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Abstract
Thermoset composites, commonly used in aerospace applications, offer excellent mechanical strength but face challenges 
related to repairability, recyclability, and limited energy absorption. As industries increasingly shift towards sustainable and 
damage-resistant materials, glass fibre-reinforced thermoplastics incorporating nanofillers, such as graphene, have attracted 
growing attention for their ability to enhance mechanical performance and durability under demanding service conditions. 
The main objective of this review is to evaluate and optimise glass fibre-reinforced thermoplastic composites modified with 
silane treatment and nanofillers through the implementation of a quasi-isotropic stacking sequence mechanism. This study 
reviews and analyses previous research that primarily involved the extrusion of thermoplastics with graphene nanofillers, 
followed by mechanical (tensile and impact) and thermal evaluations, as well as morphological assessments using scan-
ning electron microscopy to examine the effects of fibre treatment, mesh configuration, and nanofiller dispersion. Findings 
from these studies reveal that the inclusion of graphene nanofillers in glass fibre-reinforced thermoplastic composites can 
enhance tensile strength by approximately 16%, improve impact resistance by 37–78%, and increase thermal stability by 
15–20%. Overall, this review concludes that the addition of graphene significantly improves mechanical strength, thermal 
stability, and energy absorption, addressing performance and sustainability concerns in high-demand sectors. The insights 
presented also highlight potential pathways for future work aimed at refining composite composition, improving durability, 
and broadening industrial applications.
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1  Introduction

Composite materials are engineered by combining two or 
more distinct constituents to achieve superior properties 
unattainable by individual materials. Amongst various com-
posites, polymer matrix composites (PMCs) have gained 
prominence for their versatility, lightweight nature, and 
adaptability to structural needs [1, 2]. Applications range 
from reinforced concrete in infrastructure [3] to PMCs in 
electronics [4] and wind turbine blades [5]. In aerospace, 
PMCs like glass fibre-reinforced polymers (GFRP) have 
demonstrated considerable promise due to their high 
strength-to-weight ratios and durability under operational 
stresses [6].

In recent years, thermoplastic composites have gained 
substantial attention as next-generation materials for sus-
tainable structural applications. Unlike thermoset matrices 
that harden irreversibly and are difficult to recycle, thermo-
plastics offer the advantages of reprocessability, weldability, 
and high impact resistance, making them promising alter-
natives in sectors seeking greener manufacturing solutions 
[7]. Within this context, thermoplastic composites such as 
acrylonitrile butadiene styrene (ABS) are being explored 
as sustainable alternatives to thermosets, which face chal-
lenges in recyclability and environmental compliance [7]. 
To enhance the mechanical performance of glass fibre/
thermoplastic composites, hybridization with graphene has 
been introduced. Owing to its exceptional tensile strength, 
stiffness, and multifunctional characteristics, graphene sig-
nificantly improves the overall performance of thermoplastic 
composites [8–10]. The hybridised system offers benefits 
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including improved fatigue life, impact resistance, and load-
bearing capability, rendering it ideal for aerospace and struc-
tural applications [11, 12]. This combination of glass fibre, 
graphene, and thermoplastic presents a promising composite 
solution for modern engineering challenges. However, pre-
vious studies have largely focussed on conventional stack-
ing arrangements or randomly oriented fibre systems, leav-
ing limited insight into how structural design, particularly 
stacking sequence, affects the energy absorption behaviour 
of these hybrid composites.

Previous researchers have employed various fabrication 
and characterisation techniques to investigate these systems. 
Typically, glass fibres were treated with silane coupling 
agents to enhance fibre–matrix adhesion and interfacial 
bonding. The thermoplastic matrix, primarily acryloni-
trile butadiene styrene (ABS), was melt-compounded with 
graphene nanoplatelets (GNPs) through twin-screw extru-
sion to achieve homogeneous dispersion. Laminates were 
subsequently fabricated using compression moulding or 
hot pressing, with glass fibre mats stacked in orientations 
such as [0°/ ± 45°/90°] to obtain quasi-isotropic properties. 
The resulting composites were then evaluated via tensile, 
flexural, and impact tests (ASTM D638, D790, and D256), 
thermal analyses using TGA and DSC, and morphological 
examinations by SEM to study fibre–matrix interfaces and 
fracture behaviour [13–16].

Despite their superior mechanical performance, hybrid-
ised graphene glass fibre/thermoplastic composites exhibit 
limitations in energy absorption capacity, particularly under 
complex loading scenarios. Although graphene and glass 
fibre reinforcement enhance strength and stiffness, its abil-
ity to dissipate impact energy efficiently remains a chal-
lenge in crash-sensitive or high-strain-rate applications. 
Traditional unidirectional or simple layup arrangements do 
not offer sufficient resistance to multi-axial loads, which 
leads to inadequate energy dissipation. The quasi-isotropic 
stacking sequence has therefore been proposed as a prom-
ising structural design to overcome these shortcomings. 
By arranging the fibres symmetrically in different orienta-
tions, this approach improves mechanical consistency in all 
directions, potentially boosting both energy absorption and 
overall structural integrity [13, 14]. However, the combined 
effects of nanofillers, such as graphene hybridization and 
quasi-isotropic stacking in glass fibre/thermoplastic com-
posites, remain underexplored. This study aims to address 
this research gap by investigating how quasi-isotropic stack-
ing can mitigate the observed decline in energy absorption 
performance, thereby offering a novel pathway to enhance 
composite toughness and reliability.

Energy absorption refers to a material’s capacity to dis-
sipate energy when subjected to impact or deformation, an 
essential property for critical applications in aerospace, 
automotive, and defence sectors. Mechanical performance 

includes key characteristics, such as tensile strength, flex-
ural modulus, and fatigue life. In hybridised graphene glass 
fibre/ABS composites, energy absorption is influenced by 
several factors, including the fibre layout, matrix–reinforce-
ment bonding, and stacking configuration. A quasi-isotropic 
stacking sequence, involving fibre layers at 0°, ± 45°, and 
90°, provides near-uniform mechanical properties in the in-
plane directions. This arrangement increases resistance to 
delamination, crack growth, and residual stress concentra-
tion [15, 16]. Such a configuration ensures better energy dis-
sipation under impact by distributing loads more evenly and 
delaying failure [17]. When employed alongside graphene 
nanoplatelets, which improve stiffness and load transfer, the 
synergistic effect contributes to improved energy dissipation 
and mechanical robustness. Thus, the integration of quasi-
isotropic stacking within hybridised composites promises a 
balanced enhancement of both energy absorption and struc-
tural integrity.

