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Abstract

In this research, effect of Modified Palm Stearin (MPS) on the properties of Natural
Rubber (NR) filled with Halloysite Nanotubes (HNT). The study covered the effects of HNT
content on the properties of NR. Then, the compatibility and corresponding dispersion of
the composite were improved by adding MPS and its combination with the ionic tiquid
and silane coupling agents. Results indicated that incorporation of HNT in NR had caused
to improve the tensile strength and tear strength of NR where the optimum content is at
5 parts per hundred rubber (phr). The reinforcing efficiency of such composites can be
mainly associated by some factors e.g,, fine particle size of HNT, good dispersion of HNT
and their role as nucleation point which made the NR matrix possibly connected to the
HNT. The crystallization of the NR matrix was then induced and occurred at the lower
deformation. Palm stearin also plays a major role in improving the compatibility of NR and
HNT. The tensile strength and tear strength were enhanced. This is evidently proved by a
reduction of Payne effect obtained from dynamic property. Apart from that, the use of
MPS together with ionic liquid and silane coupling agents also provided positive feedback
to the composites. The addition of ionic liquid with only 1 phr has sufficiently influenced
the wettability of NR and HNT. In the meantime, types of silane coupling agent also
affected the overall properties of the composites. N-[3-(Trimethoxysilyl)Propyl] Ethylene
diamine (AEAPTMS) gave the optimum tensile strength where it was verified by the
reduction of Payne effect suggested by the dynamic property.
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wilalval q IaFuanudonidu nildutufearsiifueynmniuviindulevieTagniidnuas
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MU UseineRy wa (e) nwdnaedlassairwanveswiowrluailalav (Liu et al., 2014)
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2. mgUszded
WeAnwnslglavnduaiisSusaudsiluainiaduantmdnduldlugnsssuvfiga

UsenauiaSuwsadineviounlualalet

3. MIASIANANGTT
3.1 viewluglalan

g1lalast (Halloysite) uusiuum (Clay) vilawnilaiilasunisdadelutl 1826 o Pierre
Berthier (Keeling, 2015) thssdiinguasimnsiniioivrniaag audouns Jean-Baptiste
Julien d'Omalius d'Halloy tinssaiinenumiuaBeugrunuus Insusenlalavigndneglunguves
inalus (Kaolinite) Tudnwauzlaseadn Dioctahedral wuusiin 1:1 awnsonuldioganineum
Tuaneiduiamuiedu finssvyliiussasssslafiintuanmadsuudasivarnvas
vasiiudail ilesarnelalevieasiosduszneudrfyvesiudniiuaziuiiurangiunly
(Churchman and Lowe, 2012)

Inssasynaasitazesnusenovessanlalevidanuedeadeiuinialus (Kaolinite) uay
Anlewi (Dickite) wieuulazd (Nacrite) uirnuuansnede Juiivedafuvioussalalasisegnuen
sanonfushelinanavenisswittumize fwandugudl 2 svozsswinssuurestudnaiy
Fuvuiiuiy (basal (dyy) spacing) vewieslalesitivuia 10 deansanluzluuuveslanin
(Hydrated form) egnslsfinny nsBafuvesiuluanathiimugoune viliszey 10 Ssanson
(10 A-halloysite) Waswdu 7 Seansen (7 A-halloysite) Wlssanmsanenh {Dehydrated form)
soenedrae (Liu et al,, 20148)

wiglaleviflesdusznoumanaiifiudeusuindlud uisrassslediviuaniily
parUsznaufuInnia a1lalevi-10 Auaz srlalevi-7 Adigaslassairamnaniiie
ALSLO{OH), NH,0 Taefl n=0 waz 2 mMuddiy nnsEnwIewiUssnevasaduvidvoela
lavi fAdedulugifunuinfiansusenouves Fe,0, aglulassaing 9 Fe,0, inuidoininamn
M7t Fe,” Wltunudl AL Tussuuwely Octahedral

syniavasenlalesitimannuatedugiveidauandusuil 3 Tasviluesiindnuasidu
viesm uenniifsdinsdunuuselaleinfidnuandu viedu nsnay safeguiredidunsdudn

¢y (Kunze and Bradley, 1964)
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Kaolinite Halloysite-(10A)

Al,Si,0,(OH), AlSi,0,(OH),*2H,0
O N
7A
10A
sRestoledisRe
Oo UhHo o
®oH -si °
~ 9 a I3 o s
U7 2 Iassasnevaanalud-7 A uazailaleyi-10 A (Bauluz, 2015)
L——] . T === [}
700 nm _‘ 100 nm 200 nm

& ‘1 =
m J 0y
FUN 3 A TEM wewvieuluslalevisnusamail@uauduans 3 Snvarmedoigiiiven (a) nse

naw (b) viedu uag (c) vies12 (Joussein et al., 2005).

vieunlusilalevi (Halloysite Nanotubes, HNT) fidnwaizdaugninenduvienaisuuig
dnann lneasiimuenaud 0.5-2 lunsey wurugugnaneneluysean 15 wluwmng way
uRugudnatsniguenyseuia 50 urlulung ﬁmﬁﬂﬂugﬂﬁ i ﬁ%gummazgmu%mm
(Aluminosilicate) fiiufufiureusanas 15-20 4u Faustasduasiissovving 0.72 wiluwes vie

e A » o i ' a 3 1 1 P4
wilugnlalevifiinfuansneiu Tneivgjergliuea (Aluminol, ALOH) sneluvievaizfiiiui

muuenvewieulualaluigniadieudeyluasnisu (Siloxane, Si-O-Si)
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AleizOg(OH)4-nH20

0 0 O O~
\i'/ \?/ \? 1‘/
[+ 0,

o K
o Non  wo” on > on

[+] [+ o, O
\s;;/ o e s
|

]
0

O\M/O S
!
HO/ H\ OH “O/OH\ on

0
1 i*i"mml E

- Sinm

Ui 4 gUuuudeasdnuasvesiauluslalevi-7 A (Etshad and Yuri, 2010)

ilalvinareduTaqunluihadlafmonsnaunanudnuasirvredasaianluwuy
#t9 (Tubular nanostructure) ﬁﬁﬁﬁﬁ?uiwi’a&mmaﬂdaLﬁur»hui:]uﬁﬂm\i (Aspect ratio, L/D)
Uunans \hedanwlfienusssund annsaldeuldwainuets Sanuddulénidinm
uaziienuudansadanags lassaireqanauuuvievewisurluslales (Uil 4) wandisiui
dadhuszwinmuenreiduriugudnaneglussiurunas fiasvana 10-50 (el 1)
ﬁaﬁﬂf‘:ﬂnmm‘&qma’%uuﬂ’lﬁwaﬁmaﬂui’aﬁ;@qﬂixﬂm Tasnsifiuuszansamnmsdialeounss
Mnumindludensiesuusanlulildunnian doautisui Hilfinsldtuegrunivainly
vamuawaIT Wy witdin fuseufiten infecdrens nsdadae (Ou et at, 2010; Jia et at,
2014; Joussein et al., 2005)

~ 174 o ¢ o 5 e oar at @ -
3wt 1 deygamsiiaswimluvemieuluslaleinduiusiumsneshuasiagduszneune
s (Pasbakhsh et at., 2013)

Halloysite nanotubes properties Values

Length 0.1-4.0 ym

Quter diameter 20-200 nm

inner diameter 16-70 nm

Aspect ratio (L/D) 10-50

Elastic modulus (theoretical value) 140 GPa (230-240 GPa)
Mean particle size in aqueous solution 143 nm

Particle size range in aqueous solution 50-400 nm

BET surface area 22.1-81.6 m¥/g
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Halloysite nanotubes properties Values

Pore space 14-46.8 %
Lumen space 11-39 %
Density 2.14-2.59 g/cm?
Average pore size 79.7-100.2 A
Structural water release temperature 400-600°C

3.2 “Lmﬂﬂéuu‘%zgw‘éﬁa‘lmméual,ﬁa‘%u (Refined Bleached Deodorized Palm Stearin)
Tneihluudrgramnssunisnauiiudu deaedunssuumsgavievesnisnduiiy
wldansusnevdesdrundng sofuie dhiunduiaviiiteldlunaidounas lnundusans
islvuaueiiesu (Refined Bleached Deodorized Palm Stearin, RBDPS) ﬁdLLﬁﬂﬂuEU‘ﬁl 5 a9
luhduusensiiyamaeuirsinileifieutundnfausindnils Tourduuigivielvurduadies
Annmsininituduiudatudhifuitasananuatiduan (Crude palm oil) induuas
rudumeumswenduasiund uasusnnsaiifieglunatdiamennty nindugedumen 1z
Wduuaduiia wierdrsfuunduianiqud (Refined Bleached Deodorized Palm O Tne
AadnvazveniiuUduh ssfifuduvedluunduluiodiureney Fnbuiusriinaaataly
msnusierafeuguiusvesinany uiilenhsiuiduih videriuduReuians wikiu
nszurunswenly Aegldndndausionnnszuiumsuenly Aslvunduudqrsvielurduaiieiu
(Refined Bleached Deodorized Palm Stearin) laglythduaiiesu gnirluldegrsunsvatsly

gIAANNTINANY LU geamnssuems lulduadeiuieduniidundndueingsiaign

4 1 A 73 ﬂ.') ’0’ s
psnniudiuiiaineenlunszurunmsnduinsiuuid
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U7 5 Snuaisveninfutnduuigrs (41e) wazluurduamAsiu (121) (httpsy/bit.ly/2m8nhof,

accessed on February 16, 2020)

nsldasasuanmdiuldinmildanmsldlnhdumdeiuduansiiu - Tusn

a a a v ! ¢ [ a el | o =
ssnRdseneuaiuussevieunluslale foindumAdedlmi eswndnsdinsdin
= v Aoy ia v a ) ¢ v I3 A a aa -1 e
dnvaneaundilaiifeanantinineirans meglvduafeiulianvasaa ety uasdviunm

= I o = o2 o aan @ o
Insndiwelsngs (Fauandlumsnd 2) FJeanansaviufitelnenseiveyiusvesaisusvnautedi
#@E19L9U monoethanolamines uay diethanolamines vilAndusanmunlusivioluurdua
Wweusinuls Badlpuaudffieuluasaaussfieia (Surfactant) ideaadinnisldansiaSuanw
¢ A O ow

dhiulddnm  annseuFulgandinisnszaredvesiounluslaled  Savisdeanunsaiety

anminnulvinureuilualalevilugesssurf lansautumea iy

= = w = ¥ o ¢ a ¥ o ¢ o = Y o
f15197 2 Ysanansaludunaglasndwelsaluiinduuidudiu (CPO) wtuUrausa wie wsiy

& = n‘ 5’ s = g L7 =y ¢{ = =l &
UduneuFgns (RBDPO) 1iniiuuilan uie il (RBD-OL) luurduudgws wielvurduaifieiu

(RBDPS) ua Tetaduiliinainwga (Superolein) (Man et al., 1999)

nsnludunay | USsunaunsaluiiunazlnsngwalsd (%)
nsnawalsa | cPO RBDPO RBD-OL RBDPS Superolein

Saturated fatty acid in glyceride

Myristic acid | 0.93 0.92 0.89 1.21 0.81
Palmitic acid | 45.48 46.30 41.54 61.21 38.47
Stearic acid 3.49 352 3.51 4.00 3.14
Total 49.91 50.74 4594 66.42 42.42

21



nsatudiuna: | Wuansaludukazlasnfwalsd (%)

losnfiwelsd | CPO RBDPO RBD-OL RBDPS Superolein
Unsaturated fatty acid in glyceride

Oleic acid 40.17 39,58 43.63 27.54 4577
Linoleic acid | 9.92 9.68 10.43 6.05 11.81

Total 50.09 49.26 54.06 33.59 57.58
Diglyceride 6.32 520 5.55 5.15 6.24
Triglyceride 93.60 94.80 94.45 94.85 93.76

3.3 nsuszgnaldlvurduafieiudaununduasiatuanmaniule

Sanluarlud (Alkanalamide, ALK) fio nsalviuialudt (Fatty acid amide) fignldifu
drsanusafefiluayueiia wilddssfoaniunldduaaifuuisdugnssns madnvasmanil
sesdanluatludfsitidiilifids wavildalulassadraieatu Ssdinrmudululddesdun
Usvpndldidumaadduanmirduldluswiliinsduasdifuiilas e omanifuandeiu
fuene msbdaslualudildanleduaiiuntssgndlfifiuarsgaulugesssun At
ansdiAndanm WeiinsAnwudaneunthiigsdunitlag Yag et al. (2013) usarusznaule
Unduadeduiitutuldannsldnselusiuddsfldinamamsldlavduaieiuiiuasioiu oe
nunInsvareiresdantatuiielinsldasusenauliluletrduadieiulus e saurAfiians
fuiudant Inglilddmanssnudenumilnvssensrenng wasdnvawmitanibuduena

=

;U | TN -7) —= J
yanandifadinisdnwiain Surya et al. (2013) TaglddamluailudaintaurduafisTuiie
ar =y -~ - =y - -=|l' L% o« o v of o U
Yuugedsvdninmnmsiaiuussvesdinilugisssued Sadanluarludesvihmirinduansy
1 oo 1Y) sy F Qs 3 L3 Y [ AA =
MUSENINTANIAULNETINTER nuTdasiluaniunannlayrduaifeSudealfenssssuunanis
anuduansiifulliandBuende anudiuurenseiis mnuuds wasaumuiiiure sy

= X
\Wouleagetu

3.4 milfasanusidialuiandaszneuiivieunluslaleviduansdufi
nsldasanusaiainiofiuard fuldGudhndunmlumelulagnseiuus e

WeUsznsuasunsesgviauntuanlalesi lae Guo et al (2010) TRwuzidinasld 1-butyl-3-

methyl-imiazolium hexafluorophosphate #aifiuansanussisinuuuiszgau Tnawiingg

) = 1 '3 = e&‘[’ 1 ?; ar =) '
waavivaulualalayisneasuliailuaisasanarauseninaindumasslalansfgu wazwuin
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o = ' : € as a € clg o & e - | '
aunsofudunsndsseninviouniuelalavidunedwe iy Tnsfufunnauddnfutused
@ 1 =t T A ¥ md G\' l:‘l‘ i U - Ei
Fonauwesaruitumusieussiie uazmstaniludingtu andAnindudnaiinannsians

= e e ot = 2 ar 24 2F ] ar o s
anussiaia il Tuufuupnisnssefasiunudriuldlituvieunluelalevifunediuesd
14 Tudnaoelsiaun Massaro et al. (2014) ldfnwimsuSuanmwiavieulualalelagldasan

g o =l s e e o e =
wsafafnuuYsTgausassuulszquInluszuufeaiu duwuudaeinsifinufisetlugud 6 Tae
& J 2 o oo [’ o a =) 2 ' £ 0 &=
Fullvgruarsaaussieiandudszqavasdluidunsniordrsluieunluailaleivinliil
Ly PR 2 25 o ar o v = o o d
USuniseqauiindu Sanfeuezitnluidussniededuaisanusaisiinitudssquan Tng
wulmiszuulinnuaunainty dwadenisnseied wesiuanudiulaliiagdslssney
Ruusshsviowlualale TegiumstSuanmiioveuluslaleilaensldasanusefieiade
e 2 € & w [ = o w o 2/ =1 Py = 1 [ ar &
finsaunilinuey fednadussiiuddgndududesdneniiudy linesidumsdansien

ansasusadeialul viawinseisnsfinviiufidwivasaaussiisinldegriefiegluliogiu

Hs
thiokene reaction
P e

i

0

Mey §
o’

//{,/
ns Me(j\‘?jfo \‘)-s{(:()ne \‘\—S“ .\lc()::.)l,() L—clx—o/t/ “siome
{ s g 32 onte Mg
Ji :\.@N ‘5—/— H\ \Lx@x
sH \/\/\/\/ ° s e
Z x®

oY

e

2] [ @ at P ) = = ' ¢
UM 6 nuuTeednuarmisgnduleseiindainuinafiinmeusnyevieuluanlalen (Massaro

g
; Meo-S!

et al., 2014)

3.5 madsegndldluaulunsuivupanifvewiouluelalen

Pasbakhsh et al. (2010) Wdvinsfnynisussendldlaaulunsivipandfivevis
wluglaled Tngldumesaendingfia lasumendlaiau ifeufuusnisnssaneiivesiowily
glalailunnsdiifisn Tnensdeunsusnaugnadfifmsutuviouluslalevd 05 10 uaz 30
phr uuedetuanaudesgANAsT Wil FaTRm iU uRsus R uazaendaiiiiingenited
nanfuviewluslalest uwidwaldszevdnauvmanandniios nisinudnuaznisdugniine
wuiwenluslaleivindiinisuudsedinianssediluedlddtuy nalanmssugisetlualy

wdusewinawmasasndlnsiia Wsamendluauiuviemluilaley duuansisgui 7

23



Il ©

| &
CH, Si__ (OCH 0-Si
CH3 ” CHz CHg OH“Q

-

v-MPS
gﬂﬁ 7 nalnnisiny§asenssuing Y-methacryloxypropyl trimethoxysilane (MPS) fiu
Halloysite nanotube (HNT) (Pasbakhsh et al., 2010}

o s 4 e] 2
3.6 AMNWNYIVDS
@ a & o P =
Tudlagdu gpawnssunmsuUsiveniinmaifvlniuies q Sanrsudsgeraiveld
A m v =1 17 ) 1 o ar 2| 1 ot = 1 A!L 3 =i
Usedndnmeasaadadinmsidarniuusisdmiveniunndiadueenly arsduwssildlugnedud
ar £ o W ar s 1 o £ o r4 1 as
Taguszasdnensyiiunisiantlud (Fan1sfanilud drenisuwdsgy uasdu § Juegiunas
N ¥ o oW ¢ & @ = [ ot o T A ¥ o ] [}
Ussynaldudndmeiiy q arsdnfudunialuaisifuudmiinisldfusdisunivaiely
geamnssusraunamnunanavenssy msldasimfulueadiingusvasdivatgedie lawd
A sl Py = s Ay or =
Waluuanssuiunindn aaduyunsidn uardiuuandinaneniwsesiagdnlszney
el - édu < A o
ansrufundidnwaroynrvainuateguuvugniunidlugramnssusadfieuiud g
audinnenmesen laevnluindsudgsanifuenda uaznafiuenudmnmuseniidag
‘:: ¥ Qb ar A ! = ot -
wasn1sinee nsiiuduresauifvegdairminunananmadiveyneansdufuadluam
Sndgnaud dudumasnnsiiadunsiderseuinenivarsduiudneon dnuvagdugiuine
2 =y ) ir ol 4’ - P .Y 1 1
YosaTIRAAN LU vumeyna tasseing uasdnuaeiufialiBninaedisunnsdeanssnugme
' o Ao oo oo A W & o 0 ' o jaaa =
nua e atulafin AiidAgigeRednriiuia weeduwmisitumsiiitead
a4 & W o o ma ' ) a € w ey A o @
Foufsmundunifienssninasiuiuiunediues sunsiserilluiwdsdrdgluans

o

wduuswwesen sandudsdrdydwiunahmnndilanalnnaaSulsswesens Bokobza and
Rapoport, 2001)

Kim and Jeong (2005) la@nunsidiusiaeiingns o Tugnssssurd Taefnwiaiiem
uraidn natuaglvgniunisudwuiamainsmunnsgIu ASTM D1765 1dun N330 N650
waz N990 ansiehiy elddnuengaiudueasns msavauainuioutetens wasdngniinen

fuflueniindeludeyainefunazurunisuasnalnainduvailugns wud iwheiiin N65O
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Wanamenguiiufeuluumindyn sldsusninldedislésunsnsesi dwmaliens
535H91ANE N650 Wuasiifniiannumuniudoauditosndt N330 uas N99O mudrdiu
venant aradeusvailusniidanaufiolfiheiiifuiiovusrg Tas N330 flufivgusy
gand1 N990 waz N650 auddiu sisun Rattanasom et al. (2007) lafinwaudinmaiaiuuseves
gsssuviileldansiaufuiusenindaniduietnm TWarsduusauianu 50 phr Tasuys
USinaudandl 0 10 20 30 40 way 50 phr Tuwnisildiasusauna 50 40 30 20 10 uag 0 phr
madrdu wud shduasdanufumaieivdniuulsinnaduusdion famslianhui
i Ruauiidnatasdmaialusssaniiantluslén egrlsfinm aslddaauas
wswhludadniivnsan wilaudivessrafintuedieininy Tin anusfuvuseussia
ATNAUNIUABNTITANTIA AMAFUNINRBNTITAY AUATUNTURBNTTISEYBITRELAN AT
Fouszauvaeens waranuiuvuReMIwLued s Wil MnssmInaaemul audfidang
TaosnmesensTambudatuilolddannd 20 uay 30 phr uenenifidiiuisufivunisldiusineh
uasvisuuAsusulussalnIudimisduviosnsiealens (Styrene-Butadiene Rubber, SBR)
Tngldszuuimsiulunstanludagidsznouiigamgdi 150 “Cwuin msldansdafuvieunly
miveutelfnendanazamufumuseussiaiatuetnann Ingluvilissesfing o geun
anasdfefieutunmsldinisnduansiuiy Sntwansnaesdnuardugiuivenduandliiiu
Iviewlumsveunszneiedaianslusmindorneationd Jedmaliiauifdnavesian
\aszneuiitiuetnedaa (De Falco et al., 2007) msldasiafueyniaunluviindulevie
aniiisnunadieviety ansawduusiiaaweiinedldd Wemnasiuiusnadniiiuiag
wardndiusrninmue sialduruguanae (Aspect ratio, L/0) innnTasduduialy v
asadamefuiufinvemediueslduinnda (Moniruzzaman and Winey, 2006; Du et al.,
2006}

Pagtunmslivieulusnlaleiiduarsiiduesuusdusossunfuazs ndunssilaiu
Aty ewmvismnluslalwifidnunumens fe fdndussniemuemseidunii
guinanags sin1snszanedaig uasiimsinBsafuuuiieg silivieunlusilalevianunsa
USuugsandiiong q Wifuwedwesilad Huflnreluvie (Lumen space) vesviounlusnlaleyid

aE o a =y LY £y o r 2
amndasannweiiszynivewaenuInwasindun3fseiuld (Pasbakhsh et al., 2010)
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Rooj et al. (2010) la@nwnuSsuisunavesmslivieuiusilaleniuidnilugesssuni
wulesTsHYIRESaushsveululalwiliauiiauiuniusensdiuassvasing U
ngandesssuefiaiunsamedaneidideddy deur lafinsdingimslidveunluaila
leilugnssssumilag lsmail et al. (2011) InswdsuBunameuniuslalasinaus 0-40 phr wum
gsssHTAEEIwsssvieuTualaleildanuduniudeussiegegadi 20 phr luraieiiseos
Anguaummanasmamaiisuinameunlualaled dnidunguiseriudedimsinunouiioy
msldfenesTsuAuazetsssudswanlas (Epoxidized Natural Rubber, ENR) LaSulsenagyie
wlualalen wuinmsldveuitueilaleilusasssurdiiaudfnudiumusensie ey
srgeRinguauvmAnined ey (smail et al., 2013)

Padudrdyivniudsyandnmonaalusssvesvisuluailaleilugesssund fonis
muaumInszsivsmeunluslaleiliegluseduiid destunafinmsnudviontsyi
SumsnIendetuuayfuvasansdadin wasnmaiiumnnirduldsewieieunlusilalyivarens
srsumi st adunuiimedustanniterinuemiumsadiulfiesyined
wnzauiitelWanivesianiszneuiififige autinsnssaeiidesvesiewluglalevily
woRwastuAnmnmllansenta uasvafluaenieu Jaysasseeiiogitluduesnslunas
AeusnvienuEdy (Pasbaksh et al, 2010) hanslvieuuelalevifluualiniafinduns
nBendstunasfuseiustlelasou dwalinisnszaefdonas Snilsanarndnuldseuing
viouluglalevivesensssausidnme

msUsuleantfvesenssmmidalseneudiuussevsuluailaleivildlasns

ar v v i

Wismnudiildsruiariounluelaleidussssued Basdiurdriuldmdlutagiul
varnvanEaeaeAy Wy nMsnwdedeunadnueulalasd (Maleic Anhydride, MAH) &5
Pasbakhsh et al. (2009) 5183111 asldaafinswdsmsunadnweulalasdifuadlulutand
Ussneutaluusamneviesuluatlalesiannsouiuugandiaumiuimumusienssils uasauli
Benady q Aty feililesnndiuvenniednuerlslnsmsdiluvindunsnionfuuinaidls
arendauatlvaemulwiuluzilalet dwalhAnsunsnienfdunudiy maviuanmin
viewluslaleifdudnnilaislduiul panifvefanusznoviaduusamevioulualalev
nfinyIves Pasbakhsh et atl. (2010) Wnwnrsuiuanmitavieuluelalevisneatsgeauly

wau Tnsnuinsuduaniwiiovieunluslalevinountswean ¥iliviewnlusilalevifiainelafiiu
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= ] o = 1 4 1
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Un#t
& o~ o & e ey v o oa v oo vos
venani SadinmnbhnsswesBnuavasaumaidnuussnildineiseudniulality

vioulualaleitusnaeadons swidefnwilag Guo et al. (2008 uaz 2009) 5189 IR
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ey =l =F

