CHAPTER 11

THEORY AND LITERATURE REVIEW

2.1 Natural Rubber

Natural rubber is obtained from secretion (latex) of various plants,

but the only important commie rubber (sometimes called Para

Hevea Brasiliens a tall tree, growing naturally

up to forty meters ( ed years or more. Hevea

Brasiliensis requires temaperafures 30°C, ‘at least 2,000 mm of rainfall per year,

2.1.1 Natural Rubber

Latex, is nonmally called “field” latex.“has-a“solifi>content of about 36%, a
— >

surface tension of 0'_ -:\ ’ rﬁ' ‘ polymer is highly linear
cis-1,4-polyisoprene (Fig. 2.1) of about 5 x 10° g/ "u . The colloids stable the

presence of prot ﬁﬁﬁ ﬁhﬁ %mh pi icles. These adsorbed
proteins are 1n st ]gj:c negative charges on
their surfaces [1 3
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Figure 2.1 Cis-1,4-polyisoprene



Field latex can be concentrated by using a centrifuge to obtain 60% dry rubber
content. The composition of a typical field latex is presented in Table 2.1. Details of

the preservation systems used in centrifuged concentration are given in Table 2.2 [14].

Table 2.1 Composition of fresh Hevea latex.

Ingredient Content (%by weight)

Total solid cont 36.0
: 33.0
Proteinous 1.0-1.5
Resinous 1.0-2.5
1.0
Inorganic ma 7 ,; ._ ' up to 1.0
60

Table 2.2 Types of prése
"y;‘.s

Designation m Abbreviation

") R latex concentrate.
P J

'[,J servative system

(%by weight)

i ) ) V1 13 V)] P

LA-TZ 0.2% ammonia, 0.025% zinc oxide,
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disulphide
Low ammonia LA-SPP 0.2% ammonia, 0.2% sodium
pentachlorphenate pentachlorphenate

Low ammonia boric acid LA-BA 0.2% ammonia, 0.24% boric acid




2.2 Fillers for Rubbers

Fillers may be of two types, reinforcing and non-reinforcing. Common
reinforcing fillers are silica and carbon black. The latter are the most widely used in
automotive tires to improve wear characteristics such as abrasion resistance. Non-

reinforcing fillers, such as calcium carbonate, may provide color or opacity or may

merely lower the price of the final produT/B].

2.2.1 Filler properties

The characteristics tha r will impa bber compound are particle
size, surface area, structur ofagtivity [15]:

Particle Size— the filler particle atly exceeds the polymer

inter-chain distance, it i

i, .H"-l"i ‘>

effect on rubber promles Semvreﬁfa ille hich-range from 100-1,000 nm

which range from 10-1@nm

Carbon ﬁzlfi ﬁf ZINT ﬁous particle sizes that
range from se ﬂ ey ﬂ Ily exist as structural
agglomerates or %gregates rather thafi individual ﬁnemca] particléss
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Qface ea— A filler must make intimate contact with the elastomer chains if

antl)ﬁ'nprove rubber properties.

it is going to contribute to reinforcement. Fillers that have a high surface area have
more contact area available and therefore have a higher potential to reinforce the
rubber chains. The shape of the particle is also important. Particles with a planar
shape have more surface area available for contacting the rubber than spherical
particles with an equivalent average particle diameter. Particles of carbon black or

precipitated silica are generally spherical, but their aggregates are anisometric and are



considerably smaller than the particles of clay, which have planar-shaped particle.
Surface area for rubber-grade carbon blacks vary from 6 to 250 m2/g. Most
reinforcing precipitated silica range from 125 to 200 m%/g; a typical hard clay ranges
from 20 to 25 m?/g.

