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Chapter

Composition and Structure
Influence on Properties of
Elastomeric Composites with
Silicon Dioxide Fillers

Yury V. Kornev, Hammat H. Valiev, Yuliya N. Karnet,
Alla A. Kornilova, Nikolay A. Semenov and Alexander N. Viasov

Abstract

The problem of finding effective polymer elastomer fillers now is actual task. This
chapter presents experimental studies of composites based on industrial synthetic
butadiene-styrene rubber with amorphous silicon dioxide filler particles, obtained
from rice husk ash processing products. The new methodology was developed for
producing highly dispersed fillers powders with micro- and nano-sizes using a
planetary ball mill. The synthesized composites surface structure was investigated
using scanning electron and atomic force microscopy. The composites elastic-strength
properties were studied by tensile testing machine. The significant influence of the
surface functionality and the carbon/silicon dioxide ratio in fillers on the elastomeric
composites mechanical properties is shown. It is concluded that these new classes of
reinforcing fillers can be recommended for practical use.

Keywords: elastomeric composites, amorphous silicon dioxide filler, rice husk ash,
scanning electron and atomic force microscopy, mechanical properties

1. Introduction

Rubber materials belong to one of the main substances in modern industrial society
[1, 2]. The main substitute of natural rubber synthetic styrene butadiene rubber (SBR)
needs the proper fillers to attain the demanded performances [3]. Traditional rein-
forcement fillers such as black carbon and precipitated silica have many disadvantages.
Black carbon produced from petroleum is toxic for environment, and as the precipi-
tated silica have high cost in the production. Therefore searches to alternative fillers
for SBR are the urgent task. Great interest aroused in the possibility to use as rubber
fillers the multi-tonnage agricultural waste in rice production - rice husk ash (RHA),
which contains amorphous silica. But many researchers conducted during decades in
this direction yet were unable to create the SBR composites permissible for practical
applications [4-24]. This Chapter summarizes our works in successful syntheses such
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SBR composites based on RHA fillers and the conducted investigations demonstrate
the promise possibilities for exploration these composites in rubber industry. Chapter
includes the development in principles for creating composite materials based on poly-
mer and elastomeric matrices and a new class of micro and nanostructured mineral
fillers from rice husk ash (RHA) [25, 26], as well as the study of mechanical behavior
features and reinforcement effects in such composites in order to directly regulate their
properties. Based on experiments, it is proposed to use as a renewable raw material

for the production of new types reinforcing fillers based on silicon dioxide — rice husk
ash processing products (RHAPP). The main components of the obtained micro and
submicron fillers are amorphous silica and carbon. This filler type differs in structure
from the widely used carbon black and colloidal silica, but is similar to them in chemi-
cal composition and is obtained from renewable raw materials. In the course of obtain-
ing highly dispersed fillers from RHAPP, the stage of ultrafine grinding is expected,
which reduces energy costs and makes the technology more environmental safety in
comparison with existing ones [27]. The technology was developed in our Institute
and is used in the present work to obtain reinforcing fillers for investigated elastomeric
composites. This Chapter presents a study of the filler particle size influence obtained
from the RHAPP on the surface structure and mechanical properties of elastomeric
composites based on a rubber copolymer butadiene - styrene SBR-30 ARK. In the
proposed work, submicron particles of amorphous silicon dioxide were obtained for
the first time by ultrafine grinding RHA. Also for the first time, the effect of reinforc-
ing with mineral filler from RHAPP for elastomeric composites based on SBR-30 ARK
was established. The relationship of the structure and complex of mechanical proper-
ties for elastomeric composites with a new class of strengthening mineral fillers has
been established. These results are important not only for practical applications, but
also for understanding the fundamental composition-structure—property relationships
in rubber composites.

2. Experimental procedure and materials

The synthesized elastomeric composites were based on a copolymer butadiene -
styrene SBR-30ARK with 30% styrene (Sibur, Russia, analogous SBR —1500). The
rubber ingredients (in weight percentage) are shown in Table 1.

