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Thesis Title Preparation of Lead-Free Radiation Shielding Elastomer Based on

Natural Rubber/Metal Oxides composites

Author Miss Sirilak Intom
Major Program Polymer Science and Technology
Academic Year 2019

ABSTRACT

Lead-free radiation shielding elastomer based on natural rubber/
radiation shielding fillers composites was successfully prepared. The optimum
conditions was found using natural rubber matrix with bismuth oxide filler for 150 phr.
This was confirmed by mechanical properties including modulus at 100% elongation,
hardness, tensile strength, elongation at break and also confirmed by good radiation
shielding properties including attenuation coefficient, effective atomic number (Zg4),
effective electron density (N,), half value layer (HVL) and lead equivalent. The prepared
radiation shielding elastomer based on natural rubber composites by suitable
condition give better gamma radiation shielding those of commercial window,
serpentine, ordinary concrete, hematite- serpentine and greater x-rays radiation
shielding those that commercial window and x-rays window. Therefore, the developed
natural rubber composites in this research can be used as efficient lead-free flexible

radiation shielding materials.

Key words: Composite, Radiation shielding material, Gamma ray, X-ray, Natural rubber,

Metal oxides
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Precision Graphics
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nnensluuseina (Neutron activation and x-ray fluorescence analysis)
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D=RT (2.1)

W D fAe Ysuusaanlasu

R A9 USUNUSIANNAUNWINSIE

A v

T fe nagufuRnuldvasjiRauiuied

1.2 53ae119 (Distance) USUNUSI@9LanaImINTL8LUI99IN
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YNMAIFBINIANNTN 2.2

e As USunassdniale
d A9 2819NAUNILTAS9E
kK #a Aasndaddsulunnuvinuesduniidnsed

v a

1.3 17991109598 (Shielding) Usurussdazanas tlanu
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2.2 mwaauﬁuﬁLLa3ms"L§T%’u%’<1§suaqLwiazqﬂﬂalﬂuﬂizﬁfl
2.3 muanginassiuazfeulylunisie
2.4 vharwasBeavosiuriuiinfadudaziui

2.5 Hneusumslesiudunseanisddwivguidnau
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2.1.1.6 9UASN 381V INABULY BLAA BUN WIUAINA19 (Photon
interaction)

Faunuunduadusdmaniniludnvazeuniasendt eeu

=3

~ va a =~ a ) % P a a @ a
Fenuantinanisairiouniniudinaicls wazidolvnaundauiiniudinaisasiin
UNTAILINNG 9 AudINaeeall

1. N9nI2RwuUlABLIUN (Coherent scattering)
a = I3 [~ [y aa al' a 49{ 1
A15n52L 3 UULATLSUY WUsURSASENMARTUSENININADY
LAYDLADNVDIFINAN DLanNaToUTULINUDIaEnaulufINANTLTIE AUTteTUDEAaLLNEY
Lé‘ﬂﬁ@ﬁgﬂiﬂ@auvﬁwﬁwu TnglumauinnisgaydondsnutesuniuldamnsadiuiAneiln
19 wazfianiswaannauknuazliiinn1siasuluad AauunsEUIUNISNSELIIUULABIS U
a é’ d‘ &l v a o c') 1 } %4 [y} U d‘d
Anudlelneu viefidunuumdsuamadivuiuimnaimiliavesnougs
2. dunsnselnlsdidnnsn (Photoelectric interaction)
Funsiselnledidnnsn Wusunsisenmieduilslnneu wie
Fedunuundndsnutes lnelvnaunad1vuivesnaurasiinals Iaeuinnisaslou
waswmualiiuBianeseuluislas dwalivildnnsourgneenaNerABNTBIRINAIIEY

) & v a ~ a @ P ' a &
WEIUIUAANING 2.4 FaTundrinasouninanoanu1anesneNil INlndiannsau
(Photoelectron) WiedLinasewinnisngaeaniatneznau ddnaseuluisueniieddinluay

v q' ° | aa a ° v a ) Y- A
Whnunuilusiundsvesdidnaseuivaaeenty ilviAansaendanuluguvessadiandg
. S vad cal a X U a a 1 1 o

\anne (Characteristic X-ray) Tuuneasessdildndiinduazvuiudianasouiiegiwennit v
Tidianaseuinnisvaneenainazneuiondidnasouaiiul 091993 iannseu (Auger

electron) a5Ula71 nsAallaSiannsnidun1sannausdLnuuianus Lalassdiannsou

9 Y

saa o 5

wazSIAS NgNINAIUAaNNNAN RS Ul AANaNNIT 2.3
E =E—F (2.3)

dlo £, fip ndwuaativedidnnseunivigreanainezmney

E, A9 NI UVINUAVRILNH DU

= [ c{' o Ya < a0 1 [y} (v = c{'
£, Ap wasunldlunsvinlididnaseunaneeniainesneu daviiundanugamie,

GUaﬂaLgﬂ@]iE]UIU’NIﬂﬁ]iﬁu
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O
o ® O
&% Jump of L-shell
o : . clectron to the K shell
Photon gamma o j np»
incident

3 L
et i e 6. P
> o i o \
o 9
Ejection of a K-shell
o ¢lectron

Ui 2.4 Usingmsallladidnyia

(Lmdaﬁm: https://www.nuclear-power.net)

3. 3nszidsmuUsiu (Compton scattering)
N13N58L 3 UUABNUALIZANT UL BN UT NG UTEAUNA
Wadvuivezaeuvesdinan eswindunsiseniudidnaseuiiegluisiaas laslnmnouss

goydendsnuuidnlitiudidnaseu dwalididnaseuianisugaeenainilaasluiianig

'
=

hyuiuienafuendidnaseuninansenu1i Aeusdu Bianmseu (Compton electron) &
a1u1sanIAImEIuIallaanaunisi 2.4 uaglinouaznssiiseanulufienieinyuiu

Anafiy wazinug1InduanIu faanslugui 2.5

E,=E,—E,—E, (2.4)
= = [ 4 a a
Wa  E, A9 NAIIUIAUYDIDLANATOUTEIBDNIUN
E, AD NI UNINUAYDI N A DY
l = U d‘ a
E, fo NAIUVDINADUNN T

E, Ao wasuivinbidiannseungneanainezney (wasudmuielrves

a o
ALANATOU)
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Compton Electron

Ee

Incident Photon

Ey Scattered Photon
E’y

5Ufi 2.5 Nsnszdauuneuliy (Compton scattering)

u

(AAwUau19n: https://atomic1073.wordpress.com)

= ! [ = = a IS DR
\WeanAmdsnudamileivesdianaseululdlaasiaides
NINEIUYRIRaNIN LBlNABUNANNTENUILYIIRINGIUINNTUIN I SY @ was 0

=

andulvnavas IngluserinainnisnseiauunaudiuaziinisasuwlasnnuenAauyed

Y

v

@ 4 v a [ = P a a Y
98009 hazSaAwnuuNTusEAUUN TULLASTIENNNTOMIANNYIPAUVBI NN B UTN NS LRI LA Ra

AUNNSN 2.5

A=A+A1 (2.5)

o = A Ao Ay a o = Y
We  AA A Anwgndunidauiodeiuanueiniuvesnauddu (Compton
wavelength) HA1L11AU 0.00243(1 — cos @)
€ Ao uunsuiwednneu

A A9 ANUENMPALYDILNRAUNANNTENY

&

A9 ANUYNIPAUYDINADUTINTLLR

AIUUATNAIIUYDINABUNNT L (E'ﬂ) MPANAUNITNA 2.6

E, = y
V4 2
1+(E7/ / me” )X1—cos@)
(2.6)
=~ 2 = [ a o ~ A A 1 [ a 13
W me Ao ‘WaamuﬁuaflaLaﬂmauqumuwmmmu 0.511 LNﬂS@Lﬁﬂ@i@UIQaW

(Mev)
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4. Usngmisadunslusandu (Pair production)

Usngmisalunsiusdndu anfntudlednansliaverneudd
Awn waglnmeudindsuatnelos 1.02 wngdidnasouliad Inneuagdadnluluaulin
sou 9 Tndvavesevaeylusinans ndnulrnewtmuadeulddung uarndwueal
voslndnsou (Positron) uazdidnasewilivisaemaneanainozney uilndnsoulslausn
ﬁf\]zag'sluﬁﬁumaiﬁ é’faﬁdﬂusﬂwﬁiw%mamﬁmmim?{auﬁ%ngtﬁﬁwé’mulﬂl,%‘aa 9 LAy
delndnsauindsnuiansinnsnudiiuddnaseuiniu 2 nou wasindeufioanly
Arnnemsetudufuionlnewnanisn woudsia-sulrneu (Annihilation photons)
Fausaglnmouindsnuuszunn 0.511 wngdidnasoulian[22) Usingnisalunslusdndu

WARIRIFUN 2.6

Ey

Incident Gamma Ray Electron

Positron

A C

511 Kev 511 Kev

sUfl 2.6 UsngnisalunsTussindu (Pair production)
(AnKUasunan: https://physics.stackexchange.com/questions/326267/the-feynman-

diagram-for-pair-production)

2.1.1.7 nM5n1AIN1INNU939E
1. duUsyaninisanneudaig
Tinauasindunsisersng 9 fudanans Welunowndeud
HUAINAT Iﬂ&ﬁiﬁ/\lmauquauLﬁmmi@@ﬂﬁuwé’wuﬁmamﬁlﬁﬁ’uﬁaﬂmq UNEUNANTT
nszddluvneiindunsisen vievnsdmenandeuiiniudinadegliiinsunsisenla 1

lnglnimouignaandundany wieinnsnseidsdwalilSinalnneuanauilonfeunsiu

[
o = 1

MNatiend Msaaneulinulineu (Attenuation) nsensaanausdzdusyiuainy
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PUIVDIAINANNAIAD LBANUNUIVDIAINANTLAUNINVUUS U VDI NADUNLAR DUNNI U
Anaeazdanad esniisseenalitinnisganiundeny viaiansnszdswednney

1AW d@unsaasuelanaaunsn 2.7

|=1e " (2.7)
dlo Ao Usunalwmeuneuflaziadoufinausnans
lo Ao Usnalvineufiedeufioenandinans
X Ao AunuvessnasilmeuLAdeuTiHIY (WuRuns)
Y7, Ao AduUszasNsaanouBady (Linear attenuation coefficient)

1%

ﬁwé’uﬂsz?m%miammuﬁmLé*u%%uagﬁuwé’amwEN%’&% LAYDLADUVDIAINAN LAY
ANUAULUUVDIAINANS
AduUsEansNIsanauauIa (Mass attenuation coefficient) UBI6InANEINITA

AlAINANNITA 2.8 SPEUNTITN 2.9

H. == (2.8)

My, =

1o

W g e AdUUTEAVENITAAVEUTRNE (@NUIARLURILASHENTY; cm’/g)
Yo, AD ANURUILUUTDFINAN (NSUADMNITINTURLUAT; g/cm”)
d1nduAduUsEANT NSO UTIWIaYe9ENa1 T T uaNsUSENDU Y15 aURINEN B

Duammguiasnsasuwiadalusunsy WinXCom Tagldaunisit 2.10

Moy =22, (4, (2.10)

Mo w,  fe wwdulaginiln (Weight fraction) vessnsluansusenau
- o a £ a o
(1), A AdUsEAvENTaAveTanalaziiYessIgluaTUEneu[23]
m”i

2. wvpzsaudena (Effective atomic number)

Y A ! N (% &
lavernoudINafe ALad sveuavesnadludinaten iy

¥
= (YY)

a13Usenou visevemaudiAflaeiaarlined Jusgiudunsisensenindneuaindedan

ATENUAUAINANTY d@10150AUlARIaNn1SA 1.11



16

7= ta (2.11)

Q

e O, flo A1n1AfnrI19u3segneu (Total atomic cross-section) aunsaduanle

NAUNITN 1.12

0,,= A (2.12)

NOZ(&)
i A/

waz O, Ao ANNIARAYNSTITIBLANATEU (Total electronics cross-section) A1wale

NAUNTN 2.13

1 & fA
Ot el =—2 "), (2.13)
Ny, T Z
e n, A9 avezlinilag (Avogadro number) dAwviniu 6.02 x 107 sgneusielia
= 1 a s U U
A, Ao Lavernay (Mass number) vass1guiazydalusinals (nSuselua;
g/mol)

[ ]

7 A9 8NTIAIUTENINTINIUDLADUVDITIALAALEI bR INAHENIA 1 NTY

() fUTUINBEABUVIVHAYRIINGMRNIA 1 NFU (D N,) FeanunsadnalaaInaunis

i 2.14 [24]
£= N (2.14)
2N,
Tnei N=n (2.15)

i A
A

l

3. AUNUILULYEIBLaNATaY (Effective electron density)
AUMUIMULYBIBLENATEUAD F1uIUdLannTaUuTRIRmaLly

Y A & Gl 1 1 o o 1 a
AINANMUUANTUIENOU UNIDEIUNAUADNIA 1 NTU ﬂ’mlﬂﬂﬂ’ﬂﬂﬂﬁﬂﬂ’ﬁ% 2.16

N = Hm (2.16)

A = 1 a & a & 1 o
bl® Ne A9 AMUAUILUUVDIDLANATOU (DLANATOUNDNTY; electron/g)



17

4. AVUNUIATIANYDIIER (Half value layer; HVL)
ANUVUIATIAYBLTARAD ANUVUNYRTanansanused Lay

PMlUsuN S Fanadn5 il nUsunS AU RN Ua 1 unsas U laanaunIsh 2.17

(n2
HVL = — (2.17)

Y7,

e fe ArduUsEAVENITAaAVeUTLdl (oalwuRiuns) Aalean 4 xp

5. ANURUILABULIREA? (Lead equivalent)
AnuUisuitagia Wunmsiwssuiiisuauainisalunns

MUasdvesianmenlndndimiunismvedd@iunsia Tagldanunundudaudslunis

Wsuwiau [23]

/u composite

o

xthickness (2.18)

Leadequivalent = composites

2.1.1.8 N15IN594

NATMUNTEAdaN19ITedesaEA NI TInUNITINSIE

v v aa

TneLA309INSId Tl na18Us s AN NanNI5919U kaziiuszansainlun1sinssdunnmnany

v
v v 2/ v 1

AeluAuIAuNTIndedsdigliaunsafenldinosinfedlaegamingay waginsien

(%

Tayalignaes wenaninisnsivinddazdigliiinanudulaindanudasndsainnis
Mauingtesiuiuiunnnsad

(Y v v A (% aa = v A 1 v v A
nann153n5ed lnesedluninunets Ssdnelossu waynsinsed

v

=3 =2 v v oa A v a q Ql' 1 =]
UNRUIYIIUDINTIIFNTIINT LagN1TININE L‘L!EJ\‘]"\]’]ﬂiﬂﬂL‘UuLLﬂ\‘l‘VI@WNHH‘EﬂNﬁWN’]iGM@QL%U

L v A

wieduialadsdnludadldaunsal visewsedionaunsansiaminduiunnmuioUsunusa

v v a v v a

Im3endn 1aTeeinded (Radiation detector) seuunsindedusenausiggunsalidn gy

v v a

! I~ v o v A & Y v v A I a A a [ aa
A99d1UAD 1IN 39d (Detector) MUUNMLTUAINAITUIIA WAZLUUUINIUNLNADUATNIYN

[

19 9 Tu wazdwilduyegunsaldiinnseiinddn wazuanwmavininiinsraianafivingin
dunsisedazgniudsududygralii ndseinnisduniansieseidygiaundida

wanadusLaY 1 @ge uisenn

a

&a f§ v v o A I3 6
N1INTIINYANFATUIARNYT 1IAT9E (Detector) 1Wugunsal

14
d d' ° w v o aa a Y}

HugunianuddglunisiausinusddoiinSdivaresinagldnuwuulnutduduegiu

< o

¢ a o o v v a Y] d'
ﬁ)‘ﬂﬂigﬁﬂﬁ LLASUYUAUDIIIH ImUig‘UUﬂqijﬂﬁ\‘iﬁLLﬁﬂﬂm\igﬂ‘W 2.6
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Amplifier

5UN 2.7 spuumsinded
(AAWUa17n: http://www.mt.mahidol.ac.th)
1 d' 1 (% £ A -] 1 Aoy o 1 a a [y aa X
981991Na NI TP SEL uduNTUE uarduniindunsiseTu

(%
Y

SGREGRIS

v o

Frazuanarstuludueg furiavesiain vendnimdnnisinuvesiaiadd
Tnednaudwiolud
1. W inssdnuuduniaadu (Scintillator)

viassduuuiuiiadudueiosde el diuuniian g
gl inssdunuun wazssdidnd lnegusna wardnuasveaadesdioUusenoudie failsotua
(Scintillator) mmsaﬂdammaaﬂmLﬁa%’ﬂﬁwwﬁwu waznaeanInIeas (Photomultiplier
tube; PMT) dazshmiiisunas wasifiudidneseuiiAntunieiansvenedoyan eswin
Auduasnduiiaiaduiiandesunn Fadudud agdavvinisvenedyaneu dad

MasveneUszana 10107 i ssuuindaduuuduiiaadunaninagui 2.7
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Scalar

Gamma ray
and X-ray

 — — Preamplifier === Amplifier === Discriminator

—_— PMT

—_—

—_—

Multichannel
Scintillator HVPS Analyzer

5UM 2.8 2993 svinuresssuuMsinssduuuduitaadu (Scintilator)

(AAwUaunan: http://www.lib.ku.ac.th)

[

[y [ a a LY A = A v aa ¢ o 4
‘I/Taﬂﬂ’ﬁﬁ/l’]mu"?mwaLasﬁuaﬁﬂﬁUNﬂLLﬂNﬂﬂ V’i@iﬂﬁwﬂ“ﬁﬂﬂ‘w

4

BLlannIaugNNIZAUIINENIIN (Ground state) gan1ienIzAu (Activator excited state)

< o !

ﬁﬁx‘i"\ﬂﬂﬁuaLﬁﬂGﬁE)'LJﬂ']EJWéJ\N’m@QmJ’ﬂUEUIWWE)ULLﬁﬁiusUmgﬁaLﬁﬂ@i@ﬂﬂﬁUﬁﬂ%ﬁﬂ’]’J%ﬁﬂ

LasInuanguiiatawmasannsgnui lilauwalnavesmasaniguas Ilaualnnazlase

a <

§Lannsauoanui tay High voltage power supply (HPVS) 1y 17d3 19W396 U %30
nszualninvesins usswiuliihgaidewdrguasaninnuasasyiliiinnsuengdnuiu

a | a a a a X g o S oA o
aLaﬂ@ﬁau‘daaﬂaLaﬂmﬁaun@]ﬂﬁﬂJ (Secondary eLectron) LUV ULY UITUIUNINYID DI U

o
1 1 1o

nmsvenedyan Bidnaseuiiiindumaiiasgnadwiodianelun uasnanedudyaiaiedng

Y Y

mﬂﬁguﬁl,ﬁﬂmaugﬂdﬂﬂs‘]’mwamauam‘%aﬂ’jw waundneens (Amplifier) Wiavinisuene
GRTRT! é’mapmﬁ%gndﬂﬂé’am‘%aﬁmezﬁuwﬂaamuuua (Multichannel analyzer) il
Mmsleseianaduvesdunuaniivhnsiuialed

2. Windeduuuansisianh

WIWI1191nANA 1NN TUNISUSEAYE a5 N 9A U LA Tl

[

auTAMINADINTT @150 982U T W InSIEA e 1Rasuiley (Germanium) wasdaADY
(Silicon) T INaNNITVIIULL B5IFNTENURITAYTAE1TA IA1UILLAANITHANA LA
Adiannsoulaa (Electron - hold) F3vrgniudsuludyaralwilifivuadudnduiv

NAIUVDISIF

v v

3. WIIRSIELUUNA

v v A

Wiaseduvunialsznousisunlng (Cathode) figusiaiu

NIINTETUBNYINNIINNDIAY haziidualIntdulalus (Anode) agAINANNTEUAN Uazidy

adndeagiuwnasnelinssidauinuseuas 250-100 1iad danrglunszueniiuiiaoy

Y



20

(% ddd

ﬁ?‘Vﬁ‘U‘VIﬁﬂﬂ’ﬁ‘Vl’N’]‘UF"l’f]LZLI@iﬂﬂm’]umﬁﬁ%’l’?ﬂiﬂﬂﬂiﬂﬂi%% U Sedum wsesedleannazyin

a

MawamaqLLﬂammmsLmelﬁlaaauqaaﬂmmﬂizﬂaumaaLaﬂmau wazloaauuln

| Naa | < v

(Positive ion) F1urnlessutiueyfuiiuiy wazinvessednilusyaniu Bidnaseuing

Y
v

wolun LLﬂSl’e]’e)E]‘L!‘U’JﬂLGZJ%j:LLﬂIWﬂVfﬂﬁLﬁ@ﬂ’]il‘wa%aﬂﬂizLLﬁsﬁluiuqﬁﬁliLﬁmﬂuﬁlﬁyﬁy’]m
%a%uwmaﬁmmm%uagiﬁu%Lﬁﬂmauﬁlfﬁ’nguﬁum %é’qmﬂﬁ’ué’mﬂmzgﬂéﬂﬂé’m‘%aﬁu
[24]
4. TUsunsu WinXcom

deayanisgandusidiond uazSidunuuidedddoyanis
Weeans kazn1susegndninsunng lglusinsy WinXCom lddmsumainiadnuang
(Cross-Section) #i3erduUszansnisanneudeana (Mass attenuation coefficient) 183013
\Andunsi3en Incoherent uaz Coherent Msganduuuulnladidnyia wnslusandu dwmsu

a £ I3 A oA A ) 'y a
519UTANG asUsznou wazaswaw uandulusunsuiiundetiovousulussduuiuiwf(2s)

2.1.2 Ya1¥eUsznau viseTagAaulndn (Composite materials)

[

TangaUsenau viseTanpeulndnruneds Tanninannssiuiuvesianuinni

q
[
=

nilalladuluudiiliaudfivesiansiuadu dvsuanunaneddmnssuves fagaeulndn
e Janusenevtuainianiiaudfwandeiunsus aesviintululagliinnssiuda
Julleenduwilbiaudfvesianaeulndniiladaudfisiuiuresianndussdusznau dady

n13vu1e n3ennaziuauiRvesianrenlndndsldarnisavihuielaanndan il

asrUsznauvilalaiiesyiafied esrusznouvesianneulndalaun Tanmdudeondn was

9
¥ (%

Dumasieiionsonit wnind (Matrix) wazFagiinszanedeglutanlendntiuisonin
wlansza1e (Dispersion) lagumindagyimiiivieriuasiaiauussuazvinli fanaoulndndu
;:;Ui'wuu dumanszngiihiliaSuau TRl uLving wagyiliiagaeulndnaudfinu
#o3n13[26] Tanaoulndniudunatsaiadanissud 20 dadugaifaudiamimg
Wemansuazinalulad Nueaweddadles (Phenol formaldehyde resin) n3sLsuiluedn
(Phenolic resin) ilunofiwesdansziviausniignudn uazdasmiune ndaanduldd
n1suansdugiSenesianlas (Urea formaldehyde resin) wodloawnosyiinlyd usn
(Unsaturated polyester resin) wagdwend (Epoxy) aoniia1uaiau wazlunaineuiidnig
finnszuaunsmssandulofidvun vioduriuguinatsiidnuinanuiivasuivan
3ot iulenda (Glass fiber) songmarauioldauduauiudiuniuiou st wediwes
LLazLé’uiaLLﬁauwﬂizﬂauﬂmaL’fluﬁ]méuéfusuaqui’mﬂiiumimﬁmi’aﬂﬂamiwﬁmiuﬁ%ﬂ’u [27]

q

i“EJ”Li@JG]Uﬂ’J’]ZJG]@\‘iﬂ'ﬁ’Jﬁ ﬂ’J']ﬂJLLGUQLLN LL@”?JU?UIMNTU?N"U‘U“RJ@UVL@ﬂﬁ’]EJL‘UL!LLi\‘iNaﬂﬂu
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TAansdnendulouiafifianuudussgeuasuusslifuisdunedwesiAnduian
poslwAnfinuLsanszh warlunaou Tanaeulndnfuimstanifionsldmuuniy
Fov 9 TneldiTudrudsznovresduduiidesnisanuudwse waznsiasuriaves
wodle NN IusyEnddsazsilnlianaeuIndniflaudinvarnnansuayilaudfunnsaiu
mugaUsEasAtun1sUszendldn28]
TnsautivosTannenlndnildastuegfuautfvesianisudu Snarduvestan

(Y]

Suuudazyiin LazdnvazvauNannszIediey Tanneulndniliinanuning wazinad

Y

n3¥NeMaRg Ty Win1iANUdNTY Yu1e JUTI SNEENITNTEANY UT0N1TIALTENT

Younannszenuandeiu Janmeulndniilaesliantanliviioudu dnuassng 9 veuna

a (Y i a 6 al va 4 (Y a (% d'
Vlﬂi%ﬁ]’]ElGI’JE]EqJJIULiJVliﬂ‘ZJVIﬁQNﬁ@]@ﬂll‘UGl?j@Wl’]EJ“U’PN’JEW}QE]@JIW&G]LLﬁ@Q@QEU‘W 2.8

o of(o®0 (|0 (@O (@ o[ o
°® o 00 | o O °® ‘0
o (0%0 o|® © o ¢
Concentration Size Shape
® o/l 0o o0 -
® ||eee =) llll
® o
[
Distribution Orientation

JUN 2.9 dnwaieene q Yaunannseneieglumindndwmasdeauifiannievosian
LHIRTER)

(AaLUaguna1n: http://ftiebusiness.com/knowledge-detail.php)

[y

anmoulndnwusoanidu 3 Ussiam leun

2.1.2.1 TaaNaNNETULIIRILaYNIA (Particle-reinforced)

@ S a ¥ v L X dg & o ! = [
TanrauiaSuusimeauniaUsenaumeiloiuiiluilomeseliiosiy

WazdnIsLaS UL US o uaNUATRA UL N UAIENITIALANTIAS ULSILUULTIANG Ly Yaa

9

a v

roulndnvawisamuaisiuddulavead Meawmuaisluaiinanuudegs wisanuasluad
Y a4 A A ° Y A Y] ¢ o Yo AV v < ~
Toidufe daudnnegs uasuaninde Wenauiulaveadviliianladanuudegs wazd
ANUAMUNIUNITUANTNTATY s zlaveadilnuvile) LarABLYANSUNGY 81980

caa & & & a & I o P v
soouAndienudugnd wasiinsHaAITUBULUAA YEI3INNTELARIUNTEUINAITULE?

