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Glass samp[es in system 10SrO - xPbO - (90,x)RSG, where RSG is silica gel.

degradation and x = 20, 25, 30, 35, 40 and 45 mo[%, were prepared by the metted

quenching technique at a temperature of 1250'c. The principte of Archimedes was

used to measure the density of the gtass samples, and the obtained vatues were

used to calculate their motar volume. Att glass samples were studied for

crystattization and non-crysta[[ization by X-ray diffraction technique. Uttrasonic

vetocities of the glass samptes were measured using the putse echo technique and

then the vatues of density and veLocity of the gtass samptes were further used to

catcutate their elastic moduti. The obtained results were compared with theoreticaI

vatues which were catcutated from the Makishima Mackenzie model and the bond

compression modet. The mass attenuation coefficient was studied by using Narrow

beam transmission techniques at 74.228, 122, 662 and 1173 keV photon energies. The

obtained data were used to catculate the ha[f value Layers and mean free paths. The

resutts were compared with the variations that were computed using the Winxcom

program and the standard concrete commonty used for radiation shietding. The

resutts of density, motar volume, elastic properties, and radiation properties

depended on the concentration of lead oxide. The Makishima-Mackenzie model gave

a ctoser value to the vatue obtained from the pulse echo technlque than the vatue

obtained from the bond compression model.
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1uu6'r:vru 10Sro - xPbO - (90-x)RSG fina'lfiu 1173 kev rfiut]ri!

n 0!n5fl n 1!{5{al.]1n5i11.J

4.2r n?ita'rLrliuiiiyu'i1{rirn1M4L11n;irirroloirodr,: ufi'rfi"lriornnr:yoao.:

ornnr:riturru mrlrlilrruuloir6lrilouhatolnyriroonkoiluuri'r:vtu

10SrO - xPbo (90-x)RSG fina-llru 1173 keV r,frulrYlnounimrirl-l

5.ia!101t5'tu

4.22 nrT udlriuii:yra'irl:yuyUaoonr:tutolsY':odrluri'rvftriornnr:roaol

ornnr:rirurru srurjilrsuurjoir6udloullarornyn-roonkriluurir:vll
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4.24 naru#ln'u5:vra'jr.rllqa"a6or,rtjurfiuln-l rloirduriloulrLarolmsfiroonlrei

luurir:su 10SrO - xPbO - (9O-x)RSG

4.25 nrua-rrtu5:vyirrorr ur'l:cri!'lrLla:rfiulniruJoir6usiloulliarolmyrYr

oonttdluurir:vrr 10sro - xpbo - (9o-x)RSG

4.26 narua'lfiuri:vra'irr o-n: r dr ut o rfl : rir o leirfi ul ril u.l oir6uoiln uha

torsrvfiroonltrfluu,fir:vul 10SrO - xPbO - (9O-x)RSG
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lflnUnn']:4nfl0!:ndt0nt (X-ray attenuation method)

tuninnr:dlairurruuilf,unl (Narrow beam transmission)
a, " e -d0sn1fl1!n:{6

J-[ol0{ Power suppty (modet PX2T-CdTe)

rniorlavr::nri6r5nq:ourrwdo.in:1n (Scanning Etectron Microscopy)

dfio rrRctr iu S-3400N Type lt

unio.l X-ray Diffractrometer d#o enruaLyticaL iu X,pert High score

rarirsir{l:ttn:l WinXcom
a ;,
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stl :ynount:o"o ur.ju (Packing factor)

fl a"i {'1.Jfl o { n i:6 a 1u y[1J oy

(Dissociation energy)
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rauIoooS6 rumtorlooouurn
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S. lrLoa'arfioufiyrorni6tol inyvrranari (cpa)

Ma kis h ima-Ma ckenzie modeL

E,, Ilqfra,tro,:u-leifirarorni6uor inyvrranari (cpa)

Ma kis h ima-Mackenzie modeL

K. Ilqa-ari.:rjiuror:firarorni6to.: invnran-ad (Gpa)

Makis h im a-Macke nzie mode[

o. dn:rriruto.:flrairor;ifiurorni6tor lrifirarircr

Makishima-Mackenzie modeI

Gb" hndaldoufiyrorniE inynranad (Gpa)

bond compression modeI

Lo. Iiloa-amrilur?fiuro1ni6 6nvlra6,aii (cpa)

bond compression modeI

Eb" hqa-atorrilaifirarorniB inyyrran-ad (Gpa)

bond compression modeI

Kb" hqaarfr.:r.Jilror:fiurorni6 r-nynran-ad (Gpa)

bond compression modeL

obc dq:rrirurorflr.iro.:;ifiurorni6 hjfirarjru

bond compression modeI
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-4.nr:ndniluanrrvvr.rra:urfiohonfloofu iurarrudlnruurnlita.lr.l:vtrtulu!:s lyn
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e, u --...! ), q e j.- -a{r'rlru?rnau: nvrlLnaLnol,yurrr.tua{raslJn1:n-er!r!:yrytfl'lud'ruoir.:1fr;irnr1 6o
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i-.t- -"r- - qeo4 - -,2t.: t1"!00uunrl Lrir d uav rvoinriruir unfiui riul d'rir rJ: slumioeir.urn!r u!r d#lctr nr:ld
rl:rlatir.on',:,u,ryd;iryirnr:ifroa-uuaynr:fnur ldrjra:hurfiinrrluririrurulrn:-t6
<,J

ril u r ni a r fi o dr n-rg'[u n r : f n ur r: z rS lra a r a t i n a rr.,'lu d t o { riil r e,lu1: r n a r u r atu ! : y ry a

ooa1 fli:r.r ldilrl:vlumihivrrr'lo6vrrvrfi.rornrrtnraqiirrn6ui rtu16u.rrylr!:yIurrifi

ld':-uornrvrnluTau'irrna'ofludru6u 1t2] uriion::rLto.:luurjllfinr:n:yrirlofilrifinrrl
lf,or rn:rvlu6ndrurafi'ri'rf,6aur:nliro'un:rarioruurit6'rduriurarntri:vrin:vilodr.:

- eJ4 v- -*rn::n:'o {vr-k<fir:"rilurJilrrufrarorofilt7urf,ufiinldv:'ovrnloi:-rfrf,r]irrruriou 1odr.r
viorfio{rtlu:vssrraruru 6ovlir'lri'rfiortaailvrS,:toiuiufiu dor:ry:ruf,rr]:vlurduavlyuror
i.rf,ur#e drfir:rovoio.:rirfir6.rfi6o nri:vl-oivl-rn.:rrLrJaoon-utolrifirJfru-6.rruraiofirairfi

rfiu'ldo.in-!:iehiirovrflurlnarn:rid,rdr.:ru1uI:r1vrflrna-.:,:ruirrn6ui rdlarjrfidrurvrafrn

i.rf,urr nr: uvrvrd r'itl:c no!n r:n rn [nun5 fl1nor,ff1un::rL uravor6n6u l fidorrirriurru
nrule{nr:tdi{f, louoiorn'rfi.rfioaa-nnr:rlolniuo'um:ruornild 16'uri nr:ldrrarrlfrlTlrul#tu
-j-. - .l ^.vlao t nurty Ustl't I Llrt41,:s rnnufil[iloila=[flrnfiao ua yn r: o''ohin- iao rirrj.: i.r fi lriualryal
orrlnruallTto.:i.1f, rroiayrfr n trl

ornfindrurdrroiuriu iaqrirlii,rf,osdolinrururrvarnunruarlTrol:-tf,uriayrfio

irdunrur (gamma ray) rflunatu*riruSntvhhna-r'uar oirYunr:rirrl,r:if,unur6o.rldiaqfi
.l - ! -.al1Ll4u',ru1rua{ rtu aru rnoun5muS omvn"rralr 1 Ioufluryr,vrai'wrutor:-rf, t4l uririo,:rrn

aouninfirlodrn'ouar a!:vnr: rtiu finrufiruar riratr r:ofirr.irut6'.ir 0 EJrnFionr:rudru
ruavrfiokiir:-.rf,i':rnFuirilunaruruorouionr:uornirrld.iru finii'uyaruyiruilld,lysuuliao
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ru6'r rfiorjrr:rlduvunounifllunr:r{Juiaqrirfr:if, rflorornuriafido6 6o finr1L1hlua.r
aur:orlir ul6auorri!:vnorvrr rnfi rfi ol#iqrualrj6nu6'olnr:ld uurionr:n-oniouro,r
ar:rnl' uavdraur:nflorriunruduraianr:6r: rrroori.,1d66ndt tsl Iqu,,fia.iru1ilqjoyi
franou looonlsri (sior) rtluorrirl:ynotlraa-n rurirfifirlir:rruro.l sio2 a{ ovlirlri,uri.:usufi
In:rairrvr'u6.ru:r yurion.:uioruasar:rnfit6'6 t6l ;irrai!nr:r{s}ruriaourirrirrjr:-t6rio
6l ,d) .-.?.,turLurruidai ild':urirulunr:aoduvunr:zu6nlou1d!:yletdorniaqfi'ua6oi,fi,raiotrjl6,Ld

.i-i
ud': ltu fr6 n rro afirf,olan rvrnr:'[{rru raioBa nr ro afin nr::olur::onirudrrr: uayro{d
rir.: 1 6lhldrirnduh,(ridn r{ludu

Ef, nr ro auioar:orur.r,d, rirrar: dr rn:rvdfio r"il:r.rurlfifinou looonkoi (sir.icon

Dioxide) arioorn ilur,'r'r r.rar n:orirrLvd'r.r l'a'nurus rflulfional fi:n:r lirtriidlfrrtunr:
ooomr6'uriludru?ulin [7]1uflo1lilflfia'nruoakifiuvrlrudr6'19r{hodr.:lrntuo:fionr:dr

tar!:vrvolvu fiudrvioardndrudvarnuarutfiofinr:u::o0finrroa nrr{artrJtuu::1firur4
rdu rtofir :0.:rfr'r rnio*afiioirl 1 qrJn:ni6r5nvr:oin;i ur aryr:uvftoou 1 uravnr:rudl
Sudr:vra'jrlrl:vlunrfio.rornf,udruio c.rfini'rudrir,: l rirnzitdfiIonraoyrfioorl rf,uyru
raiour.J:anryrhJorn16rL o'urdourrornnru{uluornrn lel 6n#.i1uflo1lnvrrr16on1unr:

uilnnorrar:fi r:'ua1fl ua'r u rJ:v nor n-rio'nr:ldfi i nrolluudfi ririr uayoiorfl .r:o?1rr

avo'rna!iu lir'[#turtrr6'ur 6.rn'orfluorur:rirrsogrJ i,rld:nn.:rrLior;iry:nnr:ri1nrrlu

rnrilFlrn?-u IouranrsiaiuraSo16nl rf,olorniu6rrru,trurdurfigrJulr :atr6firaa1nua1u
flfl1aso'rn 6n#lu-rfinr:1*rurur uavhl:Ilriurirr l rtlunr:airru:rnr1o1#{riinn16ondorr

ilrl:yyruldrflloeirwrn [9] 6luulraarutiodolld€finrroa lda.rhtul::onrud ri.orJo.:nlu

nrrrLduuavtirufnurntruaolyri n?..trLfliourray:arr6hi'n.r16l tto] ovuiuki,irinr:ld
rl:vlutdornifi nrroaluvara 1 dru rfi oriurldrfl urrarurunruarr.r-6nr:oornrrrduto.r
fi6nrroaovaoal uavfidnrroalul::ofiruci'ru!fikil6'rirna-lr:rit'Lra:"innfillirirlrinaruu{lr

t ayor n€fi nr roaii11.J.rulr1 fl

oiriuqlin-a6.:auiofiovfinurarrrrfluhlkilunr:rjr,uv6finrroad rLr'tdyro*yufrfinou
leoonltr{riavdfirrfluar:firirrarirfirfluIn:rair*adnrorrurirrirl-.ri.:f, Iouian:ourfiur.l
oonkri (sro) rfluar:fifiqruar:lhrjrarfiln:uu6rro.irLfi: [11] drlriuririoruvrusiou:rfirLr
n:slirldrrnflu tultvrrrdruird urirfifiri.:la.rarrornvrirlurjirrrul.rn (high tead content
g[ass) ovioruall-filunr:oondui.:iunulr (gamma ray) uav:-ldroncild,o. (x_ray) ttz]
ufla{ornovfi?finruraururjuar uavfin':uuurionr:n-onioutorar:rni ttar 6rrfludo6,Lunr:
drurfi,rl:vivrBnrnlunr:rirf.::-rf,,0.:iaouria.:ruio-uls6,r1dfinr:rfirLmv6,roontrd (pbo)



rfiorirhi'uri'rl'qruarL{6nr:rirl-r:-rf,fi6f,u uonornfiilio-ukirirnr:f,nuraw-fimrlnrunrnto.r

r-aou6'rfi Iour"onruuururiuro.: urirrir uudnnr:ori6i6a naruriluru6ntoluri.lovynaou

Iout{rvninnr:raju:ruruarirf,ranri arLri6vnrdru:-rf,ioo rnnr:moaorloui6 Nanow beam

transmission Iou zuaorn nr:vroaolondrrlrr iurrfiurnn nr:rirurrulo ul!:un:l winXcom

firnizuurlou NationaI tnstitute of Standards and rechnology d.:ualtfr 6orat]unvyoao!

Iourniolo'asr:rlrfinnJial rfiur riunr:rirurruriaai6 bond compression modeL uasi6
Makishima-Mackenzie modeI rfioldu{tudoradrrairnr:!ilrJ:ruavrier!rudrrir!-rirelfii

n run rnfi aur:nrirlr.ILdl:slurilrioh

t.z ifl nrj:salrigolnr:io'u

t.z. i rnJofi nurolrirj:vnolrolfr fr nrroad:arynf, nnr:16olilf, ronri

t.Z.Z udorniulsYrodrlurith:vw Strontium lead siLicate
!<1.2.J [1r0finul r.]!srvr1.: n't8n1flro.r LLfl'r strontium lead siticate Inernr:ionrrr

yuru ud': Erya"nnr:ori6i6a
J' !LZ.4 tlt0frflb1n?1'.]t!ur{a nl0.rrtn? strontium [ead siticate d: o rvainnr: tfiu,: r!u

'uori{f,ronci

t.2.5 rdof,nurauu5yrrldru:-,:6to,:ufir Strontium lead siticate yi.:nrnnr: oao{ou
i6 Narrow beam transmission ruaviE X-ray attenuation ruSal rfiuu ryu nr:rirurrulou
hJ:un:l winXcom

.i<
1.2.6 rfrofrnu1arffi6orat]utoruri': strontium tead sir.icate dralvrnfin Ultrasonic

rulS ur ufi uu rir nr : rirur ruda ui6

modeL

bond compression model rrasiE Makishima-Mackenzie

l.g rJ:slurdfi nro.iroyldiu

inruirravr{rloniy!?ufl.riuao ruir aur:o:vlo'n:rdrufiuylrvalrorar:rnfirfiold
!unr: uaol rui':'Lri atLr:o: ylalf6y.r { n1ur.}11r arlr.-6lrrrTn:rair I all-6urldruf.:f, rrav

arilfrdoradutolufi'r strontium Lead siLicate td aur:nnhuraq:rLfirlfi!'nrrur !1ya
e u 4 v . e&ec, ,ar:LrlJuaa0n1u.r5.iaLravo{no?'rrffrldrtluairudru'[unr:16oniaofroyltlld.rrr"yrrdruilf,

rtiu nr:!:vqndl{i6ntoafirdolanrnnr:1{.:ruudrlfirfinrl:vlutri rilunr:aoiiru.:utus
ifinrroa uonorndolrinrrlidloiorn.:ruio-sovrfluoruriorafirflurl:clutido#auloaur:n

rirhhurunrakisio}Jtuaurnn
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1.4,r,rou[?srro{nr:fi nuriua{r
irn:rvfo.:ri :vnorror€finrroarirarrninnr:rioli.rf;rond finurarri6yl{nluniylron

uri'r strontium lead siticate Iounr:ion.luuurur]ldruua-nnr:orififio.a finryrarl-fivrr.r
Tn:rairrto.: uri'r de u rv nin n r:rdur rruf.:f, ro nd finur arl-6yrr dru:if,tor urirrir ui6
Narrow beam transmission rravi6 x-ray attenuation ujiur rfiuu rir nr:rirur rulou
hl:rrn:l winxcom vroaorarlSu'oraduuo{ttri.:dr u rylnfrn uLtrasonic Ioaldll'.:m:roaorsr:.r
ruavr":o:roa o!!r rn'or.lrnrur5r ndura'ufluiaoui'rfifld'lunr:rirurrurirTrLqa-arirr 

1o-m:r
arurhdrolai uavrirnerr,u6r uliu! rfiu! fi!nr:rilrrrudr ui6 bond compression model
uaviB Makishima-Mackenzie modeL

r.s anrufirirnr:ii'a

1.5.t nrnitrilSnd nruyiyarnrani luriyura-aola:rtorfi
1.5.2 n1nir1i6?n::,frrrn6ui nruvifl:n::lfirani oNraln:niluriyura-u
1.5.3 4utirunluladlaravuayiaouvilsrfi (Nationat Metal and MateriaLs TechnoLogy

Center: MTEC)
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il q ufr ra y{1ue {ufi rfi ur{a.:

2.r r.rdnnr:vrqufr

2.1.r rJ:ci6rorrria

iaourirluo::rmadrfludi,l"'nri'uo'660 ui obsidian 6.:rinvrwirrrunrtrb.,lrfioorn
!darrrfrfrnr:r usr-rodrr:ro15r rLrludinr:l{rruui obsidian orrurianfiu rdorornurir rfioumn

ru6'rrvfinrrrnr ruuriunfru6.rfruu ldutrurnriorfiolunr:dra-q.i raiorilufiourirfioriuuol
uonornrfuu6'rorno::rtrfiurrtfrn6inruaru.:rr:'ldrilurniolr.l:so'116'd:unr:zufinurirlou

rrlutiriuvr,.,r,rd'ru"riariu60loi'riouoiaoin-n:rt6{ 1500 tl IouocndrrfirorrLrir6,rki.oid
5000 fl riolni ao{n-n:rt rin 16 uul:rirl-ufin.i rvrodrr1.l phoenician td'urcfl-nfirruilrror
lrraalmriuavldfinr:riob,lloutdrun:olilrtlunriroruntarlror aolfiouuyrlrqrrLr:ooario

qliidroqjuulrl lirt#rioumn:ouraaoravaru:arriuniuvr:rBdr,:6irrrfierihurirdu 6o,6oniu.jr

nr:dunlIouri.rr6cydrflroorirufrotoruri'rIouilfiarLuud'riuuor riorr 3so0 flriou
nias{n-n:rt nuradnorufi6unlnroirurirfiar6mloulr4rririu lurirru:nosrflunrnanflourirfi
zu6m1uunu60rlsi'uravunuurlal rnrfiunviuoondrrlooliu6or..l:yryo6:h d:rnr:drrnSou*rir
1rufl'rruv rnio.:flufiurarrri!r,iuluunlrrla1 lqrfiuoounarr Ioanr:rarT.rrjoy:ruvr"fifiuqu

rfluorriil:vnorru#r rfionr::rrsr-rn-rltoruaorLnarurflurn6olf,lunrtu, o..,nr-,'u 1500 flriou
niadfl'n:rr fiorfluoorirrfiouolnr:vir hotlow gtass riolornnldudruro,rfi.:uuririu60r]d
i d4'frfifiororlhl:il'Thoutmosis Ir !ilnlad uonorndu-.ifluya-nrrunr:riruri.:'hr]:yryrnnit

uaviu6npi'ra oso ilriounias{n'n:rr finr:16uunfio nr:riruri.: dunlfivioraroto.: Assyrian

King AshurbanipaI uav 27 i]riorniaoid'n:rroufi.:nias{o-n:rrfi t+ fiuir,.lru sidon Baby

ton tirrflfiorrrfiriu lri'duflt,iEnr: blowing filrir'tri arrir:nria6nrrucfiaru:rlurrld,
lirrrurLrn [t4]

*J;iru:-rrl:vi615orudrvrrrvrirrrol6u:rnnorrraa-nrrrfiliufinli.irrnio.rufiruav

rniorundauGurruta6oH6nfirudrt:rfiniiinrtrroirgrirla urnlul:yryro6ulourayrrs.lud,ru
r-g!uor:r.iro.irr?6ufifidrrrfiurfruoq]ryrrrruri'.:uayrrrrr:rfindrfluodr.ilJrn rvuiutd
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ornsr'rodrrr-malu:rrufilfillilufifiorYruririr:1vr':Inn rdu'tufifionirudtorrl:vryaoilnqulifi
4 e;c, <rn5o{un1frltluh:rruriorqrorrJ:vuvrnduluqnrir,:1uaol1{Inurr.irrniaqui':'[ur]:vrvrno.ufi

nruroiryri1,]rarira'uu',lr:-r!',ruvr'o lfiullloiri!rl:c rya60r.lsifiunnrirrfiu6o:rJixuav#nuruy 6.r

onarun::r ufi'r'luvriri rorfiufi'oroirrirdurrorn!:v rvrs6uuayloirzua uvrioonhjri'.:vrnfia

nr:rirrnBorrui: uavr.rfr nnlruc4rr:rfi ndrrd!:vrvralua 6!myrusiariuahyl-uuayioru

:,lrlriruvurar:rt louronrvrnSorrn6or6urnrldr:'nr:rirdrr ld.u:rti.lurirtur.J:yryrnlyru ,iroy
niuor n rnial#r nTa nkifinr:arF m ndr ur o.:r.l:y run6u ua yldrirnr:e.rfiorrfio rir o ont!tr ulu
rir.r :cr n rfl:rsluarIua1rfi'uriuur.iu6ulyoki6ooiorilsirr!:vlyrorLrn uriodrrt:fior.r n21

roBrytorrniorurirfiu-rfitrirrnrvirrn6orrn6ou6uro.rr siorrafu;-oulnf;uui:rl n.a. 2359 1l
itnrafi + tdfi r{'rur ufr1rarlraar an:so.:du:.r a! :vri'u uavnr:rir uri'rtdfinrufialriurrn
1o urourstorvrr:rtnr:6rrJ: r nxlulla-nrrufivoaro uviltrfi.jrtuirn rafi q fi 16'o-oililru

