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ABSTRACT

In this work, improvement of properties of cured NR using GA as curing
agent were studied. Optimization of cure condition was investigated systemically. The
result suggested that the optimized chemical formulation and cure conditions for
vulcanizing natural rubber were 1:1 mole ratio of GA:NH,, 0.9 wt% of ammonia in NR
latex, 12 vol% of GA concentration, 50 wt% of total solid content in NR latex and
vulcanized of 50 °C for 24 h, exhibited better physical properties. The obtained optimal
condition and formulation were used for curing NR-g-PMMAs with different grafting
levels and various grafted forms, i.e., NR-g-PMMA, NR-g-PS and NR-g-P(MMA-co-S). It
was found that the properties trend to increase with increasing the grafting level and all
cured grafted NR forms provided better performance than that of unmodified NR
vulcanizate. Moreover, the optimized formulation and condition from this study were also
studied in comparison with sulfur cure system (120 °C, 24 h). It was found that the
optimized GA cure system provided lower mechanical properties compared to sulfur
cured system, but exhibited better thermal properties. This study has some advantages

on improving material properties which can be applied for many industrial applications.

Keywords: Low temperature vulcanization, glutaraldehyde cured system, natural rubber,

grafted NR
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a v 1 = Y v o a =Y v 1 a % a
Haanufnuniusaussnsgenninglifiasldansdnfnasuussdindoaniafinaisfai
i@anusaad lfiaziin A1 A InuNIUEa LIIRIgTY
A MLTILauIUlNRN (Insulation) 19899 TRRAMNA1LNIWINAIR NN
(Specific resistivity) 1gzan4 1-2x10" TaWs/AIURANAT AAUENIETTNTIRAINAH LT
auaulninfgenan
v . aa o v
NN9NFLLANIEADY (Rebound resilience) #N4833NTNANANITANINILLAN
A = ) = = o . o
nazaounganin uazlunialasunlasglineeansarinnsgo@awaseny (Hysteresis) M50
Tnendagnldarunnglauniind enssssuanmnazinaufauazan (Heat build-up) N1s18N
Y] ) % a o o a v dlal 1 1 v A
fogl Mnliinesssnanfmnizd miunisuanasdasaniaunnlug) i an9iesnussnn wse
% dl a %
¢N9AALATANTN (1R
ANLRNNTIANANN (Aging properties) Liagannaanseu Talouw uas
aa 1 o aaa o a dll =
aswAR B9899NT AR ANTa aTunevindfRsenAueeniauluenia Tneannziiied
A E% (% 1 aaa o v oa dl Yo 1 -dl
wadunnvzaAndeuiufasl isen Anlinanindenanintesanslidng usiile
= o al o/ c v aa 1 dl dl 1
wReuauiuenglalawIudAsLilgn SN989INTRN AINNUANIFRDNANINANINNGN
A o s a aa A
g19lalanTudamsydi asanludsaulugeassnaiiaiaduguisnlunisdudanig
dl v d” v a o 1 1 = v o :// dl o
W@anan w1 uanainiudosneassuanmeslunusalalauanfoe seiuiiatiaaiung
dll S v XK a a o Aﬁl . A
AaNANINLATEARENNT I AelianANa9 TR U9 eNAN N (Anti-degradant) 1138

an51la9nuNITNARaNTLATY (Antioxidant) A9 MEINIETTNTB



ANHNUNTUADATLAN (Chemical resistance) §N9EFINTRA LHAINATD
1 dd‘ sl :j % 1 o’j v a a A o O dl 1 :; 1 ] =
VIuVI’MM’ﬂZQ’]i‘LﬂNV]VLﬁJN}JQIlﬁ 132 mmuﬂimmﬂu M?@ﬁ']ﬂﬂ@Z@’]ﬂVIiﬂJNﬂJ’Jﬁl’N °’| bridd budei vl

1
v =

ngau way wnwaw llusiv esanlaseaiainiiluaisdsznavlalansanfuanaasans

v 1
1 o '

sesuanf Mnlignazanelilusavinavananluiidn usanssssugRaznusamiiara ey

99 114 82T IAY (Acetone) WA Laanagaea (Alcohol) wlusn

2.2 ngmegilens (naas, 2550)

Ufisenevmegiedjisandanluiadu (Vulcanization) uAwyinldlu
dl a =2 tdl a aaa a o A dl 1

gAAIMNITNINB TN TNNTTUAUNINENUAAL e AR inTiealasuananiuzlida
siifuaniuzasgi deinliflidanniaauginneu (Elastic material) LHasainlaseasnsaas
Tanafianiadenaaszndeluana Wunaliinaunguiuazanniadagdaesang
N ' ¥ = = o q o al = C N
Wadaeseslidudaszainussiinssyinliide gl viseanananndn unisiuAuneens
Tun19dnmgLseusnEn BefiReaNEaEl wazanAneEne NNl SN Anuu A
Tenuusansein Geanafluglineigninesnvisagnnaild lusendnanisaggdenatiuaziin
nanlasuulasaussl

- aneldluanagedsnaianiameanaaaiy nanndfiseduasdanilu-

o 1 o

S FUEAATATIATILLLATNER Ann1afindisanAinatainliien aiasuaindnse

%

aaunuunaaan lifludneouzudsusuaztinveuls
- gvazguuidsantiRnnumidanfntuiesuazasianufiuniusanis
azatluFainazans AADAAUANNUNIUENITABNAN INEULLEINIAINAINTDL LAY
o 4
LATNITLIUNNIRLAN WAL

o

wfidnnnsazyinienemsglazanunsoinlffaanis 1 5@ nadnassugelae sl

Auflufiasldasinliianmegy uddanisasglensdananafandufiasldirsesiianiisna
un vl aay ~ ey = °o gy

wnauaz g ldAannz lunstinfesnisaegtlaneiung < Wiy foawni nnsvnlifaneaagy

FopFaananasnugeatlifluntianldlulssugnainnssu daqiiunisaagtlansdaulng

HaannsEnasngunvinieeaagt Iaavinldudonisasglansnldlulssnugaannng sy

ansnsoutieantiidu 3 svunlug o 16un szuunldnonedu (Sufur system) szuunld



wasaanlas (Peroxide system) uavszuuildansiaiiau o wiu lavzeanlasd (Metal oxide

system) wlufiu

221  szuunsasgUadaiingdu

szuunisasgldaeninziwduscuunldiusunngaludaqiumwe i

|
IS4 o <

tdl a d” % dl ¥ o o 1 [ o ' asa tdl
srULNHFUNUAT neasgthiinaulfie (HeldfnzduaniuanssiadalfisenlulEuinm

U
'
a e =K =K o

winzan) uazenapglnldfiiantmdainanay awinliszuunisasglficanineduastian

1 lunsagiensunuynaiandwusedet uluanas adnglsfimuszuunisaeglasdias

v o o

o IS4 o A 1 v dl 1 o 1 1 P4 v 1
nnzduindedndinme ldaunsaldmsglanalaiiiuse e lulassatnauanals i enq

aa A v a A o o & o asa dl o I [ { a
TALAL 138 819 EPM ‘VN‘HL‘H@\‘I@’]ﬂﬂﬁN%ﬂu‘ﬂZL"ﬂ’ﬂﬂVﬂﬂ{]ﬂ?H’]VI[51’1LL‘M%QWMﬁ%@JLL@tLﬂ@ﬂ’]?

4 1
{

dl ddgl o o o % = o o dgj 1o o tdl
FIRNAIWNWIANUU ﬂ\iuu'ﬂﬁlﬁ"\Lﬁ")sluﬂ'W‘J"Lﬂjfﬂll‘ﬂ’ﬂ\i‘il@\‘}ﬂWN:ﬁﬂU@ﬁ‘ﬂu'ﬂ%ﬂUﬂ?‘N’]mwuﬁtﬂV}

a

= 1 |

Hogluanaldluanareesng
nrnnisldnugiulunisnamdunaniusilaesialilaveludae 0.5-3.0
dl A dgl 1 o a o 1 aasa =2 o

phr tneifsunaun liarauet iustinuari Bunniresansfaiedliizen sonneanRyeseens

gUFiasns enulunisnananuisnBandn e1sdlulus (Ebonite) Nazifusiasldinuyii

Fn10ugandn 25 phr usluilaqiivgpanunssnlfilaaunnlinanafinuisntinunusneuds

L WaAlnIAAU (Polypropylene: PP)

%

Tuszuuniseegtfaaianzdu niadenaaseai nruldivanagtluuus

ara

meﬂugﬂﬁ 2.2 faﬂﬂgﬂ%t,ﬁud’wmiﬁ@uimm@Lﬁmhuv?uﬁm@uﬂsﬁ”@wmn (Monosulfidic)

ladaWan (Disulfidic) visa waddanan (Polysulfidic) A& Awanslugilyn 2.2 Tnaazaiuasiiy

U

dnsndauaasninsiuseBuinuazatinuesanssadelisenld wu vinldszuund

o [ 1

Anziululunaminvzaddnmdouresinsiuseansiogaljisege nnsmenuanedou

1
= 1

Tnnjfiaziiauuunaddanan ezt lfifiaziaonnianegugs Hamimdng auimas

3

i
al

v
WATH UATANNUNIUGENIIET (Fatigue resistance) MR wansyULNNgALgLEdIsvILNNg

Asgtluuuting (Conventional vulcanization; CV) usissuuniAuziuaiaanin o visad

dnsaauresinnziuseatsiaalire1nvzeuea il lfimn Ansduwsldan s

Ufisennannsnliifnetiuaanuiszuinamegll (Sulfur donor accelerator) szULlNNI@aN
a al

vdulunjasiiunuuneuedananseladaian Bansruunisasgilisn ssuunisag

suunnlse@nEnw (Efficient vulcanization; EV) uddngnsiiasgilfiogszun EV azliiaiis
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=

denauazraNimdanadn liawinanaasglfiaaszun CV usanamsglfasszun BV Nlfad
ANNNUNIUABANNEAUNANINTELL CV HIBIANNNANIUNUEZLRY C-S (~279 kJ/mol) |

ANGINIINAIUAUBZABY S-S (~206 kJ/mol) AstiuasasualiiuszuuuNauadaAny

o

v v ' o a ara dgl o Y a [ % & =
F’VJ’W?\Iﬁ“ﬂui@ﬁﬂQ’]WMﬁZLLUUWﬂWﬁ@V\Iﬁﬂ UBNANWIZUY BV f9aana lNanA esienetinng

= a

[ % [ % . dl oI 1 dl IS
W@esluaIn1InAdam (Compression set) NAING (TmﬂLaqumqmuﬂqu ) WATHAIN

U a

% ' dl dl a v !
FIUNIUABNITIARNANTININDAL mgﬂmumﬂﬂim AN

VL

Sx
S S, Sy

1 2 3 4 5 6
sun 2.2 Iﬁim’éwmiﬁnfammqmemj (1) deauadanan (2) ladalmn (3) wedadawan

e x>3 (4) analiniugiu (5) Tasea31auuung (6) maflnasa (Thiol) (Weins, 2550)

d‘l v I IS4 1 4 b % ! o
Lu@\‘mfmmimgﬂmmwu CV uaz EV ANNUUARLAULALURADLLANFAINNU

11 AsiuAsEsyuunsasgluuuflszAnsnan (Semi-efficient vulcanization; Semi-EV) @93

o

dnsndanaesBuinninsiudeasfiadeljfizeagszndng 2 szuy Tnearlaniive

Aananaaasiia 2 sz

ﬁmmﬁm:ﬁum:miﬁqLi'aﬂf]ﬁ?mﬁﬁﬂuﬁl%ﬁlmmumimgﬂLLuum"m I
HusissialuilAe

-szuy OV flanldnnuzdudszunn 1.5-2.5 phr uazldansiaisalizen
1l7za10d 0.5-1.0 phr

- 32uu Semi-EV Hanldiinsiutlseunns 0.5-1.2 phr - waglda19saigg
Unfsentlszanns 1.5-2.5 phr

- svuy EV Hanldiuzdudsznnn 0-0.2 phr Lmﬂ%mmﬁquf‘qﬂﬁﬁ?mﬂzﬁmﬁ

aungn linuziueanin lusendnanisasgllssnnns 2.5-3.5 phr
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222 szuunisasguseidadaanlas (Peroxide vulcanization)

1% o s dl YN Y o :j Qid o 1
ﬁ“éﬁ‘i.l'i.lﬂ’]ﬁ‘ﬁ\‘igﬂﬂ’)ﬂLﬂ'ﬂﬁ"ﬂ@ﬂi"ﬁﬁLﬂuﬁ‘z‘i_l‘i_m@WNW?GT‘I]i@ﬂUE]’]\WNV]NWHﬁZﬁ

U

v
IS4

wazldfliuszdluluans witlesainseuunufiuugendisruunisaglioanius fulas

b

o o

a9z lARaniREINawazantFREwadanfeandtanenlaaannisasgfoananydu

v 1
J b4

oy g 6 o A o o va ] &
UANITNLLLLA L‘ﬂ‘ﬂﬁ‘“ﬂ‘ﬂﬂvlfﬁﬂﬂ\‘iLﬂu@qﬁ‘mﬁ\mﬂ‘ﬂuﬂ’]\‘]ﬂuﬁlﬁ"]ﬂ ‘Vl’ﬂﬁll‘ﬂq‘ﬂ’&ﬁ‘ﬁ‘ﬂ ABDNTTUUEEILLRS

¥

@ o 1% d’jd o v '8 R a A dl =
n9fiuine Aaawmpiassinliinisasgtdaeidefaanladasiionldluntsasgtlananlus

= [

Wusze (11 EPM, EVA, CPE %78 Q wlufiu) visasnsndlnuseeluluianamiuiniyiniiy (i

]
A o

HNBR waz EPDM) duiuenalaauauy o nliuszgasdenldszuunisnsgfoaiinedu
v dd‘sj a a [ % o‘d‘ v v a a a o o

andulunsiinfiesnisuaadunansiusiinuannsbeulfis wardiAnisdagludsnisnads

Al Tneansned 2.2 lauseunaudendeldunesnisasglsaascuuilaiaanlas

a o o o
Llr';“f;lllmﬁl‘]_lm_lﬁ‘ﬁ_lllﬂ'\NZﬂu

A919% 2.2 nsufeumsudeanuazdadalunisasglfasscunilefeanlafiFamneuny

FLUVNNNZOU (W69, 2550)

¥ (4 [ 4 2 =) (-4 [ -4
mammszumﬂma@n‘lsﬁm mamﬂmmizumﬂ'as'a'an"lsm

1a I 1 o A dl A
- lifiannsuguaesansiail - dmnnzAunisldasgiananldeannia
a dl = dl v o ' P
- gnebdiianisulasud tasennzenala e Feudwionanslunisonamaninien
fulaiuwas UV - Aannsaaiadavadiladaanlasnnli
- annsnlfuledeanlaflunisasgilsan (Co- Aannsdnanalduasiuianasns danali

vulcanization)  $eMINNENNAUNARLNDFINA  BNUAANITADNANIN

dl P a asa o a a dl P o
ﬂlﬂﬂ\?’]ﬂ ] - Lﬂﬂﬂ{‘]ﬂﬁ‘ﬁﬂﬂU@W?LﬂNﬁuﬂ@uiﬁﬂqﬂVﬂ
e = o [ % o Y a aaa ¥ = -dl 1 =] o

- @N‘Ul}’lﬂ’]?mﬂgﬂﬁ@\m%‘ﬂ@’ﬂ@ﬁ]’] Iﬁmﬂﬂ{]ﬂﬁ‘ﬂ’]“ﬂ’]ﬂLﬂﬂﬂ%iNW\iﬂ?Z@Qﬂ

CNUNUFARNITIRANANINLLRIRIN A NE AU

WanlefeanlaAgnnseAuaInWAIIBANLUEN 111 LWAILAR AINNEAUITE

o

waa UV ulefeanladaziinnisaanadananeilueyyadassinanananinuszgoslu

v a 1 a a dl a d” U o aaa o =
Iﬁﬁ‘\?@‘i’]ﬂiNL@Q@U’]\‘ﬂjuﬁ bIU FNNETTHTNE fméaﬂ@@mwmmu%vl,ﬂmeﬂgmmnumw

Aaumbsiusziiaiueyyadaszeanedined (Polymer radical) Tailaeiyadasz109ne-

a

awaf 2 sanndisenfuilfinanismenyaneresi el
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Burnudefeanlafnuuztinlildinaz v 2.5 phr uadaulnnazldle
Bunanaeuineties (< 1 phr) weznisidideseenlamlEunnmnninuldasdenaliened
o [~3 al o A 1 a dd‘ v
Anwouzudinsauuargoy@aaniiinistiangu uaslfyuiarsadnidunanassliann

UfAsenmnAsaEn s

dl al IS & dl % IS IS o
Watinlinnnaentefaanlad a1easginliaziiAinistingn o qaan

v

N84 (Elongation at break) luanseAIAununIusausang (Tensile strength) azgeaiu

aulivqaniliuazazBuanas Tnaguuginldlunisasgidsulnnjagszudns 160-190 aapn-

v
& o R o a

= 1 P33 g o v n:ll ¥ IS a
LHRLTEIA 'ﬂﬂ’]ﬂiﬂﬂ[ﬁﬁﬂﬂﬂ\ﬂ%ﬂﬂ“ﬁuﬂﬂlﬂﬂLﬂ'ﬂ’iﬂ'ﬂﬂi”'ﬁﬁ'ﬂﬂﬂ'}ﬁl Immqmgﬂmim:ummﬂ@ﬂ

v

JUMAININABALAZANNTEARD D) AATIAFIAIUFATH AN AAATIZITU

223  szUUNITATUAIETENSAUN

UBNAINITUUNAN 7] PRgnld 2 sruy A sruLNINTIULAY I LU RS

o

& oo o A | o o = A aa
‘ﬂ‘ﬂﬂvlfﬁm ?;I\‘]Nﬂ’]ﬁ‘mgﬂﬂ’]\‘lmfmﬁ‘z‘j_l‘]_lﬂu °'] b ﬂq?ﬁ\‘]gﬂﬂqq@Qﬂ?g‘UU?\‘]@Lﬂuﬁ‘zuumﬂ’]ﬂ?\iﬁw

o

HNANUES 1w FAunuNn Tnadlegnensiad Tuanavessnsazuansialiiauya (Radicals)

a a

LALAzNI IAAANI T NUNLULANSURU-ANTUAW N e R AR A NIADaTFaAI N AU

L3
a

= a P e a P p o a o & o o
NﬂquU?@‘V]ﬁ@QLW?qgiﬂJN@q?LﬂN@usLﬂL@@ﬂu VLNN@W?LﬂNMﬂm\‘ISLuN@Gmmm WNNTAUTU

u

nnanangnsniisaTudsuena linienisunmel

224 msmg‘ﬂﬁfmﬂwﬁssumaﬁqmzuungm%’aﬁ‘laﬁ

Tuanudsees Kim  wazAne (Kim et al., 1994), Figueiredo LaTANLY
(Figueiredo et al, 2009) uar Wang ua Hsieh (2010) liAnwnsldngniianlas

o

(Glutaraldehyde) Wugns@ana9191e9ned lawaanagas (Poly(vinyl alcohol); PVA) N

1ﬁwa§Lu@'?ﬁigm’ﬁzﬁmu“ﬁl,%qn@qﬁ”u wAtellfineseeudnnganfanlasgnifiduansiden
9979 luEn98TERAUN I Johns wazAME (Johns et al., 2012) MiAnmnslingansas
lagfsaniuinenssssutniduriawenluiloszdinats (medium ammonia latex) 7 0.47%
TngannnsnEnudsziuTe s T E NI kazAEIUAs Us AR LRI
JIErUalalb TR mgmﬁ?@ﬁiaﬁt,l,mwudmmu“ﬁﬁj\mm:qqﬁzﬁmLﬁ@i"ﬁﬁ”qmﬁu 30 NARART $ANML

nsldngnnFantaddinduiesas 10 Tnaifsunns dsunn 12 8a8ans Inanszuaunis
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pananldauunilunnsdaniludin 45 asaimaiiaa wazainnisiiAszisamALle

I8 1

aunasaaninsainlinetiudulnsaienasenvsssuanfdanlud wudnlsu i

a 1

YRILNFITNTVRANALUULATARY 1662 cm ARAY WALNANATUNAAILALLAIAAY 1652

a

-1 dl o 1 dll = a . dl a aaa =
cm gafustumisiaraaureeluRa)il (secondary amine) nAnanURTaaU (ene
= a

reaction) 28UNWNU-1,5-lnaAAULALENY (pentane-1,5-diylidenediamine) Nidunananh

o A

1Handgizenveuentiiiaiungnifanlas waziinn aimen1919AUE198ITNTR A

o

dffseuandlugdn 2.3 uanainidsiudunisianussidanaawinanimaaauaay

AunIuAan1ILINned lUANa AL UTULAZN1IATIRADLNUSLITONTI NN AR DU

Flory-Rehner
i i
H/C\/\/C\H + INHy ——» NH/\/\/\NH
Glutaraldehyde Amonia Pentane-1,5-diylidenediamine
H4C H,C

R W o o

NHZ NN +
Pentane-1,5-diylidenediamine Natural Rubber

Ene Reaction

—

H,C HsC NH

H4C H4C NH
Crosslinked Rubber Molecule
=] o '8 ay o 1 ana al .
E‘IJ‘VI 2.3 ﬂ@1ﬂﬂqiq@miwﬁmmm\iﬁﬁmqmmm@mmmimmuﬂgmm@u (Ene Rection)

(Johns et al., 2012)
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Johns 1Az Nakason (2012) eRWLANTRAMINNAWATANTRATIA NG UB

L% 1 o 1

o dl v Y d’ja/
g95aAn N LA daenssuaun1stiasligannidn (A

a

VPINNUNIUA DI ~4 MPa) aslé
UFulgeantiflaanissisaniiunefinaiaanlafuuusiaun (Interpenetrating  Polymer

s 1 a o a a v o &
Networks) Taeinnsiuaufszudneanssssugmanuned latiawaanegadingld nganianlas
UATTANIINNLINNTUAUALNGEIINTR AL NDA I RAaLeanaaaandanda1s 90/10
WUINGINTANANTFTINALEDG 1.5 11 Wazn1nuaufsiadndat 50/50 4NN170LAN

ANTRATINATANINTUDS 4 Winsn wWasuiussuun lungunad hilauaanagas
2.3 waalualslddu (Polymerization) (331090, 2555)

a o =R aa dl o £ ' o a a‘d‘ =
wedwe sty uuneDe dan1snaznn Wineuame fmuudune aes Tal
NsuaNNaueLNe FUANIENU TN (Initiator) nAaariuuazealdfanans (Medium) vise
o O dl v % 4‘ ac a % 1 v aa d a
fFannazae@y o) wandin e GEnamedwelaaduuiveantdidly 4 35Ae (1) wodwe-
lswfunuutad (Bulk  polymerization) (2)  waalue baiafuuuud1sazane (Solution
polymerization) (3) WOALND LT T UL UADS (Suspension polymerization) WA (4) Wa-
awaladunuuddadi (Emulsion polymerization) 1138013919 4 357 nnsdaATziingng

fenlEn1rdaarinuuadatunadie bawmd
231 waawalsigduwuuiiam (Bulk polymerization)

naaa s tuluLtaAluRan I wa AN ls T UN A N N AUALNAS T UAN TN

dfisenlagsrainnisldsianansisesiainazaeau Aniuasldifadoyusasnisuanne-

a

a rd‘ v o A o O o v v a rd‘d a g
Z\]LN@?VI1®@@ﬂ"’Q’]ﬂl?]flﬂ@’]\‘iﬁﬁ“ﬂﬂ‘ﬂﬂ@’]ﬂﬁl’ﬂﬂqﬂzﬂ’]ﬂ LL@%‘V]WI‘Mi@‘W@@LN@?‘WNQQ’]NU?@‘V]T&Q

q u

e v

sl a o o a I dl aaa o a a
wsiRpnmanedwme larduuuuiasidedavanasznis Ae Wedffenaniullazifinmay
y S - » 0z < 4 oo 4
Seuinay Wwesaniunisnedwme laaduuunladldsanawizesdainazansivedon lunig

! 4 dl a dl a o al dgj ! Y a
dhemenNteu uazilaianinfeuutaswinueuawesllilunedimefinuaudinaliiin
A untaNNTY Winasnauaisludgisen et duldlfen nandusinlfiiinseaing
Tuananutlsdsu lesandannuausendnanisinljisaninauduntan o uazned-

[ % o

W SAAATINNAS I mmﬂﬁﬁ?mﬁmmﬂ%mmq (Crosslink) Fatinsnaadine bawmduias

[ o o a

acdalk ay o o Y a a o a o
’Jﬁu@ﬁlﬂ]‘ﬂ@’]ﬂ@‘ﬂﬂx‘i‘ﬂlﬁlﬁ‘qﬂ’]?W@@LN@i?LGﬁﬂJu VIWIMLﬂﬂﬂ’]?‘W@@LN@i?Lsﬁ‘ﬂuLﬂuWﬂ@LﬂJ@?LWﬂﬂ
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o

C e e = = o ! o A v vy X
40-60 % wWinilu Mietlinanzlifoyunaadunisonamaniaussnnanauiuiaiinefiu o
AIUARBNITEANANINURINDALNET (Degraded polymer) wazn1silasud (Discolor) 184

wadawes aaaavistTynnaaiuminanaseanedmainlfainnisdanszt

232 waalNalsimiuwuuaIsacane (Solution polymerization)

o

& dl . Y = P
zwLum@fmﬂfymmmnumimﬂmmma@uu@zﬁfymLimmwuumm

o o

al dql a o ad e K o a o A dg/u
LWN‘LIusLuﬂWﬁ‘W'E]@LN@i?Léﬁ‘ﬁutﬁﬂQﬁU@ﬂ QN ﬂV]'\ﬂWﬁ‘W’ﬂZ\]LN@%‘L%?]LLLLUU%]ZW?@:Z@’]EILL’M