In Table 1 rubber formulation presents various chemical additives to improve the
vulcanization speed and efficiency and to control the cross-linking nature. Additives:
Sulfur; Zinc oxide; Sulfenamide C: N-Cyclohexylbenzothiazol-2-sulfenamide (CBS);
Altax: Mercaptobenzothiazole disulfide (MBTS); Stearin technical — are the products Bina
Group LLC, Moscow, Russia. NORMAN 346 - special process oils with the lowest car-
cinogen content, polycyclic aromatic hydrocarbon (PAH) normalized filler oil for TDAE
synthetic rubbers (the type Vivatec 500) - the product AO GC Titan, Omsk, Russia.

Amorphous silicon dioxide microdispersed and submicron (nano) particles
obtained from rice husk ash processing products (RHAPP) were used as the filler.

Substance SBR-30ARK Sulfur Sulfenamide C Zinc Norman Stearin
Altax oxide 346 technical
% 100 4.7 3 7 2
Table 1.

The butadiene - styrene SBR-30ARK rubber ingredients.
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It includes white amorphous silicon dioxide samples (up to 97%) and carbon impuri-
ties (3-5%) and one black RHAPP sample with 35% amorphous silicon dioxide and
60% graphite-like carbon (LTD Leader 2004, Russia). To increase the specific surface
area of the rice husk ash and, consequently, its reinforcing activity in elastomeric
composites, the initial fraction was subjected to additional grinding by a special
method developed at the Institute of Applied Mechanics, Russian Academy Sciences
(IAM RAS) (RU patent No. 2442657). The temperature of the initial mixture does
not exceed 150°C. Submicron particles were also used in composites after oxidative
surface treatment with hydrogen peroxide H,0,. For better filler particles dispersion
in the elastomeric matrix volume was additionally used the coupling agent (1.5 mass
% surface modifier) organosilane (bis (3-triethoxysilylpropyl) tetrasulfide) - TESPT
- Sigma-Aldrich (Merck) as in [28]. The double modification — combination oxidized
H,0, submicron particles with TESPT was also used. The prepared and studied
samples components of elastomeric composites are shown in Table 2.

In Table 2 symbols correspond to the following composites: sample N2 1: pure
SBR-30ARK without fillers; sample Ne 2: filler RHAPP micro US— RHAPP micro
particles, ultrasound treatment; sample Ne 3: filler RHAPP nano — RHAPP ultrafine
grinding (sub micro- nano particles); sample Ne 4: filler RHAPP nano HO,— as
Ne 3, additionally processed by oxidation with H,0,; sample Ne 5: filler RHAPP nano
TESPT - as Ne 3, additionally processed by TESPT; sample Ne 6: filler RHAPP nano
H,0,/TESPT - as Ne 4 additionally processed by TESPT; sample Ne 7: filler RHAPP
black micro US —RHAPP micro particles, ultrasound treatment.

For results comparison convenience, the mass concentration for all fillers was taken
65 phr (filler parts per hundred rubber parts in weight). The fillers dispersion and
blending all elastomers ingredients was carried in a laboratory mixer Haake PolyLab
300 QC (Thermo Scientific, Dreieich, Germany). The mixing temperature did not
exceed 150°C. Control of the particle size and morphology before and after grinding
was performed using field emission scanning electron microscopy (SEM) JSM-6700F
(JEOL, Tokyo, Japan) with a JED-2300F energy dispersive microanalyzer attachment.
Tests were conducted in high vacuum mode. Preliminary platinum sputtering no
thicker than 50 nm was applied on the surface of samples. The accelerating voltage
during the experiments did not exceed 20 kV. Also was used transmission electron
microscopy (TEM) (FEI Tecnai G2 F20 FEG). The atomic-force microscope (AFM)
easyScan DFM (Nanosurf, Switzerland) operating in the semi-contact mode under
normal conditions with additional phase contrast mode and SuperSharpSilicon probe
(Nanosensors, Switzerland) with a tip radius of about 2 nm were used. Additional

The composite samples filler ingredients Ne1 Ne2 Ne3  Ne4 Ne5 Neé6 Ne7
Pure SBR-30ARK 100 100 100 100 100 100 100
RHAPP micro US 0 65 0 0 0 0 0
RHAPP nano 0 0 65 0 0 0 0
RHAPP nano H,0, 0 0 0 65 0 0 0
RHAPP nano TESPT 0 0 0 0 65 0 0
RHAPP nano H,O,/TESPT 0 0 0 0 0 65 0
RHAPP black micro US 0 0 0 0 0 0 65
Table 2.