Structure— The shape of an individual particle of reinforcing filler (e.g. carbon
,lance than the filler’s effective shape once

precipitated inorganic used for
les but function as anisometric

ther than discreet particles,

black or precipitated silica) is of less i

dispersed in an elastomer.

reinforcement have general

For reinforcing
carbon black and sili ; _ f structure that existed at
manufacture is lost afte ol 1 - ody ﬂx;n encountered in rubber
$~ agglomerates of aggregates. The

und; the “-'-'g‘ stent structure, is what affects

provide relatively pod v ’ geific surface activity. The
Y PR

specific activity of the fi it : uier interface is determined
by the physical and clm'mc er surf& in relation to that of the
elastomer. Nonpolar filles$ ate best suited tg nonpolar elastomers; polar fillers work

vest in potar b S4E PPV ST WRLL i s the poensia

for reaction betwu:n the elastomer ar@ active 51tes in the filler surf ces.
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Natural rubber has a certain degree of self-reinforcement, since it crystallizes
on elongation. The thermoplastic elastomers also gain by the presence of hard blocks.

However, nearly all elastomeric materials have some type of reinforcing filler.

The reinforcing fillers, with dimensions in the order of 10 to 20 nm, form a

variety of physical and chemical bonds with the polymer chains. Tensile and tear



strength are increased, and the modulus is raised. The reinforcement can be
understood through chain slippage mechanisms (see Fig. 2.2). The filler permits local
chain segment motion but restricts actual flow [13].

Initial relaxed state

Complete extensibility
of shortest chain

Chain slippage

RE ' High modulus
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Figure 2.2 echaniﬁvﬁf I ilﬁ)f eme lastomers by carbon black: (a)
Takayanagi mo uﬂa ;1& ;ﬁc ng, ﬂﬁﬁﬂ ) will become taut
before others (B, C); (c) chain slippage on filler surface maintainsspolymer-filler
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2.2.3 Silica

Amorphous silica consists of ultimate particles of the inorganic silicon dioxide
(Si02)s, where a silicon atom is covalently bonded in a tetrahedral arrangement to
four oxygen atoms. Each of the four oxygen atoms is covalently bonded to either one
silicon atom forming a siloxane (-Si-O-Si-) or to a hydrogen forming a silanol (-Si-O-

H) functionality (Fig. 2.3).



VICINAL SILANOLS
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e \H
0\
SYNTHETIC s- "
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The dispersio enerally recognized to be

determined by the state & , which are schematically

shown in Fig. 2.4 [17].
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Flgure 4 Silica partlcle its morphology in rubber ix [17]
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bonded to one another via siloxane bonds. Aggregates can physically agglomerate

through intermolecular hydrogen bonding of surface silanol groups of one aggregate

to a silanol group of other aggregate.

Because of its small particle size and complex aggregate structure, precipitated

silica imparts the highest degree of reinforcement to elastomer compounds among all
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of the non-black particulate fillers. This superior reinforcement is employed in a

variety of rubber compounds for shoe soles, industrial rubber goods, and tires [18].
2.2.4 Organotrialkoxysilane

Trialkoxysilanes R-Si(OR’); with an organic substituent R are suitable

precursors of organic-inorganic hybrid materials due to their ability to readily undergo

hydrolysis and condensation reacti e three alkoxy groups. The sol-gel

polymerization of trialkoxysi sis and condensation results in

n R—Si(OR"); : 115] + 3n ROH

koxysilanes to give

The polymers are ¢omj sed g‘it;a monemer repeat unit, (RSiO; s5), with a single
silicon atom attached to othef repeat-Units it mer through up to three siloxane
bonds. The remalmng substltum ,&‘: lic. grouy attached to the silicon through a

silicon-carbon single b : ) nterac tion or chemical bonds

i
een the twcﬂlcompatlble phases.
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Sol-Gel process

ﬂﬁ’] @ocess nj m }I Iﬂd’r-(llyswn a reactlve multlfunctlonal

inorganic monomer. A reaction is the acid- or base-catalyzed hydrolysis of tetra-

between the inorganie ic.dn o be of great importance

in guarantee a durable c.mmlcal junction be

ethoxysilane (TEOS) (Scheme 2.2). This compound can be hydrolyzed in solution to
silicic acid [Si(OH)4], a monomer that will condense rapidly to a cross-linked matrix

and ultimately to silica.
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| |
Hydrolysis: —?i-O(‘QHs + H,O =—— —?i-OH + C,HsOH
Alcohol l. . |
—Si- + — =—= —Si—0-Si— +