NaRLNA ST ULLUANTATANY WAALNASNINATUANAaLANtviTaana liazaa ludanazans

dl A ! a ey ¥ 1 o ©° a -~ =
714 waznndmedweinliluazatalusaiiazae wedmeifazannzne uluamed
Ufisenatusielyd witinnindmedweinliavaelusiainazans nedweifarianiuy

] [~3 aal a o/ o Y a % I o O tdl v
duaaman 'ﬂEﬂQi’iﬂﬁl’]ﬁd ')ﬁ‘W@Z\]LM@i?LsﬁﬁuLLUU@W?Z\Iz@WHHQN?J'ﬂLZQ‘F_IVLﬂLLﬂ Favnazane L

%

= aa = 1 o aaa 1 o 1 a o
NNTTIATLLNI NN 1@1‘1’\] mmuqammmzmﬂgmm |y anflufasuanwadinaiaanann

o

o k4 a rdl 1 3 10 4
INIACAE (‘M’]ﬂ[ﬁl@\‘iﬂ’]ﬁ‘W‘ﬂ@LN@?W@ﬂjlugﬂﬂ@ﬂﬂqﬁ‘@z@’]ﬂﬂiNﬂqLﬂulﬂ‘ﬂ\‘lLLEIﬂ‘ﬂ@ﬂiLI’])

1
=

HANART AR TNMTIn IanaLeAA WesainniaiaL]isen radical transfer-to-solvent 1u

FYUINNNINDALND LT L8

233 WaalNalsimiuLLLLLIUaas (Suspension polymerization)

waawa lsirfunuuuiuaaeidudsnisnedwwalairfuuuunliveuaiuaf

o a0 v 09’ 1 rdgj ] o dl A e‘dl )
nszarelusanans (Undldun) wineuameiiasliavanalusmnanesnld sauawasngnin
Minszanadazetlugluesaaneuaiuad (Individual droplet) I9HauIAEBHIBANENANS
1lse04 0.01-0.5 wuAAg Mansdaalunisuaauass (Suspensing agent) Wiadaaldiven
e | = A QI aaa a -dl % o
nauanaiatluaniuzuacuaes uarinisliansGuliiuialinfazaelfluneueiwes

a o aal d”di/ v A % o aca 1 = o %
wodwwa larfilanRde lfuraunanatlsznishe miinisasuaulisandued1enazialil

4
a

anslulfisenegluaniuzaeanataunseivdugalisen nistramannngeutloymun
1% IS

@ v =< v a A a <o ! Ao a o v ow
aNatl ﬂ\‘lLLNQWN@N@G]NVLW’WNV’YﬂNﬂifﬁmﬁuﬂﬂﬂﬁqﬂ?mmm’m%ﬂﬂ@LN@l?LsﬁmuLLUUU@ﬂﬂ

Y& o

N uinanda HAgilANLEgEgendnsianeama leurdunuudsiadu uazuinldn

a

dusanans azyWuauawaiuannszanadunaas ldfidymiizasman anuiduieie

AK Il Dandifasinisuanwadinadaanansanatawanni b ldenn astnglsinin 35019
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a - Ny A A o~ P o o 9 &
W@@LN@1?TLLUH@W?@Z@WEN“H@L@ﬂu’mﬂ?xﬂ'\?ﬂﬂ Nﬂf];lﬂqLﬂﬂ".]ﬂllﬂ']?ﬂﬂQﬂuiﬂJIﬂﬂﬂﬁﬂﬂuﬂ-

wafanAaiuluganan o 289N faUf RN TennueaneuaiNefiiaN99INFA LAY

[ |

Az liiansul fisenwtiaaniin ludeausnaesdjisewnue aneuaina fusdaiuidaly

0%

Aatloymgeennmezansuljisendanacuazneanenewmeindusafdsasnawnnean s

a v

an wazludwganievesdiven veaneuamediauwdaiundnasiianissansaiuls

1o o ] asa :xj asa IS = o ¥
uwAd uiugaanang ) 1esdfireniiu ansludiseniiannumasuavivileatiunans inli
weanauamedinian1sdudaiulide uansenisiveaneue e NN TULAIRzwAN

= o’/J =S o % = ansna 1 o o
NITANE[NAN @zum\imLﬂummumimumﬂuﬂgmm@mq@:ummq
2.3.4 WaALND ST T UL UL N AT (Emulsion polymerization)

a o a o o aal a rdl %
W'ﬂ@LN@i?LGﬁ‘ﬁuLLUUﬂN@‘ﬁuLﬂu’)ﬁﬂ'ﬁW'ﬂ@LN@iiﬁWﬂiZﬂ@Uﬂ’)ﬂZﬁﬁ‘@ﬁLﬂu 4
a A o a 09’ dl ' A P A
TUA AR HAUBLNDT FINAN (ﬂﬂmﬂum) ‘Vm‘ﬂu‘ﬂLZ‘J@?LN@3@’18‘1)1?@@3@’181@1&@8N’]ﬂ a7

waniflusansliinialumad (Micelle-generator) esinitluanswan Surface-active colloid

'
aa

electrolyte waraT3ENUNATENaRANara e A luAINANY (WAnsineannanedmelefuuy

'
a o [%

wauaeNaNssINUf e avaneliluneuaines) dmfunimmedimelefuuudladul

'
g =

pdaiuNInedNe lsfutuuaauaesnsenansinl et lwanuzaeamansausfiuay

!
v o 1% =

Ufisendugn nedwe laadunuudiaduifen udiunldidymienisdiamannubeu

k%

29N WATUINANITFATENGATAIUNANV2IAT96114 7] MRnnnzangniesiazliidymiies

o o a

o/ e dl aaa o dl ¥ v dl
NM37INATTANDUNTATRINDUR Lmﬂ@mmwﬂgmmmmm Lu‘lﬂiﬂ bIRE 7 LL@S‘H@iﬂLLﬁJ‘HUVI

[ %

AAtyraswadNa larduluLdatu A aunsnndAanadwWeintminanagelsiniely

2LEILINAFUTIALEY B9l UEIIBINITEIUATILFUNNA LT AN ABINIINA ALNATAN NN

'
cal A

Tuanage daflunadmaindanantiBacutiavgun uazn1sNauIsaNannaa LN LA

neluszazinandusadaidunan luwinsansiununisuanson

v o oA

agslsfimunadmalamduwuuddaduilia@aagnanatsenisiduni Aa

v v
) v o

Tudugaiinaaesljisaazlinedinaineyluaniuzaesiinene (Latex) AsiumIngiednis
a dl” a cY o 1 IS ! a g
wedweilugiaeailenedinesfou (Bukk form) anfusesinisuaniendiutesnedines
dlza-e:l a r:: [ d” a ra}a d” do” o
aen ddsnsuannedmefiulideanell yenantnedwmeiniiatueadnminluana

gauniiuly Sedia@eiianautlataanisinansiidudatiuanan (Modifier) aslugms
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! 1 dyo/ | Y a dll QI I a A A a rall ogl
AVUNAN Lme?umn@WmmﬂmmL?@\m@u Jaldeantszn17Ae WARLNATNULNAANAINUN
A A dl 1 1 a o o 1 1 1
gn9aziidauRatluaaagnsnanibdldneaiuas (Non-polymer) Faagnaiti a1941 (Soap

derivatives)

24 nsNAlANAALNASTEUINNENNETTNTNAN U NaNauaLNas

1 %

ANFITNTNANANUALAUNANLTENTIEY AINEANE Y N19NTTLAINIZ AU

|
[ 1 o

naatleamniu iusiu uiillasainlaseaiieresenvsssua AR ua g vin lilinuniuse
AINN3RY (Heat resistance) warn1sufjizeneendiadis (Oxidation reaction) ¢899 1TV AN
Ingaasailulalnsandueu (Hydrocarbon) inldildNdaasdanaliienagssuans linuniuse
Psukavdaniazatanliidn awdunisardaaeuianlunisldaiuenaassnani fesiunng
o v as = td} v
ALl sTATNa5192098198 99NN AALTIUE NI LI N IUNTT8 8D LILAANIT LE91UENS
a dl ] = [ 3 v a o a o
87701015 e uniniaaLtslasaaiiasngassugRlagnisnianelalngaiudu
(Hydrogenation rubber) ¥izaensanan ks (Epoxide rubber) wAanuiaiaidunlanmanis
MnrFlanedineiszninaeearsnaninulalianauaiuad (Vinyl monomer) 1w azA3la-
TWlnsd (Acrylonitrile)  (Manaila et al, 2014) lawfiaszfiluedia azAsian
(Dimethylaminogethyl acrylate; DMAEA) Toiunaaziluiedia wuniedian
(Dimethylaminoethyl methacrylate; DMAEMA) (Ren et al., 2011) #1531 (Styrene; S)
(Kreua-ongarjnukool et al., 2012) WAaLNIATLAN (Methylmethacrylate; MMA) (Nakason
et al., 2003) ludiu Tnansinlisanssndnasssnafuazianadimaianunsofinle 2
o dl A aaa a " . aca v o
sUuuy pagin 2.4 AeUNTeuLLIAN (Addition reaction) uardfizannisduiuesnan

laTnsiau (H-abstraction reaction) TnelfAzeanisianiliiinniegoy@anusee w

UfisennisduiveznenlalasaudinsiinuazeluliEana (Manaila et al., 2014)
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(a) Addition H-abstraction (b)
A 4
CHs
0 L /
H R
and
and
R CHz
Wv‘/\></*/\"’"‘ :
L[]

With loss of double bonds With keeping the double bonds

ﬂ' o a aaa 1 a o a g a aaa
5119 2.4 @ﬂ‘i:fmxﬂ’]’a‘mmﬂ{]ﬂﬁ‘ﬂ’]ﬁ‘%ﬂ%’]\iﬂ’]\‘iﬁﬁ‘ﬁ‘msﬁ’]Mﬂ‘]_IIﬂW‘ﬂ@LN‘ﬂﬁ‘ (a) ﬂ’]ﬁ‘Lﬂﬂﬂ{]ﬂﬁ‘ﬂ’]

u

LWULLAN (Addition) waz (b) Nafindfjisenduivezmnanlalagiau (H-abstraction) (Manaila

et al., 2014)

v
a o aAa

Tregnuddeiiliannaulanazdivdgantifaaseesssnaalaanians we

FotnaualuasNuANANTY lHasaINNauaIe fLANA1AY d1unsnlfulssantiRaagang

a o

899NTA LA LANFANNAY ATt luaNudssRRdulaNa AN AN T RUR9198 77N RN TN A A8

a a a le Y a = le 2%
NARLUAALNNIATLAN LNETINTVRANNIVNAFINARALFATY WAZHNNEIINTIVRANN TN G 8
UAUBLNDTUANTENINA I TUA LN AR LN ATLAY

241 nNALANARLNASTEUINLNETTNTNANLNARLNAALNNIATLAN

ANFLEFUNNTINAIANARLNDTTL NI NEITNTNFAUNAR LN N ALUNATLAY

¢£I s e a =£I v = a a o
LﬂuLLu"JVlW\iﬁuﬂﬁluﬂq?ﬂ?ﬂﬂ@\‘i@ﬂﬂﬁﬂlﬂ\‘iﬂ’]\?ﬁﬁ“?mﬁqm Gﬁﬂiﬁmiqﬂﬂqu@ﬂﬁﬂﬁﬂﬁ]ﬁ‘ﬂi‘:ﬁ‘i_l’luﬂ"l'i

HARGIUAT A.A. 1964 faanatingdadunefine laedu TnentsldiasEujiseuuussuy
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%

. - ~ o . o -~ . o
36end (Redox initiator) tasanifluszuunansndunsziliinguugiinn antaduides
= 09/ 1 o aaa 1 [~3 a e rdl Y o 1
annsdeanInaedtinenglussudenieindisen edaglafinan szuiddendnldiuey)
Wialifatnanasziiu §9 Kochthongrasamee WazAME (Kochthongrasamee et al., 2006)
MdiuAnmnisuBeumeaunisiaGEndiisenszuisfend 3 svuu lHun Aodulalasiled
61 o aa = a aa a e 1 o
aanlaAgauiunnIziaRauNUNINY (CHP/TEPA) mantiionalalnsulaiaanlafsouiu
LARTZLENAULNUNINY (tert-BuHP/TEPA) wazinunaidasidafdannsondulananlale
dane (K,S,04/Na,S,0,) lunswisaunsmslanedinaizeanedimiiamnicsianuuitiana
a 1 dla = I8 61 o aa =
2898198990918 wudnszuuAciulalasidefeanladionduinnssiefaumunidg
(CHP/TEPA) lwsdsGuiffsenarWidsz@nsannisinansvslanedineigagn tneld
51704 0.5 phr Wiz ngamn 50°C uwazyindiseiuim 8 dalus se9a3nAaszLf
WEwmees-0afalalasdeseanlafsauiunnssiaRauinunii (tert-BuHP/TEPA) LAz
seuuileaidaan i nunadanlasiamnduiulannanlsladamn  (K,S,0,/Na,S,0,)
AINATAL wanaInlgaseudnlfizenaviiafiuiinuicreseuniaene tnanalnnig
Aadfisevuuaneldevsssuaimnadunalnuuuasezaanlalngiau (H-abstraction)
wanslugiln 2.5 (a) uay a?“mgmﬁwmﬁqgﬂﬁ 2.5 (b) wams lAAuanEuen1sN I NG ATDS
NOALNAANNIATIANLUBUNIATBIENNETINTR

Tnavinllan9ssrnaALaziRanAsandaneniz A lddntw aalad

.

a

=2 o ¥ o % o a a
nnsAnIN1sUFulgsAnaunsn lunisdiniulfasanaseiuwiiainiasian ey
Usz@naninluniana e Ine Lee uazaniy (Lee et al., 2002)tneldszunBuaudfizen
WULTAENT  CHP/TEPA waz tert-BUuHP/TEPA  sanfulafiafilawmaniuiem (Vinyl  neo-
decanoate; VneoD) @alfifluansiiuilgenisuanszndnaunasneiumiammiazian wudn

dl v ] 2 a a & 1 dl a
92UL CHP/TEPA 711 VneoD $qu Mitlsz@nanannisnaansigendn 1iegann VneoD HAN
ANAINNIDIUNNIAzAN (Solubility parameter) Bgj3¥NINIANUBUNATIEINNSITHTN AL
wianATan Asiuieianisnandlanedinaiazinlidouluianaes VneoD 0
wihadauasiiuaudiniuls (Compatibilizer)  Tearunsnilfuilgstsz@nsnannig
sl

UBNAINT Kalkornsurapranee wazAndy (Kalkornsurapranee et al., 2009)

ANHIANINUDIUNENUAININITATINAFIUNAALNNALNNIATIAN WLINILNUAIEU
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& = = d’l 1 = Yo |
m:mumiﬂm%lm:ummmem\‘magwmﬂu@mqmn NudarAnuilunga-Ang (pH)

TN EAAAIARIN LAANINLAD TN NUAINTZLIUNITNI TN AL

H H
HzN\/N’\_/g’\/N’\./NHz
hydrophilic component of

redox initiator

hydrophobic component of & CH;
redox initiator

oxyl radical CHy

monomer

grafting__

_____

’
7 L S homopolymer
P == S, "N © 9 ol G 3 5 5 S i )
by, &
\grafted polymer -// \

(b) el
5191 2.5 dnmnznsfadjiiensnswireseanesssuAnamsdaanediiamnAiian
Tnel#nszuaunisnadlanedimelsdunuissend (a) nalnniafiadjisen  waz (b)
ANHUENINEUFIUINYI Ve85 INTIANI N AR anedLualunIATIanN

(Kochthongrasamee et al., 2006)

289 13AA N I1911N 19 18198 TP NT AN TN B A NARLNAALNNIATLAY

g

Tnel Nakason uazAnLy (Nakason et al, 2006) liAns ngAnssunisian luduazaniis

)}

V09ENBIININFNINF R e R R a TN A aN T amludfoaszuuiiuzdulnfnguun
120 B9ANIALTEE WUINIAINNTANBST (Scorch time) 18981489 INTANINFHeNaRLL-
AU ATANTAIANNTT 1 U7 NafiNsE AN NI WA aRARNN TN ANTREING &NLTR
F9ANN30U LALAINNEUNUADNNTLINNEE AT AT ANE WA s2eLE AAUINATIANA

Tanai lidenndaariy Kalkornsurapranee LazAnle (Kalkornsurapranee et al., 2009) T4
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a o !

WUINNTNIINANAR NN ALNNATLAN UG TNTNRANTAT149U 30/70 danalHaNITRIT
v a dl dl v a Y a
porssaulugtiuuguuginisidenaats (T,)  Alannisdiasnziiioamaiia TGA
= . A o aal Mo o L -
wasulilagasnnilamauiuassssuain il liiinisaaudstuana nanane aunsoiy
a dll dg/ a ° Qd‘ [
qruuAnIsd@enaais (T,) auainibnilszunn 30°C Iaaaesssuanmn iaaudsluana
LATHNNEITNTNANIINAAYE WaRINTIALNNIATIANAINAIH U HNTIAaNAANe (T,)

WL 360 Az 391 °C ANAIAL LA INBALNTALMNIAsIanInsFasuuaraldTuLana

2819 anuytaslaviraanainuliandaluaaldaesessssugnfas danaliinnsdenaais

desanaafenialionni wiethdlsfiauannidanguresenefanasduiu ded
Tutanazeanediniiaiuniasianuuanaldenesssnanm Ingnwudiguunieednns
Wasuulasaniuzadneuio (T,) mmmqmwmﬁﬁiﬁﬁmLLﬂi‘Em@q@mewﬁiwmﬁ
naFEneneAmRiammAaniaauann -63 1y -50 asAsadas aus iy Teuadi i

ADAARRNILNATEINNTLATENTUNAABLTNYATA (Elongation at break) NAAAY
242 mMeNNALANDRLNDSTTNINNENETTNTRNLUND AR LAT U

arnsiluedugiuresenesssngmni lienalaneaistinnguinnnziaz
i ldinfuiannsesiuusanszunn usaeassnTANANALART BegLFdne Wesann

Tassavanaldiaonutinueju (Flexible) waszldiiusuidauninliirAuenaa (Modulus) #n

' a ol v , s . 4 = = ' =
nineadmaindlassassnasanaldluanaudanis (Rigid) vsadimnuiilusyidauatiunn ag
Hn1stanedwefduarririndun N AnaN TR WiAUe198991T R 11W neda LTy

(Polystyrene; PS) ilesaindasnuieuseuazannuafagengumniidies imszila T, ag

a q

1J32110U 105°C wANAAA FTUNANNILTIZNNN A9TRNNTUNLNETINTINFRUNA AR LT U

Fapudetlsznavaaiunisindanraswafiaiusaralannsanni 1991918914098 T

WAt (2547) IBANH RN UERd 11294 AT UAREN989INT IR LA TN IR F N

'
Y oaoaa

apanateuaelEfs Gl duinunadanleidann uas

o

Ufisen Mauuuuansa

'
v aa = I'g

5
a & ¢ I aaa o o
HUUTARND 1’ﬂ[§]'§ﬁ‘L?Nﬂ{]ﬂ?ﬂ’]Lﬂu tert-BuHP/TEPA Tmﬂmmmimumu@Lummm

o a

dfmsenanslanedima lagdunuinuiseyninesineendemaiingdadunediue Lo
=] 1 a '8 a al o a o %
annsAnEnudInsmilanedineiresnedalisuiuawassuaRannInduns e tilne

nszuaunidiadunedime ldulusuuund (Batch emulsion polymerization) T35 63

Ufisens 2 wuy M liiAanianadduesneda lsisuuuenesssuanflflaaldmatia FT-IR
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Tun193reilaead1e uaznsAnnin s Bulfisensesesazn1slaauulai

NARATUT (%Conversion) Warlse@NENINNIINING (%Grafting efficiency, %GE) Wl

'
o aa

nsdanszilae A3 EuUgiseuuuunndafaainuteuliisesarnintlasuudlandu
a o I ! 1o P asa a e ¥ o1 a2 a g A ! 1%
HARAWIIgeNIT uiF BT wULTAend liFUss@nsnimniana s ngendnaennded

AUNATAY Arayapranee WAy Rempel (2008) %qﬁﬂmﬁmgm?mmmemu"ﬁ@ﬂmmm

a

N NFIANA AN AT LN NATINTNFAUNDAA 15U TINUINENNETINTIANANNITN A Gl

u

NARA LFTUN ANTRLTINARNTU ATANNNUABLINAILALANNNUNIUFABLINANTNAAAAILND

WNLBR e RA 1Y A0 NANE A ARTBSEILA AN ITNIANTY

243 n1sng ﬁTﬂW’ﬂaLN’ﬂg‘iﬁﬁ’ﬁﬁﬁﬂﬂdﬁi‘ﬁ‘uﬁﬂaﬁuu’ﬂuﬂLN’ﬂ%‘NﬂN‘JSM’ﬁ’]\‘]ﬂiﬂ?u

NLLNNALNNIAZLAN

Kreua-ongarjnukool WazAme (Kreua-ongarjnukool et al., 2012) l@nans

a

nefenasssngfldsAuandua larunasiniaiuniaAsian (DPNR-g-S/MMA) Wan13

UFutleanti@niafunszunn dnisdaipazifoeizsdadunedmelsadu laal
CHP/TEPA L‘fluﬁﬁﬁuﬂfﬁ?m DPNR-g-S/MMA 71l ANl fudpeantimnisiunszunng
iesanndanuudeunsesianisnszunn (Impact strength) yaalANeF e SIfisd L uii
DPNR-g-S/MMA nusianaafeniiguumndl 165 °C waznufiasasinlalaidmdunan 2 1
Lﬁ'@Li_l?fﬂuL‘ﬁﬂuﬁuLLm'u@m?‘ammimmu@mmm‘iuwudﬂmmmlﬁ”ﬁLLm'u DPNR-g-S/MMA
wnulinazfaaniBuiunislfuiiammieiianldandoadiaenndeiueuidages
Arayapranee WazAMLE (Arayapranee ef al., 2004) flENnnsAnsnsuanedlalianae-
136 (Poly(vinyl chloride; PVC) fiuanasssnansmnsnsfoanausineiuanseudnead lasuiu
WAALNNIATLAN (NR-g-P(S-co-MMA) Lﬁ@ﬂ§uﬂ§ﬂﬂQWN%uW1uﬁiﬂLLNﬂ?::LLV]ﬂIﬂEIﬂ’]?

o

fupmsiuuvadatunedwalsirdunuuuund (Batch emulsion polymerization) Tagiuia

o a a

2B9LN5ITNENRATYNIARALFUNOUBINASHANTT U A lETuA LN AaINNIATIAN 1At

v A a rdgj 1 v a v [ val o a a s
IAsegsqunuilasnteslaned e stavdqs e nagssngmdinduldadunealvianaalssd
wazaNFEanadR (Dynamic mechanical properties) kaadlHiiuIned lniianaslsmiin

IHATunedwefuansendnea lFauiunedwiiamnipsianiag lug s ssuafnsvsfbos

i(

NAUBNATNANTZUINNA lFTUR LTIl ATIaN
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unh 3
a191a3 ginsol wazdEnnsIae
3.1 f9uANT M luu3AY

3.1.1 thensduntiauenTaifiags (High ammonia concentrated latex; HA
Latex) gnstuiana C.H, Hisunnuileansuiiailszanm 60% nvinidunedwed uanlag
azuziiengdiu Anin Usznelng

-

312 ngm1¥antas (Glutaraldehyde;  GA) gasluiana C,H,0, 1ilu

4
a a 6 1 = 6 O v dl dl dl a oI a .

ansuvistiuyuaanlas Nuiniiduasiienaoneeenann) e Wantng Lobachemie
szinAdung

3.1.3 nuzdu (Sulfur) gastatanaiiu S, Hanwuziiuns@many vinutiag

r . o . o - - o

duansdenaansdaslunisasglanslussuuiuzduine s suimsuaniifaess 199zl
9 o a 2 a . .
Wmﬁ‘::‘i_l‘]_lﬂ@jmmmim namlag Siam chemicals Co., Ltd Uszinalne

3.1.4 wonTutianlansanlas (28-30% Ammonium hydroxide) gnstuiana
NH,OH wwiinluiana 35.04 g/mol ldiwatlfuiBunmuuantuile (NH,) Tutinang iamin
dffseniunganiantadlinaduaisdensoneluaialdnedined wanlaeg J.T. Baker
UszinAauigaLasng

3.1.5 wialuniAzian (Methyl methacrylate, MMA) gmslsiana C,H,0,
ANLEANBU TN 99.0% HifluneuainailuniswzanaesssuafnaWdianed e s
namlae Sigma-Aldrich Chemie Ussineiaasnil

3.1.6 @leizu (Styrene, S) gmsluiana C,H, ANLBANTLszN0s 99.0% 14
WunauaweflunsimsananeassuanmnsWiAlanaaiues nanlna Sigma-Aldrich Chemie
seineeasuil

a a

3.1.7 wmefines-Uana lalaslefeanlds (tert-Butyl hydroperoxide, tert-

BuHP) gm3luiana C,H,,0, Bwinluiana 90.12 g/mol vinutiiilusdsGudjisamaniu

NINIMNFRNNETNTI AN LNEURINDF6N 7] HARTAY Sigma-Aldrich Chemie UszinAiasuil
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3.1.8 WRTZONAUINUATHY (Tetrasthylenepentamine, TEPA) gnstuians
CyH,oN, ﬁqm’hﬁLﬂuﬁﬁﬁlmﬂﬁ'ﬁ?m@'c}ﬂum?m’]wﬁmqmimflﬁﬁumu@mea%ﬁm | NAR
Imel Sigma-Aldrich Chemie szinALeasail

