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CHAPTER |

INTRODUCTION

1.1  The Purpose of the Research Work

The rubber blends are frequently used in the rulntdustry to obtain best
compromise in compound physical properties, pratsbt/ and cost. A blend can
offer a set of properties.that can give the po&rdf application area not possible
with either of the polymers.eomprising the blenfl Btyrene butadiene rubber (SBR)
has good mechanicalsproperiies. It has good abrasisistance, greater ozone
resistance and greategWweatheribility than natwiaber does. But its oil resistance is
very poor. On the otherthand; nitrile rubber (NBfa&k good solvent resistance but its
mechanical properties are poor Compégred with th8BiR [2].

One of the most important modification” for the rebbblends is the
reinforcement of the srubber by rigi_d, éntries. Reioément is primarily the
enhancement of strength . and streﬁéih;related pgreper abrasion resistance,
hardness, and modulus. In most applicatiops, caberck (CB) and silica have been
used as the main reinforcing fillers that ihcreﬂlﬁeusefulness of rubber [3arbon
black has very good compatibility with rubber. Hawe particle surface of silica
have hydrophilic silanol groups, which results tnosg filler-filler interaction by
hydrogen bonds. Hencegsilica dispersion is wohsa tcarbon black dispersion in
rubber compounds [4]. .Therefore, surface ‘treatmemts need to improve the
reinforcement of the composites.

Conventional,“‘methods" used | to- modify " the: surfaegsioéas are largely
suggested in terms of thermal, chemical, electnmita, and coupling agent
treatment. Among term, silane coupling agents Heen used in the rubber industry
to improve the performance of silica in rubber connpds. A silane coupling agent
contains functional groups that can react withrifgber and the silica. In this way,
the rubber-silica adhesion is increased and comselyuthe reinforcing effect of the

silicas is added [5].



1.2  Objective of the Research Work

Study the effects of silica/carbon black (CB) hybfiller content and silane
coupling agent of SBR/NBR (30/70) blends. The medata properties, thermal
aging stability, morphology, oil resistance and po@ssion set were investigated for
automotive application (seal and O-ring products).

1.3  Scope of the Research Work

The SBR/NBR biends were prepared at various blatids at 100/0, 70/30,
50/50, 30/70 and 0/100 _(wi-9%). The silica/CB _hybiilters loading (General semi-
reinforcement; G-N550y and precipitated silica; iNBR) were varied at ratios of
15/15, 20/20 and 2525 phr with-three types ofns&laoupling agents. (My-
mercaptopropylmethoxysilane, & glyci"doxypropyltrimethoxysiIane, V; vinyliHs-
(2-methoxyethoxy) ‘silane): and combination of sulamd dicumyl peroxide as
vulcanizing systems../The effects of silica/CB hglifriler content and silane coupling
agent on properties of SBR/NBR blend_sL.Wére Investig),

The experimental procedures were carried out émwel

1. Survey literatures and study thé_ research work.

2. Prepare .SBR/NBR blends by- using a two-roll mixingl mt various

blending ratios (100/0, 70/30, 50/50, 30/70.and0/t %).

3. Prepare SBR/NBR (30/70) compounds by using an natemixer

(kneader) at yarious silica/CBr hybrid filler contefNisil ER/G-N550;
15/15, 20/20 and 25/25 phr) with three types @l coupling agent.

4. Study cure characteristics of SBR/NBR blends byngismoving die

rheomeier ‘attemperature P80and 196¢!

5, Prepare vulcanizates by compression molding al@.&dd 120 kg/cfn

6. Investigate mechanical properties such as tensipepties, hardness and

compression set of the vulcanizates.

7. Investigate thermal aging properties of the vulzates.

8. Investigate oil resistance properties of the vulzates.

9. Investigate morphology of the vulcanizates by usBganning Electron

Microscopy (SEM) technique.
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10.Investigate low temperature properties of the wiikkaes by using
Tension Retraction (TR) technique.
11.Summarize the results.

AULINENINYINT
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CHAPTER I

THEORY AND LITERATURE REVIEWS

2.1 Elastomers [6]

An elastomer is a polymer with the property of wskasticity (colloquially
"elasticity”), generally having notably Jow.¥oungsodulus and high vyield strain
compared with other materials. Thesterm, which asivitd fromelastic polymeris
often used interchangeably with the term rubbéheaigh the latter is preferred when
referring to vulcanisates_Eaeh of the monomersciwiink to form the polymer is
usually made of carbon, hydrogen, oxygen and/arasil Elastomers are amorphous
polymers existing above!their glass ;transition terafure, so that considerable
segmental motion is possible. At ambient tempeeaturubbers are thus relatively
soft (E~3MPa) and deformable.. Their primary uses far seals, adhesives and
molded flexible parts. /

Elastomers are usually thermosété"'(requiring vukedion) but may also be
thermoplastic. The long pelymer chains eross-linkimg curing, i.e., vulcanizing.
The molecular structure of elastomers can be ineabas a 'spaghetti and meatball’
structure, with the meatballs signifying cross-8nihe elasticity is derived from the
ability of the long chains to reconfigure themsslwe distribute an applied stress. The
covalent cross-linkages- ensure, that-the , elastomilr .oeturn to its original
configuration’ when the Stress'is removed.' As altresfuthis extreme flexibility,
elastomers can reversibly extend from 5-700%, ddipgnon the specific material.
Without the cross-linkages, or, with .short, uneaséganfigured chains, the applied
stress would result in a permanent deformation.

Temperature effects are also present in the demabed elasticity of a
polymer. Elastomers that have cooled to a glassyrystalline phase will have less
mobile chains, and consequentially less elasticttyan those manipulated at

temperatures higher than the glass transition tesyre of the polymer.



2.1.1 Styrene Butadiene Rubber (SBR) [7], [8]

Emulsion polymerized styrene-butadiene rubber (RSB one of the most
widely used polymers in the world today. In the Q83 the first emulsion
polymerized SBR known as Buna S was prepared bé.l.Farbenindustrie in
Germany. The U. S. Government in 1940 establishedRubber Reserve Company to
start a stockpile of natural rubber and a synthetliber program. These programs
were expanded when the United States entered Wddd Il. The synthetic rubber
efforts were initially focused on a hot/polymerized° C) E-SBR. Production of a
23.5% styrene and 76.5% buiadiene copelymer beyd®42. Cold polymerized E-
SBR (5°C), that has signifieantly better physicabgerties than hot polymerized
SBR, was developed in1947.

The styrene content of most emulsion SBR variesnfi@o to 50%. The
percent styrene of most commerciaily available gsanf E-SBR is 23.5%. In the cold
polymerized E-SBRS, the butadiene component hasgvenage, about 9% cis-1.4,
54.5% trans-1.4, and*13% of vinyl-1.2 strqcture.aAZS.S% bound styrene level, the

glass transition temperature, of SBR is about —-50°C. As the styrene contenhe t

SBR increases, the glass transition temperatuceitseases. Rubbers with very low
Tqvalues are characterized by a high resilience aod gbrasion resistance, but have

poor wet traction. By contrast, those rubbers vuitih Tg, as, for instance, SBR 1721,

exhibit a low resilience and poor abrasion reseanith an excellent wet traction.

E-SBR is commercially available in Mooney viscasstiranging from 30 to
about 120 (ML1+4@125C). Lower Mooney viscosity EFRS8rades band more easily
on the mill, incorporate fillers and oil'more relggdshow less heat generation during
mixing, are calendered more easily, shrink lesge gigher extrusion rates and have
superior extrudate appearance than the higher Moaseosity. grades. On the other
hand, the high Mooney viscosity SBR’s have betteeg strength, less porosity in the
vulcanizate, and accept higher filler and oil |oeaydi.

As the molecular weight of the SBR increases, thleanizate resilience and
the mechanical properties, particularly tensilersth and compression set, improve.
The processability of SBR improves as its molecwaight distribution broadens.
Formation of high molecular weight fractions withet increase in the average

molecular weight can however, prevent improvemeémthe processability. This is



due to the fact that the tendency for gel formata¢so increases at higher molecular

weights.Figure 2.1 shows structure of styrene butadiebbeu

I
T CHy— CH = CH— CH, £ CH, = CH
| |

& |

Butadiene unit Styrene unit

Figure 2.1 Structure of styrene butadiene rubber [7].

E-SBR is predominantly used for the. production af and light truck tires.
For heavy truck and high speed tires, E-SBR istjmaty not used at all, because of
the higher dynamic™heat butild-up, in comparisonhwiiR, IR, or BR. Other
applications for E-SBRsae sbelting, ;molded rubbevods, shoe soling, cable
insulation and jacketing, hose, rok cdverings,rmm:eutical, surgical, and sanitary

products, food packaging, etc[8].
2.1.2 Acrylonitrile Butadiene R'ufbbe‘r (Nitrile rubber; NBR) [9], [10]

NBR is produced in an emulsion polymerization gsysteThe water,
emulsifier/soap, monemers-(buiadiene-and-acryiejtiradical generating activator,
and other ingredients are introduced into the pelymation vessels. The emulsion
process yields a polymer latex that is coagulagdguvarious materials (e.g. calcium
chloride, aluminum sulfate)cto fonm erumb rubbeattis~dried and compressed into
bales. Some ‘specialty products are packagediarthreb form. NBR producers vary
polymerization temperatures to make "hot" and "tplolymers. Acrylonitrile (ACN)
and butadiene! (BD)"ratiostarevaried for 'speciiicamd fuel' résistance and low
temperature rEq.uirements. ACN content is one af pwmary criteria defining each
specific NBR grade.

The ACN level (about 18 to 51%), by reason of gotadetermines several
basic properties, such as oil and solvent resistdow-temperature flexibility/glass
transition temperature, and abrasion resistancee @lastic behavior of NBR
vulcanizates is poor as the concentration of bagrglonitrile in the NBR increases,

but at the same time the copolymer is more therasbigl, which is advantageous



regarding the processibility compounds [9]. SpégiBIBR polymers which contain a
third monomer (e.g. divinyl benzene, methacryliddpare also offered. Some NBR
elastomers are hydrogenated to reduce the chemeeadtivity of the polymer
backbone, significantly improving heat resistanBach modification contributes
uniquely different properties [10].

Beside of, NBR has low permeability to gases, ddpanon its acrylonitrile
content. The high polarity of NBR also influencés compatibility with certain
compounding ingredients, and non-polar rubbers agtsBR and BR. Figure 2.2
shows structure of acrylonitrile butadienesfubBeable 2.1 summarizes most of the
common properties for.conventional NBR"™ polymerse Tdirection of the arrows

signifies an increase/improvement in the values.

ACHg CHF CH - CH, § CH, <8H
i i [
=M

Butadicresnity Acrylonitrile unit

Figure 2.2 Structure of acrylonitrile butadiene rubber [9].

Table 2.1NBR properties — relationship to acrylonitrile. pemt [9]

NBR with Lower NBR with Higher
Acrylonitrile Content Acrylonitrile Content
Processability —P»
Cure Rate w/Sulfur Cure System I
Qil/Fuel Resistance —
Compatibility w/Polar Polymers — oy
Air/Gas Impermeability — b
Tensile Strength —>
Abrasion Resistance — >
Heat-Aging e —
“4——— Cure Rate w/Peroxide Cure System
<4 Compression Set
.— Resilience
<+— Hysteresis

<4 Low Temperature Flexibility



2.2

Theory of Vulcanization [11].

A practical rubber product is developed by incogbimig crosslinks which

chemically tie together the independent elastonmains. This process is generally

referred to as vulcanization and a better undedstgncan be developed by consi-

dering the following statements:

1. Much of our understanding of polymer chemistryaséd upon the very

basic assumption that the reactivity of a givenugres unaffected by the

size of the molecule of which if ferms a part.

. The essential tEQ.uirement for-a Ssubstance to bleeny is that it consists

of long, flexible.ehain-like molecules. The moleesllthemselves must
therefore have a.backbone’ of many noncollineagks valence bonds,
about whichsrapid rotation is possible as a resiuhermal agitation.

It is now well gstablished that the stress in aodeéd (elastomeric)

network originates within the chains of the network

. According 10 the theory of rubber elasticity (Flpryhe retractive force

resisting a deformation is: ;.prbportional to the nemmof network

supporting chains, per unit v[)it)m,e of elastomer.upporting chain is a
segment of polymer backbone '_bgztween network juast(crosslinks). An
increase. in the number of junctures gives us arease in the number of

supporting chains.

2.2.1 Vulcanizatien of Specific Elastomers [11]

\ulcanization,.the process of,cross:linking.elagtesn.occurs by a chemical

process initiated’ through “seme “form ' of’ energy “inpltit occurs between two

statistically favorable reactive sites. Such sdes available through one or more of

the following conditions:

* Inherent; Double bonds in diene-containing elastomers.

» Specific; Double bonds pendant to the polymer backbone frore-site

monomers (EPDM, etc.).

» Chemically induced;Reactive sites left by the abstraction of backbone

hydrogen or halogen atoms.



The sites are coupled to each other by covalendibgrvia one or more of
the following mechanisms:

1. Carbon-carbon bonds through the backbone.

2. Insertion of difunctional curatives such as subietween reactive sites.

3. Insertion of di- and multifunctional monomers su@s acrylates,

phenolics, or triazines between reactive sites.

In truly vulcanization, the most widely used groofpelastomers consists of
those containing a diene site for crosslinking,.; i.8atural rubber (NR) and
Polyisoprene (IR), Butadiene rubber (BR), Styrentbiene rubber (SBR),
Isobutene-isoprene rubber (Butyl, IIR), ‘and Nitlletadiene rubber (NBR), which

are crosslinked by using suliur as a vulcanizingig
2.2.2 Influence of €resslink Type and Density [11]

Crosslinks create a profound effect on the meclmmperties of a vulca-
nized elastomer. The" effect can be summarized mgidering first the crosslink
density, and then the" individual crosslink type.os3link density or crosslink
concentration of a network is described by Eunkieims of:

Mean molecular weight ((Vc): Average mass of a polymer chain which
connects two adjacent crosslinks.

Crosslink density: Moles of crosslinked basic-units per weight unittioé
crosslinked polymer.

Degree of crosslinking:Moles ofucrosslinked basic units per total moles of
basic units.

Crosslinking index: Crosslinked basic units per primary (linear)
macromolecules:

Figure 2.3 shows that the static modulus increagés vulcanization to a
greater extent than the dynamic modulus. The dymanodulus is a comprise of
viscous and elastic responses, whereas the staticlos is a measure of the elastic
component alone. Vulcanization, then, causes afetraffom viscous or plastic
behavior to elasticity.

