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Thesis Title Enhancing Properties of Vulcanized NR-g-PMMA Latex Using
Glutaraldehyde as Crosslinking Agent and Its Applications

Author Miss Nussana Lehman

Major Program  Polymer Science and Technology

Academic Year 2018

ABSTRACT

A novel and inexpensive method to vulcanize natural rubber latex (NRL) at
low temperature by using glurataraldehyde (GA) was successfully prepared and
developed. The main objective of this work is to improve the mechanical and other
related properties. The effect of natural rubber modification, blending, and
reinforcing by using GA as curing agent on the properties (i.e., mechanical, thermal
and oil resistant properties) has been investigated. It was found that the properties of
cured grafted NR increased with increasing of functional group contents while
blending the poly(vinyl alcohol) (PVA) into NRL gained the advantages in term of
processing and the addition of nano-clay can improved the mechanical, thermal and
oil resistant properties. Furthermore, it was found that cured grafted NR/PVA blend
gave better properties than that of cured unmodified NR/PVA blend due to beneficial
of the interaction between both phases. The most suitable condition obtained from
this work is blending NR-¢-PMMA/PVA of 90/10 wt% together with adding 1 phr of
nano-clay. The results showed well agreement with dispersion from supporting
characterization (i.e., SEM-EDX). The properties of newly developed material
exhibited better than the benchmarking properties of the rubber flooring sheets from
Thai Industrial Standard (TIS 2377-2551). This obtained knowledge would be an

alternative way to applied for various rubber industrial applications.

Keywords Natural Latex, low temperature vulcanization, glutaraldehyde, grafted NR

latex, NR/PVA blend, nano-clay



(7)
AnRNssuUsENA

Ingdnusatuididaqalulimed esneldsuanudiemve waratuayuain
mhsrusuieudsazresyananaierediedtu fiaheveunszanlununianes
vy o Tomail

YBUDUNTEAT §TI8AIANT19136 A3.18nTn nansalqsusdl e193efivnm
Inendnusilliautemdoluyn q fu eesduaSuwaratuayunieuiaiundaudn
unifleviuldludin ideaaznaniioguassaiueilalduaziunnisodinviiaueun
wnsesnidediussgradiiaganluded uagldliamnunsundunssunisnseasy
miAfed

YOUOUNTEA BMAnTIA38 a3 UTeda aselud AnsunliAesAduuszsiunis

9 Y
¥

aauInelnus 510 §9eeans1a13d as.ltunn uwERe asiBeuna dasiuuns wag

a Ny v oa a & a a ¢ Yo = =1
AT VIUNF V1IA VIIMLﬂEJiG]L‘lJUﬂﬁ?,Jﬂ’]iﬂ’liﬁa‘UWlEJWWUﬁ LLazﬂ‘gmﬂMmﬂiﬂwﬂ VUL

1%
I -4

dounniaduaziiltoranainlunisilswinerdnug viliinerinusaduiidanuauysel
5 X

UINBITY

VDUVBUNTEAMNUIVUTEUUUHUAUUTEINUNTAN YT 2559 9UgANUUNITITELe
Wentinus Junnine1dy Usedntaudseunn 2561 Niwatuayuiulssinnniun1sidy
wazyuatvayuluiauanaivnig AdigatduayuaAiung NN waen1sidnsanuUssyy
lusgiuwuna iehismewninanuiduesndainala

YBUDUNTEAMUANIANTILATYAAINTYNYIUTUAIvIv INeIA1ansLasinalulad
wodlues MAIrIngrmansuazialulagian AneIneImans unINe1auaUaIuASUNS
raglidnUine wagldsnneanuaganitunisiauidenlinnudisiie ianiuenans
°o v - a v £ d' = & o 1% o av o « ! v Y a
drfgitendTeuassuesasile gunsal vilinsihawddedisaqaiulames

2/ & ' a [ o w Ly Y o =2 a

negailvoveunsen Aue Neeeilumasla asesuilawaglimuinuninasnun
vouRnAnnEueseguuiyhlvlasuitwsmandulunsauiiuginde voulatesyens
aospunldreedeilauwsidineslidslanasau auiaveveuAmitesladnfnwaiu1iv
Mgreansuavinalulagnedimesnasetismae IiAUsnw aseanudserivlavagly

1Y

MAlANANADASLELIAINITAN Y

AW Unagnsiu



GUEITLY
L‘%IEN

UNnAnganIE g
UNAREININBINGY
AnANIsuUIENA
a130%y
A13UQYAITN
ansUrysunw
dyanwaluazAee
FIEURNANUARUNRAZNTUSEYATINTS
AunduatuiildfunsmeusulRRuiunalumsasivnig
duudutiuilddunseeuulitaueunanilunulssginns
1. umi
1.1 pnudfuasiinnvesanidy
1.2 IngUszatAvosanuive

1.3 YULUAVDINITINE

aov aa

2. Vg ufhagIATe NN 1D

2.1 thenssssua

2.2 WIMensUTUUTsaNURUB 98 NS TTUYA
2.2.1 MIAALUSLATIESNMUALVDILTITUYR
2.2.2 MISNANENSTIUTRAU NS LTIz e oA mesyindu
2.2.3 TAABUsENBUINYNEITUVIR

2.3 ASEUIUNTIaM lUge195 3TN
2.3.1 SeUUMmuzau
2.3.2 syuuoseanlan
2.3.3 syuuildasinisu

2.3.4 syuuildngmniadladiluansiienyns

(8)

(5)
(6)
(7)
(8)
(10)
(11)
(12)
(14)
(15)
(16)

o N A~ B~ B~ B~V VW o

L e e N =Y
O O O U1 WU



#1508y (fi9)

399
3. HALALINTAUNANITNAADS
3.1 NABINSLAT BN LIRS NAF e WeR AL AS N T sdnaIu
SYWaNNesTINTRLAZLARLMNAS AN
3.2 NATBINSLATENINNISTTUT AN MR ENe A RaLIASIANTsE AU
msnsldsnsruianludlagldngmiadleniduamsdenvnsioaudisig o
3.3 waveINsIASENeNsssTITAnsWIilAneA e s srlndy
Tamludlnelingmianlenduaadouvnaeaaig «
3.4 wavesnisnaunedlidausanesediuineesssusataniludlagly
ngenfadladdumsdenvnsioautfisng 9 Adndrumsnausinaiu
3.5 waveansiiuulunaddoauTRve s ssumAnauwed lhia-
ueanesadianludlagldngmiadlediduamsidonyns
3.6 NAYBINIATHULNNISTTUANTWIFEENeBRaMIASIanTsEFUANS
nsAssnunaunedhiiaeanegeauazi@uuilueag 1 phr aaludlay
T¥ngmsanlediduasdensns
a7uNan1Innaeg
UTTUUNTH
AIANUIN
N, KAIUANUWLLINTEITIVING
U, NaURNLW LU sEgIrINs

av o [y

A. AuatuUNANNIREEmMTUNUUTEEAYINTS

4

3. UAUUUNANIIYEINSUITAITIVING

9)

g
20
20

25

34

36

37

39

az
aa
a8
a9
59
65
74
99



(10)
A13URA519

i o
AN WU

3.1 ansTlfisden NR-g-PMMA fidmdanusening NR/MMA 20
Wiy 95/5 war 90/10 Tnethnin

3.2 SOUATVBIYNGTIUVIA SDUALVDINDALUNALUNIATIAN S08aUD 21
TolunedwesiliiAinn1snsns wazUssansaimnisnsidves
NR-g-PMMA fiszsiunnsns i

3.3 audAdenavesiensssumAnswidsenedwiiammasiandissiu 26
AN ’Jfamiuszﬁ,m‘lsﬁﬂQm%’aﬁl@ﬁﬁ‘]uam%mma

3.4 gaumglinsaaedimnanufoued NRg-PMMA fiszdiunisns e 29
Fiany ’E’am"l,usﬁimiﬁé’fﬂQm%’aﬁi@ﬁﬁ‘]umiﬁamma

3.5 AIUNUILUUTDINUSE AL T 0111909819555 uT AT LA 32
Faelud (Uncured NR) waze1ssssumadaaludmengniianlen

\Juansidonng (GA cured NR)



2.1
2.2
2.3
3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

d19 U

e
2
éan

lassasivedanagyiinuouiteialatud (montmorillonite, MMT)
anwznIsnIEeivenaadluanmeunadn
nalnnsTaaludueseesssuniniengmaslenruuisedu
durhisaanasuvesihesssumnaiilikiunmsnsiduag
NR-g-PMMA 7idnauszning NR/MMA wirifu 95/5 way 90/10
Tnerhmiin

"H-NMR avdnaswesdunisaaiunmsuvesinenssssuenialaim
MINTIMALAZ NR-g-PMMA Fidadusening NR/MMA wihiu 95/5
uay 90/10 Taethwiin

ANUE A UFIVINGIIINNADIYANTIALBIENATOULUUAD IO
thensssumafiliiunisnsmduas NR-g-PMMA

uegdaisrerdn 100% wazAImuTaves NR-g-PMMA fiszdunis
nsmidmety Yamludlaelingansadladduasdenas
PUELTUS ST AUAU-ANILASEATDS NR-g-PMMA fissdiunis
nswissnaiu Jaanludlaelingansadlesiduasdennns
fovavnisuanmaslutnures NR-g-PMMA fiszaunisnsaldsngdiu
Sanludlaeldngansamlesiduasidourn

TGA uaz DTG Wasluunsy 189 NR-¢-PMMA fissiunisnsamssieiu
Samludlaeldngansadlediduamsidenuns

FT-R avdnaiuvessnssssunailibiiunnsianlud (Uncured NR)
uazenssTINIATanludsengmiadledduamsidonyng

(GA cured NR)

(11)

10
11
17
22

23

24

27

27

28

30

33



"H-NMR

CaCo,
CBS

CDCls
CHP
DSC
DTG
ENR
EPDM
FT-IR

GA

GE

MBT

MMA

MMT

NR
NR-g-P(S-co-
MMA)
NR-g-PMMA

NR-g-PS
PAM
PEG

phr
PMMA
PVA

(12)

JydnualuazAge
Tuedesunnudnslonuuduuuluinou
(Proton nuclear magnetic resonance)
uAALTILATISUBLUA (Calcium carbonate)
lelratendatuulalnezlgadaniulua
(N-Cyclohexylbenzothiazole-2-sulfonamide)
Auveiseunaslswesu (Deuterochloroform)
Aadlu lelasiueseanlan (Cumene hydroperoxide)
\3adnsziau TR TsAugouluU Differential scanning calorimetry
mMsdsuuamisnudeauuy Derivative thermogravimetric analysis
8195350 ADNeN YA (Epoxidized natural rubber)
graevsaulnsiauladu (Ethylene-propylene diene rubber)
WiSensudnesudunsueaUnlasalad
(Fourier transform infrared spectroscopy)
ngananlen (Glutaraldehyde)
Usg@nSnnn1snsud (Grafting efficiency)
woskaUlauulylveylea lua (2-Mercaptobenzothiazole)
Wilawnasan (Methyl methacrylate)
wagytnuauduesalalus (Montmorillonite)
8195550979 (Natural rubber)
9195550 ANTNANRA IS UTIWAUNRIAaATIAN
(Natural rubber grafted polystyrene-comethyl methacrylate)
PNFTTUTIANTINANOANAALUNIATIAN (Natural rubber grafted
polymethyl methacrylate)
g19555uANTANeRElRIU (Natural rubber grafted polystyrene)
wodegmsalua (Polyacrylamide)
wodledidulnarea (Polyethylene glycol)
dulusosdruvesen (Part per hundred of rubber)
waawanIAILan (Poly(methyl methacrylate))

woalflausanagea (Poly(vinyl alcohol))



SBR
SEM
SEM-EDX

Ty
To

TEM
TEPA
T
TGA
Tnax

TSC
TSSR
XRD

(13)

JydnwaluazAnga (sia)
g9alnsudmladu (Styrene butadiene rubber)
NAD39aNIIAUBIANATOULUUABINTIA (Scanning electron microscope)
NADITANTIAUBIANATEURUUADINTINTTATIAT T IALLTIRQN N
(Scanning electron microscope - energy dispersive x-ray analysis )
qmmﬁmﬁﬁammw (Degradation temperature)
Qm%gﬁﬁm’mmiaawﬁ’; (The onset temperature of thermal
decomposition)
nNABsganIsAUBIaNATEULUUEDINIU (Transmission electron microscopy)
wnszleiaununziiu (Tetraethylene pentamene)
Qmwgﬁmimgwammﬁ? (Glass transition temperature)
W3adnssiau R BsruSouLUY Thermogravimetric analysis
Qmwgﬁq&qﬂumiamaﬁa (The maximum temperature of thermal
decomposition)
USiaswasudeionun (Total solid content)
Lﬂ%aw@aaumiﬁﬂmmﬁu (Temperature scanning stress relaxation)

LASDIAATIERNSIREAUUVRISIEDND (X-ray diffractometer)



(14)
FIPIUNANUANUNLAZNTUTLYUIYINTT

1. NAIUARUNTIWINTANTIYINS

Ekwipoo Kalkornsurapraneea, Nussana Lehman, Piyarat Judklaing, Ladawan
Songtipya, Sham Aan MP, Jobish Johns , Curing of Natural Rubber/Polyvinyl Alcohol
Blends Using Glutaraldehyde, Materials Today: Proceedings 5 (2018) 15115-15119.

Nussana Lehman, Wanida Yung-Aoon, Ladawan Songtipya, Jobish Johns,
Nitinart Saetung, Ekwipoo Kalkornsurapranee, Influence of Functional Groups on
Properties of Styrene Grafted NR Using Glutaraldehyde as Curing Agent, Journal of
Vinyl and Additive Technology: DOI: 10.1002/vnl.21700.

2 mstauanaulunsusEyuIvInig

ﬁﬂizﬂgu%ﬂﬂ’liizﬁuuﬁuwﬁﬂa The 3 International Conference on Applied
Physics and Material Applications (ICAPMA 2017) Usglanusseng Foideq Curing of
Natural Rubber/Polyvinyl Alcohol Blends Using Glutaraldehyde Jufi 31 wa- 2 fe.

2560 fu M3l Advl S weus au1 (Garden Cliff Resort & Spa) 3w invay3

ﬁﬂizﬂgﬁs{ﬂﬂ’liizﬁuuﬂuﬁ“ma The 19" International Union of Materials
Research Societies International Conference in Asia Bali — Indonesia (IUMRS-ICA 2018)
U5LNMUsIene Joi3eq Enhancing properties of cured NR/PVA blends using
Glutaraldehyde as a Crosslinking Agent: Effect of Nano-Clay Loading Sufi 31 a.p. 2
W.8. 2561 o ANVAYA HOTEL, BALI - INDONESIA Usginmsulatiide



(15)

dnurduatuniasunisnausuldRnununaulusa1sIvINIG

Production: Your article accepted in Journal of Vinyl & Additive Technology

cs-author@wiley.com
» 9/1/2019, 19:55
nus_na1708@hotmail.com ¥

>

Dear Nussana Lehman,

Article ID: VNL21700

Article DOI: 10.1002/vnl.21700

Internal Article ID: 16288091

Article: Influence of Functional Groups on Properties of Styrene Grafted NR Using Glutaraldehyde as Curing Agent
Journal: Journal of Vinyl & Additive Technology

Congratulations on the acceptance of your article for publication in Journal of Vinyl & Additive Technology.

Your article has been received and the production process is now underway. We look forward to working with you and publishing
your article. Using Wiley Author Services, you can track your article's progress.

Manuscripts with Decisions

ACTION STATUS ID TITLE SUBMITTED DECISIONED
RE: Brown, Randy VNL- Influence of Functional Groups on Properties of 24-Nov-2018 11-Dec-2018
EE: Lesser, Alan 18- Styrene Grafted NR Using Glutaraldehyde as

120.R1  Curing Agent

. Accept (11-Dec- View Submission

2018)

« InProduction



(16)

] ;74 L% dl o [ o a
duduaduinlasunismeuiuliinaueunanaluauyseyuivnis

T e W

Outstanding Oral Presentation Award

is presented to

Dr. Ekwipoo Kalkornsurapranee

Curing of Natural Rubber/Polyvinyl Alcohol Blends Using Crlutaraldehyde

The 3 International Conference on Applied Physics and Material Applications
May 31 June 2z, 2017 al Pattaya hatland
by
Faculty of Science and Technology

Suan Sunandha Rajabhat University

A il

(Asst Frod Dy, Anst Thapinis )

/ ean of Faculky of Sccncs snd Veshaulogy
; s Suas Sunandhe Kajuihiet Uisyeinly



dunduatunlasunismeuiulininauaunanuluudssyuivinis

IUMRS-ICA 2018 #114 Review Result IOP

paper-iumrs-ica2018 <paper-iumrs-ica2018@mrs-ina.org>
o1 16/12/2018, 20:36
nus_na1708@hotmail.com; ekwipoo k@psu.ac.th ¥

3 warlus

D IUMRS-ICA 2018 #114 PB...
aviliae  Uwiidluds OneDrive

ID#114 for IOP submission

Dear Authors,

IUMRS-ICA2018 committee would like to thank you for your contribution to
the successful conference in Bali. The publication committee would like

to inform you the result of reviewing processes as follows:

1. We are glad to inform you that your paper has been selected to be
included in the IOP Conference Series: Material Science and Engineering
indexed in SCOPUS.

2.  However, you still need to revise the paper according to the reviewer
comments (as attached).

3. Authors shall adhere to publisher's publication requirements,
including, but not limited to, length of papers and format. Please

prepare your revised paper according to guideline at
https://conferenceseries.iop.org/content/authors or using the attached
template.

4, The camera ready paper should be submitted to
paper-iumrs-ica2018@mrs-ina.org as soon possible or by a week after this
email sent. Auhtors have to send the revised paper in Ms. Word and PDF (2
files).

Please write the subject in all corresponding email as follow.
Subject:lOP_ID#_revision1

H: The committee has provided its best efforts to assist the publication
process at Scopus-indexed publication. Due to the cost of publication
imposed to us, and the |OP still has the right to reject the paper when it

is not appropriate, therefore the author has to fulfill all the

requirement mentioned above.

(17)



(18)

LYUIYINTS

9

Tuauds

FUFUDUNAINY

sul

NIUNIIADU

Yo

il

AUIAURUUN

14

o

unaey] AAAg ««:ew:ﬁ@.«?_m 397 UYOAN 005" X(I"JO1

VNI-SHIN 1U3pISa y. ‘SN 1U9pISalg

!

BISOUOPU] - I[eg ‘[Q10H BARAUY
810C CAON - 1€ 10

8107 BISY UI 3dUAIIUO)) [BUON)BUIIU]
SAPIN0S YOAEISIY S[BLIAJRJAl JO UOIU[) [BUOHBUIAIU] 6]

REINIETERE |

Se

Ueuna7 euessiN

0] PIpIBME SI 3)BIYNID SIY I,

ALVOMILLAAD




1. UM

1.1 ANUFIAYLALTINIVBINTIAY

o w

gsssuIRnses s luiinassgianddyvesusuindlve Jaaeiugiinuuin

o

Tudseindlne Ae Hevea Brasiliensis F9flauvRTanalanmuratslsenis siu auvmaniu

AMUEANEU N1TNTLAINTEABY WAZNITNUNIUABNITENVIA WDudy ag1elsAniy

1 [

g1955sumRtanvivislsensndanalini sldaugnldednedndna wu i@euanimilagn

(%
1 o

LawanuazANNSaU wiouniLlloduiadvihazanenlifivy \udu Weeanlasasiamis
= aa IQI L% %4 o 1 5 1
AvesesTIUAlaNlidumge Tneuseneumeiiusedvesasueu (-C=C) luaneld
Tuanacdudunuinn ibiveusnisldiuessssumfanas dau msuiuussdesesves
gesvsuRsududnunaulasg s inszansatieveereunnslHLe s TTIYIR
Tdlanuvainviansuindy nsUsuUTIAuandResTsueIAa1u1s0vinlaraneds 1w N3
(3 1 & v 1 a a v a v
nsmavdHanduuuaeldeesTsund (hdlanefiuelsiudu) NsHate1asTTunIRiueNs
= a ¢ o ¢ a A - a v a o4 o g v wa aady va
sonadiuesdunsizriulindy nien1siivalsdiy Jeilvnuandfenssssunanlad
(Y J (Y é’ v v ! s o d‘ Q‘ é’ 14 a ad
anwaruandiuuiuanyaenyilanduiiuduuulasiasvewesssud (1] lngdsnis
lleufe NMsdtessssuRnYhUuisensmdlanedwelswduiulidaveusiuesuia
Ang 9 WiatiuAduanIndgs anuuds Anudiunusefmvazatenliiddy Anudiunu
AaAusou AnusUUseUseeenTndu wagnsiiun1stafanuTansie o Aldanmn
TN 1955TUNR viaunsadewsssunallussendldiuanainnssunainvaleguwuy
loun nsvinduiaguanlumsinmdmsussarimmibaiiedaengnisldau inadieldly
guamINIIuAmBLarnIEA1Y Mlnsweswazn1dlunisviununninldmunedhiianaslse

[ 1

ilnsweslunsdinsldesfindutansng q wagldidusmuiuanuuivendnfuvivuugy

q
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msfaeludsefugfudadussuuildtuegraunivas wdndusiensiladamdaneuy
nununaglsimiedin nszvaunsiamluedudedddgumyiias @nnd1 100 °0) uas
Suduspsiimafuasnaidu q sause 1Hun a19590FATe0 (Accelerator) wazansnszdu
(Activator) Wusu tieanszaziianistanlud [3] Snmadenlunisiaaludensaglily
a5l Ao nszurumstamluleduiiesd dafeddsedununnfifindsnugs ievinliiuse
C-C- vi3p -C=C- Togluluanaenafinnisuanoen agslsfinu nsvuiunstdsliduiites
ilesandidumumisnangs wazailiifulinssodandon [d]
nszurumsTannlulsiunssssumiedisinedsgumngidlaelinganiadled
(Glutaraldehyde) iuansifensang gnstsaiulag Johns uagame (2012) [5] nuin anels
luianassssumdaunsainnisidensnsldthongaiadles laeldgaumailunisianlud
f (Hownd1 50 °0) Fenszurunisiideisunansysenns ity arnadides ulssuld
o qmmﬁﬁ’w G’Tunummﬂigﬂﬁw fianudasadelunisuusguas Usendandsanu wazidu
Tnssiodandon sglsAnmessssunatanludinioldmenssuumsdananiaud
Wenauagauddennuiouligeanntn Kalkomsurapranee wagAuy (2017) [6] Anw
nszuaNMsuUsTUnsssaumAlagldnszuIunsTamlueduiigamaiiidsldngaiadles
Huasidenvnalieudisuiunszuiumstamluedusoszuuiugdu wui o1ss55um7
ltngensadladdumatonvneamsauiulssanifdainauisusznsle 1wy amnuuda lay
muFunIURBussAeSainInensssumAtanludssssuuiiuedu eg1lsAnig (e
finnsanaudiidennuieu wuin srssssunanlingmadlediduaisidonviniiany
shumusionnufeuldindt fudu svsssumiitanluddengniadledifuasidourang
frnudulldgefiazihunussgndlfiiuianfiaunsaldouigamaiasls
MuATeiEsionsusuU R Rlnaves ssTrRtanludildngaiarladidu
1513019219911 N15ANWINANITUN819555 NIRRT AR NE ALuAaLUNIATIAY
(NR-g-PMMA) waiunedliilaueaneages wasfnwmanisiauarsduiy (unluead) uay
anunsathanizfingauaninelulaufusudussusneyiuduuuy (uenenais) Tasld

wnsguenarnssulvevesssyiu (wen.) unasiueuliiay
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mnufounarauURmLiuuset

1.2.4 \iofnwdnsnavesSinaansduin wiluead) deausfildeng audfids
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Tuianadanludlaglingm3adledifuaaidonvna

1.2.5 el NLAAUAZ YY1 8V UIANS LTI U5 TTUYA

1.3 YdULUAVDINITINY

13.1 WRouineesssuAnsdenealufiammasian fdadiuine1ssssua
solufiauniasiandaiu Jnsizilassadremaaiidiowmada FTOR way HNMR wag
Anserdugiaivemewmailn TEM

13.2 Anwdvinavessnsaunsnanseninatnensssuraviutay lairdiunis
sauusluanatamludlaglingansadlesiduasdonvnaiunedhiaueanesed

13,3 AnwdvsnavesSunaasiuiurdaulunadoaudfiing1asssuraveu
uazlsirumsfauusluanatanludlngldngmiadledduasdenuns

1.3.4 Anwanimdana (ANUAIUNIUADRIIAT ANULTY wazszezin o 90U10)
audABennudou waraudumusetisiurewhenssssumavinuLas lainun seaLUs
Tuanatamludlnglingmiadlediduasdensns

1.3.5 Wisuieuauifvesenssssumiaiianludiegumgiio Taeldngm3adled
Fuansidenwins @linafimzauly 1.3.1-13.0) wWisuifisufuamnssuusiueisyi
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2.1 Yo TR

ﬂfﬂmaﬁiim’@mﬂéfusmwwsflLﬂuﬁﬂmwgﬁaﬁéﬁmawizmﬁl‘ma fianwuzidu
vosvardumadeiiuy amwduneaassddifinnumuiuiu 0.975-0.980 n¥u/faddns
fiaudunsn-ane (pH) Yseuia 6.5-7.0 [7] osftsznaundnluthens Usgnaumeauna
e1eUsEIN 35% a13au 9 5% 1 TUsAu Tusfu aslulewnsn uazingn 60% Tuiuilade
19 9 19U Wusens e1gdus1s 38n13n3e uazggnia sesTINIRTaNTANanB AR
fanudangugs nuseusaldd fnsBainedeTanlags uaznsazauanufousi agnslsh
m nlassaslinanafiuseneuseviegesveswedlelewiu (cis-1,4-polyisoprene) &4

Juansusznaulalasesveu SWusguesaisuou (-C=C-) Wudwauuin vinlidiauly
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a o  ed 9 ERY wa a9 vaX = A
Handausinvanranglugeavnisy MsvSulsmTeimunAuaudRosTIunAlRTLIde
Hudnguszasandn a1filiu n13aawdslaseadnanianivee13sssuaf A1snaueis
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2.2 wuININISUTUUTIENURN95TTUYIA

2.2.1 M3aauUslATeaE1maAlivee195IINYIA

mMsUfuUsvierauauantRessTTunANinideegaunsvateie nsAnu
uazidumsusulganunwsitunszuIunsmaedl iesannlassaiisenss ssueatinmlsl
dusge vilvianeldluianaenssssumiaunsaifaufizemanifiuinaiuss gueozney
asvauldie duintunelulassadieluanavesenssssud Tasdunindonrneniely
Tuianavsemafumyilsiduiimnzauiieyiufizendiuinaiusyduesezneuaivoulin
Huiuszieftulmifiddnuar sz fwasyilsdiudandn (8]

nsfaudslssadomuniivesenssssumalaeitily asnsevinlévislussuutiens
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msfauslassairamaaiilaglsifinsifismyfladdulue 19y nsRaufazendu
0 (Cyclization) n1siiaufiseinisanaiglgluiana (Depolymerization) %39n15
wisudueesssumAman (Liquid natural rubber; LNR) 18udu