The key reason for employing a quasi-isotropic stack-
ing sequence is its ability to replicate isotropic behaviour 
in materials that are naturally anisotropic. Traditional 
layups, like unidirectional or angle-ply, often suffer from 
directional weaknesses, particularly under off-axis or trans-
verse loading. In contrast, quasi-isotropic laminates with 
their symmetric fibre orientation would ensure that stress is 
uniformly distributed, reducing peak stress concentrations 
and improving delamination resistance [13]. As reported by 
Modi et al. [13], symmetric laminates have a 25.39% greater 
inter-laminar shear strength (ILSS) compared to asymmetric 
laminates. In demanding applications such as aerospace or 
crash-intensive environments, this translates to greater dam-
age tolerance and longer service life. When combined with 
graphene reinforcement, the stacking sequence complements 
the enhanced stiffness and bonding provided by nanofillers, 
leading to improved structural stability under multi-direc-
tional loading. Thus, the quasi-isotropic stacking strategy 
is not only technically sound but also highly effective in 
enhancing mechanical performance and energy absorption.

From a mechanical perspective, the quasi-isotropic stack-
ing sequence modifies how internal stresses are distributed 
and how deformation occurs within the composite. By layer-
ing glass fibre sheets in orientations such as [0°/ ± 45°/90°], 
the composite achieves a more uniform stiffness and strength 
across the plane, unlike traditional layups where stress is 
concentrated along specific fibre directions [16]. This uni-
formity minimises von Mises stress peaks and suppresses 
crack initiation and delamination [15]. Moreover, this con-
figuration minimises interfacial debonding between the 
matrix and reinforcement, further enhancing the material’s 
energy absorption under dynamic loading [17]. The pres-
ence of nanofiller enhances these effects by strengthening 
the fibre–matrix interface and increasing overall stiffness, 
resulting in noticeable improvements in modulus, impact 
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resistance, and fatigue life. Experimental results by Bharathi 
et al. [16] also show that quasi-isotropic stacking reduces 
indentation damage and post-impact residual stresses, vali-
dating its effectiveness in real-world scenarios. Hence, the 
quasi-isotropic sequence acts as a design-level reinforce-
ment, strategically complementing material-level enhance-
ments provided by graphene.

With the growing demand for high-performance, light-
weight, and damage-tolerant materials in the aerospace 
and automotive industries, the exploration of novel com-
posite configurations has become essential. Whilst hybrid-
ised composites reinforced with graphene and glass fibres 
show significant potential, the optimization of their stacking 
sequences has not been sufficiently explored, particularly 
in thermoplastic matrices. Although numerous studies have 
investigated woven fibre systems, mesh reinforcements, and 
nanofillers, few have systematically examined how quasi-
isotropic layups influence energy absorption and mechanical 
behaviour when integrated with these reinforcements [10, 
12]. This review is motivated by the need to examine the 
complex interplay between material architecture and rein-
forcement mechanisms, and to identify the current research 
gaps that hinder progress in developing next-generation 
structural composites. The main objective is to evaluate 
the effectiveness of quasi-isotropic stacking sequences in 
enhancing the mechanical properties and energy absorp-
tion capabilities of hybridised graphene–glass fibre/ABS 
composites. Ultimately, this review aims to propose design 
guidelines for future composite systems that are better suited 
to withstand multi-directional loading in demanding engi-
neering environments.

2 � Fibre as Reinforcing Components 
in Composites

Fibre-reinforced thermoplastic composites are high-perfor-
mance materials that combine the advantageous character-
istics of thermoplastics with the strength of fibres, making 

them suitable for a wide range of applications, particularly 
in the automotive and aerospace sectors. These composites 
consist of fibres embedded within a matrix. Whilst the fibres 
provide strength and rigidity, the polymer matrix contributes 
to flexibility and ease of moulding. The interface between 
the fibres and the matrix is distinct and plays a vital role in 
maintaining the structural integrity of the composite dur-
ing processing [18]. Polymer composites typically comprise 
rigid, relatively hard fibres embedded in a matrix, which 
may be thermoset, thermoplastic, or elastomeric in nature. 
Commonly used reinforcing fibres include carbon, glass, 
aramid, and natural fibres [19].

2.1 � Woven Glass Fibre

Woven glass fibre is a key material in the development of 
composites, particularly hybrid composites. Its structure 
offers excellent tensile strength and flexibility, enabling 
broad application across various sectors. When combined 
with fibres such as basalt, it significantly improves the 
mechanical behaviour of composites, particularly in terms 
of elasticity and viscous flow [20]. Additionally, woven 
glass fibre enhances thermal stability by restricting poly-
mer chain mobility. Although hybridisation offers only mar-
ginal improvements in damping performance over single 
glass fibre-reinforced composites, all hybrid systems show 
enhanced damping characteristics compared to the unrein-
forced polyester matrix. Owing to its high strength-to-weight 
ratio and low density, woven glass fibre is widely employed 
in industries. Figure 1 illustrates the lamination process 
involving alternating layers of basalt and glass fibre plies.

The fabrication process involves cutting fibres into 
300 mm lengths, layering them in a steel mould, compress-
ing, applying resin, and allowing the composite to cure. This 
method is vital in producing high-performance hybrid com-
posites for engineering and industrial applications. Woven 
glass fibre composites consist of interlaced glass fibres 
arranged in a fabric-like structure [21]. They are preferred 
for their combination of mechanical robustness and design 

Fig. 1   Lamination sequence involving alternating layers of basalt and glass fibre plies (Haris et al. [20]) Creative Common CC BY license
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flexibility. Studies have shown that whilst woven flax com-
posites exhibit superior inter-laminar fracture toughness 
compared to conventional glass fibre composites, the hybrid-
isation of glass and flax fibres further enhances these frac-
ture properties. Acoustic emission analysis has been used 
to evaluate the failure mechanisms in such system. These 
composites are favoured in demanding sectors due to their 
lightweight nature and resilience under varying environmen-
tal conditions. The introduction of natural fibres like flax 
into glass fibre composites contributes to improved fracture 
resistance and sustainability.

Research into hybrid systems comprising basalt and 
glass fibres has demonstrated significant enhancements in 
mechanical performance. According to Sapuan et al. [22], 
a B22.5/G7.5 composite achieved a tensile strength of 
213.92 MPa, considerably higher than that of unmodified 
unsaturated polyester resin. The inclusion of basalt fibre 
also improved flexural strength and modulus. Failure was 
mainly attributed to bending and shear mechanisms, indi-
cating effective stress transfer from the matrix to the fibres. 
Scanning electron microscopy and SPSS software were used 
to analyse the fracture surfaces and validate the findings. In 
conclusion, woven glass fibre plays a crucial role in advanc-
ing high-performance hybrid composites due to its outstand-
ing tensile strength, flexibility, and lightweight nature. When 
hybridised with basalt or natural fibres, these composites 
exhibit enhanced mechanical properties, thermal stabil-
ity, and fracture toughness. The fabrication techniques and 
hybrid configurations discussed here highlight the promising 
role of woven glass fibre-reinforced composites in structural 
and engineering applications.

