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Abstract: The polyamide/thermoplastic copolyester (PA/
CoPe) blend is unique among the limited selection of ther-
moplastic matrices due to its enhanced mechanical and
physical characteristics. Exploring the sway of silane-treated
silica and graphene nanofillers on themechanical behavior of
short carbon fiber/PA6/CoPe blend (CF/PA blend) composites

is the central aim of this work. Two distinct nanocomposites
were made by extrusion and injection molding. The first
incorporated silica nanofillers, while the second used a
combination of graphene and silica. Hardness, tensile, short
beam, flexure, and impact tests were performed to ascertain
the effect of the nanofillers on mechanical behavior. Experi-
mentally, nanofillers noticeably improved the composite’s
mechanical properties, with silane treatment fostering supe-
rior nanofiller-matrix bonding. The synergistic effect of silica
and graphene led to a significant 32.3 % increase in inter-
laminar shear strength. Moreover, this combination yielded
substantial gains in hardness (14.1 %), tensile strength (16%),
flexural strength (19%), and impact strength (33.2 %) over the
unfilled blend. Conversely, using 1.5 % silica as the sole rein-
forcement resulted in smaller increases of 8.5 %, 5.6 %, 5.4 %,
and 8.5 % for the samemechanical attributes. Together, these
nanofillers improve network structure formation and silica
and graphene dispersion, strengthening the CF/PA blend
composite’s mechanical characteristics. Additionally, this will
open the door to creative structural engineering designs and
more environmentally friendly solutions.

Keywords: CF/PA blend composite; nanofillers; silane treat-
ment; mechanical properties; fractography

Highlights

– Multiscale composites were developed by integrating
fibers and nanomaterials.

– Uniform dispersion in the polymer blend is essential for
enhanced properties.

– Composites gained significant mechanical strength.
– Silane treatment strengthened filler-matrix interface.
– Synergic effect of carbon fiber and nanofillers was

demonstrated.
– Properties meet automotive and aerospace perfor-

mance requirements.
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1 Introduction

Functional nanometer-sized fillers are now crucial for rein-
forcing polymeric composite materials. Over the past two de-
cades, there has been a lot of interest in nano-level fillers like
silicon dioxide and layered graphene that form nano-
structures with polymers [1–4]. Because of their large surface
area, which improves load transferwithin the polymermatrix
and strengthens the interfacial bonding, these nanofillers
significantly improve the mechanical performance of ther-
moplastics (TPs), particularly in harsh environments like high
temperatures and ultraviolet (UV) radiation. By combining
graphene nanoplatelets (GNPs) and FeO4 nanoparticles,
Şenyurt et al. [5] created PAN nanofiber-reinforced Elium®

composites that simultaneously improved mechanical per-
formance, thermal stability, and shapememory behavior. The
dual-doped system was positioned as a promising contender
for advanced engineering applications due to its evident syn-
ergistic effects. Elium®-based thermoplastic nanocomposites
reinforced with PAN nanofibers doped with Ag and SiC
nanoparticles were created by Kurdis et al. [6], who achieved
notable gains in X-ray attenuation, thermal stability, and ten-
sile strength. These lightweight, recyclable composites are
prospective substitutes for radiation-shielding applications in
aircraft, defense, and medicine due to their multifunctional
functionality. Furthermore, as demonstrated by TiO2 nano-
particles improving themechanical properties of polyethylene
[7], nanofillers can lessen the effects of degradation. Similarly,
Danbee Lee et al. [8] showed that the mechanical properties
and weathering resistance of polypropylene composites are
significantly enhanced by the combination of talc fillers, UV
stabilizers, and nano-calcium carbonate (n-CaCO3).

In carbon fiber-reinforced thermoplastic composites,
Yuan et al. [9] pointed out that the surface characteristics of
the carbon fibers and the polymer matrix’s capacity for melt
infiltration have a critical impact on the interface perfor-
mance. Polarity differences between matrices have a major
impact on interfacial bonding and overall mechanical
properties. A new carbon fiber composite mechanical met-
amaterial with bothmulti-stable andmono-stable properties
was developed by Sun et al. [10] and verified using finite
element modeling and quasi-static compression tests. Their
findings highlight its potential for impact energy absorption
and vibration attenuation applications by demonstrating
that higher torque is needed to move from mono-stable to
multi-stable states. Also, using carbon fiber composites and
hot-pressing and discrete assembly, Sun et al. [11] developed
a mechanical metamaterial with both multi-stable and
mono-stable properties. A modular torsion inhibition tech-
nique enhanced stability, and simulations closely matched

experiments, demonstrating the material’s potential for
energy absorption and vibration damping. In comparison to
virgin carbonfibers, Shi et al. [12] found that recycled carbon
fibers greatly improve the cement mortar’s fracture tough-
ness, ductility, and fracture energy while lowering its envi-
ronmental impact, demonstrating the sustainability and
engineering viability of these fibers. A bio-inspired
hexagonal-quadrilateral lattice structure (HQLS) was intro-
duced by Yang et al. [13] inside steel/CFRP hybrid tubes,
greatly enhancing mechanical performance and energy ab-
sorption. Their experimentally validated model has a lot of
potential for use in rail vehicle crashworthiness applica-
tions. To precisely forecast the mechanical behavior of car-
bon fiber reinforced polymers with voids, Yao et al. [14] used
3D computed tomography in conjunction with multi-scale
homogenization modeling. They found that direction-
dependent modulus weakening is caused by void distribu-
tion and morphology. Thus, using the synergistic effects of
combined nanofillers, the current study expands on this
foundation by examining a dual nanofiller strategy to
improve the mechanical properties of carbon fiber rein-
forced polyamide blends.