:rtnr::vrirn:lfirfivrirfirirnr:nfimuri':dulouranrvrisn.irn:r.Jdr.iu{n:von fin:rrur:o-n:r
(r{'rrrar-l:rhr) 6.rrflu:rtlo:aorrifi or 1r:irnrafi z vr:lrilu{arrqrnr:rirurir finrjnrru
riruru,rnuav'ldflurflurdornf,.: luariudnr:ilao,urirovyao,drurdrfifluariuusuriun.jr{r

nr:rirufirtolrJ:yrrolyulu:vuv u:nJlnrrfluI:.:.:ruuurolFnuaytdu:r.r1unu ou
n:vrirlu:vr.r'jrrarn:trlanntfi 2 nlivrorlnauraia,:urirl'rrnf,u IooravrrvqrJn:nj;ir6,19fi
qt4 d i
Lt Lunr:doar:{rn o raryryr ruvrur:rioldrJ:var n"rflryrar uavo!a::no dr.urn no..,in6o6lld
roulfrnold'ryryrruvur:6orflufivnaoruavqr6mrurirfirirornr:rur{hln:rnr:drriu luariud
urr:rrnr:trilr'nr:o-osirorrinr:urirduuavldnhururr:'ou1 ou6lflo1ju6.:riluI:r,rruu,rirfifi

turolrar! uavvtiual-ei t1 5J

z. t. z a atr fn'ugr u rd ur rYu urir ua vn ? rrrrarr u t o l uri,l

ruri'arfluiaolt:rfin;i!:vrnvrafirfifru,,'ldodrrun jraarud'.rr,rrio6noufilioiuTu rf,rd

oro rtlurn:rvufirfiartE ronrvd'r'[urioqrornrullilla arrlu6runir ua sn.:rrriuu:alre
=- 

cl. - u-du n q \.- yq - -r.i[1JLAr]!01vr't60 0lrvtfl rLvtL Lr Lo o n}illuflooujulrludarlr:oairla:: r,iua ve.rfrrl urirldoeirl
arnuarErdnuruv lil'irovrfluuviruri':firsriu ur.iuurirfirr.rrduryiord'u1ururi.:fiav16uoeiou

n-':riunr:ldfinurfiriinrrrnr:to,ruri': arl-fiuavrj:yrnrto.lurir:rr:firrYunounr:rutnurfr'a

a'nuruvsirr 1fiovti:ul#rfioarurdrtolur-aqrJ:r,nrdr.ndu o'uocdr!.r16{nr:16ontdkiodrl

rvurvarrh6iorl:vdriu:':r#lrfionr:rlir!:.: r,r'rurruayairra::rirufinn1rur{urirriahJ ttsl
rurir uflua-aqfir-J:vno!druavqo,uiollraqafioqji:rin-ulout:"ifinr:riu.io-rodr.: rflu

d .jd
:vt!uuvr-r,5 u n'jr riaoodruoru uri'r rqiuilldornnr:r,taolar:ofiuyidfioruvrnfialouimn6t

vaoru{luuri:ruar.qlroolrr,flrro.r! a? ornrllondu:ruavrir'r#liud'ra{ourr:.lorirou
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o{ri!:unorlrro,:1n:rairrurirhifir.:arrfiulrrofiovr:'urd'rlri'riluln:rairlfirilu:s rfiurt orudrfi
lY. j , a aa d - -Lonlnnl:rl.Jr!nrnLLn?vaori{[uua-nuruvuo rruirfrtrfrzu6n fiarr]6firrafiu: (Metastabte) fi

na'lrruayaddn:{air.:rioEjn.jr1o.:ruaausia{n.jrro.: udlfi iarSn tt ol

urnfi or:curorna'nutuyyl1{nrunr rud.lriu uri'royylrufirianfi fi nruudl Ilirla
rltlv fin'r1r.rLL't?')rr fioouaorLayaruar'[riavaruluu'ruavluar:avarul, 1 anrfuUArtr! ii.l

*- ,, .!
un'l!at]!ao.i0r0 LlJu

(t ) urirfiln:rairryrrlrnfltriuriuou usiu,iroyfi o,:ril:ynau r{rnfi ndru
\t.

nu n0!5yn0!o't u{anoL Lo00n LrfiLras L{[ou!a15!oruoriiuua-n

(z) fi nrrru{IuriuJ:rsrirhiuonra'niru

( g) uilud'rrirbif, rfi oruranfi fio.rhio'

(4) fi a'nuruslljlla (transparency)

(5) arlr:orirl#r,raorLavarulddrun.luiou
,.,4 ^ i t .j ,.2-(6) ulooruun a{rua!!etro.:un?ov rtjduu lr]ylanu uytl{n1ur.t1u uavarLl5

yl't{ [n]l

(7) fiti':.rnr:yaorayarufi nirlrLrn

(8) all?ynlnrunrnrir.: 1 fi rr.Ja'uuurJa.:riuovaur:na-lrnmrriuld
J. -rLnlr!uiaE1111't01ny:.tuLtR?riJua?uU:y nouraa'n uonornl'uly rtJulayv oonkri

dtl uiu ,r6nurnloi (fenic oxide) r,loarylojinoonltd (phospheric oxtde) ufludl loufr

unrl-aru!:vnouvrr.:rnfihiuliuou usidruriarovsiorodlutorluniirrio urndruzuar
I a, ;. oqe ei -.j.na'ro[na01,J LU0'ln n1yuo t'tnc1il Lrunl lttuaor.tavalo-Luqruunifrriruuoyio rfionrltJu.rurn

1. - 
j. .r - c a "^A ! i - .i0u.l tu ttu Lflosl114u a!!str.lo L!01nn?11Jsto.i n1: rlunu l::oruriruarnyarutiflfil]l.JuEj

-:..i q eq, a ,e . -Xruaor!aurlnr.taorrn? h4[!1LuIo!b]noin (cork) uiorui'tfirjt,trjnlrnrr,tl'oulauvurnrr,t6 n
ead v)a(rron) un?y!n11!rLt.tn4 auryannar (steet) udrfrfrnrrlr :rvrufroluJfionltj'Lfidourjl

- Zle
[14r.]ourJur'l'tu 1450 tr[t{ { rur.]o1rrflti ao8 vl-litf,olornuriraur:nnllnldtuzualuavi6nr:

r.r6ol#fialu-6grr!.Joiornr:ki6rfinr:rjruri?lr.Ild'Lurrusirl l t"irrrvri]urruvrrr6'ruiv,u.,fl.ami
.t 14 , u ILgLUO'rU00ra1 nr:lJ a01!nuntlr.r Lr:nrJ1]lnr.r rrllatn::l uijutorl1inr alurlrurS0r"ua v

,i;
friorJ:cliriuySor,uln:yfi'.:unSol!:yrTrturorFn I t 5]



2.1.3 rjtrm na{ufi?

rurirst'ruun16'rilu z r.J:vmvrlraqj 1 6o tr51

2.1.3.t uri'tfi rfiolouo::ltrfi
, J- s )ttnirrnoloun::r:trfr Gun.:r oo!fi rouu 6lrfi oornnr:rEu6,roeir,::.:orir

flo.ialivao! 11{a:fi uoonrrorn!;io':4 urrb{ (magma) if, rvrraio6rixrir riorLr'[uqnfiufi
.: eu qe e 

" ^- ^^^^--"- ^--- - , :ryuu 15rfo'nl"SnrrrLiolornlvflunr:ur6'r n:':ouavu:ruuirrru16.:ns nourolrorllifiyrgi'r.]
A | ,u

uJ0 [o5! n?1rt50!a.:o v u6o n r:uaorl a v a ruli rr rufir ou n:vri'1fi a'nuruyadr ua nflo urir ri'or.r

narl (gtass bead) In u urito::lrrfifirfisror n nr: ao! st-.tro.:yt:r uy6oy: r Et u,ii6lfio{fi
i v i-.!:vnolvlr.irn a0tan0![o00nLrfr ronorniudrfrr o-[ouo::rt16 fi rfioor nnr:uaous]'.rro.i

{ ,r ".J ,o - , - j
{a nou 1o00fl Ltov 0 u Luii nufuslJ o rfruu5 o uri rt! frLlfru?urr].ru (quartz) firfiaoraaor:a.r

rtnn'jry:ru fir,trnufi onr:yaorLacaruudrrcGunirfi 6ntaaorl (fused siLica)

z.t.a.z urirfirlutiairdu
v i . , - ,- : Jn1:tL1J.ilJ:yLnyr0{LLnlyl.]1.Jtyu!:yriunnotul]l.J aur:n ulllpilaara ulr

rtiu utlwtrn::ri6nr:p.rf,n ur-j.:nrrorrirl:vnorvr.:rni r.riou mtrnr:1{uu unloucirulr,tr!

r:rfnovron :vrnvroqrfirnuolritl:vnouvrr rnfi druti.:16'uflu 7 rio o-ruanrlunrnfi 2.1

drfioid trst

t) [rirlqorlari (Soda-lime glass) urir3l*.Joir6udto rzufi n.n-rudriri.:vil
Z^

rarLofuerdoorn soda-Lime gtass uri"lrJ:v rnmirj:vnourirui6n 1 77-r3 nJoir6ud ruaro

tz-t+ r!oiu6us{ Lray Cao to-rz uloirdus{irusionr:du:il uono.,ndo.,oor,6l Mgo

t-q rloiuduei rfior]olrYlnr:rfio devitrification rav16r A[2o3 o.s r.s n.,]oirdudufirnrrr

u{rtt:.rvruvrru soda-time gtass ldrirrre.iuurie!1.i nlruulr::n ti.:utu r.rfinfirur{frlr.iuararr l
td
Brvusroar: rnfr ulrilrjo'rr[]udo lvrusionrriliou aur:nrir'l#rfiof,rirr l ldlo u nr:16uoontrri

torlayylrrrfroarh]

t ) urirlol:f a rnm (BorosiLicate gt ass) raioGun.jrudr pyrex ufl luri.lfi
i--ln1tror.rlJ0tn00n L{oa i L! ?i1Lrr.Jn1dr]!:cdv6nr:turun"rrfrolornnltLiotai.r uavyuyionr:

rula!uuudarn:r!iou urirdtd'aur:nrirltlldrirrnioluririvruroraoi rirnrtuvurirritairld
hrnrlilIa:r'rd ritufru

2) *drnvri'r (Lead gtass) yiouuirnian-a rfluurirfifinr: r6la1t,.tarlro i
srcn'xoonttei oeirLrnn'ir zq96 Ioudlvfin ovrf,uurirfiio-rfifi'nryarurnn.irurirrfio6u lirhifi
!:vnruur:r,raru, *avuncaa"nrfluarorarurirl 1 Li l.frlirrniolr_J:yoiufifi:rnruyw

a) urirlorJoa (opaL gtass) rfluuri'afiinr:r6lar:lrrrfioalt! uriu ar:
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Ir16urriaool:ri raiaruoardurLv'{aoo1:ri drl#finr:nnzuf,n uEonr:uunriladulurfiourir virlv{
.-i-)w

urrirtiofi fi orruriura6 oLl: r uarriolornarrr: nua orL ruacdu:llriir uirfi 6'uyunr:26n
oir uasarlr:ndr1#finrrrLru{rur{',as rvllur:rndurn'orirt!r.irun:yllunr:or.r
(tempering) uion:vulunr:rn6or_r (Laminating) r.du artuvldatar:uayrniol6rL

a) uriroqfiIufia'rnn (Atumino siticate glass) !'oafiuruacfifi nrriludru
-d o a , ;fia! an unla!!lvavt0n1:flu1u01[ o{n l nn r rl5ouoir ruayfi oo o ousyrt ol urir (softening

point) a.: llofioyrlolriunr:rf,ugrJvr:lrfiodrnr:ol rir'olfilnrrrLur{.:u:flriuuriru6srnirud r.du

rnSor!:vo-l rr: tt r':

5) uriro-aorlai-r65vr oafi1u6fi rnm (alka Iine-earth aLuminosilicate) fl
druerarro.:uaa16uuoonkri raiouuriurLoonltri rirlfi'finrd'rfirinnatndr6u.rn-uuri'rovn-.r uFi

ar6o.drun'iruavfia'lr vu rusion:ouavrirwrnn'irurirnvrirrSnrioa Ltiu rnio,:rl:criu[nrrrr

6) nara-rr:rfi nd (gLass-ceramics) rfluuri:r.J:yrny616urLoai1u6fi unnfi

fi tio, ra6o zro. wauoutdnilau firovdrlri'rfiorua'nlurdourir firorolirlr.i'urirfinaufirual
{ r,,4 i - -u5ohj:r1a f,urYrtio'uo.lrr6n nara-rr:rn ndovvrwru uavfia-rl:sf,mdnr:turun-rufiororn

n'luiountrurn arlr:nrirh-Ildr{runrrucu.:d'uu:'orfluur.iururnruld'rlld'ronorndorofiuri'r

d:vrnr6u1 6n aruU:vmfl drotirildruaralfi usrnsirrfiuoonhl

rj:vrn so.ruri,ruri.rnrrra{irj:lnau ,t.trnfi : (n) urirlsarla{ (r) ufrruaT:C

6rnn (a) udrercrYr (.r) ur{rIorJaa (o) uriroqilu0f,rno (o) uflidaarlarj+Biyr

o6fiIu06rnor (r) nara+r:rind

nrufi 2.1
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2. 1.4 ylqufr fi uxrYula:.rairtrfi'.:

uqu6'tol K H.Sun t16l ldrirnruu,6lu:ltolniuocr6ur (Bond strength) :vu.jrl
l- - i

orou=unnoonirot.touqol.t i{a.t!r:ariru:ruldornrirvra-lruaarar{uov (Dissociation energy)

ur:dr urirurrav mortoroo nSroufidor:ouov m orlr ortoo ourr nr.fu ra6o ratlnoofrru{u
(Coordination number)

Aa.
orofrrilu Network former r:'vrirfiairrla:.:truufir6'o.:firirnrt: u6ru:rtoo{uoy

tororqrfuriroonfi uourrnn.jr Bo fiIarunaoi/niroyorol
i<, .ld , ..Jilrlvrrth Intermediate frrfiururvoei:vra':rrormfitflL Network former Iasi.r0

drflu Modifier drornfirflu Intermediate ovn'drnrrrudru:rrorvyuoytorormrfiryroonfirou

od:yuir.: ao-oo fiIaunaoS,un:"loynon
;2.

orqvr-rfJu Modifier orflfii!v!rilrflurirtjruo-ourla.rraior.rit,r.l:rln:rtjru ovfirir

nrr:r*{lu:ruoryiiuoroooorqtfr.,rYr.,uon€rourjoun.jr 60 flla unao5,/n:-roymol

2.1.5 alirj:vnautalurir

uri'1fiorri!:vnorr{]uoonltoitolororirr 1 drrirrarnfior:rurludruuvruryrl,uln:r

airluolufrrudr aur:niiruunoonloirfl u a rl:crnyd:ufi'u6o t1 7-18j

2.1.5.1 Gtass-forming oxide

Glass-forming oxrde uioororiun'ir network former 6o oonkrifi'lirtri
rfro1n:lairlurir lnuvr"rh.lorortjufrAnl (sior) 6.:firarjrueioadugrurijuifirnn (SioJ o-{rrao{

lunmfi 2.2 uonorniinrudr rirfioonkrisr-'r6u 1 6n r.du h.r:ouoonkri (sroJ luln:rairr
to.tudr borositicate tuay aLumino-borosi(icate rfl u6'u

! silicon

I o*yg"n

rmfi z.z (n) Tn:rair.rvr:.rdrarir (tetrahedrat) rolfif,nruav (tr) Ta:lairruuuoarygru
(amorphous) tolurir

A
o:f -|t'

(n)
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2.1.5.2 lntermediate oxide

tetrahedra u undlrro{ 5io4 !1{nd uavrfio r{luuri':rJ:v rflvr a(uminosi(icate firfiarl-fiyu
flootu n!4,: Loo t1l1.J9t1.J

d,,.+
rntermedrate oxide [!u 00 n LtoytLr.]at!llnMl Lrrdotn: lafrluflrldo'rt

n"ruos usiaur:nrrirhh'ufi'uln:rair.rdio41d m'rodr.rrtiu A[ro3 ourdlhoulu: ro.r A[o4

2. 1.5.3 G[ass-modif,Ting oxide

G[ass-modiling oxide r,lSo network modifier rfl uar:drior6uailr.l'lu

In:lairr uri'r udrochlirar uIn:rairqroruri.:rrrd':u ocdr'l#n.ruufioro,rudraoar uavdr
c,! ,ce, ! .,'LrJlu:rJldiruiu 

srrotjrlto.lar:ndlfiutiu Naro K2o Cao uav Mgo r{Judu

Network former

Network
modifier

| ,oo,n". I oxyg.n O Silicon

ntufr 23 In:rair.:uo.ruri,lfirJ:ynoud,lu network former uai network modifier

ornnrnfi 2.3 rfiorfiu gtass-modiflzing oxide altt] oon6rouoyrsjraln:.i
;a5rr ru uSrrruoorto :yy.irlrnfl:v6o:oltrol SiOo uavriratuln:na;1n dlun?n :yolrn

niu t',tat raio ca't ov ldrhjoqfnrer'ludovjr.ilula:rairluavrfinfiuovlooofin rl:vouadrfl'rv

arrairr [fiurir rfiorua nnru'tuIn: rair{d



1.2

2. 1.6 inqAui4itffhfl 1rr{enufi2

oiril:cnoufl r.:rnfi uolurirovfi atarionruallGrolurir trsl Frisiohd

2.t.6.t sio2 urirfia'lilrrutol Sior 6lrir.r oylirl#uri'rrfufiln:lairlfiudru:r
rio nr rriou ua s ar: rnfi urilirnr:xFoleiur n rfioror noiofldqruranfrlun,rroou,ru, a,dr"
4 ,4. J -1uilJ Lou1ntL0,101n pt?'t}.Jt4ioai

2.r.6.2 Na2o ruirfifirjirrru Na2o 6{nsuaor.ruaarfiqrura4fror'r u!:rv.,onirurLav

hJvusioar:rnfi firfirl:'rrru Na2o a{rln"l 0ralr.,:nuro..,ur.i'.,ld'

2.r.6.3 K2o rirulrinr:nnaf,nu{lulrJourrdr 1 lirl#nr:riuroi.:tatzudnlYuoonrr

a?u.r1lJ

2. r. 6.4 Cao M go 14io Bao ovdruh nr:;uvu;ri rirlriuri:eln: rirdurio r6ual ua s

rfi:Ln'luvurioar:unfi urtfifirjBlrzu Mgo lrnnir cao oyrirLilvlnr:nnzuf,nr{luhJodrrdr 1
yt'ttunl:tiu,tq?1,oi ano0nu1a1unllJ

2.t.6.5 Al2o3 *ri'rfifirlir:rmrol A[2o3 a.: ovrirtvlrudariufin:uyuuruoionr:f,n_
, a 9.!n:0!uava1:tn! Loollu

2.1.6.6 82o.. uri'tfifiar:tj:yno!ro.:a.t: Boron r{luot6 :vnoloyfinrt.rxyurio
n:o-oirl uacvugion:rrfou rdo lo rnovlirl#f,r:!:vivrs nr:turuoyrrflororn nr rriouaoa,r
ruri'rr.l:s unudriuurirvi'["n1uqrJn:aiiuerrorasri*av riuudr!:v rnnfiau r:oldl1rnrhln:rril
LO

2.r.6.7 p6o urirfifinvn'eriluorritj:vnor (Lead gtass) rfi'ourirlarrrrfiolornfidr
ritfir.r'nn,rqrfi nrrlLdou (soft) irurionr:16u:vlu rfi ororcocirf, urn-raru

2.t.6.8 Fe2o3 fiartfirieuaoooraaorr a? ovrirlrirdon:vonrfula r:'f,niouhrvrr.r

riu:

2.t.6.9 oonlq66u 1 rarnfrolnr:lri'urirfi f, a*urirl 1 arlr:nr6,ar:uonrufi oorn

aruzuarrirrriufindr:rru6'r n-rd chromium oxide (crro) lri'f,rfiar cobatt oxide (Coo) 1fi
drlliu uraniumn (u)1fif;rv6or carbon-sutfur-rron (c-s-Fe)l#f,drryu Nickte (Ni)l#f,

rirnra uay Manganese (tr.ln) l#f,u.:l

2. 1.7 friod1{n1:ltlruiaqurir

rfi orornurirrfl ,r-aqdfl qrurir uavrl:clutilodr{r.rnuru 6rfi nr:rirhrJ:vqnrfl d
dtroirr 1 oid rrsl

z.t.z.t uuirfil"81ud'ruiilurflrani ldr,rri raaoouriruoao.:sirr 1 rJi6l uavl'nrnoi
[lJ1.r0u

yu

Ias
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2.t.t.2 *ii,ilL{ilunr:1r.{uala.irr 16'ri,aaoob{d}iuara.irr uiu uaooy.laoor:a_

rqur{ (fluorescent) urierl: s un vrddlldrilauiir or uiusrr u.iururu nd'arriru:! n6'o,:

oarn::nri ndordowrrlna rtludu

z.t.z.a uri':fi1f1u6'rurioairr rtiu ufi'rurnorr riolornarlhrirrnr:l{luorrufi
riunruiau rduluudr (fi ber glass) l#onluntuiouuasr#0fi'ub,,t

2l.t.q *iltautfiu (neutral glass) ulru6rurirdtr]rirl5niurnlun:nr.riorir,r urir&. .,r
nrnfrld'un rrao'ldur t':o'tdrirr,na'o rfl rlsiu