3.1.9 nInae3A (Lauric acid) gmsluiana C,,H,,0, 1innufisaniy KOH
delnRndulnunaidunaein (Potassium laurate (K-laurate); C,,H,,K0,) Wivmiingiiu
anaifiuAEREsIesne st lane A e wanlan Permata Hijau Group
szinadulailide

3.1.10 Twunadanlansanlas (Potassium hydroxide, KOH) 95% g3
Tuiana KOH infeniunsnasiaifielfifaidulnunaidanaeisn (Potassium laurate;
C,,H,5KO,) Wmihiduasfisansaiosenitenanzinmnmdlanedes wan
Imer UNID UsemAniua s

3.1.11 WlnaidanaLses (Petroleum ether) gnsluiana C.H,,0 Viiteuans
fasinazanalunisainensassuaaflidifianisnsmdaanainnsnslanediues nanlne
Fisher Scientific UszinAa1ama1ndnang

3.1.12 a@lnu (Acetone) gmsluiana C,H.O Wieiflusarinazanelunig
afpnaATam A ani liiRnnnnsmFaanannsnslanediues wanlng Zen Point
szindlne

3.1.13 Wi 1afia AlAU (Methyl ethyl ketone, MEK) grsluiana C,H,0 14
ugnsfavnazanelunsataneaalsimuildifianisnsmdaanannnamlanediues uam
Tne Ajax Finechem UseinAnadLnnag

3.1.14 Tngau (Toluene) gnstuiana C,H,CH, Futiiiduanmageunay
Fnunnusanisuanialusainazaneliilds nanlng  Fisher Scientific UstinAgnanT
AN0UNANT

3.1.15 Gefaanlds (Zinc oxide, ZnO) gAsluLaNA ZnO AINEANANNIE
5.5 ﬁmﬁﬁﬁlﬂum@ﬂ@xﬁu (Activator) HanmauetiluaRaaziden IEaNuEUNI1FLmTeNE N
53301 AY AR luffe UL NTW

3.1.16 FeAladafialalslan1funiun (Zinc dibutyldithiocarbamate, ZDBC)

ANHNENANNIE 1.2 Hutiniiluansi39 (Accelerator) nsinal)izann1sAaglaesens

f99u AT AR L AaeIsz L LRI T
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3.1.17 9Ramd wea (Wingstay L) AANNaeawnig 1.1 Jansroesidung
A A a o oy o 4 ~ a o o
AzREAAATN NN RA7TRINRNNTRENENINHBIANNaaNT LAl (Antioxidant) Taanii

Tl enafans@angans)

3.2 aUnsaiuasiAsaslianbdluanulas

3.2.1 gaUfjnenl (Reactor) Usznausiquifjnsniauin 2000 AadamnInsan
11 5 Aa gaAduulY gaauAEANT lulnsian i lfinanFeu wsasnaundanluwaman
wadlufined wazenaunfen lluntsdumseidjiseansddlanedineloiadu

dautlsznausing - 1esgatlgnsnluanadsgiin 3.1

gAAIUWIY

]
ASRINIY

HAAALINT
Tulasiau

NS Ren

' &
NI

517 3.1 gaginsninnsdanzinsmilanedme oty

3.2.2 gagUnsnininisarindaniiidn (Soxhlet extractor) Usznaufagimn

a

uanliiAnNTeu 1anunan gaanauuudeniian 1lunsainesssnafnastaluned-

rtﬂl 1 a ansa c a '8 1 1 o ¢ﬂl
Lum“w"l,ummﬂgm‘mmimﬁwm'aﬂmnmﬁwm“lﬂwmLum‘ dqudsznausig o uanasagly

a

3.2
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° ¥
ALaLaE I BAAIUWUY

AIANUNA A

wrlwaaasdan

51U 3.2 gaginsnlarinfnesininazane

3.2.3 gaginsnimagauifsuinuwanTaite (Alkalinity Test) dsznaufion a9a
ity (Flask) Ininef (Beaker) la1sm (Burette) iliila (Pipette) wyiusiuan (Magnetic
bar) W lunsndiunnwenTudla luanesssuanfuazanansnmlanediue s

3.2.4 1pa0edd (Balance) ¥ lunsdeansiaiinaziaetine  sznevudng
ATeea 2 Atk 71 Pioneer Namlngl Ohaus 1seinAanigelaang LATIASRITY 4 Fumids
U AB 204 nanlne Mettler Teledo UsvinAgnaitaiiaus

3.2.5 §ALBINNAZAY (Hot air oven) TUIAAIINA 53 ARs NARLAL Memmert
Uszmaasuil Wlun1sdaniludensassnaivazanansnmianedinefuaz 4 lunns
NARAUNITLNLIN (Aging)

3.2.6 LA3035AANNMLN (Thickness gauge) ANNAZIBEA 0.01 NaALNAT 14
lunsinAsmneesdunuiesniinagey wanlae Mitutoyo ﬂizmm‘jﬂu

3.2.7 m’?}mmmmumqmﬁq (Hardness tester) LL11 Shore durometer ;ju P
TC 408 M Tun1mageuANudaedfie e amIuuIA 1§11 ASTM D2240 type A el

\fu Shore A /33171 3.3
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5% 3.3 iAzeamaasLANLD

328 LAARINARALAINNEIUNIURBLIIAS (Tensile Tester) §1 5900 14
Extensometer lunnsimszeziin wsanllsunsunagausiaagng Bluehil 3 wamlag Instron
UTTINARNTFRLNTN me’l,ugﬂﬁ 34 (a) MlunismageuaniRaNiIunIuABLIIAY
(Tensile properties) LazANLHAINNAIAL Lﬁmmmmﬁq (Tension set) AMNNIATFIU ASTM

D412 MTudantinamagauuil Die D uandlugili 3.4 (o)

(b)
'ASTMD-412-D, UL-62-D
100 :
| 33— r
¢ - it
. .
.

51U 3.4 (a) ATV AFALAMNATUNIUABLIAY (D) ANHUZUBITUNAGDUANLARNH

NMTF1U ASTM D412 %l Die D

3.2.9m‘wMfaumuﬁﬁmiﬁuﬁwﬁﬂmiﬂm (Compression  set) AN
Y
N1MTF1U ASTM D395 Method B TALYINIUA NN TUTEUIN LN ULAAN N ANUU 0.6

IURANAT WARIAaTL 3.5
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5% 3.5 IATasilannaguaNtANITAUALUAINIINARINNINTFIU ASTM D395 Method B

3.210 NABIRANIIAUBLANATBULLUABINIU (Transmission  Electron
Microscope, TEM) §u JEM-2010 w@nlae JOEL dUszmeiitju M lunisdinssiansy

ADUFIUINENUDIN LN WA ZNTINF LANDALNDS

99

= g

3.2.11 m’?@ﬁl,mqw“llmm’éwmqLm'jﬁf;ﬂl,mﬁﬂvjl,immmmw'a'?u
Aunsenginingainil (Fourier transform infrared spectrometer; FT-IR) AENATA ATR-
FTIR $1 Tensor 207 Wanlagl Bruker Uszinelensudl wizufetlagnsienaietnd
1&annnnsanadeniidnlioneasuuuyiu e ldiaeaauluges 4000-500 cm™ dunuSUIL
64 ﬂ%\i

3212 ATedilAInzilasaasennaAl Eaainaliafia e A s uuniuAns -
Truuudanineain (Nuclear magnetic resonance spectrometer; NMR) 1fialisnan
("H-NMR) $% Varian unity Inova ANLE 500 MHz Waensfuns mestrec23 Tunnsilssunana

3.2.13 m?l@ﬁLmﬁ:ﬁfqmugﬁmimmfﬁTQLﬁ@w’mmm”@@u

(Thermogravimetric analyzer, TGA) §1 TGA 7 u@nlael Perkin Elmer UseinAanigalsizn,
3.3 98n197]8

3.3.1. ﬁmﬂmm's:msm?ﬂuﬁﬁmqﬁs%‘umam%ngm%‘aﬁ‘laﬁﬁ]umﬂ%aumﬁmﬂ

ANUALTING

1 |
=

= = o’j a A o & A
NNIANHINIEIINTIN B IINTN AN MinganFan lamiiluansimanaanalu
=2 -dl ndl d} d} v v A Aa dlddl
nsAnEaniIanIszimuizanlunismana e lilianifidinanangn tae
o =K ] al % 1 o a ' al
NNIANENIAN1ZFN <] TunsisiTe i Bunaeanganian las tsunnnesianiuie

nnasmasudeianualuingns wazquungilunisdanlud uasnaaeuaniidana tHun
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ANNFINTUNNUABLIIAN ST8EiA 1 9AT1A ANLTY AINASAILEEIAINIINAY ATNAURY

PRINTTNA LAZAMNUUNLUUIRINUEZITANTIN

3.3.1.1. %w%wmmﬂ?mmmmngm%’aﬁ‘laﬁ (GA) ARENUALTING

YRILNNETTNENAIR A L1

o oy v = 09, 1
NN UNINAZ AL TN ke N THe TN e taanisun e NN auana i

1
ol

¥iheng (Alkalinity) FNNNIMTFIU ASTM D-1076-02 @fmummﬂm@mmmiﬂ NAUIulNg

o

(I 0.25, 0.33, 0.50 war 1 s temndfAseniuueniude 1 Tua fefilarnnmagen

'
ol Yy v v

d195iu Tnelfasazanangnnfanlasniaannidiniuiesay 12 Inadsnans anntiui

1
cal o i

A13ATAIANYAITAR LARN AU BN LA N HANTUUNEINEIINTR ANTUNIY

b2

dansazang iiiiluiamannu wdomansazanan e mluwuwuwmemﬂlmﬂuumumq A1

1
o

e AN E AN TIaNs BusUsaT e frunniiias (Pot life) Lmeiﬂfaummmm 50 a4AN-
aadea Wunan 24 49709 auduusuesuiuaziUaeunduadtiima TuEuea R g
AANANNLULANN FadluTusiagne anniintusatienlaldnegauiiaAdneaniifnig

e ISP
ﬂ']ilﬂ’]WLL@Zﬁ’&N‘]J[ﬁW]’W\?LﬂN[}‘]@Ilﬂ

3.3.1.2. answarasdFuiuwanlaile (NH,) Tutieneneantifdeng

YAILANEFTTNTIIRIN m"l,wn

wiseninensdunulsFanuentuideluinenadubesas 0.6, 0.7, 0.8, 0.9

waz 1.0 Tnesinundn wandunganianlafaoudiniubenas 12 lnaiiuing Inadifunn
o dld o dl :/J v 491 a o

2194 NgeNFanlad (GA) NRAwLluaNwmNIzan antunauansazaieiifluiiamaniu

LL%QLV]N’]?@%@’mﬁi ﬂ\‘isLuLL‘Ll‘]_IWN‘WLWﬂﬂu?ﬂlﬁLﬂuLLNuﬂ’N @ULQ@’]L‘W@ﬂﬂH’] LQ@’]‘V]'&’]?L?N

1
o o =

wmnummm YN (Pot life) LL@QMWiﬂ@UW@MMﬂN 50 aeALtaLTea 1unan 24 ‘?]'JTSN

awfunduguinazaeududiinaa TudueneTuiudaeenannuunin sadudu

Fnaging antuiNdusfad N A lUnaga U ANHIANITANINNILA N LA L AN LT ANI9LAR
sialil
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3.3.1.3. ansnarasdSurnaasndanannaluiinang (total solid
content) LFNAUADRNLALNNETTNINRIRAT L UE

v
[

el e9T LA w2 RN e wiaieuna Tutneg e Buduiluianay 40,

=

50 waz 60 Taainuiin NREuMwenTae e sunnzannaniunganfan lafaay

dindusanay 12 InaiBuins InadiBunaesnganianlas (GA) MRAwulnanmunza

anunauansazata iiduianan iy wdamansazatai tdaglunuunusine w19l

u

. o A = = A o o o A Y , 9 o i~
LNUEIN AULIAUNDANEIIRINANTLTHIUAINUNGUNNUDI (Pot life) LL@QHWiﬂ@U‘W

a

gruud 50 avAmaitaa Wunan 24 4alue auiuuiugauisazlaswiudtina i

1 dl ¥ % a 6 o/ Q’J o 1 :j o le o/ 1 dl v dl
WAL LA NANNULLANA AnLduTusag mﬂuummumam\mimiﬂmmmmLw'a

AN aNTBN NN N LATaNTEn1aeisall

3.3.1.4. angwarasguu)ilunisian ludsasuiRe19ass NI RIA-
A b

v
o

al 091 v dl [~3 091 =
LFIFE NN 1N LU FUTH BT 9NN A TULN a9 A 2L TN e N TN LT

WUt NN ZANHANTUNAANTAR las A ddndugasay 12 TnaiFuims TnadiFunn

u

&

o a dld o dl :}I £ d” = o
2194ngA13aaLas (GA) NHAuauTnaNIzan adntunauasazas liiduiliehaaiu
v dl % a u‘d‘ d” % 1 o dl =8 dl QI
wdamansazaneliaslunuunaiinedugd liiduuiuens AunatveAneaInas e

o o o nll a Yy . a o o‘all a % 1
Jusaiunguuniiias (Pot life) Inanilsgrungalunisdam ludngiunasng y 18un 40,
50, 60, 70 WAY 80 AvANTAYA 1waan 24 Falue aululdususiaLazilasadug
09/ o 1 dl £ v a & o/ ng o 1 3// o Qy o 1 dl v
TR ULNUL NN LARRNANLLLANA faLdudusaasing aintiutindusaasten sl

NAFAUINDANHANLTANNNLAWLAZENT AN 9LARFa L

3.3.2 ANMIEN1IENITLATENUNNNESTNTENANGIN ﬁﬁQﬂTﬂW@gLNﬂ%

v
AT NN1749ATI U195 3N T ANI N AN AN A AL NNATLAN (NR-g-
PMMA) Tagld8mandauszidng e1aiuiatun1azan (NR/MMA) winiu 95/5, 90/10 was
80/20 wardaAsnzdengassudmns nsneaslesu lnalddmnsdauszuang ana/alesu

WINAU 90/10 LATEN9a2INTNANIINANAAR beiFudaNAUNAa NN IATLan tnelddmnandou
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FYUIN 89/2 IFTWANRALNNATAN WinAu 90/5/5 1E3an13daanviinuLaatunaainals-

s © al -8

wdu TneldfasiEndgisewuizaend vinn1studulaseadraniaaifoamaiiny Fes-

u

nauanainannealnl warlamasfunnuinslouuudanninealnl alinlusmou uas
NARaUAUIIUINYAENARI9aNITAUBLANATAULLLFR 961 aniuidenaanaens
sssuaninasllanedineiloelingan-Sailadduaindonans lnanaseuanimdna
Bun panudnuniuseussis szasiin o qae1m Arunds pruasiaiiesannusia panw
AuFMAInIINg LazANILLILT T Us NN WATNARBLGUNNNNNTAAEIF

A 9
ANRINAITHNTEU

3321, n15NSINALINESTNINRAAANDALNAALNNIASLANTAe LT

v o s @ y
ngasan lantluansiiantang

FITENUNE1959TNT AN N AN e AN AaLNNATAN (NR-g-PMMA)  Tnelld

o

ARINFIUILNIN BNNEIINTF/ANAALNNIATLAN (NR/MMA) Winfu 95/5, 90/10 LAz 80/20

I
o o a v aa A o

Tnadvmssiuuudiadunedwa lowrdi tnelddsGudgisauuizdend Inaldasniing

v
o o

A = o g
A171NN 3.1 Iﬂﬂll‘ﬂumﬂuﬂq?'&\‘]Lﬂ?qzﬁﬂ\‘]m@iﬂu

A91991 3.1 GRTLATENTNENEITNTIANI VAN ALUAAINNIATLANERINEIUIENTINT 819/

WHAANNIATANINAL 90/10

o

#15LAN (Chemicals) dnunuAe (Dry weight)

a

ma‘muﬁL'ﬁmﬂwﬁ@ﬂﬁmdﬂﬁﬁ?muﬁﬂ (Main reactor)

60% HA Latex 90 g*

85% TEPA 1.0 phr

20% K-Laurate 1.5 phr

Yindu U5u1# %TSC winriu 40

aslaRANaslun1auztlan (Feeding funnel)

MMA monomer 10 g*
70% tert-BuHP 1.0 phr

*ARAIUADY LI/NAUALNDT WAL 95/5, 90/10 waz 80/20
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TduAaUNN49LATILITN N8I NI AN TN AN AR LUNALNNVATLAN LeiTeiN L6

as a o o a o a ¢ o OD ¥ A v 09/ nl/ 4‘ 4
IneRsnnradadunefme lsduuuiEsend Inanisiitignediuun@eansfaainauieli

aaa

vihenssssuganiiidennaudia 40 wWefidus ldadldlundietneninguugi 50°C

AR NLARTZIe T AL UAL Ty (TEPA) uay Inungiieuantsn (K-Laurate) T91/30104

a

A170ARLAAITUAN7197 3.1 NAUALAIINLFY 120 7aUsadWIN TN TuIwnan 30 Wi

aniuAes | neawiiaunIATan  (MMA) uaz weiimesiahialalasidadeanlas (ter-
BuHP) wieanfuaslilundiergnsnl Ineldanluntsven 30 un udadaeslilinsen
mfusieltifunat 2 dalue melfussenmalulasian anuuteiendldmadiuam
wzide (Petri dish) Usesiliifmaranastinaeenilundan wlaiinldeuliiudilg GINTEFY
60°C iluwnan 24 m‘lﬁm waatNNanawLLdaniian (Soxhlet extraction) ‘Emﬂmﬂmm%ﬁ' 1
e lnudusaniazans ﬁ@qmunﬁ 80°C 1luiaan 24 dalus iilearianediiiammiesian

a

difindfiseneen annafn 2 Inalddinnaen 8iaes Wudavinarais Nguungi 80°C
i dl o K

WWwnan 24 daTuaiduny ivaadaaeassnafdoun ladinanisnsvdaan Taaniiunn
thwinneunazudInsaiannaiunati lluesiduslsc&@nsnmnisnawe (%Grafting

efficiency, %GE) Aaudndluannsf 3.1

- - . WminanenaAlANea e TURIATA
%1se@NaNINNINIING = T ——— %100 (3.1)
tmingananslanedinednanann

ug/l 1 o 1 all A o B P4 dl A o
@']ﬂuuLLlI\erJﬂEI'NVILﬁﬂﬂﬂqﬂﬂqﬁ‘@ﬂﬁiﬂﬁLﬂiq:ﬁ/ﬁﬂ‘i\?ﬁﬁ‘qx‘]LW@HHEILLT]']?
nEAemALA H NMR uae FT-IR LAY Lazanesssut1mnsnaAawaaluialun1AsLan

(NR-g-PMMA) NdRa1d91 NRIMMA L 95/5 uae 80/20 AilmsaaidulAaiuiudnadan

NRMMA #1750 90/10 §afingnalBudadinadiu anniusntingnansnsmedmfiawmissiant

b

szAUNIINIINFFNe p N linegdineldngmnianladiduansdenaasineldaniae
wHNzaNnlFanndae 3.3.1 uaztnunERaNuazNAaaUANTRTINaLa AN TRITIAING Y
i il
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4 a v a = a a a
3.3.2.2 n19n9 N IFIEI’Nﬁ%“a‘N‘ﬁ’]ﬂﬂ?ﬂWﬂ’&ﬂllﬂiuLL@%W’ﬂ@LN‘VI’&LN‘VI’]ﬂ‘J‘-

1 o s 63| =
wanlagldngesantaniiluasidanans

SRENTees TR AN TN A e a1 (NR-g-PS) lne/lfemsndau env/aln
31 (NR/S) WinfL 90/10 WaeN9a3sNT1anT NANeRd LasusauA LA amNIATAaN (NR-g-
P(S-co-MMA) Taaldamsndan 19/ lmasu/mAamn1ATLan (NRIS/MMA) Winfu 90/5/5
AR LgasRannIeT 3.2 Ine s st wAeafude 3.3.2 Tnalaaunauaiaes
Tuglam uavalsmusniumiismmesian wasluduneunisasalalunediuesfiliiin
9NN LGN R AR an taw (MEK) ’LummﬁmmamiﬁﬁuﬁiﬂLﬁmﬂﬁﬁ?ﬁm@@ﬂ antiuinly
Funu L AN N WA NI FFIANNNET 3.1 antiuuiiafaetiaimAsa nnsa el
Fiareilansairafietiugunisnsndiaamaiia H-NMR  wag FTIR aniutintingns
nawilanedwesfuandeiu uwinliinegdneldngansailadidusindauaanslonld
dnnsimunzaniiliannda 3.3.1 wasthuAtauLasnAdeUaNTRIEINA LA ANLTAIT

ANNEausalyl

=] = a 'S 1 a o = = a
A199N 3.2 @j[ﬁlﬁ‘m??;lllﬂﬁ"]wlFﬁ:ﬂ‘W‘ﬂ@LN@??%MQ’]\‘IH’]\‘]ﬁ??N‘ﬁ’]ﬁlﬂU@iﬁ]?uLLﬂzﬂiﬁl?u/LNVI@LN-

NIATLAN

&15LAA (Chemicals) UNUU NI (Dry weight)

anspinFAnaslundierjnsalilfisewdn (Main reactor)

60% HA Latex 90 g

85% TEPA 1.0 phr

20% K-Laurate 1.5 phr

finngu UFU1H %TSC winriu 40

asaRTANaslun1auztlen (Feeding funnel)

Monomer (S; SIMMA) 109,59/59g

70% tert-BuHP 1.0 phr
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s [ y o [ o
3.3.3 maFauiiauszuungeiastaniluasidanaanenussuuiiuzou

a a oY a A ! dl dl 1%
TN NNEITNINALAZL NN TN A TANe A LN e TSN ] NETRNTINAE

szuungenantas nlfanda 3.3.1 uaz 3.3.2 WhaunauiuaniRaesssnganiann lud-

B r UL N TUINETINANAATUAAIAIFTGT 3.3

A15199 3.3 grsened i lunnadamn ludlussuuinued (Blackley, 1997)

@vuisznayu Sunauuuuiia (phr) vnndnuuuiilan (9)
60% HA Latex 100 167
10% KOH 0.30 3.00
20% K-Laurate 0.20 1.00
50% Sulfur 0.50 1.00
50% ZDBC 0.75 1.50
50% Zn0O 0.25 0.50
50% Antioxidant 0.50 1.00

Vulcanization at 120 °C, 24 h

3.3.4 NMSNARDUANLRAN )

PLHUAIAENENNEIINTNR LHUENNEIINTVIANITNANDALNAD NN ATLAN
WEIUEINNEINTNANIINAND AR LAY LALLNUN987TNTIANIINFNARA LATUIINA LN AL -

a

a all A v A & dl o o rdl =
NIATLAN Wl,mﬂ@ummmvl,amLﬂumimﬂmmq LL@xmmm@miqummu 50 adANL IS

a
'

Huinan 24 dalis wuBeuiiausuiRidnawazanifidnaateuiuuiug 1969
Wrnuesu e ldsruunisian lufuuntnfiniugmemand 3.3 Tneldgumnfilunieian-
ludi 120 aeAnzaidos unan 24 dalue TngAnulaseasranuaiifaemaiing e
nauanaduainealnl wariamasfunnuinslouuwdannnealnl alinlusmou uas
NARLAIIUINE FianAeeqanesABIANATEULLILARIHY LaTANEANTRITNA THun
ANHBNUNUFBUIIAN S8zEin DU AAT1A AYHUTS TR T SRR R PRI
PFINNINAAINAMI WU B L ZITaNTI uanageLgIMTin1saanEfaLias ALY

E4
TAU
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3.3.4.1 ANUAAMNAUNIUADBLFIAG (Tensile properties)

N1INARDLANURANFAIUNIWABLINAY (Tensile properties) NAABLAN
NMTFNU ASTM D412 TnelfiAsessinTiusnatinanaaauuly Die D wansAsgll 3.4 (b) Lie
Aaaunaaeuilugtanuaudairmuulidnmnumniagldwsesinaaunundnnanumm

PATUIU ANNTINNARBLANNAIUNUABLIAN T4l UuI9AUUIA 1000 5L NAINEI

1
=

N1354 500 HAALMATWIN IneA Nendanszazein 100, 300 uaz 500% AINNLATEANIAR
27 (Strain at break) wazszazdin i 911 (Elongation at break) Ineii1un19Llszanana

lNuganswag Bluehill 3

3.3.4.2 ANLIAAANNAIAILUBIANNLSIAG (Tension set)

1
o o A

zﬁummmmmmmmnLmﬁ\i (Tension set) mmmummmmﬁm ASTM

(2 '
o A

D412 TaaldiAsasnTusnatinanAgaLILLL Die V nuerasunie lAuudusiating Taaaadlu

i 2 1
| [ o A o o 1

1411197 10 Raatums antutiasnating AT UNAUT U 819189 ATAINAZALNITAY AN

v
(%

FuFnatinefmaANBEe 200 Raawums/ani 1idszastin 100 % A1918 10 W antiulaas)
FUINUAININ LY ZANNLNNAN LAANTUINUAANANLATAINAZAL A lALTUAY 10 wn
L. 4 y do wsy w2 Ao vy s
AaudnsrarmInnetanidagulilaredaiaanuiann lAiuutuenu Tunnandalfnan

AR aFIEuRAANe AL AsLu ae Tl muaNnIIA 3.2

L-Lg

%E = x100 (3.2)

Wa  E dluslesidusnisilasunilasaadnaiueng

o

] dl =K A a a
L 1192181199990 ATaauNNE VA AR A (HaaLNmT)

L, lusrezvinsaasiasasnananaunetin (Naawmms)
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3.3.4.3 dN1LANITAURAINAINITNA (Compression set)

