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H I G H L I G H T S
� Silane-69 treated silica/natural rubber composite was irradiated by electron beam.
� SEM images indicated good dispersion of treated silica in the NR matrix.
� 10 phr NR/TSi at 200 kGy in latex form had the best mechanical properties.
� EB vulcanized NR/TSi composites had less chemical residue than those by sulfur.
� Degradation under thermal and humidity was performed and compared with TGA.
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A B S T R A C T

A thorough study was undertaken of the synthesis of natural rubber-silica treated with bis-(3-triethoxysilylpropyl)
tetrasulfane (NR/TSi) vulcanized using electron beam irradiation (EB) and sulfur by varying the EB dose. The
surface treatment of silica was confirmed using Fourier-transform infrared spectroscopy and scanning electron
microscopy images. Composites were cast and vulcanized in film and latex forms compared with sulfur vulca-
nization. Investigation covered the mechanical properties, thermal stability, swelling resistance, and degradation
under heat and humidity testing of the NR/TSi composites. It was found that the TSi had great dispersal in the NR
matrix. TSi in NR matrix had a positive effect on mechanical properties, swelling in water and toluene, and
thermal stability. Increasing the radiation intensity up to 250 kGy led to superior mechanical properties but for
further increase in the radiation intensity, the tensile strength dropped. Degradation under thermal and humidity
testing showed that the un-vulcanized composite had higher physical degradation than the vulcanized samples.
Therefore, NR/TSi vulcanized using 200 kGy EB vulcanized in latex form had the greatest mechanical properties
for various applications without producing any residual vulcanizing agent.
1. Introduction

Natural rubber is natural polymer which is mainly isoprene. It con-
tains water and some impurities such as organic compounds. The good
properties of natural rubber are its high tensile strength, elongation, tear
resistance, and abrasion resistance. It is excellent in resilience and
compression. However, it is not a suitable product when subjected to
aging by sunlight, ultraviolet light, heat, oxygen, and ozone explosion
conditions. It also has poor petroleum and solvent resistances [1]. To
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overcome these disadvantages, various methods have been applied, such
as rubber vulcanization with vulcanizing agent and radiation [2] rein-
forcement with fillers (such as silica, nano clay, carbon black, and etc) [3,
4] and treatment in the latex form. Natural rubber reinforced with silica
as a filler is an option for industrial use [5, 6]. Silica is a renewable
material that can improve mechanical properties, including tensile
strength, elongation, and swelling parameters (swelling ratio) [7]. It is
also used to improve thermal stability [8]. However, a problem with
silica is that the compatibility when using as filler is poor due to its
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agglomeration in the latex matrix [7]. The surface of silica contains large
amounts of the silanol functional group (Si–OH) that results in strong
particle-particle interaction on the surface. Researchers have tried to
improve or modify the filler surface to solve this problem [9, 10].

Due to the poor compatibility of silica and the rubber matrix, re-
searchers have used chemicals such as silane coupling agents. The most
widely used one are (bis-(3-triethoxysilylpropyl)) tetrasulfane (Si-69)
[11,12] and 3-thiocyana-topropyl triethoxy silane (Si-264) [13]. The
coupling agent provide physical improvement [14] and can enhance the
chemical linkage of the NR-Si interaction by reacting with both filler and
matrix [15]. One side of the hydrolysable alkoxy group react with silanol
group attached on the silica surface in mixing process to form siloxane
linkages and releasing alcohol, leading to reduced particle-particle
interaction. At the other end is an organo-functional group that con-
tains sulfur. Sulfur can participate in the vulcanization process and
contribute to increase sulfur linkages with the matrix rubber [16]. This
coupling agent could also enhance filler-natural rubber interaction and
reduce particle aggregation [17].

Process ability and physical properties of NR-Si compound can be
improved by other methods such as vulcanization by adding a vulca-
nizing agent (such as sulfur or peroxide) [18, 19] and radiation using
gamma rays [20], electron beam irradiation [21], or a natural rubber
latex treatment method [22].

Nowadays, there is a global focus on green technology and green
products, so vulcanization of rubber using electron beam irradiation is
one of the green techniques being widely used with jewelry to enhance
value and used with rubber and polymers to increase the crosslink den-
sities [23]. However, there has been a limited numbers of studies on
natural rubber composites using electron beam irradiation. An electron
beam was used to increase the grafting of rubbers and a polystyrene
copolymer [24]. Electron beam was used to improve many mechanical
properties such as that in styrene butadiene/natural rubber to increase
resistance to abrasion [25]. A low dose of electron beam was used to
enhance mechanical and thermal properties of vulcanized natural rub-
ber/polymers [26]. The different aging times and electron beam radia-
tion doses of silica/rubber were studied focusing on Mooney relaxation
[27]. However, the degradation of natural rubber with silica was vul-
canized between sulfur and electron beam has not been studied.

