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Abstract

Basalt fiber-reinforced epoxy (BFRE) composites without nano-alumina (NA) (Al2O3) and the
corresponding multi-scale-nano-composites multi-scale composites containing NA (0.5, 1, 3
and 5 wt.%) were fabricated. Tensile and flexural tests were conducted to study the effect of
NA addition on the composites. Surface modification of the NA was carried out using 3-
(trimethoxysilyl)propylamine (as a silane coupling agent) to optimize the interaction of NA
with epoxy. Subsequently, an infrared spectroscopy test was performed to confirm this surface
modification had generated 3- aminoproxyl functional groups on the NA surface. Different
weight percentages of surface-modified NA were dispersed in the epoxy resin by mechanical
and ultrasonic mixing methods. The resulting mixtures were then used as the matrices for multi-
scale BFRE composites. Scanning electron microscopy (SEM) was used to investigate the
fracture morphology of the composites after tensile and flexural tests. The greatest tensile and
flexural property improvements compared to the control sample (BFRE composites without
nano-materials) were obtained by adding 1 wt.% of NA. Upon the incorporation of 1 % NA
into the BFRE, there was an improvement in tensile stiffness, increasing from 3.17 to 3.67 GPa.
Additionally, the flexural modulus experienced enhancement, rising from 180 to 208 GPa.
Improvements were achieved in the tensile and flexural moduli as well as in the tensile and
flexural strengths. Microscopic studies also showed the interfacial adhesive enhancements

between basalt fibers and the epoxy matrices due to the NA addition.
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1. Introduction

The composite materials use is rapidly growing in various applications thanks to their
superior specific tensile stiffness and strength [1], excellent fatigue and impact [2,3], creep [4]
and corrosion resistance, leading to a better tailorability compared with conventional materials
[5,6]. Nonetheless, global warming is a key environmental concern which is caused by
synthetic materials use. For instance, global warming causes glaciers to melt. Recently, 28
previously-undiscovered viruses have been unearthed which were trapped in glacial ice from
15,000 years ago [7]. In fact, there are deadly diseases concealed in ice, ready to wake up and
challenge modern life, each may be as harmful as Coronavirus (Covid-19) or even worse [8,9].
Hence, introducing the natural fiber reinforcements has been inspired by prevalent synthetic
fibers such as carbon, glass, and aramid [10-13]. As an example, basalt fibers which are made
from volcanic igneous rock have shown promising applications compared with glass and
carbon fibers. Basalt fibers have greater extensional stiffness and strength, higher heat
resistance [14,15] and noticeably lower human being skin irritation than those for glass fibers
[16,17]. Also, their impact tolerance and chemical resistance are superior to those of carbon
fibers while enjoying lower cost. Despite most synesthetic fibers, basalt fibers are non-toxic at
elevated temperatures which make them excellent for cement and thermal barrier structures
[18]. The basalt fiber market is estimated to reach ~$392 million by 2025 as a well-established
item in the composite industry.

Eslami-Farsani et al. [19] and Daghigh [20] conducted a comparative study on
unidirectional basalt fiber-reinforced epoxy (BFRE) composites and unidirectional glass fibers
reinforced epoxy (GFRE) composites for their creep behavior at elevated temperatures. Also,
the effect of the micro-glass powder (MGP) addition into the epoxy resin on BFRE’s creep

behavior was studied. Khalili et al. [21] and Daghigh [20] investigated the tensile and flexural
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behaviors of the same BFRE composites, MGP-modified BFRE composites, and GFRE
composites considered in Ref. [19] and Ref. [20]. The MGP presence enhanced tensile/flexural
moduli and flexural strength though the ultimate tensile strength remained almost unchanged.
Khalili et al. [21] and Daghigh [20] also developed novel basalt fibers metal laminate (BFML)
composites (comprised of BFRE/aluminum, BFRE/steel and BFRE/aluminum/steel layers)
which showed greater toughness compared with analogues aluminum and BFRE specimens.
Eslami-Farsani et al. [22] and Daghigh [20] studied BFRE and MGP-modified BFRE
composites subjected to flatwise and edgewise Charpy impacts at room and elevated (7 = 75
‘C) temperatures. The same Charpy impact tests were conducted on BFML and GFRE
specimens at room temperature. The MGP presence improved the energy absorption capability
of BFRE composites; this capability is greater at elevated temperatures. Daghigh et al. [23] and
Daghigh [20] studied the creep behavior of BFML composites at elevated temperatures. BFRE
layers inclusion enhanced the creep resistance of aluminum-based BFML composites. Lamea
et al. [24] performed axial compression buckling tests on open-hole BFRE and plain BFRE
composite specimens using experimental and ABAQUS finite element methods. Also, plain
GFRE composite specimens were studied for their buckling response and compared with that
of BFRE ones. BFRE was shown to be more resistant than GFRE composite under the buckling
loads. In general, BFRE composites showed superior properties compared with GFRE
composites under tensile, flexural, impact, axial creep, and buckling loads [19,21-24]. Seghini
et al. [25] studied the interfacial adhesion in BFRE composites. They conducted a comparative
study on the effect of plasma-polymerized basalt fibers with a tetravinylsilane film on the
mechanical and morphological properties of the composite. Atomic force microscopy was used