The prepared and studied elastomeric composites samples components.
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ACM protection from external excitations was provided by means a dynamic anti-
vibration stage TS-150 (Fabrik am Weiher, Switzerland). The surfaces image process-
ing was performed using the SPIP™ - advanced software package for processing and
analyzing microscopy images at nano- and micro scale (Image Metrology, Denmark).
The elastomeric composites mechanical characteristics were determined in accordance
with ASTM [29] on the UTS-10 (Zwick Roell, Germany) universal testing machine.
The tests were carried out at ambient temperature with a constant tension rate of

100 + 10 mm/min. During the experiment, the engineering stress ¢ (MPa) — strain e
(%) curves were obtained. The complex effective component dynamic shear modulus
G’(Pa) dependence on the relative strain for rubber compounds was carried out on

a device HAAKE RheoStress RS 150 (Haake, Germany) at a frequency 10 Hz and
temperature 60°C, in the deformation amplitude range 0.001-0.3.

3. Results and discussion

The particle size and morphology before RHA and after grinding RHAPP was
performed using SEM (Figure 1a,b). It is noted that the initial particle size RHA
was in range 10-300 microns and have a porous layered structure (Figure 1a). After
grinding there is a significant decrease in the RHAPP (nano) particle size (Figure 1b
compared to Figure 1a); and it is established that the nanosized particles are capable
for strong agglomeration. It was found that the average particle size of the obtained
highly dispersed fillers is up to 700 nm. The individual particles TEM images of rice
husk ash processing products after grinding (RHAPP nano) are presented in Figure 2.

According TEM results the individual sizes RHAPP particles are in the range 10-20
nanometers. The surface scans of elastomeric composite sample N 3 (filler RHAPP
nano) obtained during the SEM experiments are shown in Figure 3. The image visual-
ize filler particles inclusions (lighter areas) in the elastomeric matrix volume (darker
areas). The inclusion sizes in the samples filled with these sub-microfine fillers were
much smaller and indicate markedly better filler particles dispersion in composite.
Thus according the SPIP analysis for composite N 3 mean inclusion sizes are in the
range 30 nm and mean distances between inclusions about 100 nm, while for example
in composite N2 2 (filler RHAPP micro) these are 200 nm and 450 nm accordingly.

In Figures 4-9 examples AFM surface images on samples N2 N¢ 2—7 from the syn-
thesized composites listed at Table 2 is displayed. In topography scans the filler particles
are visualized as light areas in the elastomeric matrix dark areas. In Figure 4 the filler
agglomerate sizes are in the range 300 nm — 3 pm. Phase contrast image shows rather
homogeneous microfiller distribution in rubber matrix with formation of certain filler
structuring in matrix. It is visualized that the boundary layers of polymers adsorbed on
the filler surface overlap. This testifies the filler ultrasound treatment success before its
introduction into the elastomer, which provided the filler homogeneous size distribu-
tion in rubber. Thus, we can assume that the first condition for the emergence of the
rubber reinforcement effect by the filler is fulfilled.

However, as will be shown by elastic strength characteristics studies of this com-
posite, this condition is not sufficient, definitely due to the fact that the filler particles
are micro-sized; this is the reason for poor adhesion of the filler to the matrix, and
consequently, for the composite’s physical and mechanical properties.

In Figure 5 the filler agglomerate sizes are in the range 50 nm — 100 nm. The
phase contrast image shows absence the filler coherent cooperative structuring;: filler
separately, matrix separately. Obviously, it is because the initial silica, even in the
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Figure 1.
SEM images rice husk ash particles before and after ultrafine grinding: a) RHA (micro) initial particles, b)
RHAPP milled (nano) particles agglomerates.

nanoscale range, is hydrophilic whereas the rubber matrix is hydrophobic and hence
there is very little interaction between them.

In Figure 6 the filler agglomerate sizes are in the range 100 nm — 3 pm. According
to phase contrast image the cohesion, cooperation and structuring of filler is
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Figure 2.
The individual particles TEM images of rice husk ash processing products after grinding (RHAPP nano).