2.1.7.5 urirn:son:nuusi (safety gLass) r,'ioriunlnuvr-rh.ir*rirfi:du fiarrlfiroiu
torufrrriofi6orr:'ounnovlrifia'nuruvLrva!nrl (anguLar fragment) viri'rn:rcrrucdu:! ldar.
nhbi'fi:6ruuonto'rualuuri'r rEuruavr.rosiro eirr:rorir riofinr:n:vyrufifir6rrfionr:uonirr

y a" " ,i[!ufl 0u r[n?fl u'tr.]ryrrn:con:ouuslir!uu6rtiolsorlarl

2.1.7.6 *fr1ffi.)nlvau (butlet proof gtass) riluuri'.loiolsorlari finruua-lnr:du

;tflfi'rfluurlurrl 1(sheet) r.rara 1ur.iu udrt{uaiunaraFn (Laminate) u,vr:ntd:vra.j.xtvu

v6o uaiuIri:u'acil:v nrnluoun:vvr'{dnerr,uurnrr]arurio,:nr: urirtfrodo vfinru *dru:.r
..;-.i. d;rlIlr1u0ua1 1:O nU n:c al.J!1.Jvrv a 0.rru lri loun:rfivr-nn0r n:vauijuoy *oalhiarl r:nyv a

n:vonfiirhloiuacrarndrufiriluuri:vion:son unn ovl'a,nuruvirr lflruriuhiraao unnn:voru
-it14:1VtJttt1Ulla1amntt0!uotfi 19[tnlou

z. t.z.z'[arurit rirkilnunr:o'rurirrtllr#u1oud:rirrLrd'odu;rl luurirovintu*6r
u:rarnirrvSnndrusifin':ulrruravejoupLuafioutra'oi 6n#larlrrnfioc idl,:old'aur:no-l
tvu-lurduranlriil{ 1/300 1,o.rn?1r.]raurtotdueu vurioqrura4i4rld'arLr.r'fitor'[aurir6or6u

rduruavnr-un'luiould'6 r.ronornriuu'riurrirue.iulourirhjoior{luIn:rr:'oloiur:rvfir:srrarinrlr

uavfinruu{ru:.r

2.1.7.8 urirluarnr:fiar.lv Iouarfrsrnlrur4urirrr:vmvrfi ld*d udrfifinr,,hsiorar
damirhloran (uLtraviol.et) Iouarrr:novo-onrnrirua{rhudr.rfi.:to.rurirld' (photosensitive

i u:-^
gtass) uonornfiuri'rfrtflur lnr:fiarJy u-l:rrn'{ufirf,oaooourniol!:voilrirl 1

z.t.7.9 urirfirflurniofldlufiim.J:vririu ioiuri Inrtil *avnrruvrnioru,ri'rrirr 1

un:rvarLrl6to.rui'rfiuriocrflum-rdrnruiouldh"i6 usiatn:nooorrrioutoi6 avriuyiouri.:
0':a1rr:0on[as nnrn!alir.]i 0u [i Lourunir folayc

z. t.z. to urir'lulru6rEny:oindu,avlrudrunr:Im:rwurru urirl:yrnrd ld,nri

uaoolvr:vr-a{ raaooargryrnrn rfllriu
e.t e , e *ty" t2.1.7.11 un.lhri.tuo?nrfi utiur,uri'rfrldli,arirol.i nrva?uo.]nrfi rnioli! r{h.,siu
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2.1.8 n1: 'ta't'trJfiUlu U (Density)

nr:ionr,,yurur.lutoln"rodrl urirloaorryuua'nnr:rolori6fi6a (Archimedes,s
. , \s.- 'r, I - e i o Z -pnncipte) r{fla1'r L'r1'1 rlloimn[o 1 frolou [uro.rnrarvr"rdou u6oorodrfiurlrreiruoson u:l

ao ufr-rn:vlir rtavfl!'ro1lo{rr5.ia o un-'lov rvirrirrlyrvrintortorrua.:finninqriu uvrufi tzol 1r
-- i .5 yd

ilui{ufrro{rua?fr[{60 n-hexance 6rfinr rrvur ur"r lvirryt 0.66r g/cmj Iouldroiordr
a4
ot6nv:ornd r:-dy Denver Instrument narravr6un 0.0001 g uavdrrirfi'[d'rrrirurrun-r

alnr:d (z.r) tzrl

(w)
'Iw.-w' ]

rfio p 6o atuyuru ltolurirn-rodr.r

p, 6o nrurauru utolflo{tfial

6o rLr ator Iri'rsiro eir.:fit'.rtrar nr n

6o rratorurirsr-aodr.rfi {flutaruaar
2.1.9 n.t:i41Guro:IouIla (Motar votume)

Motar votume rfl lrli,rm:fi nnoia!nio.lfl o.iariufir1ria a*Lr:nurrriorna:Lnr:
.j
1A (2.2) t21,1

., M_
va - 

-
p

)-
L!0 v, na Motar volume

M* 6o r':ahranatoludr

p n0n1114U1L[U1./u0{Un1n?AU1,:

2. 1. 10 duu-Aa?'tl6ou{u (Et astic properties) Ioutdn6urf, u{danirltfi n

arlSnrtL6oydlr,{llar:lhfirir6'rytoliaoyr.:ioan::rrflo.:lrnaur:nronld'ir
-ziaouluarlr:nmuu:rn:srirldurnfouufiurlo ficnr:ioa!uTnlrrdor,lduat:r:nrarldTou

- isnr:yoaotuurilalu (Destructive Testing: DT) uacnll oaou uuu1riri.]u.], (Non Des-

tructive Testing: NDT)

w"

w

Q.1)

Q.2)

o't6 i e. -aicy-n15 1dr.l!on1u uolrr?ua1 'tifiyt't [o[oE,idn1lrn]L L!frara S.:rUuiEfrkiir,nrrl



1r /?rt

9L brrine,reuBnr: uuriuura'uqua:rtorfl
nlb9n 2-- v J\. "155q xounfio.td'u 1.5

fi urodr.:lrn ufl otornufl u nr:moaorlo ufi fi u.:rulririuvr u 1:^i drurnlunr: rniurg'u.:ru
-_.-- io 1u4 .e A ai1r:?0uta{ Lod nuralr-6n:uUouaudr rLiSnr:'l{naurfiuld'asrirkf,n (Uttrasonic Testing)

[22] 6.: uflunr:vroaol uu'lrjriraru (Non-Destructive Testing: NDT) Ioufiya-nnr: ttas

:r uav16uno-lrioh.ld

Z. t. tO. t ndurf,ulo-asrirkfln (Uttrasonic wave)

n6urdulo'aerirlrfi n tz3l 6ondlrf, arfiinrrrLfi arrfi unirfiuuouLuutjov

16'0u louvr-rh$dlatolruurilouraa'uovki'0urf,ura.iilrfiuludrl:vurru ts rHz rvitYu drfi
orariou l aroovldOlra't rfifinru64.:nrrfild oiriuloarrn6r#.:rirird'aoirlrfrn6rn-nos

rar:rufiraf,urf,u rfifinruola:nir zo rgz fir.hl aur:nutrtioro rndula'urld 2 t:ymvr n-rd

1) ndumlLUrl (LongitudinaI waves) rfl undufi dlr.jrurdrltflupi:nar.l
-iJiac)-ua?11'r Ll40un 1n Ll-J0?na1{[n 6io!rnrrL uutrurudlfranrt roa- oufrto.ln6u nr,lrLrirnf,urf,u r

nrr.r urro vfiFirn.lfilur-an uria vr.l:s rnu uriu nrTluSrnduriarmuurrlul-aoruFnndrfirir

rvirriu s,gzo m/s riluriu

z) n6ur6ou (shea r waves) rfl unfiufi d.:ru ru ud{r.fl uri'r nar.: udrlirlr.l
) )Y, J J J .re J a0!n10 [ur]?na1{rFta0Lv0l{a1nn!L0vr lnr:rndotvt-rornFu dr'[rioa-.u ri oufrriral rilr5:rio u

n'iradunuum nerl15rndura'u.r rdourvfinrnrfilur-aourmaytfro rdu nrrrL rirn6ura'u.rra'or"

roriaona6nndrfi rilvirril 3,250 m,zs rfl ufrl

2. 1. 10.2 nruall5toln6udamirlrfi n (ULtrasonic properties)

alt6tolaf, uo-an ii$tn 122-231 riJuhnuqruallTto ln6urf, u rlnuyrrr
i - . . .; - a ;, .j cr! I all n0nauLd u.l Ll.rFt1na 1ltt0actro ru anrtyufrl ocfrnrr! rirnlfiFiryf,r TounnrrL

f,'rvr-ud:vv'irlorurS': (v)n'lufi (f ) ruavnrl urrFra'u (r) ocl{lutlmrilalnr:fi (z.r) ri'rf,

v: fl, Q.3)

:i.i{
r 
- 

o n a- u ra= u l rd u y r r fi .l li rr ru : o a ri o : v .i 
r l syr n a r { si r lti o n-r.r a a-ufi

avri'ouuavdrajru:ouriaaur:oriodllo z n:fi oimohjd tzql

1) nr:avi'outo.:ndurfi ondumnn:rylluuurm'.:arnfi!:at,rrio:vfi.ir{er,r

narr o-n:rd:ut or ndr ra'urfiavfi'ou n a-l uavna'ura'u.rfirn6olfiilru:oarioovduo{ryr

nrualuSurrrf,ulfiriun.jr6r:fiuoldr,f,ul uvu (acoustic impedance: z ) to.rsr-anar.l#.:ao.r

ril. EvgJ

aur:nrirurrukiornarnr:fi (2.4)

z- cp Q4)

khanitha
Rectangle

khanitha
Rectangle
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rl'o c don.lrrrSrtor rf,a.'tun-rnarori, nu, p 6onrurarru utorn-lnar.r

2) nr:avi'auuavnr:d.:r.iruuoln6ufi nnn:vml.[uuu.:ri,Lla6urf, ulovfi
nr:avri'orna-r uavnr:d.:airurorndulun:fififiayrrrnr:rn6oufiriolna'uhilddlarnn-l:ourio

:vyirln-rnarl ovuflr:trJnrln4tolarua (SnetL,s Law) nlalnr:fi (z.s)

sin0, _ c,

sin0, c, Q.5)

Media I

Intcrface
Media 2

n'md z.q nr:avviou'uoraatufinnn:vuuuiraru:oaio,ordrnal{tauri,rqunlur#urjn6 
tz:l

rr'o c, *av c, 6o nrur5rroina'urdurhsr-rnarrfi 1 uasn-lnarlfi 2 murirrir
0, uav 0, 6o unnn:vv,r,orndurf,uflun''rnarrfi 1 uravoyrnaxfi 2 n*Lrir6'r

2. 1. 10.3 rytnfi nlr"adroaln (putse echo technique)

i6nr:n::raolaauulruionr:n::oaoloolnniol.[uinqfio{ 
a i6 6o

i6fitdnr:avvi'ouna-lrorn6u isvr'ldnr:arr.irutorn6l uavi6r:I**uli tu 3 i6n1;d iBvli.il
nr:ayvi'ouna'rroldrgrgrrufrad (putse-echo) t24l u{lui6nr: r -urLldlrnfian .tunrvrfi 

z.s
uan'i:yul.jer:?oaor:oulnn jouralr:toriarq Ioal{va'nnr:tolnr:ayi'ounaiutoldryryrru
rYari
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Powcr
supply

11?9t:10aau

ir?o1uya.!to{?da (2)

nlyi?i2.5r4a-nnrrac?iouna'ur jo.t;'ru[u16ufrad

.i , v ) - .) 
" 

y ) " ^ -nl yt 2.5 !:sn0uolurnio{rirrioa'ryrgrrufiadfildrrrrirfi rirufio#ryrgrru
.u",, ) ", yl q <i v, trll',{vila1u:1j1]0u t14u?a{nau0asr:'t Lstn u.rol.t1a.induolaqfrkfrnld'il,f,ryrgrfulyhtrr oelir1#

- ", ) v .s - J i -Lnonl:duuaE rno rilunaudaaSl|{ln{urr arna-uoasrirkfin 161.yrr rdrh-fluiaovroaol uav

ovlfion1: asfi'ouna'r,fi0 rfiulrr rh] nivv,- n'u fi'r 9i1Lvn-{qoto i;n0v5'ol o er nvr: o rluiaq na'u

fiavviounanrrdovanu!a.irflud6uqrruh{flrdri'ri!a'rgrgrrunduo'ar,irkfin ri'riruayrr'rri.l
^l- _o- v1- - a,.Z JJnau0an:1Ltun01n0v[uu9t?rotu1nLu50ltun,i!d Lovtri{uoud'l nr:oo nrr!1Jts1Jrr ii'ryryrtufr

iutriovnnr ur u uavrirhjl:vrr a zua rfiorirurrufirsl'rttui.i ro{:ouu n io.ruionarryurtor
id;'t9ln Lun15n1!'tfufi1n?''11r15?naurdu.i ira0r51Lr1rn'LuiaqvroaoualrJlt0rarld'o rnar nr:fr (2.6)

-!
o.i1l

,, v.,,s"
v\r - ------

5.,

zid
Fr0 n?1 1:lnautau.i 0a0t5,t [{uf]Luiaoyoaa!
11Jd
n-o nrrrLlSrnfiurau.ro"aoirkfr nluuyi.:ujiullfi arlrn:rru
4 u .i- sn0 n1.l|11.J',tt0n1aqyoa0!yt1o tou1105 L[un15a!r!oi

4e 4 -n0 0?1 14U1fl 0.:IAnylOAO!yt LOQ'tnLn50.i0-aq51[stn

Q.6)

J
LtJo vw

v.,

sw

S$

a

roda.r o'a n ir1rfi n

:aaunniol rrt
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2. 1. lo.4 a!n1:fi rfi ardorrYr,nf, r"r,f, r.,rohsrirlrinfiLdo:.toao!

dolirnr:iorarursrnFurf, uro-amir1rfi nri'lqruurr uas rdouu6'aatLr:n

rirurruyrrirar:lSnrrl6or,rr]u tzsl ld'd'railnr:siohld

hodanuurr (LongitudinaL modutus: I- ) 6orirnruoiruvr!siotu:{ nnluuu?e]1rJU.r?rJo,:
- 4c,- ,iao d{rtluor-otlarunltLr6'unuurlrionttLrniuoorrlLr.)

t- : pri Q.7)

Q.8)

ntufr z.a luoa'asrruurruo{iasUi

lv4.J,
Lilnaataou (5hear modutus: G) 6onr uyuflonr: rdou:vyirlfirto vt-ao iaofifilloda
.4, X- l-_-_.a ) a, -ta0u6{u6fli?'t?an!u!n?1}Jytun0nllta-oulc14?1i 1ro{ian {{tt]uo'gt:1d?un?1! tduraou

monrtLrnieroriou ySoilu:,:tlrorytrrYun:slirrioiao'tufrnyr.rm: lriudu lirl#firr-aorfio

nr:ua'ouhl

G-pu;

n1ui, 2.7 luoa'ardout a.rr-a o

i



1.9

hqaiarfinJirrn: (Butk modu[us: r ) 6o nr:r!6uuuu]aujirrrr:rfiofiur:rn:vdrlrnfialrr.r

rfl urirfi lonn:u6'ruyrutolto.luitra6otorrraardofi nr:u]6uuulaltjilro:

Q.e)":'(i).

o'n:rrirufl:eiro.rd (poisson's ratio: o ) 6oo-n:rdrutolnrrrLrniuonrrLrm{sioalrrLni uo
i- i Jor!ur'r?rrfiof,urfiofi*:ln:vlir raioo'n:rdruro.:n1:yosYrflr!mrrsio runarruriry!nr:

rursd'lor umrior,tr]runrrrlurr

nt^rfi 2.8 kqaari.rGlro:taoiaq

L -2G
':2(L-c) (2.1,0)

F+-

ntrd z.g d'n:rriruf, rrivordtaqiao

+Z

I



hqd'atolri.r;i (Young' modu[us: g ) 6oo'q:rdru:yy.jrlnru rdlrionxl rn;unroi;aq riju
rirfiuaor firnr u oiruururionr rr: rn:'uofifi u:':n: vrirfi rv rlro'a': iaofifiIloa-ar o.: riwilr n

ruao.:irin:rlyurio nr:uJ6ulu!alnrr:Lurtkilrn

E:2(l+o)G
F/A +

Q.11)

nt^rfi z.to uaolllgdata.rurdtoriaq

nruudl:voirhln: ( Micro-hardness: H) 6oorualri6,uo riaofiaur: ndrryruyi oyurio

nr: rf, Ei:! rruJfla rafin Io uilnG rfi oor nn r:rir'tririu:o uol n nrino uavnrrr u6roro:rrfir
Fl't'u.1o1lJ11't1.Jt4i0n't1tJy!o0ni:to n1:{a t[Juoit-r

(212)
E

ill
(t +"

,l

0
6

H=

ttJo p

nrufi 2.t 1 uaotnrruu6{:yri'u1lln:to.riao

a0 n?l l4u',r [t1.J1.J

Jd
n0 nl1 t:lqautau {0an:1Ltlnfllt.]ul?
!eJdvs n0 n?l 1:'tnautdu{0aa51L{Unra0!
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2.1.10.5 n1:ri1urrulou1ffi6 bond compression model

One cross-link

Two cross-links

Tensile
stress

<1--

n:Iy.d 212 lruln21rlenro.! cross-tink lu:culuro{rasnorl [26]

oint1ylfi 2.1 1 rLao{iy1.t.t1l1lo,loyflo!tr1J1J 2 fifi oBlrua-nuruvton Tltoy

t6otllu.i (cross-Lin0lur-aq Iounofiruyruovnol fisr'rur,lr.i.l A 6rrfluoyno1fifiiiru.:uryuovsio

ani (nr) irirrvirnlu 2 o-{n1 trav !i.roveror] n biinr:16o!qiorir:vurl6u6lrirlrifiryr.roc

rdorlu.: (n") rvirrir: 0 (n.=nr-2) fi1n a vrujrl' nrrvilryu 3 6,:n'ovooltrr16u.rfiriol1u.r

riu 3 oysrol uay nc = 3-2 = 1 riruOlro'urrYufioo C ovtd n, = 4 $at n,=2126)

nr:n'ru.lruloui6 bond compression modeI i nv,:o{ruau69rl.jrnr:
ruJduu;rJuwtoIrlm:tJntorr"aq raionr:r!6uu}Jtorr-aqdt!iarlGravrrvlufinmrrlofrnyrr.:

rafillijufrrnu rilurn'u.:nr:nl6eruu arnlrrurrr[uovlu1n:rdru?-aoloa!l1fiornnr5
rrl6uuuf awo,:!! fru6y l2lllouovrirfi l6lnr:i'oriu.:oyfl o!rfl ulura nahi!u!!arrlfi fi ro.:
oontrdusiactfro uiu nruarlto.rryuov uavratlnooGlufir 1ou erioge ldrYrdoa,lrno.lrrir

to.:nrrluuru urolriuov16orLlarriorarjru4n:Iouua6urfilfiunurirnrdtoru:rnr:dn

(stretching force) eirrYuu:n [28] arlr:orirurruurriralthnrudoilqu t27-311 ldq-.:alnr:
MO LUU

hoa'arfr,:rJilrn:ornnr:0lo-ntolfiuns (Bond compression bulk modutus: Ko" )

K,"= I{tlF}
(2.13)

hoa-anrl arlyrlyqufi (Theoreticat tongitudinaL modutus: Lo" )

L*: K*+ ( 1.33)Go" (2.14)



Iriqa-arfiouvrrlvrqud (Theoreticat shear modulus: Gn )

Gn.: ( r.5)Ko. l=al e.$)
L l*o* l

o"sr:rdrufl reirolrivrr.rvrqufi (Theoretical poisson,s ratio: o* )

oo" = 0.28(n" )"'s (2.16)

o'lhoa"avrr.rvrqu6' (Theoreticat young, modulus: En. )

E*: 2(l+o*)G b" e.l1)

oi'rrrr.l:fi rfi urrio.rlunr:rirureulouio' bond compression modet irilsio-
1rfl

n=l

I* o.l (2 18)

N.-
no = i)(n,x), e.tg)

l

r: s.28N[x"I,'l'+ 30
Lr )

Q.20)

F= Q.21)

riio r 6o nlrlurlriuoy:vy.ir,:looouar uayloooulnn

nb o'o druruln:.:dr uvriuoy ri or,rrjr ulilr m:,u o.lrudr

f 6oeirnrfitolru:lnr:6oreirnilu:ntoroonkri

x" lrac xb 6o rir6rSnlvr:runr6i6,uollooouau[aslooouurn nuriroTl

N 6o ;irnllr{uoy (t, Z uia Z)

I(*nr0,
Itxn,),

22
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a

;
x

n

N.

NA

V"

nf

i-",-
no nrn ifrfloiu:{n1i0ofiuo!1ou raau

6o nruuurrruuto rn-uov16orlu rlou roa'u

6o uaudruhatoroonlrriorril:vnal i

6o iirurun'lrrrautu-iuuorniuov16orLlo.:siolooouurnlu

oonlrri i

6o dtrutoooulrnrior,rr.iruao:urdr

6o ratorhnrlo:

6o rlirrq:Ioullatar ufi.:

no [at tn00:or1.Jti.Jt0{ 1000u1J.] n

2.1.10.6 nlsriiuiru1quldi6 Makishima-Mackenzie model

ulhora'avrrlvrqufi Makishima-Mackenzie (young,s ModuLus: E,, )

E.=2V,lG,x,
i

nr:fl nurall5to.rian urirrfl u6orfi r.iraulooeirqnn rfi orornianrfr oi
aT:r:nrirhrldrj:vlutritdotirlraarnuaru uiu rariroolvr:o'nri Inr:{rirutr.h!oiooilfin n:von
rarirriroi'r l hJrflrdu rilri'lnr:rlrr-aqrf,odhl,frrl:slutrj6lfinrrlo'rrfluour.:0rfiosrio,:

vr:1!fi.iqruail!"6t0':urirfiocdrldldlunr:rararr'60ou{uii6firjradodni6ud,:60 uqufi
1ro{ Makishima-Mackenzie 6':rirrauoloe A. Makishima uav J. D. Mackenzie lutl o.a.