Nylon 6, also known as polyamide 6 (PA 6), is a multi-
purpose thermoplastic that is well-known for its exceptional
blend of mechanical performance, processability, and
affordability [15]. While its elasticity and impact resistance
allow it to absorb vibrations and shocks in dynamic appli-
cations, its high tensile strength, toughness, and abrasion
resistance make it perfect for load-bearing components like
gears, bearings, and structural parts [16, 17]. Furthermore,
PA 6 is a popular choice in a variety of engineering sectors,
such as consumer goods, industrial machinery, and auto-
motive, due to its balanced mechanical properties and ease
of processing through methods like injection molding and
extrusion [18]. Mechanical properties are further enhanced
by PA 6 through multilayers with functional nanofillers and
complementary elastomeric blends [19–21]. Furthermore,
carbon fiber reinforcement results in advanced composites
(CF/PA), which are prized for their lightweight and economic
performance in the marine, automotive, and aerospace in-
dustries [22, 23].

Currently, polymer blends make up more than 30 % of
all polymer consumption, and their potential to produce
high-performance, reasonably priced materials is expected
to drive their 9 % annual growth rate [22]. By creating co-
valent bonds with functional groups in polymers or fillers
and promoting interfacial adhesion through graft or block
copolymer formation at the interface, maleic anhydride-
grafted compatibilizers play a crucial role in improving
mechanical properties such as tensile strength and elonga-
tion at break [24–29].
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For automotive and marine applications, glass fibers
(GFs) and carbon fibers (CFs) are two of the most popular
reinforcements in polymer matrices. Because of their high
energy absorption, recyclability, and promise for building
lightweight, fuel-efficient buildings, thermoplastic compos-
ites have drawn more attention in recent years. Elium®, a
thermoplastic resin based on acrylic, is notable among them
for its capacity to improve stiffness and toughness [30]. Its
significant promise for durable and damage-tolerant appli-
cations is further demonstrated by the fact that it makes it
possible to create curable but non-permanent adhesive
junctions that have better mechanical strength and load-
bearing capacity than traditional epoxy systems [31]. GFs are
more affordable and provide good strength, stiffness, and
superior impact resistance because of their deformability
under stress [32]. According to Mostafa et al.’s [33] research,
residual stress within the constituents are influenced by
both the composite’s elastic properties and fiber pretension.
On the other hand, CFs offer greater stiffness and tensile
strength, are lighter, and enhance fuel efficiency in struc-
tures; however, their expense may raise the total cost of the
composite [34]. Whereas CFs show greater tensile strengths
ranging from 800 to 1,000 MPa for composites and approxi-
mately 4,137 MPa for fibers, but lower impact resistance
because of brittleness, GFs show tensile strengths of roughly
3,450 MPa for fibers and 460 MPa for composites [35]. Thus,
because of their resilience and capacity to absorb energy,
GF-reinforced composites perform exceptionally well in
impact-critical applications [36].

The type, loading, size, surface area, and compatibility
of the reinforcing fibers and nanoparticles within the poly-
mer matrix all affect the performance of fiber-reinforced
polymer nanocomposites. To improve stiffness, hardness,
and strength, a variety of nanofillers are utilized, including
graphite nanoplatelets (Gnps) [37], graphene oxide (GO) [38],
carbon nanotubes (Cnts) [39], nano-SiO2 [40–42], and cellu-
lose nanofibers [43]. Microscale fibers, such as carbon fibers
(CFs) and glass fibers (GFs) [44], are also utilized. By
combining GO, Cnts, and CFs through in situ interfacial
polymerization [45], hybrid PA-based composites exhibit
improvedmechanical properties and optimized interphases.

Recently, researchers have investigated the mechanical,
thermal, dimensional, and flame-retardant properties of
nano-SiO2 as effective reinfrocements [46, 47]. Cnts increase
stiffness and tensile strength but are hydrophobic and require
surface functionalization [48]. In contrast, GO’s hydrophilic
groups improve dispersion and adhesion in PA, which results
in improvedmechanical performance [49]. The effects of both
fillers on thermal stability vary depending on the PA matrix
and reduction level [50, 51]; however, Cnts generally enhance
the thermal stability of polyamide composites [52, 53]. As a

result, GO provides superior dispersion and compatibility in
PA composites, while Cnts increase mechanical strength and
electrical conductivity, thereby bolstering a dual nanofiller
approach for improved composite performance [54, 55].

Surface-modified nano-SiO2 significantly enhances the
mechanical properties and dimensional stability of polymer
composites by reducing thermal expansion and improving
dispersion. Their high surface area and aspect ratio boost
modulus, toughness, and tensile strength, while strong in-
teractions with polymer chains improve load transfer and
adhesion. Silane coupling agents have been developed to
further strengthen filler–matrix bonding [56–58]. By reacting
with both the filler and the matrix, these agents’ dual func-
tional groups strengthen the interface by forming chemical
bridges [59]. The strong bonding improves mechanical prop-
erties such as impact resistance and tensile strength [60, 61].
Better filler dispersion within the polymer is encouraged by
this improved wettability, creating a more homogeneous
composite material and improving load transfer efficiency
[62]. By adding short fibers and micro-scale fillers as re-
inforcements, Hemanth et al. [63] sought to improve the me-
chanical characteristics of TP Copolyester elastomer/
polytetrafluoroethylene (TCE/PTFE) composites. The com-
posite’s tensile modulus, flexural strength, and impact resis-
tance were all markedly enhanced by the addition of 20%
GFs. Behera et al. [64] observed a negative effect with gra-
phene nanoplatelets and reported 34%, 88%, and 87% in-
creases in Young’s modulus, flexural modulus, and impact
strength, respectively, for a PBAT/HDPE blendwith 3 phr Cnts
in comparison to the neat blend. Umesh et al. [65] discovered
that while adding Gnps to PA66/PA6micro-composites greatly
increased flexural strength at the expense of impact strength,
it also slightly decreased tensile strength due to decreased
ductility. Suresha et al. [32] studied themechanical properties
of PA66/TCE blend reinforced with CFs and filled with Gnps.
They reported that the inclusion of CFs has significantly
improved the tensile, flexural and impact properties of the
PA66/TCE blend. Durmaz and Aytac [66] investigated the
combined effects of micro- and nano-fillers on the perfor-
mance of PA 11/PLA blends, focusing on their mechanical and
thermo-mechanical properties. By adding TiB2 and B4C
ceramic fillers to lightweight phenolic aerogel/carbon fiber
composites, Liu et al. [67] were able to achieve exceptional
thermal stability, oxidation resistance, and ablation resis-
tance that makes them appropriate for hypersonic vehicle
thermal protection. The composites’ exceptional strength, low
thermal conductivity, and resilience to harsh environments
were made possible by the synergistic high-temperature
ceramic reactions andmultiphase ceramic structures. In their
investigation of PA6/high-density polyethylene (HDPE)/car-
bon black (CB) composites, Wang et al. [68] found that a 4.5 %
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CB content enhanced the composites’ tensile strength to
53.3 MPa and impact strength to 13.2 J/m2. This was possible
because of the uniform dispersion of CB, which improved
stress distribution and impact absorption. These findings
highlight the vital role nanofillers play in enhancing hybrid
TP composites’ performance and adaptability, thereby
increasing their potential industrial applications.

