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Abstract

Fire safety is a crucial aspect of the industry, and Fire-Retardant Polymer Composites (FRPCs) have emerged as effective
materials for improving safety in industrial settings. They are developed by introducing fire retardant additives to reinforced
polymers, which improve their resistance to fire hazards. This review article explores the applications of FRPCs in various
industrial settings. FRPCs are widely used in the construction industry, where they are incorporated into building materi-
als like insulation, cables, and wall panels. They are also used in the transportation industry, where they are utilized in the
manufacture of vehicles like planes, trains, and cars. FRPCs find application in the energy sector, where they are used in
wind turbines, oil rigs, and electrical insulation. The effectiveness of FRPCs in improving fire safety is attributed to their
excellent thermal stability, low combustibility, and high char formation. These properties enable them to withstand the
high temperatures and combustion pressures associated with fire hazards. FRPCs have good mechanical properties, are
lightweight and easily processed, making them ideal for use in industrial settings. The various fire-retardant additives used
in FRPCs and the manufacturing techniques employed to create these materials were examined. This study highlighted the
advantages and limitations of FRPCs and discussed the current and potential future applications of these materials. The need
for continued research and development of FRPCs to improve their properties and increase their applications in industrial
settings was highlighted. FRPCs are effective materials for improving fire safety in industries. Their inherent properties and
ease of processing make them ideal for use in various industrial sectors and sustained research is required to improve their
properties and increase their range of application in industries.
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Introduction 2022). These treatments improve the material's ability to
resist ignition, extinguish flames, and prevent the spread of

The demand for fire-safe materials in industries has pro- fire.

pelled research on fire-retardant composites. Fire Retardant
Polymer Composites (FRPCs) are widely used in the indus-
try to improve safety in fire-prone environments (Hazwani
et al. 2021). They are designed to have high strength, stiff-
ness, and a low weight-to-strength ratio. However, these
materials are flammable and pose a risk to personnel and
equipment in the event of a fire. To reduce these risks,
FRPCs can be treated with a variety of fire retardants, rang-
ing from fillers like alumina trihydrate and magnesium
hydroxide to coatings like intumescent paints (Long et al.
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FRPCs have many applications, from aircraft interiors and
building insulation to electrical components and high-per-
formance vehicles. They can improve safety in these applica-
tions by reducing the risk of ignition and flame spread and
reducing the need for fire suppression equipment. FRPCs are
versatile materials that can be tailored to meet the specific
performance requirements of various applications (Bari and
Loganathan 2021). The use of fire retardants significantly
improves the safety of these materials in high-risk environ-
ments by reducing the risk of fire and protecting personnel
and equipment. Recent studies have emphasized the need
for materials that can withstand extreme heat while retain-
ing their mechanical properties. In a world that is increas-
ingly complex, safety and sustainability are critical concerns
across a range of industries. Fires pose significant risks to
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human life, property, and the environment, prompting ongo-
ing efforts to develop improved fire-resistant construction
materials (Goral et al. 2021). Among these advances, fire
retardant composites have emerged as a promising solution,
offering a comprehensive approach that combines high
structural integrity with enhanced fire and heat resistance.
This review rifles through fire-retardant composites, shed-
ding light on the fibres, polymers, additives, and fillers that
contribute to their fire resistance. It examines the crucial
roles each of these elements play in safeguarding materials
from the harmful effects of fire, catalyzing a revolution in
fire safety across multiple industries.

The evolution of fire-resistant materials over time show-
cases impressive progress, spanning from primitive tech-
niques to complex technical achievements. In ancient times,
civilizations stumbled upon the concept of fire resistance
and utilized natural materials such as clay and mud to insu-
late their dwellings (Rachoti and Akash 2022). However, as
technology advanced and societies developed, the need for
more sophisticated and reliable fire-resistant materials grew.
In recent years, progress in the field of fire-retardant com-
posites has been fueled by increasing demand for materials
that can withstand the challenges posed by fire and high
temperatures.

The importance of fire-retardant composites in contempo-
rary industry cannot be overstated. In today's rapidly urban-
izing world, the combination of structural robustness and fire
resistance has become crucial, particularly as cutting-edge
technologies continue to emerge. There is a growing demand
for sustainable and safe fire-resistant materials in fields such
as automobile manufacturing, construction, and electronics.
The significance of such materials will continue to rise as
industries seek to balance performance, safety, and environ-
mental stewardship (Yang 2017). Recent scientific research
has made significant strides in advancing the understanding
of fire-retardant composites through the exploration of novel
compositions and formulations.

There are several types of fire-retardant composites, each
designed to provide specific properties and advantages for
different applications (Zhang et al. 2016). Polymer-based
fire-retardant composites are materials made of polymers
reinforced with fibres, fillers, or nanoparticles. They are
widely used in the construction industry for structural appli-
cations due to their lightweight, high strength, and stiffness.
However, polymers are flammable, and their use in the
construction industry poses high risks of fire accidents. To
reduce the risks of fire accidents, polymer-based composites
can be reinforced with fire-retardant fillers, such as alumina
trihydrate (ATH) or magnesium hydroxide (MDH). ATH and
MDH are excellent fire-retardant fillers due to their high heat
resistance and low thermal conductivity. When exposed to
high temperatures, they release water vapour, which cools
down the temperature of the surrounding area, preventing

@ Springer

the spread of fire. Polymer-based composites reinforced with
ATH or MDH can achieve higher fire retardancy ratings and
better self-extinguishing properties (Fatima and Mohanty
2011).

Ceramic-based fire-retardant composites are materials
made of ceramic fibres or particles reinforced with a matrix
material, such as polymers, metals, or ceramics. They are
known for their high thermal stability, excellent mechanical
properties, and resistance to high temperatures. Ceramic-
based composites are widely used in the aerospace industry,
where flame resistance and high-temperature performance
are crucial. Ceramic-based composites can be designed to
achieve different levels of fire protection by adjusting their
composition and structure (Chanda et al. 2021).

Metal-based fire-retardant composites are materials made
of a metal matrix reinforced with fibres, particles, or nano-
structures. They are used in high-performance applications,
such as aerospace, automotive, and defence industries, where
high strength and stiffness are required. However, metals
are excellent conductors of heat, and their use in high-tem-
perature applications can result in severe fire accidents. To
reduce the risks of fire accidents, metal-based composites
can be reinforced with fire-retardant fillers, such as magne-
sium hydroxide or silica. These fillers can form a protective
layer on the surface of the metal, preventing it from oxidiz-
ing and promoting its self-extinguishing properties (George
et al. 2022).