The effect of crosslink type is explained by tlwalent bond strengths of the

various crosslinks, measured in kJ/mole (Table.2lBe chemical bond of carbon-



10

carbon is created by free-radical mechanism, wic@h be created by a peroxide
vulcanizing agent or by high energy radiation. Bo#fur crosslinks are improved as
previously outlined. The monosulfidic crosslinke areated by sulfur donor (such as,
thiuram disulfide or morpholine disulfide). The dligdic and polysulfidic crosslinks
are created by varying ratio of sulfur-accelerator.

However, the subsequent formation of crosslinkseddp on each of rubber
types and vulcanization system, which is approerfat application. Such as, a tire
tread subject to a range of mechanical abuse wmailtictating the use of polysulfidic
crosslinks at a minimum density (high molecular gin). Seal, specifically O- ring,
are under compression.set over a broad-temperednge. The conditions of these
would dictate thermally siable crosélinks (earbanbon, carbon-sulfur-carbon) at a
high density (low molegularweight). Motor mountewid logically rEg.uire a density

somewhere between thesetwo.

High Speed
Dynamic Modulus

Tear Slmn!h.‘!
Fatigue Lile v *
l Toughness ]

K Hardness

Tensile
Strength

Vulcanizate
Properties

. _dystersis,
Fermanent Set,
Friction Coef.

g

Crosslink Density eee—-

Figure 2.3 Vulecanizates properties and crosslink density.[11]

Table 2.2Crosslink bond energies [11]

Linkage Type Bond Energy (kJ molée!)
—C—C— 351

—C—S—C— 285

—C—S—S—C— 267

_C—S—C— <267
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2.2.3 Sulfur Vulcanization Systems [12]

Many reagents which are associated with the sulilganization is associated
with polydienes, e.g. natural rubber, have beenelkd@ed. These reagents are
categorized into vulcanization agents, aceleratactivators, retarders, and pre-
vulcanization inhibitorsVulcanization agents consist of elemental sulfasgiuble
sulfur, colloidal sulfur) or an organic sulfur donguch as tetramethylthiuram
disulfide (TMTD) or 4,4’-dithiobismorpholine (DTDM) The most important
categorize of accelerators are those #based on nautides, benzothiazoles,
guanadines, and dithiocarbamic acid. The Caiegbtirese accelerators, in terms of
their chemical composition-and speed of vulcanwatiis shown in Table 2.3.
Activators (sometimes«called secondary accelerptoray be used to potentiate
accelerators. Useful aetivators include metal oxiflesually zinc oxide), fatty acids,
and nitrogen-containing bases. Retarders and anizlation inhibitors are added to
obtain longer processing, times by, avoiding prensatyulcanization (scorch).
Retarders include acidlic €ompounds (phthalic antigdisalicylic and benzoic acids)
and nitroso compounds. The most wjdely used prewugation inhibitor is N-
cyclohexylthiophthalimide (GTP). il

Rubber vulcanization by sulfur with'ne acceleratiaiees several hours and is
not appropriate for.commercial. With thé use ofedectors, optimum curing can
now be completed-in periods as short as 2-5 mieekkeated sulfur vulcanization is
suitable for not only natural rubber (NR) and iymt&etic rubber (IR), but also for
other synthetic rubbers such as poly-butadieneeud®R), styrene-butadiene rubber
(SBR), nitrileirubber (NBR), butyl rubber (lIR); drethylene-propylene-diene rubber
(EPDM).

Sulfur “vuleanization-systems are" classitied -asveaiional, semi-efficient
(semi-EV), and efficient (EV), based on the leviesolfur and the ratio of accelerator
to sulfur, as shown in Table 2.4. EV systems use do even zero (with a sulfur
donor) levels of sulfur and a relatively high lewdlaccelerators. As shown in Table
2.5, the resultant vulcanizate efficiently utilizedfur to form networks in which the
crosslinks are mainly monosulfidic, and which exhd low degree of main-chain

modifications. The use of EV systems in naturalberbreduces or eliminates



12

reversion, except at very high curing temperatufésis, the resulting vulcanizates
exhibits a high resistance to thermal and oxidadiyeing.

The structures of sulfur-vulcanized rubbers haveenbaletermined by
spectroscopic analyses such as IR, UV, ESR, andaR4®51 and by chemical
methods. Figure 2.4 shows the structures of swifilcanization. These include cyclic
sulfide units, pendant side groups (R may be aelator group), isomerized double
bonds, and conjugated unsaturated bonds, in addii@ variety of sulfur crosslink-

ing units.

Table 2.3Category of accelerator groups and their relativéng speeds [12]

Type Abbreviations Relative curing speed
Guanidines DPG Slow
Dithiocarbamates ZDBC Very fast
Thiurams TMTD, TMIM, DPTTS Very fast
Thioureas ETU & Fast
Thiophosphates DIPDIS Semi-fast
Thiazoles MBT, MBTS,; ZMBT Moderate
Sulfenamides CBS, MBS Fast

Table 2.4Composition of conventional, semi-EV and EV vul@aation system [12]

Type Sulfur (S, phr) Accelerator (A, phr) A/S ratio
Conventional 20-35 1.0-04 0.1-0.6
Semi-EV 10-=1.7 2.5 102 0.7-25

EV 0.4-0.8 5.0-20 25 -12




Table 2.5Vulcanizatestructure and properties of three sulfur-curingays [12]

Properties Conventional Semi-EV EV
Poly- and disulfide crosslinks (%) 95 50 20
Monosulfidic crosslinks (%) 5 50 80
Cyclic sulfidic concentration high medium low
Low-temperature crystallization high medium low
resistance
Heat-ageing resistance low medium high
Reversion resistance low medium high
Compression set, 22 h at®@(%) 30 20 10
——C— ¥ i —C—
f ) I
S Sx
l v |
—_— - R
MONOSULFIDIC g~ : PENDENT
[ —=. SIDE GROUP
A ] (R = accelerator residue)
; ,
- _Z75; 7
;!; q| L c—
o i
! = N
CYCLIC SULFIDES
e MULTIFUNCTIONAL
VICINAL
DISULFIDIC — C=0-C=0-0=0-C=C
— | 11 € -ard CONJUGATED UNSATURATION
F r I
Sx Sa SIB _
_(]:__ __“[[: Camr /f.=(_\ I,'(_,:C
POLYSULFIDIC VICINAL CIS/TRANS ISOMERIZATION

Figure 2.4 Generalized structure in sulfur-vulcanized natulgber [12].
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2.2.4 Peroxide Vulcanization System [12], [13]

Peroxides can be used to crosslink for the mostaigers. The importance of
peroxide is half-life for vulcanizing. The commaeaity available peroxides and their
10 h half-life temperatures are shown in Table Bx@eneral, the diacyl peroxides are
useful for the crosslinking of silicone elastomevdjereas the ketal and diakyl
peroxides are used primarily for diene and ethylemgylene elastomers. Compared
with sulfur vulcanization, crosslinking by peroxgdés a relatively simple process.
The advantages and disadvantages of peroxide ioldegl are summarized in Table
2.7.

Beside of, the imporiant of peroxide vulcanizatisrihe relative crosslinking
efficiency of some rubbers.Table 2.8 shows thatingd crosslinking efficiency of

some rubbers cured with dicumyl peroxide (DCP).

Table 2.6Peroxide for curing eIastomérs--[lZ].

Peroxide types Examples 10 h Halt-life
i (10°C)*
Diacyl peroxide o S = 20-70
Dibenzoyl peroxide 73
Di(2,4-dichlorobenzoy!) peroxide 54
t-Alkyl peroxyesters 49 — 107
t-Butyl perbenzoate 105
Di-(t-alkyl peroxy)-ketals 92 -115
1/1-Dit-butyl peroxy-3,3,5- 96
trimethylcyclohexane
Di-alkyl peroxides Dit-butyl peroxide 128
Di-cumyl peroxide 115
2,5-Dimethyl-2,5-di-{-butyl 119

peroxy)hexane

*The temperature at which the peroxide has a lifalfelf 10 h
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Table 2.7Advantages and disadvantages of peroxide crosdizik

Advantages Disadvantages

Shot crosslinking time Expensive crosslinking agent

Simple compounding Low mechanical strength (TBx flesistance)

Good heat-aging resistance Crosslinking inhibitadkind of
compounding ingredient

Less tension set and strain Difficult hot-air cure

No mold contamination Need secondary, cure of hitgmperature
long time

Transparent rubbers possible

Table 2.8Relative crasslinking efficiencies of various polgrs with DCP [12]

Polymers Crosslinking efficiency
SBR 12.5

BR 10.5

NR 1.0

NBR 1.0

CR 0.5

RE 1.0

IR 0

Networks formed from peroxide vulcanization: typigdiave good heat aging
stability?and low compression set. These qualiies a direct manifestation of the
chemical composition of the covalent crosslinksnfed. Synergistic use of
multifunctional coagents can improve upon thesep@ries by increasing the
crosslink density of the network and by altering ttrosslink composition. Greater
adhesion to polar substrates and better balanteaifaged and dynamic properties
result from a judicious choice of coagent [13].
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The mechanism of peroxide crosslinking is shown Figure 2.5. The
crosslinking reactions include the hemolytic decosifion of the peroxide to produce
alkoxy radicals [EqQ.(1)] followed by hydrogen-atomemoval [EQ.(2)]. The
hydrocarbon radicals undergo coupling [Eq.(3)] eattihan disproportionate [Eq.(4)].
The cross-linking reaction forms coupling betweertymer chains. For polydiene
elastomers, experimental evidence indicates that ghmary radical formed by
peroxide decomposition eliminates a hydrogen atoomfa carbon alpha to the
double bond [Eq.(5)]. In natural rubber, the metgybup is also reactive towards

hydrogen-atom abstraction [Eq.(6)].

heat of ligh
ROOR —=== RO 1)
RO+ P-H ———— = ROH + P )
2P » P-P (3)
Crosslink
2P B 'P(-H) + PH) 4)
i i
RO + ~~CHyC=CH~~—“"“ 5 ROH ~~;H—C=CH~~
©)
i
~~CH=C-C~~
Hs ‘CH, (|-|sz
RO + -CHgEC£CHY | ~55-CHs C=CH+ ¢ ~~CH,-C-C~~ (6

Figure.2.5Scheme of peroxide.crosslinking. mechanism..P-Hterated or

unsaturated elastomer [12].
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2.3 Elastomer Blends [14]

Rubbers are often blended with one another, or lgoprized with another in
the polymerization stage. The blends are expectdthte better properties and price
than, the individual components hence giving teciinand economic advantage. For
example, the addition of small amounts of a setestamthetic rubber to another may
improve such properties as oil and ozone resistandaeprove processing behavior.

Blends in emulsion and in selution synthetic rulsbpolymerized often give
processing difficulties due to their cdifierences Mooney viscosities and curing
characteristics. In this case the final propertitghe blend will be inferior to levels
attainable with the individual rubbers. Propertiadversely affected by non-
compatible rubber blends inciude tensile strengérmanent set, low temperature
behavior and co-vulcanizability. Reactivity diffaces in the blended phases, and/or
diffusion of vulcanizingfagenis (Wwhich are gensrgblar) from the less polar to the
more polar phase, may./mean that consistency oflisignmay be difficult to achieve
under factory conditions: In adeguate, co-vulcamrathen leads to unfavorable
mechanical properties,'such as.low tensil-e streagthpoor dynamic behavior. This
is also true when blending different gra’dés“,ofsthme synthetic rubbers which have
different Mooney viscosities and curing ,cha_ractmsis

2.4 Fillers

The fillers are primarily classifiedsas carbon lla@and light colored filler.
Among the ‘light. colored fillers chemical  positiars iprimary the basic for
classification. For example, one can list colloiddica, calcium-and aluminium
silicate, alumina gek, kaoline, silica; talcum,atain carbonate;metal oxide, like zinc
oxide and metal carbonates.

2.4.1 Carbon Blacks [8], [15]
The application of carbon black in rubber compouisdsver a hundred years

old. The incomplete combustion of hydrocarbonsherthermal cracking is processed

for producing carbon blacks.
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According to the production process, the carborcksaare classified as
follows; F = Furnace Black, C = Channel Blacks dneé Thermal Blacks. Furnace
black is today the most important of them. Chanb&lcks have practically
disappeared for the runner industry. Thermal blabkse in recent years been
replaced by suitable furnace blacks because ofaeimnand ecological factors, often
with suitable changes in recipes. Reasons aredser@n price of natural gas and
costly air pollution control installations [8].

Carbon black structure gives rise to reinforcindeets and therefore the
aggregate is the smallest form of a given carb@tkolgrade well dispersed in an
elastomer that will skill. keep all the reinforeingapabilities of the filler. The
reinforcing character of carbon black grades.isgtingly related to both size of the
elementary particle andsthesstructure of aggregagentially, whilst certain singular
flow properties of fille@g'rubber compounds can bewn to depend also parameters.
The ASTM classificatioh of carbon black reflecte timportance of carbon black
structure, as shown'in Fable 2.9. All C\ar—bon blaaies graded with respect to a four-
character code, i.e.)yz, where N stands.fgr ‘normal curing’, meaningtttiee filler
does not interfere much ‘with vulcanj;;gtion chemgisaind xyz are three digits
describing the reinforcing character. The firstidig was referring to the average
typical size of elementary. pariicle in_»'ASTM D1766;8and is now inversely
proportional to average specific area, accordiniipéomast recent version of standard,
ASTM D1765-96. Fhe two digits yz form a number thascribes the structure of the
aggregate; whilst na_rules are given in the stahdaw to assign the yz digits to a
given black, it is generally.agreed that the higyerthe more intricate the aggregate
and hence its reinforCing character, for instan8dMis a more reinforcing grade that
N237, whilst their elementary patrticles have esainthe same, diameter, in the 26 —
30 nm. A low siructure black ‘may “have ‘less’' than elmentary particles per
aggregate, though a high structure one may coos$istggregates with up to 200

particles.
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Table 2.9Carbon black classification [15]

Classification Nyyz ASTM D1675-86 ASTM D1765-96

X Average (elementary) particles N, average specific area
size (nm) (m%qg)

0 1-10 >150

1 11-19 121 - 150

2 20-25 100 - 120

3 26— 30 70 -99

4 3%=39 50 -69

5 40.-48 40 — 49

6 49« .60 33-39

7 64 <100 21-32

8 0¥ #2007 11-20

9 201,500 ; 0-10

2.4.2 Silicas [8); [15], [16]

The highly active, light colored fillers are, chemally, silicas (silicic acids).
They can be manufactured by two methods: Solutimtgss or pyrogenic process
(fumed silica).Thase most Iimportant for the rubbiedustries are made by
precipitation: Alkalisilicate solutions are aci@fl under controlled conditions. The
precipitate silicic acid (silica) is washed andedri Depending on the condition during
highest activity is|pure silica with- large speceuarfaces.