Electron beam irradiation of montmorillonite particles loaded in
ethylene vinyl acetate waste rubber was studied at irradiation doses of up
to 150 kGy. It was found that the crosslinking networks from the electron
beam irradiation resulted in gradually increase in tensile strength of the
waste rubber blends [28]. Furthermore, it was found that too much
irradiation decreased the tensile properties. Combining the effects of
microwave heating and electron beam irradiation to reduce the intensity
of the electron beam dose and the irradiation time was studied. It was
found that vulcanization based on electron beam irradiation could be
obtained at a lower irradiation dose by using microwave energy [29].

This current work studied the mechanical and physical properties of
silica reinforced natural rubber that had been vulcanized using sulfur and
electron beam irradiation in latex and film forms. Silica contents of 10 phr
was used and electron beam doses of 100, 150, 200, and 250 kGy were
studied to determine the optimum values for a silica/natural rubber system.
2. Materials and methods

2.1. Materials

In the preparation of the natural rubber/silica compound, the ma-
terials used were listed; Precipitated silica (purity 98%) was supplied
by TTK Science Co., Ltd. High ammonia concentrated latex (60% DSC)
was provided by the Rubber Research Unit, National Metal and Mate-
rials Technology Center, Thailand. Latex MST is 138 s (Test following
ISO 35:2004). Deionized water (15.2 MΩ) was obtained from the
Department of Chemical Engineering Kasetsart University, Bangkok,
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Thailand. 50% zinc oxide (ZnO), 10% potassium hydroxide (KOH), 50%
zinc diethyldithiocarbamate (ZDEC), and 20% potassium lualate (K-
lualate) were obtained from the Rubber Research Institute, Thailand.
Bis-(3-triethoxysilylpropyl) tetrasulfide (Si69, 98% purity), ethanol
(EtOH, 99.9% purity), and acetone (99.5% purity) which were supplied
by Sigma-Aldrich Co., Ltd.

2.2. Preparation of surface treated silica with silane 69 (TSi)

First, 5%wt silane coupling agent (Si-69) was mixed with 800 ml
ethanol, followed by stirring using a hot-plate magnetic stirrer for 1 h at
30 �C. After that, 100 g silica was put gradually into the mixture and
continually stirred for 1 h. Then, it was dried in an oven at 100 �C for 12
h. It was called treated silica (TSi).

2.3. Preparation of NR/TSi composite film

Concentrated latex (60% DSC) was stirred using a magnetic stirrer
before 10 phr treated silica (TSi) was added into the latex. After that, 5 ml
deionization water was poured into the NR/TSi and the mixture was
stirred for 1 h. Then, the composite solution was cast using a glass plate
frame and put in an oven for 24 h at 55 �C. This was called Un-vulcanized
(NV) and it was used as a control sample.

2.4. Preparation of NR/TSi composite vulcanized with sulfur

Concentrated latex (60% DSC) was stirred using a magnetic stirrer.
Then, 5 phr treated silica was added into the concentrated latex. After
that, 5 ml of deionized water was added into the NR/TSi and stirred for 1
h. Then, different vulcanizing agents (KOH, K-lualate, ZnO, ZDEC, or
sulfur) were added in the ratios shown in Table 1. Each sample was
stirred for 1 h and then the composite solution was cast using a glass plate
frame and put in an oven for 6 h at 30 �C and continued at for 24 h 120
�C. The dry sample was named ‘sulfur’. The untreated silica with natural
rubber compound was used as a control.

2.5. Preparation of NR/TSi composite vulcanized using EB in latex and
film forms

First, concentrated latex (60% DSC) was stirred using a magnetic
stirrer. Then, 5 phr of treated silica was added into the concentrated
latex. After that, 5 ml of deionized water was added into the NR/TSi and
stirred for 1 h. Then, the NR/TSi composite latex was poured into a
microwave box before the irradiation process. EB accelerator used was
Linear accelerator electron beam by Mevex Corporation Ltd. MB10-50
Canada. The energy range was 10 MeV and the dose rate used was 25
kGy/round. The vulcanized NR/TSi composites by EB irradiation were
irradiated at doses of 150, 200, or 250 kGy using accelerated energy at 8
MeV and room temperature. This method produced the latex form. The
dry sample was named ‘EB150L, EB 200L, EB250L for samples radiated in
latex form irradiated at doses of 150, 200, or 250 kGy, respectively. For
the film form, NR/TSi latexmixture was cast using a glass plate frame and
put in an oven for 24 h at 55 �C to obtain composite film before the
irradiation process. The dry sample was named ‘EB150F, EB 200F,
EB250F for samples radiated in film form irradiated at doses of 150, 200,
or 250 kGy, respectively.

