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Background: Fillers hybridization of calcined clayprecipitated silica in a rubb
swimming fin compund of natural rubber / styrene butadiene rubbethylene
propylene diene terpolymer blend was investigatadtt®e cure characteristics a
mechanical properties of composites. Objective: Tieénforcement of fillers
hybridization is purposed to enhantlee mechanical properties of this indust
compound and at the meantime maintaining its featfrlow specific gravity of :
glen? and below. The fillers hybridization treated withase coupling agent, -
triethoxysilyl propyltetrasulfide (TESPT) infarm of filled masterbatch (SiCyMB) w:
prepared through multiple-stageslong melt mixing. SiCyMB was then added into
rubber swimming fin compound at 3 different pereges of 16.5 %, 28.0 % and 3

%. Results: The crosslink density of vulcanizasemcreased proportionately with t
loadings of SiCyMB ascribed to extra linkages fodnfiom the silanization reactior
Increase in crosslink density enhances the hardoEsallcanizates. However tt
tendency of cure retardation is observed wheneasing in the loadings
SiCyMBwhich reduces the values of cure rate indéRIj. The rubber vulcanizat
reinforced by using present fillers hybridizatioave exhibited improved mechani
properties particularly on the tensile strength a&mar strenth when the dosage of
SiCyMB has increased to the proximity of 28 % to%7SEM micrographs reveal t
calcined clay and precipitated silica have dispkraad distributed well across t
rubber matrix and the rubbéHers interaction is enhanced whicontributes primarily
to rubber reinforcement. Conclusion: Adding of hgbffillers calcined clay
precipitated silica through the processing methuoditiple-stage-prolong mixing can
improve the mechanical properties of an industraahpound of rubber simming fin.
On the other handhé low specific gravity feature cthis particular compound is
maintained through SiCyMB reinforcement.

INTRODUCTION

Rubber fllers are essentially imparting satisfactory vulizate properties, processing behaviour
reducing compound cost. Enhancement of propertestife particulal-filled rubber composites depen
primarily on the extent of filler dispersion in thiabbe, specific surface area, structure, reactivity iérf
surface and interface phenomena (Zhet al., 2012; Ahmedt al., 2013; Liang, 2013). Precipitated silica ¢
clays are both eco-friendly ngetroleum derivatives and are relatively economprigparation than the oth
fillers particularly carbon blacks which are onlyitable as the fillers of dark color rubber ducts and
synthesized from petroleum feedstock affiliatinghapollution issues. According to Prasertsri andtdesor
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(2012), silica imparts better tear strength andasibn resistance when comparing with carbon blatkee
application. For calcined clay, it is a special thigmperature treated kaolinite at 450-7&D that allows
removal of bound water and hydroxyls of clay laya&rgvhich its application in rubber confers betteinforcing
effect (Gamelast al., 2014). However, high surface polarity of precigthsilica renders it to serious particles
agglomeration and strong filler-filler interacti@ontributed by both hydrogen bonds and Van der \itaaks
(Sengloyluast al., 2014). High polarity and strong filler-filler t@raction of precipitated silica limit its
compatibility interaction with non-polar rubbers €ase this limitation, silane coupling agent igally used to
turn the polar filler into a reactive material imbber compounding through the formation of chemiimaiding
on filler surfaces via silanization reactions dgrimixing and thereby enable crosslinking to rubimetecules
(Kaewsakudt al., 2013; Pongdoreg al., 2015). Moreover, Le et al. (2014) proposed tifdtiation of rubber
molecules into large filler agglomerates during imjxcan increase the distance of filler particled aeduce
filler-filler interaction in attainingthe enhanceegree of dispersion. In this connection, extermdter mixing
time confers improved filler dispersion in rubbeatnix. Fillers hybridization has drawn the attensof many
researchers attributable to the fact of multiphfidlas can retain the advantages of all fillersproviding
synergism on rubber reinforcement (léual., 2010). Fillers hybridization of silica / kaoliai (Zhanget al.,
2012), carbon black / clay (Rattanasom and Prage212), silica / carbon black (Young and parR0?2),
organoclay / calcium carbonate (Ghari and Jaladimhr2016) and marble sludge / silica (Ahnetcl., 2014)
were among several past research focuses. Partyctdita silane grafting silica / clay hybridizatiothat
disperses and interacts well with rubber, its i@icihg capability has attracted wide attentionendly.