In the “preparation of colloidal silica by the pgemic process, silicone
tetrachloride is redcted at high temperaturewitirbgen and 6.4ygen;

SICL+2H0 —» Sior 4HCI (2.1)

The reaction products are quenched immediately aftaing out of the burner. One
obtains very finely divided silica that is importaas filler for example for Q. For the
normal types of rubber, fumed silica is too acawe too expensive.

Amorphous silica consists of ultimate particlegh# inorganic polymer (Si),
where a silicon atom is covalently bonded in aatetdral arrangement to four oxygen

atoms. Each of the four oxygen atoms is covaldmilyded to at least one silicon atom
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to form either a siloxane (-Si-O-Si-) or a sila®i-O-H) functionality. Surface silanol
groups can be isolated from one another such thatogen bonding between the
silanols cannot occur, vicinal to one another, ptny the formation of

intramolecular hydrogen bonding, or geminal to arether, where two silanol

groups are bonded to the same silicon atom (se€H By

VICIHAL SILAMNOLE

ISOLATED SILAMNOL
e — I__ — = = _/D.“‘lH
H=0%, Si
si ~0,
SYNTHEMG Si H
I~ SILICA PARTICLE :

% 5} i , ¥
/w“k = -
<51 A0,
D — ':?-,, | A, e ™y

SILOXANGITN R @ v .‘D k]
< H
GELMMAL SILAROLS

Figure 2.6 Silica surface/group: siloxarxuge (-SI-O-Si-) andased, vicinal, and
germinal silanals (-Si-O:H) [16]. _

Particulate silicas are magde by precip;l:t-at,i_on fempeous solution. The physical and
chemical properties of precipitated silic_asr canyvaccording to the manufacturing
process. Reinforcement and control of suép-ensiortqrhperature, and salt content can
change the ultimate particle and aggregate sizesi@#s precipitated from solution. The
surface area, as determined by nitrogen or CTABratlen, is a function of the ultimate
particle size. Ultimatesparticles can range fromn560 nm in diameter (see Table
2.10) [15].

Table 2.10Silica typical properties [15]

Property Fumed silica Precipitated silica
N, (BET) surf. Area (rf/g) 50 — 380 140 — 250
Elementary particle diameter (nm) 7-40 15-100

DBP adsorption (ml/100g) 200 - 280 175 - 285
CTAB ads. surf. area (ty) 160 — 220 110 — 200

pH (4% suspension inJ) 3.6-45 6.0-9.0
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Aggregates are three-dimensional clusters of utemaarticles, covalently
bonded to one another via siloxane bonds, and nangiee up to 500 nm in diameter.
Aggregates can physically agglomerate through nmbéecular hydrogen bonding of
surface silanol groups of one aggregate to a dilgnaup of another aggregate,
yielding structure up to approximately 100 prn iandeter. The median agglomerate
particle size is generally 20 to 50 um in diameber, can be reduced by milling to
approximately 1 prn. Precipitated silica is prepafe@m an alkaline metal silicate
solution, such as sodium silicate in a ratio ofrappnately 2.5 to 3.3 Si® Na, but
using lower concentrations of silicate than is usedilica gel preparation. In the
absence of a coagulant, silica is not preCipitétiesh solution at any pH value, but is
precipitated by adding acid-to sodium silicate émluce the pH value of the hot
suspension to 9 to 10, where'the concentratiooditien ion exceeds approximately 0.3
N. Sulfuric acids is normally used te neutralizéison silicate and precipitate silica.

Because of its small particle size and complex egage structure precipitated
silica imparts the highest degree of reinforcenterdlastomer compounds among all of
the non-black particulate fillers. This superionfercement is employed in a variety of
rubber compounds for shoe soles; industvriél rugbeds, and tires. Precipitated silica is
used in shoe soles for its resistancé ~ to wear andearing, its non-scuffing
characteristics, and to obtain compounds with lggitor, or even transparent materials.
Precipitated silica is-used to improve the te‘anglh, resistance to flex fatigue (cracking,
cut-growth), and heat aging of a wide variety onofactured rubber goods, including
conveyor and power transmission belts, hoses, naidrdock mounts, and bumper
pads. Rubber rolls that'are produced withpredgutailica for the abrasion resistance,
stiffness, and non-marking characteristics, are us@aper processing and the dehulling

of grains, particularly rice [8].
2.5 Surface Treatment [16]

Carbon black remains the particulate filler of awoifor rubber articles
because the inherent reinforcing effect of the hilack fillers in hydrocarbon
elastomers is not comparable. This primarily restrihm the nonbonded interactions
established between the particulate filler and pelyfunctionalities. Surface chemistry

plays an important role in the interaction of thmn4iblack fillers and the polymer with
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contributions ranging from electrostatic interactido covalent bonding to the polymer
backbone. However, surface chemistry also stroaffscts the interaction of the non-
black filler with other chemicals in the rubber quoand, particularly active metal oxides,
curatives, and antidegradants.

Both surface morphology and surface chemistry playmportant role in the
interaction of filler with coupling agents. For emple, the dipole-induced dipole
interactions between polar groups, such as silogadesilanol, on the surface of silicas
with non-polar groups (methyl, alkenyl, aryl) ofdrgcarbon elastomers are weak
compared to the dipole-dipole interactions resglfiom hydrogen bonding between
surface silanol groups in.silica aggregates:Intauigl the dispersive forces between a
nonpolar molecule and silica are low, while -thostwieen a nonpolar molecule and
carbon black are highs Thus, materials that imprdle compatibility between
hydrocarbon elastomeis and mineralfillers areovisaderable interest.

Organosilane ceupling /agents “have been successttiliged to further
increase the physical properiies of arﬂnumber otlrlaok fillers including calcium
silicate, clays, mica, silica; and talc. Clays mrated with amino-functional or
mercapto-functional silanes, and silicafs pretreewdatd the mercapto-functional or
tetrasulfide-containing (TESPT) silanes_:fé-t-re,- commdycavailable (see Fig. 2.7). A
manual of commercial couplants to pror_h_ot-e_ adheb&tween polymers and various
substrates is available. The reaction of a bifméi erganosilane with a silica or
silicate particulate-iiller involves the hydro-pladion of the alkoxy group of the
silane with a surface silanol group of the silicasiticate, followed by reaction of the
sulfur-containing function-of the silane with arefoh group of the elastomer to afford

a covalently bonded structure (see Fig. 2.8).
HS-CH, CH;.CH,-Si-(-O-CHg)s 3-Mercaptopropyltrimethoxysiane (A-189)
H2N-CH,-CH,-CH,-Si-(-O-CH,-CHg) 3 3-Aminopropyltriethoxysilane (A-1100)

[S-S-CH-CH,-CH,Si-(-O-CH-CHj3)3] 2 Bis(3-triethoxysilylpropyl)tetrasufide (Si-69)

Figure 2.7 Structure of silane coupling agents [16].
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Figure 2.8lllustration of silane coupling of polymer to séite surface [16].
2.6 Literatures Review

Rattanasomet™ aly [3] studied "th_e reinforcement of natural rubberthwi
silica/carbon black hybridfiller. In‘this‘researcbinforcement of NR with silica/CB
hybrid filler at various ratios was studie_d; |n artie determine the optimum silica/CB
ratio. The total hybrid filler cantent Wasmy';i'(')"pfﬁhe mechanical properties indicating
the reinforcement of NR vulcanizates, such as kessiength, tear strength, abrasion
resistance, crack growth resistance, heat builéagisiance and rolling resistance,
were determined. The results reveal that the videses containing 20 and 30 phr
of silica in hybrid filler exhibit the better ovéranechanical properties.

Yatsuyanagiet al. [17] studied the effect of secondary structurdiltdrs on
the mechanical properties of silica filled styredmetadiene irubber (SBR). A study
carried out on‘the mechanical properties of sifited SBR systems in relation to
secondary structure, formed- by silica particleshimgystems, which was controlled by
a surface chemistry of silica particles and by raistapplied to the samples. The
breakdown of the secondary structure was succésdfietected by transmission
electron microscopy (TEM) observations when thaistwas applied to silica filled
vulcanizates. The degree of breakdown was more ipeh in the larger
agglomerates of which the size was controlled leyrihmber of silanol group per unit
surface area of silica particles. The initial madubf the filled vulcanizates increased

with increase in the size of agglomerate. On theerohand, at a higher strain, the



24

modulus decreased with the increase strain. Theedee was more prominent in the
filled vulcanizates, which had a larger size ofwwmk structure. The reduction of
modulus by the strain was closely related to tleicBon of entrapped rubber phase,
in addition to the breakdown of secondary structirsilica particles as suggested by
Payne.

Suzukiet al [18] studied the effect of rubber/filler interemt on deformation
behavior on silica filled SBR systems. The rubhiffinteractions were controlled
by the modification of silica surfage using severaids of silane coupling agents.
Information on the chain scission was obtainedhgydlectron spin resonance (ESR)
measurements. The combination of ESR reSulis aiesisststrain data revealed that, at
a given strain, the tensile siress increased witheasing the interfacial interactions
between rubber molecules. and silica surface, amailsneously the chain scission
became remarkable.

Ansarifaret al [19] studied the use of silanised silica filler reinforce and
crosslink natural rubbers The €oupling agent bis&hoxysilylpropyl-)tetrasulphane
(TESPT) has provided a better ‘opportunity. for usaygthetic silicas to reinforce
natural rubber. TESPT chemically adherés silicautaber and also prevents silica
from interfering with the .teaction mechanism of mulr-cure. Some rubber
compounds were prepared by mixing a large amouptetfipitated amorphous white
silica with natural rubber. The silica surfaces everetreated with TESPT and the
filler was perfectly-dispersed in the rubber. Theber was cured primarily by using
sulphur in TESPT and the cure was optimised byrardi sulphenamide accelerator
and zinc oxide to the rubber. The needdor the laca®r depended on the amount of
silica incorporated.into the rubber.

Hexianget al. [20] studied the effect of nitrile rubber on proes of silica-
filled natural rubbercompounds. The effect ofiatrubber (NBR).on the properties
of silicafilled natural rubber (NR) compounds waigadied in the presence of a new
silane coupling agent, 3-octanoylthio-1-propyltnetysilane (NXT). The properties
of silica-filed NR compounds were improved by auyliNBR. The torque at
equilibrium of compounds decreased with increadiBiR content. The dispersion of
silica was improved by adding NBR. The scorch tame optimum cure time became
shorter with increasing NBR content. The crossliansity of silica-filled NR

vulcanizates also increased with increasing NBRearn The modulus and hardness
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of NR vulcanizates were increased by adding NBRe Wet traction of the NR
vulcanizates containing NBR was better than th#tout NBR, but rolling resistance
of the vulcanizates containing NBR was worse thm without NBR.

Mastafaret al [21] studied the effect of carbon black loadingtba swelling
and compression set behavior of styrene butadiebker (SBR) and nitrile rubber
(NBR) compound. The obtained results of five defer compositions for SBR and
NBR with 0, 20, 30, 50 and 70 phr of CB were coreparThe swelling percentage
decreases with increasing CB loading for both SBR [dBR filled compounds. At a
similar CB loading, CB-filled NBR vulcanizates shedvalower swelling percentage
than did CB-filled SBR wvulcanizates.The - lower sivejl percentage is due to better
crosslinking density of NBR filled compounds thaBFS filled compounds. The
compression set valugdancreases with increasingo@sing for both SBR and NBR
filled com-pounds. The best.chosen material foi seanotor oil medium is NBR
loaded with 50 phr CB which have a reasonable valuswelling percentage and
compression set value.

Rahimaret al [2] studied the cure characteristics and mechapicgperties of
styrene-butadiene rubber/acrylonitrile butédiertﬁ)al blends (SBR/NBR). Blends of
styrene butadiene rubber (SBR) and acrylonitrileatiene rubber (NBR) were
prepared. Sulfur, dicumyl peroxide (DCP) and a comaton of sulfur and DCP were
used as vulcanizing agents. Cure and scorch tinesase with the increase in SBR
content. Among the/different vulcanizing systenhe $corch safety is highest for the
sulfur system and lowest for the DCP-cured sys@ptimum cure time is maximum
for pure SBR compound«=Cure time decreases witlniirease of NBR content in the
blend. Torque'is icomparatively high for the DCPetlisystem. Blends prepared by
using sulfur as the vulcanizing agent showed coatpaly better mechanical
properties. Tensiig and tear strengths showed gigmrfor e blends containing
60% SBR. A relatively co-continuous morphology vedserved for 60:40 SBR/NBR
(S60) blends, and this composition showed betigpgties.

Ramesaret al [1] studied the cure and mechanical propertieblehds of
natural rubber with dichlorocarbene modified stgdmutadiene rubber (DCSBR) and
chloroprene rubber (CR). This study focused ondbmparative evaluation of cure
characteristics and mechanical properties of blemds natural rubber with

dichlorocarbene modified styrene—butadiene rubbed ehloroprene rubber with
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different blend composition. The Mooney scorch tigef CR was longer than that of
NR and DCSBR.The lowers tof NR/DCSBR blend was due to the activation of
adjacent double bond by the dichlorocarbene grétgsitive deviation of tensile
modulus and hardness indicate that the higher gismroccurred in NR/DCSBR
than NR/CR blends. In all the blend system the nia¢r flame, oil and ozone
resistance was decreased with increase in contentiegf NR and also NR/DCSBR
blend exhibited better of these properties thahdh&R/CR. After oil immersion the
mechanical properties such as modulus and harditesgases progressively with
increasing NR content, compared to NR/GR.blend DR ®Bntaining blend showed
good oil resistance properties.
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EXPERIMENTAL

3.1 Raw Materials

Table 3.1Rubber and chemicals used in this study

Chemicals Function Commercial name  Supplier

SBR Rubber NIPOL SBR1502 Zeon Corporation

NBR Rubber NIPOL DN2850 Zeon Corporation

Carbon black Filler G:N550 Thai Carbon Product Co., Ltd
Silica Filler NIPSIL ER Tosoh Silica Corporation

Zn0O Activator Zno White Seal Seido Chemical Indysio., Ltd.
Stearic acid Activator Stéaric acid Miyoshi Oil &tCo., Ltd.
T™MQ Antioxidant Anféé;é .RD'G Kawaguchi Chemical listhy
CBS Accelerator 1 Ouchi Shinko Chemicalustry

Mercapto-Silane
Vinyl-Silane
Epoxy-Silane
Peroxide

Sulfur

Isooctane
ASTM il no.1
ASTM oil no.3

Toluene

Noccelér CZ-G
KBM-803

Coupling agent

Coupling agent A-171INT
Coupling agent A-187
Vuleanizing agent Percumyl D
Vulcanizing agent| Sulfur
Cleaning solvent  Isooctane
ASTM oil#1 SONOCO
ASTM oil#3 SONOCO
Solvent Toluene

Shin-Etse@fcal Co., Ltd
Momentive Perfance Materials
Momentive Perforrance Materials
P.T. NOF M&igemical
Tsurumi Chemical Industry Co., Ltd
Merk Co., Ltd
Japan Sun Oil Aaqd
Japan Sun Oil Aaqd
Merk Co., Ltd
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3.2 Instruments

Table 3.2Instruments used in this study.