MaiiuvgozmesiuUFAze M onsunuiiunasiussaluluanasns ns
Wameznonsilagriunalnves§itenisifia (Addition reaction) #3oUFATeN5UNLT
(Substitution reaction) equiJﬁﬁ%mmmimﬁmsﬁuﬁﬁwLmﬁw"v’uﬁzgi 219LYU NITIATEUYIS
sssumRBwenles (Epoxidized natural rubber; ENR) 3afiunisifinezneneandiauuuans

1 a

leluanagssssumanduwnisiusegiinduiunudionled (Epoxide ring) lnanu
a a o . . A o v aa ) £ o~
NIZUIUNITONNTLATY (Epoxidation) tivevinlienssssumAsianudutiuiniu danu
td ! on £ d‘ 1 g.’/ v a al a
AunIuReUILY a1vazateiliden wazlelaulad nnseseue1ssssugalalasdium
(Hydrogenated natural rubber; HNR) Hunisifnezneulalasiauvuaislaluiana
a d‘l d‘ ¥ 4! = IQI L% YV b4 Q‘ L% dy ] Ya
gNETTUIF LieLURsulAsIasvesegainnuliduiigelviilassasetudiunnay vinlvd
audfnuniursLaitarAusoulaf nI0n19R3ENL19EITNTIRAAAEIUA (Chlorinated
natural  rubber; CNR) Fatunsiiueynoumaoiu Ingd1unssuIunIsAaesIudy
(Chlorination) taLANaNTRAIIULENEITNINANUTDULINTY kAT AUNUNIUADNITTUNIU
5 va @ v
osazasazaensn-alas tudu
6 1 & A a 6 I =) a
nsnsmsvdilandunienediwesuuarglglaanagianianisnamalanediuels-
w4 (Graft copolymerization) Iagnisnsindsanarndunssuiumsaauysiassasieniely
anelaluianasesssud 91nn1sieesTsueAinuisedureusiuesuenadiuesiLite
USuussaudRenssssumaliangaudenisidauluguuusing q [9] agdudsnisnsnd
lanedwelsiwdusenitessssuniiuhiaveuaiesgnldiuegraunivate laulala
saa o s v avy = aa s
NoUDLNETNHuNTININTINAAUB195TI0A Laun dlm3u (Styrene) w1ddnusulalase
(Maleic anhydride (MA)) ezm3lalulasa (Acrylonitrile (AN)) ufiatuniasian (Methyl
methacrylate (MMA)) [10] sy Fuiun1sussgnalgaununnaenIudnuuziansves
ThllaveusweasNns e agwlsinu dlasusazmiaumiesiantasuanudouiian (Wesain
nsbiusgangamnisnsmdiuluanaseessufas aunsalssendldaulanainvany

=4
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s3sumMAceBnsnImdlanedmedMeluiammatian WeusulgsauRvess1dsTuea

Tngldszuudiatuneduelsedunasl i3 Suuiitenuuidondlunsdunse
3INUITLVBI Yung-Aoon (2015) [11] Anwinisimseunsividlanefinesvedeny

sysuvIAiunedaleiu nsnAlanediuesUeIesITUVRAUNDAUNAUNIATIAN WaNIINA

1ANDALUDTVDIYNNETIUTIRNUNDAA LS USIWAUNBAWARUNIASIaN daasizulaeldmaiia

'
a a

dfadunediweslsiedunazldfmiiTuujaseruuuinend wuin aursamIsunsang
Tawedwesladnsa duduldainnisieszilassadamnaaiisnemailn FT-R uazdnwes
duginenanmatia TEM 91nn15Anw1Usea@nsnimnisnsmddesiinvasusuomas wui
UsyAvEnmnsnswidveslaneBiuoiis 3 vin Seidszanm 929% dediangdlndiAetu uas
MnMsEnsantRanuiunuteidukarauieu w1 e1955INTRTHLN TN
Tanedied annsodumusetdunaganudouldinienssssumnaildiiunisnsng oy
N3 1NAlANDALBSYRIENETTUYIATUNDAA LA TUTINAUN DT LU ALUNIATIANAINI T ATUN U
sotnsunararwiouldaiian

Kalkornsurapranee wagaug (2010) [12] Anwnisnisinisunsindlanedinesves
gasssumAdosiiawmeiian Taglthersdurinuenluniogeuasafiaumiasianduans
gt 19 CHP/TEPA Bud3i3uuiisen uasaylnunadouaosmvidolnunadoulodiondu
asdnwanuaiiesreniiens wudl ansawieunswdlanedweslddnSadusuldan
waila HANMR uway FT-R  a1nnisvaaevausimdsanuieusisinada TGA wuin
g19555u AN FALUsTuanadsnafloumaiinisaatsd (T, ~391 °0) ganinens
sssumAnlaiiiunsdauUslaiana (T, ~360 °0) wenainiiainnisdnugumnivednis
Wavuanuzadioui (Te) vesenssssumnasadsuutaiedluianaveswediuiiawmm-
Astavoguuansltens Inatasuann -63.4 °C 1y -59.0 °C wanslifuingnssssumatiaay
danguaniosas

Saramolee wazAME (2014) [13] ANWINISHTHULNETTUVIRNTINARILNDT U TR-
aneTian Sseensmdlanediuefldneuideiannsadumuieanuieuldge e
Wisuitsuiugssssumnadildinunsdanusluanauieniu lngBinieunisnsmidwea-
welsiwduaglddadinessaumnatumiiaumiaiion (NR/MMA) 71 90/10 uagld CHP/TEPA
Jussisudfate daliiasendunansieuenludelensenles waysiinisdudu
Tassaframaaiifemaila FT-R way 'H-NMR awnlnsaln? ainnnsdnwaud@nisa

SaumemAtla TGA way DSC WU 819555UBIRNTINAAIENDALUNALUNIASLANIANULEDES
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luana Gaanuisaiunldiuauyseanens 9 1o wu nsdinauiuansiauied 1w

Fanazunluead o8V ULUANSTUTUVDINEN 0

2.2.2 NMSNANBISITUVIRAVE T wAs1zirTona RSy lnty

MsHaANESsTIIARUsNdLATiTenedwe fulindu unmsuiuUsstedesves
8195550915 Tnen1sidenenaudBnuainensdaaszirseneaiessunmauny wieldau
1955 5UREMAINMANININTY 1Y NSHENENSSSUARUENE ATz lulesE Lite L
audAdUANLUMUABS NSKANENISTTUYRT USRI RALEL (EPDM) ety
antinsnumuseauiousarlelau Inevilunsuaus1ssssumitussduasizniey
LG]%‘EJNIG]EJﬂizU’JuﬂWi%HEULLU‘UE’J’NLLﬁﬂjJ’]ﬂﬂ’j’lg“LJLLUUﬁTEJN et nsdlnsIsessaNELdY
g‘ULLUUﬁ‘;ﬂmwzﬁamﬁwﬁ;ﬂEmﬁiimﬁmmamﬁuwaéLmaﬁé’qmeﬁ%ﬁmﬁuﬁmmmazmEJ‘ijfﬁ
I Lﬁaamm'wEJGi@ﬂWiL@‘%&Juiﬁa&ﬂuamwmaama’g wu nedlflaueansgea (PVA) nedlefiau
lnanea (PEG) wedezasantus (PAM) Ludu Tnenedlilaveansged azlasuanuileulu
miﬁﬁmNauﬁuﬁwwﬁﬁmﬁmnﬁqm floea1n wodlaflausanesedidumeslunatadin

va a A

Usviannedledflundautfiey Ae awisodevaaiyldegeauysalienssuiunismia

[ 3

Fanwanuuadideluiu Sudufinsredundon nedllaveanesediiauURiafiauls way
faudiadauasnuiefinazaedunidldiun saumanisafununisduriuiie
gonauldd Wunnuazansinia [14] egdlsfinnu esnnedlilaueanesed Maswass
Tuianafidanmiags luvaefesssmidulanafifianndasi fou mswaunodiues
fananadnnetuenailfluanavemedwesii 2 wlalianansadhiulduagsilviau s
voswedluesnanlid edndudfeddinsanulslaseadramaniivesenssssudnoutiunly
WU 8195550 RBNeNlYs vressTuIRnTAlanedwelsieduiulianeusiussviingng 9
Dudu

Haque wagAug (2007) [15] Anwin1sim3sne19sssuvIfnaunedllaweansged
Tngldthenssssumafivsinamewdsionun 50% naufunedlrdawoanosedidudu 10%
Tnevmein AUSune 0.5, 1.0, 1.5, 2.0 wag 3.0 phr Tamludmeszuunislgsed Fauus
USunu3ad4i 0-20 kGy IS ANEERTINSUINED (Swelling ratio) AMUMUILUUYDI
Wuszn13udeung (Crosslink density) wazaut®mdsna (Mechanical properties) Wuin
Snsnisuaniuasszesde a euinvesrsmaiivuliuanaaiiounasdiflifuiy
Turnsfieumuutuwesiussdeusnng eeanuduniudeussisuaraegdafindu lng

gvinan wodlflawoanages Usunad 2.0 phr Taaludfuiunased 12 kGy dannunuiniu



yosriusziTonvagean dmsumsiaaludfiusunased 10 koy srsuauiAinud Ly
fausIReUszann 18.00 MPa UagAuegaaUsein 8.00 MPa wandleluSuasadunndy
10 kGy @hm’méf’mmwiaLmﬁqLLazuagﬁaﬁLLuﬂﬁumﬁ

Riyajan wazAaly (2012) [16] Anwin1sinsuneesssnyIanauned lilausanaged
Wty 20% Tnethniin Asasdusywineensssunatuneahlaueanesed 60/40 Tagld
N3AUNA8N (Maleic acid) Huansienvnedauusanududuresnsaudsnd 0-60% lng
thwiin uazuUsgumpfimstannludfigamgd 32, 100, 120, 140 wae 160 °C wiauiisdny
szezansTartlugi 0, 1, 5, 9, uaz 24 $2lus WUl ssTTURRanealTausanesed

IS a

niinsauddnidudu 40% lneuniin Jaaludigamgll 120 °C Wuian 24 43109 wans
GJQQQII a v U v a0 U 1 =
aulfnaan laedlidnsnisuindites Useuin 21 % wasdA1AuaIunIuiaus 15ags
U504 6.8 MPa Aszesdn ol 9nvInUsedad 500% lagauUmaenaveseesssuYfneEy
wodlillaueanegednladuwiliuanasiioanududuveinsauddn gumgiivaziianty
) & o X

nsamludiiaeadu

Chen wazany (2014) [17] ANYINISLASENYNISITUYIRBALYNNTITUVRAALUS
luanavling 95T Rdnenlyn e19835UIANTINANFUNAUNIATAN WALEIETTUIIA
nsAu1adnueulalass naufunedlifaneanasaddudu 25% taguivin wauduils
Wenduiigamgiveaduna 1 $alus Taaludiessuuiuzdunoamgll 60 °C 1uian 3
Flug INTUAATITTAN M dugIUINeT aulRideng wasanuRigennuiau wudl g9
sysuvAdnenlynnaunedhiliaweanaged aunsanauiiulafnan danaliandfignad
AT TgdAIANUAUNIUABLIIFEIUTEINM 18.30 MPa BalnalAsaiuAiauauniy
ABLIIAIVDILNFTIUTIRNTINANDALURAUNIAS aNHELNDEA TakeanesaaUseunad 17.20
MPa dusug1esssuviansmsdunasnueulalasanauiunedliiaueanessd dr1dvign
Ussuad 15.80 MPa agalsAmuenssssuvansnauasnwaulalasanaudunaaliia

& v ' = a < Al = P ) ad
LeANEFed UANUATUNIUABNITANYIALATEAINLYIEIER LiBLUTeUEUUE19ETTUYIRT
Lisunsaauwdsluananauiunedliiaueanssed Ussuia 12.20 MPa d1suni1svadaeu
AUURLTIANUSDU WU 819555URDNBN lrNaunedhlawkeanesed g195I5UTIRNIING
NOAUNAUNIASLANNALNDA TaLeaND89d kave19s5sUTIANIINANEDNLaulalnsANEY
funedhilauoanssed uansgaunginistesaaneilndifiesiu (T,) fe 345, 343 uaz 338 °C
AINEIFU Faanudruniudeanuseulanniienesssuyantiniunisaawlsluana

(T, ~340 °0)



YoN9 il Chen wazan (2015) [18] FAnwandidnauazausfin1susisivede955509A
naunedllaweanased (NR/PVA) tngldens ENR W@uiufiuanudnsulé (Compatibilizer)
FarvunU3una ENR 7 3% Tagimtin wazulsuSunamealdateanesed firnududy o,
5,10, 15, 20 way 25% Iagtmiin wuin AmAnudunuseusaRadaAnyinfy 24.19, 23.81,
2321, 16.92, 10.20 waz 9.23 MPa sud sy Fenafiladuuiliuananievsunanedlda
LoanBERdiNAY Faluua T Ao uAIANNEIUNIUAONTENYIN YalETANALLE 8]
wualtisRusieUsinamedlhiaueanesed iy dmsunanisnageuanTRvesinds
AISULLI WUTT AIAIUATUNIUABULIIRS SeuzEn o 9079 LazALLT VeI INaudl

wwiliduanas lngnmsiiunedlifiaueanagedidudy 10% lngumvdn wanaudisng 9 fgn

2.2.3 TAABIUTENBUIINYNETTUYIA

Tanugausznaulasunisimulugel a.a. 2002-2003 1neN15U1819555UYIANN
Haufuagaumauluing lngiFeniandalsenauding11ine1esssund/naguilunou-
wadn (Rubber/clay nanocomposite) :ntiull a.a. 2006 finsAnniansaulunouingn
ogesatdedlasnisnanensiuvieunlunsueu (Rubber/carbon nanotubes) wazd a.f.
2009 {insAnwInsuaNvessatuwnlulwaglas (Rubber/cellulose nanocrystal) uayian)
uluaouInandug 1wy wraleuaiiuelunrwinoyniaululng (Nano-CaCOs) B

[

9onlys (Nano-ZnO) [19] wazdinsimununaenaulagiu neTanuilureunedn (Juias

q

A a L% ! Y a ‘é’ = o (% a A
MANIINNTINANNUTENINIIER 2 afaduly Felaemiludanuilunpunednanngnsnie
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a v v a

B NETINYRISTUNTNANTEN IS e NETTUNRAUA S ANT T seiuveteynnegly

SEAUUILLIAT (100 WIlWuATUIAINT1) dnuuuidaAy Ao audRdanags Aegdass

1%
= [y a

auiAn1stupuvaItvazvaaallas auisaun il daudRdwasne Judusinues

gaazasiuAuliierumnzausensiluiasuussluianilonuasingng o LW

q

[

I~ a [ A‘d' d? Ly a d'q v d' a Y}
Wundaduaninainvateuintu Jagtuiaguilursunedniteuldineiasuwsslviiuens
555UTR Ao wilumaguianaduunaunIAUIlLLAs (Nano-clay) F9lasunsimuiaInnis
YFulsamadiniiussansnnnmsiauusegedu Inenisusudslasaasianelitinnisuanss
aLAnNITWeNtU (Delamination) audlvuisaniuseauunluuns [20] ey ldilauds Ao

& a AN faa v & a = ) = a
Juansetiunidnilanvauzilunsdss wwneymeadniussavlulaswunsniounluwns uasdl
gn91dIUAINENIBAIINNTIE (Aspect ratio) g9 TuiAge Famunzausdensiunldduens
LSS UNeALLes tneni1stiuunlumadlulsununtesuin (aeni1 5% Laguinidn)
anusaifinandiidana audi@aainuiou wazaudanisiiuniunisialivesdag

Y lupaunaanls [3]
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2.2.3.1 lpssadsluianavadnadauniaulang

wagusznoulufedudting (Layered silicates) wazdneglusziuansiaduuse
dmfutaquiluneunodndaazddnvuslaseaialuianauvy 2:1 Haladding
(Phyllosilicates) Tnedidnvanidundn Inendndenainuszneusielasesnaudn 2 $u
dunansvesiusennyBaseaiiulessuretegiiumiouwnnilouuasituresdanuansy-
gnsea 2 Fuusenuagmeuen lnefioandiaulessuvesoannyBaseadufudouiuduves
WnTeBnsea uansfizuil 2.1 duresddinadasadussuiudouiu lnsseninsdures
FanmazgnBaumieadsuseiuneinad nsunufivessinaneludu iy AC grunuiile
Me™ vido Fe™ vio Mg™ gnunuillae Li” viliiAnUszaautu Geasgniinliauqayszqlae
519UTEUINVBINY 1 LAy 2 Lmiﬂagiwdw%u%ﬁmm esanussdeiniduresdang
annsasuddunssfisey fadufsanunsaunsnluanavuadndlsznineduldie
uananil miﬁmLLﬂiﬁuﬁwaamasﬂmsmmaﬂLﬂgsuﬂizﬁ;ﬁmaﬁag@ﬂumaéﬁ’mﬂizf\;mﬂ
vosdarauesluiovlovouasrilidunaduenetu aneudutvesiiuiaasuagyinldiaag

au1sanszaneslanruluunsndueae1asanaalas [21]

QW*QW el
(\ . / > e
I (/ 1 L / \ “ - -
',‘u. ‘,,_ﬁ Rl 7 A2
°§5 Ry R o B
N\ e \\ foi/ 1 nm !
\\ A
[5) _Q 0 ./ / . PN
\ )Q\ \%/ ,\0/*”"0 O
di /s /' W o 3\ O. (&) 6]
0./ 490 8/ @\t 70 \
(0] 64 "@,‘" o O-_‘—e »

® Silicon ® Aluminum, magnesium. Iron 0 Oxygen

O Oxygen O Hydroxyl OSilicon ® Aluminum @ Hydroxyl @ Cations, AP, Na~, Ca** Qlnterlayer Water

gﬂﬁ 2.1 lassasnavaamagvinuaunuesalalug (Montmorillonite, MMT) [21]

2.2.3.2 Fagunlurauwadnanwadiuesiasinadoyn1auiluns

lassainvesianuiluneunadniustdiusssuyiivesansusenaunteistuves

Y

5

FALN9 1090UUINVDIBUNTY kazwdANDALUDSIUNING ST wazIumaun1sImSaulne
A avy ao Aaa | a & a ¢ ) P =~ a '
Aounednilavsiituresddinaunsnaglunefiuasiunsnduansfagun 2.2 Weonedwasly

#U150uNINTENINTUYDITRINAILAANSUENWETENINNY (Separated phases) AegU#

2.2 (a) anvRvesmounednazduuwiliuduivuiagreunedniasuusaieansiuiunad
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' Y

vnoynaszdUlulasuns ieswnduidinaliaunsanssaedaldluamindneduosilly
uenniannsaianisnszanedududnuny Sanaouneandn 2 UMY FagUil 2.2 (o)
ArasfuANIzinITnIEIeRtunefiwesluseauuluiuns lngluananafiwesunsdiu
aflmiaLLmﬂagjide%’jumaﬁﬁmmv‘ifﬂﬁimqa%ﬁqLﬁmmﬁﬂL'%maé’uﬁ’uizijwaﬁmaﬂl,az
Huddinnogrndussidou (ntercalated) WodudAinnauisausnoonldedisauysniuas

Y ! g a s a & U =% o o & .
ﬂigﬁlqﬂc‘naEﬂ\i‘lllLTJUEULL‘U‘UIUW@E?LN@?LNV]?ﬂ%@U'NV]')ﬂQLiﬂﬂiﬂiﬂﬂimeL‘U‘Uu’ﬂ Exfoliated

=

AegUN 2.2 (o) [3]

=/
E// + W

Layered silicate Polymer

/N

Microcomposite Nanocomposites

e ® SSHAS R
=
© J"‘

(a) Separated phases (b) Intercalated (c) Exfoliated
sUN 2.2 dnwaznisnsgateiiveaadluianaeunedn  (a) Phase separated

microcomposite; (b) Intercalated nanocomposite & (c) Exfoliated nanocomposite

2.2.3.3 mMamseniaguilupeunwadnainwediuasiunad

TnevhluTanuilupouwednainwediuesuaziaad anunsowienls 4 38 fe

- mswssumswatanisuanluasazaiy (Solution blending)

M medwesavareludwhavarefimunzay wdnhasazatedildnauiuanss
Auifvuneynalusyiuuluns waszivodwiazatseen 49n13n3zanedivesansen

a

WWUUAUSRAANTAAN §inazatenld wazdnsin1suiedn (Rate of solidification)
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- mswiessihuufizemedweslsedu (in-situ polymerization)
wpdnddumnedaildirhazanelngiianunsoasanenediuesuienineawodldfuiu
FawnavinliAansuanilufwhazate Wenedwedfuiudainanauiuluaisazaty anely
wodeSzunsnillunuiisviharaelussninetudannn
- nswwssussmaiianisgedulimiinnisnszatedrinuanindg aounaud
(Latex mixing)
mswseRasifurwneynauluwasilduasuuiuass nounauiuatnnd R
M5n3EaNEfALAUSRIINSTUS (Rate of coagulation) vasanfinduazansiniuiidenly
- Mawspusewaiian1Tanital (Melt compounding)
wadeidunsnaumedwesuasinadneldusadou 1UATAlETUMssauSUA WS
Tagwoslunarafnuilupaunedn LﬁaqmﬂLmLaauLLazqmmﬁiummammaﬁuwmaaﬂ

aunsaUsulRantAdnavevesiunaainasunssmainadle

INTILIUVDY Wang agagde (2000) [22] ANYINITHTULALANYUZLANILYD YIS
a ¢ a v a a ¢ = a Y] a v

waleons (SBR) wduarsiianviiateadayninunluiuns dunseddaguilunsunadnaie
s y Y L y « ) v o
BMsnsraneweagluin InuuAnadlulies SBR nunautduian 1 93l SumldIunal
Tuansararunsalalnsraeiniinane wazd9ABUINaUIUA1 pH WiINAY 7 91ntueUau
Wminesil figaunigll 50 °C tnevimsudsu3unanaadil 10, 20, 30, 40, waz 60 phr 91Ny
PINATIATIEIANEULNITNTEANUNTBAAE WU WRagaNNSawenaanaIniulaelianaly
gIILNINABATENINATUVBLAagaaulUN (Intercalated) wazannnIsnadauauUmdIna
WUI1 AIAIUAIUNIUABUIIRSTILARE 40 phr TAasgaUTEaI 15.8 MPa uililaLAuiaad
11nn31 40 phr gutRAnenanaziiAianas varinANuLdwaAANNAIUIURBNITANYIA
a Yy a XA a ¢ o X
Tl Ui US UL AR gL Y

Pojanavaraphan WazAmy (2008) [23] Anw18vswavosnisiiutaadluuiens
555095 FaTamlugaeszuuNldanusauwarsruuNlglulasn Tnewdsusuiamadi 1, 2
wag 3 phr wudn NMsnszateimvesadiuendisnuvauziinnisunsnasnvesaislyluana
g1lussninetuvasmadiindulugeilifuaag 1 wag 2 phr @il 3 phr agiin1sns
NILAUFYBLARELUULAANISILENBBNRINAU (Exfoliation) Budulaanisnsiaaauniumaila
XRD Ka¥3NNNITATIVADUAINNAUILUUYDINUTLLIDUVIN WU AMUNRUILUUVDIN UGS
WDUVINBANTULLDUS U AR ANTY  WaYSEUUNISIAAN I UTAEAINSDUILLARNIAINY
MUHUUTDINUSELTONYINg U 19T U AT lRAadwas TALLAaEg 1 phr wasTEUU

n1siaeludaielulasiinagianinnunuiiuuyesiusyeneIegilugeiitiueag 2
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%4

war 3 phr annisnadevantAlBeauseu wudt eumgiisudulunisaaiedives
81955 51UANLRUAaSRAaNaY (To~350 °C) WdntaeiiioiUSeutisuiuenssssusanlaifiy
C4 (o) o (% < 1 ad a & o v
wad (T, ~353 C) kazd1MsuN1TAGaUAIULTS WU B sTTUTIRTILALAadYINlAIL
Wil lduindudieUSunannadiindu lnefiusunaaad 0, 1, 2 uay 3 phr fiaA 25, 35,

40 wag 50 MuaIfu F9aneuideiinisiiuiradluusunm 3 phr Tamludaiessuuiilsd

aaa

ANUTBUILLANTRAMIUE 195 TSN ARATIER
Rezende warmmy (2010) [24] Anw1anuaelATI@S19LazauURALIINAUDI8NY
5I5UTRMALLAR S IUUSUIULANAIAY LAS8UlAN1TNTZAN8FIVLARSIULINAULAS NI
<, N a 9 | | & ) = & =
AanUuIa1 30 U9 WNUNE1aTNIUAIUNANABLTWIAT 1 FU9 G UUNSIAS8ULUU
awind (Latex-mixing) 91Nt Yugumeisnisviaaiduwiuilduens euiigamgll 60 °C 1Ju
181 48 TAlug LIDANWIANYAUENITNTLINYAIVITULARTLULLDYN WU TUVBULARDEIUITE
wenaonaniuldegiauysauazrnszatgegrthiilugluuy Buduldainnisinsziie
WALA TEM d1u15Un1sna@auaudmidana wual n1s.autaad 4% taguintn kaniA1ning
AUMUABLIIAsEIUTENN 11 MPa WialTeuiisuivesssunanliiunadussun 4.5
' < a a A X a Y o v P
MPa agelsinunisiiueadluusunaniindudvuliiiliissesdn o 9991v838198089
Amarasiri bazAug (2013) [25] ANWINI9LHSEUUN8719555UTRNLRNAISALRLLARE
yiaupusuasalalua (Montmorillonite, MMT) wazuAaLdauAIsualun (CaCOs) Fam38

wadlagddnsnszanelu wasidiu 0.5% taemindaliue nauigamgll 50 °C Wuiian

[
¥

2 Hlus nturaniuilne 1955 SN ANTUSUIU0 T INn (%TSC) 62% uasTugusie
aal & | ale aAa a ¢ a ¢ ) ¢ v
Bnsnasluuduiduns Alvsunalmadiazral@uuaisusiun 1-6 phr Jaaludmessuu
AULHU MU AIURUILUUYDINUTLLTONYIY AU UUANT UL 8 US U Aa gL Y
-5 = ' a 1 -5 { a i
(7.27 x 10~ mol/g) Feganinnsdiifnuaaifounsuaiun (5.23 x 10 mol/g) Liaiangaui
USuna 6 phr wazn1snszaremvesradiluanmiueneanainiulaaiuiilosns udulsain
ATNATIEVIIEMALA XRD kay SEM a@9nalimiuaunmusawssneandsuianead 0, 1, 2, 3,
4,5, war 6 phr dAn 19, 21, 23, 26, 28, 29 Uag 30 MPa AuaRU Fadluuilduasduiile
USaAadiiiudy LuAgIfuAIAINAIUNILABNISANYIN YueTITeasEn o 9AuIndl
WU LUARAY WBUSHIUAAgLANTY UBNAINLNISLRNLAASIUEN9ETTUYIR @1UTOLAY
USLANSNNANUA U URBASTURUVRIA AR WatUSauiauiunsiNaTsALANYTe
a ¢ = P ad a =4
LAALTEUATISUBLUA (CaCOs) FI9INNISASENENEISUVIRNLANLAAIUANUITONALNUNS