YRDINSUANLADLTAMULTILTI ANULNTI BASAMUAIUNIUNITANNTOULINTY LT URY
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2.1.2.2 5a@wauﬁta%mvsaé"sm€1’u°la (Fiber-reinforced)
1. Yanuauiasuussneduloen wazinsdasesiidusadeu
I~ 174 v o 1 [~ a 1 a 6 ]
Junswaudulelvinszanedegralusuilevegluwming wu ns
naniduleveadanouasluntuuiiialfinaA1LLAse (Fracture toughness) WWumu
2. Tagaeulndniasuusilasidulodu (Short fiber-reinforced
composites) wudlallu 2 Uszian laun

- Janeaulndnasuusslaoduloduisosdnduszidau (Aligned

A 4 [

discontinuous fiber-reinforced composites) dantan1inana i enessuluanluianig

(%
= = L%

Fenfufimnenisdniesieaduls diuTanreulnanviatazdautfiduwuy Anisotropy
- Yanaoulndnafuusslaeiduloduifosdauvug (Randomly

oriented discontinuous fiber reinforced composites) #3alifin1sdnisssialufianisla
firnmiailFanedaiiautiivhsulunnfiemadendy sotropy

ynlf e od uwdunasilunisduunsinvesianaeulndn
anansafignduunlaidu 3 Ussiam loun

1. i’aqﬂauiwﬁmﬁjaﬁyuwaéma% (Polymer matrix composites,
PMC) Yanmoulndnifunindidunediues uasiainszareviomaadunsadulds
wodlueslane waswsind

2. faﬂﬂaﬂwﬁmﬁyaﬁyuiawz (Metal matrix composites, MMC)
Fanpoulndnndumindidulave uavdisnniimanszaredifidulane viewsiing el
AULTS (Hardness) A23ULd9se (Tensile strength) La¥AITUATUNIUAIUAY (Creep
resistance) {udu

3. Yanaeulndaiilefiuwsing (Ceramic matrix composites,

| a 1

CMC) Tanmeulndnniiwsindiduumning wazilleswniowsiinddaumizas aeiula
NTEAUHMTNLADNUINENA VLN NTABIAINTALANAULATS (Fracture toughness, Ko iU

LN3NFLA[29]

[V

2.1.3 uRenngrdesiviannaulndn

Fadunuddenyudunsusulpaudisong 4 semedwes lnenisifvaisdufiy

adlunafues LU

H.Y.Chen wagatiy (2015)[30] lavin1sAnwinisidnuaaideudainn (Calcium
sulfate; CaSOg) fik1uNFUUUTIRmMTsenszuuNslansendiaty (hydroxylation) lag

Telavulansonlen (Sodium hydroxyl; NaOH) Lﬂu&hﬁﬁazmaLﬁaLﬁwglamaﬂ%a (-OH)
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aqvufiveaadoudams waznsmdisezilulnfialasiuniiondleiau (Amino propyl
trimethoxy silane; APS) ndsaniunauaslunedlafdanaslss (Polyvinyl chloride; PVC)
Tnewnadendamnsndiduaasuusditunedldanaslsaiviming i oitu
nnmsveadeulanslyiiiudn uealusdamniiiunsuiuussimihagimanuduniuse
L3ansEUNN (Impact strength) wazauLdswnsasian1sldsse (Flexural strength) Liiadu
domnueadendamanaudfuldddunedlianaslsd wavdunauianuinafiominves
uraiBeudaminiivglensendaiivtudevhmsusulsdmiideledeulensenlediianuse

a aaa

AaufiseniunyleaueanUatsansldvesesilulniialasuniendlaauls Inedaivanely
dndund swesesdilulwialasumiend lotaurduny ezdlu (-NHy) viUjAsedu
wodlillapaslsdvinlviindunsisennfseningiu Weliussiuianaeulndn wseazinfouily
N4 di’ d’l ! o ! di’ d’l 4 a a o aa
L‘I/\Iﬁ“UENLUE)‘WHﬂE]u warazyinsaelouwsannileNulUgunaaiuunss mniindunsise

Rl2ORIRE Lﬂ@ﬂ?iﬂ’]EIIEIULL’NlﬂE]EJN(F]@LUEN&QN&IV%@JUWlejflﬂﬁllﬂ’]LWlI“Uu

qusnal wazAne (2016)[31] AnwaudAdenawasdugiuine1vesnoulnda
Fanmiindnainneduaninueda (PLA) nefliiduledudzsn (PALF) Wuasiasuuss dule
FudgsailldannldanluduuzsndieiBidana (fiedesely) anasouduguinevesiiui
uagauUAnunusoussiaendulofindesgansimisidanseunuudeniinuasiag og
ndRuLTIRteluNUSEaA nouwisuneulndndulodulssnasgndalidninueniussin 1-
3 4y, uazHALAUNDAUAARNLOANAI8LAT BINANLUULNEEIR (Twin-screw extruder) Tu
Usunadulesesay 10-50 dauﬁ'azs‘fugﬂﬂwﬁjumuﬁwm?laqgfugmmuﬁ@ (Injection
molding) N1INAABULTINIVBIABUINENNIUITUINTFIU ASTM D638 WUIAINDAFAURIEN
(Young’s modulus) vesneslndmdfistuiievsinandulofiudu Insreulndnifiusinanduy
Tofenaz 50 fidnuendavosdufiniunnweduanfinuednionas 68 druasulnaniiiuium
Gile¥eray 40 fieuendavesdufivtiunnwoduaninuedniosay 48 udlienuniinume
vaesl (Melt viscosity) sninaeslndndifiusinandule¥esay 50 wonanil LW@U%’UU'gamm
Wanulavesneduanfnuednnuiduley awu’jﬁ’aﬁyﬁqlé’tﬁmaﬁf-jmu (Coupling agent)
unadnueulalaifesar 10 addureslndniiviinaduledesas 40 wafildnuinduenda

Ya3favaInaulndniuain 3.8 1u 5.1 GPa visaliutusosay 34

S.Tang wagAM(2007), F.Yang wagAng (2008)[32-33] 51891U31n15UFUUT

AuURANATUNIURDNISULANSN (Fracture toughness) ¥838dnouAT5LUA (Silicon carbide;

Y A

SiC) IefAnareusyns wiu dndniun udausae wumwiamiﬁﬂma wu&iaamﬁﬂﬁiéfaa

¥ a oA U

) v aa 63 v Q
Judu wardaroumsluandsddedane 3 ﬂ@‘LJﬂ']ﬂU@L‘UU’Jﬁ ganuuse 'ﬂﬂﬁ]@ﬂlﬁ]iﬂﬁ@l
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msvsuitinnuevendulodeiduriuguinans (Aspect ratio) figeadlusansuaslus Ly
w@uloarsuau (Carbon fiber) unslng (Graphite flake) vioulumisuew (Carbon nanotube;
CNTs) iudiu itouuugsmudumusiontsunninli@du F. Yang uazame (2009)(34]
ynsfnunduleaisueudu (Short carbon fiber) tafunsslutanaeulndnfinansening
waslatiey lavelse (Zirconium diboride; ZrB,) uaz@dneunislua lagvin1snaunigis
n3atuzufenou nRaMIMAaaINUIIANLA LR EN TUANEnd ALRiNd a1
4.3 wnznnanaldy 6.6 WwngniaAa Z Wang wagang (2009)[35] wauns1bwa huuwey
(Graphite flake) i lUluanaoulndniinasivesladonlavelse (Ziconium diboride ;
ZrB,) Sosay 20 laeU3ung Faaouaisludaiunsausulsianudumusanisuaninli
aedulddefonas 35 1 eisuiutaneeulndnd ludninfunslnduuunsy uay
C.Pengcheng kaganiy (2018) [36] vnsAnwIN1sUSUUTIANUAUMIUABNITUANTN Tag
nsuviouluaiveuasluddaeumiludfiinsuiuussiantiifeds HF treatment Lilo
ninganaulnoanlys (Silicon dioxide; SIO,) VURINU1VDITAABUATS LUAINALALAR
JunIN3eIUTIMRIMIEN (Interfacial reactions) senintwisunlumsusuuazdanaulasenlen
AT uannImeaemuih Amenuduusensusninifinduen 4.4 wnswadadu 5.4

WNZNIEAA

A.R.Bhattacharyya uazamiz (2003)[37] lavinisinIeudanaoulndnseniig
Wodalnsiau (Polypropylene; PP) wazvieuluauauNtmi sty (Single-walled Carbon
Nanotube; SWCN) Tngltnsuauiuunass (Melt blending method) wagvinn13nsI9dau
nszvuMsAnndnvesianaenndn 1nnanIsmaaesnuin MsismewluasuounTmils
Sulslanansadsuulasmiinvomanveedlnsiiauly uianusavhnihiduianssdunsie
nan (Nucleating agent) 1uwa§1mﬁ§uﬁamaiﬁé’mi’lﬂ'lil,ﬁmmﬁﬂsua’j"aQﬂauiwﬁmﬁmﬁu

s

fiaflosglasi (Spherules) vunadn uazdinisnszaneiivesvurandniuay denaliian
poulndndantdianadiindu T.v.zZhou waramy (2016)[38] ldvhniameutan
poslwAnseuitanodlnafidy uasvieuluaivouniimanetu (Multi-walled MWCNT) Tag
T9snswanuuunanu (Melt blending method) vin1s@nenauin wagUSunuvesviounluy
msveurTmaetuiiinadeautivisanudou uasiafosnmmeauseuesanaeulndn
NnMInadeuNTIlATzdinuieussmadansiansiasuuUasna Wegumgll vie
a1 U euly (Thermogravimetric analysis; TGA) Wu7 gaunndlunisaaredd
(Decomposition temperature; Tq) ﬂJ@ﬁﬁﬂﬂ@MIWﬁﬂLﬁwﬁu LﬁaLﬁ'mU?mmﬁumﬂauﬂu

ANSUBUNITIMANETY tipsnvaunluAIsusunTvatetuldnwusduve wazdndivaley


https://www2.nanotec.or.th/th/?page_id=569
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[
o o

FuonavhliAnnsTauing (Barrier function) veaviewnluansusundanedunisassiuni
Soudahldeniu wandledanunvesdulodeiduihuguinaniiniy agamnilunis
aanefazfiututuiy Wesnifndumannien (Tortuous path) 1u5’a@ﬂauiw?mmﬂ%(u
Famsindumeanienasyinlrnsasiuaudewinlddias seturiouluaiuouaiunsa
Hupuadssmennaudeuliiunedwesld uenanidvieuluadueusaunsaiivauss

WDanalinunediuasiaaneie

P.L.Teh wazmae (2008)[39] vinn1sAnw1Uadgvadni1stiudanivasy (Fused
silica) TotAame (Glass powder) waz@dna (Mineral silica) adludfend (Epoxy) ifnasie

auimiganan1ulaunin (Dynamic properties) MANANIINAADIAITA AN sd 1IN 1A

' '
a a a

AauvRdnasmulauniinvaddNendifiudu Weosinaissiumarddndualssiudseinm

v i o v A

a Y o yal a e a & & X a Y v a a
LfﬁllLLﬁﬁLGU']ﬂuvLﬂﬂﬂ‘UaW'@ﬂGUV]VI'TViu’]WLUULUQWU LLach'LlN’JVU'VU@ﬂ@HﬂqﬂmaﬂaqﬁmflL@llll

1 [

nyflsnduianansafinujiseriuiiendlavinlvindunsisenifsening

S.Zhang wagAuy (2011)[40] YIA1sAn¥IN1TUIAINSU (Heat conduction)
ANFTUYIUADNITNTZUNA (IMmpact strength) WAZAUFIUNIUGRDLTIAY (Tensile strength)
YRINBd NN A UYTAAIIUNUIUUE (High-density polyethylene; HDPE) 7idn1suiu
azqﬁl,ﬁwaaﬂlsuﬁ (Aluminium oxide; Al,Os) ANNNITNABDINUIN auvAdanaiud e

nsiuezadideusenledlulsuiuimvuivaudesninesgdideneenledloyninfinds

Y Y

a

aunsaiasunseliiunedieniiduviannuvuiuiugald waznisdesgdidey (A) Du
psAUsznevIzannsathamdeuldd esanerglileudulaveAlandilunsheusou
16 Fsfinanismaaesiindrofuves MAOnitiri uagame (2018)[34] Aivhnsdnwiadelunis
WAaaug (ron ore tailings) fiflvuna wazUSunufiuandnsiuasluianaoulndndiond

INHANITNAGDINUTN AIAINAUNIUFDNIINTEUNNVBIAAABUINERLANTY L oN1IusH

e

v a

utanaddunaniandnunnidudatudfenduiniianisdeinussalaunnuiu wanannd
nsumausfiesddsznevvennanddlantinisiianuseuldnazdwmaliianaoulnds
Wnn1sEAuSaulaRvuse

v a

$98301 uazauy (2002)[41] AnwiniswIsuianmeulndnseninaedioniauvile
AUAUIUUUGS wazludmdertaduidwmanonisunsiiuesiasandiau wavaudiidna
AU luniswaslufdesas 15 Tneuviin waziadudesay 25 Tnguvwniua
R nsunseuvesniaoendiaulunatafnuananasuszutudosas 60 Weaoudu

a aa a ! aY 1A a v oa d' 1% & CY o v a &
‘WE)@L@WV]@U”UU@F‘YJ']&IWU’]LLUUQQW‘lﬂJ@Jﬂ"IiLWNﬁﬂiﬁ’JLG]lI L‘Ll@ﬂﬁ]’]ﬂlllﬂ'] NIDVNAANNINRUILUY
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a13n9e1s9lunsiiandn (Nucleating agent) veswedlonaustdannuruIwyugavinli
wanaRnNaudndnvwindn Uunamnn waslianuvuiudugs vibiufadediluanasuinidn
Funnuleanyu

av o4 A

2.1.4 yAseiinetasiuianneulndninaniitesed
N9UATA AT dul fnqusrasdduderfude desnswaunian
roslnAnlvidguansAfivarnvane ilovensvouivanisldnuvesianaouTndslin ety
vioanusmhlUldnuluduiiamsiazannndsdu dddutlagtuinidulainisiantan

paulnAnNatursatrunldauanizauls wWu nsiulanzeanlesadlunediues iwau

=

U ay v =t v a o va & ¢ v 19 | |
ﬂ’]@i’]iﬂaﬂm@u3ﬂai@ %ﬂiu{jﬂﬂUuuﬂqiuqiﬂaL@ﬂ% LLagi\‘iﬁLLﬂlllnll'ﬂsﬁﬂ']u@EJ’NLLWTVT@']EJ
Hasunsunng n1sinuns wazlugeainnssurig 9 uwaliesnnssdidnduaz Fsdunuun (Ju

cs' o’ Aa o U & v A = & o ! 3 a Y
ﬁa‘l,JLLZJLVﬁﬂiWﬂqmﬂJwaﬂﬂ’]UQQﬁ]@LU‘UiQaﬂ@laaau GZNLﬂu@u@i’]EJW@NHUEJLLﬁ%ﬁQLL']@aaN wIn
Y a wva ¥ v av Yo v A a d‘ a 1 1% 1 ]
AUfuRnunesuTadlasusdludinanunnfull e1vdmaieuswoguainuazsenie

= a °o &

i anvdemansenulinAnanudsslunmsiinwadussaiugau deiudadanudndu uas
dAyededslun1snistesiuseddngs FainmsAnAuninTanlesiusediieliguidfau
naRussdannsatesnuiazanlonanazlnsussdaunslimnnounsiela(42]

K.Singh wagauy (2002)[43] ¥Nn15ANEIAINEINITLUNITAIUTITIE VD
wAUeLInlugns xBiOs(1-x)B,0s L8 x 11U 0.30 0.35 0.40 0.45 Lag 0.55 Anw
AdUUsEANSN1saneusIddsnalaglalusunsy WinXCom NSEAUIIINAI9Y 356-1332
a a o 13 1 [ a .§ v a a 43 A a a
Aladianasauliad (keV) wuii Ardudseansnisaavouadidunaiuguiloiuusunm

2990819 LarAFUUSEANENITanNaUSIATNIAANAL DLNUSEAUNSIINIUUDITIALANLN

P.Kamonpan wazaty (2005)[44] vhns@nuandfvesuineiadesiusadudy
mzﬁl’ﬂﬁgﬂm%wﬁu‘[mﬂﬂizmui%mwaauﬁﬁﬂ‘%mmmﬁ"a@aﬂ%ﬁﬁgﬂLLGi%EJsJaz 41.6 - 75.5
Tnevhonin anduldvinmsameseunansznuresdoulunszuiumaaseuuisenisadias
yoama uaznsutuiveaimeAuiievaniizlunmsvasy Tnewuitgamafiivanzanly
Msvaosuidireglurag 1,150 fs 1,250 ssmwaldea wazenmgiiluniseusousyil 500
pareaildva duetuiinznafldidimdesruidmdeseudeimuusunanziioenledd
ity wazdauin whemilasaadusuvedugu dumanuruuiy messyildnm
wazduUszAni nsgandussdidndveautafaninty Weuuumetieenledii iy

Ko 1 1% o A d' a IS ) 1 & & =
UDNVINULINUIT LNINEAINLNINDUNRAN 1,150 DIAGALY Y waziwaiduian 4 galusd

Y

1o a a A vaa =

AduUszansnsgandusiddndasiigaamnzdmiunisinlyidutan i Uessd
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Femshiandesiuisdlaelduimudaidee nszuiunstuguneddgamgiiadu

@ a

msviaeuwiIdsrasesurunsnds warwiduianniannudseg mnlivhnmaiuing wie

finsldanuinlisedinsgitoaianiswaniinlade JslalinnsAnauinTannianumungaunly

WAL

AUNa wazaAmy (2008)[45] vinn1sAnwinisiiasunInunduiandesiused lny

v

ABUNIANLAIIUNUT 20 bURLUAT A1U15OANUITIA LA LA UMNAUALAINUT 4 LYURLUAT
dyv = va 4 1 o aaa a o v a % 1 1
wonandgallautinuaiudou lvinufasenaidulelelnussd nunisdanseuuiunid
5EELIANNALADUAIYVUA LASNUNIUABKIINTEUNN TIINITANYIAMENBALVDIADUNTA
avinasuwUlsd waziwesladfuuaiduuslusnnsidruiunnaeiulann Sosay 10 20 was
30 WneUsu19s F99Rns1dUNLANANTUTDLNaSlafRAUTNafaUUuRANIINEAIN WT9Na LAY
N1521859ALNULIVBIABUNIANIANTN INNNANITNAABUNUIN ABUNSALULSARALLWDS Las
Jeuaz 10 lngUsuinsanunsnanveusdunuunlannan lnwnmedletiunndeauniulivin

15 Nadnsau1s0annausIdLnuuNdn 1wl

2.1.5 MUIYNN8VINUNITWAILIND AL NIUSSE

I [

PNeTetulgminue Janiidasedluliaudinnudavgunaiunsalasse

q

[

M113U3 19089078 NR0an15Ue e usedTsonadaavlnsediinnsdudadui v nie
a3z q ldadadniswaundaglesiusdlvliautinnudanguinniu ieliaiuise
TAsenugusiwesedey wazlestussduuuameiuild Ingldoravsenedwesduluiag

ATGRRFITVIY

K.Kalayanee Lagaaz(2008)[46] ¥INN13ANEINISATENENNEIINGIANTA STR 5L
nanfunaneslaiiiutanmdeiisanlssny uasnaviimludasdiusing q anduthen
nadauUsEANS nnn1sanneusidunuunfiiinarnunasindassdudneziudidou (“Am;
WA 59.8 Aladidnmseuliad) InguwUsAIANUNUNURLELENT 1-5 TaawAs INNNSANYD
WU Uszansnmnstleasudduysiunsmiuusunamemaneslsiinan wasanumuves
WNUENTIRLTY £1955509R STR 5L Wauwste 20 dulnedeediuiioisuiuen was
naeslsd 100 drulnedosdruiioiiouiuens Saduussansnsanneusadidaduyintu
2.31 soluRiuns 1nge19535uANTA STR 5L Haunausiifgsgn 20 dmlnefesdiuiile
Weuruganazualaslsigegn 100 daulasfesduileifisuiuens ammmun 3-5 faduns

[

<y (Y c{' Y & (Y o LY o w aaa A | a
L‘U‘Ll’)ﬁﬂﬁ/lﬁ?lﬂiﬂi”ﬁL‘Uu'ﬁﬁﬁlﬁ?ﬁiUﬂﬁiﬂ?‘UﬂiflﬁV]Nﬂ??ﬂﬂ@%ﬂﬂ‘\ﬂﬂﬁﬁﬂﬁiimﬁmm ANINAN

a

nanasisdasluluilnsnesssuwminge STR 5L dnalreanauiA1AINunuNIuAsLsIAIanad
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LATIBLE AN 1909T U Ul NT UBE 191N UBNIINTAIAIUNUILUUYDITER

a X A a ¢ a o a X
ﬂ@NIWﬁWQQGUULgJaﬂiﬂJWmsU@ﬂNﬂLW@ﬂi@ LAz UTU VDI VUINLNUUU

WIUNS (2011)[47] wiTeuTaneeuIndnnansenine9sTsuyd wavwidmsuly

0 w v A =<

Judanivesed nmsfnwidssdninmnisgandussdvesianaoulndes lagiarsanain

£ -

AduUsEAnSMsgandusddduauifeidinniswisuiagaeulnda lagldunauiingnd uaz
umlugunsazideagninlunanluumsndunenuazeesssunayiauviansa STR-5L lagly
LASOIUANANADINNEY wazTyuUeIAIgUMeMueiy mwMawEaiamnsabuladaiosas
200 Faagvilvidageeslndnianuruiuiuiinduain 0.8 nsw/gnuiaisudiuns wWedalla
a Y 9 I3 a A v a3 ea o o ]

