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Abstract

In this research, gypsum from waste plaster molds were reutilized as filler in
natural rubber in comparison with a commercial gypsum as well as calcium carbonate,
a general filler used in natural rubber. The effects of epoxidized natural rubber as a
coupling agent were also studied so as to improve compatibility between rubber and
filler. Natural rubber was mixed with vulcanizing chemicals and fillers in an internal
mixer and a two-roll mill. Rubber compounds were examined for their curing
characteristics using a moving die rheometer and were then cured in a compression
molding machine. The vulcanizates were tested for their hardness, tensile properties,
tear strength, thermal property, dynamic mechanical properties and morphology. The
results indicated that gypsum from waste plaster molds can effectively be used as an
inert filler in natural rubber. Mechanical properties of waste gypsum filled rubbers were
comparable to those filled with the commercial gypsum and calcium carbonate.
However, when the amount of filler was higher than 40 parts per hundred rubbers (phr),
the tensile strength decreased significantly. The tear strength also dropped when the
amount of filler was higher than 10 phr. The decrease in these mechanical properties
was due to filler agglomeration. When epoxidized natural rubber was used as a
coupling agent, the dynamic mechanical properties clearly illustrated the enhancement
of interaction between rubber and filler. However, as gypsum acted as an inert filler, the

mechanical properties were almost similar to those without epoxidized natural rubber.
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AoUNITHANLIILAITIALRITIAN A9 9 dassitensuiaaanuevasasls
luanaeananunilasifodaudionsuasslwiiy (mastication) anntuisazidunis
UANRNENINUEITLAN (mixing)  TuaaundsadtanarinluiaIasnauszuuia (internal
mixer) n3avhluszuuida ldun inTasuasasgnnda (wo-roll mill) asusasluguf 2.2 Ald
lunsuasnsldfuanaduansrinlienisan (softener) L5908 LBNIRUNBLANIZUE?
= a dd' o o c.i o v d' 1 v a a
Jnduasedauasldarndrdy lassmsnvimihissldifiassasgdezgniduaslalu
Tuaaugarioiia lilionaianisasgUdeuwian (scorch) WiaNiTannuinanany v
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Waudafiisy (flue-gas gypsum) Lﬂui’a@gﬁvlﬁmﬂm:mumiﬁﬁ'@LLﬁ”aﬁmzﬁ'u
(SO,) ﬁLﬁ@]’ﬂ’mﬂ’ﬁLN’]vl%ﬁ"’llE]\‘]L‘%aLwﬁdﬁii&lmﬁamud’luﬁu@hd9] ez Tasanizlu
gondinaanszualuni G'fiaa]:muﬁugu (limestone) ﬁ%@ﬁuguﬁm’maaymnmiﬁu (lime
suspension) swNInULAET N uRaanan lﬁLﬁ@ﬂﬁﬁ%mmﬁﬁ pH f1n1 5 a9an
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2CaS0,.%H,0 [s] + 250, [g] + H,0 = 2Ca(HS03), [solution]

waaifoludalndiigneandladinlasudaeandiauainaamealaidungudia
i1y CaS0O,.2H,0 asjizendalui
Ca(HSO0,), [solution] + O, [g] + 2H,0 = CaS0,.2H,0 [s] + H,SO,
s =Y dl £ o aaa 1 R a n:i A va Nt AI n&/ s aaa
nsadaiainfldzyinu jidmde luduaudunmie lddUdunntu daujizen
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Cag(PO,)sF + H,SO, + 10H,0 = 5CaS0,.2H,0 + 3H,PO, + HF

ﬂ‘%mmmaavxlaa‘[ﬂﬁﬂéﬁ'uﬁwﬁmﬁa;;mmﬂ B IBoNINIZIRUTUANLSU AV DI
NAANIALA? ﬂ'oLﬁu‘*ﬁ?umuﬂ%mmmaomwﬁmﬂwlamw@ﬁmﬁfJ WoslWdUsuiTsnums
unaazidon 3w JuUSunmindszanmiasas 20-30 LLa:ﬁmmuaﬁuﬁifuaQﬁuqmmw
POIRWUALNTZLINMINLT UszanavinimInaanoslWbUsy 1.7 au dausiunamne 1
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CaF, + H,SO, = CaSO, + 2HF
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. v A a a a X o '
(stiffness) TARLTWINU I@Uﬂi:ammwhmﬂawLLsaumuﬂugﬂiwLLa:mm@maamql,mﬂ
i’mﬁ'aé’umﬁ‘%m€mdna1¢nmﬁuLﬁamo wud’mgmﬂﬁﬁmm@Lﬁﬂﬁ]zﬁﬂizﬁwﬁmwh
masuuRndudiesmenuiiesszdinulideslanan (Hamed 2000) luussands
Wi uussliugiuane (carbon black) lasuanuiisuunfige wawidndu
& o A a AN & a o & a
msuauaamg’mﬂm@mﬂmsl,m"lﬁmvlwawyimmaowa@nmmﬂ‘[mmU:u OUNAVDINS
1 o A = o v o 1 A‘l/ An 1 a 1 U o va a a
L°ummmjm@Laﬂwﬂmammmmaawuwm@aﬂimmﬂaumwgnmlmﬂizawﬁmwiu
A Aa A v A P o A AV o AA o o oA ¥ o @
A EsuLIslweenaLa e mamwaammemﬂamamgﬂﬂmwammlv\waﬁrm@
PURVDINAAN A UALIDINNTIANTBINIINEIEINIAENLIzLANIN Y F9d9nan
@TﬁLauﬁﬁﬂﬂ"ﬁﬁ'umnﬁq@ﬁm%'umaﬁiium@ LL;Tdﬂm.lm;u”ummmaaml,mjwﬁ’wzvlajga
PINUNDLN IIAUNEAA N D AT A VLT UNTWEINITITNTIANBUIBEIRILINULAL T
a =2 ° o g Adaa o« o o
USUwanad ﬁmmamlﬁ’luamﬂmwmmaammmmgwu lunstinddanusaydwmiy
a 0/ 6 o vaa . @ A a an A9 o v a Haaa 6
NRGA U NN bETaNN (silica) iuanfniEsunss Samnlaiduanduiidinewlasan los

(silicon dioxide, SiO,) (duaiAdsznaunan danmIhdanauiaatzaas lsansaning
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ADATULINFANLABANNTA (pyrolis) 138N fumed silica w3am s lodsudana
ANANAZNauGIBNTA 138N precipitated  silica FANATAngIdnnsazdaaldiiunums
1 A 4 QI a aQ =3 1 QI
aug lmaudalinaunaiaindinianunmasiaus uiaamnnIsuesTneudiaud
raa nl ; di t:!l £Z £ :/ % vd; ~ @ A
nm3lgganundsdmiiasanenfldazaunsadszndaiduldasn dagduiianny
WeN NI wNINRASAN1NUREIE g MDusadnaaNI LTH INLEIa0s B389 NLEN

e

o

A aa 1 { v s a a . .
WNAY TIBANmadaniunAnsnNe kI uadnlwen95IINTI& (Chuayjuliit et  al.