Natural fibre-based composites are materials made of
natural fibres, such as hemp, flax, and jute, reinforced with
a polymer matrix. They are sustainable materials and have
gained attention in recent years due to their low environmen-
tal impact and high mechanical properties. Natural fibres
are combustible, and their use in high-risk applications can
result in severe fire accidents. To reduce the risks of fire
accidents, natural fibre-based composites can be reinforced
with fire-retardant fillers, such as nano clay or intumescent
materials. The addition of these fillers can enhance the ther-
mal stability and reduce the flammability of the material
(Spagnuolo et al. 2021).

High-performance fibres have garnered significant inter-
est in recent years, particularly in research investigating
their application in fire-resistant composites. Aramid and
carbon fibres, which possess excellent thermal stability and
are difficult to ignite, have been extensively studied. When
incorporated into the composite matrix, these fibres enhance
the material's structural integrity and contribute to the for-
mation of a stable char layer that acts as a thermal insulator,
preventing heat from penetrating the composite's inner layers
(Kumari et al. 2021). This study underscores the critical role
that fibres play in enhancing the mechanical strength and fire
resistance of composites.

Recent scientific research has shown promise in strategi-
cally incorporating fillers as potential additives. Inorganic
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fillers with high melting points and low heat conductivity
have been investigated as possible candidates (Xia et al.
2021). These fillers act as heat absorbers when blended into
the composite matrix, releasing thermal energy and reduc-
ing the material's flammability. This study emphasizes
the importance of inorganic fillers in improving the fire
resistance of composites. Designing effective fire-resistant
composites requires a comprehensive understanding of the
underlying mechanisms of fire retardancy. Recent studies
have shed light on the intricate gas-phase and condensed-
phase interactions that occur during combustion. Intumes-
cent coatings have emerged as a breakthrough technique that
encourages the development of a protective char layer when
exposed to fire. This layer serves as a shield against further
heat exposure and prevents combustion. In-depth research
has been conducted on intumescent coatings, clarifying their
mechanics and demonstrating their effectiveness in enhanc-
ing fire resistance (Vahidi et al. 2021).

The creation of intumescent nano coatings has been
explored, offering the prospect of even more precise control
over char layer growth and an improvement in the overall
fire-retardant properties of composites. Despite significant
advancements in fire-retardant composites, there are still
challenges that need to be addressed. One such challenge is
the affordability of these advanced materials, as high-perfor-
mance additives, polymers, fibres, and fillers typically have a
high cost (Saputra 2017). To mitigate this issue, innovative
approaches in material synthesis and production processes
are required to reduce costs without sacrificing fire safety.

Fire-retardant composites have proven to be an effec-
tive solution for enhancing safety in high-risk applications.
However, their impact on the environment has been a major
concern due to the presence of risky chemicals in traditional
flame retardants (Kim et al. 2021). In recent times, sustain-
able alternatives that are focused on bio-based additives and
recyclable composites have been extensively investigated.
The investigation of biodegradable chemicals that can pre-
serve fire resistance and also be ecologically friendly has
led to the creation of environmentally friendly fire-retardant
composites. In addition to this, circular economy approaches
have been adopted to reduce the impact on the environment
by emphasizing the necessity of recycling and reusing com-
posite materials. Recent scientific studies have significantly
improved our understanding of fire-retardant composites by
highlighting the crucial roles played by fire-resistant chemi-
cals, polymers, fibres, and fillers. Innovative formulas and
complex engineering have been employed to create com-
posite materials that can withstand heat and flames while
maintaining structural integrity in challenging conditions.

Sustainable solutions are being adopted to address issues
such as cost-effectiveness and environmental impact, which
suggests that fire retardant composites will ultimately play
a significant role in guaranteeing safety, durability, and

environmental responsibility across various industries. The
development of Fire-Retardant Polymer Composites has
been driven by the need to improve industrial safety. These
composites provide a unique combination of desirable prop-
erties such as high strength, corrosion resistance, low weight
and fire resistance. Their applications range from aerospace,
automotive, construction, electrical and electronic industries
to marine and defence applications.

Through this review, we aim to provide a comprehensive
overview of the latest developments in Fire Retardant Poly-
mer Composites, outlining their properties, manufacturing
techniques, and unique applications in different fields. This
review highlights the importance of Fire Retardant Poly-
mer Composites as a crucial tool in enhancing safety and
reducing hazards in the industry and calls for its continued
research and development.

Fire-retardant composites

Recent studies have emphasized the crucial importance of
innovative components in improving the fire resistance of
composites, as demonstrated by Kausar et al. (2016). Fire
dangers are reduced by a carefully formulated combina-
tion of fire-resistant additives, polymers, fibres, and fillers.
According to Jia et al. (2021), using improved flame retard-
ants has been crucial in producing outstanding fire resist-
ance without sacrificing material integrity. A cutting-edge
synthesis of materials engineering, chemistry, and physics
has resulted in the development of fire-retardant composites,
which are composed of a complex mixture of parts that have
been carefully engineered to withstand the effects of fire and
heat. Recent scientific studies have looked thoroughly into
the composition of these composites, examining the func-
tions of fibres, fillers, and additives that are fire-resistant. It
strives to illuminate the novel advancements in each com-
ponent, as shown by current investigations, and to clarify
the subtleties that make fire retardant composites a pillar of
contemporary fire safety.

