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ABSTRACT

Beside carbon black, silica powder is the other important filler used to reinforce
various colored rubber products. In order to improve the compatibility between silica
particles and rubber phase, this work has focused on preparing an NR composite,
reinforced by silica generated inside the NR matrix or “in situ’. The silica particle
was formed by a sol-gel process of tetracthoxysilane (TEOS) dispersed in NR latex.
The latex used was concentrated laiex bhaving 60% rubber content, and already
contained water and ammonia. two ingredients needed for the sol-gel reaction. The
conversion of TEOS to silica was close to 100%, and the particles size was about 44
nm in diameter, determined by TEM. The silica particles scattered evenly in the
rubber. A statistical‘analysis method, named *two-level factorial design’, was used to
study the influence of the amount of TEOS, ammenia, and gelation time on the
mechanical propertiesof the composite. Silica content as high as 19% was prepared
successfully. TheComposite had a tensile modulus of 3.7 MPa and a tear strength
value of 41 N/mm. It was also found that the composite containing in situ silica had a
higher tensile modulus and tear strength than a composite that was prepared by
conventionally mixing with silica powder.
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CHAPTER 1
INTRODUCTION

1.1 Statement of Problems

Natural rubber (NR) is an impertant agriculture product essential for
manufacturing. Usually, inerganic fillers are mixed with rubbers to reinforce the
rubber products. Beside carbon black, silica (Si0;) is the other important filler used in
the rubber industry. The products obtained from mixing with silica are colorless or
white. Therefore, nlhgrﬁﬂiars can be added to these products.

A problem of siliga-reinforced rubber is incompatibility between silica and
rubber, resulting in/poor mechanical properties. A well-known method for improving
the reinforcement effect is to treat silica surface by ‘silane coupling agent’ to promote
interaction with rubber, Another method is 10 add silane coupling agent during NR-
silica mixing process. Until recently, in situ synthesis of silica particles inside NR
matrix has been widely studied as a neﬂfi:gmpnunding method for NR composite (see
section 2.3). The “in situ géneration’ of silica was accomplished by means of sol-gel
process of tetraethoxysilane or TEOS. -ﬁ.‘grﬂ_cursur for silica particles, which was
carried out in NRsheets.

Since Thailand can pmdi:ce NR latex in a great quantity. this work was
therefore decided 1o mix TEOS directly into the latex. The mixture was then baked in
order to induce the sol-gel process of the silane, thus silica particles was formed while
the latex was dried to become NR-silica compesite. Water and ammonia, two major
components\needed 1o induce the sol-gel process, are already present in the latex.
This might be 4 novel and alternate method to prepare the corresponding composites
that-could save energy consumption required to prepare the, rubber sheets.

Therefore, this focus” of fesearch was” 1o ‘prepare ‘silica-reinforced NR
composite by using the sol-gel process of TEOS in NR latex. Mechanical properties
of the composite filled with “in situ generated” silica and “mechanically mixed” silica
were also compared.

1.2 Objective

The objective of this project was to utilize natural rubber latex to prepare silica-
reinforced natural rubber composite by sol-gel reaction of tetracthoxysilane (TEOS)

in the latex.



1.3 Scope of the Investigation

The stepwise investigation was carried out as follows:

1.
2.

3.

Literature survey for related research work.
Prepare silica reinforcement of NR by sol-gel process in latex.

Carry out the sol-gel process of TEOS in NR latex and prepare the silica-NR
composites. Experimental factors being investigated were the amount of
TEOS, ammonia, gelation temperature and time.

Study the effect of experimental factors on mechanical properties by using
two-level factorial design.

Characterize the morphology of silica generated in the composites by SEM
and TEM

Determine the amount of silica generated in the composites by thermo-
gravimetric method.

Determine curing behavior and mechanical properties of NR-silica
compositesaccording to ASTM methods.

Make a comparison between the NR composites filled with in situ silica and
mechanically mixed silica

Summarize the results.



CHAPTER 2
THEORETICAL AND LITERATURE REVIEW

2.1 Filler Reinforcement System |5]

2.1.1 Reinforcement Concepis

Reinforcement basically relates to composites built from two or more
structural elements or components of different mechanical characteristics. The
strength of one of thesgelements is imparted to the composite. One typical example
of reinforcement i§ thatof concrete with embedded steel rods or cable where the high
tensile strength of the steel is imparted to the concrete to give it increased flexural and
impact strength. A strong bond must develop between the reinforcing materials and
the embedding matrix.

2.1.2 Effect of Particle Size on Elastomer Reinforcement

Modulus and tensile strength of the compesite are very much dependent on the
particle size of the filler. Small particles have a much greater effect than coarse ones.
Particle size is directly related to the reciprocal of surface area per gram of filler; thus
the effect of smaller particles actually reflects their greater extent of interface between
polymer and solid material.

The reduction in properties at higher loading is a dilution effect. general to all
fillers, merely due to a diminishing volume fraction of polymer in the composite. If
the volume percentage offillerbecomes so high-that there is not enough rubber matrix
to hold the filler particles together, strength approaches zeéro. Before this stage of
loading is reached, the compound attains a level of stiffness where it becomes brittle
and;-at, the.normal rate-of-testing: (e.g: 50,cm. per minute) such-a brittle compound
would shew poor strength The place of the maximum is ‘also dependent on the
parti¢le size of the filler.