2.6. Characterization of treated silica

The morphology of the precipitated Si-69 treated and untreated silica
was investigated by a scanning electronmicroscope (Quanta 450 FEI) at a
15 kV accelerating voltage in vacuum. Precipitated silica and NR com-
posites were prepared before surface coating with gold. The composition
of the treated silica was analyzed using a Fourier-transform infrared
(FTIR) spectrophotometer (Tensor27) in the wavelength range between
400–4000 cm�1.



Table 1. Formulation of vulcanizing agent.

Compound in formulation Dry weight (phr)a)

Natural rubber 100

Silica 10

50% Sulfur 1

10% KOH 0.5

20% K-lualate 1

50% ZnO 1

50% ZDECb) 0.8

a) phr: parts per hundred rubber.
b) ZDEC is Dithiocarbamates.
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2.7. Characterization of composites

2.7.1. Morphology study
The morphology of silica-reinforced natural rubber was examined

using an SEM (Quanta 450 FEI) at 15 kV accelerating voltage in vac-
uum condition. The samples were prepared in thin sheets film and
surface coated with gold. Thermogravimetric analysis (TGA) was used
to observe the thermal stability of NR composites. It was conducted on
an SDTA 851e thermogravimetric analyzer at a temperature range of
30–1,000 �C with flow of nitrogen at a 10 �C/min heating rate.

2.7.2. Mechanical property measurement
For elongation at break and tensile strength testing, five dumbbell-

shaped samples were prepared from fabricated film sheets following
ISO 37 type 2 (Standard method for vulcanized and thermoplastic
rubbers in order to determine the tensile stress-strain properties). The
test was performed using a universal testing machine at a constant
crosshead speed of 500 mm/min. Specimens were analyzed and the
average and standard deviation were calculated.

2.7.3. Swelling measurement
The vulcanized NR composites was tested to determine the cross-

link density using swelling ratio. Each sample was cut into a small sheet
of 1 cm � 1 cm � 0.5 cm following ASTM D471 standard (This testing
procedure is for evaluation of comparative ability of rubber and
rubber-like compositions to withstand the effect of liquids exposure).
The samples were soaked in toluene (25 ml) at room temperature for 24
h. Then, the sample weights before and after soaking in toluene were
recorded. Swelling ratio and crosslink density were then calculated
according to the Flory and Rehner Eqs. (1) and (2), respectively [24,
30, 31, 32].

Q ¼ 1 þ (ρR/ ρT) (Ws/Wo) – (ρR/ ρT) (1)
Figure 1. SEM images of (a) Si-69 treated
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where Q is the swelling ratio, Wo and Ws are the sample weight before
and after immersion in toluene, respectively. For toluene, ρT is 0.867 g/
ml; for NR, ρR is 0.915 g/cm3.

V ¼ kQ�5/3 (2)

where Q is the swelling ratio, k is a constant (9.06 �1020), and V is the
crosslink density (cl/mol) and k can be calculated as in Eq. (3).

k ¼ [(0.5 - μ) NA/Vs] (3)

where μ is rubber-solvent interaction parameter (which is 0.34 for nat-
ural rubber with toluene solvent) [33]. Vs is the molar volume of toluene
(106.29 cm3⋅mol�1). NA is Avogadro's number (6.02 � 1023).

2.7.4. Water absorption
For the swelling test, each sample had dimensions of about 1 cm � 1

cm. Each sample was soaked in water for 24 h at room temperature.
Sample weights before and after soaking in water were recorded. Water
absorption ratio was calculated based on Eq. (4).

Water absorption ratio ¼ wt. before soaking in toluene/wt. after soaking in
toluene (4)

2.7.5. Degradation test
Degradation testing of the NR composites was determined by focusing

on degradation under thermal and humid conditions adopted from
Tomita et al (2017) [34]. Samples were cut into a 2.5 cm � 2.5 cm sheet
size and put in a humidity chamber (Quanta 450) at 70 �C and 95%
relative humidity condition for 720 h.