WnuAdul.8 nf/gnuiAlgufiuns Han15NAaauNSRANaUSIEBnd NN Ui 60

Aladidnmsauliadnuin JanaeulndayniiannsaiUessdle lnediaduuszdnsnisanveu

a a 174 I~ L

TV UFUUTEUIU 3-5 ADLTUALUAT Naﬂﬂ’iﬂ@ﬂ@Uﬂ’]’i@JﬂﬂﬁUiﬂﬁLLﬂM@JWﬁWéJN’mIWG]E]u

(%

(Y} a a a '3 (Y a QK = ad i Y a (Y]
wiriu 122 Aladidneseuliad nuiduussdnsnisgandusedialndlAesiunisneasinis
o v v a & 6
AT sdons
UNITTOU wazAny (2014)(48] vhnmsAnwuruduleuluneulndanedeimunas

wuiSeudaine (PU/BaSOq) wagwadlilladaugeslsdnauuuiioudainn (PVDF/BaSO,)

anursamssulamgmadanistuduloneliiadin a1nn1sneassnuln wiurdule

a

NOAYSNUNNAUBULS sUTAMALINAUSaE 71.28 VOIUNINUNNDALLDS waLWoA INadAUY

Y

Wgeslsinauwuissudamnninduiosas 54.16 veshmtnwediwesannsatesiussdiandls
$ovaz 40 Ferrvanaudssandunsievessidneaunmainnsaluussgndldiduunu
Josiuaieny Wadeanisaneninuiiiaeisisibnesad wu dodn a9 wenainiidiel

wruduleunluluindavansuviuass wulssudawn lasiinedlidanoanssedidusiusealy

LYY = v v A

wazdauriuiuauiainuvun 1,600 lulasiwasaiuisateatussddndlasesas 80 fatulu

[

<

av ay v v 1 1 ;74 g.JI a d‘d ! a U
Adeillanandiiuii wiudulounlunauuaeulndafddiunauvasius sudainn uag

Y I~ = o o Y @ 1 v a & v v 1 =
WUUT LAdpuaskluase Ul sudatnaa N sa It il uuk ud oesediond oy 19l

o o w

UszanSan waziladdefnanenuuesinondad (2017)[10] uidediiidnuendsniannng

q

Seddndnaunulanenznd wagdesnsianniiaudanguiudentdnedysiny danalawes

13 s (Y & a%’ =~ [ & & 1 v a v
bATAAITULLUIYDILBENINY 60 muLummmaqmmmmugULUuLquiwqquwm b4

v a &

anunsoranLUSsudaNaTaandussddndlad auamnsalunisanneusdidndiansan

[

| a £ v N & et o A4 v X o A d N A
7\]'1ﬂﬂ"lﬁmﬂigaV}ﬁﬂqiamW@u3qaL@ﬂsijUQﬁ]gllﬂ']ll']fﬁ/ﬁauaﬂﬂUﬂUﬂiﬂquaqi@J@ﬂau3qaL'E]ﬂeﬁ

<

AMUNUVDILNUADUINER LazndsuUesSaddnd PINATNABDINUIT WHNIUVBISIALDNSG

o

60 AlalnadliA1dulseansnisannousadldnd i dadu wardulszansnisannousddnd
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WBaniaveun unaNIndanadg Sinunauduiulisudaman dwuiToudainn 50 nfuse

a

POAYITINU 100 NTUTAININU 3.289 ADLTURALUAT WAL 2.401 ANS1BIURLUATHONSY

Y

ANUAINU

AANIUA wazAy (2016)[49] ¥NSANWITLe kazUSu1aveansaiutaany
Sdvtinnsauesn Tuseusanten wasnemena Wweusulasudsuiui 0 10 20 30 40 way 50
dulneesdiulafisuivendluianaeulndnvetesssuvd wazianreulndnvedens

sysuRIANaNHIUFesld vin1snadeuaIn1sAIgUvedene (Cure time) audfdeng wag

wva v v 1

auuRaussd nanismadeunudn Mstiunsavesnluianeeulndnsnandnisiuwaszliiinig
a dy dy ¥ 1 o b4 QI dy 1 a &% U

Wuradaeslyl dawavinliianlunisasguvesenaiiudy dwunsiivluseusenledludan
Aoulndng1andinsidiy wagldinsiunideslufinasananlun1sneguvedens wavauls

Wenalagsinvesdaneeulndnganinisiiusas lifinsiunstideglifivuilduanaseniiy

a da i a

ANANUUIINRINTATANTY drunsiiunsmemluiagpeulndnenslidmasienailunisaagy
Y0387 wazllantAdenalaesiulianeiu Mnnsfnwaudfsusdnuiinsidunsauesn
wazlusoueanlenusuim 50 drulausesdiullodisuivensluianaoulndneesninisiy

a a dy dy vV ¥ 1 v a a | L3
waglufin1siiunaidesliianuausaduniunesdiiisuin e vaney

v @

T.Ozdemir Uaganiz (2018)[50] M sinssudanivesedanianaoulndnnas
sg19e1ensaulnswauladu (Ethylene-propylene diene rubber; EPDM) wagnzi

¢ ! P a Y s 1w a £ o
’e]EJﬂI"?JG] (PbO) 3710015 NAABINUIN L@J@Nﬂqimemgﬂ’J@@ﬂlsﬁ@ ANFNUTEEANTNITAANDUSIEA

v v a

a & & Y & 1 aa aa a LY VY & [y J

Wudy tneAduansdiiiui ersensaulnsiauladugnusuuseliduianmvefaduuy

A ] v A 3 € v oA Y & = Y =

gavg udsaunsaannouseddnduwasunuuile esinaziieenlaaingia (Pb) 1u
3 = U a 4 a -] o

aeAUsENaUTInzNITliaverneuiigs (\Wesney = 82) a1unsananduaduwiinanluinnd

naugals wazuenanidulinisAnulagrindasanled (Bismuth oxide; Bi,Os) fovay

40 Teeunnunuauiussnleanlansasas 20 lneurnuniduaslusnaensaulnsnaulady

= v

NUIN ANFUUSEANSNISanNaUSIEIR LT U aRsunveuensaulnsnaulad uniungnn

& a o/

§ 1 a ~ a o/ I s = a v
ponlgalieseg1aien Wesanladvesnlenitadnidussrusenevdsladviiavesnau

[ A = 1 [ Aa [ Yoo a [y Y
bNIAU 83 ﬂﬁuﬁﬁﬂﬂﬂﬂaUﬂﬁULLﬂJLﬂﬁﬂiWﬂ?V]NWﬁN'}uq\ﬂﬂL‘UULG]EJ'JﬂUG]%ﬂ’J

awo a v Y a v & & g a o ¢l
\TTU’JR]‘EJV]ﬂaqjlﬂmqﬁﬁumﬂqﬁielnu@WUL‘U‘UW@"Iﬁmﬂ LAZYNNAUAINERNUAINY

[
[y

gavgutioy MUITiR

o

Tinguszasanzimun JanMosssduasnnsMnianudangugs ag

0o v w aaa a

= v a o o A v oav vy v a & & & Aa
Naqﬁm?LﬁﬂJﬁqﬂﬁUﬂ’]Uﬂﬁqﬁwuﬁ’]@lmaquqiﬂ@jﬂﬂau5ﬂﬁ‘lﬂ LL@%IGUEJ']QﬁiﬁﬂJ%"IWLUULU@WU‘V}N

[

wa & |oAa a o e ::4' Yo o W aaa a 1
ﬁNUmﬂﬁqﬂJﬂﬂwqu%ﬂﬂjqwaqﬁmﬂ LASYNWEAWATIENDU € LW@Imﬂ?ﬁﬂﬂ']‘U\ﬁQaV]llﬂrﬂllEJ@Viqu
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uni 3

ad a o
9N13739¢8

3.1 d@15uad

3.1.1 819555497% (Natural rubber) tnsa STR 5L

aady N . . = Y
819555UY AL Tonuaiife cis-1,4-polyisoprene lunildluianavzisenausiy

[y

wihgvatlelaniy (CsHg) wsaiuluanaldenuuudunsy waseasssusmduianiiiaay
A 1 a0 1 o dy ¥ a a 1
YANEY UGS FganAnuaadmizUseunas 0.92 warlunisnaassdazlvenasssusfudnueyg
1N5A STR 5L (Standard thai rubber 50) G sldd@msuidunadinesnan lngagyinliian
paulndniinudangu aursainseldniudoints ndalae S aassawing 9119

Useinrlng 1asainevaseesssuyAnansnaguil 3.1

CH

|
CH,— C=CH —CH,

3

n

5UN 3.1 1A59asn9ve8195553u%77 (Natural rubber)

3.1.2 #19555uvRdNenTlad (Epoxidised natural rubber; ENR)

g4555UABNenTlad (Epoxidised natural rubber; ENR) Hignslassasianiandl
Aa CioH160 GTfﬂL‘flumaﬁié’mﬂmslﬁmaaﬂ%l,aawmﬂiumaiﬁﬂmLaqamaqmwénmﬁuﬁz@ﬁm
Hunawmudwenlasdunelulinana laserssssumadnendlediiniuliisendnendindu
(Epoxidation) @ 43113381 Anwiszduny Swenled@ifonas 25 uar 50 Insuaa lag
sssssnRonenledildtfinnududaganiressssumdvaluiliannsonand il
Fuffuansieiiifinnuduts venaniensssumiswendladdmusionnudou waztiulds
Falddmiudunediweindn lnsapiliiagaoulndndeudangu awnsninseldan
A3 Wanlay USEn Wedluil Aans 91in Usemalng 1aseas1euee19sssuvfonenlen

LanaRagui 3.2
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CH, o
| / \
CHZ_ C=CH-— CH2 CH2_| C—CH-— CH2
CH
n ? m

gﬂ‘ﬁ 3.2 lassassvessnssssuanasnwenles (Epoxide natural rubber; ENR)

3.1.3 wutsguA1sUBLUA (Barium carbonate; BaCO3)
WULSEUANS UBLUA (Barium carbonate; BaCOs) Wl uansi laduusenauves
= % [~ a a ’OJ o 1 £y [} 1 1 1 [y
wuisen anwasilunedvnd Junidnluanaindu 197.34 nsusielua Anunuiwiuwmiiy

= |

4.29 nFusemIUTUANAT wazdiyavasuiniu 811 asrnwadea vuiiduwlanssay

Tug1esssuyf Fedoiduianiiaiunsaannaussdld ndalag uS¥n Alfa Aesar Co.,

Massachusetts UsginaanigaLdsnn

3.1.4 Jadneanlyn (Bismuth oxide; BiOs)
Jasimeanlas (Bismuth oxide; Bi,Os) t0UAST HdIUUTENBUVIU ALTw
anwazlunsdidos Tumidnluanawiniu 465.96 n3usalua AuMUILLLYINGY 8.9 3y
\ a ~ W a ° Y o
AEANTILTUALIAT Lazliganaouwiniu 817 asmiwaidea vimtniduanszangluens
sysuvAdededudaniianunsoanvoussdld nanlag USEW Alfa Aesar Co., Massachusetts

USENAaNI LIS

3.1.5 wutssugawe (Barium sulfate; BaSOy)
wULSsuTaL e (Barium sulfate; BaSO,) t0ua157 T duUsenNaUvaakuLs oy
anwauzlunsden Suminluanawindu 233.38 nsusielua Anuvuuduwiiu 4.5 nuse
a ~ W a ° Yy o &
ATNGUALLAT Uazdyavasuvinny 1,580 ssmngaifea viminddwnansyaeluens
sysurAdededudaniianunsoanvoussdld nanlag USEW Alfa Aesar Co., Massachusetts

USENAANIFRILTN

3.1.6 n¥nanlen (Lead oxides; PbO)
nzioantes (Lead oxides; PbO) Wuansiifidiulsznauvengi anvauziduy
redAsy Fvinluana 241.20 nFusielua AUMUILIL 9.53 NTUABMITITUALINT Uay
v A

AnaaNmaIVNiY 888 asrwalded vintduanszaglugssssunnfdededutani

aunsnannousedla nanlne UTEM Alfa Aesar Co., Massachusetts UselnAiansgoiisn
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3.1.7 n3ns3L3N (Stearic acid)
nInam3edn (Stearic acid) Wunsalufuifgnslassadramauniife CisHs0,
Snunnidundndun fun dndufiuveslosy dhainluanawiidy 284.48 nfusielua
AUVUIEULYNAY 0.94 NTUABAITINTUAUAT kazliganasuviniy 361 a9A1Lsaldud

vimihiduansnszdudigliansiissanunsarihanuliiitu wdales s unenen indinea

(%

e Useinalne

3.1.8 Yemvanlan (Zine oxide; ZnO)

[ CY

Farvantus (Zine oxide; ZnO) Wuansatiunsdnianwaugidunadvnd dndn

)=

luanalindu 81.38 nFuselua ANUNUIMULYINAY 5.61 NTUADAITINTUALAT Lazilyn

q

AUy 1,975 ssmwaided vimiduansnssiutneliasiassaunsavinauless

Ju wAAlAY USEN USIW ne-lagm 37 Useinelne

3.1.9 Unfavulalsezloadalunlug (N-tert.butyl-2-benzothiazole
sulfonamide; TBBS)
Tanawullsesloadaiurlus (N-tert. butyl-2-benzothiazole sulfonamide;

T8BS) fgnslasasamaaiiie CiiHiN,S, dnvaziludadmdeseu Tnduniuanize

=

Umdnluanawindy 238.37 nfuselua ANaRTUNINAY 1.26 - 1.32 uazilyanasy

9

WinuU 105 asrwalded vinntnniduaisdinsselmianszuiunisiaslud nsoiinnis

Wouralesitu wdalay USEm dae1u waileea 310n Useineline

3.1.10 nuzau (Sulfur; S)

o v (% LS

Auzdy (Sulfur; S) 1usiaielfddyaneal S LaziavezABuLIAU 16

o

Juelansiidlogaly lidsansendu fanvauzilunsdmdes dmdnluanamiiu 32.065

Y

nTusBlUa AIUAWT UMY 2.07 Uazliganasuiniu 115.21 aswadea v

Juans@eurne@eiuzduasiinnisifonviniuasleluanaresens Us¥ auu alinea

o o

e Usenalne


https://th.wikipedia.org/wiki/%E0%B8%98%E0%B8%B2%E0%B8%95%E0%B8%B8%E0%B9%80%E0%B8%84%E0%B8%A1%E0%B8%B5
https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%A5%E0%B8%82%E0%B8%AD%E0%B8%B0%E0%B8%95%E0%B8%AD%E0%B8%A1
https://th.wikipedia.org/wiki/%E0%B8%AD%E0%B9%82%E0%B8%A5%E0%B8%AB%E0%B8%B0
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3.2 gunsal uaziAIaslie

3.2.1 1A509NaN819UUUN (Internal mixer)
A5 99MENELUUTA (Internal mixer) WuLAIaailaN1HlUNITUANALIISITUYIR
waza1siaillla2eiy Nanlay USEYN Yong Fong Machinery Useindldniu La3onauens

wuulauananagun 3.3

5UN 3.3 1ATeewangauuuln (intemal mixer)

3.2.2 Lﬂ"%law"n,'aa'mqgﬂmaaﬂ'm (Moving die rheometers; MDR)
1A% 094V IDANAIT U8R 8IAT Be3ladllnes uuUAELAd oufl (Moving die
rheometers; MDR) L‘ﬁuLﬂ%‘adﬁaﬁiﬁwﬂLaaﬂumimgﬂﬁuaqul (Cure time; teoo) ?jﬂLﬁuﬁ’JLLﬂi
Pldsmunnalunssadivesens welieraianisTanlus (Vulcanization) wienisviili

g1ufinn1sassy esesslefinesuuuneilinfouiiuanisiaguin 3.4

._

o
A& G angemusanid

CIAEEED JE—

JUN 3.4 ip3assladnasiuuneiinfiounl (Moving die rheometers; MDR)
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3.2.3 1A3098AL" (Compression molding)
\A3eadadn (Compression molding) iuia3asiiedmsusaeradndfium Tne
lszuulalasin Wanuseusglniln adnudugean 200 AlansusegnuiAiigudiuns
(kg/cm?) fiBautinfissiouin 18x18 @ lagldiadosdaitiigu LCC 140 nAnlnguTen TANG-

MASTER Co., LTD. Usemabdniy m‘?aﬂé’mﬁ%mmﬁﬂgﬂﬁ 3.5

gﬂ‘ﬁ 3.5 1A3098A40 (Compression molding)

3.2.4 1ADINAFIUAMUAIUNIUABLTIAY (Universal testing machine)

B lAERUANLATUNIUABLSIAY (Tensile strength), lendaiiszuziniovas

Y

=Y

100 (Modulus at 100% elongation) wazszazdnaunin (% Elongation at break) lagle
universal testing machine Ju H10KS wanlag U3t Hounsfield Uszinasang in3eamageu

ANUAUNUABUIIRAAIAITUN 3.6

5UN 3.6 LATDIMARDUAUAUMUABUTIAY (Universal testing machine)
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3.2.5 1A59999ANNLT4 (Hardness tester)
WialdinAundavesraulndnvese19s53suralaeldias oeTnAund Uy

Shore durometer A uwdsfinaaaulaiviaeidu Shore A nagounIuuINITFIU ASTM D

a

2240 lA3eamnaauu Frank GmbH Nan9nUszmeeasiu 1n383InAULTERIRIgY
3.7

JUN 3.7 1A3933nALLD (Hardness tester)

3.2.6 1A309TAANEITIINNE (Specific tester)
1A3 097AA1NE 29911 (Specific tester) 19 TR UMLILLY %5 oA"Y
0293111 1AgvIN1INA@RUAINLINTEIY 1SO 2781: 2008 (Method A) T¥inatianis
Wisuisutmidngiegidlueinia uagi indemaaeusu ML204 HAnlaUET Mettler

Toledo Useinaili@iuaus 1a3eeinAuandmzuanisiaguin 3.8

U 3.8 1A509IRANNET UMY (Specific tester)
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3.2.7 né’aaqamiﬂﬁﬁLﬁnmamwudaansm (Scanning Electron Microscope;
SEM)
ONAADUAMFININGT UaEN1INTEINAIVRIVDIEIN LU NTTIUTIRMEINATA
[ 2 L3 < [ N . .
WWNYL5E NG eoLTald U WUUNTEINENA 191U (Energy dispersive X-ray fluorescence
spectrometer; EDX) Taaldias awmaauiu SEM Quanta 400 FEl naaaindsging

\LsBTUAUA NdBIRANTIAUBANATOULUUADINTIALARIAIFUT 3.9

14 6

;J‘Uﬁ 3.9 ﬂaaﬂf\;amiﬂuaLﬁﬂmamwuﬁax‘mi’m (Scanning electron microscope; SEM)

3.2.8 \A3R9IANsgAnausedunuL1 (Gamma ray detector)
Tan15aand usadunuu unasnnidased g @ (PCs) ndvau 662
Alasiannsaulliad wazldmeianisnsziisasuddu alUdsundsnusadunuun winsea

yia Nal(Tl) wagvinisussaianalag Multi channel analyzer (MCA) ¥agunsain1svaass
nsnseidsPeNdiunanafagui 3.10

JUN 3.10 Yngunsain1snaaeINInszidsneudsiu
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s

3.2.8 ASaeinnInanau3sdidng (X-ray detector)

2 ¢ saa 4‘

FanauautRinstesiusiddndieniondndisdfineaninudgede Shimadzu

YY) =

U RAD Speed Pro wananUssinagyu Ingldituiauuuiedig viinsiniingsau 50-

120 Alabadgeand alundsouildluniniusdideds waslinssualuig 40 dad

a

waukUS (MAs) Lﬂ‘%aﬁwmiqmﬂﬁu%’a%@ﬂsﬁuamﬁqgﬂm 3.11

U 3.11 13esiansgandussdiand (X-ray detector)

3.2 35n151Ma89

3.2.1 NMsAneINsnseNgnseesssuAnaudaimaanlen Taedin1suususunnvag
Uadimaanlan
Funoudl 1 unessIITIRNTA STR 5L TuAdowmauuuuln (Intemal mixer) 1y
1381 10 W19
fupoudl 2 Fuansnszdu Satvesnled msunsden msduse fusdy
MuAFU grsiansisnsei 3.1 Taegldanmglumsuauil 60 esmwaldoa wazmnuiisey

4 Y ! I
Y0alSRasNNAU 60 SOURDUIT

A1519% 3.1 gjm'ﬂumﬁm%‘amﬂauiw?lmaamﬂﬁsﬁmwaﬁ’umiﬁaﬂwaaﬂ%ﬁ (Bi,O5)

Ingredients phr
8195551WIHNIA STR 5L 100

Stearic acid 1

ZnO 5

Bi,O3 0, 10, 20, 40, 80, 120, 150
TBBS 1

Sulfur 2.5
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TURBUT 3 NAABULIAIANVDILNAIELAT B3 LadtnashuuAULAR B UN ko
Taaluderansunirudn8ias esg Ay (Compression molding) 7 gyl 150

DIANYALTYE WNDLAITUTUNAFDU

3.2.2 M3ANYINITATENEATENSTINYIARANAITUTENaURanlYs Taedin1suusyiln
vasEsAANFmTUN1IAUeE
fupoudl 1 uanssssurIAinge STR 5L TueTessauuuuTaduna 10 wil
funoudl 2 Winasnsedu ansUsznavoenled asiunnden asiags fusdy
MuAU grsnansisnsei 3.2 Tagldanmglumsuauil 60 esmwaldoa wazmuissey

294L5MB5YINNU 60 S8UMABUNT

A15199 3.2 qmﬂumim%amauiwﬁmmmaﬁiim’]@ﬁumiﬁalﬁmﬁw%’umﬁ

US98

Ingredients phr
§195TTUVIALNTA STR 5L 100

Stearic acid 1

Zn0O 5

**BC, BS 139 BO U%mmﬁﬁﬁqﬂmﬂ 2.1.1
TBBS 1

Sulfur 2.5

NUNBLIRA: **UUTENAITUBIIA (BaCOs; BC) wulsuudamns (BaSOs; BS) wa
Jaiveanlas (Bi,0s; BO)
& < v 4 a5 a ¢ ¢ 4 4 Y
TJunouil 3 NAFOUNAGNYBILNILATRISlallnaTuUUAElAToUN UazTam

ludersmeunmudmeiasedainfigumail 150 esmwaldea elnseuTunaaey
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3.2.3 nM1sAnyInansATENeeiTe3 e Tnefinnsuusviinvesensssuvaniinisidy
Taimoanlunduasinyeded
fupoudl 1 uaenssssrIAings STR 5L Tuedowmauuuuln (ntemal mixer) 1y
1981 10 Wil
fupoudl 2 uansnszdu Dasesnles asdumsiden ansdauss dwedu
MuAFU grsuansisnnssil 3.3 Taeldannglumsnauil 60 esmwaldoa wazmuisasey

299l5LB5WINAU 60 SAURBUNT

AN519% 3.3 qmﬂumam‘%amamiwﬁmmmaﬁumaﬁaﬁmaﬂlﬂjﬁ' (Bi,03)

