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Mechanical and thermo-mechanical properties

of natural rubber composites filled with submicron-
and nano-sized silica particles and prepared

using glycolysate as a plasticizer

The main aim of this work was to examine the selected mechanical and thermo-mechanical properties
of natural rubber/silica composites prepared using glycolysate as a plasticizer. Prepared composites
contained different amounts of submicron- (10, 15, 20 or 25 pphr) or nano-particles (0.5, 0.75, 1.0 or 1.25
pphr). The tensile properties, tear resistance, hardness, abrasion resistance and resilience of prepared
materials were determined. In addition, the thermo-mechanical properties (by Dynamic Mechanical Ther-
mal Analysis) were determined for the samples characterized by the highest content of particulate filler.
All results were compared with properties of reference samples (without silica particles).

Keywords: natural rubber, composites, submicron-sized silica, nano-sized silica, mechanical properties,
dynamic mechanical properties, polyurethane glycolysate.

Wtasciwosci mechaniczne i termomechaniczne
kompozytow kauczuku naturalnego z krzemionkg
submikronowg i nanokrzemionka, otrzymanych
Z uzyciem glikolizatu poliuretanowego jako
plastyfikatora

Celem niniejszej pracy byto zbadanie wybranych wiasciwosci mechanicznych oraz termomechanicznych
kompozytow na osnowie kauczuku naturalnego, otrzymanych z uzyciem glikolizatu poliuretanowego
jako plastyfikatora. Kompozyty zawieraty rozne ilosci submikronowej krzemionki (10, 15, 20 i 25 cz. mas.
napetniacza na 100 cz. mas. kauczuku naturalnego) lub nanokrzemionki (0,5, 0,75, 1,0 i 1,25 cz. mas.
napetniacza na 100 cz. mas. kauczuku naturalnego). Zbadano wtasciwosci probek wulkanizatow
w statycznej probie rozciggania, wytrzymatos¢ na rozdzieranie, twardos$¢, odbojnos¢ oraz Scieralnosc.
Ponadto metodg DMA okreslono wtasciwosci termomechaniczne kompozytdw zawierajgcych najwiekszg
ilos¢ napetniaczy. Otrzymane wyniki poréwnano z wynikami uzyskanymi dla wulkanizatu referencyjnego
niezawierajgcego napetniaczy krzemionkowych.

Stowa kluczowe: kauczuk naturalny, kompozyty, submikronowe czgstki krzemionki, nanoczastki krze-
mionki, wtasciwosci mechaniczne, wtasciwosci mechaniczne dynamiczne, glikolizat poliuretanowy.
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1. Introduction

The inorganic fillers, e.g. carbon black, silica, talc,
mica or calcium carbonate, are the most important and
widely used fillers for the natural rubber composites
[1-3]. The main advantage of using of mentioned fillers
is reduction of cost of final materials. Some of mentioned
fillers, i.e. silica and carbon black, are active fillers, which
are responsible for the improving of the mechanical
properties (e.g. tensile strength, tear strength and
abrasion resistance) of rubber matrix composites [1, 4-6].

The content, size, structure, surface area and shape
of fillers are the most important factors, which affect the
mechanical properties of rubber composites [4, 7-9].
Silica particles are used as filler for natural rubber-
based materials from many years, but still the influence
of different types of silica particles (used separately or
in the presence of other fillers) on the performance of
rubber materials is investigated [10-14].

The growing amount of plastic waste produced
every year resulted in development of mechanical and

