A\

42
=)
ull";

a v Y d
NENHIVYAVVa NI

Tasans

msnanuHuMieMAtInsautaz NN N Iaadlszneu

a dw d' 4 c;
smﬁﬁmmwﬁummmaﬂ"lu ITUIN 2

74

Tog wel. ADEIARNA HaUYQI309 HazAE

NINHNIAN 2560



INSOVI8IANSUSHISUIUIFLIIKIBIRA
Thailand Research Organizations Network (TRON)

R A

N | U :
92 pd sonm A @

Aav Y d
518]\‘]11!35]8]@1‘]]‘]]%’[%1&5&!

Tasans

msnanuHuMieMAtInsa Az AN N e lszneu

a 2 A v =
maﬁﬁmmwaummm@ﬂ‘lu TSN 2

Ay auN RDG5850094

VA v YY)
AUENIvY adne
= av ad A a v A d a d
1. He. A3.NYIAANA U HULION mmmsaaﬂizqnmmz"laicﬂﬂﬂ AU INYIATTAT

a [y d
HURMINGAYLNHAITAIAANT

2. 561, 1PNFY INaNIa . : )
mm‘mmﬂiuiama@ AMZNAINUTUINAONIAZITA

Q

d Ad v
3. . PI.UINAGNT aNUATNHIN

U HHINNANAI U AEWIZVDMNANFUYS
4. W9ENINSANMUA Hagos

NINYIAN 2560
avuayulagd1INNUAMZNITHMIIVLURITIA (39.)

HAZMINNUNRINUATUAYUMIIVY (AN7.)

< < o 1o & <
(mmmuiusmmuﬂﬂmmvﬁ%ﬂ %Y. — €N, ‘lumgﬂuﬁ’m!,wuﬁ"mmm"lﬂ)



Y Aa

unagUiuIns

UG

1A3IN15 “MTHAALHUAITIDYNIANINTOULAZSITUANNININIAQNTITLNDUITITUIIANTUA
dy d’ 9 9 o a 1 Lﬂ' g}/ 1 o w a a d‘d
Yoy 11 TaduiiuTasimaaoiiion aqua w.a. 2557-2558 Tasnsiiaqdalsznousesssusna ni
a v A v v A a (% dy a J o =2 =2
msanasanautlosnussd 3 aiia aell nsavesn Tuseouoen laq wazrninzna uazAnidelSuw
YA 1IAAANN 0 D9 80 aauluer9dosaru (Parts per hundred of rubber; phr) TuidgaiFellsznovens
Y
53 sumALazIagFalszneuensssunanaunsUaos i asrvaeuauiiamstesiueynaiiiasou
A va A =< J a Jd o Y o Aa
naensngl uazaui@®ana wavinmsanyiwu maanluseueen laddanarin1d iand
Uszneveesssumnaianudumuaseyniatiinseuanniauesnlunndadiulsmauesaisdd
a a L @ a a o a a dy
@n TaomsiayTusouosn lad luiagdalsenous1essssuena /aadalsznoueasssumnanduEad
A 9 1 [ Y A a L o Aa A
ool danarh linaiiennsglonsanas maanTusensen lad luiaqsalsznous19sssuea
A A 9 1 o q ¥ o a o oA X 9 = A o o

neruraiaoe 1l deawarhldnnuudsveswaadualinuan dIuANUAMUMULTIAT MIidaaIveeiag
= Y =y v A 1 a < [ 1 ) Y A
Hun Tiuaaaenulsunavesdisaudy daumsmumazn ludananenaingg e uavildauiia
a D v A ] <] v v a A a

FanalagsauanasnuilSunavesasandy og1elsnawamnsatfesnussdunuminnannmsga

Y 1
Fuiiaasou'ld uenvnil vinnisnadenldauese wuniaqralsznevessssumanil lusou

s A v a
o0 loa N5018 80 phr A wawnsalumsilesiueymaiinsou @

[ A A

a dy 9 I Y ] o w a A A i
WNAYINITUIYU fﬁll15‘5]ﬂlﬂ)’!fﬂuG]L!LL‘UULLWHﬂTUQ@HﬂTﬂU?@]ﬁ@u WﬂJﬁNUﬁL%QﬂﬁTﬂﬂﬁ?N!LﬁZﬂWﬁ

]
@ A o Y

[} d‘d a [ 4 1 v v A [
o us dna awnsaldnaunundasasurueatlosnusidmsanmsmniusnnnaedssmea’la

]
v A A o

] a A I @ a [ 1 o 1
pgnafidszansow Huiaadelsenoudesnusd nawsou ldIdannutenudusd wu

Ia o @ 2 Jd

A Aa I~ a [ 4
Tsanerura daoudny gudivea nazaortiuma TuTadduades iudu Tasdununaanmuaiain

Aaov A 'c 1 a [ 4 v o A Y 9
\1'lu')%fli]i'lﬂ']ﬁ'lﬂ')'mﬁﬁﬂm"ﬂﬂﬂﬁﬂuiﬂﬁlﬂiﬂﬂ1iﬂ1llﬂ



UNAAEID

a o

dyd a = v A v o A a [ dy a 14
NuIteHAnYHatazUSavesasauanleanus @ 3 ¥iia el nsauesn luseussn luq waz
< (% d' = d' 1 9 1
nanzna lagdSulasudsuimn o, 10, 20, 30, 40 uaz 50 daulue19dosaIu (Parts per hundred of
[ a a [ a a dy d' 9
rubber; phr) 1udaqF9d52noue19555091A Lz TdqF1lTzNoUeNETTUTIANT UMV D0 15
oA Y v A A a A 1 a wa A
ATABVANVAMNUTIT NaeTuNAn1IAgL Naneanagl wanaussa uazaurindana 910
= o Y [} J a L o Y o a ~ 9 1
msanantasuied nun maauTuseuesn laddawarnliigamlszneusslinnuduniuae
Y
symaiaaseuldaniinsavesnlunndaaiudlsmuvesasaaan uennninui MsAunIALe
a @ a a o a a dyd' 9 1 [ 9 =
snlutaaalsznouenesssuna uazdaqdalsznovesssumanaunsiiaos 1l dawasiilinain
A a A 2 K] ° 9 [ A ' = a
graswnamIndgluaznainsyleanuiy uadanari naaiaussiaanas aaulunsanmsay
o [ a a [ a a dal A 9 []
Tusouvon laa lutaadeilsenouensssuma nagiaadelsenouensssumanauntaos 1
dawasonaiNensunansagl uadararmldnaifenasgluaznanisusiaanas aauddada
a [ a a g A Shd' a < [ 1 A
UsznouenNsITNNG tazdaqduliznouesssumanausdinos linmunenzna lidawaasnaii
19 nanInegl naneglens naznaaisla MAnpIFUUATING WU MsAUNTAUeIN 1Y
o Aa a o a a dyd' Y o Y 3 A
TaFalsznouseEIINa uaz TaqBelsznoue NI TNANTURIUIR0 11T dewasihIdanuuien
a @ = 9 = J 3 J A o 9 N =
A2 NOAATIIIAY ANUMUMULIIAT OTIFUANTIAAT Bl JAVIA LAZANVAIUNIUADILIINNYIA
1 a o @ a a [ a a
anad aaumsiay Tusouoon lad luiaqiBlsznoue s suma uaz a3z noue1esTINa
2 A Y ° 9 o = 9 1 = s I o A o
naurstines 1 dawavh liueadaus st aAnudumuasnsas wesiduanisdada o gav1a Loy
9 [ = 9 1 3 Aa 1 a a
ANUATUMIUADLTINNVIAAAALT ENIUAIANNLUINAI LAWY NTIANNTAVDINLAL TUTOU
o o a a dal A Y A 2 Aa o =< A 1
pon laa luiaglsznoueesssunanaumatiaos 18 Tanuudeiinazuegdduspaiigana
= a a o [ a A (=} dy A 9 =
nIdlmsAnnsavuesnuaz Tuseusen leq luiaqsalsznovessssuan bilineuiaos 1l Tlunsal
a o [ a a [ a a dy A 9
MIANRIAzN Ui adIls2noue19s5TUTIA taz TaFelszno eI TUANTURIUIRDY |5
[ o Y Y = 4 4 A W 1 3 Aa [
AaHa 1HANNAIUMIUISIAT taz)oTIFUANTIAAT B 9AVIAAAAY AIUANNUAINHD LazuoRad
= [} d‘ dy a v K = a 2 a v o A a
useda laaguulas wenaniiluaudsednu1dSnamsianarsanputesnusidviialusou
o [ A = { 1 1
pon lwa lasdSunasutTuiai 60, 70 ay 80 aulue195osdIu (Parts per hundred of rubber; phr)