2

2001, Hundiwale et al. 2002, Sae-out et al. 2002, Saowapark et al. 2009) #anIINNI
wihduazdinui Silidudueiiuniddszianaug nlflugaswnisuenisssnma ou
IS [ o € A s %
LARLTHNAITUALLA NaR LUITHNTANG T uab
wananigsianunenenulumsldasaus snduadnluenssssnmd anficu
myshanauananlgiduaduluenasssuo@ (Potiyaraj et al. 2001) M3 lNAUIRANN
NaunuaILGuUIzIANNILaNa1 lue1955TN DA avAdsznaunanveslufuiande
lududinlnseanlad dansunduasfen ldduds uazannInaIuguauaINnIm
lunsazanele wan133IsewuINaNtRewINenIzUa (theological property) 284819
aak A AN vaA o o o A A o edaa o
sy @ain lwsnioasgnlddfanlimunminh lndantadusiniddeg 1d
ANNIHINUABANUTIU LAZNNTEANTLATUAIBANNTOU LA FINFNTAIUY F111TD
A a Y @ o o a . & - v o A ' '
WauiAselanumslasvsinduduandy adrslsfiosludastugsfinaginiiuaivai
@1 (Ahmed & El-Sabbagh 2006)
waatgoylalasiaunaaiwe (calcium hydrogen phosphate, Ca(HPO,),) W&z
waaifonlalasaunamnanldannizanla gniandnsielfiduddulueis
5530716 lagdSoufisunuuaafaNa1sueiue WuNFNTAa I wINEINITLRVEILN
Adg 04 a |aql/d a v 1 ]
IINTAATY wazdnduannizgnlaidnalunisiaiuusisnsasgluaiazlaininivin
uaalTauasuauanIauaaLfuuNamWAN AN WaNINNRLINLINUNIBTTNTAN METALG
'inﬂﬂszgm"l,riﬁmmmﬂmiamsaan%mﬁ'uﬁmmm%“au‘lﬁﬁ (Helaly & El-Sabbagh 2002)
A | o A LA A ] Aa < | o A
JUn (gypsum) w3ausinfeda iluusalansnianuudellunnin Aedszanm
LAY 2 NINATIANVULDIVEI LN (Mohs' scale of hardness) Hesfsznaunanda
L™ A :, [ . .
uwaaiundanadeiitinTiuagdas (calcium sulphate dihydrate, CaS0,.2H,0) lulszing
InosusonuunasuiBddulandiniafias uasassd moauysd waIaTsITne
6 =) ai 1 ] ai a 1 Eed o a a
gl uaznied duludrdzinanulszinadnitu twavdy dingw 8and muu
uwazanigainududu Gldugnihanllugasmnisudna g atsuninans 1w shanvh
winvulmsasilugasnnisuiendn danidubiuudweiauaud unudddudauas
wendUsuuasadinsulsluunaaine ﬁnmﬁwaﬁﬂLﬁaunizmuuazqg fieruana
naldifindywidiuiasan 1ou Lﬁ@LﬂuwaﬁJuiuaWﬂﬁﬂ WI001IRTANURIFUNAINN
(Nengovhela et al. 2007)
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= = Q U a =) 1 é o £

Ausgugsduwnananglaannisndansanaawasnanuswasine mgﬂmmlm
WuadulunafaNanaNNRWILLKET WoRIWINAK WaRLa LG 6 uazWad iaaaa l3a
ﬁ v a a a d’d =} Ly £ a > a
SR ANTNIWIUATLRSUUITING LazTINTANIIAIUININIZUFRNIZRNALNIINEA
FudwNigUiITuTaud18nIzLINNIRALLL (Kowalska & Wielgosz 2002a, Kowalska
& Wielgosz 2002b)  wananigsinisidusunidunanassldaannnszuinns
aadanasuanlalasdniioanlsandalnwi anlfidumay (blowing agent) &wiu
nInaalwuanwadanausloda lagwuindszansniwlunisvinawuasddsulnaidss
nussWnliiulasialudeazlolanslumlud (azodicarbonamide, AZC) (Greco et al.
2005)

A ' ' & al A A o A

Luaw’mwmwu,aJLLumJmm@lasﬂlﬂuq@lm%ﬂﬁumenﬁ]:umqmﬂmmw
o o A& A @ @ A 2 A ' @ ° o
$na mmam@mqmﬂmmum aznauiduvasndaneds lamuiznunisin Tyl
2K A a % 6 a e é A 1 o‘g a o
adumaaluwmsliuszlovianidsugaduasflsenauvasninuulagiaasi 91wiae
AR v R o o aje A a £ \ \ &
HAsnmwAnua Wl lalunssindUsundnuaatwlvitazannuinuulagiaasn

q
1

=)

wongnwuaINnIuandnlue9ssnmd lasdSoufsudsedninmwnuaifnnio
@ I ~ Y A ~ 6
ldruagludagiiu fa uaaiBouanivaiua
[l ~ v Qs U { v 1 ) Q =Y { J %
289 [InaNANNTNAY I N BURITERINIENIBTTUTIALAZAANNNINDY S91Tn
daymivildaud@dne g sesesssumanulidiriafass faiins@nsuazdudye
ANMNEINNTALTBIVBIANNENAR LA (compatibility) TTHINIETITUTIAUREAIANTHA
' S a {a o ' ~ a a ' . =
19 TEIENAsNuAzAnsAnadnsunlulgtuda Muduaigaiu (coupling agent) 44
A .V e A ' ) . ' v @ oA o a A A @
Inywarituniuaneranu 2 wy lasnguinazdhiulddnuenesmsamauaznyfivniaasdy
Qs v et a A ~ o A U Qs A dl Qs a o =3 ﬂl
nuldanuanda sslulntudssgaivaminldsuanadoslunsiandnesisens
o & P <A aa a €
Usudsennumunsnlunstiugy (processibility) HuAB89TITNT1RONENT ladd
.y A % o { A Y
(epoxidized natural rubber, ENR) Gsiilassainaluianauaaddszdfl 2.7 Gaainlasiaing
& & ) A ' Aa & A A [ A& A
luananuaziiudt daun 1 dudundesdlznaumaafindonnuonisrsuma 394
v @ PR @ \ A ' Aa  a a A A & '
anudiulddautnannn wazlugiun 2 1lusundnyinend sadungnddouaziadl
damatiadfisenuaatdn lagazdnwanauissnriunwuindnisldenssssumas

a e A A v o v o o
Waﬂ‘nvl(ﬂ‘ﬁul,waL‘W&Iﬂ’J’]&IL?lﬁﬂuvl@ﬂmﬂumu’mmﬂ

X

Yy
3U7 2.7 lansaiavesswssumaanandlad (ENR)
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HITITNTIAANONT LOTHAMURINITD MbANITUHI UV IAINIANEININ TAUN
waings iwﬁi‘lﬁqm‘vﬁgﬁﬂmammﬁfuﬁgaﬂdﬂmaﬁiiu"ma Fadanuanlalunsingnd
sysnrn@awandglad il ltinm lasanizn1sin iaSuus19NaurI anauNaRALHAIIN

aa a 6 A a a {A a Qq: ‘ﬂy v Aa R aa [ 6 nﬂl
maﬁisu"m@lawaﬂsn"lmwgawaﬂsﬁ"l,ﬂsﬁsmwmmal%m@aumﬂimﬂuaaﬂﬂszﬂauaulu
2oy @ (Nakason et al. 2004)
LN NI NRNIZR I N TITNTA LRI TITNTNAANANT LA Lk @8I 75:25
WAT 50:50 LEIULTIAIDNOUANETALA UG 5 phr LABUALLITITUTIG WUIIRINTD
= a n:i =3 a U nﬂl £ A dl
sy lwnauwagantduuuudnsInaiaa tatlaltaengy laganizusiimnidw
1 1 qu/ 6 a 6 1 v aa Al 6 A
T0UAATERININENIRDI NOWANDTA LA A 9T AN &V INIBTITNTIRBNANT bad
=1 = a U &/ 1 v
PYUIALANAILAZNTZAN YA W RVDIINITITNTA LAAUY FIN PRFNUANIIAILNTNIAL
e a { =) U a ‘&/
RUUALBINAVIDNINFNNLRSNLTIAIINAUANDTALA LU (Arroyo et al. 2007)

Teh WazADz (2004a, 2004b) AnMINTINEN9IETINTNGENaNT laduduans

@J’muﬁ’m%’umwsmm&a‘%mm@hymauﬁwa’%aiavl,mi{ TagwuinnUSuimwuauduasa
6 ﬁi a a a 6 a aa a 6 cal ‘é/
1a'lud 2 phr L&Jaﬂsmmmamgawaﬂﬂ@mm:ﬂsmmmamaﬁsswm@awaﬂﬂ@mwmu
ada A A dldcgl cj L= 1 v A A dld U nn:i
U TITNTIANFNUALTINANAT Y 1a8NU1I00INRIRIRFUUALTINANANINYIITITNTIAN
LRINLIINIBRILUNTGN 50 phr WasBaN1 30 phr WanIMNANLINEITITNTIANLFINLTS
AILNDUG- 11a‘%aia"tm‘fﬁmwuﬁwmmﬁmazmmﬁ@g@q@ % 90ad R daLTIN

a U § =) = QI g
VOUANDIA LA LUANINNTN 2 phr wazilaUSunoavednanuduasala bdiANduann 2 phr
o °' 3 >3 a' J { s
w4 6 8uaz 10 phr awd1ey anuudsuazNaqaaLNYU lumm:ﬁmimiqum