2.2 � Glass Fibre Wire Mesh Fibre

The integration of glass fibre with metal wire mesh as a 
hybrid reinforcement in polymer composites has shown con-
siderable promise in enhancing structural performance and 
resistance to damage. Glass fibre is widely employed due 
to its high tensile strength, low density, and cost-effective-
ness. However, its brittleness and vulnerability to impact and 
delamination limit its effectiveness under severe structural 
conditions. To overcome these limitations, metallic wire 
meshes are incorporated to improve toughness, crack-arrest-
ing ability, and energy absorption [23]. This hybrid approach 
combines the rigidity and lightweight nature of glass fibres 
with the ductility and impact resistance of wire mesh, mak-
ing it especially suitable for demanding applications.

Gokuldass et al. [24] highlighted the mechanical behav-
iour of hybrid composites composed of glass and Kevlar 
fibres, reinforced further with nanosilica and micro-rubber 
particles. The combination of E-Glass and Kevlar within 
an epoxy matrix enhances mechanical properties through 
efficient load transfer and strong interfacial bonding. The 

addition of nanosilica and micro-rubber toughens the epoxy, 
resulting in composites with improved tensile strength and 
flexural modulus compared to fibre reinforcement alone. 
This study underscores the critical role of fibre stacking 
sequences and careful selection of reinforcement materials 
in optimising composite performance.

The influence of mesh material, orientation, and surface 
treatment on the mechanical efficiency of wire mesh-rein-
forced composites has also been emphasised. In one study, 
two types of wire mesh, aluminium wire mesh (AWM) and 
copper wire mesh (CWM), were incorporated into hybrid 
natural fibre composites at orientations of 45° and 90° [25]. 
Both meshes enhanced the composites’ mechanical prop-
erties, with a 45° alignment notably improving stiffness, 
strength, and ductility. The wire meshes were cleaned with 
deionised water to promote optimal bonding, whilst chemi-
cal surface treatments were applied to enhance adhesion at 
the fibre–mesh interface. Figure 2 illustrates the orientation 
of jute fibres and the configurations of the aluminium and 
copper wire meshes.

Liu et al. [26] examined the use of 304 stainless-steel wire 
mesh (SWM), with a tensile strength of 800 MPa, as rein-
forcement in 3D concrete printing. The mesh was provided in 
sizes of 400 mm × 100 mm and 100 mm × 100 mm and was 
embedded in multiple layers within the printed concrete to 
ensure optimal contact and reduce delamination risk. Their 
results showed significant improvements in mechanical perfor-
mance, maximum load capacity, and deflection behaviour, out-
performing random steel fibre reinforcements in shear strength 
and structural efficiency. Consequently, SWM is considered an 
effective reinforcement strategy for 3D-printed concrete struc-
tures. Table 1 summarises various applications of fibreglass 
and wire meshes in composite materials.

3 � Configurations and Designs of Hybrid 
Composites

A composite comprising two or more types of fibre embed-
ded within a single polymer matrix is generally referred to 
as a hybrid fibre composite. The development of such com-
posites requires the careful selection and treatment of fibres 
to optimise both cost and performance [31]. Studies have 
shown that incorporating glass fibres with natural fibres, 
such as jute, Napier, abaca, hemp, or banana, significantly 
enhances the mechanical properties compared to compos-
ites reinforced with a single-fibre type [32–35]. Various 
industries have adopted the hybridisation of natural fibres 
in the fabrication of composite products. For example, Flex 
Form technology employed hemp/kenaf hybrid composites 
in the production of door panels for the Chrysler Sebring 
[31]. Swolfs et al. [36] highlighted that fibre hybridisation in 
polymer composites can effectively improve the toughness 
and strength of the material.
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In recent years, hybrid composites have attracted con-
siderable attention due to their superior mechanical charac-
teristics, including improved strength, stiffness, and impact 
resistance. By blending different fibre types—such as glass, 
basalt, or natural fibres—these composites can take advan-
tage of the distinct benefits of each constituent, resulting in 
better overall performance than single-fibre systems [37]. 
Hybrid composites are formed by integrating multiple rein-
forcing fibres into a single polymer matrix to elevate the 
composite’s performance. The resulting combination may 
lead to either a synergistic enhancement or a reduction in 
properties, depending on the compatibility and arrangement 
of the fibres. Typically, hybrid fibres can be configured in 
one of three main ways: (1) interlayer, (2) yarn-by-yarn, and 
(3) fibre-by-fibre, as illustrated in Fig. 3.

4 � Fibre Reinforcement and Its 
Configurations

Reinforcing fibres, such as carbon, glass, and aramid, pro-
vide exceptional strength, stiffness, and fatigue resistance to 
composites. Unlike the more ductile matrix, which deforms 
under load, the fibres bear most of the applied stress [38]. 
The interplay between the flexible matrix and the rigid fibres 
provides a well-balanced combination of strength and dura-
bility. Whilst the matrix is responsible for absorbing and dis-
sipating impact energy, the fibres maintain the composite’s 
structural integrity, thereby preventing failure [39]. A key 
factor influencing the mechanical behaviour of fibre-rein-
forced composites is the fibre stacking sequence in which the 
specific arrangement and orientation of fibre layers within 

the matrix [40]. This structural configuration significantly 
affects properties, such as tensile strength, stiffness, and 
resistance to environmental degradation. The manner in 
which fibre layers are stacked determines how loads are dis-
tributed and absorbed throughout the material, making it a 
critical design consideration in applications where reliability 
and long-term performance are essential. To achieve opti-
mal mechanical performance, stacking sequences are care-
fully designed to meet specific engineering requirements. 
Common configurations include unidirectional layers for 
maximum strength along a single axis, cross-ply arrange-
ments to enhance strength in perpendicular directions, and 
quasi-isotropic sequences that mimic the uniformity of iso-
tropic materials [41, 42]. These arrangements ensure that 
the composite structure can effectively resist varied loading 
conditions without compromising its integrity.

