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Abstract

In this study, the effect of the addition of silica particles modified with silane agent on the mechanical
properties of basalt fibers-epoxy composites were studied with the interlayer shear strength (ILSS)
test. In the first stage, silica fume particles were synthesized using the sol-gel method and surface
modified using tri mercaptopropyl trimethoxy silane agent. The results of the characterization showed
that the synthesized powder is nanometric scale, amorphous and high purity. The surface-modified
silica fume particles (0, 2, 4, 6 wt.%) were distributed inside the epoxy matrix using a mechanical
stirrer and ultrasonic waves. The hand lay-up method was used to fabricate composite samples, then
the effect of adding these particles on the mechanical properties of basalt fibers-epoxy composites
under interlayer shear loads was studied. The results of the research indicated that the addition of
silica fume particles has a significant effect on improving the mechanical properties of basalt fibers-
epoxy composites, and the greatest improvement in mechanical properties was achieved by adding 4
wt.% of modified silica fume particles. In the case of composites without SF particles, the shear
strength was 34 MPa, which was increased to 40 MPa by adding 4 wt.% of SF particles
(about 20% improvement). On the other hand, results demonstrated that the optimal distribution of
silica fume particles within the polymer matrix performs an impressive role in improving the

mechanical response of composite samples.

Highlights:
e The use of silica fume in the polymer composite is one of the research innovations.
e Silica fume is a super-fine spherical powder that is collected as a by-product.
e The silane is used to better distribute and optimal interaction of the silica fume in epoxy.
e Sol-gel is one of the methods to synthesis of silica fume.

e [LSS test was done to investigate the strength of the interface of basalt fibers and epoxy.
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1- Introduction

Polymer composites are the most important group, ranging from high-end industries such as aircraft
parts production to low-end industries such as dishwashers and etc. For this reason, they are the
largest subset of composites [1-3]. Among natural fibers, basalt fibers due to their good strength
properties, good adhesion between resin and fibers, sound insulation properties, high operating
temperature range, lower price than carbon and Kevlar fibers, and also higher strength than optional
glass fibers which are appropriate for utilization in various industries as reinforcement in the polymers

[4-6].

Silica is used in various forms in various products, including silica powder, silicone gel, silica fume
(SF), silica aerogel, etc. SF is a powder with a specific gravity of 200-300 kg/m® with a whitish-gray
color that is a by-product of the ferrosilicon production process [7]. SF is a super-fine spherical
powder that is collected as a by-product. These particles are about 1 um and the average diameter is
0.1 pm. Today, SF is utilized in concrete, in multifarious industries such as detergent powders,

coating powders, insulation powders, refractory ceramics, semiconductors, and textiles [8-10].

Regarding the use of SF in polymeric materials, good research has been accomplished, which will be
mentioned in this section [11-16]. Pandian and Jeilani [11] interrogated the effect of waste SF
addition at various contents on the dynamic mechanical behavior of jute fibers/epoxy composites and
evinced that by adding 2 wt.% SF particles, the storage modulus and enhanced by 7% compared with

unmodified composites.

Investigation of Alameri and Oltulu [12] demonstrated an improvement of 41% in compressive
strength of SF/polyester composites by adding 5 wt.% of SF particles. By adding further SF particles
a significant reduction in mechanical properties was observed due to the unfavorable distribution of
these particles within the polymer matrix. In the research of Almadny et al. [13] the decrement in
wear rate was obtained by adding SF and fly ash particles. In the case of SF particles In the case of fly

ash addition, the at least wear rate was at 15%, and at higher contents, the wear rate increased.