Ingredients phr

**STR 5L 100

Stearic acid 1

Zn0O 5

Bi,O5 VSnauiiafignann 2.1.1
TBBS 1

Sulfur 2.5

wanewan: ** Wasuyiavasealu ENR 25 uag ENR 50
& < v 4 Ay a ¢ ¢ 4 4 1y
TuRBUT 3 NAABUNAENYBINMLIATaSlatlnoTwuUMYllAGEUT Uayian
ludganaun1iunnieLaIeedaitn (Compression molding) Mg il 150 BeANIALTEE

44' a =y
LAWBDLATYUIUNAEDU

3.2.4 N1SANYINAVDINTISHUSHUIgUANURLTING LATANUANINAIUSIHTZNIN90ddN
aanlan LaznzNon N lug19SSIUYIR
FURDUN 1 UAEI5TIUBIANTA STR 5L Tuadesmautuuaiduiian 10 ui
TupauT 2 Wnaninseru arstaineenlen vsenvireenlen a1sdunisden ais
% 1 o 2 o 2 2 dl % dl =
ALge Aueiy MUa1Ay gasuanaiannsen 3.4 lagldannsluniswauy 60 asmwaldya

< & 1w | =
WAEAINNLSITEUVBILSLABSIYVINAY 60 SoURDUNYI
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M990 3.4 guslumswseunaulndnvesenssssumAtuatstaivesnlen (8,05 visenyi
ponlyn (PbO)

Ingredients phr

STR 5L 100

Stearic acid 1

Zn0O 5

Bi,O5 %58 PbO U'%mmﬁﬁﬁqmmﬂ 211
TBBS 1

Sulfur 2.5

& < v 4 a5 a ¢ ¢ A 4 Y
TupBUTl 3 NAABUNAENYBINMLIATelaflneTwuUMYllAGaUT LWayian
Tudensaunniudmeiaiadaitl (Compression molding) Mgaungil 150 asrLaaLgea Live

LS EUTUNAADU

3.2.5 NSNAFOUANUAADNINENVDI8195 55UV NMS8U LA

3.2.5.1 MNARBULIAIAIFUVDIELINSTTUYA
° v a . . a 2w |
NINITNAGDUNIYULAT DY moving die rheometer 200 LATYNUY UNIDEY
wiln 4-4.5 n3u vhnsnageufigumall 150 esrwaideaduian 30 unl laedn1snegeu
P 1 s ° I~ 1 s A ) « (%
M FRAIMasARNan My ABAIMBIAZIEA Wag too alualunisAsguvedensluaIesdn

v

LU

3.2.5.2 NMSNAFBUUTIIINISITBNYINNYBIEINSTTUYA
WS EUAIDEIUUIANTIY 1 LYURIAT WazENd 1 WuALLAT FaUImn
megnnouwtatlulngduduian 72 9alus Yaiwindiegrmdauy viniseuiigamgdl 60

DIFNYATEE BUIUNINUNNTNFAIDENNLAIN MEINNUUEILIAIWIUFIALNTTN (3.1)

—n—v,)+v,+xv
y=— e (3.1)

1

v, (v?)—05v,

A . LY 1 Y] I a
e v, = Volume fraction veasagandannudluyladuy
Vs = Molar volume 2838158818
X = Interaction parameter[51]
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3.2.5.3 ASNAFBUANBALNINAUFIUINGT LATNIINTTINYAIVDISIN
N13NAADUAN BTN NAUFININYIMADULAULAT BUNIVRIATHAT LA
WULSBUAISUBLUA (Barium carbonate; BaCOs; BC) Uasimasnlan (Bismuth oxide; Bi,Os;
BO) wutSeadawln (Barium sulfate: BaSOq; BS) wazmziaoenlas (Lead oxide: PbO) iUy
stub Inesims@nuniifndsvens 500x 2500x wag 10000x laeldndesqanssmminuudeansia
LarmIvAdoUNTINIEEdassadeulaew N dutuinacuy stub wagringg
PG aUA10E19A8NaeAT ThmnaTlaendisd NgeolsaduRuuUNIEENE 1Y Uagfny

USuausigluneulndnvessesssusnfanunsamuinlaniannis (3.2) uay (3.3)

Molecular weight of elements

Ratio of elements (%) = x100 (3.2)
Molecular weight of chemicals

Ratio of elements (%) x Ratio of chemicals (wt%)

Ratio of elements (wt%) = (3.3)
100

phr of chemicals

dle ratio of chemicals (wt%) = x100
phr total

3.2.5.4 MINAaUANUALINNG
N1INAABUAIINAIUNIUABLTIAG (Tensile strength) Hagad (Modulus
100%) Lagsyezdnauwn (%Elongation at break) nagauniu ASTM D 412 Tagn15in3 s
Fushegrafugufinuanu die C (Uil 3.12) Taefimunirasinfy 3.65 Saduns degs

8% 5 U T9ANUNUIVBITUATIBELN 3 90 WAZINALRRLAIIUVILN

.
— e

JUN 3.12 fegenldnaaeusuduiua

MRIINUUYIINTNAARUMELATY Universal testing machine 1 H10KS wagld
load cell 100 261U Aeraedns s 500 dafiuns/uri e1uAusaildnailofdiog1enedn
90N 1 lwuAlAT ALSITIYAWTDAIE19819910 WagANYE1T ATNEUBIMI0E 1981970

WAL LAAINITNAFBUANMUAIUNNIUABLIFY NandanssastnTauas 100 Lavsvey

AUV ANUFIAU
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ANSANUIEY

F
Modulus at 100% elongation (MPa) =~ (3.4)
A

1ng

F = 53y lvdunaaauinesn 100% (H9)

¥ ¥
Y v a LY

A = NuNmdavssunagauvsdiliia (mns19dagduns)

L-L,
Elongation at bleak (%) = —— x100 (3.5)
Lo

1ng

L = Szasfiunedaualulsainallaauune

L, = szuziuuanauyinn1snaasy Srdaduiuasidus (%)

F
Tensile strength (MPa) == (3.6)
A

108

F = h5ananvinlidunadaus (H6u)

1% ' (%
Y v a

A = NuNrndnvsstunageuvasdsliin (mn519daduns)

fimheduidw/msndadwns (Nmm?) wieflansusegnuisdiisufiuns (ke/cm?)

Tunie SI fmbheduwnngdiania (MPa) IMPa = 10.197 AlansusiegnuiAfigufiuns

N1sMAEBUAINLTY (Hardness testing)

NAFOUAIINUTIAIUUINTFIU ASTM D 2240 1Tun153na1mauudawuy
Shore A NagaUA28LA3pTAANLTILUY Shore A TdFunnaouiiinnunuiegados 6
fadwns 1Wnanafeg1eensdeld 30 3unit wdieeudildfnauudwedusiegig

1%
Y

e 5 ganaiunAMmAaay
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NIINAFDUAUNWNINNE (Specific gravity)
N1SNAADUAIINAIIT NN II8LAT BT U ML204 Lagld3Suuulalasamin

(Hydrostatic method) Aani1smivunn nieusuinsvesinglaenisldisnisunuiiul wagds

'
[y o = [y [ a

windmgnunui dsagvimstedagiununilinnglaaniizennia wagtiandnuiusiuin

9 9

(%
o

sttt adudinasld dmdnineluannuasienidelusinia wazludiiasiaivngu

3119590979 Nnuil 1UAIANNANT ULV TARLAINATRIAGRY
3.2.5.5 MsnagauantanIeniused

N15IAN1TNANAUTIEUNUNT (Gamma ray detection)
WS ENTUAIDE 1 TUFUINAEURUANINA1IUWIN 2.5 LWURIAT YU 1

wURNS Felunisnaassiviinisnaasdlasnisidsundasaulunisnseiduas 0°-120° gadl

Andsueglutng 223-662 Aladidnaseuliad wazldiiannismeaey 10,000-25,000 3wl

SIALNUNIAN8DDNUINNWABINWLAVDITIENONAAUAILALAD LUAINNTASIALNUNT kAL

Y 9

a

WAUNINTATIAS 1A IR LT ASIFLNUNLARAINITUN 3.13 TnuTnsad Nal (TU) Scintillation

U

CANBERRA BICRON model 2M2/2 vuadustugudnas 2x2 inch® Usunauvessedntuin
laaggnuszutanalay multichannel analyzer §9%3inS9dUUTASE wagurunINLans
lassa i indedunuuuanafiaguil 3.14 gngunsal LasliunINNIIMAaBIN1INIELIIRaNY

AULARIAIFUN 3.15

15mCi of “'Cs

y

12 cm
le——8 cm —
Pb shielding
I 16 cm e

5UT 3.13 wndsniiinFadunuun wazununmlassaiawraniin Fadunamn
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CANBERRA
e e o PC-base multichannel analyzer card
T
3cem
¥
=|N.|(rl) scintillation detecto AND |- MICA
Pb shielding 3gm

| je———10 cm—| HVPS

15mCi of ""Cs

Scattering Rod

12cm
le——8 cm —

Pb shielding
e 16 O p]

diameter of collimator = 3 mm

;sﬂ‘ﬁ 3.15 YngUnInl WASUNUNINNNINAGBINTINSTLIIRENTFAY
(frkUasunann: N. Chanthima et al. 2017. Development of BaO-Zn0O-B,05 glasses as a
radiation shielding material. Radiat. Phys. Chem. 137, 72-77.)

) & o L dew o A de v = ° Ao vy Y]
Viaqf\]']ﬂuquﬂqiﬂqwumimﬂiq‘l’\l%ﬂwuws[,mﬂi'ﬁ’\hﬂll']ﬂﬂ\i QWUUUIWWQUWQWIWLL?{@Q@Q
sUT 3.14 uagAuiumA1duUseansidauia (Total mass attenuation coefficient; pp,)

ANavaznaudINg (Effective atomic number; Zer) ANAIMUNUILUUDLENMATOU (Effective



a6

v v A A ]

electron density; Ne) A270%UWIASIAT (Half value layer; HVL) wazA1n15A1Uess@inguwyi

e (Lead equivalend) uaun1s 2.9 2.11 2.16 2.17 way 2.18 aua1au

Vo |__(Mt_llrc I FINAA e 2 1 Pres et BT00 o0

Aca Staets DADDUEE 1Z0RNT v 1 haprnd Ponnet

EE' Owad Tame | 0% Loww [wess | 100 0o 1
E Comg. Fssen Nagen Mol [snen ) e o
U U ehwren | Fold fundn ) um L

5UN 3.16 nyvivesiuaulineuindulianniiinged

nsiannspanausdiand (X-ray detection)
WSEUAIDENVUIALHURIUAUGNATG 2.5 WURAWAT Wagyun 1 LoURling

[
(%

Mn1sTndsgUnInivaaeulne sz e i1ITEnIIaend Ny i uIA IR I08 9%y 56
LWURLUAST LAETLULNINTENINVIAIADENAUN UMY 56 LURNaT Yinn1sawad g
YU 2x2 UFLRs neiituinvdeteginarsvesadln lun1seasstiinisnaaeud
v o

Faddndndau 50-120 Aladidnnsouliasiadn (kilovoltage peak; kvp) nagunsainis

Y v & & ) =
Wﬂa@UWqﬂﬂqu5ﬂﬁLaﬂ%L§8LLaﬂ\‘i@IQEU‘W 3.17

X-ray Tube

JUN 3.17 gagunsalnsnaaounIenusa@ionese

(Lma'ﬂﬁm: High transparency La;0s-Ca0-B,0s5-SiO; glass for diagnosis x-rays shielding

material application. Radiat. Phys. Chem. 160, 41—47)
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3.5.5.6 N1SNAGRUANUALTINAVDIABNINANVDIE195TTUYIRN NadlAsuSad

ymadonaoulndnvesessssunignsiiananluusastunousndsuiy
Frograduniudmasuauinnine 15 wufung 917 15 Wuiunsuasiun 0.1 wuRung
Fslunmsnaassidviinisnaasdiasnisldyslunisnsziduas 0° Faflamdsnumiiy 662
AladiEnmsouliad wazyiinisanesed 10 was 20 ads afias 100 Jundl ndmintnifeds
finunsaessfumaassaud i inaniuiaded 3.2.5.4 WewSsufisunisiUdsunlas

aUURLTING 189N ABUINANUDILNEITUVIRLASUTIE
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una 4
NANISNAABDY LAZIITUNANISNAADY

4.1 WAYAINITATINGATENNSTIUYIANaNTaiMaanlyd Taedin1sudsuTunavestain
aanlan

MsAnwINavesUsuudanesnten (Bi,Os BO) PilnaneaudRvoineulndnves
£195551%15 (NR composites) Sasineanleddnduasdaiy (Filler) viandsiigaeidia
AniauTAF i s¥dlifuaenTndnveseasssned Ingludunoudvhnisuususunumes
Jarveonlyd 7 0 10 20 40 80 100 120 war 150 drulnefevazifiefisufuenadenisuls
USinanzdawaseaudidang wazausfiniinudidnoulndnvesenisssusilnenss nails

LARSAINANITNAADIN 4.1.1-4.1.6

4.1.1 wavaan1suususuaudainesnlednaszezitanlunisasguaaulndnvag
Y195 IIUYIR
sreziiatlun1saIguens (Cure time; too) 303v8zIa1lun1sianludidy
P o o [ Yy o & = = [y ¢ ..
syezliaiansmuzaud wihuifluansifienwins wiearsianilud (Vulcanizing agent)
Welasuanusaussiinufiserduanslaluanavessns vilvanglgluanaveseauinng
A | Y Y A = a ¢ ¢
Weur9sEninanul52] lngnmimaassszezianlunisasguendldiasasslefivesuuuniey
A& auiivie MDR wagiinisliaiussuduasulndnvee19sssuy1an gumgd 150
DIANTALT UA HANISNAABIANUTUNUSTENINUS LT wAnF 9 uveIlainesnlya by

AoNlNERYBL s TINY AR ST EZIA lUNTTAIgUE AR lUM1S 197 4.1
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ada |a

A135199 4.1 syeriianlunisnsiuensvesnallndnvedg1esssuaniuiuinvestain

senledfiuansafiu
BO contents (phr) Cure time; tego (Min)
0 8.44
10 7.50
20 7.47
40 7.39
80 7.29
120 7.10
150 6.22

M13°99 4.1 Uanaszezilanlun13n3Ue19eneulndnuedg19sssuYIAna
USinawesdaineanleaiuansnsiunudn WevSunamesdadveenleniiudussogiianly
msasgUvesensliuwiliuanas esnndaimeenleadaduaisuszneveenlediivenainas

° Y a o W Y A & 1 P . ° Y a2 o o v
inthduansidedaddwimmihniduansdiensedu (Co-activator) vimhlusmnszduli

¥ |
= =

ansiswhnuldigty Feaenndostuauidoues Keeratikarm N, et al., (2017)[53] ety
eulndnvasensssumanidainesnledannsafinufizerfaaludldiinieeulndnves
19555uTAT L5 iu Dameanleddsnanisvnas idenadosfunanisnaassUsunmnis
o9 (Crosslink density) U89A8uUlNERVDIY1ITTTUA HANTSNARBIAINUTUNUS
senieUsunaiiuanansiuresdaimoenleslunenlndnvesessssurRneusuianisd oy

719009ADUINERNVBIL1EITUIALAASLUNITIN 4.2

4.1.2 Havaen1swlsusunudainosnlannauSuranistiaura19vaenaulndnvag
g19555UBIR
19555u R zTA NNty Weaneleluanavesenainnisidounyini
?zfammu%amemsm%%uagﬁuﬂ%mmﬂm%mfmﬁLﬁm%ummmmmaaww%mmmi
= Yo o Y A a A a
WOUVNLAGITITEN 3.2.5.2 hAENANISNAADUNIUSUIUNITIDUVIN9UBI AU INEN YD1

555UANTUSUNYelaINean la NLANAN ULEAILUANS1N 4.2
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o a = a ada |a a LY
A15199 4.2 USUN0U99N15L0 DUV NNVBIADULINE R UDI8195TIUTIAN HUT U090 dtim

genladiiunneneiy
BO Contents (phr) Crosslink density (x10*g/cm?)
0 3.12 +0.00010
10 4.84 +0.00011
20 6.33 +0.00015
40 8.12 +0.00015
80 12.3 £0.00010
120 23.9 £0.00011
150 26.3 +0.00011

PNNANITNAABIUSNIUNTAHDUVINVDIADUINERVDILITTTUVIA MUANT N 4.2 LEna

Tdiuln Wevsunauvesdatineanlemfindy USununisidauvinaas i duiuduiunu

'
a a 1 aaa %

Wesandadvesnlydviminiduaistienszduiiinaneujiseinisianiludvinlisuna

d‘QJ U

fuspifeurneseninsanelelianavessnafinanniy wafldaonadosiufunuideves T.
Donruedee., et al, (2018)[54] Anwinmawdsuianivssedndamudangu uazUaoansi
nesssusRnauiulanzoanles leun waneenlss feamuesnles wazdainenlus i
U3unad 100 300 waz 500 dulnedesaziilofieuivanmuindedinuinamedanzeonlen
WlFUsunansideusnafiniu eswinaisusenevesnlasieauedavimdiiduans

nIzAuasiLs Uiisertanmludifaldistudmwalivinnanisdenvnaiinduguiy

4.1.3 wavensuusUsunulaivesnles dan1snszanedi uazUsunan1nszanea
vas51nveslainaanlynlunaulninvae9sssuyid
N1InsENgitvesasdmalagnsiieanURiBinavesTanaeulndn Llawinillerin

mﬂﬁl,mﬁ'u*?a@LLN%m?auﬁiﬂﬁqdauﬁLﬁaﬁu (Matrix phase) foundantuagasiuLse
U8 adauiinszans (Distribution phase) 13aniin1snszarefivesansiaagiliAnnig
dsrinuusslfogsdaiiles dwmaliiagfuusdldadanmmaaeunisnszneswesdaivesnlys
Bunnmsimsgiandounss Lagnageufendeansiaididnasouuuudeniin agld
walaldndlsd Wgesisafuiiuunszaendsny nansvaaeInNETLSsEMIIaUTI
wansingiuvasladneanludluneulndnvesessssuvifnensnseaedivesiaivesnles
Tuneslndnvesenssssuminandusuil 4.1 wasUTinumsnszaemvessiluneslndnves

Y195TIUVIRNAINNITANUIUMINALNITN (3.2) kag (3.3) LaAnILlUAII9N 4.3



100um

51

.

Bi Mal

.
| v a— |

100pum

sUR 4.1 nsnseanesivesdaimlunenlndnvesenesssuvAnausinuvesdasmeanlydd
WANAI9AU a) 10 phr b) 20 phr ) 40 phr d) 80 phr e) 120 phr wag f) 150 phr

v

a Y a o a ada
MN19194N 4.3 iaﬁlagﬂilnmﬂqﬁﬂﬁgﬁﬂEJfﬂ'JGUaﬂﬁqff]:[,uﬂ@miwa@maﬂﬁﬂﬂﬁiiuﬁqmwllﬂ']iLLUi

Usunaveslaimasnbon

BO Contents (phr)

Elements
0 10 20 40 80 120 150
C 81.714 74876 69.094 59.850 47.217 38.988 34.480
10.981 10.062 9.285 8.043 6.345 5239 4.634
O 1.000 1.779 2437 3489 4927 5863 6.376
Zn 3.668 3361 3102 2687 2120 1.750 1.548
Bi 0.000 7.506 13.853 24.000 37.868 46.901 51.849
N 0.107 0.098 0.091 0.079 0.062 0.051 0.045
S 2.529 2317 2138 1852 1461 1.207 1.067

Y

UM 4.1 uansn1snszanesnvesiaivoonlenlunoulndnuase e ssusanuiuniumg o

WUl Weusunuvestaimeanlamiudu Aua1u1salun1snsLanemIvesdnsazanad

999N USuuYeaDaineonlen N ANTUILAINA IANSHANAISUNUL195TIUYIR L 1nTu

wazvilidadneanlaniinnisiniznguiuies (Agglomeration) 1INNIN9198NsEAEALY
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£1955TUATITNUTIANNSINEnguiuesansieliugnsouvesianidmasoauRidana
VBIADUINAN VDI NETTUALAYATY

M5197 4.3 uansdesarUiinananszaeiivessinluneslndnvese s TsuvIATTINg
wsUTinmresdainesnledanmssasiiuldi Wevimnamesdaimoanlefifutu Uun

FATNAWUILUUT LA UT UL UAY FINTA LT UV VAN 19d9Han oau TR N1SanNaUSId

Hosandaindndusnifiaverneugeaunsagandunduwdmvin i diindsauasld

4.1.4 naveanisudsusuruddinesnlannaduifidenavesnaulninvuag
Y95 IIUYBIR

nsnageuantRdnalaeniswssuiiegnduzuasuiua nadeunuuInIgIu

ASTM D 412 Han15naasnudunus sewineUsuiai unnareiuvesdaivoonlenly

AU INAN VD955 TUVIRARANUATINALAAIIUAIS9N 4.4-4.6 LLazg‘Uﬁ 4.2-4.4

A19199 4.4 uendai szuzda 100% (Modulus at 100% elongation) kagAI13LT4

'
aada

(Hardness) ¥99p0ulndnva1819555uiniUsunaealaimeanlaniwananaiy

BO Contents (phr)  Modulus at 100% elongation (MPa) Hardness (Shore A)

0 0.70 £0.01 37.20 +£0.84
10 0.68 +0.10 37.20 +0.84
20 0.68 +0.08 39.00 £0.71
40 0.81 £0.11 39.80 +0.84
80 1.02 £0.11 45.20 £0.45
120 0.83 £0.13 47.80 +0.84
150 1.04 £0.09 48.60 +0.89
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2.00 60
T 1.80 - [ 2°
% - 50
= 1.60 = .
c f - 45
0
B 1.40 N —
4@ ! ] u - 40 E
c
§ 120 T " - 35 o
v 0
£ 1.00 { % - 30 2
3 o
T 0.80 - ; { } [ 2 c
4] L4 % | —
3 0.60 0 5
3 - 15
YT I R —
= ® Modulus at 100% elongation [ 10
0.20 7 ¥ Hardness - 5
0.00 T T T T T T T T

0 20 40 60 80 100 120 140 160
BO Contents (phr)

'
LY aada

JUN 4.2 wogdansvezdn 100% uazANLTaveneulndnvete19essunRnivTinaves

Y

Jartmeanleniuansiaiu

M99 4.5 AUATUNIUABUTIAY (Tensile strength) Wazszaztin ol A9 (% Elongation

at break) ¥891AauINANV098195550RNTUSUUYITaIN DN lATILANAINY

BO contents (phr) Tensile strength (MPa) Elongation at break (%)
0 29.31 +1.60 1,183 +45
10 25.90 +1.21 763 +54
20 25.22 +2.41 730 £27
40 27.25 +1.00 706 +13
80 20.66 +1.88 625 £29
120 22.08 £0.37 625 +29

150 20.13 £1.53 640 £22
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70 1400
60 3 - 1200
© 50 - - 1000 &
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BO Contents (phr)

JUN 4.3 AMUAUNUABULIIAY WAzSEerdn 1 IAVINTDIABNINENYBILIIETTUYIANA

USunamasatmeanlanniananaiy

'
v a

PNATNT 4.4 UagsUN 4.2 Lansplenaanszuztn 100% warA1ANLTS voIABY

Y Y

'
aaa a a

INENU998195 55U HUS U vesDaineanlenRwanA i unUl1 WaiuuSuiadain

oonluddamaliiduegdaiszosdn 100% uazaranuudsdiuuliudiudu osandain
oonladdnduasifeunauds Weirvadlugssssumnioynievesdasivesnladazituman
szvsanelelauanavesensdamaliianslgluanavessnsgnirdnnisindeud Mienuause
Tumsindeuiivesansldluianaveesanas
Tumsndudunsiiuduvesdamesnledlunoulndnvesnssssufdwane
mnuannsalunsnszanefvesansfaandusud 4.1 mnuannsalunisnszaeditdenas
Sousnnmestammesnladifiutuduiadefivhliaanudunmusieussiis uasarszeyin
u 9avnvesianaeslndnvosenssssuvAiivualiuanasdsannsnesuieldainguil a4
LARINTEUUNTAsULTIvesTagAeundn ifinsnszanedavesasunndetudadsnasie
autRiBanavesTanaeslndnnanie YagaeulndnazUszneulumeassdldun duiidu