The choice of stacking sequence is typically tailored to 
suit the composite's intended application. For instance, in 
aerospace engineering, cross-ply and quasi-isotropic lay-
ups are frequently used to balance stiffness and flexibility 
under multi-directional stress [43]. In contrast, automotive 
and sports equipment industries often employ optimised 
stacking strategies to maximise performance whilst reduc-
ing overall weight, emphasising the importance of precise 
fibre orientation [44]. Ultimately, the superior properties of 
fibre-reinforced composites are the result of the synergistic 
relationship between the matrix and the fibres. The matrix 
not only facilitates stress transfer and ease of manufacturing 
but also protects the fibres from environmental exposure. 
Meanwhile, the fibres provide the composite with its pri-
mary mechanical strength and stiffness. A summary of the 

Fig. 2   Hybrid configurations of AWM and CWM composites
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fibre orientations and contents adopted from previous studies 
is presented in Table 2.

4.1 � Quasi‑isotropic Stacking Sequence Mechanism

Quasi-isotropic fibre stacking is a structural design meth-
odology in composite materials intended to replicate the 
uniform mechanical properties of isotropic materials, such 
as metals. In contrast to unidirectional or cross-ply lami-
nates that focus on loading orientations, quasi-isotropic 
stacking provides uniform strength and stiffness in all in-
plane directions by arranging fibre layers at various angles 
which typically at 0°, ± 45°, and 90° [50]. This approach is 
especially advantageous for components exposed to multi-
axial stresses or erratic loading conditions, as it provides a 
uniform response to pressures exerted from any direction.

The correlation between quasi-isotropic stacking and the 
50/40/10 rule is essential for attaining optimal performance. 
In a quasi-isotropic laminate, around 50% of the fibres are 
aligned with the principal load direction (0°), 40% are ori-
entated at ± 45° to address shear stresses, and 10% are posi-
tioned perpendicular to the primary load direction (90°) 
to enhance stability and counteract transverse forces [51]. 
This equitable distribution guarantees consistent mechanical 
characteristics and improves the composite's resistance to 
prevalent failure modes, including delamination, buckling, 
and fatigue. This rule's application guarantees that quasi-
isotropic designs optimise material efficiency whilst main-
taining structural integrity.

Quasi-isotropic stacking is extensively utilised in indus-
tries where performance under multi-directional loads is 
essential. In aerospace, aircraft fuselage panels and wing 

Fig. 3   Hybrid fibre configura-
tions: a interlayer; b yarn-by-
yarn; and c fibre by-fibre Repro-
duced with permission from 
[36]. Copyright 2014 Elsevier

Table 2   Effect of fibre orientations in fibre-reinforced polymer composites

Fibre orientation & fibre content Fibre + matrix Mechanical properties’ improvement Ref

0–1 with 0.1 steps
10 wt%, 20 wt%, 30 wt%, 40 wt%

E-Glass fibre-reinforced polypropylene Tensile strength escalates with fibre content and align-
ment, although diminishes with anisotropy. Enhanced 
fibre orientation leads to elevated tensile strength, but 
anisotropic composites reduce strength by 10%

[45]

0° (unidirectional)
90° (transverse directional)
0°/90° (bidirectional)
45°/45°

E-Glass fibre-reinforced epoxy The composite exhibited a significant ultimate tensile 
strength of 747.86 ± 10.1 MPa for [0°] s fibre, with 
notable improvement in 0° and 0°/90° orientations. 
The maximum tensile modulus was 14.23 ± 8.16 
GPa at a 0° fibre orientation, whereas the maximum 
flexural strength was 129.74 ± 12.2 MPa

[46]

0/90°
0/45°

Bi-woven glass fibre-reinforced resin
Graphite fibre-reinforced polymer

Laminates with a 0/45° orientation demonstrated 
exceptional flexural strength

[47]

0°
45°
90°

Continuous E-glass fibre-reinforced epoxy
Discontinuous E-glass fibre-reinforced epoxy

The impact strength is influenced by the angle of incli-
nation, ranging from a minimum of 90° to a high of 
0°, with a constant at 45°

[48]

For square tubes S1 and S2:
(0°, 50°, − 50°, 0°, − 50°, 50°, 0°)
(mat, − 45°, 0°, 45°, mat)
For C1 and C2 circular tubes:
(0°, 56°, − 56°, 0°, − 56°, 56°, 0°)
(0°, 71°, − 71°, 0°, − 71°, 71°, 0°)

Pultruded glass fibre-reinforced polymer 
(PFRP) tubes reinforced polyester and resin

The compressive strength of the S2 square tube exceeds 
that of S1 by 14.3%, attributable to a reduced plate 
slenderness ratio. S1 square tube specimens exhibit 
elevated tensile stress and modulus. Circular tubes 
possess marginally greater load capacity and com-
pressive strength

[49]
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components frequently utilise quasi-isotropic laminates to 
manage the intricate stresses during flight [52]. In vehicle 
engineering, body panels and structural components simi-
larly benefit from this methodology by preserving durability 
whilst reducing weight [53]. In maritime applications, where 
wave-induced forces fluctuate significantly, quasi-isotropic 
composites offer a resilient alternative for hulls and undersea 
structures [54]. This design versatility highlights the use-
fulness and adaptability of quasi-isotropic stacking across 
several technical domains.

Recent advancements in manufacturing techniques, such 
as automated fibre placement (AFP) and 3D weaving, have 
further enhanced the precision and efficiency of producing 
quasi-isotropic laminates [55]. These methods allow for 
accurate fibre alignment and layer placement whilst mini-
mising material waste, thus ensuring consistent quality and 
performance. Additionally, computational modelling tools 
have become indispensable for optimising quasi-isotropic 
designs, enabling engineers to simulate complex multi-axial 
loading scenarios and refine stacking sequences accordingly. 
As composite technologies continue to evolve, the integra-
tion of quasi-isotropic stacking with advanced manufactur-
ing and simulation techniques will remain central to the 
development of high-performance, structurally efficient 
materials.

4.2 � 50/40/10 Rule

The fibre stacking sequence mechanism is essential in com-
posite material design, as the arrangement and orientation of 
fibre layers dictate the material's mechanical properties. This 
technique guarantees optimal load distribution and struc-
tural integrity in diverse situations. A prevalent principle 
in stacking design is the 50/40/10 rule [56], which offers a 
framework for equilibrating strength, stiffness, and stability 
across various loading orientations.

The 50/40/10 rule dictates that around 50% of the fibres 
in a laminate should be aligned with the major load-bearing 
direction, 40% with secondary directions, and the remaining 
10% with shear-resisting orientations. This distribution guar-
antees that the composite is optimum for both uniaxial and 
multi-axial loads, hence minimising the danger of delami-
nation and failure [57]. In cross-ply designs, this principle 
may be used to layer orientations like [0°, ± 45°, 90°], ensur-
ing the requisite strength for various operational situations 
[58]. This criterion is essential in practical applications for 
industries like aerospace and automobile manufacturing, 
where weight reduction and structural integrity are critical. 
Using the 50/40/10 rule, engineers can design fibre stack-
ing sequences that ensure uniform stress distribution whilst 
preserving the composite's durability against fatigue and 
environmental factors. The regulation additionally facilitates 

quasi-isotropic design, which is especially beneficial for 
components subjected to intricate loading conditions.

