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Abstract

Project Code: RMU4880037

Project Title: A study of filler reinforcement mechanism in blends of natural rubber and
chlorinated polyethylene

Investigator: Chakrit Sirisinha, Department of Chemistry, Faculty of Science, Mahidol
University

E-mail Address: sccsr@mahidol.ac.th; cs018072742@yahoo.com

Project Period: 3 years

Blends of elastomeric chlorinated polyethylene (CPE) and natural rubber (NR) at blend
composition ratio of 80/20 CPE/NR with various loadings of precipitated silica and kaolin
clay were prepared. By the use of rheological approaches, a mechanism of silica
reinforcement was proposed. Results obtained reveal that the viscoelastic behaviour of
blends is influenced remarkably by loadings of silica. A cure promotion phenomenon is
found as silica is loaded due probably to the strong silica-CPE interaction and/or a
reduction in curative absorption on silica surfaces. A strong Payne effect is observed which
is increased by a rise in silica loading, implying a formation of pseudo-crosslink via a
physical interaction which could be disrupted at high strain of deformation. The proposed
mechanism of silica reinforcement based on a formation of pseudo-crosslink is validated by
the deactivation of silanol groups on silica surfaces using silane coupling agents. The Si-69
silane is found to be more effective in suppressing the pseudo-crosslink than Si-264. Also,
there is an uneven silica distribution at high silica loading caused mainly by the strong
silica-CPE interaction which could be suppressed by addition of silane coupling agents. As
expected, Kaolin clay exhibits a slight cure promotion phenomenon with no significant
reinforcement due to its low content of silanol groups with small surface area. In the case
of organoclay filled blend nanocomposites, similar cure and rheological result trends to
those of silica filled blends have been observed. Reinforcement magnitude of blend
nanocomposites depends strongly on organic modification of nanoclays. Both chemical and

physical interactions are responsible for the reinforcement.

Keywords: Viscoelastic properties; Rheology; Chlorinated polyethylene; Natural rubber;

Reinforcement
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Materials Chemical name Grade/Supplier

Tyrin 702P (36%Chlorine
Chlorinated Polyethylene (CPE) content)/DuPont Dow Elastomer

Polymer Co., Ltd., USA.
Natural rubber (NR) STR5/Thailand
Starmag # 150/Konoshima
Magnesium Oxide (MgO)
Activator and Chemical Co., Ltd., Japan




Acid acceptor

Activator

Stearic acid

Commercial grade/Petch Thai

Chemical Co., Ltd., Thailand

Vulcanising agent

Sulphur (Sg)

Commercial grade/Chemmin Co.

Ltd., Thailand

Accelerator

N-t-butyl-2-benzothiazole
sulfonamide (TBBS)

Santocure TBBS/Bayer Co., Ltd.,
USA.

Antioxidant

N- isopropyl- N’- phenyl- p-
phenylenediamine (IPPD)

Santoflex IPPD/Flexsys Co., Ltd.,

Belgium

Prevulcanisation

Inhibitor (PVI1)

N-(cyclohexylthio)phthalimide
(CTP)

Santogard CTP/Flexsys Co., Ltd,
USA.

Hydraulic oil

Tellus 100/Shell Co., Ltd., Thailand

Staining agent

Osmium tetroxide (OsO,)

E.M. (2% in aqueous)/BecThai Co.,
Ltd., Thailand

Filler

Precipitated silica

HiSil 233/PPG-Siam Silica Co.,
Ltd., Thailand

Carbon black

N330/Thai carbon product Co.,
Ltd., Thailand

Kij Paiboon Chemical Ltd.,

China clay
Thailand
(i) Bentone34/Elementis, Belgium;
(ii) Bentone38/Elementis, Belgium;
(i) ARQUAD 2HT-75/ Akzo Nobel,
Organoclays

Singapore;
(iv) ARQUAD T-50 HFP,
Akzo Nobelbel, Sweden

Processing aids

Chlorinated paraffin oil

(i) Cereclor45; (ii) Cereclor52/

Ineos Asiatic Chemical Co., Ltd.

Silane coupling

agent

Bis-(3-triethoxysilylpropyl)
tetrasulfane (Si-69, TESPT)

3-thiocyanatopropyl triethoxy
silane (Si-264, TCPTS)

JJDegussa (Thailand) Co., Ltd.,
Thailand
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Instruments Supplier/Trade Mark
Two-roll mill Labtech model LRM 150
Mooney viscometer Tech pro model Visc-tech+
Hydraulic hot press Wabash Genesis Serie model G30H
Rubber processing analyser Alpha Technology model RPA 2000
Tensile tester Instron model 5569
Ageing oven Wallace model 213024
Parallel plate rheometer Physica model MCR 500
Dynamic mechanical thermal analyser | Gabo Qualimeter model Eplexor 25N
Instruments Supplier/Trade Mark
Microtome Leitz model 1400
Scanning electron microscope JEOL model JSM-6301 F
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(Si-69 (31 a) uaz Si-264 (31 b))
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1E+07 -

1 (b)
2 LE+06 ﬁ ©0phr
e 1 ﬁﬁ ﬁ 0o.5 phr
2 ﬁﬁ
‘D ﬁﬁﬁ A2 phr
)
2 1E+05 4 ﬁﬁ X4 phr
> ] ﬁ
3 X6 phr
=
€ 08 phr
S
O 1E+044 +10 phr

1.E+03
0.1 1 10 100
Frequency (rad/s)

3171 28(de)

(Si-69 (31 a) wae Si-264 (31 b))

1000

Complex viscosity °11aawa§L@Ja%wauﬁﬁﬁ@LLa:U’%mmmsﬂmuvlfmau@mﬁ'u

10
@ Si-69 W Si-264
’ ¥
- [ |
E 8|
4
)
[«5)
5 ]
SR | ]
i =
6 i k]
3 * i
5 T T T T T T T T
0 1 2 3 4 5 6 8 9 10

317 29

Silane loading (phr)

29

. Aa 6 A a a 1 ] [
Torque difference °llE’NWE]ﬂLSJE]iNm\I‘Y]’ﬁu@LLﬂZ‘]_JﬁJ’]ma’ﬁf‘}ﬂ’lﬂvlfmﬂ%@ﬂ\‘]ﬂ%



Elastic modulus (kPa)

Elastic modulus (kPa)

1200
<0 phr
1000 o
o o0 0% 00.5 phr
800 o A2 phr
goof oo o X4 phr
600 | AAMD Ap DO 0
v o X6 ph
X B foh e "
400 - ® g %g g O8phr
% +10 phr
200 "]
"
B
0 ‘ ‘ ‘ )
0.1 1 10 100 1000
Strain (%)
(a) Si-69
1000
00
900 1 < © °<> <© 0 phr
800 1 00.5 phr
(m]
7001 o B8 Oo o A2 phr
| (m}
600 Q Q*Q QQ I:Io X4 phr
500 - & a0
R QL 4 X6 phr
* 8
400 -
O 8 phr
300
% + 10 phr
200 ’
100 - [ | Ny
0 : ‘ ‘ Moty
0.1 1 10 100 1000
Strain (%)
(b) Si-264

mmé’uﬁuﬁ‘iwﬁamimﬁUuLLﬂmm'ﬁmaaﬂuagé’a@iammwmﬂ%ﬁmﬁau

a & Aa o = A A a '
°lla\‘i‘WE]ﬂLSJE]iN&%JY]NW%‘EZL“BE]%JIUGI@U&l‘ﬁu@LLatﬂiﬂJ’lma’]iﬂﬂ’vaﬁmau
d19nu; Si-69 (31 a); Si-264 (31 b)

30



4.5. N13N3218BIE 1IN NAN TwuaaziNgUaIND A IND I HEN

4.5.1 HazasdsnrwBann

3U7 31 wsadliAninda@ndanasluluwefiwesuay @184 damping factor aziidnannd
s A a Aa v ' A . . =
duilaninanmiaaasvestiunounanlant@ngunila (Viscoelastic phase) lasuFunm

MIaAaIVBIAN damping factor (%R) dnTalttsvanysunmvasdanmndnlunszasallu

wWanugle lasadoaunisi 1 89 4 (lusuwesitnases) lagdr w'; and w', unuaaain
lagsinsin (Weight fraction) vadansadudanafiuasuaulmwan 1 uaz 2 ey [4-5]

0.9
081 ouUnfiilled
0.7 - 010 phr
§ 0.6 - A20 phl’
&8 X 30 phr
=2 05 0O 40 phr
2041 +50phr
S 0.3
0.2 1
0.1
0.0 ¥ " " " " " " "
-100 -80 -60 -40 -20 0 20 40 60
Temperature (0C)
A . a 6 A a aa ] o
El]“n 31 Damping factor PYDIWDRLNDINFUNUTNIUTING19N

nafildanmaswauaas3luaseh 3 andnldilutusndimldidnldegluinauas
NR lntsinadndidsanulwnguas CPE wifiuwa NR a:lianuiludnstosningam &
sunsnesuieldananuniiafidiao 0 Wgen95IINTIR8WLia98191n Thermo-oxidative
degradation mmzﬁﬂmsm‘%wwa§Luai‘wauﬁqm%gﬁgaé’aﬁiﬁﬁwmiaﬁﬂﬁUwaﬁau%ﬁﬂf:
waziilorsinmdandnlulunaues NR 1ntw sanalwanunilavasva NR ga“fmudawa
IwdansuaswlUdnlunauas CPE 1w 1i0991n8uwasAs o ALIITnIedan iy
CPE  wananiudr mshdandnlulwwavos CPE ﬁﬂ%mméﬁamga FIRIHNAG LI D
FUFIUINGVBINORLNATHEN (Phase morphology) é’aamﬁﬂﬁmngﬂﬁ 32 ielSunmEam
luiWguas CPE 1’7'1'Li‘juL‘V\Ia@iaLﬁawaawaawﬁwaugﬁu Suasisenfifadusonaliainy
whavadwa CPE ga%w’fiaLgaﬂsziﬂmﬁ@iamiLﬁ@miLL@mﬁaaaﬂmadwxla NR  %unanpfs

¥ @ v Aaf A A a aa a 6 =g
mmm’muvlw aaszuummumawmsmwﬁamaﬂﬂl&luwaa PUBINFNICUUW
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"1 3k 0.1
172 m vy
¥ -

(e) SiO, 30 phr (f) SiO, 40 phr

(g) SiO, 50 phr

Scanning electron micrographs (x 5000) UaINaRLNBIHFNNUTU1ATRNN

@9n
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P a an ' a 6 A a aa a ' a
#13719N 3 ﬂmwmmawanﬂwmmuﬂam E]\‘]WE]NLﬂJE]iNﬁN‘Y]L@]&l‘ﬁﬂﬂ’]luﬂiw’]m@]’lﬂﬂ%

CPE/NR blends with

Percentage of silica migrate to distribution in each phase of

silica loading blends (%)
(phr) CPE phase NR phase
10.0 50.4624 49.5375
20.0 54.2875 45.7124
30.0 54.0500 45.9499
40.0 58.5523 41.4476
50.0 63.9546 36.0454

4.5.2 Nawaaﬁﬁmtazﬂ%mmms@:mu‘lmau

U7 33 wazanaf 4 usaslfiAuianailfsuuilas Damping properties TadwafiuaiHaNT

ﬂ'%mm@i’mﬁ'madmsﬂmu"lfmawﬁﬁ@ Si-69 AzLAU IFBENITALIUINAANITLRO (Shift) V89
{ =) J [ Qs

Tg "Lﬂﬁqmﬁgugwuamwmaulmﬂmaa NR

v ¢ a v ﬁl J Qs an 1 an
Lanite UI‘H,LW?(?.IQG CPE "?TG ARipI ﬂvl,mnﬂmsmmmm:msa@mm 2IUAINIYIITHINNDAN

AU NR  WRZIZWINNTanINU  CPE  enua1au

A a a A a o
lummzmﬂ@]m‘na auvl,ﬂﬂqm%{]wmaa

Ty auaAIATLIAININIFINA WALAANTT

d' a Aan d' s ] a 6 (3
1WRUBLU RIS IRERMNNTz a7 lud ez N g aI WA AL N A S HEN QY

S
8
2
[oX
IS
5+
(a)
Temperature (0C)
= . a 6 A a . ' a
3‘]_]“(1 33 Damping factor Ta4WaaLNaINFUNUIND Si-69 19Nt
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A ] e a 6 A |a . ' L
139N 4 @1 Glass transition temperature VaIWBRLNATNRFUNLYINIH Si-69 619Nk

Amount of Si-69 loading Glass transition temperature (T,)
(phr) T, of NR phase (°C) T, of CPE phase (°C)
0.0 -50.8 1.4
0.5 -49.2 1.5
2.0 -43.2 -0.4
4.0 -40.6 -1.4
6.0 -37.7 -1.6

AT 5 USuaw (%) vasdanmnnszana luluensudaziWzuasnafuasNaNNUI N MENT

ejmuvl,ﬁmau"ﬁﬁ@ Si-69 @N9N

Si-69 loading Percentage of silica migrate to distribution in each
(phr) phase of blends (%)
NR phase CPE phase

0.0 41.44 58.55
0.5 41.78 58.21
2.0 43.95 56.04
4.0 44.32 55.67
6.0 44.93 55.06

BaRansanmInszansdvasdamlugnsudazinaniusaluanssi 5 wuin MILANRE
mulaiaunia Si-69 Jnadanszaodmasdamlnenaudasnaluszaunits  nande e
Rn5anms Si-69 USunnasdamluinauas CPE aasswauiumaiinduvesdanluwwa
NR %ammma%mﬂﬁmnmsﬁﬁg Alkoxy 11 Si-69 Lﬁ@é'umﬁ%mﬁ'uu%i"lmmuaamaa%ﬁm
ﬁﬂﬁl,ﬁ@msa@mmaaﬂ%mmwaaé’umﬁ%msm’mmgmﬂ%ﬁmﬁﬁalmﬁ@ Silica transient
network  WRY é’umﬁ%mswinamg,mﬂ%ﬁmﬁmaa%uuu CPE (%aﬁfﬂmwﬁg\mmh

Pseudo-crosslink)

lunsdlvassnsgavlmausiia Si-264 wuinamInesasi ladum lduadeaasnulunsd
299 Si-69 lanfl Si-264 é’dLLa@ﬂugﬂﬁ 34 uaz@9N 6 Wuden Tg a3tW& NR Lhan3
Lﬁaugw‘ymﬁmlﬁﬂﬁaﬂ @9anlunsdives Si-69) uaz Tg voavs CPE liTmaasuutlas
TGN, Tg liRgsEntastiuanainfiaanmsi si-264 Lisansnlaadsosiuzt
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8a3z (Free sulphur) vilwniaiadewlwivesluanalwwa NR Lifsuudasnninidiaiioy
Aulunsdiaes Si-69 Nlaadaasiuzaudaszle vldmaenadesloswuszlwwa NR launn
A { . < ,
TIdInANIAaaIzaINIIIAREU M luana (Molecular mobility) luiwa NR tiluatninin

0.7
0.6 1 < 0 phr
05 | o 0.5 phr
£ A 2 phr
‘i 0.4 1 X 4 phr
é 03] xephr
©
(a]
Temperature (0C)
3UN 34 Damping factor 284WaRNaSHRNNLSN Si-264 619N
a3197 6 Glass transition temperature PoanaRINaSHENAUS I Si-264 @19r
Amount of Si-264 loading Glass transition temperature (T,)
(phr) T, of NR phase (°C) T, of CPE phase (°C)
0.0 -50.8 14
0.5 -54.4 1.4
2.0 -49.4 14
4.0 -48.9 14
6.0 -49.0 1.4

