfl 1 .:16'1 ~ 1.:1 .fl1 tJ1 'lJ'll eJ .:Jl M) l.fi(;) fl1 1 

btl~ tJ'lJ bb tl" .:~ ci.:~ ~~ 191 v 6'111'\J~ u1.:~tJ1 ~ fl11'll v.:Jl6'l (;) b Vlci 1tTu ~.:~tTu :S.:~~ti' ni~ v 1~vi'1 n1 1Pi fl'e/1~" '!JB.:J 
' 

tl~111ru-r.:~~l91eJ 1m.:~6'1~1.:J'lleJ.:Jl6'l(;)bU'lJ~1'lJ1'lJ111fl [7 -13] 
' 

161(;1 bbn1 1. t!ul'61(;)~1~-rum111i1t~11 1. tluv~1.:~m n 1. ~v.:~~1nilr~11111 tl~.:~ 161 611 t1.:~1u 6111111n 
' ' 

11eJ.:JYl~~ ~1u1~ bb~~EJ.:J6'111111fl~1"llbfi~ 1~Bn~h t1 ci.:~~~vh 1 ~ilm1th beJ1l6'l(;)bl.tl11111 itl1~ 1v'll'l11 'lJ 
' ' 

Vl~1tJI ~1u hJ11~~bU'lJ~1'16'11VIm111m1nv6'1~1.:~~u~~'IJuci1u1 ~l'lmb~.:J~1t1m~~n bfl~v.:Jbb1l1~1~ u 
:Ui1P1tl1~~1l'u atlmru~h~nYJ"Jvun~ Vl~eJVItJ1~mb6'l(;).:J~m.t11 tl Vl~ml.~bb1'11 umJmru.ffu6'l.:~ 1.-du m~~n 

' ' " 
rh'IJ.:~-r.:~~'!JeJ.:Jbfl~v.:J XRD I.U'lJ~'lJ ~1t!bVI(Jjdvi'11Vfti'ni~mt11~n6'l'lJ 1~~~~Pifl'e116'll.!D~I911.:JI 'llv.:Jl6'l~bbtl1 
1(;)maV'l1~eJ~1.:J~.:Jm1'111beJ1l6'l(;)bbtl11 tl1 ~ 'lJfl11rh'IJ.:~-r.:~~bb Yl'lJfleJ'lJfl~l'l b ~eJ.:J~1mui'1~m1111 tl~.:~ 16'll.leJ.:J 

' 
Y1~~~1u1~ V1~vm1~ilnmn n11l!u1'1-r.:~~nvu'1111 tl n1~(;) 1. 'liu m1n~u~.:~~u 1. ~v.:~~1m1.n1 1. t!ul'61(;)~ 

' ' 
6'11111'Jfltl'lJfl11~11~1'lJ'!JeJ.:JJ11~~ 

~.:~ 1 u n11Ju VI~.:~~ 1 n ~. Vll'l n1 1ru n11 1.n (;) v'IJ~ fl tJY11.:J -r .:~ ~ r~~ .:~ 1 'VIfl 1 6'1 (;) -uu ~ .:~ ~,~,191 ~. Vll'l n1 1 ru~ 
, , Q~ , , 

Chernobyl l.~eJU fl.i'l. 1986 tTuMvvD~bVII'lY11.:J-r.:~~~'V'Jn"ll11~ 1(;)€i"l) (Fukushima Daiichi) 1utJ fl.i'l. 
't , \1\1 

2011 v\'11 ~ti' ni :5' tJ~fl11116'ltJ h 1. tluv ~1.:Jl.l1 n1 u m1Pi fl'el1fl11 1'111 ~l'(;)tJ~mru-r .:~~ ~ vtJVI~.:~ b~mn(;) 
v'\J~1. VII'1YJ1.:~-r.:~~~u 1(;)t~l'61(;)ffi~-r'Um1l.l6'lu h 1. t!u~1~u 1.1. 1n., Mvl'61(;) bbn'J ~, ~v.:~~1n6113J11nV'lu ~, ~u 1~ , , , I , 

1vul'11 :S.:~b Vl111~eJ~1.:~~.:~~~~'111mb U'lJl6'l(;)l(;)tl~mru-r.:~~E)eJ'lJVI~.:J 1~ [ 14-20] 
' 

~1 tJ ~. Vll'l~~vr.:~VIl.J(;)i1.:~~u ~1 ~ t~:S.:~ilm13J6'lu 1 ~~~~~ n'e/1~ fi'!J v.:~ -r .:~~ 191 v 1m .:~6'1~1-:J'!J v.:~l'6'1(;) ~.~.t11 
' " ' 

(1(;1 t1 bbn1~1 .u~~ 1. t!u bbn1~1"llbfi~ ~1 n m~~ n'VIti'11911.:~) 1(;)t~ v.:~Fir~11ll~~ ~~ 1~~1 n.:~1ui ~ t~d~~ ~, t!uci1u 
" ~1A'ry 1 'lJfl11~~11ru1 b~eJfll6'l(;) bbtl'Jb ~v'l111 tl1 i1. U'lJ'lJll'l m1111 V1l1~1V1-ru fl111'111~l(;)tJ~mru-r.:~~ Vl~eJ 

' 
m11i.:~1u1u~1u-r.:~~ 1u~1~'lJ()(;)1tJ 

1.2 1<Jmtl-a~6l.:Jf'i'"llv.:J LFJ-a·m1-a1:5'tt 
' 

1. b ~eJ~.:J 1.m1~'1-1 bbn11'11 eJ ~1.:~~1~~ 1 n fl11~1"llbfi~ m~~ fl'VItJ1 ~1.:~ 
2. ~fl'ei16'111D~Yl1.:J 1m .:J6'1~1.:JrleJ'lJbb~~VI~.:Ja1tJ1'.:~~bbfl11111~1t1 b YlflUfl 5~1'1~11"llun 

3. ~fl'e116'll.!D~Yl1.:J 1m.:~6'1~1.:JrleJ'lJbb~~VI~.:JQ1tJ-r.:~~ bbfl11111~1tl FTIR 

4. ~fl'el1b tl~t~ub Vit~u~~~1~~1nm"JYJ(;)~B.:J~1m YJr~ur~5~1'1~11"l!un nu~~~1flYl ~'ellj~1~ 
~1flfl1'J\")1tJ1ill~1tJ 111b(;)~'!JeJ.:J Bond compression 
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1.3 "!Jel'I.JL"!!VI"!Jel~bfl":i.:lfl1'~1~V 

i1'.:~ bfl 11t~~i'1 a ~1.:Jbbrl1~1~1il1 n m 1'1l"l! LA" m~lil nVIu1 ~ 1.:1 bb"'~'Vl~~au~J-n:J~ fi11:W v~VI ~'U 
' 

L"liu 1:w~~~m:wtJ11Lb"'ti'11:W'U11'11J-J~~~'Ua.:~v-:~1J-J~~~L:U-:~u~mm e!m1~1'U'Ue:J.:dj1"1l€l'l e:JruVI.niJ'Ue:J.:J 
'U 'U 'U " 'U 

b~€l'U1tJ b uu\Jlu ~l-IU~'Vl1.:! bfl1'1~1'1.:~ L"liu n11b u~tJ'Ubb u"'.:~ 1m.:~~1'1.:JVI~.:JU1tJ1.:~~ (L-du fruu~€l11il~n 
'IJ 

vh"' 1m~ €l.:Jiil1 n n 1101 tJ 1.:~ ~) bb"' t n11~~ n~u1-:~~ auvh1 b 1~ b ~B vu vw.J"' n11'Vl ~"'a.:~ lil1 mTu 
'IJ 

bU~tJ'UbVltJ'Ul!·.mm1'Vl~"'a.:~ffi~nurhffi~lil1n'Vl'J~ffl~tJm1rl'1'U'Jru~btJ1J-JL~"''U€l.:J Bond compression 

"' 2. 'Vl'l~~ 

2.1 tui1 ttr~~m'lf>in'et15i3J'u~"!!a.:~urh 

-r~~bbrl'J 1uu11l-1'1l1~~bU'U~1~nti'u~Ma "Ld obsidian" ~.:~iJ'nyj'IJU~nrum'U1hhn~lil1n 
' 'IJ 'IJ 

m11~i1m1LV'UI'11 €l~1.:!11~L~1 L11i1m11<ff.:11'ULd obsidian ~-!!Lb~tJfi~'U L~e:J.:Jiil1nLLrl1L~mLI'lnLL~llil~ 
' 

i1m1l-lfll-J l-l'U~VtJfi~'U~.:JiJtJJ-J 1-liL U'Ubfl~e:J.:J:iiv 1 'Un11ci1~1'11 Vl~m uui1~Lbcidlmi'UL€l.:J'Ue:Jnlil1fl,j'Ubbrl1 
' ' 

lil1nu11J-J'1l1~u1-:~'1lu~ni1fl11l-1~1tJ'~1l-l 1 -ilL uubfl~a-:~u1~M'u 1~ ~1'Un11e.J~I'lbLn11~t~J-Ju~v-,Yu 'Yj'IJJ-J1 
' 

~.:JLL~~iit~avur;l naufl~~l'lPlm1'1l~'~ 1500 tJ 
LLnl VIJ-J1tJ~'I'U€l'IL Vlm~Lvu~~~Ln~lil1nm1Lvul'i'1"''~v~1'111~L ~1'1l€l'I'Uv.:J L VIm 1~t.J hll'lmJ~ n 

b 'Yj11~ 1 'U'Uru~~ LV'U"''It!'Um1J-JVIU~'U€l-!I'U€l'l b VIm b ~l-l~'U e:J ~1-:Jl-11 nlil'ULn~ n11 bb ~-!!1'11 ne:J'U~Iil~ 1'1 n e.J ~ n bbrl'J 

i1a~ 2 U1tL.n'Vl ~B 
'IJ 

IV .,j~ "> 

1. un'J'Vll-lb'U511l-1'1l11'1 

1) aau'llL~tJ'U i1fi1LU~Iil1nm'1l11vJ U1tnau~1t.J'll~m1Bt.J"'~ 66 - 67% 
'IJ 

2) 'll~m iJ'nyjU1'U'VltL"''Vl11tJ U1tn€l'U~1t.J'll~m'l.J1tmru~-emm: 98% 

3) V1e:Jnl'11m1 ( J-JruVIm~vh ) wuu~nruciJ-JmJJ'1 1'11J-JLmtu1.:~LLv1-:~ 
' 

ll"dti~V c:t. ~ 
2. LLm'Vl~11'1'U'UmtJm~u1'Um1'Vl1'11'VltJ11"11~m 

1il1nm11.:1~ 1 ~-!l~vh1~LLn1~'1~1J-J'1lu~i1G'IJ-JU~LLI'ln~1'1tl'U~€l 'l.J~J-J1ru'll~nB'U1~BBn1"1ll11 
LLn1~i1Fjrumw~m11-il 'Vl11tJLLrl1VI~€l'Vl11tJ'll~m~-:~i1~1'UU1~nvu'Ue:J.:J 'll~ne:Ju1~Bvn1"1!111 (Si02) J-J1n 

L"liu 'Vl11tJiil1fllil-!IVI1~1~tJB'~ LLn1mBI'1"1lL U'ULLn1~i111fl1 LL w-:~mn 'Vl'Um~-L u?~ iin 1 -ilvhvumru 
' 1'VltJ11"11Ml{U1\1'1lu~ LLrl1'Vl'U1 vJ LU'ULLn1vh -ilvhm~~nJ1~€J'U-L~'U LLrlTB11J-J~1 L U'ULLnlffi "li'B~~l1 u 

IV 'IJ 

11fl1 hlLL'Yj-!J 1 'Un11e.J~I'lLLnl ~11'le:J.:~m11 ~i1~1 'UL iimLn'Jiil~i1m1L~J-Jve:Jn 1"1ll11'1le:J\Ib~VI~~-:~1 u 1 um1e.J~I'l 

LLnlt!ulil~l'lB\It.h~l'Ue.J?~l-1~1'~1 J-J1fl~ mfl~11 'ULfi~B\Ie.J?~l-1~1 t~eYm1~1u~wm Vll-11~ ~€llil1n,!unu11 u 

Vl~e:JJ-JL VIm 1 'ULI'11VI~€JJ-J ~.:~i1vruVI.niJ?~\I hJ~1 n'l1 1,500 v\11"11 L"llm~tJ?~1 'Ufl11VI~€JJ-J~l'Ue.JG'IJ-JM\Inci111~ 
' 'IJ 'IJ 

i1m1U1LI"l~LLnl~LLI'l m1'nlil1n n111 -il-:~1'Ue.J~l-1~'11 U~ltJ L ~B"liltJ 1 ~~l'Ue.JG'IJ-JM-:Jnci11VI~€JJ-J L Vlm~1tJ~'U 1 u 
mw~ 1 LLG'I~\Ibf11.:JG'I1'1.:~'U€l\lbLrllb~t.J~mw (a) LU'Ubfi1'1~~1\I'Uv\l Crystalline Silicate (b) LU'U 

1m\1?~~1-:~'Uv\1Lu1l~L uuB~t1J~1u LL~~ (c) L uu 1m\1?~~1.:~'U€l-!!Lbnl~L uuBi1't1J~1u 1~ t~m1L~l-J 1"1lL~t.Jl-l~\11 u 

1 'Ubfl":i.:JG'I1'1.:~ 1 'U~1'1G'I1VIn11l-ln11e.J~I'lbbrll ~1b U'UIJ1€l.:JL~l-JG'I11~'U I b~eJ 1 ~bbrlli1G'IJ-JU~~~b Vll-11~G'Il-Jtl'U n11 

1-if.:J1'U L"li'U 

1) ~1b~l-l~'U~'U'U~~~ bBt.J~ lil~vh 1 ~LLnl111L 'l.J11~~1t1 

2) ~1b~J-J1uh'll~Lnl'l lil~vh1~LLrll'Vl'Ufll1l-11'Bu1~?~\l 
'IJ 

3) ~1L~J-JI'l~tf1 lil~v111~LLnl1mL~~i1m1J-JLLll111J-J1n~u 
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i911'a1.:Jvi 1 ~1'Utb::neJuvi~1Flqjbb~::~&JD~~1FlqJ b'll'U "'llthdh'ltnT~'lJV1V~1b:U-:Jb~'U (a) ~ruVlJJilBB'U 
~1 ( Ts) 'll€l-:Jbbtl1bb~~::'llu~ 

~1'U'I.h~nauvi~h~ru (Ai9lbtl'U~vv~~) 
., .. 