N1INAABUANLANITAUAINAINIINA (Compression set) ATNNIATFIU
ASTM D395 Tusnetnamin 8.0:0.2 Aaawns laeldushundniial ”ﬂwmzﬁagﬂﬁ' 3.8 Ing
wimdnTifussndnausiundnilinanuun 0.6 wufisns ldfhetnassudnauumin naty
PBugarnldeufigrugd 70 esAnaaidoa  wiean 72 dalus udarineenunansd

grungitiadls 30 w udadnmnumunnlasuulashlinaAunilfiainaunism 3.3

fo-§

x100 (3.3)
to -t

A A A o o

Wa  C, AR NNIAUFINAINIINA
t, AB ANULN BNAUINTUINUFIBLNY
t, AB ANNUUNAATINETBITUITUALDEN

v
[

t AB ANNULITBIUINANTANTUIZMINIUHTUAN

3.3.4.4 ANTAAMNLDS (Hardness)

NNINAFALANLRANNLIN (Hardness) Imelld Durometer wiil Shore A AN
NIM9g1U ASTM D2240-04 FUNAFAUNANNNUILTZHIU 8 DaALNAT Iaen17na i duaas
wrrasnpaaudnianuaaelnanaen 11194 5 40 aeduiuauudaedsoedig

NPADL

3.3.4.5 msmiFaanisinzanraduiianaAsianuulnanatag

gesssuTAsawalayizasnsualasnailninsalnd (FTIR)

o a a rd‘ ! 14 1 ' a |

wnenesssnaAns s lanedmainsirad il masduuiululuuRuise
AMNITLTR (Petri dish) tllarnanesssuansuaznavdianedmeiinldiinljisaneen
AN A seilassaianiaaiifoamatiaysainsuanaiuaninnsalnt nsoadnlu

A% Attenuated total reflectance (ATR) 1419918 2AA 4000-500 cm™ LATATUIUATITRINT
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AUNY 128 ATY AMNTUAIUILARITIAINANNGIIBIALLINATN (Peak height ratio) NUARAINY
AUl (-C=0) NATUMUY 1732 cm ' WazANINEITaNaLiNATNEN9E9INTIANAILMLLAY

AR 835 cm TALIANUNUAIANNNIN 3.5
TMMA

Peak height ratio = (3.5)

NR

| 1 |
o

W Ty = ANHEIINANATUNAIUNASATARY 1732 cm

Tw = ANuNgeuesanlnpiunsuvadiasnau 835 cm”

3.3.4.6 MemMUTauIRLNRALNATIANLUINIANAUDIENETTNTR
pasnAatatalAfasuNniuRnstguuudatlnlnsalnil (Nuclear magnetic resonance
spectrometer; NMR) FuAlUsAau (1H-NMR)

vhenasssuanAnswalanedmeimsaen i vseuusiuluunRibe
AN (Petri dish) ﬂﬂﬂmﬁmmq:ﬁﬁmﬂﬁLLmﬂi’W\Im’TmWQaLuﬂ§ﬁ1ﬂLﬁmﬂﬁﬁ?ﬂﬂ@ﬂﬂ
At eilassaiann AR Baemalia S aeuuniuinisTsuuns aulninsalng
(Nuclear magnetic resonance spectrometer; NMR) gfiallsnan (‘H-NMR) azangsiaaging
Tusiannazane CDCI, Tnadtyeyruainnisasaadntlsngiadd ”mﬁﬁmmm 3.6 ppm
\uniyiumandiilsnan (Methoxy proton) I8INaRINAALNNIATIAN LAZAILALS 5.1 ppm oR
HuleaWinlismau (Olefinic proton) 1898198331115 LaeAudasazinalug (% mole
of PMMA) LaZsesasineiNTe N R TN AR AN (% weight of PMMA) Saaunnaf
3.6 WAy 3.7

1363
% mole of PMMA = ————=——x100 (3.6)

(I3.6/3)*15 1

C xM
% weight of PMMA = CWIAR P x100  (3.7)

(Cpmma*Mppma) H(CNRXMNR)

A a a al dl o 1
Wa 1, = duniniaiimaesldsnaunmumue 3.6 ppm
a a = ::ll o 1
I, =audinseiaresilsaaunsiumis 5.1 ppm
Couvn = 30tiazlneliuaaas PMMA Tunsnslanaaiuad

Cn = satazlnelnavesenssssnanmlunssdlanaainas
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Moy = W0tinT8LANA2R9 PMMA

M = 1N AN A Y898 ITHT

NR

[ a a
3.3.4.7 ﬂﬁiﬁli')@ﬂ’ﬂﬂﬂmﬁﬁu%ﬂﬂﬁﬁ')ﬂﬂﬁ’ﬂ\‘i'ﬂ@ﬂ‘iiﬁﬁ’ﬂL’&ﬂﬂﬁ’ﬂuLL‘U‘U

/R9HU (Transmission Electron Microscope, TEM)

wsensetelunNInIageudugAneNfaendesqanssAtBanmTau
uuudessinu taeideansiaedneliidaanandiaiiu 0.025% taetimin At luvenasuy
LNBANUNENBIULAY (Copper  grid) LLéifaﬂﬂvLﬂ@ms{umm%yuf-ﬁqmﬁm%m (Silica beads)
mmfuﬁf]”l,ﬂmmzﬁauﬁmggmﬁmmmmGTQ@?J'N%Q?Jﬂé“mf«g@mmﬁﬁLﬁﬂm@mmm’mmu

Taelin1a9a88 600 Win

a (4

3.34.8N159tATITNAUNNANITARILALLRIAINAITNT DY

u

(Thermogravimetric analysis)

6 a

wranFnat1alun1s ATz R N1danesaLiiaga nANtaulng 14

Kl a

Fnasing 4-9 Haansu luani1qzeandiau N6msn12luaredtng 100 NARAMNT/UIN T4

gONNRN1IMAGAL 60-700 °C 8RIININNYIUUYH 10 BIANTALTEA/LT

3.3.4.9 N153ATIERMIAMNLT WA lULN NS (Alkalinity in latex)

v
A9 uA N aadun B uinunadanlansan losise

= dl A % = 091 aaa [ d”
wanluile A lE lun1sfneAuatesnnaestinens Ineiasn1smasne i

a

ANTINNAY 200 Haaan? aaludninasuuim 500 Aaaang LALLHEN Non-ionic

stabilizer 11 Vulcastab LW lugtansazans 5% Iaesiiniin 1Fnnns 10 Ha8amns waanau

4

FEILATAINAULLLLAIMAN ANNUTRIANTNYNFa819NAa9N1INARAUNN I UL MIN LAY

Y
o o O v Y

5-10 AFN(FativminFnsAsaatanINuazidem 0.0001 N5u) wazueamiaisaadlyl 6 ven 16

A v A a A

o RPN A ~ cv s A o
UNUNNNNALNRADN LL@Q?‘U‘ﬂﬂ‘ﬂ’m‘UﬂLﬂ‘ﬂﬁ‘ﬁ'ﬂﬂﬂzauLHHNW@EI@LW‘ﬂﬂ’a\‘muﬂ’]‘j“itLMﬂ’ﬂ’ﬂ\‘l

a

1 |
= =

= 1 02/ v 1% nﬂl o ¥
LL@NINLHEIVI’PJ%IJIHH’]EI%? NWIBNNIUAELATAINTULL 7 Tuaneniana 1WLW?mﬂQﬂﬂ?®

v

I ! o & o = ad o d' =
Nﬁﬁlﬁ‘ﬂ’]u (ﬂ‘iﬁLﬂ@‘ﬂﬂﬁ“ﬂﬂﬁ‘ﬁ"ﬁ@ﬂ/ﬁﬂﬂ’?ﬁl?ﬂ’]u 0.1 UasNQ) wmqmﬂqmwmmuﬂ@ﬂmﬂm
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a =X

nal o K dl I :/j ] 2 =R a o !
THW wazutiunnFununsanlgsauslnadneanafauieantd AINININAGALILAAY

q Q q Q
v 1

Fnatinedn 2 AFY IINBANNNLNUENTRYNAN1IARaL Antiun A s luaNn9h 3.8

1.7 xN xV
% NH, in latex = T (3.8)

e N A2 WaTNNAR1e9ANIATANENIANINTT N
V Aa Bupsiulafansuesnsain g

A o” % [ o ' o’/
W A8 1ENITUNFuTe9FAa8191N 8N

3.3.4.10 N15ILATITRAMNUUILUUABINUEENI5LTANUINS (Crosslink

density)

N1INAGRUAMIMILLLTR s TN d aNaane e R N TuI AR g
21m 1x1 ArsnruRms Inedushetnadiannam 2.0 fadmns aniuiduanusaedig
wiluansazarsingauiumnan 72 dalus netufinuatiminduauieuuazndaudlu
Ansazanavg-au anidutinleud 50°C udadaiminaundndminlainauuudas ani

Tunnnminudatn lUAua i NaNnI15189 Flory-Rehner A9dun13 3.9

- |n(1 -vr)+vr+xv?
V= 1 (39)
Vs (V7-0.5V;)

eV AD AUMUILLILTeSWUEZITaNT9
V. Aa dadaulneiBunnsaeseneiuanea
v, Aa snnmnssaluanassianiazaie

X A8 AN RLAASURLIINNTENIAUIE NN LN A ZANE
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unN 4
NALAZIANTIRNANITNARD

9 3 & a oy o I
4.1, Nmmmiﬁnmﬂmq:ﬁmmmmmmmaﬁﬁummﬁ"li?ngmfa‘aﬁ'laﬁl,ﬂums
LEANUING

= ~ & ao sy o Ay el
NITANIANIVICNLNHICANURIUNLNNETTNTIAAR ﬂqiusﬁmrJﬂﬂ@Jm’]?@ @13@&]

o 1 dl o % Qdd‘ 1 o Yo
ANANLuag19NIn Lu'ﬂ\‘l'ﬂ’mLﬂuﬂﬁ‘ZUfJuﬂﬁﬁ‘ﬂ]@ﬂ’]VLu"]]ﬂfJEIQﬁVlslﬂﬁJLL@$‘V]'11®\1’]EI (Johns et

v
v o K

al., 2012) AetiuaafaaWm U aN1TRuee8199390 TR TaAn lud 1A aw daluanuddeil@Ane
adasing 7 lunrsdariludndenasaantiBniuaiuaznian naedeasssngis Laun

Usnnures nganianlasd dsnimureuenlandia luinene seudaionunlutiies uas

aale v o <
grun Al lunnsdannlud
4.1.1. nar8IlFUIUURINGANGAA LIARDANLFFNG ) 1BIENIRAT LU

AININUINENENUN (Johns et al,, 2012) An1sAneIn1sdaan tudens

= o

899N RGN ENgATaR laAwLdIaInna innaial fiseauscuandlugli 2.4 wansliiuiu
! o a & © aaa o = a dl aaa =
dnganFanlasinlfisenduwentaily Haduaadonsnns iwumu-1,5-ladanulaeiy

(Pentane-1,5-diylidenediamene) u&aas Ui Ufizandenaselua19assnans Aeriu

=2 e =

anandauszning nganian lamsauanluileaduiadudAnylunnsdneaniiminianiuas

2
a o a

nanInaedsesIsnEIAdant ludfoanganfantas lueuiddeaiiléiniinimaasslaaldin

! 1 v
anuen s tageanna Ui e TilaNuueundn 30 Hadans arniuuilsifsuamn

o

ganian basniauaulnau 0.25, 0.33, 0.50 waz 1 lua Inevindisenduuentuiiy 1

1
a

1 v v
Tua AT unen e lutinenaily 0.6% tasuimin uaunganfanlasninanudind

1
= a

12% Iaenfsnnms Bunnesudaianun luenadu 60% arntiutinlileunaamad 50 °C lu

3

AN 24 19189
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4.1.1.1 nar8IFUIULRINGANTAR LFAADTTEZIIRINITAIAIUDIEN

=2 o . = A
Tun19ANHNTLEZ108IN1TAIAUBIEINY (Pot life) gaifluscazioanans

= ~ o Mok | o = o =
Lﬂ@ﬂumﬂmmmm‘mi‘mmimiﬂ@pwmmmwwmmm TINANITNANRILAAIAIAITIN 4.1

wazgiln 4.1

AN5199 4.1 NATEILINNUIBINGANTAR LEABBITEZIOAINIIAIFAITBIENY

Property 0.25 0.33 0.50 1.0
Pot life (min) 20.23 15.28 12.67 8.17
25.00
20.23
20.00
15.28
c
-g 15.00 -~ 12.67
£
< 1000 - 8.17
o
5.00 -
0.00
0.25 0.33 0.50 1.00

GA contents (mol)

519 4.1 1a129TNNLRINGAN AR LERFRITHZIIAINNTAIARTRIENS

AMNANINT 4.1 WudEuaupasnganFaaladndanuan 1 Tua 1Hnanly
NFNAINIIAIFITBINAINGR wazaIngUT 4.1 wudiaanlunisdreseneluwnlinmag
dl o & QI dgl dl o Ly ay o A rogj a
\HatBununganian lafinay Wasainnisdan ludaesssuanfsoanganian bafiuio
] aaa = . A o e v o aaa o al a a o I8
H1ufjise18u (Ene reaction) Aenganianladidnluindjisandiuuenluilefinuaniue
W umu-1,5-lndanulaediu (pentane-1,5-diylidinediamine) a1niiugnsaananaidinly

nUie1@ena99szndeana g luianareeesssngif uinenluibawefiduansidae



42

Tun1s¥nmLafesnIn (Stabilizer) 10981819498 Fatiuasganalinanlun1smaesiilu

09/ d’j dl a o o a o‘QI 4”
?Jmmmmmmmqzgmul,mmqmuiummﬂqmmmimmem

4.1.1.2 uar8lFaMURINENTAR LaARaaNL RTINS

HaTeI BN UIRINgANFAR laRFeantTREINg lhun Ananaan 100, 300
WAz 500% ANLFAANAIUNIUALLIAS Wafidudszaziin os an11n  andRAINALH?

HA9ANNLIIAN ANHLEN LATANTAUEINAINITNA AILAASTURA1F197 4.2

AM5199 4.2 NATeTNNMIBINGANTAR LarFeaN RN,

properties 0.25 0.33 0.50 1.00

100% modulus (MPa) 0.62+0.03 0.71£0.05 0.86+0.06  1.22+0.05
300% modulus (MPa) 0.80+£0.08  0.91+0.11 1.10£0.10  1.43+0.07
500% modulus (MPa) 1.04£0.17  1.19+0.22 1.41+0.14  1.8720.10
Tensile strength (MPa)  2.47+0.65 2.75+0.54  3.61+0.39  7.78+0.76
Elongation at break (%) 739+60 756158 783142 888+18
Tension set (%) 17.17£0.29 16.33£0.58 14.50+0.50 9.50%0.71
Hardness (Shore A) 27 30 37 41

Compression set (%) 86.24+0.50 85.53+1.18 85.15+1.60 84.74+1.30
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0 == 100% Modulus

300% Modulus 1.87

N
(o))

| —g=500% Modulus _
7143

Modulus (MPa)
o
1

0.8
04 0.62
0.0 , , ,
0.25 0.33 0.50 1.00
GA contents (mol)
519 4.2 navesifinnningenian laddernenda
9
8 1 1.00
. N
6
© 0.50
o
z° /
?
g 4 -
n

3 /0.33
. N

1 0.25

0 200 400 600 800 1000
Strain (%)

517 4.3 PNANILETTNINANINAU-AHLATEATRINEIINTAdA AN ud ot nganTa s

rdl o a rdld o 1
lasdmlsunnaesnganian laanianuoniuasg o

AINNANTINAAE LUANTIN 4.2 NUdNanAaTiszaziin 100, 300 uaz 500%

nidsununganianlad 1 Tua Tirqenigaae 1.22£0.05, 1.43+0.07 uaz 1.87+0.10 MPa
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pnaAy Auanalugii 4.2 Weiatsanudoazwinlidiesauanluaseangaiian tas

o &, o % ) = a & o ) = PRy
LWN‘HU@QN@Iﬁﬂqqﬂmqumquﬂﬂu?\j ANLANHUL LL@Z@QWNE‘]f]quum@LL?Qﬁﬂ@JQ@’ﬂLNﬂﬁqu

6

2a3ngenian lasnianuininaresnganianlassenanluiowingu 1:1 Tua (1.00 Tua) i

ANAYTHA TN UGB LINPNAINGAINTL 7.7840.76 MPa uazseaiztin s qanna Wazeiings

1
= 1

NaAWiniL 888418 LHARAITIUINTINAINLAU-AINLATEALRINUINTUIIUAYN A D EN9E

a o Al eadao o AN e p | e
AIMTNLNAUED Tﬂﬂﬁﬂqm ﬂ@jmqﬁ‘@ﬂiaﬂm“@ququtmﬂﬂ@\‘]ﬂ@jmq?@ﬂiaﬁm@LL@NINLuﬂwnﬂu 1

]
a o

Tua Haonmtisaninngaduanalugdn 4.3 dethiliasainndnadousiuaulug 1:1

a

ngafantadatnisoindjiseiuuenluiiieiiaiy pentane-1,5-diylidenediamine

1 ]
= o = = ]

(Curing agent) HA1UIUNINNAA D94

q

auaWigenAfesiuanimTINasIg « Mgl

20
F
16 |
17.17
. 16.33
NP 14.50
B
w
C
S g
[72] -
& 9.50
|_
4
O T T T
0.25 0.33 0.50 1.00

GA contents (mol)

51N 4.4 ua19LBNUIBINGANTAR LEAFIDAINNAIALTEBIAINUIIAY
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50
41
o 37
< 30
530 2!
<
2 ) o
?
220
S
@©
I
10
O T T T
0.25 0.33 0.50 1,00
GA contents (mol)
519 4.5 nareiNnneINgaFan lafse ANl
100
80 ¢ ' —
2 86.24 85.53 85.15 84.74
%60
c
S
@
S 40 -
Q
£
3
20 -
O T T T
0.25 0.33 0.50 1.00

GA contents (mol)

519 4.6 naLRILBINUIBINGANTAR LEAFBNTAUFINAININATH

ANIUN 4.4 WUANANALALEBIANUIIAY (Tension set) NLBNUTEY

nganFan lasndanuaulna 1.00 lua danulasunlastisangawini 9.5040.71 % 814

dl = v a & dl o 2 o A el o ana o

WHasn1anitinningmian laduinign vinlingmianladilienialunisindfiseniu
A a = Py = = = a = o !

wenTudefaiuanndanaaalininign swasilanalunisifianis@ananneléige dina

WWAAMNATUNIUAaL A AsuLlatiasNgn LazNaN lAdanARaITUNANITANHIANNN
q



46

[

AR Uulua 1.00
4.

o o

<1 o A dI | dl v a
LWUNLATANUANITAURINAINITNA mwmwﬂ?mmmmﬂ@ummmim

=

Tualiianifnngn Aa 41 Shore A uAY 84.74+1.30 % AagLIN 4.5 waz 4.6 mNAAL Tns

o [ %

AMNLTsrasenalua linanasilaimnuenTulla ussuy uwinasesanifin1sAuAInaInIg

v 1
v o

neenlunAarfiacingldnanasTuat1 9t 1Ay A9l lunfTRAITUNENNTIUNIT AN

o

=KX v 1% a md‘ dl ' Y v &
AIFAANANAIAINANLABU ] MOANINIULQITINAU

4113 wA9LUFHINARINGANTAR bEAADATNUUILUUUDIN UGS

L ERNUING

TuN19AN A LRITTHNNLRINGATAR LaAFE AN IUILLLL IR LT TN
2019 INAANHINITANUINNTENIN94 e I URILN98INTE P Tnsudsineeingluansazaieing
A1 1luan 72 49Tug AL lBNA199A NN LU AIA UL IT AN AN WA AINARIANTINN 4.3

wazgiln 4.7

AN5199 4.3 NATEILTNNUNGANTAR LEAFE A NUL LTI LS TONTIN

Property 0.25 0.33 0.50 1.00

Crosslink density
1.1020.13  1.44+0.06 3.61+0.11 6.79+0.14

(><10’5g°mol/oc)
8.00

- 579
3

g

€ 600 -

5

x 361

~ 400 -

‘n

C

S 1.44

X 200 - 1.10 :

-

© 0.00 . . .

0.25 0.33 0.50 1.00

GA contents (mol)

& o A s \ o =
:J:ﬂ'Vl 4.7 N@‘ﬁ@ﬂlﬁ‘ﬂqmmﬂ\?ﬂ@jmq?@ﬂiaﬁm@ﬁqqmﬂuqLLuumﬂQWHﬁZLﬁ]@N‘ﬁqq\‘l



47

angil7 4.7 Ennuaeanganianlasndaiuauluaidu 1.00 Tua JAnu
WLUULLBIRUB LT NI 9QINAA LHAINIANNITTANTINTBINUEEANTLAUTTNINNAN
Tdua9egnInAuniliasazaneinldaanunanseninggns Muaae98998 g5 bHLatIE A

IAAANTTUINNDIUBIENIDEIA

o a

aulunnsdAnsuaresdnsdauszudnsauauluanesng mian las o

'
v 1 A o

evreauIuinaresuen iuseantFsie o 1ese1edanludannsnaglifidnndnedau

e al

U o o & 1 = 24 dl o &
szndneauaninaresnganiantaddeuanlute 1:1 WaniAnngs Inanalefidusireas

o [ % =

B8Rt AA21A WazNITARAINAINIINA L uANANaINgRsdauay | atielied ATy wel

928719aN TUNIIANFIANTIAR AINNFANUNIUABLINAIGINAR HATAIINAIFIFBUIIAIAINEN

U 9

1 v
< = 1 o a

a v 1 dl A a o &
LINNGALATH m’mmumummmmmiumqmwa;m LH@\‘I”‘\]’]HN‘IE“NWMT']@]ﬁlqﬁ‘@ﬁiﬂﬁm’m

a = v a & = Og/ o a o &
NN Iﬁ?;llluﬂ'}?LM?HN@’]?‘@%@’]HH@]MW?@ﬁiﬁiﬂ’ﬂgﬂuﬁLﬂquﬂﬂqﬂ ﬂ??L[}‘]Nﬂ@JF‘]’]?@ﬂIﬁﬂNWﬂ

v

= o v al < :/J oD v ' % A o o 9 a
UM IR UTu M nesudeianua lutingetinaad danalitnnuuiansiag nnliansinanig

(%
¥ o A

navanafalanIu denaliinganfanladilonialunismindfieduuen ulafiaduans

u

o

4
o % = = a o Y | 0y o I~
Lm@mm\ﬂmmnmm EI'N'NNI@ﬂ’\’&iﬂﬂ’]ﬁ‘Lﬂﬁm'\ﬁ‘lﬂ]ﬂll?]’]’]\ﬂﬂ@lﬂ daua WaniReng 1 N

! Y  y aal
ﬂ@’]'JN’]ﬂl’]\‘]muﬂVl@‘@

4.1.2 uavasfFanaunanlatgluinesrasaniinne o aasenedan lud

v

Bunnuanluifeluiensiinaseauimsng 7 78481998 A0 T sz uudl
IEIEN Lﬂmmmﬁ?mmmmLL@M‘ENLﬁﬂﬁm@‘ﬂmﬂmm'amilﬁmﬂf]ﬁ?m%u (Ene reaction) @4
UssnauuenTuiflefivanzauinWendidan luduszuungafarlanlianiinuniiua
e nie Ineluniefnenaazesiunoen e (NH,) (TS GTARY [ T TAA T MO GO
ﬁﬁwmﬁ?ﬁmﬁmLL@NT,:NLﬁmgqﬁﬂhumﬁ‘mmuﬁmmu@miuLﬁﬂﬁmmﬂ?‘mmmmimﬁﬂﬁ
uinen e megeusaugasluindien 3.3.5.11 anialutBunauen e lusineng
{1106, 0.7, 0.8, 0.9 uaz 1.0 % lnenivnin nannganFanlasisianadadiu 12% lng
1Buns Fedndaudnuanluaseidng GANH, AMENZAUINGL 1:1 anRlEANELE2An

Wadiah 4.1.1 aniuiilileunguuugil 50 asAmaidaa Wuan 24 Gl
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4121 warasdsunawaniuilialuiing19fassasinaIn1sAInaag

23

lunnsdneszazinainisassaaesenenulsiun e s Tudaluinenadu

5at4z 0.6, 0.7, 0.8, 0.9 Uax 1.0 Tnatuiin TINAN1INARDILAAIAIANINGT 4.4 LazgUR

4.8

AN919% 4.4 narastsunniuaniy Lﬁﬁliﬂﬁﬁﬁm ARTLEZINAINITAARURNEIN

Property 0.6 0.7 0.8 0.9 1.0
Pot life (min) 20.22 29.27 35.70 38.80 40.25
50.00
38.80 40.25
40.00 - 35.70
. 29.27
C
E 30.00 -
Q@ 20.22
5 20.00 -
o
10.00 -
OOO T T T T
0.6 0.7 0.8 0.9 1

Ammonia contents (wt%)

517 4.8 naresfEunnueniiie lungsessazaIN19AA L8381

angu# 4.8 wudndiunnwenluliadiaangane 0.6 % taetiuin 14

1
a

FLEZINANNNTAIANTR9E TR NgAAD 20.22 AU BAZTTAZIIANTTAYAR a9 ki T

q
¥

= °o o A a PRE A A A P, o
@Jﬂmumqll@’] ULN@LWNL@NWN%@QLL@NINLHH Lu@ﬂﬂqqqﬂLL@NINLHHV]LV@@@WﬂﬂQﬂ?HW N1

y alo = v o o v o A A PR o
Mu’m?ﬂ‘]:mLsz;l‘mﬁwslﬂﬂ‘]_lmm\‘l AT BN TN U adanTHLHe AR ZNNMW:EIZLQ@W

o o & o
NI1TAN mQﬂ@QﬂqﬂLWNmumqﬁJiﬂﬂ’)ﬂ
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4.1.2.2 uarastFunananluiigluingenadNiniana