1509209113032 8@V AITAN e IR WRUAI LI NINNLAN Si-264 AILENS IANTIN
7 WUq1 FaNAANINIZNEA I guWa NR a819TatawnIna1nlunydh Si-69 ﬁﬂ‘%mmmsgﬂi
£ . a { . . { \ i { '
muloiaunieg aaifinannIn Si-264 3 Wettability ﬁgdﬂm Si-69 Lﬁaamﬂmiﬂmu
. A v A ' = 2 a . . ) v 4 A
Si-264 HAWAlANIFINALEANNTIN TIranedInIia Deactivation uu%g%muaa%amw
Usanimwainnin  vldaaanuiuinvasdanilea  Fvasnainiyntzanaalan ldlwwa
y I Sda X e . ;
819 NR Batiuegnniia i ldunnis ansanialuainanaInalming NR Jaunitan
gavildznnedaniaifia droplet break-up 34vlfluuiavas Dispersed phase filng oo
a a 6 A a 1 ] o % A 1 A a .
RvanwadiweinanUIunmasgaIuyinu mLLamlugﬂﬂ 35 LAY 36 WU JeUUNLAN Si-
264 flww1av84 Phase size Nilnnini1vasszuy Si-69 Seaviuayunian@anudiluluwa NR
AnNAIN Iz UUNLAY Si-69
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TN 7 USIoh (%) maa%ﬁmﬁmzmaé’ﬂu’tumaLL@ia:LWaﬁlaawaﬁma%wauﬁﬂ%mmmsgj

A lmauniia Si-264 6190

CPE/NR blends with Percentage of silica migrate to distribution in each
Si-264 loading phase of blends (%)
(phr) CPE phase NR phase
0.0 58.55 41.44
0.5 58.07 41.62
2.0 49.10 50.89
4.0 42.73 57.26
6.0 46.41 53.58

(c) Si-69 2.0 phr (d) Si-69 4.0 phr

() Si-69 6.0 phr
Eﬂ‘ﬁ 35 Scanning electron micrographs (x 20,000) PoIWoRLWaSNENTLUSU 04 Si-69

@9nN
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(d) Si-264 4.0 phr (e) Si-264 6.0 phr
31_]"7; 36 Scanning electron micrographs (x 20,000) YaInaR Lo IHENTiUSu I Si-264
G9Nw

4.6 n3lgAnaIzwInan1awili (Nanoclay) Tuwadimasuas

asnnidufinnulasnaldi Gusnswmeeymamlusunoauusinefweinanosia
U 1 A a a % =S o ~ an v 1A a [ 1 a d' v
leadefiUssdninnasuafenuntdiasdant laaldUSuimauuiiasnadlwdSunmntas
ni neflftesnnudazTudfiing (Silicate layer) 84AuINIVWINDUMAUWIUINANIDVENY
sanlilulanazaswafimaiiduninag wiafluniuialasiaiauuy Intercalation 119033
LA RETUYAIABTIININAIIFINITOUANDANINNN W LA B gL G NN TuNINAa laTIRIISULL

. . & 1 v Aa a v 1 A a A e 3: a o J‘v d'
Exfoliation H4928INAMAANITLESNLII MG aETUTEENTA N aanulniuwidsaidasnisnas
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]
=

AnENTIUsEANIn N aIMILETULIINE LN NN AR AU m&mﬂmiumm@ha 9NAMT
USuaAIne8a138un3s (Organoclay) dndsiianss lasldUSunmaun1iaina1iadfii 1 phr

4.6.1 WOANIINN1TENA? (Cure behaviour) YaInafLNaTHEN

gﬂﬁ 37 LLaquamiumiqﬂé’waawaaLua*fwauﬁﬁ‘*nﬁmaa Organoclay §79N% WUI1N3
W& Nanoclay adlunwadnasHaNaINalinadinasuand Scorch time WAz Optimum cure
. i & . % o a Y & ' |
time fNauadatITaAn TIanuTnetuisldananuduiuawad Nanoclay (61 pH agl
2RI 8-9) NTIBFIFINUIZENTAINWNNTLAG Sulphur vulcanisation  WauaIANNLITwILF
< oo & a Aa ) Y a A6 A
Winlagaaudnlunistiued Nanoclay  NiinsUsusn walsa138un3d (Organoclays) a4
a A 6 ] & L™ 1 A = = 1 a aaa
miaumymmuuuﬂagiugﬂmaamaauaﬂmuw TIFINITOLIINSIRAY AT Sulphur

vulcanisation beitiluatingg

wanani nslfduamaeunemludisinaiduatrinindaanunuwiuduiuszdnu
(Crosslink density) ﬁdLL&@]dIuEﬂﬁl 38 nanfa waaL;Jai‘wawﬁﬁmnawaumfamgmﬂmiuﬁ
laifinnsUSuanw (Bentonite) ﬁ@hmnmmuﬂuﬁuﬁzﬁmfgaﬂ’hwaﬁmas’wawﬁ”l,ajﬁﬂfmau
funaLipsanites walunsdivesdurifdnlsuanindroa158un3s (Organoclays)
WU WA Lmuﬁuﬁ:ﬁ’mﬁﬂ%mmgﬁua B9TALaY lastanizlunsdluasduuioiia
Bentone38 auan@awfiia 2HT-75 uaz T-50 HFP anudey S9anauanaszasdSunm
WuszaufigsnadasuiaiBanavoaneda s duateann é’ummlugﬂﬁ 39-40 na12fe

‘waﬁLsJa%mauﬁﬁﬂ’%mmmﬂwmLmuﬁuﬁ:ﬁwgdﬁ]:ﬁﬁmag]é’mmzmwwu@iauiaaoﬁ@m@

NFIGULTUNL
25
O Scorch time
20
M Cure time
< 15
£
£
= 10 4
5 i
0
Bentonite Bentone38 2HT-75 T-50 HFP
Types of organoclay
U 37 Scorch time (ty) WAE cure time (t) VBINBRNBIHIRNNTNMIANAUVIVUNGA

mgmamh (Nanoclays) 19a@14 9 lui/Sunmw 10 phr
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g i
8 i
€ 7
Z
3 6
g
& °]
S 4
>
g
ko3
2 i
1 -
0 T
Bentonite Bentone38 2HT-75 T-50 HFP
Types of organoclay
3UN 38 AnwwwLLwAUDzdA (Crosslink density) Ja9WafiluaTHENNINILGY
Aurvaagnawlu (Nanoclays) siiasns glutFunm 10 phr
2.5
2.0 1 J‘
T T
S 151
[a
E I T
=2 . -
8
—
= 1.0
05 -
0.0 T T T T
Gum Bentonite Bentone38 2HT-75 T50-HFP
Types of organoclay
A o A A Aa [ Aa Aa A
317 39 vagasnIzozia 100% (M100) YIWORLNAINFNNUNITLANALY?

211081N1Aw 14 (Nanoclays) Tilaens glutFunm 10 phr
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12

.I.
10 - L I
. T
g 8 —F— =
2 T
£ L
S 6
E 4
|_
2 i
0
Gum Bentonite Bentone38 2HT-75 T-50 HFP
Types of organoclay
n:ll 1 S® A . a 6 n:l'd a
E].]‘Yl 40 AFMUNUABLLINAILADTIAN (Tensne strength) VBNNDNLNDINRUNUNIILAN

Aurvnaan1aw i (Nanoclays) silasns glutFunm 10 phr

4.6.2 lassa39209ARI IR AIWIAWI L

lusgauiiduns@nmfenmadaouutadlassas1svas Nanoclay AMERRINIHINTIALNOR
LBSHEY é’mamlugﬂﬁ 41 WUINMERAININENENNUWERLNESHEN WA XRD patterns
289 Organoclay HRNALRAINTLAALATIRIISULUL Exfoliation lasdneaainlasiainauuy

Intercalation W@ l4n38lua9 Nanoclay 7@ Bentonite 1 laifinsUSusnweaansdun3sasns

=<

WEAINISAALATIRT UL Interaction  TaidudnaTurudiwnitsnain1sn Nanoclay ke

Bentonite A13zanTnwlunsta3uusiNdnnin Organoclays AANTUSUEANG881TBUNTE

d=1.49n
Bentone38
Mmite
qu

T T T T T T T T T T
2 4 6 8 10 12 14

2 theta

(@)
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Blends

Bentonite filled blends

Bentone38 filled blends

2HT-75 filled blends
150 HFPM

T T T T T T T T T T T
2 4 6 8 10 12 14

2 theta
(b)
31N 41 XRD patterns of organoclay fiaw (31 a) uazABRAININFULTINL

CPE/NR blends (3t b)

4.6.3 @ANUNWADW N

gﬂ‘ﬁ' 42 uar 43 UFAIA1 Relative M100 WA Relative tensile strength Satlsuani
AnuEINsalwnINudtinguyIne Awe suaw wm']@hé’dﬂdwaﬁy’o@j"l,;i%uﬁ'umsﬂ%'uamw
w89 Nanoclay §1aa3auwnss wiasmansonadldinanuuanasaaslasiains Nanoclay 7
Aeain laid19sluuuy Intercalation uas Exfoliation dnsAlAnunuinguyasmaiueSiay

o @

nliuandenuagnadinedman

2.0

1.8 -
1.6 -
1.4 -
1.2 -
1.0 L3 ®
0.8 - L 4

0.6 -

Relative M100

0.4
0.2 1

0.0

Gum Bentonite Bentone38 2HT-75 T-50 HFP

Types of organoclay

gﬂﬁ 42 @1 Relative M100 °11aawa§L@Ja%wawﬁﬁmmﬁw@umwmaa‘bql,mﬂmiu
(Nanoclays) 15a@14 9luiSaunas 10 phr
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2.0

1.8 1
1.6 1
1.4 1
1.2 1

0.8 2
0.6 1

Relative tensile strength
-
o
L 2
L 2
L 4

0.4 1
0.2 1

0.0

Gum Bentonite Bentone38 2HT-75 T-50 HFP

Types of organoclay

31N 43 fin Relative tensile strength TaIWaRINaIHENNINMIIANARTIVIA

aun1aulu (Nanoclays) 7#adn9 9ludSunns 10 phr

4.6.4 awﬁawsj%%ﬁﬂ (Viscoelastic properties)

{ v & 1 1 . ) { . c: a J Qs a

3U7 44 usealiiAiuinen Elastic modulus (G') 1 Strain 61 vasnadiweinanTuiLTRAVD
Organoclays atn3aalan nandfa lunsdivas Organoclay T#a Bentone3s lwen G gafga
aWaNdae Organoclay  Tila 2HT-75  Mslianadniiaanmsinigiinislassaiounuy
Exfoliation fisuyvoisanaliliyIaunm Silicate layers ludTanmnannvldaansniiadu
Filler network TutSanmiigs  lun1sasanuda Nanoclay %@ Bentonite 7laifin1suiuann
@ A A ea , v A [ A . A a o A a a
MoxsdaunIdilen ¢ Inddssnulunsdives Unfiled system @9aTunsldanmsiiiiadl
YSunaulassainauuy Exfoliation Aasannanlazinnsaiiaiiu Filler network #ananniiiile
vy Strain 90 1% il 100 % dausaslugi 45 wudten Relative modulus lu
nItkUed Organoclays Tika Bentone38 Waz 2HT-75 udinfidanasing uddsnslengsnin
Ao 'Y A ! a A a £ &

ANFwIlFNFNNAT Guth-Gold TILI9UaNIINTRSNUTINAALUINA Organoclays 14 2
3@iAaa1NNI Physical Way Chemical interaction MAN19@59NULNN Organoclay a%a T-50
HFP Mu#aIN3ifia Deformation 71 100% Strain wuidandngenfidnwimldanauns

L a { a . . . @
Guth-Gold T9L4uanfINILFINLIINLAANN Physical interaction Junan
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Elastic modulus (kPa)

Relative G'

600

O Gum
500 )
O Bentonite
A A A A Bentone38
400 A X2HT-75
X X x A O T-50 HFP
300 - X A
0O 0 o0 o X A
200 - O o o X %
O
100 - 8 P
8 K x
0 ‘ ‘ B
0.1 1 10 100 1000

Strain amplitude

(%)

¢n Elastic modulus (G') f1 % Strain @19NWUBINDRNBINENNTNILANAYL

2110811014 (Nanoclays) Tilasns 9lutFunm 10 phr

C—Experimental at 1% strain
I Fxperimental at 100% strain
— — — Guth-Gold equation

Bentonite

Bentone38

2HT-75

Types of organoclay

T-50 HFP

@1 Relative elastic modulus °11aa‘wa§Lwa%wauﬁﬁmﬂauaumwmmmgmﬂ

w1l (Nanoclays) THadns 9lus3anm 10 phr meld 1 uag 100% Strain

WIBUINaUAUAMNAIWIINN Guth-Gold equation (1§WT2)
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= 1 . . Aa wa a [
4.7. ANBIHNAVDIA1IBIUNIINEN (Processing aids) NAAANLAVDINDALNDINAN

a a & Aa a P & o o en A Aa & A a \
Elumﬂmmmaamawawmﬂsmmmamgmu wiA IR U TR T InanAuanINaL R L
maam’]wﬁ@ﬁgmmm Tyl udym1aanTzUIRNINRANR AN WHRINWORLUDTHEA
s2uudh 1aglang NIz UIRMIHNAALULBAIANIWAIANY (Extrusion) LWINZBNARINARBNNT
a [ % 6’: 1 n‘fd & dl' = 1 1
WVassanelunszuan (Barrel) b6 assiumInaassgnidadunmnessainefneinszming

' A A = i . Aa . o a
30N FNREITRATIIURNITUILLAN Chiorinated paraffin wax NianuLana1anulngas
maoﬂ‘%mmﬂaa‘%ulﬂmaqa RVIITIUNANAI L ARINITDRAANNRIEAVaINARLUASNFNN T
ﬂ'%mme'?jamgavlﬁﬁﬂixﬁw%mwmﬂndwﬁu TapganatFanauan luuiguia L%aﬂaﬁﬁaﬂﬁq@
& { Y Qo { v & 1 g: 1
FINANIINARDIN b muamiugﬂﬁ 46 URAILWLTALIING Cereclor 45 LAz Cereclor 52 RINA
"L&iLmﬂ@hoﬁ'uaﬂwaﬁﬁﬂéﬁﬁty@iamm%ﬁmaawaﬁma‘?mauﬁﬁ%mNaua§1uﬂ%uwmga
Y R R) STalo by ﬁ’]ﬁmimﬂuudmamagé’mmmmmvﬁum@iamiﬁoﬁ@wudw Cereclor 45

' o a & o Ad a a A =< = A '
mmmmmua@aaﬂladwaaLuaswawvlfﬂ@LLaﬁ’Luﬂimm@uluﬂimmﬂg\ma 5 phr T4LAanIN
NN3M Cereclor 52 é’aLLamlugﬂﬁ 47 Tun9asanutny Tuidvasananundsnidani1Iaata
W11 Cereclor 52 NAUAINITOAIAIAMNLTILTI I LA LaNLUTu1 D Cereclor g AILEAIL
U 48

1.00E+08 T
I @ Without Cereclor
A Cereclor 45
> A Cereclor 52
[
o
2 & 9000 04y,
o
2 1.00E+06 | A AMMA Ay )
> — 3 224
=  {
£  {
O t *
A“
(
1.00E+04 f f ;
0.1 1 10 100 1000
Strain (%)
A . . a 6 AAaa < 1 [l
37 46 Complex viscosity 1a9WaatuaInsundTanLlusinlsznavag 50 phr uae

1 Cereclor 45 waz 52 w3 5 phr
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O Cereclor 45
5 @ Cereclor 52
~~ 4 ]
g ® o
N~— 3 | I
= ¥
S .
2 i
1
0 ‘ ‘ ‘ T T
0 1 2 3 4 5 6
Contents of Cereclor (phr)
A . a 6 AAaa < 1 ]
31]71 47 Modulus at 100% elongation °1JaowaaLuaiwawmamLﬂumuﬂi:ﬂauag

Tut/3u1mu 50 phr uazld Cereclor 45 uaz 52 ludSuna 5 phr

30

O Cereclor 45
@ Cereclor 52

< 25 1

o
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COMPARISON OF VISCOELASTIC BEHAVIOUR IN SiLicA FILLED CURED AND
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ABSTRACT:

Blends of 3o-phr silica filled elastomeric chlorinated polyethylene [CPE) and natural rubber (NR) at the blend
composition ratio of Bo/20 CPE/NR were prepared with various mixing time from 120 to 600 s. Viscoelastic
behaviours of cured and uncured blends were determined using two rheometers with different shear modes,
i.e., the oscillatory rheometer (Rubber Process Analyser, RPA2o00) and the rate-controlled capillary rheometer
(Goettfert Rheotester 2000). Results obtained reveal that the viscoelastic behaviour of blends is influenced by
the formation of silica transient network, particularly in cured blends. Mixing time affects viscoelastic proper-
ties of vulcanised blends to some extent which is due probably to the high extent of thermal degradation, but
plays no significant rolein viscoelastic properties of unvulcanised blends. The superimposition of oscillatory and
steady shear results is possible when the elastic component is eliminated from the results.