Instruments Manufacturer

Internal mixer Moriyama machinery, Japan

Two roll mill mixer 10” Moriyama machinery, Japan
Rheometer RLR-8 model, Toyoseiki, Japan
Compression machine NOKmachinery, Japan

Tensile testing machine Stereograph model, Toyoseidapan
Mooney viscometer SMV-300 model, Shimadzu, Japan
Auto-Specific GravityTesier Densimeter model, Tsgii, Japan
Hardness tester Durometer hardness type A, Askespan
Gear oven Toybseiki, Japan

Test tube aging tester No.273, Toyoseiki, Japan
Scanning electron microscopy JSM-6510LA, Jeol, dape
Tension retraction tester TRL107SLCS, Yasuda, Japan

3.3 Procedures

3.3.1 Compounding and Cure Assessment

SBR/NBR blends were prepared at ratios of 100/@3(,050/50, 30/70 and

0/100 (wt'%). Silica/carbon black hybrid filler demt (Precipitated silica; Nipsil ER
and Semi reinforcing furnace; G-N550) were prepaedatios of 15/15, 20/20 and
25/25 (wt %). The three types of silane coupling erdg -
mercaptopropyltrimethoxysilang;- glycidoxypropyltrimethoxysilane and vinyl-tris-
(2-methoxyethoxy) silane were used at 2% of siticatent and used combination of
sulfur and peroxide for vulcanizing systems. Therfalations of the blends are given
in Tables 3.3 and 3.4.
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3.3.2 Preparation of SBR/NBR Blends.

The rubbers were masticated for 5 min and thenvatcti, antioxidant,
accelerator additives such as zinc oxide (5 pkegrge acid (1 phr) and antioxidant (2
phr) were added. The rubber compo und was mixecubyand-fold technique on the
two-roll mill for 20 min until the surface of compod was smooth. The compound
was mixed with accelerators (co-agent) and vuléagiagents for 5 min. The sheet of
rubber compound was kept at reom temperature (25f6€C 24 h before cure
assessment using Rotor Less Die Rheometer (RLR-3)8@ °C and 190 °C to
determine the cure characteristic according to. ABPEB4-200.

3.3.3 Preparation oi*'SBER/NBR Blends Filled with Sita/CB Hybrid
Filler

Nipol SBR 1502430 phr) and NBR Nipol DN2850 (7Brpwere put into a
internal mixer (Kneader mixer) and masticated uréferpm at 60 °C for 1 min, then
silica/carbon black (15/15,20/20 and 25/-25 wit%0) aoupling agent (2% of silica)
were mixed with masticated; SBR/NBR bleg.nds undem@@ at 100 °C for 2 min.
Then, zinc oxide, stearic acid and antioxidant waneed with rubber compounds at
100 °C for 2 min. Finally, the sulfur, aéceleratmd peroxide were added to the

masterbatch at 50°€ for 5 min by two roll mill.
3.3.4 Vulcanization,Process

Rubber“sheets of approximately 4 mm of thicknesseweulcanized in
hydraulic ‘compression ' mold preheated at 180 °C3@min and then followed by
compressing at 120 kgf/énof pressure for the respective cure timegjtobtained
from the RLR-3.

The summarized procedure for preparation of SBRINBompound,
SBR/NBR filled with silica/carbon black hybrid #ts are shown in Figures 3.1 and
3.2.
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Table 3.3Formulation of SBR/NBR blends

Composition, phr (part per hundred rubber)
Ingredients*

SBR N30 N50 N70 NBR
Nipol SBR1502 100 70 50 30 0
NBR Nipol 0 30 50 70 100
DN2850
Stearic acid 1 1 1 1 1
Zinc Oxide 5 5 o 5 5
TMQ 2 2 2 2 2
CBS 1.0 1.0 1.0 1.0 1.0
Sulfur 0.8 0.8 & 0.8 0.8 0.8
DCP 3.5 =y G 3.5 3.5

TMQ; Poly (1, 2-dihydro-2,2, 4-trimethyiguinolinelBS; N-Cyclohexyl-2 benzothiazolesulfenamide,
DCP; Dicumyl peroxide s 4

Table 3.4Formulation of rubber-compound with various silcaabon black hybrid

fillers and silane coupling agents.

. Composition, phr
Ingredients*

R30 R40' R50| R30M R40M R50M| R30G. .R40G R50d R30V R40V R50V
SBR 30 30 ~30|] 30 30 .30]| 30 30 30 30 30 30
NBR 70 9 702 | 70) 970 © | %0} = 70\ €707 70 70| 70 70 70
Nipsil ER 35 20~ 25| 15 200 “25|™15 " "20" 25| 15 20 25
G-N550 15 20 25| 15 © 20 25|15 20 @8 15 20 25
Silane e 7103 o4 o5 |03 04 05 |03 04 05
(M*,G* V%)

M*; y- mercaptopropylmethoxysilane , G glycidoxypropyltrimethoxysilane, V*; vinyfris-(2-methoxyethoxy) silane(used
silane 2% of silica). Other ingredients*; steaiid=1.0 phr, zinc oxide=5.0 phr, TMQ=2.0 phr, CB®*phr, sulfur=0.8 phr
and DCP=3.5 phr
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33

3.4  Testing
3.4.1 Determination of Cure Characteristics

A Rotor Less Die rheometer, RLR-3 model, was useabtain the torque-
time curve at 180 °@nd 190 °C with 1 amplitude.

e M- Minimum torque, Ibf-in

* Mgy-Highest torque, Ibf-in attained during specifiegtipd of time when
plateau or maximum torgue is obtained.

* Scorch time (t9 In.minute is the_ime taken for a two unit rideoge the
minimum torgue.

* Cure time (tggrin.minute is the time taken for attaining 90% toe

maximum torgue.
3.4.2 Tensile Properties

The vulcanizates were pfepared:;'be curing at 18@tCoptimum cure time.
Dumbbell samples were ¢ut from moldéﬁfsﬁeet widlieecutter (Die C) (Figure 3.3).
The samples were tested using Autograf_)hjtensiimgemachine at crosshead speed
of 500 mm/min, aceording to ASTM D4.'1"2_.1'i'hree sarspleere used in each case to
obtain the median and standard deviation values. {&hsile strength (T.S.), tensile
stress at 100 % elongation {§) and elongation at break (E.B.) were recorded

directly at the end of each test.

_\H—Mmm-—-ﬂ /——1

T .
L— 115 mm. .J

m.

Figure 3.3Dumbbell (Die C) shape sample for tensile propesying.
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3.4.3 Hardness Measurement

The test was conducted following ASTM D2240 usinghadness tester,
model durometer A. The thickness of test sample atagast 6 mm. The samples
were flat and parallel over a sufficient area tonethe pressure foot to contact the
sample. The samples were placed on a hard andohtalzurface. The pressure was
held on a vertical position with the point of thedéntion at least 12 mm from any
edge of the sample. The pressure was applied tsdhele by the constant load
standard for hardness tester model CL-150 serittsr the pressure foot was contact
with the sample, the hardness value was.read Scalec after the specified time.
Every sample was tested 3 different points. The iamednd standard variations of

hardness values were reported.
3.4.4 CompressionSet

Compression set festing.is used to determine thktyabf elastomeric
materials to maintain elastic properties after @nged compressive stress. The test
measures the somewhat permanent deformation ofsahgple after it has been
exposed to compressive stress for a set timé perind test is particularly useful for
applications in which elastomers would be' |n a tamtspressure/release state.

The compression set value was performéd on stdntiest sample of
cylindrical shape of 25 £ 0.1 mm diameter and 125 mm thickness vulcanized by
compression molding method. The test sample wagldmed between the plates of
the compression device with the'spacers on eaadh aidit, allowing sufficient
clearance for bulging of the rubber when compresseshown in Fig. 3.5. The bolts
was beitightened soithat thecplates) are drawnhegemiformly ontil they were in
contact with the Spacers. The percentage of thepoesrion employed was 25% of
the original thickness. The samples were analygekieeping the samples in oven at
100°C for 70 h according to ASTM D 395 Method B.ef¢after, the samples were

cooled at room temperature for 30 min before tgstin
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(3.1)

3.4.6 Measure@w‘e,_gt of Swelling E;haviour (Cil Resistance)

AUEINENINYINT

Swelling' test was performed on 30 X5 x 2 mm cutnma from the

T S AT o

for 70 h according to ASTM D 471. Thereatfter, tlesttsamples were taken out,
quickly dipped in acetone and blotted lightly wiilier paper to remove excess oil

from the surface. The variations of apparent paeggnof change in hardness, volume
were calculated by Egs. 3.2 and 3.3.



36

AH = H—-Ho (3.2)
where: AH = Hardness change after immersion, units,
Ho = Original hardness before immersion, units and
Hi = Hardness after immersion, units.
A\Y = 100 x [(Ms— Ms) — (M1 — Mp)] (3.3)
(M- M)
where: AV = Change in vaolume, %
My = Weight in the-ai=before immersion, g
M, = Weight in the water before immersion, g
M3 = \Weightin the air after immersion, g

Mg = Welght in'the water after immersions, g
3.4.7 Determination of Specific Gravity

The specific gravity of vulcanized_:;rﬁbbers was dateed by using Electronic
Densimeter (Auto-Specific -Gravity té:s—tqf, model Biemter, Toyoseki). The
determination of (relative) density vaIu_efi_Na-_ls basadhe density of water at 23°C:
1g/cn? per electronie densimeter instrucfib-h-hanual.

3.4.8 Elastic Retraction Test at Low Temperature (R test) [22]

This test is carried out for-measuring the elagiaction of vulcanized rubber
which was first'frozen at low temperature aftemigeglongation and then was raised
up itsttemperaturey and-then for camparison‘ang estimation of the crystallization
tendency and viscoelasticity property at low terapee. Fig.3.5 shows an example
of testing apparatus. The shape and dimensiongdesit giece, as shown in Fig.3.6, is

letter “I” type, both ends have 6.5mm side squanelfeing clamped, parallel part
measures 2.0 £ 0.2 mm in width, 100.0 £ 0.2 mm @05 0.2 mm in length, and

thickness is 2.0 £ 0.2 mm.
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Figure 3.6 Shape and dimensions of test piece [22].

Test conditions according to JIS K6261, the samplere elongated of half
original length, temperature for setting ¢@0to 20°C and heating raté/min. Fig
3.7 shows the relation between the percentagectietins given at each point and
measured temperatures, to prepare the percentagetien versus temperature curve.

The results report TR-10, TR-30, TR-50 and TR-70.
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CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Cure characteristics

The cure characteristics of uncured SBR/NBR blefidsn the RLR-3
rheometer can be used to be predict the/blendirfgrpgance. Minimum torque (M
is commonly considered as representative-of thbeuklastic modulus [23]. Table
4.1 shows that at two different curing temperatutte M values of SBR/NBR
blends do not change with'inereasing NBR conte®43 phr). This indicates that the
incorporation of the NBR "has improved the procetitabf the blend.

Table 4.2 shows ihat the Mvalue of SBR/NBR blends filled with
silica/carbon black (€B)hybrid filler filled sil@icoupling agents is higher than that
of unfilled SBR/NBR (30/70) blends. It.can be s¢eat the M value of SBR/NBR
composites increased with increasing _'éilica/CB liydiller content (30-50phr),
indicating the increasing viscosities W|th hybridlef content. At two curing
temperature, 180°C and 190°C, the Malué did not change indicating the good
processability at these temperatures.

The maximum torque () generally correlates with durometer hardness
and/or modulus [23]. Table 4.1 shows that at twtergnt temperatures, theWalue
of SBR/NBR blends slightly increased with incregshBR content (30-70 phr). This
result illustrated that'the incorporation of NBRieased the stiffness of the rubber
blend. The maximum torque (1of SBR/NBR composites is presented in Table 4.2,
the My of:SBR/NBR tblends: filled withy silica/CB: hybrid-@rsyof: 50 phr were the
highest.. Moreover, the Mof silica/CB-filled SBR/NBR' blends increased whitre
silane coupling agent was added. This result shbatsthe incorporation of silica/CB
hybrid fillers increased the stiffness of SBR/NBs&hposites.

Table 4.1 also presented the scorch timg) @f the SBR/NBR blends at
various blending ratios. The scorch time did na&rde when increasing NBR content
was increased. The cure timesd{fof SBR/NBR blend are also presented in Table
4.1. The tgy value was slightly affected by varying NBR contanthe blend. Again,
at same blend ratio, theg¢walue at 190°C was lower than that 180°C. Thistoane
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explained that the ggvalue decreased as a result of the decreasing eifedouble
bond activation in the rubber blend, indicating @gio thermal energy for activation
energy of vulcanization and consequently the indaceffect of NBR became less
important.

The scorch time (1% and cure time (tg) of silica/CB-filled SBR/NBR blends
with silane coupling agents was lower than thahuwiit silane coupling agents. This is
due to the adsorption of accelerator by silanougsoon the silica surface. Thus, the
use of silane coupling agents could reduce therptisn of accelerator on the silica
surface, resulting the decrease in scoreh.time amd time when silane coupling
agent was added. Also, at same hybrids-filler cuntbe tgovalue at 190°C is lower
than that of 180°C.