LPSENNETTUMATLALLARIT BN SUBLURE NS UNIHERD el
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uam]mﬁfﬁaﬁmiﬂ’wuﬁa@uﬂuﬂamwaﬁmmﬂmaLLazmmﬁsmwa Tagnsimseu
InamesuUnTsnwaaadluanzinenniy 1ioTisantuneuNIeLIANYBINSHANENS
wrsiuimadla ‘v‘fﬂﬁmiLLUigUEmﬁﬂizﬁm%mmammL%’J?Tu 21N51891UVBY Bao LagAmy
(2014) [26] wWisnTanuluABLWEAMSEYIBEATENS (SBR) uazeeinlulnad AITUTuIM
sosnlupadunnaeiu Samsouseisuuuanng warldiniessansleda (Ultrasonic)
relunmsuan oweaudusamesuund (Master batch) wui Jaquiluneunedniinig
nsvanevestumadluosnaduuuunisunsnaenvesansldendlussnirstuvenaad Tngd
svervesEstuRadiindy (d = 4.2 nm) Wewsuiiisufumsiasousesniluaadill
Hunstesanslala (d = 2.0 nm) Budulaainnisitasigsiaieinaia XRD @sunis
NAABUANTRLTING WU ANANUAIIUNIUABLIIAG ANUAIUNIUABAITANIA LALAIULTS
fuulthuiududiousinaeadifiviy

Ewulonu uazaniy (2015) [27] ei3euianuilunaunadnaIng1usssusfuasinas R
wUsUSIanAadd 0, 5, 10, 20 wag 30 phr tneldisn1swien 2 33 fie nswisuawes
wunduaznsuaulnenss (Direct melt blending) Fsn1sinToanuuinanesuundinioulng
nsraseadluthensmuNanuy 1 99lue antuduiifensauedin wavdnedetiaue
pH Winfy 7 suwsisigamad 70 °C 1dunan 48 $alus uaziieseidnuwazniansyaiedn
vonnadluilosns wuh wadanunsonszediludesdldosaianelusuuuunisunsn
aenvesanelgondlussninsduronnad warannsadevauTiidna Lﬁaﬁmsmﬁa@uﬂu
ADUNBANTLALAASUSLQ 30 phr WUTT AIAUEIUNIUABRSIRT (~34 MPa) AL
(~56 IRHD) wazAnuiuNILsionsanme (~34.5%) Gailrgadudioiiouiisutumanden
FreNsnsnanlnenss tufo ~23 MPa, ~38 IRHD way ~27% anua1du uonanivinlsimsu
s 1 Sunltugedudouiinaueadifiuty

Ratnayake Wagalg (2015) [28] AnwIN13nIEaesvedAadslanlaudtesalslug
Tunedteiiaulnanea (PEG) fusnsnanaamail 85 °C Wuian 1 Halua iilewndeady
LEANDIUUNT LATILATIERANEULNITNATEAMVRLAAIA1MATA XRD WU S8881%19
syataeadifiuuniu (d = 33.1 A) essuifisutumadiilingy PEG (d =23.8 A) uay
LEARIENEEN1INTTERMITBLARETURUUNITWNSNEBnUadlulana PEG Tuszwinadures
1Aad UBNANNLIANYINAYBINITRLLARSADaNURLTINAYDIBNIETTUYIR §991NN5ANE
AMUSTUNUR LS IR e Tldifunad srsiliiuradedalinay PEG wazensiliiuiaad
WaL PEG fiAwiniu 15.40, 19.39 wag 22.93 MPa aud sy Jeensiiupadudniingy PEG

a1

wileNgaNgn Wueiunaveduegsa AT LAZANUAUNIURDNNTANYIA LDy
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HAINNINTEANBFIVRITUARETTINYEN1INTEANERNAINAUlFRE AUy SRlLaENT¥ANY

agdliduguuuy

2.3 nszurumsiamludiwduitldfivenssssui

nszvaumstamludiedu fe mevilvradaufisemasiivieufizeinisacgy
fdwaliluanasainmsidenvnadulassaiianine 3 17 1unalierssssunaiag
iafpsroanmnsiasuulasgaumadl Winaudanduazananandesunsseserailediugg
nsginliide sy vinldaunsaidrensluldvsslovilaagnaniiewans (7] egralsinng
nszurunstanludiduazniindulddndudosendoanuiounazarsiivilioansguld
(Vulcanizing agent) 1Wu fugdu Wesoenlud lavizoonlud wieasusznoudiiingiladdu
oy WJusiu asjflq”l,iﬁmmmimgﬂmaﬁéfaqLammiméﬂﬁgﬂmﬁaﬂﬁﬁﬁumWﬂiuqmammim
wfhnsasgUendudagiuazanmnsavildnanvaneislagidnduseddasivivlieansgy
tufe anunsarhlsshenslifadnindanugs uitBnsfinandndusesddiaiedenisa
ua uwnaarnin$eddsli Juiinssoduinden wagldnuldfianznsdifesnisnisnagy
NARSTENIANLLRTY Sy Bsdnanidhiduidelugramnisy

msmsgUesidenlugnaminssuanusautseanliidu 3 seuu leun seuuiuedu
szuuesoonlud uazszuuiildansieilaug 1wu lavzeenled nieasuszneuiiingileidy
gONGRNTH

2.3.1 STUUMULOY

o 1%

I3 Y} s o v ‘NI o 44' a v a
Jussvumstaatudensinlduniiaatutaqiu Wesaniidunuai an1sasguls

q

a

a M va wa a o So @& v o a - ' o
157 wazeaagUladiandfgenans svuuiidndudeddonmaligwmseninnii 120 “C uag
v A a A Y a v aaa . ] aaa

n1sldasiadafindusauie fo a1snseAuu)isen (Activator) waza1sisaufisen
(Accelerator) Faliaevila Avg9a1snseAUUAeNd1AY lown edeonled waznsn
afe3n Wudu duasissufisendfey laun wesuaulnuulglvezlea (MBT) wazllea
wngauulelneslyadaiiuilud (CBS) s lngslanazUsunaasfinaiasuusniudng
nsseufisennisdamlud egnelsfiniu nsasguensmessuuiueduliaunsaldlunises
sUsnelifiiuszanelulassasialuanald wu 8199alauriesns EPM Woainiiusiuag
Wvhuisenisumiseslade (Alylic) wagsuniaiusegniglulasasialuianag il
AR5 WoNYIINLATTY fty Srsdansasglensieiuziuluegiuusunaiuss gid

luaneleluianavesens uenainil Msldusunamuzduuniiuluneliiinusingnisal

Muzauuay (Blooming) elvifianaldelundvasaruaigauvaandnioe [29]
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2.3.2 szuuwaseanlyn

Fuszuuiidduazldsuanuieniiudy \esananunsaldfuenswiaiiiusyg
uazlsifuszdlulassainsluana wusznsidesloafuuuy C-C bonds neansoseenlesd
it luviugisondenlesssnineansleluanavesns usazisuanasilluanasis
{Anayyadase (Free radicals) uasiiniiusynisideslosiu dewalfonsiidusueiidndnd
ArumuUAsA IS auLarTin s A UnSsnnsnadeiid uenainil nstugudeszuunis
faeluduvuileseenledlinolmintyvidesnsuguuesansiadl egrslsfnu szuvaz
relviAndeldenanusznisilleowsuliisufussuuiuedu 1wy funugs audfiBanauay
Fana s uenand arswesoonleddaiuarsiedfisune Tasunseinoradindulsfis
Uszavdvasazialnilluy (Acetophenone) Faidunanasslfainnisifazenneldan
$ou femniitsdudesdinisidnansfiintulneineansgukiugumgigednads dewas
Iindnsduaiensiiengnisldanuanas

2.3.3 szuuitldansiaiidu [29]

usnaniugiunaziveseonledifenthunduasasguareldluanasns 8o

a a dll r-:ll o v 1 & o % = r-:f!
aseeivindu Nanunsatunlglunisassuls wiu nsialanseanlandnsueneraslsnsu 39

Y

'
aaa ¥ o % &

= A o M | a P =
JugnaiiuseaunlideshenisiinUfisesieiusiu Wesainnisiiesnauvesnasiu
melulaanadadnuinenisidviugiservesansiad wenantnisldaisusenouning
Hardu 2 vy Lﬁuﬁﬂwﬁﬁ%ﬁmmsaﬂizqﬂﬂ%‘lumﬁugﬂ‘ummEJIsziIaJLaqasmlﬁ 199910

1 & t:ll [ d" d" ¥ o aaa U L d' d' 1
nsvgilsndunUansanelemunila@asniujisenduasleluanasns @eh 1) vaeing
Hendunuanednauniiaasidvihufiserduanelaluanasialndifies (@189 2) a1suseneu
sanaAimialisuasnudenaelgluianasudinleiu daeg1eansusenaunguil
loun edluulaeenled lalolalgenun wazlaeiiu Wusy sllagiuaisusznauwmaniliinis
THa1ua19m 199915 1ANG U5282Ia1@n85% (Scorch) @UNN MIANTLUIUNITHER
ABUT9EN wariimududaulun1sInAUE1IRBUNILADNGIE B819L5ANNY TORDLFINET?
lasun1sideianiwazAnrulunismansasguaelaluanasnsiinlndednesaiiled

QIJ Ly [ -4 a 1 1 a 6 [e] %
unseslagtununenunisianludenssssuviiod1ediy s gaumglien (~ 50 “C) lngld

naen3aften (Glutaraldehyde ; GA) uansidonas [5]

2.3.4 szuuiildinganiadtanluansiionnans
myiaanludenssssuynasnenganianlangnienuluasawsnidiete.a. 2012 lag
Johns wagauy [5] Wui1 gessIumAansaenrntlamengnisanlen lagldomumngd

n1sfamiluden (45-50 "0 FepuzAdeinnisAnwlaenisldngaisadladsauiuiigis
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sssumAviauenluioszdunats (Medium ammonia latex, 0.47%) Wun1sITeNYIN
Imaqamaqmmﬁmwal,ﬁm%u STfaLﬁmmﬂﬂﬁﬁ%afmaqLLaquLﬁEﬂuﬁwNﬁﬁﬁumaﬁmqm%’a—
flad 138071 URATEBU (Ene reaction) lneazlandndasilumwumu-1,5-lnddnulaiediy
(Pentane-1,5-diylidenediamine) frfiFeuandusuil 2.3 uazannsfnwianumuiuiy
YoeUsTL oL 39ININN1INAABUANTUINFIVEIB 85T TUMFLUA WAz aBLULTY
audiana andRsanusou wagAnwilassairniomaidadunisaadninsalnld wui

SEAUYRIUSEaNYIUSINaLiNTUMNUSIUNgaTanled lnenisinTeuiiagneasly

(%
o v

gty 30 Tadans Tadunganianlanidudu 10% neusuies Usuna 12 daddns Jamn
lusfigaumnd 45 °C ﬁﬂﬁamﬁ’aLG?NﬂaLLazam‘”&LGTNmm%faummmaﬁsimﬁLﬁuqaﬁu WALIN
MR semaindunuseanlnsalnUaunsodudulasadnmeen9sssuei Ak
nsvurunsaeluwdusingn wui ﬂ%mmﬁuﬁzﬁjmawfmﬁiimjﬁﬁﬁ%mmLamﬂ?{u
1662 cm’' anas waziinfialvaifisundaavadu 1652 cm” Sadusuniaavadureseiiv

NFgNll (Secondary amine) MAAIINUZATEBUAING1IT AU

o
/\/\/\v
C C +  INH; —— NI NH
/s ~, ’
RAVAVEN
Glutaraldehyde Amonia Pentane-1,5-diylidenediamine
CH; CH;
N TER g VTR MMM
Pentane-1,5-diylidenediamine l Natural Rubber
EATAYAS
W\Aﬂ
H;C H;C NH
H;C, H;C, NH

Crosslinked Rubber Molecule

JUN 2.3 nalnnisTamludenssssumamengansailenriuuisendu (Ene reaction) [5]

Tutideanu Johns wazmne (2012) [30] ANWINSLIASENE1955TUYIRNENNDA LITNA
ueaneseduay famludensnandigumgiiilaeldngasadleniumsitenyng wivalee
nasthenssssumAtunealifiaweanesed (NR/PVA) wusanududui 10, 20, 30, 40 way
50% Tnevmin wazudsdnasu NR/PVA # 90/10, 70/30 way 50/50 nagevauviidana

AUUALTIANUSTOU WAZANUATUNIUADFAIVINAZATY WUIT 819555 U ARAUNDA bTla-
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'
a

weanesealingmniaflenduasieninadmanuiuniude usaiauazuagaaiiugslu

Y

o
&Y

yauzfiszerda 2 9avinanasmuanstutulazdndiuvesnealidausanssed faiuns
Haunedliiaueaneged by eI IHYIRANNTIUS U TeaNURvee19sTTUY AL
ogslsfnu MnransinnauiRidanavesersTaaludiile wudr Sandoudied
e AnenusumusionssisUszanm 5.00 MPa dadunasinyTinauesluiieuazngmia-
Flest daiu Johns wazan (2015) [31] FwhnsAnwideiiios temannefimanzay las
wsmnududureauenlindeluthensdl 05, 07 waz 0.9% lngtwiin uazulsuTuia
ngensadlaidudu 10% lagu3uns AUunal 5, 10, 15 uay 20 addns wud onsiaanlud
fienududuvesuenTuiily 0.9% lngtmiin wasUSuungmiadiled 15 Gaddns S
iafpsronmdoulsaign uazAAIFUURBUSIAIgTian (7.00 MPa) wililelduTuna
namsadlenluliniuuinndt 15 1adans A1AUMUNIUABLTIRIRiiA1anas Lagan
AmNuvLLuYesTUsTITeNYI ensTamludfiiingaiadled 15 faddns uansAiAdy
vnnLuve s eNYNsgsTian
Kalkornsurapranee uagAny (2017) [6] USuussnisanwaudfaeanavedens
sysunAteTanludlaglingmiadledifumadonsnatioudsuiumsamludiesyuu

[y |

Mgy nud rstanludlagldngasanlenluasienunedidnsdiussnitaenluiey

[y [

a ¢ N . ] P ] = A
Aungasadilas 1:1 (W39 1.0 mole ratios) WAAIAIANUATUNIUABLTIAIAITEA
(~8.00 MPa) @edanoaniinisianlugalgssuunitgau (~24.00 MPa) Wia1nNISANEN
wa a v I ado v v ¢ =
auUAderuiou nu sussiumanianludlaglingasanlaniduaisitonrineaiunse
Aunusioausouldaatu (Ty ~387 “0) WawSsuiisuiussuuiugiu (Ts, ~362 °0)
INNANITIN9UAINATT TuTIRBITU Kalkornsurapranee wazaue (2017) [32] Fsaula
AnwinszuaunsUiulsantivesesssunidaniludlagldngansadlanduasiwenving
sia Inen1sldeesssurAnauyslaianaannisnsndaieneduiaimiasian (NR-g-PMMA)
[ 6 v v a & @ A 1 va a a d,( [ 1
wazdanludlagldngafadlenluaiswonying wudn audmdnaingudu 2 in
(~16.00 MPa) uananddaiiautmdsninudou (Ty, ~385 “C) loaninenesssusn@n buisnu
nsaakUslatana (Ts~378 “0) wazausadiuniumen1suandalutdu (~50%) ladnan
g53IHYIANIUHUNIARKUSIIENG (~78%) B9a1NKNAN1IIIBUAINAIIIANTIUTNE79
sTTNgIAnT AN N dILAatuNIATIan (NR-g-PMMA) duullduvinlnaudfiveens

sssuniianludlaglingmnsanlenduasitensnaiui
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v

agalsfinnn 9n1891us1e 9 WEl navesaURFnailas e uriniussuy
msfamludderiuzdu Gruutamluduuuun®) fafu euitedfvaulafuusauifves
g9ssTunANTamludseszuudanan IngTsnmsdaudsluianaresenssssusd nsnasens
s3surAtunedhifaueanesed warnswdeusauluaeunedndienisifuuilunadds

Famludlaenisldngansanlenduasivonving
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3. NAKAZITUNANITNAAD

3.1 NAYINITEASINUIE1955TUVIANTINAA WO ALUAAUNIATLANNLUTAAFIUTENING

WY TTUBRLASLUTIALUNIASLAN

(%
a o

WIBuTesssHTAn TN AT enedfialumiaTianisnsdiuszninainens
sysurRromTiamATian (NR/MMA) whitu 100/0, 95/5 wag 90/10 Taatwidn dupseh
ewaiindiatuneduelseiu Ineldi3Guuiitewuuinend dddamaaiidmsd 3.1
Mntuntahesiidueszildmaduamimzite (Petri dish) Uaseliiihazatsssive
oonluvd uazeuliuiefigamgil 60 °C e 24 $lus Wewnadauvudensiian
(Soxhlet extraction) Insn1safnassd 1 Hordlmuduimhazareiigumad 80 °C LHuian
24 Hilus iearanedufiawmesianilliiiaufiseeen uazarnas 2 Inelddlasideu-
Sisesidusvhazanefigamad 80 °C Wunan 24 Hluaguiy diearnthessssumdiui
Liinn1snsandesn ﬁuﬁﬂﬁmﬁﬂdauuawé’amaaﬁ’mnﬂﬂ%u’q W AU UTIME
539t AflaiAAN1SNS N (Free NR) USinaumediuiiatuniadiandlaitinn1snsing (Free
PMMA) UanadleluwedwesilaiiAnn1sns s (Free homopolymer) uagUszansainnig
N3INA (Grafting efficiency, %GE) wiouiiAsnguilaseasrieamaainamain FT-R uay
'H-NMR uagdnuaizdugnineisemaia TEM iefudunisnsmid (eaziBeaiianifves
WnrsduaszvlaiauslusuatuunAuivinig (Manuscript)  aautena1suuuly

LY

AAKNUIN 4. FURTUUNANLIIYENSTUNTAITIVINIG)

'
[

A15799 3.1 ansNlonSeutesTTunAnIdmenedLAalunIATanidndusening

NR/MMA winifu 95/5 uae 90/10 Taetimin

#156A3 (Chemicals) ULNLUULIAS (Dry weight)

anslndululfnsalujiseman (Main reactor)

60% HA Latex 95 uag 90 g
85% TEPA 1.00 phr
20% SDS 1.50 phr
Water USUTH %TSC winfiu 50

aspdiianlunsugUou (Feeding funnel)

MMA monomer 5uay 10 ¢
70% tert-BuHP 1.00 phr
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3.1.1 NAYDIDATIFIUTTININNUIY9STTUBIABaZIUAAUNIASLAN (NR/MMA) 6

UszANSA1MN15nSING (Grafting efficiency; %GE)

AINNITALATIENUIP195TTUVIRNTINAA LU NALUNIASLaNTTTLAUNITNTINAT
WANANEAY USUNIUUNE1955SUANANLLUAANITNSING WodtuAaLuni1AsLaniibiiinn1snsIng
fuluenavedenesssued Usinulalunefiwesnliiinn1snsvd wazdseansninnisnsiva

LAAIAIRITIN 3.2

A15199 3.2 S9UaTUBIUNYNISITUING SOUATVDINDALUNALUNIATLAY S08aTURILalY-
NOALNDITLULAANITATING hazUsEANTAINAITATINAVDIUIITTTUVIANTINAR e

WORLUTIALUNIATLANTITEAUNITNTINGRAN )

NR/MMA Free NR Free PMMA Homopolymer

GE (%)
(Wt%) (%) (%) (%)
95/5 5.22 0.92 6.10 93.89
90/10 6.07 0.88 6.90 93.10

NP1 3.2 WD NUFAAIUVDLUAAWNIASEAN WU USEANTAMNAITNSING 289
NoARaLINIASaNULaNlge195S TR DU TNanad TuvaeiSavazvalalunedwuas
(% Homopolymer) Siuwaldutiudu Nitiiiesan WeUsuiavesausiueslussuuLiuNIn

6EJ‘u %uimmﬂﬁﬂ@ﬁu@u@m%ﬁ%LGUWVL‘UaEJiJi@U’eJUQ’]ﬁEJNlIﬂ’NiJ%U’]L‘WSJGU'L! mmaiﬁiamawm

¥

3SR enlufuinaRiveseymasaiioneliiAnu fAsoinsnswdduldldenn

(%
a aaa [

Aal AU ASeena R ufnUfAse i afeaunu (Side reaction) InganaLinniseane

o

Tousuuadasyludsanelaguauaiuas (Chain transfer to monomer) @9KaLALDULUBSLAR

99U

1

o aaa U I~ I a [ dy
nshugaserfueaduluanavuialugdulalunefiwesuintu Anuaiuisatuns

a

AnufAzensnsmldvuaeldesdsanas Ussanininnisnsnd Jadiuuilunanainiy 39

a

HafINaMaIHaRnAR Bt UIUITEURINgUIdELALTY (Kalkornsurapranee et al., 2017)
[32]
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3.1.2 HANI5ILATILHIATIES1M1LATI VR IU819555UBIRNT AR 28N R LUTA-

]
[

BINIASLANNFAFIUTLNINUIE195TTUVIALATLNNALUNIATLANAINY Aewmalia FT-IR

N1591929@ULATIES 19NN UATVDIUIE9EITUIIRNTINAAIENOFLUAALUNIASLANA Y

WALA FT-IR Yilalagn1sundusi19819u18195 550818 n 1 AN AR atunIAsaniniu

NIEUIUNTANALUULDNMLAN Jtas1eilasldlnum ATR (Attenuated total reflectance) %24
-l Ao |

AUYTIIATY 4000-600 cm NTTRIINTALAWNY 32 ATesiaundl Usingaiunaiuves

WY NTTTUWANT AT NORLLAaMIATIaN dawandluguil 3.1

NR/MMA=100/0

NR/MMA=95/5

NR/MMA=90/10

% Transmittance

W

1732 cm™

1160 cm™

3800 3400 3000 2600 2200 1800 1400 1000 600

Wave number (cm™)
JUN 3.1 FT-IR adnasuvaeunenesssusdnbiniun1snsing (NR/MMA 100/0) wazingns

'
[

5IIUTIRANTINAAN WO AU N ALUNIATLEANNARAIUTEIIN NR/MMA iU 95/5 wag 90/10

Tagnun

o w

A A PN 14 a b4 1o 1
Q']ﬂg‘lh/l 3.1 WUﬂ'ﬁﬂi']ﬂ{]LLﬂ‘U@@ﬂa‘LWIﬁ']ﬂiUi‘Lliﬂﬁx‘]ﬁi']\‘]EJ'NﬁiiilﬂﬁG] TouA Auwms

d -1 = . {1 o o ] d -1
@vAdY 842 cm - Faluiinves =C-H bending NRaiy -C=C-, AMunULavAdY 1376 cm
. 1 a o ' q -1
\Jufiaves C-H bending vaemsjiudia (CHs) duvisiavaiu 1452 cm (uiiaves C-H

. 1 a { o 1 d -1 1
bending VoA (CH,), Muvinaradu 1660 cm  1Juiinves -C=C- v0Imyuoafu

a

o 1 { -1 . 1 a <4
wagduvtuaradiu 2975 cm Wuiinves =C-H strething vesnyavaifn uenanil wu
wougandulrdnuMnguluanasuvesiessssumansvdmenediufiaumiasian

o i Y -1 ! s a o 1 d -1
Aosuntaauadu 1732 cm Wufinvesmiansueila (C=0) wagsiuiaavaiiu 1160 cm

'
o a o w

Juiiavemieaines (C-0-0) Fadunyilaidundrdglulassasraluanavesmeduiiammi-

Asian lnguauganausainanazusingdanuiuiledadiuveanediuiiaumiasianiiuiy
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3.1.3 HANTSIAIIZILATIAS19N1 AT VD IUIYI95TSUBIRNTINAA WO ALUT ALU-

meSianiidadaussuiranhensssunasazuiiamnesiandsiudiemada H-NMR
nsnsndeulasEdnaaiiveniesssurRnT g eneduiianiedianlng
wadaduadesuunuinsTeuund sdaldsaeu (H-NMR) Wuisimseiitanansaiasen
yyilsidunaeiifiddgyueniensssumivioamsoiusumilrdumaaifusngdulml
MnnUFRTEMINIMdvesmeALAamATIanuuaeTeluLanare 8195 IIYR F9amTn
asnaeuendnuelingttufiogwihessssmniuarinerssssumnins e neduiian-
mpsianiiiunsruIunsatauuurenian azangludniazarsfunadounaslsnesy
(CDCL) wardnsnevidaain NMR vaslusneuluginafifadnl 9 0-10 ppm awUnasuves

"H-NMR fiUsnguanssisgud 3.2

w  CH
’GC J "97
\.r_-L; 1 CH,
|7
H i "
(a) o gen
&)
NR/MMA = 100/0 § >
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 50 4.5 40 35 30 25 2.0 1.5 1.0
(b) (-OCH;)
NR/MMA = 95/5 (?) 3.703.653.603.553503.45 N -
(AR AR R RN RARAS LARAN RARAN IS IRAS LAY IARAN RN AR LS IRRN BN LR LRI DA
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
(b)
NR/MMA = 90/10 i (a) 3.703.653.603.553.503.45 ) l
LN B B R B LRI B - . - = =

e TR e e e e e e
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0

a 1 a ) H A al I3
3UN 3.2 "H-NMR A UNMI19098UNLSAFLUNASUVDIUIH195ITUVIRNLUNIUNITASING
(NR/MMA  100/0) kagun819555UI RN INAA8N0aLUNALUNIASLANTNEAAIUTENING
NR/MMA winfu 95/5 wag 90/10 taeguiuntin

o

mﬂgﬂﬁ 3.2 WU dyayaadnaiures H-NMR UsmgﬁﬂﬁﬁhLﬂﬁﬁa%WﬁLmﬂﬁmﬁu
Tnenudisiumia 5.1 ppm 6?'5@L“fJuﬂﬂLLamaIUsmausuawyﬂaéﬂﬁﬂ (=CH) #ilnus 2.02 ppm
Juiinuanslusneauvamy C=C-CH, uazauni 1.66 ppm Wuilawandlusnouveanyuiia
(C=C-CH>) G?fﬂﬁ’q;@ﬂmmmﬁﬁ’a%ﬂﬁﬂsmgﬁaﬂén Jufinfiuandusnouiiddgyremmiedon
TelonSuanlassadieveniensssuni dmsuihersssuminswddenediufiaumins-

anazUsngiinaedfadnlvadunduii 3.57 ppm Fadufinuanslusnauresmyiumend



24

¥
I

(-OCH,) fivsusnondnvaivesnedmfiawnieiian Tnefinanafidadnlnldesduun i
Qa%mﬁaﬁ'mdawaaLuﬁaLuwﬂﬂ%LaMLﬁuﬂﬁu
IMnMsiaseRdnvaslasiadamaaiivesiienssssumansmdaenediudia-
wmedianlneiadesnaiintiedu fnnsusngryiliiduremedufiaumiafianuuasle
p19sINTRTY annsaduduldidenssssumidansdauuslaanalasnisnsmdse

noAfaunIAsianuuaslageesssuRladasa

3.1.4 dnwasdugIuing1veang1esIsHEIAnTnddawaduialunIATIan i

o/

AFIUTTNINUNY195TTUVIR AL LU AINIASLANAIINUAemATiA TEM

N13ANYIFUFIVINGI1V091181953TUANTNAGENaFLLTaLINIASIaN NdnEIU
5211191895 TUANULUTALLNIATIANA A UMIENEDI9aNTIAIBIANATOURUUABINIY