ZUSAMMENFASSUNG:

Blends aus mit Silika (3ophr) gefilltem, elastomerem und chloriertem Polyethylen und natirlichem Gummi
(NR) bei einer Blendzusammensetzung von 8o/20 CPE/NR wurden bei verschiedenen Mischzeiten zwischen
120 und 6co s hergestellt. Das viskoelastische Verhalten der unvernetzten und vernetzten Blends wurde mit
Hilfe von zwei Rheometern in unterschiedlichen Schermoden bestimmt, d. h. einem Oszillationsrheometer
(Rubber Process Analyser RPA 2000) und einem scherraten-kontrollierten Kapillarrheometer (Goettfert Rheo-
tester 2000). Die Resultate verdeutlichen, dass das rheclogische Verhalten der Blends durch die Bildung eines
transienten Silikanetzwerkes beeinflusst wird, insbesondere in den vernetzten Blends. Die Mischzeit beein-
flusst bis zu einem Grad die viskoelastischen Eigenschaften der vulkanisierten Blends, der méglicherweise zu
einem hohem Mass aus der thermischen Degradation resultiert. Dagegen spielt die Mischzeit keine sig-
nifikante Rolle bei den viskoelastischen Eigenschaften der nichtvulkanisierten Blends. Die Superposition der
oszillatorischen und stationdren Scherergebnisse ist maglich, wenn der elastische Anteil von den Ergebnis-
sen eliminiert wird.

RESUME:

Des mélanges de caoutchouc naturel (NR) avec du polyéthyléne chloré (CPE) renforcé par de la silice 3o-phr ont
€té préparés pour un ratio de composition de Bo/2o CPE/NR en variant le temps de mélange entre 120 et 600 5.
Les comportements viscoélastiques des mélanges réticulés et non réticulés ont été déterminés en utilisant deux
rhéomeétres avec deux modes decisaillement,c-3-d, le rhéométre oscillatoire (Rubber Process Analyser, RPA2000)
et le rhéométre capillaire & vitesse contréilée (Goettfert Rheotester 2000). Les résultats obtenus révélent que le
comportement viscoélastique des mélanges est influencé par la formation d'un réseau transitoire de silice, par-
ticuligrement dans les mélanges réticulés. Le temps de mélange affecte significativement les propriétés vis-
coélastiques des mélanges vulcanisés, ce qui est probablement du au grand degré de dégradation thermique,
tandis qu'il ne joue pas de réle significatif pour les propriétés viscoélastiques des mélanges non vulcanisés, La
superposition des résultats oscillatoires et de cisaillement en régime établi est possible quand la composante
€lastique est éliminée des résultats.

Key worps: Viscoelastic properties, rheology, chlorinated polyethylene, natural rubber, silica

@ Appl. Rheol. 16 (2006) 182-189
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1 INTRODUCTION

Rheologicalbehaviourof polymersisone of impor-
tant factors affecting processability and proper-
ties of final products. It has been reported that
flow behaviour of polymer melts depends strong-
ly on polymer nature [1- 7], flow geometry [8-10],
and processing conditions [1 - 3,11], such as tem-
perature, shear rate or frequency and compound-
ing ingredients including reinforcing filler 12 -13].

Chlorinated polyethylene (CPE) is widely
known forits high oil and weathering resistances
which are attributed mainly to the saturated
structure and the presence of chlorine atoms on
the molecular backbone. According to the pub-
lished work, CPE has been blended with various
polymers including polyvinyl chloride (PVC) [14 -
17], styrene-acrylonitrile (SAN} [18, 19] and
polyurethane (PU) [20, 21] in order to achieve
desired properties. Compared to natural rubber
(NR), CPE is more expensive and therefore blend-
ing CPE with NR is applicable for reducing a pro-
duction cost of final products requiring CPE prop-
erties. Referred to our previous work [22 - 24], it
has been reported that a certain amount of CPE
could be substituted by NR, giving similar tensile
properties to neat CPE, depending on curing sys-
tems used for vulcanising NR phase in blends. In
addition,interms ofrheological properties, there
are numerous published work reporting a use-
fulness of rheology as a tool for characterising
polymer bends [12, 13, 25, 26]. It has been found
that without vulcanisation of NR phase in
CPE/NE blends, elastic modulus of the blends de-
pends strongly on test frequency, due mainly to
the viscous response. By contrast, after curing of
NR phase in blends, the blends with NR as a
matrix demonstrate dominantly the time-inde-
pendent elastic modulus while those with CPE as
a matrix still reveal the time-dependent elastic
meodulus to some extent depending on NR com-
position ratio [12]. Recently, a clear evidence of
reinforcing effect provided by precipitated silica
in CPE/NR blends has been reported which is
explained by a strong interaction between chlo-
rine atoms of CPE and silanol functional groups
of silica associated with the formation of silica
transient network [13, 26]. Therefore, the present
work aims to extend the previous investigation
[12, 13] by focusing on the rheoclogical properties
of CPE/NR blends with various mixing time. Also,
theinfluence of curing the NR phase in blends on
viscoelasticity will be discussed.

Materials Manufacturer/Supplier  Amount % weight  Remarks

{phr?)
Chlorinated DuPont Dow ile] 56.34 Raw polymer
polyethylene Elastomer Co. {USA}
{CPE,TyrinozP)
Natural rubber Union Rubber 20 14.08 Raw polymer
(NR, STRs) Products CofThailand)
Precipitated silica | PPG-Siam Silica Co. 30 213 Reinforcing filler
(Hisilz33) (Thailand)
Magnesium oxide | Siam Chemicals 5 3.52 Acid receptor
(Starmag #i5o) Public Co.(Thailand)
Santoflex 6-PPDY | Flexsys Co. (USA) 4 282 Antioxidant
Sulphur Siam Chemicals z 14 Curatives receptor
(Starmag #150) Public Co.{Thailand}
Santocure TBBS® Flexsys Co. (Belgium) 1 oo Cure accelerator

a = Part per hundred of rubber
B = N-,3-[¥ N

N-tert-butyl.
t= Lyl

Time (min.) Action

4w O Add CPE

gaE Add 6-PPD premixed NR
£ E 2 Add precipitated silica
&5 varied Discharge the blends
g2 o Add silica-filled blends
24 and curing agents

2 2 Discharge the blends

2 EXPERIMENTAL

2.1 MATERIALS AND MIXING PROCEDURE

Details of materials used and blend formulation
are shown in Table 1. Initially, the premix of NR
and antioxidant (6-PPD) was prepared using a
laboratory-size internal mixer equipped with
Banbury rotors (Brabender Plasticorder, Ger-
many) at mixing temperature of 55°C. In the
blending stage, a 2-stage mixingtechnique inthe
Brabender internal mixer with set temperature,
rotor speed and fill factor of 140°C, 30 rpm and
0.7, respectively, was utilised in order to prevent
premature vulcanisation or the so-called com-
pound scorching. In the first stage, CPE and NR
alongwith precipitated silica were mixed togeth-
er with various mixing time of 120, 180, 300 and
6oo s, and then discharged and sheeted on
cooled 2-roll mill. In the second stage, the curing
agents were mixed with the silica-filled com-
pounds prepared from the first stage for 2 min-
utes and, finally, dumped from the mixer. Detail
of mixing sequence is illustrated in Table 2.
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Table 1 jabove):
Materials used in the present
stugy.

Table 2:
Mixing sequence used in the
present study.




Figure 1(left):

Elastic modulus, G', deter-
mined from time sweep test
of cured and uncured blends
with 120 and 600 s mixing
times.

Figure 2:

Elastic modulus, G, asa
function of % deformation
strain at the test frequency
of 3.1 rad/s (Fayne effect]
in filied vuleanizsed CPE/NR
blends with various mixing
time.
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2.2 MEASUREMENT OF RHEOLOGICAL
PROPERTIES

Viscoelastic properties of blends were measured
using the Rubber Process Analyser {RPAzooo,
Alpha Technologies, USA) and a rate-controlled
capillary rheometer (Goettfert Rheotester 2000,
Germany) atthe testtemperature of170°C.Inthe
case of RPAzooo, the linear viscoelastic (LVE)
region of the blends was initially determined at
the test frequencies of 1 and 100 rad/s. There-
after, the frequency sweep test was performed
using the strain within the LVE region. For the
rate-controlled capillary rheometer, anapparent
shear viscosity, i, asa function ofapparentshear
rate, ¥ , was determined using three dies with a
similar die diameter of 2 mm, but different
lengths of 10, 20, and 30 mm. In order to elimi-
nate end effect and to compensate the flow pat-
tern of non-Newtonian melt, the Bagley and the
Rabinowitsch corrections were applied to the
apparent data, yielding true shear viscosity and
corrected shear rate, respectively [2].

3 RESULTS AND DISCUSSION

3.1 VISCOELASTIC PROPERTIES OF VULCANISED
BLENDS

Strain sweep test

Itisknownthatthestrain sweeptest gives some
interesting information on strain-dependent
properties including the linear viscoelasticity,
and the presence of filler transient network.
Notably, it is important to ensure that the
strain- and frequency sweep results are not
attributed mainly to thermal degradation
and/or chemical reaction taking place as the
tests are performed. As a result, a time-sweep
test s first performed, and the results obtained
are illustrated in Fig.1. Itis clear that there is no
significantchange in storage modulus, G', ofthe
blends with both short and long mixing times
(i.e., 120 and 6oo s) as well as the blends with
120 s mixing time. In the case of cured blends, a
slightincrease in G'is observed which is proba-
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bly caused by thermal degradation of CPE
matrix via molecular crosslinking. However,
compared to results with strain- and frequency
sweep tests discussed in the present work, such
increase in G is relatively small, and could be
disregarded.

Thus, the strain sweep test was carried out,
and the results of G"as a function of strain defor-
mation are illustrated inFig. 2. It can be seenthat
all vulcanised blends possess similar G’ with the
sharp drop in G’ at high strain, which is usually
known as the Payne effect. There are many pro-
posed explanation of this decrease in G’ at high
strain such as molecular slippage and the defor-
mation of droplet in suspension. In the case of
filled elastomers, it is believed that the disrup-
tion of filler transient network is responsible for
the decrease in modulus as reported previously
[13, 26, 27]. In this work, the strong interaction
between silanol groups on silica surfaces and
chlorine atoms of CPE could additionally pro-
mote the formation of filler transient network
[28]. Also, it appears, that at low deformation
strain, there are only a small discrepancy in G’
implying that change in mixing time does not
affect significantly the formation of filler tran-
sientnetworkinblends. It hasinitially been antic-
ipated that the blends with shorter mixing time
(i.e, with poorer silica dispersion) would give
greater degree of silica transient network for-
mation. Thus, the possible explanation of an
insignificant dependence of G’ on mixing time is
that the strong interaction between CPE and sil-
ica might dominantly control the formation of
silica transient network over the degree of silica
dispersion.

In addition, the strain sweep test is further
carried out at low (1rad/s) and high (100 rad/s)
frequency in order to determine the LVE region,
which will subsequently be used in the fre-
quency sweep test, and the results are givenin
Fig. 3. It can be seen that the LVE region applic-
able for both frequencies is observed in the
strain range of 0.3 - 10 %. As a result, 5 % strain
is selected to be used in the subsequent fre-
quency sweep test.
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In order to investigate the dependence of vis-
coelastic behaviour on frequency, the frequen-
cy sweep test was performed, and the results
obtained are shown in Figs. 4 and s. It is evident
that all blends show strong frequency-depen-
dent G’ due to the response of uncured CPE
matrix [12, 13]. The increase in G’ with increas-
ing frequency is attributed to the shortening in
time available for molecular relaxation at high
frequency. Besides, at a given frequency, G’ of
blends at mixing times of 120 and 600 s shows
the highest and lowest values, respectively,
which is believed to be the result of thermal
degradation in NR phase of the blend with mix-
ing time of 600 s. Since the viscosity of blends
with 3o-phr silica loading is high, the great
extent of shear heating is resulted, especially in
the blend with long mixing time of 600 s [24].
Hence, an occurrence of thermal degradation in
NR phase would lead to a reduction in molecu-
lar weight and thus the elastic modulus. One
might think that the relatively high G’ found in
the blends with short mixing time of1z0s might
be due also to a hydrodynamic effect, i.e, the
shorter the mixing time, the greater the immo-
bilised rubber acting as parts of underformable
filler [29 - 30]. This would, in theory, lead to a
rise in an effective filler volume fraction, and
thus an increase in G'. However, our previous
work [13] reveals that the presence of high effec-
tive filler volume fraction leads to a formation
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of pseudo-crosslink via the silica transient net-
work giving the frequency-independent G’
which is not the case in this work. Consequent-
ly, the influence of effective filler volume frac-
tion on G’ of blends could be disregarded in this
work.

Similar resulttrends are observed inthe case
oflossmodulus, G”, asshown in Fig.5. G appears
toincrease withincreasing frequency forall com-
pounds because a large amount of energy is
required for generating free volume at high fre-
quency. Apparently, G” decreases with increas-
ing mixing time, which could be explained by the
smaller extent of molecular restriction via the
thermal degradation as discussed previously.
Additionally, if values of G" and G are compared
ata given frequency, itis obvious that G’is much
greater than G”, implying a dominantly elastic
component in all blends. The strong elastic
response is undoubtedly caused by the high mol-
ecular entanglement of CPE matrix associated
with the formation of silica transient network.

Complex viscosity, 7%, of blends is illustrat-
ed in Fig. 6. The pseudoplastic behaviour (i.e. a
decrease in i* with increasing frequency) is
observed in all cases, which is a common
response of most polymer melts. Also, 7;* decreas-
es slightly with increasing mixing time, which
agreesvery well with the results of G'and G (see
Figs. 4 and 5). In other words, the processability
of these blends is controlled dominantly by the
elastic rather than viscous responses.
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Figure 3 (left above):

Elastic modulus, G', of filled
vulcanised CPE/NR blends
with various mixing time as
a function of deformation
strain at low (1 rad/s) and
high (100 rad/s) frequency.

Figure 4 (right above):
Elastic modulus, G, of filled
vulcanised CPE/NR blends
with various mixing time as
a function of frequency.

Figure 5 (left below):

Loss modulus, GV, of filled
vulcanised CPE/NR blends
with various mixing time as
a function of frequency.

Figure & (right below):
Complex viscosity, ii*, of
[filled vulcanised CPE/NR
blends with various mixing
time.



Figure 7 (left above):
Elastic modulus, G', asa
function of % deformation
strain at the test frequency
aof 3.14 rad/s (Payne effect]
in filied uncured CFE/NR
blends with the various
mixing time.

Figure 8 (right above):
Elastic modulus, G', of filled
uncured CPE/NR blends with
various mixing time as a
function of % deformation
strain at low (1 rad/s) and
high {100 rad/s) frequency.

Figure g (left below):

Efastic moduius, G, and loss
modulus, G”, of filled
uncured CPE/NR blends with
various mixing time as a
Function of frequency.