19zo lou'lfrnruaulofiqruartGto.:dru!:vnol,uo.ruri: Iouovt{ sio, rflu6'uulu6,: sio, fi
In:rairrurr tetrahedral loufrfinou (si) osd'rriloonfiLo! (o) 4 oysror aru6'l#aruTtor
niuovrnfil'qruarLr.rTdlul'ouriurftlu;r.Jtolufrruaczudn }iuuirrl:ynorduornar:fifi10:lairrfi

- i"
114u0!n1Jn0 'l nu vrrilvlo[ou coordination centers (f6noulrayoonfrroulu[lrir0firnn) uas

arl6'irln:rairrnaeirfiliiorsiorYulu:rlv:u.:nar: uavnrrrrniuororfiuoyoB!rudruua'rru

nr:aaruyi-uov6lnr:r.rrrirdovorn-ui6riol Sun [ac Huggin t32] yrqul.ro.t Makishima-

Mackenzie rtlunr:uao.larua"uvr-udtorhqa-a rfrnrirLrrt:riu nruyurrr urolnr:!i:!ttau
fla'.:{runr:aar ufiuovriorar.h Erli}.lrq: Ino Makishima LLav Mackenzie ldrirrauo semi

empiricaI formuta model rfiorirurruurhoa'a doudutoroonkr{urirluu.ito,rol6rJ:ynor
a)!

vrl.irn! t{1lu0url!n?r i4u.rrLt_Juflo{n-l:u:io (! ) uavvra-llrlnr:aarurtuov (G, )noluriav
oonlrr{ 6.rarrLr:nr,irueruurriralrj6nrudoradu 127-2a,33-34l1dd'launr:srohld

(2.22)
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hoa'artlrlSrLrn:vrrlvrqufi Makishima-Mackenzie (BuIk Modutus: K_ )

K.= 2ylE. e.23)

hoa-ardouvrrrmqud Makishima-Mackenzie (Shear ModuLus: G- )

G,= 38,"K.(eK,"- E.) Q.24)

o"o,:rrirurl'liiro.lcivtl{yrqud Makishima-Mackenzie (poisson,s ratio: o. )

o-=(E./2G.)-l e.25)

u .ij
erru!:ytrnur"[ol1l.tnr:rirurruloui6 Makishima_Mackenzie mode[ fi

0.iFl0 L1l1J

,: [t)(+)(xn',+yni)N^ (226)

,=(t\(,;,JIY. = IfrIr. Q27)

fio G, 6o na'tmunr:aarur{uovtorolrir.J:ynouoonlrririourjrulilrn:

V, 6o nrrlulruillrolnr:!::olqu:.txJ

Y 6o floo-unr:r::ouolorri!:ynou i

xi 6olgrydrullaro.roonkaiorr{r.l:snoli

p, 6u ntruuuru uto,:orrir_l:vnol i

V, 6o r.lilrn:lnukaninnl:yoao.i

Mi 6o rirurinhraqaflo.l M,oy

R*Ro 6o infloourol pauling to{olrt M uns O orltciro-u

y 6o rira'rrl:vfrydnr:rlirr.jq.rlouvrbiorno-m:rdru:yu.jrrrjrllnaia
-e|' u _.;A,[t il]t Ta:yt Lrt01nrr:yoao lrracnrllLoaiatoluldfildolnnt:ytnao,1

nrunirrirnruuururiu,uornrru::qloa:tr
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2. 1. 1 1 n?rrridugrurdaefrui,rfi

2.1.1t.1 itd (radiation)
v.;

ua.rlrlfr uajn:voruornuradlrirriaoonh.IL!ornrfiu6ooirnardo 
1 lugrJ

tolnduurirv6nh'{r{rrrir :-lf,nrruiou f.:f,rond irf,unr:rr .rar uay:rllr.ln'rounrnfifi
orrlrirardruorfrrriu irf,ruoar',lr frf,iqr uasfrf,fran:ou orodr*unir6o.rndrrsrt.r
nruartfiytnrunrvrldrflr: 2 ndl t35-361 60

t) :idtrinolooou (non-ionizing radiation) ilf,rfi odrfl uilf, iifivia'wrl
oiroulud?rgirro.ruaunduuriua5nb,hh (etectromagnetic spectrum) rtiu uarorfirtd rra.r

6uyl:rr:o nduhln:rrl,i uacnf,uiyu uflLd'u

. -- - i2) :{ayn0[u[no[00au (ionizing radiation) :".:fitfrniovrfroornoynou
< ic, d i -u50orqvr='Lnladu:fru5unir oror]rriusri.:f, (radioactive element) uiu er:lfiur uayyoriu!fi

l{rfl I rdornfr ,rlunr:rit.Jfr fi3urfr .: rndui

l. 1. I 1.t tuolo{:{a
,)

nr:rur.r:la-[6r0.:ourrriorfr oltolornrillTuoildriurianirn-lf umnryrird
(radioactivity) lou:-rf,fiovsrolrvioorodtriradu:r.rao!douoonrrrflui.:f,viriohilfioloooufin-n

- -!y{1r [o 5 ruo ann{u [37]

t ) irduoar4r (atpha radiation) ounrnuoarlhfi ur.joonlrornfi r rn6era
., do'Lo1 

reirurorio Lri'ufrnnr:umno'rldo'rurifinrruaur:n1unr:uv4rv arw.jruinqrioarr n olnrn
. aa - d i - :

[[0avi1]rl.J.i 0un1n nn0!l rna uffto.! ornBtdul{ltl:v n olo'ruhj:mou ao loun rnIavfrts]:ou

aolour'rn firJ:solviflrrrnaorirf;uoav,{raur:nvqorYllddruurlLn:uo.r1r raiordoldorrl 1
A=----v--U a eu d?1r.1'rl4u.ituu0flfl0lr:r rrnnriaoflLr,rflduoar'{rr{rh.Jnrulu:r.:nruro.r r: r oroovlo u nr:yre1o

^--:","":^^^-*^. ---.^^^--.l- .=-.,"-- r - .7 dr15nuv50nT:0rr a'l invr0urnoufln5trIoun:rdlrioruonru[u uasorolir'L#rfionrrl

uf,uraruriurraaiki

z) i.:f, v'ri'r (beta radiation) ounrndrdno:oufi ue.joonlror nir rn6ua

101 frdruro rio Lrnrfronr:url nm-rfo u n'jr:-1f, uoar,'lr uria rrlr: nuv avc ar rldn'nr r arrr:orjru
- ;a. i,-.d'rnarrfirilurirki'!:vrrru r-2 rrufirrn: louvr-rlt]uniuoairiurnrrrvur'hfiiafrurn:fi

aur:nr.lonirf,l'drli nurlnfrtufiln6oalilfi615nn:ouurirfioufronr:unnm-lrorflln:o!oy

rfi oufl uouarnl!:oroutrac6rdnrr:ou firdrFnrl:oufi rorfi Gun.iro!nrni6'r
. ct- -4 , < ,r ,q .io A !Jl 5.iAUnt]t.l'l (gamma rays) tlUnALt$tlfi ein Ly,{t4ryrtLOrrUUrf Oa=Uat-U

oava!1nr./ion1ruon1flu?Lnaua 0lu1nM1h4[n=On1: ttqns]"')iou!rn uou-nartal lSn yaylsa't{6.1
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irf,unurarrLr: n rna'oufiriru jr.: nro nulrjld urivuoldd: uzurirn oun:'ny:'omvryrraur 1 Iou:-
fl! n!11a.i {11.t11O { 5{ A

q) i.:a-rond (X-rays) rthn6uurjua5nllhfi fifi aruumnSuturrnrdlriu
r.tFttufirJl.t01rtl.JLou?n!5{arrn ll LtolL}.l Lor.t1olnfr? rnfrua*nfioo ritfroorn{utol6 rSnor:outol

ovnorL'to l utiu rfioornnr:0r615nm:orfifinrrlr,Srartrlqnulrfilirpi'ru1arasfirfioiurniorronci

Llu lllu0ru

s) ilf,i.ln:ou (neutrons) osrioduluroiolrilounrnfrrn:ouuiolu

rniorrlfr n:nirJ:lrrulq uluroio.ro-.r ndrrovzufroounrnfr.:n:o11do drlrLrnrru uayirm:oufi
- ,, -,-rnorvarfu frlSrLrrurrnuavrn6orrfifr':uaru15rarlrndrr, frf,frrm:ouaur:nriruiooki6

uoiovraqoa{ridrunounimr,rur rjr ra6ovrr:rflu (paraffin)

2. I . t t. 3 o'u m : fi i u r t o.r :-r f, ro n dua v u n rL rL r ri o a a r :
.i-u+ A .i 4 JL 0:nff r0n{uav:.tattnrltl1[ndot,tfr ,.]ruaar:dlaar:riu!:v noud,luovoar

rirr 1 ovorolLuriavfi'rdrufirird!fiq-oylr{ (cross section) 'lrirfiodun:friErrni!irf,rondyio

unill1 [38] 6.rovaovounru rdlLirf,allou uaoflurvol#rLr.l:sf,vr6nr: aovourg,:ri'u (tinear

attenuation coefficient) 1'frd'rxd'nunl p raio#lr.J:;f,vrdnr: aorouli,:rra (mass attenua-

tion coefficient) tda'ry a-n unJ p,rp

n rr rL rttl is fi ll' a o a r fi nr u #r r[u iio-r al n r : ri otr] d

I: Ire-n - Ioe1P',P)px Q.28)

do I uac Io rfl unrrurdl:-.lf,filrnnn:vyruuayfl yarirusr-?narrnrrryur x fi fi

nttruururiu p nrrLrirrYu

nalnro.r:-rf, lonciuayirf, fi unurna-wrurirrlororfr oo'un:fr iurni!d'r-

narlr,lioaar:ldvarugrJ uwfirirdry rdu RayLeigh uio coherent scattering, photoelectric

effects, compton scattering, pair production ttav photonuclear interaction dun:fiiur
-g! -!- ^ruoavlrrjulfiorul4:co! d{lruorl 1 niu d'filiud'urJ:viv6nr:aovourfr.r r#u (p ) ifiJ:vnol

J.,oruar!:sdyinr:onndudou 1 tolu,navoTum:fiiur
1' 4 , 4 a ,u ;d

: { 6 r0 n r ua y 5{ A ttn I u r ru r-, o a-u ul ru fr nlvh1 r fr fr n nr a l uT rral' o u 1 niu 1 o u

';5.rd[o n{lnoolnnr:r!a-uuu ar:ol l ovnor.J drrlira'unrLrrrfi oo rnnr:l!duuur]a.: nrulu
!--

fr':rndua r4r:"rfrronduasi,rf,unulrriohjovGun:u.ir "Ir^lnou,, d'rior:friurfirfrrrfiu firild
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( 1 ) Rayl.eigh y5o coherent scatterin g rfi orfi aLllnouturirdrFnn:or.rfi
{," " -t'ululn# 1firrof,ua lylnouovnnu,lSur"urjarfrnmr.:rSnrjoura:'orfiolhfinr:rrjduuurjar

J - )- 4 r, 6 vn.i 0-u rl : -5 u 1 i { v r fr n u 1 n r! o n-r n a r r fr la t o s n a a i f, u usi o v r fi o rarnr r slub{ n o u ri r.r

-vL Fro fla.lituy iy oltoi LylFlou

(2) Photoel.ectric effects oiuo:fiiurdosriolrnfiir{nouvrdllruoir 1
i - I ! r iuq4 Jo.e{{11ai':1Utn0!yl.:u!ot0,t hl0tou0noonaut[as 0.tu rvrlilu,:drdn0:0u.8'ululriraaooonur udr

J J.dtdno:ou{uuonfri:cn'!ildllrua.:n'iroyr,drlruyrufiniolrilnruna-t.lrloonlrr{lu

characteristic x rays o-luao.:lu nmfi 2.13 o'um:fi3uroyrfioldfifiao r,fiobin oufina-.:lrual

n'irudwruror orbitaL etectron rs6'lrlurfiulrSnriou Ionranr:rfiooiusr:fiiardosaoalo tirl
a a u r, ; ! - - js:toril r ovrdr':ruly{sror.rfrl{u [39] { llonr anr: rfrod'uq: f,5ur photoetecLric ef f ects fi
- - "- i

fr11tJa fluEn{lt

Z]6pr(=
t:

nrioona'!i{f, utltlo'uq:ffi urphotoelectriceff ectslutirl:vrYlua'wru
- i-"hd' 

1 :v6'r- K-shetI rLoriaqfrfirarocsro rnnil 30 drh 6rsr:.:rYtlrra-rlrLrorirf,uoncilu

fif,filflunr:iiodul:n !:rnnnr:rudoruo*or:rlutrjrionr:u6onldfaorrirarnrSolruarflf,

l0nt u t 0 n 1: la 0 fl 615 tn ! 111a 1tyl1.l t.i 6

ra-r.rruoir 1 d{onranr:rfl od'r:n:fiiur coherent scatterinq fi nrua'ln-udoifi

Z2
o.ot € E

E

t-t1t0 z qa [a 10 s 910 L]110 { 516t

o"nr, 6olonranr:rfiorJ:rnnnr:nicoherentscattering
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Ircideat phot@
Ph oto el ectroa

Charrtcri stic r-ra_v
Chaact eristic x

n,rilfi 2.13 nltlnodunrffiull,ruu photoetectric effects

(3) Compton scatterinq
3. e ---. - | i , Y ! ,tu0)ra.inlu!1.ta.tul0{ hin0lJuu0nn1ulil1f fiuarf; nn:ouy]-od.t{1.Jon
- dd u , )r0':0vfl01.rfiio0ra nq:ou0a:y d.:rfla=i,:1uf ounirnd'wrufrrrn nn: yvr1Jua18 ryi.r lvlorouqn

,J - 4, a c ,a J r ! -t!a ulmflvn': tuLJl{anty[0.: [[a vo [a n0 sounntun 5e 16!1!frarrld u Iour{fl,ruotiln{[fl!h
nl nln15vr:{yrd{i11.Jltaslr.]rrtl.reYr.i n-{Lr6o{'[urirfi z.t+ dro'uor:fiiurdovlfinfiuldnirna1.:ru

v Y, ,i_- _ 4 r _ &,! _rv'{rl0u t1.J'u? r n11irl{ [av'{ii ii1usil6l o!d.rfld.i i'ru5vd'L arfru oi1,n:frs urfihiflr,fii uar oyorol
l--...-. ,! - t!- .![ount.i unrun!f]?11.rfiu'rru]u0[6innro!1Jo{6?na'].r rJ:r ng nr: rufri.r15o!:yluriluronrr:rj

n0ilfi 1!6oi rfl irvrtiunllai'r.rnrilo1n;{efi vlvqnuld lnudrniunni!n?lryuiu !drdnn:ou
to.irdordo nr:1d:-.:f,uonrivra'r{ru6{ Lfiori!n1rao photoetectric effects ornirf,ronritjx

UJ
ila'{{luei'r Compton scatterinq rfrofina-lIrulylsrou > 100 keV

22
O o[ ----=.E,
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Incideat pbotoo

Scancred phono

n1fl yld 2. 1 4 nltrno dunrffi u1 uuu Com pton scatterin g

lutir'rfind.r.:rui,rflouei1 'r .Jirrru,orirf,n:vrofluolusr:fiiurdovrvirryr

ns.! forward uav backward scatter irf,n:v riror nlylsrouvrdr.:ruqldrulraqjovhjrjr.rrarir

ndlrrutorb'{noufin:v16.rhlovaoarrflorornnr:aryrf,uyra'rrru fro r: ruro rnnl rrL u rr n f,ut or
ir f, n :y ri.rfi ul6 uutr] d'rd

1" : (h/m"c)( t- cos0) e.29)

urio h = Planck's constant, m. = ilra6r6nn:ou ttay c = n.]11[5?ro{ua.l

oiriurfi old'nrruurrn6r.irilu Angstrom (10'0un:)

),:0.024(l-coso),i
Q.30)

#odruna-rlruto':b,looufi argra'urrlorn:-1f, fi nnn:cvrl.rovufr rdumuvra-r-
.rru,otirf, uiu fi,, 60o #od?! a-{.i.rufidr5nsr:ounroonhl ss6 fi oo kev, 9olo fi 100 kev
tr6y50%ofitUeV



Ivrf,or:ou louh{sroufionn:vvl frorfina-rlru lnnnil r.022 Mev 6rr{luarLratina-rrutorri

6 r6nm:oluavlyrin:ou loa E: m.cr rdo ,. r{ilr:raro 16l5nn:ori lou e = 0.511 Mev
4e
drdnn:ouuavl isr:ouoshifirafru:nrnvrrna-r.rrr.,ov:rrdrrYunanvriorLnruna-rrruoa

oon r 0.511 tr,,teV ao.rsr-rlufrnyrlsr:.:drlfiuralo 6Ein.ir annihitation X-rays riluraollu

nrnfi 2.ts r.l:rnn- nr:nidrdorJ:s1urrjsionr:n:.:oifrod'udrurnior positron Emission

Tomography (PET scan)

olun:fiEurull pair production oyufi orLrnludxna-wrub,,lnouar 1 Inu

Ionranr:rfio pair production o v rrilnrlna-.:lruL,lo ourray rat ovn olto,:sr-.: narl n-.1

nrua-lfrui:!riohlfi

o., cc (E - l.022Me:V1Z

JS
rrolv,{ooufiyia]{mu >3 Mev nr:rfio pair production ovr-oroufiutusir_

flal{yl ta1l0v0l0!a,l

30

(4) Pair production
)a

r1J1.r0Ln5n: 01fl lJnl: u!liU11a{{.1l.J [r,'lnourUuounrnndrfr n0:ouuav

0JllM.VPbotod

\

- \ ,,.*-forton

-a
Posrtrod

B Annihilation

) X+ays

\
0.Jll:!t.V Ptoroo

nrxfi z.ts nr:rficdun:ffioruuu pair production



31

lonra}"nr: rfi ooir,o:fiiurusiavoLru..'ur vfiuoqryua,rrrulylmoufi rrmn

nrevr1, trau ralJ oumor.]rolm-r n a r{rflueir 6'rp oiriui{r:l:vivdn r: aoyou:-rf,6 rr{Jlzu a:.:rLro r
- -.Ja!u:sayEnl:aomou:':ltolynolusr: 5ut

[t : o*h +opE +o" +opp

arLnr:nr:onn6u:-rf, rfi .:rd'u 6roro riuuldriJu

Q.31)

(2 32)I : Ioe<-hxe<Dxc-.\e-dPpx : Ioe-rtx

2. 1. 1 1.5 iaqril!-.i:-{e t40l

u'oilf, n:vvloiod.rfi fiiooyrial#rfi oHanu:Lrlouduoqjnlrlioi'uraaru 1

o ei r.r rriu t fr o i.r f, n a'.: r ur o r fl f, rlS r r ru :-r a' ua v r fr o t o.r o iu r v fi f.r d n n n : v vr r ir f, fi
riolrirfionr:rumnsr-rrflutooou (ionizing radiation) rf,uizuaoiod.rfifiinloudrlriovrror hraqa
nru}lrraci uav:vrlnr:lirru,o{Lraiirl6uuh]uavrfinornr:frnrlnfrhir.:nrudu16' oirfulu
nr:rirrrurnturriorniui.rf,{rlfrl5.:runr:fifirnio.:riru-r:-rf, tshretding) rfioaorjiilrrui.:f,fi0c

t1 1A 51.1 n't u

t ) nr:16onl{tio rniol rirdri,:f; oio.:rirfi .:fi r

1. 1 ) nruu:lilf, told'urirrfr oi,:f;

1.2)rfr oto,rilf, vrioyra'.rmuirf, uiu:-lf, unulr:-lf, idryra,rrruar
- i --:.i au 011I a,i { T u0t1 t{auaafl1

r . a) ri rfi u or irtdraa-.: r r n r.l ru rni o r rirri i.: f, uiu ri ri u o ilri,{rl fr lG
r r uirlff Lu : vy'j x rJ4-r:6,r r u

ornnrufi z.to*ao.rhi'r#uirtfr oto.:ilf, y:.ona-r.rru:-ra-fi unnsrrrryulil

fi tiruroycaylcar,:rirldl uavoi'ornr:rnio.:rirl-.:ilf, rirrtfi ofi,udru
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papcr plastic stL-el lcad

alpha

beta

beta

garnma

a ---..-

aa

d

J"
n1lrti 2.16 o'ru10 lun1lflva uai{!a{i.:driineilr dl

id , i, a 1
5{AUnt] 10Un0{ Lt?Aoyt]n',t'ttJl4u',]Ltu1]Ai tfll.t rlyn? [ cin noun5quu1

1a'1 :-{efr?orroueio{016-uiaafifltsln:roua.i rtiu rlr vrr:rilu aruilf,flrn:oufir:'na'tlrusrtr

(thermat neutron) 6oroovl'fiiaqiifi nlinnn6!i?ntou(l (high neutron absorption) rtiu
'h:ou uavunofiuil riluoiu o-{[ao{uflr:rrfi 2.1

el'r:l{fi 2. 1 iastririlri{f, uilqa'lur,fi oro.li{e

.J . ---iz, vann1500ntt!!1n50{n't!{5{aLU0iFll.J

ilfituuurturl 6.r!:ynor.lrira orln1nfiiilfi !:yorfl udrururLrn In

onn:vvrr-rsrvrarnrYr ur'jl,iaoilfioruvul x o-iuao{1un r\it 2.17 auq61r}'n:fid LLflayounla

nnoona'uloua u:ni luduq:fi3ur16ur Hafi ufi oduovhifi nr:n:vorutorilf, yfi unfi raio

tuotJo.lS.:d tfi n uo'rrnEo.rrirfii.:f,

IoaYl'r llJ i't Lt ILr

1J 0t '1114 { { "tU gt1 Lt.l0lrllU

!o1 a{{1!4.: Y'{a 1A A n

:naL0ntuau un}.llt1
d-

n0unt0/nynllruan

l.J',l9r:OU aoyai n / i't / potyth ene/n r:riJu

ounrnlilfi rl:vo ovr,irurirhfluurlur-ao oirun#rrruuayfi ayr{hruurrduq:.r
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-ai
Io I

n1?rfi 2. 17 nlsnon6ituardndrui.rf,luiaq

1# p 6onrurjros rilu.uoioluq:fiiurro.:uriayounrnrioiaqfi fi nrtL
raurrolnrarYomr.r 1u ':a d'rriunrrrrirovrtjr-rfiovufiooium:n'Bursionruuur dx 6o pdx

tirounrniiru':u I0 0n n5uv1!o'r1ruur dx nr:rrl6uuto.r dlo orniiru.:u Io tfiorornnn
non6uaur:n16uukin-rd

dI = -pl,,dx Q.33)

nruldrro.r:-1f, unur Io rfl oriruioqfifi nrrrr,rur x nnurdlror
:-lf,unurovana{ I o'm:r nr:aqa.:tornl,,rdrro.rilf, ovrflr.ra-o;iruloum:rfii nru rdrLro.r
-di J i, ., Y.