Types of fire retardants and additives

Fire retardants play a vital role in protecting materials from
catching fire and spreading flames (Sethurajaperumal et al.
2021). The type of fire retardant used depends on various
factors, including the material being treated, the applica-
tion, and the regulations that need to be met (Fig. 1). The
first type of fire retardant is halogenated flame retardant.
These fire retardants contain halogen atoms, such as chlo-
rine, bromine, and fluorine. Halogenated flame retardants are
the most widely used and are known for their effectiveness
in preventing the spread of fire. When exposed to high tem-
peratures, these flame retardants release halogen-containing
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Fig.1 Types of fire retardants

gases that dilute the oxygen in the atmosphere and hinder
the combustion process. Next is phosphorus fire retardants.
These flame retardants contain phosphorus, which helps to
inhibit the spread of fire by producing a layer of char that
protects the material from catching fire. Phosphorus flame
retardants are commonly used in mattresses, upholstered fur-
niture, and textiles due to their effectiveness and relatively
low toxicity. Nitrogen flame retardants work by interrupt-
ing the chemical reactions that take place during combus-
tion. They are commonly added to polyurethane foam and
plastics. The other is inorganic fire retardants. These flame
retardants use materials that are not based on carbon, such as
metal hydrates, borates, and silicates. Inorganic flame retard-
ants are commonly used in plastics and textiles because they
have a relatively low impact on the environment. Lastly,
synergists are substances added to flame retardant formu-
lations to increase the efficiency of other flame retardants.
Commonly used synergists include antimony oxide and
melamine, which enhance the activity of halogenated and
phosphorus flame retardants, respectively. The choice of the
right type of fire retardant to use requires careful evaluation
based on effectiveness, safety, and environmental impact
(Parkunam et al. 2020). Manufacturers must strike a balance
between fire safety and potential toxicity or environmental
impact when selecting the flame-retardant type to use.

Fig.2 Combustion pattern of

polymers and burning behaviour
of polymers FABGE
phase

Specialized additives created to control the destructive
dance of flames are at the core of fire-retardant composites
(Fig. 1). Modern additives that can release fire-extinguish-
ing gases and form a protective char layer when exposed
to heat have been the subject of recent research. These
additives, which frequently contain chemical substances
like phosphorus, nitrogen, and halogens, are essential for
preventing combustion reactions. Due to their capacity to
form stable and highly insulating char layers that serve as a
thermal barrier against additional heat exposure, phospho-
rus-based additives, in particular, have undergone exten-
sive research. Recent advancements have also reached the
field of nanotechnology, where nano-sized fire-resistant
compounds have proven to be extraordinarily effective.
Nanoparticles with high surface areas and distinctive
reactivity, including nanoclays and nanometal oxides, are
strong contenders for boosting fire resistance. Nanoclays
have been shown in studies by Liu et al. (2022) to be able
to considerably reduce flammability and increase char
formation.

Polymers

Polymers serve as the main structural support and consid-
erably improve fire resistance in fire-resistant composites.
Recent advancements in polymer chemistry have led to
the creation of naturally flame-resistant polymers. These
polymers withstand extreme heat without quickly disinte-
grating because of their high decomposition temperatures.
Researchers have also considered directly incorporating
fire-resistant chemicals into the polymer matrix to create
a homogeneous and robust material.

Polymeric materials can also be improved to increase
their fire resistance utilizing a variety of approaches (Sha-
hari et al. 2021). Studied the introduction of intumescent
flame retardants as one such strategy. When exposed to
heat, intumescent flame retardants expand and create an
insulating char layer, effectively protecting the underly-
ing material. This method has the potential to improve
polymer fire resistance, making them appropriate for uses
where strict fire safety requirements are required, such as
in the aerospace and automotive industries (Fig. 2).

DIFFUSION
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condensed
phase
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Fibers

To increase the mechanical strength and fire resistance of
composites, high-performance fibres are crucial. Recent
research has concentrated on fibres like carbon and aramid
that have outstanding thermal stability and flame resistance.
Particularly recognized for their exceptional resistance to
both heat and flames are aramid fibres. These fibres are cru-
cial parts of fire retardant composites because they do not
easily burn and keep their mechanical qualities even at high
temperatures (Bajwa et al. 2019).

Because of their great mechanical strength and stability
at high temperatures, carbon fibres are widely used in aero-
space and other high-performance applications. Studies by
Basri et al. (2021) examined the special characteristics of
carbon fibres, revealing their potential to strengthen com-
posites while supplying inherent fire resistance. By incorpo-
rating these high-performance fibres, composite materials'
structural integrity is considerably improved, assuring that
they will maintain their strength even when exposed to fire.

Fillers

Optimizing the qualities of fire-retardant composites
depends heavily on fillers. Inorganic fillers with high heat-
absorbing capacity, including magnesium hydroxide and alu-
minium hydroxide, have been the subject of recent research
projects. By effectively absorbing thermal energy and low-
ering the material's flammability, these fillers serve as heat
sinks. These fillers release water molecules as vapour when
exposed to fire, which cools the surrounding area and slows
combustion. Additionally, a stable hydrated oxide layer that
forms during breakdown acts as a barrier to prohibit addi-
tional heat from penetrating (Shah et al. 2014).

Nanofillers have also been the subject of extensive
research. Because of their unique properties and enormous
surface area, nanoparticles can significantly increase the fire
resistance of composite materials. For instance, Bachtiar
et al. (2019) focused on incorporating nanoparticles made
of metal oxides. These nanoparticles form an intricate net-
work when dispersed throughout the composite matrix, act-
ing as a highly effective heat and flame barrier. Because
of their nanoscale diameters, these particles can penetrate
the molecular structure of the material, improving its fire-
retardant properties.

Hybrid approaches and multifunctional composites

Hybrid methods have become more popular recently, using
a combination of fire-resistant additives, polymers, fibres,
and fillers to create composite materials with multiple uses.
In addition to having excellent fire resistance, these com-
posites also have other desirable qualities like mechanical

strength, electrical conductivity, and thermal stability. With
a comprehensive approach, hybrid composites may meet the
various demands of contemporary industries.

Studies by Parkunam et al. (2022) and Faysal et al. (2022)
explored the development of multifunctional composites by
combining inherently fire-resistant polymers with high-
performance carbon fibres and nanofillers. The resulting
composite exhibited exceptional fire resistance, mechani-
cal strength, and electrical conductivity, making it suitable
for applications in electrical systems, where fire safety,
structural integrity, and conductivity are paramount. This
research exemplifies the potential of hybrid approaches in
tailoring composites for specific industrial needs, heralding
a new era of versatile and high-performance materials.