11899 1NUTI8 (compression set) afa
ﬁnﬂﬁﬂﬁh’sm'ﬂuﬁu"lﬁ’hQﬂsﬁ'uLﬁui'a@;ﬁmmmmvlﬁdﬁsﬂuﬂszmﬂ nandwdUau
| & & ' A e 4 o g ' '

ﬁmamulmuawﬂwﬁl,ﬁma@mﬁammmmuuuﬂmama‘f F9vazianudwl lalu
A gdguan et adulwe19 53N @ tWaisununislTuaaLTaNaITUALLA BN
UszaualruditSanazgru1sni Ul gl uiBanadrdawiaztduwniswa w

a  w @ o o &
Na@nmsﬁq@a'mmm g1NNIINY QGVL‘Y] Ell‘ﬁ IRz N BAININD 1
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25n1snaaay

%

3.1 mqauuaxmimﬁ

>

@qﬁuLLazmsmﬁﬁH’LumsmaaaLLam"L’S'Lu@mwﬁ 3.1

P “ A A Al
AIWNN 3.1 ’J@IQ@‘ULLa‘:ﬁ’]SLﬂ&MI"ﬂuﬂ’]‘iﬂﬂaad

'J”@Q@?mmzmimﬁ

131N

gINDIINTIG 1NTA STR5L

Uan.ANeNI 150913

maﬁi‘mmﬁﬁwaﬂ%"lﬂsfﬁﬁﬂ’%mm%yj
awendlagsasas 25 laulua (ENR25)

VIN.UTU-LUNL DULe 'PJ{L%"I?MLL%Q

maﬁiiumaﬁwan%vl,@%ﬁﬁﬂ?mm%yj
dwangladiasas 50 laslua (ENR50)

VAN LIU-Ln1 duLe aiwﬁmma

T3 (Sg) UaN.ANANFITRINT
Faneanlwe (ZnO) UaIn.ANaNIaTasIng
NIAFLALIN Uan.ANaN3aLIe9ng

N-(1,3-Dimethylbutyl)-N'-phenyl-p-
phenylenediamine (6PPD)

Uan.ANeNTI 130919

2,2-Dibenzothiazole Disulfide (MBTS)

mﬂ.ﬁ'ﬂmja 1509

LARLTENANIUBLLA (CaCOs,)

a a A o o

a A A o
VAN.TN LANAR BUATNT 31N

gUsuni1san

A A Ae a @ A o @
VIAN.DNW LANAR UARNT 31N

32 avavdiauazainant

m%aaﬁaLLazqﬂﬂifﬁﬁH’Lumim%wmﬁLauﬁﬂsﬁ‘w wazendnaNllanaad il

AN319N 3.2
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\n3asile ﬁﬁa/‘éu UIHNHNER
Lﬂ’%iaowm g1 (jaw crusher) PE150x250 Truemax
Lﬂéaaumazlﬁﬂ@ (disc plate pulverizer) UA 010F-001 Bico-Braun
WuaLa (vibration mill) MM 400 Retsch
méaas’amm@agmﬂ (sieve shaker) AT200 T-Bota Testing Equipment
WIDNASLNIITOUVUIA 100 mesh
ﬁau (Oven) SFCN-301 Finetech
LA3893LATIEWNITADIUWIIELENS (X-Ray | D8 advance Bruker AXS
diffractometer, XRD)
Lﬂ%’iaﬁmi’lzﬁmm@ak}ﬂ’lﬂ (particle size Mastersizer 2000 | Malvern

analyzer)

WwIadngNuuLUTa (internal mixer)

MX500-D75L90

van.Lasyned

Lﬂ%oumaagﬂﬂﬁo (two-roll mill)

LRM-S-110

Labtech Engineering

4 X - . ;
Lmawugﬂ LULUB®A (compression molding

machine)

LP-S-50

Labtech Engineering

LA3DY moving die rheometer (MDR)

rheoTech MD+

TechPro

LATBINARALAINNLTY (Shore durometer)

Shore A

Shore Instrument

LA3BINAROY universal testing machine

(UTM)

5843

Instron

LAIDINAROURNUALTINANAIA (dynamic

mechanical analyzer, DMA)

DMA/SDTA 861e

Mettler Toledo

wIasdasrinnnnmalaainusan

(Thermogravimetric analyzer, TGA)

TGA/SDTA 851e

Mettler Toledo

ﬂE\TE]G'@E\l‘ﬂiiﬂ‘liaLﬁﬂ@]iﬂ%LLUUﬁ'a\‘iﬂiﬁ(ﬂ

(scanning electron microscope, SEM)

JSM-5800LV

Jeol

3.3 AWAIWNIINARDY

3.3.1  MITUNLAIILATIERAULAUDINLG

1) evsnddsunnuiuuudulaime as"‘ﬁﬂmmqmﬂ‘*ﬁmmd’s Tassiuaiuuy

guﬂmm@lai{ﬁ%mmmqmﬂ"ﬁmul,l,ﬁ';mﬁ’mLLazmﬂlﬁLLﬁo HUIVAMIELATAIUARENY

(jaw crusher) LazLAIBILANZLABA (pulverizer) UABNATIAILWNBUA (ball mill) 3N

ﬁ’lmﬂ”@mmﬂim211%@1:Lmsoiauuatzm%adiamm@a‘p‘bmﬂ (sieve and sieve shaker) L&

ﬁwﬁﬂauluﬁauﬁqmmgﬁ 70 asentmaldas 1uwa1 24 Tlu
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o > a ] a & A | @ @ Al A o
2) faadnlaun uaadouasuaiua JUsun1inisan uazdlsuniaieuann
. & a & & o A a & & v A §
winUUYulasiaas 11ItezinIasalsznauauaIddATIERIRLILUKIIELAND
3) AMIFOUIWIABUNIAVBIAUANTAAGS9 A18INARANIINTZIIIVDIUFS

\aLmaT (laser light scattering) deinIadllaTzRIMIABUNA

3.3.2 ﬂ’]iL@l%UN EI’]x‘iﬂﬂlJﬂ’]’](ﬂg

1) uaendlAfia (mastication) LtNanNuRilavassnsasmaaIasnanszuuia lag
IFgunnd 50 aseioaifos anuisaunInguvadlaaes 50 sausdaufl (round per
. ' € 1 @ A o o o = P’ ' o
minute, rpm) LazARauNn@asvinny 0.7 Waldensanuniasuasaasousiadng g 1o
d nunlamsdundssiadnsg asldoniuwiuzan  uaz MBTS  adldanudSanmn
fwmlilasiinin asgasiuiuzadlilua1ei 3.3 saudsreunmadnasaluaasly

Tuana9f 3.4

¢N3197 3.3 q&]iﬂﬁdﬂ@&]ﬂﬂl@?

f9Ladl USunm (phr)
PIITITUTIA 1NI@ STR5L 100
Fareanlwa (ZnO) 2
NIARLALIN 2
6PPD 2
MBTS 2
Se 1.8
ENR25 5,10, 15
ENR50 5,10, 15
CaCO, 10, 20, 30, 40, 50
feiun1In1Ien 10, 20, 30, 40, 50
fUtuaS sk Eaas 10, 20, 30, 40, 50

2) WNAIAINATLANIANTINRAUALE? ﬁnmwam”mm‘%aamaaagnnﬁo AN

Lﬁubl%qm%{]ﬁﬁﬂ\ﬁ]uﬂ’h mqﬂauﬂnﬁanfﬂg&mamuqaﬁuaqmvm“ K
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A o @ a ~ Al
ANINN 3.4 m@‘]_lﬂ’lil,@maﬁimmmzna’ml"ﬂuﬂ’l‘mﬁ&l

f1aL f9Ladl 8N (WIfi)
1 PINTIINTA + ENR 0-3
2 Fareanlyd + nIaaLAasn 3-4
3 6PPD 4-5
4 5 VIGLAN 5-6.5
5 FLfunge 6.5-8
Wnen9 24 T2l
6 g9naulG 0-1
7 fuznw + MBTS 1-4

WNEN 24 T2 139

3) dwm3asgy (Faunad) uazaanss (MBTS)  avlUlusvnanddnuanlily
AauA AT INENIT UUT N8 1@ N1 A NANATUIZHL AN IR UALR R aanaN T AL 1
LLN%@T’;mﬂ%amaadgnnﬁoﬁi’mm 4 50U u,azl,ﬁusmvl'i”ﬁqzwﬂﬁﬁaoasmﬁaﬂ 24 1134