Condensation: ?l s HO—?‘ ?l o ?l C,HsOH
] _Y-on + Ho-é'— e e o
Condensation: I i ?l 0 ?1 2
Overall reaction: i )\ 2H a—= Si0, + 4C,H,0H

Scheme 2.2 Hydrolysis.an d cc n of TEOS to form silica

ol solvent under controlled

conditions that allow the s 50l) tc a fo loosely cross-linked matrix
(gel). This, after mold

water and alcohol an

heated to remove the remaining
oss-linked ceramic with a
composition similar to thg silica. W
titanium, aluminum, and many;© tﬁﬂﬁr

that a considerable contractiog of 34’ e :

pplicable to the alkoxides of
drawback of this process is

ing the final condensation steps.

The sol-gel process i

advantages are the g .; temperatires) the high purity of the

high-performance ceramics. The

-

products, the control © E st el), and the relative ease of
6].
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Vulcanization (or curing) is a chemical process designed to reduce the effects

forming ceramics alloys

of temperature, or solvents on the properties of a rubber compound and to create
useful mechanical properties. This is most often accomplished by heating with
vulcanizing agents, such as elemental sulfur, organic peroxides, organic resins, metal
oxides, or urethane. This process converts a viscous entanglement of long chain

molecules into a three dimensional elastic network, as shown in Fig. 2.5 [20].
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Raw rubber’ Vulcanized rubber

Figure 2.5 Crosslinking [20]

Sulfur is by far the most wic f canizing agent in conjunction with
activators (metal oxides an s) Ec accelerators. These are used
primarily with general pw @bber (NR), styrene butadiene

rubber (SBR), and poly

and oxidative aging re

sulfur bloom and to mg j d . pi g characteristics. Two chemicals;

The related terms of pulcanization precess are described as follows [21];
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Scorching is a result of both the temperature reached during processing and an
amount of time the compound is exposed to elevated temperatures. This period of
time before vulcanization is generally referred to as a “scorch time”. It is important

that vulcanization dose not start until the processing is complete.

Rate of Cure is the rate at which crosslinking and the development of the

stiffness (modulus) of the compound occur after the scorch point. As the compound is
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heated past the scorch point, the properties of the compound change from a soft to a
tough elastic material. During the curing step, crosslinks are introduced, which
connect the long polymer chains of the rubber together. As more crosslinks are
introduced, the polymer chains become more firmly connected and the stiffness or
modulus of the compound increases. The rate of cure is an important vulcanization

parameter since it in part determines the time the compound must be cured, i.e., “the

cure time”. ’ ,

e@e the development of property of
the rubber as cure pro e *Crossiinki vulcanization proceeds, the
modulus of the compound states of cure”. Technically, the most
important state is the s 1 properties imparted by

vulcanization do not o

be the best for other pr:

Cure Time is - required. iduring the vulcanization step for the

@dulus and tensile strength

compounds, reversion Ecurs .

decrease. P

o SUAANANANANS
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behavior &f rubber compounds, by following the change in torque as the curing
reaction proceeds. A rotor is embedded in the rubber sample, which is confined in a
die cavity under pressure, and controlled at a predetermined temperature. The sample
is subjected to an oscillatory shearing action of constant amplitude, and the torque
required to oscillate the rotor is measured. Since the rotor is straining the sample, the

torque values are directly related to the shear modulus of the rubber.
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The values read from ﬂm@fg :
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s minutes to X% of torque increase, t'x = minutes to

M + x(My-Mp)/100
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Curemeters are ﬂed widely to test finished compﬂnd prior to the shaping and
curing stage. i ‘ﬁm o isticsereadily. They are also
widely used ;ﬂﬁﬂ f | aﬂmamjviscosity and scorch,
are reflected in the first portio of :je Cﬁal ‘ ct on of cure and the
modulu%ﬁrﬁ\é\mi e ﬂﬁﬁﬂﬁtﬁé he curve.