~UJU\9l 
"' 

.. il 
'ti'Ui9lbbn1 Si02 Na20 CaO 8203 a (OC-1

) Ts (°C) 

., 
bbnd -6 

67.9 14.7 5.5 1.4 9.2 X 10 550 
5';i';i&Jm 

bbtl1'Vl'U1~ 80.6 4.4 13 
-6 

- 3.3 X 10 815 

., 
bbnd -6 

• 100 - - - 0.54 X 10 1,625 
fn€li9l"ll 

(a) (b) (c) 

~tlifi 1 1m-:J~1'1-:J'll€l-:Jbbn1 1 'U~m~ru~~1-:JI n'U 

~1mtl bb~~m';i1-:J~ 1 ~::b~'U 1~,.h~1bbn1iJ~n~ru:: lfl';i-:J~1'1-:J~bbi9ln~1-:Jn'U n~~~-:J~.m 1 'IX~&JD'~ 
" 

U1-:Jtl';i:: n1';i b tJ~ V'U 1 tJ~1 v 'U€l n~ 1 n n1';i b~ll~1';i~'U 1 ~-:J1 tJ1 'U lfl ';j -:J~1'1-:J bb~1 1'-:J~ V-:J~1l!l';i(l'Vh 1 'IX 

lfl';i-:J~1'1-:J'lJ€l-:Jbbtl1 b U~ V'U1 tJ1~~V €l'Uil1fll ~i91€l'Ub~€l~1'Ub oU11 tJ1 'U~~~1';ibb~1 ~~bfl~el'Ui9l';ifl~V1 flU 
' 

~b~ni9l';i€l'U €l1~~-:J~m1'!Xbn~ electronic defects bb~::/Vl~€1 displacement of atoms bb~~/Vl~€l 

braking of oxygen bonds b Vl~Ttl~-:J~·m 1 '!Xbn~ n1';i'lJ1~Vl1V 1 U'lJ€l-:J~'U5~';i::Vl'J1-:J€l€ln~b~'U nu 1B€l€l'U 

mn (Non bridging oxygens: NBO) 1'1-:J~U~ 2 
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e si Oo .Bi 

~.:~m~b tJ~t~tm tJ~.:~ 1m.:~?f~1.:~~.:~n~TJ b ~1?11~1~tli'lil1~:u1ntJ~~1ru'lJ v.:J m~ b ~~~'UVI~v~ (1)~-:J'llv.:J 
~ws:.-;1 'U bfl~ .:1?1~1.:1 n:u::;vh 1 ~b ~1?11~1~(l'Vl~1U fl1~ b tJ~ m .. m U~.:J tm.:J?I~1.:J'lJeJ.:J bbfl1 1~ ~.:) bfl~eJ.:JlJeJ~ 
?11m~tlvh 1 ~ b ~1'Vl~1U n1~ b tJ~ t~'Ubb tJ~.:J'lJv.:J..S1'U1'U~'Uu::; 1~mh.:~VI~.:J Mv m~1(1)m1~ b ~1fl~'Ub~t~.:~5~ 

"'i... .. .. "" .., .., 1 .. d "1.., d~l d d .. 
lil~1b"ll'Ufl b'Uv.:J:U1flfl~'Ub?fti.:JV1r'ltllildflm.:J 'Ufl1~bfl~v'U'Vl m 'Uiildfl~1.:J'Vlbu'U'lJeJ.:Jbb'lJ.:J fl11~b~1fl~'U 

b~t~.:~eY~Iil~1 1"1llin:u::;~'Uvcinum~i'U'llv.:J~'Uu::; 1 'U tm.:~?I~1.:J ()1~'\.Ju::; 1 'U 1A~.:J?I~1.:~iimn m~i'Un:u::;i'U1~ 
'U 

~ A~'Ub~t~.:~n:u::;b~'U'Vl1.:~1~~~1t~1 'U~tJ~ 3 b'U'Um-wm~1(1)m1~b ~1A~'Ub~t~.:~1 'Ul?l(1) 
'U ' 

Angle 

forward ultrasonic wave 

backward ultrasonic wave 

Sample Sample 

(a) (b) 

backward 

ultrasonic wave 

forward 

ultrasonic wave 
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Ld vl\91 fl11ll L ~1 fl ~t.l L~ tJ\l e:i'~\91 'j1L"I!iJ n~\l 1'11ll tJ11 LL~:; \911ll'V1 1\l LL~1G'f1ll1 'j(W\' 1\.11 ruvn fi 1 

flruG'flJtJ&iflJ1lJ819lVI~tJ1Ji'~\lG'flJn1'jvlv 1 ud [11] , , 

L = pv; (GPa) 

G = pv~ (GPa) 

K=L-(i)G (GPa) 
L-20 

cr=---
2(L-G) 

E = 2(1 + cr)G (GPa) 

.,J ~ I 3 
Lllv p flvflJ1lJVIt.I1LLt.lt.l (kg/m ) 

(1 ) 

(2) 

(3) 

(4) 

(5) 

VI AvflJ1llL ~1fl~t.IL~tJ\le:i'~m1L"I!Un\9l;JlJtJ11 (m/ s) 

vs 
~ ~ .,J "" .., 1 ~ 
flvflJ1llL 'j1fl~t.ILG'ftJ\lv~m1 "l!t.ln\911ll'V11\l (m/ s) 

L Av Lll~«G'f\911lltl11 (Longitudinal modulus) 

G Av Lll\9l«G'f\911ll'V11\l (Shear modulus) 
'II 

K Avlll\9l«m'll'lu~mm (Bulk modulus) 
'II 

cr f1ve:i'm1~1t.IU1"1!v\l (Poisson's ratio) 

E AVEJ\llll~«G'f (Young's modulus) 

n1'jl\9l m1ll'VIt.l1 LL Ut.I'Vv\l~1v ~1\lLLthvh 11ii'1191 tJ 1-ffVI« n~t.l'l1t.I'V v\lm{filj~G'f L\9ltJ 1-ff LStJL~n L"l!t.l 
"' 

LiJtJ'Vv\lLVImLL~1A1t.l1ru~\lG'flJn1'j [11] 

p = w - w PL 
a b 

w. 
(6) 

d 4 I 3 
Lllv p flvflJ1llVIt.I1LLt.lt.l (g/cm ) 

~ I d d .cil ICV 2 
PL flvflJ1llVIt.I1LLt.lt.I'Vv\l'Vv\lLVIm (Lvt.IL®'m"l!t.l) llfl1L'Vl1nu 0.66 g/cm 

w. f1ml1VI'I1n'Vv\l~1v~1\lLLn1~i'l1umml"l (g) 

Wb f1mJ1VI'I!n'lJv\l~1v~1\lLLtl1~i\l1tJ'Vv\lLVIm (g) 

V = M glass 

P glass 

(7) 
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M glass fle:llJl~ 1l.Jb~fl~'Ue:J~bbrll (g) 
' 

P glass fle:JI'll1l.l'VI'U1bbi.hJ'Ue:J~bbrlltillmh~ (g/cm 
3

) 

H = (l-2cr) (GPa) 
6(1 + cr) 

(8) 

fh~ruVI.IJij'Ue:J~ b~e:J'U1tJ (De bye temperature: e D ) Vl11m~tJ [11] 

e = (_E_)(3zN A )r.; v 
0 k B 4nV, m 

(K) (9) 

1 .J .:!II 1 d rul f' 
~tJVl h fle:Jfl1fl~Vl'Ue:J~bb n~~fl 

<0 I .,J 1 ~ 
k B fle:Jfl1fl~Vl'Ue:J~ 'U~l.J1'U'U 

N A fim~'Umbn·n1~';j 

v. fimJ~l.l1m 1~v 1l.l~ 

v 
111 

fltll'll1l.lb ~lfl~'Ub~tJ~eJ~I'l~11"1lumo~tJ ~~VI11m~v 

(m/s) (10) 

2.2 'Vlt'J~~ bond compression model 

6 

Vl~~~ffiirl1VI-ruB6U1v1m~~~1~ ~~~1bU'U1m~~~1~~bU'U 3 ij~VI~1tJB~fi'\.J';i~flBU (three 

dimensional polycomponent) 'Utl~tltlfl1"1l~'Utl~bbrll ~1lJ1';iflrl1VI'U~rh bond compression bulk 

modulus 11ii'"il1fl~l.Jfl1';i [21] 

K - n bF z 
be- -9-r 

r fltll'll1l.Jtl1l~'Ui5:::';i~VIl1~ 1BB€l'U'Ulflbb~~ 1BB€l'U~'U 

(11) 

nb fimh'Ul'U~'Ui5~ 1 'U 1m~~1tJMBVI~~VI"L.btJ'IJ~l.l1m ~~ml.l1';ifi'V111m~tJ [21] 
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(12) 

X 

F f!v~1f1.:J~bb1.:JLU~E.J'llv ·:m11V~ (average stretching force constant) 

F = ~)xnrF); 
~)xnr); 

Ldv nr flmhu1u coordination 'llv.:J1€lvv'Utnn 

F f!v~1f1.:J~'llv.:JLL 1.:JV~'ll€l.:J€l€ln 1'1l~ 

(13) 

7 

uvn\11n-d'L 11~.:J~1:U11t1Vl1~1LU~E.J1.:JLL'V11'U'llv.:J€l~l'lv:U (I) 'llv.:J 1m.:~~~1.:~1 u 3 :IJ~ 1~tJv11"i'tJ 
1:uL~~Ii1.:~-d' [23] 

[ 

- ]0.26 
I= 0.0106__£_ 

K exp 

(14) 

0 28(- )-0.25 
(Jcal = ' n c (15) 

1~v~ nc fl€l~1LU~tif111:U'V1'U1LLU'U'lJ€l.:J cross-link 'll€l.:J1f11.:!~1tibbfl1 ~.:!~1:U11mh'V1u~1m~tJ 
[21] 

(16) 

Ld€1 n c flel"tll'U'J'U cross-link ~€l1€l€lv'UU1n ('V111vl'iil1nb€l1"iJ1'U1'U~'U6~~v 1vv€l'Utnn~U~v.:J) 
N c f!v"il1'U1'U 1v€l€l'UU1n~vv€ln 1'1l~'llv.:JLLn1 

11 f!v"il1'U1'U 1BBv'UU1n~.:~'V1:u~~v~mLLn1 ( 11 = I (N c) i ) 

'U v n'iil1 n-d' L 11~1:U11mi'1'V1'U ~ ~1V11.:JV1 'l~~'lJ€1.:1 1:u~~ ~ L :n.:~tJ~~.nm (theoretical bulk 

modulus) ~.:J~1:U11tlrl1'U1ru1m~E.J [22] 

K cal = 1.062 X 10-29 p /-40022 (17) 
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bdm ~1~11Jl'H1 tlTVI'U(;lfl1'V11-l'Yl']~~'il'El-lb1J~~~ b :U.:nHml'l~ 1v) bbiA'1 b ~1 fl~:!~11J1~(1tl 1VI'U (;! fl1'V11-l 

'Yl'l~~'iltl~ b1J~~~I'i'1~'U'l1vi'~.:Jd [21] 

[
1- 2cr cal] G cal = 1.5Kcal ---='-

1 + (J cal 

(18) 

Leal = K cal + 1.330 cal (19) 

E cal = 2(1 + (J cal )G cal (20) 

2.3 n1';i'Yl'U'Y11'1..11'a'H1Jn"d"a1J/611'Hl'Ub'Y1A (information) ~b~~'JoUeJ~ 
mh~~1vi''Y1~1'Un'U 1 'U~"J'U'ilB~'Yl'l~~~b~rniB~ 1 oJ bbiA'"J~:; b ~'U 1vi',..h m~ 1.VoJ~:; bf.J'llu~1n bbn"JJ'U:W 

111 bb~oV1'U1'U ~~ 1 'U~.Q~:!'iJBn~11'Yl'U'Y11'U b\J'W1:! 1 'U~1'U~1'Ui~ t.J~ b~t.J"JoV B-1~1\i)iJ n1TLh bbtl11J1~n~1~~ 
'Y11.:Jn1~1(;1'\J~m ru-r~~ m~~ n~1 m~ b '\J~ t.J'U bb '\J"~ 11'1~-1~~1~'ilB.:Jbbn1~1 nm~"' n\J1t.~-r ~~ bb":! m~~ n~1 

" 
e..m'iJB-1~1~b~tl~tl bl'1~~~~1~'iltl-l bbrl"J'llU(;l~1~ '11 mvi''Y1~1'U'Wtlb U'Ubb'U1'Y11~1 'U m~~ n~Tvhm1:m -il1 h 
~B1'\J b(;lt.Jb~ll~1nu 1'1.1"1. 2007 Kortov [5] 1vi':Wm~~n~1 bb":!'\J~:;t.Jnl'l1.ff1~(;1~lJ~1JD~n1~b~B.:Jbb~~ • • 
b ~ B-.1~1 nm111~B'U b ~~ b U'UI'i'11(;loJ~1J1 ru-r-.1~ ~~ (;.~" m~i~ v~ ~b ~'Ui1i' ~(;ll(;JU~ll1 ru-r-.1 ~J'UEJ'~:Wm111 

' 
vltl-ln11 1 'Un11~1'll'U11 ~~11J11(1l(;l1m 'U';i:!~'U~1 1 b ~tl b u'UI'i'11(;1-r~~~1VI-ruLJ1'11'1"~tl 1 u 

~~l~(;l TL J'UniJmnll1t.J b'li'U ~bVit.~ll'W"BBh~ (LiF) bbl'l"b~t.JlJ'YJ"BBb~ (CaF2) 
' " " 

bbl'1m~t.~lli"1vJ~ (CaS) ~bVit.~ll'Utlb~'Yl (Li803) VI~B1'11B'Yll'i' (quartz) ~~~n1-U1'U~1'U'Y11~vl1'Un1~bb'W'Y1V 
b1'1~B.:Ji'(;l-r.:J~~1'U'UI'11'1" 1u~1rur1~ bb":!m11(;1'\J~ll1ru-r~m'U~~bn(;liA'Bll ~'U1'Uu 1'1 .1"1. 2010 OLko [24] • 