A summary of the main influence of each of the four filler characteristics is
given below:

1) Smaller particle size (larger external surface area)

Results: higher tensile strength. higher hysteresis, higher abrasion
resistance, higher electrical conductivity for carbon blacks. higher
Mooney viscosity. Minor effects on: extrusion shrinkage and modulus.

2) Increase in surface activity (physical adsorption)



Results: higher modulus at higher extension (300% up), higher abrasion
resistance, higher adsorptive properties, higher “bound rubber”, lower
hysteresis
3) Increase in persistent structure and anisometry

Results: lower extrusion shrinkage, higher modulus and medium
extension (up to 300%), higher Mooney viscosity, higher hysteresis,
longer incorporation time. Better dispersion, low electrical resistivity for
carbon blacks. This property particularly is interrelated with surface
activity; structure changes on fillers without surface activity (graphitized
black) show the effects indicated above only rather faintly. When a
filler’s surface activity is high (and constant), variations in its structure
have the greatest effect on its rubber properties.

2.2 Description of Curing Parameters |5]

Scorch is premature vulcanization in which the material becomes partly vulcanized
before the product s in its final form and ready for vulcanization. It reduces the
plastic properties of the compound so that it can no longer be processed. Scorching is
the result of both the temperature reached during processing and amount of time the
compound is exposed to elevated ten@peratures. This period of time before
vulcanization is generally referred to as “scorch time.” It is important that
vulcanization dose not start until processing is complete:

Rate of Cure is the rate at which crosslinking and the development of the stiffness
(modulus) of the compound occur afier the scorch point. As the compound is heated
past the scorch pomnt, the properties of the compound change from a soft to a tough
elastic material required for use. During the curing step, crosslinks are introduced.
which conngct the 1ong polymier chains of the ribber together. As more crosslinks are
introduced, the polymer-chains become more firmly connected and the stiffness or
modulus ef 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
curetime.”

State of Cure- In general. “state of cure” is a term used to indicate the development of
property of the rubber as cure progresses. As the crosslinking or vulcanization
proceeds. the modulus of the compound increases to various “states of cure.” Since
all properties imparted by vulcanization do not occur at the same level of cure. the
state of optimizing may not be the best for other properties.

Cure Time- Cure time is the time required during the vulcanization step for the
compounded rubber to reach the desired state of cure.

Overcure- A cure which is longer than optimum is an “overcure.” Overcures may be
of two types. In one type. the stock continues to harden, the modulus rises. and
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tensile and elongation fall. In other cases, including most natural rubber compounds.
reversion occurs with overcure and the modulus and tensile strength decrease.

2.3 Sol-gel Process

The sol-gel technique is used to prepare inorganic glasses at low temperatures.
A classic example is the reaction of tetracthoxysilane (TEOS) to give silica glass
(510;). The reaction of TEOS takes pldce in two steps, hydrolysis and condensation.
to produce Si0; (Fig. 2.1).

7 | |
Hydrolysis: H?F.QC;E& t o === '—-?i'CIH + CyH:OH
Alcohol s =\ T
SiFOCHs < +:HO-Si— === —Si—0-Si— H
Condensation: %vl OCHs HD—?‘ ?’ 0 ?‘ C,HsO
Water 4 Yo | |
Condensation: —%’ PH Hﬂ-]& == '—?r—ﬂ—?r- + H0

Overall reaction: 'Si{QCi-{-BL + ;mse =—= Si0, + 4C;H:OH

Figure 2.1 Hydrolysis and condensation reaction of TEOS to form silica.

Sol-gel process in polymers

Recently. a sol-gel process of TEOS was applied to prepare silica for
reinforcing various types of rubbers, e.g. natural rubber [13]. synthetic rubber [14-18].
In general, thin tiibber Sheel was swolle inTTEOS (with ar'without solvent), followed
by soaking in‘acid or base catalyst.” Thesoaked sheet was then heated to induce the
sol-gel reaction of TEOS. [ situ silica-filled rubber was obtained.

Ikeda Y et al. [18] studied the-effect of catalyst on in sitwsilica reinforcement
of SBR (styrene butadiene rubber). They found that basic catalyst (n-butylamine) was
needed for the sol-gel process of TEOS in the SBR vulcanizate. There was also a
report that the scorch time of in situ silica-NR composite was shorter than that of the
composite obtained by mechanically mixing [13]. This indicated that curing in the
former reached an optimum value faster than the latter.

The disadvantages of the silane swelling method for the NR sheet are time-
consuming and uncontrollable TEOS content in the solid rubber. A solution to this
problem is 1o directly add TEOS in the polvmer latex. This method was successtully
implemented in a number of reports for silica-reinforced SBR [19], poly(butyl
methacrylate) [20]. polyacrylamide [21]. and polyimide [22]. In one of the report



[19], the ratio of water and TEOS in the latex mixture governed the size of silica
particles. The size reached a nanometer-order level, leading to a drastic increase of
tensile strength of the composite.

2.4 Experimental Design-2* Factorial Design [11,12]

Factorial designs are widely used in experiments involving several factors
where it is necessary to study the joint effect of the factors on response. There are
several special cases of the general faciomal design that are important because they
are widely used in research work and also because they form the basis of other
designs of considerable practical value.

The most important of these special cases is that of k factors, each at only one
two levels. These levels may be quantitative or may be qualitative such as the
presence and absence of a factor, the high and low levels of a factor. A complete
replicate of such a‘design requires 2ix2,x...x2 = 2* observations and is called a 2*
factorial design. It is particularly useful in the early stages of experimental work,
when there are likely 10 be many factors to be investigated. It provides the smallest
number of runs which k factors can be studied in a complete factorial design.
Consequently, these designs are widely used in factor screening experiments. Because
there are only two levels for each factor, it is assumed that the response is
approximately linear over the range of the factor levels chosen.