to measure the surface roughness of untreated and treated basalt fibers.
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The incorporation of nano-particles into fiber composites presents a range of advantages
and disadvantages that influence their mechanical properties [26,27,28,29]. On the positive
side, the addition of nano-sized particles can lead to improvements in tensile strength, modulus
of elasticity, and impact resistance, contributing to an enhanced overall mechanical
performance. This enhancement is particularly beneficial in applications where a high strength-
to-weight ratio is crucial, such as in aerospace or automotive components. Furthermore, nano-
particles can improve toughness, durability, and even thermal and electrical conductivity,
allowing for tailored material properties to meet specific application requirements [30-32].
However, challenges arise in achieving a uniform dispersion of nano-particles, potential
processing difficulties, and increased material costs [30-32]. Issues related to health and
environmental concerns, along with a lack of standardized testing methods, also warrant careful
consideration. Despite the promising advancements, the successful integration of nano-
particles into fiber composites requires a balanced evaluation of the associated benefits and
drawbacks.

Although the composite industry’s capability for producing various composites is trusted
from the market, difficulties in nano-composite fabrication have led to more necessity for
research in nano-composites [26,27,33]. Generally, nano-particles are used to reinforce
composites for improving elastic moduli [34,30] and thermal resistance [31], and impact
improvement [30,32]. The viscosity of liquid resin increases substantially when nano-particles,
which enjoy enormous specific surface areas, are added [30]. Nano-fillers, including halloysite
nano-clay (HNC), montmorillonite clay (MC), nano-alumina (Al,O3) (NA), silica (SiO2), and
silicon carbide (SiC), have found extensive applications in enhancing the mechanical and
thermal properties of composites, each leveraging its unique characteristics [28,29,35,36]. For

example, due to the NA’s incompatibility with epoxy [10], it is imperative to modify the NA’s
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surface to enhance its compatibility. Nevertheless, there are seldom studies on mechanical
behaviors of NA-reinforced BFRE composites [37,38].

In addressing the compatibility challenges observed with NA and BFRE composites, this
study focuses on exploring the impact of incorporating surface-modified NA powders

(SMNAPs) on the tensile and flexural properties of BFRE composites.

2. Experimental procedure
2.1. Materials
2.1.1 Epoxy resin

KER 828 epoxy resin with polyamine hardener (Charm, South Korea) was used as the
matrix. KER 828 epoxy resin has medium viscosity with no diluent used. It has high wetting
and filling properties which is suitable for high mechanical loads and chemical resistance.

Table 1 shows some properties of the KER 828 epoxy resin. The resin-to- hardener weight ratio

is 100:10.
Table 1. Epoxy resin.
Mateiral Acidic or base Density in Viscosity in
Color
status property room temprature  room temprature
Liquid Pale yellow 7 1160 Kg/m® 12-14 Pa.s
2.1.2. Basalt fibers

Fabric Basalt fibers (Basaltex, Belgium) were used to reinforce the matrix. The following
technical properties were extracted from the datasheet:
Name: 1500/35/7101; Type of fiber texture: Satin; Thickness: 0.3 mm; Surface density: 3

g/cm?.
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2.1.3. Nano-alumina powders

The nano-alumina powders (NAPs) used in fabricating the multi- scale composites
(Neutrino, Iran) were gamma-Al>O3. The crystalline gamma-NA was used rather than alpha-
NA. The reason is a higher specific surface of the alpha sample. Alpha-NA has higher thermal
properties and heat resistance; however, gamma-NA has a higher specific surface area and
better interaction with epoxy resin leading to an increase in the composites’ tensile and flexural

properties. Properties of the NAPs are tabulated in Table 2.