Figure 3.
The SEM surface morphology image of elastomeric composite with submicrodispersed amorphous silicon dioxide
fillers. Sample Ne 3 (filler RHAPP nano).

observed; however, here large filler agglomerates down to micron size were formed,
despite that the initial filler size introduced into matrix was in the nano range. This
indicate that the silica-to-silica interaction is strong due to hydrogen bonding by
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Figure 4.
AFM surface images composite Ne 2 (RHAPP micvo). Scans 11.5 x 11.5 ym’. Left - topography, right - phase
contrast.
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Figures.
AFM surface images composite N 3 (RHAPP nano). Scans 13.2 x 13.2 ym’. Left - topography, right - phase
contrast.

silanol groups on silica surfaces, which results in relatively more aggregation of silica
particles in the rubber matrix.

In Figure 7 the filler agglomerate sizes are in the range 100-700 nm. Phase contrast
image showed good dispersion and distribution of nanofiller in matrix in a coopera-
tive, coherent and structured manner. Obviously, this is due to the use of TESPT.

In Figure 8 the filler agglomerate sizes are in the range 100-700 nm. Analogous
to composite No. 5 pattern is visualized in this composite No. 6 phase image. Thus,
in these composites No. 5 and No. 6 a significant increase in mechanical properties
would be expected. All these conclusions were confirmed by direct examination of
the mechanical properties of the composites on a tensile testing machine.

In Figure 9 the filler agglomerate sizes are in the range 300 nm - 2.5 pm.
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Figure 6.
AFM surface images composite N2 4. (RHAPP nano, oxidized). Scans 11.2 x 11.2 ym’. Left - topography,
right - phase contrast.
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Figure7.
AFM surface images composite N© 5 (RHAPP nano, TESPT). Scans 11.6 x 11.6 yum?. Left - topography,
right - phase contrast.

The topography and phase contrast image shows that the filler ultrasonic treatment
prior to introduction into the elastomer failed to ensure a uniform size distribution of
the filler in the rubber matrix as in composite No. 2. This is definitely due to a different
chemical composition, which is not favorable for this filler effective interaction with
the rubber matrix. From the data of Figures 2-9 and the results of SEM and AFM
images we can see that reducing the filler particles size leads to a marked decrease in
the size of inclusions (particle agglomerates) and using the TESPT leads a better filler
particles distribution in the elastomeric matrix volume. These results are important
for understanding the synthesized composites physical-mechanical properties. The
elastomeric composites stress — strain properties are presented in Figure 10.
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Figure 8.
AFM surface images. Composite Ne 6(RHAPP nano, oxidized/TESPT). Scans 11.5 x 11.2 ym’. Left - topography,
right - phase contrast.
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Figure 9.
AFM surface images composite Ne 7 (RHAPP black micro US). Scans 10.4 x 10.4 ym’. Left - topography,
right - phase contrast.

For composites with micro particles, average strength values were obtained at the
level no more than 4.0 MPa regardless of the fillers composition (samples N2 2 (RHAPP
micro US) and Ne 7 (RHAPP black micro US), therefore not presented in Figure 10.
For composites with submicron particles the average strength reaches about 20 MPa:
samples N 3 (RHAPP nano), N2 4 (RHAPP nano H,0,), Ne 5 (RHAPP nano TESPT),
Ne 6 (RHAPP nano H,0,/TESPT). For samples N2 3 (RHAPP nano) there is a signifi-
cant increase in composites elongation more than 700%. Oxidation of the submicron
particle surface leads to a slight decrease in composite strength and elongation - sample
Ne 4 (RHAPP nano H,0,). The TESPT combination agent addition to compositions
with RHAPP submicron particles - samples N2 5 (RHAPP nano TESPT) and Ne 6

9
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Figure 10.

Engineering stress 6 (MPa) — Strain & (%) curves for elastomeric composites samples: N 1 (pure SBR-30ARK), Ne
3 (RHAPP nano), N2 4 (RHAPP nano TESPT), Ne 5 (RHAPP nano H,0,/TESPT), N2 6 (RHAPP nano H,0,/
TESPT).

(RHAPP nano H,O,/TESPT), mainly leads to a decrease in elongation at break. and
a significant increase in elongation stresses up to 20.0 MPa. The composite with an
oxidized filler surface (sample N 6) is distinguished by a slightly higher relative elonga-
tion and somewhat higher strength. The coupling agent use in the case of non-oxidized
submicron particles RHPP on the contrary, leads to a slight decrease in strength (com-
parison of samples N2 3 and N 5). These effects show a significant effect of the surface
functionality of submicron filler particles on the elastomeric composites mechanical
properties with rice husk processing products. The strength values obtained in this
work for samples N 3 (RHAPP nano), N2 4 (RHAPP nano H,0,), Ne 5 (RHAPP nano
TESPT), Ne 6 (RHAPP nano H,O,/TESPT) exceeding 20 MPa, are considerably higher
than values about 13 MPa obtained in other investigations [23, 28, 30].