1vi':W m ~ ~ n~1.U B ~ bb":;.;J m~t.~'il B-11 ~ (;! b ~ B-1 bb~ ~~ b U'U 1'111 (;1'\J~m ru-r ~ ~ b 'tl1"W'Ui 1i' ~ (;!~ b ~ B ~ bb~-.1 ~1 n n1 ~ • • 
tJ' lJ' Qll Q I Ill./ .::J.d ll ll ll d d 

m:!l'l'Ummb~~ (OSL) ll'tleJ(;lll1nm11~(;l'Ylb~B~bb~~~1nm~m:;l'l'Umt.~m1mB'U (TL) b'UB~~1n11m111 • • • 
m.J'Urh bb":!H~1t.~ni1 ~.:Jhli1~:!b U'Un1~l(;JU~1J1ru-r.:J~vl1m 'Y11'1UI'11(;1 niA'1'UbblA'1 bb~lii'B~th)~(;l1 Utl1'U 

• 
-r~~nB'U~~~'U ~.:J1vi'b~ll:Wuni~v~'U 1~~~:;~n~1(;.J"'Y11~vi'1'U-r.:J~~B 11'1~-1~~1-1 

Laopaiboon bbfl:!Aru:; (2011) [12] 1vi'm1~~B'U~1J'IJ~m11JV(;JVI~'U'ilB-lbbtl1 BaO-PbO

borosilicate ~"'nmu vi'"Jt.~-r.:J~bbnllmL(;lt.JHb 'Y11'1UI'1B" 1'1~1L"'liin -wui1~1JD~I'1111JV(;JVI~'Ubfl(;lf11~ 
" ' 

b'\J~t.~'Ubb '\J".:Jbdmbn1"'nmuvi'1v-r.:J~bb~(;l.:J1 ~b ~'Ufi.:Jm1b '\J~v'U 1m.:J~~1.:J'tJB.:J bbn1 ~Bm1 'UU 2012 Vi11 
" 

i~t.~'ilB-1 Bootjomchai bb":!Aru:; [11] n1vi'~n~1Lm-1~~1-l'ilB-lbbn1 recycled borosilicate-Ba0-Bi20 3 

mv1vi'~'Y16owfl'tlB-lm1mu-r.:J~bbnllll1L(;lt.~~n~1~1n'5"~'~~1L"'liin bbfl:! FTIR -wui1Lm.:J~~1-l'U1-1~1'U 

'iJB-1 bbrl1~nvl1f11t.J~'U1-lB-lAU1:!nB'U~-lbU'U~t.h~'UhB~1-l ~-1 v111 ~Villi~m&illvJ1n1~~n~1~B 1 '\J [13] 

L(;lt.J~n~1L1'1J-1~~1~'ilB.:J bbtl1L(;l v b '\J~t.J'UB~ri'\J~:; nB'U'iJB-.1 bbn11'11 B ~1-.1 b U'U Bi20 3-Pb0-borosilicate L(;l v 
Er~~ n~1mv 1vi'~'YlB"Wfl'iJB.:J m~mu-r-1~bbn11in b 'li'Ub&ill -wui1L1'1~-1~~1-1:W n111'1 B'U~'UB-11 'U~n~ru:;~ bn(;l 

n11b Vl~t.~Tt.hv111 ~bn(;ILI'lJ-1~~1-1 bb uu 1 Vlll~'Ub ~B~~1nm~mu-r-1~ 'UBn~1ndEJ'.:J:Wuni~v€inVImvvh'Utt1 
1"n:Wm1~n~1{;.J"'iJB-ln11B1'U-r.:J~~B Lm-.1~~1-.lB~b~Bt.J., bb":! 1 'UU~1~(;1 2013 Villi~t.~'ilB-.1 Kaur bb":! 

" I ' 

Aru:; [25] 1vi'~n~1{;.J"'iJB.:J m~mu-r~~bbn1J1J1~B~llD~'Y11-lbb~'l'ilB'I bbtl1 Ba0-Na20-820r Si02 -wui 1 

n11€J1'U-r'l~ bbn1J1J1vl11 ~bb(l'l.J'Iimi1'1'W~'I~1'U b oJ~ t.J'Ubb '\J fl~ b ~ B'l~1n -r'l ~bbnll1J1vl11 mm 'I ~~1'1 bbtl1 bn (;! 

m~b '\J~t.~'Ubb '\J"" 
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Farouk llm~Flru~ [26] (2013) 1m~m~cnti"uf..lfl'Vv\lnTHl1tJ1\I~lln:um~mtl.nJ~nT~~~n~u 
" 

llG'I\I'Ve:J\Illtl1 Al20 3-Te0rli2B40 7 ~~m~:u(;)1v MgF2 Y-ltJ11nT~v1tJ1\I~lln:u:u1ci\lf..lf11 ~\n~ bfl'HG'I~1\I 
ll tJtJ NBOs (Non-bridging oxygens) ci\lf..lf11 ~\n~nT~fl~fl\I'Vv\l'liv\111\lllrltJY-l~\I\11'U'Ve:J\Illn11'11mh\l 

~n~11m"i1::: l ~ui1iim11 'l-1m1:U~11"i'qJntJm1Pim~1f..lfl'Vv\lm1mtJ1\I~ l uuv~1\lmn llfl::: l uu 

~ G'lu 1 "il1 uu"iJ "il'\Ju61'\lln 1'11(;) "il1 nu~v\'1 n 11 ~~:u~ lf..J v ll Y-l1\11u1 ~ v ~ \I.Jf\IVI:u ~~ n~ 11l uu l Vi v \ltJl\1 ci1u , 

l vh,!u ~1Pi m~n l ~:u l~:U"il::: l ~u11V\Iii\11'U~ l~ v1 ntJ m1Pimn f..lfl'V11\11\I~~ v 1m\IG'I~1\1Bnm n:u1v 

2.4 '1.h~bEJ"tt'tl~F11VI"h"il~1(;)~tJ L'tJ'U n1'He..Jt1UW'ab'U11'H'I1'a "ilVI~'VlGUI'l'l "1~"1 U~~VI'I.htJ·:n'U~ 
U1e..J~m-a1~vhfl.U\h~1v"tt'tl 

1. 1(;)'V111tJ61'V~ci1'U~l Vlm:::G'I:u~1VI1tJm1VI~v:ull~:::m1~'U1U ':il1nn11tl1le:J1'VEJ::: lltl1 m:::':iln 
" 

VIU1~1\I~tl1n~tJm1 m VI:Ub 'l-1ln~'\J1::: bEJ'lltJ 

2. 1(;)'V111tJ f..l~'Vv\11\1~ ~ v bfl'l \IG'I~1\I'llv\llln1~61'\llfl11~~~u 
3. 1(;)~~:u'Y-l1 u111G'I11'U1'U1'1l1~ v~1\luvv 1 l~v\1 

4. 

5. 

- Radiation effects on structural properties of recycled window glasses: 

Comparison with different doping, 1~vm~1TU1':il~~~:u'Y-l1'U111G'I11: Radiation 

effects and Defects in Solids 

- Elastic and structural properties of recycled window glasses doped rare 

earth oxides: Comparative studies between experimental and theoretical, 

1~vm~11U1':il:::~~:UY-l1 'U111G'I11 : Journal of Molecular Structure 

G'I~1\IFl11:UloU:Ull ~\lllfl~-ww..~u1PlntJm'Y-l'VeJ\IUn1~v 1 u.niJmfl1 'I-1VI~l Viv:uu1'U1'1l1~ 
" 

f..l~l'ltTnPim·n '\J~rut:m1 'V1 ll~~'\J~ruru11'1~ ~1u1u 1 llfl~ 2 Fl'UI'l1:U~1~tJ ~iiflrum'Y-l.Jf\1 v v u u , 

1 'Ul'li\ll'll1n11ll~~m11~v eJ'U':il~l uum1l~:U~VIFl11:UG'I1:U11rJ (;)1urh~\1Fl'U ll~~llVI~\1 
m1:u-rl 'Un11bl 'li'loU'u'!lv\I'\J1~l 'V1~111tJu1u1'1l1 ~~v 1 '\J 

" 

2.5 LLe..J'Un1'acl1tJ'VleJVIL 'Vlflb 'U b"VVI~eJe..J"n111~mimhH thVI:U1tl 
'U , 

tl1f..l~\11u~1(;)~.W:u~~1'U111G'I11 ll~:::t11lG'I'Uvf..lfl\1 1 'U 1 um1'\J1~~:ui'1J1n11~1'~1 ~'~1 Ullfl::: 

~1\IU1~ l 'VII"! ll~~ci1EJ'Vlv~v\IAA11:UTI 'l-1tTnPin~1~':il~'V'hi'VltJTUY-l'U5 5n.Jf\IV\Il U'UFl11:U~~'U~1'U~1\"lnl1 u 
\1 '\J 6l 0~ 

m1~':il~tl1lvTr~~ 1 '\J'\J1~~nl'l1oU''I1'U 1 u(;)1u~1'~1 

Q.cj o Q. Q. cv d o ~ II 

15n11VI1 L 'U'U n111"il tl LL"~6'1 rll'U'Vl'V11 n1'l'V1VI" eJ \1/Lfl\J''tl eJ:U" 
'U 

3. 
.c:::::t QJ I Sl 

3.1 Lmv:ul'nutJ1·mm 

lltl11~tJtJ (90)RWG-(10)Na20-(x)Rm0 n l~e:J RmOn ~ele:Jvn1"llvi"'llv\ll'i'1l~:U (L'li'U Ce02 Vl~e:J 
Fe20 3 bUul'i'u) RWG ~mln1m~':ilflVIU11'11\I~~nt!1:u1~1"lllAfl (Recycled window glass) ll~~ 

.q ~ tJ' q ~ ~ c:4 I V .J 
x =0.001, 0.01, 0.1ll~~ 1 molo/o r~mmtJ:U'V'Umtn'V1Fl'UFln11VI~v:u~~~1tJ b~EJ'V1G'I11lfl:Ulll'l~:::m'Vl 

" 
HiiFl11:UtJ~~'VlBG'I\11 'U1~~tJ ·:n'Ui~v (analytical reagent grade) ci1'Ulltl1 RWG ll'l~v:u1ru~tJn11 

" \1 v ' ll 

tl1Le:J1LI"l~m~':ilnVIU1~1\I:U1vl1A11:UG'I~e:J1~(;)1 E.ltl1 n~'U lL~~eJ~~bl'l'U 1'11:U~1~tJ ':il1nU'UtJ~':il'U 1(;)f..J\ILLtl1 

~~LBEJ~ i\IG'I11LFliiLL~~f..J\I LLtl1 RWG 1 'UeJI'l11ci1'U~ L VI:U1~G'I:U (;)1mfl~v\li\l~h~ n'V11vum1~iifl11:U 
~~LBtJ~ 0.0001 g ':il1n,!'Utl1cl1'Uf..l~:U~LU'UL.Q'm~Enn'ULL~11cifl\11'ULU1VI~eJ:U LL tl1 (crucible) ':il1n,!'U 

tl1 L -rr1LI'l1VI~v:u~vruVI.niJ 1250° ':il'U 1vi'tl1Lbn1~~~mm uul-d'm~tJ1tl'U lL~1l 'V1tl1Lbtl1fl\11 'Ull~~:u~ 
, 'U 
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bbm1~1'1 (graphite mould) bbn11'11v~1~~1~1il~~m111i.JboU1 bl'l1tJUBnbl'l1Vl'UVl bb~1tJUbU'Ub1~1 2 

i11lJ~ ~vru'lt1fl:W 400-550° lil1mYt~'IJ~vCJ 1 ~\vt~l'i'1~~~vru'V1fl:W~v~v~1~buw511lJ'll1~ 1'11v~1~bbn1~1~ 
, \1 "' '\J 

fl m 111 'IJI'i'~ bb~~-u~ 1 m~'l~'U1U bb~~f111lJ'\t1'U1~b vhn'U ~1 CJbfl~tl~oU~~mH~~1~~'U 1~CJ n~l-li~CJ GTEC 
" " ' 
m fli'll1l'Ji1 n~ flru~iVlCJ 1f'11?ll'l{ lJ'V11iVl CJ 1~ CJ vu~ 11'lltnu m 1lJ'\t1'U1'/J v~ bbn11'11v ~1~ fl n1~~1 m 1 v1 

' " 
b ilCJ1f11~b'tJtJ{ 

vr~d m~U1'U n 11~~ n~ 11 \ldJ n111oU bbtl1~ bl'l~CJlJiil1 n?l11bfliJ b U'U 1'11 f11UfllJ b 'IJ~ CJU b V1 CJU?llJU~ 
' 

~1~1 m~ 

3.2 nTHnui'.:J~hmlJa.~1 

n11tl1U{~~ bbnlJl-11'/Jtl~ bbtl11'11 v ~1~1il~ 1.U bfl~tl~Q1tJ{~~ (TH ERTRON 780() 1~ CJ tii't~n1 b u~ 
-r~~ bbnlJlJ1~tl Co-60 ffi ~Bm1'1J~a.~1ru{~~~ 1.16 Gy/ min Q1CJ~1tJ~'U~ 30 x 30 em 

2 1~viJ 
' 

'l~tJ~l'i1-:J'l~w;h~l'i'1v~1~nutilt~n1b -u~-r~~b vhnu 60 em 1'11v~1~bbtl11il~flno1v{~~~1tJ nmV1bY1CJ~ 
" 

'V'Itl~lil~vh1~bbn11~{u{~m'U'IJ~mru~tilv~n1'l ~tl 1 kGy 'V11v 1 kSv (A~Fh ti ssue weight factor 

bU'U 1 ~vvh~1~mv) ~~l'i'1b~'lldb ut~1'11b~'ll~mnwm1'1'V1{um'l~lil1'lru1t11i'?l~ 1 'IJ1-u~1'Uiil~~ ('IJ'i~'ll1'll'U 
' 

vi'11'1Jhlm'l1~-ru-r~~bn'U 1 mSv/y 'V11v~'IJl)u~~1'UVl1~-r~~hlbn'U 20 mSv/y) ~~bb?l~~1t~~'IJ~ 4 1(;1CJ 

n1'lvl1n1'i"Vl(;l~tJ~1 'U~'UI'ltl'Un1'lQ1CJ{~~'iflil~Vll~f'l'U~lJ~ b ~~ ~~'\t1l(;ltJUm1'1JEi1il (MOU nUlJ'V11iVlCJ1~CJ 
" ' 

vU~'l1'1Hnil) 'V11v?lmU'UbVlf11 t1 1~vu1bfl~CJ{bb l'i~'ll1~ 
' 

Exposure machine (THERA TRON 780C) 