Table 4.1Effect of blendingraiios of SBR/NBR blends on caharacteristics at

different curing temperature. -

Properties Temp. (°C) 4 4SBR ' N30  N50 N70  NBR
Minimum torque (ML); Ibf-in 180 Q.75 0.77 0.73 0.73 0.74
190 0.74 074 073 072 071
Maximum torque (MH); Ibf-in 180 9.89 10:3 10.3 10.7 11.8
190 944 957 101 104 112
Scorch time (t9; min 180 0.53 0.52 053 0.54 0.55
190 041 041 041 041 043
Cure time (tg); min 180 3.08 2.82 2.65 2.53 3.11

190 1.50 141 | 1135 126 1.27




Table 4.2Effect of silica/CB hybrid filler content and silarcoupling agent types of SBR/NBR blends on cuegastteristics at different curing
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temperature.
. Temp.
Properties o N0 R0 R&OTRE)G0M RAOM.RSOM R30G RAOG RSOG RIVRAOV RSOV
Minimum t
MM forque 180 073| 204 245 /386 202 274 319 200 269543 202 274 3.19
(ML); Ibf-in ‘
190  0.72| 204 289 3140 202, 269 312 195 263503 202 269 3.12
Maximum torque 180 107| 19.3 227 /259 219 274 296 188 250 .127201 227 26.0
(MH); Ibf-in
190 104| 183 213 250 205 248 27,7 179 215 224183 214 251
Scorch time (t9; min ] 0.67
me (8 MiN a0 054| 075 073 067 076 069 065 076 070670.076 0.70
190 041| 054 051 050 055 048 047 053 050480.053 050 048
Cure time (tgg); min | \ )
180 2.53| 263 lplo2 275 261¢ 200 | 267 269 305902 2.83 268 262
190  1.26 (987 21145 44D | @400 7\1309/) @3] 41189 135361 1.37 133 1.37

14%
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4.2 Mechanical properties

The mechanical properties of the SBR/NBR blends atousiNBR contents
(0, 30, 50, 70 and 100% w/w) were firstly investeghto find appropriate SBR/NBR
blend ratio. Then, the mechanical properties ofsiiea/CB-filled SBR/NBR (30/70)
blends with various silane coupling agent types tHauit silane, y-
mercaptopropyltrimethoxysilane (M)y-glycidoxypropyltrimethoxysilane (G) and
vinyl-tris-(2-methoxyethoxy)silane (\/)] were expéat. The 100% modulus (M100),
tensile strength (T.S.), elongation at break (E.Baydness and compression set (C.S.)
of the rubber composites are presented in Fabks 4.4.

4.2.1 Tensile Properiies

Table 4.3 and Figure 4.2 show the mechanical ptigseof SBR/NBR blends
at various NBR conients: The 100% modulus, tessiength and elongation at break
of blends increased with increasing NBR contenttap/0 phr and then slightly
decreased when NBR content up fo 10'0'-phr. Thicatdd that the blend at NBR
content of 70 phr exhibited the homogeneous ph&dB& and SBR. However, the
mechanical properties of the biends were (jUit l@egdnse both SBR and NBR had
the irregular molecular structure and did not @l=ie. Thus, the reinforcing filler is
required to achieve/good mechanical properties. digropriate fillers are carbon
black and silica [24].

Effect of silica/CB._hybrid filler content of SBRBR blends on mechanical
properties isishownin Table 4.4 and’Figure 4.3e Ténsile strength and 100%
modulus of SBR/NBR vulcanizates increased witheasing silica/CB hybrid filler
content}(80+50; phr), but elongation at break dea@adhis €an'be explained that
silica/CB filled rubber composites have multiphasgstems depending on the
mobility of the rubber molecule, the stiffness atdighness of the blends were
improved due to the reinforcement effect of the posgites [25]. It is also recognized
that the increase in component with high surfaee fenergy of the hybrid filler
(silica/CB) is important for improving the degrekamhesion between the fillers and
the rubber. The interaction between the rubberhaid filler surfaces are believed
to be due to the hydrogen bonding or Van der Waates and the extent of
interaction increases when the oxygen content effiltar surface increases [26].
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For the effect of silane coupling agent, the medamproperties of silica/CB-
filled SBR/NBR vulcanizates with silane couplingeatj was higher than that without
silane coupling agent. This can be explained thatreaction took place between
silane and the rubber blends when the silanol-hockroup was broken, resulting
the increasing chemical bond between the rubberdsland silica as shown in Figure
4.1. They-mercaptopropylmethoxy silane, vinyl-tris-(2-metlgethoxy)silane ang—
glycidoxypropyltrimethoxysilane were efficient sia coupling agent for silica/CB-
filed SBR/NBR blends because reaction of the igacbrganic group (mercapto,
vinayl and epoxy) function of the silane with arfol group of the elastomer could

afford a covalently bonded structure.

e ARG | R
CHp = LI e ey PP e o PP g JOF [ér lji" :—":H ZL;IC}—( ECHEEH 25 (Di:H3}3
(a) Ll s v (b)
MY F . Boin
H }.r_;r—:j [H3! L‘ﬂaiyum )
(C)f 4

Y-R-Si(alkoxy); + HO-Si-Surface + Polymer- —» . Polymer-Y-R-Si-€5i-Surface + alcohol
(d)

Y= Reactive organic group, R= Linking group

Figure 4.1 Structure and reaction of/silane coupling agergibica surface and
polymer for; (a) _vinyl-tris (2-methoxyethoxy)silane (b) y—
glycidoxypropyltrimethoxysilane, | (c)y-mercaptoptopyltrimethoxysilane

(d) reaction of silane coupling agent with silicaface [27].
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Table 4.3Effect of blending ratios of SBR/NBR blends on imaaical properties.

Properties SBR N30 N50 N70 NBR
Tensile strength, MPa 2.10(0.25) 3.20(0.35) 4.3WP. 4.70(0.31) 2.60(0.31)
Elongation at break, % 246(15) 339(17) 420(11) 32p( 260(13)

100%Modulus, MPa

§’%) 0.84(0.05)09(0.03) 1.07(0.03)

Hardness, shore A ~ 43(06 Slnl) 4(1.0) 48(1.0) 9(140)

Compression set@

100°Cx70h, % . / .g».ﬂ &\\\ 9) 3836  41(1.5)
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Figure 4.2 Effect of blending ratios of SBR/NBR blends on; (a) tenstlength, (b)
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Table 4.4Effect of silica/CB hybrid filler content and s neupling agents on mechanical properties of SBRINEndSs.

Properties N70 | R30 R40  R50,R20M = R40M - R50M R30G R40G R50G | R30V R40V  R50V
Tensile strength, MPa 470 | 1190 13.90 46.424 4531 = 1549 1872 | 1359 1570 18.37 | 12.66 14.98 17.61
(0.31) | (0.22) (0.38) (L24)4 (043)_ (0.51)  (0.19). (0.43) (0.59) (0.22) | (0.92) (0.20) (0.82)
Elongation atbreak, % 375 | 206 275 290 | 834 345 = 838 | 326 319 283 | 332 379 300
(15) (4) (7) (5) (6) @an=~ @1y (10) (11) (21) (12)  (16) (19)
100%Modulus, MPa 109 | 310 323 377/ 514 5497 562 | 330 509 528 | 316 372 467
(0.07) | (0.13) (0.15) (0.14) | (0.18) (0.26)~ (0.13) | (0.11) (0.17) (0.15) | (0.11) (0.12) (0.34)
Hardness, shore A 48(1.0) 63(1.0) 67(1.5) BBOBPELD)  72(L0)  74(L0) | 63(1.2) 69(0.6) 71(0/6) 6@)0 66(0.6) 70(0.6)
compression set @
L00°C x 70h. 9% 38(3.6)| 36(2.9) 35(@.0), 33(1A), ,18(1.9). .17(1.6). 318)|.26(1.2) 22(1.4) 19(0.9) 28(2.3) 23(1.2) 191.£
X , /0

ov
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Figure 4.3Effect ofsilica/CB hybrid filler content and silane coupliagents of
SBR/NBR blends on; (a) tensile strength,glopgation at break and (c)
100%modulus.



48

4.2.2 Hardness

Hardness is typically measured as resistance ttacgurindentation under
specific condition, so the force is supplied asomfpof compression rather than area
of tension. The effect of blending ratios on hasinef SBR/NBR blends is shown in
Figure 4.4(a). The hardness increased with inangasiBR content, which can be
attributed to the crosslink density after vulcatima However, the gum of the blends
(without hybrid filler) had low hardness while has$s increase noticeably when
silica/CB hybrid filler was added to the SBBQ\IBFEMS

Effect of the silica/CB hybrid fillef eontent argllane coupling agents on
hardness of SBR/NBR blends.is sh'('H)an in Figure 4.4(be hardness increased with
increasing silica/CB Wid iller cohtent up 50rpfhe similar result was earlier
reported by Rattanas/on/al‘EZS], thé silica/CB-filled (50 phr) rubber vulcamaite
exhibited the highest stiffngss. ‘The hardnes®iofarcedSBR/NBR vulcanizates with
silane coupling agent 17{: ’éptpaﬁ tha'gf vy}ttmriiahe coupling agent.

¥

! W y
! 44 id
- ‘ » v,
80 - y = (a) -‘éb:_. (b)
— ==
70 - i e s
« _— —
s OO L=Th7) s A
R e ':g;'/k—' PRt
< o E#
£ 30 - = £
g, g 20
20 ~/ =i
10 A
0 U T I 1 1 0 )
0 20| 4 (6o ¢s0 | Loo v & | 40 50
Hybrid filler content, phr
NBR content,phk EN70- mwithoutgilane BN, G ®V

Figure 4.4 Hardness property for; (a) effect of blendingasiof SBR/NBR blends,
(b) effect of silica/CB hybrid filler contenwith silane coupling agents
of SBR/NBR blends.
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4.2.3 Compression set

Compression set is the residual strain remainingubber after the removal of
the force which produced the deformation. The casgibn set test is the most
common set in the rubber industry. This test itselés not relate directly to rubber
product performance conditions as do the stressxagbn and creep test. However,
the compression set test is probably performed noften than stress relaxtion or
creep because compression set is relatively sinpdking it ideal for quality control
[16].

Figure 4.5(a) shows the effect of steady rate oRSHBR blends on the
compression set performance at 100°C for 70h. Tmepcession set of SBR/NBR
vulcanizates decreased.with-increasing the NBRetantp to 70 phr due to the
crosslink density. From‘this figure, the compressset of pure gum (SBR/NBR;
30/70) was low and the compression set of SBR/NBRanizates decreased with
increasing silica/CBhybiid filler content, as shoim Figure 4.5(b). The compression
set also decreased with increasing silica/CB hybliel and adding silane coupling
agent.The compression set of the rubber blendslovesr than that without silane
coupling agent. This is due to the fact that when tybrid filler loading increased,
the crosslink density increased and the rhobilitythné rubber chains decreased,
resulting in stiffness in the filled compo‘u'n'd. Thissult was earlier reported by
Mostafaet al[21].

The reinforced rubber vulcanizates modified by v-
mercaptoproyltrimethoxysilane had Iower compressisat than that byy-
glycidoxypropylmethoxysilane and vinyl-tris-(2:mettyethoxy)silane. In additiory;
mercaptoproyltrimethoxysilane with combination affgr-peroxide system was more
efficient, than .the athers silanecoupling: agent S&R/NBR, hiends due to the high
bond strength™ crosslinks “( ‘combination of C-C boraidd C-$C bonds of
vulcanizates). The higher bond strength of shamesslinks is important for the high
temperature compression set and heat stabilitheof/tiicanizates. The low value of x
in C-Sx-C generally give better permanent set vi2dé

The compression set (C.S.) of SBR/NBR vulcanizdilesd with silica/CB
hybrid filler andy-mercaptopropyltrimethoxysilane is compared witeyious works.
The compression set of SBR/NBR vulcanizates filleth silica/CB hybrid filler and
y-mercaptopropyltrimethoxysilane (C.S. = 16-18%) wHd®g same as NBR
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vulcanizates filled with carbon black (C.S. = 16%\t was lower than NBR filled
with silica (C.S. = 70%) [29]. This indicates thhe SBR/NBR blend with silica/CB

hybrid filler had the improved compression set Wahweas higher than rubber blend
filled with only silica.
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Figure 4.5 Compression set for; (a) effect of blending ratéSBR/NBR blends,

(b) effect of silica/CB hybrid filler conterwith silane coupling agent s of
SBR/NBR blends.



51

4.3  Thermal Aging Properties

The thermal resistance of the rubber vulcanizate®nsidered as an essential
requirement for the long service life product. Tgercentage of retention in tensile
strength, elongation at break, 100% modulus andinems of SBR/NBR blends
without filler and with hybrid filler with couplingagents as a result of aging at 100°C
for 70 h are presented in Tables 4.5-4.6 and Fsydi@e-4.7.

From Figure 4.6 after aging the percent retentiorteinsile properties and
hardness of the SBR/NBR blends ' vulcanizates inerkasith increasing NBR
content. The results indicated that the degradadiopolymer was affected by the
substituents in the backbone especially NBR stracttA higher number of
subsituents usually decrease thermal stability evbdrylonitrile groups in polymer
backbone increase thefthermal stability [30, 31dr Bilica/CB filled the rubber
compound filled after aging, the hardness retentod)%modulus retention and
tensile strength retention ' was higher fhan thatvathout silica/CB hybrid filler. The
elongation at break retention was Iov\}er becauselthber vulcanizates after aging
increased the crosslink density due td; the decriaghe mobility of the rubber

chains. =31,
Effect of silane coupling agent ofri_ the propertieemtion of the SBR/NBR
vulcanizates with adding silane coupli.n.g_'égent Wweger than that without silane
coupling agent as Shown In Figure 4.7. It can bela@red that the silane coupling
agent introduced organic functional group ontocailsurface, and the adhesion at
interfaces between silica and rubber matrix waseimeed, resulting in improved
thermal stability of ithe composites [32]. On theesthand, the vulcanizates wiyh
mercaptoproylirimethoxysilane, vinyl-tris-(2-methy@thoxy)silane and y-—
glycidoxyprapyitrimethoxysilane |modified™fillert wer [similar @rends properties

retention.
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Table 4.5Effect of blending ratios of SBR/NBR blends onpedies retention after
thermal aging at 100°C x 70h.

Retention SBR N30 N50 N70 NBR

Tensile strength retention, % 71.4 75.0 71.1 745 858

Elongation at break

93.8 93.9 96.2
retention, %

100%Modulus retention 106.0 1055 0.31

Hardness, % 104.5 106.3 106.1

AULINENINYINT
ARIAINTUNRIINYINY
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Table 4.6Effect of silica/CB hybrid filler content and sila coupling agents of SBR/NBR blends on properg&ntion after thermal aging at

100°C x 70h.
Retention N70 R30 R40 R50 R30M  R40M R50M| R30G R40G R50G | R30V R40V R50V
Tensile strength retention, % 745 1045 1065 #6.09113.8 . 1149 121.7 1135 1122 1136 1136 113.914.21
%
100%Modulus retention, % 105/5 1055 105.6 /108.85 10 107.1 115.7 104.3 106.1 1083 109.5 112.9 114.6
Hardness retention, % 1063 106.3 107.5 107.4 107.106.9 1081 106.3 107.2 107.0 106.3 107.6 107.2
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4.4  Swelling

The percentage of change in hardness and voluraeiadinersion in different
oil types are presented in Table 4.7 and Figure Zt® swelling resistance of
SBR/NBR blends vulcanizates increased with incr&epdiBR content because NBR
with nitrile group (= CN) had good swell resistanmeenotor oil and fuel [20].