Nanofillers like Gnps and nano-SiO2 play a crucial role in
balancing ductility andmechanical performance in polymer
matrices. The high surface area and reactivity of n-SiO2

enhance stiffness, tensile strength, and load transfer
through strong interfacial bonding, while Gnps significantly
improve stiffness and strength when well-dispersed, though
their rigidity may reduce ductility by limiting polymer chain
mobility. Mechanical improvements depend on dispersion,
interfacial interaction, and Gnps content [66, 69].

Studies assessing themechanical performance of hybrid
nanocomposites comprising silane-treated silica and gra-
phene nanofillers and carbon fiber-reinforced polyamide
with thermoplastic Copolyester (CoPe) are lacking, which
represents a research gap. Investigating a dual nanofiller
approach to improve impact and tensile fracture behavior in
CF/PA blends is what makes this study novel. One aspect of
the scope is comprehending the synergistic strengthening
mechanisms that combined nanofillers offer in load-bearing
applications, especially in the machinery and automotive
industries. Potential final uses include the fabrication of
sophisticated hybrid thermoplastic composites for high-
performance and structural applications that have excep-
tional mechanical and durability characteristics.

2 Experimental section

2.1 Materials

Commercially available polyamide 6 (PA6; Gujlon E-28, 2.8
RV) from Gujarat State Fertilizer Corporation, Surat, India,

and TP co-polyester (CoPe), TPC-ET, Arnitel EL-740 from
DSM India were used. Short carbon fibers (CFs) from Toray
were employed in this study. We purchased graphene
Nano sheets (750 m2 g−1 surface area, 3–6 layers, 50 nm
thick) and aminopropyltriethoxy silane-treated nano-silica
(10–20 nm) from Sigma Aldrich in Bangalore, India. Ac-
cording to the manufacturer, the silica powder has a den-
sity of 2.2–2.6 g cm−3 at 25 °C. The density of graphene is
between 0.2 and 0.4 g cm−3.

2.2 Preparation of composites

As shown in Figure 1, thefirst step for producing CF/PA blend
composites is to dry mix PA 6, CoPe, and ethylene glycol
pellets in a drum tumbler mixing machine for 10 min to
ensure uniform component blending. A twin-screw co-
rotating extruder (Krauss Maffei ZE24 mm) is then fed this
well combined mixture at a feed rate of 30 kg h−1. Extruded
strands of 3 mm diameter are produced by melting and ho-
mogenizing the mixture inside the extruder, which has 11
zones and a 5-hole die, at 240 °C across the barrel and 250 °C
at the die exit. The screw speed is 400 rpm, and the torque is
70 Nm.

The hot extrudate strands are pelletized into 3.5 mm
granules after being quenched in a cold-water bath. To
improve molding consistency and eliminate surface mois-
ture, these composite granules are preheated for 3 h at 80 °C.
Test specimens are then produced by processing the dried
pellets in a reciprocating screw injection molding machine.
For better moisture resistance, the PA blend ratio is kept at
80:20 (PA6: CoPe), producing PA6 as the continuous phase
and CoPe as the dispersed phase. 25 wt% carbon fiber-
reinforced PA blends (H0) are made for the composite
formulation, and specific amounts of graphene and silica are
added to create hybrid nanocomposites (H1, H2, H3); each
composition is accurately listed in Table 1.

Figure 1: Process flow for creating CF/PA
blends and their composites.
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As shown by the prepared specimens in Figure 2, the
resulting injection-molded composites are then used for
mechanical testing. Consistent specimen quality is appro-
priate for assessing composite mechanical performance,
optimal interfacial bonding, and uniform filler dispersion is
ensured by this methodical procedure.

2.3 Testing of hybrid nanocomposites

2.3.1 Density measurement

An Archimedes’ principle-based densitometer determined
the density of H0 and its hybrid nanocomposite samples (H1,
H2, and H3). Equation (1) calculated the actual density, with
each data point representing the average of three tests.

ρa =
ρw ×Wa

Wa –Ww( ) (1)

where ρa = measured density, ρw = density of water,
Wa = weight of the sample in air,Ww = weight of the sample
in the water.

Agarwal and Broutman’s formula (2) used to calculate
the composite material’s theoretical density (ρt) [70].

ρt =
1

wf
ρf

( ) + ws
ρs

( ) + wg
ρg

( ) + wm
ρm

( )
(2)

where wf = weight fraction of CFs, ws = weight fraction of
silica, wg = weight fraction of graphene, wm = weight fraction
ofmatrix, ρf = density of carbonfiber, ρs = the density of silica,
ρg = density of graphene, and ρm = the density of matrix.

The following formula (3) [70] can be used to get the
volume fraction of voids (ʋv).

ʋv = ρt − ρa( )
ρt

(3)

2.3.2 Hardness measurement

The Rockwell hardness of the CF/PA6 blend and their hybrid
nanocomposites was measured on the M-scale using a
Rockwell hardness tester (Saroj Engineering Udyog Pvt. Ltd.,
Jaysingpur, Maharashtra, India). Samples, 40 mm square
plates with a 4 mm thickness, were prepared by injection
molding. Testing followed ISO 2039 standards, and each data
point represents the average of 10 replicates.