Saleh et al. [14] studied the mechanical response of epoxy-containing SF and fly ash. SF and fly ash
were admixed to the polymer matrix in 10-50 wt.%. In the case of SF-containing composites, the
greatest improvement in tensile strength was obtained by adding 40 wt.% SF and higher amounts
decayed the tensile strength. Mizan and Matsumoto [15] studied the effects of SF addition on the
interfacial shear strength of concrete consisting of polymer cement mortar. The results of this study
distinguished that the inclusion of 5 wt.% SF caused an improvement in the interfacial strength during

which the shear strength increased from 0.94 to 2.01 MPa.
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Singh et al. [16] investigated the usage of SF as novel fillers in epoxy glass micro balloon syntactic
foams. The results showed that the compressive strength of foams by adding 5 vol. % of SF increased
from 65 to 80 MPa. On the other hand, flexural strength and toughness increased by 54 and 23%,

respectively, by adding the same amount of SF.

Kaybal et al. [17] investigated the influences of the halloysite nanotubes (HNTSs) addition and
seawater aging on the bearing performance and failure behavior of basalt fibers reinforced epoxy
nanocomposite materials. HNTs reinforcements remarkably improved the bearing strength of basalt
fibers/epoxy composite laminates with an 18% increase. In addition, seawater aging drastically
impairs the bearing response of composite laminates with an almost 45% reduction in bearing strength
after 6 months of exposure. The HNTs reinforcement help to develop the bearing performance of

basalt fibers/epoxy composites under static loading subjected to seawater environment.

Ulus et al. [18] investigated the impact of HNTs on shear and mode II fracture performances of the
seawater aged basalt fibers reinforced epoxy composites. After six months of aging in seawater, the
findings indicated that HNTs reinforced multi-scale composites exhibited 34 and 46% higher shear
strength and mode II delamination toughness compared to the neat specimens. Moreover, according to
the dynamic-mechanical analysis, higher glass transition temperatures (8%) were obtained for the
multi-scale composites. One of the more significant findings to emerge from this study is that the
toughening mechanisms of HNTs such as pull-out, crack deflection, and crack pinning were attributed

to the enhancement in the mechanical performances.

Examination of the research revealed that the most common application of SF particles is in the
concrete industry and cement-based composites. Research on applying SF in polymeric materials has
shown that most research has focused on the addition of SF in pure polymers such as polystyrene,
vinyl esters, etc. Hence, the main scope of this research is first the synthesis of SF by sol-gel method
and structural studies of SF and then the effect of adding surface-modified SF with silane agent on the

mechanical behavior of basalt fibers-epoxy composites under interlaminar shear loading.

2- Experimental procedures
2-1- Materials

In this research, epoxy resin (ML-506) and polyamine hardener were used as polymer bases. The
reason for choosing this resin is due to its low viscosity improved the distribution of silica particles
inside it. For the fabrication of composite samples, basalt fibers fabric with satin texture (Basaltex

Co.) with a surface density of 300 g/m? were utilized as fiber reinforcement in the composites.
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The silane coupling agent is used in order to better distribute the SF particles in the epoxy and also for
the optimal interaction between them. Tri mercaptopropyl trimethoxy silane with chemical formula
CsH1603SSi (Sigma Aldrich Co.) was used to modify the surface of SF particles in the composite

polymer matrix.

Liquid sodium silicate was used as a silica agent with a density of 1.35 g/cm?® and a boiling point of
more than 100°C (Merck Co.) for the synthesis of SF particles. Also, nitric acid with a molecular
weight of 63 g/mol and a purity of 65%, methanol with a purity of 99% and hexane (C¢His=> C¢H 4)
with a purity of 95% and a molecular weight of 86 g/mol (all from Qatran Chemical Co.) were used.

2-2- Synthesis of silica fume

On a laboratory scale, first, 30 g of sodium silicate solution was diluted with deionized water in a
laboratory beaker until the solution reached a concentration of 4 g/lit of silica (pH=12.8), then nitric
acid was added to the prepared solution using a dropper until it turns into a gel (pH=11). The prepared
hydrogel was aged overnight in deionized water. Then, to remove sodium ions almost completely, the
gel was washed six times with deionized water and with the help of a paper filter. In the next step, the
gel was placed in methanol to replace its structural water, and this process was done five times and
each time for 12 hours. In the next step, hexane was replaced with methanol, and then the previous
process was repeated, with the difference that at the end of this step, 10 g of trimethylchlorosilane was
added to the silica gel, and at the end, it was dried at 85°C for 6 hours. It was heated again for 12
hours at a temperature of 95°C to remove the hydrophobic agent [19-21].