With the advancement of composite production, auto-
mated technologies and sophisticated simulation tools are 
employed to accurately apply the 50/40/10 rule in fibre 
stacking processes. These advancements improve the uni-
formity and efficacy of composite manufacturing, allowing 
for materials with customised qualities to satisfy the require-
ments of advanced applications. This method closely resem-
bles quasi-isotropic designs, wherein fibre orientations rep-
licate isotropic characteristics by uniformly spreading layers 
across various directions, hence assuring uniform strength 
and stiffness throughout the composite structure.

5 � Fibre Structure and its Modifications 
via Coupling Agent

The structural characteristics of reinforcing fibres are 
critical to the mechanical performance and reliability of 
fibre-reinforced thermoplastic composites. Both internal 
features including molecular alignment and crystallinity 
[59] as well as external attributes such as surface mor-
phology [60], govern how fibres interact with the matrix 
and respond under mechanical stress. Fibres are typically 
composed of highly aligned molecular chains or crystal-
lites, which contribute to their tensile strength, stiffness, 
and dimensional stability [61, 62]. The degree of align-
ment and crystallinity differs across fibre types, signifi-
cantly influencing their reinforcement efficiency within 
the composite. However, the internal structure alone does 
not determine fibre effectiveness. The external surface 
characteristics of the fibres are equally vital, particularly 
in establishing a strong fibre–matrix interface. A well-
bonded interface ensures efficient stress transfer between 
the fibre and matrix, which is essential for optimising the 
mechanical integrity of the composite [63]. Fibres with 
smooth or chemically inert surfaces often demonstrate 
poor interfacial bonding, leading to weak load transfer and 
reduced durability of the composite [64, 65].

To address this limitation, surface modification tech-
niques are widely employed to enhance fibre–matrix 
adhesion. These include chemical treatments, such as 
alkali or silane functionalisation, plasma activation, and 
mechanical abrasion [66]. Each method aims to alter the 
fibre surface either by introducing reactive functional 
groups, increasing surface roughness, or improving wet-
tability. Such modifications are designed to strengthen the 
chemical and mechanical interactions between the fibre 
and the thermoplastic matrix, ultimately improving tensile 
properties, impact resistance, and long-term stability of 
the composite material [67]. Moreover, the role of cou-
pling agents becomes increasingly important in promoting 
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fibre–matrix compatibility, especially for thermoplastic 
systems. In these composites, the matrix acts not only as 
a binder but also as a medium for stress transfer between 
fibres. Effective surface treatments, particularly with the 
aid of coupling agents such as silanes for glass fibres or 
other chemical modifiers for carbon and aramid fibres, can 
create covalent or hydrogen bonds at the interface. These 
bonds facilitate better load distribution and reduce the 
likelihood of interfacial failure, resulting in a more robust 
and durable composite [68, 69].

Coupling agents play a vital role in enhancing this 
interface. By improving interfacial bonding, they ensure 
efficient stress transfer and increase the durability of the 
composite under various conditions. Untreated fibres gen-
erally exhibit poor adhesion to the thermoplastic matrix 
due to mismatches in surface chemistry and physical 
properties [70]. For instance, glass fibres are inherently 
hydrophilic, whereas thermoplastic matrices are often 
hydrophobic, leading to weak interfacial bonding and 
ineffective load transfer [71]. The importance of coupling 
agents becomes even more evident when considering the 
structural features and functional demands of different 
fibres. Whether dealing with the high rigidity of carbon 
fibres or the quasi-isotropic nature of glass fibres, effec-
tive stress transfer is essential for optimal performance. 
Coupling agents facilitate this by creating a cohesive inter-
facial layer that not only enhances mechanical properties 
but also increases resistance to environmental factors such 
as moisture ingress [63]. Additionally, coupling treatments 
address issues related to fibre surface morphology. Rough 
or porous fibre surfaces contribute to mechanical inter-
locking, whilst chemical modifications further strengthen 
adhesion at the molecular level [72]. This synergy between 
the thermoplastic matrix, fibre architecture, and surface 
treatment allows for the fabrication of composites with 
tailored properties. A well-designed interface incorporat-
ing appropriate coupling agents enables the reconciliation 
of differing material properties, enhancing both mechani-
cal strength and environmental resilience. In summary, 
the integration of coupling agents in fibre treatment is 
a key strategy in the development of fibre-reinforced 
thermoplastic composites. This approach not only max-
imises composite performance but also opens avenues 
for more sustainable, versatile, and innovative material 
solutions across various industries. To further illustrate 
these improvements, Table 3 provides a summary of pre-
vious research on the use of silane coupling agents in 
hybrid fibre-reinforced polymer composites. In brief, the 
mechanical performance of fibre-reinforced thermoplastic 
composites is governed by a combination of internal fibre 
structure, surface characteristics, and interfacial chemis-
try. Continuous advancements in fibre modification tech-
niques, defect control, and coupling agent technologies are 

driving the development of high-performance composites 
tailored for demanding applications in sectors.

6 � Thermoplastic Matrix

Thermoplastic polymers have gained popularity as matrix 
materials for fibre-reinforced composites due to several 
advantages over thermosetting resins. Their ability to soften 
and be reshaped when heated offers excellent reprocessabil-
ity, impact resistance, and environmental durability. Moreo-
ver, their notable fracture toughness and shorter processing 
times make them well suited for applications requiring rapid 
production and recyclability. Common thermoplastics used 
in composites include acrylonitrile butadiene styrene (ABS), 
polypropylene (PP), polyether ether ketone (PEEK), and 
polyethylene terephthalate (PET), each with unique perfor-
mance characteristics. Thermoplastics can be softened and 
melted upon heating, enabling faster manufacturing com-
pared to thermoset materials. They exhibit superior ductility 
and impact resistance and can be joined through various 
welding techniques. The properties of thermoplastic matrix 
composites depend significantly on the choice of matrix and 
fibre reinforcements, with E-glass fibres often preferred for 
their cost-effectiveness. In the automotive sector, short, ran-
domly oriented fibres are commonly employed; however, 
this may affect the composite’s isotropy. The incorporation 
of fibres and fillers into thermoplastic matrices enhances 
mechanical strength, improves thermal stability, and reduces 
mould shrinkage, making these composites ideal for a broad 
range of automotive applications.