2.4 Characterization of the hybrid
nanocomposites

2.4.1 Interlaminar shear test

The interlaminar shear strength (ILSS) of the CF/PA blend
composites and their hybrid nanocomposites was deter-
mined using a JJ Lloyd EZ 20 universal testing machine,
following ISO 14130. The short beam shear test employed
samples with a breadth twice the thickness and a span-to-
depth ratio of 4:1 (dimensions: 4 mm × 8 mm × 24 mm, span
length: 16 mm). The ILSS test speedwas 1 mm/min, and a 2 kN
load cell was used. All reported data are averages of at least
three tests.

2.4.2 Tensile and flexural testing

The tensile strength, modulus, and elongation of dumbbell-
shaped CF/PA blend and their hybrid nanocomposite speci-
mens, injectionmolded to ISO 527-2 type 1B dimensions were
measured using a JJ Lloyd EZ 20 universal testingmachine at
a strain rate of 50 mm/min. According to ISO 178,
125 mm × 12.7 mm × 4 mm rectangular bars were subjected
to flexural strength and modulus tests using the same uni-
versal testing machine at a strain rate of 2.5 mm/min. All
reported data are averages of at least three tests.

Table : List of nanocomposites produced in this work.

Composites Designation Composition (wt.%)

CF/PA + CoPe H CF ()/PA () + CoPe ()
CF/PA + CoPe/silica H CF ()/PA (.) + CoPe ()/Sil-

ica (.)
CF/PA + CoPe/silica H CF ()/PA (.) + CoPe ()/Sil-

ica (.)
CF/PA + CoPe/
silica + graphene

H CF ()/PA (.) + CoPe ()/Sil-
ica (.) + graphene (.)

Figure 2: Photographs of the injectionmoulded
(a) CF/PA blend composite, (b) hybrid
nanocomposites.
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2.4.3 Impact testing

The impact strength of the prepared CF/PA6 blend composite
and their hybrid nanocomposites was tested according to
ISO 180:2023 using injection-moulded rectangular bars
(80 mm × 10 mm × 4 mm) with a V-shaped notch, maintain-
ing a depth below the notch of 8 ± 0.1 mm. A CEAST-Instron
pendulum impact tester with 5 J hammer energy was used
for testing. All reported data are averages of at least
three tests.

2.4.4 Scanning electron microscopy

The Quanta 200 model Environmental Scanning Electron
Microscope (E-SEM) (FEI, Netherlands) was used to analyze
the fractured surface morphology of a few selected CF/PA6
blend hybrid nanocomposites at an accelerating voltage of
20 kV. To enhance electrical conductivity and image quality,
a thin layer of gold was sputter-coated onto the fracture
surfaces before imaging. The obtained SEM micrographs
were examined to evaluate the distribution of voids and
fiber dispersion within the composite matrix, offering in-
formation on the hybrid nanocomposites’ structural integ-
rity and interfacial bonding.

3 Results and discussion

3.1 Physical properties of the hybrid
nanocomposites

The densities of the H0 composite and nanofiller-reinforced
hybrids (H1 to H3) are summarized in Table 2, which dem-
onstrates a high degree of agreement between the predicted
and measured values. Because of voids in the matrix caused
by nanofiller aggregation, measured densities are margin-
ally lower than theoretical ones. Nonetheless, the void con-
tent in every sample remained low at less than 1.51 %. The
decreased voids in H1 to H3 might be the consequence of
silane-treated nanofillers improving resin flow through
processing by reducing viscosity and encouraging improved

fiber wetting. Additionally, their high surface area enhances
their interaction with the resin, reducing voids and facili-
tating its spread into fiber interfacial regions.

Table 2 shows that the density of the nanofillers modi-
fied H0 hybrid nanocomposites rose with higher filler
loading (H1 to H3). Conversely, the hybrid nanocomposite
with a 1.50 wt% silica loading (H2) increased the density of
the H0 composite by 15.15 %. Comparing to the H0 composite,
the H3 composite’s density rose by 16.67 % as a result of
adding mixed nanofillers (0.75 wt% silica + 0.75 wt% gra-
phene). This density change was attributed mostly to the
basic density of the nanofillers. Furthermore, PA6’s density
is 1.14 g cm−3, lower than that of CoPe, CF, silica, and gra-
phene. The addition of these fibres and nanofillers thereby
slightly raised the density.

3.2 Rockwell hardness of the hybrid
nanocomposites

The impact of loading graphene and silica nanofillers on the
hardness of hybrid nanocomposites is depicted in Figure 3.
Hardness rises with silica content; improvements of about
8.45 % and 14.1 % are shown by H2 (1.5 wt% silica) and H3
(1.5 wt% combined fillers), respectively. Both nanofillers
improve hardness, but silica works better than graphene. H0
(without fillers) had the lowest hardness, while H3 had the
highest. By improving filler–matrix adhesion, the silane-
treated nanofillers’ functional groups are responsible for the
notable increase in hardness. The improved hardness in the
hybrid composites was a result of improved bonding and
dispersion.

The improved load transfer between the fiber, filler, and
thermoplastic matrix under compressive force is responsible
for the hybrid nanocomposites’ increased hardness. Stress
transfer is made more efficient by silane-treated nano-
particles’ strong interfacial bonding. As demonstrated in H2,
the silane treatment specifically decreases nanoparticle
agglomeration, enhancing surface contact with the matrix
and enhancing adhesion. Compared to H0, H2 has a higher
hardness because of its superior material qualities and silica

Table : Density, hardness, and ILSS of CF/PA blend hybrid nanocomposites.

Sample ID Measured density (g/cm) Theoretical density (g/cm) Voids (%) Hardness (M scale) ILSS (MPa)

H . ± . . .  ±  . ± .
H . ± . . .  ±  . ± .
H . ± . . .  ±  . ± .
H . ± . . .  ±  . ± .
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bond. Variations in the type, size, shape, loading, and surface
treatment of nanoparticles can impact bonding and result in
voids. Due to strong bonding, low void content, and uniform
nanofiller dispersion, H3 obtained the highest hardness value
of 81, which was 14.1 % higher than H0. The synergistic im-
pacts of clay hardness and graphene’s lubricating function
allowed epoxy nanocomposites withMMT and GNPs to attain
better strength, stiffness, hardness, and wear resistance [71].
Similar to their thermoset epoxy system, this research high-
lights the advantages of dual nanofillers, althoughwe focus on
thermoplastic CF/PA hybrids where toughness and recycla-
bility are crucial. In this instance, graphene improves ductility
and fracture bridging, while silica increases stiffness and
hardness, resulting in concurrent increases in tensile, flex-
ural, and impact strength.