Table 2. Properties of nano-alumina powers extracted from the company datasheet.

Chemical Crystal Average  Density
Color form
formula form size (nm)  (gg/cc)
gamma-AlbOs  white spherical ~Gamma 10-20 3.65

2.1.4. Silane coupling agent

3-(Trimethoxysilyl)-propylamine (Merck, Germany, 818,550) was used as a silane
coupling agent for nano-particle surface modification. The epoxy resin’s epoxide groups were
utilized to engage in a chemical reaction with the predominant 3-aminopropyl functional
groups of this organic silane, facilitating enhanced adhesion of alumina to the matrix.
Furthermore, upon cooling the NA, the epoxy resin exhibited improved wetting characteristics
on its surface. This coupling agent has the following properties:

The molecular formula: C¢H17NO3Si; Molecular weight: 179.29 g/mol; Acidic media (g/1,

H>0): 9<; Flash point: 90 °C.

2.2. Nano-alumina surface modification
Nano-alumina (NA) (1.0 g) was poured into 100 ml of the solution containing distilled

water (5 ml) and ethanol (95 ml). Next, it was dispersed by sonication (ultrasonic device-
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FAPAN, Iran) at 80 W for 15 min. Subsequently, the coupling agent, (3-(trimethoxysilyl)-
propylamine), NA was added to the mixture and this new mixture was refluxed for 8 h at 70 °C
while stirring at 100 rpm by a magnetic stirrer. The solution pH was held at 3—4 by adding 37
% hydrochloric acid. After refluxing, the resultant mixture was centrifuged twice at 4000 rpm
for 15 min to remove the SMNAPs. Prior to each centrifugation, the mixture was rinsed to
remove unreacted silane compounds and, then dried in the oven (60 °C, 1 atm) for 12 h.

The addition of nano-sized powders to composites can significantly impact their
mechanical behavior. The mechanical properties of these composites can be influenced by
various factors, and one key parameter is the mixing and stirring time and rotation velocity
during the fabrication process. In particular, this parameter can influence the dispersion of
nano-particles, interfacial bonding, uniformity of structure, void elimination, and consistency

in performance.

2.3. Specimen preparation

Epoxy-nano-alumina mixtures were prepared. Different ratios (0, 0.5, 1, 3 and 5 wt.%) of
SMNAPs were added to the epoxy resin (without hardener). These mixtures were stirred using
a mechanical mixer (SD11- D, Finitech, South Korea) for 15 min at 2000 rpm to distribute the
SMNAPs in the epoxy resin. To reduce existing agglomeration and improve SMNAPs
dispersion, the mixture was subjected to sociation at 24 kHz and 120 W for 60 min. After
cooling to room temperature, the mixture was stirred again for 15 min at 2000 rpm. The
hardener was then added to the mixtures at a ratio of 10:100 and the mixtures were stirred to
generate the required materials for composite fabrication.

The addition of nano-sized powders to composites can significantly impact their
mechanical behavior [26,30,32]. The mechanical properties of these composites can be

influenced by various factors, and one key parameter is the mixing and stirring time and
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rotational velocity during the fabrication process. We adopted a predetermined and fixed
mixing and stirring time and rotation velocity, guided by considerations related to laboratory
equipment capabilities and benchmark values reported in relevant literature. BFRE 4-layer
composites with 50 wt.% of basalt fibers were fabricated (dimensions 15 x 30 cm?) using each
mixture as the matrix and the hand lay-up technique. BFRE composites were cured at room
temperature for 7 days and then cut to ASTM standard dimensions required for tensile and
flexural tests. Tensile specimens were tabbed with GFRE composites (dimensions of 50 x 25
mm?) on both sides of BFRE composites to prevent them from slipping and reduce stress
concentration. The nominal dimensions of ASTM standard specimen are listed as:
- Tensile specimens: length, 250 mm; width, 25 mm.

- Flexural specimens: length, 150 mm; width, 25 mm.