A new version of the cure meter, called ‘moving-die rheometer’, has been
introduced (e.g., the Monsanto MDR 2000) (Fig. 2.8). The cavity is much smaller and
there is no rotor. In this type of cure meter, one-half of the die is stationary and the
other half oscillates. The sample is much smaller and heat transfer is faster. Also,

because there is no rotor, the temperature of the cavity and sample can be changed

more rapidly.
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25  Mechanical Testing -~ "i‘f"

btain engineering-type
ATe perforad routinely in materials

laboratories and in industrialtesearch laboratgries. Because most of the tests result in

sesrcton of (8 S BABBIY VS THRIHA e o tich deree ot

reproducibility, nﬂltlple tests on smlgar samples are needed befo e, valid results can
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2 5 1 Tensile Stress-Strain

Mechanical ‘»‘f
evaluations of new pmmers. U

Physical testing of rubber often involves application of a force to a specimen
and measurement of resultant deformation or application of a deformation and
measurement of the required force. In practice, stress-strain experiments are often

carried out on a flat sample that has been shaped into the form shown Figure 2.9.
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between the contacting » ) in shear tests. Stress is usually expressed in unit
of Newton per square in R pressed in percent. Material
stiffness is determined. hich is defined as the ratio of stress to strain
[24]. '

" NO SHEAR SHﬂ o/
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Figure 2.10 a) Tensile stretching of a bar; b) Shear of a rectangular block [24]
2.5.2 Tear resistance

High stress concentration on a rubber product applied at a cut or defect area
during service can lead to the propagation of a tear or rupture. Different rubber
vulcanizates show different resistance to tear. Tear characteristics for a compound can

be related to the compound’s crosslink density and state of cure, as well as filler type
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and loadings. The force to initiate a tear is quite different from the forced required to
propagate a tear. Various tear tests place a deliberate flaw in a rubber specimen to try

to relate to the tear propagating force [25].

Figure 2.11 SHipi : ,B, C, and T [25]

only used tear test pieces which
are described in ASTM D624! Die*E ’ _ « n shaped test piece with large ends
for better gripping in a tensile te ‘ en is nicked with a razor blade to a

specified depth to help as an angle to help initiate

a tear and does not ng ,;""""" y Tequire a cut nic ""“;“"t J rouser tear specimen is
separated by a shear fo or N opposite directions to each leg

at right angles to the p ane of the test plece The tear strength (75) is reported as

o 1814 HEAENEINS
AN IafiT N d

where F =‘maximum force (in N), for dies B and C, and the median or mean for die T

(trouser), and d = test piece thickness in mm.

In accordance with fracture mechanics, tearing energy theoretically is a basic
material property that is truly independent of the cut geometry and geometry of the
rubber specimen. Most standard tear tests do not measure tearing energy. A modified

Trouser tear comes closed to relating to true tearing energy; however, features such as
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the width of the cut and variations in cut geometry, among others, can greatly affect

accuracy of results.
2.5.3 Hardness

Hardness, as applied to rubber, may be defined as the resistance to indentation
under conditions which do not puncture the rubber. Hardness must be expressed in

terms of instrument parameters rather tha in basic units. The spring-loaded pocket

durometer is the most commo mer ;’ng hardness of elastomers. The

ly used. In this instrument the
hard plane surface such as
a reading of 90. Above 90
d different stiffness spring,

scale runs from zero h
glass. The type A duro
the type D durometer,
is used [24].

In ordinary SB s increases with increased

cure. In natural rubber co reases to a maximum and then

decreases because of reversi the-cure tme i§yincreased.
2.5.4 Abrasion Resistane

o e surface of a rubber

ompared on agolume loss™ basis which is

Abrasion tests-is
specimen. Tested comp f“ ds are usually
calculated from the weight'less and densﬁ of.the compound. Abrasion test results are

known to be vaﬂluhgt% 1('9&1}1 w&gﬂaﬂ @dardlze the abradant

used in the test. 1‘! is also required te relate the test results to a ndard reference

e R BRANTITU A WEJ’]Q d

ISO 4649 refers to the DIN Abrader, so called because it is based on the
German standard. The rubber test piece with a holder traverses a rotating cylinder
covered with the specified abradant paper. By allowing the sample holder to move the
test piece across the drum as it rotates, there is less chance of rubber buildup on the

abradant paper. This method is used extensively in Europe.
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2.6  Swelling