3.3 Interlaminar shear strength of the
hybrid nanocomposites

The interlaminar shear strength (ILSS) of pure polymers is
typically lower than that of fiber- and nanofiller-reinforced
composites due to the absence of reinforcing structures
needed to resist shear stress [72]. ILSS improves with the
addition of surface-modified fibers and fillers, which reduce
brittleness and enhance load transfer across the matrix. In
this study, the incorporation of silane-treated silica and
graphene into CF/PA6/CoPe composites significantly
increased ILSS due to stronger filler–matrix bonding and
improved stress transfer (Table 2).

As shown in Table 2, ILSS increasedwith higher silica and
graphene content. Specifically, ILSS rose from 31.86MPa in
the unfilled composite (H0) to 35.95MPa in H1 with 0.75 wt%
silica, and to 38.25 MPa in H2 with 1.5 wt% silica. In H3, the
hybrid composite showed a maximum ILSS improvement of
32.3 %, attributed to enhanced nanoparticle dispersion and
interfacial bonding.

Silane treatment plays a key role in this enhancement by
introducing functional groups (e.g., hydroxyl or amino) that
improve chemical compatibility and bonding with the PA
matrix. These groups facilitate covalent or hydrogen
bonding, improving stress transfer and adhesion. The silane
coating also reduces nanoparticle agglomeration through
electrostatic repulsion, promoting uniform dispersion and
minimizing stress concentrators. This resulted in better load
distribution, reduced fiber pullout and void formation, and
improved mechanical properties including ILSS, hardness,
tensile, flexural, and impact strength.

3.4 Tensile properties of the hybrid
nanocomposites

Nanofillers like silica and combined silica and graphene are
used to enhance themechanical properties offiber-reinforced
polymer composites. Understanding their dispersion and
overall effect on the PA blend is essential. Figure 4a and b
show how silica and graphene loading influence the tensile
strength, Young’s modulus, and elongation at break of H0 and

Figure 3: Influence of nanofillers loading on
hardness of CF/PA blend hybrid
nanocomposites.
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hybrid nanocomposites (H1 to H3), with error bars indicating
standard deviations.

Tensile strength increases from approximately 4.3 MPa
to 21.6 MPa, and Young’s modulus rises from about 676 MPa
to 1813 MPa with nanofiller addition (Figure 4a). At the
nanoscale, silica and graphene offer high surface area,
enabling strong interaction with the polymer matrix. Gra-
phene, known for its exceptionalmechanical properties over
100 times the tensile strength of steel acts as an effective
reinforcement [73]. The combined use of silica and graphene
improves stiffness and strength by distributing stress
more evenly across the composite, minimizing stress

concentrations, and delaying failure. Enhanced surface area
promotes better interfacial contact with the PA blend, while
silane treatment improves adhesion, facilitating efficient
stress transfer and resulting in improved tensile
performance.

Figure 4a and b demonstrate how adding nanofillers to
the H0 composite improves tensile strength while margin-
ally decreasing elongation at break. This pattern holds true
for hybrid nanocomposites H1 through H3. H0 has a tensile
strength of 133.9 MPa and an elongation at break of 5.55 mm
(Figure 4b), as shown in Figure 4a. Because of the nanofillers,
H1’s tensile strength is 138.2 MPa, which is 4.3 MPa higher

Figure 4a: Tensile properties of CF/PA blend
hybrid nanocomposites.

Figure 4b: Elongation at break of CF/PA blend
hybrid nanocomposites.
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than H0’s. The addition of 1.5 wt% silica increases the stiff-
ness of H2 by increasing its tensile strength by 7.5 MPa and
its Young’s modulus from 7,458 MPa to 8,199 MPa. With
combined 1.5 wt% nanofiller loading, H3 shows the greatest
improvement in both modulus and tensile strength. Strong
interfacial adhesion between carbon fibers, nanofillers, and
the PA blend matrix, as well as improved nanofiller disper-
sion, are responsible for these improvements.

In hybrid nanocomposites, elongation at break decreases
as silica and combined silica–graphene loadings increase, as
seen in Figure 4b. Because failure mechanisms have changed,
similar trends have been documented in the literature [74–77].
The lower elongation at break of 14.4 % for H3 indicates that
the addition of these nanofillers somewhat decreased the
plastic deformation tendency of the H0 composite. H2, which
contained 1.5 % silica, showed a higher elongation at break of
10.8 % compared to H3, which had a ductile failure.

Silica and graphene nanofillers make the polymer ma-
trix more rigid and less stretchable under tensile stress by
increasing its modulus and decreasing its deformability.
Their interactions with the matrix, both chemical and
physical, restrict the mobility of polymer chains, reducing
their capacity for plastic deformation and elongation at
break. The failure mode frequently changes from ductile to
brittle at higher filler loadings as a result. In contrast to the
filler-free H0 composite, the addition of graphene and silica
in this study only slightly decreased the elongation at break
(<1.5 %). The ductile behavior of the hybrid nanocomposites
(H1 to H3) was maintained in spite of the increased stiffness.

Microcracks form under tensile loading at stress con-
centrations like fiber ends or matrix imperfections. When
the applied stress exceeds local fracture toughness, these
cracks propagate, weakening the material. The failure
mechanism in hybrid nanocomposites depends on how
microcracks interact with reinforcements like fibers and
fillers. Fiber ends, as load path discontinuities, create stress
concentrations that can lead to debonding ormatrix fracture
due to poor stress transfer (see Figure 5). Fiber alignment
and aspect ratio also affect stress concentration and damage
progression. Microcracks typically originate near fiber ends
or defects and coalesce under continued stress.