2.4. Mechanical tests, infrared spectroscopy tests, and testing apparatus
2.4.1. Tensile and 3-point flexural tests

The tensile and flexural tests were performed (Hounsfield 25KS) according to ASTM
D790 and ASTM D3039, respectively. The support span for the flexural test was set to be 112.5
mm. Tensile and 3-point flexural tests were performed with crosshead speeds of 2 mm/min to
reduce the load rate effects. Figs. 1a and 1b show the BFRE composite specimens during tensile

and 3-point flexural tests, respectively.
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Fig. 1. BFRE composite specimens during (a) tensile and (b) 3-point flexural tests.

2.4.2. FT-IR and microscopy analysis

Fourier-transform infrared spectroscopy (FTIR) is a method employed to capture the
infrared absorption or emission spectrum of materials. Unlike dispersive spectrometers, FTIR
spectrometers can gather detailed spectral data across a broad range of wavelengths
simultaneously, offering a substantial advantage in terms of resolution and coverage. FT-IR

I'was used to

(PerkinElmer) in the wave range of 4000—400 cm™ ! and sensitivity of 4 cm™
investigate the reactions between NA and silane agent to ensure the effect of silane factor on
NA’s surface and NA’s surface treatment. Also, after performing the tensile and 3- point
flexural tests, field emission scanning electron microscopy (FESEM) (Model Mira3-XMU)

was used to study the fracture morphology. The fracture surfaces were sputter-coated with a

thin gold layer to enhance the conductivity and image quality.

3. Results and discussion
3.1. FT-IR analysis
The results of FT-IR spectroscopy for surface-unmodified nano- alumina (SUNAPs) and

SMNAPs are given in Fig. 2. By comparing the results of SUNAPs and SMNAPs spectroscopy,
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it was observed that the absorption peak in the 3748 cm™ ! wave number indicates the presence
of -OH band on NA’s surface. The 2936 cm™ ! wave number also indicates the tensile vibration
of -CHz on the NA’s surface. The 1157 cm™ ! wave number represents the extensional vibration

of C-N on the NA’s surface which confirms the successful interaction of the silane coupling

agent with NA’s surface.
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Fig. 2. FTIR spectra of surface-unmodified nano-alumina and surface-modified nano-alumina.

3.2. Tensile and flexural test analysis

Tensile stress versus strain diagrams show that the behavior of the composites is reasonably
elastic. The tensile properties of BFRE specimens with no SMNAP are compared with those
BFRE containing 0.5, 1, 3 and 5 wt.%. Addition of 0.5 wt.% SMNAP to the BFRE composites
significantly increased the tensile modulus by 25 % and slightly enhanced tensile strength by
9 %. The maximum tensile strength was obtained by adding 1 wt.% SMNAP to BFRE which
led to a tensile strength increase of 14 %. The addition of further NA (3 or 5 wt.%) led to a
decrease in tensile properties compared to 1 wt.% SMNAP due to SMNAP particle
agglomeration [26,30-32], e.g. 5 wt.% NA addition to BFRE decreased the tensile fracture
strain and tensile strength by 12 % and 10 %, respectively compared with those for plain BFRE;

tensile modulus remained unchanged (Fig. 3 and Table 3).

10
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Owing to the significantly elevated modulus of the reinforcing SMNAP in comparison to
that of the epoxy resin, the anticipated rise in both tensile and flexural moduli within the
resultant nano-composite is predictable. The reduction in tensile and flexural moduli in
exchange for further SMNAP addition (3 and 5 wt.%) is probably due to the SMNAP
agglomerations in the matrix, which has reduced SMNAP effectiveness in material stiffness.

Generally, NA addition to polymer composites improves thermal and mechanical
properties in contrast with the bulk polymer [31]. The current study shows that SMNAP
addition into BFRE composites has a substantial effect on the tensile and flexural properties of
BFRE composites. Possessing high surface areas, SMNAP can limit motions of polymer
segmental at their solid surfaces leading to increase the entanglement between fibers and the
matrix [1,31,37]. Moreover, SMNAP addition to the matrix reduces the stress concentration of
the basalt fibers subjected to loads leading to rupture stress enhancement. Nonetheless, further
addition of SMNAP to the matrix has an adverse effect on tensile and flexural properties. It is
likely due to nano-particle agglomerations which behave as a hole/defect provider creating
stress concentration in a pre-damaged material [22,30,31,37].