Wiy (matrix) kaginanszany (distribute phase) WelilssRsgniuianaoulndnusazios
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1, matrix phase
——— distribute phase

Break down

Poor dispersion
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N

Break down —
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P
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\

N (¢

5UN 4.4 nszuiunsdwnuusesianAeulndn nin1snsenefivesasig

(Good dispersion) Lazn13n5¥AM8AIVeIENTNIA (poor dispersion) FsadsnanauURLTng

Ve TanAoulNEn
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A19°97 4.6 AU NIWNE (Specific gravity) V8IADNINENVOIBNTITUTIANIUTNI VDY

Jarveanlaniwnnaneiu

BO Contents (phr)

Specific gravity

0 0.9630 +0.0070
10 1.0370 £0.0040
20 1.1560 +£0.0070
40 1.2580 +0.0020
80 1.5680 +0.0030
120 1.7940 +0.0040
150 2.0040 +0.0050
3.00
2.50

> 200 1

> o

@

450 A .

c:‘_)

S 100 3
0.50
0.00 T T T T T T T

0 20 40 60 80 100 120 140

BO Contents (phr)

JUN 4.5 AT inzvesnaulndnvedenesssuvaniuinaestaiveanlununnsiaiu

dl dl v ! di/ dgj 1 v :J/ o U L ! a L
waoud ludidiuvealonunoy nasa1ntuazyinisatelounssludsdiuasunss WINTIER)

ARUlNENIN19N528AIV09a157A N1saelounseaziialaag1esiaiiies Tanaaulnds

aunsasunstlafderalimiauiumuiausefe wavsvestin 1 9av1age Tuvueigl iy

mnianaeuindniinisnszatedivesdsilis nsdeiuusainietuluddiuatunsas

WAnlsogelisaiiins USHUMARNTTILFAUYeIaTaztduUS AT tazliiAnnis

U = & a s & & o v A & ! o ) ! a " LY = a
FULTS W32 UUUTNIUNLUBN UV AU U UEIUN TULTINYIE JULAENIUY AR IAUNANTT
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IS o

wANiin visednvineananiulddiedmalia1nuAUNIUABLIIRY warsEaLEn o 9AVIAKY
NANTNARDIALFIUNIUABLSIR Uazsrosn o QAU IaLandlupTeTl 4.5 uagguil 4.3
AMTUAIAIINA T UNIEVBIADNINENVRIEIITITUYIA (ANAIITUNIEYDIE
§95UTAWINAY 0.92) fifluTunmvesdasimesnludiiuansstunanslumsiei 4.6 waggud
4.5 awitulddn Aeudasumedunliufety deduuiiavesdaivoanlyd(an
fedumnzveslaineanledindu 8.9)(56] ilaadaimoonledidmuaissumeias e
FuadlussssuriindudmaliaeiuiisinzvesnenTndnesenssssumaiiadols
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4.1.5 navasn1suusUsunaddineanlynneauifnieniusfvesnsulndnvesens
5ITUYA

4.1.5.1 wavasn1suususuruddineanlanneauifnisannausedunuun

(Gamma ray attenuation) 229U INENUDIY9ETTUYIA
pAuwsimanlniihAfindssgeanansagngandulddsesigwiin wiesigi
fiavoznougs Jasmesnleddnidusinminiianunsagandu vieanneuuiunnvosiedls
AnwIUsuaiineturesiaimeonlediidnanenisanneussdunuuivesnoulndnves
819555URIN 1IN U nasaulutag 223-662 AladLannseulias nan15MAaes
ANUFURUSSEMI 19U uaf uanasturesDaimoenlenlunoulndnvoessueIRne

ANUEnsaluNsaaMeuSIdLNULNYDIARNINENYBIwETINYIR uandluguR 4.6-4.10

0.6

CY —— Blank (th) = Blank (ex)
NE ***** 10 phr (th) « 10 phr (ex)

S 05-
= k 20 phr (th) 20 phr (ex)
S o4 R 40 phr (th) + 40 phr (ex)
H“o-" ' L 80 phr (th) + 80 phr (ex)
g 0.3 - =120 phr (th) « 120 phr (ex)
s . | 150 phr (th) » 150 phr (ex)
3
= 0.2+
53]
@ -
[5+]
E 011
I
5 -
|_

0.0 —

200 300 400 500 600 700
Energy (keV)

5UN 4.6 duUseAnSn1sanneusadidaia (Total mass attenuation coefficient; z¢ ) 901

v

'
aada

AU INENVDI819555URNTUS U VDI DA NoaN LATNLANF1IIY NAFBUAIESIAWNNLN
NAWNIUY 223-662 keV



0.6

2

Total mass attenuation coefficient (cm /g)

0.5 1

0.4+

0.3 1

0.2

0.1+

—— Blank (th) = Blank (ex)
fffff 10 phr (th) + 10 phr (ex)
20 phr (th) 20 phr (ex)

_______ 40 phr (th) + 40 phr (ex)
- - 80 phr (th) ¢ 80 phr (ex)
120 phr (th) « 120 phr (ex)
----------- 150 phr (th) » 150 phr (ex)

0.0

200

300 400 500 600 700

Energy (keV)
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UM 4.7 lavevnoaudna (Effective atomic number; Zog) 104nalndnved8195 350 RN

U190 a@tmoan luaNLmnA1 U NAFBUMSSIALNUNIANSIY 223-662 keV

14

12 1

10

Effective electron density (electron/g)

i -w-w== 120 phr (th) « 120 phr (ex)

Blank (th) = Blank (ex)
------ 10 phr (th) =+ 10 phr (ex)
20 phr (th) 20 phr (ex)

S 40 phr (th) > 40 phr (ex)
e - 80 phr (th) + 80 phr (ex)

150 phr (th) » 150 phr (ex)

e e,

200

300 400 500 600 700

Energy (keV)

5UN 4.8 AMUNLILLLBLANATeU (Effective atomic density; Ne) T83mallndnvea

ada

YWITIUY N

Usunaastarmoanlasnuans1eaiu NeaausesIdnnuuNna a9y

223-662 keV
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10 3.0
9 i —u— Half value layer
. . '\ --4--lead equivalent | 5 ¢
E 1" -
PO . A t20 B
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E\ (] \. ‘-‘/A“/’ - %
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S 5- e F15 £
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BO Contents (phr)
5UN 4.9 AnununATeA (Haft value layer; HVL) wagA UV g ulving
(Lead equivalent) vaspaulndnveseissneAnivinnuvssdadnesnlennianmiaiu

NAADUMIYSIALNULTNTIU 662 keV

a

SUN

Y

aa

4.6 WAAIFUUSLANT N8N USIALTINIAVDIADULNE M VD I195TTUIAT 4

#
USunuveedaimeanloanumna1aiuy NNanISANYINUIN ANdNUSEANSNITannausIdLYs
Q‘:‘I

1A LTY W aUSuuYeetalneanlem ANTUNUIEAINUIN ABNINENYDI819STTUYIRTAL

2

(%

Uinamesaimoonledfinty annsoganiu vieoanneutiinavesdsdunuanlduiniy
pamgufifinanudeduin msaaneuUinasidsziatuliidesdununiinsunsisen
(interaction) fudiannsoulusrmanvesaaslunouIndnva9e195ITUR gﬂﬁ 4.7 LAn9LaY
svmaufinavesneulnEnve eI ATIRUSIN Ve sDaivesnlasiunnsnety lavezmnou
FanaUIuondIsIuILBIannseuTidvuseuiuadsavesoneniidunans[57] LLazgﬂﬁ 4.8
LARIAUNUILYLSIE N soUTDIRolNER V03819555 ATI TS Iaveadaineanlysi
WHAFI9NY mﬂﬂgqaaqgﬂamﬁulﬁdﬁ lavernouiina uazAuMULLLBIEnAsuinT il
WuUSinawesdainesnlednanie sidnnsoudsruiuindununisiiuduvesdain
sonles faufusunsAsenseuinededunuun vielwneu wavdidnnseuilemaiinladuiniy
wuiu Inoduddyiiamnsagandu nieaaneussdlaanedaimd udusimudniidy
safUsznevvesdaivennlys dwalienssssumdiiiiuiunamesdaiveonleslulsuu


https://th.wikipedia.org/wiki/%E0%B8%AD%E0%B8%B4%E0%B9%80%E0%B8%A5%E0%B9%87%E0%B8%81%E0%B8%95%E0%B8%A3%E0%B8%AD%E0%B8%99
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10
. —=&— NR/BO composites
9 -
] — — -commercial window
8 —
I . - - - serpentine
£ 7 i
S | —-—-ordinary concrete
EI;J\ 6 -----hematite-serpentine
2 i
U O L o o o L L e o e e e TN e e e - —
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b e g -
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2_
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BO Contents (phr)

5UN 4.10 WigulilguanumuATIr1veneulndnve9e195TINYANUTINuYedain
ponleanuanaeiuiunsEan @B anaae (commercial window) Wwasiwulil (serpentine)
ARUN3A (ordinary concrete) wagtasnlna-wosinulnil (hematite-serpentine)[d3] nNageu

A TIALNUUNANGIU 662 keV

UNALNEAADUATASINUSIFLANNLANINTUAY ADUINEAVDI819ETIUTIRIIANNNTE
anveuUSnusdunuunldunty egrdlsAnuniuasnsalunisasveusdavanaieldia
Wi 1ureedidunundana ldainaeulndnvese1esssurdidusuavesdaivesnled
Wity Wesnifidndsnuaindanuamnsalunimggmearsinuianldiesndn¥ad
WHWUFIMUIEANTT AUANTLUNTAANOUSIEYBIADUINENUBIUNETTUYIRAAAY
LﬁaLﬁuwé’wu%’ﬁuﬂmﬂﬁqﬂsﬁu UBNINHNANTNARBWIENUNANITNAADITIAINSNAADS
(ex) Wln&iABetuAIMIangud (th) Aduralddainlusunsy WinxCom anansaduduld

HANINARDIMLANANULIUET UaQNABINTININNG L]

a

SUN

Y

4.9 LEAYAIAIINRUIATIAT WATANUNUNABUMINENIUDIADNINERA VD189

'
aa

555U ANTUS U UUe90a NN lgANWLANA1AY YINNNSNAFUSIALNUNINN NI 662 Ala

didnasauliad lngAIANNUIATIAMIIEEY AT TaRTanTnanneauUTIMSE

=) a

adlupsmdlaannndanuvessidify anglasiiuladn Wedinusiadadivesnlyd Aa

'
adaa o

NUIASIANANALEAIIN ADNINERUDIE195SSNRTIHTadneonleniud uainnsnanneu

Usuausedaslumswmilalalnenaulndn 9819555091798 TANUNUINanad bagA1AINLAUN
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Feuwhezidunswisuiisuanuaiuisalunisasmeuliunavessidvosneulndnves
g19595UTATUALHY ondaog1aanluguil 4.9 reslndnvesenssssunAtiladl waginisidu
Taameanlonnui 13 Jaaiunsiinniu uaauaiuisalunsanneulsuus@neiufe Aoy
Tndnvosessssumidldfinisdudaivesnlasasnsaasmeutinassdladisuwiiuns i
wun 0.75 fadwns Tuvasfireulndnvese1ssssuminiinsiudadveonles 150 drulay
Sovavidlofivuiuens aunsaanneuliuiassdldifisumindunsianu 2 fadunsised
LANINNE IR Famantsnaaesiuwa i uRg A UAIAI LTINS IALER I AMSLRY
YSunadaineanlenadluneulndnveessssunaviiianausaanneuusinusdlauin

U IAANANANUNUNATIANERNAL barANNNUTBUWIAEAINLTINTY

a

sun

Y

4.10 WANINIFUSYUMBUAINUNUIAS IA1VDIABU I NENVDIENISSTUT RN

[ g

UsunamestaivesnlediuananeiuiuianmUsseduingmg o Anausdinuayingy

9

662 Aladidnmsouliad Wovin1sNaITUIAIAMLNUIATIANINTUN 4.10 WU NISLAY

Y

Jasineenlynfifiusunn 80 dulnedesazidlofivuivenslupeslndnveeesssuriaunse
s dununliifisunifunszandanded dlofuusunadaivesnlesidu 120 drulne
Sovavifiofiouiuens awnsardsdadunuunlanniinszandamnded wesinulny uay
roulndnvasenssssurAfisdaivesnles 150 drulaedevasiilefisuiuensaunsanivy
SsdunuulafnInnsEan@ennalvd wosinulni AeunIn waztaulna-wasinulni 3nnns
NepesENUANIUSEunLINziula I AeuTndnvetensssuuATian s iudaineenln
Usinas 150 dalasfesazifloifisuivensamnsnanneu wiefvsisdunuunldfigaiile
FeutumenTndnvese19s5sugnATiusInasng 9 Tneuinavesdaivesnlesfimuzaus

LY o v v a

o a < aa A 1 A W v Y
‘LJ’]@J’]NEWIL‘U‘LD?I@ﬂ’]UQi\‘]ﬁLLﬂN&J’W]iJﬂ’J’]lIEJ@WE’aI‘LJQQ ﬁ’]iﬂ’]iﬂﬂﬂﬁ]’ﬂﬂiﬂﬂﬂ’)’ﬁ@ﬂﬁ% 600 Wae

q

Unanansnzmagludisusuia 80-150 diulngseeazilaiiisuivens

4.1.5.2 wavaen1suUsUsuudaineanladdaauifnisaanaussdidnd

(X-ray attenuation) U2IABNINANVDILIIGIIUYR
$a818nd (X-ray) Safunduusimanlaiifingsnugadslutaqiudl
mslfeuegnauniuats Tne3didndanusaodunmoundlfonld fuidamuduiui
wdesiifanlunmsisssdidng iedestusunsefieniatu luduneuiidunimaasy
autAnisannousadidndvesnoulndnvossnssssuuAaniingsnulurag 50-120 Alaliad
g9an HanIVIRABIAIANTUS ST USnaiuanssturesdalimesnladluneslndnves
g19595uAdEANANTluNTanneussE B nduasneulndnvesenssssumnanslugud

4.11-4.13
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12
. i —® — Blank
g 10 - —®— 10 phr
-.ch i 20 phr
S —¥— 40 phr
£ &7
g | —#— 80 phr
t ¢ —4— 120 phr
5 -
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'{g’ | . ‘\' »— 150 phr
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5UN 4.11 duUseavsnsaanauisdiBadu (Linear attenuation coefficient; £¢) v89

aada

AUINANVDIEIEIIURTNTUSUuvesTasmean oA iana9iu NadsumieSddng

g3 50- 120 kVp
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a
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2.0
1 8—- —&— NR/BO composites

T - — — commercial window
1.6

- X-ray window

Half value layer (cm)
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BO Contents (phr)
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v v

M990 4.7 wegaanszesdn 100% warANLTY aIHIuNIATSENTnsanessden 10

WL 20 ASIUDIABUINENYDILIISITUIR

Radiation shielding Modulus at 100% elongation Hardness
(times) (MPa) (Shore A)
0 1.04 +0.01 48.60 +0.84
10 1.17 £0.02 50.50 +1.00
20 1.20 £0.01 51.50 +0.58
3 80
M Modulus at 100% elongation
© J Hardness [0
=
‘g - 60
B2 <«
S : = - - 50 O
g s §
@ ~—
L 40 g
(] @
g 5
- 30 =
3
S - 20
)
2
- 10

0 times 10 times 20 times

1 1%
v v [

JUN 4.14 uogaanszezBn 100% wazAuwls naswiunsitessd@niinnsanessdd 10

LA 20 ASIVBIABUINANUDIBNSTTUTIRA
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= v [ [

M1319% 4.8 ANUAUNIUABUSIAY waETEEEln o 9AU1R awuNIAUTaEnInTane T

91 10 kA 20 ASIVIADUINANVDILNSITUTIRA

Radiation shielding (times)  Tensile strength (MPa) Elongation at break (%)
0 20.13 +£1.53 640 +22
10 22.42 +0.66 600 +0
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Radiation shielding (times
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Types of radiation shielding fillers Crosslink density (x107 g/cm?)
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BS 1.46 +0.00012
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Types of radiation shielding fillers

Elements

BC BO BS
C 37.998 34.480 34.480
H 4.634 4.634 4.634
@) 14.482 6.376 16.272
Zn 1.548 1.548 1.548
Bi - 51.849 -
Ba 40.226 - 34.012
N 0.045 0.045 0.045
S 1.067 1.067 9.009
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Types of radiation Modulus at 100% elongation Hardness
shielding fillers (MPa) (Shore A)
BC 1.26 £0.11 47.20 £0.84
BO 1.04 +0.09 48.60 +0.89
BS 1.17 +0.10 49.60 +0.55
6 80
M Modulus at 100% elongation
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s 5 7 O Hardness
= - 60
S 4 A <
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o 3 - 40 5
5
3 - 30 O
- 2
3 . - 20
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BC BO BS
Types of radiation shielding filler
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Types of radiation

Tensile strength

Elongation at break

shielding fillers (MPa) (%)
BC 16.60 +£2.34 584 +23
BO 20.13 £1.54 640 +22
BS 15.33 +£2.37 600 +50
50 900
Tensile strength
% Elongation at break 800
40 L 700
= 55
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o - 500 2
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9 20 : E"n
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BC BO BS
Types of radiation shielding filler
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Types of radiation shielding fillers Specific gravity
BC 1.665 +0.005
BO 2.004 +0.005
BS 1.745+0.005
4
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Specific gravity
N

BC BO BS
Types of radiation shielding filler
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B Half value layer of NR/radiation shielding fillers
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BC BO BS
Types of radiation shielding filler

Lead equivalent (mm)
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Half value layer (cm)

BC BO BS
Types of radiation shielding fillers
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Epoxide contents (%)

Elements
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C ar.217 47.190 47.190
H 6.345 6.200 6.200
@) 4.927 5.100 5.100
Zn 2.120 2.120 2.120
Bi 37.868 37.868 37.868
N 0.062 0.062 0.062
S 1.461 1.461 1.461
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M19199 4.19 Negaaiszesdn 100% warANLTIveIARNlNENUBLeTTTUYIRANTNTWUS
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Modulus at 100% elongation Hardness
Epoxide contents (%)
(MPa) (Shore A)
0 1.02 +0.11 45.20 +0.45
25 1.23 +0.13 45.00 +0.89
50 1.09 £0.21 46.00 +0.45
3.0 60.0
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Epoxide contents (%)

Tensile strength (MPa)

Elongation at break (%)

0 20.66 +1.88 625 +29
25 21.42 +1.99 650 +50
50 14.10 +0.87 600 +29
50 1000
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Epoxide contents (%) Specific gravity
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4.3.5 NavaIN1SHUSVUAVI195ITUVIRADFNUANISANNBUSIH VD IABUINGR

a o

Y9195 IsuBANTudaivoanlanduansnnUesed
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Effective atomic number (electron/atom)
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Effective electron density (x10 electron/g)

10

NR (th) = NR (ex)
— == ENR25(th) = ENR 25 (ex)
ENR 25 (th) ENR 50 (ex)
\\'VV’-\_V_\____!'_‘_-‘“
T T T T T T ! T
200 300 400 500 600

Energy (keV)

700

55508 waziiudasimeanlymidua1siiTised naaaumMeSIALNUNIINGIY 223-662 keV



98

7.0 3.0
=@-Half value layer

6.0 1 [ ead equivalant - 2.5
E 50 - €
S 7 ¢ — ® 20 £
0 €
> 4.0 '. o,
[ " "5
= 3.0 3
S 9
T 2.0 1 3

1.0 - r 05

0.0 I I I 1 I 1 1 I I I 0.0

0 5 10 15 20 25 30 35 40 45 50
Epoxide contents (%)

JUT 4.36 AUVWIATIAYBIADLINERYRILNETTUYANHNTUUTTTIAYEIE NS TINYA Lag

wudarmanlamduansinuisid naasumIeSIdLnuNINNgIU 662 keV

SUA 4.33 wansAnduuszdns msaaveudedifenavenoulndn vedens
sy5TRTTIMILUsTanvesesssuTR wasiudaimesnleniduastds Tnevinisvagey
$AunuInfidndsaulugag 223-662 Aladidnaseuliasainuanisnaassnuin aeulndnves
95 5TUMATIT N5UUTTTAU9 987195 55UTIR NN T19aLiUle N AeuTHARUDIE195TTUTIRT
lirihumsdanusluana aeulndnvessnsssunAdnenledfiddnenladiosay 25 lnglua
wazneulndnvesenssssunanenlesissnenlessesay 50 Inslualiarduuszansnis
anneusdidunailnddostutunineainudn aeulndnueeesssumAaunsaannoussa
ladiuszansnmlndlAeanu

nanINaanANduUszans nsanneusididaunaaiunsaiud uldainaas
DLADULING LLazmmwwmLLﬂumaaﬁLSﬂMiauiugﬂﬁ 4.34 LLangﬁ 4.35 Y0InaulnEnved
995 5TUMANTNTUUTTTAUD 8195 55UT RN T19aLiUlE I AouTNERUDE195TTUTIAT

Lirrunsdauustuana aeulndnvetenssssuviAdneontennidnenledsosay 25 lnglug
wazmeulndnueensssuydsnenlenndidnenlensovay 50 lnslualirllavesnaudina

'
o w LY

warAALTUILULeIBIanAsoulla1eiueg 19l ted Aydududuladn S1uiudidnaseu
A a aaa U oA A a & = v aa o A v a )
enunsaiauiseniuied viselineu auianisgandu viseanneusadliduiunlnalAesiu



99

8
= = —commercial window
L T serpentine
6 | —-—- ordinary concrete
J =--=- hematite-serpentine
el
S Gt A P R ST kbt tat
4
[T o Bl fn i A el el i e o el G
@ o T A L L SR o SR L P O D PR e e
=
S 34
=
1]
T 5
1 —
0 . | . T . T . T . T .
0 10 20 30 40 50 60

Epoxide contents (%)

SUN 4.37 WSgUigUuAINUNRUIATIAIUBIABNINENYDIENNSTSUTIANL NS WU ST TNV 9819

v

'
v a o

5550977 wazipudarmeanlemduansinvifd@naasunssdnunszanidamnaus wasiwulnid

ABUNTH LaZLaU INA-asIULNU[43] NAABUAIESIALNULINGINU 662 keV

v O  a a1 ' o v wua I v A = a A o v A &
HINUTRATDI819555UVA LT Nasan15AUISaEvnAUUS U Y5 lnvesasnyinntn Ay
A15N1U9598 UBNINNUUAIFUUTLENT N5aANOUSIFLTINIA LAVDLMDUTING LATAIY
I ad Ay v a Py YR a PR
nuudidnasouiilaannismaasd (ex) danlnalAssduamimgud (th) laainluswnsy
WinXCom anansadiuduladn nan1snaaesiladiauuiugl uasgniomsmiumgug
JUT 4.36 LaAIAUNUIATIAT LAZANUNUIBUIRE YR ABLINERYDY
aa a a a LY} & o v w a ) Av o
g19555UR TN UsTNVe9e19 waziudaineonlonduansindesed ynsveaeunsed