Figure 10 (right below):
Complex viscosity, %, of
filled uncured CPE/NR
blends with various mixing
time as a function of fre-
quency.
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3.2 VISCOELASTIC PROPERTIES OF
UNVULCANISED BLENDS

Since the results presented in the section 3.
reveal a role of mixing time in viscoelastic prop-
erties via the formation of silica transient net-
work, it is logical to further consider whether
such role is influenced by chemical crosslink via
sulphidic linkages. As a consequence, in this sec-
tion, the blends without curing agents were pre-
pared, and their viscoelastic properties were
determined. By this means, the effect of chemi-
cal crosslinks on viscoelastic behaviour could be
neglected.

Strain sweep test

The effect of strain deformation on G’ of
uncured CPE/NR blends is demonstrated in
Fig. 7. Similar to the cured blends, at a given
strain, all uncured blends show no significant
difference in G’with a strong Payne effect. Alter-
natively, the mixing time does not play a strong
role in the formation of silica transient network
whereas the strong interaction between chlo-
rine atoms and silanol groups is responsible for
the Payne effect as discussed previously in the
section of cured blends.

Fig. 8 reveals that the strain in LVE region for
both low and high frequencies is up to 1 %, and
therefore, the 1 % strain is selected for the fre-
quency sweep test. Evidently, the LVE region of
uncured blends is narrower than that of cured
blends (see also Fig. 2) that means the transient
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network of silica is weaker for the uncured
blends.

Frequency sweep test

Influence of mixing time on G’ as a function of fre-
quency of uncured blends is presented in Fig. 9.
Apparently, G’of alluncured blendsincreaseswith
increasing frequency due to the insufficient time
available for molecular relaxation. Also, ata given
frequency, there are only slightdiscrepanciesin G’
of blends with various mixing time, unlike the G’
results of cured blends. The proposed explanation
is that there is no curing stage in uncured blends,
and therefore the thermal history inducing ther-
mal degradation is much lower thanthat in cured
blends. Furthermore, compared to the vulcanised
blends (see Fig. 4), the uncured blends yield lower
G, which is due to the larger amount of viscous
component via the absence of sulphur vulcanisa-
tion of NR phase in blends, leading to the lack of
the molecular network.

In the case of the loss modulus, G”, as illus-
trated in Fig. 9, G’ of all compounds is clearly
markedly higher than G” at a given frequency, A
crossover point of G” and G” appears to be far
lower than 1rad/s, suggesting that the spring or
elasticresponsesare prominentin these uncured
blends, regardless the mixing time, which is due
mainly to the presence of silica transient net-
work.

Regarding the processability, the results of
complex viscosity is illustrated in Fig. 10 showing
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a pseudoplastic behaviour of all blends. At a
given test frequency, complex viscosity, i*, of
blends is independent of mixing time, suggest-
ing that the change in mixing time does not
affect the processability of these uncured blends.
From the overall oscillatory results of both
cured and uncured blends, it can be summarised
that the mixing time affects viscoelastic proper-
tiesincured blendsto some extent mainly via the
formation of silica transient network, but does
not significantly influence those in uncured
blends. The vulcanisation of NR phase in blends
appears to promote the silica transient network
effect on viscoelastic behaviour of blends.

Steady shear properties of uncured filled blends
Apart from the oscillatory flow, the steady shear
flow of uncured blends has been determined
with the use of rate-controlled capillary rheome-
ter. The logarithmic plots of apparent shear vis-
cosity, 7,, as an indicator for processability
against apparent shear rate, ¥, of uncured
blends with various mixing time are illustrated
in Fig. . A pseudoplastic behaviour could be
observed in all blends. Additionally, the 1, of all
uncured blends falls on the single correlation. In
other words, the difference in mixing time does
not give any significant difference in process-
ability under steady shear flow.

By applying the Bagley correction to elimi-
nate the elastic behaviour, the results are tabu-
lated as shown in Table 3. It is evident that the

Mixing time Shearrate  Elastic pressure  R?

s [ [MPa]

120 10 3.60 0.0575
20 4.45 0.9351
40 4.61 ©.9581
100 4.65 0.0043
200 576 0.9096
400 166 0.9085
8oo 9:32 0.9999
1000 4.9 10000

180 10 3.01 0.0026
20 360 0.0504
40 377 0.9952
100 435 ©.0996
200 585 0.0004
400 T 0.9931
Boo 9.00 ©.8987
1000 279 0.0009

300 10 2.67 0.0036
20 255 0.0025
40 2.83 0.9056
100 381 06989
200 557 1.0000
400 727 0.8049
oo 8.64 0.9991
1000 9.23 0.9600

Boo 10 2.45 o.8979
20 2.94 0.9959
40 334 0.0067
100 4.06 1.0000
200 535 ©.9999
400 678 0.9975
Boo 822 0.6999
1000 8.87 0.9009

entrance or elastic pressure increases with
increasing shear rate for all blends, which is due
undoubtedly to the insufficient time for molecu-
lar relaxation at high shear rate. Besides, at a
given shear rate, the elastic behaviour of the
blends is similar, indicating the insensitivity of
elastic pressure to mixing time, whichisinagood
agreement with the result of G, as illustrated
earlier in Fig. g.

Fig.12 reveals the corrected results (i.e., Tyrue
as a function of y ) of uncured blends with dif-
ferent mixing time and die geometry. Clearly, all
blends exhibit a pseudoplastic behaviour similar
to those before correction. In addition, ata given
shear rate, the results of i, . are slightly lower
than those of y _, (see also Fig. 11). The explana-
tion is based on the elimination of elastic effect
during steady shear flow. As mentioned previ-
ously, the formation of silica transient network
gives a strong elastic response which could be
excluded by the application of Bagley correction.

Moreover, it is known that an elongational
flowisimportant in many applications including
fibre spinning and coating [31]. In the present
work, the capillary results give some information
onelongationalflowvia the use ofentrance pres-
sure [2], as illustrated in Fig. 13. It is evident that
the elongational viscosity, 1, of blends decreas-
es with increasing elongational rate, €, indicat-
ing a tension thinning behaviour, which might
probably be caused by the disruption of silica
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Figure 11 {left above):
Capilfary flow curves of
uncured CPE/NR blends with
the various mixing time
(LD =15}

Figure 12 (left below):
Capiltary flow curves after
carrections of filled uncured
CPE/NR biends with various
mixing time and die geome-
try

Table 3:
Resulfts determined from the
Bagley correction.
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Figure 15 (right):

Plots of true shear viscosity
measured by capiflary
rheometer (m) and dynamic
viscosity determined from
RFA 2000 (O) 05 a function
of shear rate or frequency in
[filled uncured CPE/NR
blends with various mixing
time.

blends with different
mixing time deter-
mined from oscillatory and steady shear tests,
respectively. It is obvious that all blends do not
obey the Cox-Merz concept, i.e., i* () is greater
than i7,(7,). The explanation is based on the fact
that the strainimposed to the blends in the oscil-
latory flow with in the LVE region is much small-
er than that in the capillary flow. Consequently,
the presence of silica transient network would
promote elasticresponse and thus the 7% (cv). Sim-
ilar observation has been reported in CPE/NR
blends with different blend ratio and silica load-
ing [12,13].

To correlate the oscillatory to steady shear
data more effectively, the dynamic viscosity, 7,
and true shear viscosity, i, ., are plotted, asillus-
trated in Fig. 15. Apparently, the discrepancy of
steady and oscillatory shear results is markedly
reduced, which suggests thatthe Cox-Merz con-
cept is valid to some extent in filled systems
when the elastic component is eliminated. The
result is in good accordance with previous work
reported elsewhere [13].

4 CONCLUSIONS

From all obtained rheological results of 8o/20
CPE/NR blends with various mixing time, the fol-
lowing conclusions could be drawn: The forma-
tion of silica transient network associated with
the strong interaction between silanol group on
silica surfaces and chlorine atoms of CPE plays
role in viscoelastic properties of blends to some
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extent, especially in the case of cured blends.
Mixing time significantly influences viscoelastic
properties of vulcanised blends which is due
probably to the high extent of thermal degrada-
tion, but does not affect significantly in uncured
blends. The validity of a correlation between
oscillatory and steady shear results via the Cox-
Merz concept is mainly controlled by the pres-
enceofsilicatransientnetworkeffectratherthan
the mixing time effect, and the superimposition
of oscillatory and steady shear results is possible
when the elastic component is eliminated from
the apparent results.
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ABSTRACT: Blends of elastomeric chlorinated polyethyl-
ene (CPE} and natural rubber (NR} at blend composition
ratio of 80/20 CPE/NR with various precipitated silica
loadings were prepared. By the wuse of rheological
approaches, a mechanism of silica reinforcement was pro-
posed. Resulls obtained reveal that the viscoelastic behav-
ior of blends is influenced remarkably by loadings of silica.
A cure promotion phenomenon is found as silica is loaded
due probably to the strong silica-CPE interaction and/or
a reduction in curative absorption on silica surfaces. A
strong Payne effect is observed, which is increased by a
rise in silica loading, implying a formation of pseudocros-
slink via a physical interaction, which could be disrupted

at high strain of deformation. The proposed mechanism of
silica reinforcement based on the formation of pseudocros-
slink is validated by the deactivation of silanol groups on
silica surfaces using silane-coupling agents. The bis-(3-
triethoxysilylpropyl) tetrasulfane (5i-69) is found to be
more effective in suppressing the pseudocrosslink than
3-thiocyanatopropyl triethoxy silane (Si-264), which is
thought to be the result of its larger amount of alkoxy
groups at a given silane loading. ® 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 107: 26382645, 2008

Key words: reinforcement; silica; rheology; elastomers;
blends

INTRODUCTION

Reinforcement of polymers by fillers is known to be
one of important matter for producing rubber final
products. Silica has been used as an important non-
black filler for rubber to obtain highly reinforced
vulcanized products. Compared with carbon black
having similar specific surface area, silica contributes
to a smaller magnitude of reinforcement because of
its large amount of silanol groups (Si—OH) on the
surfaces making silica capable of absorbing curatives
on its surfaces and thus retarding curve in most rub-
bers. In addition, the presence of silanol group leads
to strong fillerfiller interaction giving rise to a high
tendency for filler agglomeration in the rubber
matrix and, hence, the difficulty in processing.
Chlorinated polyethylene (CPE) is widely known
for its high resistances to hydrocarbon oil, heat, and
weathering, which are mainly attributed to the satu-
rated structure and the presence of chlorine atoms
on the molecular backbone. CPE has generally been
blended with various polymers including pelyvinyl
chloride (PVC),"* styrene-acrylonitrile (SAN)F‘-’ and
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polyurethane (PU)™* to achieve desired properties.
Referred to our previous work,”! it has been
reported that a certain amount of CPE could be sub-
stituted by NR, giving similar tensile properties to
neat CPE, depending on curing systems used for
vulcanizing NR phase in blends. In addition, in
terms of rheological properties of CPE/NR blends, it
has been found that, without the vulcanization of
NR phase in blends, the elastic modulus of blends
depends strongly on test frequency, due mainly to
the domination of viscous response. By contrast,
after curing of NR phase in blends, the blends with
NR as a matrix demonstrate the time-independent
elastic modulus while those with CPE as a matrix
still reveal the time-dependent elastic modulus to
some extent depending on NR composition ratio.'?
Results of silica reinforcement in CPE/NR blends
has been reported, which is believed to be caused by
a strong interaction between chlorine atoms of CPE
and silanol functional groups of silica associated
with the fillerfiller interaction via hydrogen bonds.
In terms of viscoelastic response, it could be stated
that such interactions promote the formation of tran-
sient tridimensional network (or the so-called pseu-
docrosslink) causing a dominantly elastic response
in the blends.*® Therefore, this work aims to further
the investigation of silica-reinforced CPE/NR blends
by focusing on the mechanism, which controls
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TABLE 1
Materials Used in This Study

Material Manufacturer/supplier Amount {phr) Remarks
Chlorinated polyethylene (CPE; Tyrin 702F) DuPont Dow Elastomer Co., Ltd., USA 80 Raw polymer
MNatural rubber (NR; STR5) Union Rubber Products Co., Ltd., Thailand 20 Raw polymer
Stearic acid (Commercial grade) Petch Thai Chemical Co., Ltd., Thailand 2 Cure activator
Magnesium oxide (MgO; Starmag no.150) Konoshima Chemical Co., Ltd., Japan 5 Adid receptor
Santoflex I-PPD* Flexsys Co,, Ltd., Belgium 4 Antioxidant
Precipitated silica (HiSil 233) PPG-Siam Silica Co., Ltd., Thailand Variable Reinforcing filler
Santogard PVI® Flexsys Co,, Lid., Belgium 1 Cure inhibitor
Si-69 silane coupling agent® 1] Degussa Co,, Ltd,, (Thailand) Variable Coupling agent
Si-264 silane-coupling agent” J] Degussa Co,, Ltd,, (Thailand) Variable Coupling agent
Ordinary sulphur (Commercial grade) Chemmin Co. Ltd., Thailand 2 Curing agent

* N-lsopropyl-N'-phenyl-p-phenylenediamine.

® N-{cyclohexylthio)phthalimide.

© bis-(3-triethoxysilylpropylitetrasulfane (TESPT).
 3-Thiocyanatopropyl triethoxy silane.

reinforcement of such blend systems highly filled
with precipitated silica via rheological approaches.
Silane-coupling agents, a bifunctional compound
with two functionally active end groups, that is, the
readily hydrolysable alkoxy group and the organo-
functional group, were used to deactivate the silanol
groups due to their strong interaction between
alkoxy and silanol groups.™ It is anticipated that if
the silica reinforcement of CPE/NR blends is caused
mainly by the silica-CPE and/or silica-silica interac-
tions (i.e., pseudocrosslink), the deactivation of sila-
nol groups by silane should lower the magnitude of
reinforcement. Two types of silanes, that is, bis-(3-
triethoxysilylpropyl) tetrasulfane (Si-69) and 3-thio-
cyanatopropyl triethoxy silane (Si-264), were used to
study and compare their influences on deactivating
the silanol groups and thus suppressing the silica
reinforcement.

EXPERIMENTAL
Materials

Details of materials used and blend formulation are
shown in Table L.

Mixing procedure

Referred to our previous work,** the CPE/NR blend
composition ratio of 80/20 was used for the study as
this blend ratio provides a comparable properties to
neat CPE with a relatively low product cost. Blend-
ing of CPE and NR was performed with the use of
two-rell mill (Labtech model LRM 150, Thailand) at
set temperatures of 140 and 135°C for the front and
back rolls, respectively. CPE was first molten for a
minute, followed by the addition of masticated NR.
After a minute of blending, the precipitated silica
and silane-coupling agent (if any) were charged to
the blend and allowed 5 min for filler dispersion
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and distribution. Then, the rest of compounding
ingredients including cure activators, antioxidant,
cure inhibitor, and curatives were incorporated to
the blends, and mixing was continued for 5 min.

Measurement of cure and rheological properties

Cure behavior of blends was monitored with the use
of Rubber Process Analyzer (RPA2000, Alpha Tech-
nologies, USA) at 155°C under a deformation strain
of 15%. Scorch time (i) defined as the time to reach
a 2 dN m torque rise above the minimum torque
and optimum cure time (f.q) defined as the time to
reach 90% cure were determined from cure curves.

Rheological properties of blends were measured
using an oscillatory parallel-plate rheometer (Physica
MCR500, Germany) under nitrogen atmosphere. A
strain sweep test was conducted for determining
Payne effect while the frequency sweep test was
performed for monitoring the frequency-dependent
properties of blends.