Comparing the effect of SMNAP addition on tensile and flexural properties shows that the
SMNAP addition to BFRE has a more positive effect on tensile modulus and strength to those
of flexural ones. This is attributed to the different state of stress in tensile and flexural tests.
The in-plane tensile load is applied on the entire specimen length, whereas only three points
are subjected to flexural test loads [24]. It causes the flexural tests to provide compressive stress
above the neutral axis and tensile stress under the neutral axis. Since the SMNAP addition has
more positive effects on matrix reinforcement rather than fiber reinforcement, the flexural
properties of BFRE get more benefits than the tensile properties of BFRE [37]. Abdi et al. [38]

reported a similar study to investigate the effect of surface-modified CaCos particle (SMCN)

11
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addition on BFRE composites. SMCN addition enhanced flexural properties more than tensile
properties. Also, Khalili et al. [21] studied the effect of micro-glass powder (MGP) addition on
BFRE composites subjected to tensile and flexural loads. MGP addition could improve flexural
strength and failure strain more than those for tensile. It shows both micro- and nano-scale
powders have capabilities for improving the stiffness of the materials though agglomeration is
more a matter of concern for nano-particles rather than micro-particles [19,22,30].

Addition of 1 wt.% SMNAP to BFRE enhanced the flexural modulus from 8.6 GPa to 10.9
GPa (15 % increase), and flexural strength from 180.38 to 208 MPa (19 % increase),
respectively. Consistent with expectations, the incorporation of 5 wt.% SMNAP into the BFRE
composite led to a reduction in both flexural modulus and strength by 9.5 % and 14 %,

respectively (Figs. 3 and 4, Table 3).

Table 3. Summary of tensile and 3-point flexural properties for basalt fiber/nano-alumina

powder-reinforced multi-scale composites.

Nano- Tensile Tensile Tensile Flexural Flexural Flexural
alumina modulus strength failure strain modulus strength  failure strain
(%) (MPa) (MPa) (mm/mm) (GPa) (MPa) (mm/mm)

0 3.17 134.33 0.042 8.9 180.38 0.029
0.5 3.97 146.42 0.036 9.04 181 0.026
1 3.67 153.22 0.041 10.6 207.98 0.024
3 3.63 148.18 0.04 8.16 189.85 0.031
5 3.22 120.14 0.037 8.05 155.14 0.025

12
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Fig. 3. Effect of SMNAP content on tensile behavior of BFRE composites containing 0, 0.5,
1, 3, and 5 wt.% of SMNAP.
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Fig. 4. Effect of SMNAP content on three-point flexural behavior of BFRE composites
containing 0, 0.5, 1, 3, and 5 wt.% of SMNAP.

The strength of 148.18 MPa in the sample containing 3 wt.% of SMNAP reached 120.14
MPa which shows a decrease of 23.3 %. By adding 3 and 5 wt.% SMNAP, the tensile modulus
was reduced compared to the 1 wt.% SMNAP sample. The tensile modulus of 3.67 GPa in the
1 wt.% SMNAP sample reached 3.63 GPa and 3.22 GPa for the 3 and 5 wt.% SMNAP samples,
respectively.

Generally, nano-sized particles have a higher surface area compared to their larger
counterparts. This increased surface area allows for better interaction and bonding between the
nano-particles and the polymer matrix, resulting in improved load transfer between the matrix
and the reinforcing fibers. It is critical for load-bearing applications as it helps in distributing
applied loads more effectively by reducing the risk of localized stress concentrations that could

lead to failure [26,30-32]. Moreover, the fiber-matrix interface plays a pivotal role in

14
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determining the overall mechanical performance of composite materials. Nano-powders can
enhance the adhesion between the fibers and the epoxy matrix. The high surface area of nano-
particles provides more sites for interaction with the matrix, leading to improved wetting of the
fibers by the resin. This improved wetting results in better adhesion, which, in turn, enhances
the load transfer between the fibers and the matrix. Reducing the interfacial debonding is
another benefit of nano-powders’ incorporation. Nano-particles can act as bridging agents
across the fiber-matrix interface that prevent crack initiation and propagation and improve the
overall interfacial strength [26,30-32,39].