60 cm 

3.3 1 bfl'l1::'V11fl-a.:J61~1'1~1tJn1'l (;l ~ n ~'U i' .:J ~ ~hwh1 t -a~ 
" 

bbn11'11v~1~~nu(;l1 ~b U'Uc.J.:m~bBCJ~bb~~c.J?la.Jnu KBr 1 'UBI'l'l1~1'U 1:1 oo mg lil1nJ'Uiil~t111 'IJ 

i'~n11(;l~n~'U{~~B'UYh1b'l~~1mfl~tl~ Perkin-Elmer 1~vi'~~n1~~'/JB~n1'lbbtlnb~'/Jfl~'Utl~~ 4 cm-
1 

" " bb~~-r~1'U~1~b~'/Jfl~'U 400-4000 cm-
1 
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3.4 nTa1~fl11l.J~'U1 bb'Ll'Uuf'!::tl~l.11\9l':i 1~EJ bl.!f'l 

fll 1l.J ~'U1 bb U'U 'llB.:J bbflll'i'l mh.:Jmr)VJLV1CJB1PlCJVI~ nm~'llB.:J enifi~~i:'l (Archimedes's 
" 

principle) ~.:J 'll'tl .:J bVI fll ~":il~ 1-ff~1VI-r'Un1~lVlfll1l.JVI'U1 bb U'UdAv n-hexane ~.:! b ~1i:11l.11~flVI 1 ~1fll1l.J 
VI 'U1 bb U'U 1mV1 CJ 1.ffi:1l.Jn1~~ (6) O:U1ntT'Ub ~1n-:u~r11'Ul ruV!lU~l.Jl\91~ bVJCJ bl.JflbVJCJB1PlCJi:1l.Jn1~~ (7) 

3.5 m.':i1\9lfl11l.!b~1fl~'Ub~EJ.:JeJf'l\91~1161.fl)n 
m~i'Vlfllll.J b ~lfl~'Ub~CJ.:JeJfl\91~11si!'Wn'llB.:Jbbtlll'i'lB~1.:J'Vll 1mV1CJ1.ffb fl~B.:J ultrason ic flaw 

detector ~VfB SONATEST ~ 'U Sitescan 230 bV1CJ1i'!Xli'V1~1Vfm1l.J~ 4 MHz bV1CJb~ 1 ":i!~lV1fll1l.J b~l • 
fl~'Ub~CJ.:JeJfl \?1~11'1lunvr.:JI'l 1 l.JCJ1l ( vL ) bbfl~ml.J'llll.:J ( v5 ) o:u1ntT'U b~1no:u~i:11m~nVI1~1fll1l.JEiVJVI~ 'U 
bbfl~ ~l l'il.:J '1 ~b~Vl eUB.:Jtl'Ui:'ll.JD~Vll.:J bfl~.:Ji:1~1.:J'llB.:Jbbtll\illB~1.:J 1mV1CJB1PlCJi:1l.Jn1~~ (1-5) bbfl~ (8-1 0) 

O:U ln tY'U-:u ~ b tl~ CJ 'Ub Vivu~1~1~ tl'U rl1Vl~'\jl)~r11'Ulru 1~-:u1n bl.JbVlfl'llB.:J Bond compress ion 

d o ~ II 

3.6 ~H'l1'UV!Vl1n1':iVl~f'IB.:J Uf'l::bnutlm.m 
'U 

- ~'UV bVlflb'Ubf!Vbbfl~fllll.Jb~CJl'lll~bbtll (Glass technology excellent center: GTEC) 

Jllfll'lll~~n~ flru~lVICJ11"11i:11'li l.JVI1lVICJ1~CJB'Ufld1'1lli1oU • 
~ ~ v v q 

- l"l'UCJl.J~ b ~.:! O:U.:J'\.1'W1'tl'Ufl~1'llli1'U 
~ . 

- r:1m'IJ'Ub Ylflb 'U 1flv'Wl bfl~CJibb 'l-1.:!'ll1~ 
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Time and Contents u~ I 
Oct Nov. Dec. Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. 

1. ~1>1~Vl.JIIi'1mh~ur'i'1 

2. 'li111i'1mh~~~n1 hlo1vi'~~um.JI.I1 

3. 1~m11.11~1R~lJLliv~!i'aPJH'!Iun~~ri!JlJLLa~~i\'~o,vi'~~ 
4. Pln"rJ1<11.1~f1111.1V~~qlJ'Il!J~IIrl1~~ri!JlJII1t~~i\'~il1Vi'~~ 

5. Pln"rJ11m~<I~1~LLn11fi'1VIYif'1Un FTIR ~~n!J\JII<t~~a~il1Vi'~~ 

6. Pln"rJ11mV\JIViV\J~:Ja~ll'i'll1nn11YI~a!J~ua~~:Jam1fi1lJ1ru1~v1-5Yiq"rJ1j 
7. 9i~l.ln L11t~I~WLL'I'fii:J<t~1\J 

8. ~~!l\J11V~1\JilU\J<II.I\)~ru 
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3.8 eJ'I.Jn~rum~1~~ ~~"~611~~flii • 
3.8.1 e1'\Jmru • 
- ~lill'VlfHJJJ~~n1 ?J·h~11'ltJ ~'U~~Vlfl1'W1n~~~"~fl11JJ~~tl1"1l1qj~~n1 (Glass technology 

excellent center: GTEC) .rnfli"ll1~~n~ flru~iVltJ1Y'11?ll'l1JJVl1iVlm"'mn.Jn11"1llnil 
' 

- ~l'l1m.Jbbn1 ?l~1.:J11'ltJ ~'U~~Vlfl1'U1n~~~n~fl11lJb~tJ1"1l1qj~~n1 (Glass technology 

excellent center: GTEC) .rnfli"ll1~~n~ Aru~lVltJ1Y'11?ll'l1JJVl1iVltJ1"'tJB'Um1"1l1nil 
' 

. ' ~ Q./Q,~ Q,f' 

- ~fl1B.:J"ll.:JmnnV11B'Un?l 

- ~U1VlnBJJ~bn1 

- mJYiJJ~bbm1vM 
' .., "' " - bfl1B.:J\9ll'lb~m 

- bfl~eJ.:JoUI'lbbrl1 ?1~1-11m1 ~'U~~Vlfl1'U1n~bbn~fl11lJb~tl1"1l1qjbbrl1 (Glass technology 

excellent center: GTEC) .f11fll"ll1~~n~ Aru~iVltJ1Y'11?ll'l1JJVl1lVltJ1"'tleJ'Un11"1l51U 
' 

- bfl~eJ.:JeJn\91~11"11-Dn (Ultrasonic flaw detector) 

- bfl~eJ.:JU1tJ{.:J~ 
.,J 

- bflTeN FTIR spectroscopy 

3.8.2 m~~Aii 

- "lltl~bbn1m~'iilnm.J1~1.:J 

- 1"1lb~mJBBn 1"1lil 

- 1VlbVlbUtJJJBBn1"1lil 

- b'Vl~nBBn1"1lil 

- 1A'UeJnl9i-ervn 1"1lil 

- 1TU1~~tJJJBBn 1"1lil 

"""" 1 < - "llb 1tJ:WBBn "Ill'! 

- ffiB~blJtJ:WBBn 1"1lil 

- ~?11 ~1~~tJ:WBBn 1"1lil 

- bBB1biJtJ:WBBn 1"1lil 

- bb:WnUb~ti:WBBn hi! 
t1 m UtJ:WBBn 1"1lil 
" """" "" 1 < - "llm'UtJ:WBBn "Ill'! 

- ~.:!ABeln hi! 
- 1A1biitJ:WBBn 1"1lil 

- flBUbUB1Bvn1'1JiJ 

- ubnnBBn 1"1lil 

bb:W.:Jn1U?lBBn 1'1lil 
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3.9 f..laa1b~~um:R11ll~llf'11"lleJ~m'i1~v~R1~'h~::1~~u 
' 

R11lla1b~~= 
1. 1~bG'11:UG'1'~,1\IVln~:::m'il~E.ibbfh!n~f1'\~1U1'1)qJ11fl1~TUTU 2 fl'U bb"':::~~lflun~n~1 

u1'1J'IJ11 V1~1'Ul'U 1 fl'U 

2. b U'U\11'Ul~ E.Ji'U~'U~1'U~~:::vh 1 ~Vl'i1'U~"''lJeJ\11 \l~~iil'lv1fl'i\IG'11'1\I'lle:J\IlMlU'i::: b.flVl bbtll 
~ , 

bb "':::\-1~\1~1 n~Yl'i1'U~"'Y11\11'\I~I'ieJ bfl'i 'IG11'1\I'llv\l bbnl~~'~ bm1 :::~~'U~:::G'11:1..11'i m .• h 1 u1 off 

u1::: 1E.J'll'U1 'Um1~~11ru1 b tl'Ui'G'1~1~u1mru1\lru 'U~1\?lu51'11 u , 
3. V111'U~a'!Je:J\IG'111b~e:J~b~h.m\11 U1 'U 1m'IG'11'1\I'lle:J\Ibbnl bbm: m1~\l~al'lv1m'IG'11'1\I~bblfl nM1\I 

n'Ue:J~1\11 1 bbm:~\l~al'lvm'iU1E.J1'\I~~iil'lv1m'IG'11'1\IM1\In'Ue:J~1\11 1 ~\I\11'U1~vi'U~'U~1'U 
"' 

b 'V1~Td~::: b U'UU'i::: 1E.J'll'UL 'Un11~e:JE.J€ll'l\11'Ul~E.J bba:::m1B1\I~\I'lJ€l\I'UVlfl11:UMB1 1 u 

4. ~~:U'V'lL'U111G'111/proceedins vY'I1'Ubbm:l'l1\IU1:::bVlf'l €1~1\IUeW 1 b~e:J\1 \?l\1~11ii'n~11H 
1 'U.ff1\ltli''U 

5. G'11:1J11t:lt111 u~ m1~ ~ lfl1 'U b .:U\1€1 lfiG11'V1m1111 'U B'U1fl\fl b 'li'U m1 ~~\fl m:::~ n'V1u1~1\l~ " , 

II t c::t.CV 

R11llflllfl1'tltl.:I'I1'U1~V: • 
1. b~m~:ul'lnvm'V'l1 'Um1vh:n'U1~v 1 ~\Jn~n~1vY\11:::\?lu'\.J1'1)'1)11f11 bba:::u 1qJqJ1b V1 ~~1:u 

1m 'I n11 1 ~iim1:ub oU:Ubb ~\11 'UV11\Il'lJ1 m1:u1n~\I~'U 
2. bU'Um'i~n~1blfl1v:um1:u'V'l1'Bllnum'i~u'j:::b Vlm1vl'l'U1:u~:::G'11'1'11 'i\11 vJvhu1 bfl~v1 ~'~ 

B~'l-i1\1~1n~\IY1ll'lvum1'lltnu b'V1E.J\I'll1::::u1ru soo n1m:um ~\l~:::~\l~al'iB'll1:::bVJf'11 VJE.J " , 
hlV11\I\fl'j \1 nV11\l Btlll~ b~E.JloUtl\l n'U nWvl1\11'UV11\IIii'1'U1''l~'Dl bfl~ v1B ~1\1 bb U'U tl'L.! 

3. G'11'1'l1vmG'1nu\Jn~m~1~~1:u bfl1\ln11 1 ~iim1:u1'~'U~1'Ubba:::m1vh1~ v b~ E.Jl nui'G'11'lbba::: " "' , 
'Dlbfl~E.J{ ~'1bU'UG'11'lJ1~'lJ11'lbbAa'U anvY\I~'lG'11'1'l\11'U1~nu\Jn~m~1 b~mul'l AEC 1'Um1 

0 d Q.J Q d .. 

V11\11'U bn E.J l n'IJ'Ul bAa E.J'i 

4. ~a\l1'U1~vffilii'~::: b U'U~1'UoUvllm~1'V11'um11~m ~€l~\9l.J'U1b U'U'Ullfl m1:u 1 'U ~1\?lu51'11 u 
"' " 

"' ~ f..! a n1 'iVl ~a v <~ bba:: 1 bR 'i1 ::\-1 f..! a n1 'i'Vl ~a v <~ 
4.1 R11ll'VI'U1ml'Ubba::mll11fl'i 1~v 111a 

1.1 IV I d <dl ll V I 

bbnJifll€lE.J1\lVl~m~vmE.J Mn02 Dy20 3 bba::: Nd20 3 ~ml'lm1:UWU1bb'U'U (density) bba::: 

'll1ll1m11'l v1:ua (molar volume) ~m1:ub-b':u-b''U~1'l1 n'U \?l\lbbr;11'l'l1'U~u~ 5 - 7 lfi1:U~1\?lu ~"' 
n1'i~n~1'V'l'Ul1 b~m~:uu1mrur;111b~€l (0.001 mol% ~\l 1 mol%) f'11fl11:U'V1'U1bbU'U'lJ€l\lbb nllii'lB~1\l 
iif'11b ~:u~'Um:uu1:u1ru'lJB\lr;111 b~€l ovY\ldb ~€l\l:U1~1n n11b~llr;111 b~m .U11 U1 'U 1m 'lr;11'1'lb U'U~avh 1 ~ma 
1:u ba ~a'lJ€1\l bbrlllii'l€1 ~1\l (Mglass) iif'11 b ~:IJ~'Uvh 1 ~fl11ll'V1'U1 bb U'U'IJ€1\lbbrllb ~:IJ~'U 'Ue:Jn~1 nd n11 b ~:IJ~'U 
'lJ €l\lfl11:UVI'U1 bb U'U'lJ€1\l bbtlllii'l €l ~1\l€11 ~ bfll'l b ~€l\l:IJ1~1 n n11b ~lJ~'U'lJ€l\lbflJ\lr;1{1\l~~ 1'1 bb U'U (compact 

structure) B'Ub ~€l\l:U1~1nn11bfll'l~'Uo:::'i:::'V111'l1BB€l'U'lJ€l\lr;111b~€ln'IJ bfl'i'lr;11'1'l'V1~n [ 13] 
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, 
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3 
23.40 £. 

l. 