D oW ga & & .
ﬂaumvl,ﬂamezﬁmauu‘”ﬁmimgﬂuawugﬂ WuTunasavsia ld

3.3.3 mﬁmﬁ:ﬁawﬂ'&msmsﬂ

1) ﬁnmaﬂawﬂnﬁﬁwauLLazLﬁmuvL@TamgaLLéﬁuﬁmmzﬁauﬁamimgﬂﬁaﬂ
L\A384 moving die rheometer (MDR) @1dd16331% ASTM D5289 lagySunmeninan
U1antTUssunm 5 NTNAanN1INagay 1 39 QNaas:ijmu%guﬁlﬁmwu‘%“auﬁ
amannil 160 AIALTRLT & 819921 AANT A9 AN e NtaTaINaFauh lann wIida
; " - . .
@180 (minimum torque, M) UWIHUAIFA (maximum torque, M, ) 1I’1&NAIT (scorch
time, t,,) IaMEIHIUMIAgY ldudYTanaz 90 wIana1asgLl (90% cure time, ty))

2) MwimasianInIea3l (cure rate index, CRI) auauNNIN 3.1

cri=—190 (3.1)

tcgo_tsz
&2
3.3.4 n13IuIUTUNeRaU

a a [ A & v A v o
%ﬂdﬁ]’]ﬂ')Lﬂi’]z‘ﬁﬁ&lll@m'ﬁﬂdzﬂ"llﬂdﬂﬁdﬂ@&lﬂ’]’](ﬂ(ﬂ’lElLﬂii’N MDR LRI W1
& & iy (% A o % A P!
ﬂﬂ&lﬂ??@]&l']‘ﬂ%gl]Lﬂ%’ﬁ%‘ﬂ@]ﬁ@ﬂ@nﬂLﬂiﬂd@@LLUU I@Ul’ﬁqm%{}&l 160 BIALTRLDYR

ANNA 50 11T
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3.3.5 MINAFaURNUAVaI81InITY

1) ANUDY

NAROUAINUDY (hardness) maa‘*ﬁumaaumamgﬂmwmmﬁs’m ASTM D2240
ﬁamLﬂéaagBﬁmﬁ (durometer) THaTo518 (Shore A) lagiassudunasaulidanunm
11NN 3 TamuaT NATAANNLTIRTEBEisINUaLTwIBatsias 12 TaA1NAT uas

IADLIINDY 6 G LARZEILRIEIINL INaENT 6 TAFLNAT LRINNIMIALAAY

2) RNUAGIWLIIAG
lumInaReURNLAG1UUIIAG (tensile  property) V0ITUNAFE VLA AW
% va [ Q/ dl v o A =3
N9 ISO 37 type Il mamgﬂa:gﬂmiwgﬂsnmLLa@alugﬂw 3.1 WRNIHAG
o § &£ Y A A @ Y
lagltiasainagay UTM Ta1lsznavadny loadcell Iu1a 1 Alasiaan laasisalunns
LARaUNVAIAIFVHATUINY 500 FARLNATFAWT LasLWANAIN LAAINAITNARDLAILFAI
1 lue39n 3.4

e
!

U7 3.1 anEUIaITUNAROUFNLIAMBLIIAIAINNNATIIN ISO 37 type Il

ANT19N 3.4 AN LENNIINAFAURNLAGHULITIA

wn da o o '
RNUANILATIZA b MIAWIT AL
% 2 F
ANNEULTIAS s=F WNzthaaa
(tensile strength, o) A (MPa)
A
-1 TR
ANUDAFIFA Db 20270 9% =110 100 S8
(elongation at break, €) 0 (%)
100% WaQAN ANuLAwLlalszaziiany 100% VaIszes MPa
(100% modulus, M100) | LU
200% woQAd AMNLARLUaNTz AN 200% VaITE: MPa
(200% modulus, M200) | (3%
300% WaQNH ANMNLARLUaNT AN 300% VDITEE MPa
(300% modulus, M300) | 130




3) ANUGBUTIANVG
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lunsnasauANuA LIIANNA (tear  strength) VaITuNATEL NG RRHEY

A3 IS0 34 padgdazgnaalilzUiediuaadluiln 3.2 udhandedelasld

§ té T =y a Q U 4 {
LA3INAFALU UTM T9isznavany loadcell 1u1a 1 Alafiiaw lTaarslumsiafann

PBINITUHATIINW 500 aRLNATAAUNT

l

JUN 3.1 ANMAULYBITUNATILANNFIBUTIANUIAANNIATZIH ISO 34

4) mMIuINabuingu

nMInageuM LN ludh (oil swelling) FiagdszaidiNanasaumszauns

aszlvassancunIasluddlasmyianisuandaluinaiu mmasauauanaszw

ASTM D471 L%N%Wﬂﬂ?i(ﬁ(ﬂUﬂdiﬁ/ﬁﬂluﬂ@lﬂ'ﬂwﬂi]’]{i X 8717 x B U3z 0.5 x 3 x 0.2

LTUWALNAT TIRRUNLEZANLWNNTNRBNANNAZL DA DINATYNANLAUING NI 114

a [ a v < v & 2 [ o & A o
?l’)@]ﬁ”lﬂLLa’)L‘Y]ﬁ’]ﬁazﬂ’WUI‘YIQE]%&GI%L@I&I?J’)@ ﬁ@]ﬁhtm’l@l\‘m\‘ivb 1 g% LUaaITUINAKA

LA TUNAFOUDANUNTARIINIZANBTITZLUN § UAITIIABN TR TWANEATEN

= =1 a o ] ainid uq/' 09: ngf : ad [ (3
AIMUNSLDHUATNINAVLUANLAMINTINAII ﬁ]?ﬂ%%@]dﬂﬂvl'ﬂuﬂiiﬂﬁﬂﬂﬁl]ﬂ@laﬂ 2 3% WA

ﬁﬂm*’ﬁi‘iﬁmﬁﬂﬂ%q@ﬁwslLtﬁaﬁ]@ﬂuﬁﬂﬁmﬁﬂmmaué‘mﬁmﬂﬁmmﬁumﬁoﬁﬁ NN
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mslaaafnasluiie 50 phr e

1000

800 1
CINR

m NR/CaCO, 10phr
=] NRICaCO, 20phr
Emm NR/CaCOo, 30phr
773 NRICaCO,_40phr
mmm NR/CaCO, 50phr

Elongation at break (%)

e O P O N T TN |
T T T T N 2

T S R R M N e S
“““““““‘“E=
T e e O O RN PR

I
O M N A T RN

06,,

3UN 4.37 anudagiga m 90210V090NITINTG/UALFINANTUBIUA
luqmﬁﬁmslﬁw ENR

1000 -

800

CNR

HE NR/CommGypsum 10 phr
=21 NR/CommGypsum 20 phr
EmE NR/CommGypsum 30 phr
[ZZ NR/CommGypsum 40 phr
B NR/CommGypsum 50 phr

600 ~

200

Elongation at break (%)

T T N
‘““““““““=‘
T e R e R S N R N R £ 1
=
e T T e R T R N

o T D
O O W A )
]

gﬂﬁ 4.38 mmﬁ@lqaqm 9y ﬁ;@mmaamaﬁsmmalﬁﬂﬁﬁ'&lmsﬁﬂugmﬁﬁmilﬁu ENR
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1000 ~

e 1
ij 800 i E_Ei i“% lill 'ilri m——
2w A ] = s
= ’ Vi ” iy (B8 | mmm nRwasteoypsum 30 phr
" ” ” ” Z=Z1 NRWasteGypsum 40 phr
g i ” ” ” i’ B NRAVasteGypsum 50 phr
= 400 - ” " " '
gl ealiilid
£ sl il "
° _ f i g £ i
o =0 yni rinnt il
eleinitnseliied
il rili
L A R R e i
EAF N A N
< éq:t’ eg‘p/ ésa:a/ eeg_@ e\@a/ @q’-’w

gﬂﬁ 4.39 mwﬁmgaq@ o ﬁgmnmjaosmﬁiimﬁalﬁﬂsﬁ'umﬁaﬁﬂugmﬁﬁmilﬁw ENR

443 ANUIBLIIANVIG

ANNAULIIANTNA (tear strength) Frihoiduiiiaudeladiuas (Nmm) w3afila
a Qs 1 Aq, U a a o ni 1 di v a
faudalas (kN/m) Tunamauanuawussdnanalansui ldsuunasnaliifaid

v A { o [y A o {

ananudn suduganivilifunasauiiudnuiaeanainiu 3n3uUn 4.40 (uwa
28396218 NA19 9 TuSumasis 10 20 30 40 uaz 50 phr Nlaad lUlwenasssnTGwLI N
Usum 10 phr °11aa@T’JLaunﬂ‘*ﬁﬁﬂiﬁ@hmﬁwéﬁmmﬁﬂmmﬁgaﬁq@LLazmﬂﬂdﬂma