Present research investigated the rubber reinfgreffect via hybridization of calcined clay / prgitated
silica which has not been investigated thorougldgegially in industrial application. A method odirstrial
feasible multiple-stage-prolong melt mixing to ashe high mixing temperature for silanization antiséactory
disperse the filler aggregates was employed toymed filled masterbatch compound. This compound wa
used to reinforce an industrial natural rubberyreste butadiene rubber / ethylene propylene diergotymer
blend compound of low specific gravity at 0.95 gidmpermitting the water floating feature that usedhe
production of rubber swimming fin.

MATERIALS AND METHODS

Materials:

Natural rubber (NR) (L-grade) with specific gravity.g.) 0.92 g/cthwas supplied by Hockson Rubber
Trading. Ethylene propylene diene terpolymer (EPONQrdel P4520) with Mooney viscosity 20 and s.@60
g/cnt was supplied by Dow Chemical. Styrene butadieten (SBR) (Intol 1502) with Mooney viscosity 52
and s.g. 0.94 g/ctrwas supplied by Polimeri Europa UK Ltd. 3-trietlysityl propyltetrasulfide (TESPT) was
supplied by Innova Chemical Co. Ltd. Precipitatiida with surface area of 161-19C*g and s.g. 2.00 g/cin
was supplied by Euro Chemo Sdn. Bhd. Calcined wifly surface area of 12-16%g and s.g. 2.77 g/chwas
supplied by Tangshan Madison Kaolin Co. Ltd. Othgrber ingredients of zinc oxide (ZnO), stearicdaci
polyethylene glycol (PEG), phenolic antioxidant, rgffinic oil, metal soap, homogenizing resin,
mercaptobenzothiazole disulfide (MBTS), diphenyagidine (DPG) and sulfur were the grades of custiyna
used in rubber industry.

Formulations and Mixing:

A filled masterbatch compound of hybridized pretEgd silica / calcined clay treated with TESPT of
rubber system NR / EPDM / SBR blend (SiCyMB) waspgared as the formulation in Table 1. Besides, an
industrial compound referring to a rubber swimmfirg formulation (FIN) was prepared as shown in Eabl
1.SiCyMB was prepared through multiple-stage-prglomxing in four stages. The first 3 stages of comul
mixing were completed by using a two wings tangdritilO liter internal mixer (X(S)N-110/30) from Deah
ChengXin Rubber & Plastics Machinery Co. Ltd., Ghinith a friction ratio of 1.22 and the findl' 4tage was
accomplished by using a two-roll-mill from WuXi Roéx & Plastics Machinery Co. Ltd., China with afidn
ratio of 1.25. The mixing sequence and parametepsdducing SiCyMB are exhibited in Table 2.
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Table 1: Formulation of SiCyMB and FIN

Ingredient SiCyMB (phf) FIN (phf)
NR 67.65 66.23
EPDM 19.03 19.87
SBR 13.32 13.91
Paraffinic oil 6.09 6.36
Precipitated silica 10.66 -
Calcined clay 19.79 -
Homogenizing resin 3.04 -

Metal soap 3.81 -
TESPT 6.09 -
Phenolic antioxidant - 1.59
ZnO - 3.18
Stearic acid - 4.77
Polyethylene glycol - 0.48
MBTS - 3.18
DPG - 0.32
Total 149.48 119.89

Part per hundred rubber

Table 2: The mixing sequence and parameters of SiCyMB

1% cycle internal mixing

- Incorporated rubber blend.
- Mixing time (minute): 4
- Mixing temperature’C): 65

2" cycle internal mixing

- Incorporated paraffinic oil, homogenizing resimtal soap, 5 kg precipitated silica, 5 kg calcioley and TESPT in sequence.

- Mixing time (minute): 4
- Mixing temperature’C): 110

3 cycle internal mixing

- Incorporated the balance precipitated silica@aldined clay.

- Mixing time (minute): 6
- Mixing temperature’C): 130

4™ cycle two-roll-mill mixing

- Roller nip (mm): 5
- Mixing time (minute): 6
- Mixing temperature’C): 80

Prolonged mixing at high temperature was aimedthdexe sufficient silanization reactions of TESPithw
fillers and reached uniformity dispersion of fillaggregates. FIN compound was prepared by usingithiéar
internal mixer through two stages mixing at 4 mésuand 65C for each stage. Three different combinations of
SiICyMB / FIN (SC16.5%, SC28.0%, SC37.0%) and a puMe (SC0%) compound served as a control sample
were homogeneously mixed as displayed in Table 8diyg a laboratory two-roll-mill for a mixing timef 5
minutes. Each sample was then added with 2 phulédirsafter the compounds were rested for 24 hairs
ambient temperature (24-28). Three replications for each sample were prebaree curatives added for four
samples were made equal against the contents bérsiffor the final mixtures. When increasing in tlosage
of SiICyMB, it increases the compound specific grays.g.). By purpose of maintaining the swimming f
compound at 1.00 g/chand below to keep it floating on water, the maximpercentage of SiCyMB was fixed
at 37.0 % as indicated in Table 3. The s.g. of earhpound was determined by dividing the total \Wweigf
added ingredients over the sum of each volumetiigevof ingredient.