= IS 1 a 1% o a 1
wananiniuaesuanlufiaazinasamarlunisinaauiodsiinasie
e a % dl al dl v o aaa di
antiAdanadag esaininineuwen iifianmunzanasdin il jiseanadenanns
woRANULENIMIBINgANTAR lad T9HaaINNIIAGaLANTRIENA AN ANandaT 100%,
300% WAL 500% AINEATUNIUFAUINAY SELEn Dl AT ATNAIALEEIAINUIIAY

AN LAYANTALAIMAINIING LAANAIAIINT 4.5

= = o” 1 e A
AN5199 4.5 wazasdiunnien e luinassAeautmdnag

Properties 0.6 0.7 0.8 0.9 1.0

100% modulus (MPa) 1.04£0.08 1.19+0.01 1.20£0.06  1.26+£0.06 1.45+0.08
300% modulus (MPa) 1.18+0.07 1.31x0.02 1.36£0.05 1.43+0.06 1.64+0.04
500% modulus (MPa) 1.65+0.11 1.71£0.04 1.91+£0.12  2.03+0.11 2.32+0.32
Tensile strength (MPa) 7.93+0.91 6.83£0.60 8.77+0.58 9.59+0.60 7.58+0.32

Elongation at break (%) 896+88 874+6 900+38 908+6 819+11
Tension set (%) 11.00+£0.00 12.33+£0.58 11.67+0.58 10.33+0.58 12.67+0.58
Hardness (Shore A) 42 49 51 52 54

Compression set (%) 82.88+£1.13 82.04+0.42 82.46+0.13 82.70+2.76 87.21+1.82

3.00
250 - P2
< 200 -
% 1.65 164
S 5 _ 1.43
5"V 7 a8 ){/i
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Property 0.6 0.7 0.8 0.9 1.0

Crosslink density 6.92£0.12  9.17+x0.17 8.95+£0.17 8.52+0.43 2.65+0.13
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AN919N 4.7 Na2RIL NN A Tt e BUAWAR T L DA INTANARIAENY

Property 40 50 60
Pot life (min) 25.18 20.80 16.40
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Properties 40 50 60

100% modulus (MPa) 1.29+0.12 1.48+0.01 1.16+0.12
300% modulus (MPa) 1.61+0.18 1.78+0.10 1.43+0.18
500% modulus (MPa) 3.04+0.33 3.03+0.38 2.51+0.47
Tensile strength (MPa) 5.57+0.56 6.61+0.86 5.23+0.45
Elongation at break (%) 639+44 690+22 670+31
Tension set (%) 14.83+0.76 13.331£0.29 14.17+0.29
Hardness (Shore A) 47 53 56
Compression set (%) 77.52+0.05 77.18+1.62 75.03+1.16
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A19199 4.9 1a2893NN e lNaN IR AN AR LU A SN UE LT A NN

Property 40 50 60

Crosslink density 6.70+0.10 7.05+0.13 7.06+0.12
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Properties RT* 50 60 70 80
100% modulus (MPa) 1.20£0.09 1.43+0.03 1.33x0.10  1.35%£0.02  1.37x0.12
300% modulus (MPa) 1.36£0.10 1.62£0.06  1.52+0.11 1.64+£0.07  1.69+0.08
500% modulus (MPa) 2.26x0.16  2.26+£0.21  2.18x0.18 2.25%£0.22  2.11+0.01
Tensile strength (MPa) 5.32+0.18  8.76£0.66  8.18x0.37  9.12+0.25 8.91+0.59
Elongation at break (%) 696+7 984191 843+33 1709£153  1878+25
Tension set (%) 12.83+£0.29 11.33£0.58 14.00+1.00 18.00+£1.00 16.00+0.87
Hardness (Shore A) 54 56 59 57 53
Compression set (%) 85.06£2.98 79.61+3.17 79.07£1.05 78.91+0.05 78.02+0.44
*RT = gaungiiias (Room temperature)
4.00
=¢=100% Modulus 300% Modulus  e=gfe=500% Modulus
3.00 -
s 2 fi 2.26 2.18 2.15 2.13
% 200 t # B #75
3 1.36 1.52 160 .
= ;/'* %
o 4 7 143 1.33 1.35 1.43
0.00 . . . .
RT 50 60 70 80

Temperature (°C)
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Properties 100/0 95/5 90/10
100% modulus (MPa) 1.18+0.03 1.14+0.07 1.34+0.01
300% modulus (MPa) 1.36+0.01 1.99+0.11 2.32+0.05
500% modulus (MPa) 1.91+0.19 4.45+0.01 3.18+0.06
Tensile strength (MPa) 8.39+0.56 16.64+0.81 16.11+0.16
Elongation at break (%)  896+52 74517 745+18
Tension set (%) 12.83+£0.29 4.33+£0.29 2.83+£0.29
Hardness (Shore A) 56.11£1.02 61.33£0.47 63.171£0.24
Compression set (%) 79.61+3.17 50.85+2.68 50.59+3.57
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In&iAeeiu wiilesvazdaiiniuas uselunnsiegedu AouBinuniuseusieaesens
A97UTANINFN ORI A LN AT LANT A2 U UM LN 89 TN AT B A Al
Tuana Lﬂ@am@’m%mﬁw@mmﬁuﬁ:m?‘mumn‘ﬂmm’éﬁwmﬂ’mﬁﬁmﬁmesg'm%uaﬁ@
(-C=0) AAAAINN NI TE e N R T AN AN TILALE mmaslﬁimmm‘ﬁmm?ﬁm
weaiuNnIy denaliFeslduselunsiannniu lagae N unuAe LR8N
395 AN AN AL T AN AT ANTIF G UTZMINI 895350 AR B LR LUN AT LAY
35119749 95/5 UaL 90/10 Ineiinvein AnlndiAeadu nMamagausrasiln o AYIA WLGN
s2aLEHA D4 AAUA V09E9BITHITNNE e AT AaNANN s ST AT K T
wislaianag ezt ltiuanauidefiuBunauafiamuniasianliiunniu iesannasy

wiguseraanadinfiatuniasanin liaetiaugulfitianas uaiaonuuiausaunauiile

= o Ry 1% ! =2
LLF‘?EI‘]_ILV]EI‘]_Im_I N@Vﬂﬁ@’]ﬂﬂ')’m ATUNTURBLLTIAN
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=

NINARALLNNEIINTINANTINANDALNAALNNIATLANNNNT U8 nE 1
LUINENBITNTNFAA NN ALNNIATANYINAL 95/5 waz 90/10 Imeinuvin wraueauiu
anvsssnananldfnulsiuiana Inadanludboanganfanlas inmagaeuantifauAg

FOLHANANNIINAN ALY UAZNNIAUAIUAINIINASA LARIAIZLIT 4.36 , 4.37 uaz 4.38

20 -

16 -
9 12.83
T 12 -
[y
ko)
2
RS

4.33
- . 2.83
100/0 95/5 90/10

Cured NR/MMA
517 4.36 navRIWNLENN NR-g-PMMA Ndanludfonngniian lafseninuaasaiiosann

=
LbIIAN

100

80 -

61.33 63.17

56.11
60 -

40 -

Hardness (Shore A)

20 -

100/0 95/5 90/10
Cured NR/MMA

519 4.37 ar09UEuENg NR-g-PMMA Aidaniludioangnnian ladsanauuds
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100

79.61

80 -
60 - 50.85 50.59

40

Compression set (%)

20 -

100/0 95/5 90/10
Cured NR/MMA

1
[ %

517 4.38 LaTaIULEULNg NR-g-PMMA daaludéinenganianlassanisausaudinima

u

AR

8N89INTAdAA g fiaengmnFan lafi A NALALNeIaINLINAILATNA
v v J a o a a a 1 -dl P 2 dl QI
dntinandnenesssngIfAnsNAneaLNialnIAsan uazA AR Luolinanadaiy
FNIUIBUNARNNATIAN AIuansTugLn 4.36 Uazg1lN 4.38 LHAIAINNATBIRTUIUY
e a dl dsl % dl a o aa 1 da' dsj dl v %
AduatanuInIu denaliiaaniindunsisan luaraliduinau wanantinanlisannies
Auarnwds Asuandlugiin 4.37 Wesanniuszafuaunazmyafueiialulaseadneaeg

a a a I [ { Qd‘ Y o =2 ] yva
W’ﬂ@LNVI@LNVI’]@?L@V]N?]Q']NLL“]NN'WﬂﬂrJ'WEI’]\Tﬁ??Nﬂ]’WG]WVLN1®ﬂﬁLL?J?INL@Q@ AIAINA BN AN

ANNWINNINNIN

423 ANUAEIANSAULDIANNETTNTNANSINARENaALNNaLuNIASIantaald
ngesan laatluasidanaanafissaunisns wasg o

NNINARDUANITRUAIENNEITNINALAZENGEITNINE NTINANAALHNALNNAT
t:l' dl' v o s al a v a
mem@mqwmmqmmmim IAENARALANNLEDLTNIN T ANTaUlAENATIANIS

AarzsiiminangliANgaun (Thermogravimetric analysis; TGA)
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4231 NITILASTIETAMNIADLTNINLTIAINEDUARILNIETTNE R
Jd v a a a P} [ % g 1 }%4 v o d @
NFINARIANDRLNTIALNNIATLANNTZAUNITNIINARAN ] Tmﬂ%ngmmmiamﬂu
AL TANUIN

TUN193LATIEMAINLANE TNINNIIAITNFBULDI NN B ITHE R UAT N
837NTIANIINFAFIINDALUAANNATIAT Tmﬂlfﬁﬂzgmﬁ*@ﬁiaﬁlﬂumaﬁ@umwﬁﬁzﬁ“mﬁ'fm
YRNENTTTHTNRRRLN TR LM ABANIINL 100/0, 95/5 uaz 90/10 Iagtinmin Taeldinnila
msAnmziiminanglinanaben (Thermal gravitational analysis) %qu'ﬂﬂ@qmugmumi

‘Aanan1WitasaInAufeu (Degradation temperature; T,) AauanalumNsen 4.17 uay

a a

77 4.39 UATANANTIUSTEUINERITIN NG R UA T MU N YD N ITNTNAUAL LN

kTl a

1
o '

sesuanAnINdRaanaawmAawmniAsan Inalinganian lamiuannmanaoanidndou

'
] a a |

WBILNFIINTFFBNAALNNIATIANYINGTL 100/0, 95/5 uaz 90/10 Taeinuiin Aegiin 4.40

o 1

IngAnwguun et uiansaaIefagangn (The peak of derivative weight loss; T)

A15199 4.17 gUN)RNIsaaeriazed NR-g-PMMA nldnganianladiduansmanuang

NR/MMA T,
100/0 378
95/5 376

90/10 395




— NR/MMA =

100/0

Weight Igss (%)

Temperature

1
o

= o & 1 o” = a
N 4.39 ANNANNUITENINUIN NNQTULABILLAZR I

£y

e ——

—— NR/MMA = 100/0

Derivative wei
. =

A — — —NRMMA = 95/5
P\
Y N N T NR/MMA = 90/10
IR Q
R

AINANINN X 17 uaz U7 4.39 wanegaiinin1saa A 1IN EITHEG

o

LAZANEITNTNANIINFNA RN PR LN ATLANTN A AR UTE NI N LA LN AANINATLANIN T

00/0, 95/5 waz 90/10 TaatinuiiN Inadunusiumnminnmigliaesans Aagungin 4.2Q
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a o a

WU RNNERIINITAAAITILUNUINGIGR (T,) A NR/MMA 90/10 Heuuningenga
WiNAU 395°C  1Ha9aNnNHaliuN1In I N B Na A LNAA NN ATLAN NN AR US L AT LRULAN
d’/ 's ay a a a | % aa

UINAL LAZNNTNINNALNGETTNINRAVUNARLNNALNNIATANRIELA WAL FITNTI RN AN LTI
:// a o = 1 QI dg/ ) YU a dl

TIUATIAA GURNTE9euINNILANALRNTU (Saramolee et al., 2014) A HAANI T TN
paNEALLNAfaNuasTALALE (Covalent bond) ﬁqgﬂﬁ 4.41 Aa INANITTANAINNIZUIN
BNNETTNTNFNUYINEITNTNE NARNAALNNIATLANILUNARNNALNNIATLAN WA SUINEITHDNB
AUNaALNARLUNIATLIAN RI6A L9 ANIIUAIINTAUNINAURasa N Faa ldnA991wT

NN AUlIRUELIAIANIIAANLAININNG

N/ (a) ’ \C / N/

’ / 2/
H C—Cuvn WwnC—CH v C—CH
3 2\ \ _3 \ -
0=—C C— C— H3 H
\O (b) O/ / © \_/
N HN—CH HC
\VAVAVAVA \ /
H H wwc/—an
_\ 3
0=—C
/
0
\
CH

5uU% 4.41 Aundanduldid lunsiianiadenaasluegng NR-g-PMMA nldngmnianlas
HUAF TN (a) 8NNEIINTVATLENNEIINTR (b) WARNAALNNIATANTUNDA-LHAALN

NIATLAN WAL (C) BNNFITNTFNUNDALNAALNNIATLAT)

4.2.4. AMAUUILUBADINUBLLTANUINUDILNETTNEIANSTIN lgl’I;]"JEIW@’?QLNﬁ@LN-

a = o S o o o s @ y
MASLaNTIszAUNITNsINAR ) Tneldngamsanlanlugsidanaang

ANTANHINAAIN AU LULABINUF LT NUINNUBIENTITNTIAN I WA F el
NADLUNALUNIATLAN NN AP A UL N EITNTVAFDLNAALNNIATLANIYINGL 100/0, 95/5 LAY

90/10 lneldinganiam lafiduansimens919 WAAIAIANTINT 4.18 uay 3171 4.42
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AT9199 4.18 ANNUWILULIBITUIZITENTI 19229 NR-g-PMMA lEnganianladiduans

A
FIRNUIN

Properties 100/0 95/5 90/10

Crosslink density (><10'5g-mol/cc) 7.98+0.21 23.20+0.40 29.00+0.46

35.00

29.00

30.00 -
2500 - 23.20
20.00 -
15.00 -
1000 7.98

5.00 -

Crosslink density (x10-5 gemol/cc)

0.00 -~

100/0 95/5 90/10
Cured NR/MMA

517 4.42 na209 NR-g-PMMA 7linganian lafduansidianaanesonauiuiiuuges

WUSLITANUIN

ANIUN 4.42 UazAI9NN 4.18 LAASANTTRAINAUILULTBI N LS L TD N
Y9V N EITNTNABALEINEITNTNANT N AN RN ALNNATIANNTLALN1TNIINF AN d
Tneld nganFanlasiiuansi@ananesnusn iWainlsunudndoutasufamnIAT AN i
ANNABILULA BN UELIT NIRRT LHAIANNLNAA NN ATA AN AN T3 UeN
sesng AN IAALeRIgATErdnelanaiinauy denaliidaniazataiinnisuninaen

1 M v dgl ] % % nﬁl Aal a a

sendngang l lF e naugenalin1suunastiagad AN RN A AN AN T s
IPEL AN BN LA AN ATLANNN ITHEN98 77N R DA AN L UUUBINUE TN
tal da, ¢ﬂl a o atﬂl [ [ Qtﬂl MY o
WNAwHaReuTUa19897891 AN Ldd1un9aans T LanNA Tasiengassnanmn bl lfsauls

THANAAIHNNINANNFTANTINEN AT AR ABN T TANTINTENINENEITHTF -804

!
ada o 1 v aa o

FITUTNRNALUNUIRANANANTLAY (Allylic carbon) (Johns et al., 2012) W LUEINGETINT R

nasnedmiammasianianuiulliinazifianisdann ludaesenals 3 Aaumis fagy
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N 4.87 A ALULY (2) NANITTANTINNTITUINNENEIINTIRAVENEITNTINGR AW (b)
AANTONUINIEUIWNNOANT AN AFLANTUNOALNTARLUNIATLAN NANFLIAUAILULMY

Wnand (Methoxy group) (Cerdeira Ferreira et al., 2013) LA ANLUUA (c) NANNTTAN

o a

YNNFEWINENEITHTNANLUNAALNAALUNIATLAN NAANITTANUINNTLUINAUNUNTAAAN

o '

ANTLAUYDILNNFIINTIAAUAUU UL LU NDNTUBINDALNTALNN1ATLAN AI1UANN

| o = A & A4 A a - < v &
YU LLuuﬂ@\‘lwuﬁzlﬁj@Nﬂqq\‘]LWNGULLLNQLWNLE‘N'\M?@\?ﬂ?']WC’ﬁWW@@LN@?QJ'\ﬂsﬂu LL@@QI‘MW]H
LA A a a s ¥ a - Y o ° | e
"J"]LN@Lm@ﬂﬂqu\iﬁlrl\iﬁﬁ'?ﬂ'ﬁf]ﬁlﬂﬁ"qV\IﬁﬁﬂW'ﬂ@LN@?LL@QLﬂmﬂqﬁ‘ﬁ]@ﬂﬂ]']q\ﬂﬁm\? 3 ALVUIAIN

¥ i
=&

1 Yy % dl a ' Ql o 1A a dl @ a dgj
ﬂmrﬂqm\mu WAUFNNUNINATANAALNAFINNAN ANVNUNTINANF@ANUINNANANINTL
Talgine

AInuanna19N1g9iu TunisifsauiauantFsng o 18987989 NTIANTL

%

ENETINTIRANIINFN AR NN ALUNIATLANN A AR IUIZUINENITITNTNRAADLNNALNNATLAY

95/5 WaY 90/10 AN WUINEN989THTNRNIINANDALNARLNNIATLIAN 90/10 1ael

4
= [ A

o” o ¥ e A a P dl =< o ! dl o s
Tnin IHantRTnataslisANNTaunNgn mum\iLﬂummuwmmz@ﬂummamim

% o a 2 o a o a Y . a dl
ﬂ’]ﬂﬂ@]ﬁﬂﬁ‘@ﬁiﬂ@ LL@Z%qiﬂLlﬁ‘ﬂULV]ﬁlﬁ_lﬂUElq\‘]ﬁTTNﬂ’]ﬁmﬁ‘"]WﬁlmQﬂﬁJﬂu@ LNATIUARL "I '1u
Pdasall

4.3 NANISLASENENNETTNTNANTINALANDALNDSNARNWINTURAN AN URAS AN A

u

L a % - ¢ @ =
wasgenssanlalngldngandan lanitluasidanuang

anuan1sneaaslunaun 4.1 A linsuaninsimunzanlunisiannlud
angsssuanflaalingana ladiduanniianaasiin liiautinlnasanaeea1989s0R 1inas

al :; -] U a & a a a alld o o‘d‘ 1
Ngn AN 1 w989 AN WAND RNAANNIATIANNHILALNTNIANANUAN G
1 1 v 1
fu Taelinganfanladiiuansdanaane deinden 4.2 uazluiniiaulfidnunBesaanu
1 a rd‘ o 6 o a dJ al al o a =

WANFAN9IS TANA AN ATNUININIINFA L9899 NTA TeHN1TFenNauny 3 ahnfa ¢
837NTNANTINANARLNTNALUNIATLAN (NR-g-PMMA) 8148550 AN T WANeda sz (NR-g-
PS) uare4asTNtIAnTINFneda AR NAUNeANAANNIATAN (NR-g-P(S-co-MMA))
Taaan1nzlun1289msiinanesaindan 3.3.3 IPanNMUARARIUIZUINNENNETINTRFD
UauaLNes (NR/monomer) Aivvindu 90/10 Iasisinuiln anniadah 4.3 annuAnm
LANANHDIAAIENNEITNTIAN TN A LANDA-LUATNLANANNAY ANTRITING LATAINUU UL

%@Gﬁ/uﬁ&%mﬁﬂ’)’]\i
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o

431 NISATIARBULANANBMUARILNNESTNTIANTINATANERINTNN N NaNTY

LANANGAY

AINN1TELATILF 9879 NTRNIINALANAALNES 3 THA AD LN9EITNTNA

NNFNRALNRANIATIAN (NR-g-PMMA) 819857511 ANIWANea R4 lsiT1 (NR-g-PS) waz

o o

FNETTNTNRNINNFNE R LAFUIINALLNA AN ATLAN (NR-g-P(S-co-MMA))  sasiadia

=b_

6 o o

3.3.3 anduiinnainesssuTIALazNauame i lifalgAsaInisns e Avinde

)

o o P a rd‘ ra aaa s
3.3.2 WAZHINIATUIUNN SR EAZTBNE N ITNTNA LA NEUDLNE T LA AU FE NN
wazils@naninnianansinliannnisdsiaszd antiurinaesssuafnaWdlane awasi
waneineiy 3 alla e viilaseai i lnamaiin g Goinsunefuaunssnain
Tns-alnduazimetiaiivedefunnuinistowuudaiinllsnen uaznsiaasudngiuinen sy

naedqanssAlTindesnii

4.3.1.1 nsnalanaanalsigtuaaseesssNgIfnsINAlANaALNASN

o

= 1 [-4 1 s
uugﬂqnmuumnmqnu

Tunnsfamsyfeneassnains ns e laneadiuesiuanf1eiu 3 i
PINIAIUIBIN NN E T NI AN IR AN13N3NE (Free NR) 13unaulalunadineinludifia
N1eNTINANLIANAY898198994TA (Free  homopolymer)  uazilss@naninnasnainst

(Grafting efficiency) HalALaAIAINIT1N 4.19

A15197 4.19 3asazuastesrsuTAnazlalunaduaiildinanisnsnduazlss@nsnn

a

& dld ' o o ' o
13NN ﬁl‘ﬂ’ﬂ\?ﬂ’]ﬂﬁ??ﬂﬁ’]ﬁmmﬁﬁﬂﬁﬁ ULLANAINNY

Grafted NR Free NR (%) Free homopolymer (%)  Grafting efficiency (%)
NR-g-PMMA 3.61 2.54 93.92
NR-g-PS 3.74 0.95 95.34

NR-g-P(S-co-MMA)  5.04 3.95 91.05
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B Free NR 504

S5 - Free homopolymer

4 3.61

Free NR and Free monomer (%)
w

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

517 4.43 uaredeNssINTRNIAIANEAWaTLANFaTUAeL BN AN U NIMARSY

120

100 4 93.92 95.34 91,05

80 -

60 -

Grafting efficiency (%)

20 -

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

519 4.44 navesesssnaAnaWAlanedmeinuanseiuselss@nsninnisns s

v
[

ANGUN 4.43 UaY 4.44 WUAENBITNTNENINAlANDALNBSY 3 BHia 16N

ENEIFNINANIIN AN DA LNAALUNATIAN EN989INTNANIINANDAZ LFITU LAY EN4ETNTNB

o a

NIMNANDAR LFTUIINALLUNANNIATLAN NENUNFUATIE Rt AT AR AT UNa Alua Lo

'
Y aa

414 e Lo N isuuLsiend (Redox initiator) MllAUse@nEnmwnanansings

IPaRANR9N91 90% 29877UTNANINANAAR LT UTINAUINAAEN AN 1L se AN

a
1

nanaWEALlAANgARD 91.05% FBIAINIABENNEITNTIANINWANERLNTALUNIATIANUAY
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v v '
o o A

89EIINTIAN NN R IHTUR AL TisHenailiaannainneind e lneuaiued
1 ¥ ! = a a = ' a aaa o {

a3 Liun alrsuuaziuiiaiuniesianetainonndnelunisifind JAzenduieaninndn
asannstutenydedioresneuained 2 1in aannsaidinindisenduwelidiandinig
diindisenanaldnefmes Tearusodunnliainlininlalunedwed ninnay ne

gesesNaAnsINdReneda lrsuliilsz@ninannisnasgangn Mvllaanndesiy

1
cala o

nulalunedwaindiiasnga anattiasunanndouidecla (Active sites) naaleiTul
al o 1 al dll al o ] 1 a a dld
WENANLMLGLAES (Ford et al, 1993) WalieuiudiudadlnaaduiamniAsianii 2
° | . = v | ° aaa a a a ansa
AU (Kuzina et al., 2006) auilull1fdnszndneind e wiiawmiesianiindisen

AUNRANNIATANAITULININNNGINIURNE LU AdFLIN 4.45

(a)

)HC—'CH
CH; 0 ’
. J/
H,C —C—C
OCH,
Methyl methacrylate Styrene

5uUN 4.45 fﬁ’nmed@qiqﬁi@milﬁmﬂfﬁ?ﬁmmm (a) WhaLNIATLAN (Kuzina et al., 2006)

wa (b) alpiau (Endo and Yamamoto, 2000)

4312 N15ILASIZHIASIASI9UDILN9E5TNTNANSINALANDALNAST
wansnuAlEAtiaisasnsuaasndauisusasilnlasalnd (FTIR)

D

v v

! ! 4
wasanianaerdiui liialiseneen Awiaden 3.3.2 aaniunmasey

= g

lananed ImﬂﬁmﬁyﬂmmmmﬂﬁﬂwﬂmmLﬂmﬁﬁuﬁ%’mr}LmﬂﬁﬂijimiwiﬁumW@a?u
?ﬂu‘v\l@ﬁLimﬁLﬂﬂim‘miﬂﬂmmﬂwﬁﬁmwEﬁiﬂﬁﬁmLL‘]J@I@JL@Q@ (Unmodified NR) Lif3eiiieiu
AuenesssNT AN lanefmasA1eiia iy luwn a1985sNm1 Ans1nsne RN Aa NN AS-
aN (NR-g-PMMA) 119833011539 sneaa leaw (NR-g-PS) LA 814835t AN swe-

aalsiTusaNUNAALUNIAZAN (NR-g-P(S-cO-MMA)) UAAIAIANTINN 4.20 uazgilh 4.46
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ﬂl 1 6 o a a a o‘d‘ 1
A1919N 4.20 L@TMHﬁQﬂTH“ﬂ@Qﬂ’W\?ﬁ??N?ﬂWLL@tEI’]x‘iﬁﬁ‘ﬁ‘Nﬂ]’Wlﬂﬁ"?W[ﬁﬁﬂWﬂ@LN@@“V]LL[?lﬂﬁl’W\‘i

o

N
Wave NR types
numbers  Functional groups Unmodified NR-g- NR-g-PS  NR-g-P(S-
(cm™) NR PMMA co-MMA)
695 -C-H out of plane bending in - - v v
aromatics of styrene
835 -C-H out of plane bending of v v v v
NR
1448 “C-H bending of NR v v v v
1670 -C=C stretching of NR v v v v
1732 -C=0 stretching of MMA - v - 4
Unmodified NR
NR-g-PMMA
[0
O]
C
8
E NR-g-PS 1732
)
C
o
B
X
NR-g-P(S-co-MMA)
1732/’ ,\
695
| | | | | | | |

