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KEYWORDS ABSTRACT

Nanocomposite, This study explores the mechanical properties of modified tourmaline in epoxy/silica
Silica nanoparticles, nanocomposites. The primary objective is to enhance the mechanical characteristics of
Tourmaline, epoxy/silica nanocomposites by incorporating tourmaline as a reinforcing agent. Initially, the
Mechanical properties, morphology and microstructural features of tourmaline and synthesized silica nanoparticles were
Epoxy. examined using scanning electron microscopy (SEM) and X-ray energy dispersive spectroscopy

(EDX) images. The functional groups and chemical bonds of modified tourmaline were identified
through Fourier-transform infrared spectroscopy (FT-IR) analysis. Modified tourmaline micro-
particles, acting as a reinforcing phase at weight percentages of 10%, 20%, and 30, were combined
with optimized silica nanoparticles at 1% by weight within the epoxy polymer matrix. Various
characteristics of tourmaline particles were investigated to assess their impact on the mechanical
properties of the nanocomposite. Tensile and three-point bending tests were conducted on the
fabricated samples, and the results were analyzed. The findings indicate that incorporating
modified tourmaline nanoparticles into the epoxy matrix enhances the mechanical properties of
the nanocomposite, with the most significant improvements observed at 20% by weight. Further
increases in the weight percentage resulted in reduced mechanical properties due to particle
aggregation. Notably, the tensile and bending strengths increased by 35.3% and 22.6%,
respectively, under these conditions. This research has the potential to advance the development
of superior materials with enhanced mechanical properties.

Extended Abstract

1. Introduction

engineering sciences. Nanocomposites, as novel materials with distinct properties and capabilities, have found

broad applications across various industries, including automotive, aerospace, electronics, and medicine [1-
3]. Epoxy, a widely utilized material in nanocomposite production, serves as a base matrix that enhances its
mechanical and surface properties through nanoparticle incorporation. Epoxy resin is esteemed for its exceptional
thermal and mechanical properties, compatibility with diverse fibers and chemicals, and wears resistance. These
attributes have positioned epoxy resin for extensive use in applications such as adhesives, coatings, structural
materials, and composite matrices. Nevertheless, certain weaknesses of this polymer, such as brittleness, low

I n today's world, research in the field of nanomaterials is considered a prosperous and attractive area within
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strength, and susceptibility to crack propagation, have prompted industries to fortify these materials with organic
and inorganic fillers [4-7].

Silica is a mineral known for its exceptional properties, particularly when used as a nanoparticle in nanometer
dimensions. When combined with epoxy polymer in the form of silica/epoxy nanoparticles, it enhances the
mechanical, thermal, and electrical properties of the polymer matrix. The use of silica nanoparticles as a nanometer
filler allows for the adjustment of the properties of the polymer matrix [8]. Additionally, these nanoparticles serve
as nanometer reinforcements, further improving the mechanical and thermal properties of the polymer matrix [9].
The application of silica/epoxy nanoparticles in various industries such as aerospace, automotive, electronics, and
construction has garnered significant attention due to the unique characteristics of this nanocomposite [10-12].
These advanced nanotechnological products offer high performance and optimal characteristics, leading to
improved production efficiency, reduced weight, and increased resistance and strength in the final products.

Tourmaline is a mineral with unique properties that can be found in nature as transparent or semi-transparent
crystals. This complex silicate contains B and Al, making it known as a hard material that is resistant to heat,
thermal and electrical insulation, acids, and possesses suitable lighting properties. As an inorganic nanoparticle
with nanometer dimensions, tourmaline can be utilized in the production of nanocomposites and advanced
materials [13]. Incorporating tourmaline into polymer matrices such as epoxy, polyester, and polyolefin can
enhance the mechanical, thermal, and electrical properties of these materials, thereby improving their overall
performance. Due to its exceptional characteristics, tourmaline finds wide applications in various industries,
including electronics, automotive, medicine, and construction [14-16]. Ongoing research in using tourmaline as a
nanoparticle for enhancing the mechanical and thermal properties of nanocomposites shows promising potential
for the development of advanced materials with novel applications and superior performance.

In this context, harnessing the exceptional properties of tourmaline as a mineral has been explored as an
effective means to enhance the mechanical properties of nanocomposites. This study initially examined the ideal
quantity of silica nanoparticles, followed by an investigation into the impact of incorporating tourmaline
nanoparticles into the epoxy matrix on the mechanical properties of the nanocomposite. The findings revealed a
significant enhancement in tensile and bending properties, indicating the potential for this modification to improve
overall performance. Such research endeavors hold promise for the advancement of materials with superior
mechanical properties, positioning them as crucial components across diverse industries.