2-3- Surface modification of silica fume

At first, 5 g of silane agent was added to 100 ml of a solution containing 95 ml of methanol,
and the silane agent was mixed with the solution for 15 minutes by a mechanical stirrer. In
the next step, 5 g of silica particles were added to the solution and the particles were mixed
with the resulting solution for 30 minutes again by a mechanical stirrer. Finally, the resulting
mixture was placed in a vacuum oven at 100°C for 24 hours. It should be noted that SF

modified by this method was used to make composite samples [22, 23].

2-4- Fabrication of composite specimens

In order to distribute the SF in the matrix, the epoxy resin was first diluted by adding high
purity alcohol as a diluting agent, which helps to better disperse the SF particles during the

process and lower the viscosity of the resin. SF particles with specific weight amounts (0, 2,
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4, and 6 wt.%) were added to the epoxy resin, and the particles were mixed for 30 minutes
using a mechanical stirrer (Fintech Co.) with a power of 1500 rpm [24]. After finishing the
stirring process, the mixture of resin and SF particles was applied in order to break the extant
agglomerates of ultrasonic waves using an ultrasonic probe device (Fapan Co.) under a power
of 120 W and a frequency of 24 kHz. For fabricating the composites, the hand lay-up method
was utilized during which 12 layers of basalt fibers fabric with a volume ratio of 50% were

used. Finally the samples were placed at ambient temperature for 3-4 hours to cure the epoxy.

2-5- Microstructural and Characterization studies

In order to investigate the microstructure of SF synthesized by the sol-gel method as well as
the fracture surface of composite samples, an emission scanning electron microscope (FE-

SEM, Mira TESCAN) with a working voltage of 15 kV was used.

To investigate the structure of SF synthesized, an X-ray diffraction (XRD, Unisantis XMD
300) device with CU Ko radiation under 30 kV voltage and 30 mA current, was used. For
investigating the surface modification process of SF particles and the formation of functional
groups on the surface of the particles, FT-IR analysis (Bruker infrared spectrometer) was

employed in the wavelength range of 500-4000 cm™! and with a sensitivity of 4 cm™.

In this research, Brunauer-Emmett-Teller (BET) analysis (Autosorb-1-mp, Quantachrome
Co., USA) was used to investigate the amount of porosity and gas absorbed in SF powder. In
this test, after placing the cell containing the target sample in the liquid nitrogen tank, the
amount of gas absorbed by the material was calculated by gradually increasing the nitrogen

gas pressure in each step [25].

2-6- Inter-laminar shear test

In order to investigate the strength of the interface between the basalt fibers and the epoxy
base reinforced with surface-modified SF particles, the interlayer shear strength (ILSS,
Koopa, 100 kN, Iran) was calculated based on the ASTM D2344 standard [26]. According to
the standard, a sample with a rectangular cross-section and dimension of 50 mm X 10 mm X
5 mm was placed on two lower supports that have a fixed distance from each other, and then

a central load was introduced into the sample from above at a rate of 2 mm/min.
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To measure the ILSS of the samples, equation 1 is used, in which P, b, and d are the
maximum load in N, and the width and thickness of the samples in mm. It should be noted

that equations 2 and 3 were used to calculate the width and length of the samples.

o 3P
ILSS=—— (1)
b=2d (2)
L=6d (3)

3- Results and discussion

3-1- Characterization of silica fume
3-1-1- Microstructural analysis of synthesized silica fume

The microstructure of the synthesized SF is shown in Fig. 1 at different magnifications. The

particle size distribution of SF has been shown to have a particle size of 11-25 nm.
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Figure 1. The size distribution of synthesized silica particles in, a) 250,000, b) 150,000 times magnifications.