Suppose that 3 factors, A, B and C, each at we levels, are of interest. The
design is called a2’ factorial design. Using the “+" and“—" notation to represent the
high and low levels of the factors, the eight runs in the 2° design are listed in Table
2.1. This is called a design matrix. There are actually 3 different notations that are
widely used for the runs in the 2k design. The first is the + and — notation, often
called the geametric notation,, The sécond notation uses 1-and 0 to denote high and
low factor levels, respectively, instead of the plus.and minus sign.The final notation
is the use of lowercase letter labels to ‘identify thé treatmént combinations. These
different notations are illustrated in Table 2.1 for the 2° design.



Table 2.1 The design matrix and different notation for the 2’ design

| Run A B c A B C | labels

I - - 0 0 0 (1)

2 + - - 1 0 0 a

3 ; + 0 1 0 b

4 + + 4 I I 0 ab

5 - - + 0 0 ] c

6 + - + 1 0 1 ac

7 2 * +* 0 1 I be

8 gt ¥ + | 1 1 abc

There are seven degrees of freedom between the eight treatment combinations
in the 2° design. Three degrees of freedom are associated with the main effects of A,
B and C. Four degrees of freedom are associated with interactions; one each with
AB, AC and BC and ene with ABC.

Next a value called ‘effect’” must be determined from the design matrix. The
effect is the difference between average value of the high and the low levels of each
factor.

A

A
Eﬁfﬂf = }'+ =

The effects are;calculated by using the columns of contrast coefficients,
illustrated in Table 2.2, The conteasts for the ‘maini jeffects are the sign used in the
design matrix. These are applied to the responses and then divided by 4, since this is
the number of comparison mode. Thus, to calculate the A effect:

A Effect = D1 7Y27%s +J’44‘.‘“5 Vs — Y1+ )3

The other main effects could be calculated in a similar manner. Note that each
effect has four — and four + signs associated with it.

An interaction effect, e.g. AB effect. can be calculated by

AB Effect = o e o e £ L 4+ Ys—Veg =V +)




Table 2.2 The columns of contrast coefficients for the 2’ design

A B C AB AC BC ABC vy

- < 2 + + + B Vi
- -+ + Y2
" . + ¥

= Y4
* Ys
= ¥s
* Y7

¥s

— LANN
\ hose standard errors (E) in the

If replicate
effect values are cal

where V' is the 3
The standard er

of experiments performed.
actor is likely to be important or
significant. If the effe

significant influence on the tested pruny. o CW crree; thak: stivor:has 4
in Exmgfntﬁ:ﬁ;ﬁﬂu @Vlmglquﬁnﬁﬁﬂf% . ::iiMh L e
QW’]RQ NITUUNVIIVIEINE



CHAPTER 3
EXPERIMENTAL

3.1 Materials

« Concentrated and high-ammonia NR latex with %DRC of 60% (Thai Rubber Latex
Corporation (Thailand) Public Co.. Ltd. and Rubber Research Institute of Thailand)

« NR block STR5L (Teck Bee Hang Co.. I'td)
+  Silica: Hi-Sil 255-S(F-10-02) (PPG-Siam Co., Ltd (Thailand))

3.2 Chemicals

« Tetracthoxysilang (TEOS) : Fluka

«  Ammonia solution (NHs) : Fluka

« Styrene monomer : Fluka

« Zinc oxide (Zn0O) : Univentures Public Co., Ltd.
«  Stearic acid : Imperial (Thailand) Co.. Ltd.
+ Tetramethyl thiuram disulfide (TMTD) : Flexsys Co., Lid.

«  Mercaptobenzothiazole disulfide (MBTS) : Flexsys Co., Ltd.

« Sulfur : Loxley public Co., Ltd.

« Wingstay L (Antioxidant) : Goodyear Co., Ltd.

3.3 Instruments and Apparatuos

Mechanical stirrer- IKA RW 20 DZM.n

Twooroll mill- o
Y wo-roll mill- Model R11-3-FF (Japan)



Compression molding hydrolic- Model Compressed air sample cutter- Model SDAP-
V75h-18-BPX, Serial 9593 (USA) 100-N Intro Enterprise Co., Ltd. (USA)

LI

Hardness testing- Durometer Hardness system (Shore A) Model 716 (USA)

Rheometer- Monsanto MDR2000 (USA) Mooney viscometer- Visc. Tech. (USA)
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! -‘-._
['ensile testing maehine-Instron
Corporation Series IX Autonated Tear testing machine- LLOYD Instruments
Materials Testing System 6.05 Model 1011 LS 500 (USA)
(USA)
»  Scanning electron microscope JEOL, Model JSM-6400 (Japan)
« Transmission electron microscope JEOL, JEM -1220 (Japan)
« High temperature oven Carbolite GM 11/7 (England)

3.4 Methods

3.4.1 In situ Generation of the Silica in NR Matrix

The silica was, generated incthe patural rubber, matrix by a method shown in
Fig. 3.1, with'a detailed explanation as follows.