· - 23.30 

2.560 -+------~--'"-,....--------r----------J, 23.20 

0.001 0.01 0.1 
mol% of dopants 

d • U .. '1'1 v.J "'" ~tl'Vl 7 fl11ll'VI'U1bb'U'U (density) bb~~ 'jl.J11Jl'hliltlbll~ (molar volume) 'IJB-lbbnJ'Vl~nb"ilvmtJ Nd20 3 

tl~ll1m bliltJ 1ll~v5U1tJ 1vi'f1vtl~mm~t;'lnmvufl'jv-:J bliltJVI~-:J'VIti'd tJll1~'1JB-:Jbbn1vi'1v~1-:J ~-:J"il~ 
" ~'Unu 'l'l"llnvvB'U 'IJB-:Jvi'1tl'l'utl'j-:J (modifiers) ~b&ill b'th1t11'U1m-:Jr:1~1-:J [1 1] "il1mtl~ 5 - 7 'WUi1 

' " 
tl~ ll1 1Jl'j blil tJ bll ~'IJB-:Jbb n1vi'1v~1-:J~b~llvi'1tJ Mn02 bb~~ Nd20 3 iJrh~lil~-:Jbdm ~lltl~l.l1ru'IJB-:Jf:11'jb~B 
ll1 n~'U 1 'U 'Vl1-:JIJl'j-:Jn'Uoff1l.ltl~ll1m bliltJ 1ll~'IJB-:J bbn1vi'1v~1-:J~t;'Jnb~llvi'1v Dy20 3 iJrh~lil~-:J b~m ~ll 

" 
U~ ll 1 ru 'IJB-lf:11'j b~B ~-:Jr:111J1'jt;'JtJ5U1tJ 1mliltJ nl'j b U~tJU b Vl tJU'TI"lffivBB'U'IJ B-lf:11'j b ~B~ b~llb off11 tl nu'l'l"liJ 

1vvv'U'IJB-:J 1m-:Jf:1~1-:JVI~n f1v'l'l"liJ1vvB'U'IJB-:J 1m-:Jr:1~1 -:J VI~nf1 v Si
4
+ iJ'l'l"llnvvB'UbVhnu 0.40 A bb~~ 

... ""1 "' iJd QJ 11 4+ 3+ I ~ A A 0 Q.l I cv q 
'jf'l l.J BBB'U'IJB-lf:11'jb"iJBb 'Uiil-l'U Mn bb~~ Nd b'Vl1nU 0.67 bb~ ~ 1.12 IJl1llmlilU "il~ 'W UJ1'jf'll.J 

1vvB'U'IJB-:Jf:11'jb~mY'UiJrhl.l1nni1'1'1"1lnvvB'U'IJB \Ibfl'j\lf:1~1 \IVI~nnf1v61l~nv'U (IV) vvn 1'11~ 1:1'1VI'TUbbn1 

vi'1v~1-l ~ lJ n1 'jb~B Dy z0 3 bb iJlnvl1-:JBvn1tlb'j1~\l'\,llll1bbtJn~"il1'jt;U11vi'~\ld bliltJ'l'l"liJtvvB 'U 'IJv\1 o /+ 

bvhnu 0.912 A ~-:J1VIqjn i 1'1JB\Ibm-:Jr:1~1\IVI~n'IJv-:Jbbn1 vi'1v ~1\l~ bU'U61l~nv'U (IV) vvn1'1l~ bbvlbdm'j1 

~"iJ1'jt;U1~-:J 'j~UU bbtl1~lJ Na20 bU'Uv\lritl'j~nvuvi'1mb~1 "il ~'WUi1'1'1"1invvB'U 'IJB-l Na + lJ'IJ'U11il1n~b~tJ\I 
nu 'l'l"liJtvvB'U'IJB\1 D/+ mn ~\I~'UU!1'U1vi'i11BBB'U'IJB\I D/+ ~~m&il.l~\11 tl1 'U Lm-:Jr:1~1\11vi'b<ff11 tlb&i ll 

b~ll~v\111-:J 1 'U bfl 'j \lf:1~1wh 1 ~tl~ll1m bliltJ bl.l~iJrh~lil~\1 [27] 

B\IAU'j~nvU'Vll\lbfllJ fl11ll'VI'U1 bb tl'Ubb~~tl~mm bliltJ bll~'IJB\1 bbn1 vi'1v~1\l ~t;'lnb~ ll vi'1 tJ Mn02 
" 

Dy 20 3 bb~~ Nd20 3 bb i:11il'I1-J1'U IJl1'j1\l~ 3 
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~tl~ 8 (a) fl11lJL~1t'l~\JL~V~Il11lJV11 (longitudinal velocity) 'lJ1l~LLii'11li'1mh~~~m~lJ~1V Mn02 rl1l\Jil1VLL<1::'11<i'~il1V~1V~~~LLmJlJ1 (before and after irradiation) 

(b) fl11lJL~1t'l~\JL~V~Il11lJ'tl11~ (shear velocity) 'tl1l~LLn11li'1mh~~~m~lJ~1V Mn02 riau u.r~::'l1<i'~il1V~1V~~~LLnlJlJ1 (before and after irradiation) 
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~tl~ 9 (a) fl111JL~1f1~'JL~V~Il11l.JV11 (lon~itudinal velocity) ~il~LLn11li'1ilth~~~m;j1J~1V Dy20 3 rlil'J01VLLI1::\.H1~o1V~1V~~~LLn1J1J1 (before and after irradiation) 

(b) fl111JL ~1f1~'JL~V~ill11J~11~ (shear ve locity) ~il~LLn11li'1il~1~~~m~1J~1V Dy20 3 rlil'J LLI1::\.1<l~o1V~1V~~~LLn1J1J1 (before and after irradiation) 
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~tl~ 10 (a) fl11lJL~111~'lJL~1J~!Il1lJ1J11 (longitudinal velocity) 'U<J~LLn19i'1mh~~~nL~lJ~11J Nd20 3 riv'Uil11JLL<l::l-1<i'~u11J~11J~~~LLnlJlJ1 (before and after irradiation) 

(b) fl11lJL~111~'lJL~1J~\Il1lJ'U11~ (shear velocity) 'U<J~LLn19i'1mh~~~nL~lJ~11J Nd20 3 nv'U U<l::l-1<i'~ll11J~11J~~~UnlJlJ1 (before and after irradiation) 
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Chemical composition Density Molar volume 
Glass samples 

RWG Na20 Mn02 Dy20 3 Nd20 3 ( g · cm-3
) ( cm 3 

· mol- 1
) 

Mn1 90 10 0.001 2.558 23.190 

Mn2 90 10 0.010 2.557 23.247 

Mn3 90 10 0.100 2.560 23.264 

Mn4 90 10 1.000 2.581 23.377 

Dy1 90 10 0.001 2.572 23.307 

Dy2 90 10 0.010 2.585 23.186 

Dy3 90 10 0.100 2.602 23.036 

Dy4 90 10 1.000 2.682 22.349 

Nd1 90 10 0.001 2.572 23.313 

Nd2 90 10 0.010 2.570 23.340 

Nd3 90 10 0.100 2.575 23.416 

Nd4 90 10 1.000 2.656 23.837 

~1n~tJ~ 8- 10 bb?fV~\Ifl11:Wb~1fl~'Ub~CJ\IeJ"'~~1L'Il'Dnmmn1 (Longitudinal velocity: v 1) 

bb"'~\911:W'll11\l (shear velocity: V
5

) rle:J'Ubb"'~vt~\l~nU1CJiii'1CJ-r\l~bbn:W:W1 (before and after 

irradiation) ~1vt-rubbn11'11e:Jci1\l~~m~e:Jiii'1 CJ Mn02 Dy20 3 bb"'~ Nd20 3 m:w~1vi'u LV~CJ'l.Jn~m1:Wb~1 
A~'U b~CJ\1 er"' ~~11"1l'D n~ ~ b tl'U~V~~1'UnutJ~:w1~~~'Uu~ 1 'U 1A~ '~ ~~ n'IJv\1 LLn11'11 vci1\l nci11 ~vi111 'U 

Lfl~\l?f~1\1'1Je:J\Ibbtl11'11e:Jci1\li1~1'U'J'U~'Ui5~e:Jci:W1 n n~~ bflVI m~i'U 11ii'~ ~\!~~~\!~"' 1 'iXf'l~'Ub~CJ\1 b~'U'Vl1\11lii'~ 
" 

vh 1 '1Xm1:Wb ~1fl~'Ub~CJ\Ii1A1b ~:l.J~'U 1 'U'Vl1\lm\ln'UoU1:Wn1Lfl~\l?f~1\I'IJe:J \I bbtl'JI'i''Je:Jci 1 \l LnV~n1~fln'Vh"'1 CJ 
" ~'Uu~ ~'Uvh1'1XLnV~ NBOs ~'U1'WLm\l?f~1\l ~~~'~~"'1'1Xm1:Wb~1 fl~'Ub~CJ\Ib~'U'Vl1\1Lvi1~~ 'Y111'1Xm1:wb~'J 

f'l~'U b~ CJ\1'/Je:J\IeJ"' ~~1L"Il'D ni1ri1"'V~"' \1 ~1 mtJ ~~ b ~'Ul11'11 e:J V1\l Lbn'J b~e:Jfl nu1CJ1ii'1 CJ-r\1~ bbn:W:l.J1~U~:l.J1ru 
" " 

-r\1~ 1 kGy m1:wb ~1fl~'Ub~CJ\IeJ"'~~1L'Il'Dni1r11"'V~"''~~1 vt-ru'Vln l'i'1e:Jci1\l~\lm1:wb ~1fl~'Ub~CJ\1~1:WCJ11 bb"'~ 
(;)1:l.J'IJ11\I CJm1'W1'Umrum1:wb~1fl~'UL~CJ\1(;)1:l.J'IJ11\I'IJe:J\IbLn11'11vt!1\l~~m~:w~1CJ Dy20 3 ~m1:wL.ff:woff'U 
'1Je:J\I?f1~b~e:J ·0.001 0.01 bb"'~ 0.1 mol% bVhtT'U ~1vt-ru1'Umru~bnV~n1~"'Vl"'\I'IJe:J\Ifl~'Ub~CJ\IeJ"'~~1 
L'll'D n'IJ e:J\ILLn11'11vci1\lvt~\lfl nu1 CJ!ii''J ~-r.:~~ LLn:w:w1 v5U1CJ 11ii'LV~ CJ ~ 1 CJLT'UL ~e:J.:~:w1~1 n-r.:~ ~ LLn:w:w1'Yl11 'IX Ln V~ 

" m~?tmCJ~'Ui5~ vt~e:J'Yi'11 'iXLnV~ NBOs ~'U1 'U 1A~ .:~ ?t~1 '~ '1Je:J .:Jbbn1 vi'\I LL~V~-:~1 'IXL~'Ue:Jci1.:~~1 CJ1 'U~tJ~ 11 
" ~1vt-ru 1 'U mru~m 1:l.J b ~'Jfl~'Ub~ CJ'Ii1A1?f'I~'UVl~'l~ 1 nU1 CJ~'J CJ-r.:~~ bbn:W:W1 bb~'J LT'U ~1~ CJ~'U'U 

" " 
:fi1'Ul1 -r\1~ bbn:wm~~'Y111 'IX LnV~ m~ 1vve:J 1 'UL'Ili'U'IJe:J.:Jli1(;) 1 'U 1m.:~?t~1-:Jvt~ nvh 1 'IX~h~ nmv'Wi1~~'~'~1'U 
.... ' 
?t.:J~'U 1 tJ cJ\I~~vru.&'U~~.:~\11'\.J LLr~utl1 LL"' ~ ?t ru L~ CJ~~.:~-:~1'\.J LL"' ~~ CJ1 CJ1:W (;) n n~u:w1 t1 .:~ ~~ vi'u~~ \1'11'\.JL~:w LL~ 
" " ~ 
r~n 1vve:J'U'IJe:J\I Dy

3
+ vi'n~uH'Y111 'iXLnV~m~?t~1-:~~'Uu~~'Unuve:Jn'B L~'U vi'.:~LL?tV~-:~1 'IXL~'Uvci1.:~~1CJ1 'U~tJ~ 12 

" " ~'~~"' 1 '1XA11:WL ~1fl~'UL~CJ-:~5"'~~11'1l'Dn 1 'Umruvi'.:~nci11i1ri1L ~:w~'U LL~L~e:J L~:w~1~L~e:J~1'U1'U:w1nvh 1 'IX 