(TEM) Snwauzitleinansdsgud 3.3

JUTI 3.3 anvardgIuing1a1nnAe99anssAuBLanATo UL UUAD R IUYBIU 81955 5UTR

L]

nIAAIENeALRaUNIASLAN () TEN955TU AR LEINILNINI NG (NR/MMA=100/0)
(b) NR-g-PMMA (NR/MMA=95/5) wae (c) NR-g-PMMA (NR/MMA=90/10)
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mﬂmsﬁﬂmé’nwmzé’mgmﬁmmmaaﬁwmaﬁﬁﬁmwaﬂmw&é"sawaﬁLmﬁaLm/rm'%l,am
faguil 3.3 WU ihensssumnsddenediufiawmesianiiduasesild fduguine
wunknu-UAen wiaidulassadiauuy Core-shell Tnsayniavesinenssssumfazduuny
(Core) (A uwazoynmAvaansdwfiawmasianszduuden (Shell) @Fdou) Insaznszany
fhdouseusYNIATEILNETIINIA BefidndiutensssrRrewfiaiumnaiianyintu 95/5
Tngtimiin (3U7 33 (b)) Ui eymAvesHedlLTialmATIANINEa UL MRS
pumee ST udlenssuifleuiidndiuinessssurdrewiiaumiaiiansiaiy

90/10 Tagiwitin (U1 3.3 () anvazdgIuingifinanaenntesiunaeIuse@nsnm

a

n3ns e a1ndinaaunluiade 3.1.1 agalsinnu sunaveswediiiawmasian Foow) 7
A0UTOUUIIURIBUMAYNETTUNR a1saduduldiniensssuraianisanuusluans

1PuNIINTINAMENDALLAALLNIAS ANV LA Y195 T5UBR A5

Mnwansvaasdluife 3.1 dnandieiu anunsaduuldiniesssunaianisg
dauvsluanalaenisnsmidsenediufialumiadianuuaeldenssssuvafiul sdndiu
sywhanessssuRtuLiawmasiaviddnda Suhthenssssumansmdnediwiiaumi-
AR laNTIdRAUSE NI NENsITITN AR U TaNIATIaN (NR/MMA) Winfy 100/0, 95/5 uay
90/10 Tnevmiin fidaaszsildurdnuse TnsAnwnisiniouthenssssuaansmidnes-
winwmesianiivsgdvsnmnnsns ety Jugulnenistanluddengaiailefidu
a5\ @ouv219 %Eﬂft’famaxmam‘%smﬁmmsaummm%’eﬂﬁjﬁ%’mm Yung-Aoon., 2017 [33]
ntunegovandiidena (Mechanical properties) @uURANUATUNIUGDAINATATY

(Swelling properties) hazauUmgsausou (Thermal properties)

3.2 WNAYINITHASEUUIE195TUVIRANTINAR8NB RLUNALUNIASLANNSLAUNITNSINA

sy Faaludlagldngansanladluastauvang

3.2.1 @UURLBINAVDIUIYINSITUBIRANIINAA W WO ALUAALUNIATLANNTLAUNS

nsudsneiu Janludlagldngansanladduasauvag

ASANWINANISNAARUANUATNNAVDINITHSIUNITIAA LT 819555 UV IRNT MR e

a a a d' [ & 1 [ v v & d'
wodfiamesianiiseAunsns ey lagldngasanlenduaisivenying luanie
N3N sIan luginsaua1nIuifeves Yung-Aoon., 2017 [33] Hufe 148nstdiu
saluaseninngmdaslandewanluflomiidu 111 Aanududuvesngaiianlanminty
12.5% TagUsunns kazaudutuvadwauluisluing1winndu 0.9% Iasuindn aenals-

I3 Y} 19 o 5 & = ] a .:4' Y
24PN ig‘U‘Uﬂ'ﬁ?aﬂ'ﬂ,ugﬁﬂEﬂ,sﬁﬂ@@'ﬁa@Ilﬁ@llaﬂﬂﬁ'ﬁfﬁ@ﬂfll'ﬂﬂuu anqlniﬂl,ﬂﬂﬂqﬁlfﬂallslnqﬂ‘lﬂ
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AedenAuUfnzensu %\‘1Lﬁﬂ%uﬁaﬂqm%aalﬁﬁﬁﬁﬂﬁﬁ%ﬁl’lf%LLE]@JI@JLﬁEJ Aaduanndonvng
wiia iunu-1,5-lndaaulatediu (Pentane-1,5-diylidenediamene) wagazit1i1u{Azen
Feouvanafuarsltenssssued faguil 23 nsaailudiiaduaisldquungd
50 °C 1fuiaan 24 dlus nduneaouantBidena l¥un uogda (100% Modulus) A
FIUNIUABLTIAY (Tensile strength) ANAINITIUNTTEAUA (Elongation at break)
ANLLTS (Hardness) Wagnisaummvaanisna (Compression set) Fanansnaaeudiliuans

AR5 3.3

A1519% 3.3 aUURLTINAVRIUENNEITTUBIFNIINAMIEND A NALUNIASLANTNTLAUNITASING

ey Jaanludlagldngansanledduasigonying

NR/MMA (wt%)

Mechanical properties

100/0 95/5 90/10
100% Modulus (MPa) 3.02+0.18 3.23+0.20 3.45+0.12
Tensile strength (MPa) 10.23+1.41 19.89+3.52 23.20+1.14
Elongation at break (%) 877+51.00 820+89.00 766+25.00
Hardness (Shore A) 69.60+1.81 70.40+4.15 76.60+1.51
Compression set (%) 76.14+2.62 65.74+0.29 68.02+3.28

NP5 3.3 WU UI819555UBRNITIAAenedlAatunIasanianlusiaely

1 2V

ngansanlaniluansionyinedifInnuiunIuRowsIiegIndn tnenesssueAliiiunis

n3mst (NR/MMA 100/0) AsegaaiiszazBa 100% wazA1annuuwds duwilduifiugadude

[

dndiuveanadiuiiaumiasianiiiudu (Asguit 3.4) Meilidesan lassasraduanaves

Y
2

a a a = [ Aa o ' s a v & o
wedwiiawniasiandaduluananitigsainuyaisuella (-C=0) vuaeld deu N5

Y Y
nodlufialmiasannsiuLaslgYeI819sTINYATIATARALTIAINATEN I TIn g Ty
luiana lnsusshsgaaztiindudieluianannuilutiiviuiauiniu dawalasldues
g9essurIAdlonardeulilaen Ysunsdasvanas anudanguilosas viliAnaiu

=

3 @ .. (9] a d’( = = 9] [ [
LT9N359 (Rigid) Tuaniinay ANau1satunsEnIUINLAEN1SANRIVIEINITNALDITART
T lULanaInle UBNANNTNNINIINANDRLUNAUNIATLANUUE18 G195 TTUVIRANNITOLAL

wa ~ Yo aa & g Ao v v v ¢
auURANULATLET (Toughness) THAUNNETINYIF TATIERIINNUNTANTINVBIAUFURUS
FENINAMULAU-ANULATEA (Stress-strain behavior) Y89UN81955UIIRANTINAAIONDA-

IS aNAgININne19sTIHvANLHIuNTN NG WuAgiiuautuveudunsm
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71397 Wot1895TTUTIRAHIUNTNINAG e NERLUTIAINIATIAN LaRITaAIINLDLTITe
gNEITUVRNANYY Aauanslugui 3.5

[l Modulus 7] Hardness

5 100
76.6
q - 80
69.6 o4 345
~ 3.23 —
o 302 <
o]
% 3 - 60 5
3 0
2 -
A
2 2 a0 ¥
o
5 e
g I
-1 L 20
D - T T T D
100/0 05/5 90/10

Cured of NR/MMA ratio (wit%)

JUT 3.4 wegaafiszezin 100% wazANUWIeIIENETTNIRNTMAMENTalUNIATIaY

u

A o

& 1 [ 14 v A & =
sgaunmInsmasniuiaaludlagldngansanlanduaswensns

30
— NRMMA:100/0
g5 | v NR/MMA:95/5
= = NR/MMA:20/10
20 4 ,I
E , s -~
2 15 - /
@ Fa
@ 4
= rd
vio10 4 ”
5
-
3
O T T T T
0 200 400 600 800 1000

Strain (%)
5UM 3.5 AnudUiusTenIneauAu-ALATEn YaelneNsTTuRIAnsIAmenafiuia-

a d' [y & 1 v ¥ v Al ¢ & =~
Lll‘V]']ﬂiLa‘Vl‘VlﬁgﬂUﬂ'ﬁﬂi']‘WG]WNﬂu’laﬂ’ﬂueﬁﬂﬂiﬂﬂ@]@’ﬁaﬂlﬁﬂLUUE‘I’W?L‘U@N‘U’]’N



28

3.2.2 dUUAAMUAIUNIUADUNTUVD 8195 I5UBIRNSINAR WA LUTNALUNIAS-

P~ ) ¢ 1 v o ¥ Y=, ¢ & a
anfissaun1snamiasnsiuiarludlagldngnifanladduasianyans

nMsneaevaNTRnMUEunUResuYe eSS sHTRn S AR e e AL TiaLINI-
ﬂ'%Lamﬁizé’umiﬂmmﬁwﬁ’uﬁfamlueﬂmaiéi’fﬂqmw%’aﬁiaﬁLﬁuaWiL%amafm B RR P BEAN
119 1x 1 cm’ wdluthifundeduindossud vidothifuiaies (Engine oil) 3u V-120 SAE40
1INUTE Uan 38R (uvww) gamaiives (~30 °0) 1luan 20 Falus Yufindmin
fFoghe AeularudIty tethudunmnfesasnsuamesuintiy awaunisi (3.1)
mamwmaauﬁléﬁmmﬁqgﬂﬁ 3.6

WS’WO

Change in weight (%): x100 (3.1)

Wo

lng? W, fis Udminves NR-g-PMMA Jamludlaglingniianles nasugluindiu (g)
W, fia Wmtinues NR-¢-PMMA Taaludlagldngansadlen neuwdluiiu (o)

20
18 4

16 4 o Fy
14 16.1 15.9
12
10 4
g8

11.4

Change in weight (%)

D T T T

1000 95/5 9010
Cured of NR/MMA ratio (wt%a)

v

5UM 3.6 JowaznisuiuneslutduiAsewesdIeesIsUMIANTINAAIENaFLuiaLUNT-

a P v & 1 YY) ¥ v Al ¢ & d'
ﬁiLﬂ‘Vl‘VliZ(ﬂUﬂ?iﬂi?Wﬁ]Cﬂ’NﬂU’Jﬁﬂ’]bLuﬁﬂﬂﬁﬂsﬁﬂQGﬂiaﬂvLaﬂLUU?{’WLGU’EJ?,JGU’J’N

n3U 3.6 nuilledndiuvesnefiufialumiasianiiudu wWesigudnisuiuneadl
wwiliiiaeas tupe YieesssurAnsmdsenedufiawniasianJaaludlaglingniia-
Aleaduansienranunsasiumuseiniuniealdd 1esainnisiiumyiviainmgans-

veilavemmeduiiaumiesian ibiuiewessuwfdanulutuiuiu dawalmiousafiga
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seralaanaiiiviiu feiy Tenailluanavesisiuasiedeuiiaeaunsnlulinanaanslyens
sssuAnsddenedwfawmeasandadululdenniniensssunanldeiunsnsng
slmAnmsuILnesanas wenani nsinlassadieseatng 3 i anufasendu fvili
a1e1g098195550MAAANS TN denalianeleenansmaiadeulmlssnde Saan
gnnguanas ‘v‘fﬂﬁiuLaqamamfﬂﬁuaamLm'ﬁﬂiumsﬂsﬂmaqamaﬁaeaa otk 1hen9535HR
ﬂi’w\lﬁé\’f;swaéLuﬁameﬂ%Lamifamiu%%aisi’fﬂqm%’aﬁiaﬁtﬂumiﬁammammaaéﬁumu

ANSUNNDINUNTULAR

3.2.3 AULEDNYITNINANNSBUVDIUNEI9S TTUBIANTINA A8 WA LUAALUNIATLAN

fszgaun1snanddnsiuianludlaeldngandaflanduansiionuns

ANSAATIZTAIULADYTNIANNSDUVDIUNIYTITUTIRNTINAN IO WD A LU N ALUN -

a

a o &1 v o & o Y ¢ & a A e
AsLan Nszaun1snsmadieiu Jamludlagldngmdadladiduansivenving iefnw

UNATITUAUNITAATIUFI (The onset temperature of thermal decomposition , T,) kay

9 Y

a

qmmmqqqmlumiamaﬁa (The maximum temperature of thermal decomposition,

Ted WBANWIIUTIUNYT 30-800 “C Ngnsnshianuiouvindu 10 “C/min aneld

UTTNIANLATIAN NANITIATIBALERIRINNTINN 3.4 wagIUN 3.7

M157197 3.4 gunQINITAaIEAINIANTOUVEY NR-¢-PMMA  #isgaun1snsvdaianu

Famludlagldngmiadledduasdensns

Thermal degradation (°C)
NR/MMA (Wt%)

TO Tmax
100/0 254 359
95/5 263 374

90/10 275 375
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—— NR/MMA:100/0
...... NR/MMA:95/5

- = =NR/MMA:90/10
80 -

60 -

Weight (%)

40 -

20 -

0 100 200 300 400 500 600 700 800

Ternperature ( °C)

— NR/MMA:100/0
a0 L e NR/MMA:95/5
- - =NR/MMA:20/10

-15

Derivative weight (%/min)

-10 4

Ternperature ( °C)

SUN 3.7 TGA way DTG M5 kUkNSY U99U1819555UTIANTINANE N RLUAALUNIASLANT

L]

sgaunsnsmasiuTaaludlaglingansadlanduasitonnns

U

31NA5199 3.4 wudn gaumgilisusulunisaaied (T,) wavguvgiigeanlunis
481857 (T e VONNENFTTUVIRNTWATENEAAaM ATV Iamludlagldngnisanles
I~ d' a0 1 9°, ad‘ (B I3 1 % go/ a I
JuanswenrellfgenInienssssunAnliunsn v danaliing19sssusang g
NORLUNAUNIATEANLANULEDYTNIIANUSBUNINAT LHBIAIN NISASINANDALUABLUNIAS
ANAUNENETTINAYIILTIRATEN NN YBINETTUYVIRNLINTUIINTUN 3.7 Wang

TiuIeRsssuvanldiunsnsnddaaludianganianlenduaisigensine dn1s
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aanedmsanieu Tutausniigamgisyana 250-300 °C uansiisnsisuaaneivesany
Tognafiinnsidensnsdsaonadosiufunuifoves Johns, et al,2015 [31] ndsarniiu
msaaeialutisfiaoanfnduiitasgungiiussana 300 - 390 °C uansdan1saanefivesens
s33UR FednTnsanasenimtingeand 360 °C WeRansanmsaaeimisnnuioutes
thesssumnsmidnedifiamesiantanludiongmiarledduamadensng ians
aaneilutisusniigumgiuszuia 270 - 300 °C drunisaateialudisfiaonintud
auvnfiusean 300 - 400 °C uansnsaaeiasvasleleniuiiiulassasrmdnuasen
sysuvANasneAfiamiaTian Insgamaigsaalunisaanes egfiuszanas 375 °C Feae
Fuldhgamglinsaasiiludiusnuastasiiaesiicngstu wWedinsnsmdneduudaim-
Asanuumeltens Lesannsussisgaszvialuanaveanyasueiaannediuiiawm-
aflaniidauudanss nsaanslassadsluianavesenssssunddeamsansyinlden
uanani msfanludensssmumidaengmiailed vinlieusssumainrmdiuniude
arufeuldgetu esannsfanludenssssumiche ngm3afiled arelserssssuvifiia
Hlassadissiamdng 3 37 Ailfusznsidesvnaduuuuiusyafveu-amsveu e
NAWUINUSEE (351 KI/mole) [6] vilinsaanemvasluianameninusauazaeddngeny
Tumsaaeiusegsdsaziinnisdenann fafu thenssssumAfiniunsdaudsluanalag
msnsmlidenednfianmiatianuas famludlaglingansadledduasdenynsainisn

AuUNURaANLSaUlIRTU

PNHANITANENTALTING AMUAIUNIUFDUINULAZANLENTNIIANTOU VNl

' [y v v al ¢ = o v ] a A
51U nszviunsiamludlaglingaianlanduasenyine ilvanglderaianisies

[ [ | 1 aa & 1 Ao w PN o 14 = wa |1 a dy

efudulasasiadig 3 40 \udundrdgyaunsavinliensdandiisig q iiugadu
AIUNTITANYINAAMUNUILUUVDINUSE AL HDUVIN9 (Crosslink  density) Tandugdiu
ATUAYUNSILTUYRIaN TR 9 kazaUNT0EUTUNISAANUSELTDUYINNYBIEIISTTUYIA

¥ d! QR’ LX ) 2 I { a v
6 Ganpaeulnewisududiognaauin 1x1 cm” wiluaisazanglngduigungivias
(~ 30 ") lunian 72 Hlus Jufindmidnvesiusegnneutasrainisudaisazaalvgdu
INTueUTUMeg1Tigamgll 50 °C wazthunduinindudiegandieuauniniminesd
IDUNNIATUIUI AU UUYDINUSZLOUTINAINALN 15D Flory-Rehner f3aun159
(3.2) waziTeuLlsunan1smaaoulaiuIwITenquiAeanuwed Yung-Aoon., 2017 [33]

NAN L ALAAIAIAITIN 3.5



32

2
An (1, )4V, 4xV]

V=
1
V,(v/5-05v) 5.2
g7V AD AMUAUILULYINUSELYDUUIN
V, e dadiulagUsunnsueagnaniuin@g
V. Ao Usuesmeluavesiinazany

X A9 AN URILSINNTEYINAUSEMINNeNeNUSYNazae

M990 3.5 AMUNUILUUVDIENNEITURTLLEIUNNTIaA UG (Uncured NR) wae

gssIuYIRantudiengansailenduaisitonying (GA cured NR)

5
Crosslink-density (x10 g-mole-cc_l)

Samples
This research Our previous report [33]
Uncured NR - -
Cured NR 7.67+3.11 7.98+ 2.12

a ] aa (Y] L% v ¢ =
AT 3.5 WU 81esTTURIANHIUNTTaaludmenganSadlan duansivey
yalAAAUTL LW sTUsE NI 1T InaAss T unan 1 Inade uTuwIdenquiiieafiu
av W | 1 ad [ ¢V v al § &
[33] TN W3deAInaImud eresssunanrunsiaaludmengasaleniduans
WWONVINTFNTRAAN o) LTI UREIAY LaBlan1zg 9EIAMULENETNINAMNTOU 1813150

MusanUToUlAaINIIeNsTINRTINIUNMTIaAlugAIe sEUUMUE Y

& a ¢ ' su A a v =
UNYINU Naﬁ]']ﬂﬂ']i'lLﬂiqgﬂwaﬁﬂﬂ‘U‘U‘V]L‘UaEJULLUa\TVL‘lJGU@\‘]Iﬂﬁqai"I\TVl'NLﬂlIGUEN
aa Y] v v a 2 a
EJ’NﬁiilIsU'WW]N']Uﬂqijaﬂq‘lu%ﬂjﬁﬂamqﬁﬁG\IVL@G]KI@EJLV]ﬂuﬂ FT-IR tUUDNLUINIINEI1UITD

IS U a L% d‘ a o a
YUYUNTIENANUTELYDUVINUDIYWITIUUH @QLLﬁ@QlUE‘U‘VI 3.8
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@ |Uncured NR

v

c

: i

£ W 16m

£

v

c

T |GA cured NR

'_

° W

1570 cm! 1042 cm!

3800 3400 3000 2600 2200 1800 1400 1000 600

Wave number (cm™)

JUN 3.8 FTHR awnefuvesgresssundnlaiiunisianlug (Uncured NR) uwag

gssIHYIRantudiengaialenduaisitonying (GA cured NR)

IN3UN 3.8 annaMTiasevinyilaiduveseesssunanldiusazdiunisiaan-
1% U d ! d o ! { ’1 ¢
Tuddengasadlanduasionying wui uauganduidunisavaduy 1660 cm - Jau
=~ a a a 2 v awv ¢ v
fiAvee -C=C- voesTIUAAANIsdaulUnsIanteslugssTsumAianludaie
v ¢ & dll A a X Ao 1 dll
nga3aslanduansidonyine kagnun1susInguauganfuliuIundunisavaiy
-1 = . { o 1 § -1
1570 cm Fadufinves N-H bending wagiduwniaavaay 1042 cm WJufinves C-N
. 1 = a = a a . = aaa a A
stretching veswyladiuvilaleiiunfenil (Secondary amine) Ba.lunau1anufisedu
Andusgriuenludeiungansadlen lagldndndasidumumu-1,510880ulaediu 39

A o vy aa o = aaa  a o
a’]llqiﬂEJUEJUIW'JWEJ'NﬁiiilslﬁmLﬂ@‘WUﬁgLGU@NGU'J'NIG\IEJTJQﬂiﬁJ"I@ubLﬂ

NNANITANYIAUTRAS 9 Ya9ie19sssUTANT AR e ne A iaumiadiani
SPsAIuTENININgsTIUTATULRaLMIASIan (NR/MMA) Wiy 100/0, 95/5 Lag
90/10 Tngiwmiin Yaaludlasldngaiadledifuarandensane wudh Hdndau NR/MMA
Wity 90/10 Tnenimiin TautRidenauavauifidsanufouiiian fadudndiuniansing
Fananas wmnzandmiunsdunszdingnssssumAnswAgenedfiammesantiie
Yamludlaelingnndailedidumatonsnng uaranuanmsfinnivilienedisvaula Anw
SviswavesthenssssuAnsmslanediesuladu taun tenssssumansmidnedalnu
(NR-g-PS) LarinenasssuTAnsFweaalasusmAunedwfiawmiadian (NR-g-P(S-co-

MMA)) 148L119991nn19n5 MR e1955sudmenadalasusazwedalasusiununa auiiaty -
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mesaviliUsgansnmmanandduTuanasasssuviigs [10] nelddnduseninaiiens
S5sUTRfULeUBIBSWINU 90/10 Tnetimiin "’Jfamluszﬁmai%ﬂqm%’aﬁiaﬁtﬂum'ﬁL%aumw
waztUSouLnguautRsing 9 futhenssssuminamddeneduiiaumesiandidnaiussning
thenssssumdtufiamumesianviniu 90710 Tnediven wiedunumslumsimuiaudd
ﬁuaamaﬁiiwmf?ﬁaﬂ'ﬂ,uﬁmaiﬁé’fﬂqm%’aﬁiaﬁ@umﬂ%ammqm'alﬂ Tnenanis@nudilauans

Twiden 3.3

3.3 HATRINTATENUNENSTTUYIANTIAlANe AN Tinsriiniy JaaludlagldngniTa-

Alamduanstionving

msfnwiluideildihauelusuuuuumarimisiving Aldsunsneusuliifius
Tua5ans Journal of Vinyl and Additive Technology fatena1suuulunIaNuan A, Nasu
fuflunsansinns fadu nmseduseraluitedannsofinsanansaassivandy
AANLAN N T8 FamansAnufiddey Toun 1573 IEOUSNYALLANNZYD NN
Tanedwes autiildinawazauiidenudourenhensssumninsidlanedwes Yanlud
Tneldngmiarledduaadonsnng doinsdnanegitennsflanodiuesuiingg q
ewaiiadiatunedwelseiu lneldisiiuuiasouwuuinend ddldasnifenised 1
(merwan n) Mntustahesiiduassdldmaduaumsde Ydesliviarareszive
oonlunsdn wazeuliuiefigamadl 60 °C 1unan 24 dalus ilenadauuudeniiian 4
nsadalslunedmesfilitianisnswidldiuiiaefiadlnu iduswhazarefigumgi 80 °C
Junan 24 Hilus leadnneddlaiuiiliaufizeneen Mesdlaudusviazarefiguvnd

80 °C 1Jurian 24 $alus eaianedwiiawmiesianildiinujisereen uazliUlngdeu-

=

a L] @ o a ° 1 Y ! LY Y o o a P
dwsasidudmviazaneiiaanadl 80 °C LUuan 24 Fluasuiy Weainune19ssTuYIREIUT

9 Y

a 1 v LY

lifnnsnsvldeen ielliethuissnsvdlanediweseiingng 9 naea1nnsanailATIzR
lassasrniedudunisnadaismetia FT-R wazdnwusdugiaineinemailn TEM
o v aa a a6 a 6 QU c vV v a Vaa %3 v YV
dmsuTBmawseuilduensnsmidlanediwesanludmengaiad lanldisidediuiate 3.2
A v o X
nanlanansnatl
91NNNFIATILAATIETINIBATIveg s AN iNuagiUN sRawUsTuana
1AgN15NIINAR8WOAA LAY WasnadalnSUSIWAUNDAUAALUNIATIAN AunATla FT-IR
(manun . U7 1) nunsusinguaugandulvdluaidnnsuveshensssumansmnine
NOAALNTU BATUNIYNFITUVPNIINAAENOAALATUSWAUNDBLUTALUNIATIAN AD AW

Y -1 ° 1 i -1 1 a %
LAUAAY 695 cm uavdunuaaAau 1732 cm - Fuduiinveangerlsufnlulaseaina
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aln3u warfinvesnmiasvedalulassaiaiiawmesian auddy Tnenyfladdulns 1
UsIngAenand anansaduduiiluianavesevsssuvirgnnsndmenedalasulas nodalniu
Fwduneduiiawumesianladnse wuherdunadudunisnsndlaenisinszidugu
Inendendeiganssaibidnaseutuudedsinu (nManuan n. U7 2)
fu'mmiﬁﬂmauﬁaL%aﬂasuaaﬁwmaﬁsimﬂaﬁiﬂmuuazr;humiéfmuhiuLaqaimems
nsmAsenedalasu wavnedalnsuswiuneduiiammeasian Jamludlaglingnidalan
Huaadonvns (mawuan n. 3UT 3-4 wagnedl 2) wuh auiRdanaveainessssuend
frinunisdnudsTuanalasnisnadlanedimesgenininenssssueddlaiiunisdauys
Tuiana Tnsuansrnuogda armuds uazanufunusoussfafingady luvnsiissosdn o
WwAanas ililesananuingnsvenaumuerlaniniulassaisvomedalniuuasmy
mfvetalulassasvemedwiianmiatianidsualvianeleluianavesersiilonaindeln
I$foras uaznuinhensssumninamddenedalsiuiuiunediufiawmeasan iaud
Fanagaiian lesanniinusafagaagnind (Polar-polar interaction) l¢fvenofiuiia-
wmesianangluluiana uaznisfslassadesrsming 3 f7 1inufATenduivinliansleens
sysunAAnMIenve dunanduluinadnaesivesussfsgaszuinduiana uaznisidon
IMepagsTIITIAnTIAlAneAiLes (AKwAN n. Scheme 1-2)
MnmsFnwaniRdenuiou wuh tessssiikiunsiauusluanalaenis
nsmdlanedimeifirnuaiiosmeauiougainiiiesssusaihiiunisdausluana
(n1ANWIN N E‘U‘ﬁ' 5-6 WagA 7 3) wansliiifiuinsifinduiiduveands (Hard segment)
LLazmil,ﬁ@LLiﬁﬂ@mwdwﬁ%%qwa'SalﬁﬁuLLas‘waaLmﬁaLa,m'm%l,awﬁﬂﬁwﬁuumaﬁimq
555u7 danalsirulaidusn (Unsaturated) 9938195550917 aNAS @nunsanusenuiay
1¢Fdu vonnfiesnndsnuiuszvansumueylaninlulassaienedalsdu (1015
kcal/mol) wazndauiuszveayasueialulassasisveanediuiialuniasian (99.1

kcal/mol) ifaudnegs danalvassldngdsnugelunisaaiedi WwReatunisiianisiyey

v
a = !