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

519 4.46 aunnsBUNTUIALDIENEITNTAUAZENEITNTANTIWAlANE AN RS UANGIN

nu
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angU 4.46 wudnainasnresaesssnaganlalinaulstuiana

(Unmodified NR) Lmzmqﬁm‘”mmﬂm@qa (Modified NR) ﬂifmgl,mumi@mﬂﬁuum

Bunasanszun 835 cmuay 1448 cm’ dailuunuganauLEIBUNIILIATRY —~C-H
a4 4 P o L

uAZTaARLLIZAAL 1670 cm HIUMLOUNIGANAULANELNILIANUAAIN1TAULLLE AT

o

WUDZA (-C=C-) 2B9YNNBIINENF TAEN TR NEITNTNANIINANDRLNTALNNIATLAN
(NR-g-PMMA) ﬂmﬂgLLmumi@mﬂﬁuLLmEquLﬁ‘mﬁmLﬁmmmLﬂﬂmﬁ*mmmaﬁimmﬁﬁ
LlEfaulsTuanafifwmiaazeu 1732 cm” faduuaunsganauuasdunsnisnaesy]
AN5-Uata (-C=0) lulaaai1aredmiamniasian 4ouluen9assnNT1mnsWAneaa lesw
(NR-g-PS) WUAILUUNTBILALAANAWLAIBUNIIIATDILOUNINBT0 ~C-H  Tungjacls
unfingessmuniululasiainrealsiufidumids 695 cm’ wazaIN AN NLAL
mﬁ‘@mﬂ?ml,l,m'ﬁuvdmLimlunﬂm"’]meﬁﬂ@'mmfﬁwﬁulumqﬁﬁumﬁﬂmWﬁW@E@iﬁu
FANALLNAALN-NTATIAN (NR-g-P(S-co-MMA)) Lﬁmmnﬁmﬁﬂszﬂ@mmminneﬂﬁm

$9u7 (Kreua-ongarjnukool et al., 2012) a1nn1sAsIzsdinefudnunsntudulngeasng

ANEIINTIANYNNINFAE NeRNeTTHARS 7 1A

4.3.1.3 N15ILATILHRLASIASI9URIBNNETTHTNANTINALANDALNDSN
wANANNNUAItNAtATLARESuNNLWANLSTdwuudTinllsaay ('H-NMR)

HngesssngnAnIAlanedineinadimedounliiialffisanaanan

1
v Y = o 6

2da7 3.3.2 unmrradeuianansniresdilnaiulnemaiaiiaoird s uuniuRnis g
ﬂﬁmiﬂa‘mwﬂ@wNﬁﬁmﬁﬁiﬂﬁmLLﬂﬁ*T,mL@Q@ (Unmodified NR) Feuisususng
5330115 N s lAnediNes 3 1lla lHud e1983sNTANTINFNe AN ALNNIATIAN (NR-g-
PMMA), 219575811 Ans W Aneda sz (NR-g-PS), kazen989sNt1An W ineda bssw

SANTLLNTA-LNATLAN (NR-g-P(S-co-MMA)) Lanamsgilin 4.47
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CHy
AMAC e C=C ==C
Hy H H,
(a)
. (a)
Unmodified NR A
CH,
S o
—C.Nv
O= —C()t():)Ha (a)
NR-g-PHIVA | | A ¥ S
CHs
M'C12—é=c—c./vv~
Nzé—c./w
c
( @)
NR.g-PS (0 . L vy
CH, CH,
H | H; n
WL = C=C ol =L C=C =—=C
I N | H H,
H,C—C HyC—C—C —OCH,
(j o (a)
NR-g-P(S-co-MMA) }\ (b) U ,
l""l(C}"'I""I""I""I""I""I""I""l""
? 2
Chemical Shift (Ppm)

519 4.47 aulnmanTisnenaesnssuAuaze 1IN AN WA AN AN AN UANGI1

o

nu

mﬂgﬂ‘ﬁ 447 dynnulansananeniaasalnms H-NMR Ma9anana
Na-UaLNAas (Free monomer) LAZENNETINTAR AN TN WS (Free NR) Wuq1e4
ﬁﬁumﬁwnmﬁmﬂﬁﬂgﬁmm’]mmﬁ@Tﬂ?mu (-CH,) AR UMULATARENYT 1.70 ppm Ly
#aulsnau (CH,) AR UL 2.10 ppm wbaziu niillsneu (-CH) Alsidusansumia 5.13
ppm (Kreua-ongarjnukool et al., 2012) Lmzwum"%mu\uﬁuLﬁmmugmmﬂﬁﬂimu (-
OCH,) UEN9B3INTN RN WAN DB T AL AR UM 3.50 ppm fatiaveniandnend
YAINBALNNALN-NATLAN (Saramolee et al., 2014) u@ﬂmnﬁ”ﬁqwuuﬁﬁ@ (pheny! group)
Fafuendnenfasmead Ui U 8.90 ppm TunsdluesanssssuaAnsmsnaaale

3U (Hu et al, 2008) uazwuvndayryrnuinnananninfiulugnasssnaminsmsineaalssu
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SoufLWRamNIATIAN TeaNNiAseiitiududiewsssugRgnnaffianeamesain

' o dl 1 4 4
AT 7] ANNNANINIT AU

4.3.1.4 mimiqqﬂauﬁ’mg'm%wﬂwmﬂ'mﬁsiumﬁnﬂﬂﬁ‘iﬂwaﬁ

Luaéﬁumnshaﬁ’uﬁ%mé’anamsﬁﬁﬁLgnmauuuudmshu (TEM)

AINN1TANHIA UG IUINEN TR NEITHTAUAZEWNEITNTNAN TN HIANDE
ASTILANANRY 3 180 1HUA 81999sNT AN AN AT AN ATIAY (NR-g-PMMA),
$198TTNTNANINANRA LFT1 (NR-g-PS), WaZeN9833NT1ANI N AN R4 lriTusaniuwia
WNATAN (NR-g-P(S-co-MMA)) é’wn%ﬁmammmﬁ%Lﬁﬂm@mmuzﬁmmuﬁﬁﬁm‘”ﬂﬂjﬂm

6000 LN wAPIAIgLN 4.48

’«5 gt

0 2pm

- 2

5UN 4.48 ANEULNNEUTIUINGIRINNALI9ANTIAUBIANATEULLILABIENUIBILNENN

899NN WA lANEALNBITHARN ) (a) WIBNETINTIA (b) 11819 NR-g-PMMA (c) 11

8719 NR-g-PS (d) 18114 NR-g-P(S-co-MMA) (Madang 6000 1)

AINNINANEAINNEAI9aNTIAUBLANATAURLUABINIUTUN 4.48 7

TN UL UINLAZENNEITHTNANT WA LAN AR LNATNUANANIAU 3 THA WUINEN

sessuanin llinnulstuanalansaziiluaynipdnuanialunfsgiin 4.48 (a) uazens

a
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Qd‘ a o‘d‘ 1 o a b % I a & a a
§99NANANNINALANDALNBTNUANFNNTU 3 Tiin 16’1LLﬂ FNDIINTNANTINANARLNAALNNA-

ATLAN (NR-g-PMMA), 819555t ANT AN aaa sz (NR-g-PS), LazenasssNt1mns N e

[ %

waaa lrsusanAuamnIAsan (NR-g-P(S-co-MMA)) #a31l7 4.48 (b), 4.48(c) uas

o o o o a

4.48(d) ANATAL T9dapTzifneRtasatunedina lsmtuldanuazidunasiias (Core-

shell) T9laUN1ALNNTUIA D] aEATINANUATHBUNIATINDALNDFLAN | NIvAnLFIaE]

[
1
=

991 ) OUNIATANENNEITNTNR INATATAINIIDEUTUANHUTLTINGTBIRUNIATINENTIGN
oY a . oa 1 v

nasfaenednedtiagg - 14

4.3.2 aNLABINAURINETTNTANS I AL AND AL NN AU RaNFuwansneniulne

14 ngensanlaniluansidanas

TunsAne1anfdinasesanesssnafnlalinanlsluiana

(Unmodified NR) Wazenaa738a1ans nsinalanadineinuanmnany 3 aia 1dwn 19

a

FIFNTIANIINAN RN ANNIATLAN (NR-g-PMMA), 819835111 ANI N sneda lsizu (NR-
g-PS), LazenNgasTNINANIWANeAA AT uINA LN AaINIATAn  (NR-g-P(S-co-MMA))
Tnelingmnian lamduanaidonaans lnaldannsimunzaslunisdaa g lFAneuin
luvindiedt 4.1 s maseuanRidinatessesssadsauliluana Hun eadascas
fafl 100%, 300% uaz 500%, AoruE I uAeusAs Wesiusfzasiia o aa1nn AL
uile parmAsAIiaIaNUIIRY uaznsAUFamAINNINA SelEuaannimagaLFiuansly

AN9199 4.21
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A5 4.21 ANTRITINAURIENNEITNINPALAZENNEIINTNAN TN LAN AR LN RSN LAN FNa

nlinganian lasiluansimanuang

Properties Unmodified NR  NR-g-PMMA NR-g-PS NR-g-P(S-co-
MMA)

100% modulus (MPa) 1.1840.03 1.34+0.01 1.66+0.02 1.77+0.04
300% modulus (MPa) 1.36+0.01 2.32+£0.05 2.76x0.02 2.75x0.09
500% modulus (MPa) 1.91£0.19 5.18+0.06 4.09+0.08 5.67+0.66
Tensile strength (MPa) 8.39+0.56 16.11£0.16 11.53+0.28 17.02+£0.14
Elongation at break (%) 896+52 74518 672+35 786+26
Tension set (%) 12.83+0.29 2.83+0.29 3.1740.29 2.67+0.29
Hardness (Shore A) 56.11+£1.02 63.17+0.24 65.50+0.71 67.00+0.00
Compression set (%) 79.61+£3.17 50.59+3.57 59.78+2.95  68.48+5.99

a

p ' Iy = aAn My o
ﬂ’]?LLﬁ‘EULVIEU?ZMQ’NM’mLﬂu—mmLﬁﬁ?ﬂm@\im\iﬁimsﬁﬁmwiuim IR

Tuiana (Unmodified NR) wazengsssnaniinasifoslanadiuainuansieiu 3 atn 1un

8198930 AN AN AR AaLNNATIAN (NR-g-PMMA), 2198930 a15n W inaaa leisu

(NR-g-PS), wazen9sssNT1Ans W Aneaa basusandumiaiuniaAsian

MMA)) Tneldingmnia-alafifluaadonanns waneiagli 4.49

(NR-g-P(S-co-
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o
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Unmodified NR
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=4 o o & ! 1% = a a
Eﬂ‘VI 4.49 ANMUANNUITEUINAINLAU-ANNIATHAYDRILNETTNTIRALASLINTITNTRA

nadlanadimeinuansaiun linganian ladiduansimanaany

AN3UN 4.49 WUAENEITNTNANTINFWAAA LHiTUIINALLNTALNNIATIAN

9 '

(NR-g-P(S-co-MMA)) HAUN 15N mMNINTGA 7898901ABLNEITNTANI A AIUNIAS
AN (NR-g-PMMA), 8198930175 10snedalssu (NR-g-PS) Lazeeassntan b lénm
uilsTuiana (Unmodified NR) anaans Seiunlfinsiniisuanfisaanamiian (Toughness)

9898174 ANNINasUTE AN 8198991 E AN INFNARA LFTUTANAULNAALNNIATLANT AN

= o

Witlen TN ALALNAULNI9EITNIN AN I N ANDR NN ALNNIATLAN BI1ALLAIHIRNNNATDINTLTA

]
o

dunsnsanfasganiuseudnauyarfusiialulaseaieraauiiaiumiessian luanenang

970D ANTINANAAA 1571 HANNIURYIAININYNEITNTNANT N A LAND ALNBSNNINT
P o A A A 2 o goa & = . !
naaayl oA nTAsaT9e9a AT Ny uwiugein ia A uudess (Stiffness) 1annan
o v a = v 1 =® a Sl a;c: | a . a dl dl 2
AN AN nTantagndn aanani1taldaIndns waAlanadiasInaauLaZNaN L5

o o 1 ¥

wansneiuee e lldAnysenansaneassnanans N lanadaiuazanaassnanmin i lé
paulstuiana arnnsnagllfdnantifidnasessesssuananian ludfosszuungnnian
lasanunsnlfulgalidaanislingmianladsauiunisldessssnanmnawilanediues

Nnain
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Unmodified NR NR-g-PMMA NR-g-PS NR-g-P(S-co-MMA)

gﬂﬁ 4.50 NATANENNEITNTINRALALLNETINTNAN TN IANA AN AT ALANFN AU NTAAN Tud

14 o a 1 { o
mm@jmmmkﬁmmmumm

angui 4.50 WaAnHINandanIzaztin 100%, 300% WAz 500% WAraIn

9171 4.50 Wudne1esssHENANIHEANERE lFTUIINALNAALUAAINNATIANTANNBARALAE

a

ANHFNUNIUED LIRS INA LA AUAUE19 9T T AN SN AW R LN T AN ATLANHINNFNINY
a 8 a = le MYy o o o -dl
sesnTIANIINFweRalsTY uazeessInNT AN i lidaulsluana ANa A Wasan
Tasaadeluanaressesssnafanidsuinianasesnadiniiaiunindianaslulasaasng
dsgnaufaauyarfuaiiaannuiiaiuniasianialinaumiaouazaiunsniiausemng e

! 09; 1 1% L7 & 1 =< { dl = o a &
sendedasansog MA1IAINATUNIUsBLINAIgINd Ll e e LALEN9EITNT AN NN
aalrTuiiaga1mg a1atldesn1antaseasamiduseiiauaesrsunauuuiuly

o A Ao ~ = o el v o o
Iﬁ?ﬁﬂ?qﬁmﬂﬁﬂ1m?uﬂﬂﬂqqﬂLﬂuﬁzLUﬂU @Qﬂﬂmﬂﬁlﬁﬂqﬂﬂ?qwmV]iﬂN@ﬂﬂmzLLﬁN LLASRINNIT

Y o

NARAUNLIN Feevein 14 qnE1naeve19ssaNTI AN b laAnulsTuanaiiAngandnans

A99UTNANTINALANDALNAS 1HBIANNNNTNINF AR aLUNTIATaNILAL 4 lsTudenaliian

1
o a

woAnssuAuesauazii g Anssn AR ewanainTudan Asdenaliinandanseeas

q

BRG] WAZANATUNIUADUIIANT8INETINT AN WA AN AN e FIN N uriliszevEn

W AATIAAAY UAZAINNIINARBUILELER T AATIAUDIENIBITNTANIINF AN RLNaT]

' 1
o

wANFNaRUNLdEeasIN T AN Wsneda lrruliAANgn Teaanadesiunainliainnis

a

o ' )X 2 a o o A = o
NARDAUAITHATNUNIURRLLTIAN sﬁﬂ@ﬁﬂqﬂiﬂqrﬂﬂ?ﬂZQ?’]\?%@Q@VLM?‘NNN@lﬁﬂqﬂﬁ?ﬁ\ﬂsﬂqm

naulsneda lrsuiiasanninseaiieaasalsrudus v lfiinannsdasaliannan wsn

o

= = zs' ' a 1 ' tﬂl = [ a . a
\‘mﬂ"l’mL‘MHEIQ‘VILﬂu@’)uﬂ‘ﬂﬂﬂ’mﬁﬁmfﬂ’]ﬂﬂ% LW]LQJ@L‘LE\F;I‘LILVIEIUﬂ‘UEI'Nﬁ??Nm’]ﬂﬂ?’]Wﬁ]W@@
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AN AT IANLAZEN9ITN TN AN T ANe ARG iU T U FalunN AT lan et szesa
Qmmm‘?ﬁné’tﬁmﬁu 899NN HATEILIITENI NI UALANTE BTN F T AL A
Jandana ilaseaialanumiaaninnang lasu
ANIMAgaLeNassNa AN NAlAne A eI LAY 3 alia lEud g1
837N ANI AN AN AANNIATIAN (NR-g-PMMA) 8198351 t1Ans 1N fnada sy (NR-g-
PS) LazeN4sIN AN TINFANe R4 lFTusaN AL AANNIATIAN (NR-g-P(S-co-MMA)) 7isa
m”l,usﬁ”mmqm?@ﬁ”l,aﬁﬁnmmmm@muﬁﬁmmmﬁmﬁmmmmﬁq ANNWT WAZNNTAY

FANAINIINASA UARIAITLIN 4.51, 4.52 uaz 4.53

15
12.83
= 10 -
RN
@
0
c
i)
(2]
&
5 -
3.17 067
0 4
Unmodified NR NR-g-PMMA NR-g-PS NR-g-P(S-co-MMA)

a a a a rc:ll ' o dlv <
Eﬂ‘ﬂ 4.51 Nﬂ"ll’ﬂﬁﬁl’]\‘iﬁ??ﬂ‘?]’][ﬂLL@%H’]\?ﬁ??Nﬁ’]mﬂ?’]WﬁﬁﬂWﬂ@LN@?‘V]LLﬁmm’NﬂuVIQ@ﬂqiusﬁ

FAoenganFan lafFanINAIALEBNANIINAY
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Unmodified NR NR-g-PMMA NR-g-PS NR-g-P(S-co-MMA)

= a a a o ' o alo
Eﬂ‘VI 4,52 N@ﬂﬂﬂﬂ’]\‘]ﬁ???ﬂj’]mLL@xEI’]\‘iﬁ??N‘H’WIﬂ?’]Wﬁ]ﬁﬂWﬂ@LNﬂ?WLLmﬂmqﬂﬂuV} miwﬁ

¥ o a 1 <
mwnqmmmiammmmul,lm

100

79.61

80 68.48

59.78
60

50.59

40

Compression set (%)

20

Unmodified NR NR-g-PMMA NR-g-PS NR-g-P(S-co-MMA)
UM 4.53 NATBIENEITHTIAUAZENEITNTAN IV IANDALNE FWANFAiuATa AT lud

Foenganianlafsan1sAUFINAINIINASA

ANNNIINARALAINNASAILRIENLUBIANN IR &T\ummimﬁﬁ 4.57 WamN

[ %

TAINEN989T0 TGN LLﬂi‘EuL@naummmmLummnmemmwmmﬁmmmhﬂ,m
réTmLLﬂi‘ll:uL@q@LL@:ﬂwﬁﬁmmﬁﬂiﬁWm‘meﬁmmum’mmﬁqmmmmmm‘lmLﬂmﬁu
8141 LAINIAINNATAIUIIPARTDIUY AT UIaTlanad N d i liiANNsAUFAIMAIANN

nsaaialAmandn uazaIngU 4.52 nsmaaeuANNLdILeEs eI AT L AR
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%

ada o 1% a L9 a IS < QI d” v o
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= ! Y o 1 dld dl A o o
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q

o o

o ad‘ M v anﬂl 4
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WNUNUEZINAL 799

kd/mol  HAMNUINUIIHINNINYY  LUNTUIRIA LFFUNINANWAUGZYINAL 346 kJ/mol

ond Energies, ' NG 2auNNINNINaIazn inyAsuatianingl 1
(Bond Energies, 2006) danaliifiaslininuiaun | 3

4.3.3 ANUATIANTAUIRILNETTNINANTINAIANDRLNAFNANYNINTURAN G
[ 1Y o o ¢ @ 4
nulaaldngandanlantluasidaneang

TUN19IMAgaLANLRTNAINIRUIB198IINTNALAZNNEITNTFHNI TN LA
weAmasALANANSTL 3 1Ta TEu gNBITNTIANTINFNDALUTIALNNIATLAN, U INETTHTNF
s lFneaalsa LazenssINT ANT AN RS LU N Une A FialuNN AT AN idey
2119598 gA15AR Las InanaaatAalasnIWEIANEauTntnATANITIIATIE

11N (Thermalgravimetric analysis; TGA)

4331 NI9ILATIZHAMNIADYTNINLTIAMNEDUARILNIETTHENR

o

o a ¢ Al [} [ -4 1 [ 2 o al s @ =
nsnalanadinasiaugienduuanssnulagldngansan tanuaisidanuang

N193LATN LA DTN INNINAINNFAUUDIENFITHIN A WAL HNIFITND R
nflanediwes 3 olia lHwn aneassntAnsinedufiaiunimsian (NR-g-PMMA),
£19837NT AN TINFNDAA LATU (NR-g-PS) Laze983sNT1 AN Wsneda liausiniunea-

TALUNIATLAN (NR-g-P(S-co-MMA) Nianaansfiaungnniantas tnaldinatinnig

a o o o v ' A a p P v
fJmmwmuuﬂmﬂmLL‘NTummwuangmuquiumamwam‘wLummnm’m TRU
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axguTANIWATANe AN AT NI F NG AN TAR a6

199N4.22 g

wanginaridar ludfoyngmnian las

temperature; T,) AILAAIUIUN 4.54 uay AN9197 4.22 InaANEHIGUNYEN
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a

ARt uiAN@ATLARgeNgn (The peak of derivative weight loss; T.) wargui 4.55
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siogaialfisauinnanalsisu Auandlugiln 4.45 wazanesssuanfins N AnaaNiaLN
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Warduuanmenulneldngaian laaitluansidanuang
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TllfdnutsTauana (Unmodified NR) wazenasssnaansndlanadiues 3 atn laun €19

5330 ANTNFNR AR AWNIATIAN (NR-g-PMMA), 2148358 t1Ans 10 sweda lagu (NR-

g-PS), WAZEN4ETINTANINNANEAA LFTuIINT LN AANNIATAN  (NR-g-P(S-co-MMA))

arludfaangmnian laduanafimnsnei 4.23 uazgiln 4.56

A1519% 4.23 ﬂ’]’m‘ﬁu’]LLliu"IJﬂﬂﬁuﬁzL%@N‘IJ')'W\?‘U@\?EI’]\W??MT’]@ UAZENEITNTANT NG LA

a rd‘ ' o dlv cY o &
WRALNATN mem\‘mumam1mmmgmmm1m
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NR types Crosslink density (x10° gsmole/cc)
Unmodified NR 7.98+0.21

NR-g-PMMA 29.00+0.46

NR-g-PS 39.00+0.99

NR-g-P(S-co-MMA)  24.10+0.11

39.00
29.00
] 24.10
7.98
I |
NS 7 7 7

[ %

ﬂl a a oY a fd‘ J o/ dl
qil'l.l"v’l 4.56 HATAILWNETTNTAUALLNEITNTANIIWAAE IANAALNA TNLANANAUNTaAN

Tudfoenganian lamsand 1 IILLNIaITUEL TN TN
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AMNANINT 4.23  uaz U7 4.56 AINNUILUNLBINUSZLTANTINNTD

Tuiana wudien9assnafns wWsaneda lisul AN UBILINIRUE LITaNTI NN A

, 1

HasainAtAuannsalunisazang (solubility parameter) a84ngaw il 18.2 MPaz

, 1

INAAEALAIAINAIN1TD IUNALANEUBIND RN N ALNANATANTLYNAY 17.9  MPaz
, 1

UINNTIANANNAINNTD TN AT A UDINA RS LAFUNR ANWINTU 19.0 MPaz (Wohlfarth,

2010) AIBIMEDUAIAINIINNATANEEDIINTIANIIN AN ALNTIANNIATIAN IANINNTN
a o a =
198971 AN I Ne AR LsiTu
AMNUANNANINI I FUNLINE198991 RN N B8 TANARLN DS WAN AN
fu 3 ala lHun g19assuaninsnsneduAaiuniIAzan (NR-g-PMMA), 8198990017
nensine-aalssu (NR-g-PS), karenaa33u115n W ine aa brsusan iU aluniAsLan

1%

(NR-g-P(S-co-MMA)) Tiiannludgnengmaniailas Wanimlansufiuansaiu Taafien
833N ANTINANLANT AN AT AN AN TR NN TAUAINAIAINNNINAS A wWaZHANN
mumuﬁi@mm’é@u@;ﬁzﬁm ANEITNTNANI IV FNO AR LFTUNANTFLABA1WAMN AU IUES
favnazaeliiiia wazenasssumAnsmlsweas liunfunedfamnesianilaus

LBFIUANNUNIUABLINAN FT82ER W AAT1A AINAAILEBIAINUIIAY LATAINIDY

4.4 AnwInarRINSIlFaUEUANTRANN o) WBIENETTNTIAN DSz UUNGANTAR
laduazfnzduiluasidianaana

= o QAdI A o a s o o
L‘].I??EI‘]_IL“V]EI‘LI@QJ‘LImﬂﬂﬁﬂ%‘iﬁ??lﬁ]”lﬁl%l‘ﬁ?ﬁﬂﬂﬂ@]m’]?@ @13@LL@$?$U‘UH’1N$§M

Wugnamanaqng e BFauiaueny 4 99s 1ana an9aesnafmn i lf@ana919 (Uncured

a

NR), 81969901 ANLTONBNATTULNGANTAR L6 (GA cured NR), 8196950T18NTINET
WAALNTA-LUNATLANTITANTINFE T2 UUNGATAR LaF (GA cured NR-g-PMMA) uazena
F99UTVANTANIINAITTUUANNEEW (Sulfur cured NR) Tnsidnnantizidana, anNiimia