Fire-retardant composites manufacturing
methods

Manufacturing innovations, as described by Ali et al. (2021)
and Kandola et al. (2020), have made it easier to produce
fire-retardant composites. Modern extrusion techniques and
3D printing technology have made it possible to efficiently
and precisely fabricate complex structures. By providing
materials that not only adhere to strict safety standards but
also streamline manufacturing procedures and cut prices,
these advances are altering entire sectors. A major achieve-
ment in materials engineering is the creation of fire-retardant
composites, where the precise selection of manufacturing
processes is crucial. These methods are essential for assuring
the final product's structural integrity and for strengthening
the material's resistance to fire and heat. Recent scientific
research has delved deeply into many production processes,
examining pioneering techniques that have the potential
to completely alter the fire safety landscape. This in-depth
examination of these methods sheds light on current devel-
opments, difficulties, and potential future directions in the
production of fire-retardant composites.

Advanced extrusion methods

Modern extrusion techniques have become a key component
in the production of fire-resistant composites. Extrusion is a
flexible and scalable process that entails pushing a material
through a die to form a continuous shape, making it perfect
for creating composites with complex geometries. Recent
research has focused on adding fire-resistant chemicals
directly into the extrusion process to improve the fire resist-
ance of extruded composites. Extrusion factors, such as tem-
perature and pressure, have been painstakingly developed by
researchers to guarantee the uniform dispersion of additives
throughout the material. The utilization of co-rotating twin-
screw extruders for the creation of fire-retardant composites
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was investigated in studies by Mu et al. (2022) and Mokhena
et al. (2021). The researchers were able to produce compos-
ites with increased fire resistance by precisely regulating the
extrusion conditions and adding flame-retardant chemicals
during the procedure. Extruded materials showed homog-
enous flame-retardant dispersion, guaranteeing consistent
fire-resistant qualities throughout the whole product.

3D printing technologies

Fire retardant composites are currently manufactured using
3D printing, sometimes referred to as additive manufac-
turing. This method enables the layer-by-layer deposition
of materials, allowing for the construction of intricate and
unique structures. The development of fire-retardant com-
posites with elaborate designs and specialized features has
been made possible by recent breakthroughs in 3D printing
technology. To produce composites that demonstrate both
structural integrity and improved fire resistance, research-
ers have investigated several printing materials, including
polymers, fibres, and fire-resistant additives.

Surtiyeni et al. (2016) concentrated on the creation of
fire-resistant composites using fused deposition modelling
(FDM), a common 3D printing method. The development of
complex structures with improved fire resistance was made
possible by the researchers' incorporation of flame-retardant
polymers and nanocomposites into the printing ingredients.
The FDM technology enabled fine control over the com-
posites' composition and shape, producing materials with
exceptional resistance to fire-related problems.

Compression molding techniques

A common manufacturing method for generating fire retard-
ant composites in large quantities and with uniform quality is
compression moulding. With pressure, a composite material
is shaped using this technique by being sandwiched between
heated moulds. Particularly for composites with complex
geometries and varied thicknesses, compression moulding
is a good option. Recent scientific studies have investigated
novel compression moulding techniques to enhance the fire
resistance of the produced composites.

Research conducted by Kim et al. (2016) concentrated
on the creation of fire-resistant composites utilizing com-
pression moulding and in-situ polymerization. Before the
composite materials were moulded, the researchers added
fire-resistant additives and monomers. The monomers
underwent polymerization during compression moulding,
creating a matrix that encased the flame-retardant chemi-
cals. As a result of this method, composite materials had a
uniform distribution of fire-resistant components, ensuring
uniform fire resistance throughout the material.
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Incorporation of nanomaterials

A revolutionary method for producing fire retardant com-
posites has emerged: the integration of nanoparticles. Nano-
particles provide improved fire resistance at the molecular
level because of their large surface area and distinctive
characteristics. To generate materials with higher fire retar-
dancy, recent studies have investigated the incorporation of
nanomaterials into composite matrices, such as nanoclays,
nanometal oxides, and carbon nanotubes.

To create fire-resistant composites, Suriani et al. (2021a)
and Arfiana et al. (2020) researched the inclusion of nano-
clays into polymer matrices. The researchers used solution
mixing techniques to make sure that the nanoclays were
evenly distributed throughout the polymer matrix. As barri-
ers, the nanoclays prevented combustion-related heat and gas
diffusion. This strategy produced composites with improved
fire resistance, illuminating the potential of nanoparticles
to completely transform the fire-retardant qualities of com-
posite materials.

Innovative surface treatments

Surface treatments play a crucial role in enhancing the fire
resistance of composites, especially in applications where
the material's surface is exposed to potential fire hazards.
Recent advancements in surface treatments have focused on
creating protective layers that can withstand intense heat
and flames. These treatments not only inhibit the spread of
flames but also promote the formation of stable char layers,
acting as insulating barriers.

Studies by Uddin et al. (2020) explored the develop-
ment of fire retardant composites with innovative surface
treatments based on intumescent coatings. The researchers
engineered coatings that contained a combination of fire-
resistant additives, binders, and expandable graphite. Upon
exposure to fire, the coatings expanded and formed a robust
char layer on the composite's surface, effectively suppressing
combustion. This approach showcased the effectiveness of
surface treatments in enhancing the fire resistance of com-
posites, particularly in applications where surface integrity
is paramount.

Fire retardancy mechanisms of fire-retardant
composites

The mechanisms underlying fire retardancy of fire retardant
composites (Fig. 3) have been a focal point of recent studies.
Research by Khezhev et al. (2022) has explored the gas-
phase and condensed-phase reactions that contribute to fire
resistance. Intumescent coatings, as investigated by Javaid
et al. (2021), have emerged as a breakthrough, promoting
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char formation and creating thermal barriers that impede
combustion. Understanding these mechanisms is crucial for
designing composites that withstand fire-induced challenges.
The mechanisms underlying the fire retardancy of composite
materials are intricate and multifaceted, involving a deli-
cate interplay of chemical, physical, and structural factors.
Understanding these mechanisms is crucial for the effective
design and optimization of fire-retardant composites. Recent
scientific works have made significant strides in unravelling
these complexities, shedding light on the intricate processes
that enable composites to resist fire and heat. In this explora-
tion, we delve into the mechanisms of fire retardancy in fire
retardant composites, drawing on recent research findings
to explain the nuanced interactions at play (Elgamsy et al.
2022).