3. Results and discussion

3.1. Treated silica characterization

3.1.1. Morphology of treated silica
Morphology of untreated and Si-69 treated silica was characterized

using SEM and their results are shown in Figure 1. The particle size of
untreated silica was larger than that of treated silica due to hydrogen
bond interactions between the silica particles themselves and the silanol
group (Si–OH) on the surface of untreated silica. This caused particle
accumulation [11, 17].

3.1.2. Fourier transform infrared (FT-IR) analysis of treated silica (TSi)
compare with untreated silica (Si)

The FTIR spectra of Si-69 treated silica and untreated silica are
depicted in Figure 2. The peak of absorption bands occurred in both
untreated and treated silica at 3450 cm�1 existed from the O–H
stretching of the silanol group. The absorption band at 1630 cm�1 was
assigned to stretching vibration of O–H bond peak, while that at 1115
silica (TSi) and (b) untreated silica (Si).

astm:D471


Figure 2. FT-IR spectra of (a) Si-69 (b) untreated silica (c) treated silica with
Si-69.

Figure 4. The radiolysis of cis, 1,4 polyisoprene to form free radical sites.
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cm�1 corresponded to the asymmetric stretching of Si–O–Si group. The
absorption bands at around 472 and 795 cm�1 showed blending vibra-
tion of siloxane groups (Si–O–Si). For treated silica with Si-69, there were
additional absorption bands at 2925 and 2970 cm�1 assigned to
stretching vibration of the –CH3 and –CH2 groups, respectively, of silane
coupling with Si-69 on the silica surface [35].

3.2. NR composites characterization

The silane-69 treated silica particle content in NR (NR/TSi) was in the
range 0–20 phr. Their mechanical properties were not shown here.
However, Si-69 treated silica at 10 phr in NR had the highest mechanical
properties. Therefore, in this paper, Si-69 treated silica content at 10 phr.
Figure 3. (a) Tensile strength and (b) Elongation at break of un-vulcanized NR/
10 phr TSi composites (NV) and vulcanized NR/TSi composite.
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in NR (NR/TSi) was prepared for the study of composite properties
following vulcanizing using EB irradiation.

3.2.1. Mechanical properties
Figure 3 shows the tensile strength of NR/TSi 10 phr. The tensile

strengths of NR/TSi 10 phr vulcanized with sulfur and using EB radiation
was higher than that of the un-vulcanized composite due to the vulca-
nization process forming crosslink networks between rubber molecules.
An effect of EB radiation vulcanization was observed between the film
and latex forms, with the highest tensile strength of 15.7 � 1 MPa
recorded in the composite vulcanized using EB radiation at 200 kGy in
the latex form. This was due to the EB radiation of NR/TSi in the latex
form being associated with radiolysis which generated NR radicals from
NR molecules and OH radicals from water molecules in the latex. The H
radicals and hydrated electrons from the water radicals in the radiolysis
process enhanced the efficiency of crosslinking of NR [36]. Elongation at
break of NR composites irradiated by 150, 200, and 250 kGy, represents
in Figure 3 (b). It was found that elongation at break decreased when EB
irradiation dose increased. The crosslinking degree was generally
increased when increased the irradiation dose [36]. It was in agreement
with the previous work of Jansomboon et al. (2019) [23] who reported
that the NR composites filled with the mixture of silica/graphene irra-
diated by EB irradiation in the range of 100–250 kGy had the elongation
at break decreased when EB doses increased due to increase in crosslink
density in the composites.

The reaction is shown in Figure 4. On the other hand, there was an
absence of water in the film form sample, resulting in a low crosslink
density compared to the latex form sample. The preparation method for
vulcanization and the vulcanization method had strong effects on the
Figure 5. Radiolysis reaction of EB radiation vulcanization.



Figure 6. NR/10 phr TSi composites: (a) crosslink density; and (b)
swelling ratio.
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tensile strength of NR/TSi composites [37]. Composite vulcanized with
sulfur had a lower tensile strength than that vulcanized using EB radi-
ation in both the latex and film forms due to the crosslink network of
C–C bonding formed in the NR/TSi latex with EB radiation [38]. On the
other hand, a crosslink network of C–S bondingwas formed by sulfur
vulcanization [39]. Due to the C–C bond having a higher energy bond
than the C–S bond [40], NR/TSi composites vulcanized using EB radi-
ation in the latex form showed higher tensile strength than those vul-
canized with sulfur.