wa 9

Y
1”3ﬁﬂl%x‘]ﬂi$ﬂ’ﬂ‘ﬂ8ﬁ‘ﬁiiﬂﬂﬂﬁ Lmzﬁﬁﬁ]ﬁﬁﬂizﬂi’)‘]JEJN‘ﬁiillﬂf"lﬁWﬁllNQ%L’S@EJVlfl} ATITADUTNUAAIU

A

$9@ narnesuRansnggl nanenasgl wadiwselia nazauiifgana nmsanyauLasy

[ ' a J o [ a 1 a
§9& wu1 maduTusousen laeq awnarii liigadalsznousnlinnudumuaeeyniniiinsou



A da{ I Y A A a dy 1 a s A
Muwantes tazmueaunysunansay 80 phr uonnUNLN Muan Tuseusen lsandSuia
o a ' A A a A 2 '
60 - 80 phr Tu¥aQ¥senoue1s WU NaINeFwNaNTAIgluazaIngleunuIy naaa
a = va A 1 a PN [ a
usediaanad MsAnvIgulAFIng wua msaulusousen laandSuia 60-80 phr Tuda ¥
o vAa A 1 < N A
Usznouen i ldantiaFinalassiuanas snduainnundesing uazdnuiauiasiueynin
a v A 1 o v o dd‘ 1 =) U 1 d' d‘ 3 d'
UINTOULAZSITUANNIVOUANUMLITITNANUNUING Taginondaduitmuneaunodsulasu
E4 9 v
ANNHUT AU 2.5, 5,7.5, 10, 12.5, 15, 17.5 uag 20 Haamas dmiuruanuiaqiraliznousanmay
PR y a A o [ Qy [ a
nelusouoon loanuia 80 phr aziinunul 5, 10, 15 uaz 20 Jaawas SIMSVFUOUIAAT
UsznovuenesinauningmNUTum 50 phr MInMsAnEIENTAMIUSIE WU Taqdalszneuensiay
P 1 o a 1 ] 1Y a
Tusouson laandiuar 80 phr wu HiwiueynintidasourULRUIAAITI 2 NDUINAARY AW
A 4 X [ Aa < o A ~ 1 ° YA o o A
ANUMNAAVY UM TANHIaz N TuIaqralsenoue1andSuna 50 phr aanain InuTIuINSE
[ 1 v Y
HANUINAANINMTYATUTIATOURIULAUIAFIU52NoVE1IAAT AINANUHUITIALIY LAz
v Y ' Y Yy
FUNUNINUITBUTTINIAINNTFUNWNTANTM UazFUNUTTATIT2NoVsNFTTNTIALAZ Ta9
- A P N P a o
walseneuenesssumnanaunsvaee 1 NanTuseusen ladn/suis 80 phr nasevuldausailu

A [ o YA o a = Y =\ < Y
JEYLLIN S 1O ’L’NWa‘VIﬂﬁllﬂ’NiJfﬂllTiﬂsluﬂﬁ‘ﬂﬁ)\iﬂu®1§ﬂ1ﬂ‘u3ﬁiﬂui\llluﬂiui\lﬁﬂa\‘iL‘WENL@TTL!?JEJ

AUTSYSINNTINATOY

o o W a J 3 A o a wa A a
AMAIAY: NIAUDIN/ Tﬂiﬂuﬂﬂﬂl’l%’ﬂ/ m“ﬁgﬁaﬂ"lﬁ'/ WINZ NI/ YIITITUBIN/ UVALBING/ ﬁ"JJ”]JSFIS;ﬁu

3a

e



Abstract

This research aims to investigate effects of three radiation protection agents: boric acid, boron oxide, and
lead powders, with the contents of 0, 10, 20, 30, 40, and 50 phr (parts per hundred of rubber) in natural
rubber composites and wood sawdust/natural rubber composites. The interested properties that are
investigated include radiation properties, scorch time, cure time, delta torque and mechanical properties. In
the case of radiation properties, adding boron oxide to the composites improve neutron shielding properties
with better efficiency than adding boric acid at the same contents. Results indicate that adding boric acid to
the composites increases the scorch time and cure time, but decreases the delta torque, while boron oxide
does not significantly affect the scorch time, but decreases the cure time and delta torque, and lead powder
does not significantly affect the scorch time and cure time. In the case of mechanical properties, boric acid
decreases hardness, tensile modulus at 100% elongation, tensile strength, elongation at break, and tear
strength, while boron oxide decreases tensile modulus at 100% elongation, tensile strength, elongation at
break, and tear strength but increases hardness. Results indicate that adding boric acid and boron oxide to
the wood sawdust/natural rubber composite have higher hardness and tensile modulus at 100% elongation
than adding boric acid and boron oxide to the natural rubber composite. Lead powders decrease tensile
strength and elongation at break but do not affect hardness and tensile modulus at 100% elongation. In
addition, this research investigates effects of contents of boron oxide by varying contents from 60 to 80 phr
(parts per hundred of rubber) in 10-phr increments in natural rubber composite and wood sawdust/natural
rubber composite. The results show that adding boron oxide to the composites increases neutron shielding
properties with the content of 80 phr give the highest shielding performance. The results also indicate that
adding boron oxide with the contents of 60-80 phr to the composites increases the scorch time and cure
time, but decreases the delta torque. In the case of mechanical properties, adding boron oxide decreases
overall mechanical properties, but increases hardness. To investigate effects of thickness of samples in
radiation shielding properties, 80-phr boron oxide in composites with thicknesses of 2.5, 5, 7.5, 10, 12.5,
15, 17.5, and 20 mm, and 50-phr lead powders in composites with thicknesses of 5, 10, 15, and 20 mm are
tested. The results show that the increase in thickness of composites with 80-phr boron oxide decreases

neutrons transmission ratios, which replied the improvement in neutron shielding properties. This also the



same case as the results for composites with 50-phr lead powders. Furthermore, products from this research
have lower cost of manufacture than commercial-graded products. The composites also have been used in

real applications for 5 months and only show a slight decrease in neutron shielding properties.