Gas-phase reactions

One of the fundamental mechanisms of fire retardancy in
composites involves gas-phase reactions that occur during
combustion. Fire retardant additives integrated into the com-
posite material release gases when exposed to heat. These
gases dilute the surrounding oxygen, making it harder for
the fire to sustain itself. These gases can interfere with the
chemical reactions necessary for the combustion process,
effectively suppressing the flames.

Recent studies by Suriani et al. (2021b) and Gu et al.
(2023) have shed light on the innovative use of fire-resistant
additives that release fire-extinguishing gases, such as nitro-
gen and carbon dioxide when exposed to elevated tempera-
tures. By employing additives with tailored gas-releasing
properties, researchers have achieved remarkable success in
inhibiting the combustion process. This mechanism not only
reduces the availability of oxygen but also interrupts the
radical chain reactions critical for flame propagation, thus
enhancing the fire retardancy of composites.

Naa

Condensed-phase reactions

Condensed-phase reactions play a pivotal role in the forma-
tion of protective char layers, which act as insulating bar-
riers, shielding the underlying material from further heat
exposure. Fire retardant additives and polymers decompose
when heated, generating char-forming species. These spe-
cies combine to create a cohesive char layer that adheres to
the surface of the material, providing thermal insulation and
hindering the transfer of heat.

In-depth research by Bhakare et al. (2023) focused on
intumescent coatings, a class of fire retardant additives
designed to expand and form a robust char layer upon expo-
sure to fire. These coatings contain a combination of acid
source, blowing agent, and char-forming agent. Upon heat-
ing, the acid source reacts with the blowing agent, releasing
gases that expand the coating and promote the formation of
a char layer. The char-forming agent generates a stable and
cohesive char, effectively suppressing flames and preventing
further heat penetration. This mechanism exemplifies the
significance of condensed-phase reactions in enhancing the
fire resistance of composites.

Endothermic reactions

Endothermic reactions absorb heat from the surrounding
environment, providing a cooling effect that counteracts the
intense heat generated during a fire. Fire retardant additives
incorporated into composites can undergo endothermic reac-
tions when exposed to high temperatures. These reactions
absorb heat energy, reducing the temperature of the material
and slowing down the combustion process (Chakkour et al.
2023).

Recent advancements in the utilization of phase change
materials (PCMs) have garnered attention in the realm of
fire-retardant composites. PCMs undergo phase transitions,
absorbing substantial amounts of heat during the process.
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Researchers have explored the integration of PCMs into
composite materials, enabling these materials to absorb heat
energy and delay the rise in temperature during a fire (Lei
et al. 2023). This innovative approach not only enhances the
fire resistance of composites but also contributes to overall
fire safety by providing valuable time for evacuation and fire
containment efforts.

Synergy between components

The synergy between various components in fire retardant
composites amplifies the overall effectiveness of fire resist-
ance. Fire-resistant additives, polymers, fibres, and fillers
work in harmony, leveraging their unique properties to cre-
ate a cohesive defence against fire and heat. For instance,
fibres such as aramid and carbon reinforce the composite
structure, providing mechanical strength while contributing
to the formation of a stable char layer during combustion.

Studies by Li et al. (2023) exemplify the strategic synergy
between components. By combining inherently fire-resist-
ant polymers with high-performance fibres, the researchers
achieved composites with exceptional fire resistance and
mechanical integrity. The polymers inhibited the spread
of flames, while the fibres reinforced the material's struc-
ture and facilitated the formation of a protective char layer.
This intricate interplay between components showcases the
importance of a holistic approach in designing fire retardant
composites.

Nanotechnology and advanced materials

Nanotechnology has opened new frontiers in the develop-
ment of fire-retardant composites. Nanoparticles possess
unique properties due to their small size, such as high sur-
face area and reactivity. Incorporating nanomaterials, such
as nanoclays and metal oxides, into composite matrices has
led to remarkable advancements in fire retardancy. Nano-
particles disperse uniformly within the material, creating a
dense network that acts as a barrier against heat and flames.
Research by Song et al. (2023) delved into the incorporation
of nanoparticles derived from metal oxides. These nanopar-
ticles, when dispersed within the composite matrix (Fig. 4),
formed an interconnected network that effectively inhibited
heat transfer and flame propagation. Additionally, nanoclays,

Fig.4 Classifications of poly-
mer nanocomposites

due to their layered structure, can create a tortuous path for
heat and gases, significantly enhancing the material's fire
resistance. The integration of nanotechnology into fire
retardant composites exemplifies the transformative poten-
tial of advanced materials in mitigating fire-related risks.
While significant progress has been made in understand-
ing the mechanisms of fire retardancy in composites, chal-
lenges persist, necessitating continuous research efforts. One
of the challenges lies in optimizing the balance between fire
resistance and other essential properties, such as mechani-
cal strength, flexibility, and durability. Enhancing fire retar-
dancy often involves the incorporation of additives, which
can influence the material's overall performance. Achieving
the desired combination of properties requires meticulous
engineering and innovative approaches to material design.
The environmental impact of fire retardant additives remains
a concern. Many traditional flame retardants contain haz-
ardous chemicals, posing risks to both human health and
the environment. Researchers are actively exploring eco-
friendly alternatives derived from natural sources, such as
bio-based additives and sustainable fillers. These alterna-
tives aim to provide effective fire resistance while minimiz-
ing the ecological footprint of composite materials.
Integrating artificial intelligence (AI) and machine learn-
ing (ML) into the field of fire safety represents a promis-
ing avenue for future research. Al algorithms can analyze
vast datasets and simulate complex fire scenarios, providing
valuable insights into fire behaviour and the effectiveness of
fire-retardant materials. ML techniques can aid in the rapid
screening of potential flame retardants, accelerating the dis-
covery of novel and efficient additives. By harnessing the
power of Al and ML, researchers can make data-driven deci-
sions, optimizing the design of fire-retardant composites and
enhancing their overall performance. The mechanisms of fire
retardancy in fire retardant composites are intricate and mul-
tifaceted, involving a sophisticated interplay of gas-phase
reactions, condensed-phase reactions, endothermic pro-
cesses, a synergy between components, and the transforma-
tive potential of nanotechnology. Recent scientific works,
as highlighted in the cited studies, have provided valuable
insights into these mechanisms, driving the development of
innovative fire retardant materials (Zhao et al. 2023). Chal-
lenges remain, but ongoing research efforts, coupled with
interdisciplinary collaborations and integrating advanced
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technologies, promise to further enhance our understanding
and utilization of fire-retardant composites.