When a polymer in contact with a solvent, diffusion takes place in both
directions, the polymer into the solvent, and vice versa. However, the rate of diffusion
of the solvent, being a small molecule, is much faster. A cross-linked polymer only
swells, reaching an equilibrium degree of swelling. There are also some polymers,

particularly with high melting temperatures or strong internal secondary bonds, which

the mechanical properties , sites.. and ir swelling. A reinforced
ase. in“stiffness (modulus) and a
. vellin a rubber solvent. Both of
these effects can also e L ity Vg \\-\ increasing the degree of
crosslinking of the rubbergRe ¢ $'su as carbon black interact strongly
with unsaturated hydroCarbei milling or during mastication in an
internal mixer. The amo £ rubber whichiremains associated with the filler when
the mixture is subsequently er solvent (‘bound rubber’) is often

used as a measure of thi atity of bound rubber normally

increases on storag =‘=““T-=“T-—ﬁ'{;i ’). Thus, the rubber is
adsorbed on the filler “- 6 sS-stkain properties and reduces

the extent of swelling™in a solvent. Since stress-stra

swelling measu ‘ei pri ﬂfﬂj qa]'e ing.crosslink density, it
becomes very %ﬁ ﬂ M i i ﬂrj reinforcing filler is
present in the rubber because the effets of crosslirks cannot be refidil distinguished

rom Sl ook ik pndnod V1174 VI E 716

and equilibrium volume
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2.7 Literature Reviews
2.7.1 Sol-Gel Process of TEOS

In 2000, Kohjiya et al. [26] prepared the in situ silica filling in the rubber
matrix before vulcanization. The NR sheet of ca. 1 mm thickness was immersed in
TEOS and aqueous solution of n-butylamine to follow the sol-gel reaction of TEOS.
After that, the in situ silica-filled NR was compounding with ingredients for the sulfur

vulcanization reaction on a two=roll mill ar Aplgas 'ied at 150 °C in the compression
: silica particles were generated

he db ore vulcanization and those
\ *\ pmpound by sulfur, which
0 n O 1

of in situ silica was lower

by the sol-gel reaction
did not much inhibit

than that of convention igd ahd'in_sif 11 -filled NR vulcanizates improved the
mechanical properties. Si 1 n 3 ofdip Situ sili awas conducted before curing,
this method is more usé¢ful industitallyy pfactical technique than the method in

which the sol-gel reacti *was arried out in the rubber vulcanizates.
However, this method has ore lifsifation to ger fate in situ silica-reinforced rubber by

= . S 4 P )
the degree of diffusion TEOS inte rubber matrix:

In 2002, Yosk 7 kai ef ¢ 704 silica reinforcement of
synthetic diene rubbersEy a sol-ge OS m the latex. The TEOS was
mixed directly into the latex.ef SBR and NBR;(nitrile rubber). The sol-gel process of

TEOS then pro@d iffd miktdfd §F Jaléy, Watbhlahd a ¢afalyst The silica content in

the compounds, ﬁmcle size and remeforcmg behav1or of silica were found to depend

o ox QENTEIRSANIRNA TN Y ™ e

particle sige of silica was reported to be smaller than 100 nm. The tensile strength of
SBR and NBR were over 25 MPa.

For sol-gel process of ethoxysilane in NR latex, Nuntivanich and
Tangpasuthadol [11] studied silica reinforcement of NR by a sol-gel process of
tetraecthoxysilane (TEOS) in the commercial-grade concentrated NR latex which has

already contained 40% water and 0.7% NH;. These ingredients were needed for the
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sol-gel reaction. The conversion of TEOS to silica was close to 100%, and the
particles size was about 44 nm in diameter. The silica particles were scattered evenly
in the rubber matrix. A statistical analysis method, named ‘two-level factorial design’,
was used to study the influence of the amount of TEOS, ammonia, and gelation time
on the mechanical properties of the composite. It was also found that the composite
containing in situ silica had a higher tensile modulus and tear strength than the

composite prepared by conventionally. W with silica powder.