Ysgneuilawingu lngssyiniainseveitnuasnsmumasan annfaluddlammaiian

at

fugraealiens uasiiansgaduuiinamnndugniurewieulueilale dwalaudfiBenes

n.’f' ' -

Fueghaiulétn fioan Zhang et al. (2012) leFnwndviwavasnsuFuanmivieunluslale

&t

FensedaiindnreauifiBing audmBREnd uardnvasgnjuvaniouniuslale wudinse

%

4 ar
aF -

Fadsnvufisenduvisunluailaleivianslunasiivie vitliveunluanlalwiifuiilouay
Ynasgnguiuiy deabifianuaansalunmsgaduasinniiy
L% ot -:i ) dv - e 35 =y &
TutagtununliunsldtanffatunusssuriudssgnalflumAdeduneiiuesi
a: g A = a = ot L3 - LY o @t = s 0
isantues q lnefimstihwdndarisssusfiunussyndldiluasiuiiluiagwediue s 9
Wi duleves WulsdUussn duloanuendt thuasusesl Bides sy venanildaiinasn
¥ w o & - 2 o o ¥ ow & v e ' i
riufrendaindes vdeuinseiahfulrduanlfiduastislunssurunisudsgd ansdasly
nssurumsnay wazilussnssdunstaaludlugdladndag (smail and Anuar, 2000) gl
4 ) =y s (3 nal 1 o Lr @l o e A = & s q'
Urdudlundadusisssurinuadlalunaihayssenaldivenddomuenuasnediues o
Fr e o = o
Sahakaro and Beraheng (2011) l&#nwinislduniuansssurfivieldlunszuiumsudsgiens
2 g LY = Ad Y =y I3 ' o4 ) = [l i
nawnuntiiuRaitinedsrlaninlalasriiveutinimgs Falufvnesanoues
Aandau InswSouiisumsitinsiuduviedwendled thiuundudnendlad uazdiuesls
indnuuusadslunssuaunsudszlensemede Wun swsssund srsealiond wassrdvaud
sevrinarnesTIuYaRnazetueatens warldiudidetin HAF S 60 phr Wiuansdaudin wuin
st sundsweniladlfautinisTanitud Towa AauansnwsdImasn NaTENaY wae
nam3iamlud SudeauiRnuui segda anudumiurensefs ssesingy & 9AT0 ke

mInszesavesarsiinlndidsstunisldusiuesisinfnuuuaaiu wenainil nsldunsiu
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ueaelunszimimluasgaiulitvasdufuddniueessmiiug weanusaislusdi
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Jihliueanuealslunfinuanififmslunaifivarnadaiuld uesdiuupnsnszaedvewis

uluaaleilue9ssTusRlan

4, F/ATNRRBY

4.1 asuadl

4.1.1 amseililddoasasuanwinsuldanivunduaiesu

4.1.1.1 luduadesu

TduafeSudundadnsifidmnnsuentestuddusenaintduuidy

= o o ¥ - o v e gy & v - ¢ o o w

vaumdsdvniiedlugningiivies Tdnunsadedts THlummeiilunmawieuluduaieiude
dE ] ot r k24 LY ar + b - ar = =,

w5 ietisufuugsminszatedussaradiduldsewinasdufindusessned wdnlag

U3t guwsenamnssuthdmiiiy 91 (ummw)

4.1.1.2 Tewevntluaniiu (Diethanolarmine, DEA)
aeymluandiuduasuszneudun3sisigasTuiana HNCH,CH,OH), dwin
Tuana 105.14 niwislua dnvaznisnienmveslaievmluaiiuburesvartunin LiTid
nauwenludednies fdaraumiunsadisusvann 11 Aaamgll 20 ssmwades) 90
wanuMan 28 Cymfion 269 Cuazqaul 176 Clavonymluanfiufiaamunwiy 1,10 ndu
segnuIATlauRLRS AIU3anduesans (Assay) windu 98.5 fla 101.5 wWedidust Hiluansy
UaRsslunisndsulevrduaideTudnuds §We Ajax Finechem ndnlasu3em Nuplex

Industries (Aust) Pty, Ltd. Useineioaaasiae

4.1.1.3 Tedesuvvenlan (Sodium methoxide)

Tofemsummentadiduiiswiifeviowa dnsuzsdumandondun nduguuss i
awassalunsesaten gasTuane CHNaO thurdnluiana 54,02 nfusielua firmnndy
nsmssUsEan 9 §1 10 Yavasumad 687 *Climmumunuii 1.30 nfusegnuiniiaufiung 7
aamgdl 20 ‘Canuudavdvesans 95 wedldud ledeuammentedldifuduswfisonlunis

4

wisulauduafisuiauds ndalae Sigma-Aldrich Useineaanigamsm
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4.1.1.4 wwea (Methanol)

winusanisiufiaueanasad (Methanol or methyl alcohol) digniluanade CHyOH

1
1o ek

vwiinluana 32.04 nuselua Wureanadlaifid Wufiv findu AnlWle szvwede A
Wiy 0.792 niusegnuiAiioufiuns Yavaesal -97 “CymAen 64.6 “Cananaasanglily
1 ummealfifufissfisonuiuladeunuvenleslumsisienlvuduafioiudauls win

Tneudtm Fisher Scientific Ussineramigowdn

4.1.1.5 lowafiadmas (Diethyl ether)

nwefiadinesifuarsiafidwmiunmsiiasedt aunsoldatn Extract) ansUszneuiiazans
Tuvewald ansiiliararstudasareldlusvhazaredunis gmilaiana (CHs:0 dwiin
Tuiana 74.12 nfusielm anaumvuiuiiy 0713 nfudegnunadieufiuns uveaven Lifid fndu
qu Hqavasuimaayinfiu -116.3 Cyaiiton 34.6 “Cuazquly -40 Cllandilalu Faleszine
lilvganan laefiadmesldadauenaisusznauieladesnainndiwesea niinlay PanReac

AppliChem ITW Useimaanigaissni

4.1.1.6 asavarsluifoueaslsndum (Saturated sodium chloride solution)
Teinunaslsnduansussnaunil grstuana NaCl dmwiinlana 58.44 ndue
Tua dnwagnamendundnudedvn Liflndu el 2.16 nfudegnuirdieufioms
yAnaBNIMAN 801 “Camifan 1,465 Caruanansnazagldlu 359 niude 100 gnurad

= = - o ow ol « Y ¥ & o o

wuRes (A 25 serwaldva) arsazaredusnluieuras-lsaussneudsinluiivinazany
ar v’ L=d a7 13 ﬂl 1} } X
wazlodeunsalsiiuignazans Tnsansavarpdilafisngnazareatidiuiioulyannsoazanls
anud a gruugiiu Masavareduilafsuraslsiifegmineenvdndindisyssnouie

Tuaenglmehadimed

4.1.1.7 Toiivudamin uaulanda (Anhydrous sodium sulphate)

Todaadown woulsndmbumsusznoveluvddluguuuithifluanaifedu aunsn

Yy w LY o = = v X
azanglnhldl 139 nSurat100 gnunaiieufiues 3 20 esrwadva) lngannsaasaglant

P = s}’ = ’; L ar ' el 1
Wegamgiigedu Tgnsluana Na,SO, dmilnlaana 142.04 nusislaa Ammuuny 2.664

u
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o 1 & = = .{ =3 o ar é]
nfusiognunAmsuiiuns ANUIgvsvetans 99.5 wWedidud Tiludeudaine ueulaniaide

Avau1eanaInaIsUsEnauLalun Naatee RECL Limited Ussineduiie

4.1.1.8 mirjmulemau (Sitane coupling agent)

grigarvlatau Ga 3-lnstevendledalnsfiainasedalaa (Bis[3
( TriethoxysityDPropyUTetrasulfide, TESPT) 3-ozfilulnsfialasiovendlatay (3
AminopropyUTriethoxysilane, APTES) 18u-3-lnsumendledansefiaiefiadulaeiiu (N-[3-9
(Trimethoxysityl) PropylJEthylenediamine, AEAPTMS) waslifialasiuven@laiay
(Vinyltrimethoxysilane, VTMS) [ddwiuuivanminvieuluelaleiieriiudunsnien sewing
viouluslaleviuarerssssuend arsgaiulsiau TESPT APTES AEAPTMS wag VTMSTA1M
8299 UWYNAU 1.080 0.946 1.028 uay 0.903 muawiu NanlaeuSem Sigma-Aldrich Usee

al [ = H 07 '
wosuil grslassaiiluanauanddugun 8-11 wazihwiinluanavesarsaaruluauuandly

M15199 3
0 _/
o_ / 0
N \,S'\/\/S\S/S\S/\/—‘\S/
|

3U 8 gnslassadndlnanaves TESPT

\/O"S{/\‘/\NHQ
/7% %\

JUR 9 gslassaialuanaves APTES

/2‘;%-/\/\”/\/”“2

| O

5U#t 10 gaslassadrlnanaves AEAPTMS
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!
-0
Si——
AN
[
U7 11 gmslaseadluianaves VIMS
el 3 deyavesansaruliauviiaging 4
Silane types Chemical formula | Mw (¢/mol)
Bisf3 - ( TriethoxysilyUPropyl|Tetrasulfide | CygHq206545%, 538.95
(TESPT)
3-AminopropylTriethoxysilane (APTES) CoHpaNO,SI 221.37
(N-[3-(Trimethoxysilyl)Propyl] CgHpoN,O5Si 222.36
Ethylenediamine, AEAPTMS)
Vinyltrimethoxysilane (VTMS) CsHy,045i0 148.23

4.1.2 aseiiitdeieuemounniun
4.1.2.1 anunusuaiy (Ribbed Smoked Sheets, RSS)

graususuptuildiosnusiusuntudu 3 (RSS 3) Felldnvairususnedaauste 8
o19lila Sineseniading Smunsdsandsn wiemuuBendusnsiindausvusgiBinaudntonld
wistadlsifisenmwos Lifidlomsne Liflgnsunulsiusi viegaumilenuumaudu svenaiidadivns
wsiglpalidlaifivausi snausiusuaiuldiluamidlumsindeuiandsenavununisidensuss
(STR) iilesmnnseuaunskdnenawidinisuteuveshiunssdwanusndsasiinasensine
mildamaSuanwdhduldinnleduadisluifinmlehumarlnsndwslsmduesdseney v

weusuATuTY 3 Manlasannsalaug ANty snneudatu Suriatleenil

4.1.2.2 viewntualalewl (Halloysite Nanotubes, HNT)

viewluglaleifidugwinenlwisnaruuiadnuin wansdaguil 3.5 Aruenadicus

0.5 B9 1.2 luaseu wushuaudnansnsludseinm 15 uluwms uasidushugudnatnisuen
or ar =y a2y A o -

Yszanm 50 wiluluns fdnvamdunden Thluasdnfuefunidaldlunisinieudands

P o . o o ' ¢l
Usznauwilu dgnslassasiomanil fis ALSI,OH(OH),.NH,0 aefl n=0 w3s 2 visuluslaleyiy
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Hilwienans Insffeunanasiuegidintos wdnlnsyitm Imerys Tableware Asia Limited

Usewatduaus

4.1.2.3 Fadeenles (Zinc Oxide, ZnO)

Seivenlusifinuamunedunn fiwiinluiana 8141 nfudelua prumuawy 5.57
YR < a = o | u ar -
RanegnUIAnYuUALRS guugliaatsdf 1,975 ‘AiduasnseilussuunsSanludae

fusdu insaiildae White seal rHAntABUTEY Global Chemical Co., Ltd. Useiwellng

4.1.2.4 wulslaaienda-2-wwulelvedadaiurlye (N-Cyclohexyl-2-Benzothiazyl

Sulphenamide, CBS)

=i ar [ = o Ly ] LY Ly 3 o =
ansuanvalundile Thluasdusdussuunstemludimefuedy fiyavinauen
56 Cumilnluiana 264 nSusielua uaeiimugaeswy 1.125 nanlaeuSn Flexsys America

LP. Sgadinesiiily Ustinramigensm

U 12 gnlassairdluanaveseulelraianta-2.wulylnendadaiiulud (N-Cyctohexyl-2-

4

Benzothiazyl Sulphenamide, CBS)

4.1.2.5 e (Sulphur)

AuzfuiidnuamBundinies fgnstuana fie S, Tqavasuven 11521 “Cldifuansa

Alud wdnlaeusev Siam Chemical Co., Ltd. Ysewelne

4.1.2.6 lutduaifeSurauds (Modified Palm Stearin, MPS)
lﬂfUWéNﬂLﬁH%uﬁﬂLtﬂﬁ1ﬁﬂﬂﬂﬂ1$ﬁﬂLﬁ‘j’lz‘!ﬁ%’lﬂ'l‘tjﬂ’lﬁuﬁLﬁﬁ%ﬁﬁﬂﬂﬁﬁ%ﬂ%ﬁﬁﬂqﬁuéﬂlmL@

=l I s o a v e = ey v A ie L <2

U tuvsisiguugiivies Hffuneuvies fidnvavadeine amnudisiwizwiiy 0.98 29

1.2 Wiluasdeuiuugimanssaei wazmadiulassrisieunlualaleyifuensssuni
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4.2 nsindsailoUduafioSudinuds
TvirdnaeSusinuds ndauldmuduneuiidauuaain Adewuyi et al, (2012) kas
4 Yooy o =Y e o of ar
Surya et al,, (2013) B jRseaniiusasyaunsalwazinsosmniuaisiiannusuusseinia g
Y L) =4 a 1 ¥ £ « & el ey
azatgardaslufeimnenisdtuasiisauuea nsumadlugaufnsainillavrduadesu

1 L]

= L ] g 123 ai = ni i ] LI @
U390y Uyunistasenainieufioamalinemi 70 swwaldua wieuieitfuluianiuans
3 5 A L7 1 d‘ -~y 4
Aoy 9 NIuaIHENINRnElue 90 seureutit WielvhdumdsSuasuaaiuyan
vasdathmeavamiln ree 9 dulaenmiluaifhududuasguifseveduurduadieuin
nvsven (luunduadedu 1 Tus fuSuesfioun 3 luavsdaiamyiiuaniiy) Budunainisv
£ e = e =l 1 ] = ™) P - i
ufiiseuliediulaenmiluanfiulag nuansuavet wasideaduan 5 4alus Aeaumglingi 70
~ ] ° P Y o a ¢ 1 - Y- v o
pernEalded Wieasulainsiuiiseudd dgaufnsalesnsingradrieuudinelilviau
il flmefiadme fatmansnauiiidlunmouen vdesidkiiidansusnduruesysaiszning
rAnfomilaviswludnsnlediu (Fatty acid amide) uavn@iwesen (Glycerol) Tnsduuufiowlud
ar b _ P y Vo - = i -~ o P
nsnluiudasaseglulaiefiaBnes uardiuafendiweseaddhissarglulaieiiadivesuasd
‘ ' a o % s = v -~ & f - o &5
AvILiugInItlaefiadines lvdundesnisasluinineilaunsesiudid duneuil
ansavaelaefiadnestuiuvesvarszivanuniisueanasunnoundiweassaniidnwaeduly
= Y =t v o a wa s vcd o et o
lerdndiundwasoassnvunud mwawnmmﬁ‘tmmasmaaq"lu‘lmawaamaﬂﬂam‘lumqmwn
o o v =t g ar o H |oaura\l o w_ b
dnafseasavanslufounaelsaduduiiegaiiesn feuthudadusmlaluidamniionamnan
< For ar % & A o & LT L v ot a @
ansarawlufeunselsndudieendnaiunevirlvarsilauiansmelussudan weulansa
H o sl v v o q': [ o o o ¢
ntlussinelaefiadivesmeyainiasndussmenvunyu welaeludnsaluiuvseluundua
WesSuanuys (Modified Palm Stearin, MPS) Nfldnwaisadnaang dv1nounaog nan e
sanamasgrifuliluloufageenutiy sewihluvssynaldldumaaiuanmdafulaluTanda
PN t I o o rs | ot W - ~
Useneurasesssuriuasvieuiugilaledt sadahluiwasinyileidushomaiia FT-R 1

tuffusasial dnuamamsilvduededudaudsuandugui 13
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JUT 13 (2) gaufnsailugrainiou (b) msuentuvesansnay was (© minsesenniiwesea (lu

nseNs8Y) wazarsazarwlaeiadimes (ulninesd) diuda

4.3 msfinweaveslsuuasiduvieu luanlaleideduiRve 196556

a5199l 4 wamadeUSinaienauazansaiinldlunisaneil Tnevhnisuaudieniose
wuuliavdausivuinef waraineine’ Mgamgdl 50 sarwaidsa asalsines 60 seude
il arugUiImsvieade (fill factor) Wity 0.8 veU3aIAsALTIBIHAN SeiidndunTHaY
LATLIANNTSHANRERIINNS 19T 5 ndannrauasiuwaslugnaass thensneunausilaly
nadeudnwuzmMITamludmesnioBlefivesiiemameda watdned (t,) waziainisian
U (teeg) MIANIATFIU ASTM: D2084 reameunnudludugulasliiadesdaiiniigamgi
150°C puaanitlvadeunniaiedslefines udwintuguiFeusesuda thersamludluifuil

= v ] 1 ﬂl 1 GJ o a g 1
gamgivieslitesndt 24 . Welviswasguaiysalnouiinstiluvageussianiludsely

< =2 = 1 ' e ada
M3 4 gasildlunsinemavesUiinavenieulualalwideautfenssssumaniiviowly

glabeviiluanseiy

Ingredients Amount (phr)

RSS 3 100.0

Zinc oxide 5.0

Stearic acid 1.0

CBS 1.9

Sulfur 2.0

HNT 0,25,5,75and 10
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= L s =l
#1919V 5 aNRURaIANTHENYNAUATIAL

Ingredients Mixing time (Min)
RSS 3 1
Stearic acid 0.5
Zn0 0.5
HNT 3
CBS 1
Sulphur 1
Total 7

msvaaougreTanilud svusznevlushenimadeumawendafiszozfa 100% uas
300% AMAUFUNUABLITI SEEEERRUIRRNINRIgIU ASTM: D 412 uaeAusmumusents
AnvmmusnasgIe ASTM: D 524 uagiassvirmyileiduiivReuluvesendiamludfeneiin
Sursaaninsalnd TudiuvesnmshinresiuvuasiBendiudu ldua msinszaui@mFmeatn

Fre1A3a Rubber Process Analyzer (RPA)

—9 2y & ] sy, nn‘d 1 3
4.4 nsEnyraveslSinaleunduaiiieusuysdeaudResssusRnivieunluenlaleyiliuans
Fafu
= L3 «r = ¥ L3 = T
msLmammaﬂamm’mmmmqL%wssnaweqmaﬁﬁmmmaawam‘luaﬂa‘twmisu‘lﬂ
0 L} o =y =) a - ) A
Tneivieuilusilalaviumaudvensssud lwudumsiusnnsuazanaifiuusdou 9 lasuys
- A = ' 1
Yinameslaunduaifesudaudsi 0 0.5 1.0 1.5 2.0 uay 2.5 phr Wanawieulualalavivindy
[y ~ o a4 = t 1 = .
10 phr #4a1579% 6 wag 7 anudndu F991nansiad 6 ssiiwinhifinnsldnseaiien (Stearic
. ) ' @ a P2 4 o
acid) \uasnszdumsiamiudimuiuidesnled \iesnnmsiinaalusiuudunagelulvundus
Wesudmuus divanimblydusfsSuinuusinusvgndldiduatsnssdulugsssunilas
1 [Y) ar I':lg i Al ) r ;24 = = & =i j .13
Taswuitsasinistaailudfty wasfiauwindunisidnsndifesn 19RaUNIIUALANSELA I
di ) = -y [
winsunnanuuulasiinusiuunes wardiinainad suinalNgUeaeINa 50 gaulen
iwuRins vumvsauntldraugude Fill factor Wiy 0.8 finrnadalawes 60 seureuti
o X ar = 1 T ﬂ‘j JO ar at
auAtIIFlunSURNENENTUATSIIIINAU 50 aernwatisd FARMULAZIAINTRENLARIAY

1 4

P2 o a ' = 1 r o & = ar
Mmgan 7 'Viﬂ\1%"Eﬂﬂﬁuﬁ"likﬂuuﬁ\ﬂuﬁ"ﬁﬁFJUT?)EJLL'G"]"J U?U'\Qﬂ@ﬂ“?'}ﬂﬂﬂiéﬂﬂﬂﬂﬂﬂUﬁﬂiﬁmz
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Y € = a ¢ o : 3 Y <
mstamludsisiaiadilefinefifemamesn natanes (t,) uazansiaatiud (te) n
° & o s < a =
WM ASTM D2084 s emaunnudluugumeiniesdniinhguvgil 150 sswrwailed
= v S S € ar & = v v e ar o =l
nunafldneaouaineiesilofines wdwintugudsuiesudr herstamludliiud
o 2 X7 ' ) ) ' < o orcn @
gaunpiivechidesnd 24 Fhla el naeganysalieuiinsihluneasuauifivesonsiam

Tugsaty

< & = = = = ar = ol
A157997 6 gnsgareuwIuATIllunsfinvuiualydduaisiudaudsiuesssue@n

oy, v 13 L
EsuLsaevinulualalen

Quantity {phr)
Ingredients

MO M0.5 M1 M1.5 M2 M2.5
RSS 3 100 100 100 100 100 100
Zinc oxide 5 5 5 5 5 5
HNT 10 10 10 10 10 10
MPS 0 0.5 1 1.5 2 25
CBS 2 2 2 2 2 2
Sutfur 2 2 2 2 p 2

A o ar
A15790 7 drdumazinansuaueeiuansLal

Operations Time (min)
Mastication of rubber 1.0
Addition of zinc oxide 0.5
Addition of HNT* with MPS 3.0
Addition of CBS 1.0
Addition of sulfur 1.0
Total 6.5
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4.5 msfinwmaveinislélalduadieiudaudsiiulessiindainvioluausioauifvasens
535U

Tumsfnwudansfinweenily 2 whtedes Aeniaifiulaseiindada uasarsamuluiay
Tumsfinwmnisiuleseiindeinlusssssumiaduusseyieuluglaluiduasligns fuans
Tun3edl 8 nandeiniawauuuulariiausnuuined narafneines fgamgll 50 sarn
wariva aranalamed 60 seusioundl mwgUiinsiende (Al facton) Wiy 0.8 vesBunny
RN et FUMIHEN KaslamSHaLLARIIe 9 ndsenuauasAuusdugng
Boufesudr thonneammudildlunaasudnuaznistaniludsuiniaslefinesifiemen
VoiA LIAENesY (t,) Lasa NI TaRTIUG (toe) MMENINTFIU ASTM: D2084 theNABNNIILA
WiusUlaeldindessatiilgamagl 150°C snaniilévaseunnindesilefines wdwntugy
Govfosudr dervianludluduiigamgiedaitioond 24 vu. tielfenensgUauysaineuil

sihlunnasveiYannludraly

p31edi 8 gaaililumsAnunaresmstiluhduadisiudnusufilessiindrinseanifians

-y ﬂi 1 -« ar E]
sIsuTANLvieu luslaleiitiuarsiaiu

Ingredients Quantity (phr)
1 2 3 4
STR 5L 100 100 100 100
n0 5 5 5 5
HNT 10 10 10 10
MPS 1 1 1 1
lonic Liquid 0 1 3 5
CBS 2 2 2 2
Sulfur 2.0 20 2.0 2.0

o 6 ut w = =t 3 = o e
PITNN 9 ﬁ"lﬂﬁLLﬂ8.-’L'J?I'3ﬂ']'i'&i?fliﬁf’]\‘lﬂUﬁqﬁLﬂﬁﬂLuﬂqiﬂﬂU']Nﬂﬂﬂﬂﬂ?'ﬁlﬂﬂﬂqﬁuﬂLﬂﬂﬁuﬁﬂlLUi