nadulasadne 3 48 AdeTuszninenisianilud dawaliaeldluianavosnasssueii
daneivnennuseulaen Iuihlihewsssunansmalanedwesiaaludlngldngmisa-

= ¢ d' 1 o vy
ﬂvl@ﬂL'Uua'ﬁLGU'EJNSU'N\TWquu@@ﬂﬁqﬂﬁﬂﬂﬂ,ﬂ@l

PNKANTNABBIRINGNITIAY  wansliiuIndie1esssurinsmdlanediuesi
wansinaiu Jaanludlagldngasalanluasi@onving amnsausuupandd vesens

557Uv1ALA Lafa1TuIANLAnd1sranglsdduiinsindunanslge19s3TuYIA
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soautiiana wut densssumAnsddenediufiawnediavliandiidnaiiian 39
wigaudmsunsiuiauselumdedaly
a&i’mliﬁ‘m’mmﬂmiﬁmsmmiLm“%suﬁwmaﬁsim'}a’;’aﬂ'ﬂusﬂmaiﬁﬂqm%’aalaﬁlﬁumi
Fourmnmudedesunalsens tude fduihesTanludfilétdnwasudauszuasunniin
TusgninanistugUlddne dealinstusuuagnisinluussgnadldagadululden daly

Y Y [ 1

ANzEIRERNINMTUTUUTIteaeing 1 Ingdsnisnaunedilaneanased wWillussuy
Weswnwedlillaveanesediidnvuinunaiuisain luildulds fdulieudangugs
fianuaunsatunisBafianazUszaud wezdunedwesfiannsaazaietils dwaliesey

Wuansazaenauiuingesssunaledis 3ailantaananundalsnzveasidusnatanlugn

Anduls AugITee@nwidnsnavresnisnaunedliiausanegedivuie1assTuya

Famludlagldngmsadledluasdensns lnenanisinwiilduandluindei 3.4

3.4 wavansuaunadlitausanagaaiuiignssssuyindanludlagldnganfanlan

Wua150Uv719 A dRFIUNITHENITZNINNUNE19s TsUTIRNUNEA I takaanagadrneny

. v v Myo a A Yo ) v A ¢
nsanwluidetlainauslugliuuunanumaivinig alasunisneusulaaug

a . a ) a d
TuguUszgun19391n13 (Proceedings)  au 91UUsEYUIYVINTIZAUUIUIIA The 3

International Conference on Applied Physics and Material Applications (ICAPMA 2017)

€

a

AaenasuuulumaNwIn v. nauaRuiluulsEgdnInTs Ay Msefusienaluiiteil
AUN5ONMTUNANINARDITILAASIUAIANLIN B 5IUAY Fanan15AnwidAgy lon aud@
Wenalavaulmdanuiou laomisuantneesssuwd (NR) waunedlillausansges

(PVA) Tidnduni1suanszning NR/PVA MU 100/0, 90/10, 80/20 way 75/25 Tperimein
Mndudungniadleddaduaadensns nunanfigumaives wosmasuuuiun aud
gaunndl 50 °Cifunan 24 Falus wadilduansdsdl
MnmsfnwantRdanave e s TsurAfinaunedldawoanesedfidndiunis
AN 81955 I ATUNE A Taueanesed Wiy 100/0, 90/10, 80/20 Wag 75/25
Tngtmiin nui wegdaiissesda 100% errufuniudeussis uagauudeiivualiy
Lﬁwﬁmﬁaﬂ%mmwam’aﬁaLLaaﬂaaaéLﬁmqﬁu (MARUIN 2. 3UT 1) IAnnHaveaanIy
JunBnveawedhiflaueanesediiogluszuudehefiuaudiidnaveessssum AldRtu
1NN1TANWIFUTALTIAINTOU A8inAllA Temperature  scanning  stress
relaxation (TSSR) (N1AKUIN . g‘dﬁ 2) T,Gmﬁ'vaﬁﬁmwamiﬁmmwiamm%’auﬁ Too A

aa a v &4 3 aa ay _ a el 1
qm%ﬂm‘muiﬂaﬂaﬂ 909% AALLIILIUNU ‘ﬁﬂu’]ﬁ]"lﬁﬁiﬁiﬂsﬁq@V]NﬁﬂJW@al’JuaLLE’Jaﬂag@ﬂilﬂ'] Too
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'
o w =

qm’j’]ﬁ'}maﬁismwa wazliidsundasedeivedrraniledndiuveinadlilawsanagea

o
1%

sty Faanuansaemuin dadiuniswauserinsienssssumitunealidaweanssed
Wiy 90/10 Taethmiin Tauifdsnanavauifdsenudouifian mmnzavdmiunisily
Anwiluidedu 4 sdely
MNNATBINSANINSHALNEA TaLeanaBod fuLNe9sTSUTATIdREILUANA1aL
wud audRdenanavaudmidenuiouliaainin Faduwasnanuliidifuszuinsaes
W LﬁaqmﬂW\ImmwaahﬁaLLaaﬂaaaé%uﬂu‘Imaqaﬁﬁmwmﬂu%aqa Tuunieitngns
sssupdsiauiudain nsnaudadfulglifine dwwaliauvivewhensnauandiag
oenslsfiny Mswanthenssssumasuneahilaweanssedaiuisaudlunisunninvesiidy
mﬁamlusﬁéfwﬂqm%’amaﬁﬁlﬁm%ﬂé’ vildanansamsoniiduenstaaludlainety da
ﬂmzﬁ‘iﬁ’sﬁﬂauiﬁ]ﬁwﬁwEmﬁiimmamamwaaiaﬁaLLaaﬂaaaé@mmiﬁuammmuﬂuLLas
faeludlaglinganFadled duamaideonvniiietdudnuumianisuivdssandivosens

av v A & = o v A
ﬁiim%qmjaﬁqiusﬂﬂjﬂLWQUQu Naﬂqiﬂﬂ@q%aﬂqslu%jﬂ@m 3.5

3.5 NAYBINISHANU I ULAREARENURVIUN8195ISUT ANaNNaA b dateanagad daa lug
Tneldngmianlanluaisauyang

n1sfnwtuwidellladnaueluguuuuduaduunanudmsvauidsanulssyy
a . a [y a th o .
19113 (Proceedings) a4 $1UUTEYUITINITIZAVUIUIYIA & The 19 International Union
of Materials Research Societies International Conference in Asia (IUMRS-ICA 2018)
asenanshutlumManuIn A. AuaduunANidedmsunulsegadunis alu nseiusie
Na I UENILN TN TANANITNAADINLEAIUAIANUIN A S8 TINANITANINEIALY
laun N153LAseieeAlsEnaureIsInwaEdugIUINe autinnusiuniudeuiuauds
WanakazauURAIANUS U FUMSUNANUN 819555 UTPRAUNDA NTNaLeanagad Ndnd1u
90/10 Tngtutn wazduunlAag Uty 30% netunnunikyiuasslutnluusS a1y
fD 0, 1.0 waz 2.5 phr nudiunanlidniuigamaivies antuAungmsadlandaduans
= a I3 ~ a (o) < ) =~ [ wa 1
WOUYIN uazImaIwUUTIiaUTIgamig 50 "C 1uwian 24 Halus ielimaasuaudasig 9
= A v o X
Faanlawansnadl

msdnwlueagdaduansiuiuniiussdnsangslunisasunss Weswinuiluead
& a A caa v \ ' v ad Aa a a ~
Juansefiun3dnisnsidrmnugonnuninegs dnuiiigs nsiuuluaadluusunad
PogaunsaiNaLUMTINa harauURTIANUSUTRILNEIIUTIRLA F99INASANYIBNSNA
vosUSunauunluleadi 0, 1.0 waz 25 phr Wuasluluiheesssundnaunedlifa-

weanegedianludlagldngansanlenluaisitonsine uandbiiuesduszneuvassnuas
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anwgdugIUIne A Igviaemalla SEM-EDX (A1AKuIn A. JUN 1-2) Liedudy

[

9eAUsENOUTINA AR IUIlUAaduaELIE NI TUINITNTEAEMvaIuIluAadluss Uy

[

wssduladuddgidmadoantanld sainnanisinsginusniiddey twn 3dneu

= A

paiiiflen AmSUBU uareanTLau lnusmernauTanaulareaiideuiiuuaiiug Ul

Y

UhinaunTueadifisdu (nmewuan e, onsedl 1) desnsmisassiinduosdusznaundn
Tulassa$rsvesunlunaduazdmivsinaveuivoondinudussduszneuvdniidegly
lassadvesianduniduaretunidiainsunnguniediidny Wefiansannisnszane
dosnlueagluszuu nud ievimnaulueadiivtueynavesulueadnszaredald
Lif WRensingnguiu Wesnndiunavesunluimadiuniiuludenaliaudiule
vosgntuulueadifntuldenn fanuanisianeginenszaefesulueadinian fe
fiusinaunluead 1.0 phr

NNSANFIANTRANNAIUNIURDUNTU Taelduniunasdunsassuia1nsunaaau

a (3

(MArwIN A. JUN 3) kafibduanslimdiuinnenssssusfnaunedllaweanasedifuuily
wadfusuna 1.0 phr Japludlagldngmsadlediduaisiwenvinedesaznisuinnesly
go’ CYRR a & dy a aa ] aa = & | Ao o ] 1
uiudesign Nallenainnanglussuuniituves@dnedaludiunidnsdiuninuenise
19 = & ! N Y d‘ v £ & a
AunTegs Badudnliluanavenihduaiowilulussuulaenn uenaintienainan
AL TeITURsAsETANTUERIlIanaveewazuluaad dusufiusunaunlu-

wadiindudnaliasasnsuInnedlutfuindume 1Weannsiniznquussunlueag

=

dealiminvesidassunniuluuming iiluanaveshduiilananfeuniinlugesing

[
= o

sananladie agalsinu n1swonYIveIsIINANRaTuIN e ldluanavesens
= ] T o A 1 Y Y vy
waeubmlates Tuanavenhduilenandouniiudiludduanavesenslatosas

IMNNSAENwIANTRRING NaNlalANUEenAdaItuUiUNITNTEANR TR UL AR LY

Y

o A A a ¢ a aa a Y o Y a
TUU UUABD Q']ﬂVlUﬁiJ']mu']IULﬂaEJ 1.0 phr llﬂ'ﬁﬂﬁ%"ﬂ']ﬁﬁ')@‘ﬂ?jﬂ NLL‘L!'JIUNV]']I‘V'Lﬂ@

'
! ]

gunsiseseninesivulunadlan dualvaudidnailadidgeiian (nauuIn A, JUN

Y

4-5 UagAn3199 2) wazilaUSunaunluAadiiuTuAMUAIUNIUFABLIINLAESE UL B 0l 0

NAAIAT Fuinannisiniznguiuvesuilnaad vinlnAadutesindudugageuluszuy

o &

X a a ft & & o § v a |
HINVU LLaga'mLﬂﬂﬂ']ﬂﬂ']iLmiJu’]IULﬂaﬁJfﬁﬂL‘Uu’]ﬁ@ﬁ/l ‘U‘L«!GU'ENLL%Q@QIUWWI‘W@?'}NEJWWEJ'UGU@QEJ'N

9

v A A

= & = & v ] a1 & v
anas danuduveawdaunniu dwalvuegdanssezdn 100% warauuadlAasun e
lnanisinznauiuvesunluaadivsunauniuluuansislunadiassindululdvesnis
n3za1eAveIutuaadlussuuNUIIIMAIIY (11ARWIN A.Scheme 1) WAAINNITANYA

audAderuTou (ManuIn A. U7 6) nuiuSunaunluead 2.5 phr Tidianuaiuniy
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somudeugeiian iesndnuazianzvennluradfifinnuansalunsdumiunisdy
nuresenazafeuldd [3] Tnunisnszansvestudainaanuilunadanansatielinig
aaneinvesenssssurAnaunealateanesedanauouiniuladias uonainina
MnnsEeNvNeiuvesenssssunATRntudunaldauud s e Audun Ui oAy
U neNIsIIUTANANNeA lausanesediiuuTunadiiiuTugae

INNATBINTANYIAINA1ITI6 YITLins U1 ulweadanunsausuuseaudsng 1
maaﬂfwmaﬁiimﬂawauwaéhﬁaLLaaﬂaaaéi’amiuezﬁmsﬁfé’fﬂQm%’aﬁlaﬁtﬂumﬂ%ammaiﬁ
w9193y liigaanntn withilesnerainanmsiamionfusewinaienssssumanuunlu-

¢ a

wadnidesiuly msizanudviveduianauluinaduazanulidvivedduianagis

e

sssuvfvilinlonafiaziaussiagassinluanaduldlives vy Aauzdidedsaula
go’ ad [ (8% a a a aa ) &
W95 3sUANEIUNsARLUsIuNalaen1snsmdmenedui atuniasianidaanududa
naufiunedlhtanoanegeduazt@uuilueadiusuia 1.0 phr INSIZUAAINITNTZIUAIVI
wilunadlussuuldaian Jaaludlagldngasadladduasvonving lnefnwdnsnaves
SZAUNINIINANFAEIUTTNIN U NEITUTIRA VLU aLLNIATIaN UANANAUABANURYD
go’ a Al a o‘d‘ a L [ v v Al 3
WgnssTuniraunedhlaweansgeaiiuunluaad 1.0 phr Jaeludlagld ngaisaslen

WWuansweuvng Insnanisanelanansluiiten 3.6

3.6 HAYDUASEINESSTIIANS AR e na R RawmaSian fiszAunisnsvdaieiy
naunadladaueanaseduazifuunlunad 1 phr Saeludlagldngaadlediluaadon
YIN

msfnluideildinausluguuuuduatiuunanunisinnis (Manuscript) &
onansuuulunemwan €. fuatuunemddedmiunsansivinis satu msedusienaly
wtellannsafiansannansmaaesiiandunianuan ¢ saude Fawan1sanufiddaldun
dudinsiumuseiity saudiildnawazautidennudou veaienesssumRnsnAde
wodAialmAsiansyaunsnImensiunaunedlllaleanegeauazifuuiluaad 1.0 phr
Yamludlaelingnndailedidumatonsns lnenadlduansdsdl

AsinsERd Azl nzYettessssNTRnsmlFneAwfiainasianiidadau

SEUINUIYIETTUVIRAULLRBLUNIASLAN M1AU 10070, 95/5 wag 90/10 Lagt1niin a9

[%
o o

Anspilasaimsaiimemeila FT-R wukaugandulrdusngiuluainnsuvesdiens

a & )

a ¢ v a a A ao | = -1 = !
FITUFIBNIINAAYNDALUNALUNIATLAN UUABNALNAUILAYARU 1732 cm LU‘UWﬂGU@ﬂWlIU

'
f§w a o w

s a = 1 Y a a a A a ¢
Asueila (C=0) Faulunyilsitundrdglulassadinediufiamiasian edasizvisae

a 1 U a v a |l§l i o 1 Iﬂ!
wealla HNMR wunisusingiiaaefifadnlvdduiisdunus 3.57 ppm dadufinuans



40

lUsmauvemunend (-OCH,) Nivsueniendnualyeanafiufialuniasian wazdasiey
anwazdugIuIneInismala TEM nUdnsusdngIuing1veaiieesssusfins wdaie
a a a [~4 3 a [~
wodlufialumiasiandulasiasisuuy Core-shell lngaun1Arae19sTT0 MR TULNULAY
sumavasnediawmasianszuden lneasnszanefiaousousyNIATeIE NS TTNYIA
(AN 1. §UT 1-3) BmanlogenndesiuiunisAnuiluiaden 3.1 vasaniumieui
Y1955 TUTIANTINAN L NDALUNALUNIASLANTAAFIUTLNINNUIY1IETTUB AN UL AR LN -
ASLAN Winu 100/0, 95/5 way 90/10 lagtnvin nauwed hlaweanasaataztAuuilunad
1.0 phr Jaaltudlagldngansadlenduasitonying iednwanvaedugiuinenandfinig
AUNIUADUNITY FUURTINALAZANURTIRNNSDUY NATLANUINNITNTEANF VB UL UAREN
dndiu NR/MMA iy 90/10 legimidn nsgatgdinfign (nanwin €. U 4) Fedana
1R TIENUANITANUNIUFBUNI U aUURLTINALALANURLTIANUSDUNANIY (NIAKNUIN 4.
JUN 5-7 Uagan3199 4-5) uagenaiinanissiennsenintinelulienavetie19asssuia
¢ a a a Y s a X yyva A o a a a PR
nsaNe A RaASENAI UL LR TN TULARL DAAEILYBINB AT ALUNAS AN ALY
Hesnnanuutivemygaisueila mnlassadsluanaveswedufiamnipsianiiuunniu
WIDNUTIRINATENINTIMANTUTENIULANAVRIUIENETTUNANTINANDFLUTIALUNI -
Astan wlueaduaznealitawsanses dalrg19sIsurIRtANULTIMTIALTY UanaNT
ASNIINAND AU NALUNIATANUUANE L8955 U RANNNTaNANU LD UFIVD 819555 UVR
19 warmsinwIlAadFalisns1dIuANe1IReANN 1Y LagaudRiUNITATUNIUAe
A9 F9NA IUNISTIUTIREIUITONUNIUR DU ULALANUSD UL AT TA8IINHANISNAADY
wAAS AU TUT RN T AMeNeALAaNIeS Iakauned hlaweanssed hasLiy
& v wa | 1 sél Q::{' [} & v a a
wilwaag 1.0 phr Waud@sg 9 gandidieesssunanliiiunisnswdmenediuia-
a al a I3 a 6 [ % v a & @
wnpsian nauwedlitiakeanegeduazifiuuilunag 1 phr faatudlagldngansaslandu
A9 RUUINN AIUNITAAKUTUENaYRIUIENETTUNIALAENITNTINARIENOFLU TR
Az antazifnuiluradamnsaiinaudanie q Tidudignssssuvanaunedlafa-
weanegedianludmenganiadlenluansidonvinale
= aa [ va a o & YV v a &
INNIANEIBNTUTUUTsaudRvesessssumdianludmengaidanlanduans
Wauwe anunsadukuiviaiviainvanslunsiiuaud Bl ue19sssusn® wazaiunsavinle
gesssugmiluyszgnaldnulaegiininewing anmsussynaldenuduesyiuiuusaies
& & A A o v o w ~ ) & v o & a
Juwnmamilanansidelianudidy Wesainnszuaunmsiaaludmenganiadlaniin
N5 eNYelATg NN Bananeis nnTulensyiuiuusieidasiuiiiaaiuauiy

NAILAY LU AUNNAENSD AUILI9aLAsUDa USaaUINIY LTuAY WenAld AuSoU-



41

nuaanianIsainnisiaaludenssssundld Nddyaiusaiuyaalviuens
5ITUVIRUINDIVU
lngainnisAnwndesiuaneiideldnaaeuuIeuiisvaudivese19s3sued

Tamludmengaidadleanlaiuuinsgiu den.ensyiuiuudeiilos (uen. 2377-2551)

v v

(MAKUIN 2. A1517 1) WaNla wud autAnlarIuLInsgIu Uan. AINa1 AU ANYHITY

Y

'
=

TmeaenIgudte1esssuvIRdanludaiengaifantladuuuvenediuluaniunas

(mArwIn 2. JU7 3) iieidusuimislunsiawduselulueunan



42

dyunani1Imaasy

MawsEuthenssIsuTRn NANe S AiammASan

ANUNS0LATEL 95T TN AN ANEATAN RS IaN TSRS 1duTERI e e
sysuvIAkazfawmASiansintu 100/0, 95/5 uaz 90/10 Tasuwiin Iddga Tneyn
dndmuduseansannsnsmdgauinndt 90 % uwazdudunanisnimldlaginaiinnis
asaapulassairamaadl 1HuA FT-R uwag H-NMR waznsiiesevidnvardugiuineilae

Wwiatia TEM

NSATBNUIY1TTTUVIRNIINANDALUAaLUNIASLaNTIsEAUNISNTINARAN9Y Taaludlng

TinganSadlanluansiionnans
LWIBUIUI81955TUVIRNTINAN LN AL UNALUNIASLAN TOAS 1A IUTENINU819

SITUVIALALLUNANIASLANLIAY 100/0, 95/5 way 90/10 lagundn Tamluglagldy

naansadlanduasionying wudl anuduniudedndu andfiidna wazantidemy

N A X Ao A A ” X e

Fou Y09 NETIUVRGUlsdRd VB na A AaIMIAT AT Y Tagidadiu NR/MMA

Wiy 90/10 taetwin lviauudsing 5 Aian

nawdsutessanransilawadiwesulindu q Jaaludlngldngm3ailadiluans
\Weuva

anunsawFeahensssumAnsmidnedalaiu wasinessssurAnsvdnedalaiu
Sufunediufianmiatian fdndusenisihesssunfnasueusiued wirfu 90/10 lng
wiin Tédiga uazduntamludlagléngafailednuin nsnsmidlanediuosuiingig 4
vulianavedeesIsImAanInUiuUianRnng o vesesTsunAldmudnuazilanis

aandandudy 9 udann1sAnwinuiinisieieddignssssunansdlanediue svila
Y A v

ey Taanludlagldngmsadlannla ddnvasud@anguiios n1snseutuiieg1avile

g1n

nsiieuthesssneansunadlafausanased Tamludlasldngaiadladiiuans

\ouuan9
mInautesTmAtunedhidaueanesedaunsauiludigmnisunninitees

nswdutessTsueAtaniluddengmfadledls uazusudssandinng 4 vosens

SITUNAL weinan1snaaeuandFsng 4 Nlaldganntn



a3

mMswrdeuthenssssumpnaunealiaeanagadiiuunlunadiusunasie q Saalud
T,ﬂEﬂﬂ’fngm%’aﬁlaﬁtﬂumn%am'm
nMswReLthenssssuAnauneallaueanesedfinuilunadiuuna 0, 1.0 ua
2.5 phr famludlaglingasadlesiduamadensns awnsafisauifidana aut@idanim
%o uazanuumusetsiuly Tnetuiunisnsaneiwesunlumadlussuud aduilady

o [

drrymoaudinina Tneusuiaunluiaag 1.0 phr kansn1snszatedvesulunadiu

szuviian 3slsiauBsng o Taosamgedian
naeSeuthesTsurAnTdienediufiammeiianiissdunsnsndansiu nasuwad-
laflausanssediiuuiluaadiivsuna 1 phr YaaludlaeldnganFanlediduasden
VI

AnunsnwINTess I RN oA iaumesiavlidusa Wenautuwedlida
uoanesedldnululAagfiUTINal 1.0 phr Jamludlagldnganadlediduarsidousna
anunsnfndunsizenssvinahesssurinsrdnedufiammaianuazuilungg dawa
Tfautfidena autfidsrmuiou waensfuniusotndu gty

agdlsfinuandisng 9 GUENEJNﬁii?,J‘U’]aﬁLﬁﬂJQJ%‘LALﬁummﬂmﬂﬂ”liL%E]iJ"U?NﬁJuGUEN
luianaesiiinanufizendu Taglingmiadlediuasionvne Fuialdiofigumgiisn
fatunszurunisanludieszuulnlil ansnsailudszgndldaulugnannnssuensls

NANARNYUINTY



a4

UIFIUIUNIY

K. Nawamawat, J. T. Sakdapipanich, C. C. Ho, Y. Ma, J. Song, and J. G. Vancso,
“Surface Nanostructure of Hevea Brasiliensis Natural Rubber Latex Particles,”
Colloids Surfaces A Physicochem. Eng. Asp., vol. 390, no. 1-3, pp. 157-166,
2011.

w3y wiAzassA. 2551, Tasins mawssunialiuaznilisnaniiaesld
B19N151910NTINALANDALNBSTUDIYIIGTIUBIAAULUAALUNIATLAN,
UNMINYIRYAIUATUATUN T ASVAN.

113 U13. 2553. MafnwnavesesiunluradiinadoanAidina ngAnssuniiia
WEn wardugninevesneslumanaintamluevinIouanlaundindYanluiedy
YOIYNEITUIRAUNDANTONAUW. Ine1dnusUSyey1IAInTsuAI@nTunIUudn
101713181015 UAAIAINTTUNDALNDS AmsIAmInTTuAdnsLavinalulad
PNAMNTIN UNINeIRuRaUNT: UATUFY.

1910580 2aslveNa. 2530, NTEUIUNTNARSAINENE: NTUIINTNYAT AUEITeENS
A9V @A,

J. Johns, C. Nakason, A. Thitithammawong, and P. Klinpituksa, “Method To
Vulcanize Natural Rubber From Medium Ammonia Latex By Using
Glutaraldehyde,” Rubber Chem. Technol., vol. 85, no. 4, pp. 565-575, 2012.

E. Kalkornsurapranee, W. Yung-Aoon, L. Songtipya, and J. Johns, “Effect of
Processing Parameters on the Vulcanisation of Natural Rubber Using
Glutaraldehyde,” Plast. Rubber Compos., vol. 46, no. 6, pp. 258-265, 2017.
1500500 VI5LYENa. 2549, 8195TINWIA: N1sAakazn1sidau. drdnaunesu
atuanunIsIVY (@N2.): NTANNA

IR NOINITINA. 2556. ALLLAENITAAKYTENNETTUIRRAENITUTLENALY. 215813

q

AUEIEIRERsLazAlUlad NNINeIdusIINAERS. 41(3): 567-581.
unTinedvasauaiunsd i founsiann. 2557, 99 “dena” 4 “wdndnsions
YAAINF 1.9, : NN W@ud 2. @ean,

K. Charmondusit, S. Kiatkamjornwong, and P. Prasassarakich, “Grafting of
Methyl Methacrylate and Styrene onto Natural Rubber,” Sci, Chula., Uni. vol.

23, no. 2, pp. 167-181, 1998.



a5

W. Yung-Aoon, P. Khunmaung, P. Chaisongkram, N. Seatung, J. Johns, and E.
Kalkornsurapranee, “Some Studies on the Preparation and Characterization of
Natural Rubber Grafted,” Adv. Environ. Biol., vol. 9, no. 13, pp. 14-19, 2015.

E. Kalkornsurapranee, K. Sahakaro, A. Kaesaman, and C. Nakason, “Influence of
Reaction Volume on the Properties of Natural Rubber-g-Methyl Methacrylate,”
J. Elastomers Plast., vol. 42, no. 1, pp. 17-34, 2010.