Qtﬂl ] va 1 a nl Yo tﬂl v 1 a dl =
sysum@n b lainslaadnasly uazisulianaaasuasitosninenssssudilainng
lagndnadldlutSunm 20 phr 1 H8I81INANNTINK IFEINTERINNITITNTA LA A
A ' A A a o a A A iy a ) a A
\Auudazrita NUSIMeIdLANNFIgRAe 50 phr Funasaudanudiunsidnuiand)

ﬁq@é’mﬁaammﬂ@ﬁLﬁ&u,ﬁ@m‘ss’mﬁ'aﬁ'mﬂuﬁau

120

100

CJNR

- m NR/CaCoO,

FZ3 NR/CommGypsum
B NRWasteGypsum

[l

Tear strength (N/mm)
2

&
OSSN A NSNS

SIS S N SN
RSB S

o
15

[ R e
NS R

NR 10 20 30

5
3

Filler loading (phr)
A ) a A o A
gﬂ‘n 4.40 AU WLIIRNVIAVDILWNTITNTIG/QLGN
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Namaam'ﬂ,@?uma‘ﬁiiwm@ﬁwaﬂs'fi"l,wf@iamméﬁmmﬁﬂmmLLamvl,’S‘lugﬂﬁ 4.41
TAgNUINNITRAALAZUS U MU BINITITHINA b RNATN IAA1AN VAN BLIIANVNAVBILNIA
&/ di aa a 6 o ni 2 Qs - =}
3UgIU 1099 INYNITITNTIGAN NG LAT AR N B NARI DA ULIITITNTIGAaT AN

A ' W oA I I3 .. 2 W 2o [ o a & ' '
Bantw ua baianuudanss (rigid) aa"lu%ml%mnwmmmmﬂm@gwmmamah

120 -

g

L

I ENR S phr
[ZZZ ENR 10 phr
I ENR 15 phr

Tear strength (N/mm)
5 3

8

NR ENR25 ENRS50

A v a a aa a 6
3‘1_]7] 4.41 @NUAULINBINVIAVDILNTITNTIA/L9FITNTIA N ansﬁ"l,@qj

mmeﬁmnﬁnmmaamam;sﬂﬁl*ﬁéﬁLﬁuLmzmaﬁﬁu"maﬁwan%"lwfl,mm@”agﬂ

71 4.42 — 4.44 Tapwuhmiladuduludianm 10 phr ilddanuduussdinunagefiae
a d & LA “ A { ) A

LaISNAAAILTR q AdudUSImandun 20 phr (duduldanie 50 phr Fadunazas
anunnwld ldvasessssumanuaiduriiadis g udinaziimafuenesssum@anan
a a 1 (= [ Qs e @ £Z a v AI J di
TladludSanmensg ﬂvl,wmﬁﬂiuﬂgaﬁmu@mum’lwmul,l,smﬂmalﬁquqwu 1$8997n
answazasnrsudnwidungudeusasaduiinnniinmsiieawanasnsznineeeny

ALAY
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mmm NR/CaCo, 10ph
== NR/CaCQ, 20ph
EEm NR/CaCQ, 30ph
=1 NRICaCO, 40ph
mEm NR/CaCO, 50ph

I NR

e P T |
W N N A Y

EESERES AR SR SR SN S
e T I R SR T

Aa

T T N R TR AT

i = O T T TR
N W N |

8

g

2 2 g 8 S

(wwiyN) yibuauys Jes]

UM 4.42 AU ULIIANUIAUDILNITITNT

A

3 lugasniniTéy

Foua1TUaLLA

/LaaL

g

ENR

hhhhh

R M R/CommGypsum 10 pf
73 NR/CommGypsum 20 pl
B NR/CommGypsum 30 pl
21 NR/CommGypsum 40 pl
I NR/CommGypsum 50 pl

CINR

s R S S T S|

Yo
2N
IS e A R AN R ] > b&q
T s e T R M PR | “\G\Q \?
3N
[ e O T T O | - bln«\v
T N M| m\n”o = 4

e e O O R |

8 8 8 2 2 | 2

{wwyN) yibuadys Jea]

aa

UM 4.43 @MUFIBLIIRNTINVDINTITNTG/BUTUNITAN IaaINAN1IL6N ENR

rrrrr

eGypsum 50 phi

S 8850

U
EE NRAVasteGypsum 30 ph

71 NRAWasteGypsum 40 phi

N NR/Was

HE NR\WasteGypsum 10 ph
F7T] NRWasteGypsum 20 phi

CINR

e R B P S R B |
e P

2N
Eee e @,&v
[ Eeencereeemaemnd QQQ ®
”
a
LESS e e «.&v
LT T e Yo K
N
LEE e @,@.N,v
R S R RN Y,
2N
LR ssas s . :m.w\\v
e T R A | m\o\a ¥
”
H £
LEiasssss s &.\v
LR T v
-
B S mwmmemm | cm&“?
e S R R %;@ 7
%
.' %

8 8 3 g 8 i

120

{wuwN) yibuaays Jea)

U

TURAaNILaaINan13ey ENR

LY

JUN 4.44 ANNGBUTIANVIAVILIBITNTNG/EL
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45  ANMNARIULBINITITOND2Y
m3aagl (vulcanization) vhlwifianaenlussznisluanavasnslasiusiu
Aa o A . a o @ A
naeduensndlassasnanuuLTaseng (crosslink) %383196% (network) ¥inlwenaitasu
PN . P Aa wa & A X ! A ° @
autfndawin dussndauddudiuaznitiertn wanzuanisnazsih lulsiu ang
AUWLUUNNTTBNTIN (crosslink density, 7) Bai819a43L Anm ldnnsuandives
praluindu (lundldmsazarolngdu) nasanugonsnasziudiaruniiziiinua
PMNBUINNIFIWIRIAIANURI LU B IR WEL TaNV N lasanduauniIIn (3.2) uay
(3.3) manamauiidumsszanoansiafidng g sansniininusauiaszunueasssuma
UMM URIILIBAI YT MRS T N INIITHINIBNIBIININ AN UMD 1
U7 4.45 UEAIANNMNUWILIUMITONTINVBIBWTTTNTA/AILEY DTG
aa al 1 1 { 1 J 4 a a a { 1
pRsTINmMaanandlad wuhenanmnuwiumagensneddngiluiadTainadudunls
a X v a < o A o A [ a v a Ada A
fundunazdiduniaaliuanlndidosiu Wunsnnanndinudidundenuitesgs

= qq/' % = ~ 6 o p.i L2 o aaa % fl a = L2
aﬂmmvl,uwuw\mﬂmmzmeﬂg]mmmmQ"Lamaﬂﬂﬁamaommzmﬂiﬂgau"l@

U

2.5 4

“’%

‘IE 2.0 ? ?