Table 3 Different combinations of SiCyMB and FIN in pentages

Compound SiCyMB (%) FIN (%) Compound specific gtayg/cnT)
SC0% 0.00 100.00 0.95
SC16.5% 16.50 83.50 0.98
SC28.0% 28.00 72.00 0.99
SC37.0% 37.00 63.00 1.00

Determination of Cure Characteristics:
Cure characteristics of samples were determineashg an oscillating rotorless rheometer (UR20 tOnf

U-CAN Dynatex Inc., Taiwan. The temperatures ofermpand lower dies were set to 165 °C with a preseér

4.5 kglcnd for a test time of 240 sec. in compliance with ABD5289. The data of cure characteristics for
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scorch time (3), 90 % cure time (&), cure rate index (CRI) and torque differengetgrque) were recorded.
CRI, which is a measure of cure reaction (Sabztlkehr, 2015) is given as Eq. 1:

100

CRI = — 1)

A torque represents the shear dynamic modulus, vidictdirectly related to the crosslink densityrolbber
(Jovanoviet al., 2014) is given as Eq. 2:

A torque = MH - ML (2)
where MH and ML are maximum and minimum torquepeesively.

Testing and Analysis of Vulcanizates:

Hardness test was performed by using a hardnessr rtigreiss HPE Il) according to ASTM D2240.
Tensile and angle tear test were performed by uaingniversal testing machine (Shimadzu EZ-500NLX)
according to ASTM D412 and ASTM D624, respectivdly.addition, crosslink density was determined by
using solvent penetration method. The specimemsneénsion 30 mm x 20 mm x 0.55 mm were immersed in
100 ml toluene (density 0.865 ghlboiling point 110°C) for 5 consecutive days at room temperature to
achieve an appropriate rubber-solvent equilibriliime molecular weight of polymer between crosslinkss
determined by using the Flory-Rehner Equation éswéAhmedet al., 2014):

1

A 2
€7 In(1-¢y)+dr+xp? )

wherg; is the density of rubbe¥s is the molar volume of toluene determined at3®6ntmol ™, @r is the
volume fraction of rubber in the swollen gel gnid the Huggins polymer—solvent interaction paramited at
0.3795. The crosslink densityJ was then determined from Eq. 4 (Ahreed ., 2014):

1
U = M (4)

Scanning electron micrographs (back scatteredrel®tty using a field emission SEM machine JEOL,
JSM-6701F operated at accelerating voltage of 2@kl 1000x were used to characterize the micrdsires
of precipitated silica and calcined clay powderssiBles, scanning electron micrographs (secondaotreh
imaging) of angle tear fracture surfaces at thelcitips of SC0% and SC28.0% were obtained by using
Hitachi SUI510 scanning electron microscope withagnelerating voltage of 15 kV under a magnifioatod
2000x. The samples were subjected for evaporaticewm sputter coating to deposit an ultra-thindafegold
onto the surface of specimens to prevent electiostiaarging.

RESULTS AND DISCUSSION

Cure Characteristics:
Cure characteristics of compounds are depictedbier4.

Table 4: Cure characteristics of compounds

Samples T Teo M. M A Torque CRI
(Sec.) (Sec.) (dNm) (dNm) (dNm) (min™)
SC0% 146.67 2.50 217.17 #4.96 1.83 40.13 13.70 0.17 11.87 40.12 85.23 13.57
SC16.5% 148.83 4.83 230.33 6.12 1.88 +0.09 15.00 40.66 13.12 40.59 73.66 1.76
SC28.0% 137.50 8.73 222.00 6.97 1.94 40.12 16.3140.14 14.36 .19 71.17 B.74
SC37.0% 142.67 2.94 232.83 6.60 1.93 #0.10 16.76 .27 14.83 40.28 66.64 2.73