3-1-2- XRD analysis

Fig. 2 shows the results of XRD analysis on SF powder synthesized by the sol-gel method. Based
on the XRD results, it is observed that the obtained silica structure is generally amorphous,
which is related to the rapid condensation of volatile silica and surface tension silicon in the
phase transition [27]. The broad peak obtained at an angle of about 22 degrees indicates
amorphous silica with nanometer size, and this result was compared with similar articles,

which all showed the same result [28, 29].
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Figure 2. The results of XRD analysis on SF powder synthesized by sol-gel method.
3-1-3- EDS analysis

In Fig. 3, the results of energy dispersive spectroscopy (EDS) analysis on synthesized SF
powder and Table 1, elemental analysis of SF synthesized by sol-gel method, are shown,
which is consistent with the results of XRD analysis. The EDS curve of amorphous SF
contains elements of silicon and oxygen, which indicates that the synthesized SF was
obtained with high purity, during which the weight percentage of silicon was 57.43. The
presence of silicon and oxygen peaks confirms the synthesis of SF particles from sodium
silicate. Also, acid treatment using nitric acid led to the removal of alkaline impurities from
the synthesized powder [30]. This was because silica is insoluble in acid, while other
impurities such as sodium, iron, and potassium were dissolved in hydrochloric acid due to

acid treatment.
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Figure 3. The results of EDS analysis on synthesized SF powder.
Table 1. Elemental analysis of SF synthesized by sol-gel method
Element X-ray kind Atomic percent  Weight percent
Si Ka 70.48 57.43
0] Ka 29.52 42.57

Fig. 4 shows the result of image analysis and linear analysis of the synthesized SF powder in
map-EDS. The EDS map analysis is shown the weight percentage of silicon and oxygen is
displayed according to the distance in a specific range of 0-2 um. It shows that the trend of
changes in the weight percentage of silicon is decreased to 1 um, while the trend of changes
in the weight percentage of oxygen is upward manner to 1pm. Finally in the range of 1-1.5

um, is shown a decrease in oxygen weight percentage.
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Figure 4. Changes in weight percentage of silicon and oxygen elements of the synthesized SF powder in map-EDS analysis,

a) image analysis, and b) linear analysis, of the sample.

3-1-4- BET analysis

Fig. 5 shows the porosimetry curves of nitrogen absorption and desorption of SF powder
obtained by the sol-gel method. Adsorption is usually expressed through isotherms, which is
equivalent to the amount of adsorbed material on the absorbent surface and is a function of
the pressure or concentration of the adsorbed material under constant temperature conditions.
As it can be seen, the obtained curve is the fifth type of absorption isotherm, according to
which, considering that a hysteresis loop is formed in the image, it can be claimed that the
prepared SF particles have meso and cylindrical cavities [31]. The absorption and desorption
branches related to the silica particles are almost horizontal and almost parallel to each other,
which can be caused by the uniformity in the size of the mesopores. At the point of twist, the
first absorbent layer is completed and the absorption of subsequent layers begins. The
sharpness of each absorption step depends on the homogeneity of the absorbent surface and
temperature. There is a relationship between the shape of the hysteresis loop and the
distribution and size of the holes. The hysteresis loop obtained in this research is of the third
type, which does not show the limitation in absorption at high relative pressures, that the
structure has planar holes along with micro holes. The rejection branch in this type of
hysteresis has a steep slope that leads to the closing of the loop, which is called the tensile

strength effect [32-34].
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Figure 5. Isothermal absorption and desorption graph of SF.

Fig. 6 shows the BET curve of amorphous SF synthesized by the sol-gel method. As can be
seen, the curve at the relative pressure of 0-0.5 is a straight line with a positive slope, which
indicates that the BET chart can be used with good accuracy. At relative pressures greater
than 0.25, capillary condensation begins and at very low relative pressures, only a single

layer is formed.

Surface characteristics of the SF obtained by the BET method are shown. The surface area of
the synthesized SF powder was 202 m*/g, the absorbed volume of nitrogen gas was 46.503
cm’/g and the BET constant was 110.42.
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Figure 6. BET curve of synthesized SF.