Twfulesalindain
Ingredients Mixing time (Min)
STR 5L 1
MPS 0.5
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Ingredients Mixing time (Min)
Zn0 0.5
HNTs + IL 3
CBS 1
Sulphur 1
Total 7

msAnunihumsinumsliluduaieiudawshufumsdemuluausoauifivasen
ssnnaivieulualalmiiiuansdingy arsgarulaauilld lika TESPT APTES AEAPTMS
way VIMS Ssuiinaansgeulaauiilidnnalagldmsdrulaeunsaeinidnaunidanen
Fwinfu FliEmahiu 5 wWesduilaviminvesieunlusilalev Tnedenguuuuvesieun
TuslalevivasuinuvedimduaisSudauusiliauifvessnsnsumnusuasereiannludin
fgnannnsdinunaumiind dwewluslaleinuaufusrssssumdtesasfuuddu 9 Tu
Vinasiuanadamsneit 10 Muiniecumauutlaniiousiuumes wanafinaines tumaag
youipenan 50 gnuirsisuRiams wuievesuntidmmmguie fill factor WAy 0.8 Ammidh
Tawned 60 souroud eamgidldlunisuanauensfuamsieiivindu 110 sswadsd Fuihean
mavmasreuniiinldgamnivlulunsuassssumine 50 swnwadua iedesnslians
amuletauaursaifinujiterlearluedy (Sianization) fuvieunluslalevildssnineunnaw
Tudruvasdrdunasannasuanifniaed 11 lnsfidwmedugnifnuuieiosusnanensdss
qnnad Liesnngampiineluiemamaaiscusuunsfguiuly msnauduzduluedes
usnuuse o lierwinnisanetldudnsauasiusidlugnasouieeudy drersmeumn
usiidlunsdeudnuasnisTamludmeolniaslefinasitemameda nananesy (t,) wavan
n13¥anTlud (tog) ARSI ASTM: D2084 thenspaummudlutuzulneldindesdaiiig
gangdl 150°C munaniildvnaeunniaiosilefives ndwnduguFeuesuds thendamlug
Tuiufigamgiivieslsitiounin 24 gu. ieliinnsguaysaideuiinsirluneaeuesianiludg
sialy
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= o« o @ 1 oF ] QA
B3N 10 qmsmﬁumiﬁ nunavesns e luduadsSudnndsuduluauneaudien

e 1 ¢ o W
ﬁﬁiﬂﬁﬂﬁmﬁiqﬂﬂu']Iuﬁ'TIﬁl‘ﬂ%LﬁuﬁTﬁm?L@'lll

Ingredients Quantity (phr)
Control TESPT APTES AEAPTMS VTMS
STR 5L 100 100 100 100 100
Zn0 5 5 5 5 5
HNT 10 10 10 10 10
Sitane® - 0.5 0.4 04 0.3
MPS 1 1 1 1 1
CBS 2 2 2 2 2
Sulfur 2 2 2 2 2

wnewg: *Usinuansgaivlvaunldfwalagiiasgaulsauusasyliaiiduunydanand -

N

A L] at at = L7
#1577 11 drdfunaziiainisaangsiuaalilunsAneRarsInisitluunduadesusauwls

saffulaau
Ingredients Mixing time {(Min)
STR 5L 1
MPS 0.5
Zn0O 0.5
HNT + Silane 3
CBS 1
Sulphur 1
Total 7

mmagevgviamludusznauluimentamaaeumiamiendafisseza 100% way 300%
AIUAMUYUAIBUIIN AMANIALLNTSEAIUTIANILINATEIU ASTM: D 412 wasmudnuniu
HONTSENINAMBASEIU ASTM: D 524 uagdinseimmRleiduideuluvesnsiamludse
windindurisaaningalnd TuduvesmsesesiuuuasBoadiandn un mslnmsandi

\BanaTsneires Rubber Process Analyzer (RPA)
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4.6 MINAABUANUANNE
4.6.1 mylariilaiiuiudsuameduduaieularlvnduafieudauls seieses
WiauivTuaresudunsusaanlvsllnfines (FT-IR)
sunstsaaninsalntifumeadaiifinnumnduasivssdniamd miunsnimg
Haddululuanavesansiidaanisfine mAlareimiileiduredduaiedudaus Tnuns
widnulvhduadsiusaulsildannisdanseisswindeuduafounarlaenmiluaniiui
Lﬁ‘uaei'1aﬁﬂ%m'lu'[mtﬁ"aqmmmﬁuﬂ%mm 0.5 8¢ 1 n3u wdnhuiasesidaeedes FT-R Tugaa
1aUAAY 4000-400 cm-1 Tneldlvuna Attenuated Total Reflectance (ATR) wioi3sninunniia
ATRFTIR Safumaiinfildiineiansmegulafiiiurends soave vowdfavar was

LTS
LAUABUUNG

asm o |
4.6.2 nineaevUaLliRTanludmeiaes MOR
nveaevantinsianludesnaaeunsannsgiu ASTM: D2084-11 Fuvadeuiliudu
s ' : at ar =.: o] o L +
fhetenaneunmus wmin 3.5 i Junedeusvgnifiul ingampiiviesneunivadeu
manedeuIziiueInn1sieamaiintsvaasuit 150 sseiwaided Tdlaantmeadeu 20
T o ¥ = o= o § el
uil Inglsimaivelnlu-nduieim 0.5 aern fimnud 1.67 1Bind Woanmsnveadeuradeses
d¥ vy o & Y & , o
assuinely dduveaeulunnelivuaiu ndunadumeseu meuulziasuassnums
] [ L - L -4 2 [ w g i
d1e myinArasGutu Tneusnguuwtineysynaa toyafilnszuanalunnuduiussywing
o o . ' qrey = = P . .
w3edin (Torque) Autran (Time) (3unda Cure curve audfiniesu Ae uselinsga (Minimum
torque, M) uselingsgn (Maximum torque, M) 1Iadnesy (scorch time, ts;) 13878n (cure

time, Teop) HAZAMUANAITEMINUS UG sgmuassslndign ( My - M)

4.6.3 MSYIRABVANTRNNSAS

=i & pr| /o o ' o o
ATINIBUTUNAFD VLN VAR UAUURNTIINY "ﬂ55{9\3L‘fjuLLNHEJ’]\T'J@FIWlU‘UVlNﬂ'J'\&JWﬁ']

¥MIN 1.5 - 2 mm ﬁ'\mé’mﬂuﬁummugﬂﬁuma Die C 105§ ASTM 624 eaziivung
e 115 fadiuas 03 3+0.4 fnfuns Tuveasuyniussdesiammumnituinaianans
3 audamanans wiensdwunssesiSudurenisvedey \eRnmuszazn1sBnuesiy
VREoU

nsnedavarldind smadovaniRnisfiede (Tensile testing machine) nadauny

m‘\’ = 5 s =
uMsgI ASTM: D412-06ae2 IneBunadeuisgninduinduiniamadey unzgnidiindtuds
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< a = b

o ] = 3 s
500£5 UaaUmInoUIR ANYINTIAIA A LﬁﬂﬁﬂgﬂW58833ﬁ 100 waw 300 Lﬂﬂilﬁuﬂ Lﬁﬂﬁﬂﬁlu‘ﬂ"lﬂ

o o=

= o P du ki ! o
wayssazdaauvin thadaldludnnumauendadiseda 100 uar 300 wWedidud A

FumusBIIEa uavssinouuialaaltaunmsaaneluil

ASATUIN
1009% way 300% modulus (MPa) = F/A (1)

o - et d A A v ow &
Taedi F fle useildmsitszosiin 100 uay 300 % (N) was A fie RuAThAnTeBuvAFBUYMY

ilddia (mm?)

Tensile strength (MPa) = F/A (2)
= - alulvae a X A v ow - ey 2

Taedl F As wseiildiaansauaia (N) saz A fe Auiiwivneesduneaeusnsldlata (mm?)

Elongation at break (%) = [ L- Lﬂ)xwo (3)

0

of o | ' P Y A 1 1
Tneft L, Ao svgvvineseninaduifauuduneaeuidioBaauuin (cm) way L Fia seusvseninig

¥ el o~ e
LEUNIRUUTUVIaEBULeU (cm)

4.6.4 NMSNABUALAIUMIURBNSENYIA
MsnagBUALiIMNLReMIEnYInTe Il iunareuLuLLy (Angle) Mlsifisey
VINATRY AATFIU ASTM D 624 FarSeuaanususstaailudfimamunsening 1.5-2
mm deg1slunageu feiedes Tensometer #8M3INIIAY 500 mm/min AMNNIATFIY
ASTM: D412-06ae2 SufinAuseilvliufretrsdnn iedrludwuamanuiumuse

msdnam (Tear Strength, T)
T m{- @

= o 3 - Py
Toefl  F Ao auseiildlunisBnens () uae t fie Anuvuvestiunagay (mm)
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4.65 nsAnwdnvarn g uingdiendesgansimiBidnaseuvudainsin (Scanning
Electron Microscopy, SEM)

Humaessidnvarduguinevewounluslale TneAnwfuindaiiinns
uaniniernresiunnaevseTanldiiiumsnadeuauTRnuiuusientsie Sunadey
gruadauieturemesdneunagey e dansavauyszqlnihadalusswitnisnedey
Tagldhaseengiviiu 3,000 10,000 uas 30,000 i IitednwfsdnwasgUsne dnuawnsinie
Al iazdnuazmsmsnazanedivasietniuslaleiluavndenssssunnldswiuludua

Wedudnuusiararsgaiuluiay

4.6.6 nAnwRUTRIG w0
msfnmautimdmainvesiandssnsusnsssuriaiuusiievisuluailalevine
1AT09 D-RPA 3000 AMaM5§14 ASTM D6601 Gudunsvnaeusensiaaiuddunageugnei
gamail 150 ssrwaida poud 11850 wasyulawhiu 7 Weddud TngldinmnsTamludi
95 WWadiust (tee) HidvMMIVAdBUSIEIATeSlafimes mﬂﬁuaﬂqmmﬁaﬂﬂﬁmﬁu 100
aunaldea Iieveasuautidmaindiaudifentu Taevhnsuusamieden (Strain sweep)
Yiud 0.5-100 Wesdud Ardldanansimsieiisun uendaazan (Storage modulus, G’) ue
ndagaids (Loss modulus, G”) WeRnTaun1sming (Damping characterized) wWioununam
(an 8) uazArwannsalunnfindunsisorsenineiuaisdiiy IneRa1TaIINHAn1
sewinAnegdaavaniinnuiniendiuasuendaarauiininuiaienguse Payne effect Ty
gnnsadnnaldauannsii 5 dernves Payne effect ﬁqa%uuam’lﬁaﬁuﬁaé’umﬁ%ﬂ'ﬁzwjfla

ot 1] “y ﬂi
SRNUATINAUVIAREY

Payne effect (kPa) = G% - G’ (5)

§ ar A‘i = = 1
ilo G, Ae wendaazanfireiaaviieszeviingy 0.5 Weildud (kPa) was G';fe uerdaavay

fimnaaSuavsesveriingy 100 Wesidud (kPa)
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4.6.7 MIhATIEEAnLarnISAgvLYessIdiandaiunaiin Wide Angle X-Ray Scattering
(WAXS)
nsieswingRnssuntnananvasBavetnssuvifuasfandusznoulagldinada
i o o ot o=y i :J Uq” ot
WAXS 9rnuvaaiuinddulasaseudinnmenadu 0.138 uiluwns MH3unadougududivad
die C amuuasgiu ASTM D412 iudignfunisnagauninudiuniusionssi Junadeugniias
-:vl 2 @ dﬂ =5 i 1 & @ LY : 1 s o & a;
Anudureniastn lneszazvisswingunialanaduiuiuneasuinny 175.93 fadiuns
Iannsldndnlustuunledn (@-Bromobenzoic acid) WhitamnasguluntsuSusuninisia

= &t 1 ) ﬂl L2 Ad
gt}uwmm'imﬂwaamamqgnwiﬂﬂm'smmwﬁm CCD (Rayonix, LX170HS) niltum 170x85

{ ' o

-~ = Y <4 = g ] P - A =5 &
muediedums Juvedevssgniamunnenfidnsiingg 50 Jafunsseuit nsbaniay 20
fiaflmsaunseyieenena deussinrsmeidiondifuian 60 Junfiisvesiingusing q seau

£ 4
nsiiierdnvazinveteefonareisninanuduresgiiuunisiteiuuvesdiuiaue fu
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aruduvesgUwuunsidsiuwvesdiiluedugu (neude) lasssaunsifiandnvassiin ()
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‘Uﬂ\?ﬁ]']\'lﬂ'iuqmlﬂﬂ'lﬂﬁﬂﬂ'ﬁﬂ 6

X (%) = (AAC ) x 100 (6)
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Wi A, fD Funldnsmivesdufidundn (uszunu 120 wae 200) uaz A, 7B fuitldnTmues
1 A ar
dnmiiuedugiu
7] &l 1 ) = ﬂd Q’ o 1] oy ar
dwiuieswneulis Wemsidiendannssnveynalusiedn sianIinmesy

v

ar = 3 o @ @ b = = e =5 =
Sedivmevouviyuiussuuveseymaluiisgies munevesuinanssnulztuegiuyilavewan
3 Hﬁ ] = 2/ =% 4 1 a 1
Tuansusenautiy 9 Fearsusznevisasyilafizuuuulassairandniuansiiany wazsvosin
EMINSPUNUTDREMBINT d-spacing ARTUATY IREEUTSIAMNAMIIEBENTENTNTEUY

= ] & 3 3 . [ 4
veandnvioulusnlalevianauntsvesiusng (Bragg's equation) AsdunIsi 7
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44



| - ” w < - ' '
dle A fis arusmeduveseilendildainieses (0.154 mm) d fie ssezieszwingsyuiuyed

w@n (Vuszunu 001) uay U e yuvessdiondfinnnsenu

5. WANTNRAARILGEIITIR)
5.1 mslenginmygiliduretlehduafeiuinuusiematindunsusaaninsalall (FT-R)
mnnsduasilvduadadudaudsinul fifersenindluuduadeiunaylnevmiy
anflu (Uit 19) udnirdnfasildliessivmiflviFusemaiadursusaanningalnd 1d
awnefudsuansluzuil 15 Ima‘ﬁuaun'1'ﬁ@mﬂﬁuuasﬁ%mﬁqtamﬂguaqﬂlﬁﬁqmiwﬁ 12 970
anmnSunansnisganduieddunsusavesiaonmiuaniiu wukaunisgandufiiiaatdugs
(Strong band) Fafunsduuuiavesmylensenda (OH) Tisuvis 3314 crndaunaunsganiu
fifiaauidusau (Weak band) fidaunis 1658 em® iflun1sduuvuterasiuse N-H a0
sfszneuvesiefiunfgd (Tertiary amine) hazn1sduuuudnuesiusy C-N Aisuwinis 1080
em! Tususitawnafuvesluurduaiisu (RBOPS) uaslyurduaifisiudauys (MPS) wuin
Usnguavmsganduiindrofuiassannii 1w diumis 2922 cm™ uay 2852 cm® AR
msdunuuiiavesiiuss C-H vemyuifia (CHy) uaemjuriindu (-CH,-) Tnedunuubiaunsuas
BUUAIRIANEIRU uazsumts 721 cm way 719 em® Umingnisduuuusesiisuuulaas
(Rocking) yoaWuss C-H %'aLﬁueifma'm‘lsziﬂ'maw:gé'aﬁa'lunmlmﬁu (Bhargava et al., 2003)
vennilfmumsdunuusevasiuss C-H vemyiufiauuvauuiasiisumia 1379 cm™ 8
Usngiffitiaaadui uaswuuliauunesi 1450 cm™ Fedianuduunans
dmiuuaunisganduredlatiduaiviudauus (MPS) iuansrsninlv dusidadu
Faidinn (RBOPS) tu o ununnsganduning (Broad spectrum) Aiflaanaidiiga (Strong band)
Mmsdusuuiavennilonsania COH) Adwmia 3410 em? nsduwuuauemjmiveda (-
c=0) Tunguansusznouisludimumis 1630 cm™ vadlurduminiuiouys Tuvailvdug
WeSusainssnunsduuuBnvemmaisuedaiiiumic 1745 e snansdsvneuleainesiu
nsndielsd uenaniideusngfinddgyiiAnanasdusuuiavesiuss C-N lumylediu 7
dumiy 1064 cm™ Fawoumsganduwdnienndestumiilvifuiiieglulvdiafeiudauds

1’ 1 =y 192 o ] L3 = F IS ar ﬂl
Toun wiilonsenda nydafa wianivetia uaswyeiiu dwandugud 14
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0
R—C—0=—CH,
W
e
R—C—0—CH + 3HN
(lf | CH,CH,OH
R—C—0—CH,

CH,CH,OH

Triglyceride composed in  Diethanolamine
palm stearin

70°C 1 CH,ONa/CH,O0H

0 H,C-OH

II /CHJ.CHzOH ]
BR=C—NL_ + H?‘OH
CH,CH,0OH H,C=0H
Modified palm stearin Glycerol

JUN 14 UjAseuaiimievulunsinieuludrduaiioiudauys

(nawUasa1n Kumar and Alj,

2015)
Diethanolamine
|
1658
S RBDPS 3314 1080
@
(2]
=
g |
=
£ 719
2 |MPS 1745
(1]
g 7 AN ol S
3410 \ 1630 ’ 45501 3791064 721
2852
2922
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-)

d o ar - =l =
U 15 anaSiuusmamsganaussaounssavedlaevviuaiiy lvurduaifeiu (RBOPS) uazly

Urduapesuaauds (MPS)
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=§ [ af = ) ] dl A £ i o
199N 12 LLﬂUﬂ?iﬂﬂﬂauix‘la@U'ﬂi'}ﬁﬂLLE%L‘ﬁ)’ltﬁ‘lﬂu%tﬁ‘lﬁﬂﬁﬁ%ﬂu‘ﬂElﬂl‘ilﬂ"lali?{l,ﬂﬁfiutl,ﬁz

lavnauaieSudnuys Ruwde waz J93und, 2539; Merlic, 2000)

Wavenumbers (cm™?) Suggested assignments

2410, 3314 O-H stretch

2922, 2852 C-H stretch based on -CH, and CH,4
1745 C=0 stretch in ester

1658 N-H bend in secondary amine
1630 C=0 stretch in amide

1450, 1379 CHa bend

1080, 1064 C-N stretch in amine

721,719 CH, rocking

5.2 msanwnarastiinamnsiafuvisunluslalviseanifvew1953suYIR
5.2.1 autiinsTannlud

narealTunavisuiuailalest (Halloysite nanotubes, HNT) Asdnuwmznisiantud
wazautRmsamludvessusssurpfiivieuTuelaleviifuasidu uansisgud 16 uas
g3l 13 InnsneassmuimsiuUiinaesisunlualalnifiveviliioar  anesuuay
nanmsfamudvesndiunltiniuiu Tavinaanefsuasiarnstaniludfau 2.83 - 3.41
Wl wag 6.11 - 6.69 Wil A nsisturesaisdesinanmafivyluatuea (Silanol
uaz agiiuen (Aluminol) ilufnmeusnuesisulusilalevinsagaduansiausadiluluvie
uluaialan (smail et al., 2011; Du et al., 2008) dwalvsoddinauiuielinistandlud
(Rowesiuauysal

amesniign (M) Sunliufsdunuuiuavieunlusilaled nsiauSinavionly
gilalevirvilinrumilnvesw iy AmeinsdhaaiirawduiuslnensatunumiaiEud
w897 (Manna et al., 1999) Ameingegn (V) tesensiiuuslinfuduguienfudmase
vesngegariudngn (My-M) Feilruduiusfummundiiintulusasiafiv B inamesisuly

gnabon
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Tordgue {dN.m)
& o o

(<L)

=5 phr

P St L T L T T TN
......
.

.

—10 phr

= = 7.5 phr

- o '
U9 16 navssuSunameunluailalevilueasss

@

nyiaenludfigamail 150°C

5

10

Time (min)

15

20

uERineAUdUNUS TN A TNAULIEY

nl U I; t 1 1 L 6
pINAl 13 Ameinagn (M) Awedingegn (M) Amasimeingagaiuaign (M-My) 1anan

a3% (Scorch time, ) yaamn1sTantiud (Cure time, toy) #as AuiinsTamludveswnassuyid

A -1 at o
fviauntualaleiiuansiiu

M, My MM ts1 Teso CRI
Compound .
(dN.m) | (dN.m) | (dN.m) | (min) | (min) | (min™)
HNT 0 0.68 7.41 6.73 2.83 6.11 30.49
HNT 2.5 0.81 7.57 6.76 2.99 587 34.72
HNT 5 0.85 7.98 7.13 312 6.23 32.15
HNT 7.5 .87 8.20 7.33 3.30 6.57 30.58
HNT 10 0.90 8.26 7.36 341 6.69 30.49

5.2.2 duisaena

ar w ] . oy ala 1
AHAUTuSsEUTA AU (Stress) kagAULATen (Strain) Y9893 THTIRNIIBNY

Tuglaleifuansifuuansiaguil 17 903y sviulaeemadufuiiuiiesyesnsingy
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1 & 2 3 t:vi o oy 1 n' 4'; & 1 ) s-}ly 278 =2
vawisulualalevidsnalmauaunssestatiae199 thRuTy Jerimneg filsanaudanisas

LARIRINNTIN 14

35
30 4 — phr eeeeee 2.5 phr ,
mme=Sphr — = 7.5phr "-
25 f
w = . =10 phr
[ ]
S 20
h
g 15 -
&
10 4
5
o e T T T
0 200 400 600 800

Strain (%)
2 v @ ¢ ' ' [ = P ¢ o
E‘UVI 17 ﬂ?ﬂﬂaﬂlwuﬁi:ﬁﬂ’ﬂ\%ﬂ’ﬂuLﬂ‘IJE.Lﬁ:;‘ﬂ'lﬂmﬂiﬂmffNEJﬂﬁﬁiiﬂﬂﬂﬁWN%ﬂuﬂuﬂ'ﬂ:ﬁlﬁﬂE.‘t.fu’d"ﬁ
AAF

A 1 = 1 bl A = ar
AR 14 AMUAIUNIUADUTIAG SEE5ERIUTIA PIlBRaaNIBELEn 100% uay 300% uasayu

. acta b & o YIS
MILETULTY TasENIssTUTRRviB lualaleviiuarsidiu

Tensile Elongation at Modulus (MPa)
Compound strength break M300/M100
(MPa) (%) 100% | 300%
HNT O 2492 + 0.80 739 + 20.14 0.75 1.78 2.36
HNT 2.5 27.14 + 0.32 732 + 26.63 0.76 1.80 237
HNT 5 28.18 + 0.68 732 £ 33.83 0.83 1.96 2.37
HNT 7.5 28.28 + 0.67 717 + 31,16 0.83 1.95 2.35
HNT 10 27.64 + 0.79 712 = 27.41 0.88 1.99 2.28
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P i 3 o @ o= o o L4
nguil 18 wuinmsldieulugnlales Huanssdalueissssuyfintiaudum
sousiiawawnsity nslivieuiluanlalevi 5 phr dewalvidmrudiuniisussiegegn (28.18
z A’ = = A Ll ¥ ar = )
MPa) BaiAnannsiauuseiiiatuluens Tasthadvlunsatuussesieunlualaleilugns
= e ar : 1 - = = d
5350978 BRINdnwazgUsweisuluslaleviilluviensenszuenuaslivuineyaavien
d” dg a o o ar sy . . o P =] ;l)
nnBeifuiifagetilfifindunsAlsmmententw (Physical Interaction) fiugeldd uenani
u ot ] o ot v i ' o o <y
Tassadanaaiveweunluslaleifiuseneulusemyluaenieunasmyagiivealuulmnamll
| @ Qs o= e = 0 lhg L] 1 L3 o el 1
Fonn defleufuansiipuianmisiliuiveweulugilaleiflanmithiuldivensennng
o w1 \ Yoo = X A : ¢ ar o
mndedudinamdmalimAnmsadansdundidnntudieliveniuslalaitiuarsdafiilume
s 13 d l-=‘ £ E) = ] t & o 1
svsueR waslaiBnamewieuluslalevinniuludwalivieunlualaleiiianmssaungy
fiu (Agelomeration) danalvinisdsinumnndusswinsensiuviowniueilalevidesas auifany