The effect of silica/CB hybrid filler content arsillane coupling agents on
swelling resistance of SBR/NBR vulcanizates aresgméed in Table 4.8 and Figure
4.10. The swelling resistance (volume change, %$BIR/NBR blends vulcanizates
increased with increasing silica/CB hybrd. dilleontent and adding silane coupling
agent. Thus, the hybrid filler could improve thee#limg property by increasing
swelling resistance. The«increase in swelling tesrse of the rubber blends with
increasing hybrid filler (silica/CB) content coud@ explained as a consequence of the
existing pressure involved between the rubber @erework and the oil which acts
to expand or shrink the rubber blends network. Ehesslink density in rubber
compounds increased drastically. with increasingridyfiiller content because of
network elasticity contrbutions [21]. T_héée crasiss restrict extensibility of the
rubber chainsnduced by swelling anméké it moredifficult for oil to diffusion into
the gaps between rubber molecules and dééreas:elthee change percentage. From
swelling phenomena of rubber compoUn‘dé,' the rubiittr hybrid filler was in the
collapsed state (Fig. 4.8b) under the oil rath@ntexpanded state (Fig. 4.8c) [21].
Therefore, the swelling resistance increased witigasing of network. Finally, a
high degree of swelling indicates that the rublsenot appropriate for use in that
environment, dhus, rubber filled with "hybrid fillet 50 phr with silane coupling
agents is practically preferable than without ®lacoupling agent. The SBR/NBR
hybrid filler vuleanizates with hybrid filler modéd Y-
mercaptopropyltrimethoxysilane “exhibited the minimwil volume change (good
swelling resistance).

The effect of oil types on swelling resistanceSER/NBR vulcanizates was
also evaluated. The olil resistance of SBR/NBR va@urhange in ASTM oil no.1,
ASTM oil no.3, Brake fluid and Fuel C were 6.2 1841.5 - 50.2, 12.8 — 15.7 and
82.5 — 116.3, respectively. Therefore that the S vulcanizates had better oil
resistance in ASTM oil no.1 and Brake fluid tharASTM oil no.3 and Fuel C.



(b) Collapsed state (c) Swelled state

Figure 4.8Schematic representation of rubber swel[2d).

57

Table 4.7Effect of blend ratios on pe’fcentage of changeaperties of SBR/NBR

blendsafter immersion in oil.

)

Properties SBR(NO)- “ N30 N50 N70 NBR(N100)
ASTM oil No.1@10CC x70h & - T;

Hardness change, HS o A D ‘ 4 \LT -13 -8 -5
Volume change, % 628 ";'j{\.d3‘9-2 23.4 12.2 10.9
ASTM o0il No.3@100C x 70h - ik

Hardness change, HS 7 -22 Jj;_lg -21 -17 -13
Volume change, %4 192.2 137.3 109.6 69.1 54.4
Brake fluid@25°C x/70h d

Hardness change, HS -17 -16 . -16 -14 -12
Volume change, % 50.0 23.3 21.2 18.8 13.2
Fuel C@25C x 70h

Hardness change, HS -16 -16 -17 -16 -14
Volume change, % 225.7 201.1 176.1 137.1 89.1




Table 4.8Effect of silica/CB hybrid filler content and sila coupling agents of SBR/NBR blends on percerwéghange in properties

after immersion in oil.
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Properties N70 R30 R40 R50 R30M, | R4AOM R50M R30G R40G R50G | R30V R40V  R50V
ASTM oil No.1@ 100°C x 70h

Hardness change, HS -8 -11 -10 % -6 -4 -& -7 -7 9 -7 -7 -6
Volume change, % 12.2 8.1 7.2 . 12 6.7 6.2 74 0 7 69 7.7 7.6 6.8
ASTM oil No.3@ 100°C x 70h

Hardness change, HS -17 -19 -21 -ZB <18 -18 -21 -18 -19 -18 -18 -20 -19
Volume change, % 69.1 50.2 48.5 446 42.9 41.5 39.249.8 42.9 42.9 49.4 47.7 44.2
Brake Fluid@ 25°C x 70h

Hardness change, HS -14 -12 -14 -1P -11 -10 -1.1 -12 -11 -12 -12 -16 -16
Volume change, % 18.8 15.7 14.6 13.9 13.5 13.4 12.814.5 14.3 13.4 15.2 14.1 13.2
Fuel C@ 25°C x 70h

Hardness change, HS -16 -16 -18 -14 £14 -15 -15 45 -19 -17 -14 -20 -20
Volume change, % 137.1 116.3 106:6 102. 1124 93.382.5 105.3 95.0 91.5 107.1 104.5 103.7
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4.5 Low Temperature Properties

The chains of elastomer are able to move lateqlly freely depending upon
the thermodynamic state of the rubber. The low txapre test was carried out for
measuring the elastic retraction of vulcanized mxblvhich was first frozen at low
temperature after being elongation and then waedaup its temperature, and then
for comparison and easy estimation of the crygttilon tendency and viscoelasticity
property at low temperature.

The low temperature properties were investigatedusing TRL107SLCS,
Yasuda machine with elongation mode in the ragemperature -70°C to 50°C with
a heating rate 1°C/minThe rubber vulcanizates behaved as glassy at \ewy |
temperature because givlaek of thermal kinetic ggeMWith an increased in
temperaturethe thermals€nergy. increased the material’s fldikypiThe temperature
for 10 percentage retraction was the glass tramsifig) of the rubber vulcanizates
because the temperature increased further, theeqgege retraction increased, the
rubber vulcanizates finally reached Wh_at has bedled the rubbery plateau where
normal rubber behavioris seen [15].

Table 4.9 and Figure 4.11 showmfﬁel‘_eﬁect of to/fitier, the temperature for
10 percentage retraction (or. Tg) of the 'r_ubber amizates with 30, 40 and 50 phr
filler content and silane coupling ageﬁt'\/()és -337€rause the Tg of the rubber
vulcanizates are greatly depended on the chemio&lisre of the base elastomer.
The temperature for 30, 50 and 70 percentage temaof the rubber vulcanizates
(silica/CB filled 30, 40 and 50 phr) with silaneugding agent was -30, -28 and -24°C
respectively because-low temperature propertigseofubber vulcanizates depend on
structure of elastomer more than filler content dittinot depend on silane coupling
agent:s~Thus, these ccampounds cauld: be ~applied vatté@nperature (minimum

temperature-33.0°C).



Table 4.9Effect of hybrid filler content with silane coupgiragent types of

SBR/NBR blends on elastic retraction at lemperature (TR).
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Silane coupling agent types Hybrid filler  Low temperature properties (°C)

content, phr

TR-10 TR-30 TR-50 TR-70
30 -33.4 -30.4 -28.2 -24.9
without silane 40 -33.3 -30.1 -28.0 -24.6
50 -33.4 -30.0 -27.8 -24.8
30M -33.3 -29.7 -27.6 -25.4
! _ ) 40M -33.3 -29.9 -27.8 -25.3
mercaptoproyltrimethoxysilane
50M -33.2 -29.8 -27.2 -23.2
30G -33.6 -30.5 -28.4 -25.2
veid YI o ' 40G -33.1 -30.0 -27.9 -25.3
cidoxypropylmethexysilane
i YPIopY Z 50G -33.3 -29.7 -27.4 -24.4
30V -33.1 -30.2 -28.0 -24.6
vinyl-tris-(2- ]
/ 40V -33.5 -30.3 -28.1 -25.1
methoxyethoxy)silane :
H0MER& \-32.8 -29.6 -27.9  -25.9
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Figure 4.11Effect of silica/CB hybrid filler content and silaroupling agents of
SBR/NBR blends on elastic retraction; (a) withdlare agent, (by-

mercaptoproyltrimethoxysilane, (g)glycidoxypropylmethoxy-
silane and (d) vinyl-tris-(2-methoxyethoxy)silane.
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4.6 Morphology

After coating with gold on the fracture surfacesaimple, the rubber phase in
SBR/NBR could be identified as dark area in the SHEildrograph because their
double bonds endowed the scattering capacity elesti~or 30/70; SBR/NBR blends,
the SBR phase was dispersed in the continuous N8N

Compared the SEM micrograph of SBR/NBR blends wahious silica/CB
hybrid filler content and silane coupling agentss extent of filler dispersion in the
rubber vulcanizates with silane copling' agent wattel than that without silane
coupling agent. However, it could not be.distinged between silica and carbon
black as shown in Figures 4.13-4.15.

Figures 4.12 (a)(e) show the observed morpholofyhe silica/CB filled
blends without silane goupling agent, the silicaibied poor dispersion and was
agglomerated in the rubbermatrix. This phenoméireied the low tensile properties
and swelling resistance of rubber vulcanizates .[33je filler dispersion of the
silica/CB filled SBR/NBRblends witw-mercaptoproyltrimethoxysilane was better
than that with y-glycidoxypropylfhethoxysilane and vinyl-tris-(2-
methoxyethoxy)silane as' showi in Fi'ghrnles 4.13-4TBus, the morphology of
SBR/NBR  blends  with-the Sjliéa/CB hybrid  filler  and y-
mercaptoproyltrimethoxysilane supporféd- bood tengitoperties, compression set

and swelling resistance.
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Figure 4.13SEM photomicrographs h racture surface aé&iCB hybrid filler
content 30 phra i silane cou gpes of SBR/NBR blends: (a)
witho axysilane, (gylycidoxy-
fi
|sﬁethoxyethoxy)silane.
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Figure 4.15SEM photomi the: re surface a¢&ICB hybrid filler
content 50 phr with silane coupling agspes of SBR/NBR blends: (@)
(Y | .
iE nethoxysilane, (g)glycidoxy-
propylm
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without'si

oxysilane and (d) vinyl-tris-(Zethoxyethoxy)silane.



CHAPTER V

CONCLUSIONS AND FUTURE WORK

51 Conclusions

The effects of silica/CB hybrid filler content onoperties and morphology of
SBR/NBR blends were studied. In this work, the appate blending ratio of
SBR/NBR blends was investigated foi“geod oil resise and compression set
resistance. Moreover, the silica/CB hybrid fillentent and silane coupling agents on
properties of SBR/NBR.bleads were Investigated. Tésults were concluded as

follows:

1. From the €ure characterisiics, of SBR/NBR blends, nfaximum torque
increased with increasing NBR content. The SBR/ NB&®70) blend and
with  silica/@B /| hybrid  filler content at 50 phr andy-
mercaptopropyltrimethoxysiIéﬁé,"I‘__exhibited maximunrqtee. The cure
temperature did not affect maxi_mhm torque but aéfec¢he cure time. The
silane coupling agent had affé.c't-emd- the cure chenatts.

2. The 100% modulus, tensile strength and elongatidiresak of SBR/NBR
blend increased with an increase in NBR contertQghr . This rubber
blends (SBR/NBR=30/70) with, 50 phr silica/CB hybfider modified
with y--  mercaptopropyltrimethoxysilane , exhibited the Ileigh
100%modulus and tensile strength and lower eloagatt break than with
v=glycidoxypropy=lmethoxysilane;, vinyl-tris:(2<smethgethoxy)silane and
without silane coupling agent.

3. The compression set of SBR/NBR blends decreasddimgteasing NBR
content. The SBR/NBR blends filled with silica/CBhnid filler (50 phr)
modified with y- mercaptopropyltrimethoxysilane, the compressieh s
was better than that modified witirglycidoxypropy-Imethoxysilane,
vinyl-tris-(2-methoxyethoxy)silane and without si&coupling agent.
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. The thermal aging and oil resistance propertiesSBR/NBR blends

increased with increasing NBR content. The SBR/N#éhds filled with
50 phr silica/CB hybrid filler modified with silaneoupling agent was
better than that without silane coupling agent.

. The low temperature properties of SBR/NBR vulcatl@gaat various

hybrid filler content and silane coupling agentsreveot significantly
different. Thus, the silica/CB hybrid filler conteand silane coupling
agent did not affect the elasticity retraction mages (TR-10, TR-30, TR-
50 and TR-70).

. From morphology of silica/CB.filled"SBR/NBR blendbge extent of filler

dispersion in the rubber vulcanizates with silaopliog agent was better
than without silane coupling agent. The morpholafythe blends with
filler modified®y- .mercaptopropyltrimethoxysilane show the contirsiou

filler dispersion.

. Thus, thefrubber blend, (SBR/INBR = 30/70) reinforeeith 50 phr of

silica/CB (25/25) hybrid filler modified with  y-
mercaptopropylmethoxysilane_' exhibited the good ramidal properties,
oil resistance and Compressidh.§_et and could be ase-ring for motor

oil medium resistance.

Future work

Future study work on the effect of, other hybritefs such as carbon black-

N330, calciunecarbonate, magnecium silicate ang @fathe properties of SBR/NBR

blends should'be performed.
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APPENDIX A

Table A-1 Elastomer Properties

Characteristic
Elastomer Sound ACN M . "
oun ooney viscosity
(%) Bound Styrene (%) [ML(1+4) 100°C]
Nipol DN2850 (NBR) 28+1 - 49+5
JSR SBR 1502 (SBR) - 225+1 50+5

Table A-2 Carbon black preperties

Characteristic Unit G-N550
lodine No. ma/g 43+7
DBP No. ml/100g 121 +7
Ash content (%) 0.5 max
pH value - 6.5+15
Heat loss (%) 2.0 max
Sieve residue: screen size L0 (%) 0.00020 max

Individual pellet hardness: avg 20 pellet

Table A-3Silica properties

Characteristic Unit Nipsil ER
Moisture (%) 2.6
pH value - 8.1
Lose weight g/l 96

Specific surface area (BET) m-/g 117
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Table A-4 Silane coupling agent properties

V- Y-
Characteristic Unit  mercaptopropyl- glycidoxypropyl-
trimethoxysilane  trimethoxysilane

vinyl-tris-(2-
methoxyethoxy)silane

Appearance - Colorless Clear color Clear color
(color)

Appearance (state) Tra}%iegrent Liquid Liquid
Purity (%) 99.0 95.6 96.6

Table A-5 Specification and typical properties of ASTM oils.

Characteristic Unit ASTM oil no.1 ASTM oil no.3
Aniline Point (°C) . 124+ 1 701
Kinematic Viscosity (mirfrs)4 | 18.7 = 21.0(9%C) 31.9 — 34.1(3%)
Gravity, 16C API | - 21.0-23.0
Viscosity-Gravity Constant - ‘ - 0.875-0.885
Flash point (°C) | 243.min 163 min

Naphthenics, ¢ (%) 3 40 min
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APPENDIX B
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APPENDIC C

Table C-1Mechanical properties of SBR/NBR vulcanizates adiogy to ASTM D412.