i

Until 2005,'Niyomp 1 [12] studied the effect of silane

coupling agent, bis-(3-t yl)w (TESPT), on in situ silica
reinforcement of natural 1 combinati nof TESPT were mixed with
rubber latex and followe e the sol-gel process of both
silanes. The in situ gener dispersed in the NR matrix
The addition of TESP t optimum cure time (too)
Furthermore, from ‘twog€vel factori '_ odulus at 300% elongation
tear strength and hardness Briios cantly affected by the amount

In 2000, Loy ti' als, [19] examineds the sol-gel chemistry of organotri-

P hﬂnu B AT RS RS i st

on silicon, at vaﬂrmg monomer coneentrations, gd under ac1d1£,’ neutral, and the
basic coaitwsqcﬁi@eﬂxﬁwwﬂ@%&%@ﬁolymeﬁzation
of organ@trialkoxysilane. They found that the large substituent group of
organotrialkoxysilane led to the formation of oligomers and polymers in the form of
oils and resins. Formation of gels from organotrialkoxysilane is significantly hindered
by phase separation of oligomeric or polymeric silsesquioxanes and, to lesser extent,

by sterically bulky organic substituents.
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2.7.3 Modification of Silica Surfaces by Sol-Gel Process

In 1999, Hsiue et al. [8] prepared polyimide-silica (PI-SiO;) hybrids with
silica particles at a nanometer scale. Polyimide-silica hybrids were obtained using the
nonaqueous sol-gel process by polycondensation of phenyltriethoxysilane (PTEOS) in
a poly(amic acid) solution. PTEOS and poly(amic acid) react in a flask with
tetrahydrofuran (THF) as a solvent.

the reaction solution became ' ey found that PTEOS introduced

ixture was then stirred for about 24 h until

phenyl groups into the final*form il to increase the compatibility

In 2003, Bauer inforcement of polyacrylate
nanocomposites by acid cata koxysilanes onto the surface
of silica nanoparticles. To overce of incompatibility of acrylates with
a high content of silica, the surfa e nanoparticles has to be altered
from hydrophilic to @ es [methacryloxypropyl-
trimethoxysilane (MEM 0 , vinyltrin - Vo) , and n-propyltrimethoxy-

silane (PTMO)] were grafted onto the surface of silica nai oparticles. They found that
after radiation curi ‘ ﬁ 1 o 0si ﬁ1 wed a higher scratch
and abrasion re@ﬁr&r miﬂﬂﬁmﬂtic Injties in comparison to
the neat ﬁ)l acrylate. ¢ 2 v/

Inthe same ;faear,ﬁwr:a]ha? e:éz}l‘.! [y] jﬂd;]d’tgeZ‘l‘egtjo’f-]théapol%};!ilsesquioxane
on the microstructure, interfacial interaction, and properties of the polyimide (PI)
based on hybrid films. New hybrid composite films of polyimide and poly(vinyl-
silsesquioxane) (PVSSQ) were produced with the use of vinyltriethoxysilane.

Thermal stability and DMTA results suggested the stronger interaction as well as

better interfacial interaction between the PI and PVSSQ rather than that between PI
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and tetraethoxysilane (TEOS). The interfacial interaction between the PI and PVSSQ

has led to the improved mechanical properties of the hybrid composites.

a)  Hydrolysis

QEt H* H
EtO-Si~OEt + 4 HyO =———= HO-Si*OH
Et -4EtOH H

Condensation

a HO'%rg)H

b)

Scheme 2.3 a) hydro s
b) hydrolysi

= -

¢

sation reactions of TEOS
ions of VTOS [24]

I"
In 2005, Chen 1 [10] studied the silica nanopa 1cles with different surface

properties by Elﬁ E mﬁ/]:h erent silane coupling
agents such as il yltnethoxysﬂane and

methacryloxyEro yltrimethoxysilane Compared #with the unnfodified nanosilica

paricles g s asihnde o inabe ok} Eid 8 ifner improved

through madlﬁcatlon of silica particles with these silane coupling agent molecules.
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