chemical recycling methods of polymers. Recycling of
polymers is resulted from requirements connected with
the pollution prevention and the environment protection
[15, 16]. In the case of polyurethanes (PUs), which are
produced in form of flexible foams, rigid foams, coatings
and elastomers, the total worldwide production in 2013
was equal nearly 16 mln tons, so the development of
the cost-effective and environmental-friendly recycling
technology is needed [17]. Polyurethane waste can
be recycled by mechanical methods (i.e. grinding and
applying as filler or pressing with a bonding agent) and
chemical methods (mainly by e.g. glycolysis, hydrolysis
or aminolysis). There is also possibility to the recovery
of energy from polyurethanes waste (by e.g. incineration,
gasification, and pyrolysis) [16]. The glycolysis is
the chemical process which can be performed on the
industrial scale, and involves the chemical decomposition
of urethane groups by active hydrogen atoms presented
in the structure of glycols. Glycolysis of polyurethanes
is well described in the scientific literature and it is one
of the most important chemical recycling method of
polyurethane waste [17-25].
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The main aim of this work was to examine the
mechanical and thermo-mechanical properties of natural
rubber/silica composites prepared using polyurethane
glycolysate as a plasticizer. In this work, the silica
particles with two different sizes (submicron- and nano-
sized) were used. The tensile properties (tensile strength
and elongation at break), tear resistance, hardness,
abrasion resistance, resilience and thermo-mechanical
properties (by Dynamic Mechanical Thermal Analysis)
of prepared materials was determined. All results were
compared with properties of reference samples (without
silica particles).

2. Materials and preparation
of composites

The two types of silica particles were used in this
study - i.e. submicron sized silica particles Fransil 251
(Fransol, France) with a diameter equal to 0.2 pm and
nanosilica Aerosil 200 (Evonik Industries, Germany) with
a diameter 12 nm and specific surface area 200 m?/g.
Both fillers are shown in Fig. 1.

The polyurethane glycolysate was synthesized using
polyurethane foam waste (PU) and 1,3-propanediol (PD).
The reaction was conducted at PU/PD mass ratio equal
6:1 in the temperature 190 °C using potassium acetate
as a catalyst. The schematic reaction is presented in
Fig. 2. The polyurethane glycolysate was also successful
applied as a plasticizer in the case of lignin/natural
rubber composites [26].

The ingredients — natural rubber (100 phr), stearic
acid (3 phr), zinc oxide (5 phr), tetramethylthiuram
(0.5 phr), submicron- or nano-sized silica particles,
polyurethane glycolysate (2.5 phr) and sulfur (3 phr)
were mixed in open two-roll laboratory mill at a friction
ratio 1,08:1. The process of homogenization was carried
out 15 min. The vulcanization was performed by using
a hydraulic press at 150 °C under press 4,5-5 MPa and
the vulcanization time was 10 min.

The prepared composites contained different
amounts of applied submicron- (10, 15, 20 or 25 phr -
coded as NRC-SP-10, NRC-SP-15, NRC-SP-20 or NRC-
-SP-25) and nano-particles (0.5, 0.75, 1.0 or 1.25 phr
- coded as NRC-NP-0.5, NRC-NP-0.75, NRC-NP-1.0
or NRC-NP-1.25). The reference sample without silica
particles (coded as REF) was also prepared.

Fig. 1. Comparison of silica fillers characterized by different particle size:
a) submicron-sized silica (0,2 um), b) nano-sized silica (12 nm)

Rys. 1. Poréwnanie wygladu napetniaczy krzemionkowych o roznej
wielkoSci czastek: a) submikron (0,2 um), b) nano (12 nm)
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Fig. 2. Glycolysis of polyurethane using 1,3-propanediol
Rys. 2. Glikoliza poliuretanow z uzyciem 1,3-propanodiolu
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3. Testing

The tensile properties (tensile strength and relative
elongation at break) of the vulcanizates were determined,
using universal testing machine Zwick/Roell Z020,
according to ISO 37 standard. The cross-head speed
was 300 mm/min. The test samples were prepared in
a standard dumbbell shape, and all measurements were
repeated five times.

The tear strength of the natural rubber composites
were determined using universal testing machine
Zwick/Roell Z020 in accordance to ISO 34-1 standard.
The cross-head speed was 100 mm/min. The test
samples were prepared in a crescent shape and with
nick depth equal 1 mm, and all measurements were
repeated five times.

The hardness was measured using Shore type
A Durometer (Zwick/Roell) according to ISO 7619 in
random ten points in one specimen.