FIUNHABLSIRIRanas

35 790
a Tensile Strength

30 {1 #Elongation at break __ - 770
E 25 | - 750
£
oLu
5 20 - 730
c
=
B 15 - 710
2
2
o 10 - - 690
|—

5 - - 670

0 : Y 650

0 25 5 7.5 10
HNT Contenis (phr)

= @l W v E & LY 1 =4 =
JUn 18 aduiussyrinedTinavieuluanlalevinara s UN TUADL TS STEZEAIUUIR

=y -=| b 13 aQt =y
yasenasTsuniniiviow luslaleviduan s

=
sUW

o

- el ] L3 W o ' ] Y <
gasTsuiniMeunluaaleiiduasidin ainmmeaeanuinaegpassezga 100% tas

19 wansnavealinuvieuniuelalevdevendafiszasia 100% way 300% ve9

v e S 1 I3 o A a o
300% Swlthnuaufisadntes viewluslaleiduianiuds maduadulusesssuming
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HNT Contents (phr)
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Hardness (Shore A)
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P ar = . . ] v er b '
U 21 wansilnnsiaduuss (Reinforcement index) Auallnandndussvitue
@l d ar L. L | = oo d d}
adaniszazdn 300% fu 100% wuidvdmsidiauswsweithifiansouias HiBsandinig

T Bunavevisuilualalevidlduniuly
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1.00 -
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0.00 . :
0 25 5 7.5 10
HNT Contents (phr)
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Fviountuglaleviiuansidy
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» ! - Py Y : =t a4 4 . ) ¢
FumuienI1sEnuIaRty uasAmusuudentsanvaezatiilouTnasieuiluelaley
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5.2.3 mydwmsimiiaidumemalindunsusamuningalad (FT-IR)
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% Transmittance

B
3620
3686

——HNTO0

——HNTS
-HNT 10

—— Raw HNT

1003

Lt 1 ] T L T .2 T i} T ) 1 it T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
ci o = 1 L3 n-:ld 1 & @ ar =
U7 23 anasudunsavewieuluela levivazensssusianivieun ualaleviduanssen

v

fdumlasaunan 4000 — 500 cm™

o

2

S

ol

Q

c

=

—

5

e | —HNTO

© | —HNT5

= | —HNT10
——Raw HNT

: 10(.)3 ; ==
1500 1000 500
Wavenumber (cm-1)

i a = 1 qc‘d 1 s -
U7 24 awnassunsavevieuiuailalevinazenssssumaniivieunuanlaleiiluansiaiu

=qp_ el

uVLaYAAY 1500 — 500 cm?
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Wavenumbers cm’™ Assignments

3620, 3696, 3660 Inner-surface O-H stretching vibrations and in-phase and out-of-

phase stretching vibrations

3560 Interlayer water O-H vibration
1033 Skeleton Si-O stretching vibration (Si-O-Si, O-Si-0)
913 inner O-H deformation vibrations
794, 754, 689 Si-O symmetric and perpendicular stretching vibrations or O-H
(Al-OH) translational vibrations
538 Si-O-Al deformation vibrations
470, 432 Si-0-5t and Si-O deformation vibrations

Mamyiaszimiiteiduitiegluviounluslalen (Raw HNT) Usngfinfisumis 3696
cm Fudunsdunuuiinvemylansenda (OH) fufiamelusswinsfuvesiouTuslaley
Tunaizifinfidumia 3620 uar 913 cm™ WumsduwuuBauasnisdunuuiinguueswy OH e
meluvievasviourluslales uenaniornssdiiinglenseniaveniregssuirduowmouly
glalevifumifuiafuansiimifndudndosiiiumis 3560 cm™ msdunuuBnvesiussszning
Faneufiusandiau (Si-0) waaslitiudmyleasnivu (Siloxane, Si-0-5) Ffuineuenvevie
uluglaleideusngReliiuiidumis 1033 cm™® WuiReafufudums 470 uay 432 cm
FiRnanmsdunuuiingvemy S-0-Si was -0 wasnmseasudauandiiuimieglives
(ALOH) Feouinnveunasvamsutuslalavioniniiusngaseiuma 689 cm™ et
vsTurAnivenuslaleinninnedt wuihfagdassneutingRafivhumindefuiui
Urngluvieuluelaleyt uansliiiuintagdaissnaudnaridutagidvieunluelaleidu

e’ o 3 ¥ 24 = =t Py A=.f’ -‘-" ] ¢ oo Ag
AVINIAUGU mﬁm’mmmmrm@ﬂnau%mwmwmumaﬂ%mmamauﬂus‘ﬂaﬁumwwu

5.2.4 auURTamnan

s

JUT 25 uanawavesliuanieunluelalevisiensgdaasanvessnssrurianiiviowly
[3 ar - = ar 1 2 o QI S o o o o o ,;’
ﬁﬂﬁlﬁﬂtﬁﬂﬂ’ﬁﬂ’lmﬁl luswideilavinsnegevandfdwainfiuasuuday Wevinligu

at I =t = P n’e’ o ¥ o e -=,{ o b ar
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HNT contents (phr)
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alalaviiduansiiu

5.2.5 anWaENIedugIuINg,

U7 27 wansmavesUFunaviaunluelalevidenisideunvesisdiond (XRD) veden

addal 1 ¢ o) @ o & ' 3
sysuRnivieuluglaleiiuarsdfiu annsnegeunisthieiuuvesieuilualalev (Raw

w o oA 1 o ol

HNT) Usingiindrdgydiunidafiaiya 20 Yseana 11.8° Wunavesnisidenvuidiendves
Tassadrandnvesieuntuelaleivuszunu (001) Fauandbiviuivieulualaluvidulvgegly
sUuuresilansn (Dehydrated form) wiefiteiiundt wnienlalevi (Meta Halloysite vi®
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& @ « P A Ao ' . '
@enwuesisdienduasmdnuuszuiu (002) Musingiiadishumus 24.5° (Ismail, 2009) Wedaunn
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o Ao [ 1 3 a & oA a 1 ¢ o & [ A ar =l [}
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28 nmsinymuiessssuvanlildldvenualaluisunngdnuaemdognily T
Snvasmadagninenuasulasiesinafimieuilugilaled (ggui 29) Taewuiwieunlu
gilalovinldiizusradunsainssuen auemvewieiivunadunsnszarefegluaminduesens
msnszanefvesiouiluslalevintudloviunailldedit 5 phr vdsniieunluslalavies
WAN1333uNguAN (Agglomeration) L“fjumﬁlwaﬁﬁﬁ'syﬁv'h'lﬁﬂmuﬁmmwianﬁﬁaLtaam'm
FuvnusiemsEnuareteNana TiinsnszeRuaznsTunguuenteutuglaleviaiun

asurelndrladnetuanlumanisnszaemvesiaulusilales
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100pm WD= 60mm EHT=1000kY  Signal A=SE2
I = | Date :15 Nov 2016 'r'me-ims-fn

'511% 28 anﬂmvmaammmwmmmawma 150 m'\ﬁummqaiimqmﬂuuwauﬂuaﬂa‘bﬁwL‘Uu

ANSHILAN
H2.5

—10 pm— D —10 pm—
PSU 2464 { PSU-2464

5 pym

M —1lpym— mag [
20020 % 59 mm PSU-2464 |30 000 x 7.2 mm 51)-246¢ 00 % PSU-2464

'i‘LlVl 29 amﬁm'mmwmawma 3,000 10,000 waz 30,000 Wi ‘UEIﬂﬂﬂﬂﬁi‘iﬁ“ﬂ'\ﬂﬂuﬂﬂuﬂuﬂ'ﬂﬁ

lavifiuzunae 2.5 5 uas 10 phr
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2.6 USinaumanuasnsiianan
MaesensiAnnEnvaLE avesnanmsnadeulagldiveiinnsnszitavesdidiond
. . -y 1 g 1 - A =
(Wide angle X-ray scattering, WAXs) navesuSunamiouniuglalevidentsiianinfisseviia

=

Py ¢ o A 2 @ =
400% vestnsTIHTATEMouTuslalniluasiufuuandbiiiudagun 30

(A)

120 ——HO
200 ——H25

Intensity

8 12 16 20 24
20 (degree)
(B) (©) (D)

= o € ' v o5 w o d o )
EUV] 30 ﬂ'JWSJﬁNWUﬁ‘iSWJ’IQﬂ'J'13.1L“UﬁmﬂlLﬂ:‘:ﬂ.jilﬂ'l‘iLaEJ’]LUU"U’eNﬂaLﬂﬂ‘ii (A) ATMNNTINANANTVBD

gaitlsifinmaduvieuiuelaleyt (B) wazdiuiiudainm 5 (C) wag 10 phr (0): Badiegng 400%

AL a = ada o o X
mﬂg‘d%L‘wu‘lm'lﬁ%m’lmﬂ'l‘il,nﬂwan“lla\‘lEl’1dﬁiim‘ﬁﬂm%uﬂauﬂuﬁﬂﬁi‘ﬁwuuqu%umu

E o o o ' 1w o [l 1
USina yiidanaldanfinfiusngassinumia 20 winfu 12 - 12.5 uaziumi 20 winiiu 18
5 P =lr) 1 L3 o o 2/ o ot '
uumquumuﬂ?umeauﬂuaﬂa‘lw Lll’El‘u']Nﬂﬂ’li‘ﬂﬂaﬁﬂu'}ﬁi’lﬂﬂﬁ'lﬂﬂ'ﬂﬁ.lﬂﬂlwué’iﬁ‘w}’lﬂ

1y A w A W o ! v -1 I o
ATNNIUTDINAYITEUIU 200 AUTTESEAATINNU ﬂ\igﬂ'ﬂ 31 WUAUAVUVBINAUULNNYUBE TUNUY

a4 o

¥ as di ¥ 1 qni 1 3 s = =
Atastessaviadiuty wandiidiuin  enssssueniniviewiualaleiiuasiifinanunsomna

o A & X = 2 & o X ' X o
wanilenstanel  VsunamesdntudindunnuuTinavesieuniugilalen  wenanildedania
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dunalsanammsifanen dauanduguyn nanferudiveansiiardndaaunntuniy

USunae@aniinyu
500% stretching——
=
% 400% stretching—|
E 300% stretching\
. 1 . 1 ¥ I %
160 170 180 190 200

Azimuthal angle, @
o @ o & i = a = 4:‘ = L2
3UN 31 ANudEiugIsrIneIduinnsinudniszasia 300% 400% Wag 500% fuyunns

& v o d o ada ¢ '
LaEJ"JLUu‘U'EN‘S\?ﬁL@ﬂ‘ﬂ’ﬂﬂﬂEJ"I\'lﬁiiﬁﬁf’lWVlﬂJVlE]u'lIuﬂ'ﬂ:ﬁl‘ﬁﬂﬂﬂ%ﬁ.l'lmmq\‘l"'f

we a -4:1;2’ ada 1 ¢ o LT Y s
AuURTnanfTuveIw1esITuTdnivieulualaleviiduaisifuinanuateUave

v ar ] {74 1 1 £ 73 as 1 as ﬂld 1 1 173 Aﬂ'd
MmNy dinalvisnsguisadsriussanuludmauiluanlalenluseaung nsaanIuLsLAUNRA
[ o 27 1 4 ar ¥ - = d .
Wuanngyiliieunluanlaleivansunumddysienginssunisnnuiniilednvesens (Strain
. . . a @ o oY d g o d oa
induced crystallization) englalaanaresainn1sinaeadialalsty mInnaaniiednvese
=t =y é’ d’ = é 5 d” = Qs s 1
Fufnduisreziinniad Mala1u150M915uLA1NNTINAUAURNUSTENINAIULANLAY

W P ¥ a o W @ MY a v a
AMILASEARZUR 17 uendniinginssunsanuandsaninsadudulannmyiinneimemaiia
o a @ a P o . .
'mn'ﬁnmwuamamnﬂﬁmgum’m (Wide Angle X-Ray Scattering, WAXS)

o = = o o a e'!’ = [ 2 a

UM 32 9nnsiassitsunamdniiavunsyayinsiieg utiulgInsiuUS D9
' ' | ') ada ¢ & ¥ a = = o P
vieulusaneaulufazdwmaltenssssuandniivieuluanaleviiluansiiy Jusunaunaniissin
' A & W a = =i a0 ' a ' ' f
99 Wt auisdsennsafinndntanszesiniindt esnnvsuilugtalevitidndislunig
neliiianan (Crystallized point) vhlvieneldluanavesenssssumdanunsadasasiegiaiu
= 2 - A b @ o ' Pl 2 ' =t

suitaulau1INSITU YIF0nAABINUNAYIAIUATUNIURBLTIAILALANNATUNIUABNITANYIN

-addl & o o o 1 [ = = n‘; L2 @
Ya4895ssUANIieun luslaleviiluasiiiy agnelsnnuysunamanuulynalunisnauny
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= = 1 f-:: n'j n'(’ - =J a ] 2 -l | A'; o
ileusinasioulugnlalsi 10 phr isiimsidasdninniiuludmaliediszozdniivnas vl
=l wa o ¥ é’ a J = ] & @
grailautAsnamanas uenvniin1siAnnissaungy (Agglomeration) vesrieunluglaleviiu
= at & o L4 /e ar 1 2 Ly o a ait' ] '
3ntledevisiidwmailiauiigenanidesas anlananaeduussiiintusswinsieunlueila

lavilugnasssuend dauanalugy 33

35
+ HNTO
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c
= « HNT10.0
[ 20 -
B
o 15 -
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o
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= @ o & 1 ar o =2 W € @ 13 = ada
E‘U‘VI 32 ﬂ')"lﬂJﬁ!JWUﬁ’i%‘lﬂTN‘i%ﬂ‘Uﬂ’]'iLﬂf”lNﬁﬂﬂ‘UL‘Uﬂ‘iL‘HUWﬂ'ﬁNﬂE‘U‘UENE!"I\‘lﬁ'i‘iil“ﬂ']ﬁl‘lﬂll?l’t]u'liu
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Tightlyimmobilized rubber
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nmsAnsnssUinalahduaieiuiauysluTaglassneuvenessmnay
' & ' o ' ol v aren oy ded  var a

viewlugilalesivie wud1 Usunamieunluelalevift 1 phr WauddiBnanfuniagiselseney

' = = @ v o [ [ v ow L ] - 1
stdlsimalunsfnuiluindedely Wunsfnwanminfilduswineussrfasviouiu

= = = ol L | 1 cal = P
alalwvininmsdnlvduadeudinuls §iTodenldvienluslaleifiviinm 10 phr BN

= 1 d. Ll A’ } 1 L= 1 at J L

mstdunameunlualalevifiuiunad dwaliiouluelaledifanissunguiuAeutiegs
at 5 ey ot ¥ = L2 vel - b i of o '
iy fAsurainmasuanidaiuldiuiinadingm anunsafiurantmaasiidaaund

= L) ‘el =
nsdanldviounluailalevifiuZsnm 5 phr

5.3 miﬁmsnma*uaaﬂ%mm‘lenmémLﬁeﬁué’muﬂ’s@ieauﬂ'ﬁa'Nﬁssumﬁﬁﬁﬁauﬂuaﬂalﬂuﬁﬁ}ua'rs
finin
5.3.1 auvRnmstamlud

navsnSunalanduaifiesuinulsdesnunemstantiud wavauiBnisianiludues
faﬁp,%miznava'mﬁ's'imj"e%‘mawiauﬂuaﬂalmﬁuﬁmQﬁagﬁﬁ 34-36 Wa¥INTBYAAINETIUWT
wansrTdlumsait 16 TInmsvimasaudt naiingSunadluinduadieSudnuystinariilriog
anetiasanisiarludueteianag dumaliruisnsnsTamludiiindu N1TAARITBAIATI
asaAnaneUssnesuteseiululiduaisiusaws Juedluluua (Alkaline) Tedenals
pH Tugrsmreumnudiianiintu Insdnilvgiudann pH fvdulugneposmaug szsilisng
nsYamludianfuty (Stephens, 1987) Fath msuURnadlvUduaiiEdusaus Fasne
TSRS naEsUssneuieiiutiy dmalinaanevuasiaimanludueseianas uazdvdl
Snsmstaniludivssansnmnniu Taevilunisiansiage Ces Sufiuansiissngudaiiun
lasm (Sulphenamide) Ussneulugheduilidiuloailva (Thiazole) vide MBT uavaruiuieii
vIolud ﬁ'rir?i";nLéanzjuifiﬁuaﬂsﬁaxéeﬂﬁﬁ“sﬂﬁ'am‘lwﬁﬁﬁﬂﬁﬁ%m%”u (Delayed action) 39l¥i7an
anevuaamMyTaniudfiem ans 28gvie, 2528) athdlsfin ﬁmgﬂﬁ 35 QELALILIEN
ANBTEULNN AIATIENIFALe CBS umnd i MBT wasivaeenuniniuly g9 MBT usaly
neldAansTamlud u,asma'«asﬁjuﬁqnszﬁu‘[ﬁaﬁﬁaL'i'eﬁ'mu'l,@”nﬁ';%’u fafunaanevuaziae

nsTaentuddeduningasneiluily ces Wumsiusdunistamlug
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UM 34 s sswinsimeinfunamsaaluduessnadaseneuihifivavillvdua

o e [ =y v oo L2
wesuduasaSuanmdniula

6 90.00
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MPS content {phr)
= « I3 o o oa ' @ I3 W o ar
U1 35 navesUinalvduadiudaulsnenananay namsiamlud wazarilonsinsa

= A s DL ar -y
mludvsenssssusandivieuluslateriBuansiusiy
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Uwﬁumﬁﬁuﬁlé}’mnnszmumsné’uﬁ'ﬂﬁumén?ﬁ‘qﬁé’ﬂwmwwmamwr«qé’w"ﬁﬁy\a (Wax) wa
drsiuuaduiinataslunisuusgy (Plasticizing) wagn1Ivasau (Lubricating) Tusns (Barlow,
1993) dswalvimnsdimuvileanasdiofBunailvhdumisiudnws Tuwnuzdinasinmeinggn
ﬁw‘i"iegm (Mg-MO %aﬁmmé‘i‘uﬁuéﬁ’vﬂ%mmﬁuﬁsL%aﬂmﬁaﬂaa'luamﬁmﬁuﬂ%mmmh
UnduensoTusnus

12

= Min. torgue = Max. torgue Delta torque
10

i

Torque (dN.m}
1]

4
2
0 3 T
0 0.5 1.0 1.5
MPS content {phr)

A i = ol 1 1 l', 1 1 U 3
U7 36 naresUiinailviduadisiufauusriermesniign AmeinguEn LavHARITEUITIR)

U

4 A 1 & ar o
nednupwsTsLTRRTviewluslaleviiluasn i

ﬂ' arss o ﬁﬁ; 1 at e dl
a9 16 amummﬂam‘lus&mmm&ﬁﬁumwﬁwauﬂuaﬂa’l.mﬁﬂumimmu Sloldlaurdua

o o 3 A = 1
mgFusnudsnuasnums 9

MPS CRI
M, My MM tsy teoo 1
content (min™)
(dN.m) (dN.m}) (dN.m}) {min) {min)
(phr)
0 1.05 9.62 8.57 1.04 2.66 61.73
0.5 0.99 958 8.59 0.90 2.42 65.79
1 1.00 2.03 8.03 0.69 202 75.19
1.5 1.05 9.22 8.17 0.58 1.91 75.19
2 1.02 8.97 7.95 0.45 1.71 79.37
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MPS CRI
M, My My-Mc 151 teoo

content (min™)
(dN.m) (dN.m) (dN.m) (min) (min)

(phr)

2.5 1.01 8.92 791 0.47 1.03 79.37

5.3.2 @UUANIIAY

(3 Y a

2n3UR 37-39 wansnavadlaldafisudauusrdeantinauduniusdeusans
anansalunsEnTuTIn wendaisveziingl 100% uay 300% e 9sTTITATIvieUITY
glaleviluansdusiu LLaL’ﬁl'lﬂ‘f}'ﬂﬂalﬁﬁ‘xﬂﬂ’ﬁ"l’m’lu’l’iﬂﬂqﬂlﬁﬁﬂWl‘i'l\fl‘ﬁl 17 wut wendaiszevin
35U 100% Waz 300% 'Luqmﬁ'l%’viauﬂuaﬂa‘lmﬁﬁﬁ1Lﬁn§fu°lu°ﬁ’nu.'sn uazanauilalfinUiuaily
UduaiigSudauusnnndn 1 phr dsdenufiumusisusadeitifemadieiu Insanuaum
soussRsiianiutugegaiinisldlorduaifieiudauds 1 phr wavaadoifiuUiinaluudua
esustauusainniy mmﬁu%wmamﬁ'ﬁﬁﬁmaL"f}umamm1n1maqaﬂaﬂw’}éuﬁtﬁﬁuﬁﬂLLﬂiﬁﬁ
SnuMBIANIY aailnsaiaiusznoulumeaneidlalnsanfuenlsifita (Non-polar hydrocarbon
chain) Geanunsaiiadunsisentuluianasnssssuriinuusuuaeiad (Van der Waals forces)
visaussBaumienseninsluana Tuwmsﬁﬂyjﬂmaﬁﬂﬂgﬁ (Polar terminal group) @MMNTONANUGY
lalasiuiuinviewiluslaleviiwmylvasniou (Siloxane, Si-0-S) wjlwaiuea (Sitanol, Si-O-
Si) waznyjergiiuea (Aluminol, AL-OH) ﬁ'\&mm‘i’lamﬁuam'lugﬂﬁ 40 denalanudniula
sywinensrmiuasieuiluealeidaanniy dsingnisalildatlibieuluelalevifinns
wasaussluendldn dlmnudumuseussisiidngstiu fwaeandoafumsiiassiviinandn
anwaliamsnsdesieiiend WAXS) luidereuniin TasTaqisznevanunsannndn
Wnniudleduusinalauduaiieiuiaus wikavemdniunniulunduiliauifidng
anas fﬁ'uﬂumﬁ!waﬁﬁﬂﬁmmﬁ"lumupiamqﬁqaﬂmLﬁﬂlﬂﬂﬂﬂéuatﬁﬁuﬁﬂu‘dsmﬂm’n 1 phr
dmumuannsalunstaaumnuesens wuitlddnssiuduiunenia Wesnuegdauentia
udaunss (Stiffness) 183874 Wlemmufrumusieusaegs mBantu (Elastic) vowah

anad dealsiauanusaluntssavesesanaslumae
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5.3.3 gulniganan

nantsnaasdlusesssuRniveuuelaleviluansiudu lnsudsluurduaigiude
wUsTUTImAe 9 naneegud 41-42 wazansned 18 wui sendaasaniiagafisedy
AnuEseann sufiunaannisiinsunsiseseninsansiadudulladedadny (Donnet, 1998;
Pattanawanidchai, 2004) Inafisesunnaians 4 mgmmawiamium‘la‘leuﬁﬂ’qmaq’lﬂé'ﬁu