:{ayl Loa 0uyt,.1,tl.Jrlr nat.:ulu

dI-(;)=pln
(lx (2.34)

lnioturrual uaorfi':nrurrilrio.rirdun,rraoarrfiorn6oufie.irusyrnarr 6r1ufid6un,ri,.:
nona'u (absorber) loerfi p n'o #url:vivrdnr:oon6u r€lrfru,o{er-?narn (Linear attenuation
coefficient) rfiorar:d'ranruuurur-iutortorrir nar,:fiq1ona'uovlda'urj:yf,vrdnr:oo n6urfir
ula ( U/p )

lu nr:rarrir I 6.: uiruiiru,rlvinoufi rn6oufi ilrrisrouur x lei drfi
ovriorrirfi'rfi.r6o rir:-rf,runurdorfina-.r,uryirfiu uayildunurd'0.:onoon6unrul,i,nrryfi
q n rio l 6 o rir r o r :-r f, ru n u r oiortrjfi n r : a v ri'o r

l<- x -l
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iT: i*. Q.35)

Q.36)

(2.37)

Q.38)

Q.3e)

touvt

tnIlj, : -pxli

I
lnl- lnl"= ln -: -Px

lo

I
-= e-*
Io

I: Ioe-F

,jr0 n0 n?'tt.][1,1.]1,o{:.:aunulrnolfrovatrumr-lnat,:

I 60 nrurriltol:-ldunurua-lairun"lnar.:
.r'w-i'LunT 

:urriralrJ:viyr6nr:oon6ui.:dttnilu1 [41] ornalnr:fi (2.32)

drrjrrir ln(Ulo) rYurir x rrrduun:rvr semi-tog ovldrdusl:$i'irnlrudurvirryr -p

ln I/1,,

nrtT fi 2. t8 n.trdlr{uii:vv'irr ln(vr,, ) tuunu y d.rrfluarnauuu6annrf, fi luasrira,lru
Ituttoln-enat ( x ) drrfl uarnauuurtrrdu

auloy:rlrirto.r p ovarrLr:ourrirn.:uulrto,liaofidrlri,oruut.l
);ilaaoa{e:{yti (Ha[f Vatue Layer: HVL) ldorn



2E

-hI
I^

tl = ' (2.40)
x

L, 
Io

l. = I (2.4r)
x

anarn5rrafir (H\,L) uav I:Io/2 *ld

(Mean free path: MFp ) 6ruiu :v uvvr':raf,uvr'h ra naarlr:o rn6oufiloirioufio yrurir
l-.-.. . 4 S - , " :trtaQa0! !0ruo'tl]?[u Loo1nar.]n.no i6ro L i

2.1.12 lilruni! WinXcom

MFP= 1
p Q.45)

fl n.n. tgqs Hubbelt uas seLtzer tridunuiEnr:vrrrir#rl:siydnr:aououlfr.r

- tlra ( p,/p ) IouaTn:nuaol'[u:! uluuoror:rrdola rfi orirrLrarilauu lruio-u t42] o', n,iulu
fl A.fr. 1999 Berger Lrav Hubbett ldinr:riruurnr:uaornr:r.:tioxarfluIJ:unirlyr1.:

oolfrrrnoi Xcom a'ruir nr:rarrir#rl:sfivrdnr:aovour0ltlla (p/p ) 6.raur:nriru:ruki
vNornuasar:!:vnorlud1 rlra"wru 1 keV fit 100 GeV ta2l lutj a.fr.2ool Gerward uay

nrus ldfi nrrrt'nrurll:run:r xcom lri'aur:al{ru:vwrJn'l-6nliuLr! windows ttacr!6Eru
) d..

iortlu winXcom Iouhj:un:r winxcom frt{drraiur:rirurru#rr.J:vfiydnr:anrouufruLra

douyrlrir x - HVI- vioo.:rr:raurtoliaqfi rirl#nrrr:u:ltolfif,

l, Io

t^ /2
(2.42)' H\a

ln2
l, = HVL Q.43)

HVL: o 693 
e.44)

tl

!)
!an0'lnuuoyr:'t!n'tra{ F u',:aur:nriru.leurir:yuy!aoonr:tu

ar r:orir!:ru1dyrs.: orn ua var:!:y n o, uo no..,ndu'or:rr fi.ro'usr: fii u rrir.r 1 rfiolvlnou
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nie?ildodar5 16'uri rl:rng nr:nJlvlln6 rSnvin nr:n:vli r uwnorLrleriu uavnr:rifimoun rnri

tutialua'.l.rru#r uri t kev fir 100 GeV t+zl ritaiurJo$iull5un:r.r winxcom l'rariroo

uaorzuao-urrfi 2.19 uavn1 fi 2.20 rflunr:uaolrira'rrl:vf,vdnr:anuour0.:rLrauavlanra
"lunr5 

sfin6Lfi5 n5arrirr 1tor:rq'[olor uou

ntrd z. rg r,triroauaolruato{rj:rrn:r winXcom

a.-,.tEE:-zE:

z.z .:Tui{ufirfiarrio.l

ntlyrfi z.2o nr:n'rurru#lrJ:yBmdnr:aoy ouri.:rrato,:orqlalnrlou (H)

..inliLliJl iar0 ia1:nt ur)t{ar!utJ:.tnln1:rurtul9u LtJoroa-lunn L6pit gmrr!ar o-rororio
.r,- u - ;_ ! z[r[noousnl uqoatnr *avfrifl[o [ouor-uo: r ufrrfrof,uriutor nnruarlTfiar r:nusrns]-rrflu

looou (tonizing Radiation) rioi.rf,druuirttflurdorEotarir.:nru fiovrio'hirfioaran:yyrrrio

rra;ifi.rlu:cri'udrSuro lourirhilriraqanruhrrari uav:vrunr:rirrrutorrraiirrl6uurur.lartrj
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n1:dlnrua !-6fl0.i41:n- lnE:-{erlrldrj:vTutrjriu 6roiorodnru't6':vrfitLri6nr:r.Jnl-6rru
.j u v di "Inu1n!:ra ri1ul.JOInUnrusn5:rrsnr:ururtrfiirdrInr:fl0.:n-udum:rE]orn:-.:f,

(lnternationaI Commission on RadiotogicaI protection: tCnp) dldora#nlrioirjfru$lrl uav

a1o'rrrur! liirirdriouviqolouorrTu 3 rro:nr:{orriudairarg 6o ldnarr.lfrlhlrut#avudqo
innrr:vuylir{orni.:f,'[ri'lrnfian ua yo-olril'rn6olrirl-lfirylrsal [43] rflolornirf,unurfi
r.J:vlutrflur.raruldru uolvufiororf,oduiirlrnr:rurdun-u lunr:rirfiiriunrr:rorn16rfirnu

ai
uut.lLrno!n5fl Brur rlo6ouraaro!:vnr: rtiu l'n.:rrfiluar riraTLr:n6rairuld.ir u urnrio
nr:tllrr7ru uavrl'oloiiui'rf,irroa'uirflulraruruorolfionr:uornra-ntd.iru rinio-uyarayiru6r
16'nhurr-aqurir rfioriurlduvunounimlunr:rflr.riaqrirri.::if, rfio.:ornuririto6 6o l.nr,,
L..h.:ua.r arur:nr.JiuuJduuorrirl:vnolur.:rairir'ohi'fiqrualri6nud'o.rnr:1d yurionr:rio

nioutorar:rnfi uastilaur:ntorriunrruduraionr:6rairuto.:u:rkio'6nriru t5l Iou.:rrio-u
firfierrrio.r'trnr:r.Jirr.Jqrqrualr:-dro,:uri'rrfiovoaorqzualrifrrir.r l inr:6nuraratorar:
rj":rfirriouri:6'rodrl rrju l1fl A.fr.2oo} K.J. Singh lrauntuv [44] kifinurnzuallTln:.:air.l
uavarlTnr:riru-.lirf,unlrLrto.r:vr-ruurir xpbo(1-x)si02 (x = 0.45-0.70) Ioulilnl5yrnao{
r-orira'r!:vivrdnr:anmou:-':iunrlrd'r uiE narrow beam transmission fina-llruL{nou
662' 1173 *av 1332 kev drurirrrwqu6'ovidnn 'mixture rute, uavll:un:! ,xcom, 

6.!
- .*v

2aci110, [oasul[tJrirurrueirnruuurni.:rirriohj arri6nr:rirriril6u nurrto.:ufir:rwdn n

rirhJuliu!lfruun"laouniorrirriri,:f,rrn:rru ludrutorarl-6yr.:In:.rafi.royri.ruiru,ul
!3lrm:Ioulila uravnr:fi nur FTrR uar acoustic,uorurirsirodrr ornnr:fi nurnuir ufir:yul
f in-n unrfllunr:rfluiaqrirrili.rf,unurr uayfirir n.lrrraurni.:riroirn.jrnounin rirr.,,l:-1f,

:lrm:orudraur:ovirianrirfiirfilfr'n'turorFnaluavfinaruLJi.lua,:tri uavyrl.ilfrnnr:
umnrintorln:.rrjrarufirravrfionr:riosr-rro.r NBo duufiofirlirrrutor pbo rfrrLrLrndu rior:ril
A.A.2013 Raewat Laopaiboon uav cherdsak Bootjomchai [45] ldfinurnr., r5:n6urdar
daoirlrfrn auuGdorar]u o'q:rd':uflrtol uavn.:uu6lro,:urirfi16'ornvr:ruri'orfiuoiraio

qla:rrorfinTrs6nrriavrd Ioald rvnfino-anirkin rrtn spectroscopy uayrirnruudl
:voiuhln: aror r:rfrrfloioirr 1 n'nrulndr6u{ry1r o,rrfuil:rari'olfruaur:nyr,oyrjrmld

vouvru66 nrliavrdl6'rfi ofi or:rurluu.iuo.la!ffi 6or,leiu ltaslui] 16urriu KhamiruL Amin
Matori uaun v tt:l lddnryruri'tlu:vuu (pbO)x(pzOs)1-x fi1fi#odruLLafirumnmrlnju

do x = 0.1 n'.r o.o lou6nurrirnrrruururirtorurirloutdraa-noriFfio'a r-nnrrrrirn6urf;ur
ol ur?unvnlr?rrrdrurvrnfindamirlrfrn iirrirvr'tdq nrjur rir ur ruurrir n ruarffior rr
doraeiutoruri: n'olilqa'am.,l,um I na'afiuci?r.i Ilqa'atola-r llqa-a rfr,:r.JirLrn: o-o,:rdru
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aoa lt o.:nru r{uriut o,: pro, lu1n: lrir uta.: urir 6 r{luar rraofiatrurar.rr uuurfirdudr u 6r
!n-y _e , ^,).a ^ .i "ou^ 

j
tLrrrL?'r Pb luylrurUu modiller fi.rdiLrirf,onr:u,f,ouurla{n: lair ltoruri.:Iou nr: ufio

NBos luln:rdru rirl#ar,rifi6era{urfirduorrnr:rfir,ro{ pbo siorlrluil a.A. 201.4

Sandeep Kaur ray K.J. Singh t4ol ldfinuriaorufir:vll xpbo (0.90 - x) Bro3_0.10A1ro. fi
frodru x = 0.25, 0.30,0.35, 0.40 ttay 0.45 finurnruall-finrrrirr-li.:f,unur uayoruarLl-fi

vr.rln:.rair.rto.rurir:vllrldlouldrvrnfrno'anirkfrn UV-visibLe uav DSC ornnr:onurnlir
n-rourlud::c!! pbo-B,oj-At2or fiFt-nun rila'ruil, nr:ldlru nr:rirril fifi unllr Iou:vur.
. y-i- ou-dJ3 J,- _3tln?tr.]nruarur)nr: rirulild lfrr{urilorjilrsu pbo rfir:fiu ruanr:finrvrlirrn:Ioul}ra uv-

o 4 a- -_u_- ?,t.]=. . !&. d Ivrsrb(e u5c tlava?1t.lril na!rau.r0afli'] [stntol:vrlunrfr{"Llirr}uirfr nr: riosilto{ N/Bos
{ J I -!tllnrt, u.t0ui!!5llturol pbo '[u[lrdurd'ufr 

K.J. Sinqh rrasnrus [47] ldfinurujit rrfiel
nr:flor riufldunrLlr uavn ruauri6lrl o tjrrro.l:yl! uri'? pbo-Sio2-At2o3 uau Bi2O3-Sio2-

Rtro, Ioutdflnurnruar:rifrto.li.:f,unlLllr'tudruto.reirdl!:viyf nr:aorou riw.:a rirnrrrL

uurairrir uav:vr.lv!aoonr:tu luucuvfiarLu6vrrlln:rairlkio'rriunr:lurirun.lrluuru u
- --i.-,4 - t' c A dun!t0.r11n a':{11.rvr'r{[r6{ 0fu nr[udEruanrnunl uavn']rtL15rndurdu.:ii'aflirltinnuurr

-t- :lou'tt'urnfinrirrl ri'1fi 6onr:rdu':rur.ror:".:f,Lonci UV.Visibte DSC uavrynino-asrirkin
. x ;-

sll'rourrto':rLri114'.taon:yulJ i.rfiao:uri'e xpbO{0.90-x) SiO2-0.10At2O3 rio x = O.SO n'l 0.AO

rau xBi2O3- (0.90-x) SiO2- O.10AL2O3 rfio x = 0.50 61 0.75 ovnn rmiutdulqu nr:ldryrnfin

mett-quenching nlrryurur.iuto.rnfrln-rodrrnniolouya'nnr: ori6i6a Iouldrlu€uriu
to.lLua': Qlnrianr:ynao.luu'jr :vr.]lufrr Bi2o3-SiO2-At2O3 n'nruuuruuju rira'rlrJ: yfrvrdnr:

aovolrr.r'ra unltovir flrdl lruyl itta i arrrl 15': na'r.f,s I dafiirkfrnslr!u^1a rnir:cut rrrir

PbO-Sio2-AL2O3 ulavfirir HVL rlau MFP ntrn'jr:vwuria pbo-SiO2-AL2o3 dluao.rl#rfiu.jr
,' ae
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dinn 0't:futx1r]t1.J'toyl Ll.,t,.j1u a Lu n 1i Lt t1J1_J nJuia n n1t.].1:{a LLn}]1]1u"tn n,t,'l[tR1 Bi2O3-SiO2-

-ti
AL2o3 Lraunl:rfrrr{utolriruru NBOs rJ:rnnrfiooonhrilarasyrinir.lilrrufiarfiduuri.:ri'l

ao{rvlr.r riorrfl n.n.20t5 N. Etkhoshkhany uasn u t3tl ldfinu:yrllurir 75Teor-

15ZnO-(1Ox)Nb2O5-xGd2O3 (x=0.0,0.5, 1.0, 1.5, 2.0, 2.5 mol.ok) 6{n ntsriurrlou u nfin

melt quenchin g nru uirndurf, uto'anirlrinyrvrnT rLarr uav rdouoniooirui6 pulse-echo

nrud 5 Mtz 'luomanfivlar hod'adoraduonrirurrurrniE Makishima-Mackenzie model

L[as bond compression mode[ otnr:finurr.]aro.: cdrou riolrloaia0ora{utol urir: vlud
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vrujrllqa6nraduirirrn"uiiu rfiorlirrru xGd2o3 mo[.96 rfildu 1utrucfi6'n:rdruirro.r
oruranfiroolru nruudr:vn-rhln: uavoruvninr:eiouoyr firiraoar ulorlirLrru xGdro,

Jg
mol.o,6 rfr {u nr:irn:rvlirtnl5rLr ruro.:llqa-adoraeiuuujrfiuaairyliirr.:ur{uovsiorarjr u

rlilrq: Firroduroqr{uovfi16orLriouavdruruto,roynorLfiarusioililruriilror: eiraolufl n.n.

2016 H.A.A. Sidek uaynruy t28l lfrFnurruauo{ pbo 0ioa}ri66oydl,uol:vulutdt ZnO_
^ ^ I \ec
P2O5 Inu16d'tnlirn:-al:ytturui'r 4O(p2Os)-(60 - x)ZnO_xpbO uay 50(prOs)_(50 _ x)ZnO_

xPbo rfio x = 0-60 mot.% rirurvafrn melt quenching or nr-iurir nr:ionrurirndrrf,ul
J.

o-aoirlrfrnvr".rnrr:urruavrdoud'rurnSord'aqirltin tdarufi 10 MHz driofiorur,rnfivio.r

rioranruri'lndurf,uro-aoirlrfinruavnrrrvuruuiu nnrirlr.Ildrirurruhoa-adouriu nr.ir fi
! ,-

nriuo dnn olrir.J:vnol uavn nirn:rvvfluru.i,tror nr:r..lilnl6 uu r.lilrruto.l pbo nrrrLa-lniud

rio.lhqa-au'or.rdurYt n:ruraur tr uro dnl:! rr eos erorL tor urir uaa'rfi'nnrjrrL ri ln: rcd rfio
riruruhoa-adnveiuto.lufrrd nr:6n'r'r!rulJ'ruronnliu]Suu*rJa.trrq6n::rnr:6ouejuornnr:

;-
voao rfraftrnqld' ovqnfinurlufiuillJto.r bond compression uas Makishima-Mackenzie

model ornnr:6nur !'ir n?rl,urruriufirrrrftillfirduriolornnrlfildrito,r pbo rLayu-{
- ") i-t nor novn"':fifrrraovflor.r a{ nr:ufirflutoln:tLurr rrriutoluri'rfirrnior:rir nr:rfirLduto r

pbo fi oroeiraal#rfinnr:nl6uuurlarluaruuuru urowriuovrfiorlu,:td nrulirna'urf,ur
uavnruarl-66ora{u niu hqa'atoleil hodarfirrlirrm: hna-alfioruavhoa'anuurrana.:
'lutruvfidsr:rairurlrrorrfirdusruuiilrru pbo nr:rfr dLroro-sr:rarufllror*aorl#uiu:r

nruu6runilro.rurirtdaoa.: aro.r pbo fifirionqfin::lnr:dor.r{utor:vwurir zno-pro,
!v - j < - s i , )Lftnnlrn:1v 0l1rJ aln{vrflo{L!:.1fl'1:dOn=UtclouLadu nrraiuturotolrlrrylu tiruluyi-uocsio

rar.irurlilrm: sjruruflit.JovrfioillerlriorJ:v1r.: n rirartLuurur.jlnr:!::o uacyta'lrrunr:

aarun'uovrolusiavoonltdfi riluo{ril:cno! nrhqra'a0oudluraso'o:rdrufl rrolfi ;o!i'
nu'jroulu:vra'jr.rririlqa-adorat]uviriru.: ruvrrlvrqufr0.tn bond compression modeL uay

Makishima-Mackenzie modeI ornnr:finurrruio-r,firfi urdor d 450'utdrfioolrinrrlirfio
u'D.rl slJu1laot[n?n1!,1i.ia Lou rynrnflliat]6!!mrii.i1 rtu nr:ioo.:urauru udauraa'nnr:
.!!.9e.,Ja.J"
0 r : nrl d a n r :in n': u r5l n du rd u t d'a q irki n rfi o rit"r ruv rlr: o a-a d o ud u n r r 1 n r : io a tl"6
rrro eirrurrdrui.lf,dr e rynfin n r:rirur ru rir #rrl:vf; ydn r:lJ'1.r0 u'r{vll.ro1ul{aox g tvlnun narrow beam transmission nr:rirur rurir#rrl:vf;yBnr:

aovrourfr.:lralouldlr.i:un:l winxcom ::lfi.rvrqufrfi1.81lnr:riu.lruTloa'a6orae]urirl 1 6o

bond compression model uas Makishima-Mackenzie model nforvfiHaolnnl:ynao.r

tolrini6'u rtiu K.-.J. Singh, Khamirul Amin Matori, Sandeep Kaur [[av H.A.A. Sidek flior
,!;d^,^a,.vudJJJ

vl.:ntuvI0 rr Jlnr1l1 n1{nll1,'t't un'tvrr] pbo rilto{nllvno! rorualuGnr:rirf.rflf,rfirLflurfio
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iao orJn:ni ar:rnfi uasiEnl:ilnaa{

:.t iaoqrJn:niuasar:rnfi

a.t.t iaouasorJn:ni

3.1.1.1 rndoloun::nd615nm:ouuludoln:ro (Scanning Electron Microscopy)

6tio nrncHt i! s-3400N Tvpe l loufiqrJn:niirn:rvliorm ridvr EDAX iu Genesis

:.t.t.Z lniol X-ray Diffractrometer ilrio pANatyticat :! X,pert High score
{ ,q i-31.1.3 lmlvao lr'{rlrvr-rorurania{ao 1800 ornrrtaufiua airrlnr, GTEC nro

?t1fl ana nruvlyurnraori lrariyura'uola:rtori

3. 1. 1.4 L0lolJlyifl rdfi qrur.r4ia.rqnr 1O0O o.:nrrrar6ua air{nu GTEC nlnirl
ilf, nd nruyirurnrafl i !ilriylurduola:rrorfi

3.t.1.5 nirraaorLurir

3. t.t.o ullfilrin,rSnndrliafrl
tr - tr ),J.1.1./ rnto.i0]oflLi11" tro Benetec Lim,ted iu tabcul 1010
)-

3. 1. 1.8 ra5,.r'riqunr a5rrlou GIEC nrairflind nruvive,arani ruriyrura-u

3.t.1.9 rnio.l Ultrasonic Ftaw Detecter 0tio SOrunfnSf jl Sitescan 230

3.t.t.lo uyN!:-Ulfrul V1 uay V2

3. 1. 1. 1 1 1r'?or?oaoun6urdu.ro'amir1rfr nuuw:.1 nru6 4 MHz

3 t.1.1. 2 rtmduta'uld'a qirlri n *llrll nlufi 4 M Hz

3. 1. 1. 1 3 roirfi uierifi u.]oiro.rridv pro'skit nrTiavr6uo 0.05 fr af, ruor:

3.1 1.14 rniottit6rdnvr:oin;i nrtLayu6uo O.O0O1 niu dfio Denver

lnstrument iu rc-U+

3.1.1.t5 l'nlnoi trlo z5o fiafr6or:

3.1.1.16 silicon carbide papers

3.t.1.t2 tolrlvr.Jorqri,riuni.:f,tio cs-137 co-60 uay co 57 nrni,inrn::r
irrnFei aruyinrn::lnrarli oNrarn:niluriyrera-g

ola:rtorfi

3.1.1.t8 ri'er-oi.lf,rfio Nal(Tt) dfi'o Canbena Modet 802
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3.1.1.19 u-x.t"oi.tf,rfio Care Model XR-1007