RESULTS AND DISCUSSION
Untreated silica

In this section, a precipitated silica is used as-
received with no silane surface treatment. Generally,
the presence of silanol groups on precipitated silica
surfaces are known to retard curing in sulphur-cured
vulcanisates, which is attributed to the absorption of
curatives and cure activators on silica surfaces.'*
Surprisingly, the cure behavior of CPE/NR blends
reveals that both scorch time (f.2) and cure time (fsn)
decrease with increasing silica loading, as shown in
Figures 1 and 2. The reduction in f.» and {4, might
be the results of thermal history via shear heating,
which is more pronounced in the blends with high
silica loadings. As illustrated in Figure 3, the blends
with high silica loadings possess relatively high

Journal of Applied Polymer Science DOL 10,1002/ app
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Figure1 Cure curves of silica-filled CPE/NR blends with
various silica loadings.

complex viscosities, which are caused by a hydro-
dynamic effect associated with a strong interaction
between silica surfaces and CPE matrix.

In the case of crosslink density affected by the
addition of precipitated silica, Figure 4 shows that
the torque difference, as an indicator for crosslink
density, increases with increasing silica up to 40 phr.
This indicates the increase in crosslink density.
Above 40 phr of silica, the decrease in crosslink den-
sity is observed. There are, in theory, two main
factors controlling torque difference in silica-filled
CPE/NRK blends, namely, chemical interacton and
physical interaction.

In the case of chemical interaction, the main reac-
tons taking places could be the dehydrochlorination
and/or the sulphidic linkage formation in NRK phase.
The former process could oceur among CPE mole-
cules giving C  C linkages or between CFE mole-
cules and silanol groups on silica surfaces giving
51 O C chemical linkages. Apart from the dehy-

in

25 i ”: o Scorch time
-E i » = Cure lime
= 15 - &
E L .

m
51 s
0 ; s ; S
0 10 20 in 40 50
Silica loading (phr)

Figure 2 Scorch time (f) and cure time (f.0) of CPE/NR
blends with various silica loadings determined from cure
curves (Fig. 1).
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Figure 3 Complex viscosity of CPE/NR blends with vari-
ous silica loadings at 170°C.

drochlorination process, the sulphidic linkages wia
sulphur vulcanization of NK phase could remarkably
play a strong role on torque difference of cure
curves. It is possible that the interaction between
silanol groups and chlorine atoms of CPE might be
much stronger than that between curatives and
silica, leading to a reduction in absorption of cura-
tives on silica surfaces. Therefore, the free curatives
could increase cure efficiency of the systems, leading
to a cure promotion phenomenon as illustrated sche-
matically in Figure 5.

In the case of physical interaction, the torque dif-
ference could be caused by a formation of silica tran-
sient network due to strong silancl-chlorine and sila-
nol-silancl interactions, which is sometimes known
as pseudocrosslink as shown in Figure 6. In other
words, the results of torque difference observed are
due not only to the sulphidic linkages of NR phase,
but also to the strong pseudocrosslinks. The pro-
posed statement is supported by the results of time
sweep test of neat CPE with various loading of silica
as shown in Figure 7. It could be seen that a signifi-

8
74 =
LR .
=
25 .
g
Ed- - =
"‘)-
EJ
%2
0 T
i} 10 20 30 40 50
Silica Inading (phr)

Figure 4 Crosslink density {in terms of torque difference)
of CPE/NR blends with various silica loadings.
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Figure 5 Schematic model of a curing agent migration to
MR phase leading to a sulphur cure promotion of silica-
filled blends.

cant increase in torque difference could still be
observed in neat CPE filled with silica {i.e., no NR
related).

Regarding the wiscoelastic behavior, changes in
storage modulus ('} and damping factor (tan &} are
monitored as functions of deformation strain and
angudar frequency at 170°C. Thus, one might expect
that the results reported might be interfered by mo-
lecular depradation effect taking place duting the
test duration. As a result, the thermal stability test
must first be performed, and its results are illus-
trated in Figure 8. It is evident that the storage tor-
que of all filled blends is stable within a small range
of 1-2 dN m. Alternatively, it could be stated that
any change found in viscoelastic behavior is not sig-
nificantly affected by the thermal degradation of
blends.
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Figure 6 Schematic model of a pseudocrosslink formation
caused by (PE-silica and silica-silica interactions.

Figure 9 shows the results of strain sweep test,
which is usually used for determining the Payne
effect. Storage modulus (G} at low strain of the
blends apparently increases with increasing silica
loading, which is the combined consequences of
hydrodynamic, filler-rubber and filler—filler network
effects, associated with an incomplete silica disper-
sion, particularly at high silica loading. Additionally,
the blends with high silica loading, that is, with the
silica loading higher than 20 phr, show a strong
Payne effect, that is, a remarkable decrease in G’
with increasing strain of deformation. The effect of
silica loading on magnitude of reinforcement could

25
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] 0 Sph
2
2 15 410 phr
H
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8 o
& 10 =30 phr
g e
£ e © 40 phr
- = + 50 phr
o

a5 30 35

Time (min)

Figure 7 Time sweep test results at 155°C for 30 min of
neat CPE with various loadings of precipitated silica.
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Figure § Time sweep test results at 170°C for 25 min of
CPE/NK blends with the various loadings of silica.

theoretically be determined by the use of Guth-Gold
equation [eq. (1}].

s
Gﬁl].ed
9

unfilled

Relative ' = = 14256+ 14107

a3

where Ginfnea 18 the elastic modulus of unfilled
compounds, Gipeq the elastic modulus of filled com-
pounds, and & the filler volume fraction.

Figure 10 shows a relative modulus calculated
from Guth-Gold equation, which excludes the filler
network and filler-rubber effects. It is evident that
the experimental data at 1% strain in the linear
viscoelastic (LVE) region are much higher than the
calculated data, indicating the presence of filler net-
work and/or filler—rubber interaction via a strong
CPE-silica interaction between chlorine atoms and
silanol groups. However, because the silica network
and filler-rubber interaction are physically transient,
both of network and interacton could be disrupted
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Figure 9 Payne effect of cured CPE/NR blends with vari-
ous silica loadings.
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100% strain with test frequency of 3.14 rad/s of CPE/NR
cured blends with varicus silica loadings as a functon of
silica volume fracton.

by the application of high strain to the test specimen
as demonstrated by a reduction in &'. Therefore, the
experimental & falls down to the calculated G
based on the Guth-Gold equation at high strain of
100%. Moreover, the Guth-Gold results are a strong
evidence that both silica network and silica-CPE
interaction, that is, pseudocrosslink, are physical
interaction, which cotdd be disrupted at high strain.

Figure 11 shows G of blends with various load-
ings of silica as a function of frequency. As expected,
& at any given frequency increases with silica load-
ing due to the reinforcing effect as discussed previ-
ously. Also, it is clear that " of all blends increases
with increasing frequency, which is caused by the
insufficient time for molecular relaxation. Notably,
the slope of G plots is relatively shallow for the
blends with high silica loading. The result can be
explained by the presence of filler network and
filler—rubber interaction via a strong CPE-silica inter-
acton {i.e. the interaction between chlorine atoms
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Figure 11 Elastic modulus (3) of vulcanized CPE/NR
blends with various silica loadings as a functon of fre-
quency.
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Figure 12 Damping factor (tan 5} of vulcanized CPE/NR
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and silanol groups). Such network and interaction
act as peseudocrosslink and, therefore, with increas-
ing silica loading, the amount of pseudocrosslink
increases, and thus the elastic response with dime-in-
dependent behavior (l.e., an elastic spring compo-
nent is dominant over the dashpot one}. The
results are in good agreement with damping factor
results as illustrated in Figure 12. The damping fac-
tor decreases and is less frequency-dependent with
increasing silica loadings, implying an increase in
elastic response of the system wia a formation of
pseudocrosslink.

Silane-treated precipitated silica

From section Untreated silica, it is proposed that the
reinforcing mechanism of CPE/NR blends with pre-
cipitated silica takes place via silanol groups on
gilica sutfaces. Thus, this section aims to validate
such proposed mechanism by intentionally deacti-
vating the silanol groups with two different organo-
silane-coupling agents, namely, bis-(3-triethoxysilyl-
propylitetrasulfane (5i-6%, TESFT} and 3-thiocyanato-
propyl triethoxy silane {5i-264). It is widely known
that the silanes are used to modify surfaces on silica
surfaces by making silica surfaces more hydropho-

[
CHl-O-S-CH-CH-CHES (o
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CH—0"
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Figure 13 Chemical structures of 5i-6% (TESPT) and (5
2643
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Figure 14 Optimum cure time of filled CPE/NE blends
with 5-69 and 5i-264 silanes.

bic. Chemical structures of the silanes used atre
shown in Figure 13.

Figure 14 illustrates the optimum cure time as a
function of silane loading in silica-filled blends with
5i-6% and 5i-264 silanes. It is evident that the opti-
mum cure time significantly increases with increas-
ing silane loading. The results could be explained by
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Figure 15 Complex viscosity of silica filled blend vulcani-

sates influenced by different silane loadings: Si-62 {(a);
5i-264 (k).
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the reduction of thermal history wvia a plasticizing
effect provided by silanes as illustrated in Figure 15.
Complex viscosity decreases with silane loading due
mainly to a reduction in molecular restriction. Addi-
tionally, as discussed previously, the untreated silica
could promote curing of NR phase via a strong
interaction between silanol groups and chlorine
atoms leading to a release of curatives to NR phase.
Thus, as silanes are loaded to the blends, the amotnt
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of silanal groups for interacting with chlorine atoms
iz reduced, which catses a reduction in cure effi-
ciency and thus the increase in optimum cure time.
The results of crosslink density wia torque differ-
ence are illustrated in Figure 16. Surprisingly, the
results reveal that the two silane-coupling agents
affect cure characteristics of the compounds differ-
ently. By increasing silanes, 569 reduces crosslink
density whereas 5i-264 increases crosslink density.
Also, a strong evidence of pseudocrosslink suppres-
sion by silanes is illustrated in Figure 17. The extent
of Payne effect decreases remarkably with increasing
silane loading. (learly, to achieve a similar magni-
tude of pseudocrosslink suppression, a larger
amount of silane is required for the 5i-264. In other
words, at any silane loading, 5i-69 silane is more
effective in deactivating the silanol group on silica
surfaces than the 5i-264 silane, which is due prob-
ably to the larger amount of alkoxy groups in its
molecules, which would reduce the formation of
pseudocrosslink more efficiently (see also Fig. 13}
The additional evidences of suppression in the
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transient network formation are the results of damp-
ing factor as shown in Figure 18, It can be seen that
by increasing silane loading, the damping factor
increases, associated with the increased sensitivity of
damping factor to frequency, particularly in the
blends with Si-69, implying a decrease of elastic
component in the system, that is, the reduced extent
of pseudonetwork in the present blend systems.

CONCLUSIONS

This study examines a reinforcing effect of CPE/NR-
cured blends filled with precipitated silica with the
use of rheological properties. The addition of silica
to the blends strongly affects the cure behavior of
filled blends; a cure promotion phenomenon is
found, as silica is loaded due to the strong silica-
CPE interaction and a reduction in absorption of
curatives on silica surfaces. A strong Payne effect is
observed, which is increased by a rise in silica load-
ing. This implies a formation of pseudocrosslink via
a physical interaction, which could be disrupted at
high strain of deformation. A mechanism of silica
reinforcement via a formation of pseudocrosslink is
validated by the suppression of Payne effect as
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silane-coupling agents are added. The Si-69 silane is
more effective in suppressing the pseudocrosslink
than Si-264.
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ABSTRACT
Precipitated silica is generally used as non-black reinforcing filler for light
colored products. Compared with carbon black, the use of silica is subjected
to many problems, particularly poor silica dispersion and distribution. In silica
filed CPE/NR blends, the uneven distribution of silica in each phase of
blends takes place due mainly to strong filler-polymer interaction between
silanol groups on silica surfaces and chlorine atoms on CPE backbone. In
order to investigate the uneven filler distribution in polymer blends, changes in
damping behavior could be use to calculate the amount of silica localizing in
each phase of the blends. The results reveal that, with small loading of silica,
the even silica distribution is observed due to the counter-balancing effects of
relatively low viscosity of NR phase and strong silica-CPE interaction. As
silica loading increases, the effect of strong silica-CPE interaction becomes
dominated leading to a preferential migration of silica to CPE phase. The
uneven of silica distribution at high silica loading is found to be reduced by an
addition of silane coupling agents. The effect of 3-thiocyanatopropyl triethoxy
silane (Si-264) is more pronounced than the bis-(3-triethoxysilylpropyl)
tetrasulfane (Si-69) due to the superior wettability and thus the silanol
deactivation efficiency. The determination of uneven silica distribution by
dynamic mechanical properties is in good agreement with the phase

morphology of blends.

Keywords: Silica, Filler distribution, Dynamic mechanical thermal

properties, DMTA, Natural rubber, chlorinated polyethylene
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1. INTRODUCTION

Silica has been used as non-black reinforcing filler in the rubber industry for a
long time. Generally, silica contains a large amount of polar silanol groups
(Si-OH}) on its surfaces, which induces strong particle—particle interaction via
hydrogen bonds giving rise to a high tendency for filler agglomeration in the
rubber matrix [1,2]. When silica is filled in polar polymers including chlorinated
polyethylene (CPE), the strong interaction between chlorine atoms of CPE
and silanol groups of silica takes place, which leads to a formation of transient
network acting as pseudo-crosslink. This pseudo-crosslink has been reported
to play strong rele on mechanical and viscoelastic properties [3-5]. In the
present study, the uneven distribution of silica in CPE/NR blends is
anticipated due to the discrepancy in polarity and viscosity of CPE and NR
phases. Also, the use of silane coupling agent is expected to deactivate
silanol groups on silica surfaces and thus affects the uneven distribution of

silica in CPE/NR blends.

So far, methods used for measuring filler distribution in blends include
microscopy [6-12], bound rubber measurement, pyrolysis [13], gas
chromatography [14], and dynamic thermal analysis [15-17], It has been
reported that the microscopic technique is not very efficient for the blends
containing high filler loading because of the gradually diffused zone

boundaries, resulting in an inaccurate determination of filler location in blends
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[9,10,13]. Likewise, the use of differential pyrolysis technique is rather time-
consuming and gives mainly the qualitative results, in practice [11]. By
contrast, the measurement of filler distribution in blends using dynamic
mechanical thermal analysis (DMTA) technique is reported to be efficient in
blends of polar and non-polar rubbers [15-17]. Therefore, the main aim of
this work is to employ the DMTA technique for investigating the uneven
distribution of silica in CPE/NR blends affected by loadings of silica and silane

coupling agents.

2. EXPERIMENTAL

Materials

The materials used in the present study are summarized in Table 1.

Mixing and vulcanization procedures

Referred to our series of work [4,18,19], the CPE/NR blend composition ratio

of 80/20 was used for the study as this blend ratio provides phase morphology

with NR dispersed phase in CPE matrix having comparable properties to neat

CPE. Blending of CPE and NR was performed with the use of two-roll mill

(Labtech model LRM 150, Thailand) at set temperatures of 140 and 135°C for

the front and back rolls, respectively. CPE was first molten for a minute,

followed by the addition of masticated NR. After a minute of blending, the
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precipitated silica and silane coupling agent (if any) were charged to the
blend, and the mixing was performed for 5 minutes to achieve good filler
dispersion and distribution. Then, the rest of compounding ingredients
including cure activators, antioxidant, cure inhibitor and curatives were
incorporated to the blends, and the mixing was continued further for 5 minutes

prior to discharging.

To vulcanize the blends, the mixes were compression molded using a
hydraulic hot press (Wabash Genesis Series model G30H) at 155°C under
pressure of 15 MPa. The optimum cure time used was determined from the
time to reach 99% complete cure (t.gg) in order to ensure the almost complete
state of wulcanization. Additionally, the torque difference between the
maximum and minimum torques (My-M_) was used as an indicator for

crosslink density [19-23].