Poar 1 @ . . vl = [ =
wazinwnguiudulaseiravesasdandu (Filler network) uwrlilatfiusysumnanionlvigady

| ' ) ¢ g @ o 4ras a =S ¢ at =
Tasssmtnevewiewtluanlalesiifesgrvinate vinlviandszneviinwenadavauanal 99

t

=,

o o a o @ - " \ A o 3
udsngansaiilunietuluTasidladanafin (Viscoelastic) uaziliamuinm Payne effect
i 1 (.’ A L] L) L nl H‘J A ]
WU Payne effect amassiaaiiuinalatrduaiieiusiauys 1 phr uasiadiudiouSunaly
¢ @ o oar o Ag o 3 ) ar F LY an 1 ]
Udaadissusmuusisty Wesnnnsldlennduaiisuinuusdrsandunsidensewinsvisunly
=t A 1 1 =t 1 -7} = i 1
galovinnniiusBnminisswineymeuuuseu 9 fedwmalidunsiteseninwimasme
tdc‘l’ A gt U 4 1 -t 1 =l
wiluslalevintu Ssaanndasiuaudfdenaiiny uasludeudlamduetnaiin nisldlvudua
o A e HERY o 1 aada ¢ o v = | o ]
Wesusauustulialuduindessssuriniveuivelaleiiluasigy egrslsinm
T - N s w ] &
Payne effect induiindiuiiiawinlavrduaideudaudsunnat 1 phr Wy analuwmazly
£ =t = ot A Ly o Ny =,
Unduaisusauysifuaslnanadniifinnniulalassssuend shildeaiiamuiudaradn
. & o wt o - o X i o 9 v
(Elastic) 1nu daalionsfianuannsalunisiadsulu (Mobility) 1ty Faluanvgiviili
viewluglalevillonelunisnduninenguiu lnefinvsldvieulusnlaluviliie Payne effect
LY i ] ar 4 A ar L .o i Lren 1
seuniwisuilualalwinuuuiuanmiafenia ilewinmativanmiiwenindamaliitave
uluslaleifirnieshinnfukasiisnnsimengusiufuvesieuiuelaled ilvuesds
avaunwldnRngilussiuiesauiinguinnanasetnenn dwalyi Payne effect fifnanntiuies
¥ o 1 | o v & o w . 4
yeneniiganuin nimiiegdariuusuiuailvuduaisdufaudvesnisidvieunluelaledi
' v o P o 1 ¢ o = oow o o
AnillndiAsaiy (37 41) lusmzivieunlusnlaleiuuutivanmilimaniauaningmuagaay
1 [ ] s J <y aoF A + ﬂ. i o)
unnsinaueeetmmudleldluuduadsSudnuusfivdinasiie 4 (U 42) Wesninmsdiuanw
fenvesdamansznumedanlifurieunluglaled ndnfeensninarundemeseviewiy
glalavinauly flomsudunmensaildienududunnfuluvieldialunsdivanmw
) a - ar o W a L ] &l ) - -
AunwAnly 3nviansuiuanmiasmensadidaalifiavieuiluelalevitinnududauiniu

i I}g dlq [r=1 1 g = n' - 1 ar =Y a‘!’
Awaldfuiinlmifiateshinnau JafalennadlumsiislaisieveETRiRNINTY
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Payne effect (kPa)
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lzi = £ o i ) - A 1
5Ud 42 mavesFunilvuduaifiesudnudinenn Payne effect Yo esINY AN vieuluala

leinaznuuutvanminsensaduansaiiu

A AAJ 1] @l o
#1319 18 Payne effect (kPa) A8987955TUTRTEMou U levikaswuuuuanwimenIa

oF = &l = at ni ]
Whanssrady e ldlvurduadieusnudsindSunamieg

MPS content (phr)

Payne effect (kPa)

0

190.57

0.5

120.70
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d 3 ol o aF 1 1 ﬂﬁi ’
JUit 42 navesUnallvunduaiiciudaudssenn Payne effect vaegwsTsimafiiiviouluaila

LevinaznuuiSuanwiadenIaluaseiy

cj nn‘ ] or o
a157991 18 Payne effect (kPa) vadgssssurindvisuniugnialevivaziuudiuanmionignsn

w = o S e w =t '
Wuansiin deldlvuduaiesudnwdsnuiunmnmieeg
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MPS content (phr) Payne effect (kPa)
1.0 113.30
1.5 153.31
2.0 160.00
25 167.91

5.3.4 anvaignnadugiven

n13nszareivesviewiluglalevianuisadnseilaandnvasnisdugiuing e
1384 SEM 99001 SEM Tugudl 43 aziuimslilvunduaifieudnuusdaelinianszateves
viewnluslaleiluwmindensitu nsnszareiituuenainnsindunsisefinuda nisiily
Unduafiesudinulsiidnuasmamenimadietie (Wax) Sadudwddiidiefinuszsansam

snsEeslvinuvieunlualalesilueng

- b ) c ; d
H ar =3 cl L. 1 L7 - a:]q
gﬂ‘w 43 gugnuvigniasvee 10,000 uag 30,000 N manaqujaﬂssnawadmaﬁﬁwﬂwu

viouluslaleviduarsiauda Tneuusuinalvuduadesudaudsi (a) 0 phr (b) 0.5 phr (c) 1
phr wag (d) 2.5 phr

nnsinnswUsUTInalvduadeTudaudsTudagdausenauresesmessuyias

1 3 I.:: 1 =y v QI d 1 as - ar 5 o = 2/
vieulualaleyivia wudn Usana 1 phr asd@dananiunianieuseneu dai idedudenld
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lathduafisiuiauusuianm 1 phrdussiaduaamdhiuldluiandassnavsnsssuity

mavnaamitadnly

5.4 nsAnwraTeImsitlrdduaisiudandshuiuleselindainveauTRvewnesssuyAng
viowluanlaleviJuansiuiu
5.4.1 audRnsYamlud
naveIn1sidlauduaieiudaudssnivleselindmindeaud@nisiantludveei
aas 1 « a ) o o] i
synmdndvieuluglaleviduansdiiu uansiaguil 44 uaga1snall 19 anmsveasawuil
=y -y - 13 [ 220 1 A A Q‘ ¥ g 4 -y, g;:
nsldloestindmindanayilvan ts, Litudeuudas Tuvaed to, WnTL Vellonainainaninia
o) A =y ar ot 1 all o 4 ) L3
’uaﬂaaauﬂamwawmmm'scg}ﬂwm'smm Iummswmwainqﬁqm (My) nagnanaamasn (M-
i) F\' ﬂl’ d = = - =y H g 4 o =y d
My daalunnlinfniudisiuleosiindainfivsina 1 phr visdsrafinanasilenifiunn
-5 ] s 1 g ') o X ] P
Fuszuigiuvieuluanlalen dwalddvigeadiuiiu ednalsinnu nsldlessiindainfiunn
-y L) = o i L7 o = -} 6,
Wull lesstindainenuansginssuliuaistislivnduas Wiesnlessindriaduvesvan
@t ar '('a’ s 1 -y (=3 4 = [] =;
dnwazadmeiuduiudewlssy mafiludinanguiulusnsesyildaruudeeenana 9

aenpdaviusasImainggaiumign (My-M,) finy
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'2 cssvana 1phr
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4 ’se o . & fed = ar ' o =y
791N 19 auummmaﬂ'flwwmﬂ'mmﬂsznauﬁlsjuLi,azﬁlw'téuatﬁaiumﬂwssm fiuleasiln

amin
lonic liquid M, My MM, ts; teoo CRI
(phr) (dNm) | (dN.m) | (dN.m) (min) (min) (min™)
0 1.00 9.03 8.03 0.69 202 75.19
1 1.50 10.57 9.07 0.38 2.57 45.66
3 1.40 8.62 1.22 0.51 3.20 3717
5 1.33 811 6.78 0.52 3.28 36.23

5.4.2 auifnisma
#1517 19 wannavasn it liuduaissudaulssaufulassiindaianeautRnisea
ot YR ] ' o = 5 o
YOI NI ONEAAIHUFUAUTTEWINAMIFIUNIUABL SRS wazssestinsunmrauTuale
=y == at A 1 ld = - -y, Ea. ﬂ‘; 1 ]
eailndain Aaguin 45 anmIveassnudniioUiinalessiindadafisidiu Anruimumiusensy
= L4 n: :’i' [ 2 nI Y o oo m [T [ =3 4 oo e
AdinnldniutwdntesiUsualeseiindaiawvindy 1 phr agrslsfinuidieldleesdinaninlu
=y, -é -y [ L7 | 1 =t n’ a;’ k2 a » é
Uurufinnafiuldansdenalnaienudiuniunsnssfisanas nrsiindvassainainule &
1 o 4‘ 4] = - a8 s [ ot « =)
gonnapanusseriinaunvateianasdntesiilaiinisfuleseindasinsuiulvUduaiesu
a 17 J o -4 A‘ 4=‘!’ [ 2 :1 = P = -]
anuuslugnigns aruarudununsusiiiadudndosnuiualesslindadn 1 phr 819
Aeanasilossilindainaunsaanusafisiaseninssefurieunlusilaley dealensamnsa
-y ad 1 L2 ¥ 4 at 1 W at
Wenfinuvisuituelalevilidetu Swanunsadudulsanndt 100% way 300% nenda dauang

< o a = Vo a el 3 LYY
Tuzufi 46 Ssaenadasiuaubavguiionasyosesssusiniviewlusilaleiiduarsiiy
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P 2 ' = ' o =4
A9 20 ATURTUMLMDLIIRY ﬂ']'ll]ﬂ'ill'l'iﬂ‘hJﬂTigﬂﬂuqnﬂ LLaﬁﬂQﬁﬂ@aﬁW'iSH?dﬂﬂ 1009%

way 300% vesnadwssnsuilliasillvduaiesuinuussiulessiindsin

Tensile
Elongation at Modulus (MPa)
Compound strength break (%)
reak (%
0 29.52 + 0.45 642 + 10.4 0.92 + 0.02 236 £0.11
1 30.10 + 0.54 626 + 17 (.98 + 0.02 2.73 £ 0.08
3 2523 + 0.44 609 + 5 0.97 + 0.02 2.66 + 0.03
5 23.14 % 0.81 599+ 7 0.88 £ 0.03 230 £ 0.06
35 700
BTensile Strength 680
30 « Elongation at Break
- 660
& 25
= 840
=
20 620
|
e
% 15 600
Qo
‘@ 580
S 10
= 560
5 540
1] 520

1 3
lonic Liguid Content (phr)

b

= 1 [y ' ot o - ' ¢ o
U 45 mAaiuuRsusIiasseesinsunveseadassneuithifluasiflut duadesu

dandssuiuleaeiindsin
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Modiutus (MPa)
BV

bl
[

lonic Liguid Content {phr)

c‘ ar 44 =, 1=l ke @t
JUT 46 uendaiissastin 1009% uay 300% vosaieusznouiisifiuasilvunduafedudnuds

Swfuleseiindsin

5.4.3 duudganain
d « =y ar 1 at [ -, - 1 ar
JUT 47 wansarenslglviduaieiudaudsiwivleeslindninrouondaasauves
aala 1 & ) w oA 1 (3 = o o
gNoTINTRNIvieulualaleiduansaudy snnnisveasenudl mMsleludnduafeSusinuys

=2 o y v as P = - Y o I
Wuarsanuisfialia dwaliiendaasananandndenifionisudisuiugnsesifinisiule

| T 7
oF =

Uauafssusinuusiesetaden veflfiuduldannisiin Payne effect ’lumqﬁmaﬂﬂugﬂﬁ 48
wuiiilernsiuuiinalessiindainuindetudn Payne effect fiuwiltiuanas uaasliidiuie
mMsanaassuRsisEsEreasiRuiva i filler-filler interaction) Wummnadndny
vliauiRanalasssitunadinalessiindminlugnsssorsuiiiiviewiuelalovidu

aAnsiLiy
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asanare phr
450 | ====3phr
= == 5§ phr

400

0 10 20 30 40 50 60 70 80 90
Strain (%)

ﬂ; 1 &t = 1=l L £ o 1 L2 =y =)
U 47 ﬂ'ma@aﬁasamaamawwsznauﬁlﬂuu,asﬁlfumauaLﬁsjiumﬂuﬂ'ssmnulaaaunamﬂ

0 1 3 5
lonic Liquid Content {phr)

= = bad L3 = ' ar o o8 S
U 48 Payne effect vesenadaussnavilifieeillvuduaiiesudnusruiulessindain
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5.4.4 anwpgydgnine,
fnvaigndugninemessssueandveuluslaleiluasdauiu uaneagud
49 snnsinwmuinsidlvnduaieSudiaudsifivsegadenlugnsesssuranivieuly
glaleviluansduia ssunngdnvasmeduguesasiiduvievoulualaleluaming
veasTsumARildunndeiuannin Tnewuiweuluslalevidldsizuiadunsainssuen
auemvssieiuadunsnseaesegluaminduesns eghdlsfin efarsandnvasnig
Fugnianeniiindswenegs wuinisldleseiindedndl 1 phr wanslidfuiwiouTusnlalesid
anmannsalunsionfinedlddidu Wumemaddgividlfaudumusensia veiniaiden
Ffiftuvesansdiiuiuens iinninnsduasanuseiiafends egadlsinn definisidle
safindminiguiuly srwezdwaliiiammaudnsetuluswesleseiindriafisaia viewlu
glalovidilontaioznduusaudafuinniu fuanddiifulugudnvasnadugnined
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. n‘ : @ A = i . : 1=l .‘ y --. . . = ar - I ar
UM 49 dugnAnewesduginevewindssneuitlifivae il duaiisuiaudssuiu

losfindain (fdsvene 3,000 10,000 wag 30,000 i)
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5.5 nMsfinwravesnsliluhauefeiuinudssanivlsauseauifvesslaleiifuasdufi
5.5.1 audRnisTanilug

wavasasgmuluausednuasnisiamiud uazauifinsianludvesTagdwszney
yrsyinasriewilugialaviamedisui 50-52 wazandeyasenantunuansanlilunis
7l 21 snsvaasawuit nsliansgmuluaudalinatanesauaziaainistantludvesns
amasdndendiodisufusnitliléanseniulueu Tnsangaulmausia TESPT fovmoudaios
HussiuszneuiuiliRsufadsnstaeludidlulinanaes luvaedl APTES uaz AEAPTMS
fiensussnaueihilulnsadredeielfianiludléiss (Stephens, 1987) uasnmuidsentuels
A dau VIMS Senelevdniumilafia fifusy C=C (Kaewsakul et al., 2014) ﬁqda'lﬁl,ﬁﬂﬂﬁﬁ%m
mytarludimefusdululinanaoisls

12

10

e Y PO

-]

Torque {dN.m)
=)

4 .............. TESPT
------- APTES
2. - - -~ AEAPTMS
..... VTMS
0 r T r T
0 2 4 6 8 10

Time {min)
a-'ul = 7 A. b 2] al 3 Lo @ ] ol o & 4
JUR 50 navesriinvesansdmiulamuiisldsudulvduaifieSudaudsionuduiussening

1 L2 @t d =,
Ameinfunamsiaanludfigumgd 150°C

I'J 1 L1

fAmeinegn Aveingudn uaskasssewiAmeinvesiandsneuildansgaly

aa. ;!! L = ] ' = a‘e’ AJI L 1 - A:’i’ ar 34 ]
uisdudntie ‘N‘é!'iﬁ]ﬁﬂ{]ﬂiE}"IU’lx‘tE)EJ"IQLﬂWZIU‘VlﬁﬂNﬂ‘l‘lﬂﬂ?'ﬂ‘ﬂ%ﬂ%&ﬂ'}L‘V\Eﬁﬁm‘lr‘ia\‘}ﬂ']ﬂl’ﬁﬁ'ﬁﬂﬂ'lu

lanaw (Theppradit et al., 2014) uasBawmaravilerafumszesiussnoumaaiiveduiau
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' ar 1 a 2 : < ' «
laun svmoudawle? wyefiunaswylilafifioghilassadwoniinesenisivdsundasrmesn

U ‘Al
Wwanil
4.5 50
— B Scorch time
£ 490 ccuretime - 45
é 3.5 - 8BCRI - 40
2 S 35
E 30 \ —
g 25 - 0 e
3 | N2 E
5 > N 2 E
5 15 # N 15 ©
£ 2 EEE N
g 101 & N 10
3 05 E
0N 0.5 S 5
: N\
0.0 T T - = S\ 0

APTES AEAPTMS VTMS
Type of silane

Control  TESPT
A - 3 d{ 23 ar o =y s 1 o
gﬂﬂ 51 Nﬁﬂ@d?}uﬂﬂaﬁﬂ’!'iﬂﬂﬁ‘Ul‘ﬁfLﬁuLuﬂulﬂi?ﬁﬂviﬂﬂﬂﬁuﬁtﬁ&‘iuﬂﬁLLU'WIBL’JE’l’]ﬂﬂﬂ?ﬁ LIan1Iig

Atlut wasswilsnsinnsYaanlud

g
o
=
£ -9

aMin. torgue
3.5 1 oMax. torque
Delta torque

T
=l

{(dN.m)
&
o
-

(dN.m)

®
Maximum and delta Yorqli®

QN &

Controfl TESPT APTES AEAPTMS VTM
Type of silane

= Loy T = i @ & < a ' 1 & ) t
U7 52 navesiinvesarsgavloaudisldiauiuluthanamieudnulsienimaindgn A
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o e ot o o 1 YIS dl Y]
A1 21 auddnisTaairludvesersssuadnivisuilueilaleviluansdify leld

Tuihdumdesudnudssiuivansgmulmaunianig o

Silane type

(@N.m) | @N.m) |(@Nm) | {min) {(min) (min™Y)
Control 1.12 9.66 8.54 1.15 2.99 32.29
TESPT 1.06 10.15 9.09 0.83 2.76 35.40
APTES 0.81 9.63 8.82 (.93 2.74 45,57
AEAPTMS 1.02 9.94 8.92 0.60 2.35 41.95
VTMS 0.90 9.71 8.81 0.94 2.78 35.03

5.5.2 AuURNTSAY

A L) ar ' ar 1) ¥ Qren
I3UT 53-55 wanwavedlvuduaifisiudnudssmiuansgmiuleay deaudianu
' = & = a
fumusansdy arsasnolunsntuin ueqdansvesingy 1009% waz 300% luens
ada g U e o ¥ LY . < 1
srsuAniveutuslaleviduarsdadiu lnsiweyesdinaranagtlunisied 22 wuimsldle

3 = ar ' @t ' i o o
Uduadeiudauusiwiuasgmulanay Tirwegfaissesfingy 100% was 300% uasAiu

LY J

AumusisusaAainiiu arsgrulusudasalieniuveuluglaleifadunsizorseniniulad

YU Feazyszneumie 2 JUuuy Ae (1) Ujitenseniiensamuleauiazviemnivelalaivien

oy

Sonihujisolailuedy Silanization) way (2) UfATersewinsansgeanulaaunaseny Tudm

yeNUUTaINTIARSUNIASE TEieenesTIued ludduaidleSudauds wasviewnluanlalev
1 v d" A = Pl ione] o i 1 g

Tonambinouming Tusnsiinafnudiselvaluedusswinviemnlustlalavivasasgaule

& ~ tas ] o - ar .
wutiunansluzun 56 lngvyjdanend (R-0) Mnansgruluauasiuiizeniunyleaiuea (Si-

=y

= 13 L] A = 1] A
OH) vufiviavieuniualalevifiaamnil 132-135 ssrmwai@ealusewinansunsausthuaAsasun

4 v

= ey

rauuuuln uazufjitenssninesgmulaauwazssraivenssnianyiaidulmitusswitms
‘J = 5 : L2 = -

Unnaugungiige Meilaeandediuaiduves Kaewsakul et al. (2015) uae Nakaramontri et

= - ' 1 e adstaa !
al. (2015) #laAnwwavesiinasgrivlviauseauifivesssssurdndddnwazvieuly
¢ o @ e ; w4 ¢ o P vad o a

ariveuliuasiudiy lnsdwmalivieulualaleviaseareimluafinde1dldddu Fesedunts
@ =y L3 ar w el g ' Qioy g

nsrvedavssatsifulussreuwnunliuladsddyiidwansauifdna (Donnet, 1998)

warannsAnwelinvesarsgaulaey wui asgaauluausiin AEAPTMS Tianaamusumiy
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i [ GJ 1 J =y d a! ar r H‘ -
soussieigeninensgeuluauriindy dwenndestunaiiléana Payne effect Feazafunely

Wdodall
35
Control
30 4 TESPT ‘
------- APTES g ,j,f
. 25{ ----AeapTMs D
& | - VIMS /i
/4
= 20 - i/
g J“ 'f'g
g 15 7 ;" ’J?
a /4
10 -
0 — ' '
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Strain (%)

<l = 1 | L7 ar L3 o el g @ W ¢ '
U 53 navesviinvesensgmulaauiielihudulnhduadeudaudronmuduiugseving

7 =l P P ¢ o Py
AMMAULASAIULASEATBIENNT TINTRRIieuTuan la e uansediu

E 20 | 2 o VIOTUIUS §
% 2,5 - \
5 2.0 - §
3 \
215 - \
.

1.0 - \
0.5 §
0.0 : : &

Control  TESPT  APTES AEAPTMS VTMS
Type of silane
U 54 naveswinvesensgmuluauileliiufulvdusieiudinusdenendanssssiingy

100% uay 300%



50 900
- 45 - -éfeolsg;:ﬁii:z:%:leak 2%
£a] g N w3
gzg § § s
Sl B
e 2 § % - 300 %
2 :i ] § § - 200 §
= 5 | § § 100

APTES AEAPTMS VTMS
Type of silane

Control TESPT

= < ] ] 41 ar (3 LY ar 1 1% 1
EU‘VE 55 Nﬁ‘ffﬂ\‘l“ﬂﬂﬂ“ﬂS\Tﬂ"ii@ﬁ’J‘Ul‘ﬂtﬁ‘UL&liﬂ’ﬂ5'3&1f'l‘i.ﬂ‘li‘ij’?ﬂlfﬁLﬂ&iu&]ﬂ“ﬂ‘iﬂﬂﬂ'}’mmWUWWUWBLL‘N

fuazaMuERNsalUMIEnauIe

4 ;74 L =3 - | a IJ ~
RS 22 ANNAUNIURBLSIR ANMEnsalunsinIuen sedansaslingy 100% way
QGJ 1 L1 -y A =y 2 1 2 1
300% Wae9sTINERIVisun luslaleyiiiuansdiu isldluuduenfeSudnudshuiuansy

mulgaurlinnng §

Tensile Elongation 100% Modulus | 300% Modulus
Silane type

strength (MPa) | at break (%) | (MPa) (MPa)
Control 26.84+0.36 65619 0.85x0.01 2.37+0.02
TESPT 28.68+0.25 682+10 0.86+0.03 2.22+0.19
APTES 27.63+0.15 693+17 0.84+0.02 2.36+0.04
AEAPTMS 30.26+0.27 63613 1.04+0.04 2.46+0.18
VTMS 28.47+0.46 682+14 0.86+0.02 2.30x0.04
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(a)

RO OR’ RO RO
R'o>5i—R"~S,—R“—Si%>R' R'O>Si—R"—NH2 RO—SSi—R'—NH—R—NH
RO OR' rRo” rRo”

TESPT APTES AEAPTMS

RO.
ROZSi—CHﬂHZ

RO/

VTMS

R, R and R” = Alkyl sites, RO and R’O = Alkoxy group and S, = Polysulfide site; x = 2-8

(b)

HO, QO 0 o} OH
Si %( Si |/
S\ RO +R'OH
/ Si__ Si Si S;-o;:Si-“R“—S;
HOO O [¢] [¢] RO~
HNT TESPT

NH,  +ROH

HNT APTES

Si_ Si S / O Si—R"NH—R'—NH;

HNT AEAPTMS

—~ RO
Si_ Si__Si__ SiX—0 " Si- CH—CH, +RoH
o o~ G o RO™

HNT VTMS

+ ROH

= ¥ = ' o = aan
UM 56 (a) Tassaiwansgmuluausiinding q wag (b) wwudaeanalnvesmainufizenlsanlu

\wu (Sitanization) sgwinviewluglaleviuaeansgaiulviau
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5.5.3 auUsiBaeain

audiialndanafin (Viscoelastic) vesandeUsynaugnaiiraeunisn1siiasieids
wadnneldmsudsemiaien (Strain sweep) Aaud 0.5-100 Wedidud Tnsaudfdmainue
FamuBaszneuanssssuninazvieunlualalevidldlvurduaiesudaudsiuduasgaiuloay
Idnunlunervenegdaasaniinnuaioasefusiag udrAnme Payne effect 91nHaRN
'ssmfwﬂ"luaaé’aaxauﬁmmm‘%’Uﬂajquazmqé’aﬂzau?immm%amﬁ (Kaewsakul et al., 2013;
Payne and Whittaker, 1971) ﬁamamsmamuam‘iugﬁﬁ 57-58 Wasm3199 23 WU L)
avansiingaissfuanuaondi ennsileguasansiuisluayndvasens uiileiuszdu
anarsaliigedy SunsiSersswheansiifutuasiadugnians ildandsszneuila
wonfaazauanas wavilednnme Payne effect wunslimsanuluaulsian Payne effect
anasdlaisuiugnsithiliansgruluey Wesmnmisaneniluaageaulamninfizontum)
lwaeafiinviewlusilalwiiaduleaeney duabinfleaueaifmiouluslalevianas vie
wiluglaloiiiamsimenguiuesdiesas siliveulualalavinssaneluenldaty Tasase

= 2 3 6 o o a @ 1 o ot
auleiauuiin AEAPTMS Tvirn Payne effect dinfigailieiioviuansgraulaausilndu §a