The flexural response of BFRE is generally anticipated to exhibit elasticity akin to its
tensile behavior. However, variations in the flexural behavior are contingent upon several
factors, including the characteristics inherent to BFRE stemming from basalt fiber attributes,
epoxy resin properties, interlaminar/intralaminar characteristics, and the fiber/matrix interplay.
Consequently, the flexural behavior may manifest some degrees of nonlinearity (See Fig. 4).

This nonlinearity can be attributed to the differential stresses experienced by the layers
above and below the neutral surface during flexural loading. The upper layers undergo
compression, while the layers beneath the neutral surface experience tension. As the loading
process advances, damage initiates and propagates, causing the bottom layers to fail
prematurely in comparison to those closer to the neutral surface [20, 40]. Consequently, the
slope of the flexural diagram for BFRE diminishes, reflecting a reduction in bending rigidity.

This deviation from linear behavior is reminiscent of plastic behavior, yet it fundamentally
diverges from the conventional definition of plasticity. The introduction of SMNAPs into the
BFRE composite exacerbates the reduction in bending rigidity upon damage initiation and
propagation. Comparable trends in the flexural behavior of BFRE composites have been

documented in Refs. [20-22,40], where BFRE composites were fortified with MGPs.
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3.4. Fracture morphology

FESEM was used to observe the fracture surfaces after the tensile and flexural testing.
Failure in polymer composites is a result of damage accumulation including several energy
absorption phenomena including crack initiation and or growth [1,22]. Several parameters (and
their interactions) such as fiber volume fraction, fiber/matrix interfacial properties, uncertainty
in fiber strengths, filler/powder properties, and matrix strengths control this damage formation
and progression [1]. Figs. 5a and 5b show microscopic images of a BFRE tensile specimen

with no SMNAP content. The fiber surfaces are smooth and clear.

SEM MV 130V WD: 10.2% mm ] MIRAS TESCAN  SEM MV 1508V WO 19.29 mem MIRAY TESCAN

SEM WAG: 3.00 kx Det: BSE 10 pm SEM HAG 1.00 kx Det: SE 50 g
View flebd: 41.5 pm  Dto(en/ary); 00DETT FESEM - RMRC View Beld: 268 ym  Dateimigly): 080WY7 FESEM - AMRC

Fig. 5. BFRE composites with no SMNAP content after tensile tests; clean and smooth
surface of basalt fibers, (a) Magnification of 5 kx, (b) Magnification of 1 kx.

Figs. 6a and 6b show a BFRE specimen after a tensile test with a magnification of 500 x

and 200 x, respectively. The visible failure criterion is debonding or fiber pull-out which is
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associated with weak adhesion between the fibers and the matrix. Fiber pull-out significantly
absorbs energy during the loading process. Also, there are some surface cracks on the matrix

which indicates damage progression [41].

SEM WY 10w WO 90,93 mem ! WAL TRSCAN  BEM WV 130Ny WO .1 e MRA) TERCAN
SEM WMAD %00« Dot 052 SEM MAG 200 » Oat BT
View Sedd: 415 um  Outetmidly): SvOw1 ) EEN - ARG View St 104 mm  Datecdy ' DN ) PESEM . M C

Fig. 6. BFRE composites with no SMNAP content after tensile tests; fiber pull-out as one of
the main failure criteria, (a) Magnification of 500 x, (b) Magnification of 200 x.

Fig. 7 depicts the BFRE composites with various contents of SMNAP (0.5, 1, 3 and 5
wt.%). Comparing SEM images of fractured BFRE composites reveals the dominant failure
mechanism attributed to matrix cracking in BFRE composites containing SMNAP. In contrast,

BFRE composites without SMNAP primarily experience failure due to fiber debonding.
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Fig. 7. Fiber pull-out as one of the main failure criteria in BFRE composites with various

contents of SMNAP, (a) 0.5 wt.%, (b) 1 wt.%, (c) 3 wt.%, (d) 5 wt.%.

The presence of SMNAP on the basalt fiber in the BFRE composite containing 1 wt.%
SMNAP is shown in Fig. 8. This picture shows a good adhesion between the SMNAP and
basalt fiber due to the surface modification conducted on SMNAP particles. Surface
modification of SMNAP particles causes SMNAP particles to contribute to energy dissipation
during the loading procedure. Consequently, basalt fibers break at higher levels of energy and
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stress. Fig. 9 illustrates the homogeneous distribution of SMNAPs upon the basalt fiber
substrate. This homogenous distribution is pivotal for optimizing the interfacial interactions

within the composite material.