P. Saramolee, N. Lopattananon, and K. Sahakaro, “Preparation and Some
Properties of Modified Natural Rubber Bearing Grafted Poly(methyl
methacrylate) and Epoxide Groups,” Eur. Polym. J., vol. 56, no. 1, pp. 1-10,
2014,

1508 Meyauusi. 2555. HavesessTIHRdNenlsRneauRvesllduLarn15En
fnvesnedlifausanaged. INy1UnNusUTYY I INeIma@nsuRITugA @19717397
wiAlulagussyine Tadieivendy uniineduaaiunsuns: aswan.

M. A. Haque, M. U. Ahmad, F. Akhtar, N. C. Dafader, and M. E. Haque,
“Improvement of Physicochemical Properties of Natural Rubber and Polyvinyl
alcohol Blends by Radiation Vulcanization,” Polym. - Plast. Technol. Eng., vol.
46, no. 10, pp. 927-931, 2007.

S.-A. Riyajan, S. Chaiponban, S. Chusri, and S. P. Voravuthikunchai, “Mechanical
Properties and Cure Test of a Natural Rubber/Poly(Vinyl Alcohol) Blend,”
Rubber Chem. Technol., vol. 85, no. 1, pp. 147-156, 2012.

K. Chen and R. Wang, “Effect of Compatilizers on Morphology and Properties
of Natural Rubber / Polyvinyl alcohol ( NR / PVA ) Blends,” Adv. Mater. Res
vol. 961, no. 4, pp. 262-269, 2014.

K. Chen and R. Wang, “The Mechanical and Aging Properties of the Natural
Rubber/Polyvinyl Alcohol (NR/PVA) Blends,” Adv. Mater. Res., vol. 1073-1076,
pp. 12-15, 2014.

nuYT v, dunurdvinismaluladensivduaznisussendld, “Rubber
Nanocomposites”, 24 {u1gu 2557, AFUANNI.

WIYET Wafge. 2552, wiluead: anseaaumadenivi. Ingreansuazimalulagens

N3-esieNIsHMLITeRAaIMNTTHENINg. 3(2): 1-6.



a6

NW1 9131139, 2553. Havesunluaadssaudiniinennveinediesneunadnse
wnenedlnsiaulaziduloUruasunsigal. $1891UNTITY @IV IMINTTUNOANDS
WInerdenaluladasuns: uassvdu.

Y. Wang, L. Zhang, C. Tang, and D. Yu, “Preparation and Characterization of
Rubber - Clay,” J. Appl. Polym. Sci., vol. 78, no. January, pp. 1879-1883, 2000.
T. Pojanavaraphan and R. Magaraphan, “Prevulcanized Natural Rubber
Latex/Clay Aerogel Nanocomposites,” Eur. Polym. J., vol. 44, no. 7, pp. 1968-
1977, 2008.

C. A. Rezende, F. C. Braganca, T. R. Doi, L. T. Lee, F. Galembeck, and F. Boué,
“Natural Rubber-Clay Nanocomposites: Mechanical and Structural Properties,”
Polymer (Guildf)., vol. 51, no. 16, pp. 3644-3652, 2010.

A. Amarasiri, U. N. Ratnayake, U. K. De Silva, S. Walpalage, and S. Siriwardene,
“Natural Rubber Latex-Clay Nanocomposite: Use of Montmorillonite Clay as an
Alternative for Conventional CaCOs,” J. Natl. Sci. Found. Sri Lanka, vol. 41, no.
4, pp. 293-302, 2013.

Z. Bao, C. Flanigan, L. Beyer, and J. Tao, “Processing Optimization of Latex-
Compounded  Montmorillonite/Styrene-Butadiene  Rubber-Polybutadiene
Rubber,” J. Appl. Polym. Sci., vol. 132, no. 8, pp. 1-8, 2015.

C. M. Ewulonu, C. M. Obele, I. O. Arukalam, and S. R. Odera, “Effects of Local
Clay Incorporation Technique on The Mechanical Properties of Natural Rubber
Vulcanizates,” Int. J. Appl. Sci. Eng., vol. 4, no. 3, pp. 307-320, 2015.

U. N. Ratnayake, D. E. Prematunga, C. Peiris, V. Karunaratne, and G. A. J.
Amaratunga, “Effect of Polyethylene Glycol-intercalated Organoclay on
Vulcanization  Characteristics and Reinforcement of Natural Rubber
Nanocomposites,” J. Elastomers Plast., vol. 48, no. 8, pp. 711-727, 2016.
W3S Uige. 2548. a1swailens. gudwaluladlansuazianuiend (WBune). win 4-
26.:Unus1H,

Jobish Johns and Charoen Nakason, “Novel Interpenetrating Polymer Networks
Based on Natural Rubber/Poly(vinyl alcohol),” Polym. Plast. Technol. Eng., vol.
51, no. 10, pp. 1046-1053, 2012.



a7

[31] A. Johns, M. P. S. Aan, J. Johns, M. S. Bhagyashekar, C. Nakason, and E.
Kalkornsurapranee, “Optimization Study of Ammonia and Glutaraldehyde
Contents on Vulcanization of Natural Rubber Latex,” Iran. Polym. J., vol. 24,
no. 11, pp. 901-909, 2015.

[32] E. Kalkornsurapranee, W. Yung-Aoon, B. Thongnuanchan, A. Thitithammawong,
C. Nakason, and J. Johns, “Influence of Grafting Content on The Properties of
Cured Natural Rubber Grafted with PMMAs Using Glutaraldehyde as a Cross-
Linking Agent,” Adv. Polym. Technol., vol. 37, no. 5, pp. 1478-1485, 2018.

133 aflen Ssgu. 2560. MU gERTRvesessTTunATamludildngmianleniduans
Fourana. AmendinusUsganivermansunidudin awndvndveraiansuay

WAULAENDABS UM INYIAYAIVATUASUNS: A9UA".



AANUIN

a8



a9

AMARNUIN 1.

NAUANUNW II5EI1TIVINSG

Nussana Lehman, Wanida Yung-Aoon, Ladawan Songtipya, Jobish Johns, Nitinart
Saetung, Ekwipoo Kalkornsurapranee, Influence of Functional Groups on Properties of
Styrene Grafted NR Using Glutaraldehyde as Curing Agent, Journal of Vinyl and Additive
Technology: DOI: 10.1002/vnl.21700.



50

NAITUANUN WIS IVING

AVAAVANAAVAY > umalof VAV VAVAVAVAVAVAV V!
AVAV A U ane .. .V AV TAVAVAVA AVAY VaVAVAN
AVAVA A AVA AV - SPF Vinyl & Additive A AVAVAVA A AVA AVAV VAV
VAVAVA AVAVAY V. AV VAVAVA ATAVVAVAVAVY

Influence of Functional Groups on Properties of Styrene
Grafted NR Using Glutaraldehyde as Curing Agent

Journal: | Journal of Vinyl and Additive Technology

Manuscript ID | VNL-18-120.R1

Wiley - Manuscript type: | Research Article

Date Submitted by the

Author: 24-Nov-2018

Complete List of Authors: | Lehman, Nussana; Department of Materials Science and Technology,
Faculty of Science, Prince of Songkla University, Hat-Yai, Thailand
Yung-Aoon, Wanida ; Prince of Songkla University, Materials Science and
Technology

Songtipya, Ladawan; Department of Material Product Technology,
Faculty of Agro-Industry, Prince of Songkla University

JOHNS, JOBISH; Rajarajeswari College of Engineering, Physics

Saetung, Nitinart; Prince of Songkla University

Kalkornsurapranee, Ekwipoo; Prince of Songkla University, Materials
Science and Technology

Keywords: | elastomers, graft copolymers, vulcanization




Influence of Functional Groups on Properties of Styrene
Grafted NR Using Glutaraldehyde as Curing Agent

Nussana Lehman,' Wanida Yung-Aoon,' Ladawan Songtipya,? Jobish Johns,® Nitinart Saetung,’

Ekwipoo Kalkornsurapranee

" Department of Materials Science and Technology, Faculty of Science, Prince of Songkla University, Hat-Yai,

Thailand

2Department of Material Product Technology, Faculty of Agro-Industry, Prince of Songkla University, Hat-Yai,

Thailand

SR&D Center, Department of Physics, Rajarajeswari College of Engineering, Bangalore, India

Natural rubber grafted polystyrene (NR-g-PS) and natural
rubber grafted polystyrene-co-methyl methacrylate
(NR-g-P(S-co-MMA)) were prepared by emulsion polymer-
ization technique using tert-BuHP-TEPA as a redox initia-
tor to improve the thermal and mechanical stability of
NR. Additional peaks appear in the Fourier-transform
infrared spectra at 695 and 1,732 cm™" confirms the forma-
tion of graft polymerization. The existence of functional
groups on the grafted NR was also clearly confirmed from
the morphology obtained from transmission electron
microscopy analysis. The effect of curing on the mechani-
cal and thermal properties of grafted NR has also been
studied. Glutaraldehyde was used as the curing agent for
the grafted and ungrafted NRs throughout the entire
course of investigation. It was found that curing of grafted
NR samples enhanced tensile strength, modulus, hard-
ness, and thermal stability. Grafted NR showed the tensile
strength values of 12 and 17 MPa for NR-g-PS and NR-g-P
(S-co-MMA), respectively. Enhancement in thermal stabil-
ity of NR was confirmend from the activation energy of
degradation calculated based on thermogravimetric ana-
lyzer. The value of activation energy for NR (135.13 kJ/mol)
was found to be increased to 147.89 kJ/mol (NR-g-PS) and
151.6 kJ/mol (NR-g-P(S-co-MMA)). The overall properties
of NR have been strongly affected by the interaction and
chain bundling between functional groups present in
the grafted copolymer and the unsaturated chains in its
structure. J. VINYL ADDIT. TECHNOL., 2019. © 2019 Society of
Plastics Engineers

INTRODUCTION

Nowadays, natural rubber (NR) becomes an important
elastomeric material due to various outstanding properties
such as strength, resilience, elongation at break, and so
forth [1]. Furthermore, it is a natural product which is
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obtained from renewable resources. NR consists of the
chemical structure mainly cis-1,4-polyisoprene [2]. The
polyisoprene is sensitive to heat and oxidation due to its
unsaturated polymer nature. Many research works have
been carried out to overcome this drawback by modifying
NR molecule. Many approaches on chemical modification
have been reported, such as chlorination [3], epoxidation
[4], hydrogenation [5], and grafting [1]. However, graft
copolymerization of NR with vinyl monomer is one of the
most popular methods due to the ease of preparation. It is
reported that, the modified NR exhibited better perfor-
mance when compared with the unmodified NR [6]. Graft-
ing of NR molecules is an emperical method to enhance
the stability by using styrene (S) [1,7], maleic anhydride
[7], methyl methacrylate (MMA) [8], acrylonitrile [9],
vinyl acetate [10], and butyl acrylate [11]. However, S and
MMA are the most suitable monomers for grafting with
NR as they provide a high grafting level [8]. The grafting
reactions in NR latex system are mainly carried out by
emulsion polymerization using redox initiators with various
initiators [1,12]. Emulsion polymerization is a more desir-
able approach as NR is naturally available in latex form
and it would be very advantageous to perform grafting
modification directly in the latex phase without using any
organic solvents [13]. In addition, the redox initiators have
two components, namely a hydrophilic reducing agent and
a hydrophobic oxidizing agent. The redox initiators are
insensitive to oxygen, generate much higher radical flux
than thermal initiators, and initiate the polymerization at
lower temperatures which saves energy and reduces depo-
lymerization [14]. Modification of NR molecules improve
the performance of rubber, but uncured rubber cannot be
used to make any product items due to its sticky nature at
warm conditions and brittle nature at cold conditions [15].
Therefore, chemical modification of rubber is essential to
improve its thermal as well as mechanical stability.
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Vulcanization is the process in which mainly a polymer
is converted from an elastomeric state to a thermoplastic
state or hard rubber state. The process is brought about by
linking of macromolecules at their reactive sites, thus form-
ing a three-dimensional network. In general, there are three
main types of rubber vulcanization, namely sulfur, peroxide,
and radiation vulcanization [15,16]. Generally, sulfur and
peroxide curing systems are the most widely used to cross-
link rubber. Both systems exhibit certain advantages such as
good mechanical properties, higher thermal stability, and
good resistance to thermo-oxidative aging [17]. The combi-
nation of various chemical ingredients (i.e., activator and
accelerator) together at high temperature (>130°C) is found
to be the major disadvantage of those systems [18]. Radia-
tion vulcanization offers several advantages over the con-
ventional thermochemical method via products that are free
residual chemicals, more transparent, and soft. The disad-
vantage of radiation vulcanization is its cost-effectiveness
[16,18]. Recently, it has been reported that NR can be easily
vulcanized by using glutaraldehyde (GA) as a curing agent
[15-19]. Cross-linking of NR with GA can be divided into
two successive steps. The first step is the generation of
pentane-1,5-diylidenediamine by reacting GA with ammonia
present in the latex. The second step is the formation of
cross-links via the “ene” reaction between NR molecules
and pentane-1,5-diylidenediamine [19]. The main advantage
of this vulcanization system is it vulcanizes at low tempera-
ture and it is a cost-effective method. Furthermore, it has
been reported that, this curing system provides better ther-
mal stability than that of the sulfur-cured system with greater
ease of processing [15-18].

The purpose of this work is to improve the properties of
NR by grafting S onto the NR molecules, and curing the
grafted rubber with the help of GA as a simple curing agent.
Therefore, the present study is aimed to prepare the graft
copolymer of S and S-MMA onto NR. NR molecules have
been grafted by emulsion polymerization using tert-BuHP-
TEPA as a redox initiator. The resulting grafted and cured
rubber samples further characterized by Fourier-transform
infrared (FTIR) spectroscopy and transmission electron
microscopy (TEM). Mechanical and thermal properties of
the grafted NR samples were determined and compared the
properties of cured samples (i.e., curing using GA as curing
agent) with uncured ones.

EXPERIMENTAL

Materials

The commercial high ammonia latex (HA latex) with 60%
dry rubber content (DRC) was purchased from Chalong Latex
Industry, Thailand. S and MMA monomer with purity ~99.0%
were purchased from Sigma-Aldrich Chemie, Germany. Tert-
buthyhydroperoxide (tert-BuHP) and tetraethylenepentamine
(TEPA) were used as redox initiators (both from Sigma-
Aldrich Chemie). Sodium dodecyl sulfate (SDS) was used to
stabilize the latex and it was procured from Sigma-Aldrich
Chemie. The solvents, petroleum ether, methyl ethyl ketone

2 Journal of Vinyl and Additive Technology —2019

(MEK), and acetone were purchased from Fisher Scientific,
United Kingdom, Ajax Finechem, Australia, and Advance
Techno Chem, Thailand, respectively.

Preparation of Grafted NR

Graft copolymerization of natural rubber grafted polysty-
rene (NR-g-PS) and natural rubber grafted polystyrene-co-
methyl methacrylate (NR-g-P(S-co-MMA)) was carried out
by emulsion polymerization technique using NR/S ratio
(w/w) of 90/10 and NR/S/MMA ratio (w/w) of 90/5/5. The
HA latex with 60% DRC, 85% TEPA, 20% SDS, and deio-
nized water were first added into a main reactor according
to the formulation shown in Table 1. The mixture was then
thoroughly stirred under a nitrogen atmosphere at 50°C for
30 min. The monomer (99% S and MMA) and 80% tert-
BuHP were taken in a feeding funnel and continuously
dropped into the main reactor. The mixture was kept for 3 h
to complete the polymerization reaction. The graft copoly-
mer latex was coagulated and dried in a hot air oven at
40°C for 48 h to remove the residual monomer. Soxhlet
extraction procedures were carried out to assess the amount
of free NR and free homopolymers in the graft copolymer.
The free NR was extracted with light petroleum ether at
60°C-80°C for 24 h and the remaining product was dried in
an oven at 40°C for 24 h. To remove the free PS and
PMMA, the residues were further extracted at 60°C for 24 h
by using MEK and acetone, respectively [5].

Preparation of Cured NR Grafted Copolymers Using GA

A total of 12.5% of GA solution was prepared by dilut-
ing in distilled water. The ammonia content present in NR
graft copolymers was estimated according to ASTM
D-1076-02. GA solution was slowly added into the graft
copolymer latex and stirred continuously. A mole ratio of
2:1 between ammonia and GA was maintained during the
period of the entire investigation. The combination of graft
copolymer latex and GA was taken in a glass mold and

TABLE 1. Formulation used in grafting reaction.
Ingredients Dry weight
Chemicals used in main
reactor
60% HA Latex 100 and 90 g
85% TEPA 1.0 phr*
20% SDS 1.5 phr

Deionized water To adjust TSC
equaling to 50%
Chemicals used in

dropping funnel

99% S or MMA 10g
monomer

Mixed S/MMA 5/5 g°
monomer

Tert-BuHP 1.0 phr

“phr is part per hundred parts by weight of rubber
"For NR-g-P(S-co-MMA).
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kept in a hot air oven at 50°C for 24 h [16]. Later, the
samples were taken out from the oven, cooled down to
room temperature, and kept in the desiccator to avoid mois-
ture absorption. The resulting samples were introduced for
testing and characterization.

Testing and Characterization

Attenuated Total Reflectance-Fourier Transform Infra-
red (ATR-FTIR) Spectroscopy. The presence of func-
tional groups within the graft copolymer was verified by
using a Bruker (Model Tensor 207, Germany) FTIR spec-
troscopy. The spectra were recorded on transmittance mode
in the range of 4,000-600 em™" with 32 scan at a resolu-
tion of 4 cm ™.

Transmission Electron Microscopy. The morphology
of grafted rubbers was analyzed by using a JOEL transmis-
sion electron microscope (JEM-2010, Japan) at 160 KV
with a magnification of 6,000X. Ungrafted and grafted NR
latex were diluted 400 times with distilled water
(~0.025 wt.%) and then dropped the resulting solution on a
copper grid and dried with silica beads.

Mechanical Properties. The tensile testing of NR was
performed by using universal testing machine (Hounsfield,
model H10KS, England) at room temperature. ASTM
D412 method was followed using dumbbell-shaped test
specimens at a crosshead speed of 500 mm/min. All the
values reported are obtained from at least five test results.
Indentation hardness was tested using a Shore A durometer
(Frank GmbH, Hamburg, Germany) according to ASTM
D2240.

Thermal Properties. Thermogravimetric analyzer (TGA)
and DMTA techniques were adopted to evaluate the ther-
mal stability of the samples. Thermal analysis was per-
formed using a Perkin Elmer (USA) TGA. A small amount
(1-10 mg) of sample was taken in a crucible and placed
inside the machine from 40°C to 800°C at a rate of
10°C/min in oxygen atmosphere. DMTA was performed
using Perkin Elmer DMTA V (Perkin Elmer Co. Ltd.,
MA). The experiment was conducted in a dual cantilever
bending mode at a frequency of 1 Hz and strain magnitude
of 0.1% with a heating rate of 10°C/min over the range of
temperature of —100°C-80°C.

RESULTS AND DISCUSSION

FTIR Characterization

The FTIR spectra of ungrafted NR, NR-g-PS, and NR-
g-P(S-co-MMA) are shown in Fig. 1. There are several
characteristic absorption bands in the spectra corresponds
to C—H stretching vibration in aliphatic C—H bands at
2975 cm™', C=C bending vibration at 842 cm™', and C—C
stretching vibration at 1245 and 1,376 cm™" of isoprene.
The new peak appears in the spectra of graft copolymers at
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co-MMA).

FTIR spectra of ungrafted NR, NR-g-PS, and NR-g-P(S-

1540-1600 cm™" corresponding to aromatic C=C stretch-
ing, the peaks at 1450 cm™ indicate the aliphatic C—H
stretching, the peaks at 1240 cm™" corresponding to CH,
stretching from the S, the peaks at 756 cm™" corresponding
to C—H bending, and the peaks at 695 cm™" corresponding
to the aromatic C—H bending of aromatic in the S structure
of NR-g-PS and NR-g-P (S-co-MMA). In addition to the
characteristic peak of S, an additional absorption peak
appears at 1732 em™' for the carbonyl groups of ester
(C=0) stretching of MMA. This indicates that the graft
copolymer contains S and MMA.

Morphology

TEM images for ungrafted NR, NR-g-PS, and NR-g-P
(S-co-MMA) are shown in Fig. 2. In the TEM images, the
darker spots represent the NR core regions while the lighter
nodules are the copolymer as shell [20]. The surface of NR
particle is found to be smooth (Fig. 2a). The presence of
nodules on the surface of the graft copolymer may be due
to the growing macroradical chain, which are grafted onto
the surface of the NR particle and continued to propagate
to form the shell layer as shown in Fig. 2b and c. It indi-
cates that the functional group of grafted NR formed at the
surface of NR particles by generating core-shell particles.
The existence of functional groups on the grafted NR can
be clearly confirmed from the morphology obtained from
TEM analysis.

GA-Cured NR, NR-g-PS, and NR-g-P(S-co-MMA)

Mechanical Properties. Table 2 shows the tensile proper-
ties and hardness of cured NR-g-PS and NR-g-P(S-co-MMA),
and it has been compared with the cured ungrafted NR. It
is seen that the mechanical properties for all grafted
NRs showed higher than that of the ungrafted NR. This can
be attributed by rigid S segment acted as a domain which
is bundle and reinforce the main chain as shown in
Scheme 1b. The modulus and hardness increased after grafting
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FIG. 2. TEM micrographs of (a) ungrafted NR, (b) NR-g-PS, and (c) NR-g-P(S-co-MMA).

of copolymer onto NR. This is due to the hard segments of PS
and PMMA grafted chains in NR. Because of the presence of
grafted PS and PMMA onto NR, it shows higher hardness
compared to ungrafted NR as shown in Fig. 3. Especially,
NR-g-P(S-co-MMA) provides the highest tensile strength
among all the samples. This is due to the unique properties of
its functional groups present in the grafted NR. The grafted
molecule contains two functional groups (i.e., PMMA and
PS), and there is a polar—polar interaction of PMMA between
its functional groups as shown in Scheme 1c. However, the
elongation at break of the grafted NRs showed lower values
compared to ungrafted NR. The presence of brittle and ther-
moplastic PS and PMMA components reduces the strain at
break of rubber as shown in Fig. 4.

Compared to the cured form of ungrafted NR, cured
NR-g-PS and NR-g-P(S-co-MMA) clearly exhibits better
mechanical properties. In our previously published article
[18], it has been reported that cross-linked rubber is obtain-
able by ene reaction between GA and NR latex in the pres-
ence of ammonia as shown in Scheme la. The GA cured

TABLE 2. Properties of the cured ungrafted NR compared with cured
NR-g-PS and NR-g-P(S-co-MMA) using glutaraldehyde as curing agent.

Cured NR types

Properties Ungrafted NR  NR-g-PS  NR-g-P(S-co-MMA)
100% modulus (MPa) 1.30 £ 0.10  1.66 + 0.02 1.77 £ 0.04
Tensile strength (MPa) ~ 8.51 4 0.37 11.53 + 0.28 17.02 £ 0.14
Elongation at break (%) 1,367 + 14 817 + 35 784 + 26
Hardness (shore A) 56.11 £1.02 66 +£0.71 67 + 0.00

4 Journal of Vinyl and Additive Technology—2019

system shows excellent modulus at 100% elongation and
surface hardness (Table 2). It can be confirmed that GA
acts as an efficient cross-linking agent for NR. Even it is
known that GA curing system is a new method, which
gives many advantages and has been reported very
recently. However, the material developed by this cured
system exhibited relatively lower mechanical properties.
Many attempts have been made to improve the the tensile
properties of NR with GA cured system and reported in the
literature. Tensile strength of 5-7 MPa has been achieved
by varying the proportion of ammonia content in the latex
[21]. Addition of PVA into NR inceased the tensile
strength in the range 8-9 MPa [22]. NR with tensile
strength of 8 MPa has also been obtained by optimizing
the processing parameters [19]. On comparing the previous
works related to GA curing to improve the stability of NR,
grafting the functional groups onto NR is found to be an
easy way to improve the mechanical properties by using
GA cured system. A remarkable increment in tensile
strength is observed by the formation of NR-g-PS
(12 MPa) and NR-g-P(S-co-MMA) (17 MPa).

Thermal Analysis. Thermal properties of cured NR and
graft copolymer are investigated by TGA and DMTA mea-
surements. The TGA and DTG curves are shown in Figs. 5
and 6, respectively. The thermal degradation of all the sam-
ples shows a similar trend. The characteristic temperatures
of the thermal degradation process of the ungrafted NR,
NR-g-PS, and NR-g-P(S-co-MMA) are summarized in
Table 3. T, represents the onset temperature of the thermal
decomposition, 7}, represents the temperature corresponding
to the maximum rate of the thermal decomposition, and T
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FIG. 3. Modulus and hardness of the ungrafted NR, NR-g-PS. and NR-g-P(S-co-MMA) using glutaraldehyde as a curing agent.

represents the termination temperature of the thermal decom-
position. The thermal stability of grafted NR exhibited
higher than those of the ungrafted NR. This can be attrib-
uted to the increase in hard segment and chemical interac-
tion between the functional groups present in the grafted
copolymer and lower unsaturated chain in its structure. In
addition, the thermal stability of any polymer material is

(a)

Cured ungrafted NR

()

Cured NR-g-P(S-co-MMA)

largely determined by the strength of the covalent bond
between the atoms forming the polymer molecules. The dis-
sociation energy bonds of aromatic ring present in PS and
carbonyl groups of PMMA comprises in NR-g-P(S-co-
MMA) are 101.5 kcal/mol and about 99.1 kcal/mol [23],
respectively. Therefore, the aromatic ring and carbonyl
group of NR are difficult to decompose thermally.

(b)
<X

wttr ao @ Petrperee
A Croieiig () P
Pee pla irvarton

Sch 1. Proposed model of chemical and intermolecular interaction in (a) cured ungrafted NR, (b) cured NR-g-PS, and (c) NR-g-P(S-co-MMA). [Color

figure can be viewed at wileyonlinelibrary.com]
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TABLE 3. Degradation temperatures and activation energy of
degradation of the cured ungrafted NR compared with cured NR-g-PS and
NR-g-P(S-co-MMA) using glutaraldehyde as curing agent.

Thermal degradation (°C) Kctivationenergy

Sample Te pr T¢ of degradation (kJ/mol)
Ungrafted NR 254 359 548 135.13
NR-g-PS 354 408 553 147.89
NR-g-P(S-co-PMMA) 357 415 560 151.67

“The onset temperature of the thermal decomposition.

"The temperature corresponding to the maximum rate of the thermal
decomposition.

“The termination temperature of the thermal decomposition.

Moreover, the thermal stability of NR increased due to the for-
mation of cross-links in the NR when it is vulcanized with
GA. During curing, the newly generated three-dimensional
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FIG. 5. DTG curves of the ungrafted NR, NR-g-PS, and NR-g-P(S-co-MMA)

using glutaraldehyde as a curing agent.
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networks between the rubber chain molecules delayed the
thermal degradation [21].

The activation energy of degradation can be calculated
from the TGA curves by using Horowitz—Metzger equaion:

E,0

5+C
RT,*

In[-In(1-a)]= - (1)

where a represents the fraction of weight loss during degra-
dation in time ¢, 0 = (T-T;), where Ty is the temperature
corresponding to the peak appeared in the DTG curve, E,
is the activation energy of degradation to be calculated,
and R is the gas constant. The plot of the left side of Eq. /
versus O gives a straight line. By the least-square
method, the kinetic parameters of thermal degradation can
be calculated from the slope and the intercept of the
straight line.