2 ar Qfch 2 r 1 1 3
aaﬁﬂamn‘uauummnaﬁlﬁﬂmnmua”'snawmu

8oo
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eraress TESPT
200 1 ApTES

100 { - = AEAPTM
s
0 T '
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ﬂi L) 1 d ¥ o5 L o 1 ot
U7 57 wavewiinvesansgmulnaudielihuiulvuduaiedudnuusrensndaasauvesns

- :5 i) 3 ar =y
sysudniiviaunlualaleviduasiidu
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400 -

350 -
300 -
250
200 -
150 -

Payne effect (kPa)

100 -
50 -

Control  TESPT  APTES AEAPTMS VTMS
Silane type

= - i P B 21 at s - oy o ! i
U7 58 wavesilavesarsgrivluaudslduaslildhudularduaiesudaudssion Payne

P P s YR
effect 11@\1?J'Nﬁiiu?ﬂmﬂﬁwau'ﬂuﬁﬂiﬁl‘?jwl@uaqﬁmqWu.l

] ] na‘a{ ] & W e of v
A5NT 23 A1 Payne effect (kPa) vs9sssssuaniniiveunluailalevituasdufy elduay

Laildlvuduaieiudnuussuivansganulaausiind q

Silane type Payne effect (kPa)
Controt 239.64
TESPT 185.46
APTES 189.26
AEAPTMS 179.03
VTMS 201.08

5.5.4 dnwnignnadugniven
asfinudugingrvesianilalsenavensssuriivasvisunluglalevidiendes
qanssmilluudednsaa (Scanning Electron Microscope, SEM) Usagluguit 60-61 Taauand
dnwnznsnsznedivewieulusilaluilussssumaaldleurduafssudau ssuiuase
muluiau 9nan SEM envazuansaldlidawmuln wissdunamiulsimvieuilueilalevifinns

% = 1 2 o b | 1 L 1 ! =t w =t
nageilumindenaeudtaf SedenaliaudfBana Taun aruduntusiowseis vendan
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a 1 Y ' = ) a 2 A a [ >
szeefiaguaneg uavaudumusientsinuinvesiagdassneuiituilefisuiugasilildas

anulelau

a | e b :
U7l 59 duguinendidadevene (@) 10,000 wag (b) 30,000 i1 Y09 7AAL9UTENBUVRIEI

Y «

= | QU = = (3 =y s
ssuvAniivieuluslaleiluansiudy AvsinalvhduadeSusauds 1 phr

AEAPTMS ‘
ﬂl s - ddl o ol I s ] Q‘J
E‘LJ'VI 60 daugnuanemniatveny 10,000 wag 30,000 v ‘?.Ia\‘]’]ﬂﬁ]'l.‘ﬁﬂﬂ‘ib’ﬂ‘E]‘IJ"UﬂﬂEJ’]x‘IﬁTi&I’Zi’WWIﬁ

viouluslaleviluansiudiu Insldlahduadiesudaudssauivansgauluaueiiagiig 9

6. @junan1imaasy

6.1 Mmiduaseiasiasuanmdriulatinwanludauaiiesu
MnnsduaTeilvdduaissuiaudsiaenisinufisessuinnsaluiululaydus

WWeSuugvisuazieiiuudaldndniusiiularduaiosudauus dndnsasiildluinseing

Haftushewmatia FTIR wudranasuildusinguaunsgandumileiduiiuansnsanluurdas

Wiesuusens L msdunuuBnvemflensendia (-OH) Aifumia 3410 cm™ madunuuBnues

' 3 a A o 1 _ y - |
myjnsueila (-C=0) luansusznauleludfisiumia 1630 cm™ waen1sdunuudnveamyiodiy (-C-
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]
Qs

= o ' R A v 1 ol - e
N) figiuaiis 1064 cm™ Fauounsgandumariaenadesiunguilsiduifieglulvurdumseu

U

ARy

6.2 M3FnwmavelTinaensidiuviounluailalevisesutinsuwuiiasianiludvesens
§35UY
InnTAnwINaYBIlsIaYiswlualalyvideaudfinisianludussrasssumdnuan
nasUiinaesewluelalevifinasliinaranessuazaannisiantludveseriinusldy
induuierturmesnign Avesngaan uasanarimaingegatusige ffududino
vawieuluelale nisldvieurluaeaselydduansifulusssssuninuitaudfianm
Fruvusieuseie wazaudinnudmmusiensinviaite Famsléluusunn 5 phr aglfaudi
Fananiffign luvnsiiaifuesdauarautiiauudoeeniiunlindisiunuiinuvee
wiluslalen
myrssrasvalindunisaaninsdlnUanunsetiudulatamyflsdduvesviounlu
elalev Juansinvsavylensendailiaundu 3650 - 3696 cm™ finvsayluasniauiisnuns
tundy 432 470 waz 1033 cm muﬁgqﬁﬂﬁuamﬁqmjﬂ@ﬁuaa%‘aﬂsﬂngﬁﬁumﬁmwﬂﬁu 689
cm™! nmansmeAeURUIIMBIduTeIauNanAuRsBun S Inaue svieu-Tusalevid
Tdlugne annsveeunMsuInnesveianludlusvhazanslngdunuitTesasnisuismas
vosnsiulthnnnuiafinaduiinauvesiouluetale
aINMINARBUANUNITdLg AN ThswAlAmadres@dndvesiouilusla
laviwuinisngiindiAnyiigm 20 vssna 11.8° war 24.5° Sadusavesmadsnuudedifng
vedlassainnanvavisuluelalevivuszunu (001) way (002) mudwiu Inefirsenamarliny
Tugnssssuei wivzusinglussssuvdniviewluslaleviduasiaudy uasiuun ey
Juiiloiiuuiinuresiounluslaley msfnudnusasmeduguinedondesqansse
Sidnaseunuvdesnsieansaiudnvasvevisuluslalelumvdndessssurdldetng
Foau viowunTuglaleinlidisusradunsanszuen m'mEJﬂ‘uawiaﬁmmmaguminwmﬂﬁ'mg’iu
wvindunsens fnsnszareffimdeinisldusuam 5 phr uddlefiuuSiasnnturiewluela

leviasiiansmiunguiiu (Agglomeration)
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L ) ar 1 L) AA ) 7} -
6.3 nsAnwavadlslduafisSurnusreauiRenssssueinivieuiuslalaiiduansiniu

nmsldlrhdaumfesudauunluasetuanmdnildluaglseneuesssuviiues
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Abstract. In the palm oil industry, Palm stearin is derived from the refinery process of crude palm oil, The chemical constituents
of palm stearin are very interesting. It can be used o synthesize a potential combatibilizer in the composite materal. [n this
study, modified palm stearin was used as compatibiliser to promote the strain-induced crystallization for natural rubber
(NR)/haltoysite nanotubes (HINT) composites, 1t was varied in a range of 0.5 - 2 phr. The addition of modified palm stearin
significantly facilitated strain-induced crystaftization of the composites. This was clearly verified by the synchrotron wide angle
X-ray scattering (WAXS). It proves that the modified palm stearin acts as a dispersant to improve the distribution of the HNT
and &lso promotes the interaction between the NI and HNT ttucugh hydrogen bonding. Such cormesponding Interaction has
greatly inflzenced on assisting the strain-indeced crystatlization of composites,

Keywords: Natural Rubber; Halloysite Nanotabes; Modified Palm Stearin; Wide Angle X-Ray Scatlering.
INTRODUCTION

Adding fillers to rubber matrix has attracted tremendous attention recently [1]. This is to improve several properties
of rubber. However, it depends on many factors including filler aspect ratio, dispersibility, and the orientation of the
fitler particles. Among interesting fillers, Halloysite nanotubes or ENT is considered one of the most used nanofiller
in many polymer mulrices [2-4]. It has wnique swrface chemistry which is formed by surface weathering of
aluminosilicate minerals. The compositions are mainly alaminum, silicon, hydrogen and oxygen. HNT consisis of two
interlayer surfaces composed of AL-OH groups which are located inside the tubes and siloxane groups which cover
the outer surface of the HNT.

The drawback of HNT especially when wsing with non-polar rubber such as natural rubber (NR) is the
compatibility, Many works have been made to solve this problem. For examples, the use of silane coupling agents [5],
modified mbber as compatibilizers [6], and modifying the methods of preparation [7). The use of a monomeric
compatibilizer has been found fo have an influence on the properiies of the composites. Most compatibilizers are based
on existing chemicals while less effort has been focused on the use of naturally occurring compatibilizers.

Palm stearin is one of the minor products derived from the fractionating process of crude palm ofl. It consists of
high fatty acid fraction of palm stearin and triglyceride [8], its value is lower than that of the patm olein which is the
main product from the same process [9]. Their methyl esters or triglyceride can react with primary and secondary
amines to produce the corresponding alkanelamides or modified patm stearin (MPS) [16, 11]. Such MPS gains special
attention due to their application in surfactants, lubricants, fungicides and anti-blocking agents in the plastic processing
indusiry {12, 13]. Based on the surface chemistry of MPS, it was expected to improve the compatibility between the
silanol and/or siloxane groups and other related properties of the composites.

‘The compatibility of filler and rubber has been made relation with the strain-induced crystallization of rubber in
many research works [14-16] .Tke incorporation of compatibilizer inte filted rubberenables to induce crystallization
because it acts as a hook to pull the surronnding molecular chains and speeds up the crystallization process, In this
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study, tensile properties and its strain induced crystallization of NR/HNT composites in the presence of MPS were
focused. The crystallization characteristics of the composites were studied through synchrotron wide-angle X-ray
scattering (WAXS) where extension apparatus was also equipped to capture the crystallization under deformation.

EXPERIMENTAL DESIGN

Materials

The NR used was STR 5L grade purchased from Chalong Latex Industry Co., Ltd., Thailand. HNT was mined and
supplied by Imerys Tableware Asia Limited, New Zealand. The main compositions of the HNT are as follows (wt%);
5i02 (49.5%), Al203 (35.5%), Fe203 (0.29%), TiO2 (0.09%) with traces of Ca0, MgO, K20 and Na20Q. Stearic acid
was purchased from Imperial Chemical Co., Ltd., Bangkok, Thailand. ZnO was obtained from Global Chemical Co.,
Ltd., Samut Prakan, Thailand. N-cyclohexyl-2-benzothiazole suifenamide (CBS) was purchased from Flexsys
America L.P., West Virginia, USA and sulfur was purchased from Siam Chemical Co., Lid., Samut Prakan, Thailand.
The palmm stearin wsed was manufactured by Chumporn Palm Oil Industry PCL., Chumporn, Thailand. Other
chemicals used to synthesize MPS such as sodium methoxide, diethanolamine, diethyl ether and samrated sodium
chloride were supplied by Sigma-Aldrich (Thailand) Co., Ltd. Bangkok, Thailand.

Synthesis of MPS

The synthesis of MPS was done in a laboratory. First, methanol was added and mixed with sodium methoxide
while stirring. The mixture of palm stearin and diethanolamine was fater added to the solution and mildly stirred. Next,
the mixture was heated and the reaction temperature was kept constant at 70°C for 5 h. The resultant mixture was
extracted with diethyl ether, and washed with saturated sodium chioride solution. The crude product was finally
purified with anhydrous sodium suifate, and concentrated by a rotary evaporator. The MPS was stored in a desiccator
prior to be nsed.

Preparation of the Composites

Table I lists the starting materials used for compounding the compatibilized NR/HNT composites, the entire
amounts of NR, HNT, MPS and other additives were prepared using a Brabender (Plastograph® EC Plus, Mixer
W30EHT 3Z). The compounds produced are hereafter designated as MPS0, MPS0.5, MPS(.7, MPS1 and MPS2 for
the composites with 0, 0.5, 0.7, 1 and 2 phr of MPS, respectively. After dumping, the compounds were passed through
a tight nip {(~2 mm) two-rell mill to remove excess generated heat. The compounds were then compression molded
into specific shapes by a hydraulic hot press, using the curing times determined by a moving-die rheometer (MDR) as
described in the following section.

TABLE 1, Compound formulation of the NR/HNT composites with and without MPS.

Ingredients Amount (phr)
MPS0 MPS0.5 MPS0.7 MPS1 MPS2

STR 5L 100 100 100 100 100
Stearic acid 1 | i 1 1
Zn0 5 5 5 5 5
HNT 5 5 5 5 5
MPS - 0.5 0.7 ; 2
CBS 2 2 2 2 2
Sulfur 2 2 2 2 2

Measurement of Tensile Properties

Dumbbell-shaped samples were cut from the molded sheets according to ASTM D412, and tensile tests were
performed at a cross-head speed of 500 mm/min. The tensile tests were carried out with a universal tensile machine
(Tinius Olsen, HI0KS).
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Monitoring Strain-Induced Crystallization

The crystallization behavior of NR/HNT with and without MPS was analyzed using an in situ synchrotron wide
angle X-ray scattering (WAXS). The WAXS was performed using a Beamline 1.3W at the Siam Photon Laberatory,
Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. The wavelength was $.138 am and the
distance of sample-to-detector was 115.34 mm. 4-Bromobenzoic acid was used as a standard chemical to calibrate the
scattering angle. The scattering pattern of the samples was captured by a CCD detector {Rayonix, $X165) with a
diameter of 165 mm. The beam intensity before exposing and after passing through the samples was monitored by an
ionization chamber installed in front of the sample holder and a photediode mounted in front of the beam stop, The
dumbbell-shaped specimens were mounted between the grips of a stretching machine. WAXS was recorded while
siretching the samples with a crosshead speed of 50 mm/min. A 21} air image was subtracted from the 2D WAXS
images, and the resulting images were converted to 11> WAXS profiles by averaging each 2D image in the azimuthal
direction using the SAXSIT program developed by SLRI. This 1D profile was integrated to calculate the degree of
crystallinity {14, 15].

RESULTS AND DISCUSSION

Tensile Properties

The siress-strain curves of the NR/HNT composites with and without MPS are shown in Figure |. The typical
strain-induced crystallization of NR/HNT composites with and without MPS can be observed from the stress-strain
curves, Initially, stress increases slightly when the strain is applied, then increases steeply due to the strain-induced
erystallization of the NR during tensile stretching. The stress and strain values appear to differ when the NR is with
or without MPS. From the stress-strain curves, it is possible to predict the crystallization of the composites from the
turning point of the stress and strain. It is obvious that the stress started o increase towards the MPS content. This is
responsible to the formation of interaction in the system.

35
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015 1
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FEGURE 1. Stress-strain curves of NR/AINT composites with and without MPS,

Even the tensile strength dropped slightly upon the inclusion of MPS which was unexpected since the main reason
for incorporating the MPS was to improve the compatibility of the NR and HNT. The reduction in tensile strength
was simply due to the MPS itself, which had a strong effect on the interaction between the NR and HNT. As a result,
the sfress concentration point was observed at the interacting point, creating flaws in the rubber samples during the
tensile testing. This phenomenon caused a similar effect to the elongation at break of the NR/HNT composites.

A better interaction between NR and HNT is formed by the interaction of the amide groups available in the MPS
and the siloxane groups on the outer layer of the HNTand these reactions created an increase in the reinforcing
efficiency of the NR/HNT composites, As can be seen from Table embedded in Figure 1, the reinforcing efficiency
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(M300/M100) of the composites increased upon the addition of MPS which not only acts as compatibilizer but also
plays an important role in enhancing the dispersibility of HNT throughout the rubber matrix. As noted above, MPS is
wax-like in nature and this helps to improve the dispersibility of the HNT.

Strain Induced Crystallization

The strain-induced crystallization was observed from WAXS analysis. The outputs from this technique is depicted
in Figure 2. Considering Figure 2A, the peaks appeared at the 20 degree of 12.5° and 18.0° which corresponding to
planes 200 and 120 indicating the crystallization of the NR/HNT composites [17]. It was also found that the intensity
slightly increased with increasing MPS, particularly at the 120 plane, suggesting that the crystallization taken place
upon the addition of MPS. Apart from that, the degree of crystallinity (Xc, see Figure 2B) is also estimated from the
integrated peak area of the intensities at 200 and 120 diffractions [18]. Xc increases with increasing the strain where
the crystallinity starts to occur at the lower strain i.e., 250% for the composite without MPS, and 190% to 150% for
MPS0.5 to MP52.0 respectively. Here, it is obvious that MPS shows an important role in inducing the crystallization
of the NR/HNT composites. This phenomenon is attributed to the better interfacial interaction of NR and HNT gained
by the addition of MPS. Such interaction can promote an intense interaction point which then acts as a hook to pull

the surrounding molecular chains during stretching. Subsequently, the molecular chain orientation and alignment are
further enhanced.
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FIGURE 2. WAXS profiles as a function of scattering angle (A) and the degree of crystallinity determined from 200 and 120
reflection planes (B) of NR/HNT with and without MPS.

CONCLUSION

The overall properties of NR/HNT composites were clearly enhanced by the addition of MPS. The strong
interfacial adhesion was basically due to the hydrogen bonding raised by the amines available in the MPS and the
corresponding silanol and aluminol groups of the HNT. Another significant factor is the waxy nature of MPS, which
can enhance the dispersion of HNT throughout the NR matrix. The degree of crystallinity of the NR/HNT composites
increased with increases in the applied strain and the onset of strain started earlicr after the addition of MPS. MPS
acted as a hook to attract the surrounding molecular chains and thereby increase the crystallinity of the composites. It
was also found that the orientation parameters tend towards parallel alignment, suggesting that the molecular chains
were oriented and aligned easily in the presence of MPS. All the supporting evidences are in good relation to the
results observed previously in the stress-strain behaviours and WAXS profiles.
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Abstract: The performance of rubber composite relies on the compatibility between rubber and
filler. This is specifically of concern when preparing composites with very different polarities of the
rubber matrix and the filler. However, a suitable compatibilizer can mediate the interactions. In this
study, composites of natural rubber (NR) with halloysite nanotubes (HNT) were prepared with
maleated natural rubber (MNR) and modified palm stearin (MPS) as dual compatibilizers. The MPS
dose ranged within 0.5-1.5 phr, while the MINR dose was fixed at 10 phr in all formulations, It was
found that the mixed MNR/MPS significantly enhanced modulus, tensile strength, and tear strength
of the composites. The improvements were mainly due to improved rubber-HNT interactions
arising from hydrogen bonds formed in the presence of these two compatibilizers. This was clearly
verified by observing the Payne effect. Apart from that, the MPS also acted as a plasticizer to provide
improved dispersion of HNT. It was clearly demonstrated that MNR and MPS as dual
compatibilizers improved rubber-HNT interactions and reduced filler-filler interactions, which then
improved tensile and tear strengths, as well as dynamical properties. Therefore, the mix of MNR
and MPS had a great potential to compatibilize non-polar rubber with HNT filler.

Keywords: natural rubber; maleated natural rubber; f)alm stearin; halloysite nanotubes

1. Introduction

Enhanced properties of rubber can be obtained by adding a small amount of nanofillers. This
technique has drawn considerable attention during the last decades [1-3]. The improvements of
physical and other related properties of rubber depend on several factors, such as the filler aspect
ratio, filler's compatibility, the degree of dispersion, and the alignment of the particulates. Halloysite
nanotubes (HNT) are a type of nanofiller that has been recently tested in many types of matrix [4-7].
This is because of the very special characteristics of this material formed by surface weathering of
aluminosilicate minerals and composed of aluminum, silicon, hydrogen, and oxygen. Due to the
unique surface chemistry of HNT, it is not compatible with non-polar rubbers, such as natural rubber
(NR). Scientists have been trying to address this drawback by several approaches to improve their
compatibility. These include using silane coupling agents [8], adjusting the preparation methods [9],
and using compatibilizers [10].
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The silane coupling agent has been widely used and reported for the last decades. The use of
silane is known but considered to be expensive and requires a high mixing temperature to obtain
effective silanization. The chemistry behind the enhancement of the composites has also been very
well studied. In the meantime, adjusting the processing methods has also been focused on the
preparation of rubber composites. As, for example, Varghese and Karger-Kocsis [9] prepared natural
rubber/layered silicates through latex compounding method. They found out that the latex route was
promising, but it might not be of great practical relevance in comparison to the melt-compounding
route. Besides, the acting shear forces strongly favor the dispersion of filler and is a strong argument
for melt compounding with rubbers. Thus, searching for an alternative and effective compatibilizer
for rubber/HNT composite is of great interest. A compatibilizer tends to affect the overall structure
of a composite. However, most common compatibilizers are synthetic chemicals, and there has been
less focus on the utilization of natural-based compatibilizers. In this study, two types of
compatibilizer were used to modify the compatibility of NR with HNT: one being a modified natural
rubber, and another being modified palm stearin.

As for the modified natural rubber, the compatibility of NR and HNT can also be improved by
some functional groups. Pasbakhsh et al. [11] prepared maleic anhydride {MA) grafted ethylene
propylene diene rubber (EPDM) or EPDM-g-MA, to increase the compatibility of EPDM and HNT.
It was obvious that the use of EPDM-g-MA reduced HNT agglomeration and hence improved the
HINT dispersion. This was attributed to interactions between the hydroxyl groups on HNT surfaces
and succinic anhydride groups of the EPDM-g-MA. Similar approaches can be found in the literature
[12,13]. They have also proposed possible interactions between hydroxyl groups of the paper sludge
and succinic anhydride groups.

Despite adding modified natural rubber as a compatibilizer, further improvements in material
properties can be obtained by introducing another compatibilizer. Palm stearin is an interesting
material that has been useful in natural rubber compounds. Palm stearin is derived from extensive
processing in the palm oil factory. It is fractionated from the refinery processing of crude palm oil
[12], and its value is lower compared to the main product {paim olein). Due to its waxy character, this
material can act as a plasticizer and improve the processability of rubber. Apart from the physical
appearance of palm stearin, the chemnical substances available in palm stearin are also interesting. It
consists of highly saturated fats and triglycerides [13]. These components react with amines to
produce unique chemical substances called fatty acid amides [24,15]. From the structural point of
view, the interactions between NR and HNT couild be improved by modified palm stearin. Recently,
Surya et al. [14] reported on the use of modified palm stearin in a NR/silica composite, and it was
found that the modified palm stearin gave shorter scorch and cure times, whereby the torque
difference, tensile modulus, tensile strength, hardness, and crosslink density increased up te 5 phr
doses of modified palim stearin. Similar observations have been reported for carbon black filled NR
composites, showing that the mechanical properties have been improved by modified palm stearin
[16).

The aim of this study was to use modified paim stearin (MPS) as a mixed compatibilizer with
maleated natural rubber {MNR} for NR/HNT composites. Based on the chemical structures of both
MNR and MPS, they are anticipated to provide better compatibility, especially at the outer Jayers of
HNT (silanol andfor siloxane groups). To date, no reports have been published of detailed
investigations concerning the use of dual compatibilizers from MNR and MPS to improve the
mechanical and morphologicat evolution of NR/HNT composites. This study would bring a scientific
perspective on the role of MNR and MP5 as dual compatibilizers for NR/HNT composites and
provide detailed information for manufacturing rubber products with HNT filler.

2. Materials and Methods

2.1, Materials

The main NR matrix used in this experiment was STR 5L, which was manufactured by Chalong
Latex Industry Co.,, Ltd. (Songkhla, Thailand), The HNT was manufactured by Imerys Ceramics
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Limited, (Kerikeri, New Zealand). HINT consists of the following components: 5i0z (49.5 wt %), AL:(s
(35.5 wt %}, Fex0s {0.29 wt %), TiOz {0.09 wt %), as well as CaO, MgO, Kz0, and Na:O as traces. The
palm stearin was fractionated and supplied by Chumporn Palm Oil Industry PCL. {Chumporn,
Thailand). The curing activators ZnO and stearic acid were purchased from Global Chemical Co.,
Lid. (Samut Prakan, Thailand} and Imperial Chemical Co., Ltd. (Bangkok, Thailand), respectively. N-
cyclohexyl-2-benzothiazole sulfenamide (CBS), used as an accelerator, was supplied by Flexsys
America L.P’. (Creve Coeur, MO, USA}, and sulfur, used as vulcanizing agent, was bought from Siam
Chemical Co., Ltd. {(Samut Prakan, Thailand}. Other chemicals involved in the preparation of MNR
and MPS, such as maleic anhydride, sodium methoxide, diethanolamine, diethyl ether, and saturated
sodium chloride, were purchased from Sigma-Aldrich (Thaitand) Co., Ltd. (Bangkok, Thailand}.