The mechanism of the effect of EB irradiation on NR matrix might be
that EB radiation of NR/TSi in the latex form was associated with radi-
olysis which generated NR radicals from NR molecules and OH radicals
fromwater molecules in the latex liquid. The concise chemical reaction of
crosslinking is shown in Figure 4. When the irradiation was applied for
NR molecule, an appearance of allyl radicals could be observed. These
NR radicals can be final products via various reaction such as recombi-
nation, hydrogen formation, addition of C¼C bonds. The short-lived free
radicals added into C¼C bonds was the results in crosslink formation in
molecular chain. Additionally, the radiolysis of water occurred by irra-
diation in NR latex, represented in Figure 5, could affect degree of cro-
sslinking. The hydrated electrons and H radicals from water radicals
occurred by radicalization reaction in the radiolysis process can pene-
trate into NR molecular chains and then react with molecule of NR. This
results in enhancement of crosslinking efficiency of NR [36]. It is
Figure 7. %Water absorption of NR/10 phr TSi vulcanized and un-vulcanized
(NV) samples.
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commonly recognized that the high irradiation energy can be applied for
crosslink and curing in elastomer materials such as natural rubber [41].

3.2.2. Swelling property
A sample of NR/TSi vulcanized using an electron beam at 200 kGy

was selected for the swelling test. The NR/TSi sample vulcanized with
sulfur in this work used a low sulfur formula to be environmentally
friendly. Hosseini et al. showed that a high sulfur content resulted in high
crosslinking [42]. Where the formula of the sulfur system is changed, the
crosslink density may be higher or lower than the standard [43].

Figure 6 presents the swelling ratios and crosslink densities of sulfur
and 200 kGy electron beam irradiated natural rubber reinforced with 10
phr-treated silica (NR/TSi) in film and latex forms compared with the un-
vulcanized composite. The composites were examined using immersion
in toluene. The rubber molecules were able to absorb the toluene solvent
leading to swelling of the NR composites [44, 45]. Vulcanization using
electron beam irradiation caused the formation of carbon-carbon bond
interactions between rubber molecules and vulcanization with sulfur
caused the formation of monomeric polysulfides [39]. The interaction of
sulfur with the composite rubbers to form polymeric polysulfides led to
vulcanization of NR composites with high crosslink densities. Comparing
between EB200F (film) and EB200L (latex), the NR latex became rigid or
film after the heat treatment process (at 55 �C for 24 h) due to water
evaporation. Water and moisture in such NR material were very low
when compare to NR latex. As a consequence, during the irradiation
process, crosslink network occurred in NR film compound cannot be
enhanced by hydrolysis due to lack of water. On the other hands, the
radical from hydrolysis in NR latex occurred by irradiation increased the
crosslink reaction of NR latex compound resulting in the large crosslink
density. This was the reason of lower crosslink density of NR film than
that of NR latex.

3.2.3. Water absorption property
Figure 7 shows water absorption of 10 phr NR/TSi samples vulcanized

using electron beam irradiation at 200 kGy in latex and film forms, sulfur,
and un-vulcanized one. The %water uptake of the vulcanized samples
decreased compared to the un-vulcanized ones, as the former had greater
crosslink densities than the latter [46].

3.2.4. Thermal property
The thermal stabilities analysis of 10 phr NR/TSi vulcanized using EB

radiation at 200 kGy in the latex form, sulfur, and un-vulcanized
Figure 8. TGA curve of natural rubber composites vulcanized using EB radia-
tion at 200 kGy latex, sulfur vulcanization, and un-vulcanized rubber.



Table 2. Initial degradation temperature of un-vulcanized and vulcanized samples.

Sample type Initial degradation temperature
Td (oC)

Initial degradation temperature at
50%wt T50 (oC)

Un-vulcanized 330 387

Sulfur vulcanization 332 389

EB vulcanization at 200 kGy in latex form 332 389

M. Reowdecha et al. Heliyon 7 (2021) e07176
composite are shown in Figure 8. The thermogravimetric analysis
showed that NR composites had one step of mass loss as shown in the
weight loss curve between 330 �C and 455 �C [47]. At temperatures
below 250 �C, no thermal degradation was observed due to the scission
and the crosslinking of carbon chains in rubber molecules not causing a
loss of volatility in the bulk rubber [48]. From Table 2, NR composites
vulcanized using EB radiation and sulfur had higher initial degradation
temperatures (Td) than those of the un-vulcanized NR composites. This
was because the vulcanization formed a dense crosslink structure in the
NR/TSi composites [49].