The rebound resilience was determined with a Schob
type machine using 6-mm-thick samples according to
ISO 4662. All measurements were repeated ten times.

The abrasion resistance of the vulcanizates was
determined using a Schopper-Schlobach apparatus with
an APGi circulating roller and abrasive cloth No. 60.

Dynamic mechanical analysis was conducted
using DMA Q800 analyzer (TA Instruments) with
a frequency of 1 Hz and at heating rate of 4°C/min
in the temperature range from -100 to 100 °C under
nitrogen atmosphere.

4. Results and discussion

The mechanical properties of prepared composites are
summarized in Table 1 (vulcanizates with submicron-
sized silica particles) and Table 2 (vulcanizates with
nano-sized silica particles).

The improvement of tensile strength of natural
rubber composites was observed only for composites
with submicron-sized silica particles. The highest
values, i.e. 22.3 and 22.1 MPa, were observed for NRC-
-SP-10 and NRC-SP-15, respectively. Higher content of
filler resulted in decreasing of tensile strength. In the
case of elongation at break the decreasing trend with
increasing content of both type silica particles is observed.
The ability of inorganic fillers to form agglomerates at
higher loadings of filler is responsible for decreasing
of mechanical properties, and similar behavior was
observed e.g. in the case of titanium dioxide/natural
rubber composites [27].

Table 1. Mechanical properties of natural rubber composites with submicron-sized silica
Tabela 1. WtasciwoSci mechaniczne wulkanizatu referencyjnego i kompozytéw kauczuku naturalnego z submikronowymi

czastkami krzemionki
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Materials REF NRC-SP-10 NRC-SP-15 NRC-SP-20 NRC-SP-25
Tensile strength [MPa] 203+ 1.2 223 +0.6 22.1£0.5 20.1£0.9 20.2 £ 1.1
Elongation at break [%] 611.4 + 23.1 620.4 + 34.2 615.4 £ 12.5 603.4 + 12.5 580.3 + 24.7
Tear resistance [N/mm] 9.8+ 1.4 9.8+ 1.7 11.2 + 0.6 13.0+ 3.3 16.4 £ 3.6
Hardness [°Sh A] 42.7 + 0.1 439+0.3 446 + 0.5 449 £ 0.3 45.2+0.4
Rebound resilience [%] 63.0+ 2.4 629 + 1.7 61.8 + 2.1 59.0 + 1.7 58,5+ 2.0
Abrasion resistance [cm’] | 0.207 + 0.016 | 0.155 + 0.0012 | 0.146 + 0.012 0.140 £ 0.018 0.119 £ 0.011

Table 2. Mechanical properties of natural rubber composites with nano-sized silica particles (REF —- see Table 1)
Tabela 2. Wtasciwo$ci mechaniczne wulkanizatu referencyjnego (REF — p. Tabela 1) i kompozytow kauczuku naturalnego

Z nanoczastkami krzemionki

Materials NRC-NP-0.5 NRC-NP-0.75 NRC-NP-1.0 NRC-NP-1.25
Tensile strength [MPa] 179+ 1.3 18.2 £ 09 19.0 + 1.1 195+ 1.5
Elongation at break [%] 624.1 + 21.1 630.4 + 34.6 604.3 + 28.8 590.4 + 27.4
Tear resistance [N/mm] 14.0 + 2.0 124 +0.2 10.5+ 1.6 9.1+09
Hardness [°Sh A] 419+ 0.6 413 +£0.9 42.1+£0.6 423 +04
Rebound resilience [%] 64.7 £ 1.6 644+ 1.8 63.0+ 1.7 59.2+0.8
Abrasion resistance [cm’] 0.158 £ 0.016 0.131 £ 0.018 0.054 + 0.020 0.041 £ 0.011
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The most important factor, which affects the
mechanical properties, is good dispersion of filler
particles in polymer matrix. The well dispersed filler
permit to uniform stress distribution and stress-
concentration reduction, and this results in improvement
of mechanical properties [4, 7-9, 28, 29].