Keywords: Boric acid/ Boron oxide/ Lead power/ Mechanical Properties/ Natural rubber/ Radiation

properties/ Wood sawdust
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THE ELECTROMAGNETIC SPECTRUM
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Gastrointestinal syndrome
Develops after an irradiation in doses 10 — 30 Gy
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Thermal neutron
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3.1.4 wesunlaulanezlea (Mercaptobenzothiazole, MBT)
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3.1.5 latliiamiiay (Diphenylguanidine; DPG)
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3.1.7 wausaoee 131 (Wood sawdust)
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3.1.9 m359a3vlmau (Silane coupling)
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3.1.10 MDY NNAB3IAET (UV stabilizer)

]

msmuadesnmaes @yl umstlestumsidouanmvetsnnnuds 5987 wazanuiou insad

v = llslw 7 A ov  d 11 s A A o W
Gl‘mﬂumﬁﬂ CHIGUARD 234 %4 ﬂiﬂﬂj1ﬂ@1§£ﬂi’]$ﬁﬂ1ﬂﬂi‘ﬂﬂ LU LULEYBDT IANUADA (1/]) 109



35

2 ¢
3.1.11 a3UUADDNFUAUN (Anti-oxidant)
2 A J I o a Aa < o A o
asuoudvonduauit (Judistesnunisimasondiadu doenunadeuan1nyoes19910n159
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3.1.12 msifesnuil §asenivlelewy (Anti-ozonant)
amstlestuilgasoniuTelau Wuastesturioanmaifaseouanvesersninmanalfisensy ning
ToTouruers Al4Tlwinsa REDEZON 515P ¥4 1d5uanuewnsizinnuitm ifivluewes iniinea
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3.1.13 N5AVD3N (Boric acid)
a 3 v A o 9 ~ [ a A A PR [
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°C HAZYANABNINAT 169 °C MINUTHN AU NW 3109

3.1.14 Tuseuoanlua (Boron oxide)
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{ 1 1 o o A o
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3.1.15 #9301z NI (Lead powder)
s 4 v A o Y A v o A d Aq Yy a < [
pan AN uasaay sivindesnusadunuu Tﬂﬂmmmﬂﬂmmmmqwﬁ 99.9% 1AW
\ o % o o o a W
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3.2 gasaauilsznevenaildluauidy

gasaaulsznoveniildluauite uaaidsaied 3.1

M3197 3.1 gasdiulsznovensildluanuide

ARG 31 (phr*) wihii
Natural rubber (STR 20) 100 (Part) Matrix
Zinc oxide; ZnO 5.0 Activator
Stearic acid 2.0 Activator
Mercaptobenzthaisoles; MBT 0.5 Accelerator
Diphenylguanidine; DPG 2 Accelerator
Sulphur powder 450 mesh 3.0 Cross-linker
Carbon black (HAF N330) 40.0 Reinforcement
Wood sawdust (WS) 20.0 Filler

0.5% / Weight wood
Silane coupling (KBM 603A) Coupling agent
sawdust

UV stabilizer (CHIGUARD 234) 0.1 UV absorber
Anti-oxidant (TY 1076 ) 0.5 Anti-oxidant
Anti-ozonant (REDEZON 515P) 3.0 Anti-Ozonant

Varying from 10, 20, 30, 40,

Boron oxide (B,0;) Radiation protection agent
50, 60, 70 and 80
Boric acid (H,BO,) Varying from 10, 20, 30, 40
Radiation protection agent
Lead powder (Pb) and 50

*phr: part per hundred of rubber by weight
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gasihifine | gashiinediaos
GREIGYY Ve swnvan. nee'ls! 4
(phr) (un/nn.)
Tusoueenlad | Tuseusenlyd

Natural rubber STR 20 100 47 4.70 4.70
ZnO (Zinc Oxide) 5 79 0.39 0.39
Stearic acid 2 53 0.11 0.11
Mercaptobenzothiasoles, MBT 0.5 170 0.09 0.09
Diphenylguanidine, DPG 3 150 0.45 0.45
Sulfur Powder 450 Mash 4 23 0.09 0.09
Carbon black (N330) 40 45 1.80 1.80
Wood Sawdust 20 2 - 0.04
Silane coupling (KBM 603 A) 0.1 3,000 - 0.30
UV Stabilizer (GHIGUARD 234) 0.1 2,000 0.20 0.20
Antioxidant (TY 1076) 0.5 900 0.45 0.45
Antiozonant (REDEZON 515 P) 3 106 0.32 0.32
Boron oxide; (B,0,) 80 7,700 616.00 616.00
3171374 (V) 624.59 624.94
Bnuamsadild (nfu) 238.1 258.2

FIAADUWIIA (UIN/NN.) 2,623.25 2,420.36

HAANMNIUNTANITAIIINT 3,760 1IN/A Tansu*

SR B IUN 20/07/59 N: http://www.rubberthai.com/price/today%20price/fob_price.htm
* Neutron Shielding Rubber, 2013, “Showa-Rubber Co.,Ltd., challenging the potential of rubber ”

(Japan)
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ﬂjmmﬁjumuﬂuffﬂan (lunsouy ..
asaudutloanus g NUIUATINNINTUATIZH
oyumn (luasou)
1 2 3
Boric acid
ANNTYVDIVUIADYANIA
- 289.61 287.95 289.16 288.91 £ 0.86
(Tagd51109)
10% Tael3nasinvinaesnn
“ e 75.61 75.02 76.72 75.78 £0.87
HIONIND
50% Tag3anasiivinatiesnii
“ e 252.29 251.74 252.77 25227 +0.51
HIONIND
90% TaeSinasnivinatiesnii
“ e 562.97 558.02 558.83 559.94 +2.66
HIONIND
Boron oxide
fhm?;ﬂmawummgmﬂ
271.11 269.70 269.04 269.95+1.06
(Tawal317109)
10% Tasl3inasnnvinaesnn
“ e 101.46 100.53 100.50 100.83 +0.55
HIONIND
50% Tag3anasniviatiesnii
“ e 253.22 251.41 251.43 252.02+1.04
HIONIND
90% Ta5inasnivinatiesnii
“ e 469.59 467.44 465.04 467.36 +£2.28
HIONIND
Lead powder
mmﬁwmmumwmﬂ
449 .92 451.98 44992 450.61 +1.19
(Tas1/317109)
10% IS masiitivunatosni
“ e 191.08 199.22 198.32 196.20 +4.46
HIONIND
50% Tag3anasiivinatiesnii
“ e 399.52 402.98 400.20 400.90 + 1.84
HIONIND
90% Tao5inasnivinariesnii
A 1w 791.33 783.38 781.46 785.39 +5.23
HIONIND




Sample: Boric acid
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System Details
Accessory Name:  Scirocco 2000 Beam Length (mm) : 10.00 Obscuration (%) : 2.00 Residual (%):  0.197
ParticleRI:  1.456 Absorption: 0.1 Dispersant Name :  Dry dispersion DispersantRl:  1.000
Result Statistics
Distribution Type: ~ Volume Concentration:  0.0089 %Vol Specific Surface Area : 0.0443 m%g
Mean Diameters : D(0.1): 75.61 um D(0.5): 252.29 um D(0.9): 562.97 um
D [4,3]: 289.61 um D[3,2]: 1355 um Span: 1932 Uniformity :  0.595

Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In %
HEE IR IR
i 0.00 ) 0.00 " 0.00 2 0.18 . 23 ; 582
0.027 000 0.200 000 1471 000 10.823 020 79.621 288 585.729 4%
0.032 OI(XJ 0.233 o.oo 1.715 0'm 12619 0'22 92.832 350 682910 285
0.037 0'00 0272 va 2.000 0'00 14713 0'24 108.234 420 796214 1'40
0.043 0317 : 238 i 17.154 ' 126.191 928318 '
0.050 gz 0370 zz 2719 gz 20.000 2;: 147.128 ;: 1082.339 gg
0.059 OIM 0431 O‘W 3.170 0.00 23318 0"37 171539 Gv56 1261915 OI(XJ
0.068 0' 0 0.502 0’00 36% 0' 00 27.187 0‘46 200.000 73 1471285 0' 0
0.080 0. 0 0.586 0'00 4.309 0. 0% 3169 0‘61 233183 7'9‘ 1715.392 0'00
0.093 O. 0 0683 0' 00 5.024 0'09 36.957 0‘ 81 271871 8.31 2000.000 ’
0.108 DIW 0.79% 0' 0 5.857 011 43.089 1' 08 316.979 8:
0.126 0. 0 0928 0' 0 6.829 0'1 3 50.238 1"2 369.570 7' @
0.147 ' 1.082 : 7.962 ' 58573 ’ 430.887 ’
Particle Size Distribution 10
9
8.5
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1 70
g 5.5
o
E 5 1 60
3 4, j 155
>
3.5
1 40
3
2.5 4 30
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¢ §
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Sample: Boron oxide
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System Details

Accessory Name : Scirocco 2000 Beam Length (mm) : 10.00 Obscuration (%) : 1.64 Residual (%) : 0.412
ParticleRI:  1.625 Absorption: 0.1 Dispersant Name : Dry dispersion DispersantRI:  1.000
Result Statistics
Distribution Type : Volume Concentration:  0.0085 %Vol Specific Surface Area : 0.0383 mig
Mean Diameters : D(0.4): 101.46 um D(0.5): 253.22 um D(0.9): 469.59 um
D[4,3]: 271.11 um D[3,2]: 156.77 um Span: 1454 Uniformity :  0.444
Size (ym) | Volume In % Size (um) | Volume In % Size (um) [ Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In %
0.020 0.147 1.082 7.962 58.573 430887
0023 gﬁ 0172 Z: 1262 g'gg 9263 g:f 68291 :;g 502377 j::
0027 i 0.200 i 1471 P 10823 % 79621 5 585729 4ib
0032 000 0233 00 1715 ot 12619 A0 92832 o 682910 006
0,037 e 0212 o 2,000 ke 14713 s 108.234 s 796.214 oy
0043 s 0317 b 2332 il 17.154 i 126,191 P 928318 e
0050 B 0370 i 2719 s 20000 it 147.128 ia 1082339 o
0059 66 0431 o 31470 e 2318 i 171,539 % 1261915 o
0068 00 0502 s 369 a0 27.187 i 200,000 554 1471.285 oo
0,080 == 0586 100 4309 e 31698 e 233,183 o 1715392 000
0093 e 0683 s 5024 3o 36,957 i 21181 P 2000000 )
0.108 55 079 2 5857 iis 43089 o 316979 e
0126 i 0928 s 6829 i 50238 e 369,570 b
0.147 ) 1082 ) 7.962 ¢ 58,573 ¢ 430887
Particle Size Distribution 110
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Sample: Lead powder
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System Details
Accessory Name : Scirocco 2000 Beam Length (mm) : 10.00 Obscuration (%) : 1.55 Residual (%) : 0.918
ParticleRI:  2.010 Absorption: 0.1 Dispersant Name : Dry dispersion DispersantRI:  1.000
Result Statistics
Distribution Type : Volume Concentration:  0.0173  %Vol Specific Surface Area : 0.0181 mig
Mean Diameters : D(0.1): 191.08 um D(0.5): 399.52 um D(0.9): 791.33 um
D [4,3]: 449.92 um D[3,2]: 332.21 um Span: 1.502 Uniformity :  0.46
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without Wood Sawdust

Properties
NR NR-50BO NR-60BO NR-70BO NR-80BO NR-100BO
Neutron transmission I/I, (%) 96 + 1 68 +1 65+1 62+1 60+ 1 54+1
Scorch Time (ts,) (sec) 34+2 33+£2 47 +3 43 +4 31+19 51+2
Cure Time (tc,,) (sec) 184 £ 1 98 +3 1065 + 52 155+3 147 +13 182 +4
Tensile modulus at 100% elongation (MPa) 3.04£0.17 1.56 +£0.05 1.19+0.1 1.23 +£0.02 1.28 £0.06 1.64 +£0.05
Tensile strength (MPa) 20.19 +1.04 6.04 £0.16 2.58 £ 0.06 2.76 £0.15 2.60 +0.09 2.94 +£0.09
Elongation at break (%) 589 +47 493 +13 363 +£26 307 +8 305+6 286 + 14
Hardness (shore A) 74 £1 671 631 64 £1 65+1 67 +1
with Wood Sawdust
Properties
NR-WS NR-WS-50BO NR-WS-60BO NR-WS-70BO NR-WS-80BO NR-WS-100BO
Neutron transmission I/, (%) 98 +1 68 +1 62+1 59+1 58+1 54 +1
Scorch Time (ts,) (sec) 42 +8 49 +£3 51+1 56+6 76 +2 82+5
Cure Time (tc,,) (sec) 222+ 12 1021 £ 67 1421 +28 1461 + 44 1553 + 11 1504 +3
Tensile modulus at 100% elongation (MPa) 3.73 £0.07 2.33+£0.07 2.65 £0.06 2.38+£0.13 2.39+£0.18 1.93 £0.51
Tensile strength (MPa) 15.45 +£0.31 3.19+0.07 2.53 +£0.06 2.62+£0.04 2.73+£0.13 1.76 £0.09
Elongation at break (%) 460 + 10 238 +12 174 £2 184 £17 169 + 12 183 +£20
Hardness (shore A) 73+1 76 £ 1 75+1 77+ 1 80+ 1 80+ 1

86



MARNUIN A

4
AAN15ItA3124 Imaging plate A28NANA Neutron radiography



Experimental condition

Technique:

Radiation source:

Source to detector: distance:

Exposure time:

Area of test:

Scanner:

Analysis software:

Neutron radiography
Am-Be 50Ci

60 cm

90 minutes :>
5cmx 12 em (NR-WS-80B0)

5cmx 12 cm (80B0)
GE FLA7000 (100 um resolution)

Image J

15

cm —

100

Red=small rubber = NR-WS-80B0
Green= large rubber =80

BO

3500
3000 -

%)

S

‘©

>

> 2500 -

o

oo

(9]

@

£ 2000
1500
1000

Image gray | Rubber Rubber large | Rubber Rubber small
value large  |blank large sub bk small__|blank small sub bk
average 22133.40( 19433.97 2699.43| 21282.99| 18540.88 2742.11
STDV 743.56 725.56 140.91 275.87 290.72 143.08
%STDV 3.36 3.73 5.22 1.30 1.57 5.22
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

position (cm)




NANHIN 3
a2 A d a [y a
wmmﬂwmﬂmﬁmi’mmﬁﬁszﬂ‘umuwm

{394 “Potential use of NR and wood/NR composites as thermal neutron

shielding materials” lunsmsIrms Polymer Testing

[Ninyong K, Wimolmala E, Sombatsompop N and Saenboonruang K, 2017,
Potential Use of NR and wood/NR Composites as Thermal Neutron Shielding Materials,

Polymer Testing, Vol. 59 (May), pp. 336-343.]