1m-:~~~1-:Jvt~mnV~m1:WLf11CJV~:l.J1n~'U ~.:~vi11 'iX~V~~1'U'IJe:J'I~'Uli~~rln'Yl1mCJ nu~'Uli~~b ~:w~'U i1LL 'U1LoU:W 
" 

~~~i1~1'U'J'U~'Uli~~fln'VhmCJ:l.l1nn11 ~'~~"'1'!X~m1:WboU:lJoU'U 1 mol% 'IJe:J-:1 Dy20 3 fl11:Wb~1fl~'Ub~CJ\I 
" 

e)" ~~11 'll'Dnvt~ n r1 nu1CJ~1 CJ-r.:~~ LLn:w:l.l1i1A1"'V~"''~~ 1 n nv'UU1 CJ 
" 
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'<iU~ 12 ~b~nVI'HJ'U~1m~~'IJ'W~-1 -HU'lJB-1Lfl1-1?1~1-1vt~n (valence band) flnm~l'i''U1~~'U1'\.J~';i~~'\J 
\J '\1 , '\1 

'W~-1-11'U'lJB-1bbfl'Ut11 ne:J'U~~Vtnn~mmn bb~l~n 1BBB'U'lJB-1B~VIBlJ dysprosium (Dy) ~';i~~'\J 
"W~-1-11'U ED ~n~'U Hvh1 ~bii~m';i?I~1-1~'Uu~n'UBBn~lb~'Ubn~~'U 
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~tl~ 15 (a) 1lJ~<i'<lmlJV11 (lon~itudinal modulus: L) 'tlil~LLn19i'1ilV1~~~nL~lJiil1v Nd20 3 rivUil1VLLfl:!...,<i'~ll1Viil1v'i'~~LLnlJlJ1 (before and after irradiation) 

(b) 1lJ~<i'<llll1lJ'tl11~ (shear modulus: G) 'tlil~LLn19i'1ilV1~~1lnL~lJiil1v Nd20 3 rivu Uf1:;-.,fi'~ll1Viil1v'i'~~LLm.JlJ1 (before and after irradiation) 
" " 
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28 

~1-a1-:Jvf 4 1:wV~~G'I m1:w VV~VI~'U'Uv.:J bbfl'"H'l'dv E.h:n1eru bbfl~VI~·:u;mo1 tJiii'1 CJ-r.:~~ bbn:wm 
\J ' \J 

Glass L (GPa) G (GPa) K (GPa) E (GPa) 

samples Before After Before After Before After Before After 

Mn1 86.46 86.36 29.37 29.30 47.30 47.30 73.01 72.85 

Mn2 86.75 86.54 30.04 29.34 46 .70 47.42 74.2 1 72.96 

Mn3 87.25 87.08 30.44 29.17 46.66 48.20 75.02 72.81 

Mn4 89.59 88.65 33.24 29.09 45 .26 49 .87 80.11 73.05 

Dy1 88.27 87.42 32.39 34.37 45 .09 41.59 78.39 80.84 

Dy2 89.02 87.66 32.94 34.51 45.11 41.64 79.47 81.13 

Dy3 89.95 87.25 33.31 34.61 45 .54 41.11 80.34 81.07 

Dy4 93.03 89.10 34.61 32.56 46.88 45 .68 83.33 78.93 

Nd1 87.65 86.56 33.18 32.73 43.41 42.93 79.33 78.28 

Nd2 86.87 85.83 32.75 32.17 43.20 42.94 78.44 77.22 

Nd3 86.34 85.43 32.58 31.08 42.91 44.00 77.99 75 .46 

Nd4 85.09 84.39 32.91 32.46 41.21 41.12 77.98 77.09 

'nm'IJ~ 13 - 18 ~~b~'U·h:.m'Uv.:~m~mLJiii'1tJ-r.:~~bbn:w:w1iie.Jflv~1.:~iium~1rl'run\Jrh1:wV~~G'I 
\J " \J 

f111:WVV~VI~'U 1V~CJ~1 1 Ubb~'d 1:wV~~G'If111:WVV~VI~'U~~LJvn~.:~m1:w~1'U'Vl1'U~mb ~.:~~iim~vh 1 '!Xbn~m~b~CJ 
' \J ' 

~'IJ'Uv.:JlG'IV~ ~.:~tY'U~.:J~:W~'U5i~tJm.:~nLJm1:Wbb~.:Jbb ~.:J'Uv.:J~'Uli~ 1 'U bfl~.:J61~1.:~ ~.:~vh 1 '!Xrh 1:wV~~G'I'Uv.:Ji'61V~ 
'U " 'U .. 

~:W~'U5nLJfllf111:Wb ~1fl~'Ub~tJ.:JeJ~~~1b"l!iJn b~CJ~rh L G K bbfl~ E 'Uv.:Jbbfl11'11v~1.:JVI~.:J01tJ-r.:~~bbG'I~.:J 
1 '!Xb ~'U~.:Jfl11:Wb 'IJ~CJ'Ubb 'IJ~.:~v~1.:Jb~'UiV~ bV~tJ~A1~~n~~t11:W1v5LJ1tJA11:Wbb ~.:~ bbn~.:~'Uv.:JlG'I~~n 1 iff11 , 
1:w~~G'I'Uv.:J~.:J (Youn~'s modulus) ~.:~~~b~'U11ii'-;hf111:w~~G'I'Uv.:J~.:J tY'UiiA1~~fl.:Jb~mbn11'11v~1.:~nn 

\J \J \J 

01 tJiii''dtJ-r.:~~ bbn:W:W1 tY'U bbG'I~.:Ji1-r.:J~bbn:wm11ii' b oU11 '\.Jvhm CJ~'Uli~ 1 'U bm1.:JG'I~1.:J'Vll 1 '!XbnV~ NBOs ~.:~~1v) 
v5LJ1 tJ 1-)1 'Ue.Jfl'Uv.:Jf111:Wb ~1A~'Ub~tJ.:JeJ~(;l~1b"l!iJn ~.:! 1 '1Jni1tY'Ue.J~'Uv.:J b:WVI~G'I'Uv-l~.:J'Uv.:Jbbfl'dl'i''dv~1.:!~ 

" 
b~:Wiii''dtJ Dy20 3 1 '!Xe.J~~G'Ie:JV!fl~e:J-ltlLJt: . .m'Ue:J.:Jf111:Wb ~'dA~'Ub~tJ.:Jb U'Ue:J~1.:J~ 
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20 40 60 80 100 120 
Experimetal mod ulus 

~'\.J~ 21 bU~V'U bVl V'U rh1:w~~?IFn1:W~I'l'\II~'Uiil1nn1'iVl~HHl.:J (experimental values) nu~1Vl'l~q 
do d 1.1 v 1 d 

(theoretical values) V11"11'U1ru~V1nVl'l~!l bond compression model 'UeJ.:Jbbnl\WJeJV1\IV1 

r1m&i:w~18 Nd203 
" 

d "' "' d1" ' 1 <V .. ' ( lil1n'i '\.J V1 19 - 21 bb?ll'l.:Jn1'ib'\.J'iV'UbV18'U~~Vl l'llil1nn1'iVll'l~eJ.:J'UeJ.:JI"l1 :WI'l~?ll"l11:WVI'l'\IIV'U L 
" " ' 

G K bb~ ::: E) nu~1~1~~V1nmwh'U1ruV11\IVl'l~D~'WVl'l~D bond compress ion model 'Ue:J\Ibbfl1 

lil1e:J~1\I~flm&i:w~1V Mn02 Dy~03 bb~::: Nd20 3 m:w~11ilu ~V:::b~'Ul1~1~1~~V1nn1'iVll'l~eJ.:J bb~:::~1~1~ 
" 

~V 1 nYl'l~D ?l eJ I'lA~eJ.:~n'Ub tJ'Ue:1~1.:~~ 

5.1 6l'i'\.Je-J6lnT~V11'16lB\I 
' 

m'iPin~1t:J6l'UeJ\I-r\l~ ~ eJ ?f :Wu&ivn~ 1A'i\I?I~1\I'UeJ.:Jbbtl1 1 'U'i:::u u (90)RWG - (1 O)Na20 -

(x)RmOn 11'1Vi'I'1Fn1:W'\II'U1bb U'U bb~:::tJ~:W1\9l'i 11'1V1:W~'UeJ.:J bbtl11il1eJ~1-:J ~'Ul1AJ1:W'\II'U1 bb U'U bb~ :::tJ~l..l1\9l'i 

1111v1:w~ 'Uembn11il1B~1.:~~'Unu•trul'l'UeJ.:J?I1'i b ~e:JeJ~1.:~ihrmh•1 f;1J m1:w b ~1A~'U b~V\IB~I'l~11"1.lun'Ue:J.:J bb n1 

lil1e:J ~1\Irlni'l'l b ~eJPin~1~n~ru:::'UeJ.:J 1m\1?1~1-:J'Ue:J.:J bbtl1'\II~.:Jflnu1V~1 v-r.:~~ bbn:wm~tJ~:w1ru 1 kGy ~ui1 
" " 

1m\1 ?1~1\l bb n11il1 e:J~ 1 \Ifl nvh1 '!Xbnl'l NBOs ~'U1 'U 1m.:~?I~1-:J~V1nnu1v~1v-r\l~bbn:wm m1:WVI'U1bb tl'Ubb~::: 
" 

A11:Wb ~1A~'U b~V.:JB6ll'l~11"1.lunrln'l11:w1rl1'U1ruvn~11:wl'l~?IA11:W~I'l'\II~'U'Ue:J.:Jbbtl1 (L G K bb6l::: E) ~'Ul1 " " , 
~11:wl'l~Mn1:w ~1'1'\II~'U'UeJ\1 bbn11il1 eJ~1-:JlJ~1?1\I oJ'U bb?ll'l\ll1 bbn11il1e:J ~1\1~ b\11~ v:w 1~iJm1:w bb ~\I bb n~ .:~ " , " 
b VIm::: bbnm'i'l111 '\.J1-li\11'U 1 'U?Im'J:::~VJ'U~mb 'i .:~mm:::vh 1~~ t:J~'UeJ.:~-r.:~~~eJ?I:wu&im1:w~l'lVI~'U'UeJ.:J bbtl1 , 
\il1 eJ~1.:!'\II~\IU18~18-r\l~bbn:W:W1 ~'Ul1 bbtl11il1eJ~1\IlJbb 'U'J 1 tl:W'Ue:J\1~11:WI'1~?16ll'16l\l'\ll~\lflnU18~1V-r.:~~ 

" " 
bbn:w:w1 ~.:~db~eJ\I:W1~V1 n m'i bnl'l NBOs ~'U 1 'U 1m'I?I~1\I'Ue:J\Ibbn1 t:J6l~1~d?~uu?I'U'Ut:J~~1~~V1nm'ii'l'l 

' 
A11:Wb ~1A~'Ub~V\IB6ll'l~11"1lum tl'UeJ~1\I~ t:J~n1'iVll'l~eJ\I'UeJ.:J?I:WU&im1:W~I'lVI~'U 1~rl n'l11:w1 b '\.J~V'Ub VlV'U , " 
n'U t:J6lV11\I Vl'l ~lJ~1~~V1nn1'ifl1 'U 1ru11'1 v1-liVl'l ~D'UeJ.:J bond compression model 'V'l'Ul1~1~1~ 
?I eJI'lA~eJ.:J tl'U b tJ'U eJ ~1\1~ 
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5.2 'iimril'Umb'U~ 

"ill n ~:.J~ m1fli m~l~:.J~'ll€1~-r ~~~lj\91 €J 1A1 ~"'~1~ LLn1~hi' "ill n m1 ~1 'll LA~ n 1~ "il n'tt11J 11'11~ 'l'ru11-r ~ ~ 
lj~:.J~€J~1~lj'U'vi:hri'qJI'IBm.nJ'~'V11~1m~?l~1~ ~~tY'Um1111L€J1LLn1v11€J~1~1uu1~~nl'l1-li~1'Uvm~hu-r~~ 
~~ljm1:u~1L U'U~\1l€J~Vl"i!11ru11 'U~1'Ud€J~1~:U1 n 'U€Jn"il1nd~:.J~~1~"il1 nm1VJ{?]~€J~ljm1:u'l11m.Jh 1 'ULL~ 
~111:u{?l~"''lJ€J~m1:uv{?l'\t1~'U'lJ€J~bLn1ljf"11"'~ ~~L u'U~:.J~m 'U m11111 uH'~1'U~\1l€J~Vl'UI'l€l"'m1~~lj LL 1~:u1 

~ ' ~ 

m~vh1~~ LL~vr~dvr~tY'UtJ'~lj?~:uu~Bn'tt1mvu1~m1~m11~-rum1flimn L'li'U ?~:uu~Vll~LL?l~ ~~LU'U 
?llJU~~~1ri'qJBnU1~n1'j'\t1~~ L ~€JU1~n€J'Un11Yl"il11ru1 n11U1l?l~LLfl1vl1€J~1~'1JU{?ld1 u1 iu1~ 1tJ'UU ~~ 
1?~~LLn1lji€J 1~L u~vu~1'\t1-ru?~:uu~VJ1~LL?l~mnn111?l~~'U 1 L ~€J~"il1nljfl11:U 1 u~~ 1?~tY'UL€J~ 

II "" 
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A comparative studies on the theoretical and experimental values of elastic moduli of 
(90- x)RWG - (10)Na2 0- (x)Nd20 3 glass system. where RWG is recycled window glass and x is 0.001 , 
0.01 , 0.1 and 1 mol%, was investigated. The radiation effects on structural properties and elastic moduli 
were evaluated by measuring the ultrasonic velocities. In addition, the FTIR spectra were measured to 
investigate the effects of irradiation on the structure of the glass. Moreover, the theoretica l bond com
pression model was used to confirm the obtained results from the experiments. The results show that 
evidently changes in the structure of the glass depend on the concentration of the neodymium oxide and 
gamma irradiation. Furthermore, the experimental elastic moduli are in good agreement with the the
oretical values. 

1. Introduction 

Glasses materials are receiving extensive attention due to their 
unique properties such as hardness. transparency at room tem
perature, high strength and excellent corrosion resistance. Con
tinued effort for the improvement of new glassy materials and the 
study of their properties is high ly relevant because of the potential 
in various technological fields. Glassy systems have physical iso
tropy, the absence of grain boundaries, continuously variable 
composition and good work ability over their crystalline counter
parts Uoseph et al., 2002). Moreover, the radiation damage pro
cesses which emerge in glass are generically the same as those 
which occur in crystals. In the simplest provision, there are three 
basic processes: (i) radiolysis, (ii) displacement (or knock on) da
mage, and (i ii) electron rearrangement. In all processes, what we 
define as damage is the existence of after irradiation local struc
tures (either atomic or electronic) which differ from the structure 
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present before irradiation (Ezz-Eidin et al.. 1996). Irradiation af
fects the structure of the glass matrix, resulting in changes in the 
optical. physical and electrical properties. Therefore, the scientific 
information of the glass structure before and after irradiation is a 
requirement for understanding the structura l evo lution of nuclear 
glasses under long term irradiation during storage of radioactive 
wastes or isotopes sources, radiation shield ing, radiation detection 
by using glass dosimeter, etc. (Neuvil le et al .. 2003). Studies on 
irradiated glasses have been previous ly published on simple glass 
systems such as silicate glasses (Devine, 1994) or on multi
component glasses such as borosilicate glasses (Kaur et al.. 2013: 
Abdelghany er al., 20 14; AbdelAziz et a l .. 2014). 

Glasses containing rare-earth ions have attracted a great deal of 
interest due to their important properties. For examples, the glasses 
are heat-resistant, present interesting optical and magnetic behavior 
(Clare. 1994; Lemercier et al., 1996; Clayden et al.. 1999). The properties 
of rare-ea1th glasses include greater glass transition temperatures. 
greater hardness and elastic modulus, and greater chemical durability 
than many other glasses (Lemercier 1996; Clayden et al.. 1999). 
Therefore, the rare-earth glasses have been successfully used as laser 
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ion hosts, optical lenses, seals, and vivo radiation delivery vehicles (Un 
and Hwang, 1996; Shelby and Kohli , 1990). Among all the rare-earth 
ions doped in glasses, the neodymium (Ill) ion has been distinguished 
as on of the most efficient ones for obtaining laser emission, frequency 
up-conversion and optical fiber amplification Uayasimhadir e t al .. 
2007). Thus, the effects of gamma irradiation on structural properties 
of rare-earth glasses have been interested to investigation. 

The properties of glass are closely related to the inter-atomic forces 
and potentials in the lattice structure. l11erefore, changes in the lattice, 
due to doping and/or irradiation, can be directly noted. l11e elastic 
properties and other related parameters are of great interest, in order 
to study the linear and anomalous variations as a function of com
position of glass. and have been interpreted in terms of the structure 
or transformation of cross-linkages in the glass network (Rajendran 
e t al., 2001: Sharma et al., 2009). To study the structural properties of 
glass, the coordination numbers of the network structure and the 
change of oxygen bonds in the network former, induced by the cation 
modifiers and/or irradiation, need to be investigated. The information 
can be obtained from FflR spectroscopy. Furthermore, many re
searchers use ultrasonic techniques for investigation the effects of ir
radiation on structural properties of glass (Sharma et al.. 2009; Zahran, 
1998 ; EI-Mallawany et al., 1998; Laopaiboon and Bootjomchai 20l4a, 
2014b ). Therefore, the ultrasonic technique is an appropriate tool for 
characterizing the microstructure, the deformation process and the 
structural properties of materials after successive irradiation. More
over, the depth scientific results of structural properties by using bond 
compression model were reported (Abel EI-Moneim, 2001: Marzouk 
and Gaafar. 2007). Thus, the theoretical values of elastic moduli were 
calculated by using the bond compression model to compare between 
the experimental and theoretical modulus (Gaafar and Marzouk. 
2007; Abd El-Moneim, 2003). 

Therefore, the investigation of the influence of rare-earth oxides 
(ROs) contents and gamma irradiation on the structural properties of 
silicate glasses have been interested. In this article, the effects of rare
earth oxides contents and irradiation on structural properties of glass 
samples were studied via ultrasonic techniques and FfiR spectroscopy. 
The elastic moduli of the glass samples before and after irradiation 
with different concentration of neodymium oxide will be discussed. 
Information about the structure of the glass samples can be deduced 
after calculating the number of network bonds per unit volume, the 
average cross-link density, the number of vibrating atoms per unit 
volume, the average stretching force constant and the average ring 
size. Moreover, the theoretical and experimental of elastic moduli have 
been compared. 

2. Experimental worl< 

2.1. Glass Preparation 

The glass samples were prepared in rectangular shapes from 
the (90- x)RWG- (10)Na2 0- (x)Nd20 3 glass system (where RWG 

Table 1 

is recycled window glass and x are 0.001, 0.01, 0.1 and 1 mol%) 
using the melt-quenching method. The oxides of Na20 and Nd20 3 
used in this work were of an analytical regent grade. The RWG was 
common window glass sold in Ubon Ratchathani, Thailand. The 
chemical composition of RWG was determined in my previous 
work (Bootjomchai a nd Laopaiboon, 2014 ). Preparation of re
cycling glass from window glass to be used in this work is to 