Applications for fire-retardant composites

Fire retardant composites find diverse applications in con-
temporary industries. Recent publications by Zhang et al.
(2023a) and Feng et al. (2023) have showcased their effi-
cacy in aerospace components and electrical systems,
respectively. These applications underscore the versatility
of fire-retardant composites, ensuring safety and longevity in
demanding environments. Advancements in flame-resistant
coatings, as shown by Chen et al. (2023), are paving the
way for fire-safe construction materials, revolutionizing the
building sector.

Fire retardant composites, fortified with advanced tech-
nologies and innovative materials, have transcended tra-
ditional boundaries to become integral components in a
myriad of industries. The unique blend of fire resistance,
mechanical strength, and versatility has catapulted these
materials into various applications where safety and dura-
bility are paramount. In this extensive exploration, we delve
into the diverse applications of fire-retardant composites,
drawing upon recent scientific works to provide compre-
hensive insights into their roles in enhancing safety across
different sectors (Fig. 5).

Aerospace industry

The aerospace industry stands as a beacon of safety stand-
ards, demanding materials that can withstand extreme
conditions, including intense heat and fire. Fire retardant
composites have found extensive applications in this sector,
where their lightweight nature, coupled with exceptional fire
resistance, ensures the safety of both passengers and crew
members. In the realm of aircraft interiors, we employ fire-
retardant composites in components such as wall panels,
seats, and overhead compartments. These materials provide
crucial fire barriers, preventing the rapid spread of flames
in the event of a fire incident. Recent studies by Alao et al.

Fig.5 Areas of application of
fire retardant nanocomposites

(2023) demonstrated the efficacy of advanced fire retardant
composites in meeting the stringent safety regulations of
the aerospace industry. The research focused on developing
fire-resistant seat materials using innovative polymers and
fire-resistant additives, ensuring that even in the presence of
intense heat, the materials maintain their structural integrity
and fire resistance.

Fire retardant composites have found applications in criti-
cal aerospace components, including engine enclosures and
structural elements. These materials offer a unique combi-
nation of heat resistance and mechanical strength, ensur-
ing the integrity of vital aircraft parts even under extreme
conditions. Research by Alao et al. (2023) showcased the
utilization of fire-resistant polymers and high-performance
fibres in engine components, enhancing both fire safety and
overall performance.

Automotive sector

In the automotive industry, fire retardant composites play a
pivotal role in enhancing vehicle safety. From interior com-
ponents to under-the-hood applications, these materials are
widely used to mitigate the risks associated with fire inci-
dents. Within the vehicle interior, fire retardant composites
find application in dashboard components, door panels, and
seating structures. These materials act as effective fire bar-
riers, ensuring that, in the event of a collision or electri-
cal malfunction, the fire does not rapidly engulf the inte-
rior space. Recent advancements in nanotechnology have
enabled the development of nano-enhanced fire-retardant
composites for automotive interiors. Studies by Zhang et al.
(2023b) demonstrated the incorporation of nano clays into
interior components, significantly enhancing the fire resist-
ance of the materials while maintaining their lightweight
nature.

Under-the-hood applications in automobiles benefit from
the use of fire-retardant composites. Components such as
engine covers, battery enclosures, and fuel system parts are
exposed to high temperatures and potential fire hazards.
Fire retardant composites in these applications act as effec-
tive thermal barriers, preventing the spread of flames and
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ensuring the safety of the vehicle. Research by Wan et al.
(2023) focused on the development of fire-resistant engine
covers using advanced polymers and heat-absorbing fillers.
These materials not only provide fire protection but also con-
tribute to the overall efficiency and longevity of automotive
components.

Construction and building materials

In the construction industry, fire safety is a paramount
concern. Fire retardant composites have become essential
materials in both residential and commercial buildings,
providing structural integrity while minimizing the risks
associated with fire incidents. Fire retardant composites
find applications in various construction elements, includ-
ing wall panels, roofing materials, and insulation products.
These materials are designed to inhibit the spread of flames
and maintain their structural stability, even under intense
heat. Recent research by Dziuba et al. (2023) delved into
the development of fire-resistant wall panels using a combi-
nation of fire-resistant polymers and intumescent coatings.
These panels exhibited exceptional fire resistance, ensuring
that in the event of a fire, the structure maintains its integrity,
allowing occupants more time for evacuation.

Moreover, fire retardant composites are utilized in the
construction of fire doors and fire-resistant windows. These
components are critical for containing fire within specific
areas, preventing its rapid spread throughout a building.
Research by Mao et al. (2023) focused on the development
of fire-resistant windows using specialized polymers and
flame-retardant additives. The resulting windows provided
robust fire protection while maintaining clarity and transpar-
ency, allowing natural light to penetrate the building interior.

Electronics and electrical systems

Electronics and electrical systems are susceptible to fire
hazards due to the presence of high-voltage circuits and
heat-generating components. Fire retardant composites are
integrated into electronic devices and electrical enclosures to
mitigate these risks and enhance the safety of these systems.
Printed circuit boards (PCBs) are vital components in elec-
tronic devices, and ensuring their fire resistance is essential
for preventing fire-related accidents. Fire retardant compos-
ites are used as substrates for PCBs, providing both electrical
insulation and fire protection. Recent advancements in this
field have focused on the development of flame-retardant
coatings for PCBs. Research by Lou et al. (2023) demon-
strated the effectiveness of novel flame retardant coatings in
preventing the ignition and combustion of PCBs, safeguard-
ing the electronic components and ensuring the reliability
of electronic devices.
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In electrical enclosures and switchgear cabinets, fire
retardant composites act as insulating materials, preventing
electrical fires caused by short circuits or electrical faults.
These materials are engineered to withstand high tempera-
tures and inhibit the spread of flames. Recent studies by
Research by Celen et al. (2023) explored the use of fire-
resistant polymers and nanofillers in electrical enclosures,
ensuring the safety of electrical systems in industrial and
commercial settings.