LRI NG iU 662 Aladidnaseuliad NKaNITNAARINUI ABUlNERVDIN

5ITUVIRNTINTHUSVRAVDIHIIFITUVIAINAIT192 UL ADUINAAUDIL1ISITUBIAN LU

faaa

AU sianUsluana aeulndnveteesssuiidnenlenniisnenlensesay 25 lnglua wag
aoulndnvosenssssurisnenlenfitanenlensevay 50 Insluadaiaunuiniend way
AU BUNAZA AT AR B9y 118A1T0 AeLTNARYDILN95TIN AR I LY Tn
anusaaavauaILdY Wiendinusidldeswidinnndinulnedanunun iy waz oy
Tnanvosenssssumansanusinanunsartsddldiouwinfuns Mfitaumundssann 1.5
RG]

sU 437 wanaUFsuisurtaunuIaleR1send1enoulndnveg

Y95 TTUVIRANINTUIVRAVDIYIIFITUVIRINANT 1L AU I AU TNER VD 18195 TSUVNAN



100

lishumsdanusluana aeulndnvesssssuuadnenledfiddnenladiosay 25 lnslua
wazaenlndnvesenssssurdsnenlesiidsnenlersosas 50 Tnslua vnsvadeudised
LnLanTiEing iy 662 Aladidnasouladnuin AexlnanvesenssssuyRsa sy dnly
ArruuInIsAdesniinsrandandudifiowdafeningy wanedn Aoulndnvesens
sssumBsaLvdnansamdiadunuanldfiniinssan@ended wazanunsaiededle

PognInwasulny Aaunss kazaun na-wosinulnag

4.3.5.2 #av9rinvaIn1sulsuiinvae19sssunfnaaudRnisannausdidnd

(X-ray attenuation) vasnaulndnuasenesssusd wazsiuddaineanlumiduansnidesed
HANSNAABIANNFUNUSSE I ARUINER Y195 T IURTE NsuUsyHn

2998195554917 waztiudameanladiduaisidefadsennuanunsalunisanneussddnd

YoIPRUINANVRILNETTUYRRAASIUUN 4.38-4.40

10
—a— NR

e - - ENR 25
GNP
2 ENR 50
Q
&)
=
@
o 6
(9]
c
°
=S
[§+]
2
g 47
hr}
]
T
g
5 27

0 T T T T T T T T T T T T

70 80 90 100 110 120 130

Voltage (kVp)

'
a Qo‘ v aaa

5U# 4.38 duseiivsnsaaneuidiladuresnenlndnvesenssssurininisuusviinyes

819555007R Laziiudadneonlenduasidsssd negeumeSidongnnaseu 50-120 kVp



101

0.5 2.0
- Half value layer
--- i
0.4 - Lead equivalant 1.6
G e
§ £
g 03 - - 1.2 £
s g
— _. )
g » —{ = %
¢ 0.2 7 - 08 §
= ge]
1)
T *— —e ® g
0.1 - 0.4
OO T T T T T T T T T T OO
0 5 10 15 20 25 30 35 40 45 50

Epoxide contents (%)

SUN 4.39 ANMURUIATIAT BALAURULILUWINGLNIVDIADUINARN VDI85 ITUIIRNTINT

v

wU3vTnveeN9sITUTR taziudaivesnlamduansintesd naasumesaddndnasay

120 kVp

1.0
094
0.8 -
0.7
06
0.5 —
0.4

0.3

Half value layer (cm)

0.2

0.1

— — —commercial window

----- X-ray window

0.0 T T T T
10 20

30 40 50 60

Epoxide contents (%)

SUN 4.40 WIgUMgUAINUNUIASIANYDIADNINENVD 98195 TSUVIRNTNTWUTVUAVD I

u

Y]

v a o a

5550977 waziudarmeanlemduasiifadiunszan@amnmd waznszanivasddng

NAADUMESIFONTN 91U 120 KVp



102

a

gﬂﬁ 4.38 uandulsEansMsannousdduduronenlndnuesensssusA
Fifinsuusednvesens waziiudaimesnlediiuasmdesd Tnevhnismaaoussdidndas
nasulugae 50-120 Alalaadgeannuln Han1sneaesduwilduuieltun1magey
AuandAn1sannausidLnuuIngife Aol NENU09871955 U IRN A N1SUUS TR Ve I8
s35umANNATezLiuliirenlnAnvesensssumAT i unsdnudsluana Aeulndn
Yosp19s3suTRsnenlesfissnenlussevay 25 Insluauazroulndnveenssssuvianen
losiifianonledfosas 50 InslualdArduuszans nnsannousedifaduiilnd iAoty

PUBAIINIT ABUINANVDIL1ITTTUYIRNIANUITATAIUANNITOLUNTANNDUTIA LULANAN

a = a | & a
g‘U‘V} 4.39 LAAIAIIUTIUIATIAT LALAMUNUNTAEUYINNENT V99ADUINARVDI

A

Y955 TUANTNTUUTVAV 981955507 waziiudaivmoonlamiduaisiidssidnaasunie

'
6 aal (% !

Sedndndndsnuwindu 120 Alaladasan anwanisvaaesaziiulein reulndnvessny

555URNTN1TLUTVTAVDI195ITUVIRINANT9LAULAIT AoUINERUDI8195TTUYIAN LY

'
faaa

H1un1siauwlsluananaulndnvesenssssuviasnanlednidnenleniavay 25 lnsluauas

'
falaa

aoulndnvosenssssuviRsnenlenfidsnenlensevas 50 Insluadriaunuiniead way
AurUTisURs N dRssiuLandin renTndnveensssusanaedailnnumn
wihduiiaunsaaaneulsina wiomutuveesidlan3midsnndinu niomudures
$edifiu nenanfe Fsdezgnaeulndnveseisssuviigandusadlaai i uazsedsn
AsmilsannsanggrueninnAeslndnvese TRl tazaeuInAnves15ITIYR
Wanusinanunsamefdidndld o uwinne i ifinuiUseann 0.25 Tadwns Tnevinis

WSg Ui UABUINANUDIEN9SITUTIRANANUAUIYINAUAD 13 TaALIAT

YNANNUL DU ABUINEN VDIB9S TTUTIANA NS UTTRAVDIBNITITULIH hazLAl
a Y 6 o 0 W v A W a a 4 0o v v A & 4 a
JatmeanlemduansmUsTddunszan@anndud kasnszanninTassddnd LLamﬂugUm 4.40

WU ARUINANYDI8 NS ITUBIRNIANNTTAAIUNIT AT NGLARANIINTZANTNITYE LAz

°o v v a & ¢

N5£ANAU9S98LONS 1L P991NTAIANUNUIASTIANNLOYNITNTEINMIININYE LarnNTEaNAIU

$935n9 MatuEinyiN1TRaNTNNAN TN warauUANeeIuSESnganuTanaialedn
ADUINARUDILIIFITUVIANANITUU TFUAVD LIS ITUVIRINAIT192ULA I AU TnEnuDq
8195550 AN lINuNsAaudslana wazreulndnvese1ssssuviAdnenlenniidnenlys

$ovay 25 lngluawmuvaufiaziumdndue1esssurfmUasdidndnlanudaneu waz

Jaonnzin



103

4.3.6 HAYRINISNAFBUANUALTINANAINIUNITAIVISIENTNITRI859FYT 10 wag
20 AS9VBIABUINE AVDIBIISTTUYIAN AN15HUSVUAVBIBIISTTUYIR wastAUTHIN

santumduasnivesed
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Radiation shielding Modulus at 100% elongation Hardness
(times) (MPa) (Shore A)
0 1.23 +0.13 45.00 +0.89
10 1.35 +0.02 46.75 +0.96

20 1.38 £0.02 47.45 £2.22
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Radiation shielding (times)  Tensile strength (MPa) Elongation at break (%)
0 21.42 +1.99 650.00 +50.00
10 22.39 +0.34 600.00 +0.00

20 22.95 +1.89 600.00 £57.74
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Radiation shielding (times) Specific gravity
0 1.601 +0.004
10 1.626 £0.018

20 1.628 +0.004
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Types of metal oxide
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Types of metal oxide
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Radiation BO PbO

shielding Modulus at 100% Hardness Modulus at 100% Hardness

(times) elongation (MPa) (Shore A) elongation (MPa) (Shore A)
0 1.04 +0.01 48.60 +0.84 0.93 £0.06 48.20 +0.40
10 1.17 £0.02 50.50 £1.00 1.10 +0.01 50.00 +£0.82

20 1.20 £0.01 51.50 +0.58 1.18 £0.00 50.90 +0.96
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Radiation BO PbO

shielding  Tensile strength  Elongation at  Tensile strength  Elongation at

(times) (MPa) break (%) (MPa) break (%)
0 20.13 +0.01 640.00 +22.00 22.41 +0.68 867.00 +47.00
10 22.42 +0.02 600.00 +0.00 23.01 £0.52 800.00 +0.00
20 22.69 +0.01 600.00 +30.00 23.89 +0.01 733.00 £57.74
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Radiation shielding Specific gravity
(times) BO PbO
0 2.004 +0.050 2.100 +0.007
10 1.964 +0.003 2.013 +£0.062
20 1.966 +0.011 2.066 +0.105
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Crosslink density (x10™ cm?/g)

Times

BO PbO
0 2.63 +0.00012 2.95 +0.00026
10 2.84 +0.00012 2.97 +0.00019
20 2.90 +0.00010 3.01 +£0.00047
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A13797 10 Amesadsdn (My), Amesanian (M) wazUSu1an15i9 U919 (torque

differences; A M) vesiannoulndng1esssuyaninisuususuavestadmeanladi

WANAINU
BO contents (phr) My (dNm) M, (dNm) A M (dNm)
0 6.10 0.39 571
10 6.28 0.47 5.81
20 7.00 0.36 6.64
40 7.53 0.47 7.06
80 9.74 0.42 9.32
120 9.86 0.34 9.52
150 10.47 0.39 10.08

15199 20 ﬂ'mas‘ﬂqaqm (My), ANasanadn (M) wazUSu1ani1see auvlng (torque

v v aa 1

differences; A M) vatianpeulndng19s3sumAniinisuusslinvesasidessdnunnsineiu

Types of radiation

Mg (dNm) M. (dNm) A M (dNm)
shielding fillers
BC 10.05 0.71 9.34
BO 10.47 0.39 10.08
BS 10.24 0.29 9.95

A13797 30 AmesAdsdn (My), Ameasanian (M) wagdSu1an15i9euv119 (torque

aa

differences; A M) vasanaoulndng19535uANdn15uUsvlinuee19sssuyif Lagiiy

a o ¢ o W v a
Uﬁﬂﬂ@@ﬂlﬂ]@LﬂuaqiﬂqU\‘]ﬁﬂﬁ

Epoxide contents (%) My (ANm) M, (dNm) A M (dNm)
0 10.47 0.39 10.08
25 7.53 0.47 7.06

50 7.37 0.36 7.01
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A13797 40 AmesAasdn (My), Amesanian (M) wazUSu1an15i9euv119 (torque

A

differences; A M) vosianmaslndneesssuraniinsiudaivesnlen waznzneenlen

Wuansindased
Epoxide contents (%) My (dNm) M, (dNm) A M (dNm)
BO 10.47 0.39 10.08

PbO 10.15 0.31 9.84
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ABSTRACT

The purpose of this investigation have been developed lead-free and flexible radiation shielding
materials. Composites of natural rubber (NR) were prepared by incorporating bismuth oxide (Bi,05)
with various loading levels. The variation mechanical propertics of the composite with different
loading levels have been studied. The gamma ray shielding properties were measured with 37Cs (662
keV) source by Compton scattering technique. The X-ray shiclding characterization were measured
with high frequency digital radiography X-ray machine Shimadzu model RAD Speed Pro. The results
show that addition of Bi,0s into natural rubber enhances the modulus at 100 % clongation, hardness
and specific gravity of the composites, whereas tensile strength and elongation at break reduces. For
gamma ray shielding properties, the experimental values of mass attenuation coefficients (1, ).
effective atomic number( Z.r). effective electron densities (N.) and lead equivalent of the NR
composites were found to increase with the increasing of Bi,05 concentrations, while these value
were decrease with the increasing of photon energy from 223 keV to 662 keV. The half value layer
(HVL) values of all samples were decreased with the increasing of Bi»O; concentrations. The NR of
150 phr Bi,O; composites found to be the lowest HVL values in comparison with commercial
window, serpentine, ordinary concrete and hemimatite-serpentine. For X-ray shielding properties, the
linear attenuation coefficient (n) and lead equivalent (dPb) were increased with increased Bi,O; add in

NR and show the decreasing of X-ray energies range.

Keyword: Natural rubber composites, Bismuth oxides, Radiation shiclding, X-ray, Gamma ray.
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1. Introduction

X-ray and gamma ray arc uscd in industrics, hospitals and laboratorics for various purposcs. Such
types of radiations have significant side effects and hazardous to health. As a safety measure,
radiation protection is desperatcly nceded to avoid the exposure of radiation. Providing protection to
human, animals and environment from high energy electromagnetic radiation is termed as radiation
shiclding. Various types of shielding materials with better radiation resistivity have been developed
and reported in literature. Lead can be used as a common material for radiation shielding due to its
low cost and high atomic number (Z=82). Highly energetic electromagnetic waves such as X-ray and
gamma ray will be absorbed by matcrials with high atomic number or heavy metals. Absorption
capacity of radiation is higher in cases of shielding material with higher atomic number. However,
Icad has several disadvantages such as heavy weight, casy to crack, harmful to humen health and
environment (Demayo et al.. 1982: Ozdemira et al., 2018). Hence, researchers have attempted to
develop alternative lead-free radiation shielding materials. Concrete is an example for lead-free
shielding material which consists of barite, perlite and tungsten oxides (WOs) (Topcu, 2003; Bektas et
al.. 2005; Tekin et al.. 2017). Heavy-metal oxide glasses and borate glass system consisting of Bi,O5
(El-Khayatt, 2014:; Kacwkhao, 2010). Radiation shiclding matcrials arc gencrally madc up of concrete
or glass with hecavy weight and non-flexible. These arc the drawbacks of using such matcrials in
specific areas. In view of this, researchers have been developed flexible-lead free-radiation shielding
materials by adding various compounds as fillers into a polymer matrix to shield or reduce energy of
radiation. polyurethane/barium sulfate composites, STR 5L/ferried/carbon black composites and
natural rubber/iron oxide (Fe;0,) composites are the complex materials reported in the literature
(Tiwawn. 2017; Kalayance, 2008: Donruedee, 2018). However, radiation shiclding materials arc less
flexible due to the brittle nature of synthetic polymers on incorporating with fillers.

In the present investigation, a lecad-free, radiation protection at specific arcas, flexible and
lightweight shielding material based on natural rubber with addition various amount of bismuth oxide
(Bi,05). bismuth oxide has relatively high Z value (Z=83), high density, high melting point and
available in the form of fine powder (Chanthima et al.. 2017). Mechanical properties of the radiated
shielding materials were investigated using tensile testing to determine modulus at 100%, tensile
strength and clongation at break. In addition, spccific gravity and hardncss of radiation shiclding
materials are also investigated. The material developed can be used as a safe protective jacket by both
the radiation workers and the patients during the medical exposure to minimize the exposure onto

tissues and organs. For example: glove, apron, underwear and wristband for radiation shielding.

2. Materials and methods
2.1. Materials

The details of ingredients used to prepare composites of natural rubber are summarized in Table 1.

145



119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
1486
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177

146

2.2. Preparation of composites

The mixtures of NR and other ingredients were prepared using an internal mixer (HAAK
PolyLab OS, USA) at 60 °C with a rotor speed of 60 rpm. The preparation of composites consits of
mastication and compounding. For mastication, NR was masticated in an internal mixer for 10 min.
Further, ZnO, Stearic acid. TBBS, Bi,0; and Sulfur were added into the masticated rubber for
compounding and the mixing time was about 20-25 minutes. After compounding, cure time (t.o) and
torque differences were measured using moving die rtheometer (MDR) and Vulcanization of rubber

occurs during compression molding (LCC 140, Taiwan) at 150 °C.

2.3. Cure characteristics

The cure time (t.o0) and torque differences were evaluated using moving die rheometer (MDR
type. Alpha RPA 2000, USA) according to ASTM D 5289 at a test temperature of 150 °C and test
time 30 min. The cure time determined from rheometer was used to vulcanize NR composites in a

compression molding.

2.4. Dispersion analysis

The nature of distribution of bismuth (Bi) particles in NR composites were studied by using an
EDX spectrometer attached to scanning clectron microscope (SEM Quanta 400 FEIL Netherland). The
specimens were mounted on aluminum stubs using carbon tape and then coated with a thin layer of
gold to prevent charging before scanning. The elemental composition of chemicals present in NR
composites were calculated from two steps.
Step 1: Calculating the ratio of elements in percentage by Equationl

Molecular weight of element %
Molecular weight of chemical

Ratio of element (%)= 100 1)

Step 2: Calculating the ratio of clements in weight percentage by Equation 2

. e B .
Ratio of element (Wt%) = Ratio of element (f(y)) (;x Ratio of chemical )

Where
phr of chemical "

Ratio of chemical (w1%) =
phr total

100 3)

2.5. Mechanical properties
The tensile properties such as modulus at 100 % clongation, ultimate tensile strength and
clongation at break were measured using universal testing machine (Hounsfield, model HI0KS,

England) according to the ASTM D 412 method at a crosshead speed of 500 mm/min. The surface
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hardness was tested using Shore A durometer (Frank GmbH, Hamburg, Germany) according to
ASTM D 2240. The specific gravity (Mcttler Toledo ML204, New Zcaland) was mcasurcd using the
procedures of ISO 2781:2008 (Method A) by comparative measurement of samples mass in air and

watcr.

2.5. Radiation shielding
2.5.1 Theoretical background

The mass attenuation coefficient (., ) of experimental was calculated using the relation

(Singh et al.. 2006)

1 I,
Wy = H l“(T) )

where, p is the density of material (g/cm?), I;and I are the incident and transmitted intensities

respectively and t is the thickness of NR composites (cm)

Theoretical values of the mass attenuation coefficients of mixture or compound have

been investigated by WinXCom program with base on mixture rule (Singh ct al. 2002)
Hm :Zwi(“m )i 5)

where, w; weight fraction of cach clement in NR composites, (1, ); is mass attcnuation cocfficient

for individual clement in NR compositcs. The mass attenuation cocfficients value can be used to

determinc the total atomic cross-scction (6, ) by the following relation

_ (p'm )cnmpnsilc (6)

o Ny ZwiA;

where, N, is Avogadro’s number (6.02x10% mol™). A; is atomic weight of constituent
clement of composites. Also the total clectronic cross-scction (o)) for the clement is expressed by

the following equation

1 nfA,
Otal :N_;\Zi:1z_il(um)i @)

where, f}is the number of atoms of element i relative to the total number of atoms of all elements in
composites, Z; is the atomic number of the element in composites. Total atomic cross-section and total
electronic cross-section are related to effective atomic number (Z.s) of the composites is calculated by

following the formula (Singh ct al.. 2005)
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hardness was tested using Shore A durometer (Frank GmbH, Hamburg, Germany) according to
ASTM D 2240. The specific gravity (Mcttler Toledo ML204, New Zcaland) was mcasurcd using the
procedures of ISO 2781:2008 (Method A) by comparative measurement of samples mass in air and

watcr.

2.5. Radiation shielding
2.5.1 Theoretical background

The mass attenuation coefficient (., ) of experimental was calculated using the relation

(Singh et al.. 2006)

1 I,
Wy = H l“(T) )

where, p is the density of material (g/cm?), I;and I are the incident and transmitted intensities

respectively and t is the thickness of NR composites (cm)

Theoretical values of the mass attenuation coefficients of mixture or compound have

been investigated by WinXCom program with base on mixture rule (Singh ct al. 2002)
Hm :Zwi(“m )i 5)

where, w; weight fraction of cach clement in NR composites, (1, ); is mass attcnuation cocfficient

for individual clement in NR compositcs. The mass attenuation cocfficients value can be used to

determinc the total atomic cross-scction (6, ) by the following relation

_ (p'm )cnmpnsilc (6)

o Ny ZwiA;

where, N, is Avogadro’s number (6.02x10% mol™). A; is atomic weight of constituent
clement of composites. Also the total clectronic cross-scction (o)) for the clement is expressed by

the following equation

1 nfA,
Otal :N_;\Zi:1z_il(um)i @)

where, f}is the number of atoms of element i relative to the total number of atoms of all elements in
composites, Z; is the atomic number of the element in composites. Total atomic cross-section and total
electronic cross-section are related to effective atomic number (Z.s) of the composites is calculated by

following the formula (Singh ct al.. 2005)
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Zer =— )]

The clectron density can be defined as the number of electrons per unit mass, and it can be
mathematically written as follows

N, =£m ©)
el

The half value layer (HVL) is define in term of the mass attenuation coefficient relates half

value layer to lincar attenuation coefficient (p ) (Singh et al et al., 2006)

HVL =0.693/p (10)

when, lincar attcnuation cocfficient () can be calculated by

B =2 (1)
p

Lecad cquivalent thickness is written as (Biswas ct al.. 2016).

Hcomposite
dpy = d compositc (12)
K ply

where, [py, is the linear attenuation coefficient of lead, dpy is the lead equivalent thickness, L omposite

is the linear attenuation coefficients of NR composites and d is the thickness of NR

composite
composites. In is work, the thickness of NR composites is 10 mm, has been used to compared with

Icad thickness

2.5.2 Measurement of gamma shielding properties

Experimental values of mass attenuation coefficient were measured by the Compton
scattering technique with narrow beam transmission used for selected gamma rays energy.

The schematic of the gamma ray shielding properties measurement by Compton
scattering technique shown in Fig. 1. The source system is mounted on a composite of adjustable
stands. The stands can move in transverse direction for proper beam alignment. The'*’Cs radioactive
source of 152 (555 MBq) strength was obtaincd from the Office of Atom for Pcace (OAP),
Thailand. An aluminum rod was act as the scattering rod. The Compton scattered rays using a2 7 x 2
) Nal(T1) scintillator detector having an energy resolution of 8% at 662 keV (BICRON model
2M2/2) with CANBERRA photomultiplier tube base model 802-5. The optimum distances between

the source and the scatterer was chosen to be 20 cm and 20 cm between the scatterer and detector. The
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spectra were recorded using a CANBERRAPC based multi-channel analyzer (MCA). The spectrum
on thc MCA of dctector gave instance counts in cach of 1024 bins divided by voltage. This work
measuring gamma ray shielding properties by varying the scattering angles (30°-120°) to produce

gamma rays of different energies range of 223 keV -662 keV.

2.5.3 Measurement of X-ray shielding properties

The X-ray shielding efficiency is estimate by different category in partial interaction
parameters such as linear attenuation coefficient (p) and half value layer (HVL). The X-ray shiclding
characterization were measured with high frequency digital radiography X-ray machine Shimadzu
modcl RAD Specd Pro opcrated at 50-120 kVp and 40 mA. The full function meter (RMI 242) with
optical fiber to detect the transmission spectra used for recorded the spectra. The optimum sct up
distance between the X-ray tube to the NR composites samples and from NR composites samples to
detector were found equally at 50 cm separation distance. and distance between detectors to table
about 30 cm. The validity of X-ray transmission technique had been confirmed with an energy
calibration of the system. The schematic diagram of the measurement X-ray shielding properties

shown in Fig. 2.

3. Result and discussion
3.1 Cure time

Cure time is an important parameter during rubber processing and the final property of rubber
depends on cure time. The cure time of NR/Bi,O; composites with various compositions are depicted
in Table 2. The cure time of composites are lower than NR without Bi,O; This may be attributed to
the existence of Bi,O; as a metal oxide acts as co-activators during the vulcanization process. The
results of addition of metal oxide group into rubber composites have agreement with the previous
work(Worawat et ai., 2018). It results in lowering the cure time of composites.

The difference in torque is directly related with the actual crosslinking density of rubber. Table 3
shows the maximum torque (My;), minimum torque (My) and torque differences (A M) of NR and its
composites. The torque differences between its maximum and minimum values of the composites are
found to be increased as increasing the contents of Bi,0s. The presence of metal oxides performs as a
co-activator during the chemical process of vulcanization. It develops interaction between the
molccular chains of rubber and sulfur, which Icads to increase the cross-linking density of natural

rubber.