To more closely examine the cavities in the SF particles and to ensure the formation of
mesopores in the synthesized powder, the size distribution of the pores has been investigated
based on the Barrett, Joyner, Halenda (BJH) model according to Fig. 7. These graphs indicate
the concentration of the hole size in the dimensions of 1.21 nm, that is, in the meso range.
Also, in this model, the volume of the holes was 0.7175 cm?/g. On the other hand, the
narrowness of the hysteresis loop showed that the porous mesoporous system is formed by
the narrow size distribution of the holes, which was confirmed by the results of BJH analysis

[35].
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Figure 7. BJH curve of synthesized SF.

3-1-6- FT-IR analysis

Fig. 8 shows the infrared spectroscopy of unmodified and silane-modified SF particles. About
the unmodified particles (Fig. 8-a), the peaks obtained at 1634.56 cm™ and 3434.7 cm™! were
related to the bending and stretching vibrations of the H-O-H bond, respectively. The peaks
created at wave number 809.34 cm! and 1517.49 cm™ were caused by the stretching and
bending vibration of Si-OH, respectively, which is related to the characteristics of silica. The
absorption peaks created at 1109 cm and 473.82 cm™ were respectively related to the
asymmetric stretching and bending vibration of siloxane (Si-O-Si) [36, 37]. The presence of
Si-OH and Si-O-Si vibration bands indicated the amorphous state of the synthesized silica
particles.

In modified SF particles (Fig. 8-b), in addition to the presence of the previous peaks, new
absorption peaks appeared in wave numbers 917.5 cm™ and 2933.02 cm!. The obtained peaks
in the wave numbers 917.5 cm™ and 2933.02 cm™! were respectively related to CH; stretching
vibration. This article clearly showed that the surface of the SF particles was successfully

modified by the silane agent [38].
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Figure 8. FT-IR spectroscopy results of SF, a) raw powder, b) modified with silane.

3-2- Interlaminar shear test results

Fig. 9 shows the effect of SF particles modified with silane on the interlaminar shear strength
(ILSS) of composites reinforced with basalt fibers. As can be seen, by adding SF inside the

epoxy matrix, the ILSS increased at first and then decreased. In this regard, for composites
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without SF particles, the shear strength was 34 MPa, which was increased to 40 MPa by
adding 4 wt.% of SF particles, and in this case, the shear strength was improved by 20%.

Ulus et al. [39] investigated the effect of the addition of HNTs on the shear strength of basalt fibers-
epoxy composites. The shear strength of the basalt fibers/neat epoxy composite is calculated as
36.1 MPa. The addition of 2 wt.% HNTs in the epoxy matrix are found to increase the shear
strength up to 42.9 MPa, which is approximately 19% higher than that of the sample without
HNTs. The comparison of the results indicates that the amount of improvement in mechanical
properties caused by the addition of SF to the matrix and the addition of HNTs to the matrix

is approximately the same.
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Figure 9. Effect of adding SF particles on ILSS of composites.

The reason for the observed increase in ILSS due to the addition of SF particles can be
related to the improvement of the strength of the base as well as the interface between the
basalt fibers and the matrix. The change in the residual stresses in the matrix owing to the
presence of silica reinforcement particles caused pressure on the surface of the fibers, which
subsequently caused strong adhesion between the fibers and the matrix. On the other hand,
the presence of silica particles acted as a coupling factor between the matrix and the fibers. In
this way helped to improve the adhesion between the fibers and the matrix, which is shown
schematically in Fig. 10. Also, the presence of these particles in the matrix prevented the
growth and creation of cracks and improved the shear properties of the final composite [40].

At higher weight percentages (6 wt.%), due to the formation of SF agglomerates, a decrease
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in interlayer shear strength was expected. The agglomerates at the interface between the
fibers and the matrix help to separate them during loading, and as a result, the mechanical
properties of the composite decrease. In fiber-reinforced composite materials, load transfer
takes place through the interface between the matrix and the reinforcement. The proper
distribution of silica particles in the epoxy matrix leads to an increase in the adhesion
between the matrix and the fibers. Increasing the adhesion of fibers and the matrix increases
the strength of the interface, which makes the load transfer well, as a result, the mechanical

properties of the composite increase [41].