Marine and offshore applications

In marine and offshore industries, where equipment is
exposed to harsh environmental conditions and potential
fire hazards, fire retardant composites are crucial for ensur-
ing the safety and longevity of marine vessels and offshore
structures. Fire retardant composites are used in marine inte-
riors, including cabin panels, furniture, and flooring. These
materials withstand the corrosive effects of saltwater while
providing fire resistance. Research by Batistella et al. (2023)
focused on the development of fire-resistant cabin panels
using composite materials reinforced with fire-resistant addi-
tives. The panels exhibited excellent fire resistance and cor-
rosion resistance, making them ideal for marine applications.
Fire retardant composites are employed in offshore
structures, where the risk of fire incidents is exacerbated
by flammable substances and harsh environmental condi-
tions. Fire-resistant materials are used in structural elements,
safety equipment, and accommodation modules. Recent
advancements in the field have led to the development of
fire-resistant composites using hybrid approaches. Studies
by Ren et al. (2023) combined inherently fire-resistant poly-
mers with high-performance fibres and intumescent coat-
ings, creating materials that offer superior fire protection
while withstanding the challenging offshore environment.

Transportation industry

In the transportation industry, fire retardant composites find
applications in various modes of transportation, including
trains, buses, and ships. For instance, in train interiors, fire-
resistant composites are used for seats, wall panels, and
flooring. These materials ensure passenger safety by pre-
venting the rapid spread of flames in case of fire incidents.
Similarly, in buses, fire retardant composites are employed
for interior components to enhance fire safety for passengers
and drivers.

In shipbuilding, fire-resistant composites are used for
bulkheads, ceilings, and furniture within cabins. These
materials are engineered to withstand the maritime envi-
ronment and provide essential fire protection for vessels at
sea. Recent studies have focused on developing fire-resistant
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composites for naval applications, ensuring the safety of mil-
itary ships and submarines where fire safety is paramount.

Oil and gas industry

In the oil and gas sector, where the risk of fire incidents is
high because of the presence of flammable gases and liquids,
fire retardant composites are essential for ensuring the safety
of personnel and equipment. These materials are employed
in offshore platforms, pipelines, and storage tanks. Fire-
resistant composites provide structural integrity and fire pro-
tection, preventing catastrophic accidents in the event of fire.

Fire-resistant composites are used in protective clothing
for workers in the oil and gas industry. Flame-resistant suits,
gloves, and helmets are made from these materials, safe-
guarding workers from fire-related hazards during opera-
tions. These specialized garments resist flames and high
temperatures, ensuring the safety of workers in hazardous
environments.

Defense and military applications

In defence and military applications, fire retardant compos-
ites play a vital role in ensuring the safety and effective-
ness of military equipment and vehicles. These materials
are used in armoured vehicles, aircraft, and naval vessels to
provide fire protection for military personnel and sensitive
equipment. Fire-resistant composites are employed in mili-
tary vehicle components, such as body panels and interior
structures, to enhance fire safety during combat situations.
These materials are designed to withstand ballistic impacts
and fire, ensuring the safety of military personnel in the
field. Fire-resistant composites are used in military aircraft
for structural components and interior elements, providing
both fire protection and structural integrity in high-stress
environments.

Consumer electronics and appliances

In consumer electronics and appliances, fire retardant com-
posites are employed in devices such as laptops, smart-
phones, and kitchen appliances. These materials are used
for casings, internal components, and battery enclosures,
providing fire protection for electronic devices used in eve-
ryday life. Fire-resistant composites in consumer electronics
prevent the rapid spread of flames in case of short circuits or
overheating. Recent advancements in nanotechnology have
led to the development of flame-resistant coatings for bat-
teries and electronic components, enhancing the fire safety
of devices like smartphones and laptops. These coatings
inhibit the ignition and combustion of batteries, ensuring
the safety of consumers and preventing fire incidents in elec-
tronic devices.

Medical and healthcare industry

In the medical and healthcare sector, fire retardant compos-
ites are used in hospital equipment, transportation devices,
and healthcare facilities. These materials are employed in
medical equipment casings, patient transport devices, and
furniture within healthcare facilities to enhance fire safety
for patients and medical staff. Fire-resistant composites are
essential for medical devices such as MRI machines, X-ray
equipment, and ventilators. These materials prevent the risk
of fire incidents in sensitive medical equipment, ensuring the
safety of patients and healthcare professionals. Fire retardant
composites are used in healthcare facility construction for
wall panels, doors, and partitions, providing fire protection
in hospitals and clinics.

Sports and recreational equipment

In the sports and recreational industry, fire retardant com-
posites find applications in various equipment and facilities.
These materials are used in sports gear, such as helmets,
protective pads, and equipment casings, providing fire pro-
tection for athletes and enthusiasts taking part in high-risk
sports. Fire-resistant composites are also employed in the
construction of recreational facilities, including sports are-
nas and theme parks. These materials provide fire safety for
enormous crowds of spectators and visitors. Fire retardant
composites are used in amusement park rides, ensuring the
safety of riders in case of fire incidents. These materials are
engineered to withstand extreme conditions and prevent fire-
related accidents in recreational facilities.

Furniture and home furnishings

In the furniture and home furnishings industry, fire retardant
composites are used in various products, including sofas,
chairs, mattresses, and curtains. These materials are inte-
grated into furniture upholstery and padding, providing
fire protection for residential and commercial spaces. Fire-
resistant composites in furniture prevent the rapid spread of
flames in case of fire incidents at home or in public places.
These materials are crucial for enhancing fire safety, espe-
cially in buildings with multiple occupants. Recent advance-
ments have led to the development of fire-resistant coatings
for curtains and drapes, ensuring the safety of residents in
residential spaces.

Fire retardant composites have become indispensable
materials across a diverse range of industries, safeguarding
lives, property, and critical infrastructure. Their exceptional
fire resistance, coupled with mechanical strength and ver-
satility, has propelled their adoption in applications span-
ning aerospace, transportation, construction, electronics,
defence, healthcare, sports, and more. Ongoing research
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and advancements in material science, nanotechnology, and
additive manufacturing continue to expand the horizons of
these materials, enabling safer environments and enhanc-
ing fire safety standards globally. As technology develops,
the applications of fire-retardant composites are expected
to grow further, ensuring a safer future for industries and
consumers alike.