—— Ungrafted NR
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FIG. 6. TGA curves of the ungrafted NR, NR-g-PS, and NR-g-P(S-co-MMA)
using glutaraldehyde as a curing agent.
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The minimum energy required to decompose the material
is called activation energy of degradation. Higher values
indicate more energy should be supplied to decompose the
material and the material has higher thermal stability. The
activation energy values of ungrafted and grafted rubbers
are depicted in Table 3. NR-g-P(S-co-MMA) shows higher
activation energy among the other samples. Therfore, it can
be concluded that NR-g-P(S-co-MMA) has higher thermal
stabilty. Grafting of PS and the copolymer S-co-MMA
enhances the thermal stability of rubber. Functional groups
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BN cn,
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.

wan— /
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AN Crosslinking | ) PMMA
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present in the grafted copolymer interact with the lower
unsaturated chains, which enhance the stability. It slows
down the rate of degradation with temperature.

The variation of loss factor (tan 8) on cured NR and its
copolymers is shown in Fig. 7. The glass transition tempera-
tures (7,) of the cured ungrafted NR, NR-g-PS, and NR-g-P
(S-co-MMA) can be located from DTMA. The tan § of NR-
g-PS and NR-g-P(S-co-MMA) is found to be higher than
that of cured ungrafted NR. This is due to the effect of PS
and PMMA layers surrounded by NR particles. The glass
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Sch 2. Proposed model of intermolecular interaction and chemical linkage in the different cured NR forms. [Color figure can be viewed at
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transition temperature (7,) of the cured ungrafted NR
(—65°C) is lower than that that of NR-g-PS and NR-g-P(S-
co-MMA) (i.e., —62°C and —57°C, respectively). The higher
T, of cured NR-g-PS and NR-g-P(S-co-MMA) than the
cured ungrafted NR can also be attributed to the lower chain
mobility in case of grafted copolymers. The interaction
between the polar functional groups of grafter NR is respon-
sible for the increment in 7. Additionally, the incorporation
of copolymer in the vulcanized samples seems to rigidify
NR. Polystyrene is a bulky and rigid molecule, and its pres-
ence should decrease the total mobility of rubber chains.
The proposed models of vulcanizing and intermolecular with
different cured NR forms in previous explanation are shown
in Scheme 2. From the overall characterization, it can be
concluded that the presence of the grafted copolymer
enhances the thermal stability of NR. Moreover, it is found
that the thermal stability increased upon the addition of GA
as a curing agent into NR.

CONCLUSION

The graft copolymer of S and styrene-co-methyl methacry-
late onto NR was successfully carried out using a redox emul-
sion polymerization method. The presence of copolymer on
the NR microparticle was identified by FTIR and TEM, which
indicates the occurrence of grafting on NR backbone in the
core-shell latex particles. The cured NR-g-PS and NR-g-P(S-
co-MMA) prepared using GA exhibited better mechanical and
thermal properties than that of the cured ungrafted NR. Based
on the results, it can be concluded that NR-g-P(S-co-MMA)
showed the finest properties. The most obvious finding to
emerge from this study is that the cured modified rubbers
using GA can be applied in various higher temperature indus-
trial applications.
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Abstract

According to our previous work, a novel method to vulcanize natural rubber (NR) at low temperature (below 50 °C) has been
introduced using Glutaraldehyde (GA) as a curing agent. The mechanical property of GA cured NR was found to be low. It can
be improved by blending NR with suitable thermoplastics. The main objective of this work is to improve the mechanical
properties of this cured system. Effect of blend composition of Natural Rubber/Polyvinyl Alcohol (NR/PVA) on the properties is
investigated. It is found that the mechanical properties increased with increasing PVA content. The results suggested that the
blend with NR/PVA (90/10) is the most appropriate combination among the other blend compositions, which exhibits better
mechanical properties. The blend NR/PVA cured using the new vulcanization technique has also been compared with cured NR
without PVA and Thailand Industrial Standard (TIS) for making rubber flooring sheet. Furthermore, the resulting materials from
this technique has been tried to apply on the surface of cement using energy from sunlight (~40 °C). It is seen that, cured
NR/PVA blends provide a good tacking and forming on the substrate materials. Processing at low temperature and cost
effectiveness are the main advantages of this investigation. Therefore, it can be effectively applied for various industrial
applications.
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1. Introduction

Nowadays, natural rubber is the most important material due to its renewable resources. Furthermore, it exhibits
better properties such as high elasticity, elongation at break and resilience. Therefore, major rubber products (i.e.,
tires, rubber parts and rubber for engineering applications) which are found in daily life made up of natural rubber.
However, uncured rubber cannot be used to make any rubber products due to its sticky nature at warm and
brittleness at cold conditions [1]. It is well known that vulcanization is an important process to achieve make rubber
products with better properties. Sulfur is the most commonly used vulcanizing agent in rubber industry due to its
cost and ability. However, sulfur cured system needs high temperature (i.e., ~120 °C) and several ingredients (i.e.,
activator and accelerator) to complete vulcanization. A novel and inexpensive method to vulcanize natural rubber at
low temperature (i.c.. ~45-60 °C) has been developed in our previous work [2-3]. The vulcanization process starts
from Glutaraldehyde (GA) reached to the ammonia in natural rubber latex (i.e., ammonia is commonly used for
latex’s preservation). The mixture of GA and ammonia is then changed to the crosslinking agent called “Pentane-1.
5-diylidenediamine”™. Natural rubber molecules can be reacted with Pentane-1. 5-diylidenediamine viaEne-reaction
and forms crosslinks between the rubber molecules at low temperature [4]. From the previous work, it has been
reported that GA cured system exhibits better thermal stability than that of sulfur cured system with ease of
processing. But the rubber cured from GA shows lower mechanical properties [5]. Therefore, the mechanical
properties of cured natural rubber using GA as crosslinking agent needs to be improved.

In this work, an attempt has been made to improve the mechanical properties of cured NR by blending with
various PVA contents. The optimized cured NR/PVA blend was then compared with Thailand Industrial Standard
(TIS 2377-2551) for rubber flooring sheet and tried to apply (large-scale) on the surface of cement by the exposure
of sunlight.

2. Experimental details
2.1 Materials

High ammonia natural rubber latex (HA Latex) was obtained from Chalong Latex Industry Ltd.. Songkhla,
Thailand. Glutaraldehyde (GA) and Polyvinyl Acohol (PVA) were purchased from Boss Oftical Limited
Partnership, Songkhla, Thailand.

2.2 Sample preparation

15% Glutaraldehyde (GA) solution was fist prepared by diluting in distilled water. The ammonia content present
in natural rubber was estimated according ASTM D-1076-02.

Glutaraldehyde solution was slowly added into the mixture of NR/PVA blends with different weight ratios
(100/0, 90/10, 80/20 and 75/25) under continuously stirring at a mole ratio 1:1 between ammonia and
glutaraldehyde. The mixture was then transferred to a glass mold and kept in hot air oven at 50 °C for 24 hours [5].
The samples were then cooled down to room temperature and introduced for testing.

2.3 Testing

The tensile strength was performed according to the ASTM D 412 method using dumbbell-shaped test specimens
at a crosshead speed of 500 mm/min using a universal testing machine (Hounsfield, model H10KS, England).
Hardness was tested using Shore Adurometer (Frank GmbH, Hamburg, Germany) according to ASTM D2240.
Temperature scanning stress relaxation (TSSR) was used to determine the thermal properties of cured samples. The
measurement was performed using Brabender GmbH (Duisburg, Germany) with a constant strain of 50% which was
applied to the dumbbell test piece (type SA, ISO527). After applying strain, the sample was pre-conditioned for 2 h
at a room temperature and further heated with a constant rate of 2 K/min until the sample rupture takes place. Ty
indicates the temperature at which force has been reduced to x%, compared with initial force. To describes the
thermal resistance of the material.

61



E. Kalkornsurapranee et al./ Materials Today: Proceedings 5 (2018) 15115-15119 15117
3. Result and discussion
3.1 Mechanical and thermal properties
Modulus at 100% elongation, tensile strength and hardness are shown in Fig. 1. It can be seen that, cured

NR/PVA blends with all compositions exhibits better properties than that of pristine rubber samples. This might be
attributed by the effect of PVA which consists of coarse crystalline phases that enhances the physical properties.
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Fig. 1. Modulus at 100% elongation and tensile strength (left) and hardness (right) of cured NR/PVA blends with various PVA compositions
using GA as crosslinking agent.

Fig. 2 shows the TSSR curves of GA cured NR/PVA blends for various blend compositions. The blends of
NR/PVA for 100/0, 90/10, 80/20 and 75/25 compositions show Tq, values 159.3, 171.3, 174.6 and 173.7 °C,
respectively. An increase in Ty, is observed for all the blend compositions compared to pure rubber component.
These results are in good agreement with the mechanical properties and there is no significant change as we increase
the content of PVA in the blends. Therefore, cured NR/PVA blend with composition 90/10 has been selected as the
optimum composition to compare with the Thailand Industrial Standard for rubber flooring sheet in the next part of
this work.
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Fig. 2. TSSR curves of cured NR/PVA blends with various PVA contents using GA as crosslinking agent.
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3.2 Comparison with TIS 2377-2551

Table 1 shows the overall mechanical properties of optimized cured NR/PVA blend and TIS 2377-2551.
Compared to the TIS 2377-2551, the cured NR/PVA blend provides hardness value in the range of TIS 2377-2551
and exhibits better tensile strength, clongation at break and abrasion resistance. Lower lovibond level after
weathering test is observed for the newly developed material. From the results. it can be concluded that rubber
flooring sheet can be prepared by a novel and inexpensive method using the cured NR/PVA blend. It is very
interesting due to its ease of processing at low temperature and low cost. Therefore, the optimum condition found
from this study has been used to prepare materials in a larger scale.

Table 1. Properties of the cured NR/PVA blend using glutaraldehyde and comparison with TIS 2377-2551

Mechanical properties TIS 2377- 2551 Newly developed rubber sheet
Hardness (shore A) 50-90 76.70 +2.7

Tensile strength (MPa) >40 8.04+1.0
Elongation at break (%) =150 324+33

Abrasion resistance* (mm"*) <500 232

Weathering (Lovibond level) <3 1

*DIN abrasion tester according ASTM D5963

3.3 Large-scale rubber flooring sheet prepared from optimized condition

Fig. 3. Large-scale rubber flooring sheet prepared from the optimized condition (a) surface preparation (b) applying optimized condition on
cement (c¢) after curing under sunlight for 6 h and (d) surface coating.
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The finalized condition from previous section has been used to make rubber flooring sheet in a large scale on
cement floors. Curing is done by direct exposure of the mixture to sunlight (~40 °C). The color of flooring sheet
prepared from the optimized condition is found to be changed to yellow and the end product becomes more
toughened after curing for 6 h (Fig. 3). Furthermore, it shows good tacking and forming on cement surfaces.
Therefore, the large-scale rubber flooring sheet using the above-mentioned condition is successfully prepared. Based
on the knowledge attained from this study, it can be concluded that this technology has high potential in various
industrial applications (i.e.. sport court) due to it eases of processing at low temperature and cost effectiveness.

4. Conclusions

Cured NR/PVA blends using GA as curing agent were successfully prepared at low temperature. The mechanical
stability was found to be increased by adding PVA. The properties of newly developed material 90/10 blend ratio
exhibited better properties than the rubber flooring sheets TIS 2377-2551. Rubber flooring sheets can be easily
produced in large scale using NR/PVA blend system cured by newly introduced vulcanization technique.
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Abstract. A novel and inexpensive method to vulcanize natural rubber (NR) was successfully
developed and reported in our previous work. NR can be easily vulcanized using
glutaraldehyde (GA) at low temperature without adding any specific activators. However,
there is some limitation (i.e., poor film formation and properties) to apply as many product
items. Therefore, the main objective of this work is to improve the properties and film
formation of this cured system. The effect of loading levels of nano-clay on the properties of
GA cured NR/PVA blends has been investigated. Mechanical, thermal and morphological
properties were characterized. From the overall characterization, cured NR/PVA blends with 1
phr of nano-clay exhibited the highest tensile strength, elongation at break and hardness of
8.02 MPa, 690% and 62.4 shore A, respectively. Enhancing in thermal stability of the sample
was confirmation by shifting of degradation temperature based TGA technique. The
experimental results reveal that the properties and film formation of this system can be
developed with the proper additives in the preparation. From obtained knowledge, it is
interesting due to it can be applied for various industrial applications with eases of producing
at low temperature and cost.

Keywords: Natural rubber, Nano-clay, Glutaraldehyde, Cured NR/PVA blends, Vulcanization.

1. Introduction

Natural rubber (NR) is a natural material which is derived from typical plants. NR is normally
known as cis-1,4-poly (isoprene) [1]. It is an unsaturated elastomer with many superior
properties such as high strength, outstanding resilience, and high elongation at break [2]. In
addition, these properties can be improved by different methods such as grafting, blending,
addition of fillers etc.

Blending is a mechanical mixture of more than two polymers and it is a convenient route for
the modification of properties to meet specific need and reasonable demands of the polymers
[3]. The common way is blending with other latex or water soluble polymer to obtain better
performance or fabrications. Polyvinyl alcohol has good water solubility, film-forming
property, adhesive force and emulsification [4]. However, the natural rubber is a non-polar
polymer, whereas the PVA is a polar polymer. Therefore, NR/PVA blend could be partial
compatibility, leading to low physical properties.

Nowadays there is great interest in the development of rubber composites using nano-clay as
reinforcing material [5]. The functional properties such as mechanical properties, barrier
resistance and flame retardancy can be enhanced considerably at lower loading level of nano
clay due to their high aspect ratio [6]. The reinforced rubber depends on several factors: filler
particle size, concentration, aspect ratio, dispersion and morphology. All these factors lead to
the concept of filler network formation and enhancing the mechanical properties of rubber
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matrix. It makes the final products less expensive [7]. However, the vulcanization process is
very important for rubber applications. Mechanical properties of NR increase during the
vulcanization process due to the cross-linking of NR chains [1]. In general, there are many
potential vulcanization techniques including sulfur, peroxide, and phenolic resin curing [8].
These curing systems need high temperature together with various chemicals, i.e., activators
and accelerators. Natural rubber can be easily vulcanized using glutaraldehyde (GA) at low
temperature without adding any specific activators, which is highly favorable to the
environment [9]. According to this study, glutaraldehyde initially reacts with ammonia
present in the natural rubber latex and generates pentane-1,5-diylidenediamine. It has been
shown that, this curing system provides better thermal stability than that of the sulfur-cured
system with greater ease of processing. However, the GA-cured system exhibits low
mechanical properties [10]. The aim of this study is to reinforce nano-clay into NR/PVA
blends to improve the properties and stability of the blends using glutaraldehyde as a
crosslinking agent.

2. Experimental method
2.1 Materials

Commercial high ammonia latex (HA Latex) with 60% dry rubber content (DRC) was
purchased from Chalong Latex Industry, Thailand. Glutaraldehyde (GA) and Polyvinyl
alcohol (PVA) were purchased from Boss Official Limited Partnership, Songkhla, Thailand.

2.2 Preparation of nano-clay dispersion

The nano-clay (Cloisite 30B) used in this study was collected from Rockwood Clay
Additives, GmbH, Germany. The aqueous dispersion of 30 wt% nano-clay was prepared by
conventional ball milling technique for 72 h.

2.3 Preparation of Cured NR with various nano-clay contents using Glutaraldehyde
12.5% Glutaraldehyde (GA) solution was prepared by diluting in distilled water. The

ammonia content present in natural rubber was estimated according ASTM D-1076-02 into
the mixture of NR/PVA blends with 90/10 weight ratios. Nano-clay was added into the
mixture of NR/PVA blends with various loading levels under continuously stirring at room
temperature. Glutaraldehyde solution was slowly added into the reinforced latex using
continuously stirring at a mole ratio 1:1 between ammonia and glutaraldehyde. The mixture
was cast on a glass plate and dried in hot air oven at 50 °C for 24 hours [8]. The samples were
introduced for testing and characterization.
2.4 Characterization

The overall chemical composition of the filler was determined by an EDX spectrometer
attached to scanning electron microscope (SEM). The specimens were mounted on aluminum
stubs using carbon tape and then coated with a thin layer of gold to prevent charging before
the observation. Swelling measurement was carried out in engine oil as a test liquid at room
temperature for 24 h. The degree of swelling was calculated by using Equation (1).

W-W
Wo

Change in weight (%)= %100 (1)
where W, and W; are the weight of the specimen before and after immersion in the test
liquid, respectively.

The tensile strength was performed according to the ASTM D412 method using dumbbell-
shaped test specimens at a crosshead speed of 500 mm/min using a universal testing machine.
Indentation hardness was tested using a Shore A durometer according to ASTM D2240. The
thermal properties were characterized using thermogravimetric analysis (TGA). A small
amount (1-10 mg) of sample was taken in a crucible and placed inside the machine from
40°C to 800°C at a rate of 10°C/min in oxygen atmosphere.
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3. Results and discussion

3.1 Scanning Electron Microscopy

The overall chemical composition of the cured NR/PVA blends with various nano-clay
contents is identified and qualified by EDX spectrometry and SEM. The SEM image of the
cured NR (Figure 1a) reveals a very smooth surface. Figure 1b shows that the nano-clay is
dispersed uniformly in the NR matrix. Figure 1c shows the nano-clay particles are poorly
dispersed and agglomerated due to the higher content of nano-clay. The presence of overall
chemical composition of nano-clay in the NR/PVA blends matrix has been confirmed by
EDX analysis (Table 1). EDX profile concludes that skeleton of nano-clay is composed of
elements: mainly silicon, second most oxygen, third most aluminum and finally carbon. The
amount of these elements is increased with increase in nano-clay content. Especially, the
percentage of silicon and aluminum atom increases with increasing the amount of nano-clay
into NR/PVA blends (Figure 2). In addition, the distribution of silicon and aluminum atoms
further support the observation of aggregates of nano-clay in the matrix. Better dispersion can
be seen in the cured NR with 1 phr nano-clay compared to the composite with 2.5 phr nano-
clay. However, the analysis shows an increase in the percentage of carbon atom for all
samples. This may be due to the presence of long chains molecules of natural rubber
(polyisoprene) in the sample.

~ A
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Figure 1. SEM images of cured NR/PVA blends with various nano-clay contents:
(2) 0 phr (b) 1 phrand (c) 2.5 phr.

N e P

Si Al
Figure 2. Mapping of the elements found on the image of cured NR/PVA blends
with various nano-clay content using GA as crosslinking agent; Si: silicon and
Al:aluminum: (a) 1 phr and (b) 2.5 phr.
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Table 1. Overall chemical composition obtained by EDX spectrometry.

0 phr 1 phr 2.5 phr
Elements (%) (%) (%)
Carbon (C) 94.0 95.4 94.3
Oxygen (O) 6.0 4.4 5.4
Silicon (Si) 0 0.1 0.3
Aluminum (Al) 0 0.1 0.1

3.2 Swelling Behaviors

Figure 3 shows the degree of swelling of the cured NR/PVA blends with nano-clay for 0, 1
and 2.5 phr in engine oil. It is seen that the degree of swelling of cured NR with 1 phr nano-
clay are found to be much less when compared to the NR with O phr and 2.5 phr. This can be
explained in terms of the composite materials containing layered silicate with a high aspect
ratio, it strongly limits the deformation of macromolecules due to a highly efficient stress
transfer [11]. In addition, the reduction of swelling upon the addition of layered silicates is
due to the enhanced rubber/filler interaction. The reduction in solvent transport can be
explained in terms of tortuosity of the path and decreased transport area in the membrane.
However, the degree of swelling for cured NR with 2.5 phr nano-clay shows higher values
because of the weak interface and poor clay dispersion. As a result, the available free voids
within the matrix increase. Therefore, diffusion of solvent molecules through rubbery
polymers is easy. This result confirms the fine dispersion of nano-clay in the NR matrix.
However, crosslinking reduces the rubber chain mobility and thus reduces the transport of
solvent through the rubber. In our previously published article [9], it was reported that the
cured NR prepared using glutaraldehyde exhibited better oil resistance properties than of the
pure NR. It is seen that glutaraldehyde vulcanizes rubber phase and does not allow the chains
to rearrange easily under solvent stress.
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Figure 3. Swelling behavior of cured NR/PVA blends using GA as
crosslinking agent with different nano-clay content.



3.3 Mechanical properties

Mechanical properties of the cured rubber with nano-clay varying from 0 to 2.5 phr are listed
in Table 2. Improvement in the the properties of NR/PVA blends can be seen by adding nano-
clay. The highest tensile strength and elongation at break are observed a at clay loading of 1
phr (Figure 4). This is directly related to the dispersion and distribution of nano-clay as shown
in previous part. For higher loading level (2.5 phr), the failure of sample may be due to the
agglomerations and the formation of filler—filler networks in NR/PVA blends matrix. The
proposed model of interaction between matrix and nano fillers are shown in Figure 7.
Incorporation of filler into the NR/PVA blends matrix reduces the elasticity of rubber chains
and the resulting composite becomes more rigid [12]. Rigidity of the material leads to
increase in modulus and hardness with increasing the percentage of nano-clay (Figure 5). In
addition, it might be attributed by the effect of PVA which consists of coarse crystalline
phase. Formation of cross-links in PVA and NR phases when it is crosslinked with
glutaraldehyde enhances the stability. Crosslinking of natural rubber is occured by the
reaction between rubber and pentane 1,5-diylidenediamine as shown in Figure 7. It leads to
the formation of three-dimensional network and restricts the movement of rubber chains.
From the overall results, it is found that the sample with 1 phr nano-clay loading level
exhibited higher mechanical properties. It is clearly confirmed from the fine and uniform
dispersion of nano-clay in the rubber matrix by SEM image (Figure 1b and Figure 7).

Table 2. Mechanical properties of cured NR with different nano-clay content.

70

Tensile strength

Elongation at break

Hardness
(Shore A)

61.20
62.40
68.40

Amount of 100% modulus
nano-clay (phr) (MPa)
0 2.37
1.0 2.51
2.5 2.64
10 [ Tensile strength
9 802 75 [JElongation at break|
N 7
;‘“\ 7] 503
é 6 438 5.61
=
%0 5 4.46
'z 5
o
[_4
2 sl
l -
0
0.0 1.0 25

break (%)

100% Modulus (MPa)

Elongation at

Nano-clay content (phr)

Figure 4. Tensile strength and elongation at
break of cured NR/PVA blends using GA as
crosslinking agent with different nano-clay

content.

239

251

[ 100% Modulus|
[C_JHardness

T
0
=}

263 L 60

=
[
Hardness (Shore A)

T
[
E=1

0.0

1.0
Nano-clay content (phr)

25

Figure 5. 100% modulus and hardness of cured
NR/PVA blends using GA as crosslinking agent
with different nano-clay content



71

3.4 Thermal properties

Results of TGA for the composites with various percentages of nano clay are shown in Figure
6. The onset degradation temperature of cured NR/PVA blends with 2.5 phr nano-clay
contents is higher (245 °C) when compared to composites with 0 and 1 phr (230 and 233 °C).
The results show that the thermal stability increases with the addition of nano-clay. Due to the
barrier effect from nano-clay may hinder diffusion of small molecules generated during
thermal decomposition. Lengthened paths of diffused low molecular gases in the polymeric
matrix from the uniform distribution of the layered silicates delay the degradation of the cured
NR/PVA blends [13]. In addition to this, vulcanization of rubber phase with glutaraldehyde in
the presence of ammonia increases the thermal stability. Newly generated three -dimensional
networks between rubber molecules is also a reason for the enhancement in the thermal
stability of rubber. Reaction between rubber and pentane 1,5-diylidenediamine molecules
crosslinks natural rubber (Figure 7).
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Figure 6. TGA curves for cured NR/PVA blends using GA as
crosslinking agent with various amounts of nano-clay.
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(a)

i Cross.linked PYA

(b) (c)

Figure 7. Proposed mechanism of cured NR with various nano-clay content
using GA as crosslinking agent (a) 0 phr, (b) 1 phr and (c) 2.5 phr.

4. Conclusion

Cured NR/PVA blends with various nano-clay contents using glutaraldehyde as curing agent
was successfully prepared at low temperature. Dispersion of nano-clay was studied using
SEM and EDX. Addtion of nano-clay into cured NR samples provided better swelling,
mechanical and thermal properties. However, loading of 1 phr nano-clay into cured NR/PVA
blends exhibited the best properties due to the fine and uniform distribution of filler particles.
These NR based composites can be applied for various industrial applications.
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51 ABSTRACT

23 The main objective of this study is to improve the properties of NRPVA blend which is
25 cured using glutaraldehyde at room temperature. PMMA grafted on to NR with different

26 grafting levels has been prepared and confirmed the grafting reaction by TEM, FTIR and
8 '"H-NMR. The effect of PMMA contents on NR with 1 phr of nano-clay on the mechanical

29 properties and thermal stability has also been investigated. Significant enhancement in

31 mechanical and thermal stability of the blends with higher grafting level on NR is
32 observed. Activation energy of degradation has been determined from TGA curves by

34 using Horowitz-Metzger equation. The nature of dispersion has been studied using SEM-
35 EDX technique. The experimental results reveal that the properties can be improved by
37 adding functional group d.e., PMMA) onto NR molecule.

42 Keyword: Graft copolymer, Grafted PMMA, Nano-clay, Glutaraldehyde, Cured NR/PVA blends,

44 Vulcanization
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1. INTRODUCTION

Natural rubber (NR) is one of the widely used elastomeric material in various applications
due to its higher mechanical and elastic properties. However, it shows poor heat and weathering
resistance. The stability of NR can be improved by several methods such as modifying natural
rubber molecule, blending natural rubber with other polymers, reinforcing fillers etc. [1]. The

graft copolymerization is an alternative method to modify natural polymers by incorporating new

functional groups based on the desired application. A number of vinyl monomers can be used to
graft with NR. However, methyl methacrylate (MMA) and styrene (S) are the most suitable
monomers for grafting with NR since they exhibit higher grafting level [2]. Graft
copolymerization of methyl methacrylate MMA) onto NR molecule has been performed by

emulsion polymerization using redox initiators with various initiators such as, cumene
hydroperoxidetetraethylene pentamine (CHP/TEPA, tert-butyl hydroperoxidetetraethylene
pentamine (TBHPO/TEPA), and potassium persulfate/sodium thiosulfate (K,S,05/Na,S,0;) [3-5].
The redox initiators are insensitive to oxygen, generate much higher radical flux than thermal
initiators, and initiate the polymerization at lower temperatures which saves energy and reduces
depolymerization [6]. However, the dependence of graft copolymerization process parameters
such as emulsifier concentration, initiator concentration, monomer content, and polymerization
temperature on the grafting efficiency and graft ratio have been investigated [7]. Some of these
factors are specific and can be determined by analyzing the chemical structures of the monomer
and polymer involved in grafting. The other factors are considerable up to certain extent and can
be controlled by the manner in which the polymerization process is carried out [8].

NR grafted with polymethyl methacrylate PMMA)is expected to be a potential elastomer
with improved inferior properties such as polarity, hardness, antioxidation, toughness and oil

resistance [9]. In addition, poly®MMA)-grafted NR can be alternatively used as a polymer matrix
for the preparation of composites by reinforcing nano-clay. The polarity arises from poly (MMA)
and clay enhances the conductivity of the materials.