ANEEU AMNANUNIUARANNA A8 U TTILAZ AN AU LU B INUE LI TRN TS
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4.4.1 HAURIANNBANANNTRIRITETANUINNARANLALTING

Tun19AN M4 NTRTINA098198 991157 b LA TaNY919 (Uncured NR),

o
ada A

ANFIINTNANTONIINHIBILULNGANTAR L8R (GA cured NR), 8198990 NGNIWENDR
WRALNNIATIAaNITa NI AN8ITLIUNgAFaR 1as (GA cured NR-g-PMMA) ULazens
e Y o e Y -
§99NTNANLTANUINNFILTTUUAINLEW (Sulfur cured NR; ) Iagldan1nsimnnyanann
AN9ANHNTNbE lsiadeN 4.1, 4.2 WAL 4.3 WAYEINEITNTNANTANIINAILTLUUANNE TN

[ %

wisannnINaNAinden 3.3.4 Inanaseuantmidina Hun axnifnendaszaziinf 100%,

300% Ua¥ 500% ANNEUNILaUsIAN iefidusitraiin o) ana1a AINWTS ANINASAY

IHA9ANNLINAN LATNITAUAINAINIINA T4 IFHARINNIINARALAILE A9 TUANT19N 4.24

AN5197 4.24 NZ\]‘H@Qﬂ’ﬂllLLﬁ]ﬂﬁi’N‘ﬂﬂﬂ@Wiﬁ@N‘ﬂfﬂ\iﬁiﬂ@ﬂﬂmﬁ?ﬂ\m@

Properties Uncured NR  GA cured NR  GA cured Sulfur cured
NR-g-PMMA  NR

100% modulus (MPa) 0.43+0.08 1.18+0.03 1.34£0.01 0.54+0.01
300% modulus (MPa) 0.46+0.09 1.36+0.01 2.32+£0.05 0.91+0.04
500% modulus (MPa) 0.55+0.07 1.91+£0.19 5.18+0.06 1.68+0.39
Tensile strength (MPa) 1.70£0.23 8.39+0.56 16.11£0.16 20.03+0.75
Elongation at break (%)  787+24 896+52 745+18 867+47
Tension set (%) 20.83+0.29 12.83+0.29 2.83+0.29 8.83+0.29
Hardness (Shore A) 28 56 63 45

AT UL AN NN U TN A NLAU-AIN AT ATBIEING FTTNTN R
A& dana919 (Uncured  NR), m\aﬁﬁmﬁﬁL%mmw’mmzuunqm?@mam‘(GA
cured NR), mqmmmﬁmﬁwmﬂamﬁ@Lumﬁ?mwﬁL%mmqE-ﬁfsmzum@umﬁ*@ﬁiaﬁ
(GA cured NR-g-PMMA) LALHNIEIINTV AT AN B T LA L E U (Sulfur cured NR)

LARIAIZLT 4.57
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519 4.58 NATRIANUANGNITIAITONII WA ANNEAAA

ad o

AngUi 457 wudndnaeassngandann luddicassuunganianlasld

[ % [ %

WASIUIUNIAN 9 BuAugINdIesssuaandan luwdhasssuun iz fu usanendani-



106

% o o A % ! P =2 %
”Lwﬁmmwumm Uil ua1N19n N9t ﬂVLﬂN’]ﬂﬂfJ’]LL@ZGLT Lmslummwmmim

'
ada o

NINNAINYNNEITNTIRAND @mﬂuﬁnmmvum@mmmim Zﬁ@ﬂﬂﬂﬂ\‘iﬂ‘ﬂﬁ‘ﬂﬁ/] 4.58 Lll’aﬁﬂ‘]:f’m’ﬂ—

[ %

AaNszaIzein 100%, 300% WAY 500% WLINHNNE3IHINANIINFANARINAALNNIATIANT
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L°H@3J°]J'J’]\'iQQEI?Z‘LI‘LIﬂ@[31’]‘3‘@@LLilﬁﬂLﬁLLNELuﬂ’]?ﬂ\W]ﬁ‘Zﬂxﬂﬁﬁ‘l’] ] ANNEA TDIAINIADENY

BIINTIANTONUINNATTUUNGANTAR LA UATHNFITNINENITON TN FE sz IUAINE T
o o  wy . e 2
ANRIAL aztiiulfgnesidaaludfosszunnganias lae nasanulunisaelugaaisu s

mnrjqizuuﬁw:ﬁu Lﬁmmnmmlﬁqmemﬁuﬁmﬁmuwmj@mmq LLﬁiLu@ﬁmimq
ANHATUNIUFABLIIAY WUINENEIININANTANUINNAITELLNINETUT A NAIUNUGD
=3 dl o a & a a a dl dl %
WIIANgaNgn Q’]ﬂuuLﬂUEINﬁ'iTN‘Tﬂlﬁlﬂ?’W\llﬂWﬂZ\lLm/]@LJJVI’]F]?L@‘VWIL"ﬂ'ﬂwﬂ'}’]\iﬂﬁﬁlﬁ‘zuu
o a & ad‘ dl v o a & o % Y @ 1
ﬂ@m%@&ﬂﬂ@mewﬁﬁmmmmLﬁmmqwmmsuunqmmmim ANNATAL AR bTLA19
~ o o o 8§ o , = ! o - oy
mm@mrmmmzuumumﬂummmumum@LL:Nngqmwzumqmmmiam LAZLND

Warsnunszaztin o qA21A wudnesidenganelussuui Nt ulszasia lunnsngain

] o

o A & 1 A o S 1% 1 le % dl
?3‘]_|‘]_Iﬂ@jl;‘l’ﬁ‘@ﬁiﬁﬂ‘ﬂﬂ%‘muﬂ@qﬂﬁy LLB"liIﬂiﬂm’mﬂ’)’]ﬂ’]ﬂﬁﬁ‘ﬂ‘ﬁ’]ﬁmiﬂﬂﬂL‘ﬁ’ﬂll‘ll'l’NLL@S?_I’]\‘]

|
=

B9INTNANIINENE R NN AT ANTITONTINAINGANTAR LeIs

ANINARDLENNETINTHN b LA aNYI19 (Uncured NR), &N9633HTAN
RN NFETTLLNGANTAR LER (GA cured NR), 8198950 ANIWANDRLUTIALUNATLAN

|
=

MTBNIINFITTULNGATAR aF (GA cured NR-g-PMMA) WaztNa3aug AN ToNTI
Foes s UUAINLAY (Sulfur  cured  NR) B1dINA&0UANTRAINAIFALEBIANNLIA

(Tension set) WATANLIN (Hardness) meﬁx‘lgﬂﬁ 459 1laz 4.60
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S
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5 4 2.83
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5UN 4.59 NATBIAINUANGNNTBIATONTINFRAIHAIFAILILBIAINUIIFY
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19N NFARLNARLNAALNNIATIAN  d9ua 1N A Na NI I UNINARALAZH AN LTS

1 o dl A o va 1 dl = dl v o o
UINNIT A3 4.60 LazAuFa lAANINEaNUN@aNANNAEFLLLNIN LT

a

4.4.2 HAURIANNLANANNTDIRNTHTANUINNNUAADANLALTIANT AU

ANINAGAUANITRURI8N959INTRAN b LA TN (Uncured NR), 8114

'
a S

ﬁﬁwmmﬁL*ﬁ@mmqﬁw%uunqmﬁ@ﬁiaﬁ(GA cured NR), 29899NTANIINANDALNTA
INNASLANTIT AN ARITTLLNGANTAR L6 (GA cured NR-g-PMMA) UAZRINIEITHENAT
TANVINAETTUUNANESU (Sulfur cured NR) InanagauAnane sn1ndaAinNsanlne

v
WMARANITIATIZUTNUTIN (Thermal gravimetric analysis; TGA)
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4421 ANNBLANANTRIRITHTIANUININANAAAAIMNLADNLTNINLTS
ANNS AU

AN9ALAIEEANHLAD T NINNI AN EAUURIEINNETINTFN bl LA 1T AU

|
A

MaaNwfiaeszuLNgmn3anlad (GA cured NR), 274

a

(Uncured NR), ®149899NT6
599NN AW RLNT AN ATLANTLTDNTINNFITTULNGANTAR L6 (GA cured NR-g-

PMMA) BAeNNG9s NI AN I N9 A9z ULANE a8 (Sulfur cured NR) Tasldmaiianig
AAzsitinin (Thermal gravimetric analysis NATLAWAAIAIZLN 4.61 UAY 713199 4.25

o o & ! o OQI o dl a a o 1 o dl
LAZAIMNANNUTTECUINDAATIUNUNUNNG U AELATH LN NUBIAIDLN ﬂﬂLL@@QlugﬂVI 4.62

AN99N  4.25 AEUNYANITAAN A TSN ITNTNALAZRNEITHTAN I WE IANDALNA

Fenaanauansnariu
NR types T, (°C)
Uncured NR 345
GA cured NR 378
GA cured NR-g-PMMA 395

Sulfur cured NR 360
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AMNENTNN 4.25 31N 4.61 WAz 4.62 WAAIERIINITAARIVBILINLIN

BNEITHINAGIAN (T ) UATGOINNNIIAAUFITBIENDITNTNAN 1 LF1TaN2919 (Uncured

p

o
ad A

NR), 8483TNENANITANIINFES2UUNYATAR L6 (GA cured NR), 8196991T1ANIINE

WARLNTALNNATANTITANTI N8 seUUNgATAR LA s (GA cured NR-g-PMMA) uazeina

F99NTNPNTANIINNAITZULNAINLEU (S cured NR) Tnaduwusivudnminiune ldueeans

]
=

Wudneesssnanan lnganianlamiduansdenasnilgumgilunisaanasaiiiesann
Y oA d . e » y
ANNEAU (T,)  QININENNYNTANUINNAIETZULNINLTY HesAINAUsY ~C-N-C- 14

wasulunsaanawise 305 kJ/mole Msvuunuziulinasulunisaaiawuse -C-S -

1 |
o =

C- iy 267-285 kJ/mole (Bond Energies, 2006) #9a1nanuiAsai9Ngnimean19na

o

LAAIAITUN 4.63 waziaFauRaUAUs198sINIIAN TN FNA A LNRA NN ATIAN AT AN

4

1
o 1

WINFETLULNGANTAR LE6 WL N RNFIL 19 AANITAANUAIGING 1B TTHE VAT
LlAdnulstuiananidenaaefiouszuunganiantas asanniiainnimnawsifaened
wiawmnAsandenalidauuiuszaniueululassainanniuaz i ndunsfiseseuding

Tuanaiisay daualiaeiiauaiunsmlunimuaaaieausinau

517 4.63 WULAIABIANHAENITTONTIWNUBILNEIINTIR (2) BINFITNTVAN LHANT

aal as

TANUNG (b) BNN9FITNTNRATLTANUINFILTTUUNINETU BAY (C) 8NEITHTINRNTANTIN

Fnsszuungmnian las (Johns et al., 2012)
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4.4.3 ANALANANNTAIFNFTITANUINNNNHAADAMNUUILUUURINUSLLTANUING
TUNIANHINATDIAIN AU LUUIDIRUILLTANTINIRIENTITNTAN
M v dl Qd‘ dl v o &
TlA@ana919 (Uncured NR), 898350 ANITANTIHE152 UL NgAnFantas (GA cured
NR), €899 ANIIWAND RN AAINNIATLAN T TANUINAITEULNGATAR ba s (GA
cured NR-g-PMMA) WAZENNEITNTNANTANUINN A FEULNINL U (Sulfur cured NR)

WAANAIANTIN 4.26 UazgUR 4.64

= 1 a a a rnll dll
ANS19N 4.26 ANTUNLULIANIANENETTNT A LAYNEITNTNANIINFTAND A LLA SN L TaN

PINLBNFINGTILS

NR types Crosslink density (x10° g*mole/cc)
Uncured NR -
GA cured NR 7.9840.21

GA cured NR-g-PMMA  29.00+0.46
Sulfur cured NR 141.00+£1.50

160.00

141.00

140.00 -~
120.00 -
100.00 -~
80.00 -
60.00 -

40.00 - 29.00

Crosslink density (x10-5 gemole/cc)

20.00 - 7.98

0.00 -
GA cured NR GA cured NR-g-PMMA Sulfur cured NR

5N 4.64 NATRIANUANGNITBIANNTONIINNHUAFE AL UUNT IR LS ZTEN YN
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Properties 100/0 95/5 90/10

100% modulus (MPa) 0.43+0.08 0.48+0.04 0.52+0.02
300% modulus (MPa) 0.46+0.09 0.66+0.03 0.72+0.03
500% modulus (MPa) 0.55+0.07 0.83+0.00 0.97+0.02

Tensile strength (MPa) 1.70+0.23 3.25+0.01 5.06+0.04

Elongation at break (%)  787+24 829+34 83514
Tension set (%) 20.83+0.29  8.00+0.00 6.25+0.35
Hardness (Shore A) 28 33 40

Compression set (%) 84.81+0.68 62.49+2.75 61.14+0.04
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100% modulus (MPa) 0.43+0.08 0.52+0.02 0.67+0.01  0.73+0.04
300% modulus (MPa) 0.46+0.09 0.72+0.03 1.00+0.01 1.17+00.02
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ARTICLE INFO ABSTRACT
Article history: Background: Natural rubber sensitive to heat, oxidation and poor oil and solvent
Received 12 March 2015 due to its structure and hydrocarbon. Objective: To improve
Accepted 28 April 2015 thermal and oil resistant properties of natural rubber by chemical modification.
Available online 6 June 2015 Results: Graft copolymerization of natural rubber with poly (methyl methacrylate),
polystyrene and poly (styrene-co-methyl methacrylate) were successfully prepared by
Keywaords: using emulsion polymerization. The chemical structures of grafted NRs were
Natural rubber Graft copolvmer confirmed using Fourier-transform infrared (FTIR) spectroscopy and transmission
Rubber modification Methyl electron microscopy (TEM) technique. The grafied NRs exhibited better heat and oil
methacrylate Styrene resistant properties than that of unmodified NR. Among the four different types of

tance natural rubbers, NR-g-PMMA exhibited the highest oil resistance properties and NR-
2-P(S-co-MMA) exhibited the highest thermal stability. Conelusion: A synergetic
improvement in the properties of NR by grafting leads the resulting material can be
used widely in industrial applications.
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INTRODUCTION

Natural rubber (NR) is one of the most important and renewable materials with excellent physical
properties (i.c., elasticity, high resilience, tacking and tensile strength). Thus, NR has been used in wide range
of applications such as the manufacturing of tires, rubber glove, shoes and adhesive etc. However, NR
contains double bond in the main chain. This leads NR sensitive to heat and oxidation due to its unsaturated
structure. It has poor oil and solvent resistance because of the presence of hydrocarbons. These drawbacks
limit its use in several applications including the production of elastomeric parts for engineering applications
(i.e., engine mount, seal and O-ring etc.). It is known that modification of NR is a choice to overcome its
drawbacks. Many attempts have been done to modify natural rubber with various forms such as hydrogenated
NR (HNR) [1], epoxidized NR (ENR) [2,3], graft copolymerization of NR with various vinyl monomers i.e.,
acrylonitrile [4], dimethylaminoethyl methacrylate (DMAEMA) [5]. styrene [6-9]. methyl methacrylate
[2,10-12] and styrene-methyl methacrylate copolymer [13-16]. Grafting by emulsion polymerization using
redox initiators is one of the most famous methods to modify NR [5,6,12]. A low temperature (40-50 °C)
is sufficient for the processing and the efficiency of grafting is high. Modification of NRs using a redox
emulsion polymerization has been used to develop NR with better physical properties. The outcome of this
work is expected to extend the uses of NR widely in industries.

In this work, NR grafted with difference types of monomer were prepared by emulsion polymerization with
the ratio of 80/20, 80/20 and 80/10/10 for NR/MMA, NR/S and NR/S/MMA respectively. The chemical
structures of the grafted NRs were first confirmed by FTIR. Morphological, thermal and oil resistance
properties of the grafted NRs were then investigated. Thermal stability of NR was determined using
thermogravimetric analysis (TGA). The properties of unmodified natural rubber were also studied for

Corresponding Author: Ekwipoo Kalkornsurapranee, Department of Materials Science and Technology, Faculty of
Science, Prince of Songkla University, Hat-yai, Thailand.
Tel: +668-41986578; E-mail: Ekwipoo(@gmail.com
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comparison purpose.
MATERIALS AND METHODS

Materials:

The commercial high ammonia latex (HA Latex) with 60 % dry rubber content (DRC) was purchased
from Chana Latex Industry, Thailand. Methyl methacrylate (MMA) and styrene (S) monomer with purity
~99.0% (both from Sigma- Aldrich Chemie, Germany) were used for the graft copolymerization. tert-butyl
hydroperoxide (tert-BuHP) and tetracthylene pentamine (TEPA) were used as redox initiators (both from
Sigma-Aldrich Chemie, Germany). Sodium dodecyl sulfate (SDS) used to stabilize the latex was received
from Sigma-Aldrich Chemie, Germany. The solvents, petroleum ether, methyl ethyl ketone (MEK) and
acetone were purchased by Fisher Scientific, UK, Ajax Finechem, Australia and Zen Point, Thailand,
respectively. Engine oil (from PTT, Thailand) was used for the swelling measurement.

Preparation of NR grafted with difference types of monomer:

Graft copolymerization of the NR-g-PMMA, NR-g-PS and NR-g-P(S-co-MMA) was carried out by
the emulsion polymerization using weight ratio of NR/MMA, NR/S and NR/S/MMA for 80/20, 80/20 and
80/10/10, respectively. The chemicals used in reaction are listed in Table 1. The HA latex, TEPA (85 wt %),
SDS (20 wt %), and distilled water were initially added into the main reactor according the formulation shown
in Table 1. The mixture was then thoroughly stirred under a nitrogen atmosphere at 50 °C for 30 min. The
monomer (MMA) and fert-BuHP (80 wt %) were then incorporated into a feeding funnel and subsequently
added drop-wise into the main reactor. The mixture was then kept for 3 h. After completing the reaction, a
small amount of graft copolymer was poured into Petri dish and dried the samples in oven at 40°C for 48 h.
Soxhlet extraction procedures were carried out to assess the amounts of free NR and free homopolymers in the
graft copolymer. Free NR was first extracted by light petroleum ether at 60-80°C for 24 h. To remove the free
PMMA and PS the residue were further extracted in 60°C for 24 h by acetone and MEK, respectively. The
grafting efficiency was determined by the residual weight of NR-g-PMMA, NR-g-PS and NR-g-P(S-co-MMA)
after extraction by using the following equation [2]:

weight of graled copobymer__) 0

9 i =
% Grafting cfficiency ol weigh sfpolymes & (1 )

Table 1: Formulation used in grafting reaction.

Chemical Dry weight
Chemical used in main reactor
HA Latex 80g
TEPA 1.0 phr*
SDS 1.5 phr
Distilled water To adjust TSC equaling to 40%
Chemical used in dropping funnel
MMA or S monomer 20¢g
Mixed MMA/S monomer 10/10 g**
tert-BuHP 1.00 phr

* phr is part per hundred parts by weight of rubber
** For NR-g-P(8-co-MMA)

FTIR and TEM:
The samples with various NR graft copolymers were characterized by using a Bruker (Model Tensor
207, Germany) Fourier transform infrared spectroscopy (FTIR) analysis. The samples were scanned in a

spectral range of 4000 to 500 cm”

1The morphology was analyzed by using a JOEL transmission electron microscope (TEM) (JEM-2010, Japan)
at 160 kV

with a magnification of 600007. The NRs were diluted 400 times with distilled water (approx. 0.025 wt.
%) and then dropped the solutions on the copper grid and dried with silica beads.

Thermal properties:

The thermal behavior of all NR graft copolymers were characterized using a thermogravimetric analysis
(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 700°C.

Swelling measurement:

Swelling measurement was carried on at room temperature for 6 h. In this case, engine oil was used as a
test liquid. The swollen samples were taken out from the oil and surface cleaned by dipping in acetone
followed by wiping with tissue paper. The degree of swelling was calculated by using the equation [2]:
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Te100
‘ @
where W0 and WS are the weight of the specimen before and after immersion in the test liquid,
respectively.

Change in weight (%) =

RESULTS AND DISCUSSION

Determination of grafiing efficiency:

Figure 1 shows the grafting efficiency of the grafted NR with various monomers. It is seen that all grafted
NR samples exhibited higher grafting efficiency (>90%). The grafting efficiency of NR-g-PMMA, NR-g-PS
and NR-g-P(S-co-PMMA) are 91.87, 91.71 and 90.32 %, respectively. Graft copolymerization using redox
initiators can be confirmed from the higher level of grafting. Moreover, all grafted NR samples exhibit almost
similar grafting efficiency. Therefore it can be concluded that the grafting level of NR with all monomers are
equal.

100

9032
0 - "

Grafting efficiency (%)

NRg PMMA NRgPS NRg P(Sco MMA)

Fig. 1: Grafting efficiency of grafted NRs (i.e., NR-g-PMMA, NR-g-PS and NR-g-P(S-co-MMA).

FTIR analysis:
Figure 2 shows the FTIR spectra of NR-g-PMMA, NR-g-PS, NR-g-P(S-co-MMA) and unmodified NR. It

is seen that all the NR samples show absorption peaks at wavenumbers 835, 1448 andl1670 em’l It
indicates -C-H out of plane bending, -C-H bending and -C=C stretching of NR molecules, respectively.

However, new absorption peaks are appeared at wavenumbers of 695 and 1732 em™! in the infrared spectra of
NR-g-PS and NR-g-PMMA, respectively and both absorption peaks for NR-g-P(S-co-MMA). These peaks are
assigned to -C-H out of plane bending in aromatics of styrene and carbonyl groups in PMMA molecules
respectively. All important peaks which are observed in NRs in Figure 2 are summarized in Table 2. The
formation and presence of functional groups in NR molecules have been confirmed from FTIR analysis.

% Transmittance
=
£l
=
g}
[
£

L ) w0 ey 120 150 1890 20
Wavenumbers (cm1)

Fig. 2: FTIR spectra of unmodified NR, NR-g-PMMA, NR-g-PS and NR-g-P(S-co-MMA) samples.

Morphological property:

The morphology of unmodified and grafted NR samples (i.e., NR-g-PMMA, NR-g-PS and NR-g-P(S-
co-MMA) has been studied by TEM and compared the grafted samples with the unmodified NR as shown in
Figure 3. The darker spots represent the NR core regions while the lighter nodules are the copolymer as shell
[7]. The lighter nodules in the micrograph were not appeared in unmodified NR (Figure 3 (a)). In contract,
the lighter areas or small nodules are appeared on the surface of darker phase in all the grafted NR samples
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(i.e., NR-g-PMMA, NR-g-PS and NR-g-P(S-co-MMA), as shown in Figure. It indicates that the functional
group of the grafted NRs generated at the surface of the NR particles by forming core— shell particles. The
existence of functional groups on the grafted NR can be clearly confirmed from this well-known analysis.

Table 2: Various absorption peaks for unmodified NR, NR-g-PMMA, NR-g-PS andNR-g-P(S-co-MMA).

Wave NR types

e Funcuouals Unmodified NR  NR-g-PMMA NR-g-PS “ﬁ'\’:‘:)"
5 C-H out of plane bending in aromatics B} B 7
835 C-H out of plane bending of NR v v v v
1448 C.Hbending of NR v v v
1670 -C=C sretchng of NR v v v v
1732 C=0 strcichune of v
NN
>r,—7< o 3 N ]
oy g ey S VR il .‘ri py.
weol b
Chemical stuctures. \/ o | Wy
= I a—ow L]
I\ b 1 M|_o‘
ok L O r
| Lo,

Fig. 3: TEM micrographs of (a) Unmodified NR, (b) NR-g-PMMA, (c) NR-g-PS, (d) NR-g-P(S-co-MMA).

Thermal properties:

TGA curves of NR-g-PMMA, NR-g-PS, NR-g-P(S-co-MMA) and unmodified NR are shown in Figure 4.
The temperatures at 50 % weight loss (Td) of unmodified NR, NR-g-PMMA, NR-g-PS and NR-g-P(S-co-
MMA) are 348, 368, 362 and 376°C, respectively. An increase in decomposition temperature is observed for
all the grafted NRs. The thermal stability in descending order as follows: NR-g-P(S-co-MMA), NR-g-PMMA
> NR-g-PS > unmodified NR. NR-g-P(S-co- MMA) exhibits higher decomposition temperature among all the
grafted NR 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 between its functional groups. Furthermore, the delocalized electron nature in aromatic group of
styrene acts as an antioxidant. It is capable of scavenging and destroying chain propagation especially in
the form of peroxy, alkoxy and hydroxyl radicals by donating active hydrogen atoms. Therefore, it is seen that
NR-g-P(S-co- MMA) provides the highest thermal stability among the series of various grafted forms of natural
rubber studied.