The mechanical behavior of elastomeric composites under dynamic loading
conditions was further investigated. The elasticity dynamic modulus dependence
on the amplitude of deformation (Figure 11) was obtained on a rheometer HAAKE
RheoStress RS 150. This study was carried out to evaluate the Payne effect, which
characterizes the interaction strength of filler particles with each other, as well as its
change depending on the fillers crushing factor. The frequency was 0.5 Hz and the
temperature 60°C. Tests were carried out on a rheometer in plane-plane mode, the
amplitude of deformation is represented on the x-axis, and the y-axis represents
the complex dynamic modulus. It can be seen from the data that the complex dynamic
modulus value is significantly higher for sample Ne 3 (RHAPP nano) at all strain
amplitudes. This indicates a strong particle-particle interaction (filler agglomera-
tion) for sample N 3 (RHAPP nano) filled with submicron particles. For sample Ne 2
(RHAPP micro), these effects are significantly less pronounced due to the larger size
of the inclusions.
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Figure 11.
The real component of complex dynamic modulus G’(Pa) dependence on deformation amplitude for elastomeric
composites: (sample N 2) micro-dispersed filler; (sample Ne 3) highly dispersed filler with submicron particles.

Thus, significant enhancement of physical and mechanical properties of com-
posites of RAS rubber with rice husk ash fillers achieved in this study was possible
due to two important components of composite fabrication. The first important
component, as shown by synthesized composites SEM and AFM studies of the surface
structure, is the filler dimensions transfer into the nanoscale. The second important
component is the filler surface chemical modification to provide better adhesion
to the elastomer matrix. SBR rubber matrix is hydrophobic while amorphous silica
derived from rice husk ash is hydrophilic. In order to ensure their effective interaction
and, consequently, a significant enhancement of physical and mechanical proper-
ties, it is necessary to use silanol-based adhesives, one of which is TESPT. Scheme of
interaction of hydroxyls of amorphous silicon dioxide surface with TESPT is shown
in Figure 12 [31]. Alkoxyl groups of TESPT interact with hydroxyls of the filler,
whereas dissociating sulfur groups interact with the elastomeric matrix. This leads

EtO\ /051 3 \[g\_) 11
A P - \5 S

)
5077\ / o
00 0

0
1

Figure 12.
TESPT interaction mechanism with the silica surface [31].
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to a synergistic interaction of the inorganic filler with the rubber, resulting in the
composites enhanced deformation and strength properties.

4, Conclusions

The elastomeric composites study by electron and atomic force microscopy meth-
ods has been shown the influences of surface structure parameters of elastomeric
composites on the complex of their mechanical properties. The directional control
effectiveness over the initial particles size of amorphous silicon dioxide derived from
renewable raw materials (rice husk ash) was shown. The Chapter demonstrates the
efficiency of surface functionalization amorphous silicon dioxide particles and these
particles application as promising reinforcing filler for composites with a complex of
high elastic strength properties. In the proposed work, submicron particles of amor-
phous silicon dioxide were obtained for the first time by ultrafine grinding of rice
husk ash processing products. Also for the first time the great effect of reinforcing
with mineral filler from rice husk ash processing products for elastomeric composites
based on rubber SBR-30 ARK was established. The relationship of the structure and
complex of mechanical properties for elastomeric composites with a new class of
strengthening mineral fillers has been established. For a sample filled with rice husk
processing products with a surface modifier, the average strength value was obtained
at the level 20 MPa, which was achieved for the first time for elastomeric composites
with rice husk processing products as filler. It is shown that when grinding the rice
husk ash particles by the method developed at IAM RAS and using them as filler,
an elastomeric composite was obtained, approaching the elastic-strength proper-
ties of samples with precipitated silica as filler in the present rubber industry. The
data obtained indicates the relationship between the size of filler particles and their
reinforcing effect in the elastomeric composite. This dependence is known for fillers
such as carbon particles and silica. It is shown that this dependence is also performed
for mineral fillers of natural origin — rice husk ash processing products.
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