Rate of cure reaction which is represented by GiRlershows a reduction trend as a function of SiByM
loading. The decreasingtrend may due to the alisarpf cure accelerators and soluble Zn by thensllgide
groups of fillers. Although the silane coupling ageTESPT can reduce the number of hydroxyl grotips,
temperature of internal mixing for SiCyMB reachednaaximum 130°C seems unlikely to create sufficient
silanization reactions to prevent cure retardatiompletely. Although Reuvekarejal. (2002) claimed that a
minimal mixing temperature of 13U is necessary for silanization, Zloczower (20089 &aewsakuet al.,
(2013) suggested other higher practical rangesilafisation temperatures at 120-146 and 135-145C,
respectively. However, high mixing temperature 40 £C or above may post to the risk of premature
vulcanization forSiCyMB especially after prolongetbrage which is undesirable industrially. In terafsA
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torque which represents the crosslink level of mrblulcanizate, it increases when rising in theades of
SiCyMB. Numerous researchers (Pattanawanid@thali, 2014; Theppradit al., 2014; Geet al., 2015;
Pongdongt al., 2015) observed the increasing trend of crosdlieksity as a result of enhanced silane-filler
linkages in the presence of organosilane. Apannfgreventing cure retardation, organosilane yielga
crosslinks with rubber matrix which can enhancehier the crosslink density (Prasertsri and Ratt@amas
2012). It seems that SiCyMB increases the crosslarisity of compounds through the certain levekoiiction

in cure retardation as well as the tendency in flognextra silane-rubber crosslinks during vulcatitra

Hardness and Crosslink Density:
Hardness values of vulcanizates are apparentlyneeldaproportionally with the Flory-Rehner crosslink
density values when the loadings of SiCyMB areeased as manifested in Fig. 1.

50 4.0

g
x
< 2
o 40 3.5 ©
S E
® =
@9 30 3.0 S
Q a)
[
g £
£ 20 25 @
o
O
10 2.0
SC0% SC16.5% SC28.0% SC37.0%
EEEaHardness —— Crosslink density

Fig. 1: Hardness and crosslink density of vulcanizates

The crosslink density of rubber increases in cpwading to the hardness value (Moonehai., 2012;
Choi and Kim, 2015; Pornpragital., 2016). Moreover, the rubbers added with higleadings of filler are
more rigid attributed to the reduction of rubbemichelasticity (Zubert al., 2014). From this standpoint,
enhancement of crosslink density and inclusionigii ffillers instigated by SiCyMB have effectivetgstricted
the chain motions within the dense network whichtdbuted to extra stiffening effect of vulcanizsite

Mechanical Properties:

Fig. 2 shows the marked improvements of mechapieglerties for the rubber vulcanizates reinforcétth w
increased loadings of SiCyMBmeasured in modulugngdtion at break, tensile strength and tear
strength.Significant increases of modulus 200% modulus 300% are ascribed to increased crosslinkitye
of vulcanizates when increasing in the loadingSi@fyMB that forms tight networks in rubber to réstichain
motions. However, such restrictions of chain maopiéit high crosslink levels have reduced the eltingaat
break of vulcanizates when increasing in the dosageSiCyMB. When the crosslink density of rubbsr i
increased, the modulus isenhanced but theelongatidmeak is diminished (Jovanogial., 2014; Choi and
Kim, 2015; Pongdongt al., 2015). Besides, the reduction of elongationratk for a filled polymer can be
caused by the stiffening effect of matrix by tHéefiwhich enhances the hardness of vulcanizatetfiaet al.,
2015; Majid et al., 2015; Motawiet al., 2016). Apparently, tensile strength values d&di vulcanizates
especially SC16.5% and SC28% are improved by timboreement of SiCyMB. In this context, it is deeul
that the good dispersion of finely dispersed hyliitidrs through the shearing effect of multiplegé-prolong
mixing of SiCyMB and improved rubber-fillers inteteon bysilanization have promoted effectively itefs
reinforcement. Many researchers (Kaewseakal., 2013; Zhongt al., 2015) reported the enhancements of
rubber mechanical properties through the aid ansil coupling agents. Moreover, Ismail and Mathatag
(2012) proposed synergistic fillers hybridizaticemcenhance the fillers dispersion effectively amgrove the
rubber reinforcement. However, the tensile streigtbvel off after SC28% as observed in SC37%s Tésult
may be attributed to excessive high crosslink dgrgi SC37% hasreduced the capability of rubbetissipate
the stressenergy effectively and rendered britdetéire behaviour at low elongation. It is dedutted SC28%
has achieved the desired levels of fillers dosagd arosslink density in rubber reinforcement. The
reinforcement of SiCyMB instigates higher tear sty of vulcanizates appreciably. The improved st@ngth
is supported by hybrid fillers that interlock wellith rubber matrix forming the physical micro-bans
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perpendicular to the direction of tear to delay ¢heck growth.It is reasonably to infer that thayclayers may
construct dual-phase fillers networks with silicgeegates to enhance the tear resistance in trapguaive.
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Fig. 2: Modulus 200%, modulus 300%, elongation at breaksite strength and tear strength.