=

SEM MV 150 WV wo:1w0e7Tmm | 11 ! MIRAD TESCAN
SEWM MAG: 500 kx Del: BSE 10 ym
View Relid’ 41,5 wm  Dateimistly) OROW17 FESEM - FMRC

Fig. 8. BFRE composites with 1 wt.% SMNAP.
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SEM MV 1508V WD 9.95 mm ! ] MIRAJ TESCAN
SEM MAG: 150 kx Detl: BSE

View Rehs: 128 pm  Date(mvilly): O80ONTT FESEM . FMRC

Fig. 9. BFRE composites with 1 wt.% SMNAP, illustrating the presence of SMNAP particles
adhering to the fibers.

The formation of agglomerated SMNAP particles is shown in regions specified with white
color arrows for BFRE composites with 3 wt.% and 5 wt.% SMNAP (Figs. 10a and 10b). These
are agglomerated SMNAP particles in BFRE composites with 3 wt.% SMNAP and 5 wt.%
SMNAP, respectively. Agglomerations act as stress concentration providers and facilitate the
crack propagation leading to a major reduction in the strength of materials. To avoid

agglomeration, the power and speed of the ultrasonic operation should be increased [41,42].
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SEM MV 1500V WO: 11,50 mm i MIRAS THSCAN  SEM HV: 15.0 KV WO T1.78 mm \ 111 MIRA3Z TESCAN
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Fig. 10. Agglomerated SMNAP particles in BFRE composites with; (a) 3 wt.% SMNAP,
b) 5 wt.% SMNAP.

4. Conclusion

The effect of nano-alumina (NA) (Al2O3) on the tensile and flexural behavior of basalt
fiber-reinforced epoxy (BFRE) composites was investigated. The multi-scale BFRE
composites containing surface- modified NA powders (SMNAPs) (0.5, 1, 3 and 5 wt.%) were
fabricated and tested. The results were compared with BFRE composites without SMNAP. NA
surface modification was conducted using 3-(trimethoxysilyl)propylamine (as a silane
coupling agent) to enhance the NA interaction with epoxy. An infrared spectroscopy test was
performed to confirm the generation of 3-aminoproxyl functional groups on the NA’s surface.
The relative improvement in tensile and flexural properties of BFRE composites roughly
increased with increasing surface- modified NA powders (SMNAPs) up to 3 wt.%; clearly,
SMNAPs use resulted in better fiber/matrix interfacial adhesion and correspondingly greater

stiffness and mechanical energy dissipation. Hence, SMNAP may be employed to improve

21


https://doi.org/10.1016/j.surfin.2024.104009

This is the accepted manuscript (postprint) of the following article:

Farsani, R. E., Daghigh, V., & Derakhshani, K. (2024). Tensile and flexural properties of basalt fibers/nano-
alumina powder-reinforced multi-scale composites. Surfaces and Interfaces, 46, 104009.
https://doi.org/10.1016/j.surfin.2024.104009

BFRE tensile and flexural properties for applications where both stiffness and energy
dissipation are critical. Nevertheless, adding Swt% SMNAP to BFRE composites exhibited a
deleterious effect on mechanical properties by lowering tensile stiffness and strength as well
as flexural stiffness and strength. This observation implies that the SMNAP agglomeration
results in stress concentration, leading to reduced stiffness and diminished energy dissipation
in BFRE composites. Lastly, scanning electron microscopy was employed to investigate the
fracture morphologies of tensile and bending specimens. Failure mechanisms of multi-scale
SMNAP-reinforced BFRE composites included matrix crazing/cracking, fiber pull-outs, fiber
fracture, micro- void nucleation, and fiber tensile fracture. SMNAP addition, by the time it is
not severely agglomerated, improves fiber matrix adhesion of BFRE composites. It makes
sense since the covalent bonds are formed among SMNAP, basalt fiber, and matrix surfaces.
In the future, this work may be developed to examine the basalt fiber/epoxy ratio that is
required for optimized mechanical properties for a given fiber loading. Moreover,
SMNAP/fiber surface area ratio, fiber/matrix ratios, NA modification method and other factors

are important in the mechanical composite bulk properties.
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