In this study, silica particles improve matrix stiffness,
toughness, and crack resistance by acting as energy dis-
sipators and crack barriers. Stress transfer is improved by
their even dispersion, which lowers stress concentrations at
fiber ends. In addition to improving load transfer, graphene
bridges cracks, and improves matrix ductility for better
stress distribution because of its high aspect ratio and
strength. Together, silica and graphene enhance load
transfer and interfacial bonding; silica increases toughness,
while graphene fortifies the interface. Through this synergy,

crack propagation is limited, micro-crack initiation is
decreased, and tensile failure resistance is increased. As a
result, the H2 and H3 composites’ elongation at break only
dropped by 1.1 % and 1.4 %, respectively.

3.5 Fractography of tensile test failed hybrid
nanocomposites

The fracture surfaces of the mono and hybrid composite
tensile test samples H0, H2, and H3 are displayed in Figure 5.

Figure 5: SEM of tensile ruptured surfaces of silica and graphene
modified CF/PA blend hybrid nanocomposites: (a) H0, (b) H2, (c) H3.
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The fracture surface was perpendicular to the direction of
uniaxial loading. The fracture surface of samples depicted in
Figure 5a–c demonstrate pull-out of fibers, fiber fracture,
ductile fractures with dimples, fiber–matrix debonding and
fibrillar structures.

With reference to the tensile test-failed sample H0 in
Figure 5a, the H0 composite exhibits voids (zone S), inter-
facial debonding (zone D), and clear fiber pull-out (zone P),
all of which are in agreement with the 1.51 % observed void
content (Table 2). These morphological characteristics vali-
date ineffective stress transfer and poor fiber–matrix
adhesion, which restrict modulus and tensile strength. The
brittle character of failure and the inferior mechanical
performance of H0 can be explained by the existence of
smoothfiber surfaces and gaps aroundfibers, which allowed
the early start and propagation of cracks.

The composite with 1.5 wt% silica reinforcement exhibits
fewer voids (1.3 %, Table 2) and better interfacial bonding, as
demonstrated by decreasedfiber pull-out and enhanced resin
impregnation of the carbon fibers, according to the tensile
test-failed sample H2 (Figure 5b). Visible dimples and fibrillar
formations show partial energy dissipation and localized
plastic deformation after failure. The observed increases in
modulus and tensile strength over H0 are consistent with
these microstructural characteristics. By acting as stress
redistributors and crack deflectors, the silica particles in-
crease stiffness while marginally decreasing ductility.

The hybrid composite (silica + graphene) has the best
morphology and the lowest void content (1.28 %, Table 2) for
the H3 sample (Figure 5c). Fractured fibers predominate
over pull-out, showing good adhesion and effective stress

transfer, and fibers are firmly entrenched in the PA blend.
The density increase (1.54 g/cm3 against 1.32 g/cm3 for H0) is
supported by the lack of significant voids, indicating homo-
geneous dispersion of the nanofiller. Since the combined
reinforcing of graphene and silica limited the onset of
microcracks and enhanced load-bearing capacity, these
properties immediately correlate to the highest tensile
strength and stiffness among the composites under study.

3.6 Flexural properties of the hybrid
nanocomposites

Figure 6 showshowH0and its hybridnanocomposites (H1–H3)
vary in terms of flexural modulus and strength. Comparing
silane-treated silica and graphene nanofillers to H0, both
propertieswere enhanced. As the silica loading increased from
0.75 wt% to 1.5 wt%, the flexural modulus of H0 rose from
8,336MPa to 8,414MPa and 8,534MPa (H1 and H2 composites).
This improvement most likely results from the silane-treated
silica particles’ improved interfacial bonding within the H0
composite, which produces high silica dispersion in H1 and H2
and excellent adhesion between CFs and the PA blend.

Remarkably, for the combined nanofiller loading
(0.75 wt% silica + 0.75 wt% graphene) in the H3 composite,
the flexural modulus peaked at 10,421 MPa. While prior
studies have reported up to 50 % increases in flexural
strength in fiber-reinforced composites with platelet-shaped
nanoparticles, silica loading considerably increased the
flexural strength inH1 andH2 [78, 79]. ForH3 composites, the
highest flexural strength and modulus were 228.6 MPa and

Figure 6: Flexural properties of CF/PA blend
hybrid nanocomposites.
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10,421 MPa, respectively. Compared to H0, this indicates a
25 % modulus and 19 % strength increase. The combined
reinforcing effect of graphene and silica nanoparticles is
responsible for this increase in H3, most likely as a result of
the stiffening of the PA blend and the selective penetration of
nanofiller into CF bundles.

Nanofillers strengthened theH0composite and improved
flexural performance by acting as load-bearers. The com-
bined effect of silane-treated silica and graphene nano-
particles, which limit the mobility of polymer chains, is
probably what caused this improvement. A previous study by
Mohammed et al. [80] found that CF-reinforced epoxy con-
taining graphene nanoplatelets and montmorillonite
demonstrated enhanced flexural performance, with the lat-
ter’s high loading affecting modulus. Afrouzian et al. [81]
found that nano-silica improved theflexural strength of glass-
reinforced epoxy. Similarly, silica nanoparticles increase the
flexural modulus of polymer composites by stiffening the
matrix and distributing bending stresses, according to Singh
et al. [82] and Manjunath et al. [83]. The addition of graphene
has also been demonstrated to greatly increase the flexural
strength of laminate [84]. Graphene and silica hybrid nano-
fillers have a synergistic effect on flexural properties, with
graphene adding ductility and strength and silica increasing
stiffness, according to Mehmet et al. [85].

In the current study, graphene and silica nanofillers
enhance the flexural properties of the CF/PA blend nano-
composite by fortifying the matrix. The spherical shape of

silica causes it to redistribute stress and increase stiffness.
Effective load transfer and crack bridging are made possible
by high-strength graphene. Their combined effect enhances
crack resistance and load distribution. Both fillers increase
interfacial adhesion, which stiffens thematrix and facilitates
better stress transfer. Whereas silica offers isotropic rein-
forcement, graphene offers anisotropic reinforcement.
Graphene bridges cracks to stop their rapid propagation,
while silica increases matrix toughness by deflecting cracks.
In addition to promoting uniform stress distribution and
optimizing bending performance, this combination mini-
mizes filler agglomeration. Resistance to flexural stress is
further strengthened by improved fiber–matrix adhesion.
For the H3 hybrid nanocomposites, silane-treated silica and
combined silica/graphene loading (≤1.5 wt%) enhanced
interfacial adhesion by appropriately filling the gaps be-
tween CFs and the PA blend.