Blendingis a mechanical mixture of more than two polymers. It is a convenient route for

the modification of properties of polymers to meet specific needs and demands [10]. Blending

https://mc03.manuscriptcentral.com/cjps
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1

2

i with suitable latex or water-soluble polymer is a common method to obtain elastomer with better
2 performance. Polyvinyl alcohol (PVA)is an important water-soluble synthetic polymer with

; excellent binding and elastic properties, which has been widely used as film forming agent,

9 adhesive and emulsifier [11].

:(1) In addition, the incorporation of nano-clay in to polymers and rubbersis an attractive

:; method to develop nanocomposites. NR/nano-clay composites are generally adopted to develop
:g natural rubber with better stability starting either from dry rubber or from aqueous rubber called
:3 latex. Properties of the resultant nanocomposites are varied on the incorporation of nano-clay into
:g rubber matrix by latex compounding, co-coagulation, shear blending and melt compounding

;? methods [12]. In addition, it depends on several factors such as particle size and concentration of
;; the filler, aspect ratio, dispersion and morphology [13]. Moreover, NR-g-PMMA was used to

;g incorporate nano-clay. Due to better compatibility of NR-g-PMMA with polar clay structure, the
;s resultant nanocomposite exhibits improved mechanical properties.

;g However, vulcanization often refer to as cross-linking or curing, is one of the most

g? important processes in rubber technology. The fundamental principle of vulcanization is the

i; formation of chemical cross-links between rubber macromolecules which lead to the formation of
;g a three-dimensional network. It forms by reacting the functional groups of elastomer chains and
;s suitable curing agents [14]. In general, there are three main types of rubber vulcanization,

:g namely, sulphur, peroxide and radiation vulcanization [15]. All these curing systems are found to
:(1) be complicated due to the higher processing temperature and higher cost of production. The GA-
42 cured system has been successfully developed and reported in our previous works [16]. Natural
:431 rubber can be easily vulcanized using glutaraldehyde (GA) at low temperature without adding any
:: specific activators, which is highly favorable to the environment [15]. According to this study,
:; glutaraldehyde initially reacts with ammonia present in the natural rubber latex and generates

;‘g pentane-1,5-diylidenediamine. It has also been reported that, GA curing system provides better

g; thermal stability than that of the sulfur-cured system with greater ease of processing [17].

g i The purpose of this work is to prepare a graft copolymer of methyl methacrylate with

55 natural rubber and incorporating nano-clay in to NR-g-PMMA/PVA blends. The matrix will be

5

58

59

60 https://mc03.manuscriptcentral.com/cjps



ONO UV WN =

(o)

79

Chinese Journal of Polymer Science

cured by using glutaraldehyde as a crosslinking agent. The resulting materials are characterized
by using Fourier transform infrared (FTIR) spectroscopy, proton nuclear magnetic resonance (‘H-
NMR) and transmission electron microscopy (TEM). Effect of MMA contents with 1 phr of nano-

clay on the morphology, swelling, thermal stability and mechanical properties are studied.

2. EXPERIMENTAL

2.1 Materials

Commercial high ammonia latex (HA Latex) with 60% dry rubber content (DRC) was
purchased from Chalong Latex Industry, Thailand. Methyl methacrylate MMA) monomer with
purity ~99.0% was purchased from Sigma-Aldrich Chemie, Germany. fer#-buthyl hydroperoxide
(tert-BuHP) and tetraethylene pentamine (TEPA) were used as redox initiators (both from Sigma-
Aldrich Chemie, Germany). Sodium dodecyl sulfate (SDS)to stabilize the latex was supplied by
Sigma-Aldrich Chemie, Germany. Solvents, petroleum ether, methyl ethyl ketone (MEK) and

acetone were purchased from Fisher Scientific, UK, Ajax Finechem, Australia and Zen Point,

Thailand, respectively. PVA was purchased from Boss Official Limited Partnership, Songkhla,
Thailand.

2.2. Methods of preparation

2.2.1. Preparation of nano-clay dispersion
The nano-clay (Cloisite 30B)used in this study was collected from Rockwood Clay
Additives, GmbH, Germany. The aqueous dispersion of 30 wte nano-clay was prepared by

conventional ball milling technique for 24 h.

2.2.2. Preparation of NR-g-PMMA

Graft copolymerization of the NR-g-PMMA was carried out by emulsion polymerization
technique using NRMMA with ratios of 1000, 95/5 and 90/10 (weight percent). High ammonia
latex with 602 DRC, 85 TEPA, 20+ SDS, and deionized water were first added into a main

reactor according to the formulation as shown in Table 1. The mixture was then thoroughly

https://mc03.manuscriptcentral.com/cjps
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stirred under a nitrogen atmosphere at 50 °C for 30 min. The monomer (99% MMA) and 80v fert-
BuHP were taken in a feeding funnel, and continuously dropped into the main reactor. The

mixture was kept for 3 h to complete the polymerization reaction. The graft copolymer latex was

ONOUVhA WN =

first coagulated and then dried in a hot air oven at 40 °C for 48 h to remove the residual

n monomer. Soxhlet extraction procedures were followed to assess the amounts of free NR and free
13 homopolymers in the graft copolymer. The free NR was extracted with light petroleum ether at

15 60-80 °C for 24 h and the remaining product was dried in an oven at 40 °C for 24 h. To remove

17 the free PMMA the residue were further extracted at 60 °C for 24 h by MEK and acetone,

19 respectively [4]. The grafting efficiency (GE), the percentage of homopolymer, the percentage of
21 free NR and free MMA were determined by the residual weight of NR-g-PMMA after extraction by

23 using the following equations

Weight of grafted copolymer

fting effici %) = 100
Grafting efficency (o) Total weight of polymer formed ) L

31 (Mo x C) - (M - M2)
32 Homopolymer (%) = X

100 2)
33 Mo

38 . Mz + My 3
o Free NR (%) =~ — * 100

My +

4+ Ms
45 Free PMMA (%) =——— x 100
46 My

“
Where M, is the mass of monomer (g), C is the conversion of monomer (%), M, is the total

51 mass of dry rubber and polymer after extraction and drying (g), M, is the mass of dry rubber in

53 the sample, M; is the sample weight before soxhlet extraction, M, is the sample weight after

60 https://mc03.manuscriptcentral.com/cjps
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soxhlet extraction with petroleum ether and Ms is the sample weight after soxhlet extraction with

MEK and acetone.

Table 1: Formulation used in grafting reaction.

Ingredients Dry weight
Chemicals used in main reactor

60% HA Latex 100, 95 and 90 g

85% TEPA 1.0 phr*

20% SDS 1.5 phr

Deionized water To adjust TSC equaling to 50%
Chemicals used in dropping funnel

99% MMA monomer 0,5and 10 g

tert-BuHP 1.0 phr

*phr is part per hundred parts by weight of rubber

2.2.3. Preparation of Cured NR-g-PMMA/PVA blends using glutaraldehyde

12.5% Glutaraldehyde (GA) solution was prepared by using distilled water. The ammonia
content present in NR graft copolymers was estimated according to ASTM D-1076-02. The
mixture of NR-g-PMMA/PVA with weight ratio 90/10 under continuously stirring at a mole ratio
1:1 between ammonia and glutaraldehyde. The nano-clay with 1 phr was added into the mixture
of NR-gPMMA/PVA under continuously stirring at room temperature for 15 minutes.
Glutaraldehyde solution was slowly added into the mixture and stirred well. The mixture was
casted on a glass plate and dried in hot air oven at 50 °C for 24 hours. The samples were

introduced for testing and characterization.
2.3. Characterization of the NR-g-PMMA

2.3.1. Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR)

The presence of functional groups within the graft copolymer was confirmed by using a

Bruker (Model Tensor 207, Germany) Fourier transform infrared spectroscopy (FTIR). The
spectra were recorded on transmittance mode in the range of 4000 to 600 cm'! with 32 scan at a

resolution of 4 cm'!.

https://mc03.manuscriptcentral.com/cjps
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2.3.2. Proton Nuclear Magnetic Resonance {H-NMR)

ONOUV DA WN =

For the '"H NMR characterization, the graft copolymers were dissolved in deuterated

10 chloroform (CDCl;)and then characterized with a 500 MHz NMR spectrometer (Varian,

12 Germany) at room temperature.

15 2.3.3. Transmission Electron Microscopy (TEM,

17 The morphology was analyzed by using a JOEL transmission electron microscope (TEM)
19 JEM-2010, Japan)at 160 KV with a magnification of 6000x. The pure and grafted NR latex were
21 diluted 400 times with distilled water approx.0.025 wt.%)and then dropped the resulting solution

23 on a copper grid and dried with silica beads.

26 2.3.4. Scanning Electron Microscopy (SEM) and Energy Disperse X-Ray Analysis (EDX).

28 The samples were fractured at room temperature to investigate the microstructure of the

nanocomposite. The fracture surfaces were coated with thin layers of gold about 90 -100 A®). All
specimens were examined with a Leo 1450 VP SEM. The accelerating voltage was in the range
34 of 2 - 5 kV.The EDX analysis was performed using Oxford Instruments EDX model 7353 to

36 study the nature of nano particle dispersion at the fractured surfaces.

2.3.5. Oil Swelling Behaviors

40 Swelling experiment was conducted at room temperature for 24 h. In this case, engine oil
42 (motor oil, PTT Thailand) was used as a test liquid. The swollen samples were taken out from the
oil and surface was cleaned by dipping in acetone followed by wiping with tissue paper. The

degree of swelling was calculated by using the equation [5]:

48 (5)
49 o W, - W,

50 Change inweight (%) = x 100

[

where W, and W, are the weight of the specimen before and after immersing in the test

54 liquid, respectively.
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2.3.6. Tensile Properties
The tensile strength of NR was measured at room temperature according to the ASTM D

412 method using dumbbell-shaped test specimens at a crosshead speed of 500 mm/min. Tensile
properties of the samples were determined by using universal testing machine (Hounsfield,
model H10KS, England). All the values reported are obtained from at least five test results.
Indentation hardness was tested using a Shore A durometer (Frank GmbH, Hamburg, Germany)

according to ASTM D2240.

2.3.7. Thermal properties

The thermal behavior of all NR graft copolymers was/ characterized by using a
thermogravimetric analyzer (TGA) (Perkin Elmer, USA). A sample of 4-9 mg was placed in a
ceramic cup under oxygen atmosphere with a gas flow rate of 100 ml./min, at a heating rate of 10

°C/min, from 60°C to 800°C.

3. RESULTS AND DISCUSSION
3.1. Characterization and morphology of graft copolymerization

3.1.1. Graft Copolymerization

Table 2 shows the characteristics of graft copolymers. Three graft copolymers are
prepared with 100/0, 95/5 and 90/10 blend compositions of NRMMA. The yield of grafting
decreased with increasing monomer content. Grafting reaction might be disturbed by the side
reactions when the concentration of monomer increases. The disturbance occurs due to a
competition between grafting and chain transfer within the monomer. This means that

homopolymerization is more pronounced than graft copolymerization at higher monomer

content. In addition, grafting reaction occurs mainly on the surface of the latex particles and the
polymerization occurs mainly in the shell of the particles. As grafting proceeds, it reaches a
certain shell thickness of the second-stage polymer, the contact area between the monomer and

rubber decreases. Such type of results have been reported by Merkel et al. [18].
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Table 2: Characteristics of copolymerization

ONOUVAE WN =

NR/MMA

g (Wt%) Free NR (%) Free MMA (%) Homopolymer (%) GE (%)

1 100/0 100 0.00 0.00 0.00
13 95/5 5.22 0.92 6.10 93.89

16 90/10 6.07 0.88 6.90 93.10

18 3.1.2. Functional groups in the NR-g-PMMA by spectroscopy

20 The functional groups present in ungrafted NR and NR-g-PMMA are confirmed by FTIR
22 technique in Figure 1. The characteristic absorption bands of the unsaturated carbon-carbon

24 double bonds associated with the polyisoprene molecules are appeared in the spectra. Absorption
2 peaks at 842 cm! for C=C bending vibration, 1245 cm! for C-C stretching vibration, 1376 cm'!
28 for C-H bending of CH3, and 2975 cm! for C-H stretching vibration in aliphatic bond can be

30 clearly seen in Figure 1. Additional peaks in the spectra of NR-gPMMA are appeared at 1732
32 and 1160 cm! due to the carbonyl groups (C-O stretching) and C-O-C stretching when MMA is
34 grafted on the natural rubber backbone. This indicates the attached graft copolymer along with

36 the PMMA chain.

40 NR/MMA=100/0

NR/MMA=95/5

NR/MMA=90/10

S
~N
% Transmittance

S — o~ "W A -
\ N“/ \ W, /“-”-\.J\ v Y o \ {‘[ AN~
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51 V' \};
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Figure 1. FTIR spectra of NR-g-PMMA with various MMA contents
The 'H-NMR spectra of NR before and after grafting are as shown in Figure 2. The peaks
of NR are attributed to the olefinic protons (C-CH,, at 5.1 ppm), methylene protons (-CH,-, at 2.02
ppm), and methyl protons (-CHjs, at 1.66 ppm). The graft copolymer shows a new peak at 3.57 ppm
which is attributed to the presence of the -OCHj; protons of MMA. This confirms the formation

of chemical grafting between MMA and NR.

2
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Figure 2. TH-NMR spectra of NR-g-PMMA with various MMA contents

3.1.3. Morphological observations

Figure 3 shows transmission electron micrographs of pristine natural rubber and NR-g-
PMMA. Figure 3a shows the morphology of NR particles exhibiting a smooth spherical surface.

on graft copolymerization, a heterogeneous core-shell structure with a nodular surface of grafted

https://mc03.manuscriptcentral.com/cjps



86

Page 11 of 23 Chinese Journal of Polymer Science

NR is observed as shown in Figure 3b. NR particles as the core and the compatibilized PMMA
as the shell are clearly appeared in the figure. The thickness of the graft copolymer (the outer

layer) on the surface of seed particles is increased on increasing the level of grafting efficiency.

WoONOOTUVEAEWN=

38 Figure 3. TEM micrographs of (a) Ungrafted NR, (b) NR/MMA 95/5 wt%, (c) NR/MMA
b 90/10 wt%

3.2. Glutaraldehyde-cured NR-g-PMMA/PVA blend with nano-clay loading

45 3.2.1. SEM-EDX observation
o Table 3 shows the chemical composition of cured NR-g-PMMA/PV A blend with nano-

clay loading for different weight ratios of NR'MMA. The existence and distribution of chemical
compounds on the fractured samples are determined by EDX. The software maps the elements
found on the SEM image by X-ray analysis. The presence of nano-clay in cured NR-g-
PMMA/PVA blend is reflected in the EDX analysis. The composition of hybrid organic-inorganic

60 https://mc03.manuscriptcentral.com/cjps
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polymer composite consists of carbon, oxygen, silicon, and aluminum is as observed in Table 3.

Figure 4 shows the carbon, oxygen, silicon, and aluminum atom distributions on a fractured

sample of NR-g-PMMA/PVA blend with nano-clay. The percentage of oxygen atom increases as
the carbonyl group of PMMA and silicates of nano-clay are incorporated in natural rubber. In

addition, the distribution of silicon and aluminum atoms further supports the formation of nano-
clay agglomeration in the matrix. The figures exhibit better dispersion in the cured NR-g-PMMA
with composition 90/10, compared to the cured NR-g-PMMA with compositions 100/0 and 95/5.

Uniformly dispersed nanoparticles lead to improve the physical properties and thermal stability
of cured NR-g¢-.PMMA/PVA blend.
Table 3: Overall chemical composition of the cured NR-g-PMMA/PVA blend at various

NR/MMA weight ratios with containing 1 phr of nano-clay using GA as curing agent obtained
by EDX spectrometry.

NR/MMA (wt%)
Elements (%) 100/0 95/5 90/10
Carbon (C) 954
Oxygen (0) 4.4
Silicon (Si) 0.1
Aluminum (Al) 0.1

Total 100

NR/AMMA: 95/5

https://mc03.manuscriptcentral.com/cjps
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Figure 4. Mapping of the elements found on the image of cured NR-g-PMMA/PVA blend with
various MMA content containing 1 phr of nano-clay using GA as curing agent.

3.2.2. Oil Swelling Behaviors
The effect of NRMMA compositions (100/0, 95/5 and 90/10)and 1 phr of nano-clay

loading on the degree of swelling of the cured NR-g-PMMA/PVA blend using GA in engine oil is
shown in Figure 5.1t is clearly seen that, the swelling rate decreases on increasing the percentage
of methyl methacrylate MMA). MMA is a polar molecule and grafting of MMA on NR increases
the polarity of functionalized rubber. It leads to increase the oil resistance of NR. This can be
explained in terms of chemical interaction between polar functional groups in its molecules. A
strong interface is developed and restricts the penetration of the solvent. Furthermore, the
reduction of swelling upon the addition of layered silicates is due to the polar-polar interaction
between the NR-g-PMMA and nano-clay. It is well known that the dispersion of nano-clay increases
the tortuosity of the path to diffuse oil molecules during the permeation. The nature of dispersion and
morphology of fillers strongly affect the barrier property of the bulk material in contact with oil liquid

According to the previous reports, the poor clay dispersion in the matrix leads to increase the

available free voids within the matrix. Therefore, diffusion of solvent molecules through rubbery
polymers with agglomerated nano particles is easy [19]. Moreover, the cross-linked structure
resists the movement of solvent through the vulcanized rubber. According to our previously

published article, glutaraldehyde vulcanizes the rubber phase and does not allow the chains to

rearrange easily under the solvent stress. Therefore, the polymer chains have a limited freedom
of movement and flexibility. It restricts the transportation of solvents through the vulcanized

elastomeric phase [15].
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Figure 5. The degree of swelling of cured NR-g-PMMA/PVA blend with various MMA content
containing 1 phr of nano-clay using GA as curing agent.

3.2.3. Mechanical properties
Measuring tensile properties of polymer nano composites is important to evaluate the

mechanical stability. Addition of nano particles up to certain extent enhances the stability of any
polymer. Tensile properties of the cured NR-g¢-PMMA/PVA blend for various NRMMA
compositions with 1 phr nano-clay are depicted in Table 4. Glutaraldehyde has been used to
crosslink natural rubber. Modulus, tensile strength and hardness are increased on increasing the
MMA content. Methyl methacrylate is a polar monomer as its repeating units contain methyl
ester groups. Thus, MMA is often grafted onto NR in order to improve the chemical interaction
between its molecules. This trend may be ascribed to the increase in rigidity or toughness of
cured NR-g-PMMA/PVA blend when the MMA concentration increases. From this rigidity, it can
be supported by the coarse crystalline phase of polyvinyl alcohol (PVA)in the matrix. Therefore,
the motion of rubber chain becomes restricted on the application of load. The dense network is
not capable of dissipating much energy. This results in brittle fracture or failure at low elongation
[20]. Figure 6 shows stress-strain behavior of cured NR-g-PMMA/PVA blend with various MMA

contents. Toughness of the material increases by grafting PMMA onto natural rubber. The area
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1

2

z under the stress-strain curve of cured NR-g-PMMA exhibits increasing trend with increasing
Z MMA content. The stiffness increases by grafting PMMA onto NR molecules and enhances the
; tensile strength [16]. This behavior is similar in case of particulate filled rubber compounds [21].
9 Cured NR-gPMMA/PVA blend reinforced with nano-clay exhibits enhanced tensile properties.
10

n Nano-clay is known to be polar, high aspect ratio and highly rigid material. Filler-rubber

12

13 interaction increases the rigidity of the elastomeric matrix. It leads to enhance the mechanical
14

: 2 properties of cured NR-g-PMMA/PVA blend. However, the nature of dispersion of nano-clay
:; particles has significant role on the mechanical properties of nanocomposites. In case of well-
;(9) dispersed cured NR-gPMMA/PVA blend with 10:sMMA shows higher mechanical strength
;; compared to 0% and 5 xMMA.The enhancement in tensile properties arises from the layered
;i structure of particulates in the matrix. Better adhesion in the cured NR-gPMMA/PVA blend
;2 between nano fillers leads to increase in the stability of rubber. Furthermore, during the

;; vulcanization process, glutaraldehyde initially reacts with ammonia present in the natural rubber
29 latex and generates pentane-1,5,-diylidenediamine [17]. The resulting pentane-1,5-

30

31 diylidenediamine crosslinks natural rubber via ene reaction. It leads to the formation of three-

32

33 dimensional network and restricts the movement of rubber chains The tensile test results showed that,
34

35 NR-g-PMMA/PVA blend consists of 1 phr nano-clay cured by using GA as crosslinking agent
36

37 developed from 10 MMA exhibited the material with better physical properties.

38

39 . . .

40 Table 4: Mechanical properties of the cured NR-g-PMMA/PVA blend at various NR/MMA
4 weight ratios with containing 1 phr of nano-clay using GA as curing agent.

42 . . NR/MMA (wt%)

43 Mechanical properties

44 100/0 95/5 90/10

i 100% Modulus (MPa) 251022 4724013 5.20+0.12

:; Tensile strength (MPa) 8.02+0.78 11.310.56 15.24+1.42

‘5‘3 Elongation at break (%) 691+13 646+18 649+21

51 Hardness (Shore A) 62.4+0.54 72.6+1.14 75.0+1.34

52

53

54

55

56

57

58

59
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Figure 6. Stress-strain behavior of cured NR-g-PMMA/PVA blend with various MMA content
containing 1 phr of nano-clay using GA as curing agent.

3.2.4. Thermal properties
TGA and DTG curves of nano clay reinforced into cured NR-g-PMMA/PVA blend are

shown in Figure 7 and Figure 8.Table 5 represents various decomposition temperatures. T,

represents the onset temperature of the thermal decomposition, T, represents the temperature
corresponding to the maximum rate of the thermal decomposition and Ty represents the

termination temperature of decomposition. The overall decomposition temperatures are increased
when MMA content increased in case of composites with 1 phrnano-clay. This is due to the
chemical interaction between polar functional groups in its molecules as well as the filler-rubber
interaction. Nano-clay with high aspect ratio substantially increases the thermal stability of
polymer matrices. This indicates that the grafting with MMA and addition of nano-clay improves
the thermal stability of NR. The fact behind of improvement in thermal properties is due to the

layered structure of nano-clay which in turn restricted the passage of gases as well as heat
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emitted via degradation [22]. Well-dispersed nanoparticles enhance the thermal stability of the
material, thereby preventing thermal degradation. Moreover, GA cured system exhibits better

thermal stability as reported in our previous works [16-17]. It shows that, GA curing system

WoONOTUVDAWN-=

provides better thermal stability (T,,.x= 380 °C)than that of the sulfur-cured system (Tp,,=362 °C)
1 with greater ease of processing. According to our previous report, cured NR-gPMMA (Tyay=385
13 °C) exhibits better thermal stability than that of unmodified cured NR (T, 376 °C). In the

15 present investigation, temperature corresponding to the maximum (T, for cured NR-g-

17 PMMA/PVA blend with 106.MMA and 1 phr nano-clay is found to be 411 °C. On curing the
matrix, the newly formed three-dimensional networks between rubber chain molecules delayed

the thermal degradation.
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51 Figure 7. TGA curves of the cured NR-g-PMMA/PVA blend with various MMA content
containing 1 phr of nano-clay using GA as curing agent.
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Figure 8. DTG curves of the cured NR-g-PMMA/PVA blend with various MMA content
containing 1 phr of nano-clay using GA as curing agent.

Activation energies for degradation have been calculated for the initial degradation stage using

the Horowitz-Metzger equation [23].

The Horowitz-Metzger equation is,
E6 »
In[-In(l-a)]=— %Tsz-%(, (Forn=1) 6)

where o represents weight fraction degraded in time t, 6 = (T-T,) where T; is the DTG peak
temperature, R is the gas constant and E, is the apparent activation energy of decomposition. A
straight-line graph will be obtained if we plot the left hand side (LHS) of this equation versus 6.
The slope and intercept of this graph are used for calculating the kinetic parameters by the least

square method.
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1
2
:31 The activation energies of degradation at various TGA steps for MMA grafted NR
5 composites are depicted in Table 5. Higher values of activation energy of degradation arise
6
7 from the better thermal stability. More energy is required for the degradation, which in turn
g implies an improvement in thermal stability of the material. DTG thermogram consists of three
:? steps of weight losses. Major decomposition occurs during the second stage of weight loss.
12 Activation energy of degradation in case of initial stage decomposition increases upon the
13
14 addition of 5 % MMA into NR. It shows higher activation energy and further a reduction can be
:2 noticed. Finely dispersed nano clay in case of 5 % MMA increases the stability of MMA grafted
17 NR. It can be clearly confirmed from the microphotographs as shown in Figure 3b. A
18
19 continuous increase in the activation energy of degradation is observed upon the addition of
g? MMA percentage in NR/clay composite at the second stage of weight loss. This can be attributed
;; by the increased thermal stability of the material arising from the addition of MMA leading to
24 the formation of favorable interaction between them. The activation energy of degradation at the
25
26 third stage of weight loss reduces on increasing the amount of MMA content with NR. This
g; might be attributed by the presence of higher homopolymer content, which decomposes fast and
:3 the activation energy get decreased. Therefore, it can be concluded that natural rubber cured with
31 GA and grafted with PMMA provides excellent thermal stability on the incorporation of small
32
33 amount of nano clay.
34
35 Table S: The temperature of thermal decomposition of the cured NR-g-PMMA/PVA blend at
:;’ various NR/MMA weight ratios with containing 1 phr of nano-clay using GA as curing agent.
38
Activation Energy of Degradation (kJ/mol
‘3‘3 NR/MMA | Thermal degradation (°C) 5 _ ( )
41 (Wt% 1%t Stage 2 gtage 3rd Stage
6 °) I, T, T, g g g
43 100/0 233 374 512 51.80 29.94 14.20
44
45 95/5 255 390 534 73.42 30.90 13.40
46
47 90/10 265 411 555 61.68 33.60 12.32
48
49 o
50 T,: the onset temperature of the thermal decomposition
51 T,: the temperature corresponding to the maximum rate of the thermal decomposition
52 Ty: the termination temperature of the thermal decomposition
53
54
55
56
57
58
59
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4. CONCLUSIONS
The graft copolymer of methyl methacrylate with different grafting levels onto NR was

successfully developed by using a redox emulsion polymerization method. The chemical
structure of grafted NR samples has been confirmed using FT-IR and 'HNMR techniques. Cured
NR-gPMMASs/PVA blend with various grafting levels reinforced with 1 phr nano-clay was also
prepared by using glutaraldehyde at low temperature. The effect of NR-IMMA composition and
nano-clay loading on the properties of NR was systematically investigated. The overall physical

properties such as modulus, tensile strength, hardness, oil resistance and thermal stability

increased with increase in MMA content and addition of nano-clay loading. Increase in the

activation energy of degradation upon the incorporation of MMA along with nano clay cofirms
the enhancement in thermal stability of natural rubber. The nature of dispersion of organic and
inorganic elements on the fractured surface was studied by using EDX. Moreover, the
morphology study was used to predict the properties of polymer composite. Cured NR-g-

PMMA/PVA blend with 10%MMA is a suitable combination due to the fine dispersion of nano-

clay in the matrix. It was reflected in the enhanced tensile properties and thermal stability.
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