Orientation of partfcles during loading

Figure 10. Influence of reinforcing particles in improving the interlaminar shear strength of the composite sample [34].

In fiber-reinforced composites, the surface of the fibers and the interface between the matrix
and the fibers are stress concentration areas, and these stress concentration areas are mainly
areas for crack initiation [42]. On the other hand, the strength of the interface determines the
length of the stress transfer. A stronger interface results in a shorter stress transfer length and
therefore a greater portion of the fibers bear the applied load, which leads to an increase in
the load-bearing capacity. On the contrary, the weaker interface has a longer stress transfer
length and a small part of the fibers can bear the applied load, which leads to a decrease in the

load-bearing capacity [43].

3-3- Fracture surface studies
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SEM images of control sample (that doesn’t contain SF) and a sample containing SF particles
distributed in the matrix are shown in Fig. 11. For the control samples (Fig. 11-a), the
smoothness of the fracture surface of the fibers indicates a weak interface between the epoxy
matrix and the reinforcing fibers. Meanwhile, for the samples containing SF particles (Figs.

11-b-d), after the composite failure, some of

surface of the basalt fibers. This event indicatg
matrix and the fibers. It is due to the proper di§
epoxy resin. The conclusion of the comparison
control samples is the interface separation. W

with SF particles, the dominant failure mechanis
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Figure 11. SEM image of fracture surface, a) control composite in 2 kx, b) composite reinforced with 4 wt.% of SF in 500 x,

¢) 400 x, d) 1.20 kx.

Fig. 12 shows the microscopic images of the epoxy matrix (neat epoxy), and (containing 4
wt.% SF). In connection with samples reinforced with SF, there are many shear bands in the
matrix, which was due to the high resistance of SF reinforcing particles to crack growth,
while for the pure epoxy matrix; the fracture surface is smooth, which is a sign of brittle
failure. In relation to the matrix containing SF, there are irregularities in the fracture surface
and the crack deviation caused by loading can be seen. This is one of the main reasons for the

increment in energy absorption of the samples including SF particles [46-48].

Nanoparticles can deflect the crack and exhibit a rougher surface pattern. Crack pinning and
crack path deflection, were determined as liable mechanisms for the modified adhesive joint's
higher rigidity and less energy absorption. The crack pinning mechanism is based on the
interaction of a crack and, rigid nanoparticles that behave as an impassable obstacle, hinder
the crack propagation and provide an additional toughness. As a result of these interactions,

the crack is pinned or deflected, thus causing improved toughness [49, 50].

Fig. 13 shows the fracture surface of the epoxy-containing 6 wt.% of silica particles in higher
magnification, which confirms the presence of agglomerates of these particles in the
composite matrix, was the main cause of the loss of mechanical properties of basalt fibers-

epoxy composites.
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Figure 12. SEM image of the matrix, a) neat epoxy, b) epoxy containing 4 wt.% SF.

SEM HV: 20.0 kV
View field: 63.6 ym

Figure 13. Agglomeration of SF in the epoxy matrix.

4- Conclusion
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In this research, at first, silica fume particles were synthesized using sol-gel. Then the effect
of the addition of silica particles modified with silane agent on the mechanical properties of
basalt fibers-epoxy composites under interlayer shear loading was studied. For this purpose,
the modified silica fume particles in 0, 2, 4, and 6 wt.% were distributed inside the composite

matrix.

Microstructural investigations of the synthesized powder showed that the structure of the
synthesized powder is amorphous and has high purity. The size of the particles is on the
nanometer scale (11-25 nm). The results of infrared spectroscopy analysis revealed that the
silica particles were successfully modified with a silane agent. The addition of silica fume
particles (4 wt.%) has a significant effect on improving the interlaminar shear strength. This
strength increased by 20% compared to the composite without silica particles. The downfall
in the mechanical properties of basalt fibers-epoxy composites for the distribution of 6 wt.%

of silica fume was due to the clumping of these particles within the composite.
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