31'5_ . > ? 7 ’ ’ Eﬁ?wa
il

. |  WENARARER

Filler loading (phr)
Ellﬁ 4.45 @MUK LUUTBINUTLLT NIV D HNITTINTR/AILAN

gﬂﬁ 4.46 Uz 4.47 \TuNaTaINIlaE19 ENR25 waz ENR50 1u1/5u1mh 5 10 was

' ' A ' ~ o a 9 a £
15 phr WUINANMNABILUKNNTTaN M W Asuklaaunin Tasduwd lstuiinduany
USuua9a L ANN Laas bl 1Ha99NNALANALENITITNTIAaWaNT Lo buLAnawaTATLN

TERIINWAALY AN



Crosslink density x 107 4 (mollcm3)

Crosslink density x 107 4 (mollcm3)

Crosslink density x 1074 (mollcm3)

2.5 4

2.0 4

1.6

1.0

ENR25_Sphr

R

ENR25 10phr 10 20 30

1

/

R

[ ENR25_5phr
W ENR25_5phrCaco,

EZZ3 ENR25_SphrCommGypsum
BN ENR25_SphrWasteGypsum

i
)
-
2

d
0 2

=RER

RN
LRSS R R R
RS R R
R R R

R

-
o

30

s
=3
L]
o

Filler loading (phr)

(n)

]
¢

RN

— ENR25_10phr

W ENR25_10phiCaco,

271 ENR25_10phrCommGypsum
mmA ENR25_10phrWasteGypsum

E

g
g

/

RREE
RN R N RO

RN REEERT
TR R S SRR R e

&
8

Filler loading (phr)

(2)

[ NR/ENR25_15 phr
Em NR/ENR25_15 phriCaCo,

[z NR/ENR25_15 phrCommGypsum
B NR/ENR25_15 phrWasteGypsum

SRR
Ry
RS R R SR
SRS SR
S R

.
ENR25_15phr 10 20 30

ry
o
o
o

Filler loading (phr)

(f)

aaaaaa

(n) 5 phr (V) 10 phr ez (A) 15 phr
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L
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=
n
L

-
o

n

Crosslink density x 10-4 (mollcm3)

AN
B R

Gl %
%
1l
"
i
717

NR/ENR50_5phr 10 20 30

&
]

Filler loading (phr)

(n)

EORR R R RS

%2.5*
E’!.ﬂ
I§1.5— — 7 ? ?
- gl717
P 7171
§.. | WANAWAW
o Filler loading (phr)
()
Ez.s-
gz.u I
1 ; 2
:1.5 — 7 ﬂ /
717 .
: . 2111717
F 217 9
Bl | 217 ’

Filler loading (phr)

(f)
E‘Llﬁ 4.47 QNARAWILUBNITOUVINIVBILNBITNT

a

1 ENRS50_Sphr
B ENRS50_SphriCaco3

24 ENR50_SphrfCommGypsum
@ ENRS50_S5phriWasteGypsum

1 ENR50_10phr
mmm ENRS50_10phr/CaCco,

[ZZA ENRS0_10phr/CommGyp
B ENRS0_10phr/WasteGyp

(1 ENR50_15phr

W ENRS0_15phiiCaco,

FZZ3 ENRZ0_13phrCommGypsum
B ENRS0_15phrWasteGypsum

> A dldA

(M) 5 phr, (V) 10 phr uaz (A) 15 phr
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46 @NLANANNTOH
ﬂ’]iﬂ@ﬁﬂﬂ%’lqmﬁﬂﬁm‘mmmﬁ (degradation temperature, T,) maamamgﬂ
uTar laalsinafinnsieszmiminnisldainusen (thermogravimetric analysis,
TGA) I@mgﬂﬁ 4.48 LEAINASIULNITNVDIITTTUTR/ALANTAAG19 9 NUTu14 40 phr
1 a s a 1 1o v a s dl 1@ A
WUIINIILANAILANGN § aavl,ﬂ"l,umlﬁqm%{]umiamﬂmmaamuﬂaﬂuvlﬂ UALINEIN
A A A |1a o A a o a A,
28481 INNAILARDINNNNINAFBLNLUINNMTa8aE 20 — 30 TaududSuavasalldunlaas
Tuluens Lﬁaoaﬁﬂqmﬂgﬁmsamué’wawﬁLamwiawﬁ@ﬁmgoﬂh 1000 D9FLTALTR
' A a A & A [ & A a £ A
We b UN TV I89TTTNTA/LAALTEA1TUBIUG AnTFaNEAIATINRanadwTaLdn
pwnndniidsuudasvasuasiouaiivaiualdiduuaaifonsanlad (Cao) uaz
& ¢ o A &
msuanlasenlod asaumsaiidalu
CaCO, = CaO + CO,

NR

NRI/CaCO,
NR/Comm Gypsum
NRWasteGypsum

100 +

Weight loss (%)

0 T T T
0 200 400 600 800

Temperature (degree celcius)

U7 4.48 Mawmasluunanvassissumaaiduriadiigg

maﬂmmiuiugﬂﬁ' 4.49 \Jumsanwnmssansaansldanufoudainiséy
1n955TUT A anand ladralsunmanandsouas 25 uas 50 lasluafusunos 40 phr
wuinenesssusaawanadladlisinadanisilaonudssnisldanudaundasile
lasannenssssumaswendletmansadnnuldnuenesssumasslifansuong i
qunﬁﬁumsamzm”a LLa:qm%Qﬁﬁyuq@mmm e lnLAsIn eI TN R Inaa il

A3197N 4.1
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NR/ENR25_15phr

NRENRS0_15phr

NRENR25CaCO, | [ | rerrreraaeeeer NRENRS0/CaCO,
100 - - NRENR25CommGypsum 100 { @ ———— @ | NRENRS0/CommGypsum
s NR/ENR25WasteGypsum —————— NRENRS0/WasteGypsum
~— 80 4 o— 80 o
(4] 7]
8 e 2 w0
E b=
2 5
g " g
20 | 20 |
0 - : : 0 : : .
0 200 400 600 800 0 200 400 600 800
Temperature (degree celcius) Temperature (degree celcius)

(n) (¥)
U7 4.49 fidlainasluuniy TGA 189819530 ANITAUANLAE (N) 819 ENR25 (2) 819
ENR50

WaAnunavaIaduLdassiaNUSum 40 phr NENTLANNITIINTIRBNANT
6 1 v 1 a [ A, o a A a 1a U A 1
lagaslunuin RnagwdeInuenIsTTum&/altds deduSunansn (char) wadlnaaag
v :‘ Q qu L= ] 09: A a = =Y a { =Y
152030882 30 VI RBNTUAIDLNINIRNA smLf’]uﬂimmmmuauuﬂ%ﬁﬁﬁqmﬁgu
msamw‘i’aﬁgqmmﬁmﬁwﬁumoﬁiiu‘mamgﬂ fwlunIdivasalfunaatgyl
6 1A dl aq: %3 ni é a >
ANTUALLANLINUNITRANLN 2 mamua@alugﬂ‘ﬂ 450 (N) TILANIINAIRAILAIVDI
a 6 A 6 23 6 6 a Aa £%
waatdouasuatwe ldilunastfanaanlaauazinaaisuanlasan loduaz JUSun N
momﬁaagjﬂi:mm%aaaz 20 VA RUNTUAIDLNNIRNA



Weight loss (%)
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NR

............... NR/CACO,
_______ NR/ENRZ5/CaCO,
——— NR/ENRS0/CaCo,

Weight loss (%)

T T T
200 400 600 800

Temperature (degree celcius)

(M)

NR

100 ] ————  [wesedEases NR/CommGypsum

——————— NR/ENR25/CommGypsum

NR/ENRS0MW asteGypsum

80 -

80 -

40

20

0

T T T
0 200 400 600

Temperature (degree celcius)

(2)

NR
100 NR/W asteGypsum
NR/ENR25/WasteGypsum
NR/ENR50/WasteGypsum
~— 80 1
=
-
0
g @
-
£
=
g " %
T A e e v
20
0 T T T
0 200 400 600 800

Temperature (degree celcius)

(7)

gﬂﬁ 4.50 N3LamaslunnIy TGA UaILNITITNTNG/MILANLAa T

(MuAaTaNaTUaua) BUTuNIALee (A) BUTuwRaN
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pINENTIUS I TR aqm%n“ﬁﬁ'u aqqu]ﬁéuq@ qmwnﬂﬁﬁ'u qqu]ﬁéuq@
40 phr MIRAIA? MIRAILA) MIRAIAD MIRAILAD
A3 1 A3 1 AN 2 AN 2
(BIFNLTALTER) | (2IFLTALTYR) | (BIANTATHR) | (29 TALTHR)