Theconcentrated natural rubber latex (DRC 60%, NH; 0.7%) was placed in a
wide-mouth glass container or beaker.. TEQS of the required amount (10 to 70 phr)
was added into the latex with stirring at 750-800 rpm by a mechanical stirrer. The
stirring was allowed to proceed for 10-15 minutes to obtain a homogeneous milky
mixture. The mixture was immediately poured into a glass bowl and tightly closed
with wrapping film. The mixture was heated in a 50 °C oven to let the sol-gel
reaction to proceed. Afier 5-10 days, the wrapping film was removed and the
composite was left in the oven for another 48-hour period. Partially dry composites
was then fed through a two-roll mill operated at 50°C for 10-15 minutes to get rid of
water and ammonia retained in the samples.



Mix NR latex, high ammonia + TEOS by blade-stirrer

l

Heating the latex mixture at 50 °C for 5-10 days in a closed

l

Drying at 50 °C for 48 h

v

Milling by two-roll mill

.

Sulfur euring (in a compression mold)

l

Vulcanized NR-silica composites

|

Mechanical properties testing

Figure 3.1 Experimental scheme for the preparation of NR-silica composite

3.4.2 - Determination of the Silica Content

A piece of NR:silica composite (ca..50-mg), prepared from the method in
3.4.1, was placed in an aluminum-oxide cup and-heated under air atmosphere. from 0
°C to 850 °C inan‘oven. The temperature was then held for 15 min at 850 °C. The
silica content was calculated from the weight of remaining ash by Eq. 3.1.

Silica content (%) = 100 (W /W) Equation 3.1

And the conversion of TEOS to silica was also calculated using Eq. 3.2,

Conversion (%) = 100 (Wy/Wy) Equation 3.2

where W was the weight of residue ash, and W> was the initial weight of the sample.
W was the weight of in sitn generated silica in the sample, which was obtained from
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Eq. 3.1. W, was the theoretical weight of silica being generated assuming
quantitative conversion of TEOS into silica by

Si{ﬂ'Cquh + 2 H,O —_— SIDI + 4C2H50”

3.4.3 Vaulcanization of NR-silica composite

The recipe of the compound rubber is presented in Table 3.1. Detailed
procedure is as follows.

The in situ silica<NR composite was fed to the two-roll mill having a preset
temperature of 70 °€. Then, all materials were added slowly to the rubber. The
mixing proceeded until homogeneous compound was obtained. The sheet was cut off
the roll and placed on a flat, dry, clean place. Small pieces were removed to test for
Mooney viscosity and cure meter before vulcanization. The sheet was then placed
into a preheated square-shape mold for compression at 150 °C and a pressure of 150
kg/em” for a prescribed time. The vuleanized composite sheets of ca. 2 mm thickness
were obtained. The composite prepared by mixing STRSL with silica powder was
also prepared by the same vulcanization method stated earlier.

Table 3.1 Formulation for Mfu&wilcazﬁ?ﬁﬁhﬂyf the NR-silica composite

Materials Quantity (phr*)
Zn0 3.0
Stearic acid 2.0
T™MTD 0.3
MBTS 1.0
Sulfur 2.0
Wingstay L 1.0

* phr = parts per 100g rubber

3.44 Determination of Curing Behavior and Mechanical Properties

Determination of curing behavior and mechanical properties of vulcanized
NR-silica composites were investigated by following the ASTM test methods as
follows:

Rotorless Cure Meter (ASTM D5289)

The moving-die rheometer (Monsanto MDR2000) was used for determining
vulcanization characterization of the rubber compounds.

A test specimen of vulcanized rubber compound is cut into a circular form. A
sample shall be 30 mm in diameter and 11.5 mm in thickness. It is then placed in a
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die cavity which is closed under positive pressure and maintained at the vulcanization
temperature. The cavity is formed by two dies, one of which is oscillated through a
rotary amplitude. This action produces a torsion strain in the test piece and torque
which depends on the stiffness (shear modulus) of the rubber compound. The
envelope curve, which is defined as the amplitude of the oscillating force or torque, is
continuously recorded as a function of time. The stiffness of the rubber test piece
increases as vulcanization proceeds. The time required to obtain a vulcanization
curve (Fig. 3.1) is a function of the test temperature (150 °C) and the characteristics of
the rubber compound, The test results &poncd are normally chosen from the
following parameters:-minimum (M,) and maximum (Myg) torque in dN.m unit,
scorch time (ts2) and cure time (tc{ga}} in min.

€of
1. (90H A
TORQUE .|
F ud a0
LE-IN,
Mur
2ok
c L 1 w
20 30

CURE TIME - MIN.

Figure 3.2 A typical vulcanization curves which attains an equilibrium torque

Mooney Viscometer (ASTM D1646)

A Mooney viscometer measures the-effect of temperature and time on the
viscosity of rubber. The test specimen consists of two pieces which completely fill the
test'chamber. One piece is placed above the rotor and the other beneath it. The rubber
is squeezed into the cavity under considerable pressure and temperature. The rotor is
continuously rotated at 2 rpm in one direction for a specified time. The resistance to
this rotation offered by the rubber is measured in arbitrary torque units as the Mooney
viscosity (MV) of the specimen. The viscometer is adjusted so that it will read zero
torque when run empty, and 100 + 0.5 when a torque of 8.30 + 0.02 N-m is applied to
the rotor shaft. The temperature for viscosity determination is 100 °C. The sample is
allowed to warm up for one minute after the platens are closed. The motor is then
started and reading taken at 4 min.
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Tensile Properties (ASTM D412)