In the case of submicron-sized silica particles/
natural rubber composites tear resistance increasing
with increasing content of filler (from 9.8 N/mm for
NRC-SP-10 to 16.4 N/mm for NRC-SP-25), while
for the nanosilica/natural rubber composites tear
resistance reaches maximum value (14.0 N/mm) for the
composites with the lowest applied amount of nanofiller
(NRC-NP-0.5).

Natural rubber composites with submicron-sized and
nano-sized silica particles exhibit improved abrasion
resistance in comparison with the reference samples,
and increasing trend with increasing content of silica
particles was observed. The highest abrasion resistance
was observed in the case of composites with silica
nanoparticles (0.041 cm?® for NRC-NP-1.25), and this
is probably connected with higher specific surface area
of nanoparticles, in comparison to the submicron-sized
particles. Also the good adhesion of nano-sized particles
to the natural rubber chains can results in increase of
abrasion resistance.

Applying of both fillers resulted in increasing of
hardness and decreasing of resilience of prepared
natural rubber composites, which can be resulted from
the high hardness of applied fillers and good adhesion
between particles surface and polymer chains.

The results of dynamic mechanical analysis
for selected vulcanizates (REF, NRC-SP-25, NRC-

5000

-NP-1.25) are presented in Fig. 3 (storage modulus vs.
temperature), Fig. 4. (loss modulus vs. temperature) and
Fig. 5. (damping factor vs. temperature).

Both applied fillers caused improvement of storage
and loss modulus in the comparison to reference samples.
Increase of storage modulus value is probably resulted
from the presence of hard filler in rubber matrix, good
dispersion of filler and interaction between particles
surface and polymer chains. All mentioned factors
caused an improvement of the composites stiffness. It
can be attributed to good adhesion between the polymer
matrix and particles surface resulting in effective load
transfer from the rubber matrix to fillers. The applied
plasticizer (polyurethane glycolysate) can also improve
the dispersion of hydrophilic silica in rubber matrix
and interaction (adhesion) between them. The higher
values of storage and loss modulus was observed for
the vulcanizates filled with submicron-sized silica
particles and this can be resulted from higher content of
inorganic filler (25 pphr for NRC-SP-25) in comparison
to NRC-NP-1.25.

The glass transition temperature (T,) was
determined as a temperature at which tan delta reaches
maximum value. The T, of prepared vulcanizates
increases in the sequence:

REF (-35.6 °C) < NRC-NP-1.25 (-35.4 °C) < NRC-
SP-25 (-33.0 °C).

The presence of filler caused reduction of polymer
chains movements, and this is connected with increasing
of glass transition temperature. It can be resulted from the
good interaction of polymer matrix and filler surface.

The highest Tg was observed for NRC-SP-25 material,
which has the highest weight content of inorganic filler.
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Fig. 3. Storage modulus of prepared vulcanizates as a function of temperature
Rys. 3. Modut zachowawczy otrzymanych wulkanizatow w funkcji temperatury
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Fig. 4. Loss modulus of prepared vulcanizates as a function of temperature
Rys. 4. Modut stratnosci otrzymanych wulkanizatéw w funkcji temperatury
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Fig. 5. Tan delta of prepared vulcanizates as a function of temperature
Rys. 5. Tangens delta otrzymanych wulkanizatow w funkcji temperatury
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5. Summary

The natural rubber composites filled with
submicron-sized and nano-sized particles were
successfully prepared using polyurethane glycolysate
as a plasticizer. The obtained results confirmed that
applied product of polyurethanes chemical recycling
has a good potential for the industrial applications.
Moreover, the application of recycled material is
beneficial from the environment protection point
of view.

The size of silica particles affects the mechanical
performance of obtained materials, which was
especially visible in the case of abrasion resistance,
which was the highest when the silica nanoparticles
were applied as filler. The high specific surface area
of silica nanoparticles permit to achieve specific
mechanical properties at lower loadings of filler in
comparison to natural rubber composites filled with
submicron-sized particles.
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