NR 343.61 428.21 - -

NR/CaCO, 343.16 427 42 671.17 735.73

NR/Commercial 343.02 427.10 - -

gypsum

NR/Waste gypsum 344.10 428.40 - -

NR/ENR25/CaCO, 343.56 427.53 655.12 722.70

NR/ENR25/ 344 .15 427.35 - -

Commercial gypsum

NR/ENR25/ 343.63 428.32 - -

Waste gypsum

NR/ENR50/CaCO; 34297 427 .26 667.52 728.22

NR/ENR50/ 343.28 432.48 - -

Commercial gypsum

NR/ENR50/ 342.63 427.28 - -

Waste gypsum

47  SNUGLBINANAIR

FUUALTINAWAIA (dynamic mechanical properties) LHWMIIATILHNYANTIY
a o A oo ° o aa A 2 en A @
Lmnamamaqtuavl,@iuLLiaﬂszmn’]ﬂ@lqmﬂQmLﬂammmm"lﬂ FIFNUALTINANAIA
mmmuaﬂqnmnuﬁﬂmamﬁu%fuua:é’umﬁ%mi:%mmaﬁﬁumﬁn"’mﬁLﬁ&JVL@T gﬂﬁ
4.51 1 JuwinasluunINweIs95IINTIH/AANA19 9 NUTum 40 phr Wuamninans
NINUWTTUYAILNITITNTIG/ALAN LRAWIN -60 aaml,sﬁal,s’fizlavlﬂagjﬁﬂs:mm 50 896

4 . . . . Coa

LTRLT & smLﬂumaLﬁaammnmiﬁmﬂimimaqamaa ma;‘]ﬂwmnmimﬁauﬁmﬂm
=) dl I3 o v Y v Q g dl v [ a dl dl U
GRRISINS LRSI V]’ll%@lﬂﬂ‘ﬁWﬂN’]%%J’]ﬂ‘U%LW81‘1&6’(’]ﬂI‘ﬁIMLﬂQﬂLﬂ@ﬂﬁiLﬂaau‘ﬂvL@
UBNMNRTINLINAILNULAAAN (tangent delta) VBIBNITITNTIAN LFLABLTLNAITLALUA
v A | o v A o A o A A A, v A [ a @
Auddaunisedalnaasanuwnlszanm 1.4 GedanlnatAsInUe19TITNTIANINAIIGA
WNEUTN LRAIIALAWINEIITITNTIALAA O UATASIINUAUANLARLTINAITUAL AN
Alaun1tanlauinnindUauiniane 390N Aus9sTINT I Awand ladagliNe
ﬂ%"uﬂgoé’umﬁ%msmiwuwaﬁmaa %olugﬂﬁ 451 — 454 1 JwnaslunnIvyadsng
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A, v a Aa ' aa a) ed |1a 2 A K
ﬁii&]?ﬂ(ﬂ/@l’)LGI&JV]QJﬂ’ﬁELﬁEI’NﬁiﬁJTW@]awaﬂ‘ﬁvl,@]‘ﬁ“(lﬂ'i&ﬂmq\‘iq@ﬂa 15 phr LWa@AN®N

AUAINIUININADLL
2.5 4
f&.
2.0 - i L
I'i
f i —s— IR
: R - O NR/CacoO,
8 15 ! b
= 1 F P ——————  NR/ICommGypsum
8 }&Fa A — e NRAVasteGypsum
&
-

-80 60 -40 -20 0 20 40

Tempearute (degree celcius)

U7 4.51 GidutaimaslaunInvasu9sTINTA/AUANE 9 TN 40 phr

gﬂﬁ 4.52 \JunaslunnINvadonIsIINTA/USNIRAaNIUSNN 40 phr NEM3
\ANENITITNT ABNenT lagUSunae 15 phr WU tan delta IdaaadiiiasanndUsuinae
ﬁamm‘mLﬁ@é'umﬁ%mﬁ'umoﬁisu"maﬁwan%"l@ﬂumuﬁﬂu%yjﬁwaﬂ% 138997015
P A X aA oA ' Y a Aa ' o
SUTNMRaNINFII0UUIINNITREBULULINAUNITENIIRITNIZANLR0LA2 (deflocculant)
=& a ' A A Aa & ° v A% [ 9§ v A &
smLﬂumimuLmamameLﬁuwaaL&Jasﬂizqmﬂm%mwﬂaanuhl%msmmaaaam
Judnuwduiauanaznauaanan d1ad191Tu aunutueIa-oadazaInIAgan3n (aryl-
alkyl derivative of sulfuric acid) &swavlinganandiudszauinvasansinaanguand

a e aa Rt % &, o Yo
Lﬂ@ﬂ%@liﬂﬁﬂ’m%‘l@&l’m“ﬂ% ‘Y]’]I‘ﬁﬂ’] tan delta aaa3d

25 -

2.0 Q

i —a— R

:O ,f% ------- s pRt NR/WasieGypsum

: f B \._ ———y-—— NR/ENR25_15phri\WasteGypsum
15 4 iy —r=f—..  NR/ENRS0_15phriWasteGypsum

Tan Delta

Temperature (degree celcius)

&l a

A a & a aa a aA 1 =
Eﬂ‘ﬂ 4.52 (ﬂL@ﬂJL‘YlaﬂﬂJLLﬂ‘J&J”IJa\‘]U"Ix‘]‘ﬁ?iﬁJ“ﬁ']@l/ﬂ']x‘lﬁ‘ﬁN"ﬁ’W]@WQﬂGﬁVL@TYINﬂHQWQﬂTa

(=]l

Fapae 25 uae 50 laglua Usunm 15 phr/flsumaananysunm 40 phr
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fFIRIU mamgﬂﬁl“ﬁ@hlﬁwLLﬂaL%suﬂﬁuaLu@Ltazﬁﬂeﬁ'umamiﬁﬁ’mﬁ'u 879

FITUTVRANANT b lﬁwamimaam"’mamlugﬂﬁ 4.53 Uy 4.54 l@uwuinen tan delta
§ v L g Ql ; § Qs a qu/ Q =Y { § 1 a Q aa v a >
NENAULNND LI NANANNIFAILT WAL ANNLR AN ITIAN O WATATLN NN TS

v = e 6 v e a L =\ : (=Y L v 1 Y o &/
nmsdzfienansaiadeiubudumtedns uddudunsd lalaiuni luaugduas
1 1 = 1A A dld Qq: s 0“// a aa a 6
WEALULNITOW 39 1UAN1130U V98N INHTY AIBWNITLANINITITNTIGANANT Lot

1 LY o v aa 1 Qs %] a QI J 1 %]
TalavinlwauaAse13e I 9N UALA UL AN TN Ladn Iwn T 0 JLARLT U UANT U LG

LLaz"L&i"L@Tﬂ%'mJEa AWATATYITEHINIEUTUAVLIITITNTIA LWNIINAUNWAITLAN LY

' o
AaAa v

ﬁﬁmﬁﬁaanﬁ%"lmﬁﬂumnﬁmy}wu*’n’aaavl,ﬂﬁﬂﬁl,ﬁm’nw'hiLﬁwﬁ'mzm’ms:uulﬁ”
o X
ATEGIN

25 4

¥
.," X —e— R
204 : ll ....... Oeevenns NR/CaCO,
rv 1 —— ——— NR/ENR25 15phriCaCO,
J( —.—.—.. NR/ENRS0_15phr/CaCcQ,
1

Tan Delta

Temperature (degree celcius)

A a a aa a eaa a = '
EU‘YI 4.53 (ﬂLi’]lJLE’JL‘Y]ﬂﬂ&lLLﬂSﬁJ"Ui’]\‘iEﬂx‘i‘ﬁiill"ﬁ?@]/il’]dﬁi'ﬁ&l“ﬁ’]@]ﬂWﬂﬂ‘ﬁvLﬂ‘ﬁﬂllﬂﬂﬂWEm‘ﬁa%
Jouaz 25 uaz 50 laslua USunmw 15 phruaatdauasuaiuaitSunms 40 phr

25 4

2.0 AA
i
l ,\ —e— MR
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Abstract

This research aims at reutilizing discarded plaster molds by using waste gypsum obtained from these molds as an
inert filler in natural rubber. Its effects on curing characteristics were investigated in comparison with commercial
gypsum and calcium carbonate. These fillers were characterized by an X-ray diffractometer before being mixed with
natural rubber at various amounts. Several ingredients necessary for curing via sulfur system were also incorporated.
The rubber compounds were then tested for their curing behaviors using a moving die rheometer to investigate the
effects of the fillers. The results show that when filler loadings increased the maximum and minimum torques of the
compounds increased accordingly while the scorch time and 90% cure time steadily decreased. The cure rate index of
the NR-filled compounds was clearly affected by the filler especially when commercial and waste gypsums were
used.

© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of CEO of Sustainable Energy System,
Rajamangala University of Technology Thanyaburi (RMUTT).