thoroughly clean and grind until powdery. To prepare the glass 
samples. appropriate amounts of Na20, Nd20 3 and RWG powders 
were weighed using an electronic balance with the accuracy of the 
order of 0.0001 g. The starting materials were mixed thoroughly in 
ceramic crucibles. The mixture was preheated at 573 K for 1 h to 
remove HzO and C02. The preheated mixture was then melted in 
an electric furnace whose temperature was controlled at 1523 K to 
ensure homogeneity. The melted glass was then poured into pre
heated stainless steel molds at about 723 I< and then annealing 
was carried out for a period of 2 h at 773 K. Bulk glass samples of 
about 1.5 x 1.5 x 1.0 cm3 were thus obtained. The glass samples 
were polished using different silicon carbide grades. The sample 
thicknesses were measured to the micrometer. 

2.2. Density and molar volume measurements 

The density (p ) of each sample was measured by using Archi
medes' principle with n-hexane as immersion liquid. The experi
ments were repeated three times for accurate value of the density. 
The estimated error in these measurements was approximately 

±0.001 g cm-3. The molar volume (V.,) was calculated for each glass 
from the expression: v. = Mfp, where M is the molecular weight of 
the glass. calculated according to the relation ( 1) (Abel EI-Moneim 
et al., 2006). 

M= Lx;M; 
( 1) 

where X; is the mole fraction of the component oxide i and M; is its 
molecular weight. The glass packing density can be calculated 
from the following Eqs. (2 )-(3 ) (Hager, 201 2) 

\.'t =.f. L X;V; 
M; 

where V; is given by, 

4"NA( 3 3) V; = -3- xrM + yro 

(2) 

(3) 

where NA is Avogadro 's numbe r. and where rM and 10 are the ionic 
radii of the cation and anion of the oxide MxOy. respectively. The 
errors in molar volume and packing density were acquired from 
experiments repeated three times of densities. The estimated error 
in these results was ±0.021 cm3 mol- 1 and ±0.0013 x 10- 6 m3, 
respectively and shown in Tabl e 1. 

Glass compos ition, density (p). molar volume (V.} and packing density (Vtl of the glass samples before and after gamma irradiation. 

Sample no. Composition (mol%} ,, (g cm- 3} ±0.00 I v. ( cm3 mol- 1} ±0.02 I Iii x 10- 6 ( m3} ±0.00 13 

RWG Na, o Nd, 03 Before After Before After Before After 

G-0 90 10 0 2.567 2.565 23.351 23.3747 0.4592 0.4588 

G-1 89.999 10 0.001 2.572 2.558 23.313 23.439 1 0.4609 0.4584 

G- 2 89.990 10 0.01 2.570 2.554 23.340 23.49 11 0.4690 0.4660 
G-3 89.900 10 0.1 2.575 2.560 23.416 23.5458 0.5530 0.5500 

G-4 89 10 2.656 2.647 23.837 23.9225 1.3838 1.3789 



98 C. Boo(jomchai I Radiation Physics and Cltemislry 110 (2015) 96- /04 

2.3. Gamma-ray irradiation 

The glass samples were irradiated by an exposure machine 
(THREATRON 780C) using a Co-60 gamma-ray source at a dose 
rate of 1.16 Gy min- 1 and field size of 30 x 30 cm2

, at a distance of 
30 em from the gamma-ray source, and at room temperature. The 
samples were irradiated for sufficiently long enough to achieve to 
overa ll dose of 1 kGy. 

2.4. Ultrasonic velocity measurements 

An ultrasonic flaw detector, SONATEST Sitescan 230, was used 
to measure ultrasonic velocity. The ultrasonic waves were gener
ated from a ceramic transducer (Probe model: SLG4-10 for long
itudinal velocity and SA04-45 for shear velocity) with a resonant 
frequency of 4 MHz, and acting as transmitter-receiver at the same 
time. The ultrasonic wave velocity (v) can be calculated by the 
following Eq. (4) (EI-Mallawany et al., 2006): 

v = 2d (em s- 1) 
M (4) 

where d is the samples thickness (em) and M is the time interval 
(s). The measurements were repeated three times to check the 
reproducibility of the data. The errors in velocity measurements 
were± 7 m s- 1 for longitudinal velocity (vL) and± 14m s- 1 for shear 
velocity (v5). 

2.5. FfiR measurements 

FfiR spectra of powdered glass samples were recorded at room 
temperature using I<Br disk technique. The spectra in the wave 
number range of 400 - 4000 cm-1 with a resolution of 4 cm- 1 were 
obtained using Perkin-Elmer spectrometer. 

2.6. Detenninalion of elastic moduli 

Elastic moduli include longitudinal (L), shear (G), bulk (K), and 
Young's (E) modulus as well as Debye temperature (80 ), softening 
temperature (I,). micro-hardness (H) and Poisson's ratio (tr) of 
glass samples have been determined from the measured the ul
trasonic velocities and densities using the standard relations (5 )
(12) (Sidkey and Gaafar, 2004): 

Longitudinal modulus 

Shear modulus 

G =pvl 

Bulk modulus 

Young's modulus 

Table 2 

(5) 

(6) 

(7) 

E=(1 +tr)2G 

Poisson's ratio 

L- 2G 
u = 2(L- G) 

Micro-hardness 

H = (1 - 2u)E 
6(1 + u) 

Debye temperature 

( 
11 )(3zNA )

1

/

3 

Bo = ks 4~rVa vm 

Softening temperature 

I- VsM 
s - C2z 

(8) 

(9) 

(10) 

(11) 

(12) 

where 11 is Planck's constant, k6 is Boltzmann's constant, NA is 
Avogadro's number, z is the number of atoms in the chemical 
formula. C is the constant of proportionality (equals 
507.4 m s- 1 K1' 2 ) and v01 is the mean ultrasonic velocity defined by 
the re lationship ( 13 ) (Marzouk. 2009). 

(13) 

The uncertainty in mean ultrasonic velocity was shown in Ta
ble 2. The uncertainties in elastic moduli , Poisson's ratio, micro
hardness, Debye temperature and softening temperature were 
acquired from experiments repeated three times of the densities 
and the ultrasonic velocities. The estimated errors in these results 
are shown in Table 3. 

3. Theoretical models 

A bond compression model is a helpful introduce for structures 
containing only on type of bond. For a three dimensional multi
component oxide glass, the bond compress ion bulk modulus is 
given by Eq. (14) (Bridge and Higazy, 1986 ) 

/" - nbF 2 
' be- gr (14) 

where r is the bond length between anion and cation and nb is the 
number of network bonds per unit volume of the glass given by 
Eq. (15) (Bridge and Higazy. 1986 ) 

nb = NA L (xnr); 
v. i (15) 

where x is the mole fraction of the component oxide i. F is the 
average of stretching force constant and can be calculated from 

Longitudinal (vtJ, shear (vsl and mean (vml velocities of the glass samples before and after gamma irradiation. 

Sample no. 

G-0 
G-1 
G-2 
G-3 
G-4 

vL (m s- 1)±7 

Before 

5842 
5838 
5814 
5791 
5660 

After 

5827 
5817 
5798 
5776 
5647 

Vs (ms- 1)±14 

%different Before 

0.257 3646 
0348 3592 
0.281 3570 
0.259 3557 
0.230 3520 

Vrn (ms- 1)±11 

After %different Before After 

3635 0.302 4017 4005 
3577 0.427 3964 3947 
3549 0.565 3940 39 19 
3484 2.062 3926 3852 
3502 0.516 3880 3861 
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Table 3 
Longitudinal (L). shear (G). bulk (K). Young's (E) modulus. Poisson's ratio ("). micro-hardness (H). Debye (U0) and softening (T,) temperature of the glass samples before and 

after gamma irradiation . 

Sample no. L (GP) ±0.03 G (GPa) ±0.0 1 K (GPa) ±0.02 E (GPa) ±0.04 0 ± 0.003 H (GPa) ±0.01 110 (K) ±2 T_, (K) ±5 

Before After Before After 

G-0 87.63 87.10 34.13 33.89 
G-1 87.64 86.56 33.18 32.73 

G-2 86.87 85.83 32.75 32.17 

G-3 86.35 85.43 32.58 31.08 
G-4 85.09 84.39 32.91 32.46 

following Eq. (16) (Abd El-Moneim, 2003) 

F = L(xnrF); 
L(xnr); 

Before After Before 

42.12 41.91 80.62 
43.39 42.93 79.33 
43.21 42.94 78.43 
42.92 44.00 78.00 
41.2 1 41.12 77.98 

(16) 

where nr is the coordination number of the cation and F is the 
stretching force constant of the oxide. The average atomic ring size 
(/) of a structure consisting of a three-dimensional network ac
cording to the ring deformation model is shown in the form of Eq. 
(17) (El-Mallawa ny, 2000). 

[ ]

0.26 

I= 0.0106_£_ 
/(exp (17) 

The calculation of Poisson's ratio for the multicomponent oxide 
glasses according to the bond compression model is given by Eq. 
( 18} (Bridge and Higazy, 1986) 

"'cal= 0.28(1\t0.25 ( 18) 

where iic is the average cross-link density of the glass network and 
is given by Eq. ( 19) (Bridge and Higazy. 1986) 

1\ = ..!. L (11c);(Nc); 
f/ i (19) 

where nc is the number of cross-links per cation (number of 
bridging bonds per cation minus two) in oxide i. Nc is the number 
of cations per glass formula unit and 'I = L (Nc); is the total number 
of cations per glass formula unit. The theoretical bulk modulus 
U<cal) can be calculated from Eq. (20) (Abd EI-Monei m, 2003). 

/(cal = 1.062 X 1 o- 29f/ -4.0022 (20) 

2.66 

2.64 
';' 
E 
u 

2.62 
.:.9 
0 
·;;; 2.60 c 
"' a 

2.58 

2.56 

After Before After Before After Before After Before Afte r 

80.09 0.181 0.18 1 7.26 7.20 354 353 612 609 
78.28 0. 195 0.196 6.74 6.63 349 347 593 59 1 
77.22 0. 198 0.200 6.60 6.43 347 344 586 583 
75.46 0.197 0.214 6.58 5.92 345 338 584 563 
77.09 0.1 85 0.188 6.92 6.76 339 337 582 578 

The other theoretical elastic moduli can be obtained from the 
bulk modulus and Poisson's ratio for each glass system as Eqs. 
(2 1 )- (23) (Abd EI-Moneim, 2003). 

Gcal = ( 1.5 }Kcal[ 1 - 2ucal] 
1 +"'ca l 

Leal = Kcal + ( 1.33 }Gcal 

(21) 

(22) 

(23) 

The number of vibrating atoms per unit volume (N/V) will be 
expressed as follows (24) (EI-Mallawany and Afifi . 2013). 

!!.. = NA L x( n + m); 
v va i (24) 

where (11 + m) is the sum of the atoms present in the i- th oxide 
of the chemical formula . 

4. Results and discussion 

4.1. Density and malar volume 

The glass composition, density, molar volume and packing 
density are given in Table 1. The density of the glass samples are 
shown in Fig. 1. The results shows that the densities of the glass 
samples increase with increasing the concentration of Nd20 3 but 
decrease after irradiated by gamma radiation. The decreased of the 
density of the glass can be attributed to three factors. namely 
(Aiqjerami e t a l., 2013) : 

,. .. ... ·' 

( ' . . ' . 

2. 54 -t-" ......... """"'t~'-r-'--,.:...:~i"""r""r-H.....:........:....:-t-" ........ r---r'--1r-r--r'-r"T"t'"'--'t----r.......,.-,--r--r--.=r-l 

0.001 0.01 0.1 

Fig. 1. Variation of densities (,,) before and after irrad iation withy-rad iation of the glass samples w ith the difference of doping (lines are drawn as gu ides to the eyes). 
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Fig. 2. Variation of molar volume (Val before and after irradiation withy-radiation of the glass samples with the difference of doping ( lines are drawn as guides to the eyes). 

(i) transformation of the main glass network structure from 
triagonal (Q4) to tetrahedral (Q3), 

(ii ) decrease in the molecular mass of the glass because of the 
glass because of the higher atomic weight of the modifier, and 

(iii) decrease of the bridging oxygen (BO) ratio in the glass 
composition, due to the adding of modifier and/or irradiation. 

From mentioned above, damage by an irradiation species can 
create displacement of atoms and/or breaks in the network bonds, 
leading to a rise of the number of non-bridging oxygens (NBOs) 
and/or transformation of the main glass network structure from 
tetrahedral (Q4 ) to triagonal (Q3) and resulting in a decrease of the 
densities of the glass samples after irradiation (Ezz El-Din et al., 
1992; Prado et a l., 2001 ) . 

The molar volume is defined as the volume occupied by the 
unit mass of the glass, molar volume can be used as a parameter to 
identify an open structure (Singh et al., 2003 ). Fig. 2 shows that the 
molar volume increases with increasing Nd 20 3 concentrations and 
after gamma irradiation. These results are easily explained; they 
are due to the modifier ions ionic radius (the Nd3 + ionic radius is 
1.123 A). which is larger than the network structure interstices 
(the ionic radius of Si4 + is 0.400 A). The modifier ion attraction to 
oxygen ions can yield a grater interstices size and molar volume. 
Irradiation with gamma rays is assumed to create displacement of 
atoms, electronic defects and/or breaks in the network bonds, 
which allow the structure to relax and fill the relatively large in
terstices in the interconnected silicon and/or boron and oxygen 
atom network, which produces volume expansion followed by 
compaction (Ezz El-Din et al., '1992). To confirm this results the 
packing density of the glasses were calculated and shown in Ta
ble ·1. The packing density is the ratio between the minimum 
theoretical volume occupied by the ions and the corresponding 
effective volume of the glass (Bootjomchai e t al., 2014). Therefore, 
the increase of packing density with increases concentration of 
Nd20 3 due to the volume occupied by the ions increase (the ionic 
radius of Nd3 + is large). Adding Nd20 3 into the glass matrix re
sulting to produces volume expansion followed by compaction. 
Therefore, the molar volume increases with the mol% of Nd 20 3 . 

After irradiation, the packing density was decreases in all samples. 
This is due to the increase of the effective volume of the glass 
matrix. The damage of radiation can create the opens structure 
lead to increase of molar volume of the glass samples. Moreover, 
this results good agree with the transformation of the main glass 
network structure from tetrahedral (Q4) to triagonal (Q3) after 
irradiation. 

4.2. Ultrasonic velocity and elastic moduli 