Tensile strength, elongation and modulus are determined. The vulcanized
rubber is stamped with a compressed air sample cutter into a dumbbell shape (Type
IV) as illustrated in Fig. 3.2. The specimens are cut from a 2.0 mm thick rubber sheet.
The testing is performed on a tensile testing machine. Results reported for each
sample are averages of 6 specimens. Measurement condition is as follows:

Temperature 25 °C
Humidity 60 %
Sample rate 10.00 pts/sec.
Crosshead speed 500 mm/min.

o, £ t e 4 Tu

W W
b4 I
“I__' 'ﬂ__,
1

e
e o -
- . -
TYPE tv
W : 6 mm WO : 19 mm G:25 mm R: 14 mm T : 4 mm or under
L:33 mm LO: 115 mm D65 mm RO : 25 mm

Figure 3.3 A schematic of the specimen for tensile test (Type IV)

Tear Strength (ASTM D624)

The vulcanized rubber is stamped with a compressed air sample cutter (Model
SDAP-100-N) using a “Die C™ (Figure 3.3). The cutting edges of which shall be kept
sharp and free of all nicks to avoid leaving ragged edges on the specimens. It is
important that the apex of 90° angle shall be sharpened to provide asharp corner. The
samplé thickness is‘1.9-2.0-mm. Results reported for each sample aré averages of 6
specimens. The tear testing condition is shown as follows:
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Temperature 25°C
Humidity 50 %
Crosshead speed 500 mm/min
Full scale load range S00N

A e —r

[:——G—ﬁﬂﬂh

Figure 3.4 A schematie diagram of tear test specimen (Die C).

Hardness (ASTM D2240)

For the assignment of the specimen for hardness testing, the test specimen is at
least 6 mm in thickness. In this experiment, the test specimens are composed of plied
pieces to obtain the necessary thickness. Type A Durometer is used to measure the
hardness.

The specimen is placed on a hard and horizontal surface. The presser is held
on a vertical position with the poini of the indentor at least 12 mm from any edge of
the specimen. The presser is applied to the specimen. Afier the presser foot is in firm
contact with the specimen, the scale reading is taken within 30 s. Measurements are
made at five different points distributed over the specimen. The median of these
measurements is used as the hardness value. The conditions of testing are as follows:

Temperature 25°C
Relative humidity 50%
Number of pieces plied 3 pieces

~12/12.
o g

ELETY

~| 031 : 001
079t 0.0 mm

Figure 3.5 A schematic of indentor for type A Durometers.
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3.4.5 Scanning Electron Microscopy

The NR-silica composite sheet was frozen in liquid nitrogen and then
fractured. The sample was placed on the double sided sticky tape on a specimen stub
and sputtered with gold before viewing. Morphology of the composite of the
fractured surface was obtained by using SEM.

3.4.6 Transmission Electron Microscopy

The NR-silica compesite was embedded in polystyrene to make the specimens
harder. The specimen was cut to be a small piece and placed in osmium tetraoxide
(Os0q4) vapor for 24 hin order to stain the NR phase. The staining not only enhanced
the contrast for the microscopic viewing of the composites but also hardened the
rubber phase. The specimens were prepared to be ultra-thin films using a microtome.
The specimen was placed on a copper grid, which was coated with Folmvar®. The
thin film sections of NR-silica' composite was also observed by TEM. The
accelerating voltage was 80 kV. '

3.4.7 The Design of Two-Level Factorial Experiments

Factorial design is widely used in experiments involving several factors where
it is necessary to study the joint effect of the factors on a response. For an experiment
having k independent factors, each was studied at “low™ and “high” levels. The low
level is coded as <1 and the high level is coded as +1.

In this study. a 2° design requires a total of 8 runs. It is performed to evaluate
three main effects and. five interaction effects of each factor on the mechanical
properties of NR-silica compesite. ~The three-faetors, are TEOS content, added
ammonia solutian, and gelation time. Details are shown in Table 3.2.

Table 3.2 Factors and leyels used in the experimental design.

Factor Unit it
(Low=-1)  (High=+I)
TEOS content (T) phr 10 50
Added ammonia solution (N) Yo 0 2.5
Gelation time (G) days 5 10

Values for main and interaction effects were calculated from the factonal
design results. Both types of effects were calculated using the Eq. 3.1.
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A
Effect = y, -y Eq.3.3

where y_and y are the averaged values for the responses at the high and low levels
of each factor.

In this study, three replicate experiments were performed, whose standard
errors (E) in the effect values were caleulated by Eq. 3.2.

(Z V JI [

A

N

' Eq.34

where V" is the variance of three replicates and N is the number of experiments
performed. The slan_dﬂd— error was used to determine which factor was significant. If
the effect value was larger than the standard error, that effect had a significant
influence on the tested property.

The standard error is used to determine which factor is likely to be important.
In this research, the estimated effects are calculated from 2 repeated experiments.
Therefore standard emfor from the 2 experiment sets are used to determine which
effect is significant. If the effect vaiuc*iéﬁ:gf:r than the standard error, that effect has
a significant influence on the tested ;}rﬂpéﬂ?: 4
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Mixing of NR latex and TEOS

TEOS is immiscible with water. but natural emulsifier present in the latex aids
the mixing. When adding a small ‘amount of TEOS, the mixture remains
homogeneous and becomes more viscous when increasing TEOS content. But when
the TEOS amount is larger than 70 phr, the mixture is so viscous that a homogeneous
mixture can not be-obtained. Rubber also tended to aggregate at the stirring blade.
The latex-TEOS mixturgs were left standing for ne more than 15 min before the
gelation (heating) step.