From Table 2, T50 of NR/TSi latex by EB radiation and NR/TSi with
sulfur vulcanization were at the same values. This could occurred with
some reasons as it was found in the previous work that at high-
irradiation-dose sample, the initial degradation of EB irradiated styrene
butadiene rubber was quicker at low temperature [50]. It can be
explained that during irradiation, not only crosslinking of the network of
NR was formed but also chain scission fragments were occurred. More-
over, there was more chain fragmentations produced high irradiation
dose compared to that at lower irradiation dose. Therefore, irradiation
dose increased can result in a decrease of Td. This was also wound in the
previous study of the effect of EB irradiation on NR latex mixed with
silica/graphene mixture [23]. In the case of this study, it might be
possible that the Td of the NR composite decreased at EB irradiation dose
of 200 kGy. The similar values of Td for both composites found in this
Figure 9. Micrographs of NR/10 phr TSi composites: (a) un-vulcanized; (b)
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study might accidentally happened. Therefore, an explanation above
indicating the equal values of Td of NR/TSi with sulfur vulcanization and
that of irradiated NR/Tsi.

3.2.5. Composite morphology
The morphology of 10 phr-treated silica particles in NR is shown in

Figure 9 and was used to investigate the dispersion of filler in NR matrix
interfaces [51].

It was shown that silica particles treated with Si-69 in NR composite
vulcanized by EB irradiation exhibited better homogeneity and phase-
continuity between the silica filler-NR interfaces when compared with
silica particle distributed in uncured NR composite and sulfur-cured NR
composite. The NR/TSi vulcanized using EB radiation in the latex form
had less silica filler agglomeration and good dispersion in the rubber
matrix because during EB radiation, the NR composite latex produced
heat from radiolysis. This heat resulted in latex viscosity decreased and
led to a better silica filler-NR interaction [51, 52].
3.2.6. Degradation property
Degradation test shows physical appearance of the samples with

vulcanized differently. They were used to predict the appearance when
the samples are accelerated with heat and humidity or exposed to the
severe condition. The results of the thermal and humidity degradation
sulfur vulcanization; and (c) EB radiation of at 200 kGy in latex form.



Figure 10. Thermal and humidity degradation testing of (a–c) NV NR/TSi10, (d–f) EB NR/TSi10L, and (g–i) S NR/TSi10 at 0 h (left), 360 h (middle), 720 h (right),
respectively.
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testing of 10 phr NR/TSi vulcanized at 200 kGy EB radiation in the latex
form, sulfur, and un-vulcanized are shown in Figure 10. Figure 10 shows
films (a-c) of NV NR/TSi10: Un-vulcanized natural rubber/silica treated
10 phr; (d-f) EB NR/TSi10L: EB radiation of natural rubber/silica treated
10 phr in latex form; (g-i) S NR/TSi10: Sulfur vulcanization of natural
rubber/silica treated 10 phr. Before degradation testing (at 0 h), the
composite un-vulcanized and sulfur vulcanized samples had colors
similar to natural rubber while the composite sample using EB radiation
vulcanization had a dark brown color due to the heat accumulation
during beam radiation. After degradation testing, the longer the degra-
dation time of a sample, the darker and stickier it became, especially for
the un-vulcanized sample. This was due to low thermal stability as
described in the section on thermogravimetric analysis. Stickiness of the
sample indicated the degradation of NR due to heat and humidity
exposition [53].

4. Conclusion

Samples of natural rubber-reinforced bis(triethoxysilylpropyl) tetra-
sulfide (Si-69) treated silica vulcanized using EB irradiation and sulfur and
cast in film and latex forms were studied for their mechanical properties,
thermal stability, swelling resistance in toluene, water absorption, and
degradation under thermal and humidity testing. The results showed that
200 kGy irradiation of the composite in the latex form produced the
highest tensile strength of 15.7� 1MPa. With EB vulcanization in the film
form, tensile strength reduced after increasing the dose up to 250 kGy. This
was due to the excessive crosslink density. Samples with a partial water
uptake in NR/TSi 10 phr vulcanized using EB and by sulfur had lower %
water absorption than that of the un-vulcanized NR composites. Degra-
dation under thermal and humidity testing of the composites increased as
the degradation time increased. The un-vulcanized NR/TSi 10 phr had the
most physical changes, which was consistent with its low thermal stability.
The NR/TSi composites vulcanized using EB had less chemical residue
than those vulcanized using sulfur. Therefore, using EB irradiation as a
7

green crosslinking method is suggested to vulcanize NR/TSi composites
and other rubber composites.
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