3. 1. 1.20 ur.lusrvri.:uavyo.ruoldruYlrirl-lirf,

3.1.1.21 rn3o.r Multichanne( analyzer rlSdil ORTEC

3.1.1.22 lauzdtyidduflu target 6o pb

3.1.2 d1flnfi

3.1.2.1 Recycled silica get (RSG)

3.1.2.2 Strontium carbonate (SrCO) ornlidvr ALDRTCH ox.r,lliqfld 98.000/6

3.1.2.3 Lead Oxide (pb3Oa) ornri$yr Metenere Limited a?1!uia nd gg.Sgo,b

3.1.2.4 n hexane ornlidy Fisher scientific oi1luiflild 95.00 oh

a.t.z.s ndrroia'u

a. r.: hj:unudtfflunr:ri'rio-u

3.1.3.1 1lrtun:rL WinXcom

3.1.3.2 l!:t!n:,] Microsoft Excel

3.2 iEnr:yrnaor

3.2. t irn:rvdolirJ:vnousol06nrroa
.i oy4, u - q
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t:0{l{aL0n{tyl.Ju EDS (Energy Dispersive Spectrometer)
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rir LrJ{rriru ro:-o rt'r6rfi nv:oindto.rrifvr Denver Instrument nruav16uo 0.0001 fir sro

oqlu:rJtol 5rco3 uau Pbo oalu:rtol pb,oo ar:rnfifin\16'osnno.railr"uirvaorurirfi

roiorl{

3.2.3 iSnr:r,raalurir
'lunr:yoaoraur:na1!rfl lruruuntrril,nounr:io-uri,:nrnfi 3. 1 ar:rnfifi nnruar

luuiruaorLufiroyqnrjrh.luaorLfiozuuri 1,250 ororrtarfiua nrulfranru!::u.rn.rfllnfi Lflu
.__- ^ -rr.t A e, ! o
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o! d1ufi?fi161ileYnhf16'rurofirvr:rval uavr-o1vit6':yurr oyloiurirn-:odrwirrailfioyrirhl
irn:ryr.iarLrl6sir{ l riohJ orrir.l:rnoltorurirfiro:'u116:vll{o-lmr:rrfi g t

nr:rlfi 3.1 aldrj:ynouuoruri.l Strontium tead siticate

3.2.4 mziaat w r4uruilugolfiraeirl ufit uav Mota r votu me

nr:ionruulruriuto.lsr-.loeirrui'aoyldyd'nnr:rolori6fr6a loufiar: n_hexane

dv:rtnrurururiufiruruourfllrorrvar dlorrardrrafinrorsirodrrurirfi.il'fluornrn uayyr
rirrarinuo'rpYrodr':u,irdd'rlu n-Hexane loutunr:t-r#rrau-nosl{rniolt',r6inro orn,i,.,orr.,
rirnrrruuru uto.lrui'rlourirurruornalnr: fi (z.t) rfiol6'o:tiuuruu]uuorurirm-rodrrud.r

ovJdnir MoLar voIume artr:nriruarul6'ornalnr:fi (2.2)

3.2.5 n'tr naounr:r#urruuto.rildronci

nr:6nurnr:rdur r!uno'::-lf,roncirvuao.:lri'uil'ir6'rotrr.rurirfiln:rafrluruof,ru-

gru lnurndor X-ray Diffractrometer d#o pANatyricat iu x'pert High score nnrjrrrl,g'{irfi

cu ro ufluurarirrirufroirdroncififinrur{ra,: rirdtrirvqnfufinfi4r (z0) ro zo. n:nidkjfi
uoonr:nnzu6nturioXa xno ruao.:triuiu.irqr-rodr.:firniurl{frln:.rairruuuo#ruoru

3.2.6 n1:ilnaouaurihnrqiqH

3.2.6.1 n1tiloaolloei6 Nanow beam transmissron

rirraiur:r-o#lrJ:yiydnr:aoyouYlf, urntLtlrdru rytnfi nnr:dlairuuwrir

r{aunu o{t[ao.iLun1fly] 3.2 Lnu u a{n1ruoild*nur 6o Co_60 Cs_137 ttay Co_57

;irraiuvra'r.nu 1173,662 uav 122 kev orr:a'roir uavdrvirvra-wru 74.228 kev ov1.fii6nr:
s .r jjo , i,qw, ,

Ll.t6rL Lvnunl[uf]:ifi L!n5sq!ur.Ju Tarqet Lou Lufrrn o lrzuunv n]-,)"[ritjao!6io r a'.i t.ruoon}.l1

Mixture No. RSG (mot.%) 5rO (mot.%) PbO (mot.%)

PbSrRSGl 70 10 2A

PbSTRSG2 65 10 25

PbSrRSG3 60 10 30

PbSTRSG4 55 10 35

PbSTRSG5 50 10 40

Pb5rRSG6 45 10 45

oud.,,.i .ir v- a j-- I ", e,srlalivr]{o1,aT:.! Lurnaol.vtLllrufl!nloyriunl 01Lrao.ihn1 fr 3.3 ornunrir{olaflid'Luun
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asyia-{.i.r1.J!1ri'ru: rurir aruuurni.rrir (HaLf value layer) ruay:cuvUaoqnr:r! (Mean free
path) o-ralnr:fi Q.44) *ay (2.45) flrrldro-! riruhj:un:l Microsoft excel

3.2.6.2 nnriutrulnul!:rLn:! winXcom

Il:un:l WinXcom nnr[ruurlou National tnstitute of Standards and
y;

Technotogy ltlurrudorLafiaur:nrirur curarrir#rrl:yf,vrdnr:aoyrouufr{ilra uaso,uo:fiBur

tiourirr l rriu nr:n:v ri.r uullnroo r:uri nr:n:vro'rulunorLrjniu nr:rfror.l:rngnr:ojlvllor6-

rSnqin n:vylunr:rfroun:llro-n{u i,:atLr:orfil.lruldvrsror4 ar:tr:vnor uavar:zuarfioqj

lugrJuJoirduoilouha fi:vnllvra-w1i.r 1 kev fi,: 100 GeV ornl-urjrrira'lrl:yfryrdnr:aoyrou

ufrwralrrirlrruurrirnrruulrn5lrir (Ha[f vatue layer) uav:yuy!aoonr:tu (Mean free
path) d'ralnr:fi e.44) *ay (2.45) nrrLrird'u rfiouJiulrfiulryue.taornnr:moaoqrirui6

Narrow beam transmission

3.2.7 nr:fr nuraudh6or.r{u

3.2.7 .t nllytqtdau dr u rvrnfind'a n irlqfin

hnr:yoraolalt6na,L6oraeiurirr l to,:uui.:or-.lodrl Toul{rniolo-anir_

itfin Eirio SONATAST iu sitescan 230 xiorLra'rn:rn60!oin *a yy-rn:loaourrL nrrrn-
rttin 4 vaz uavuvil calibrate V1 urvir Calibrate vz ldndrroif,uuflu couptrnt ruooio,,;
nrur5rrrr5orrdurotLurluasuf,ou *drrirurruarr$nru6orarjuldo"rar nnfi (z.n e.n)

3. 2.7 .2 nfid1u1rulrru1fi6 bond compression model

alri6nruEorae]udrr 1 vrrwrqufi bond compression model 61!.]15n

rirurrutd'ornarnr:fi (z.te) - (2.17) ruavm'rurr:fir6urdoflunr:rirurruriuoruaoflualnr:fi

Q.lg - (2.2t) a'rvrirohu!:nt 1 fft.ilunr:riru':rurirlrLqa'arfiu]ilror:uayo'sr:rdarrorflrd-

tordnorrrrir 10SrO - 20pbO - TORSG uaofluqrr:r.:fi 3.2 *ay 3.3
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n'n1':fi 3.2 rirn''lurj:filflunr:drurrurarrirllodar0lrJ3lro:uaydo:rdrutrarf,rdso.:6i

drui6 Uona compression model

err:rrfi 3.3 drururiuovdov auGlrn:ra{ufir ( no ) drnofi,o{u:q6ora6a?olrrusy
( F ) drrof, uamuuururiutorr{uosrioulu{eioan:urir ( n" )

3.2.7 .3 n1ld1u1ru1n u1di6 Ma kish ima-Mackenzie modet

arLri6n':udnraeiuvnwrqufr Makishima-Mackenzie modet riu a.,r.rro

rirurruldornarn :ni' (z.zz) - (2.25) ruav6'r url:fir,fiurdo flunr:rirurufuov uaoltuarnr:fi
Q.2o - Q.27) airra:nsr"autl:rirl 1 fflflunr:rirurrurirlloa'atoru-.rduaynrTrLofiarE.rrlirrn:

6'r urj:fi lfi tr r do.r sio2 Pbo 5rO

x 0.7 0.2 0.1

n 2 4 2

nf 4 6 4

N 1 1 1

N 1 2 2

r (nm) 0.186 4.229 4.rc2

x 1.9 2 0.82

X. 3.44 3.44 3.44

f (N/m) 299.0596 439.3s68 382.s093

PbO (moL%) nb x1o'E (m-') F (r"Vm)
hc

2A 1,3.3114 344.9088 2.4

13.1479 353.2431 2.5

30 1,2.9247 361.215A 2.6

35 12.5A86 368.8477 2.7

4A 12.0913 37 6.1624 2.8

45 11.7 565 383.1785 2.9

to.:rrri'r 10sro - 20pbo - ToRSG ruanrhnr:rrfi 3.4 L.;rz 3.5
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sr1:'r{fi 3.4 rirsr-rril:dtfflunr:n'rurrurardrTrqfrauo.rarei drtriE laakishima-

Mackenzie model

nr:r.:fi 3.5 rirsl-r[r{:filflunr:rirurrurarrirllg6'arfisGlror: drui6 uaktshima-

Mackenzie modet

ri'r url: fir6u r {o.r sio, Pbo SrO

x, 0.7 0l 0.1

1.38945x l0'5 l.ll7ll"l05 l.l07l7x l0'5

G, {t o" ul,n) 67.55 .18.5'l 2l.'72

R., {nr ) 2.r,r l0 r

1.19" 10 "' l.lllx l0-'o

R,, (nr) 1.4" l0-ro L4" l0 'o 1.4"10-'u

PbO (mot.%) Ko, E*p y: K.,e/28.-pY
2A 35.707 63 68.65639 0.656539064 0.396086002

25 34.88832 66.81305 0.627 47 6819 4.41609364A

30 33.12980 63.68714 0.597077342 4.435618666

35 34.84722 67 .06328 0.559s55552 4.46431225A

40 T.2A298 63.8A368 4.523936369 0.496618386

45 33.72531 64.68603 4.493620965 0 .528'.tj6922

nltaau 0.456139311
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RSG analyzcd by

i- - -!D_s_,9:hl!i"

' Inter compared with experiment and
, Standard radiation shielding concrete

lnter compared

nT yifi 3. 1 ur{un,tfl r?unoun,rril'1io-u

Melt and quenching

at 1250'c

Annealing at 450 C

Radiation shielding
Properties by

WinXcom program

Radiation shielding properries by
Narrow beam transmission technique

) F ,lt. . HVL, MFp

Simulation by
WinXcom program

I Exoenment P.n"".iu.. Ir-l
J

RSG Crash and
grinding

____v

J,
p

____ _J

l-r-,ty:l-i

v

l--,[tr--'.1-'dl I

I Mass anenuation I

| *.m.i.* 
!

---------___Y

Samples

Makishima

and

Mackenzie

model
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Glass sample ---^,_----)_

Lead container 
-->

Isotopc sourcc

40 cm

I

I
15 cm

1

T
12 cm

I
+ lo cm +

rnufr 3.2 rilafi nn,rrd{ii,tuuuutili{eu6u (Narrow beam transmission)

Lead collimators---->
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CdTe detector

Lead collimators

Target

Lead container--|

Copper containers

s",n -i Isotope sourcc

]-
cnl

T

T
12 cm

+
2cm

t
6cm

+
5cm

T
l0 cm

1

nlyiii 3.3 [yafi an1:6i.tsi,ruuuua'ril6rrnu (Narrow beam transmission)

t[UUsecondary target



umfi 4

,{a[[asn1:a[a:1vdHA

4.1 aranr:raro{dd:vnauro106nrroafirdouanrwrirurunfia ros
i.l

ornnr:drS6nloafirf;oranrvrrrd':rLrirn:rv#urorrir.J:v nollounr:ldrvafin nr: rio r:-rf,

tont (Energy Dispersive X-ray spectrometer: EDS) frqudrvrcll.laOlavv uaviao uultrG aa
&uu o .j
fr'L6o-ruaol [rrnryrfr q.1 [aynr:r.rfr 4.1

nrnfi 4.t orirj:ynouuor6f,nrroafirdolanrililoaoudrurilnfin

flr:r{d 4.t aldrj:vnouta.r0f,nrroadrdouanruiloaouoi.lgrflnfin EDS

Etement mot.7o

o 64.42

Na 0.51

AI 0.48

Si 34.60

TotaI 100.00
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o1nn1 d 4.1 ttasor:rrd 4.1 *aolo l6rJ:v nouto166 nrroavr'tdolanrvrdru rvnfin EDS

rJ:vnoudraaonirau (o), l{tdu! (Na), orqiriurL (At) uacQ6nou (Si) tflu 64.42, 0.51, 0.48

uav 34.60 ujoir6udTouha ornnr:i un: rclid'ru rvlnin nr: Golflfiton{:vuu EDS nldrfi

oonfrrou (O) uac06nou (St) rflurlsrLrrulrn uaoltriuiu'jrorqdr{Juorrir.l:rnolua-ntol8a-
i " v o.t

nr roa6o fi6noufiuoonfrtou{laur:ndr LU[ttt-Ju Ln: lail iuan Lun rltJaelLlJulaqttnl Lo

4.2 anufuvvl1.lfl 10n1fl t0.l9110u'l{un?II
PbO 20 mol.ouo

PbO 35 mol.%

PbO 25 mol.%

PbO 40 mol.%

PbO 30 mol.%

PbO 45 mol.%

n1v{fi 4.2 finr*rusurtnrunralo.lel'?odT 'iuti2:sljlJ losro - xPbo - (9o-x)RSG rdo x =

20,25,30,35, 40 uas qs urjoirdudlnulila

) .1. 4, 4-
o1nn1 fr 4.2 rtjui'nurucfl rinluJl'111tjo.id1ou1 itLn1 111J?',r9110u1 runlranu vtuutuo

r6utfi'u ufirdrfilnvrY.:oonltrirjilrru 20 rioiu6uo{louha iddrriut{r oroldallrorn
.id . aa ;a, - - q ,--i 

jj

r.Jitrruto flnloalifrfioq lufi6 nrrl a fr ltJuimqou Lun1llloa 0 i q { n']l1LPl5'ruuta nl t0avlLao}.1

a,qu i .i - i,
dn1 6.tUryprf,n EDS O 1ii rnl'rylihilo tfrolOrnrl!5U'lfut0 i Ln! 0aflUAUtJl n trLotrl!ounl

oonl{d!;!l6u ZS ujoil6uoiTnulr:a oirodrlrrrirfiLifif,drriuolriar rirurrfirfirfirLncn'r

oonkriilil1lru 30, 35, 40 uay 45 tloitduflouha or11;ird! ru'jrrrfirfif,r,fiulrdr'fl,ti., t
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J:,- .1 ".rfroufrurJirrrunsrYroonhrisrrrL r!oi16udIoulr:a rfiolornerarornvrirlirtr.il'nr:oon6uuar6

duvro uavosavfi'ouuarf,r,fiur (460 nm - 600 nm) oonrLr6.:rlarrriuurirn-rodrlr,fluf,rfiar

ndm6orfiouartrrflnn:vvr!?-onfi1J *ar innr.r'uov,on6lua.: uriacf,fil:snorrfluuartre#u1{

lurlSilrrusirr l riu uardrufiua6oornnr:oon6uovavri'ounalrr{rnr rirlrir:ruiuinqrflud
)e

rouarittualfravr4ourLrr{rmurnfi qn [48J

4.3 fl aornnr:iaRrur,tururlutoludr

ornnr:ionrruuururjutolriroeirlurialu:yrt 1O SrO - x pbo _ (90-x) RSG rfio x 6a

20, 25, 30, 35, 40 rrav +s u]oirdufi oruka nurirriu Io uldlaa-nnr:ro,1ori6io'a rylar n r :d

riru:rurarrirrjBrryr:Ioaha o"raunr:fi (2.2) nruraurur]uuavtjirrn:Io uha uao{o-{nr fi

/^-.1 i4D i N(2.1) Lout o{rua1f,[f,Lunr:ritrjr vu-n r{]l n - hexane fi,rovh"ililJfrfii urnir m-ro drlurir uay

(-

q.a lounl'irrirn':uuururiuuavGlrn:louhaiuurldrrdriiu nrlnr:rfir irrruuJoir6usi'

1o ulilatolsr s fi'r o onkri

--___l
-.a""""t""")

a'"" ."

-r' 

->
.'a

..,
,t ./ "''"' Denety

!' -..tt - -r- Molar vorume

r
--,r _-_l 1s.s

15 20 25 30 35 40 4s so

PbO (mol.%l

nrufi q.3 n'lru#uvr-ud:vra.irlaruyururiuuacG,n:InuI!arYuGlrrunJoir6ud

Ioullatorscdroonkri'luufr?:cuu losro - xpbo - (90-x)RSG

ornnrnfi q a raor'hl'lliu'rrnrrlvururirro.rurirovrfirduodrr:':orSr'ludxomlrdrriu

to':srv{roonhriolrlri 0 f,{ :o uloirdr,silouha va-,:arnrYr"rfirf,r,r,snriouh.tirrnrurdrdu
i, t el , .4 .s s -' 2uo{nvn200n ltotl{rtn 30 n{ 45 lt]oit6usrlnulla nunr:rfruf,utio.lrjiu,ruto.rotcrlroonltri

25.5

24.s Pc

z:.s 5
o

,,1 E E

E
21.s h

E
zo.s E

r-
l

5.8

5.7 5

5.1

t s.os

B s6
.E s.ss
c
6 ''"

5.4s

5.4

5.3 5

rfiorornn'ruyururiuta,:mvfi'r (9.53 g/cm3) [49] uayan:ourfiu! (4.70 g/cm3) iriurnn.ir
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€6nou (2.0q8 g/cm') [50] fi.:rfluln:rair.rraa-ntorurir rfiorfirLnvri:oontrrirdrltliulilrrufi
,.i!".,!'rnru0w1!fin?uyuruuutol urirn-rourlrfrlurnf,unrlhJdru [51] uayvrl.jrr.lirLrnrlo u

haroln-rodr.:urirrfi'r::f,u rfi'orfi'urlirrrurroir6uo,'lnuluaro.:srrdroonlrri fiuiirLrq:loulra
6olirLror:tolar:rafirhator:-aq1uur.i':uanlrndrrufimn: nr:rfrrdutonJiilrm:InErI!artlu
,ra 101nr!'roroliofltooou (ionic radius) fioait!:vlruri'r rfiarrrn:-afltoourornyrir (t.19

A) [52] uravan:ourfiuil (1.18 A) fiturolr,rqin'ir :-afltoouto,:g6no! (0.54 A) fi,:r{hln:rair.l
ua-nuo rufir drlftl:-:Lro:IouharLorurirfitlrorfi rLfir" tqsl

4.4 nrr,u'ur,uutori{;iranri

n1t?nn?1u[uurJan t0 [r.][!u,ianto.:d'rourlurirlu:yuu 1Osro _ xpbO _ (90_x) RSG

rfio x 6o 20,25,30,35, 40 uav qs uloiu6lsiIoulla nuriroir 1oul{runfinnr:uu'uturr"o
irf,lonri (X+ay Diffractrometry: XRD) 6rovorfl'uva-nnr:tornr:0r:-rf, lonrifim:rrnrrrLurr
nf, uhjn:vvrduru rirlrirfi onr:rdu': rru,uor:-rf, fi uloirl 1 riulo ufi firio rfl u6'r:ndola
.1-... .r ! -- , ! ,-[u0.i01no.ififLunr: rdurruutolirf,ronri ov6ro{ nllo,:ri!:vnoluayln:rairrtorar:fifi0u'lu

e )r v",
ri'r o urr {ouafild'iu 6rarrLr: nti.:t onrior o lar:!:vn orfifioejlua r:m-r o eirl ua valLr: n

ritnt{'L{6nur:ruav160qufiurrYlrlnr:lairltorzu6nro.:ar:or-aoeirrdultd tsal ornnrvivr, q.+

tuaol:r.Jurunr:uaiurr,uuror:-rdrond nl'jrh"J!:rn1fin'tnr1 uavl:rn6drul6rirrfinirrfirr
nr:raiurruurolilf,rSnd ( ze ) ludx zs-as o.:or 6.lrflua-nuruvtoliaoo#rugru tsql oid,u

orar:Lr:oa:rlld'ir m".:odrrurir:vuufltrjfinrrrLriluzuin r,r5orflur-aqo#ruolrrrrrloo

15 20 25 30 *roorro$
2o (in degrees)

60 65 70 75

(-PbSrRSCo
<-PbSrRSCs
<-PbSrRSC4
<-PbSrRSC3
<-PbSrRSC2

'3-PbSrRSCl
80

nrnfi 4.4 grJuuunr:rdurruuto,ri{6rondro,rd,rodr.:urirtu:cuu 10sro - xpbo -
(90-x)RSG
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4.5 alrihnr.:ilil

ornnr:finurn':uaur:olunr:aov ouirf, Io ufifio r: ru ro r n rir d'rrl:vf;vrdnr:a ovrouilf,
6rovfieirt.,r nraiario adun-rrlSrrruar:n nnf,u:-rfi nr uurrro.:iaoriru-lirf, uavyr a-,:rrural

- .i j
5.:d loustjr *L:frrfiu':rlo lrilaw-6yrldrufif,r.J:ynoldr u nrruylrnilrir (hatf vatue layer:

HvL ) 6oor rruurto.:iao6rarlr:oa o nr rrLrrllto l;ir:-.:f,a rtr-.lnEo,afiro r nnrt: rdr 16r
&uanornflunr:fror: 1n1: aovou:"r frtu: vrirhra n a :'oovqor.r ov'[dnr:s uv tJaoo nr:tu

(Mean free path: MFp ) 6lrflu:vuvmrrradufilrLianaarrr:nrn6oufltoirioufiovturyrhraqa

6r., v:'o n d rr d nu-uvfil6 o r v uvv r rlo u ra a'uvr-f.: f,tr:-r: r ruvrfirra ruarr.,r:n16uyxitjluia,
rioufiovonoondu'tunr:frnurnruv!rni{riruav:cusilaoonr:tuos6ory:r!rird'rLr]:cf,yrd

nr:aovourfiqdruav#rr.l:vfiudnr:aovour0u':a lu.rru:'o''er Fri{dfinurdr urunfin nr:eire.iru

ruulririrf,unr: (Narrow beam transmission) loufinurfina'wr 1) 14.228, !22, 662 $az

1173 kev #rLrl:vfivdnr:aomolrfr.:ld'uarrr:or.rtriornnr:ionrurdr:rorirf;riou (ro) ttav
' -dJ ,nrurrfutorirfrrfrorirud'rodr.ruri': (I) louor6'unrtrf,lyrTudtorrfiui-*arrefn o-rarnr:fi