The fabrication of thermoplastic polymer composites 
(PPCs) involves diverse methods, such as film stacking and 
compression moulding, each with specific processing param-
eters that strongly influence the mechanical performance. 
Processing pressure plays a vital role in achieving optimal 
fibre–matrix adhesion whilst minimising issues like fibre 
relaxation and shrinkage. Similarly, compaction temperature 
is critical; higher temperatures generally improve the flex-
ural modulus, although excessive heat can degrade mechani-
cal properties if not carefully controlled. The mechanical and 
thermal performance of thermoplastic PPCs is influenced by 
factors, including the polymer’s molecular weight, morphol-
ogy, and the fabrication technique employed. As noted by 
Qiao et al. [83], thermal stability is particularly important for 
applications involving elevated temperatures, with process-
ing methods directly affecting the final properties.

Thermoplastic matrices offer key advantages in process-
ability and recyclability. Unlike thermosets, which harden 
permanently, thermoplastics can be remoulded and repro-
cessed using heat. This not only simplifies manufacturing 
techniques like injection moulding, compression moulding, 
and thermoforming, but also supports material recovery and 
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reuse at end-of-life. The combination of high mechanical 
performance and recyclability positions these composites 
as a sustainable alternative to traditional materials, address-
ing increasing environmental demands. For instance, ABS 
is a widely used thermoplastic known for its durability, ease 
of manufacturing, and aesthetic appeal. It is a copolymer 
composed of acrylonitrile, butadiene, and styrene, each con-
tributing distinct properties: acrylonitrile improves chemical 
and thermal resistance, butadiene enhances toughness and 
impact strength, and styrene provides rigidity whilst facili-
tating processing. Despite its favourable properties, ABS 
has certain limitations, particularly its relatively low heat 
distortion temperature, which ranges between 100 °C and 
110 °C. This can adversely affect its mechanical perfor-
mance at elevated temperatures, as noted by Tambrallimath 
et al. [84]. However, incorporating nanofillers like graphene 
can significantly enhance its characteristics. For example, 
the addition of a graphene-based additive (Sb-Mo/Br-rGO) 
to ABS has been shown to markedly improve its thermal 
stability, tensile strength, and elastic modulus which yield-
ing a 31% increase in tensile strength and a 73% increase in 
elastic modulus.

Such improvements not only boost the material’s perfor-
mance but also enhance its safety and adaptability across 
various applications [85]. Furthermore, the thermoplastic 
matrix in composites plays a vital role in stress transfer, 
ensuring that loads are evenly distributed across the fibres 
to prevent localised failure, which could otherwise compro-
mise the material’s structural integrity. The characteristics 
make ABS a preferred material across various industries, 
such as automotive, electronics, and consumer goods for 
applications, including vehicle parts, protective gear, and 
even LEGO bricks. Its lightweight nature, machinability, and 
ability to be moulded into complex shapes further contribute 
to its versatility for both industrial and everyday use.

7 � Nanofillers as Additives in Composites

In aerospace technology, where the strength-to-weight ratio 
and toughness are paramount, incorporating nanofillers such 
as graphene nanoplatelets (GNPs) into fibre-reinforced com-
posites has shown great promise. The nanofillers such as 
GNPs possess exceptional mechanical, thermal, and elec-
trical properties, making them multifunctional additives 
that enhance composite performance [86]. When dispersed 
within the matrix, the nanofillers improve resin–fibre inter-
facial bonding, leading to better load transfer and increased 
resistance to crack initiation and propagation. According to 
Iqbal et al. [87], the presence of nanofiller such as GNPs 
delays critical crack formation and extends the fatigue life 
of composites, which is especially valuable in structural 
applications.Ta

bl
e 

3  
(c

on
tin

ue
d)

Ty
pe

 o
f s

ila
ne

C
on

c.
 u

se
d

M
ec

ha
ni

ca
l i

m
pr

ov
em

en
t

M
or

ph
ol

og
ic

al
 su

rfa
ce

 im
pr

ov
em

en
t

Re
fs

3-
am

in
op

ro
py

ltr
ye

th
ox

ys
ila

ne
 (3

-A
PE

) t
re

at
ed

 o
n 

Sh
or

t 
gl

as
s fi

br
e-

re
in

fo
rc

ed
 p

ol
yb

ut
yl

en
e 

te
re

ph
th

al
at

e 
(P

B
T)

–
Th

e 
re

te
nt

io
n 

of
 te

ns
ile

 st
re

ng
th

 in
 tr

ea
te

d 
SG

F-
PB

T 
ha

s 
in

cr
ea

se
d 

to
 7

6.
8%

, i
n 

co
nt

ra
st 

to
 th

e 
un

tre
at

ed
 S

G
F-

PB
T 

at
 5

9.
3%

Th
e 

in
flu

en
ce

 o
f 3

-A
PE

 si
la

ne
 c

ou
pl

in
g 

ag
en

t o
n 

en
ha

nc
in

g 
in

te
rfa

ci
al

 b
on

di
ng

 q
ua

lit
y 

is
 a

pp
ar

en
t f

ro
m

 
th

e 
su

rfa
ce

 c
ha

ra
ct

er
ist

ic
s o

f t
he

 S
G

F.
 T

he
 e

ffi
ca

cy
 o

f 
str

es
s t

ra
ns

m
is

si
on

 fr
om

 th
e 

PB
T 

m
at

rix
 to

 th
e 

SG
F 

ha
s i

m
pr

ov
ed

 w
ith

 th
e 

in
cl

us
io

n 
of

 3
-A

PE

[8
0]

N
-p

he
ny

l-1
-a

m
in

op
ro

py
ltr

im
et

ho
xy

si
la

ne
0 

w
t%

0.
5 

w
t%

1 
w

t%
1.