2. Experimental Section

2.1. Materials and Equipment

In this study, ML-504 epoxy resin from Polyamine Hardening Materials Company was utilized to fabricate the
specimens. The curing time of this epoxy polymer and hardener is approximately 60 minutes, providing an optimal
duration for air bubbles to escape. Tensile strength testing was conducted in accordance with ASTM D638
standards using a loading rate of 5 mm/min, while three-point bending strength was assessed following ASTM
D790 guidelines at a loading rate of 2 mm/min using a Centam model STM-20 machine. The shape and size of
particles were examined using a Scanning Electron Microscope (SEM) equipped with a LEO VP 1455 device.
Prior to imaging, samples were coated with a thin layer of platinum to prevent charge accumulation on the surface
and ensure high-quality images. Tourmaline, a cyclic silicate mineral containing boron, exhibits a diverse
composition and complex structure. Its chemical formula is NaRsA1sB3SisO27(OH)4. The sodium ion (Na*) can be
substituted by calcium (Ca?*) and potassium (K*), while the hydroxyl group (OH") can also be replaced by fluorine
(F). Depending on the R composition, tourmaline primarily consists of iron tourmaline, magnesium tourmaline,
sodium tourmaline, and lithium tourmaline [17]. The tourmaline utilized in this study was sourced from the
southeastern region of Borujerd city in Lorestan province. These tourmalines are found in pegmatites that have
intruded into the schists of this locality. As reported by Mir Sephond et al. in 2013, these tourmalines are classified
as black iron-bearing types and are known as Schorl [18].

2.2. Preparation of Samples

To create the silica/epoxy nanocomposite samples, 50 grams of bisphenol A-based epoxy resin, combined with
a 10% polyamine hardener (equivalent to 5 grams), was utilized. Initially, silica nanoparticles were dispersed in
acetone and then sonicated using a 100-watt ultrasonic device for 30 minutes. Subsequently, varying weight
percentages of silica nanoparticles (0.5%, 1%, and 1.5%) were individually mixed with the epoxy resin manually
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for 5 minutes. The mixture was further stirred at 300 revolutions per minute for 60 minutes using an IKA
mechanical stirrer from Germany. Following this, the polyamine hardener was added to the blend and mixed with
a magnetic stirrer for 3 minutes before degassing in the respective molds. In the subsequent stage, tourmaline
mineral sourced from the Borujerd region in Lorestan province was pulverized into micro-particles using a ball
mill method, as illustrated in Figure 1 of the sample images. The ball mill operated at a speed of 220 rpm for a
duration of 150 minutes. The modification of pegmatite tourmaline was carried out at 850 degrees Celsius.
Magnetic particles were separated using a magnet, and then at weight percentages of 10%, 20%, and 30%
(equivalent to 5, 10, and 15 grams respectively), they were individually combined with the optimal nanocomposite
of one weight percent silica/epoxy nanoparticle for 30 minutes using a mechanical method at 300 rpm. To prevent
clumping of tourmaline micro-particles and to achieve a uniform mixture, the blend was stirred for 60 minutes
using an ultrasonic device with a frequency of 50 MHz and a probe range of 0.5. Subsequently, it was placed in
an ultrasonic bath for 20 minutes to eliminate air bubbles. Following this, polyamine hardener was added to the
mixture and mixed with a magnetic stirrer for 3 minutes, and after degassing, it was injected into standard tensile
and bending molds. It's important to note that each sample for tensile and bending strength tests in this research
was repeated three times to ensure reliability.

Figure 1. Tourmaline pegmatite mineral pulverized into powder using a ball mill method

3. Result and Discussion

The impact of varying amounts of silica nanoparticles on the tensile and bending strength of polymer epoxy
was investigated. Figures 2 and 3 depict the results of these tests. Figure 2 illustrates that an increase in silica
nanoparticles up to one percent by weight led to a corresponding increase in tensile modulus and strength of the
samples. However, further addition resulted in sample clumping and a subsequent decline in tensile strength. In
Figure 3, the addition of silica nanoparticles to the epoxy resin structure notably enhanced bending strength and
modulus. Beyond a 1.5% weight ratio of nanoparticles, a decrease in bending strength was observed.
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Figure 2. Tensile Properties Diagram of Silica Nanoparticles in Epoxy Polymer
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Figure 3. Bending Properties Diagram of Silica Nanoparticles in Epoxy Polymer