3.7 Impact strength of the hybrid
nanocomposites

The impact strength of the CF/PA blend composite was
enhanced by the addition of silica and graphene nanoparticles,
as seen in Figure 7. In comparison to the H0 composite, the
1.5 wt%combinednanofillers (H3) produced the highest impact
strength, 13.2 kJ/m2, a 33.2 % increase. This improvement most
likely comes from the nanofillers’ ability to deflect fractures.

Figure 7: Impact strength of cf/PA blend hybrid
nanocomposites.
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Impact strength rose from 9.92 kJ/m2 for H0 to 10.43 kJ/m2 and
10.76 kJ/m2 for silica-reinforced H0 blend composites (H1 and
H2) at 0.75 and 1.5 wt% loadings, respectively. Silica is treated
with silane and the homogeneous dispersion of nanoparticles
in the H0 composite may be responsible for this improvement.
In addition to discussing how interfacial adhesion affects
impact strength, Kalaitzidou et al. [37] observed enhanced
impact strength in PP/xGnP nanocomposites due to crack-
bridging bynanoplatelets. This study, however, demonstrates a
comparable toughening impact in CF/PA-based hybrids that
use graphene and silica. The primary distinction is that, unlike
PP systems, our dual-nanofiller method utilizes the com-
plementing features of graphene (crack bridging) and silica
(crack deflection), which together improve tensile and flexural
qualities as well as impact strength.

The impact strength of H3 composite augmented with
the simultaneous loading of graphene and silica. This in-
crease can be ascribed to the H0 composite’s improved
nanoparticles dispersion. As a result, the fracture flow is
restricted in the fiber’s transverse direction. The void con-
tent may also have an impact on the impact strength values.
The impact strength of the poly(arylene ether nitrile) com-
posite has been demonstrated by Yang et al. [86] to increase
even up to 20 wt% of the graphene used. The amalgamation
of silica and graphene at 1.5 wt% total loading in H0 com-
pounds can progress the impact strength up to 13.2 kJ/m2 for
H3 composite compared to H0 composite alone.

Nanoparticle accumulation in fiber and/or polymer me-
dium compounds improves mechanical properties like in-
tensity and stiffness. The study conducted by Landowsky et al.
[87] demonstrated that the incorporation of nano-SiO2 (up to
8 wt%) significantly reduced damage size (∼28 %) and per-
manent deformation (∼15 %) while enhancing crack branch-
ing and deflection, leading to improved fiber/matrix
interfacial strength. Due to a strong correlation between
fracture toughness and the particle agglomeration percola-
tion network, the study by Lin et al. [88] found that the PA-
basedhybrid compositewith 30wt% silica showed the highest
structural stiffness and a 45% improvement in steady-state
fracture toughness when compared to the unfilled PA.
Accordingly, it is possible to improve the impact strength of
fiber reinforced polymer matrix composites by combining
various nanofillers. In this research work, inclusion of
amalgamation of nanoparticles can pick up the diffusion of
particles in the H0 compound, showing the way to enhanced
impact strength. The findings are consistent with previous
study by Chatterjee et al. [89] on the synergistic outcomes of
hybrid nanofillers crossbreeds, such as graphene and CNTs,
on the mechanical performances of epoxy compounds.

The following are the mechanisms through which
silica and graphene nanofillers increase impact strength.

Through processes like branching and crack deflection,
silica serves as a stress redistributor, rerouting and dissi-
pating impact energy. On the other hand, graphene can
bridge cracks and stop them from growing because of its
high mechanical strength and two-dimensional structure.
By stretching, debonding, and encouraging localized plastic
deformation, it also releases impact energy. A synergistic
toughening mechanism that combines graphene and silica
causes crack deflection (silica) and bridging (graphene)
to occur simultaneously. Stress transfer during impact
loading is improved by nanofillers, which increase the
interfacial adhesion between the fiber, matrix, and nano-
particles. Better energy absorption and resistance to abrupt
failure are ensured by reducing fiber pullout and void
formation. Nevertheless, the inclusion of both silica and
graphene nanoparticles in the present study decreased the
void content (Table 2) and thereby enhanced the PA blend
composite’s impact strength.

3.8 Fractography of notched Izod test failed
hybrid nanocomposites

Scanning electron microscopy (SEM) examined the impact
fracture surfaces of CF/PA blend (H0) and its hybrid nano-
composites (H1–H3). Figure 8 shows typical SEM fracture
morphology. These surfaces reveal micro-failure mecha-
nisms including matrix cracking, interfacial debonding, fi-
ber breakage, and fiber pull-out.

Figure 8a, which displays the fracture surface of impact
test failed sample H0, demonstrates brittle failure with
noticeable fiber pull-out, interfacial debonding, and crack
propagation at the fiber–matrix interface. Early fracture
initiation and inadequate energy absorption resulted from
the increased stress concentrations caused by the larger void
content (1.51 %) inH0. The lowest impact strength (9.92 kJ/m2),
where resistance to dynamic loading was limited by inade-
quate adhesion, is correlated with these characteristics.

Adding nanofillers like CNTs, GnPs, and TiO2 has a big
impact on how cracks spread and how stable polymer
composites are. While agglomeration may serve as stress
concentrators and encourage failure, uniform dispersion
improves load transfer and decreases fracture initiation
[90]. When properly distributed and aligned, high aspect
ratio nanofillers such as CNTs and GnPs can bridge cracks
and increase toughness [91]. Strong interfacial adhesion
between nanofillers and the polymer matrix is essential for
preventing pull-out and delamination [92], and surface
functionalization can improve this even more, improving
overall performance [90–92].
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The impact fracture surfaces of the H2 hybrid nano-
composites show a characteristic of few fibers breaking with
a few fibers pull-out, as can be observed in Figure 8b. Since
multiple fibers stay firmly lodged in the matrix even after
fracture, the silica-filled composite shows reduced voids
(1.3 %) and enhanced fiber–matrix bonding. Features of
crack deflection are seen, demonstrating the function of
silica in redistributing stress and releasing impact energy.
The moderate increase in impact strength (10.76 kJ/m2) over
H0 is supported by these observations.