5 
w

t%
2 

w
t%

2.
5 

w
t%

Th
e 

fix
at

io
n 

in
cr

ea
se

s w
ith

 d
ec

re
as

e 
in

 si
la

ne
 c

on
ce

nt
ra

-
tio

n
Th

e 
in

cr
ea

se
d 

th
ic

kn
es

s o
f s

ila
ne

 c
oa

tin
g 

pr
ev

en
ts

 th
e 

bo
nd

in
g 

vi
a 

si
lo

xa
ne

 li
nk

ag
e 

to
 th

e 
gl

as
s fi

br
e 

su
rfa

ce
[8

1]

Tr
ie

th
ox

y-
si

la
ne

 tr
ea

te
d 

on
 P

in
ea

pp
le

 le
af

 fi
br

e-
re

in
-

fo
rc

ed
 p

ol
ye

ste
r r

es
in

–
Te

ns
ile

 p
ro

pe
rti

es
 im

pr
ov

e 
w

ith
 fi

br
e 

le
ng

th
 u

p 
to

 
20

 m
m

 in
 p

ol
ye

ste
r c

om
po

si
te

s, 
lik

el
y 

du
e 

to
 u

ne
ve

n 
di

str
ib

ut
io

n 
w

ith
in

 th
e 

m
at

rix
. P

A
LF

 c
om

po
si

te
s 

de
m

on
str

at
e 

a 
pe

ak
 te

ns
ile

 st
re

ng
th

 o
f 5

7.
4 

M
Pa

 a
nd

 
ex

hi
bi

t l
ow

 w
ea

r r
es

ist
an

ce
. A

t 2
5 

m
m

, t
en

si
le

 st
re

ng
th

 
di

m
in

is
he

s d
ue

 to
 c

om
pl

ic
at

io
ns

 a
t t

he
 re

si
n-

fib
re

 
co

nt
ac

t, 
im

pa
iri

ng
 st

re
ss

 tr
an

sm
is

si
on

 e
ffi

ci
en

cy

Th
e 

SE
M

 m
or

ph
ol

og
y 

of
 th

e 
cr

ac
ke

d 
su

rfa
ce

 o
f P

A
LF

 
co

m
po

si
te

 sa
m

pl
es

 e
xh

ib
ite

d 
a 

un
ifo

rm
ly

 sm
oo

th
 su

r-
fa

ce
, s

ig
ni

fy
in

g 
qu

ic
k 

cr
ac

k 
pr

op
ag

at
io

n 
an

d 
de

cr
ea

se
d 

fr
ac

tu
re

 to
ug

hn
es

s

[8
2]



	 Fibers and Polymers

7.1 � Graphene

Graphene, a single layer of carbon atoms arranged in a two-
dimensional honeycomb lattice, is renowned for its exceptional 
mechanical, electrical, and thermal properties. It is approxi-
mately 200 times stronger than steel by weight, making it a 
highly effective reinforcement for thermoplastic composites. 
When incorporated into fibre-reinforced thermoplastics, gra-
phene significantly improves mechanical performance by 
enhancing interfacial bonding due to its large surface area, 
which promotes better load transfer between fibres and matrix. 
Beyond mechanical strength, graphene also provides excellent 
electrical conductivity, making graphene composites ideal for 
electronics, electromagnetic shielding, and sensor applications. 
Its superior thermal conductivity aids heat dissipation, protect-
ing components from overheating and extending their lifespan 
in harsh thermal environments. Graphene also improves envi-
ronmental resistance by protecting composites from UV degra-
dation, moisture, and temperature fluctuations. Additionally, it 
enhances fatigue resistance, allowing composites to withstand 
repeated loading, which is critical for automotive and wind 
turbine parts. Overall, the integration of graphene enables 
the development of lightweight, durable, and multifunctional 
composites suited for demanding industries. Ongoing research 
continues to expand their potential, driving advances in sus-
tainable, high-performance materials. Table 4 shows the sum-
maries of graphene from previous research.

The addition of 0.2 wt.% GNP to GFRP and carbon fibre-
reinforced polymer (CFRP) composites has been shown to 
increase tensile strength and modulus of elasticity, confirm-
ing GNP’s effectiveness as a reinforcing agent [94]. Con-
versely, the same GNP content in aramid fibre-reinforced 
polymer (AFRP) composites did not produce a similar 
improvement in tensile strength, indicating a distinctive 
interaction between aramid fibres and GNP. The inclusion 
of GNP also increased the carbon content in the composites, 
likely due to its presence.

Hashim et al. [95] investigated the mechanical behaviour 
of unidirectional basalt fibre composites reinforced with 
hybrid graphene nanoplatelet-nanosilica fillers. Their results 
demonstrated that these hybrid nanofillers significantly 
enhanced both flexural modulus and strength. Amongst the 
tested composites, the variant labelled FRP-H0.2 exhib-
ited superior performance, attributed to reduced nanofiller 
agglomeration and improved dispersion. The study also 
revealed that unidirectional basalt fibre composites possess a 
specific modulus approximately 28% higher than glass fibre 
composites. These findings suggest that hybrid nanofillers 
can substantially improve the mechanical properties of basalt 
fibre composites, positioning them as a promising alternative 
to traditional glass fibre composites. Figure 4 compares the 
specific modulus and specific strength of various FRP com-
posites based on literature and the current study’s results. 

As shown in Fig. 4, basalt fibre stands out as a beneficial 
reinforcement material due to its high specific stiffness and 
strength. The incorporation of hybrid nanofillers further 
enhances the specific stiffness of both basalt and glass fibre 
composites, thanks to their low density. Notably, the specific 
modulus of basalt fibre exceeds that of glass fibre by 28%.

8 � Energy Absorption and Failure 
Mechanisms

Understanding the energy absorption capacity and failure 
behaviours of fibre-reinforced composites is vital for evalu-
ating their performance under dynamic loading conditions, 
such as impact, crash, or ballistic events. These character-
istics dictate the extent to which a material can dissipate 
energy without compromising structural integrity [96]. 
Energy absorption in such composites is predominantly 
governed by the interaction between fibres and the polymer 
matrix, which dictates crack propagation, interfacial bond-
ing, and overall deformation behaviour. Hosseini and Raji 
[97] demonstrated that incorporating graphene nanoplate-
lets (GNPs) into glass fibre-reinforced ABS composites 
significantly enhanced their energy absorption under axial 
loading. By varying graphene content from 0 to 1.5 wt%, 
they observed that 1 wt% GNP yielded the highest specific 
energy absorption (6.48 kJ/kg), outperforming the control 
sample (4.12 kJ/kg). This improvement was attributed to 
enhanced matrix stiffening, crack arresting, and increased 
friction during progressive crushing. However, excess GNPs 
led to agglomeration, diminishing performance. This finding 
underlines the importance of optimising nanofiller content 
for maximising crashworthiness.