In the electron microscope images shown in Figures (a, b), tourmaline mineral micro-particles appear as
amorphous crystals ranging from 2 to 8 micrometers in size, exhibiting a range from fine to coarse texture and a
greenish-brown hue. Figure (c) presents the results of X-ray energy diffraction spectroscopy (EDX) analysis,
identifying the constituent elements of this mineral as per the Schurrell composition, with the formula
NaR3A16B3SisO27(OH).. The modification process of pegmatite tourmaline occurred at 850°C, leading to a notable
color change attributed to the conversion of divalent iron to trivalent iron, transitioning the crystals from black to

brown.
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Figure 4. a, b) Electron microscope images, and c) EDX results of modified tourmaline.
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The Fourier Transform Infrared Spectroscopy (FTIR) analysis of modified tourmaline micro-particles is
depicted in Figure 5. The diagram illustrates the infrared absorption spectrum attributed to the B-O vibration from
[BOs] bonds and Si-O-Si bond vibration formed by [SiO4]. Absorption peaks at 1618.117 cm, 1274.186 cm,
1073.163 cm?, 967.149 cm, and 513.103 cm* correspond to the B-O stretching vibration and Si-O-Si bond.

Wavenumber

Figure 5. FT-IR results of modified tourmaline.

Figure 6 illustrates the strength and tensile modulus of nanocomposites with varying weight percentages of
tourmaline micro-particles modified with the optimal amount of nanosilica/epoxy. It's evident that the tensile
modulus of the silica/epoxy nanocomposite increased by 18.8%, accompanied by a 24.7% increase in tensile
strength. The addition of modified tourmaline micro-particles enhanced the mechanical properties, with a 28.8%
and 35.3% increase in tensile strength and a 24.1% and 33.5% increase in tensile modulus when 10% and 20%
weight percentages were added, respectively. However, further increase in the weight percentage led to a decrease
in strength due to lumping.
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Figure 6. Tensile properties diagram of modified silica/epoxy/tourmaline nanocomposite
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Figure 7. Bending properties diagram of modified silica/epoxy/tourmaline nanocomposite
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The three-point bending test results, depicted in Figure 7, indicate a similar trend. Up to a 20% weight addition
of modified tourmaline micro-particles, bending properties increased, thereafter declining. Specifically, with 10%

and 20% weight additions, the flexural strength increased by 15.1% and 22.6%, and the flexural modulus increased
by 23.8% and 34%, respectively.

Figure 8 displays electron microscope images depicting the fracture surfaces of epoxy nanocomposite samples.
Specifically, Figure D-8 highlights the clumping areas of the nanocomposite in the sample containing 30% by
weight of tourmaline modified with silica/epoxy nanocomposite. Table 1 presents the mechanical properties,
including tensile and flexural strength, as well as tensile and flexural modulus, alongside their percentage
comparison to pure epoxy. This comparison reveals a decrease in both tensile and flexural strength in the 30% by
weight modified tourmaline sample due to nanocomposite clumping, as evidenced in Figure D-8. The highest

tensile and bending strength were achieved with a 20% by weight addition of modified tourmaline to the optimized
nanocomposite.

d

c
Figure 8. Displays SEM images for samples labeled as: a) ST1, b) ST2, ¢) ST3, and d) ST4

Table 1. presents the mechanical properties of the samples and compares them with those of pure epoxy polymer

ST1 ST2 ST3 ST4
MPa % MPa % MPa % MPa %
Tensile Strength 41.22 24.7 42.56 28.8 44.72 35.3 41.28 24.9
Tensile Modulus 1640 18.8 1713 24.1 1857 335 1691 225
Bending Strength 58.32 10.4 60.76 15.1 64.76 22.6 59.40 12.5
Bending Modulus 1832 18.2 1920 23.8 1077 34 1872 20.7

4. Conclusion

Mechanics of Advanced and Smart Materials Journal 3(4) (2024) 560 — 575
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This study investigated the impact of modified tourmaline micro-particles on the mechanical properties of
silica/epoxy nanocomposites across various weight percentages. The findings revealed a direct correlation between
the weight percentage of modified tourmaline and the tensile and bending strength of the nanocomposite.
Specifically, the highest tensile and bending strength were achieved with a 20% weight addition of modified
tourmaline micro-particles, along with 1% by weight of silica nanoparticles in epoxy polymer. These results
underscore the significance of selecting the appropriate weight percentages of modified tourmaline and silica
nanoparticles to enhance the mechanical properties of epoxy/silica composites. Ultimately, this research
contributes to the advancement of industrial applications for this nanocomposite material.
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