101


http://www.sciencedirect.com/science/article/pii/S014294181730017X

102

Polymer Testing 59 (2017) 336343

Contents lists available at ScienceDirect

POLYMER
TESTING

Polymer Testing

journal homepage: www.elsevier.com/locate/polytest

Material Properties

Potential use of NR and wood/NR composites as thermal neutron
shielding materials

@ CrossMark

Keeratikarn Ninyong “, Ekachai Wimolmala * ", Narongrit Sombatsompop *,
Kiadtisak Saenboonruang ®°

* Polymer Processing and Aow ( P-PROF) Researnch Group, Division of Materal Technology, School of Energy, Environment and Materiak, King Mongkur's
Liniversity of Technology Thonbuwri { KMUTT) 126 Procha-Uthit, Thungkn, Bongkok 10744 Thailand

" Department of Applied Radiation and Isotopes, Faculty of Science, Kasetsart University (KU, 50 Ngzmwengwan Rd, Ladyas, Chatuchak, Bongkok 10000,
Thailand

ARTICLE INFO ABSTRACT

Article history:
Received 6 January 2017
Available online 24 February 2017

This work investigated thermal neutron shielding, cure characteristics and medhanical properties of
natural rubber (NR) and wood/NR composites with addition of either boron oxide (B20s) or boric acid
(HzBO3) for potental use as flexible shielding materials. The results showed that increase in the Bz20z or
H3BOs content from 0 to 80 phr and 0-50 phr in 10-phr increments, res pectively, could improve thermal
neutron shielding propertes but reduced overall tensile properties, while the addition of 20-phr wood
particles in wood /NR composites improved surface hardness and dimensional stability. Furthermore, the
values of the Half Value Layer (HVL), which represent the required thidiness of material to attenuate half
of the incoming neutrons, were evaluated at a content of 80-phr Bz0; by varying thickness of both NR
and wood{NR com posites from 2.5 mm to 2000 mm in 25-mm increments. The results indicated that the
HVL values were approgimately the same at 3.5 mim, Hence, the overall properties investigated in this
work suggested great potential of these composites to be used as effective thermal neutron shielding
materials,

Keywaonds:

Radiation shielding
Meutron shielding
Mechanical properties
Wood natumal rubher
Matural rubber

Radiation protective agent

© 2017 Elsevier Ltd. All rights resenved.

1. Introduction to work in close proximity to radioactive sources for extended
periods of time [9].

Since the discovery of neutrons by James Chadwick in 1932, Since neutrons are electrically neutral, they cannot be easily

neutron knowledge and technology have been significanthy
improved due to the fast growing numbers of neutron applications,
including neutron imaging [ 1,2, Boron Neutron Capture Therapy
(BNCT) for cancer treatments 3|, explosive detection [4], and
elemental analysis [5]. Despite great benefits to humankind,
exposure to excessive doses of neutrons could fatally harmworkers
and the general public [6,7]. Toensure a safe working envi ronment,
a radiation safety principle called “As Low As Reasomably Achiev-
ahle” or "ALARA” is applied for all nuclear-related activities [8].
Along with distance and time management, shielding is one of the
three important parts of ALARA, and its importance is especially
emphasized in some unavoidable cases where workers are required

* Comesponding author
*+ Corresponding author.
E-mail addresses: ekachai wirmd krnutt.acth (E. Wimolmala), Eciksza@koacth
(K Saenboonmang).

http:jded oiong100016/jpolym erte-sting 201 702030
0142-2418/0 2017 Ekevier Lrd. All rights reserved.

stopped via electromagnetic interactions in the same way that
charged particles can. Instead, shielding against thermal neutrons
relies on nuclear interactions between neutrons and some high-
neutron-absorption-cross-section  nuclei. These  interactions
waould convert neutrons to charged particles, such as protons or
alpha particles, which are much easier to shield due to their very
short ranges in most solid materials, typically at micrometer levels.
Specifically, in the case of "B nuclei, which have a relatively high
neutron absorption cross section of 3835 bams and are widely used
as active thermal neutron protective agents, the interaction be-
tween an incoming thermal neutron and a'"B nucleus yields a TLi
and a 147-MeV alpha particle emitted in opposite directions to
each other for momentum conservation

Several neutron shielding materials have been developed and
their qualities have been greatly improved in the past decade. For
structural materials requiring strength and hardness, such as in
spacecraft or in nuclear facilities, polyethylene (PE)-based neutron
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shielding materials are preferable choices due to their toughness
and resistance to abrasion [10]. Examples of PE-based matenals are
PE/boron nitride composites in space radiation shielding [11], PE/
flexboron sheets in high-energy linear accelerator mazes [12], and
HDPE fnano-ByC composites in general neutron facilities [13]. On
the other hand, for applications that require flexibility of neutron
shielding materals, such as the cover of a cylindrical neutron
source, ethylene-propylene based materials could be used [14].
Furthermore, to increase performance of materals, additional
properties, such as flame retardation and heat resistance, have also
been introduced to existing shielding materials [15-17].

Matural rubber (NR), of which Thailand is the world's Nol
producer and exporter, shows great potential to be used as an
altemnative flexible neutron shielding material due to its flexibility,
resistant to abrasion, toughness and high hydrogen content for
neutron moderation. Examples of NR used in thermal neutron
shielding materials are composites of NR/borax [18], NR/B4C [19]
and NR/H3BO; [18—-20|. However, NR composites still have room
for further development to improve the dimensional stability and
surface hardness by introducing wood particles into the matrix.
Previously, wood MR composites were developed for use in roofing
applications [21] where strength, UV protection, and thermal
insulation were important. Since wood particles have high ngidity,
they promote better dimensional stability, higher stiffness, and
higher surface hardness to the composites. Considering the success
of wood /MR compasites in roofing applications, the expansion of
possible uses to ot her applications, especially as thermal neutron
shield sheets, is interesting. To further increase the shielding
properties, varying the content of either boron oxide (B2 04 ) or boric
acid (HiBO3) has been introduced to the mixtures to study their
changes in cure characteristics, mechanical properties, morphology
and thermal neutron shielding properties,

2. Experimental
21. Materials and chemicals

Matural rubber (MR, STR20) used as the main matrx for this
work was supplied by Pl Industry Co., Ltd. Bangkok, (Thailand ). The
vulcanizing formulation, which includes all the chemicals and their
suppliers, for making NR and wood/NR composites is given in
Table L

22 Neutron protective agents

Two boron compounds were used as neutron protective agents;
boron oxide (By04) supplied by Sigma-Aldrich Co., Led. (Singapore)
and boric acid (H3BO4) supplied by Siam Beta Group Co., Ltd.
Samutprakarn, (Thailand). B203 or HiBOs were mixed with the
ingredients shown in Table 1 at contents varying from 0 to 80 phr

and 0 to 50 phr in 10-phr increments, respectively.

23. Preparation of NR and wood/NR composites

The MR and wood/NR composites were prepared by masticating
the NR on a laboratory two roll mill (Yong Fong Machinery Co., Lid.,
Samut Sakhon, Thailand) for 5 min. The masticated NR was then
compounded with the prepared chemicals and neutron protective
agents for a further 25 min. It should be noted that the wood [NR
composites had additional 20-phr wood particles to improve
hardness and dimensional stability [22]. The wood particles werne
chemically surface-treated with a silane coupling agent (KBM 603 A
supplied by KISCO (T) Co., Ltd., Bangkok, Thailand ), oven-dred for
& h at 100 *C until constant weight was achieved before the treated
wood particles were mixed with the rubber. The experimental
procedures for surface treatment of wood particles using KEM
B03A can be found elsewhere [23].