Complementary research by Erkek et al. [98] further 
validated the role of nanofillers. They fabricated crash 
boxes using hybrid composites of glass, aramid, and car-
bon fibres with 0.25–0.50% graphene. Amongst the con-
figurations, carbon-fibre composite with 0.50% graphene 
(C0.50 g) recorded the highest peak force (8.52 kN) and 
specific energy absorption (10.08 J/g). Notably, aramid-
based composites also exhibited considerable improve-
ments, attributed to enhanced interfacial adhesion due to 
graphene. These studies confirm that combining nanofill-
ers with carefully designed fibre architectures significantly 
improves impact resilience. However, a common shortfall in 
the literature is the omission of composite mass data that is 
an important factor in weight-sensitive applications, such as 
aerospace and automotive components. Composite materi-
als also exhibit a variety of failure mechanisms that affect 
their energy absorption capability and structural integrity. 
Amongst the most critical is delamination, which involves 
the separation of laminate layers. This can arise from man-
ufacturing defects, impact loading, inter-laminar stresses, 
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environmental exposure, or mismatched ply orientations. 
Wisnom [99] and Colombo et al. [100], highlighted how 
delamination, especially near the surface, drastically reduces 
fatigue life and bending stiffness in GFRP composites. Their 
modelling and experimental approaches revealed that trans-
verse matrix cracks initiate and propagate delamination, 
significantly undermining long-term durability.

Another major failure mode is debonding, particularly in 
sandwich structures with composite skins and honeycomb 
cores. Miou and Fan [101] employed ultrasonic C-scan 
(Fig.  5) and bond strength tests to study failure at the 
skin–core interface. Their findings indicated that extended 
holding times during bonding degraded the adhesive, caus-
ing debonding, especially in hybridised FRP structures. 
Tearing on the surface mirrored subsurface debonding, and 
maintaining a holding period below 6 h was recommended 
to preserve bond integrity.

Environmental ageing also contributes to degradation. 
Haider et al. [102] examined the effect of UV, humidity, 
and thermal cycling on nanofiller-reinforced radome com-
posites. Although dielectric performance remained stable, 
progressive interfacial deterioration was observed. Accel-
erated ageing of SiO₂-reinforced GFRP led to interlayer 
degradation from polymer plasticisation and internal stress 
(Fig. 6), though the materials retained sufficient mechanical 
performance for microelectronic applications.

Shear failure, a brittle and often sudden form of failure, 
occurs when forces act parallel to the material surface. It is 
especially problematic in impact and ballistic applications. 
Yooprasertchai et al. [103] found that GFRP-reinforced con-
crete beams were susceptible to shear or punching shear fail-
ure. By incorporating GFRP rods and optimising reinforce-
ment geometry such as radial arrangements, brittle failures 
were transformed into more ductile flexural modes, improv-
ing impact resistance and suggesting updates to ACI design 
codes. In high-velocity impacts, shear plugging becomes 
prominent. This failure mode involves the formation and 
ejection of a plug-like laminate segment due to concentrated 
impact energy. [104]. Choudhury et al. [105] found that the 
number of failed layers, ambient temperature, and impact 
energy influenced plug thickness and failure progression. 
The GNPs were shown to enhance inter-laminar toughness 
and shear resistance, thereby increasing the energy absorp-
tion capacity. Similarly, Saleh et al. [106] noted that shorter 
concrete beams were more prone to shear plugging under 
impact, but strategic placement of reinforcements trans-
formed brittle failures into more controlled responses. Sym-
metric shear failure, marked by fibre breakage and matrix 
cracking, can be effectively modelled using progressive 
damage theories and validated by finite-element methods 
[107].

Shear plugging and delamination are particularly det-
rimental in radome applications, where electromagnetic Ta
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Fig. 4   Comparison of specific 
modulus and specific strength 
for natural fibre composites ver-
sus GFRP composites (Hashim 
et al. [95]) Creative Common 
CC BY license

Fig. 5   Failure modes experi-
enced FRP composites via ultra-
sonic c-scan inspection (Miao 
et al. [101]) Creative Common 
CC BY license

Fig. 6   Mechanical properties 
of the hybrid nanocomposites 
upon accelerated ageing (Haider 
et al. [102]) Creative Common 
CC BY license
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transparency and mechanical stability are essential. Impact 
forces, such as bird strikes or hail, can initiate failure at the 
impact site, propagating through the laminate and affecting 
dielectric function. Improvements in inter-laminar bonding, 
matrix selection, and fibre architecture are crucial to mitigate 
such failures. Hence, the energy absorption capacity and fail-
ure mechanisms of fibre-reinforced composites are closely 
linked to the material’s internal architecture, fibre–matrix 
interactions, and external environmental conditions. The 
incorporation of nanofillers has shown significant promise 
in enhancing crashworthiness and shear resistance, particu-
larly when optimally distributed within hybrid composite 
systems. However, the occurrence of failure modes, such 
as delamination, debonding, and shear plugging, remains a 
major concern, especially under dynamic loading and age-
ing conditions. Addressing these issues requires strategic 
design approaches, such as improved interfacial bonding, 
precise control of processing parameters, and the integration 
of toughening agents. This effort would ensure long-term 
durability and structural reliability of the composite system.

9 � Conclusion

This review examines the hybridisation of nanofiller such 
as graphene within glass fibre-reinforced thermoplastic 
composites, focussing on the influence of quasi-isotropic 
stacking sequences on enhancing composite performance. 
It highlights critical aspects in optimising composite per-
formance, including graphene loading, silane surface prepa-
ration, fibre–matrix compatibility, and stacking sequence. 
Quasi-isotropic stacking, characterised by non-uniform fibre 
orientations, exhibits enhanced in-plane property homogene-
ity and superior energy absorption compared to traditional 
layups. The integration of surface-treated fibres and nanofill-
ers inside a thermoplastic matrix facilitates the development 
of composites with balanced mechanical strength, enhanced 
thermal stability, and multi-axial stress resistance. The inte-
gration of configuration structure and composition material 
represents a significant advancement in the sustainable 
design of durable composite systems.

Thermoplastic-based hybrid composites are increasingly 
relevant in accordance with worldwide trends favouring 
recyclable, repairable, and high-performance materials, 
especially within the aerospace, automotive, and defence 
industries. Initiatives by industry and government aimed at 
sustainability have prompted a transition from thermoset 
to thermoplastic systems, with ABS emerging as a likely 
matrix. To achieve ideal thermal performance, literatures 
reveal that incorporation of graphene should be confined 
to a specific range of 0.2–0.5 wt%, as this ensures superior 
dispersion, reduces agglomeration, and enhances thermal 

conductivity whilst preserving structural integrity. Reviews 
on silane coupling agents such as APTES, show efficacious 
in fibre surface treatment; nevertheless, concentrations must 
be meticulously restricted generally not surpassing 1 wt% 
to prevent surface oversaturation and interfacial degrada-
tion. Furthermore, quasi-isotropic stacking sequences are 
favoured due to their multi-directional strength and damage 
resistance, making them ideal for components subjected to 
diverse stress situations. Their fibre orientations in symme-
try improve stress distribution and cracking resistance, mak-
ing them ideally suited for future structural applications that 
demand reliability, weight reduction, and energy absorption.
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