79

Hardness 100% Modulus Tensile strength (MPa) Elongdion at break (%)

Samples No. i‘;ﬂrg ngw; Before aging After’aging Before aging  After aging| Bfore aging After aging SG
1 43 45 0.69 072 1.90 1.50 255 220 0.984
2 43 44 0.82 0.67 2.10 1.40 230 209 0.982
SBR(NO) 3 44 44 0.72 0.83 2.40 1.80 246 238 0.983
Median 43 44 0:72 0.72 2.10 1.50 246 220 0.983
o 0.6 1.0 0.07 0.08 0.25 0.21 13 15 0.001
1 43 44 0.86 0.91 2.80 2.80 339 290 0.992
2 43 45 0.94 0:89 3.20 2.40 310 295 0.990
N30 3 45 45 0.83 0:96 3.50 2.20 348 263 0.995
Median 43 45 0.86 0.91 3.20 2.40 339 290 0.992
o 1.2 1.0 0.06 0:04 1035 0.31 20 17 0.003
1 44 46 0.88 0.89 4.80 3.40 420 380 0.999
2 43 47 0.79 0:88 “4.50 2.60 386 402 1.001
N50 3 45 46 0.84 1.01 4.20 3.20 440 394 0.998
Median 44 46 0:84 0.89 4.50 3.20 420 394 0.999
o 1.0 0.6 0705 0.07 0.30 0.42 27 11 0.002
1 47 49 1.09 el 4.30 3.40 375 370 1.004
2 46 49 1.10 1.15 4.70 3.50 358 352 1.001
N70 3 47 48 1.05 1.24 4.90 3.70 391 346 0.999
Median 46 49 1.09 pib 4470 3.50 375 352 1.001
o 1.0 0.6 0.03 0.07 031 0.15 17 12 0.003
1 49 52 1.07 1.18 2.80 2.40 260 250 1.012
NBR 2 49 53 1.09 141 2:60 2.30 249 237 1.009
(N100) 3 51 51 1.04 1.23 2.20 2,10 283 262 1.014
Median 49 52 1.07 148 2160 280 260 250 1.012
o 1.0 110 0.03 0.06 0.31 0.15 17 13 0.003

6.
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Table C-2Mechanical properties of silica/CB filled SBR/NBRIganizates and
silane coupling agents according to ASTM D412

80

Hardness 100% Modulus Tensile strength (MPa) Elong#n at break (%)
Samples n SG
Before Aﬁer Before Aﬁer Before After aging Befpre After aging
aging aging aging aging aging aging

1 63 67 2.95 3.30 11.61 12.43 290 265 1.116
2 64 69 3.10 3.24 12.03 12.10 296 258 1.118
R30 3 62 66 3.21 3.27 11.90 13.89 288 255 1.114
Median 63 67 3.10 3.27 11.90 12.43 290 258 1.116
6 1.0 15 0.13 0.03 0.22 0.95 4.2 5.1 0.002
1 66 72 3.32 3.32 13.91 14.27 267 256 1.125
2 69 70 3.23 346 13.24 14.80 281 269 1.123
R40 3 67 72 3.03 341 13,90 15.61 275 260 1.120
Median 67 72 3.23 3.41 43.90 14.80 275 260 1.123
6 15 1.2 0.15 0.07 0,38 0.67 7.02 6.66 0.003
1 68 73 3.99 4.05 1642 17.51 290 264 1.126
2 68 73 3T 4.10 16:81 18.10 288 279 1.121
R50 3 69 71 377 4.52) 1449 18.00 298 275 1.120
Median 68 73 3.77 4.10 16.42 18.00 290 275 1.121
6 0.6 1.2 0.14 0.26 1.24 0.32 5.29 7.8 0.003
1 71 74 514 5/32 15.63 17.42 341 310 1.117
2 69 75 _5:00 5.40| 15.31 16.90 329 300 1.119
R30M 3 70 75 5,36 5.49'4 14.78 17.42 334 325 1.115
Median 70 75 5.14 5.40 15.31 17.42 334 310 1.117
6 1.0 06 FF 0.09 7| 0.43 0.30 6.03 12.6 0.002
1 72 77 i g ;1588 1 411549 17.80 361 328 1.148
2 73 78 5.49 5.92 16.28 18.11 345 334 1.142
R40M 3 71 z/ F s “5:80 f=" 1532 17.35 340 314 1.152
Median 72 77 §F P2y 588 |\ 4549 17.80 345 328 1.148
6 1.0 1.5 48 F0.16 0:06 0.51 0.38 11.0 10.3 0.005
1 75 79F 5.75 £6:20. .J 4 1851 21.06 338 321 1.176
2 73 81 562 4650|1888 23.11 351 316 1172
R50M 3 74 80 5.497" * 6,90 118.72 22.79 330 326 1.168
Median 74 80 5.62 4 1650 |4 J18.72 22.79 338 321 1.172
6 1.0 1.0 0.13 4147035 | »JioM9 1.10 10.6 5.00 0.004
1 63 67 3.18. 348 ~13.47 14.59 320 286 1.110
2 65 66 3282588 ""iﬁ.’zé:‘ 15.42 339 298 1.119
R30G 3 63 69 3.35 T——3.42 4859 15.89 326 306 1.117
Median 63 67 3084 W% BlaZ Sl aboE. 15.42 326 298 1.117
6 12 15 0.17 0.07 o 066 |.. 971 10.1 0.005
1 69 N 72 4.88 5.50 14.78 18.18 | 301 281 1.142
2 69 = w74 521 530 15.87 17.62 319 298 1.139
R40G 3 70 G 5.09 5.40 15.70 17.20 | 321 301 1.149
Median 69 -l 5.09 5.40 15.70 17.62- 319 298 1.142
6 0.6 15 0.17 0.10 0.59 0.49 11.0 10.8 0.005
1 72 L7f 5.44 5.72 18.69 20.72 | 319 269 1.176
2 71 75 5.28 5.68 18.28 20.86 280 281 1.169
R50G 3 71 76 5.14 5.75 18,37 21.00 283 266 1.170
Median 74 76 5,28 572 18.37 20,86 283 269 1.170
6 0.6 1.0 0:15 0.04 0.22 0.14 217 7.94 0.004
1 64 68 3.06 3.60 13.63 14.46 332 297 1.117
2 63 67 3.01 33 11.79 14.38 327 316 1.119
R30V 3 64 68 3.22 3.21 12.66 14.20 349 305 1.111
Median 64 68 3.06 3.3 12.66 14.38 332 305 1.117
6 06 06 011, 0.20 0,92 043 115 9/54 0.004
1 65 71 3.81 4.80 15.18 16.88 379 356 1.147
2 66 b ! 859 39 14.79 17.29 365 342 1.152
R40V 3 66 72 3.77 4.2 14.98 17.06 396 338 1.148
Median 66 71 3.77 4.2 14.98 17.06 379 342 1.148
6 0.6 0.6 0.12 0.46 0.20 0.21 15.5 9.45 0.003
1 69 74 5.13 5.59 17.61 18.80 300 281 1.176
2 69 75 4.67 5.21 18.30 20.11 332 285 1.174
R50V 3 70 74 4.46 5.35 16.66 19.92 299 279 1.167
Median 69 74 4.67 5.35 17.61 19.92 300 281 1.174
6 0.6 0.6 0.34 0.19 0.82 0.71 18.8 3.06 0.005
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Table C-3 Compression set property of SBR/NBR vulcanizatesaling to ASTM
D395 method B.

[To-Tf/
Samples n To Ts Tf To-Ts To-Tf  To- Median o
Ts]x100

13.45 9.52 11.63 393 1.82 46.31
13.44 9.52 11.71 392 1.73 4413 4413 2.27
13.47 9.52 11.82 395 1.65 41.77
47.59
40.68 40.68 4.20
40.00
45.89
3760 37.60 491
37.19
42.20
3780 3780 3.63
35.00
40.11
3716 39.22 151
39.22

SBR(NO)

N30

N50

N70

NBR(N100)
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Table C-4 Compression set property of silica/CB filled SBBRIvulcanizates and

silane coupling agents according to ASTM D8&8%hod B.

[To-Tf/
Samples n To Ts Tf To-Ts To-Tf To- Median G
Ts]x100
1 1292 952  11.69 3.40 1.23 36.18
R30 2 12.84 952 1153 3.32 1.31 39.46  36.39 2.97
3 1289 952 - 11.76 387 1.13 33.53
1 1279 952 11.93 327 0.86 26.30
R40 2 12.84 982 . 12110 3482 0.74 2229 2450 2.04
3 1289 95201205y  3:37 0.84 24.93
1 12.88 9521218 3.36 0.70 20.83
R50 2 1290 952" #1211 3.38 0.79 2337 2184 1.35
3 12,908 9.5 12l | \3.38 0.72 21.30
1 12.82 4957 4 1222 ) 330 0.60 18.18
R30M 2 1280 @52 f 215 } . 3.30 0.67 2030 18.32 1.92
3 12804 92 fi276 = 328 0.54 16.46
1 12.77 952 F.1232 T 325 0.45 13.85
R40M 2 12.82 4 9862 F "12.80 40 3.30 0.52 15.76  15.52 1.57
3 1288 053 13260 %% 330 0.56 16.97
1 1280 S ¥ M2i2 3% 0,68 20.73
R50M 2 1280 © 9B2 1229 /828 0.51 1555  16.84 3.43
3 1282  J952747 71235 .-:,3;:-39; 0.47 14.24
1 1290 952 =200 388 0.90 26.63
R30G 2 1295 9521205 /343 . 090 26.24  25.74 1.22
3 1297 952 1213 3.45 084 [ 2435
1 1287 9.52 1211 3.35 076~ | 22.69
R40G 2 1‘21'65 952 1215 3.43 080~ 2332 2220 1.44
3 1297, 952 12.26 3.45 0.74 20.58
1 12.87 9.52 12.21 3.35 0.66 19.70
R50G 2 12.95 ¢ #9552 1231 3143 0.64 18.66  18.73 0.93
3 12.94 | © 952/ (1233 342 0.61 17.84
1 12.88./ ©52 | l11.98 3.36 0.90 26.79
R30V 2 1289 952  11.86 3.37 1.03 3056 27.92 2.30
3 12.89 .. 952 .. 12.00 3.37 0.89 26.41
1 12.90 | 1952 [ 11215 3.38 0.75 22.19
R40V 2 1294 952 1210 3.42 0.84 2456  23.28 1.20
3 1290 952 1212 3.38 0.78 23.08
1 1290 952 1224 3.38 0.66 19.53
R50V 2 1277 952 1220 3.25 0.57 17.54  19.40 1.80
3 12.88 952 1217 3.36 0.71 21.13
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Table C-5Change in volume d8BR/NBR vulcanizates after immersion in ASTM oil
no.1 and ASTM oil no.3 at 100°C x 70h acaugdo ASTM D471.

ASTM oil no.1 at 100°C x 70h

Samples n  Mil(gm) M2(gm) v(cc) M3(@gm) M4(gm) V(cc) " xlom Median c
1 2.199 0.028 2171 3.316 -0.219 3.535 62.828
SBR(NO) 2 2.191 0.009 2.182 31307 -0.219 3.526 61.595 62.805 0.705
3 2.194 0.019 25(S, 8 g -0.22 3.541 62.805
1 2.085 0.019 2.066 2.735 -0.126 2.861 38.480
N30 2 2.084 0.025 2.059 “2.738 -0.128 2.866 39.194 39.194 2.320
3 2.096 0:080 2.016 2.752 -0.127 2.879 42.808
1 2.043 0:002 2.044 2.456 -0.073 2.529 23.910
N50 2 2.025 0.002 2.023 2.424 -0.072 2.496 23.381 23.443 0.289
3 2.041 0.002 2.039 2.4.4:5 -0.072 2517 23.443
1 2.016 0.012 2.004 2.217 -0.032 2.249 12.226
N70 2 2.013 0:012 2001 2:2I17‘,' -0.031 2.248 12.344 12.226 0.180
3 2.022 0.042 2.010 2219 -0.032 2.251 11.990
1 2.184 0:016 2.168 2378 % -01027 2.405 10.932
NBR(N100) 2 2171 0.016 2455 2.3Y5i_7 -0.028 2.385 10.673 10.932 0.650
3 2.157 0.015 2.142 2:368 '_1_}-0.029 2.397 11.905
ASTM oil no.3 at 100°C x 70h g
Samples n M1(gm). M2(gm) v(cc) M3(gm) M4(gm) V(cc) : - x100 Med. c
1 2.193 0.042 2.151 6.038 -0.224 6.262 191.120
SBR (NO) 2 2.206 0.03% 2.175 6.243 -0.113 6356 192.230 192.230 1.705
3 2199 0:03 2:169 6.279 -0-:208 6.387 194.467
1 2.088 0.011 2.077 4.61 -0.247 4.857 133.847
N30 2 2:069 0.011 2.058 4. 777 -0.241 5.018 143.829 137.331 5.066
3 2.087 0.011 2.076 4.678 -0.249 4.927 137.331
1 2.056 0.019 2.037 411 -0.185 4.295 110.849
N50 2 2.051 0.003 2.048 4.109 -0.184 4.293 109.619 109.619 0.938
3 2.066 0.001 2.065 4.131 -0.185 4.316 109.007
1 2.023 0.012 2.011 3.281 -0.095 3.376 67.877
N70 2 2.024 0.011 2.013 3.306 -0.098 3.404 69.101 69.094 0.705
3 2.031 0.012 2.019 3.318 -0.096 3.414 69.094
1 2.248 0.090 2.158 3.249 -0.083 3.332 54.402
NBR(N100) 2 2.241 0.072 2.169 3.389 -0.072 3.461 59.567 54.424 2975
3 2.25 0.080 2.17 3.291 -0.06 3.351 54.424
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Table C-6 Change in volume d8BR/NBR vulcanizates after immersion in Brake
fluid and Fuel C at 25°C x 70h according t8T7M D471.