2.2, Synthesis of MPS

The synthesis of MPS followed the procedure described by Surya et al. [14]. This was done in a
reaction kettle fitted with a stirrer at atmospheric pressure. The methanol was initially mixed together
with sodium methoxide while stirring. The mixture of palm stearin and diethanolamine was then
added to the mixture while stirring. The reaction was carried out at 70 °C for 5 h. The mixture was
later extracted and washed with diethyl ether and saturated sodium chloride solution. Finally, the
crude MI'S was purified with anhydrous sodium sulfate and concentrated in a rotary evaporator
prior to use. The MP5 was stored in a desiccator prior to characterization with Fourier transform
infrared spectroscopy (FTIR) to assess changes in functionalities. The reaction to make MFS is shown
in Figure 1. The MP5 appeared as a cream-colored wax and was used as a compatibilizer to improve
the compatibility in NR/HNT composites.

O
HG— 0 e Clanme C Hy,
CHy— CH;— OH

. ///0
HO—O wee g, + 3fHK
0 N CHy— CHy O

HyGe O C— ey,

Triglyceride composed
in Palm Stearin Disthanolamine

70 °C | CH,ONa/CH,OH

G O
HyG— OH o

HG—OH 4 3 CHy —=(CHy)yy— CHy— CHy we Ol
e
He—OCH CHy— CHy— OH
Glycerol Modified Palm Stearin

Figure 1. The chemical reaction between triglyceride-based palm stearin and diethanolamine
(modified from Surya et al. [14]).

2.3. Synthesis of MPS

Grafting of MA onto NR was done by mixing the NR with 4 phr of MA in a Brabender
Plasticorder at 145 *C at a rotor speed of 6{) rpm under a normal atmosphere. The mixing lasted for
10 min. The resulting rubber was purified by reprecipitation. This was done just for the purpose of
characterization by FTIR. The resulting MNR was then purified to confirm the grafting of MA onto
NR. This was carried out by dissolving the rubber sample in toluene at room temperature for 24 h
and then at 60 °C for 2 h. The soluble part was collected and precipitated in acetone. The sample was
dried in a vacuum oven at 40 °C for 24 h. The purified MNR was finally characterized by the FTIR
spectrum.
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2.4. Preparation of Composites based on NR and HNT

Table 1 depicts the main ingredients to prepare the rubber composites, and MNR was used in
all the modified compounds. Here, reference compound is denoted for the composite without
compatibilizer. MPS 0 phr is the composite with only MNR as compatibilizer, MP5 (.5 — 1.5 phr are
the composites with MNR/MPS as dual compatibilizers at MPS contents from 05 - 1.5 phr
respectively. The entire amounts of additives were mixed in a Brabender (Plastograph® EC Plus,
Mixer WS0EHT 37, Brabender ® GmbH & Co. KG, Duisburg, Germany), and, just after dumping, the
compounds were passed through a two-roll mill to aveid overheating prior to determining curing
characteristics. The compounds were then compressed into certain shapes using a hydraulic hot
press, with the vulcanizing fimes obtained by using a moving-die rheometer (MDR) as desaribed
later.

2.5. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The FTIR spectra of MNR were analyzed using a Bruker FTIR spectrometer (Tensor 27, Bruker
Optik GmbH, Baden-Wiirttemberg, Germany) with a smart durable single bounce diamond in the
ATR cell. Each spectrum was recorded in transmission mode after 32 scans per spectrum, with 4 cme?
resolution from 4000 to 400 cm-.

2.6, Determination of Curing Characteristics

A moving die rheometer or MDR (Rheolineg, Mini MDR Lite, Prescott instruments Lid.,
Gloucestershire, UK) was utilized to determine the curing characteristics of the composites, The tests
were carried out according to ASTM D5289 at 150 °C. The data recorded were torques, scorch time
(ts1), and curing time (tn).

Table 1. Compounding ingredients used to prepare composites.

Compounding Code and Amounts in phr

Ingredient — 550 phr  MPSOSphr  MPSLOphr  MPS 15 phr
NR 100 90 90 90 90
MNR* - 10 10 10 10
ZnO 5 5 5 o 5
Stearic acid 1 1 1 1 1
CBS 2 2 2
Sulfur 2 2 2 2 2
HNT 10 10 10 10 10
MPS . - 0.5 1.0 1.5

Remark: *MNR prepared at 4 phr of maleic anhydride. MP5, modified palm stearin; NR, natural
rubber; MNR, maleated natural rubber; HNT, halloysite nanotubes; CBS, N-cyclohexyl-2-
benzothiazole sulfenamide.

2.7, Measurement of Mechanical Properties

The samples were cut into a dumbbell shape, according to ASTM D412. The tensile tests were
conducted using a universal tensile machine (Tinius Olsen, H10KS, Tinius Olsen TMC, Horsham, PA,
USA} at a cross-head speed of 500 mm/min. This was done to determine 100% meodulus, 300%
modulus, tensile strength, and elongation at break. Further, tear strengths of the composites were
also tested using the same machine by following ASTM D624 with a cross-head speed of 500 mm/min.
The tear strength recorded was the average of five repeated tests for each compound.

2.8. Dynamic Properties

The dynamic properties of the NR/HNT composites in the presence of dual compatibilizers were
studied using a Rubber Process Analyzer model D-RPA 3000 (MonTech Werkstoffpriifmaschinen
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Gmbi, Buchen, Germany). The composite sample was cured at 150 °C for the curing time obtained
from Rheoline Mini MIIR Lite (Prescott Instruments Ltd., Gloucestershire, UK). Then, the sample was
cooled down to 60 °C and deformed at 10 Hz frequency, varying the strain in the range from 0.5 to
100%. The raw outputs storage modulus (G’) and damping characteristics (tan 8) were recorded, and
the rubber-filler interactions in the composites were assessed by the Payne effect. The Payne effect
was calculated as follows.

Payne effect= G- G 1)

where G’ is G’ at 0.5% strain, and G’ is the G” at 100% strain. A larger Payne effect indicates lesser
rubber-filler interactions.

2.9. Scarming Electron Microscopy

Fractured samples from tensile testing were used to assess the microdefects. Imaging was carried
out using a scanning electron microscope (FEI Quanta 40 ESEM, Thermo Fisher Scientific, Waltham,
MA, USA) to obtain information on the dispersion of the HNT filler throughout the NR matrix, in
both the absence and presence of MNR/MPS as compatibilizers. The fractured pieces were sputter-
coated with gold-palladium to eliminate electrostatic charge buildup during imaging.

3. Results and Discussion

3.1. Functionalities of Maleated Natural Rubber

The typical infrared specira of unmodified and modified palm stearin are shown in Figure 2.
The wavenumbers and their respective assignments are summarized in Table 2. Similar bands of C-
H stretch were detected at wavenumbers 2922 and 2852 cm™, and CHz rocking bands appeared at 719
and 72lem™ associated with long alkyl chains in the fatty acids; these were observed in both
unmodified and modified palm stearin. Further evidence of a methyl group (CHb) attached to a
carbon atom was shown by the umbrella mode at 1352 cm [17]. The distinct bands observed in the
modified palm stearin distinguishing it from unmodified palm stearin are also shown in Figure 2.
These included the strong band for O-H stretch at 3410 em™, the C=0 stretch at 1629 and 1556 em™,
and the amide C-N stretch at 1064 em Y, respectively. The spectrum clearly indicated the functional
groups present in the proposed MPS chemical siructure seen in Figure 1.

8 _
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wl™ ’ - Y‘f-‘v
o
: -
— ] :
1] £~ Maodified 178
£
2o
E
8 \Jﬁfsz
E ~1 |
= ol 1064 721
w0 2852 1556
@ .
2022
=2
W
3500 3000 2500 2000 1500 1000 500
Wavenumber {em)

Figure 2, FTIR spectra of unmodified and modified palm stearin.
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Table 2. The peaks and their assignments in spectra for unmodified and modified palm stearin.

Wavenumber (cm1) Assignment
3410 O-H stretch
2922, 2852 C-H stretch
1745 C=0 stretch in ester
1629, 1556 C=0 stretch in a modified structure
1352 CHa umbrella mode
1064 C-N stretch
719/721 CH: rocking

3.2. Functionalities of Maleated Natural Rubber

FTIR spectra of MNR at various MA contents are shown in Figure 3, while the peak assignments
are listed in Table 3. A broad and intense band at 1787 cm and a weak absorption band at 1875 cm!
were observed. These bands could be assigned to the successfully grafted anhydride and were due
to symmetric (strong) and asymmetric (weak) C=0 stretching vibrations of succinic anhydride rings,
respectively. The observed bands were clearly indicating succinic anhydride groups grafted onto NR
molecules. Moreover, there was an important peak captured at wavenumber 1723 cm! due to the
formation of carbonyl groups of opened ring structure succinic anhydride. The peaks seen in this
study were quite similar to previous results in the literature [18,19].

‘D\E
@ v \
% | il |
8 [ A ’ 835
= | [
@ 2000 ‘_—_\,\[/
= § i
= Foms 7\ \/'\f

——NR §

MNR E 1723

Y T y T Y T T T ¥ T Y T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'')

Figure 3. FTIR spectra of MNR prepared at various MA contents. NR, natural rubber; MNR,
maleated natural rubber; MA, maleic anhydride.

Table 3. The peaks and their assignments in spectra for NR and MNR.

Wavenumber ¢cm™! Assignment
2900 C-H stretch of NR
1875 C=0 stretch of succinic anhydride (weak)
1787 C=0 stretch of polymeric anhydride (weak)
1723 C=0 stretch of a carbonyl group
1664 C=C stretch of NR
835 C-H out of plane bend of NR

106



Polymers 2029, 12, 766 7 of 14

3.3. Cure Characleristics

The curing curves of the NR/HNT composites with and without MNR/MPS as dual
compatibilizers are jllustrated in Figure 4, and the results are also summarized in Table 4. The
maxirnum torque (M#) decreased on adding MPS but then increased again with further increases in
the MPS dose, showing that the MPS played an important role in improving the compatibility of the
NR/HNT composites. A similar trend was observed for the torque difference (My — M), which is the
difference between maximum torque (Mh) and minimum torque (Mv). This value is known to indicate
the degree of cross-linking and/or interactions within the composite system [20], so this could indicate
that the compatibility of NR with HINT was significantly enhanced when MPS was added to the
composite. The amide groups in MPS also shortened the scorch (k) and cure times (ton} of the
composites, As mentioned before, MPS was synthesized from palm stearin and diethanolamine,
which made MPS an alkaline substance. This increased the pH of the rubber compounds, which
tended to increase the cure rate, Any chemical substance that makes the rubber compound more
alkaline will increase the cure rate, while acidity tends to retard the reactivity of accelerators [21]. It
was, therefore, expected that the amine in MPS could accelerate the cure rate of the composites.

-
(=]

e T T T T D M T L R T O R TR I P R o emad
e

—Reoference

----MPS 0.5 phr
-- MPS 1.0 phr
---MPS 1.5 phr

0 5 10 15 20 25 30
Time (min)

Torgque {dNm)
S = N W & e N W

Figure 4, Curing curves of NR/HNT composites in the presence of MNR/MPS5 as a dual
compatibilizer.MP5, modified palm stearin.

Table 4. Curing characteristics of NR/HNT composites in the presence of MNR/MPS as a dual

compatibilizer,

Compound Code Mu (dN,m) Mu — M (dN.m) ts1 {min) koo (min)
Reference 7.43 7.18 0.84 2.81
MPS 0 phr 7.33 6.38 1.25 3.16

MPS 0.5 phr 9.27 835 0.7 2.84
MPS 1.0 phr 9.32 8.37 0.64 276
MPS 1.5 phr 9.1 8.2 0.56 243

3.4. Mechanical Properties

Tensile strength and elongation at break of NR/HNT composites with and without MNR/MPS
as a dual compatibilizer are shown in Figure 5. The tensile strength increased upon the incorporation
of MPS. Improved tensile strength was attributed to the MPS itself, which has great potential to
mediate interactions between NR and HNT. The mixed compatibilizers obviously influenced the
tensile strength of this composite, as could be seen from the tensile strengths of the composites

107



Polymers 2020, 12, 766 8 of 14

without (reference) and with dual compatibilizers (MPS 0-1.5 phr). Here, the interaction between NR
and HNT was discussed for each compatibilizer used. Scheme 1 shows the proposed interaction
obtained by the action of MNR, with two possible interactions in the composite either through the
opened ring and/or cyclic structures. Grafting of the succinic anhydride groups onto NR molecules
of the MNR increased the polarity of rubber and made it compatible with HNT. Pasbakshs et al. [11]
also proposed the same interactions between hydroxyl groups of HNT and succinic anhydride
groups of EPDM-g-MA. As for the MPS, the interactions were between amide groups of MPS and
siloxane groups at the outer surfaces of HNT (see Scheme 2), and these reactions increased the
reinforcing efficiency in the NR/HNT composites.

OTensile Strength 1000

25 | aElongation at Break . 900
g i T —n | 8005
| | | -~
=20 | : i i | | 00

< . I | ik

E & ‘:‘:; Al A Al - E
215 | | ' i ] el @
: : I | | s00®
g | | | 3002
Y i it | o
T s i . | | 200

i 4 | i il ] | 100

| I il
0 - e L ) o

Reference MPS 0 phr MPS 0.5 phr MPS 1 phr MPS 1.5 phr
Compounding Codes

Figure 5. Tensile strength and elongation at break of NR/HNT composites in the presence of
MNR/MPS as dual compatibilizers.

Siloxane 4] HaG S
surface % & B %' — N
] \ el |
: B 1 \ECHZ (U
3 S
o ol
ot [e]
Silsaane Aluminol surface
surface H,C\ /H
¢——C
% -] i —." OR
\nm& CHvwvv }
§ 2 I + Siloxane =
H,C——CH surface % 6\5 T W o
............... ==y 7
\ . ""I‘O' \c/ 3
Aluminol surface § "
F » - : ~CH,
T RRER TR vo i I
HNT MNR NR

Aluminol surface

Scheme 1. Possible interactions between NR and HNT in the presence of MNR as compatibilizer.
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Scheme 2. Possible interactions between NR and HNT in the presence of MPS as compatibilizer.

The strong interactions of NR and HNT could be confirmed from the siresses at 100% and 300%
strain (see Figure 6). It could be seen that the stresses at 100% and 300% elongations (M100 and M300)
increased with MPS dose. As more MPS was added to the rubber, more interactions fook place,
resulting in stiffer and harder composites. This was in good agreement with the Mu and Mu — M
reported in the preceding section. In addition to this, the tear strength also showed remarkable
improvement upon the inclusion of MPS, as could be seen in Figure 7. The improved tear strength
was simply due to the strong interactions between NR and HNT, as well as the ability of MPS to
improve the dispersion of HNT filler in the NR matrix.

3.5
oM100

3 | oM300

Tensile Modulus (MPa)
) :

e
o

Reference MPS 0 phr MPS 0.5 phr MPS 1 phr MPS 1.5 phr
Compounding Codes

Figure 6. Tensile modulus of NR/HNT composites in the presence of MNR/MPS as a dual
compatibilizer,
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Figure 7. Tear strength of NR/HNT composites in the presence of MNR/MPS as dual compatibilizers.

3.5. Dynamic Properties

The dynamic properties of the composites were determined with a Rubber Process Analyzer to
investigate the storage modulus and the Payne effect. Figures 8 and 9 show the storage modulus (G)
and the Payne effect (G’ G7) of NR/HNT composites. It could be seen that the storage modulus of
gum NR was constant in the low strain region but slightly decreased when the strain exceeded 50%.
This is a commen phenomenon for viscoelastic materials and is due to the molecular stability of
rubber. In addition to that, the Payne effect was estimated as the difference between storage modulus
at low and high strain amplitudes [22,23]. The level of the Payne effect for the composite without
MNR/MPS as a dual compatibilizer was found to be 238.65 kPa, and this decreased to 17240 kPa for
the composite with solely MNR. This was a good indication that the interactions between NR and
HNT were improved by MNR. Moreover, the Payne effect was reduced, on intreducing MPS5 as a
second compatibilizer, to 166.30, 153.61, and 141.02 kPa, respectively, for MPS loadings of 0.5, 1, and
1.5 phr. The lower Payne effect indicates lesser filler-filler interactions [24].

800
750 s o % @
T 700 Tt
@ 7 A A A ¢
q, 8§ 5y *e,
g o TR E Gt e,
5 600 LRI
3 = Ref B gt
2 550 eference
S 450 | AMPS 0.5 phr
o
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350 | = MPS 1.5 phr
300 |
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Figure 8. The storage modulus (G") of NR/HNT composites in the presence of MNR/MFS as a dual
compatibilizer.
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300

Reference MPS 0 phr NMPS 0.5 phr MPS 1 phr MPS 1.5 phr
Compounding Codes

Figure 9. Payne effect (G’ — G’) of NR/HNT composites in the presence of MNR/MFS as a dual
compatibilizer.

Dependence of the damping characteristic (fan 8) on strain is shown in Figure 10. It is obvious
that the composites exhibited low damping characteristics after the addition of MPS, indicating a
considerable degree of molecular mobility. This was simply due to the better interactions between
NR and HNT after adding MNR/MPS as a dual compatibilizer. The improved compatibility of
rubber-HNT increased the interfacial adhesion and resulted in improved elastic properties of the
vulcarizates.

0.14
# Reference
012 1 4 MPS 0 phr
0.1 AMPS 0.5 phr
o 0.08 < MPS 1.0 phr
f! « MPS 1.5 phr
0.06
0.04
0.02 g
a "1
0
0.1 1 10 100

Strain {%)

Figure 10. Damping characteristic (tan 8} of NR/HNT composites in the presence of MNR/MPS as a
dual compatibilizer.

3.6, Scanrning Electron Microscopy

Figure 11 shows SEM micrographs of the tensile fractured surfaces of the NR/HNT composites
with and without MNR/MPS as a dual compatibilizer at 10kx magnification. From Figure 114,
agglomeration of HNT is seen at a fractured surface of the NR/HNT composite without MNR and
MPS. Upon the inclusion of MNR (see Figure 11B), agglomeration was no longer seen due to the
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compatibilizing effect of MNR. Furthermore, the dispersion of HNT was enhanced by MPS, and the
homogeneity of the composite was significantly improved, especially at 1.5 phr dose level (see Figure
11C,D). The improved dispersion of FINT was clearly responsible for the improved tensile strength
and tear strength, with more energy needed to break the sample. Better dispersion of HNT
throughout the matrix increased the stress at any given strain. Similar observations were previously
reported for microfractured surfaces of filled NR composites in the presence of a compatibilizer
[25,26].

EEA

\ll \.‘

_e,'/-‘ ¥

@2 @

Figure 11. SEM images of tensile fractured surfaces of NR/HNT composites in the presence of
MNR/MPS as a dual compatibilizer: Reference (A), MPS 0 phr (B), MFPS 0.5 phr (C), and MPS 1.5 phr
(D), all at 10,000% magnification.

4. Conclusions

The overall properties of composites based on NR and HNT were clearly improved by adding
MNR/MPS as a dual compatibilizer. Both MNR and MPS had special functional groups that could
form hydrogen bonds with the hydroxyl groups on HNT surfaces. MPS alone could also promote the
dispersion of HNT filler in the NR matrix due to its waxy character. The filler-matrix interactions
improved the mechanical properties, such as tensile strength, modulus, and tear strength of the
composites, and this mechanism was corroborated by the decreased Payne effect observed in
dynamic measurements. It was clearly demonstrated in this present work that the use of MNR and
MPS improved the rubber-HNT interactions and reduced filler-filler interactions, providing great
benefits to the mechanical and dynamical properties. This finding contributed to understanding the
roles of MNR and MPS as dual compatibilizers for NR/HNT composites and could be a source of
useful information for manufacturing such composites. To some extent, this could lead to modifying
processing methods without requiring commercial compatibilizers that are costly and complicate the
process.
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Abstract

Naturat rubber (NR) is known as hydrophobic material and is incompatible with hydro-
philic filler such as halloysite nanotubes (HNTs). To overcome this obstacle, the com-
patibifizer is a material of choice to incorporate in such compound. In this study, bio-based
compatibilizer was used which was prepared by modification of palm stearin. The pres-
ence of special functionalities of modified palm stearin (MPS) was confirmed by Fourier
transform infrared (FTIR} analysis, it was then varied from 0.5 phr to 2 phr to the NR
matrix. Here, the properties were evaluated through the mechanical properties with
special attention to the relationship between their reinforcement and crystallization
behavior after stretching. it was found that the addition of MPS significantly enhanced the
modulus, tensile strength, and tear strength of the composites. This clearly corresponded
to interaction between NR and MNT promoted by MPS. The FTIR spectrum, X-ray dif-
fraction patterns, and scanning electron microscopy images were also utilized to verify the
behavior of MPS in the NR/HNT composites. As for the crystallization of the composites,
the results obtained from stress—strain curves are in very good agreement to the outputs
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observed by the synchrotron wide-angle X-ray scattering. This corresponding interaction
of MPS has greatly influenced on assisting the strain-induced crystallization of composites.

Keywords
Natural rubber, halloysite nanotubes, palm stearin, wide-angle X-ray scattering

Introduction

Incorporating a small amount of nanofillers into rubber matrices has attracted consider-
able attention during the last two decades.! Significant improvement in the physical
properties of rubber can be achieved through this technique. These improverents mainly
depend on factors such as the filler aspect ratio, the degree of dispersion, and the orien-
tation of the filler particles. Recently, the incorporation of halloysite nanotubes (HNT)
into the polymer matrix has been explored.” * HNT is a unique and versatile nanomaterial
that is formed by surface weathering of aluminosilicate minerals and is composed of
aluminum, silicon, hydrogen, and oxygen. HNT consists of two interlayer surfaces
composed of aluminium hydroxide (Al-OH) groups, which are located inside the tubes,
and siloxane groups, which cover the outer surface of the HNT.

Due to the unique surface chemistry of HN'T, the compatibility between natural rubber
(NR) and HNT is of interest and several works have been made to overcome incompat-
ibility between NR and HNT. Those approaches included the use of silane coupling
agents,” using modified rubber as compatibilizers,® and modifying the methods of pre-
paration.” The use of a compatibilizer has been found to have an influence on the overall
structure of the composites. However, most compatibilizers are based on existing che-
micals and less effort has been focused on the use of naturally occurring compatibilizers.

One of'the resources that is of great relevance to Thailand and its neighboring countries
is the growth of palm oil usage, In manufacturing of palm oil, crude palm oil (CPO) is
initially extracted from fresh palm (Elaeis guineensis) and has to perform an extensive
processing before reaching the consumer. Finally, refined, bleached, and deodorized palm
stearin (RBDPS) is fractionated from the refinery processing of CPO®; its value is lower
than that of the palm olein which is the main product from the same process. RBDPS is
primarily used in processing of shortening and margarine in food industry. As an eco-
nomically viable material, this material remains largely unexplored especially in rubber
matrix.

Generally, the fatty acid fraction of RBDPS consists of highly saturated fats and
triglyceride.” Their methyl esters or triglyceride can react with primary and secondary
amines to produce the corresponding modified palm stearin (MPS).>!! Fatty acid
amides or MPS gained special attention due to their application in surfactants, lubricants,
fungicides, and anti-blocking agents in the plastic processing industry.’®!* The aim of
this study was to use MPS as a biocompatibilizer for NR/HNT composites. Based on the
surface chemistry of MPS, it was expected to improve the compatibility between the
silanol and/or the siloxane groups and other related properties of the composites.
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To date, no reports have been published of detailed investigations concerning the use
of MPS to promote the interaction between NR and HNT. The study also analyzed the
dispersion of HNT using X-ray diffraction (XRD} and scanning electron microscopy
(SEM). Further data on stress—strain behavior and crystallization during stretching were
correlated to the compatibility effects and the mechanical properties observed. This
study will lead to the scientific understanding on how MPS could influence the prop-
erties of the NR/HNT composites and extend to be source of useful information for
preparing the rubber products based on NR/HNT composites.