Oil resistance:

Figure 5 shows the degree of swelling of the grafted NRs (i.e., NR-g-PMMA, NR-g-PS and NR-g-
P(S-co-MMA) and compared with the unmodified NR in engine oil. It is seen that the degree of swelling for
all grafted NRs showed lower values compared to unmodified NR. Lower value indicates the material with
better oil resistance. This can be attributed in terms of chemical interaction between polar functional groups in
its molecules. Among three different grafted NR samples, NR-g-PMMA exhibited higher oil resistance which
is followed by NR-g-P(S-co-MMA) and NR-g-PS, respectively. This can be attributed by the higher dipole
moment of PMMA ((n) = 1.6-1.97 D) [15] compared to the dipole moment of styrene ((n) = 0.13 D)
molecule in the grafted forms. Higher dipole moment corresponds to higher polar-polar interactions in its
molecule, as schematically shown in Figure 6. The higher interaction between polar functional groups behaves
as a barrier which does not allow the chains to rearrange easily under oil stress. Therefore, the NR-g-
PMMA provides superior oil resistance properties.
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Fig. 4: (a) TGA and (b) DTG thermograms under oxygen atmosphere of unmodified NR and NR grafted with
PMMA, PS and P(S-co-MMA).
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Fig. 6: Polar-polar intermolecular interaction of (a) NR-g-PMMA, (b) NR-g-PS and (c) NR-g-P(S-co-MMA).
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Conclusion:

Grafted natural rubber in the form of NR-g-PMMA, NR-g-PS and NR-g-P(S-co-MMA) were
successfully prepared using redox emulsion polymerization method. The grafting mechanisms for all grafted
NR samples have been confirmed by FT-IR technique. An improvement in thermal stability and oil resistance
was observed for grafted natural rubbers. Among the four different natural rubbers, NR-g-PMMA exhibited the
highest oil resistance and NR-g-P(S-co-MMA) exhibited higher thermal stability.
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1 | INTRODUCTION
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Charoen Nakason® |  Jobish Johns®

Abstract

In this work, we present an easy way to vulcanize natural rubber using glutaralde-
hyde as a cross-linking agent. The effect of poly(methyl methacrylate) (PMMA)
grafting along with cross-linking of natural rubber on the mechanical, thermal, and
oil resistance properties was studied. The main objective of this work was to improve
the properties of cured natural rubber (NR) based on glutaraldehyde (GA) as a curing
agent by using modified NR. Cured NR-g-PMMA with different grafting levels were
studied systematically and compared with cured natural rubber. A remarkable im-
provement in the properties of natural rubber was obtained by grafting PMMA.
Higher tensile strength without much reduction in elongation at break can be achieved
by curing NR-g-PMMA with glutaraldehyde. The natural rubber grafted with PMMA
and subsequently cured with glutaraldehyde as a cross-linking agent was found to be
a useful technique for improving the properties of natural rubber products.

KEYWORDS
graft copoly

, grafted PMMA, natural rubber, poly(methyl methacrylate),

vulcanization

NR-g-amine derivatives,”'”) and epoxidized natural rub-

ber.""'"""3 A remarkable improvement in the properties is ob-

Natural rubber (NR) is an important material since it is a
renewable resource which provides outstanding elastic prop-
erties.!!! However, the applications of NR are limited espe-
cially when the product is directly in contact with oil and
heat. This is due to its structure which is mainly cis-1,4
poly(isoprene), which is an unsaturated non-polar hydrocar-
bon polymer. So NR exhibits poor oil and heat resistance.?!
These drawbacks can be easily improved by modifying the
natural rubber molecules. NR—g-PMMA.':"zl NR-g—s(yrene.HI
NR-g-maleic anhydride.li‘(’I NR-g-(PMMA—('o—Slyrcnc).'7'“I

served by modification of rubber. However, uncured rubber
cannot be used to make any rubber articles due to its sticky
(at warm conditions) and brittle (at cold conditions) nature.!"
Vulcanization is an important process in rubber compound-
ing which determines the final properties of the rubber. In
general, there are many potential vulcanization techniques''¥!
including sulfur, peroxide, and phenolic resin curing. These
curing systems are exploited in the combination of various
chemical ingredients together with curing state at high en-
ergy and lcmpcralure."S’”' A novel and inexpensive method

Adv Polym Technol. 2017;1-8.
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to vulcanize natural rubber at low temperature by using glu-
taraldehyde (GA) has been reported recently.!'®'"! According
to this method, glutaraldehyde initially reacts with the ammo-
nia present in natural rubber latex and generates pentane-1,5-
diylidenediamine, which cross-links natural rubber via ene

reaction"® as shown in mechanism.

Ammonia+ Glutaraldehyde — Pentane — 1,5 — diylidenediamine

Pentane — 1,5—diylidenediamine + Natural Rubber

— Vulcanized Natural Rubber

However, the final properties of natural rubber vulcani-
zates obtained by this method are defensive to those of the
NR vulcanizates based on the conventional vulcanization
systems. It is well known that the vulcanizing agents form
different types of bonds during curing. The final properties
of the rubber material mainly depend on the nature of those
bonds. Nowadays, the most popular vulcanizing agent for
rubber is sulfur due to its low cost and the resulting good
elastic properties of the vulcanizates. But the drawback of
this system is its poor thermal resistance. A sulfur-cured
system consists of —C—SX-C-' I bonds in between the poly-
mer chains. This kind of bond has low bond energy and re-
duces the thermal stability of rubber. The ~C-C- bond in
rubber products is essential to enhance the thermal stability.
Selection of peroxide is one of the ways to obtain this kind
of cross-linking with higher thermal stability. However, this
system must be cured at high temperature and it can produce
an irritating smell by generating a toxic by-product called
acetophenone.!! The GA-cured system has been success-
fully developed and reported in our previous works.?**2
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, it may be noted that
the rubber cured from glutaraldehyde exhibits defensive me-
chanical properties. In this study, we have made an attempt
to improve the stability of natural rubber by combining glu-
taraldehyde as a curing agent along with NR-g-PMMAs as
a raw material. NR-g-PMMAs with various grafting levels
were prepared and characterized using Fourier Transformed
Infrared (FTIR) Spectroscopy, Proton Nuclear Magnetic
Resonance ('H-NMR) spectroscopy and Transmission
Electron Microscopy (TEM). Mechanical, thermal, and oil
resistance properties of the cured NR-g-PMMAs were stud-
ied and also compared with glutaraldehyde-cured natural
rubber.

2 |
21 |

The commercial high ammonia latex (HA Latex) with
60% dry rubber content (DRC) having ammonia content

EXPERIMENTAL

Materials

0.7% was collected from Chana Latex Industry, Thailand.
Methyl methacrylate (MMA) monomer was supplied by
Sigma-Aldrich Chemie, Germany. Tert-butyl hydroperox-
ide (tert-BuHP) and teraethylenepentamine (TEPA) manu-
factured by Fluka (Steinheim, Swizerland) were used as
redox initiators. Sodium dodecyl sulfate (SDS) used to sta-
bilize the latex during polymerization was purchased from
Sigma-Aldrich Chemie, Germany. Glutaraldehyde (GA)
was purchased from Boss Oftical Limited Partnership,
Songkhla, Thailand. Engine oil (from PTT, Thailand)
was used for the swelling measurement. The solvents,
petroleum ether and acetone were purchased from Fisher
Scientific, UK.

22 |

Emulsion polymerization using redox initiators (tert-BuHP
and TEPA) was used to prepare the NR-g-PMMAs. HA latex
with 60% DRC, 85% TEPA, 10% SDS, and deionized water
were first added into a main reactor. The mixture was then
stirred under a nitrogen atmosphere at 55°C. 99% MMA
monomer and 80% t-BuHP were taken in a feeding funnel,
and continuously dropped into the main reactor. The mixture
was kept for 3 hr to complete the polymerization reaction.
The samples of NR-g-PMMAs with different weight ratios
NR/MMA 95/5, 90/10, and 80/20 were prepared according
to the formulation given in Table 1.

Preparation of NR-g-PMMA

2.3 | Determination of conversion and
grafting efficiency

A known weight of graft copolymer latex was first dried to a
constant weight at 80°C for 24 hr. The dried weight was then
used to calculate a percentage of monomer conversion into

polymer using the following equalion;]z'23 ]

Conversion (CV,%)=

f dri - idN 1
Mass of dried sample —Mass of solid R><100 (1

Mass of innitial monomer

TABLE 1 Formulation used in grafting reaction

Ingredients Dry weight
Chemicals used in main reactor
60% HA Latex
85% TEPA
10% SDS

Deionized water

95, 90. and 80 g, respectively
1.0 phr
1.5 phr
To adjust TSC equaling to 50%
Chemicals used in dropping funnel
99% MMA monomer
80% tert-BuHP

5, 10, and 20 g, respectively
1.0 phr
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The graft copolymer latex was first coagulated and then
dried in a hot air oven at 40°C for 24 hr to remove the re-
sidual monomer. Soxhlet extraction method was used to
extract unreacted NR and PMMA. Unreacted NR was first
extracted using light petroleum ether for 24 hr and the unre-
acted PMMA (i.e. homopolymer) was later extracted using
acetone for 24 hr and dried at 40°C. The grafting efficiency
was calculated using the following equalion[2‘23' based on the
weight difference before and after extraction;

Grafting efficiency (GE,%) =
Weight of grafted copolymer
Total Weight of the polymer

2

x 100

24 | ATR-FTIR and proton nuclear
magnetic resonance ('"H-NMR)

After extracting unreacted NR and PMMA, the samples of
NR-g-PMMA were characterized using FTIR and 'H-NMR.
ATR-FTIR, Thermo Nicolet AVATAR 360 FTIR [Thermo
Electron Corporation (Thermo Nicolet), Wisconsin, USA]
was employed to analyze the grafted samples in the wave-
number ranging from 400 em™! to 4000 cm™'. For "TH-NMR
analysis, NR-g-PMMAs were dissolved in CDCI; and then
characterized by the 500 MHz NMR spectrometer (Varian,
Germany). The mole and weight percentages of grafted
PMMA on NR molecules were calculated based on the inte-
grated peak area corresponding to methoxy protons (-OCH,)
of grafted PMMA and olefinic proton (=CH-) of NR, using
the following relationships:' 1231

Mole percentage of PMMA in the copolymer = a fB x 100
3)
Mass percentage of PMMA in the copolymer=
CxC'
%100 “
(CxC+(DxD")

where A is the area under the curve for the peak of olefinic
proton of NR; B is the area under the curve for the peak
of methoxy proton of PMMA; C is the mole percentage of
PMMA in the copolymer; €’ is the molecular mass of re-
peating unit in PMMA; D is the mole percentage of NR in
the copolymer; D’ is the molecular mass of repeating unit
in NR.

25 |
(TEM)

The morphology was analyzed by using a JOEL transmission
electron microscope (TEM) (JEM-2010, Japan) at 160 kV
with a magnification of 6000x. The pure and grafted NR
latex were diluted 400 times with distilled water (approx.

Transmission electron microscopy

wiLEy-L2

0.025 wt.%) and then dropped the resulting solution on a
copper grid and dried with silica beads.

2.6 | Preparation of cured NR-g-PMMA
using glutaraldehyde

A 12.5% Glutaraldehyde (GA) solution was prepared by
diluting in distilled water. The ammonia content present in
NR-g-PMMA latex was estimated according to ASTM D-
1076-02. Glutaraldehyde solution was slowly added into the
graft copolymer latex and stirred continuously. A mole ratio
of 1:1 between ammonia and glutaraldehyde was maintained
during the period of entire investigation. The combinations of
graft copolymer latex and glutaraldehyde were then taken in
a glass mold and kept in an hot air oven at 50°C for 24 hr.["*!
Later, the samples were taken out from the oven and cooled
down to room temperature. The resulting samples were intro-
duced for testing and characterization.

2.7 | Testing and characterization

271 |

The tensile strength of the NR was performed at room
temperature 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). All the values reported are ob-
tained from at least five test results. Indentation hardness was
tested using a Shore A durometer (Frank GmbH, Hamburg,
Germany) according to ASTM D2240.

Mechanical properties

272 |

The determination of compression set is a method used to
measure the elastomeric properties of rubbery materials. The
test specimens were conducted with a compressive strain of
25% in accordance with ISO 815 at a temperature of 100°C
for a period of 24 hr and for a subsequent relaxation time
of 30 min. Dimensions of the samples were then determined
compared to their original shapes. The degree of swelling
was calculated from the mass change in the specimen before
and after immersion in the test liquid. In this work, engine
oil (motor oil, PTT, Thailand) was used as a test liquid. The
degree of swelling was calculated by using the following
equation:!')

Compression set and oil swelling

. . _W=W,
Change in weight (%)= w5 %100
0

(5)

where W, and W are the weight of the specimen before and
after immersion in the test liquid, respectively.
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Two techniques of thermal analysis were performed on the
samples: TGA and DMTA. Thermal analysis was performed
using thermogravimetric analysis (TGA) (Perkin Elmer
Co.Ltd., Massachusetts, USA). 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 atmos-
phere. DMTA was performed using Perkin EImer DMTA 'V,
(Perkin Elmer Co. Ltd, Massachusetts, USA). The experi-
ment was conducted in a dual cantilever bending mode at a
frequency of 1 Hz and strain magnitude of 0.1% with a heat-
ing rate of 10°C/min over the range of temperature of —100
to 80°C/min,

Thermal properties

3 | RESULTS AND DISCUSSION

3.1 | Molecular level characterization of
NR-g-PMMA

Elastomeric samples of NR-g-PMMA were prepared using
NR/MMA with 95/5, 90/10, and 80/20 compositions.
These grafted natural rubber specimens were initially
characterized by the extraction method in order to deter-
mine the grafting efficiency. Table 2 shows the variation
in grafting efficiency of NR-g-PMMAs prepared with dif-
ferent compositions. A decreasing trend has been noticed
on the grafting efficiency with increase in MMA content.
The higher content of MMA increases the level of unre-
acted NR and PMMA. Figure 1 shows the FTIR spectra
of NR-g-PMMA with different weight ratios of NR/MMA
and compared with unreacted pure NR. The new absorption
peaks appeared at wavenumbers of 1732 and 1140 cm™
in the spectra of all the grafted copolymers. It clearly in-
dicates that the stretching vibrations correspond to C=0
and C-O of PMMA graft chain in the grafted copolymers,
respectively.

Figure 2 exhibits the absorbance ratio of absorption peaks
of carbonyl groups at 1732 em™! to out-of-plane bending
vibration of —~C-H bonding of the cis-1,4-polyisoprene at

Pure NR

% Transmittance (%)

4000 3500 3000 2500 2000

Wavenumber (cm-1)

1500 1000 500

FIGURE 1 FTIR spectra of pure NR and NR-g-PMMAs
prepared using various weight percentages of NR and MMA

1.2077

0.6688

A1732/A835

0.4248

0
Pure NR NR-g-PMMA95/5  NR-g-PMMA 80110

MMA contents

NR-g-PMMA 80/20

FIGURE 2  Absorbance ratios of FTIR peaks at 1732
and 835 cm™' of pure NR and NR-g-PMMA at various weight
combinations of NR and MMA

835 cm™'. The grafting level of PMMA in the NR-g-PMMAs
can be roughly quantified from the figure. It is seen that the
absorbance ratio or level of grafted PMMA has been in-
creased by increasing the amount of MMA. This confirms

TABLE 2  Grafting Efficiency and percentage of Grafted PMMA during the graft copolymerization at various NR/MMA weight ratios

Percentage of grafted PMMA
NR/MMA (by
weight) Initial MMA (%wt)  Conversion (%)*  Grafting efficiency (%)"  Extraction method" 'H-NMR method”
100/00 0 0 0 0 0
95/05 5 97.61 95.21 4.76 4.60
90/10 10 95.85 95.84 9.58 9.42
80/20 20 92.77 9335 18.67 16.13

“Calculated by equation (1)
bCalculated by equation (2).
“Calculated by %GE compared with initial monomer
ICalculated by equation (4)
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that the material with higher MMA content provides more
PMMA on NR chain.

Figure 3 shows 'H-NMR spectra of NR-g-PMMAs
with different weight ratios of NR/MMA and was also
compared with the pure NR. The chemical shifts can be
seen at 3.6 and 5.1 ppm corresponding to the signals of
—OCH, protons in the grafted PMMA and the signals of
—CH protons in the isoprene unit. But the chemical shift
of 3.6 ppm disappears in the case of NR. The grafting of
PMMA onto NR molecules can be easily confirmed from
'H-NMR spectra.

Table 2 summarizes the percentage of grafted PMMA
onto NR calculated based on the extraction technique and
'H-NMR methods. The grafting level of PMMA is measured
by extraction method based on GE and compared with the
initial weight of monomer. In addition to this, the grafting
level based on "H-NMR technique has been determined from
the area under the peak of protons according to equation (4).
It is seen that the grafting level from both the techniques are
in good agreement.

The morphology of NR-g-PMMASs latex was analyzed
and compared with the unmodified NR (Figure 4). The dark
spots on the microphotographs represent the core regions of
NR and bright spots on NR which appeared from the copo-
lymer as shells. The bright nodules in the micrograph have
not appeared in the unmodified NR (Figure 4a). In contrast,
the bright areas or small nodules which appeared on the sur-
face of the dark phase in each level of grafted NR samples is
shown in Figure 4(b—d). It indicates that the functional group
of grafted NR formed at the surface of NR particles by gener-
ating core-shell particles. The existence of functional groups
on the grafted NR can be clearly confirmed from the mor-
phology obtained from TEM analysis.

o
_é 19 ,.9_ o
P S 2
.
Pure NR Y” OrEs |
| NRG-PMMA 955 ) j’) © i |
(b)
NR-g-PMMA 90/10 (la) l |
1 ol Y
(®)
omen | p UM
10 H H 7 3 2 H

Chemical ‘Shift (ppm)

FIGURE 3 'H-NMR spectra of pure NR and NR-g-PMMA
prepared using various weight percentages of NR and MMA

FIGURE 4 TEM micrographs of pure NR and NR-g-PMMA
prepared using various weight percentages of NR and MMA (a) cured
NR (b) NR-g-PMMA 95/5 (¢) NR-g-PMMA 90/10 (d) NR-g-PMMA
80/20

3.2 | Glutaraldehyde-cured NR and
NR-g-PMMAs

Table 3 shows the overall properties of cured NR-g-PMMA
with different weight ratios of NR/MMA. The physical prop-
erties such as modulus, tensile strength, hardness, compres-
sion set, and oil resistance of natural rubber are enhanced by
grafting with PMMA. This can be attributed to the presence of
NR-g-PMMA molecules with polar functional groups in the
NR chain which enhances the chemical interaction between
its molecules. Consequently, the improvement in terms of
hardness, tensile strength, and oil resistance of the materials
has been observed. On the other hand, the elongation at break
is reduced by increasing the slip resistance of rubber chain
during the formation of NR-g-PMMA as shown in Figure 5.
Some data of NR-g-PMMA with 20% MMA was missing due
to the cracks which occurred during sample preparation. Oil
resistance showed a significant improvement among the other
properties (i.e. 100% modulus, tensile strength, elongation at
break, and compression set). There was no significant change
after increasing the content of MMA in the graft copolymer.
Therefore, the cured NR-g-PMMA with a composition 95/5
has been selected as the main graft copolymer to compare with
cured NR and the pure NR in the next section of this work.
The effect of glutaraldehyde as a curing agent on the prop-
erties of NR-g-PMMA was extensively studied. Table 4 shows
the overall properties of pure NR, cured NR, and cured NR-g-
PMMA. Compared to the pure form of NR, the cured NR and
cured NR-g-PMMA clearly exhibits better mechanical prop-
erties and thermal stability. From these improvements, it can
be concluded that GA acts as an excellent cross-linking agent
for NR latex system. This can be supported by the compara-
tive tensile range value of the cured NR-g-PMMA based on
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Cured NR types TABLE 3 Properties of the cured NR
compared with NR-g-PMMAs using
NR-g-PMMA (NR/MMA) glutaraldehyde as curing agent
Properties Cured NR 9515 90/10 80/20"
100% modulus (MPa) 1.30 £ 0.10 1.14 £ 0.07 1.34 +0.01 -
Tensile strength (MPa) 851 £0.37  16.64 £0.81 16.11 £0.16 -
Elongation at break (%) 1367 + 14 746 + 17 750+ 11 -
Hardness (shore A) 56.11 £1.02 6133 £047 63.17 £ 0.24 -
Compression set (%) 79.61 £3.17  50.85+2.68 50.58 +3.57 -
Swelling in engine oil (%)  77.83 £ 2.11 30.72 +£2.36 30.85 + 0.78 19.66 + 0.95
“Cracked sample after vulcanization.
20 -+ 1600 the polar functional group in the graft copolymer. The stud-
. | o ies on thermal properties, compression set, and oil resistance
" also provides good agreement on the grafted NR. A better
| 1200 stability is observed for the rubber grafted with PMMA and
T o .
¢ [ cured with glutaraldehyde.
=" s Thermogravimetric analysis and DTG curves of the cured
g 10 800 % NR-g-PMMA are shown in Figures 7 and 8, respectively. The
_l;é [ w00 g thermal degradation behavior of the grafted samples is also
5 s 2 compared with that of cured NR and pure NR. The tempera-
. — Tensile strength 400 tures at 50% weight loss (T,) for the pure NR, GA cured NR,
= = Elongation al break 200 and NR-g-PMMA cured with GA are 350, 376, and 385°C,
: respectively. A tremendous increase in decomposition tem-
0 0

MMA confents (%) o 5

FIGURE 5 Tensile strength and elongation at break of the cured
NR and NR-g-PMMAs with various weight percentages of NR and
MMA using glutaraldehyde as a curing agent

GA and the cured natural rubber based on sulfur in previous
reports (i.e. without other fillers and oi]s),'z“5 ]

To gain some knowledge about the mechanical properties
of cured NR-g-PMMA, the stress—strain behavior was ex-
amined for different compositions and also compared with
the uncured NR and cured NR. Figure 6 shows stress—strain
behavior of pure NR, cured NR, and cured NR-g-PMMA
samples. There is a considerable difference in the deformed
behavior of grafted natural rubber samples compared to the
material without PMMA. A deviation from rubbery to plastic
nature can be clearly seen in the stress-strain curves for the
PMMA grafted NR molecules. The toughness of the mate-
rial increases by grafting PMMA onto natural rubber. It is
seen that the cured NR-g-PMMA shows the highest tensile
strength and pure NR exhibits the least tensile strength. The
area under the stress—strain curve of cured NR-g-PMMA
exhibits higher value compared to both cured and pure NR.,
The stiffness of rubber is increased by grafting PMMA onto
NR molecules by enhancing the tensile strength, It can be
seen that the cured NR-g-PMMA exhibits twice the tensile
strength value than that of cured NR. It may be due to the
synergistic effect of cross-linking and chemical interaction of

perature is observed for the cured NR-g-PMMA. The thermal
stability of grafted NR exhibited higher decomposition tem-
perature among the other material samples studied. This can
be attributed to the increase in chemical interaction between
the functional groups present in the grafted copolymer and
lower unsaturated chain in its structure. More energy is re-
quired to decompose the grafted NR and hence it provides
better thermal stability. Figure 9 shows the tan delta-based
DMTA characterization. It can be seen that the cured NR
with GA shows the lower glass transition temperature (Tg) at
—64°C, while the NR-g-PMMA and pure NR exhibited higher
glass transition temperature (i.e. —60 and —56°C, respec-
tively). The pure NR exhibits higher Tg due to the uncured
nature of rubber, hence there are no linkages between the rub-
ber chains which reduce the elastic behavior. The higher 7', of
cured NR-g-PMMA than the cured NR can also be attributed
to the lower chain mobility in case of NR-g-PMMA due to
the interaction between the polar functional groups. From the
overall characterizations, it is concluded that NR cured using
glutaraldehyde with excellent stability can be successfully de-
veloped by adding only a small amount of polar functional
group onto NR molecule.

4 | CONCLUSIONS

Grafted natural rubbers in the form of NR-g-PMMA with
different grafting levels were successfully prepared using
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TABLE 4 Overall ties of
verull properties of pure Properties Pure NR Cured NR Cured NR-g-PMMA
NR, cured NR, and cured NR-g-PMMA
100% modulus (MPa) 0.40 + 0.08 1.30 + 0.10 1.14 +0.07
Tensile strength (MPa) 1.58 £ 0.11 8.51 +0.37 16.64 + 0.81
Elongation at break (%) 767 +22 1367 + 14 745 £ 16
Hardness (shore A) 27.78 £ 0.19 56.11 + 1.02 61.33 =047
TGA, Ty, 352 378 385
DMTA, Tu —=56 —64 —60
Compression set (%) 84.81 + 0.68 79.61 + 3.17 50.85 + 2.68
Swelling in engine oil (%)  104.46 + 13.31 77.83+2.11 30.72 £ 2.36
20 -30
Pure NR
Cured NR ;
16 | —Cured NR-g-PMMA 2% i
/ --- Pure NR
/ 20 | - - Cured NR

0

Stress (MPa)
«

0 200 400 600
Strain (%)

800

1000

FIGURE 6  Stress—strain behavior of pure NR, cured NR, and

cured NR-g-PMMA

120

3 3

Weight loss (%)

S
]

0 100 200 300 400
Temperature (°C)

<=+ Pure NR

- = Cured NR

= Cured NR-g-PMMA

500
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FIGURE 7 TGA curves of pure NR, cured NR, and cured NR-

g-PMMA

redox emulsion polymerization method. The chemical struc-
ture of grafted NR samples has been confirmed using FT-IR
and "THNMR techniques. The cured NR-g-PMMAs prepared
using glutaraldehyde exhibited better mechanical-, thermal-,
and oil-resistant properties than that of the cured NR. The

H ——Cured NR-g-PMMA

Dev. Wt. (%min),

s

0 100 200 300 400 500 600 700
Temperature (°C)

FIGURE 8 DTG curves of pure NR, cured NR, and cured NR-

g-PMMA
30
Pure NR
25 - Cured NR
Cured NR-g-PMMA
20
P
§'
10
05 A
0.0
-100 -50 50 100

Tempelanlure °C)

FIGURE 9 Tan delta of pure NR, cured NR, and cured NR-g-
PMMA

NR-g-PMMA with 5% MMA is a suitable combination due to
the optimal and comparatively better properties. There is no
significant change in the properties by increasing the weight
percentage of MMA. The cured NR and NR-g-PMMA ex-
hibit better mechanical-, thermal-, and oil-resistant properties
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than that of pure NR. The NR cured using glutaraldehyde as
a cross-linking agent is an effective curing system. The elas-
tomeric material with excellent properties can be easily pre-
pared from NR using GA-cured system by grafting a small
amount of PMMA. The cured NR-g-PMMA system reported
in this investigation can be definitely exploited in various in-
dustrial applications.
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