Determination of filler distribution in each phase of blends

In this work, a dynamic mechanical thermal analysis (DMTA) has been
utilized to determine the amount of filler distributed in each phase of the
blends. This technigue is based on differences in mechanical damping
properties of gum and filled rubber vulcanizates. The main advantages of the
DMTA technique are the quantitative and reproducible results within short

test time, even at high filler loadings [15-17].
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Referred to previous work [15-171, the addition of filler to rubber matrix would
lower the peak value of tans, designated as (tandmay), in the plot of tans
versus temperature. This reduction is attributed mainly to a dilution of viscous
response by the undeformable filler having fully elastic response. During the
mixing stage of filled blends, there is a preferential migration of filler from one
phase to the other. To quantify the amount of filler distribution in each phase
of the blends, the magnitude of reduction in tandqax (R) of each phase is

calculated, as illustrated in Equation 4.1.

B (tanSs )m“ - (tan 8, )m

4.1)

where subscripts "g" and "f" represent gum and filled systems, respectively.
The term R can be related to the filler-to-rubber weight fraction (w). If the
subscripts 1 and 2 represent two different single rubber systems, and the
prime indicates the blend system, wy and w's denote the weight fraction of
filler to total rubber blends distributed in rubber 1 and 2, respectively.
Therefore, total weight faction of filler in the blends (w) is the sum of w'y and
w'z2as shown in Equation 4.2,
W= W, + W) 4.2)

The ratio of filler weight fraction in each phase component of the blends (w'y/
w'z) can be calculated from Equation 4.3.

u _KE 4.3)
W‘]I R_"R.l

Equations 4.2 and 4.3 can be rearranged, giving Equation 4.4 as illustrated

below.
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RIR,w

—_— 4.4
RIR, + RiR, (9

L -
w,

The multiplication of w'; and w'; by 100 gives the amount of filler incorporated
in rubber 1 and 2, respectively. It is then expressed in percentage on the

basis of total filler in the blends.

The DMTA test was performed under a tension mode with static and dynamic
strain amplitude of 2% and 0.1%, respectively at a given frequency of 10 Hz.
The temperatures were scanned in the range of -100 to 50 °C with a heating

rate of 2 *C/min.

Morphological study

Morphological study was carried out using a scanning electron microscope
(JEOL model JSM-6301F) with 15 kV accelerating voltage with
complementary surface preparation techniques via 0sQ, staining to improve
phase contrast of blends.

3. RESULTS AND DISCUSSION

Silica loading effect

It has been known that the distribution of filler in rubber blends is one of the

most important factors affecting properties of rubber products. It has generally
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been believed that the main factors controlling filler distribution in each phase
of the blends are: nature of rubber, mixing sequence, and filler-rubber
interaction. As the main aim of this work, the DMTA technique were utilized
for determining the amount of filler distributed in each phase of the CPE/NR
blends because of its main advantages in terms of applicability to highly filled
specimens. The addition of filler would lead to a reduction in damping peak
(tandmay), which is attributed to the dilution effect associated with a polymer-
filler interaction. The rigid filler possesses no viscous response and therefore

can dilute the viscous response of the elastomeric phase.

It is clear from Figure 1 that E’ of blends increases significantly with increasing
loading of silica, particularly at the temperature above CPE glass transition
temperature (Tg). This implies a strong reinforcement caused by strong
interaction between silica and CPE via silanol groups and chlorine atoms,
respectively [2-5]. Figure 2 shows damping properties of both NR and CPE
phases in blends as a function of temperature. Values of Ty determined from
the damping peak is summarized in Table 2. In theory, the shift in Tg would
be caused by silica-polymer interaction andfor a change in phase
compatibility. The former should shift T4 of polymer to the higher temperature.
By contrast, the improvement in phase compatibility would shift T, of both
phases toward each other. From the results shown in Table 2, it is evident
that, in the case of NR phase, T4 shifts approximately 4 °C to the higher
temperature with silica loading of 50 phr. Unexpectedly, there is no significant

Tg shift in CPE phase. The T, shift of NR phase is due to either a

8
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development of silica-polymer interaction, an enhancement in phase
compatibility, or both. By contrast, the insignificant change in T, of CPE phase
is thought to be the counter-balancing effect of silica-polymer interaction and
phase compatibility improvement. The enhancement of blend compatibility by
the addition of silica is evidenced in SEM micrographs as illustrated in Figure
3, in which the NR phase (stained with OsQy) is a bright phase while the CPE
matrix phase is a dark phase. It can be seen that size of NR dispersed phase

decreases significantly with increasing silica loading.

Regarding the uneven distribution of silica in each phase of CPE/NR blends
as calculated from the change in damping peak, it can be seen from Table 2
that the unfilled blends give the highest tandmay in both phases, which could
be explained by a high magnitude of molecular mobility. In the case of filled
blends, apart from the dilution effect, the segmental motions of CPE
molecules are highly restricted by silica via the strong interaction between
silanol groups and chlorine atoms of CPE chains. This would lead to the
further reduction in tandnay. In other words, the preferential migration of silica
to CPE phase particularly at high silica loading is believed to be the

consequence of such strong interaction.

In addition, with low silica loading, the amount of silica residing in both phases
is not significantly different. This indicates that the strong silica-CPE
interaction effect is counter-balanced by the low viscosity of NR phase effect.

As silica loading increases, the increases in viscosity of NR phase and in

9
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CPE-silica interaction take place which lead to a preferential migration of silica
to CPE phase. Therefore, the silica appears to preferentially migrate to CPE
phase. Undoubtedly, the increase in silica migration to CPE phase with
increasing silica loading causes the rise in matrix viscosity promoting the
break-up of NR dispersed phase as evidenced in SEM micrographs, as

shown previously in Figure 3.

To further support the proposed explanation of the strong CPE-silica
interaction causing the preferential silica migration to CPE phase, carbon
black as a non-polar filler has been used to replace silica, and the magnitude
of black preferential migration is then compared with that of silica. It is evident
from Table 3 that carbon black migrates more preferentially to NR phase. This
is a clear evidence that the strong CPE-silica interaction plays strong role in

preferential silica migration to CPE phase, as discussed earlier.

Silane coupling agent effect

As mentioned previously, the silica loading has been found to affect the
migration of silica in blends, i.e., the silica residing in CPE phase increases
with increasing silica loading. In the present section, effect of silanol
deactivation of silica surfaces via the use of silane coupling agents on silica
distribution in each phase of blends is investigated. There are two types of
silanes used in this work, namely, bis-(3-triethoxysilylpropyl) tetrasulfane (Si-

69) and 3-thiocyanatopropyl triethoxy silane (Si-264). The chemical

10
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structures of both silanes are reported elsewhere [5]. The discrepancies in
their effectiveness of silanol deactivation and thus silica uneven distribution

will be compared and discussed.

Figure 4 and Table 4 illustrate that, with increasing Si-69 loading, T, of NR
phase in blends substantially shifts up to 13°C to the higher temperature
toward T, of CPE phase, associated with a reduction in values of tandmax. This
is due to an enhancement in NR-silica interaction via an increase in

hydrophobicity of silica surfaces andfor a cure promotion of NR phase
provided by free sulfur released from Si-69 molecules during vulcanization. By
contrast, the Ty of CPE phase shifts only about 3°C with 6 phr Si-69 silane,
which is probably attributed to a reduction in blends compatibility to be
discussed later. Furthermore, there is a rise in tandnax values of CPE phase
as Si-69 is loaded, implying a reduction in the magnitude of pseudo-crosslink
via silanol-CPE interaction. Evidently, as shown in Table 4, the migration of
silica to NR phase increases with increasing loading of silane. The results can
be caused by the deactivation of silanol groups making precipitated silica
more hydrophobic (i.e., more compatible with NR phase), and less compatible

with CPE phase as discussed previously.

In the case of Si-264 silane, the damping properties of blends are presented
in Figure 5 and Table 5, which are similar in trends to those of Si-69 silane.
Notably, the maximum Ty shift of NR phase is only about 2°C to the higher

temperature with 8 phr Si-264 silane, which is much less than that in the case

11
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of Si-69. In CPE phase, the T, does not significantly change with increasing
Si-264 loading. The results could be explained by the reduction in phase
compatibility to be subsequently discussed. Additionally, the migration
magnitude of silica to NR phase is found to increase with increasing loading
of 8i-264 as shown in Table 5 that means the decrease in amount of silica
localizing in CPE phase. Notably, at a given silane loading, the amount of
silica residing in NR phase is significantly higher for the blends with Si-264
than those with Si-69. The main reason for such results shall be the superior

wettability of Si-264 on silica surfaces [1,5].

As evidences of changes in phase compatibility by silane loading effect,
phase morphelegy of blends is illustrated in Figures 6 and 7. The result trends
of both Si-69 and Si-264 silanes are similar in such as way that size of NR
dispersed phase increases with increasing loading of silane. Also, the NR
dispersed phase size of the blends with Si-264 is larger than those with Si-69
particularly at high loading of silane. The results correlate very well with the
preferential migration of silica to NR phase, as illustrated previously. The
relatively high hydrophobicity magnitude of Si-264 treated silica could yield
relatively great extent of silica migration to NR phase which would
consequently increase the viscosity and melt strength of NR dispersed phase.
This would then give the reduction in efficiency of NR droplet-breakup process
during blending (i.e., a coarse phase morphology or poor blends

compatibility).

12
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4. CONCLUSIONS

A dynamic mechanical thermal analysis (DMTA) was successfully utilized to
determine the magnitude of uneven distribution of precipitated silica in each
phase of blends between chlorinated polyethylene (CPE) and natural rubber

(NR).

Results obtained reveal that, the even silica distribution, particularly at high
silica loading, is observed. As silica loading increases, the strong silica-CPE
interaction leads to a preferential migration of silica to CPE phase. The
degree of silica uneven distribution at high filler loading is found to be reduced
by deactivating silancl groups of silica with silane coupling agents. The
effectiveness in silanol deactivation by 3-thiocyanatopropyl triethoxy silane
(Si-264) is more pronounced than that by bis-(3-triethoxysilylpropyl)
tetrasulfane (Si-69) due to the superior wettability. The determination of
uneven silica distribution by damping properties is in good agreement with the
phase morphology of blends. In other words, the DMTA technique could
practically be used for quantifying the magnitude of uneven distribution of

silica in each phase of CPE/NR blends.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure captions

Storage modulus (E") as a function of temperature of 80/20
CPE/NR blends with various silica loadings

Damping properties as a function of temperature of 80/20
CPE/NR blends with various silica loadings

Scanning electron micrographs (x5,000) of 80/20 CPE/NR
blends with various silica loadings: O phr (a); S phr (b); 10 phr
(c); 20 phr (d); 30 phr (e); 40 phr (f); 50 phr (g)

Damping factor (tand) as a function of temperature in 80/20
CPE/NR blends with various Si-69 loadings

Damping factor (tand) as a function of temperature in 80/20
CPE/NR blends with various Si-264 loadings

Scanning electron micrographs x20,000 of 80/20 CPE/NR
blends with various Si-69 loadings: 0 phr (a); 0.5 phr (b); 2 phr
(c); 4 phr (d); 6 phr (e)

Scanning electron micrographs x20,000 of 80/20 CPE/NR
blends with various Si-264 loadings: 0 phr (a); 0.5 phr (b); 2 phr

(c); 4 phr (d); 6 phr (e)
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Table 1

Table 1 Materials used in the present study

Material Manufacturer/Supplier Amount (phr) Function
Chlorinated DuPont Dow Elastomer Co,, 80 Raw polymer
polyethylene Ltd., USA
(CPE; Tyrin 702P)
Matural rubber (NR;| Union Rubber Products Co., 20 Raw polymer
STRE) Ltd., Thailand
Stearic acid Petch Thai Chemical 2 Cure activator
(Commercial grade) Co., Ltd., Thailand
Magnesium oxide Konoshima Chemical 5 Acid receptor
(MgQ; Starmag#150) Co., Ltd., Japan
Santoflex |-PPD* Flexsys Co., Ltd., Belgium 4 Antioxidant
Precipitated silica PPG-Siam Silica Co., Ltd., Variable Reinforcing filler
(Hisil 233) Thailand
Santogard PVI° Flexsys Co., Ltd., Belgium 1 Cure inhibitor
Si-69 silane coupling JJ Degussa Co., Ltd., Variable Coupling agent
agent® (Thailand)
Si-264 silane coupling JJ Degussa Co., Ltd., Variable Coupling agent
agent® (Thailand)
Ordinary Sulphur Chemmin Co. Ltd., Thailand 2 Curing agent

(Commercial grade)

= N- Isopropyl- N'- Phenyl- p-Phenylenediamine

= N-(cyclohexylthio) phthalimide

a
b
c = bis-(3-triethoxysilylpropyl) tetrasulfane (TESPT)
d

= 3-thiocyanatopropyl triethoxy silane
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Table 2

Table 2 Glass transition temperatures (T,), damping peak (tandm.x) and %wt of
silica localizing in CPE and NR phases of CPE/NR blends with various

silica loadings

Silica Ty tandmax Amount of silica localizing
loading (°C) in each phase
(phr) (%)
NR CPE NR CPE NR phase | CPE phase
phase phase phase phase
0.0 -56.6 -1.9 0.184 0.842 495 50.5
10.0 571 -1.9 0.163 0.820 457 543
20.0 -53.6 -1.0 0.148 0.756 459 54.0
30.0 -53.0 -0.8 0.139 0.694 41.4 58.5
40.0 -52.0 1.0 0.137 0.603 36.1 63.9
50.0 -52.0 1.2 0.188 0.563 495 505
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Table 3

Table 3 % weight of fillers localizing in each phase of 30 phr filled

CPE/NR blends

% wt of fillers localizing in each phase

Filler
NR phase CPE phase
Silica 45.9 54.0
Carbon black 65.1 34.8
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Table 4

Table 4 Glass transition temperatures (T,), damping peak (tandm.x) and %wt of

silica localizing in CPE and NR phases of CPE/NR blends with various

Si-69 loadings
Si-69 Tg tandmax Amount of silica localizing
loading (°C) in each phase
(phr) (%)
NR CPE NR CPE NR phase | CPE phase
phase phase | phase phase
0.0 -50.8 1.4 0.139 0.603 414 58.5
05 -49.2 1.5 0.136 0.625 41.8 58.2
20 -43.2 -0.4 0.131 0.647 43.9 56.0
4.0 -40.6 -1.4 0.130 0.638 443 55.7
6.0 -37.7 -16 0.127 0.632 44.9 55.1
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Table 5

Table 5 Glass transition temperatures (T,), damping peak (tandma.) as well as %wt of

silica localizing in CPE and NR phases in CPE/NR blends with various Si-264 loadings

Si-264 Ty tandmax Amount of silica localizing
loading (°C) in each phase

(phr) (%)

NR CPE NR CPE NR phase | CPE phase
phase phase phase phase

0.0 -50.8 1.4 0.139 0.603 41.4 58.5

05 -54.4 1.4 0.138 0.599 41.6 58.1

20 -49.4 1.4 0.124 0.621 50.9 491

4.0 -48.9 1.4 0.111 0.639 57.3 427

6.0 -49.0 1.4 0.118 0.636 53.6 46.4
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Figure 5
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Figure 6
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Figure 7
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ABSTRACT

Blends of elastomeric chlorinated polyethylene (CPE) and natural rubber (NR)
with blend composition ratio of 80/20 were prepared and recycled.
Viscoelastic properties of the blends as a function of recycling cycles were
monitored. Results obtained reveal that, with increasing recycling cycles, a
noticeable change in viscoelastic properties could be observed, ie., a
decrease in elastic modulus (G') associated with a noticeable shift in Ty of NR
phase of blends are observed, implying a molecular change in NR phase via
thermal chain-scission mechanism. An influence of magnesium oxide (MgQ)
as an acid acceptor for CPE on viscoelasticity of blends is investigated. By
reducing the amount of MgO, the major change is unexpectedly found in NR
rather than CPE phases with similar manner to the increase in recycling
cycles. It is proposed that changes in viscoelastic properties of blends by
varying MgQ loading and recycling cycle are attributed mainly to similar
molecular mechanism of thermal degradation, i.e., molecular chain scission in

NR phase.