24. Cure characteristics

The scorch time (), cure time at 90%, (tgg) and tormue differ-
ences were evaluated using an oscillating die rheometer (ODR GT
70-70-52, GOTE(H Testing Machine, Inc, Taichung, Taiwan)
following IS0 3417 at a test temperature of 160 *C. The determined
cure time was used for vulcanizing the NR and wood /NR compos-
ites in a hydraulic press at 160 k,g,'cmz using 2.5, 10.0 or 20.0 mm
thick and 15 cm = 15 cm molds.

25, Mechanical properties

The tensile properties consisting of tensile modulus, tensile
strength and elongation at break for NR and wood /MR vulcanizates
were investigated using a universal testing machine (Autograph
AG-1 5 kN, Shimadzu, Tokyo, Japan), according @ 150 37. It should be
noted that, for comparative purposes, the tensile *modulus” in this
work was reported at 100% elongation, the level to which the
hardest rubber compound could be stretched. The tensile testing
speed used for all specimens was 500 mm/min. The hardness for all
MR and wood/NR vulcanizates was tested according @ 150 BGE
using a durometer (Shore A) Model G5-719C (Japan).

26. Scanning electron microscope studies

A scanning electron microscope (SEM) JEOL (JSM-6610LV) was
used to study the distribution of fillers in NR and wood /NR vulca-
nizates at 10-kV accelerating voltage with back-scattered electrons
(BSE). It should be noted that the samples were coated with gold
using an SP1 Supplies (SPI-MODULE, England ) ion sputtering device
for 60 s before perdforming SEM.

Tahle 1

Material formulations of MR and wood/NR composites including chemicals and their sup pliers.
Ingredient Content (phr?) Supplier
Matural rubber (TR 20) 100 {part) Pl Industry Cou, Ltd. Bangkolk, { Thailand)
Zinc oxide; Zn0 50 Thai-Lysaght Co., Ltd. Pathum Thani, (Thailand)
Stearic acid 20 Imperial Industrial Chemicals Co., Ltd. Bangkolk, (Thailand)
Memaptobenzthaisoles; MET s CMC advance Co., Lid. Samut Sakhon, (Thailand )
Diphenyguanidine; DPG 20 Siam Chemicals Co., Ltd Samutprakarn, (Thailand)
Sulphur powder 4 50 mesh 30 Zeon advanced Polymix Co., Lrd. Bangkok, (Thailand )
Carbon black (HAF M330) A0 Pl Indusiry Co., Lid. Bangkol, { Thailand)
Woond particles treated with 05 wik Silane coupling agent 200 VP, Wood Co., Lrd Samutprakarn, (Thailand)
UV stabilizer (CHIGUARD 234) (131 Behn Meyer Chemical (T) Co., Ltd. Bangkok, (Thailand)
Anti-oxidant (T¥ 1076) 05 Global Connections PLC. Samutprakarn, (Thailand)
Anti-ozonant (REDEZON 515F) 30 Behn Meyer Chemical (T) Co., Ltd. Bangkok, (Thailand)

4 phr parts per hundred of nubber by weight
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2.7. Neutron shielding properties

The neutron transmission ratios for all NR and wood/NR sam-
ples were tested at the Thailand Institute of Nuclear Technology
(TINT) using the experimental setup shown in Fig. 1.

The neutron source used in the tests was a 300-mCi zd'ﬁmfﬂe
sealed in a thick paraffin cylinder used as a radial neutron shield.
On the top of the cylinder, an open 10-cm-diameter slot was
covered with a stack of 5-cm high-density-polyethylene (HDPE)
sheets for thermalizing emitted fast neutrons, The selection of 5-cm
HDPE sheets was based on the highest yield of thermal neutrons
measured by a 50.8 mm « 19.8 mm x 140.9 mm rectangular *He-
filled neutron detector. Samples of 15 cm = 15 cm NR and wood (MR
vulcanizates were placed between HDPE sheets and the neutron
detector with a space of approximately 5 cm between HDPE sheets
and the neutron detector. The neutron detector was powered by a
high voltage power supply and its out put was sent through a set of
amplifiers for signal processing. An oscilloscope was used for visnal
inspection of signals and background noise. Signals that were larger
than threshold levels were counted for a duration of 1 min using a
timer/counter module, For each sample, five independent tests
were performed and averaged counts (1) were recorded. Averaged
counts without samples placed between HOPE sheets and the de-
tector were recorded as the initial or reference counts (I).

Two cases of the neutron shielding properties in NR and wood
MR composites were investigated in this work. The first investiga-
tion examined the relationship between the B-04 or H3B0, content
and neutron shielding properties by varying the B;05 or H4B04
content from O to 80 phr and 0-50 phr in 10-phr increments,
respectively. Averaged numbers of the neutron detection count (1)
were recorded to calculate neutron transmission ratios (I/lg). The
second investigation involved examining the relationship between
the thickness of samples and their neutron shielding properties by
calculating the neutron transmission ratio (Ifp) for thickness of
samples that varied from 2.5 to 20,0 mm in 2.5-mm increments.

3. Results and discussion
3.1. Cure characteristics
As shown in Table 2, the scorch and cure times of NR and wood |

NR composites with HyB0O3 increased with increasing H3B03 con-
tent. This could be because H4B04 acted as an acidic retardant on

Oscilloscope

HV .
5 Timer &
Power Amplifier +
Counter
supply

*He Neutron Detector

-+ Wood-Natural rubber composite
E S5-crn HDPE sheets (Moderator)

—— Paraffin [Shielding)

300-mCi *YAm/Be source

Hg. 1. Setup for newtron transmission ratio tests.

activators and accelerators, thus increasing both the scorch and
cure times [24]. On the other hand, for composites with B2Os,
scorch times were relatively constant but cure times gradually
decreased with increasing B; 04 content up to 50 phr in NR com-
posites and 40 phr in NEfwood composites, but increased with
greater By0y contents, especially in the case of wood (NR compos-
ites, These effects could be explained by the fact that Ba04, which is
a metal oxide, could act as a co-activator dunng the chemical
vulcanization processes when appropriately added to the com-
posites, hence reducing the cure times of the NR and wood/MR
composites, However, too much By05 could inversely obstruct the
action of activators and accelerators, thus increasing cure times
[25]. Another interesting result was that the wood/NR composites
had slightly higher scorch and cure times than the MR composites
because hydroxyl groups in wood particles could absorb activators
and accelerators and slow down the chemical vulcanization pro-
cesses [22]. In terms of the torgue difference between the
maximum torque and minimum torque, which represents crosslink
density, the values decreased with increasing Bx04 and H4B04
content, with faster rates in the case of HyB0y. This behavior
resulted from both B0y and H3;BDy being agzlomerated which
interrupted connections between the molecular chains of rubber by
sulfur, thus leading to a decrease in crosslinking and lower torque
differences,