Brake fluid at 25°C x 70h

Samples n M1(gm) M2(gm) v(cc) M3(gm) M4(gm) V(cc) " 100 Med. c
1 2.092 0.018 2.074 3.316 0.232 3.084 48.698
SBR(NO) 2 2.071 0.029 2,042 3.307 0.244 3.063 50.000 50.000 0.945
3 2.084 0.030 2.054 8.3248 0.229 3.092 50.536
1 2.065 0.022 2.043 2985 0:215 2.52 23.348
N30 2 2.059 0.028 2.031 _§2.738 0.229 2.509 23.535 23.348 0.232
3 2.066 0.042 2.024 2.752 0:261 2.491 23.073
1 2.053 0.034 2.039 2.756 0.194 2.562 25.650
N50 2 2.045 0.018 240027 2.664 0.208 2.456 21.164 21.164 3.044
3 2.06 0.029 24031 &.645 0.211 2.434 19.842
1 2.026 01022 2.004 2_.517 0.142 2.375 18.513
N70 2 2.033 0.082 2.001 2.521 0.121 2.400 19.940 18.756 0.763
3 2.022 0:012 2010 2"419_' 0.032 2.387 18.756
1 2.204 0.016 2.188 2‘74‘28 0.011 2.417 10.466
NBR(N100) 2 2.181 01026 2.156: 2.45;7 & 01018 2.439 13.179 13.179 2.165
3 2.158 0.015 2.143 24638 0.009 2.459 14.746
L
Fuel C at 25°C x 70h —
Samples n Ml(gmi M2(gm) v(cc) M3(gm) M4(gm) V(cc) v_v_xiun Med. o
1 213 -0.029 2.159 6.434 -1.246 ._7.680 255.720
SBR(NO) 2 2.135 -0.029 2.164 6.644 -1.07 7.714 256.470 255.720 6.710
3 2,158 -0:029 2:187 6.503 -1,031 7534 244.490
1 2.083 -0:011 2.094 5.543 -0.761 6.304 201.051
N30 2 2.07 -0.011 2.081 5.486 -0.821 6.307 203.075 201.051 9.966
3 2.086 -0.012 2.098 5.452 =0:525 5.977 184.890
1| 2:047 0.000 2.047 4,983 -0.608 5.591 173,131
N50 2 2.087 0.000 2.087 5.07 -0.692 5762 176:090 176.090 5.347
3 2.061 -0.001 2.062 5.104 -0.742 5.846 183.511
1 2.029 0.011 2.018 4.253 -0.531 4,784 137.066
N70 2 2.035 0.011 2.024 4.237 -0.55 4.787 136.512 137.066 2.043
3 2.041 0.011 2.03 4.319 -0.559 4.878 140.296
1 2.186 0.031 2.155 3.73 -0.314 4.044 87.657
NBR(N100) 2 2.156 0.029 2.127 3.731 -0.316 4.047 90.268 89.076  1.307
3 2.172 0.030 2.142 3.734 -0.316 4.05 89.076
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Table C-7 Change in volume dfilica/CB filled SBR/NBR vulcanizates and silane

coupling agents vulcanizates after immer&oASTM oil no.1 and

ASTM oil no.3 at 100°C x 70h according to A3 DA471.

ASTM oil no.1 at 100°C x 70h

V—

Samples n  Mi(gm) M2(@m) v(cc) M3(gm) Ma@gm) V(o) o 0@ Med. c
1 2231 0239 1992 | 2361 0208 2153 8.082

R30 2 2241 0.241 2.000 2369 0.209 2.160 8.000 8.082  0.095
3 2.216 0.238". 1978  2.346 0206  2.140 8.190
1 2.556 0.328 2228 _J2.686 0295, 2391 7.316

R40 2 2.583 0.331m™9.252 | 2.712 0.298 ~ 2.414 7194 7194 0.110
3 2.618 0.335¢" 21283, ) | 21747 0.302  2.445 7.096
1 2.656 0.404" 2250/ 2783 0372 2411 7.060

R50 2 2.676 ofhos 4 2768 -2.804 0375 2429 7.099  7.099 0.062
3 2.562 0390 4 2172 < 2686 0.358. 2328 7.182
1 2.456 0.376" J2080 2567 0.345 2222 6.827

R30M 2 2.440 0374 £ 2066 (- 2550 | 0342, 2215 7212 7177 0213
3 2.452 03760 [2.076 2{569' 0.344 . 2225 7177
1 2.359 0388 J 2046 2468 4 0285  2.183 6.696

R40M 2 2.415 820 & 2.095 2523 0291 2236 6730  6.696 0.115
3 2.406 0.319 2:087 2513+  0.290 2.223 6.517
1 2466 0377 +/2:089 - 2575 /10349 2226 6.558

R50M 2 2.508 0384 2124 2.6?'-. 0355  2.256 6215  6.215 0.217
3 2531 0.387 " ~2.144 2635 - 08359 2276 6.157
1 23834 0254 2129 2519 0.224 . 2.295 7.797

R30G 2 2395 ~ 0254 2041 2518 0224 2204 7.146  7.433  0.326
3 2454=,0261 2,193 2ECCEEEEYr —>73:c 7.433
1 2329 | J0308 2021 244 0279 | 2.162 6.977

R40G 2 2321 0307 2014  2.433 0278  2.155 7.001  7.001 0.045
3 2317 0307 2010 _ 2.429 0277 _ 2152 7.065
1 2.419 0370 | 2.049 | 2534 0841 | 2193 7.028

R50G 2 2,421 0370 ' 2051 " 2535 0341 2194 6972 6972 0.061
3 2.427 0371 2056  2.540 0342 2198 6.907
1 2.482 03254 27157 (1 [21614 0292 /1 21322 74650

R30V 2 2.507 0329 ¢ 2178 [ ~.2.638 01295 | 2.343 7576  7.650  0.096
3 2.386 0313 2073 2515 0281 2234 7.767
1 2.338 0249  2.089  2.448 0217 2231 6.798

R40V 2 2.377 0255 2122 2505 0222 2283 7587 7587 0477
3 2.384 0255 2129 2514 0222 2292 7.656
1 2.399 0259 2140 2513 0229  2.284 6.729

R50V 2 2.345 0254 2091  2.466 0224 2242 7221 65823 0.262
3 2.349 0253 2096  2.462 0223 2239 6.823
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Table C-7 (Continued)

ASTM oil no.3 at 100°C x 70h

V—
Sarsnple n  Ml@gm) M2(gm) v(cc) M3(gm) M4)(gm V(o) —,  rioe Med. ¢
1 2364 0253 2111 3341 0170 3171 50.213
R30 2 2329 0.249 2080 3304  0.167 3.137 50.817 50213  0.475
3 2353 0250 2103 3319 0167 3.152 49.881
1 2468 0315 2.1 0232 3.193 48.305
RO 2 2487 0.317 5}\\\ f;%o 34 3212 48.018  48.018  0.220
3 2505 0.3200. 2. 3.231 47.872
1 2349 0.2 204 01180  3.024 44.344
RS0 2 2410 0259 _ 2.151 348 0.185  3.163 47048 44615  1.489
3 2413 : w2154 | 3.299 %.us 44.615
1 2407 : 3 6 43.100
R3OM 2 2438 42.933 42,933 0228
3 2443 42.657
1 2363 41.346
RAOM 2 2413 41663  41.646  0.178
3 2352 41.646
1 2469 38.995
RSOM 2 2.444 39.204  39.188  0.152
3 2415 39.188
1 2238 49.425
R30G 2 2226 87— 49.824  49.824  0.238
3 2206 0.236__71:970°/ 34 58  2.952 49.848
1 2314 ) 0305 . 3. m. 43.056
R4OG 2 2.327\(-' 330 36 42.871  42.893  0.101
3 2326 %410.307 42.893
1 2419 9.369 Y, ; g‘g 43.024
R50G 2 2458 0376 2082 3278 0303 2075 42.801  42.891  0.094
3 2489 0879, 2110 33223, 0308 3.014 42.844
; ﬁuﬁﬁl? isdh il kTl I
R3OV 2 24 49346 49.373  0.451
3 0248 2074, 3266 0168 3.098 49.373
4 3 . (
R4OVQ ‘Wél aiﬁ ‘j Ey %‘I VEE} f] ‘ 47.728  0.492
3.353 . .
1 2.722 0415 2307 3668 0333 3.335 44.560
RSOV 2 2732 0412 2320 3644 0333 3.311 42716 44202 0978

3 2.755 0.418 2.337 3.706 0.336 3.370 44.202
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Table C-8 Change in volume dfilica/CB filled SBR/NBR vulcanizates and silane
coupling agents vulcanizatesraftenersion in Brake fluid and Fuel C at
25°C x 70h according to ASTM D471.

Brake fluid at 25°C x 70h

Samples n M1(gm) M2(gm) v(cc) M3(gm) M4(gm) V(cc) —° 100 Med. c
1 2.255 0.243 2.012 2573 0252  2.321 15.358

R30 2 2.270 0.243 2.027 2.600 0252  2.348 15.836  15.702  0.247
3 2.283 0.245 2.038 2.611 01253  2.358 15.702
1 2.261 0.299 1962 2557 0.307  2.250 14.679

R40 2 2.274 0.300 11974 2.572 0.309  2.263 14.640 14.640 0.143
3 2.293 0.302 1.991 2.589 0311 2.278 14.415
1 2.426 0:318 2408 2.728 0.326  2.402 13.947

R50 2 2.423 0,318 2405 2726 0.326  2.400 14.014 13.947 0.211
3 2518 0.330 2.188 2828 0.337.  2.486 13.620
1 2.319 0356 1963" — 2506 0364  .2.232 13.704

R30M 2 2.337 0.358 1079 2.?5?13), 0.366  2.247 13.542 13542 0.208
3 2.354 0360 1.994 2.@2’9 0.370  2.259 13.290
1 2.346 0.312 2.034 2,626 4 01820, 2.306 13.373

R40M 2 2.334 0.310 2'.02{1 2.6-.1,8'# 10318 2300 13.636  13.373 0.191
3 2.355 0.312 2.043" " 2:634'+  0.320 2.314 13.265
1 2.582 0.394 /20188 2.870:.°/0.401 2.469 12.843

R50M 2 2.550 0.387 2163 2839 0396  2.443 12.945 12.843 0.195
3 2637 0401 - 2236 2926 0409 2517 12.567
1 2434 | 0312 2.122 2.750 0.321 2429 14.467

R30G 2 24217 :Il—eﬂie—z.—ﬂa—z.—?ﬁ—esie—zmé 14.543  14.467 0.089
3 2.451 " 0.314 2.137 2.766 0322 2444 14.366
1 2.398 0.257 2.141 2.720 0.267  2.453 14.573

R40G 2 2468 0.263 2.205 2.788 0272 2516 14.104 14.273  0.237
3 2.463 01263 2.200 2.785 0271 2514 14.273
1 21463 0376 21087 21747 0.384] 72/363 13.225

R50G 2 2.439 0.373 2.066 2.722 0.380 2342 13.359 13.359 0.141
3 21404 0.368 2.036 2.685 0374 2311 13.507
1 2.281 0.245 2.036 2.595 0253  2.342 15.029

R30V 2 2.258 0.242 2.016 2577 0.250"/ | 2.327 151427 15180 0.200
3 2.236 0.240 11996 2.548 0.249 | 12:299 15:180
1 2.413 0.261 2.152 2.721 0269  2.452 13.941

R40V 2 2.389 0.258 2.131 2.698 0267  2.431 14.078 14.078 0.320
3 2.358 0.255 2.103 2.675 0.266  2.409 14.551
1 2.555 0.390 2.165 2.847 0.398  2.449 13.118

R50V 2 2.540 0.388 2.152 2.831 0.395  2.436 13.197 13.197 0.077
3 2579 0.394 2.185 2.877 0.402  2.475 13.272




Table C-8(Continue)

Fuel C at 25°C x 70h

88

Sar:ple Ml)(gm M2)(gm v(ce) M3)(gm M4)(gm V(co) %xiuu Median 6
1 2249  0.298 1.951  4.107  -0.206  4.313 121.066

R30 2 2296  0.301 1.995  4.082  -0.198  4.280 114,536 116.344 3372
3 2263  0.299 1.964  4.060  -0.189  4.249 116.344
1 2540 0325 2215 . 4436  -0.141 4577 106.637

R40 2 2.522 0.332 2190 439 4 :0137 4533 106.986 106.637  0.901
3 2.497 0.319 2178 4340 4 01131 4471 105.280
1 2.617 0.397 2220  4.340° #0215 4.555 105.180

R50 2 2595  0.394 2201  +4.260 -~ =0:202+ 4.462 102.726 102.816  1.392
3 2.637 0.400 2237  4.331 . -0'206... 4.537 102.816
1 2.382 0.315¢" 20067 | 4274 -0.034 4308 108.418

R30M 2 2.369 03144 20055 ﬁsss -0.034 4387 113.479 112.427 2671
3 2.357 0813 20044, 1314 -0.028  4.342 112.427
1 2.348 0.360 1088+ < 3873 -0005 . 3878 95.070

R40M 2 2.327 01856 1.971 3.§98 -0.001  3.809 93.252 93.252  1.886
3 2308 ' 0.354 1854 [/ 37444 0.006 3.738 91.300
1 2.539 0.389 2150 © 3960 -0.067 4.027 87.302

R50M 2 2589  0.395 2194 3.9?;’. 4 0,063, 4.004 82.498 82.498  3.368
3 2.588 0.394 2104 | 3.9931 10058 3.967 80.811
1 2.412 0.257 2186 4395 4 -0034  4.429 105.522

R30G 2 2434 0259 2175 4.297‘_}-?_'_:--1;50.020 4317 98.483 105288  3.998
3 2.392 0.255 2137 436 -0.020  4.387 105.288
1 2424 0372 -~ 2052 4395 = 0013  4.012 95.517

R40G 2 2421 | 0371 2050 4297  -0.009 3898 95.024 95.024  1.112
3 2.428 | - 0370 2.058 4.367 -0.003 3:4)80 93.392
1 2.275 " 0.244 2.031 3.808 -0.082 3.890 91.531

R50G 2 2284 0245 2039 3849  -0.078 (8927 925904 91531  2.005
3 2291  0.244 2.047 3791 0072  3.863 88.715
1 2268 0242 2.026  4.041.' -0.166  4.207 107.651

R30V 2 2.242 | 10.240 2,002 | " 8l0g2, “ 0155 © 4147 107.143 107.143 2.315
3 2.208"" lo:246 2,052« 4023 |-015% 4474 103.411
1 21498  0.327 2171 . 4361  -0.131  4.492 106.909

R40V 2 2.474.. 0322 2152, s 4.278, .-0.123 . . 4.401 104,507 104.507 1.618
3 2.404% %,0.315 21089, _ 4145, -0.113 ' 4258 103:830
1 2.331 0.252 2.079 4074  -0.202  4.276 105.676

R50V 2 2.327 0.252 2.075 4012  -0.196  4.208 102.795 103.742  1.468
3 2365  0.254 2111 4106  -0.195  4.301 103.742
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