(2.28) Inurira'r!:vfiudnr:anvour0.:rf,urvduoqjrirnruyurtorri'roeir.:urirnrt.,nrua-lfiiid

torrl'ui-ruar: rfiim o'rriu6.rfiodnr:rara'l,rJ:rf,vrdnr:aouor-t16.:rla 6la-rrl:yf,yBnr:aoyrou
. c,3rtwr aovlu{uo{ rYr nr rrvurto.r si'r odrlurir rn:rvn'osionrrr.Juur tt l,troriaq d'.:ri'ualrifi

-d-!nr:a nnou:"rfi6rf,uodn1lor rtllrur unjuroriaE uonornrirdtdornnr:lronoludr drLrJ:viyd
nr:anuourlwra eiraur:nra116lo unr:'ldh]:un:r winxcom 6.rzuafltdorn nr:uoa o.itlas

Itj:un:l winxcom u,aoflunrnfi 4.5 uas 4.6
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E

3.50
q0

t 3.00

E 2.50
'5

t l.uu

E 1.50

= 
1.00

: 0.50

z 0.00

2.00

1.75

1.50

t.25

1.00

0.7 5

0.50

0.25

0.00

. PbO 20 mol.%
----t-- PbO 25 mol.%

---^--- PbO 30 mol.%
--"'.+- PbO 35 mol.%

- -* - PbO 40 mol.%
------ PbO 45 mol%

150 250 350 1250450 550 650 750 850 950 1050 1150
Energl- (keV)

n1fl?rd 4.5 nt,u6-lrYuiirsr,r.irldrd'arj:vRvrdn,traa auri{!?a#ldornnr:maao{so.:rsuu

rufir tosro - xpbo - (9O-x)RSG nTund's.rruly,loau

PbO 20 mol.%

- 

PbO 25 mol.%
------- PbO 30 mol.%

- 
PbO 35 mol.%

---- PbO40mol.%

- 
PbO 45 mol.%

50 150 250 350 450 550 650 750 850 950 1050 ll50 1250

Energy (ke\)

nrr^Ifi 4.6 nmu#ln'uii:sy.ir.reir#urj:stndnlsaeyaurfi{ xafitriornnr:riru?ruIou

Irj:un:t winxcom ra{isuuruil 10Sro - xpbo - (90-x)RSG riuudwru

Trisrou

ornn111fi 4.5 uraolntu#rnTud:yrarr rdlr..l:yf,yrdnr:anyour0{r.r?ay d'a1nn.r:yoao.i

rilna'.rrrulvinou'[uffi1 74.228.1.173 keV uasnrvifi 4.6 urao rnrua'rniud:vrarrr#r!:sivrd

nr:aovouuB{1]':aornnr:rirrrrurr.rvrqu6'dTaLJ:un: winxcom rYlnii'rl1lrlvlnoulutir.l
u !a, e., , q j

[ou']nu lt1J't1o?0u1.iun1:y!!u1] n1a'.lU:ydy16n1:aqfloutt.uta:vM.irr nr:yorao.tuavotn



ni:ri'ru?ruvr{vrqrsfrl'uurLirfiaooadornnuavfiuurTrjrrfirdufinei'llrull,inol r22 key
I e .l i-ti o ror nrirarao r nsrc,irfi16! rdrlt-'lu1nr: rairr urir#ufit or nr:gona'r, (absorption edge) fi

na'wru 88 kev rfiovra-rrurfi uituti)u tzz kev 6.rl'rir1ndr6a,:ryutounr:non6utornyryr6.r

rirzual#a'rrJ:vf,vrdnr:aovour0uLra ufrurndudru unyi uurhil aoalufi ovra-rrrut orlylmou
!..

q.rf,urflu 662 *av, i173 keV orr./.iro'! o-.rfYuuaorrra-,u:vivrdnr:aovourg.:rradrodrir

nf,i{rurorL'loor,l uonornfi'a-{fiduo:fiiur vr'lviqoun:vrirsion-rodrr uri'.r r,tiu !:rnnnr:nlh,,l
lo616nvlin nrr n:vri rulln orLrl oi'u ua vnr:zuino!r'rinn Iouvrs.: 3 r:rnn nr:njdov;fluoq]ryr

ra-1.:ruuorlv{nou n': uuur urir,uo.:sr-rodr{ttfi] utavtatovorol eirraird?llra-l.lru 74.22g al
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zufimor1nrn{ [55] Inulonranr:rfiorj:rnnnr:nlvrs.: a dfinrrua-r:riurjfi'r#ur.r:viyrBnr:anyou
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- 

PbO 35 mol.%
---- PbO40mol.%

- 

PbO 45 mol.%



58

3.50

3.00

5 2.s0

; 2.oo

Prsn

g r.00

0.50

0.00

--t-
---/l---

----a--

PbO 20 mol.%
PbO 25 mol.%
PbO 30 mol.%
PbO 35 mol.%
PbO 40 mol.%
PbO 45 mol.%

150 250 350 450 550 650 750 850 950 1050 ll50 t250
Energy (keV)

PbO 20 mol.%

- 

PbO 25 mol.%
------- PbO 30 mol.%

- 

PbO 35 mol.%
---- PbO40mol.%

- 

PbO 45 mol.%

50 150 250 350 450 sso 650 750 850 950 1050 1150 1250

Energy (kev)

;--.
n1afi 4. 10 nx1uailfliudiril'i1.uvus{aoon,tirufitriornnr:riru?6uleuftJrunru

WinXcom to.licuuufi? l0SrO - xPbO - (9O-x)RSe riurlr#.r,:ruIv'lnou
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4.18 uanrn'lu#rnird:vrair.lrirartLuurnirrirtorm-'lodrluri.: ornnr:riru.:ru1oaIrJ:un:r

winxcom uavnoun:'mrirl"r:-.:f,rrn:prl r,frt urilr.JBrrrur!oiriusiloulrarornv ri.roonltei fi
na'wru 74.228, t22 *ar 662 keV nrla'rrir nu'ir riralrLyuroirnrrrolfir odrlurirfrldor n

nlivrnao{llasn'r:rirurruloul!:unr winxcom fiuurLilaoar riorlilrruu]oir6usilouha
:,c.!;to':ovriroonltrilrnfir rfio,:ornn':rrr.rurnirrirrth.uirrruraa'utolsr-rodrrrrrirfild'Lunr:
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ornnr:rirurruloul!:un:u winxcom uasnou ninrirl-r:-.rf,urq:mu rr.Jiuu rfiur., nir,rlirrru
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urr1dlanar rfiorlilrruuloi16!fioErharornvd?oonlrrirrndl rdo.:rrn:suvlaoonr:ru
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nirrio un'irorfi16'or nnr:rirll ru rion]ierr rfiur:vuy!aoonr:rutoroi'rodrr ufir rirnounim
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aovroufrf,ld6n'irnounEorrirr-rfrf,rrn:rru uavoi.:odr.rurirfi16ro.rvriroontrr{rjirrru
qsr!oir6!aloshafi n,larrlr:nlunr:aoyol:-rfl tdo.nirn-roarruriro.u
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nrrlLa*rLr{uii:vv'ir':rirnruvuroirriruord'roeir.:rui': ornnr:rirurrulouLl:un:r winxcom

uavoounimrirl".rira'rrn:tru rfia!rY!!ilJrrur!oi16!silouluaro.lsryri?oonlsei fiyra'wru

1173 keV nl'ir rirnrrrvurnirrirtorrTrodrurri':fildornnr:yoaoruacnr:rirurrulou

1l:un:r winXcom fiuur1dlLaoa.: rfiorrirLrruujoirdusiToullatotnyriroonlurirLrndu uav
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rirnrrrraurnirrirto.rsi'.,otirrurirfilriornnr:voaorfirirriounirrirfil6'ornnr:eirurru rfio
ruJiulrfiurrirnmrLvurni{rirro':fl'roeirruri'rrylnouniorirl-.r:-lf,rro:gru nujr n'.:oeirrurirfi

.) 've1n?1tJl.tulnlnn1u0u nxlno!n59tfirf{i.rd r0:tru ornnryrfi 4.22 uaornlua'lyriud:vra,irl

:v uvtla oo nr:tut oroi'r o dr.r urirfildo rn nr:vo a o r arnnr:rirurruloull:*n:r winXcom

ruacnouninrirdri.rf,rrm:gru rfiurriurJirrrurtloir6uqiloulrLatolqyriroonftri fir,ra'.:rru

1173 kev nuir :vuvr]aoonr:rutorsirodrqrri'rvr'tdrrnnr:voaoruaynr:rirurrulou

TrJ:un:r winxcom fi uurhiraoar rior]irrruuroir6us{Iouharolosri.:oonkoirrndu uay

:vuv!aoonr:tuuorri":oeirrurirfildornnr:voaorfinrrioonrrnrfiloiornnr:rirurru rfio

ur.JEu!rfiEr!:v ac!aoonr:rlto.rsi:oEirr urirr]unolninrirr-rirf,rrn:mu yrr.ir n-.:odrrurirl-

:vuv aoonr:turioun'irnouninrir!-rilf;!rq:oru ri'.:#lfinai.i.rrub,i $a\ 1773 kev m'rodr.r
.!-unr:vrr rnruarur:o1unr:anuouirf;ki'6n.irnounio riru-rirf,lLrn:mu ruasn'rodrrurirfi

16ilnvfiloonlteirlir:rru 45 ujoS16uoiloulr:afinruaur:n'h.nr:aoyrou:-rdtri'6n.ird'rourr
!_

uflro-u uonornfraanr:voaolfina-.:.:rubinou 1173 keV rirfiuurhiraoonda.:riufivrdl.:ru
A de
6u1 ond'au rfi ulurifi n':uaur:nlunr:anyou:-.rdrioun.jrfi ndwru6u

q.6 nr:;lnurauu66oydu

4.6.1 n'm eraouriaurvrnfind'anirIrfi n

rirhqda6ovr]uri^1 toriaourirosfinrr,finiuiirirrirur:r6orufiuruavoaurirr-

n'nti:vvirrlooourr n uavto oouar rfiofin r: r! f, uuuular rfrnt ordrur.J:c no!d{oyil.r,Ja rio

n':uurfiru:.rtorfiiovlirtfin:lairrtorurirul6ulhJ6,royl'nmra-rnTudnnririrqii'ato.:ui,:eid

rfluriruaornq6n::rdrunruu6.:u:.: (fracture behavior) roruri.: drunr:uJ6uuu!a.rrorrir

hoaiaufir!irrm:o vrflurirfiuan.:firnr:ula'uuu! artornrrrLyur urjurorr[!ov 16oilIu.i.,ay

riru:rdotornnov lourirIuq#adorarlufirardrurynfindaofrlrfrnovfinrng!ouri!n:r!

vuru ruavnlrlrirn6urduro-amfrlrinro,rn-rodrrurir t5zl drtrriro,n:rdrutorflrdroldos
fin':rl a'lri'udnnn.:uyuru utortiuoyrfiollu.: t5sl 6',:rfii.rr{0,:orfi,unr:r-on?rilri.1n6u

rf,u'io-aoirlrinortlur:uavolurirnf,uuf,o.:o'anfrhfrnnuriouto,:fi.:odr.:uri.::yrl 
10Sro

- xPbo - (go-x)RSG Toutdrilnfindaflirlrfrn uavldli'r.l-onrun' 4 MHz ioy'ouanirior lou
rirur runrrr15rn6uuf, u.ro'aorirkinldornarnr:fi (2.6) zuadl6'rfi'0.'rulruurallGnlrr
6or'rejuto.rurir loi'uri ho6'anrlul? (Longitudinat moduLus: t- ) Irioa-anurdar (shear

modulus: C ) Ilqd'ari,rlilrn: (butk modu[us: rc ) Ilod'ato.:o-.lii (young,s modulus: E )

o'o:rdrr.rflr aitald (poisson's ratio: o) uavnruufi,::vriullTn: (Micro-hardness: H) orl



ailnrifi (2.7) - (2.r2) lurrriiudnrta.rnrrrrirnaturf,ulo'anirlrinuanrlunrnfi 4.23raa
a.!-nrurirodurf,u':o-aoirlrfinoruurrocfinr!r nnirarr! ri:o6lrf,aro-asrirkin rdorrl:yrLrru

1,6 rvir rn:rsa6umt:urrfifinnr:a'urorounrnsr-rnarrtrrufiifinnr:rna'oufitornf,u a'ru

nduou*urrioufifianr:a"uro rounrosirnar,:a'{ornrytfifinr:uea'oufirro rnf,u o-llYu:yuvyrl

findurf;uqnSoufriuor-rodrrurirnrruueur':iurnn.irqr uulrdou dlarahinrtLrirn6rrf,ar
o-amirlsinm u u rrl'rirr r nn'irnrrrLrirn6urdarri'asrfrkfrn r6ou [23] rayorn nlifloaonu-{

t4i-nrrr nrrrrirndura-urd'anirlrfrnvilorlumuav16ouiruurLir:aoa,: lurirlnrrr:rdr{uro.:
mvn"roonkri 20 fi{ 30 nlofr6uoilouha ruavfi rirrfi lfiuu:'onrrrlrdrdurorsry6'roonkairfl u
as l!oirduoilnaha orn#unrurirn6ulduro-amirlsfrnyrs.rsrrr.rurluasrfioufiriraoal6nnYr

rfiorfirorrllrdrdutolnsriroonlrriuiu qo uJoi16uoi'IouTra ruayfinirfilfiur6nrioarfiolfir

aer rriririuuo.rsrvriroonkrirflu qs lroiriueilnulria arrunfinrrtLri.:na'urf,olo'amirlrfin#r

otLUrrlra; riouiuulrLilaoarfinrrra-rn'udrYun.rrrl u6.:rorm'rodrlurirfiaoa.: lfio{ornnr:
."{-9... i, "r ,Z "q--rvlrJfl1J1J 0'r0rv rli 0 on Ltsil]uo vlir1f rdo n r: un nfintorln: lair r urir rn:rv rfro nr: nosr-tt o r

non-bridging oxygen uavnr:rfio depotymerisation 6ldrr.rasionr:16olsioniuoscJorln:rdru

rurir t4zl d'rrfunr:rfirdutornrtLrirn6urf,uro-anirk-frn rfiorornnr:rfirdutormsryr

oonkri'luurir:vuldrirhjrinr:riosr-rro.ifiusv si-o-pb ur'ooryriroonkairdrhluy:nlu

Tn:tairl 6losrfirnr,,vururiutolrYuovrdoilul:sra'ir.rlci8firnqluln:rtiruudr [59]
, -ix r

nrl,oa'aEoyejuflloiornnr:ynaorosuaoflumr:rrfi 4.2 uaynrr a-!fiu5:cu.irr
,-.^^--.----,- ,. 1., "". n s j
luoaia0oradurfiurrYrr,roir6unlouhato.:mvrY':oonkoilu:vrr',,urirfiuaorhnryrfi +zq 6r

o r n n rn rwdr ri rh q a-a n u u rr k g a-a ra' ou h q a-a rfr lrJi r r n : ua vlil n a'al 0.: u-r dfi uurLjrL

aoa.: urror]ilrruto{flcrYloon1r0irfiliiu}"tir.r 20 fir 30 uJoir6r.dlnuha uavluoa-adoradu
!-, ;: i -rvarf,!rirrfir{ufrnruuir{utolsrsn"roonkri:s r!oi16usilouha orn#r"Lroa'ao'oradufirir

--- j J l-:.^ -,-!q 6 l i va -,"r t ) -aoarfrnrrlu{rrlutornvn"':oon'[rri qo rloir6ugiloulrLa urashoa'a0oy{ufirirrfirflurf;nr.Ioa
; vu i'frn':urrl {uuo{srcn-roonkg{ qs ruoiriuciloErha rirlr:oa'a6oydufiiytrrfir,fluurasaoarrflr

zuarrornnrrrrirn6urf,uro-anirltfrnfifivr'rrfrr:duuavaoal uaol.irnr:16lnyriroonkr.irflu
, . c is s d y .)ru0i r{t-.sr[ou [!arerarir"Lrf,[n:.:airu rulutor uri'r r!Suu ur.J a lh [60] uavrirluoa-a dorradufi

X, a i , ..,.aoar{u rfiornrnmvn-r oonkrirdrltjuy:ntuln:.:airoaa-nrorurir udrlirlriufionr:lirarunuoy

lu1n:rtiruurir (Nao) ldr'fu dwirhirirtornrulirnHuuf, uro'a qirkf, nm',rmuumuayrdou
4, oetr u aaoarrilue.ralfrirlloaa0ovduaqal cit,rileirlr:odarfr.:r.Jirrm:uavrirkna-atolfi.lduaorlvl

a ,i ;,
luiurrfrnrruufuiutorsrvrY'roonlrri zo njoirir:oilouha ovdrhi'urir:yuu losro - xpbo -
(90-x)RSG yurionrurniuofi !rn:ctirluynfi nvrrltddn.jrfi orurdldu6u 1
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.l t00

--o- longitudinal vclocity
--*- shcar velocity

15 20 25 30 35 40 45 50

PbO (mol.%)

^'mfi 
4.23 nru#ur[uii:vra'irlnrrurirndurf,urdanirldn#.:slruurauavr6ourfiuu

n-uuJoirdusiloalrauo.:orsrY,loontsdluurir:vuu 1osro - xpbo -
(90-x)RSG

,.:r.rd a.z rirhg6'a6or,'tiufi'td'ornnr:uoaordruryrafindasrirlrfinro.r:suuu6,a

10SrO-xPbO-(90-x)RSG

a 3600

'E:roo

'E 2600

= 2100

Pbo

(mol.Yo)

LonSitudinaI

modutus: L
(GPa) I 0.03

Shear

modulus: G

(GPa) i 0.05

Bulk modu[us:

K (GPa)

r 0.02

Young's

modutus: E

(GPa) I o.o5

Microhard

ness: H

(GPa) i 0.14

Poisson's

ratio: O

r 0.00

2A 74.5116 29.1029 35.7 A7 6 68.6564 62.1,748 0.1795

25 7 2.6095 28.29A9 34.8883 66.8131 60.1984 0.1808

30 69.1232 26.9951 33.1298 63.6871 57 .6599 4.t796
35 72.7602 28.4347 34.8472 67 .0633 6Q.8027 4.1793

4A 69.2s85 27 .0417 33.2029 63.8A37 57.7377 4.1797

45 70.2609 27 .4017 33.7253 64.686A 58.3969 0.1803
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15 20 25 30 35 10 45 50

PbO (mol.%)

rmd q.zq nerua'ufrud:sra'ir.rI,od'a6or,,durfiuun-uriloirdug{Iouluaro.rsrvriroonlrd

'luufrr:yuu 10Sro - xpbO - (90-x)RSG

15 20 25 30 35 40 45 s0

PbO (mot.%)

n'mfi 4.25 narua-lrvu6:su'irrnaruudr:vsyul,Ia:rfiuuryuruofr6uo{IouI!aro,relsri,?

oontrailuurir:yuu losro - xpbo - (9o-x)RSG

nrnrrrLu{ r:vrfuhln: (Micro-hardness) 6orirran't,:nT nlrn.rr! 6riaolofifirrr
nruudl:volltrln:rLrn 6osin.:rraur:n1unr:druyruur:lnotrilrn [61] ornr1ilfi 4.25 Fi1

o': rl udr:vo-rhlo: fi ulrhiraoa.rtutirrnrurdrduriolov riroonlrr{ 20 fi.i 30 uloir6ud

t

rrl
J.

q

L

louha lorufinrurrirdu,trornvriroonlrr{ zo u]oiudufiouI!a firirnmlu6.::yoirhla:,rn
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!-
fiaa 6a oz. r qa Gpa uavfi nrrl udr:duro rsrv ri:oo nltri :o rrloirduoilnulrLa n'riraruuir

e ; 
-- .-J---- ,r - q ,&:vo1r u.rLn:uouvaorlu 57.6599 Gpa rtoio'rnl5!r ruflvryro onlrdfuovdr'[rilin NBo ray

liIn:mruto':urirlrrdrun nriraru eirzuatri'urirfirirnr rlud,::zqlrhln:fl0 ua{ uayrirnr,,,rlttdl
d <u -' .3 ^ i a . . d .r s J j:vouL Lnt Lrul LuuLvrutrlJvtFt?'tu[trLdulolqvnl-loon'Lgo 35 ttjoiriuoilo r,]ua yr"lfrororfluzua

J - : J " -- -.Ji_. .t ,, I e v .t . !- -"ru0ilJ101nl.Jn1trvrrJlJ1.Jt'0.iIo00uvr!turnlurphlo:iai1{rui.]"LU:vlllJIrirfiicfiloooutor

Pb'z- (1.19 A) fiturotraqin.iriafltoooutorln:raixya'nraio si4' (0.54 A) n-wvurfiolaoou
-.2+ u\,- - -Pb- r'frllilri'rvrTuovlo:rt'ruro{Toriail{}ra'n ildraalriorrr,udr:vrilhln:rolfrrodrr
. _,_i-,. .i : & - !, )udrrrirrfrurnnu or nfurirnru rui.l: vourln: a na li nnf,:fin.l rr ldlriut o,:ns rir oo nkri
40 ujoi16uoilnulla uavrirnruudr:cd'!hlnrfirirrfir:fiurSnrioufiorurdr:riutorosrir

oonltri qs r!oiu6usiloulla fi{rf, o.:!rornu,rozuafi ndrrdrroiu

0.19

0.185

c U.l6

0. 175

0.t'7
ts 20 25 30 35 40 45 50

PbO (mol.%)

n'mfi q.z6 nmrflur[ud:;r.r.ito'n:rd.ruro.rflrdsoqdrfiuufi'uuJo{r6ut{Inullaravrsrir

00nttotullR?tuuu 10SrO - xPbO - (go-x)RSG

ornnrnfi 4.26 ntliro-n:rdrrifl t;iro,rdfi uuirlirnoudrlolfi odiy .il.i 0. 1 793

fi.i 0.1808 firfinruall-firflu high cross-link density filo-o:rdruflt;iro,:ai (o) fio o-o:rairu
4 j- J ! -fl0.in111/rnluomlt]t1rifl0n?tu[n:uosllt.lutlytu]otl_JrrLot]u:ldl lu.t-aorrirn.:rlrn:-r,ou:.r61

i- i o s
frrdo{u1ula: lrruoyl:"ild'iur.ra n:yy!o rnyiuoc 16or:1ul rruvfrnr u rniuoottvlrlo va oat

odrlrlrnorrnr:rfirdutornruuurrur]utorrYuovu6o!Tuflu1n:rdruud? uiuovrtorlluru,rdrd
, I .) a 1- - - - y a onuu0vatl r Lti,: tn11[au y M.lrn.i Lfl0a o ul i0t't1r 0.tr.l1].t 1io.tlilLl,ro rl51a1!irdtoldfrriraoal il

e, 4- "tr[Juaru.rqfidm:rdruflr;iroldriuiuurTrjlaoal'[udrrntuuirdurorncri'ioonlrri ao fil