32 Mechanical properties

As shown inTable 3 and Table 4, the surface hardness (Shore A)
of the NR and wood NR composites with Bo03 was roughly constant
for all contents, while gradually decreased in the case of the com-
posites with HyBO5. On the other hand, the tensile stress at 100%
elongation, tensile strength and elongation at break tended to
decrease with increasing B; 03 and H;BO; contents, because both
B203 and H3iBO3 reduced the crosslink density and torque differ-
ences with greater effect in the case of HyBOs. This behavior led to
the decrease in overall mechanical properties, which could be seen
from the morphology of the NR composites and wood/NR com-
posites with either 50-phr H3B05 or 50-phr B;05 shownin Fig. Z2a-
2b, Furthermore, the filler-filler interaction from adding too much
B+04, which caused the decrease in tensile properties, could also be
observed in Fig. 3. It should be noted that the wood [NR composites
generally had lower tensile properties than the NR com posites due
to a dilution effect by the wood particles in the NR matrix. This
effect would also involve poor interfacial com patibility of fillers, as
shown in the SEM images in Fig. 2Zc—d, which show more voids, and
the decrease in crosslink density of the NR composites seen in the
tormue differences in Table 2. Detailed discussion of the effects of
wood particles can be found elsewhere [22]. Despite causing the
decrease in tensile properties, the rigidity of wood particles could
improve dimensional stability of the NR composites, as shown in
Fig. 4. The wood/NR composites and NR compaosites with 80-phr
By had an initial size of 15 cm = 15 cm; however, after leaving
both composites at room temperature for 150 days, the dimensions
of the wood [NR composites expanded to 16 cm = 16 cm, while the
MR composite expanded to 18 cm = 18 cm. These dimensional
expansions of NR and wood/NR composites were caused by the
addition of B;05 which was regarded as solid lubricant that
reduced the crosslink densities of the vulcanizates as evidenced by
the decreases in torque differences given in Table 2. This claim was
supported by the results of T. Ozdemir et al. [26], who found lower
crosslink densities and higher creep rates in EPDM when Ba05 was
added. It was noted that the wood/MR composites had less
dimensional expansion than the NR vulcanizates. This was due to
the higher rigidities of the wood /MR compaosites as a result of wood
particles.
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Scorch time, cure time, and torgue differences of MR composites and wood/MRE composites with additions of Bx0s or H:BOz. Numbers after = represent the standard deviation

of the average values.

B0 content (phr)

MR compaosites

Wond (MR composites

Scorch time (sec)

Cure time (sec)

Torgue differences (dM m)

Sconch time {sec) Cure time (sec)

Torgue differences (dM m )
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31 +19
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W13
9T =1
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147+ 13
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42 =8
41 =4
=11
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1252
1021 = 67
1421 + 28
1461 = 44
1553+ 11
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=1
65=+1
55+12
=1
=1
a1
17=1
15=1
M=1

HiB(: content (phr)

Seorch time (sec)

Cure time (sec)

Torque differences (dN m)

Sconch time {sec) Cure time (wc)

Torque differences (dM m )
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Table 3

Mechanical properties of MR composites with the additions of B0z or HzBOs. Mumbers after = represent the standard deviation of the average values.

B;0y content {phr)

Hardness (Shore A)

Tensile modulus at 100% elongation (MFPa)

Tensile stremgth (MPa)

Elongation at break (%)

EZEEEEERSS

Td=1
B5=1
B5=1
Bh=1
B6=1
687=1
631
Bd=1
B5=1

304 = 017
220 = 009
138 = 003
141 = 0L06
158 = 006
1.56 = 005
119+ 0m
123 = 002
128 = 006

2019 = 1.04
1733 = 080
935020
810 =022
104 2029
604 £0.18
258 +0.08
276 +0.15
260 = 0.09

589 .+ 47
586+ 2
614 = 12
BBE =21
721
493 + 13
363+ 26
W7 +8
N5+ 6

H3; B0y content (phr)

Hardness (Shore A)

Tenzile modulus at 100 elongation (MFPa)

Tensile strength ( MPa)

Elongation at break (%)

[i] 741 304 £ 017 2019 =104 580 = 47

10 691 276 = 005 16.20 = 1.00 B £ 18

20 Bh=1 1.88 = 002 1002 = 037 526 =13

30 Bl=2 1.68 = 004 7.51 =017 491 = 14

40 57=1 139 = 004 485 =009 454 = 11

50 511 129 + 003 4.28 £ 0.07 445+ 8
Table 4

Mechanical properties of wood/NR compaosites with the additions of By03 or H3BO;. Numbers after = represent the standard deviation of the average values.

B0 content (phr)

Hardness (Shore A)

Tenzile modulus at 100 elongation (MFPa)

Tensile strength ( MPa)

Elongation at break (%)

[i] 761 373 =007 15.45 + 031 460 =10
10 12+1 305 = 005 91 049 3T 14
20 12+1 272+ 0080 672 050 33+
30 73=1 253 = 008 511 =005 =11
£l Tiz1 212+ 02 434 =007 £
50 Ta=1 233 = 007 319 =006 IR =2
60 T5+1 265 + 006 253 +0.06 174+ 2
70 1T+ 238+ 013 262 =004 184 =17
80 B0=1 230+ 018 273013 169 + 12
H3; B0y content (phr) Hardness (Shore A) Tensile modulus at 100 elongation (MFPa) Tensile strength (MPa) Elongation at break (%)
[i] T6=1 373 = 007 1545 = 031 460 = 10
10 a1 212+ 003 S04 =007 {reN
i BhE=1 131 = 06 250 =002 3012
30 B3=1 130 = 005 1.4 =005 I3 =18
40 Bl=1 123 + i 1.62 =005 1 =7
50 253=x1 132 = 005 144 =012 135 = 14
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Fig.2. SEM images of (a) NR composites with 50-phr HiBOs, (b) NR composites with 50-phr B0, (c) wood/NR composites with 50-phr HiBOs, and (d) wood/NR composites with
50-phr B0s

Fig. 3 SEM images of (a) NR composites (b) wood/NR

(€)NR <

When considering the surface characteristics of the NR com-
posites and wood/NR composites with 50-phr B;03 or 50-phr
H3BO;, the 25-mm-thick NR composites and wood/NR compos-
ites with H3B0O3 showed wavy surfaces, while the 2.5-mm-thick NR

with 80-phr B0, and (d) wood/NR composites with 80-phr B 0.

and wood/NR composites with B203 had much smoother surfaces,
as shown in Fig. 5a—d. Furthermore, when attempting to prepare
10-mm-thick NR and wood/NR samples with 50-phr H3BO;, the
samples showed cracks along the edges, as seen in Fig. 5e—f, and
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Hg. 4. An improvement in dimensional stability of (a) wood/NR composites compared to (b) NR composites NR composites and wood/NR composites were mixed with 80-phr
B203 The initial size of samples was 15 cm x 15 cm and they were kept at room temperature for 150 days.

MR- 40D . SOBA

Hg. 5. Wavering surfaces of (a) 2.5-mm-thick NR compasites with 50-phr H3BO3 and (b) 2.5-mm-thick wood/NR composites with 50-phr H3B0s and smooth surfaces of (c) 2.5-
mm-thick NR composites with 50-phr B;0; and (d) 2.5-mm-thick wood /[NR compasites with 50-phr B,0,. Figures (e) and (f), which are a 10-mm-thick NR composites with 50-phr
H3BO3 and a 10-mm-thick wood/NR composites with 50-phr H;BOs, respectively, show cracks along edges during molding processes.
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these samples could not be successfully prepared. These results
could be due to the prolonged curing of the NR composites con-
taining H3BO,. This led to uneven curing between the inner and
outer parts across the sample thickness, with the outer surface
curing much faster while the inner still heated up and expanded,
resulting in surface cracks On the other hand, the 10-mm and 20-
mm samples with up to B0-phr By0y could be successfully
prepared.