The plots before and after irradiation of longitudinal ( vL) and 
shear (vs) velocities in the glass samples with the concentration of 
Nd20 3 are shown in Figs. 3 and 4, respectively and exact values are 
shown in Table 2. In addition, elastic moduli (L, G, K and E), 
Poisson's ratio (n), micro-hardness (H), De bye temperature (&0 ) and 
softening temperature (T5) of the glass samples are shown in Ta
ble 3. The ultrasonic velocities (vL and Vs) in the glasses decrease 
as the mol% of the dopant increase and after irradiation. The 
changes in geometrical configuration, co-ordination number, 
cross-link density and dimension of interstitial space of glass de
tennine the ultrasonic velocity and, therefore, ultrasonic velocity 
is an appropriate tool in revealing the degree of the structural 
change in the glass (Marzouk, 2009). In general, the decrease of 
ultrasonic velocity is related to the increase in the number of non
bridging oxygens (NBOs) and, consequently, the decrease in con
nectivity of the glass network (Gaafar and Marzouk. 2007 ). 
Therefore, the decrease in ultrasonic velocities is due to the fact 
that Nd3 + ions are involved in the glass network as modifiers by 
breaking up the tetrahedral bond of Si04 units. Moreover, damage 
by an irradiation species can create displacement of atoms and/or 
breaks in the network bonds, leading to a rise of the number of 
NBOs. Hence, the ultrasonic velocities decrease with mol% of 
Nd 20 3 increases and after gamma-irradiation. Moreover, differ
ence of ultrasonic velocity before and after irradiation as shown in 
Table 2 (%different). The results indicated that highest damage of 
irradiation on the structure is occurred in G-3 glass sample. In the 
asseveration of these results, the number of bonds per ui1it volume 
(nb) is calculated by using a theoretical bond compression model is 
shown in Table 4. From the results, all samples show the decrease 
in the number of bonds per unit volume with increase of the mol% 
of dopants. Furthermore, the decrease of bonds per unit volume of 
glass samples after irradiation due to the greater the formation of 
non-bridging oxygens (NBOs ). These results supported our dis
cussions of the ultrasonic velocities of glass samples. 

The elastic moduli (L, G, K and E) as shown in Table 3 decrease 
with the increase of Nd20 3 concentrations and after irradiation. All 
of the elastic moduli are related to the average strength of the 
bond. The average strength of the bond depends on the value of 
cation-anion forces. For a given A-0-A bond angle, the A-A se
paration would be directly proportional to the stretching force 
constant (F) of the glass network (Higazy and Bridge, 1985). As the 
A-0-A bond force constants decrease, the energy required to 
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Fig. 3. Variation of longitudinal velocity (vd before and after irradiation with y-radiation of the glass samples with the difference of doping. 

produce a given degree of bond angle or length distortion and/or 
bond distortion decreases which leads to the decrease in the 
average strength of the bond. To confirm these results, the 
stretching force constants (F) are calculated by using a theoretical 
bond compression model, the exact values were collected in Ta
ble 4. The stretching force constants decrease with the increase of 
the mol% of the dopant. These results indicate that the glass doped 
with Nd20 3 leads to the decrease in the average strength of the 
bond (elastic moduli were decreased). While the elastic moduli 
decrease after gamma irradiation can be speculate that the bond 
distortion occurred by irradiation. 

Variation of Poisson's ratio and micro-hardness of the glass 
samples as a function of the dopants are listed in Table 3. Point to 
influence of Nd20 3 on Poisson's ratio can be seen that the Poisson's 
ratio nearly constant with concentration of Nd20 3 from 
0.001 mol% to 0.1 mol% (G-1 to G- 3) and then decreases with 
increasing of mol% dopants from 0.1 mol% to 1.0 mol% 
(G-3 to G- 4 ). The variation of Poisson's ratio related to cross
link density. Poisson's ratio decrease as the cross-link density in
creases. At low concentration of dopants, effect of modifier is in
significant as a result the nearly constant of Poisson's ratio. 
However, when the concentration of modifier reach to 0.1 mol% or 
higher resulting to the decrease of Poisson's ratio due to the 
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increase of cross-link density in the glass network. After irradia
tion, the Poisson's ratio is higher than the before irradiation 
especially at 0.1 mol% (G-3 glass sample) indicate that the highest 
effects of irradiation occurred in G-3 glass sample. These results 
support our discussion of the ultrasonic velocities. In addition. the 
average numbers of cross-link density (nc) was calculated by using 
the theoretical bond compression model for confirm the effects of 
Nd20 3 on Poisson's ratio and are shown in Table 4. The average 
numbers of cross-link density (ncl extremely increase when the 
mol% of the dopant increase from 0.1 to 1.0 mol%. These results 
strongly support the results of Poisson's ratio. Moreover, the the
m·etical of Poisson's ratio (<>"ca1) was calculated to compare the re
sults (Table 4). It is observed that a theoretical of Poisson's ratio is 
in a good agreement with the experimental values. The micro
hardness is defined as the resistance of a material to permanent 
indentation or penetration (Abd El-Moneirn et al., 2006). It can be 
seen that (Table 3) the micro-hardness decrease with increase 
concentration of dopant reach to 0.1 mol% and then it is return to 
increase at 1.0 mol% of dopant. The micro-hardness decrease of all 
samples after irradiated with gamma ray. These results show that 
the rigidity and/or compactness of the sample depend on the 
concentration and irradiation. The results good agreement with 
the results of molar volume as was described. 
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Fig. 4. Variation of shear velocity (vs) before and after irradiation withy-radiation of the glass samples with the difference of doping. 
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Table 4 
Average cross-link density (llc), calculation of Poisson' ratio kcail· number of vibrating atoms per unit volume (N/V ). average stretching force constant (F). average ring 

diameter(/) of the glass samples. Theoretical bond compression bulk modulus (K~x). number of bonds per unit vo lume (nb) and K~x/Kexp ratio of the glass samples before and 

after gamma irradiation. 

Sample no. llc 11cal ~ x 1021(cm- 3) F (N/m) 

G-0 3.6364 0.2028 7.7341 377.96 

G-1 3.6365 0.2028 7.7467 377.95 

G-2 3.6375 0.2027 7.7390 377.89 

G-3 3.6479 0.2026 7.7256 377.29 

G-4 3.7500 0.201 2 7.7026 371.42 

Debye temperature (00 ) and softening temperature (T,) before 
and after irradiation of the glass samples are listed in Table 3. 
Debye temperature is an important parameter of a solid. describes 
the properties arising from atomic vibration and is directly pro
portional to the mean ultrasonic velocity (vml· The variations of the 
mean ultrasonic velocity are shown in Table 2. Debye temperature 
represents the temperature at which all the high-frequency "lat
tice" vibrational modes are excited (Gaafar et al., 2009). Softening 
temperature is another important parameter defined as the tem
perature point at which viscous flow changes to plastic fl ow 
(Marzouk and Gaafar. 2007; Gaafar and Marzouk. 2007). It can be 
observed that the decrease of the Debye temperature. softening 
temperature and mean ultrasonic velocity with adding Nd20 3 and 
after irradiation are mainly contributed from the increase in for
mation of NBOs as a direct effect of the insertion of Nd 20 3 and 
effect of irradiation. For clarity of obtained results. the dependence 
of Debye temperature could be discussed on the basis of the 
number of vibrating atoms per unit volume (El-Mallawany and 
Afifi. 2013). Therefore, the number of vibrating atoms per unit 
volume (N/V) was calculated and shown in Table 4. The number of 
vibrating atoms per unit volume was found to decrease with the 
increasing mol% of the Nd20 3 . 

The values of average ring diameter(/ ). theoretical bond com
pression bulk modulus (K~x) and K~x/Kexp ratio are shown in Table 4. 
From Table 4, it is rather clear that the values of the theoretical 
bond compression bulk modulus (K~x) decrease when the content 
of Nd 20 3 increases and decrease after irradiation. This indicates 
that adding Nd20 3 to the pure composition of the glass plays a 
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I (nm) K1x (GPa) nb x 1022 (cm- 3) K~x/Kexp 

Before After Before After 

0.5424 170.99 170.8 1 14.9526 14.9375 4.0595 
0.5382 171.26 170.34 14.9770 14.8966 3.947 1 
0.5388 171.08 169.98 14.9611 14.8651 3.9593 
0.5396 170.70 169.76 14.9268 14.8443 3.9772 
0.543 1 169.33 168.72 14.7990 14.7464 4.1088 

major role in the average coordination of the network structure 
(Burkhard, ·1997) or the average stretching force constant whi ch 
was found as a similar trend with the theoretical bond compres
sion bulk modulus U<~x) . In general. the ratio of K~x/Kexp is a mea
sure of the extent to which bond bending is governed by the 
configuration of the network bonds. The variation of K~x/Kexp ratio 
increase with increase of concentration of dopant. This indicates 
that the network bonds are expanding of extent. This ratio is as
sumed to be directly proportional to the average ring diameter. 
The average ring diamete r is shown in Table 4. It is very clear that 
the average ring diameter increase with increase of the con
centration of Nd20 3 . 

Comparison of experimental estimated elastic moduli 
(K, G. L and E) with those obtained theoretically by using bond 
compression model are shown in Fig. 5. From Fig. 5, the calculated 
e lastic moduli a re in the range of the experimental values. It is 
observed that a theoretical bond compression model is in a good 
agreement with the experimental values of elastic moduli. 

4.3. FTIR measureme11ts 

FTIR spectral curves in 400 - 4000 cm- 1 region of the glass 
samples before and after irradiation are illustrated in Fig. 6( a) and 
(b). respectively. The water groups are indicated by frequency 
bands over 2000 cm- 1

• The main absorption band and corre
sponding vibration modes of FTIR spectrum of glass samples are 
shown in Table 5. The frequency bands from the glasses network 
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Fig. 5. Variat ion of theoretical modulus vs experimental modulus of the glass samples with the difference of doping. 
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Fig. 6. FTIR spectra of the glass samples before (a) and after (b) gamma irradiation. 

vibrations appear in the range 400 - 1500 cm- 1 (Wang c t al., 2014 ; 
EIBatal e t al.. 2014). The FfiR absorption spectra for the glass 
samples examined herein have four main frequency bands. 
Fig. 6(a) shows apparently decrease of Si - 0- Si anti-asymmetric 
stretching of BOs within tetrahedral (995 - 1050 cm- 1) peak 
when the mol% of Nd20 3 increases. Furthermore. the Si - 0- Si 
bending vibrations (470- 485 cm- 1

) peak and the Si- 0- Si and 

Table 5 
Main absorption band and corresponding vibration modes of FTIR spectrum of 

glass samples in 400- 2000 cm- 1 region. 

Wave number Assignment References 

(cm- 1) 

470- 485 Si - 0- Si Bending vibrations {Wang et al. . 20'14; 
Zahran. 1998 [ 

650- 780 Si - 0- Si and 0-Si-0 symmetrical {Wang et al.. 2014; 
stretching of BOs between Zahran, 1998 { 
tetrahedra 

910- 930 Si - 0- Si stretching of NBOs {Zahran, 1998[ 
995- 1050 Si - 0- Si anti-asymmetric [Wang el al., 2014; 

stretching of BOs within tetrahedra Zahran, 1998 [ 
1370 Carbonate group {Zahran, 1998[ 
1640 Molecular water vibrations {Wang ct al .. 20 14[ 

0-Si-0 symmetrical stretching of BOs between tetrahedral 
(650- 780 cm- 1) peak shows decrease of absorption with mol% of 
Nd 20 3 increases. The results from FfiR spectroscopy support our 
discussion on the transformation of Si04 tetrahedral units from~ 
to OJ with consequent rising in NBO when mol% of Nd20 3 in
creases. Fig. 6( b) shows decrease of FfiR absorption bands at 
470- 485, 650- 780 and 995- 1050 cm- 1 all samples after irra
diation. These results reveal that the formation of NBOs occurred 
when the glass sample were irradiated with gamma ray. The re
sults of the FfiR spectra are evidence of the discussion the change 
in structure of the glass network was added Nd 20 3 and after 
irradiated. 

5. Conclusions 

The present study gives the understanding of the structural 
properties of soda lime glasses doped with Nd 20 3 and effect of 
gamma irradiation by measuring ultrasonic velocities. Influence of 
Nd20 3 and irradiation makes the distorted network structure. The 
values of the theoretical bond compression model were calculated 
for asseveration of the obtained results. The agreement between 
the theoretically calculated and experimental elastic moduli is 
excellent for the studied samples. 
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