Keywords: Rheology; Blends; Degradation; Viscoelastic properties; Recycling
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1. Introduction

In the mid 1970s, the industrial societies suddenly became aware that the oil
reserves upon which the polymer industry is at present based are limited. This
was reinforced by a rapid escalation in the price of crude oil and its
derivatives, which resulted in a call from ecologists and environmentalists to
reverse the trend toward the throw-away society [1-2]. One of various
problems which mankind faces is the problem of waste disposal management.
Since polymeric materials do not decompose easily, disposal of waste
polymers is a serious environmental problem. There are generally four
methods of waste recycling: energy recovery (incineration), feedstock
recycling (pyrolysis, hydrogenation, gasification), chemical (depolymerisation)

and material recycling [3-86].

Chlorinated polyethylene (CPE) possesses high resistances to hydrocarbon
oil, heat, and weathering, attributed to the chlorine atoms added to the
polyethylene backbone. According to published work, CPE has been blended
with many polymers, including polyvinyl chloride, [7-11] styrene-acrylonitrile,

[12,13] and polyurethane[14,15].

From our previous work [16,17], up to 50 %wt CPE could be replaced by

natural rubber (NR), and still gives phase morphology with NR phase

dispersed in CPE matrix, leading to good oil and thermal ageing resistances

of the blends similar to those of neat CPE. However, since a peroxide curing

John Wiley & Sons, Inc.
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system is used in those work, both NR and CPE phases are vulcanised which
ends up with lack of recyclability. Consequently, a sulphur curing system is
utilised in 80/20 CPE/NR blends instead of peroxide. By this means, the NR
phase in the blends could selectively be vulcanised [18-22], and therefore a
recycling of such blends should, in theory, be possible. Therefore, the present
study aims to extend our series of work by focusing mainly on recycling of
CPE/NR blends with and without magnesium oxide (MgQO) as an acid
acceptor of CPE. Rheological properties of CPE/NR blends will be

investigated.

2. Experimental

2.1 Materials

Details of materials used and blend formulations are shown in Table 1.

2.2 Mixing procedure

In the initial step, NR was masticated at 40 °C using a laboratory-size two-roll
mill mixer (LabTech model LRM150, Thailand) to achieve Mooney viscosity
(ML1+4 at 100 °C) of approximately 60. For blending process, CPE was
melted on a front roll for 1 minute at the set temperatures of 145 °C and
140°C for the front and back rolls, respectively. Afterward, the masticated NR
was charged and further mixed for 4 minutes. Compounding ingredients
were, thereafter, added and mixed for 5 minutes prior to discharging. Finally,

the blend was compression moulded into 1-mm-thick sheets under clamping

John Wiley & Sons, Inc.
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pressure of 15 MPa at 155°C to achieve stage-of-cure of 99% as determined
from the Rubber Process Analyzer (RPA2000, Alpha Technologies, USA),

and designated as a “Virgin” blend.

For a recycling procedure, the virgin blend was cut into small pieces, and re-
processed on two-roll mill under similar processing conditions to the virgin
blends as described earlier. The blend discharged was denoted as “1%

recycled blend”. By repeating the recycling cycles, the 2™, 3%, 4™ and 5"

recycled blends were resulted.

2.3 Measurement of viscoelastic properties

Rheological study in this wok was carried out under oscillatory shear flow with
the use of a parallel plate rheometer (Physica model MCR 500, Germany). A
25-mm rotor with grooved surface was used to prevent slippage between
polymer melt and rotor surface. A disc specimen with approximately 25 mm in
diameter and 1 mm in thickness was prepared from compression moulded
sheets. All tests were performed at the test temperature of 170 °C. With the
strain sweep test, a linear viscoelastic (LVE) region of materials at the
frequency of 1 and 100 rad/s was determined to be subsequently used in the
frequency sweep test. In the frequency sweep test, the swept frequency in the
range of 1 to 100 rad/s was applied to the test sample. The results of elastic
modulus (G'), loss modulus (G"), complex viscosity (n*), damping factor (tang)

and creep compliance were recorded.
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For a determination of viscoelasticity as a function of temperature, a dynamic
mechanical thermal analyser (Gabo Explexor, Germany) with a tension mode
of deformation was utilised at test frequency and dynamic strain amplitude of
10 Hz and 0.1%strain, respectively. Temperature was swept from -100 to 40

°C with a heating rate of 2 °C/min.

3. Results and discussion

3.1 Effect of recycling cycles

In order to gain information on linear viscoelasticity of recycled CPE/NR
blends, a strain sweep test is performed, and results obtained are illustrated in
Figure 1. Clearly, a linear viscoelastic (LVE) region is apparently to be
approximately 0.5 — 15% strain amplitude, regardless the recycling cycles.
However, storage modulus (G') at low strain appears to be affected strongly
by recycling cycles. Obviously, there are 3 main groups of G’ results, i.e., (i)
virgin and 1% recycled blends; (i) 2™ and 3™ recycled blends; and (iii) 4™ and

Sﬁ'l

recycled blends. A reduction in G' implies a decrease in molecular
elasticity of blends. Compared to CPE, NR phase possesses double bonds
which are more prone to thermal oxidation, even with the presence of amine-
based antioxidant [23]. By contrast, CPE contains no unsaturation and
therefore is relatively difficult to be degraded via chain-scission process.
Furthermore, the thermal degradation mechanism of CPE is more likely to be
a dehydrochlorination process, which would lead to a rise in G’ instead of a
decrease in G’ as illustrated in Figure 1 [24]. In order to support the proposed

explanation, the time sweep test at high temperature of 170 °C was performed

on neat CPE and NR, and results measured are exhibited in Figure 2.
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Evidently, with increasing test duration, G’ of neat CPE and NR increases and
decreases, respectively, supporting the proposed explanation of Figure 1 that
a reduction in G’ with increasing recycling cycle is caused mainly by the
occurrence of chain-scission in NR phase. This would lead to a decrease in
molecular entanglement and thus elasticity (G'). In other words, the thermal
degradation of CPE/NR blends is believed to be governed mainly by NR

phase.

Damping factor (tand)results as shown in Figure 3 agree very well with the G’
results. The virgin and 1* recycled blends are classified as the group with the
lowest tand implying the highest magnitude of elasticity via a high extent of
molecular entanglement due to their good thermal stability. At high strain of
deformation, the swing up of tand of such blends is relatively small, supporting
the high degree of molecular entanglement as discussed earlier. By contrast,
the group subjected to highly thermal history, i.e., 4™ and 5 recycled blends,
reveals the highest damping factor due to the highest degree of thermal

degradation via molecular chain-scission of NR phase.

A dependence of G’ on frequency is exhibited in Figure 4. It must be noted
that the starting test frequency lower than 1 rad/s was not applicable in this
work due to the fact that a long test duration required for collecting data would
then affect thermal degradation of blends. In other words, at very low test
frequency, the frequency effect will be interfered by the occurrence of thermal
degradation during the test duration. Noticeably, all blends show increases in

moduli with increasing frequency which are typical characteristics of

John Wiley & Sons, Inc.

109



Journal of Applied Polymer Science

viscoelastic materials. Referred to a spring-dashpot model, the higher the
frequency, the lower the dashpot response due to the insufficient time for its
response. Thus, the bulk response is dominated by a spring component
rather than dashpot component as frequency increases. In terms of molecular
aspect, the dashpot response is related directly to the occurrence of
molecular relaxation via molecular flow (or molecular slippage). At high
frequency, there is insufficient time available for molecular relaxation leading
to an increase in elasticity. In addition, the sensitivity of G’ to frequency
slightly increases with increasing recycling cycles. It has previously been
reported that the decrease in elastic behaviour of CPE/NR blends results in
an increase of time-dependent behaviour [19,21,25]. Conseqguently, the
results of frequency-dependent G’ agree with the proposed explanation of

molecular chain-scission.

In order to further explore change in viscoelastic properties affected by
thermal history, a creep test was conducted. Figure 5 exhibits creep
compliance at a function of time at a given shear stress. As expected, creep
compliance increases with time for all blends. Also, rate of creep phenomenon
is more evident in the blends with high magnitude of thermal experience.
According to spring-dashpot model, creep is a result of dashpot response at
very low test frequency that means a molecular flow. Thus, the blends with
high recycling cycles would reveal high creep values attributed to a large
amount of highly chain-scissioned molecules caused by thermal degradation.
Notably, the result trends of blends with different recycling cycles are more

apparent in the case of creep test, compared with the oscillatory test.
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Alternatively, it could be stated that the molecular structure of polymers
determined via rheological response is most sensitive at very low test

frequency.

3.2 Effect of magnesium oxide (MgO)

Referred to previous section, it is believed that changes in viscoelastic
properties of 80/20 CPE/NR blends caused by thermal experience occur
mainly in NR rather than CPE phases. This is because of a saturation
structure of CPE backbone. As a consequence, in this section, an attempt to
alter thermal stability of CPE phase was carried out by varying amount of

MgO as a thermal stabiliser via hydrochloric acid acceptance.

Figure 6 illustrates an influence of MgQO loading on G’ under strain sweep test
of 5" recycled blends. It is evident that, at any given strain amplitude of
deformation, G’ of blends reduces with decreasing MgO loading. Notably, the
blend without MgO reveals relatively low G', compared to blends with MgO,
implying relatively small magnitude of elasticity and thus poor thermal stability
of this blend. Initially, it is anticipated that, by alternating MgO loading, the
occurrence of thermal degradation via dehydrochlorination would be
observed. A consequence of dehydrochlorination process in chlorinated
polymer would generally yield a crosslink and thus a rise in stiffness (or G’ in
this case) as illustrated previously in Figure 2. However, the overall results of
blends with various loadings of MgQ reveal the opposite result trend, i.e., a

decrease in G'. Based on the results obtained, it is hypothesized that the
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decrease in G’ might deal with a molecular change of NR phase rather CPE

phase.

In order to prove such proposed hypothesis, the DMTA test was performed,
and the results of glass transition temperatures (T,) in each phase of blends
are summarized in Table 2. It is evident that, within the experimental error of 2
°C as an instrument temperature tolerance, values of T, as determined from
damping peaks of each phase is affected by MgO loading in different ways. It
is apparent that the morphology of this blend system is a two-phase
morphology with individual Ty By decreasing MgO loading, T, of NR phase
significantly shifts to the lower temperature implying a molecular change of
NR phase. On the contrary, Ty of CPE phase is almost unchanged by varied
loading of MgQ. The explanation is proposed as follows: with low loading of
acid acceptor (MgQ). a large amount of hydrochloric acid released from CPE
dehydrochlorination reaction might cause acidity of the bulk, accelerating
molecular change of NR phase via chain-scission mechanism. It is also
noticeable that the trend of Ty shift to the lower temperature is similar to that
found in blends with various recycling cycles as illustrated in Table 3. As
discussed previously, by increasing thermal history, the NR phase with
unsaturation structure is prone to be degraded leading to its greater molecular
mobility and thus a shift in Ty to the lower temperature. This is, therefore,
logical to state that changes in viscoelastic properties of blends by varying
MgQO loading and recycling cycle are attributed dominantly to similar molecular
mechanism of thermal degradation, i.e., a molecular chain-scission in NR

phase.
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4. Conclusions

Blends of chlorinated polyethylene (CPE) and natural rubber (NR) at blend
composition ratio of 80/20 were prepared and recycled. Changes in
viscoelastic properties of blends by recycling were monitored. The following
conclusions could be dawn from the results obtained:

1. With increasing recycling cycles, a decrease in blend elastic modulus
associated with a noticeable shift in T, of NR phase are observed. The
results imply a molecular change in NR phase via thermal chain-scission
mechanism.

2. By reducing the amount of magnesium oxide (MgO) as an acid acceptor for
CPE, the major change is unexpectedly found in NR rather than CPE phases
with similar manner to the increase in recycling cycles. It is therefore believed
that changes in viscoelastic properties of blends by varying MgO loading and
recycling cycle are attributed to similar molecular mechanism of thermal

degradation, i.e., molecular chain scission in NR phase.
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Table captions

Table 1 Materials used in the present study

Table 2 Glass transition temperature (T;) of CPE and NR phases in 5t
recycled CPE/NR blends

Table 3 Glass transition temperature (Tg) of CPE and NR phases in

CPE/NR blends with various recycling cycles
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6
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Figure captions

Storage modulus (G') as a function of strain amplitude at 1 rad/s
CPE/NR blends with various recycling cycles

Storage modulus (G') of neat CPE and NR as a function of test
duration at 170 °C

Damping factor (tand) as a function of strain amplitude at

1 rad/s of CPE/NR blends with various recycling cycles

Storage modulus (G') as a function of angular frequency at 10%
strain of CPE/NR blends with various recycling cycles

Creep compliance of CPE/NR blends with various recycling
cycles

Influence of MgO loading on storage modulus (G') as a function

of strain amplitude at 100 rad/s in 5" recycled blends
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Amount
Material Manufacturer/supplier Functionality
(phr)

Chlorinated DuPont Dow Elastomer | Raw polymer 80
polyethylene Co., Ltd, USA
(CPE; Tyrin 702P)
Natural rubber Thailand Raw polymer 20
(NR; STR20)
Stearic acid Polychem Co., Ltd, Cure activator 2
(Commercial grade) | Thailand
Magnesium oxide | Boonthavorn Co., Ltd, Cure activator and | Variable®
(MgO, Commercial | Thailand acid acceptor
grade)
Sulphur (Commercial | Siam Chemicals Co._, Curing agent 2
grade) Ltd, Thailand
Santocure TBBS® Flexsys Co., Ltd, USA Cure accelerator 1
Santoflex IPPD"® Flexsys Co., Ltd, USA Antioxidant 4

Santogard PVI°

Flexsys Co., Ltd, USA

Prevulcanisation

inhibitor
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Footer of Table 1
® Amounts of stabilizer (MgO): 0, 1, 2.5, 4 and 5 phr
b N-t-butyl-2-benzothiazolesulfenamide

® N-isopropyl-N'-phenyl-p-phenylenediamine

9 N-(cyclohexylthio)phthalimide
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MgO loading (phr)

Glass transition temperature (°C)

NR phase CPE phase
0 -51.0 -0.8
1 -52.4 -0.5
25 -50.3 -2.6
4 -52.5 -0.6
5 -47.8 -1.1
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Recycling cycle

Glass transition temperature (°C)

NR phase CPE phase
Virgin -40.4 -0.8
1% -38.4 -0.8
2 -53.3 -0.6
31 -54.8 0.5
4o -53.2 -0.7
g" -51.0 -0.8
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ABSTRACT

A low-cost grade natural rubber (STR20 NR) was used for partly substituting
elastomeric chlorinated polyethylene (CPE) and cured by sulfur. Rheological
properties of blends with various blend composition ratio under oscillatory and
steady shear flows were investigated. Cure behavior is found to be promoted
by increasing NR content. Viscoelastic behavior of CPE/NR blends as
determined from the Rubber Process Analyzer (RPA2000) is controlled
strongly by blend composition. Uncured blends show relatively poor storage
modulus associated with high damping factor probably due to the thermal
degradation of NR phase. By contrast, after curing NR phase in blends, bulk
rheological properties change remarkably. Blends with NR as a major
component reveal frequency-independent with broad linear viscoelastic (LVE)
region. Flow properties under capillary shear of uncured blends agree well
with those under oscillatory shear, i.e., the greater the NR content, the lower
the apparent shear viscosity. Surprisingly, even without the elimination of
elastic effect by the Bagley correction, it is still possible to superimpose plots
of complex viscosity against test frequency over those of apparent shear
viscosity against wall shear rate, which are different from the rheological

properties of CPE blended with premium grade of NR (STR5L).

130



Keywords: Rheology, Viscoelastic properties, Chlorinated polyethylene,

MNatural rubber, Blends

131



1. INTRODUCTION

Blending is known to be one of effective techniques to achieve desired
properties of final products, and product cost could sometimes be reduced by
blending one polymer with another low-cost polymer. Apart from mechanical
properties, rheological properties including shear viscosity and elasticity of
polymer melts are known to be crucial for polymer processing. There are
generally factors affecting rheological properties in polymer melts, e.g. nature
of the polymers and their blend composition [1-6] as well as blending
conditions [7-8]. In addition, if filled blends are concerned, the uneven
distribution of filler in each phase of the blends is reported to affect

significantly the mechanical properties of elastomeric blends. [9-11].