3.2. Dispersion Analysis
SEM has been employed to determine the nature of dispersion of particulates in the natural rubber

matrix. Figure 3 shows the SEM images of NR composites with different fillers phr. Element content
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of the filler Bi,O5 in NR composites is detected by EDX technique and depicted in Table 4. SEM
microphotographs of Bi,O; incorporated natural rubber composites show different morphologics on
increasing the filler content. A fine and uniform distribution is observed for 10 phr filled natural
rubber composite. Analysis revealed that the uniformity of particle distribution reduces on increasing
the content of Bi,0;. Agglomeration of Bi,O5 particles occurs in the NR matrix as seen in the SEM

images. The amount of Bi element is increased on the addition of Bi,O; as shown in Table 4.

3.3. Mechanical properties

Tensile propertics and hardncss of natural rubber composites filled with Bi,O; arc investigated
with respect to filler concentrations. Modulus at 100% clongation and Hardness of Bi,Os incorporated
natural rubber are shown in Fig. 4. An increase in modulus can be seen with an escalation of filler
concentration in natural rubber. The presence of Bi,O; increases the crosslink density of natural
rubber as discussed in the previous section. Metal oxides act as co-activators and speed up the
crosslinking reaction during vulcanization (Donruedee at el.. 2018). Addition of Bi,O; increases the
crosslink density of rubber and these hard metal oxide particles enhances the stiffncss of matrix
material. Therefore. the modulus and hardness of natural rubber are considerably increased upon the
addition of Bi,O; Fig. 5. shows the dependence of tensile strength and clongation at break on the
concentration of fillers. Tensile strength of the composite is found to be reduced on increasing the
concentration of Bi,O; As a polar substance, Bi,O; becomes agglomerated and it shows a poor
dispersion in non-polar rubber matrix. It weakens the elastomeric phases and decreases the tensile
strength. The elastic modulus and elongation at break are inversely proportional to each other. The
rigid naturc of Bi,0; causcd in reducing the flexibility of natural rubber, thus a reducced manncr is
observed in the elongation at break. Hetrogeneous distribution of fillers deteriorates the interface and
the clasticity of the resulting composite decreases. Variation of specific gravity of natural rubber on
the addition of Bi,0s is as shown in Fig. 6. An increasing trend in specific gravity is noticed as
increasing the concentration of filler particles. Bi,O; has higher density (D= 8.90 g/cm3) and leading
to an increase in the specific gravity of the composites.

3.4. Radiation Shielding Properties

3.4.1 Gamma ray Shielding Properties

Total mass attcnuation cocfficicnt (1, ) of the NR/ Bi,05 compositc were preparcd
with a concentration of Bi,0; 10, 20, 40, 80, 120 and 150 phr as can be scen in Fig. 7. The
experimental of p,, were measured with Cs-137 source at an energy of 663 keV and measured at

seven different angles from 30°-120° using Al scattering rod for scattered photon energy. It was found
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seven photon energies were in the range of 223-662 keV. These value is based on the principle of
Compton scattcring technique. The experimental were comparcd with theoretical valucs which were
calculate using WinXCom program. The result of 1, show that the NR/ Bi,O; composites are higher
values when increase in B1,0; content. This is due to concentration of Bi,0; because of Bi (208.98)

arc very heavy of atomic weight. The trend of experimental values of p,, are in good agreement with
the theoretical valucs. The p, of all NR/ Bi,0; sample decreasc with the incrcasing of photon

cnergy, these indicate the dependence of ., valuc on the photon cnergy.

Fig. 8. shows the effective atomic number (Z.;) of NR composites and were
calculated from cquation (7). It was found that Z - will be increased with the increasing of Bi, 05
concentration and those were decreased with increasing of the photon energies which the same trend
of the p,,, . owing to higher atomic number increasing of Bi,O; have an impact on the probability of
the interaction between photon energy with electron in the matter. Nevertheless, the results of Z rare

shown in good agreement with theoretical values.

The effective clectron density (N.) of NR composite is shown in Fig. 9. It is secen
that the increasing of density by adding Bi,Oj; into the structure of the NR/ Bi,O; composite have an
cffect on the N, valuc. The N, is having a high valuc when increase of Bi,O; and indicatcs that there
are more number of virtual electron per unit mass of NR composite. Moreover, the N, results show

similar trends with p,,, and Z.. The trends shows that decreases exponentially when increasing

photon cnergy.

Fig. 10. show half value layer (HVL) and lead equivalent of NR/Bi,0; composites
measured using gamma ray in the energy at 622 keV. It was seen that HVL were decreased with the
increasing of Bi,0; concentration due to the increasing of mass attenuation coefficient and density
which cffccets to increasing of the gamma rays attcnuation. For the results of Icad cquivalent of
NR/Bi,0; composite consisting Bi,O;. The results found that lead equivalent were increased with the
increasing of Bi,0s concentration which the gamma ray shiclding equivalent thickness of lead 2.0093
mm for 150 phr Bi,0; is observed. Fig.11. show the comparison of gamma ray shiclding properties of
NR/Bi,0; composites with commercial window, serpentine, ordinary concrete and hemimatite-
serpentine measured at 662 keV gamma ray from Cs-137 source. It indicates that, the gamma ray
shiclding of NR/ Bi,0; composites with 10, 20 and 40 phr Bi,0; lower than commercial window.
However, Composites with 80 phr of Bi,O; shown the gamma ray shielding better than commercial
window. The composite with 80 phr Bi,O; was no difference HVL value of serpentine show that it
can be gamma shielding equivalent to serpentine. Eventually, composite with 150 phr Bi,O; shows

better gamma ray shielding compared to ordinary concrete and hemimatite-serpentine. This result is
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an important for the development flexible, lead free radiation shielding material. It is concluded that,
the thicker shiclding matcrials can be replaced by such types of flexible matcrials with better shileding

properties.

3.4.2 X-ray Shielding Properties

Lincar attenuation coefficient of NR/Bi,0; composites with various Bi,O; concentrations
measured using X-rays in the energy range 50 kVp -120 kVp shown in Fig. 12. It was seen that the
lincar attcnuation cocfficicnt was incrcascd with the increasing Bi,0; concentration and thosc
decreased with increasing of the X-ray energy ranges due to increase of density have an effect on the
lincar attenuation cocfficient which more likely to interact. It means NR/Bi,O; composites can be
better X-ray attenuation when increased amount of Bi,O;. However, it should be aware when put
more a concentration of Bi,O; due to morphology transformation which correspond to the tensile

strength and elongation at break of natural rubber composite as shown in Fig. 5.

Fig. 13. show half valuc laycr (HVL) and lcad cquivalent of NR composites with various
Bi,0; concentrations measured using X-rays in the energy at 120 kVp. The HVL values were
decreased and increased values of lead equivalent with increased of Bi,O; concentration due to the
increasing of density and linear attenuation coefficient have an effect to more radiation attenuation of
NR composite. Fig. 14. show the comparison of X-ray shielding properties of NR/ Bi,O; composites
with commercial window and X-ray window measured at 120 kVp. It indicates that, the X-ray
attcnuation of NR/ Bi,0; composites with 10, 20, 40 and 80 phr the Bi,O; exhibit better than
commercial window. NR/ Bi,O; composites with 120 and 150 phr the Bi,0; show the X-ray
attcnuation better than both commercial window and X-ray window. It is clearly the concentration of
Bi,0; with 120 and 150 phr to candidate for application in flexible radiation shielding materials such

glove and mask.

4, Conclusion

Flexible radiation shielding material based on NR/Bi,0; composites were successfully prepared
and developed. Increased concentration of Bi,0s in natural rubber were enhanced the modulus at 100
% elongation, hardness and specific gravity of natural rubber, whereas tensile strength and elongation
at break reduccs.

— Incrcascd concentration of Bi,0; cffect to the experimental values of mass attcnuation
cocfficients (), effective atomic number (Z.), cffective electron densitics (N.) and lead cquivalent
of the NR composites were increase and these were decrease with the increasing of photon energy
from 223 keV to 662 keV. The half value layer (HVL) values of all sample were decrease with the
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increasing of Bi,O; concentrations. The half value layer (HVL) values of all sample were decrease
with the increasing of Bi,O; concentrations. The NR/150 phr Bi,0; compositions has the lowest HVL
values in comparison when compared with commercial window, serpentine. ordinary concrete and
hemimatite- serpentine

— For X-ray shielding properties, the linear attenuation coefficient ( 1 ) and lead equivalent
(dPb) were increased with increased Bi,0; add in NR and show the decreasing of X-ray energies
range. The NR of all Bi,O; compositions show lower HVL when compared with X-rays shielding

window and commercial window.

Bascd on the studics related to tensile propertics and radiation shiclding cffcets, it can be
concluded that flexible and lead-free NR/Bi,0; composites is possibility for application to radiation

shielding material or protective wear.
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Fig. 1. Schematic of the mass attenuation coefficient measurement by Compton scattering
technique (Chantima et al., 2017).
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Fig. 2. Schematic diagram of the X-ray transmission technique (Kaewjang et al., 2019).
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Fig. 3. SEM images of NR/ Bi,O3; composites with addition a) 10 phr, b) 20 phr, c) 40 phr, d) 80

phr, e) 120 phr and f) 150 phr.
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Fig. 4. Modulus at 100 % elongation and Hardness of natural rubber composite with different
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Fig. 6. Specific gravity of natural rubber composite with different Bi,O; loading levels.
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Fig. 7. Total mass attenuation coefficient of NR composites with various Bi,O; concentrations
measured using gamma rays with energy 223 keV-662 keV.
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Fig. 11. The half value layer of NR composites with Bi,O; in comparison to commercial
window, serpentine, ordinary concrete and hemimatite-serpentine (Singh, 2002) at 662 keV.
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Table 1. Ingredicnts of NR/ Bi,0; composites and their role during the process.

Content (phr)* Function Supplier
Chalong latex
Natural rubber (NR, .
100 Polymer industry.Co.. Phuket
STR5L)
(Thailand)
Imperial Industrial
Stearic acid 1 Activator Chemicals Co., Ltd.
Bangkok, (Thauland)
Thai-Lysaght Co., Ltd.,
Zinc Oxide; ZnO 5 Activator Phranakhon Si
Ayutthaya. (Thailand)
Siam Chemicals Co.,
N-tert-butyl-2-benzthiazyl
. Accclerator  Samutprakarn (Thailand)
sulphenamide; TBBS
Vulcanizing  Siam Chemicals Co.,
Sulfur (S) 25
Agent Samutprakarn (Thailand)
0. 10, 20, 40, 80, 120 and
150
Radiation Alfa Aesar Co.,
Bismuth oxides (Bi;05) (0, 8.37. 15.44, 26.76,
Shiclding Massachusctts (USA)

42.22,52.29 and 57.80

wt%, respectively)

aphr: parts per hundred parts of rubber

Table 2

Cure times of natural rubber composite with different Bi,O; loading levels.

Content (phr) Cure time (t g, min)
0 8.44
10 7.50
20 747
40 739
80 729
120 7.10

150

6.22
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Maximum torque (My;), minimum torque (M;) and torque differences (A M) of NR composites for

different Bi,0; loading levels.

Bi,0; Content (phr) My (dNm) M, (dNm) AM (dNm)
0 6.10 0.39 5,71
10 6.28 0.47 5.81
20 7.00 0.36 6.64
40 7.53 0.47 7.06
80 9.74 0.42 932
120 9.86 0.34 9.52
150 10.47 0.39 10.08
Table 4
The element contents in NR/ Bi,O3 composites.
wt% of clement in rubber composites
Elements
0 10 20 40 80 120 150
C 81.714 74.876 69.094 59.850 47217 38.988 34.480
H 10.981 10.062 9.285 8.043 6.345 5.239 4.634
o 1.001 1.779 2.437 3.489 4.927 5.864 6.376
Zn 3.669 3.361 3.102 2.687 2.120 1.750 1.548
Bi 0.0000  7.506 13.853  24.000 37.868  46.902 51.849
N 0.107 0.098 0.091 0.079 0.062 0.051 0.045
S 2.529 2317 2.138 1.852 1.461 1.207 1.067
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Preparation of Lead-free Radiation Shielding Elastomer Based on Natural
Rubber/Bismuth Oxide Composites: Effect of Epoxidized Group on Natural
Rubber
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o
unanea

nAteililingussadifewsontanmssadiifimuangu Anvinavesrliavesessssumineningn
(esssurIAaisumsiauUsTuaga (unmodified NR) enddwenlus 25 (ENR 25) wazenddwenlas 50 (ENR 50)
fifinmaidnensTaimeenles (80) reautfiduna (uegda 100% mudumusioussia sverda o gavin muda
warAuEITIIY) warantRinisieded (@udsvavsnmsaaneusidiBadu (1) AumASIE (HVD) AT
wisuwime) Faunuan wasdng nnsAnmantRidnanui ersssumninesindntiegdaisserda 100 %
wararmudaitliunnsneiuogaitivddy Tuduvesanudumuseuseis uarszexin o gavanui Yanneul
anevossuFdnenlust 25 (ENR 25/B0 composite) Wifauiifiinintanaeulndne esssumiilidauysiuana
(unmodified NR/BO composite) way anaulndnevsssuzidanentes 50 (ENR 50/B0 composite) Uiy
Iﬂai’aqmﬂwﬁmmqﬁﬁanﬁﬁﬁvﬁ 2 i (ENR 25 waw ENR 50) fiannussdungiunnnifaseesindnessssui
lidaudslianadniios fuautAnisiiediinagiouiiourmmuruaiedt (D) mnnmsmaaeuwud

v oo v @ s

gssssumAneulndninisuliauisaiddunuanldiisumi uaveanunsamdesediindlanninnszanddeedn

X 5 5 e
finsldludonded ermeulndaiifauniuanauddeiamnsandnduianihisdidvasnnymiifianudandu
wagivssdlaegadiuseavsnm

@

L Lo k2 o W w & W a a aa £ a I3
ANAIARY: Taniniesed Janreulndn o1sTsuni ensysuwAdfienled Daineenlud
Abstract

The main aim of this research is to prepare flexible radiation shielding materials. The effect of different

natural rubber types (i.e., unmodified NR, ENR 25 and ENR 50) based on rubber composites with bismuth
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oxide(Bi,Os: BO) on mechanical (i.e. modulus at 100% elongation, tensile strength, elongation at break,
hardness and specific gravity) and shielding properties (half value layer, HVL) of gamma ray and X-ray linear
attenuation coefficient () half value layer (HVL) and lead equivalent of x-ray) were investigated. It was
found that all type of rubber composites gave no significantly different values in term of modulus and
hardness. The ENR 25/BO composite exhibited higher tensile strength, elongation at break than those of
unmoedified NR/BO and ENR 50/BO composites, respectively. Both ENR 25 and ENR 50 with BO composites
have slightly higher specific gravity than that of unmodified NR/BO composite. The developed rubber
composites (i.e., ENR 25/B0O) provided the same gramma shielding properties in term of HVL value and
better performance in term of X ray radiation shielding (half value layer,HVL)) properties than commercial
shielding window. The developed rubber composites in this research can be used as efficient lead-free

flexible radiation shielding materials.

Keywords: Radiation shielding material, Composites, Natural rubber, Epoxides natural rubber, Bismuth

oxide

unin

<

w1y (lead : Pb) 1usmiideaniwmdndutagids vieaaneussd esmnaviiliavesneuwiniu 82
Fadusmiifiiavesmen (atomic number : 2) g Tnopduwimanliinfiindeangs wu $@dnd Sdunan aegn

&Y e = < o ' & vo o o o Sdoe O v oSy o
ganaulddlassnfifiavesnougs visesmmin(3) egalsimunsliiagidssednvhunnaenadeldedonas

@,

Usems liun Jaqirdesdnvhunanaedafidmdnunn unninlddne daausiumusioussds (Tensile strength)
warAUAUYUABNSAU (Creep resistance) sninTanusssdvindul7] wagmeidenulufvgedunsiede

Altau uwardawnden ssAnmsewndblan (WHO) uazdninnunssunisdanndouwinideinnmanislumsanian

Yo aw o

a a & v St o < ¢ a o A4 o w A o w
VINANUIINAENI maLw]ui)am'lvmmaﬂummwmmumﬂiﬂamaafﬂ,'zm‘nuﬂau 9 BWBNTUN I08AVDUNTRIYDY

=

$ednaununsidingd 1wy wuiSeudama Barium sulfate: BasO,) lalusevlnsoanled (Diboron dioxide: B,0,)9]

neGealnoanled (Thorium dioxide: ThO,[2] Wusdu aghalsinunislitaniteddifieedaiendadidefosisos

v v

mllsigoushvestan vilitagidesirlumsldnudmiuitedluiuifiamnildne wasiidnvmsans 910
nsasaenashlimsuiiimsideswanniinaumedwesiumsuseneunguitiSsdsdle wu enssssumnd
1nsn STR 5L nanfunaialsd uasiusi faduasdnfunantversdannsiviaensdulnsiduladu
(Polyethylenediene: EPDM)[5] 814555141@LN5A STR 5L naufumaneonlesd (ron oxide: Fes0,) uayifiainu
a8nlust (tungsten oxide: W,0,)[6] wodgSinu (Polyurethane: PU) wauffunuidendawmn(1] 1usiu iav}ﬁﬁwuﬁu
Fandm amunsarnesedldspiunis uidaiitedesunesents 1wy autRdna uagamanusalunisias Wudu
danalitlsiansnsandniiutaginsdsdfaansaaldls

ASuiiInguszasdiiowann Tagitelduanngtaiiimndangu awnsoftddansqald g
aulnhdaivesnles (81,0, BO) ﬁ-ﬁmﬁwﬁﬂuﬁ"ﬁ@ﬁﬂﬁq vioaavDuNsuesdid naudnfuensiitiviafiuansne
fu 3 viln 18un ersssumAludauystuana (Natural rubber: unmodified NR) #9955 i 3-wonlus

Ao

Wiy 25 (Epoxidized Natural Rubber 25: ENR 25) uazeNs5sumAndny8wenledivindy 50 (Epoxidized
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AIVAFDUIIAIAIFUYBEN

YNNINAABUIAIAITUTDIUNANLINTTIU ASTM D 5289 Tneil#iA3es Moving Die Rheometers (MDR)
wisntegrafuwiudindeuthnin 5 nu lgungilunsmadey 150 ssmiwaidea wagiarlunismagey 30
U AMNITNAFBY togp ﬁau‘Juna1‘114mimgﬂmaamﬂumémé’ﬂLﬂ"]

NMIVAFBUURINUNMSTNYINYBIEN
L ¥
wisufedenuaniie 1 wufuns uazen 1 wufiues dahwindedteuntadiingBudunan 72
Hlus Fdmidndiedmduy vnmseugumgll 60 esrwaldea suauniumindog1azai nintuian

3 @, =
AMIUAIANNTITN (1)

_-In(1vp) ve xv?

T (1)
Vg (v?)-o 5vy
e v, = volume fraction veseg1vdsnudlulngdu
A = Molar volume ¥83a81382aY
x = Interaction parameter[8]

NAFBUNIINTFAIWAIVDITW

wmaauminismam"wmmvﬂ.*uﬁuasiwiﬂmm?aufﬁyuﬁmﬂwﬁﬂawu stub wagyinsindauiiet1eie
s Mivaiia Energy Dispersive X-Ray Fluorescence Spectrometer (EDX) Tmaﬁlﬂ%ammaauiu SEM Quanta
400 FEl

nsnaseUaNUAITng

msnaasuantAianaldun uegdaiiszzia 100 % (modulus at 100 % elongation) AWK LMUAE
U397 (tensile strength) wazsvezBn a1 AR (elongation at break) NA#EUATN ASTM D 412 Taenan3endu
fegraduzuiua Insfianunitavinu 3.65 Gaduwns lagld universal testing machine Ju H10KS nasgey
s (hardness) MAABUN1LLNATEIL ASTM D 2240 Tneldia3as Shore A durometer 3u Frank GmbH way
A2118 2991w (specific gravity) 1gviIN1INAABUAINNINTFIY 1SO 2781:2008 (Method A) ¥ waidanis

Wisuiieudingieendluennia uasi inSemaaeuii ML204

nsvadauaNUANIsAUSE
nsiamsganiufedunuan (Gamma ray)

A e vetantAinisdudunumnansadnnnldannlusunsy Winkcom wayA1annsnageu
ansansvinlasliinaiansnszidsrendiu iwiomedeuiiunasindndsd Cs-137 AnuusaveaUiunnisdaians
futun$edaaredasenuasanyiniy 15 (555 MBg) wasau 662 keV liWainsadvia Nal(Tl) wagvinns

Uszananalae Multi Channel Analyzer (MCA) inFeutuegnadugunnauduiugudnaauiig 2.5 iwufiuas
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w1 1 wudns ihnsneseuiiyslunisnszifuainiy 120° Jeidmdanuniniy 662 kev uagldiaainis

MAEBY 25,000 TUT AUITOAILIMINAIANUALIASIAT (Half value layer: HVL) a1uaunsh 5

msansganduisdiBng (X-ray)
nsnaaeun1sgandusedisnd Wnsnageulagliiades high frequency digital radiography X-ray
machine Shimadzu model RAD Speed Pro operated findea1ulutaa 50-120 kvp Arnszualudiriilifunaen

Bneisgiviniu 40 mAs wagld full function meter (RMI 242) lunstuiinaiunnu wisufiegrsvunaiduniu

v O

Aunang 2.5 wufuns uagvun 1 wuiums vhnsdndsgunsainaaeulasszesrineszninmasadnusdiumnd
! ) & 4

fae1aneiu 56 WURWNT uagsrarieIINYIRIaENiuTwheTY 56 wuRuns vnsdauadwliivun
2x2 iwufins laeviliuinaedeseginatsuamadly anunsofundudsyavsiladu amnumuiaise uazau

AU RABUMIRET AUENNISA 2 5 kag 6 AudRy

v e PO ; :
AENUIZENENTAANDULTILEUY (linear mass attenuation coefficient: ()

v
& v,

Vo a £ a. v ' @, v = o ! @
AFUUTZENENTAANDULTILAUILY DYNUNANTUYDING HATDEADNYDIANINGN KAZAMUVUIMUUYBININGN

e ™ @
die g fin Usunailvinaureunvziedouisudinans
I fin USinalnneudindoutisanaindinans
X fio AunuvesInasilineuAdouisu (cm)

" a £ a w & & % z
® AANUIEANSN1TAANIUITNLEU (Linear Attenuation Coefficient: cm™)

£~
=YY

' a £ a " .
AduUszanomsanmawldana (Mass Attenuation Coefficient)

Py = H/p 3
(/)
B L @

o

de g, Ao

)

a £ a
LUsyaviEMsannawlana (cm?/g)

P fin AaMLIUYRIiINaN (g/cm?)