33. Neutron shielding properties

As shown in Table 5, for 2.5-mm-thick NR and wood/MNR sam-
ples, the ability to shield thermal neutrons improved as the B203 or
H3B04 contents increased. This improvement could be seen by the
decrease in the neutron transmission ratios ( §1,) from ~98% (0 phr)
to ~58% (80 phr) in the case of B205 and from ~98% (0 phr) to ~77%
(50 phr) in the case of H3BOa. This was due to the increase in
numbers of '°B nuclei, which led to more interactions and better
neutron attenuation [19,20]. However, for the same B;0; and
H3B0; content, composites with By0; had lower neutron trans-
mission ratios than composites with HyB0y due to the higher per-
centage of boron nuclei in B-04 (31% by weight of boron nuclei in
B304 and 18% by weight ofboron nuclei in H3B04 ). Schemes to show
how the increase in content of B20y or HyBO3 could increase the
number of interactions and improve the thermal neutron shielding

Table 5

MNeutron transmission ratios (Flg) of 25-mm-thick NR and wood/MR compostes
with the addition of By0; or HyBO;. Numbers after = represent the standard dewi-
ation of the average values.

Meutron transmission ratos; [l (%)

Bz0s content (phr) MR compaosites ‘Wood/MNR composites

0 982 + 0.1 956+ 01
10 859201 87400
20 Tas =01 79501
30 T3Tz01 756 =001
40 T =01 T18+01
50 681 =01 685 = 0.1
&0 622001 652200
70 589 z01 621 =01
80 579 =x01 602 =01

H3BO content (phr) MR composites Wood/NR composites

properties are shown in Fig. 6, in which Fig. 6b has twice the
numberof "B nuclei compared to Fig. Ga, leading to higher chances
of interactions between thermal neutrons and '°B nuclei and better
thermal neutron absorption inside the matenal.

Another interesting neutron shielding property was the rela-
tionship between the thickness of sample and the neutron trans-
mission ratio, As shown in Fig. 7, the ability toshield neatrons using
MR composites and wood /NR composites improved as the shielding
material became thicker. The effect could be seen in the decrease in
the neutron transmission ratios (Ig) from 100% to -37% (10 mm)
and ~28% (20 mm) in both composites, where the values of Half
Value Layer (HVL), which represent the required thickness of ma-
terials to attenuate half of the incoming neutrons, were approxi-
mately the same at 3.5 mm. These values were better than the HVL
results in typical concrete (HVL ~ 5—6 cm) [27] and NR[Styrene
butadiene rubber (SBR) with 60-phr Bz05 (HVL ~ 10 mm) [28].
Schemes to show how the increase in the thicknesses of the NR
composites and wood/MR composites led to the increase in
numbers of '"B nuclei and the improvement in the neutron
shielding ability are shown in Fig. 8,

As a result, the NR and wood MR composites with the additions
of either B;04 or H3B0; feature flexibility, a favorable environ-
mental profile and high neutron shielding properties, thus showing
great potential to be used as flexible thermal neutron shielding
materials.

. 1)
.E & villoost woad particles
= 0 with wosd partiches
- 80
=
=]
=
£ 60+
A A -
-y 1
g=sv1
g |
% w 4 | g HVLofNRand
21; : wood-NR counposites
0 1 I T T i T T 1

125 15
Thickness (mm)

175 20

Li] a8 £ 01 956 = 01 R
10 902 =01 891 =01 0 25 53 15 10
20 849 =01 B62 =01
30 81501 829+ 01
:g ﬁj f gl ?g‘_}‘ f 31 Fig. 7. Neutron transmission mtie ([Js) of NR and wood/MR composites contained 80-
— — phr B0y with varying thicknesses.
a Neuiren s b o 1
entron radiation Newtron  radiation
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Hg. 6. Schemes of the relationship between contents of Ex03 or HiBOs and neutron shielding properties.
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a Mewtron radiation

b Neutron radiation

@ B0, mucki
T Gormmn emission

Hg. 8. Schemes of the relationship between thicknesses of (a) NR compasites and woosd/NR compasites (thin) and (b) NE compasites and wood[NR composites { thick) neutmn

shielding properties
4. Conclusions

Flexible thermal neutron shielding materials based on NR and
wood/NR composites with addition of B2Os or HiBO3 were devel-
oped. The results showed that wood particles provided dimen-
sional stability and surface hardness improvement in the wood /NR
compaosites, while the Bx04 and H4B0; worked effectively as active
fillers to shield thermal neutrans. Furthermore, the results showed
that increase in the content of B;05 or H3BO from 0 to 80 phr and
0-50 phr in 10-phr increments, respectively, improved thermal
neutron shielding ability but slightly reduced overall tensile prop-
erties, The HVL values for both NR and wood/NR composites with
the addition of 80-phr B:03 were approximately the same at
3.5 mm. Based on the experimental results in this work, it could be
concluded that MR and wood /MR compaosites have great potential to
be used as flexible and effective thermal neutron shielding
materials.
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without Wood Sawdust (Month)

Properties
1 2 3 4 5
Tensile modulus at 100% elongation
1.39+0.07 | 0.64£0.02 | 0.36 £0.01 | 0.99 £0.06 | 0.60 £0.01
(MPa)
Tensile strength (MPa) 298+0.07 | 1.62+0.07 | 0.47+0.02 | 1.11£0.03 | 1.39+0.05
Elongation at break (%) 32011 308 £ 11 209 £ 19 146 + 18 290 £ 12
Hardness (Shore A) 63+1 62+1 49+ 1 70 £ 1 61 £1
with Wood Sawdust (Month)
Properties
1 2 3 4 5
Tensile modulus at 100% elongation
1.52+0.06 | 0.96+0.04 | 0.99+£0.02 | 1.00£0.06 | 1.04 £0.02
(MPa)
Tensile strength (MPa) 2.11£0.09 | 1.00£0.05 | 1.05£0.03 | 1.10+£0.07 | 1.22 £ 0.05
Elongation at break (%) 225+7 123+ 4 130+ 8 139+ 6 153+ 13
Hardness (Shore A) 72+ 1 71+1 69 +1 69 +1 68 +1
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Commercials product m NR Composites Wood/NR Composites
Properties With B,0, at With B0, at
60-80 phr ” 60-80 phr
Tensile strength (MPa)"” 6.48 2.58-2.76 2.53-2.73
Elongation at break (%) 432 305-363 169-184
Hardness (Shore A) @ 69 63-65 75-80
Linear attenuation coefficient, 169.75 189.92-218.60 171.08-203.00
-1
U m)? (5.13 mm) (2.5 mm) (2.5 mm)
[ Y A a 4 ] v Y Aa oA o A
uHuRIalnsal rumisvieslqiansnesaa/
Applications v @ oo
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“Neutron Shielding Rubber, 2013,” Showa-Rubber Co., Ltd., challenging the potential of “rubber. (Japan)
(Z)Ninyong K, Wimolmala E, Sombatsompop N and Saenboonruang K, 2017, Potential Use of NR and wood/NR

Composites as Thermal Neutron Shielding Materials, Polymer Testing, Vol. 59 (May): pp. 336-343.
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