Chlorinated polyethylene (CPE) is widely used in applications requiring high
resistances to hydrocarbon oil, heat and weathering, which are mainly
attributed to the saturated structure and the presence of chlorine atoms on the
molecular backbone. In order to achieve desired properties of CPE-based
products, CPE has been blended with various polymers including polyvinyl
chloride (PVC) [12-15], styrene-acrylonitrile (SAN) [16-17] and polyurethane

(PU) [18-19] and natural rubber (NR) [5-6,8,11, 20-22].

Referred to our previous work [5,6,8,11,20-22], it has been reported that a

certain amount of CPE could be substituted by MR, giving similar tensile
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properties to neat CPE, depending on curing systems used for vulcanizing NR
phase in blends. In addition, it has been found that viscoelastic properties of
CPE/NR blends are governed strongly by curing of NR phase as well as by
adding silica to the blends. However, in those work, a premium grade of NR
(i.e., STR5L NR) were used in order to minimize complexity of the blend
systems which might be affected by a large amount of dirt and non-rubber
substances such as protein and fatty acid. Therefore, the present work aims
to further reduce a product cost by the use of low-cost grade NR (i.e., STR20
NR) containing a larger amount of dirt and non-rubber substances than the

STRSL NR. Cure and viscoelastic behaviors will be discussed.

2. EXPERIMENTAL

2.1 Materials

Details of materials used and blend formulation are shown in Table 1.

2.2Mixing procedure

Referred to our previous work [S], CPE/NR blend composition ratios of 100/0,

20/80, 50/50, 80/20 and 0/100 were used for the study. Blending was carried

out in a laboratory-size two roll mill mixer (LabTech model LRM150, Thailand)

at set temperatures of 140 and 135 °C for front and back rolls, respectively.
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Initially, CPE was allowed 1 minute for melting, and NR was then charged.
After blending for 4 minutes, curatives and antioxidant were added to the
blends and mixing was carried on for 5 minutes before discharging. The
blends were, finally, compression molded into 1-mm thick sheets under
pressure of 15 MPa at 155°C. Cure time used was determined from the

Rubber Process Analyzer (RPA 2000, Alpha Technelogies, USA).

2.3 Measurement of viscoelastic properties

In order to investigate cure behavior of blends, the Rubber Process Analyzer
(RPA2000, Alpha Technologies, USA) was utilized according to ASTM D2084
at 155 C. Scorch time (t;2) was and determined from time to achieve torque
rise of 2 units above the minimum torque. Cure time used in the present work

is the time to reach 90 % cure or tgo.

Viscoelastic properties of blends were measured under 2 different modes of
shear, namely, oscillatory and steady shear flow, with the uses of a Rubber
Process Analyzer (RPA2000, Alpha Technologies, USA) and a rate-controlled

capillary rheometer (Goettfert Rheotester 2000, Germany).

In the case of oscillatory shear flow with RPA2000, the measurement was
performed at test temperatures of 170 and 50 °C for uncured and cured

blends, respectively. A linear viscoelastic (LVE) region of the blends was
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initially determined at the test frequencies of 1 and 100 rad/s. Thereafter, the

frequency sweep test was performed using the strain within the LVE region.

For the rate-controlled capillary rheometer, an apparent shear stress as a
function of apparent shear rate was determined using three dies with different

lengths over diameter of 10/2, 20/2 and 30/2.

3. RESULTS AND DISCUSSION

3.1 Cure behavior

In CPE/NR blends, only NR phase is capable of sulfur curing due to the
presence of double bonds in NR molecules. Consequently, the cure behavior

observed would solely be attributed to the response of NR phase.

Figs. 1 and 2 illustrate cure behavior of blends with various NR content. It is
evident that scorch time and cure time decrease as NR content increases
which are believed to be due to the migration of curatives from CPE to NR
phase. Curatives is relatively polar and therefore more soluble in CPE than
NR phase. As NR content increases, the amount of CPE is simultaneously
decreased, leading to a reduction in solubility of curatives in CPE phase. As a
consequence, the migration of curatives from CPE to NR phase takes place
giving a cure promotion of NR phase. Also, a short scorch time is considered
as a poor process safety, and needed to be lengthened. In the present work,

the prevulcanization inhibitor or PVI was used for a scorch delay purpose. It
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can be seen from Fig. 1 that, as expected, scorch time could significantly be
increased by PVI addition. It is known that PVI could react stoichiometrically
with cure accelerator, and delay vulcanization until all PVI is consumed. In
addition, a magnitude of delay is more obvious in the blends with low NR
content. This implies that the PVI might be soluble in NR phase rather than
CPE phase. In the blends with low NR content, the concentration of PVI in NR

phase is high and therefore could effectively delay cure of NR phase.

In the case of crosslink density as determined from torque differences from
cure curves, Fig. 3 shows that the crosslink density increases with increasing
NR content which is due to the curative migration effect as discussed
previously. Also, the addition of 0.5 phr PVI appears to increase crosslink
density of NR phase in blends. Further increase in PVI concentration gives

no significant change in crosslink density.

3.2 Oscillatory shear flow

3.2.1 Uncured blends

Generally, viscoelastic behavior of polymer under molten state would give
informative data on processability. Thus, in the present work, viscoelasticity of
uncured blends were determined using the RPA2000 at test temperature of

170 C at which CPE matrix could flow freely.
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Results of strain sweep test at various blend ratio are shown in Fig. 4. It can
be seen that storage modulus, or usually known as elastic modulus (G'),
depends strongly on strain of deformation. At low strain, each blend ratio
exhibits a region with strain-independent G' which is usually known as a linear
viscoelastic (LVE) region. According to the spring-dashpot model, with the
strain in LVE region, molecular entanglement leads to a dominant spring
response. At strain greater than the critical strain (y;), molecular slippage
taking place causes a sharp decrease in G'. With increasing NR content,
there is no significant difference in broadness of LVE region. Also, it is evident
that the blends with high NR content possess low G' which is caused by a
thermal-oxidative degradation of NR phase during blending at high set
temperature of 140 C. Notably, the actual batch temperature is much higher
than the set temperature caused by shear heating. It is known that NR is
prone to thermal degradation due to the presence of unsaturation on its

backbone. Similar observation is reported elsewhere [S].

Fig. S illustrates the results of damping factor (tand). Clearly, all blends show a
strong swing up of damping factor at high strain which is due to the energy
dissipation via a molecular slippage. In addition, the damping factor is
apparently not sensitive to the blend composition ratio, implying that, at high
temperature of 170 C, both CPE and NR phases possess similar magnitude

of energy dissipation per cyclic deformation of a volumetric unit of rubber.
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Regarding the frequency-dependent viscoelasticity of uncured blends, Fig. 6
exhibits an obvious increase in G' as angular frequency increases. Based on
the spring-dashpot model, it is known that the deformation in dashpot
component is time-dependent. Consequently, a sharp increase in G’ with test
frequency implies insufficient time for a response of dashpot component to the
test frequency, and therefore spring component takes control of the bulk
viscoelastic response. In other words, with increasing test frequency, there is
insufficient time for molecular relaxation via molecular flow, leading to an
increase in elastic energy via molecular entanglement. The blends with
relatively high NR content gives relatively low G' associated with high
damping factor (see Fig. 7) at any test frequency due to a thermal degradation

of NR phase as discussed previously.

3.2.2 Cured blends

In the case of viscoelastic properties of cured blends at 50 C (which is
referred to be a service temperature of final products), it is found that similar
trend of G’ to those at 170 C (see Fig. 4) could be observed, ie., G’
decreases with NR content. Notably, the damping factor results as shown in
Fig. 8 illustrate clearly an almost frequency-independent behavior in the
blends with a large amount of NR. Also, these blends with NR as a major
component show relatively low damping factor. Undoubtedly, the presence of
sulfidic linkages as chemical crosslinks in NR phase is responsible for the

results. It is known that the molecular restriction via chemical crosslink is

10

138



analogous to the spring response, and therefore is not affected by
deformation strain (i.e., the LVE region is broadened). In addition, the results
of damping factor are in good accordance with those of crosslink density as
illustrated previously in Fig. 3. With increasing NR content in blends, the
crosslink density increases, leading to a reduction damping factor of these

blends.

Figs. 9 and 10 exhibits the outstanding role of sulfidic linkages on viscoelastic
properties as a function of test angular frequency. Obviously, G’ and tané of
the blends with cured NR as a major component is almost independent of test
frequency. The is a strong evidence that the viscoelastic properties of these
blends is governed mainly by a spring component. By contrast, the blends
with CPE as a major component still show sharp dependence of
viscoelasticity on test frequency. The higher the frequency, the higher the G’
due to the insufficient time for viscous or dashpot response (i.e., molecular
relaxation). A relatively low damping factor in blends with a relatively high
content of cured NR phase is attributed to a limited molecular flow and thus a
small magnitude of energy loss per cyclic deformation of a volumetric unit of

rubber.

3.3 Steady shear flow

Since a rate-controlled capillary rheometer was utilized to determine flow
properties under steady shear flow of CPE/NR blends, only uncured blends

could be characterized. Apparently, Fig. 11 shows that all blends exhibit a

11

139



strong pseudoplastic behavior (i.e., shear viscosity decreases with increasing
shear rate) due to molecular disentanglement at high shear rate. Furthermore,
shear viscosity of blends decreases with increasing NR content which could
be explained by a decrease in molecular weight via thermal degradation of

NR phase during blending at high temperature as discussed previously.

In order to correlate the oscillatory to the steady shear results, the Cox and
Merz's concept (i.e., a complex viscosity as a function of frequency is
equivalent to an apparent shear viscosity as a function of shear rate) was
applied to the rheological data obtained, and the results are shown in Fig. 12.
Surprisingly, even without the elimination of elastic effect by the Bagley
correction, it is still possible to superimpose plots of complex viscosity against
test frequency over those of apparent shear viscosity against wall shear rate,
which are different from the rheological properties of CPE blended with
STRS5L reported elsewhere [6]. Phewthongin and co-workers found that the
oscillatory and steady shear results could be superimposed only if the elastic
effect was removed from the results with the uses of dynamic viscosity and
Bagley correction. Also, it has been reported that the blends with STRSL NR
as a major component still exhibit slightly greater values of shear viscosity
determined from oscillatory rheometer. The results illustrate that the
rheological responses of CPE blended with STRSL NR are different from
those with relatively low-cost STR20 NR to some extent. A possible
explanation of discrepancy in rheological behavior of the blends with premium

and low-cost grades of NR is proposed in terms of lubricating effect. It is

12
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known that non-rubber substances in NR include natural fatty acids whose is
larger in low-cost grade NR. Such fatty acids could act as internal lubricants.

This would lead to a promotion of molecular flow and thus viscous response.

4. CONCLUSIONS

Elastomeric blends of CPE and a low-cost grade NR (STR20 NR) with various
blend composition ratios were prepared, and their rheological behavior were
investigated with the uses of oscillatory and steady shear rheometers. The
following conclusions could be drawn. The use of low-cost NR possessing a
relatively large amount of dirt and non-rubber substances shows poor scorch
safety which could be overcome by the addition of prevulcanization inhibitor
(PV1). Scorch and cure times are found to be affected strongly by NR content.
In the blends with low NR content, their viscoelastic properties are dominated
by viscous response, i.e., the time-dependent viscoelastic properties of CPE
matrix. By contrast, as NR content increases, NR with sulfidic linkages
becomes a matrix exhibits a strong elastic response with time-independent
behavior. Unexpectedly, even without the elimination of elastic effect by the
Bagley correction, it is still possible to superimpose plots of complex viscosity
against test frequency over those of apparent shear viscosity against wall
shear rate, which are different from the rheological properties of CPE blended

with a premium grade NR (STRS5L).
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Fig.
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Fig.

Fig.
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Fig.

Figure Captions

Influences of blend composition ratio and PVI concentration on
scorch time (ts2) of blends at cure temperature of 155°C
Influences of blend composition ratio and PVI concentration on
cure time (t.go) of blends at cure temperature of 155°C

Crosslink density in terms of torque difference (AS) as a function
of NR content with wvarious PVI concentrations at cure
temperature of 155°C

Storage modulus (G') as a function of strain amplitude of
uncured blends with various blend composition ratios at test
temperature of 170°C

Damping factor (tand) as a function of strain amplitude of
uncured blends with various blend composition ratios at test
temperature of 170°C

Frequency-dependent storage modulus (G') of uncured blends
with various blend composition ratios

Frequency-dependent damping factor (tand) of uncured blends
with various blend ratios

Damping factor (tand) as a function of strain amplitude of cured
blends with various blend composition ratios at test temperature
of 50°C

Fregquency-dependent storage modulus (G') of cured blends with

various blend composition ratios
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Fig. 10

Fig. 11

Fig. 12

Frequency-dependent damping factor (tand) of cured blends
with various blend composition ratios

Apparent shear viscosity curves of CPE/NR uncured blends with
various blend composition ratios

Plots of complex viscosity determined from RPA2000 (#) and
apparent shear viscosity measured by capillary rheometer (<)
as a function of frequency or shear rate in uncured CPE/NR
blends with various blend composition ratios: 100/0 (a); 80/20

(b); 50/50 (c); 20/80 (d); 0/100 (e)
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Table 1 Materials used in the present study

Material/grade Manufacturer/Supplier Amount Remarks
(phr)
Chilorinated DuPeont Dow Elastomer Co., a Raw polymer
polyethylene Ltd., USA
(CPE; Tyrin 702P)
Natural rubber (NR) / | Union Rubber Products Co., a Raw polymer
STR20 Ltd., Thailand
Magnesium oxide | Petch Thai Chemical Co. Ltd., 5 Acid receptor
(MgO) / Starmag#150 | Thailand
Stearic acid / Polychem Co. Ltd., Thailand 2 Cure activator
Commercial grade
Santoflex / i-PPD? Flexsys Co. Ltd., Belgium 4 Antioxidant
Santocure / TBBS® Flexsys Co. Ltd., Belgium 1 Cure
accelerator
Ordinary sulfur / Siam Chemicals Co. Ltd., 2 Curing agent
Commercial grade Thailand
Santogard / PVI° Flexsys Co. Ltd., Belgium 1 Prevulcanization
inhibitor
a = CPE:NR by weight of 100:0, 80:20, 50:50, 20:80 and 0:100
b = N-Isopropyl-N-phenyl-phenylenediamine
¢ = N-t-butyl-2-benzothiazolesulfenamide
d = N-(Cyclohexylthio)phthalimide
20
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Fig. 7

tand

0.5 4

0.0

X x
é o

A
A =

B po X

4100/0 Wa020 AS5S0/50

@®Z0/B0 XKO/100

i i!“-“

01

10

100

Angular frequency (rad/s)

155

1000

27



tand

Fig. 8

08

06

04

02

+100/0 W80/20 ASHE0 -
1 @ 20/80 X0OM00

Py
- * [ ]
o=
s "
4 o s0o 090 . a

IRIINL REL

0.1 1 1.0 1[.)0

Strain amplitude (%)

156

28



G’ (kPa)

Fig. 9

1000

100

10

E 9
®
- o 3 .
28 ¥ RXoccemem XX
- .
3 L ]
o L 2
] N
: #100/0 WEW20 ASOHSD
L @280 X000
0.1 :l 1‘0 160 1000

Angular frequency (rad/s)

157

29



10

0.8+

0.6 4

tand

0.4 4

0.2 9

0.0

o
L |
A A
2 e

& 100/0 WE0/20 AS50/50

®20/80 XO/100

0.1

Fig. 10

Angular frequency (rad/s)

158

30



Apparent shear viscosity (Pa-s)
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Fig. 12
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