A3 aAnueeian (Half Value Layer: HVL)

Y

AnuvAsIesian Ae amnuvumesiagiiamnsadiuied uasyhiviinasidanaeimilnnUiunaidinum

fudun @nansafunalaan
In2
HVL=— (5)
u
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- s £ = v 1y o v
g u fio edudsyavsmsaavewdadu (cm™) fulaldain U, Xp

AMUBULTBUWIRZY (Lead equivalent)

v v o 19

punieuvhaety WumsiSeuiieuanuaansalumsiiiddvesfanpeulndadmiunistddsdiungia

Togl¥anumundusiuuslumsidseuiieu [11]

Lead equivalent = = x thickness (6)

composite

aw
WAN3AY
MsnaaavantRdainavedenesssuvfneulndninisuusyiinuedenssssusd tewn unmodified NR, ENR 25 wag

ENR 50 #ifinmsipudasiveenled manmsvaaevantfdena wazautRnisaanauisdunuauandunisisi 1

= wa a wa v = a da w da a a
A151991 2 AUUFALTING LAYANURANITAANDUSIALNUUT (gamma ray) Yosg19neulnanATinsltonsiivsinadwen

lunluenssssumniaiu

Properties Unmodified NR/BO ENR 25/BO ENR 50/BO

Modulus at 100%

o 1.02 £0.11 1.23 £0.13 1.09 £0.21

Tensile strength (MPa) 20.66 +1.88 21.42 +1.99 14.10 +0.87

% Elongation at break 625 +29 650 +50 600 +29

Hardness (shore A) 45.20 +0.45 45.00 +0.89 46.00 +0.45

Specific gravity 1.568 +0.003 1.601 +0.004 1.653 +0.024
Crosslink density 1.23x10° £1.04 x10°  1.21 x10” £2.04 x10* 1.15 x10° £1.54 x10°*

Dispersion by EDX Bi M series

technigue

HVL of gamma shielding
4.6376 4.6637 4.7058
(cm)*

*commercial window = 4.7300 cm
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O

ansfdaded semnuausalunmsanneuididnduas NR composites wandluguit 1-3

-1

U 1 dusy

siaff nedeuSESngAindaau 50-120 kvp

Half value layer (cm)

#0900
RSNC2019

10
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&

k] 1
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(]

=

3 24
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dvisnsaaveutidiBaduveowroulndniiinsldoresssumaniiviinadwenlesluenwssuwd
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U 2 AnamunAaAn wazauvuisuinziivesvesesssumAneslndaiitinisldesifuiinadwenledly

Sv a2

§1955TUTIRATU NAEaUNTIFDNINAIU 120 KVp

25

2.0

154

commercial shielding window

Half value layer (cm)

0.5

0.0 : -

unmodified NR without BO ENR 25/B0

1

UM 3 WisuifisummumnaieAtvesvessdnenled 25 aoulndniu srsssunanlidnsdudaivesnlend

<

(B0) commercial shielding window #i5s@ndndsnu 120 kvp

N58AUTIENE
nMsnadauaNUALINNE

NI 2 uansAwendaiisverdn 100% (Modulus at 100% elongation) warmmuda (Hardness)
vasenenlndniinsuusviavessns wanifudaivesnlemduansiesedusuna 80 phr :1nnansnagey
Wu1 unmodified NR/BO, ENR 25/BO way ENR 50/B0 composites liinuagdatiszoxda 100% wazpanuudsdt
IndAseiu dasniu BO luvSunaiivihiu wavensaelndnia 3 wiaiiviinamsidervndilndidestuanunse
Fanaldanmasedt 2 TnenuiruGunamaidentana (crosstink density) vesenspoulndntia 3 fivguaaa
wmULeInseNailndifestu egelsnuainnui uniunonsaie (Tensile strength) wavszesda 0
170 (% Elongation at break) vassnoulndniiinsulsvilnvesen uaniudaimoonlemduatsiveied 9n
a3t 2 fieneiu Taewudn ENR 25/B0 composites TiAnATudunuseussisnnni1 unmodified NR/BO
composites ka¥ ENR 50/BO composites Analanau dihfunalaeasanannsnssaneiaiinves BO Advadly
ENR 25 n13nsgaeianes BO lusenaulndndifimsuuseinvasensiiunnmstudanaldainasei 2 asdiuldd
ENR 25 finsnszatesaves BO 1find1 unmodified NR ilosainenseiin ENR Wueefiiauwmusendladanelu

vl o

Tassaievesengldluana Seumsdaudsiilalanassedatifinnuduis annsadhiulddiu Bo Fudaduansi
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wa o =

it mildd dwmalfauoRidanadvuliuiiitu egrlsinslunsdivesenseiin ENR 50 Awsifimadauls
Tnanalianududaduiy wideshenszuunsdauusiidnmedunydneniadadululuanauiinagsdmals
thminlanalasnmsausias fafminlanaiishassdmalnnseronumila uaganuauselunisnszars
w4 80 u ENR 50 (namifemeldluanaduas sxdwmasioanuniiadufuvesesanas usudouiliintunislu
indamanuuulnianasmaludemsnsrnedvesmnsindalgdlifiliamsianisinignduiueananitiiy
nsrveiluileseimhiane) Samsnszanefvesmnserdmalasaswioautidnavewsneningn Fams
nssneivemsiinaieaniidinavestanpenindsluBoeimsdeinuus mnTaneesindniimanszaieiives
ansiiinsdshuusiaztuluegureiios vhliianmenlndninnissuusddd wazdmadernuudusaitasndy
TumanduiumintaneexTndniinsnseateshvesmsitlaid ferdmasomstelounssitludeidesanidofiulugs
wianszane Tanaeulnaninnsiuwsddabia audRmummuiusazanaatuiiontiu ENR 50/BO composites i
lﬁmmmﬁﬂumw\'aLLiqﬁqﬁaUﬁqm dlawieuifu ENR 25/B0 composites way NR/BO composites 4onannianis
nsxeiiilifvesasdidmarorszerin o o esnuinuidanainiznguiuvesmsinduuiomil
iugneouvasianaonlndn ndniegaiiinnmsimenduiuiiandugaitinnsuindeliussfatutagnonlndn
Fatfu ENR 50/B0 composites fin1snszanefaitlaiifailiiidrszezdn o 9aw0sndn ENR 25/B0 composites
war unmodified NR/BO composites Tngamaiaaadimy (Specific gravity) ve4e1355suvfneslndndiinisuds
vinvesensssumiviasiie q wanfudaimesnludifuasiieid Sadulutiinaiivinu anguasiulid
ENR 25/BO composites kay ENR 50/BO composites LA 1A21082931um1gu1An7 1 unmodified NR/BO
composites LAntiey 1asmnsssumAvesinghu ENR fanumiedameninndt unmodified NR 1énties (A
299U ENR Uszanas 1 [4] wazmudaedumizues NR Ussanm 0.92 [10])

wa v v oo
NINAGBUAUUANINATUIIE

AuUANITAANaUSIEININ

A590 2 WARIAUVLIATIAN (Haft value layer: HVL) 9asgnspeulndniiviinsnaaeulagl4Ssd@unuuni
A v | ' a ad o v a_ a3 o
Tndsuiniu 662 keV 31nran1snageunuiAeulndnvete 1 sssumRTmIeulavi 3 yia daranuruiese
wazAUmLsuwmg i ndidseiu (ldunnansedreflidedd) wneenudtensreulndnds 3 vinawnsa
anneuAMuLy viendsuidldai wilndddulaeimumuiividu wasdethunuisuifisuiviantids

@
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Abstract: This work aims to compare the performance between natural rubber (NR)/lead oxide
(PbO) composite and natural rubber (NR)/ bismuth oxide (BO) composite for gamma radiation
shielding applications. The results indicated that both NR/BO and NR/PbO composites have no
significantly different in term of modulus and hardness values while the NR/PbO composite
exhibited higher tensile strength, elongation at break and specific gravity than that of NR/BO
composite. Gamma radiation shielding properties in terms of mass attenuation coefficient (i),
effective atomic number (Z.(), effective electron density (N.) and half value layer (HVL) have been
also studied. It is seen that both composites gave good and no significantly different on radiation
shielding properties. In addition, the developed NR/PbO and NR/BO composited have better
radiation shielding than that of the neat natural rubber (without radiation shielding fillers),
commercial window and ordinary concrete. The developed material in this work can be used as
efficient flexible radiation shielding materials. However, as a radiation shielding material lead is not
suitable to use due to its toxicity to the human body and the environment. Therefore, NR with BO is
better appropriate choice for producing flexible radiation shielding material such as glove, apron,

underwear and wristband.

Keyword: Natural rubber, Bismuth Oxide, Lead Oxide, Composites, Radiation shielding, Gamma
ray.

1. Introduction

Gamma rays are high energy electromagnetic radiation, which penetrates deeply into the
material. Recently, radioactive isotopes have been used extremely in many fields such as industry,
agriculture and medicine. The most commonly used ionizing radiations are gamma and X-rays [1].
These radiations are harmful to the cells of organisms [2]. Therefore, it is need to produce radiation
shielding materials. Normally, using concrete as a radiation shielding is uncomfortable due to heavy
weight and difficult to transport from one place to another. Evaporation of water on exposing high
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1

2

3 energy radiations forms crack in the concrete due to its brittle and non-flexibility nature. These are

g the limitations of concrete in case of radiation shielding applications. There are many research

6 works reported the successfully prepared glass/Pb composites as shielding materials [3,4,5].

7 However, radiation shielding materials based on glass/lead composites are easy to crack and

2 dangerous to human health. Therefore, many researchers [6,7] attempted to prepare polymer

10 composites with other metal oxide as shielding materials to overcome the previous drawbacks of the

n glass/Pb composites. For example, Le Chang and co-workers prepared Tungsten/epoxy composites

1; by blending epoxy resin with different weight percent of tungsten contents. This is to obtain better

14 toughness together with shielding properties for the materials. From this study, the shielding

15 properties of the composites increased with increment of tungsten contents [8]. However, epoxy is

1? rigid and non-flexible. Therefore, this research aims to develop flexible shielding material based on

18 natural rubber (NR) composites. The mechanical and shielding properties of NR composites with

19 different radiation shielding filler types (i.e., Bismuth oxides (BO) and lead oxides (PbO)) and

ﬁ? without radiation shielding fillers (neat NR) were investigated. Cure characteristics, particle

22 distribution, mechanical and shielding properties of the NR composites were studied and compared.

23

;g 2. Details experimental

;g 2.1. Materials

28 Compositions of NR composites and their role are given in Table 1.

29

:? Table 1 Ingredient of NR composites with addition BO and PbO

;i Chemicals Content (phr)* Functions Supplier

34 Chalong latex

35 Nanl rubbse (R 100 Polymer industr;%Co., Phuket

36 STRSL) (Thailand)

:; Imperial Industrial

39 Stearic acid 1 Activator Chemicals Co., Ltd.

40 Bangkok, (Thauland)

41 Thai-Lysaght Co.,

42 Zinc Oxide; ZnO 5 Activator Ltd., Phranakhon Si

43 Ayutthaya, (Thailand)

j‘; Netert Siam Chemicals Co.,
ert-butyl-2 S

46 benzthiazyl 1 Accelerator Sy tErakain

47 By i (Thailand)

p sulphenamide; TBBS

4513 Vulcanizing Siam Chemicals Co.,

- Sulfur (S) 25 Agent Samgtprakam

= (Thailand)

53 Bismuth oxides (BO) or Radiation Alfa Aesar Co.,

54 Lead oxide (Pb(g) 9T 150 (57.80 wek) Shielding  Massachusetts (USA)

56 aphr: parts per hundred parts of rubber

57

58

59

60
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2.2. Preparation of NR composites

The NR composite were prepared by using internal mixer (HAAK PolyLab OS, USA) at 60
°C with a rotor speed of 60 rpm. In this work, the preparation of NR composites were divided by
two steps including mastication and compounding. First, the NR was masticated in an internal
mixer for 10 min. ZnO, Stearic acid, TBBS, BO or PbO and Sulfur were then added with the
mixing time of 25 min. The obtained compounds were further measured the scorch (Ty;) and cure
time (tc00) using Moving die rheometer (MDR). Vulcanization of rubber takes place by compression
molding (LCC 140, Taiwan) at 150 °C.

2.3. Testing

2.3.1 Cure characteristics
The cure time (t.90) of NR composites were evaluated using Moving disk rheometer (MDR
type, Alpha RPA 2000, USA) according to the ASTM D 5289 at a testing temperature of 150 °C
with testing time for 30 min. The obtained cure time was then used for vulcanizing the NR
composites by compression molding.

2.3.2. Dispersion Analysis
The distribution of bismuth (Bi) and Lead (Pb) elements in NR composites were
investigated using an EDX spectrometer attached to scanning electron microscope (SEM Quanta
400 FEL Netherland). The specimens were mounted on aluminum stubs using carbon tape and then
coated with a thin layer of gold to prevent charging before the observation. The elements present in
NR composites were calculated by the following equations:

First step: the ratio of elements in mole percentage,

Molecular weight of clement

Ratio of element (%)= x 100 (1)

Molccular weight of chemical

Second step: The ratio of elements in weight percentage,

Ratio of element (%) x Ratio of chemical
100

Ratio of clement (wt%) =

@

phr of chemical

when Ratio of chemical (Wt%) = x100 3)
phr g

2.3.3. Mechanical properties

The mechanical properties in terms of modulus at 100% elongation, tensile strength and
elongation at break were measured by using a universal testing machine (Hounsfield, model
H10KS, England) according to the ASTM D 412 method using dumbbell-shaped test with a
crosshead speed of 500 mm/min. The surface hardness of the composite was tested using Shore A
durometer (Frank GmbH, Hamburg, Germany) according to ASTM D 2240. The specific gravity
was measured by comparative measurement of mass in air and water according to ISO 2781:2008
(Method A) (Mettler Toledo ML204, New Zealand)

https://mc.manuscriptcentral.com/jrpc



Page 5 of 27 Journal of Reinforced Plastics and Composites

WOONOULLA, WN =

2.3.4. Gamma ray radiation shielding properties
Experimental values of mass attenuation coefficient were measured by the Compton

scattering technique for selected gamma ray energy.

The schematic diagram of gamma ray shielding properties measurement by Compton
scattering technique is shown in Figure 1. The radiation source is mounted on a composite with
adjustable stands. The stands can move in transverse direction for proper beam alignment. The'?’Cs
radioactive source of 15mCi (555 MBq) strength was obtained from the Office of Atom for Peace
(OAP), Thailand. An aluminum rod was used as the scattering rod. The Compton scattered rays
using a 2 x 2 Nal(Tl) scintillator detector having an energy resolution of 8% at 662 keV (BICRON
model 2M2/2) with CANBERRA photomultiplier tube (base model 802-5). The optimum distances
between source and the scatterer was chosen to be 20 cm and 20 cm between the scatterer and
detector. The spectra were recorded using a CANBERRAPC based multi-channel analyzer (MCA).
The spectrum on the MCA of detector provides instant counts in each of 1024 bins divided by
voltage. Gamma ray shielding properties were measured by varying the scattering angles (30°-120°)
to produce gamma ray of different energies in the range 223 keV -662 keV.

15mCi of "Cs

| Seattering Rod
: [|

12em C —_—l

le—8 cm
Pb shiclding

o 16 cM

diameter of collimator = 3 mm

Figure 1. Schematic diagram of mass attenuation coefficient measurement by Compton scattering
technique [9].

Gamma ray attenuation properties of NR/BO and NR/PbO composites have been calculated
by using equations (4-8)

1,
Wy = EIH(T) “4)

when p,, is the mass attenuation coefficient, p is the density of material (g/cm?), Ipand I are the

incident and transmitted intensities respectively and t is the thickness of NR composites (cm)
Ota

Zegp =—— )

Otel
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when Z . is effective atomic number (electron/atom), o is the total electronic cross-section and
6., is the total atomic cross-section[10].

Hm
Ne = el (6)

when N, is the effective electron density (electron/g)
The half value layer (HVL) is a thickness that reduce intensity of radiation by half.
HVL =0.693/p (7

when HVL is the half value layer and p is linear attenuation coefficient [11].

ucomposilc
d Pb = xd composite (8)
Hpp

when dpy, is lead equivalent thickness .y, is the linear attenuation coefficient of lead, , eomposite 15
is the thickness of NR

composites. NR composites with thickness 13 mm, has been used to calculate dpy, in this work.

the linear attenuation coefficients of NR composites and d

composite

Theoretical values of the gamma attenuation properties of NR, NR/BO and NR/PbO
composites have been calculated by WinXCom program [12].

3. Result and discussion

3.1 Cure time
Cure time (t.o) of the neat NR (i.e, without radiation shielding fillers), the NR composite

with BO and PbO are depicted in Table 2. It can be seen that the NR composite with both radiation
shielding fillers (BO and PbO) provided shorter cure time than the one without radiation filler. This
is due to the radiation shielding fillers consisting metal oxide which can be acted as also co-
activators. This result gave good agreement with the previous work [13]. Furthermore, Mj; and AM
of the NR composites with radiation shielding fillers provided higher than that of the neat NR. This
can attributed by the rigid particles of metal oxide insert into the NR chains and this caused
obstruction of the mobility of NR chain. However, the NR composites with both radiation shielding
fillers showed not significantly different in term of cure behaviors, maximum torque (M),
minimum torque (My), and torque difference (AM). From this results clearly showed that the
crosslink density of both composites are the same.

https://mc.manuscriptcentral.com/jrpc
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Table 2 Cure times, maximum torque (M), minimum torque (M), and torque differences (AM) of
neat NR, NR with BO and PbO composites

Cure time

Materials M;; (dNm) M, (dNm) AM (dNm) :
(te90, min)

WOONOULLA, WN =

10 Neat NR 6.10 0.39 5.71 8.44
12 NR/BO 10.47 0.39 10.08 6.22

NR/PbO 10.39 0.35 10.04 6.50

19 3.2. Dispersion Analysis

20 Figure 2 shows the SEM microphotographs of NR composites with BO and PbO. The

21 distribution image of bismuth (Bi) and lead (Pb) in NR composites were obtained by EDX

22 technique. The data obtained from Figure 2 reveals that the NR composites with PbO exhibits better
distribution than the NR composites with BO. This is due to the smaller particle size of PbO with
higher surface area as shown in figure 2. The amounts of elements (which is benefit for calculating
2 for equation 1-3) present in NR composites are given in Table 3.

Bi Mal Pb Mal

50 Figure 2. Element mapping distributions in NR matrix and morphology of radiation shielding
51 fillers (a) BO and (b) PbO.
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Table 3 The element contents in NR composites
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Distribution of elements NR/BO NR/PbO
C 34.515 34.515
H 4.605 4.605
(0] 6.378 5.062
Zn 1.546 1.546
Bi 51.849 -

Pb - 53.660
0.045 0.045
S 1.067 1.067

3.3. Mechanical properties

Figure 3 shows the values of modulus at 100 % elongation and hardness of NR composites
with BO and PbO. It is seen that both composites provided higher value compared with the one
without both radiation shielding filler. This is due to the addition of rigid particles leads to increase
the rigidity nature of rubber molecules. However, there is no significantly different in term of
modulus and hardness of the different composites due to the same amount of filler particles in both.
Figure 4 shows tensile strength and elongation at break of the NR composites with BO and PbO.
The experiment shows that NR/PbO composite has better tensile strength and elongation at break
than the NR/BO composite. This can be explained by better dispersion of PbO than BO in NR
matrix as shown in Figure 2. Greater distribution leads to better interfacial adhesion and higher
tension resistance. On the other hand, poor distribution becomes more agglomeration of filler
nature. Therefore, it gave lower tension resistance as shown in Figure 5.

Figure 6 shows specific gravity of the composites. It is seen that the NR/PbO composite has
more specific gravity than the one of NR/ BO composite due to higher density nature of PbO
(density of BO =8.90[14] and PbO =9.53[15])
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3.0 80.0
@ Modulus at 100% elongation

25 @ Hardness [

O oONOUVLD WN=

F 60.0
2.0 1 48.6 48.2

Hardness of

1.5 4 neat NR

1.0

=

[(—]

[(—]
Hardness (shore A)

®
Modulus at 100 % elongation (MPa)

0.5 1

24 0.0 -

8 Figure 3. modulus at 100% elongation and hardness of neat NR, NR with BO and PbO
29 composites.

70 2000
BTensile strength

35 60 1 %Elongation at break
- 1600

50 A

% Elongation at break of neat NR ———
- 1200
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30 4 <+— Tensile strength of neat NR
640 2241

800

20.13

ar
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o=
<

20 A

% Elongation at break (%)

- 400
10 A
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58 Figure 4. Tensile strength and %Elongation at break of neat NR, NR with BO and PbO composites.
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2.60

2.40 A

2-20 1 2‘10
2.00

2.00

1.80 -

Specific gravity

1.60

1.40 -

1.20

1.00 Specific gravity of neat NR

0.80
NR/BO NR/PHO

Figure 5. Specific gravity of neat NR, NR with BO and PbO composites.

3.4. Gamma Radiation Shielding

Gamma radiation shielding properties of NR composites with a concentration of 150 phr BO
and PbO have been studied. The experiment is conducted with the help of Cs-137 source with
energy 663 keV and photon energy varies in the range of 223-662 keV. The angle varies from 30°-
120° using Al scattering rod. The values of p,, , Zer and N. of NR/BO and NR/PbO composites

measured using gamma ray are as shown in Figures 6-8. It was found that both NR/radiation
shielding filler composites have higher gamma ray attenuation value than the neat NR. It can be
proven that gamma attenuation can be improved by adding BO and PbO. However, the gamma ray
attenuation value of NR/BO and NR/PbO composites are not significantly difference. It shows that
NR/BO composite exhibits efficient attenuation as NR/PbO composite and the experimental values
of p,,, Zesrand N, are in good agreement with the theoretical values. Gamma ray attenuation value

of all NR/BO and NR/PbO composites decreases with increasing photon energy. This indicates the
dependence of gamma ray attenuation value on the energy of photon.

Figure 9 shows half value layer (HVL) and lead equivalent (dPb) of NR/BO and NR/PbO
composites measured using gamma ray with energy 622 keV. It is seen that HVL decreased with
increasing lead equivalent by addition of BO and PbO into NR. It means that NR/radiation
shielding fillers composites can be improved gamma ray attenuation. HVL and lead equivalent of
NR/BO and NR/PbO composites are not significantly difference due to the similar mass attenuation
coefficient which leads to similar gamma ray attenuation. Figurel0 shows the comparison of HVL
of neat NR, NR/BO and NR/PbO composites with commercial window serpentine, ordinary
concrete, rs 253 and hemimatite-serpentine measured with 662 keV gamma ray by using Cs-137
source. It indicates that the HVL values of NR/BO and NR/PbO composites showed lower value
than the neat NR, commercial window, serpentine, ordinary concrete, rs 253 and hemimatite-
serpentine. It can be seen that NR/BO and NR/PbO composites gave better gamma ray attenuation
when compared to other shielding materials. From the results, it can be concluded that flexible
shielding materials were successfully developed by addition of both BO and PbO into NR
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composites with the same shielding efficiency. However, lead (Pb) is one of the carcinogenic agent
that harm to the human body and environment. Therefore, NR/BO composite is a better appropriate
choice for producing flexible radiation shielding materials.

2

Total mass attenuation coefficient (cm’/g)
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Figure 6. Total mass attenuation coefficient of neat NR, NR with BO and PbO composites
measured using gamma ray with energy 223 keV-662 keV.

Effective atomic number (electron/atom)

30
——NR/BO (th) = NR/BO (ex)
. — = -NR/PbO (th) ¢ NR/PbO (ex)
7 - neat NR(th) A neat NR(ex)

20 - \ "

y B .

10 \\M“

54

A- A - A A e saaia s s wae Asis vvees A
0 T T T T T
200 300 400 500 600
Energy (keV)

700
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using gamma ray with energy 223 keV-662 keV.
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Figure 8. Effective electron density (N,) of neat NR, NR with BO and PbO composites measured

using gamma ray with energy 223 keV-662 keV.
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composites measured using gamma ray with energy at 662 keV.
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26 Figure 10. The half value layer of neat NR, NR/BO and NR/PbO composites in comparison to

27 commercial window, serpentine, ordinary concrete and hemimatite-serpentine at 662 keV[12].

28

29 4. Conclusion

30

31 The flexible shielding materials based on natural rubber (NR) composites were successfully

g; prepared. The results indicated that the composite based on NR with both shielding fillers (i.e., BO
34 and PbO) gave higher modulus at 100 % elongation, hardness, specific gravity and radiation

35 shielding (i.e., mass attenuation coefficient, effective atomic number, effective electron density, half
;3 value layer and lead equivalent) properties while lower tensile strength and elongation at break than
38 that of the one without radiation shielding fillers (Neat NR). The developed composites based on

39 natural rubber provided better gamma ray attenuation than those of commercial window, serpentine,
:(1] ordinary concrete, rs 253 and hemimatite-serpentine with better elasticity. The knowledge finding
42 from this study can be applied in many new forms as elastic wearable shielding applications.

43
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