SEM Analysis:

Fig. 3 exhibits the SEM micrographs of calcinedycfa) and precipitated silica (b) raw powders in
characterizing the microstructures of both fillexs a magnification of 1000x.Calcined clay manifetite
irregular shaped particulates which are consisténdeattanasom and Prasertsri (2012) who claimatttie
calcination process can alter the size and shapkpfinto irregular structures of high aspectaand promote
effectively the rubber-filler interfacial contadReferring to the SEM micrograph of precipitatedcail it is
apparently showing an intense agglomeration offthés. This is in agreement with the serious aggération
of precipitated silica contributed by both hydrodmmds and Van der Waal forces that form strorgrfiiller
interaction (Sengloyluaal., 2014).
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(a) (b)
Fig. 3:SEM back scattered micrographs of calcined clayafa] precipitated silica (b) raw powders with
magnification of 1000x

The SEM micrographs on the fractured surfaces gfieatear samples for SC0% and SC28.0% were
compared as illustrated in Fig. 4 and Fig. 5respelgt The mechanical properties of vulcanizates carrelate
well with the topography of failure surfaces exgagbthrough the SEM micrographs. The fractured halggy
of SCO%in Fig. 4 exhibitsa continuity matrix sugawith the particles of ZnO served as a cure afttiva
distributed across the fractured surface.The xedatmooth topography of SC0% compared to SC28.086 wi
obvious matrix tear paths (Fig. 5) represents bét@r strength of the latter. A rubber of fractigerface with
matrix tearing lines requires higher energy touf&| which contributes to better tear performaayapranee
and Rampel, 2013; Mohamatlal., 2013; Suryat al., 2013;Sokt al., 2015;Zhonegt al., 2015). In addition for
SC28.0%, filler aggregates of precipitated silical aalcined clay measured at approximately 1-3 pen a
dispersed and distributed evenly across the ruimagrix evident the multiple-stage-prolong mixingef$ective
to overcome the serious agglomeration of preciitadilica as displayed in Fig. 3(b). It seems likéHat
silanization reactions have improved the fillerbivar interaction which is evident bygood attachnriller
aggregates on the rubber matrix without inferiof-put holes. As highlighted by numerous researstfsmail
and Mathialagan, 2012; Ahmetlal., 2015; Geet al., 2015), detachment of filler aggregates frompbg/mer
fractured surface attributed to poor matrix-filieteraction is usually related to poor filler reanfement.

Ay
C
In i Au
A LN LT
: 2 4 & 5 10 12
30 pm ull Scale 1722 otz Cursar: -0.073 (494 cts)

(a) (b)
Fig. 4:SEM fractured surface micrograph (SEI) of SC0%w#l magnification of 2000x, accelerating voltage
of 15 kV and EDX analysis on ZnO (b)
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Fig. 5: SEM fractured surface micrograph (SEI) of SC28.G% with magnification of 2000x, accelerating
voltage of 15 kV and EDX analysis on precipitatéida (b) and calcined clay (c)

Conclusions:

The fillers hybridization of precipitated silicacalcined clay by using the filled masterbatch cpbaan
improve the hardness, crosslink density and mechhpiroperties of a NR / SBR / EPDM blend compound
used to produce the rubber swimming fin. The filledsterbatchSiCyMB produced through multiple-stage-
prolong mixing can disperse and distribute the iyfilers effectively and promote the silanizatiosactions
up to a desirable level. Adding of SICyMB at theyimity of 28 % to 37 % is proven a practical way t
enhance the mechanical properties of the industniaber swimming fin compound and at the same time
maintain the water floating feature of low specifi@vity at 1 g/crhand below.However, the cure rate index
shows a reduction with the addition of SICyMB. Aswhole, this project has contributed to knowledde o
understandings on the rubber reinforcement byrdilleybridization through an industrial feasible g@ssing
method that enhanced the mechanical propertiesaight on the cure characteristics.
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