4.2 Effect of gelation temperature on the composites

A suitable gelation temperature T@r preparing the in situ silica-NR composites
was studied by using 25 g cone. NR latex mixed with 17 and 50 phr TEOS. Three
gelation temperatures; 50, 60 and 70°C, were evaluated. Results on their physical
appearances are shown in Table4.1. 1t was found that the composites turned brown
when the gelation temperature reached 70°C. This suggested that the rubber could be
thermally degraded if the heating was set at high temperature. Therefore in order to
prevent rubber degradation, the gelation time of 50°C was chosen to be used as the
gelation temperature for all samples in this project. The previously planned heating
temperature of 40°C was omitted because it would possibly require a long heating
time to obtaina dry rubber sheet starting from the NR Jatex,

Table 4.1 Visual appearance of in sifu silica-NR composites (before vulcanization)

after various gelation temperature (gelation time= 5 days)

Tcmperalum TEOS amount {I}hr}
(°C) 0 17 50
50 vellowish transparent ycilm-.-inh_sli ghtly opaque Yellowish opaque
‘ sheet sheet sheet
60 vellowish transparent  vellowish slightly opaque Yellowish opaque
. sheet s sheet sheet

brownish transparent brownish slightly opaque
70 pé B¥Ty opha Brownish opaque sheet

sheet sheet




4.3 Conversion of TEOS to Silica

Silica content in the NR composite was determined prior to sulfur curing,

Data are shown in Table 4.2.

Table 4.2 The silica content and %conversion of TEOS to silica of the sol-gel

process in NR

Sample Added

Residue ash at

Silica content

Conversion from

code* TEOS (phr) 850 °C (%) (%) TEOS to silica (%)

10 0 0.17+0.01 0 0

I 10 2824026 2.7340.26 94.63
I5 20 504 0.09 5.2740.16 91.48
7 30 7.2240.19 7.75+ 0.19 89.67
110 40 9,53 +0.08 10.49 + 0,08 91.05
113 50 1244 £ 083 13.98 £ 0.83 97.10
116 60 14,12+ 029 1620 £0.29 93.77
19 70 16.30 £0.15 1923+ 0.15 95.40

* The sample is coded as*/n", Where n indicated the silica percentage found in the sample.

The NR without TEOS was found to contain about 0.71% (w/w) residue ash
when being heated at 850°C. This amount was subtracted from %residue ash of the
other TEOS-filled samples. The amount of silica in the composites increases with
increasing the amount-of TEOS added to-the latex. In all cases, the conversion from
TEOS to silica (S10.) is 89-97% by mole. indicating that nearly all TEOS has turned
into silica during the sol-gel process.

4.4 Physical Appearance of the NR-Silica Composites

4.4.1 General Observation

During the gelation (heating) step of the rubber-TEOS mixtures, their texture
gradually became tofu-like. Upon drying. the rubber sheet tumed yellow with a
certain degree of opaqueness depending on the amount of TEOS added.

Appearances of some composites listed in Table 4.2 are shown in Fig. 4.1. The
composites become more opaque with increasing silica contents. No differences
could be made between the composites containing in situ and mechanically-mixed
silica. One key observation made is that when the composite containing mechanically
mixed silica is scratched, some silica powder in fact falls off. This does not occur
with the composite containing in situ silica.
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| i | ]
Figure 4.1 Photographs of NR composites filled with in situ silica (/) and
mechanically mixed silica (M) (Sample codes are listed in Table 4.2.)

4.4.2" Morphology and Distribution of Silica in the Composites

The fracture surfaces of the composites listed in Table 4.2 were analyzed by
using SEM (Fig. 4.2). White spots represent silica particles and black area is the
rubber matrix. It seems that the silica particles are evenly dispersed in the NR matrix.
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Figure 4.2 SEM micrographs of NR-silica composites filled with in sifu silica
(Sample codes are listed in Table 4.2.)

4.4.3  The Size of Silica Particle in the Composites

From these SEM micrographs, it was not clear whether the particle size was
affected by the amount.of TEOS. TEM was therefore used to analyze the size of
silica aggregates-fronn a sample cof, in sifu; sitica<NR, eomposite.  Practically a
cryogenic slicing machine isieeded to ¢ut out'a thin rubberspecimen. Unfortunately
the machine was unoperational at the time of-this study, the rubber sample was
therefore hardened by embedding the composite in polystyrene, then sliced to obtain a
thin specimen for the TEM. It should be noted here that, since the composite was
swollen in styrene, silica might disperse differently from the original state. Therefore
only the size but not the distribution of silica in the NR matrix was determined.

Two TEM photographs of the composite having 10% silica (//0) are shown in
Fig. 4.3. The silica particles aggregate to form clusters having various shapes and
sizes. Single silica particle was measured on the picture using a ruler. An average
diameter. out of five different silica particles, is 44.4 + 0.1 nm.
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Figure 4.3 TEM images of NR=silica composite with 10 % in situsilica (1 10)

4.5 Experimental Design for Study Factors that Influence Mechanical
Properties of NR-Silica Composite

The factorial design at two-level was carried out in order to study the factor
thought to influence the mechanical properties such as tensile modulus, tensile
strength. and tear strength. The three factors (k= 3) that were focused here are TEOS
content (T), added ammonia (N), and gelation time (G). Each factor is present at two
levels- high and low. The 2* factorial design with two replicates was used. A table of



+ and - signs for the 2° factorial design and the average response data are shown in

Table 4.3.