Experimental procedures

Materials

The NR used was ribbed smoked sheet 3 purchased from Khok Phan Tan Rubber Fund
Cooperative Ltd., Thailand. The HNT was mined and supplied by Imerys Tableware Asia
Limited, New Zealand. The main compoesitions of the HNT are as follows (wt%); SiO»
(49.5%), Al,04 (35.5%), Fe,05 (0.29%), and TiO, (0.09%) with traces of Ca0, MgO,
K,0, and Na,O. Zn() was obtained from Global Chemical Co., Ltd., Samut Prakan,
Thailand. N-cyclohexyl-2-benzothiazole sulfenamide was purchased from Flexsys
America L.P., Nitro, West Virginia, USA and sulfur was purchased from Siam Chemical
Co., Ltd., Samut Prakan, Thailand. The palm stearin used was manufactured by Chumporn
Palm Oil Industry PCL., Chumporn, Thailand. Other chemicals used to modify palm
stearin such as sodium methoxide, diethanolamine, diethyl ether, and saturated sodium
chloride were supplied by Sigma-Aldrich (Thailand) Co., Ltd. Bangkok, Thailand.

Modification of palm stearin

The modification of palm stearin was done according to the optimum conditions
described by Surya et al.'® It was done in a reaction kettle fitted with a stirrer at atmo-
spheric pressure. The methanol was initially added and then mixed with sodium meth-
oxide while stirring. The mixture of palm stearin and diethanolamine was later added to
the solution and mildly stirred. Next, the mixture was heated and the reaction temperature
was kept constant at 70 C for 5 h. The resultant mixture was extracted with diethyl ether
and washed with saturated sodium chloride solution. The crude product of MPS was
finally purified with anhydrous sodium sulfate and concentrated by a rotary evaporator.
MPS was stored in a desiccator prior to characterize through Fourier transform infrared
spectroscopy (FTIR) to capture the change in functionalities. The chemical reaction of
during the synthesis of MPS is illustrated in Figure 1. The MPS appeared as a cream-
colored wax and was used as a compatibilizer to improve the compatibility of NR/HNT
composites.

Preparation of NRIHNT composites

Table 1 lists the starting materials used for compounding the compatibilized NR/HNT
composites. Here, stearic acid was not used in this formulation since the MPS also contains
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Table 1. Compound formulation of the NR/HNT composites with and without MPS.

Amount (phr)

ingredients MPS0 MPS0.5 MPS0.7 MPSH MPS2
RSS3 100 100 100 {00 100
ZnQ 5 5 5 5 5
HINT 5 5 5 5 5
MPS - 0.5 0.7 | 2
CBS 2 2 2 2 2
Sulfur 2 2 2 2 2

NR: natural rubber; HNT: halloysite nanotube; MPS: madified palm stearin; R$S3: ribbed smoked sheet 3; CBS:
N-cyclohexyl-2-benzothiazole sulfenamide.

fatty acid. The entire amounts of NR, HNT, MPS, and other additives were prepared using
a Brabender (Plastograph® EC Plus, Mixer W50EHT 3Z, Duisburg, Germany). The
compounds produced are hereafter designated as MPS0, MPS0.5, MPS0.7, MPSI, and
MPS2 for the composites with 0, 0.5, 0.7, 1, and 2phr of MPS, respectively. After
dumping, the compounds were passed through a tight nip (~2 mm) two-roll mill to
remove excess generated heat. The compounds were then compression molded into
specific shapes by a hydraulic hot press, using the curing times determined by a moving-
die rheometer (MDR) as described in the following section.
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Measurement of curing characteristics

The curing characteristics of the composites were performed using an MDR (Rheoline,
Mini MDR Lite, Tewkesbury, UK) at the temperature of 150°C, It was used to determine
the torque, scorch time (ts,), and curing time (fcqp) according to ASTM D5289 (https://
www.astm.org/Standards/D5289.htm).

X-ray diffraction

The XRD patterns of the samples were measured by a PHILIPS X’Pert MPD
(Amsterdam, The Netherlands), using a CuKa radiation tube (4 = 0.154 nm) at 40
kV and 30 mA current. The diffraction pattern was scanned across 26 = 5-40" with
a step size of 0.05° at 3°min~! scan speed. The d-spacing of the layers of particles
was further calculated from Bragg’s equation (nd = 2dsinf), where 4 is the wave-
length of the X-ray, d is the interlayer distance, and @ is the angle of the incident X-
ray radiation.

ATR-FTIR spectroscopy

The FTIR spectra of the NR/HNT composites were analyzed using a Bruker FTIR
spectrometer {Tensor27, Massachusetts, USA) with a smart durable single bounce dia-
mond in the attenuated total reflection (ATR) cell. Each spectrum was recorded in
transmission mode after 32 scans per spectrum, with 4 cm ™" resolutions from 4000 cm ™’

to 400 cm ™.

Measurement of mechanical properties

Dumbbell-shaped samples were cut from the molded sheets according to ASTM D412
(https://www.astm.org/Standards/D412), and tensile tests were performed at a cross-
head speed of 500 mm min '. The tensile tests were carried out with a universal tensile
machine (Tinius Olsen, H10KS, Redhill, UK), to determine 100% modulus, 300%
modulus, tensile strength, and elongation at break. Further, the tear strength of the
vulcanizates was determined using an Instron universal testing machine according to
ASTM D624 (https://www.astm.org/Standards/D624.htm) with a cross-head speed of
500 mm min ! and the type C (right angle) test pieces were fixed to the jaws of the
tensile machine. The tear strength was evaluated from the averages of five repeated
tests for each compound. The hardness of the samples was measured according to
ASTM D2240 (https://www.astm.org/Standards/D2240) using a manual Shore A type
durometer.

Scanning electron microscopy

The examination of tensile fractured surfaces was carried out using a SEM (Quanta
400, Massachusetts, USA) to obtain information on the dispersion of the HNT in the
absence and presence of MPS throughout the NR matrix. The fractured pieces were
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Figure 2. FTIR spectra of unmodified and MPS, FTIR: Fourier transform infrared; MPS: modified
palm stearin,

coated with a layer of gold palladium to eliminate electrostatic charge buildup
during examination.

Wide-angle X-ray scattering

The crystallization behavior of NR/HNT with and without MPS was analyzed using an in
situ synchrotron wide-angle X-ray scattering (WAXS). The WAXS was performed using a
Beamline 1.3 W at the Siam Photon Laboratory, Synchrotron Light Research Institute
(SLRI), Nakhon Ratchasima, Thailand. The wavelength was 0.138 nin and the distance of
sample-to-detector was 1 15.34 mm. 4-Bromobenzoic acid was used as a standard chemical
to calibrate the scattering angle. The scattering pattern of the samples was captured by a
CCD detector (Rayonix, SX165, llinois, USA) with a diameter of 165 mm. The beam
intensity before exposing and after passing through the samples was monitored by an
ionization chamber installed in front of the sample holder and a photodiode mounted in
front of the beam stop. The dumbbell-shaped specimens were mounted between the grips
of a stretching machine. The sample was stretched at a crosshead speed of 50 mm min™"
till a given strain and was then relaxed in the deformed state. WAXS was recorded at this
state for 30 s, and continued stretching to the predetermined strain until the character-
ization was complete. A 2-D air image was subtracted from the 2-D WAXS images, and
the resulting images were converted to 1-D WAXS profiles by averaging each 2-D image
in the azimuthal direction using the SAXSIT program developed by SLRI. This 1-D profile
was integrated to calculate the area under the profile line. The degree of crystallinity was
calculated using the following equation:

A
Degree of crystallinity(%) = ( y _: Y ) % 100 (1)

where A, and 4, are the area under the crystalline peak of interest and the amorphous halo,
respectively.
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Table 2. The observed peaks and respective assignments of unmodified and MPS.

Wavenumbers (cm ') Suggested assignments

3410 O-H stretching

2922, 2852 C-H stretching

1745 C=0 strength in ester

1629, 1556 C=0 stretch in modified structure
1352 CH3 umbrella mode

1064 C—N stretching

7191721 CH, rocking

MPS: modified palm stearin.

9
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7
T
Sa
g
S 3 — MPSO  — MPS0.5
21 — MPSO0.7 — MPS1
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0 .
0 5 10 15 20
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Figure 3. Curing curves of NR/HNT composites with and without MPS. NR: natural rubber;
HNT: halloysite nanotube; MPS: modified palm stearin.

Results and discussion

Functionalities of MPS

The typical infrared spectra of unmodified and MPS are shown in Figure 2. The wave-
numbers and their respective assignments are summarized in Table 2. Similar bands of
C-H stretch detected at wavenumbers of 2922 cm ™' and 2852 cm !, and CH, rocking
band appeared at 719 cm ™" and 721 cm ™" associated with long MPS chains in the fatty
acids are observed in both unmodified and MPS. Further evidence of a methyl group (CHs;)
attached to a carbon atom was also shown as the umbrella mode at 1352 cm™'.'* The
distinct bands observed in the MPS over unmodified palm stearin are also shown in
Figure 2. These include the strong band of O-H stretch at 3410 cm™", the C=0 stretch at
1629 cm ™! and 1556 cm ™!, and the amide C—N stretch at 1064 cm ™!, respectively. The
spectrum obtained clearly corresponds to the functional groups present in MPS as seen
reaction scheme shown in Figure 1.
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Figure 4. ATR-FTIR spectra of NR/HNT composites with and without MPS. ATR-FTIR: atte-
nuated total reflection-Fourier transform infrared; NR: natural rubber; HNT: halloysite nanotube;
MPS: modified palm stearin.

Cure characteristics

The curing curves of the NR/HNT composites with and without MPS are shown in
Figure 3. It was found that the minimum torque (M) decreased with the addition of
MPS. M;_ represents the elastic modulus of uncured stock and also offers valuable detail
about the processability of rubber compound.ls Lower value of Mp indicates better
compound’s processability. Here, it is clear that MPS improved the processability of the
compounds. MPS is waxy in nature; it can act as an internal plasticizer resulting in
lowering the viscosity and improved the processability of compounds. The maximum
torque (M) reduced after adding MPS but then increased again with further increases in
the MPS portion, showing that the MPS played an important role in improving the
compatibility of the NR/HNT composites. A similar finding was observed for the torque
differences (My — My). As the torque difference is known to be representative of the
degree of cross-linking and/or interaction within the composite system,16 this could
indicate that the compatibility of the NR and HNT was significantly enhanced when the
MPS was added to the composite.

The amide content in the MPS also shortened the scorch and cure times of the
composites. As mentioned before, MPS was synthesized from palm stearin and die-
thanolamine which made MPS an alkaline substance. This has brought to an increase in
pH of rubber compounds and, in most instances, enhances the cure rate. Any chemical
substance that gives the rubber compound more alkalinity will lead to enhance the cure
rate because the acidic materials tend to retard the reactivity of accelerators,'®'” It was,
therefore, expected that the amine-content of the MPS can accelerate the cure rate of the
composites.
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Figure 5. Schematic model representing the interaction of MPS and HNT through hydrogen
bonding. HNT: halloysite nanotube; MPS: modified palm stearin.

Interaction of MPS and HNT

Figure 4 presents the FTIR spectra in the wavenumber range 4000400 cm™" for the NR/
HNT composites without MPS and with MPS at 0.5 and 2 phr. For the composite without
MPS, an adsorption band around 3690 cm™ ! was found which can be assigned to the
vibrations of hydroxyl groups, specifically, the stretching wbratlons of the i mner surface
hydroxyl groups. Other interesting peaks were detected at 684 cm !and 534 cm ™!, which
were attributed to the deformation of the inner hydroxyl groups of Al-OH ltbatlons
Upon inclusion of MPS, there was a slight shift in the Al-OH v1brat10ns The peaks
representing the Al-OH vibrations at the wavenumbers of 684 and 534 cm ! were shifted
to 701 and 541 cm™ ', respectively, after the addition of 0.5 and 2 phr of MPS. The increase
in the MPS loading increased the peak intensities of the AI-OH vibrations, confirming that
the presence of more MPS in the NR/HNT composites creates a better rubber—filler
interaction. Such interaction is able to occur through hydrogen bonding between the amide
group available in the MPS and the aluminol and silanol components of the HNT where the
alkyl chain (-R-) available from the MPS is dipole when interacting with the rubber chain.
It has also been previously reported in the literature'® that the shift in A1-OH is related to
the formation of hydrogen bonding between the outer and the inner surfaces of the HNT
and the compatibilizer. The mechanistic model of this interaction is shown in Figure 5.

XRD study of the composites in the presence of MPS

The XRD patterns of the composites with and without MPS are shown in Figure 6. The
characteristic (001) reflection for the HNT appears at 20 = 12. 5" corresponds to basal
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Figure 6. XRD patterns of NR/HNT composites with and without MPS. XRD: X-ray diffraction;
NR: natural rubber; HNT: halloysite nanotube; MPS: modified palm stearin.
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Figure 7. XRD pattern of pure MPS and HNT mixture. XRD: X-ray diffraction; HNT: halloysite
nanotube; MPS: modified palm stearin.

spacing, d = 0.79 nm, determined using Bragg’s Law. This indicates that the HNT was
mainly in dehydrated form, typically referred to as 7A-Halloysite.>'® Furthermore, it can
be observed from the same Figure that the d-basal spacing is shified to the lower reflection
angles over the MPS loadings (12.2°—11.9°). The interlayer space distances are 0.83-0.87
nm for MPS 0.5-2 phr, respectively. This indicates that the MPS is beneficial to expand the
interlayer space of HNT. Broader basal reflections obtained may be attributed to the small
crystal size, inconsistent layer spacing, and the bending of the HNT layers. However, the
increasing value of d-basal spacing is considered lower when compared to other types of
clay due to the difference in shape and characteristics of clay itself. Similar observation
was reported by Lagaly et al.?® who have used the fatty acids to expand the layers of clay.
This is quite similar to this work, as the MPS has the fatty acids in its composition.
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Table 3. Mechanical properties of the NR/IHNT composites with and without MPS,

Tensile strength Elongation at break Tear strength Hardness
Compound (MPa) {%) (N mm™) (shore A)
MPS0 26.11 4 055 728.2 + 852 31.30 + 0.58 85
MPS05 27.47 + 031 686.8 + 9.11 30.93 £+ 041 385
MPS50.7 28.18 + 0.15 6758 + 7.79 3210 + 044 390
MPSI 27.56 + 0.21 645.1 + 10.12 35.03 + 0.49 395
MPS2 2557 + 0.32 630.9 + 5.54 3542 + 0.39 40.0

iNR: natural rubber; MNT: halloysite nanotube; MPS: modified palm stearin.
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Figure B. Tensile madulus and Ri of NR/HNT composites with and without MPS, Ri: reinforcing
index; NR: natural rubber; HNT: halloysite nanotube; MPS: modified palm stearin.

The increment of basal spacing for the composites containing MPS was occurred
during the melt-compounding of the composites under high shearing force of an internal
mixer. To confirm this, a control sample was prepared differently where the steps of
preparation were modified from the original work of Das et al.2! by grinding the pure
MPS and HNT in a mortar. Next, the mixture was dried at 100°C prior to characterizing
the crystal structure using XRD. Based on the resuits shown in Figure 7, there are
only the characteristic reflections of HNT appeared in the XRD patterns. This confirms
that the increasing of the basal spacing occurred after mixing with an internal mixer. The
high shearing of the internal mixer together with the ability of the MPS to increase
interlayers of HNT might be one of the reasons responsible for the remarkable
improvement to the properties of the NR/HNT composites in the presence of MPS.

Reinforcement and strain-induced crystallization of the composites

Reinforcement of NR/HNT in the presence of MPS was monitored through the
mechanical properties where it was listed in Table 3. The tensile strength increased upon
the inclusion of MPS to an optimum at 0.7 phr loading; thereafter, the value is decreased
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slightly. The increment in tensile strength was simply due to the MPS itself, which had a
direct effect on the interaction between the NR and the HNT. The reduction in TS after
0.7 phr of MPS may be attributed to the excessive interaction taken place. As a result, the
stress concentration point was observed at the interacting point, creating flaws in the
rubber samples during the tensile testing. This phenomenon caused a similar effect to the
elongation at break of the NR/HNT composites. The strong interaction of the NR and
HNT can be confirmed from the results of the stresses at 100% (M100) and 300%
(M300) strains (sec Figure 8). [t can be seen that the M100 and M300 increased gradually
with MPS loading. As more MPS was added to the rubber more interactions took placed,
resulting in stiffer and harder composites.”” Such finding is more obvious when con-
sidering the stress at 300% elongation (M300). This is related to the stress—strain which
will be discussed later based on their relationship between stress—strain behavior and
degree of crystallinity. A similar pattern was also found for the hardness and this is in
good agreement with the My and My — My reported in the preceding section.

A better interaction between NR and HNT is formed by the interaction of the amide
groups available in the MPS and the siloxane groups on the outer layer of the HNT and
these reactions created an increase in the reinforcing efficiency of the NR/HNT com-
posites. As can be seen from Figure 8, the reinforcing efficiency or RI (M300/M1460) of
the composites increased upon the addition of MPS which not only acts as compatibilizer
but also plays an important role in enhancing the dispersibility of HNT throughout the
rubber matrix. As noted above, MPS is wax-like in nature and this helps to improve the
dispersibility of the HNT. The evidence of this effect is adduced later in the article.

Another interesting result obtained from the mechanical properties is the tear strength.
It showed remarkable improvement upon the inclusion of MPS. The improvement of the
tear strength is due to the strong interaction between the NR and the HNT as well as the
ability of the MPS to improve the dispersibility of the HNT throughout the NR matrix.
Here, tear strength showed a maximum value at 2 phr of MPS content. This is not similar
level to what observed for tensile strength. This can be ascribed to due to its different
crystallizing changes which occur upon the inclusion of MPS. As the tear test was
conducted at a lower strain than that of the tensile test, the data observed might be
different. This may be responsible to the turning point of stress and strain behaviors.

As been clearly mentioned in the introduction part, the main focus in this study was to
correlate the reinforcing effect and strain-induced crystallization of the composites. The
crystallization characteristics of the composites were also studied through synchrotron
WAXS and extension apparatus was used 1o examipe crystallization under strain. This
was to simulate the strain-induced crystallization of the composites, which enable the
monitoring of crystallization in real time, giving detailed and accurate scattering patterns
with short exposure times.

As been mentioned in the previous sessions that MPS has influenced on the
mechanical properties which are from two main factors; one being due to an increase in
the compatibility between NR and HNT by forming certain interaction and other being
due to an increase in the interlayers of HNT due to the waxy in nature of the MPS. The
main factor is definitely because of the improved compatibility between NR and HNT.
The interaction taken place in the presence of MPS can help to pull the surrounding
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Figure 9. (a) Degree of crystallinity determined from 200 and 120 reflection planes and (b) stress—
strain curves of NR/HNT composites with and without MPS. NR: natural rubber; HNT: halloysite
nanotube; MPS: modified palm stearin.
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Figure 10. WAXS profiles and 2-D WAXS images of NR/HNT composites with and without MPS
at 400% strain. WAXS: wide-angle X-ray scattering; 2-D: two-dimensional; NR: natural rubber;
HNT: halloysite nanotube; MPS: modified palm stearin.

molecular chains and speeds up the crystallization process. To support the observed
findings, it is important to examine the effects of various contents of MPS, in this case,
0-2 phr, on the strain-induced crystallization in the NR/HNT composites. WAXS
analysis of the NR/HNT composites with and without MPS was performed and the
results obtained from WAXS profiles are depicted in Figures 9-11.

Strain-induced crystallization of NR/HNT composites was discussed through the
degree of crystallinity (X,) over the strains. The X, can also be estimated from the inte-
grated peak area of the intensities at 200 and 120 diffractions.”®** The degree of crys-
tallinity against the strain deformation is illustrated in Figure 9(a). The onset strain where
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Figure I 1. WAXS profiles as a function of azimuthal angle and the respective 2-D WAXS images
of NR/HNT with MPS at 1.0 phr. WAXS: wide-angle X-ray scattering; 2-D: two-dimensional; NR:
natural rubber; HNT: halloysite nanotube; MPS: modified palm stearin.

the crystallization occurs is also shown in this figure (see the Table embedded
Figure 9(a)). It can be observed that the X, increases with increasing the applied strain
where the crystallinity starts to occur at the lower strain, that is, 250% for the composite
without MPS, and about 190%, 190%, and 150% for the NR/HNT containing 0.5, 1.0, and
2.0 phr of MPS, respectively. Here, it is obvious that MPS shows an important role in
inducing the crystallization of the NR/HNT composites. This phenomenon is attributable
to the better interfacial interaction of NR and HNT gained by the addition of MPS. Such
interaction can promote an intense interaction point which then acts as a hook to pull the
surrounding molecular chains during stretching. Subsequently, the molecular chain
orientation and alignment are further enhanced.

The result of X, over the strain is clearly corresponding to the stress—strain curves of
the NR/HNT composites with and without MPS as shown in Figure 9(b). The typical
strain-induced crystallization of NR/HNT composites with and without MPS can also be
observed from the stress—strain curves. Initially, stress increases slightly when the strain
is applied, then increases steeply due to the strain-induced crystallization of the NR
during tensile stretching. The stress and strain values appear to differ when the NR is
with or without MPS. From the stress—strain curves, it is possible to predict the crys-
tallization of the composites from the turning point of the stress and strain. It is obvious
that the stress started to increase toward the MPS content. This is responsible to the
formation of interaction in the system which is discussed earlier in Figure 5.

To widen the focus, WAXS profiles and 2-D WAXS images of the NR/HNT com-
posites with and without MPS at 400% strain are shown in Figure 10. Here, the peaks
appeared at the 20 of 12.5° and 18.0° corresponding to 200 and 120 reflection spots,?>?*
indicating the crystallization of the NR/HNT composites. It was also found that the
diffraction intensity slightly increased with increases in the MPS content, indicating that
the crystallization of the NR/HNT composite was induced by the addition of MPS. This
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crystallization is more visible when captured in the 2-D images from the WAXS profiles.
The erystalline spots, assigned to the 200 and 120 plane reflections were more intense
after the inclusion of MPS. This clearly indicates that the MPS plays a very crucial role in
promoting the strain-induced crystallization of NR/HNT composites. To measure the
small amount of strain-induced crystallinity due to the weak intensity of the WAXD
pattern in the deformed sample, only the azimuthal scan profiles were analyzed. In
specific, the diffraction intensity near the equator from 160° to 200° was integrated and
termed as the total intensity. This is specially for the composite containing 1 phr of MPS
(see Figure 11). Such azimuthal scan profiles shown were at 300%, 400%, and 500%
strains where the corresponding 2-D WAXS images are also given in the Figure. It can be
clearly seen that the reflection intensity of the azimuthal profiles for the respective
composite increases with applied strain. Such finding clearly shows that the orientation
of the NR chains is changed, leading to the crystallization of the NR.

From these results, correlation between the strain-induced crystallization and corre-
sponding interaction between MPS and the composites is represented in schematic
model (see Figure 12). In this scheme, two stages of crystallization are represented. The
first stage happens at a lower strain of ~ 160-200%. In this stage, the NR matrix may be
in contact with the HNT due to the interfacial interaction created by the unique char-
acteristics of the HNT. Upon stretching, HINT is orientated and aligned along the
stretching direction. Crystallization of the NR matrix is then induced due to the stress
concentration point on the HNT surfaces, and the crystallinity increases in association
with the orientation of the HNT. As a consequence, the NR chains are rearranged and
crystallized, Secondly, at the strains over 240%, the crystallinity of the NR matrix
increases steeply due to the collaborative crystallization of NR and HNT in association
with the contribution of the MPS. The hydrogen bonding formed by the presence of the
MPS plays a major role in pulling the surrounding molecular chains. Thus, 2 significant
increase in crystallization is observed at higher strains and this is in agreement with
results observed previously in the stress—strain behaviors and WAXS profiles.

Conclusion

The overall properties of NR/HNT composites were clearly enhanced by the addition of
MPS. The strong interfacial adhesion was basically due to the hydrogen bonding raised
by the amide group available in the MPS and the corresponding silanol and alumino}
groups of the HNT, which was clearly verified by the FTIR spectra (Massachusetts,
USA). Another significant factor is the waxy nature of MPS, which can enhance the
dispersion of HNT throughout the NR matrix. These findings were more pronounced and
visible when considering the XRD patterns. Incorporating MPS caused in the shifting of
the peak to lower 20 of 9.5°. This indicates that the MPS is beneficial to expand the
interlayer space of HNT. As a result, the dispersibility of the HNT is improved
throughout the NR matrix.

The degree of crystallinity of the NR/HNT composites increased with increases in the
applied strain and the onset of strain started earlier after the addition of MPS. MPS acted
as a hook to attract the surrounding molecular chains and thereby increase the
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crystallinity of the composites. All the supporting evidences are in good relation to the
results observed previously in the siress—strain behaviors and WAXS profiles.
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