Keywords: curing; filler; gypsum; natural rubber

1. Introduction

Although there are several new synthetic rubbers which have been developed to meet more demanding
requirements, natural rubber (NR) still dominates nearly half of the total rubber consumption worldwide.
The current trends and interests in chemical feedstock from renewable resources secure NR as the
material of choice. NR is capable of rapid deformation and recovery along with strain crystallization [1].
It also exhibits outstanding characteristics such as good hysteretic properties, high tear strength, high
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tensile strength, and high green strength [2]. On the contrary, NR swells significantly when immersed in
organic solvents at elevated temperatures and often shows poor fatigue resistance. To process NR into
products with desired features, a number of ingredients, including vulcanizing agents, activators,
accelerators, antioxidants, and fillers, must be incorporated. Among the chemicals used in rubber
formulation, calcium carbonate (CaCOy3), kaolin or talc, are commonly used as inert fillers to reduce raw
material cost. Although these fillers do not play an important role in improving mechanical or physical
properties due to its low specific surface area [3], they usually attribute to the increasing hardness and
stiffness of rubber specimens [4].

Gypsum (CaS0,4.2H,0) is one of the most common sulfate minerals, forming naturally in a variety of
environments including hydrothermal vents near mid-ocean ridges, marine sediments, and evaporated
deposits. It is also a by-product of the manufacturing process of phosphoric acid from phosphate mineral.
Gypsum is an ionic mineral with the crystal structure consists of pairs of adjacent layers parallel to the b-
axis containing the Ca®" cations and the tetrahedral SO,* anionic groups [5] — [7]. About three-fourths of
the total production of crude gypsum is calcined for use as building materials in plaster, Keene's cement,
board products, tiles and blocks. Gypsum, in the form of plaster of Paris, is widely used in ceramic
industries as plaster molds for slip casting. Generally, gypsum molds have limited lifetime and must be
discarded when they are not capable of being used to cast proper ceramic products.

This research aims at reutilizing these discarded molds by making use of waste gypsum as a filler in
NR. In the present study, curing characteristics of NR filled with waste gypsum were studied in
comparison with those of NR filled with commercial gypsum and calcium carbonate.

2. Experimental
2.1. Chemicals and materials

Natural rubber of STR5L grade as well as other compounding ingredients including sulfur, zinc oxide,
stearic acid, N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) and 2,2-Dibenzothiazole
Disulfide (MBTS) were purchased from Sakdarungruangkit (Bangkok, Thailand). Calcium carbonate and
commercial gypsum were obtained from C.P. Chemical Industry (Bangkok, Thailand).

Discarded ceramic plaster molds were collected from a local factory. After washing thoroughly, they
were ground and sieved. The waste gypsum powder was then dried to remove excess water.

2.2. Rubber compounding

Natural rubber was mixed with difference fillers at various amount, as well as other chemicals
necessary for curing via sulfur system. The compounding formulas are shown in Table 1. Natural rubber
and all ingredients, except the curatives (sulfur and MBTS) were added and mixed using an internal mixer
(MX-500, Charoen Tut, Bangkok, Thailand) at a set temperature of 50 °C with a rotor speed of 50 rpm
and a fill factor of 0.7. The mixing was further carried out by a two-roll mill (LRM-S-110, Labtech,
Samut Prakan, Thailand).

2.3. Cure characterization
The curing characteristics of the rubber compounds were studied using a TechPro/rheo TECH MD+

moving die rheometer (MDR, Winona, MN) in accordance with ASTM 5289-95. About 5 g of rubber
compound was placed between a pair of rotating disks which was set at the temperature of 160 °C. The
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minimum torque (M), the maximum (My), scorch time (ts;) and 90% of cure time (tco) were then
observed.

Table 1. Formulation of the rubber compound [8].

Ingredient Amount (phr)
Natural rubber (STR5L) 100

Zinc oxide 2

Stearic acid 2

6PPD 2

Sulfur 2

MBTS 1.8

Calcium carbonate 10, 20, 30, 40, 50
Commercial gypsum 10, 20, 30, 40, 50
Waste gypsum 10, 20, 30, 40, 50

The curing rate index (CRI), which is a measure of cure reaction rate, was calculated according to
Equation (1).
100

tcgo - tsz

CRI=

3. Results and Discussion
3.1. Compositions of the fillers

XRD analysis of waste gypsum, commercial gypsum and calcium carbonate is revealed in Fig 1. It
was found that calcium carbonate and gypsum mostly contains carbonate and phosphate which normally

act as inert filler in NR.
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Fig. 1. XRD spectra of waste gypsum, commercial gypsum, and calcium carbonate.
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3.2. Curing characteristics

The effects of fillers on the curing characteristics of NR can be seen in Fig 2 — Fig 6. The curing
characteristics at 160 °C of calcium carbonate, commercial gypsum and waste gypsum filled NR
compounds at various fillers loadings including the minimum torque (M), maximum torque (My), scorch
time (tsz), 90% of cure time (tcgo), 100% of cure time (tc190) and curing rate index (CRI) are shown.

From Fig 2 and Fig 3, it can be seen that when fillers loading increased, the values of both the
minimum torque and the maximum torque of the fillers filled NR compounds increased. This indicated
that incorporation of filler into the rubber matrix led to the higher viscosity and modulus to the rubber
composites. When considering the type of filler on these two parameters, it can be seen that the
commercial gypsum had a greater effect on the increasing of the minimum torque than, in decreasing
order, calcium carbonate and waste gypsum, respectively but the increase in maximum torque of all fillers
are similar.

1.0
—— Calcium carbonate

s —o— Commercial gypsum

. —— Waste gypsum
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Fig. 2. Minimum torque (M_) of the filled NR compounds.
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Fig. 3. Maximum torque (M) of the filled NR compounds.
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Scorch time indicates the period which a rubber compound can be processed at a given temperature
before curing. In this experiment, time till two torque unit rise above the minimum (ts,) was measured as
shown in Fig 4. It can clearly be seen that the presence of filler reduced the scorch time significantly.
Moreover, the reduced scorch time of the NR compounds was further decreased with increasing filler
loadings. It was found that the change in the scorch time when 50 phr of filler was incorporated into the
NR compounds depended on the filler type. Waste gypsum had a greater effect on the reduction of the
scorch time than calcium carbonate and commercial gypsum, respectively.

4.0

3.5 4

3.0 4

Time (min)

2.0 1

—e— Calcium carbonate
—o— Commercial gypsum
—vy— Waste gypsum

Fig. 4. Scorch time (ts2) of the filled NR compounds.
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Filler Loading (phr)

50

The time required for the rubber compound to reach 90% of the state of cure or tcoy can be varied
depending on the type of rubber compound and the thickness of the product. Fig 5 shows that the effect of
the filler loading on the 90% cure time (tcgo) Of the NR compounds. In the case of calcium carbonate and
waste gypsum filled samples, it can be observed that the 90% cure time decreased comparing with
unfilled rubber. However, tcgo Was almost unchanged in the case of commercial gypsum filled NR.

Time (min)
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—0— Commercial gypsum
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Fig. 5. 90% cure time (tcgo) Of the filled NR compounds.
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CRI was measured of rate of vulcanization based on the difference between optimum vulcanization
and incipient scorch time. It can be seen from Fig 6 that the cure rate index at 160 °C of the NR
compounds was affected by the addition of these fillers. It was observed that the cure rate index of NR
filled with calcium carbonate was almost unchanged while that of NR filled with commercial gypsum
decreased markedly. Inversely, the cure rate index of NR filled with waste gypsum increased. These

effects are possibly due to different compositions found among the fillers. It can also be stated that the
filler loading did not affect the CRI.

—e— Calcium Carbonate
—O— Commercial gypsum
—w— Waste gypsum

Curing Rate Index (CRI)

50

45 T T T

Filler Loading (phr)

Fig. 6. Cure rate index (CRI) of the filled NR compounds.

4. Conclusions

Waste gypsum obtained from discarded plaster molds was successfully used as an inert filler in natural
rubber. The effects of waste gypsum as well as commercial gypsum and calcium carbonate as a filler on
curing characteristics of natural rubber compounds were investigated. It was found that as the filler
loading increased, the maximum and minimum torques also increased. In contrast, the scorch time and
90% cure time decreased with the increasing amount of the fillers. CRI was unaffected in the case of
calcium carbonate filled NR however CRI noticeably lowered when the commercial gypsum was used as

a filler. On the contrary, CRI gradually increased when the waste gypsum was used. The filler loading,
however, had not effect on the CRI.
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