Table 4.3 The sign of each factor and averaged response data from 2 replicate

experiments
Factors

E Added  Gelation Silicacontent bieaus 3,00% Tansils Tear strength

; E. TEOS NH, SN (%;} ' elongation strength (N/mm)

5 m _ (MPa) (MPa)

(M) (G)

ED | : 7 < 2694023 187+0.137 1587+128 3357+1.54
Bpa oo . 4 2824002 20240.192 1622+2.40 3229+ 149
ED 3 & 2684008  209+0.188 17.76+2.76 32.59 % 1.37
i, . -7 13005005 261£0344 2348308 3644+ 163
EDs t + B 13174025 296£0391 2490142 37.81£1.70
ED6 * R 13294038 2700227 2207171 37.98+1.95
ED7  * - £ 1351£067 280+0278 24.63+135 4095179
EDE - + 4 2544008 23840270 1880+231 3420+ 196

TEQS: + (50 phr), - (10 phr); added MH5: + (2.5 %), - (0 %); gelation time: + (10 days), - (5 days)

In orderte_conclude which effects influence the mechanical properties of the
composites, comparison of the estimated effects with their standard error was

considered.
considered significant. The estimate of effects and their standard error were obtained
from Eq.3.3 and 3.4, The results from this study are as follows:

If the estimated effect is larger than the standard error, that effect is

4.5.1 Stress-Strain Curves of 8 Experiments in Experimental Design

Figure 4.4 shows stress-strain curves of the eight (2°) experiments in factorial
design. All curves are those exhibited by elastomeric materials.
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Figure 4.4 Stress-strain curves of 8 {2’) experiments (Keys for sample labels are listed
in Table 4.2) ‘

452 Effects on Tensile Modulus at 300% Elongation (M300)

The estimated effects of the t‘acmnal analysis on tensile modulus along with
the standard error of the effects are given in Table 4.4.

Table 4.4 The m_tﬁm‘ate’d effects on tensile moduls at 300% elongation (M300)

Effect Estimated effect  Standard error

Main effect R
TEOSTTY 0.681 %0044

NH; (N) 0212 +0.044

Gelation time {G) 0.22] 4 0,044

Two factor interaction

™ -0.083 + 0.044

TG 0.003 + (.044

NG 0.054 + (.044

Three factor interaction
TNG -0.017 + 0.044

[t was found that factors that influence M300 are T, N. G. TN and NG.
Nevertheless, the estimated effects value of NG is close to the standard error,
indicating that NG is not highly significant for the M300 of these composites.
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The three main effects are plotted against M300 (Fig. 4.5). It can be seen that
increasing T, N, and G result in an increase of M300. However, the N effect is less
important than the others [Fig.4.5(c)]. Note from the TN interaction effect [Fig.
4.5(d)] that additional ammonia does not significantly affect the tensile modulus when
TEOS content is high. Therefore, a composite with large M300 value can be obtained
by adding a large amount of TEOS but limiting the ammonia content to a low amount.
For practical usage, a high M300 value requires high TEOS content, long gelation
time, and no need to add more NHy into the latex which already contains about 0.7%
NHs.
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Figure 4.5 The effect of (a)T, (b)G, (¢)N and (d)TN interaction on M300

4.5.3 Effects on Tensile Strength

The estimated effects of the factorial analysis on tensile strength are given in
Table 4.5 along with the standard error of the effects. It is found that factors that
influence tensile strength of the composites are T. G and TN,



Table 4.5 The estimated effects on tensile strength of the NR compesites

Effect Estimated effect  Standard error
Main effect

TEOS (T) 6.61 + 0.96
NH; (N) 0.83 = 0.96
Gelation time (G) 1.34 + 096
Two factor interaction

™ =141 + 0.96
TG 0.65 + (.96
NG 0.59~ £ 0.96
Three factor interaction

TNG 0.25 = 0.96

The results of main effect T and G shown in Fig 4.6(a) and (b), indicating that
increasing T and G (high TEOS cnnt:m and long gelation time) would result in an
increase of tensile strength. The TN inigmction effect is plotted in Fig. 4.6(c). From
the plot, when using high TEOS f:ﬁntﬁ%‘%g:ﬁﬂ!ing ammonia becomes less effective
in increasing the tensile strength. Therefore. a composite with highest tensile strength
can be obtained by adding a large amount of TEOS but limit the ammonia content to a
low amount. In another word. there is no need to add more ammonia to the
concentrated NR fatex that already contains 0.7% NHj.
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Figure 4.6 The effect of (a)T, (b)G and ()TN interaction on tensile strength

4.5.4 FEffects on Tear Strength

The estimated effects 6f the factorial analysis on tear strength are given in
Table 4.6 dlong with the standard error of the effects.. Factors that influence tear
strength of the composites are T, G, TG and TNG. Nevertheless,the estimated effects
valtie of TG isclosé to the-standard error, suggesting that TG interaction effect does
not significantly affect the tear sirength of these composites.