,-----t---------_-o-----ar-----a
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as uloirEuoileulra ravninzuanr:nnaoru-.i !iro'o:rriruflrdror;ifirir rfil.dur6 nrioufinr rr
rdrdruormv rYr oo nlrri zs uav 45 riloil6udlorll.,a rfiarrro rn orur.rurr! utorn-usy
i s os

rtolJ tu i Lu Lot ilJlurrn?aoa{ [62]

4.6.2 nlrdlulilTnutti6 bond compression modet

i6nr:rirurruyrrirllqii'ador,r{ui6fiocor6'unrnrua !Gtord.:lr.l:ynoro-rd

4.0.2.1 dru.:uIn:lriruniuovriorari.: urlirLrfl:ro.tui'r*avra,Inooi6rutu,o.l

tooourrn

4.6.2.2 d1u1\alurauruuuto.:rfluov16oillursioloooulrnluoontrri i

4.6.2.a riralfilolu:lnr:6n (stretching force constant)

lunr:fiovrirri*rarirfi'rrriru:rurarrirhoa-a6or.reiuovarriuarnr:uavriroBrru

rirr 1 dtd'ndrrliuairturirdod 2 J. to.5 i.)yfr 2

qr:r.rfi 4.3 ratlnooi6ruduroqj:vourn (n, ), druruamuraururjurogiuocrdoulur

riarJ:vnurn'luoonkri i (.r" ),naruuraliuoy:yr4.jr{d:goauuayrJ:yourn
( r ) uasdrn.rduolu:cnr:Oodrduu:nto.roontrri ( f )

s,r:r.rd q.4 druruln:.rrirufruovrior,njruGlrn:rosufir ( no ),narluururjuro,rn-usy

rioutu.rlourodu (n" ),drururJ:youtnriourjau4n:ufir ( N. ) uavdrnqfi

raru:.:nr:Eoriusyloara6u ( F )

oa nlsei nl n r (nm) f 0'ym)

5i02 4 2 0.186 299.0596

Pbo 6 4 0.229 439.3568

SrO 4 2 0.162 382.5093

PbO (mot.%) no {xlott m-o) ;. N F (N/m)

2A 13.3114 2.4 3 344.9A88

25 13.1479 2.5 3 353.2431_

30 12.9247 2.6 3 361.2150

35 12.5A86 2.7 3 368.8477

40 12.0913 37 6.1624

45 1,1.7565 2.9 3 383.1785
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.i
ol neranrsriltr?tu [umr:rlfi q.q illir:vuuri.: 10SrO - xpbO - (9O-x)RSG rfio

rfillirLrrutornvrYroonlrriovdrlri'rirnrurauruuiutolvr-r.rovrdorlurloulo6u r.,"1 dlfi
uualirrfirdu 6rrfluzuarLrornfinr:uvufiuorloooulrnroroia16rLfifidru:rratlnooi6ru,ilud

rrn n'irlooauur nfioqluln:.rair.:rdr uavtirnuirdruruln:.:r.irunTussriorarj.: ulirrn:10.r
urirtiu ( no ) iuurLilfi aoat rfi orJiilrrurorsrvfi?oonlrriufr rLdu

or:r.rfi 4.5 rirllga-a6nr.r{uvildornnr:rirurrudaui6 bond compression modet ?o.:

:cuu[dr losro - xpbo - (90-x)RSG

, i"
rirhoaa0oradufi rirur nrld'orni6 bond compression model r]tvnoldau Ilo#a

'-S;0l1r.rU'r1 [ naAlaou L oaaLr.!!t!]1rli I oaaro{5ld ula y o'm: rd:u1o lflrdro.l filr.ranr:
) d c, : j .j L- jn1u?rultao{ tust'D't{yl 4.5 1ru?1 a1[ rraalt.rtJ5t.ro: uu.:iul triu0u r o tfrlrJ5urrutolmyfil

oontsriorn 20 6{ 30 uloirdufiouha uaviuurhiraoalrfiouirltjirrruuowvfiroonlrri

orn 35 fir +s r!oir6ufioruha 6lr{luzuarrornnr:aoartorrirdruruln:rdrun'uovsior,lilru

1l:u19t51'0{ ttn? ( nh ) fl?un109l:'ta?u!1fft0.t61,0 t:yluunrl nvir uurl{lrfrl{u ldnrjou
i .i ,- ., c .1t r j j-

[1.J0 LyltJlJ 5r.t',rtu1j 0 {my n? 0 0 n [to r!u rLJ0ir{u0 [ou [,.la d.:nria-uurlfl16u:ri'urYlriro.:rl

vuru,r.jutooriuovrfiorLkL,rlor,raa'utoln-rodrrurir ( n. ) rirvilnrhoa-ardoumt.jr fiuurhjr:
Jtr,.i,4'

aoa.i r oLfl u:ulfuloinunloon Lto[ljuL1]oSttl.JelLou tla tnunrllo#a16olaur:nrirur ruld

nlntrr0aa[r{lJ:!ro:uavoo:rd']utoltrdtol rirIrLoa-aouurrfiururLjlrfildu rfiorfiu
,-") "1 tr.-Ll:tJ'r{ulj0{ovn?00n L{o01n 20 ni 25 r!o:Lgl.J0tlou Lta uasr]rru?tu anal rIo rfrlrl5urruro.:

mvrYroonttriorn 30 fir 45 ujoiriudlnulr:a ti'1fl,flr^ar.o',rnrirllofiart,:rlirLrm:uravlr:nda
J-;-":,

raou a't!n1L!oa at0.l u.iarJ uu'r Lu!aoa i L!0 rlrt.l1..ltLl'r tu10iav n't00 n Ltn rlilu r! o5 Ls!Ft[o u

PbO (mot.%) Lo. (GPa) Go. (GPa) Ko. (GPa) Eb" (GPa) 6t.
2A 83.6921 19 .47 62 57.7887 52.5277 0.3485

25 83.97 59 19.1861 58.4583 51.8824 0.3521

30 83.7 415 18.7855 58.7 627 50.9295 4.3556

35 82.1277 18.0867 58.0724 49.1568 0.3589

40 8A3552 L7.3731 57 .2481 47 .3329 0.3622

45 79.AA52 1,6.7 699 56.7 012 45.7950 4.3654

s .i .ja[!a tL0 i0lnr{at0.t L oaaraouv]}]rrulLu aoa{
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4.6.3 nlrriluxrulouldis Makishima-Mackenzie mode(

nr:rarTroa-a6oyduoiraiEdora-unrnluuuru uro.rnlili:o ( V, ) uavvra-wrl

nt:aate,yr-l,ry (G, ) ro.luoa vo lrit:vnoltolrudr 6l1do6lru1flur.i'tila z.t.to.6lvrfi z Ioa
rirl!oa'arol u'l6ifiyrlddr ai6dosrarldrrnrirna-llruro.ru:ldloo (energy of attraction) 6l
o .ji-
[urtn=o ,,raa ruisvirrriraruurrru utornr:l::olou:i! (y ) uavrirndrrrunr:aa.ru?r'1_r0y

Inu:u tc,l firzuanr:rirurruuaorhmr:rrfi 4.6

fr1:'r'rd 4.6 rirluga-adnr,trjufi'ldo'rnnr:drurrud?ueE Makishima-Mackenzie modet

ro.r:cuuuflr 10sro - xpbo - (90-x)RSG

orne.ranr:rfrurrurirlrLqa-ador.re]uoirui6 tr,,takishima-Mackenzie mode[ !:snol
d'ru llq#ar6ou I,qa'au6*Jirror: Iloa-atalui;i uavo-m:rdluto.:flrdrol uu.jr rirl,qda

.!- r ,

uovuutuarfrfrrrurl{rLaoal rfiotfrlrJilrru'uornvrT'roonltr{rflur!oi16us{iflulla fi.:iuurhil
rtiurdurrirrirnrrurauru utornr:r::oloa:u ( \ ) uavvra-wrunr:aaruyrjuoylo aml ( G, )
-a9, .j ; ,- "ivHnlana': r 0r t.lus'.llruso.rqs nr-? o o n1tri rtlu rr oi rfir.oilouIrLa 6rrirnrrrrauruil1rro{n.r:

------t-5!a:Jj1r:50 t0 u:?tliv[t!:zuni{l-JnL!trJ'r9D [ou [!arrnllfr!{U 6rarrr:nauiuorulpi.irnr:uy: nsyr

to{nsn-? (Pb) ovo{lu:!ro{a1ll:c no! pbo
J- JJvi0'15tu't01nn1!:r'tgll Lou Lilaytr.tnltytr{!

d oq, q .; , - ; J s
1.: yr1 Ly L: L 1m: u!.i l,tu't u LtFtl tyu]t! Lou

PbO(mot.%) G, {tou u/cm1 E. (GPa) K, (GPa) G. (GPa) o
2A 0.6565 59.1650 7 7 .6883 46.5311 31.7943 0.2217

25 0.627 5 58.2145 73.056s 41.8200 34.217 5 0.2088

3A 0.5971 57 .2640 68.3821 37.2478 28.6352 0.1940

35 0.5596 56.3135 63.0211 32.17A4 26.8517 0.1735

40 0.5239 55.3630 58.0134 27 .7290 25.1946 0.1513

45 0.4936 54.4125 53.7183 24.1904 23.7714 4.1299
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s'r:1.:fi 4.7 rGtrurfiuurirlus#a6nra{ufitdornnr:yqao.:drar nfinil'asrfrlrfin nr:
compression modet uaci6 Makishima-Mackenzie

10SrO-xPbO-(9O-x)RSG

n"rurrudruiE oond

modeL to.::suurrfr?

ELastic modu[i
Pbo 20

mot.7o

Pbo 25

mot.%o

Pbo 30

mot.o/o

Pbo 35

mot.%o

Pbo 40

moL.o/o

Pbo 45

mo(.7o

Young's

modutus

(GPa)

E 68.6564 66.8131 63.6811 67 .0633 63.8A37 64.6860

F, 52.527 7 51.8824 50.9295 49.1568 47 .3329 45.795A

E 77.6883 73.0565 68.3821 63 4211 58.0134 53.7183

Butk

modutus

(GPa)

K 35.707 6 34.8883 33.1,298 34.8472 33.2a29 33.7253

K, 51.7887 58.4583 58.7 627 58.0724 57 .2481 56.7012

K 46.5311 41.8200 37 .2478 32.1704 27.7290 24.19A4

Shear

modutus

(GPa)

G 29.1A29 28.29a9 26.9951 28.4347 27 .0417 27 .4017

Gb. 19.47 62 19.1861 18.7855 18.0867 t7.3137 16.7 699

G 31,.7943 30.217 5 28.6352 26.8517 25.1946 23.7 714

Poisson's

ratio

o 0.1795 0.1808 0.1796 4.1,793 o 1797 0.1803

(', 0.3485 4.3521 0.3556 0.3589 0.3622 a.3654

o* 0.2217 0.2088 0.1940 0.1735 0.1513 0.1299

o'rnet'ti1{fi 4.7 Lrao.rtoilaFirhqa-ador,rt]ufildornnr:yoaol6ruryrnfino-aoirlrfin

nr:riru'lruriruiE bond compression model uaci6 Makishima-Mackenzie mode[ tol
oiroelrlurir rave.ranlirilu?rurirhna-a6oradroirr 1 drai6nr:riru?rufi'.i 2 i6riu !i'onrjrrr
[1J:U1.JI UUnUnlv][nA1nn1: oa o{o?urv]nrno-a051lriln 6.:rfluiEiirld{ fl!'i1 n1Ir.]oa-6ro{

r-!twu.ia a 1L!gaa rt{!:tilqt n'1h.toaataou uac dot'ta.tul o{ilato iafr [oo.]nn1t rilulrudzuiE

Makishima-Mackenzie modeL firirlndr6uln-lrirfitdornnr:ynaol drurirhoa-a6oradr.rfl1d

o'tn n1:riiu? ruri?uiE bond compression modet iorua-lniutjfi'l riruruln:lrjr ufilroyrio

ililrur.liilrq:rolufir riruruneuuulI uro.wiuos[dorl1ur uacrirnrfiro rru: lnr:6o1o u radu

6.:lirlr.izuanr:yoao{uasrraflr:ri'ru'rrun'rirunnrirrriurrn rilfi6rflorornfiugrutowqun'fioro

1{olrirl:vnort o.r ufr'llunr:rirur tuufl ngil {ri! d':ui6 tvtakisnima-Mackenzte modet fi

n':u#rnniiriurirn?1rJ14uru uflo.ifl1:lJt:o L[av a-.t.run1l6a.]utiu0yro{ rlsiayo.i6!:vno!
v.,,4?0{Ltn't tinlrualuLuyl'r.iyrqufl0'tn n?1!unnnlin!n1n1nn15ytoa0it0.i9t.t0u1{tln.l

d - -- i - Jq,qya, ^ :- ".-"-ru0':n1nrl?ou1.:rLn1Lun1uln uu,'ao0'tntuy{6in't Ln a{i tu Ln[!ua1lt5ailD n.:yt1L14 Lr0.]an-l:

vlnao{ ravfi anltrirurzuirir uo nsirl riuld
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5.1 dirJrla
..J -',o1nn1:roao {yrlJ'jr fifinrroafirf,orlanrnfiolri!:ynolraa'n6o oonfirou (o) uaygfrnou

(si) i.:aur:nrirtr-f1drfluln:lairlraa"nlunr:uaor*drld sr'.lodrrrfi.rfia-nryruvlflurdo16urnll

6'rodrrufi'rl'f,16ulfirLfiu rfiorfir:rlirrruncryroonltrir{luurloir6uoilouka orn: urlnr:
rau? rlrur0'::.ia r0nr !11!rlnnarukirinfrnirrfir:rLnr:r,f,uerruro.::-.:f,rond'turr.r

25-35 o{fi1 6rrflua-nururrolianodruoru n':rr:vuru uuastjsrLrn:Io u1latoln'.rodr.ruri
-ijJJi,qt)

10vtl'ltr1jl.J [U0 ty{ !51]',rrun1: tnrLovrlt oo n'Lto rio lor nruat oln.: uyur uriu *av:-aflooou
ro.rflvn-loonke{uavaor:ourfiur oo nkri fifiritLr nn'irfifi n oulooo n"[rri6lrfluTa:rairqaa-n

.i
t0{ttn?u

ornnr:frnurall5yrrlilf,to,:oi.:odr.ruuirdruryrninnr:d.lr.iruuuldri.:f,unl (Nanow

beam transmission) fivra'rrT u 74.228, L22, 662 L$v 1173 keV n]iurrfiurrfunr:rirrrru
lnull:un:r winXcom uaynauninrirf rilf,urn:mu lrr,.jr sr-roEjrlufir:yrrlfinno'nurdfirir

- J d ., iar.r!:vaylinltao 0u[1.:r.].tatyfi?1{nllyloaonIavornnr:rirurruvrrluqufl'firurhirLfi
a c- -l i

a oo o d'o': rYu ua v fi uu rhir rfi ufi ufi vr d.:.: rub{ m o u r 22 kev ua v fi ruurhirL a o a r rfi o u a'r r ru
!e.

tollrlnoua.:flurtlu 662 *av 1173 keV oru.iro'! ua vfina"smu1y,{nouril{ "l oyrodrrurirfi
. 9 ,t .t ,^ j ! q" - - j
rn mcrii00n Lro Lu!5!1ruvll]']nt!nv Lvnralr!: vivinr:anv ourfiirJrarLrnfiuoi'r u arzuatvlrir

nruurrnirrir uav:v rivlaoonr:rurlou n'ir sil o drr urirfirfilnvrYroonltrilur]irrrufirioua r
!- , ; -uonornfro"lvruir fina-.:rulylmou 122 kev lririraiurl:y f,vrdn r: a oyouri rr: a tr nnrrfi

_!, 4 -Y - i-uarrrudu oluno'tour I unr:str.fro-luralrsala'rraiunr:rirlll{lrufina-r.lruly,lmo u 122 kev

rrnnitra'wrldu 1fifinurlulruio-ad uaveirnr.r.jrsr-.lotjrruflr:yrtrfi'finrr:laur:nlunr:
udhed ' ,i- i, t t.^

ao110u: ia too n1't noun io nt! i:naLt'tstislu ayrl10u1{[tfl1rrslr.]flyn'.loonLto!5!1ru 45
,.4 fr < d ,A

LU0itsuer Lou Lra!n11}.Jfi rrJ't:fl Lufl 1:a0tyt ouild Lodnirsr]-.]our{[tfi ro-u
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, vJalnn'riflnuiar!FUn qur0{n?ou.r{rLri?14'.io.rnn.Dyroao.:6'.ruI niao-anirltfinuavorn
nr:rirurruriruiB uatishima-uackenzie model rraviE bond compression modet yruir

olnn rrvro d o.r nrhoa'aorrr: u r: ho fi'a rfiou hqa-a rfr :rJirrn: ura v1rlodatalrjrai fiuurLjl
aoar do irrruto rsrvrixoonltrirfi ldrlurir,r 20 n'{ 30 rl oirfilm'louka uavhoa-adnutiu

!-, ; !; -rraarfll-rirufilf,ufrnrl tdrLdutrowcn"roonltri as uloirduoilnuha ornlYuTloa-a6orariun'nir
A-aoarfrnrrlr{r1Lto{flvn-roontrri 4o u]oi16uoiloulrLa uavhoa'adoraaufiqrfirdr.rFnriou

4 v t ;, . c .s s A-& ; :Ytol't!rultlJuu0 i0vn100n Lro 45 nloSrrlorloaltJa nrlrLoa a S0uauyr-l-yt-l rfilfrlua yaoa I rflr"
e ; - ", ., 1_-. ja s. .J J grJalj101na?1LrLr'rnau[au{0an:lLttnrto?1r..laoondo.:n-uluuur[urfrrfr {urrayaoar;iry:-!

rirhoa"artlri3rLrm:uavrirllqa-ato.rriraifinrurdldlto.rnyriroontrai zo nloi16uoiloul!a
^ -9-.1_! ! j , a- _-.!- - e, - ryd , j e e Anvr'r t14t[n?:sulJuytunan?ttLniuol4r].ln:yli1'Ll.iylnfrourlldo-nirfrnrurrfutiu6u 1 rirnru
u6'::vn'rlrL1n:fiuu':Lilana.:60rfi!rji!rruncriroonkririruuJoirduoilarulr:a fin.lul{rdu
ro{ Pbo zo rrJoilduoiloulrLa ocfiFirorrtud.r:yoiullln:lr naafi 62.t748 Gpa o'm:r

aruflrdro.:;ifiurhhirrioudrnrfiod:srairl 0.1793 61 0.1808 6rfinrualrjGrflu high cross-

Link density ornora nr:rirurrurirhofiaOovdudr ui6 bond compressron moder. yiujrrir
I u - ,q a sy -l j 4 tr ,- .,
Lroaa rtr!5rrm:ruurl{r rfrr{lrfr o rfrrlli!rru.uorsrv r-roo nkrior n 20 fi.i 30 ujoiu6r,si1oo

i:..ha uasilrrurlr.iraoalrfio rfirlirLrrurorsrvn-'ro on'[rr{orn 35 fir +s rroi16lailorha drurir
.., _ 3 * - - J .- , ! .0n514?l,J!14t0.:Atrru? Lu! rvilJfl1ruri nu oa r! o ufrlrl5!rruto{mc dr o onltrirttu rrloi 16udlou

sc.J
Lra a1u5!a1Lr]04-fi[aouIaun']luoei'ato lo;.ldl=uurliraoa r ufio rfirLrjirrruto.rnvryr oo nhri
c, , .4 .s s s. J.g : J .-r!!r!oir{uerlou nrkgaiaorr:ur':frur.rhitrfilflu rfro ufilrjir:rruto lmyriroonlrriorn 20 6l

zs nloir6usiloulla uavrirhoa"anuurriuurlilaoal rfiorfrlrJ3lrruro.rnvrYroonlsriorn

30 fi.i 45 uloir6udloulla nlnzuanltrilu?rurirhna'a6snadudrui6 Makishima-Mackenzie

modet ul'ir nr1tLoda6orauurvairflfiuurLilaoar rionilr.lSrrrutornvriroonhoir{lu
, r< < < :it!oir{udloulrLa rnoul:-ulrfiulzuanr:ynao.ryru'jr rirlloa-ae oyul uavoinrrdruflrdroldfi

ldorn nr:rirur rud':uiS trrtakishima Mackenzie modet finrlndr6ulnjleirfi16'ornnr:yroaol

drurirhna'a6ora{uruavdn:rd:utorireiroldfrtdornnrrriru':rudrui6 bond compression

model firiruo nyir.l fii rirvr'ldo rn nr:yroao{!r n or o rfiotlrd'ro drr rufrrlu lruio-adzu f, mor n
4,4,ava, - ii - i-dluuranl[0as.: u.tLFrrlJ!a1:!:fly]o ti0''li0y! 0.:n!tyn0!L l ittoraonr:mttourolrtrl:vnol

t , \u - a o 4, .te
11]61Ul:nu'] LO O iUl.JQ {A.itia fl:yytrflon1:n1U1fUO't Uit bond compression modet frstOl[t

Ft1n't'trJu1?1,0{v11t0uuln1u?tu
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5.2 ?iolauorluv

n?:finltAnura!ffirirr 1 tolor-rodrruui.:dtarynfinraioi6nr:lyri 1 fiuarnr,rarurrndu
.-4. _6t.Y J- & etv{0Lr4 a nlivoa o{vr1to rnu{L i.roc r!u!: vkitu hn r:dror"e o u rr urirhjrl:y u n sild,rruld
n{rrrnrurndu rdu nr:Entvrtor Raman l{rn'o:vu nr:rrlduuurjarurqnfii,uln:.:airr6':u

nt::vrnr:l:rnn n-rt orlrar:orir l 1(nr:doraSonr:#uavrfia!) nr:6nurarl-fiur{ r[6nrod

rYroeir.lurirlounr:6nura rlnoi nr:oondutoluaflud.r.r UV-visibLe uavnr:6nuroruunfi

nr:nl6uururjarrvlaro.lurirlouldrvrofrn DifferentiaI scanning ca[orimetry (DSC) r{]udu
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