The key to the impact toughness of H3 hybrid nano-
composites is their fracture morphology. The hybrid com-
posite exhibits the best morphology (Figure 8c), with strong
fiber–matrix interlocking, minimum fiber pull-out, and few
voids (1.28 %). Crack propagation is successfully inhibited,
and fibers and nanofillers are firmly attached to the matrix.
The homogeneous distribution of fillers, which improves
interfacial adhesion and lowers flaws, is reflected in the
greater density (1.54 g/cm3). The maximum impact strength
(13.2 kJ/m2) is explained by this morphology, where the
combined effects of graphene and silica allowed for simul-
taneous fracture bridging and deflection, promising
improved energy absorption and resilience to catastrophic
failure.

The correlation between SEM observations and density
and void data makes it clear that increased interfacial
adhesion and decreased void content are critical factors in
improving impact and tensile performance. The related
gains in mechanical characteristics are easily explained by
the change from weak bonding and greater voids in H0 to
strong interfacial linkage and reduced vacancies in H3.

3.9 Statistical analysis of mechanical
properties

The mechanical properties of each composite were subjected
to a one-way ANOVA and Tukey’s post-hoc test in order to
verify the synergistic effect of hybrid fillers (Table 3). In com-
parison to the unfilled (H0) and single-filler systems (H1, H2),
the hybrid composite (H3) shows statistically significant im-
provements (p < 0.05) in all evaluated parameters, according to
the data. For instance, ILSS increased from 31.81 ± 0.93MPa
(H0) to 42.81 ± 0.50MPa (H3), while hardness increased from
71.30 ± 1.81 (H0) to 80.38 ± 2.04 (H3). Likewise, H3’s impact
strength (13.28 ± 0.33 kJ/m2) was noticeably higher than the
other composites, and its tensile and flexural strengths were
much higher than those of H0–H2.

3.10 Correlation of mechanical properties

The enhancement of interfacial adhesion and stress trans-
mission by silica and graphene nanofillers is responsible for
the associated increases in hardness, tensile, flexural, and
impact properties. Since the stiffermatrix prevents localized
deformation and facilitates better load transfer to the fibers,
the increase in hardness (14.1 % for H3) is correlated with
enhanced tensile and flexural strengths. Likewise, since
better interfacial adhesion lessens fiber pull-out and pro-
motes energy dissipation through crack deflection and

Figure 8: SEM micrographs of impact fracture surfaces of silica and
graphene modified CF/PA blend hybrid nanocomposites: (a) H0, (b) H2,
(c) H3.
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bridging, the decrease in void content (Table 2) and stronger
filler-matrix bonding not only improved ILSS but also
contributed to higher impact strength (a 33.2 % increase in
H3). Thus, the consistent benefits across all mechanical tests
point to a single mechanism: interfacial strengthening
generated by nanofiller, which simultaneously improves
resistance to impact loading and static (tensile, flexural, and
hardness) loading.

3.11 Industrial relevance of property
improvements

For automotive and aerospace applications, where light-
weight structures with high strength, toughness, and
impact resistance are essential, the advancements shown
in the hybrid composite (H3) are extremely pertinent.
While the improved impact strength promises improved
crashworthiness and damage tolerance, which are crucial
for safety in the transportation sector, the notable gains in
tensile and flexural strength directly support load-bearing
capacity in structural components. Additionally, enhanced
interfacial adhesion and decreased void content support
long-term fatigue resistance, which is crucial in aerospace
applications that experience cyclic loads. Together, these
improvements show that the CF/PA hybrid nanocomposites
not only satisfy but also closely match the mechanical

performance specifications for the next generation of
engineered structures that are lightweight, fuel-efficient,
and damage-tolerant.

4 Conclusions

The impact of graphene and silica nanofillers on the me-
chanical characteristics of CF/PA blend composites was
investigated in this study. The density of the CF/PA blend
composite (H3) was found to be 16.67 % higher than that of
the unfilled composite (H0) when small amounts of these
nanofillers were added. Rockwell hardness values showed a
hardening effect from the combination of graphene and
silica nanoparticles, ranging from 81 (H3) to 71 (H0).

Short beam tests emphasize that silane-modified nano-
fillers enhance hybrid nanocomposite ILSS by improving
interfacial adhesion and nanoparticle dispersion. Graphene
and silica nanofillers synergistically improve CF/PA blend
composite tensile strength (14.1 % in H3 vs. H0) and Young’s
modulus (24.3 % in H3 vs. H0). This is due to uniformly
distributed nanofillers and better interfacial adhesion in the
hybrid nanocomposites. Flexural strength and modulus also
increased in the composite with combined 0.75 wt% silica
and 0.75 wt% graphene (H3) by 16 % and 25 %, respectively,
compared to CF/PA blend composite (H0).

The hybrid nanocomposite (H3) with 1.5 % nanofiller
loading showed a significant 33.2 % increase in impact
strength over the CF/PA blend composite (H0), outperforming
the 22.8 % improvement seen with 1.5 wt% silica alone (H2).

SEM confirmed good interfacial adhesion between car-
bon fibers and the nanofiller-modified PA blend, facilitating
effective load transfer (as visualized in SEM images) due to
enhanced adhesion to silane-treated silica, graphene, and
CFs. SEM micrographs also showed uniform dispersion of
graphene, silica, and CFs within the PA blend. Tensile frac-
ture surfaces in bothfilled and unfilled composites exhibited
fiber pull-out, fiber fracture, ductile fractures with dimples,
fiber–matrix debonding, and fibrillar structures.

The dual nanofiller CF/PA hybrid composites showed
advantages in strength, toughness, and impact resistance
that meet the performance criteria of automotive and
aerospace applications for lightweight, crashworthy, and
fatigue-resistant materials.
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