For the main effects- T and G (Fig. 4.7), increasing either factor will result in
an increase of tear strength. It is also found that the three-interaction effect (TNG).
however, gives a minus sign. This indicates that increasing the amount of one factor
can cause a reduction of tear strength. From Table 4.3, the highest tear strength was
obtained from sample ED7 (T+, N-, G+). This implies that NHj is the one that should
be limited to a low value. Moreover the results from Table 4.6 suggest that NH; does
not have a significant effect on the tear strength when compare to other main effects.
Therefore. for practical usage, composites with high tear strength would require high
TEOS content (50 phr). long gelation time (10 days). and no need to add more NH;
into the latex.
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Table 4.6 The estimated effects on tear strength

Effect Estimated effect  Standard error
Main effect
TEOS (T) 5.13 + 0.68
NH; (N) -0.17 + 0.68
Gelation time (G) 1.17 + 0.68
Two factor interaction
™ -0.63 + (.68
TG 1.00 = (.68
NG -0.45 + 0.68
Three factor interaction
TNG -1.89 + (.68
a) b)
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Figure 4.7 The effect of (a) T and (b) G on tear strength

4.6 _Comparison Between in situ Silica and Mechanically Mixed Silica

In this section, curing time, Mooney viscosity, tensile modulus, tensile
strength, and tear strength of the composite containing in situ silica were analyzed,
and then compared to the composites that were mechanically mixed with an equal
amount of silica. The silica powder used here was an industrial grade that was used
regularly in composite industries. Comparison between the in sifu silica and
mechanically mixed silica was made as follows.
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4.6.1 Stress-Strain Curve

The stress-strain curves of NR-silica composites listed in Table 4.3 are shown
in Fig. 4.8. All curves are those exhibited by elastomeric materials. Discussions on
tensile modulus and strength of the composite filled with in situ silica and
mechanically-mixed silica are in the following section.

30 - '—+—m_‘
—a—0 |
—a—110
—e—119
-~ O --Mo
-0 M2
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--0--MI9

Stress (MPa)

1000 (

Strain (%)

Figure 4.8 Stress-strain of NR-silica composite having various silica contents
(*Ix" and *Mx" denote composites filled with n% in situ silica and n% mechanically-mixed silica
respectively.)

4.6.2 Cure Time

A plot of cure time or tog versus the amount of silica in the composites was
shown in Fig. 4.9. The tg of the composite containing mechanically mixed silica is
higher than that of the composite having n sitn silica. / This means that the composite
filled with mechanically mixed silica needs a longer time-to complete curing process
than the one with in situ silica.
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Figure 4.9 Cure time (190) of NR-silica composite having various silica contents

4.6.3 Mooney Viscosity

In general the Mooney viscosity (ML1+4 @100°C) of the composites
increased, as expected, when increasing the silica contents (Fig. 4.10). The viscosity
of the composite with conventionally mixed silica powder is higher than the one with
in situ silica. Agcording to Ikeda [13]. the silica powder in the rubber matrix can
aggregate and forms pseudo-network structure. This leads to a significant increase of
viscosity. Here, the viscosity results suggest that the degree of aggregation of the
composite having in situ silica is less than that in the conventionally mixed silica. It
is possible that the interaction-among the in sifu silica particles is smaller than that
among the ¢onventionally mixed silica powder.

4.6.4 Tensile Modulus at 300% Elongation (M300)

The bar-graph in Fig. 4.11 exhibits the effect of silica loading on tensile
modulus. The modulus of the composite containing in situ silica is slightly higher
than the one with mechanically mixed silica. The difference becomes more distinct at
high silica content.
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Figure 4.10 Mooney viscosity of NR-silica compesite having various silica contents
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Figure 4.11 Tensile modulus at 300 % elongation of vulcanized NR-silica
composite having various silica contents

4.6.5 Tensile Strength

From Fig. 4.12, it is clear that the tensile strength of the composites increases
with increasing silica contents. However, the tensile strength values of the composite
filled with two types of silica are not significantly different from one another in the

samples being studied.
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Figure 4.12 Tensile strength of vulcanized NR-silica composite having various
silica contents

4.6.6 Tear Strength

Tear strength of the composite of in situ silica is higher than that of the
mechanically mixed silica (Fig. 4.13). The difference in tear strength becomes more
obviously at higher silica contents.
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Figure 4.13 Tear strength of vulcanized NR-silica composite having various silica
contents

I'hese results suggest that generating the silica in sifw results in a more
efficient reinforcement than the mechanical mix method. This could be due to a
better interface between silica and MR chain in the case of silica formed in sifu.
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CHAPTERS
CONCLUSION AND FUTURE DIRECTION

5.1 Conclusion

The reinforcement of NR by silica generated in sifu was achieved by sol-gel
process of TEOS in the NR latex. Upto 70 phr TEOS can be mixed with the latex
without causing aggregation of rubber. The resulting composite contained 19 phr
silica. Analysis of the composites using SEM revealed that the in situ-formed silica
particles were evenly dispersed in the NR matrix. The size of a single silica particle
in the composite having 10% in situ silica observed by TEM was 44 nm.

The two-level factorial design experimental method was demonstrated to be a
very useful tool to siudy the influence of the experiment factors on the mechanical
properties of the composite. In this work, three analyses were carried out; tensile
modulus at 300% elongation, tensile strength and tear strength. Statistic analysis of
the data showed that TEOS content and gelation time had a significant effect on the
mechanical properties. It was also found that the amount of ammonia present in the
concentrated latex was enough 1o complete the sol-gel process of TEOS. A composite
containing 19% of silica having tensile modulus at 300% elongation of 3.7 MPa,
tensile strength 0124 MPa, and tear strength of 41 N/mm was obtained.

When comparing the mechanical properties of the composite with in situ silica
to the one with mechanically-mixed silica, the former has a higher tensile modulus
and tear strength than the latter:

5.2  Future Direction

« Develop a method that can increase the homogeneity of latex and TEOS in order to
increase the added amount of TEOS and, thus, silica in the composite.

T
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