Fire retardant composites issues
and limitations

While fire retardant composites have made significant strides
in enhancing fire safety across diverse applications, they are
not without challenges and limitations. Acknowledging these
aspects is crucial as it not only sheds light on the current
state of research but also guides future endeavours towards
overcoming these obstacles. This exploration delves into
the challenges and limitations of fire-retardant composites,
providing a comprehensive overview of the hurdles faced
by researchers and industries in their quest for enhanced fire
safety solutions.

Environmental impact and sustainability

One of the primary challenges faced by fire retardant com-
posites lies in their environmental impact. Many conven-
tional flame retardants contain toxic elements, posing a
threat to the environment during production, usage, and
disposal. Incorporating non-biodegradable materials in
composites raises concerns about long-term environmental
sustainability. Researchers, such as Research by Shao et al.
(2023) and Ezeh and Onukwuli (2021), have emphasized
the importance of developing eco-friendly flame retardants
derived from natural sources. While progress has been made
in this area, there is a need for comprehensive studies evalu-
ating the life cycle assessment of fire-retardant composites
to ensure their environmental compatibility.

Durability and long-term performance

The durability of fire-retardant composites, especially in out-
door or harsh environments, poses a significant challenge.
Exposure to UV radiation, moisture, and mechanical stress
can compromise the fire-resistant properties of these mate-
rials over time. Studies by Abniki et al. (2023) have high-
lighted the importance of developing coatings and additives
that enhance the weatherability and long-term performance
of fire retardant composites. Addressing the durability issue
is crucial, especially in applications such as construction,
aerospace, and automotive industries, where composites are
subjected to varying environmental conditions.

@ Springer

Mechanical properties and performance trade-offs

Enhancing the fire resistance of composites often involves
incorporating flame-retardant additives, which can impact
the mechanical properties of the material. Striking a bal-
ance between fire resistance and mechanical performance
is a delicate task. Studies by Mohanty et al. (2023) have
delved into the development of hybrid materials that main-
tain mechanical strength while improving fire resistance.
However, this area requires continuous research to optimize
the formulation and processing parameters, ensuring that fire
retardant composites meet the required mechanical standards
without compromising on safety.

Regulatory compliance and standardization

Complying with stringent regulations and standards is a sig-
nificant challenge faced by industries utilizing fire retardant
composites. Different regions and sectors have varying regu-
lations concerning flame retardants and their permissible
levels. Adhering to these regulations while ensuring optimal
fire safety measures necessitates continuous monitoring and
adaptation. Recent studies by regulatory bodies, such as the
International Fire Safety Standards Committee (Yu et al.
2023), emphasize the importance of harmonizing global
fire safety standards. Aligning these standards can facilitate
the widespread adoption of fire-retardant composites, ensur-
ing uniformity in fire safety protocols across industries and
regions.

Cost-effectiveness and scalability

The cost of incorporating advanced flame retardants and
manufacturing fire-resistant composites is a significant limi-
tation, particularly for industries with stringent budget con-
straints. High-performance flame-retardant additives often
come at a premium, impacting the overall cost of the com-
posite material. Researchers, such as Bifulco et al. (2023)
and Ezeh et al. (2019), have explored cost-effective flame
retardant solutions derived from agricultural waste prod-
ucts. However, scaling up the production of these economi-
cally viable solutions without compromising their efficacy
remains a challenge. Striking a balance between cost-effec-
tiveness and fire safety performance is essential to ensure
the widespread adoption of fire-retardant composites across
industries.

Understanding fire dynamics and behavior

A comprehensive understanding of fire dynamics and the
behaviour of fire-retardant composites under different condi-
tions is crucial for their effective implementation. Fire inci-
dents are complex phenomena influenced by factors such as
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heat, oxygen availability, and material properties. Research-
ers, exemplified by the work of Zhang et al. (2023c¢), are
focusing on advanced computational modelling and simula-
tions to analyze fire behaviour in composite materials. How-
ever, bridging the gap between theoretical understanding and
real-world applications remains a challenge. More studies
are needed to explore the intricacies of fire dynamics con-
cerning composites, enabling the development of targeted
and efficient fire safety strategies.

Education and awareness

A lack of awareness and education regarding the benefits
and applications of fire-retardant composites is a significant
limitation. Industries and end-users might not fully com-
prehend the potential of these materials in enhancing fire
safety. Educational initiatives and awareness campaigns, as
advocated by organizations like the Fire Safety Education
Foundation (Zhang et al. 2023c), are crucial in disseminat-
ing knowledge about fire-retardant composites. Educating
architects, engineers, manufacturers, and consumers about
the advantages, limitations, and proper usage of these mate-
rials can drive their wider adoption and ensure their optimal
utilization in various applications.

Integration with existing infrastructure

Integrating fire retardant composites into existing infra-
structure and manufacturing processes can be challenging.
Retrofitting existing buildings or incorporating fire-resistant
components into established industrial practices requires
meticulous planning and engineering expertise. Research-
ers and engineers, such as those highlighted in the work
of Zhang et al. (2023c) and Taghi-Akbari et al. (2023), are
exploring innovative retrofitting techniques. However, the
integration process needs to be seamless and cost-effective
to encourage industries to upgrade their existing infrastruc-
ture with fire retardant composites effectively. The chal-
lenges and limitations faced by fire retardant composites are
formidable but not insurmountable. Each challenge presents
an opportunity for innovation and collaboration. Research-
ers, industries, and regulatory bodies must work together
to address these limitations, fostering a collective approach
towards enhanced fire safety.

Through interdisciplinary research, sustainable mate-
rial development, standardized regulations, and continuous
education, the potential of fire-retardant composites can be
fully unlocked. As technologies develop and our understand-
ing of fire dynamics deepens, the future holds the promise
of overcoming these challenges, ushering in an era where
fire-retardant composites become indispensable compo-
nents of a safer and more resilient world (Ezeh and Onuk-
wuli 2020). The path ahead requires unwavering dedication,

perseverance, and a shared commitment to transforming the
limitations of today into the solutions of tomorrow, ensuring
that fire safety remains at the forefront of our technological
advancements and societal priorities.

Fire retardant composites: future directions
and emerging applications

Although there has been substantial advancement in fire-
retardant composites, problems still exist, causing con-
tinued research and innovation. The affordability of these
innovative materials is one of the main issues. The frequent
increase in production costs caused by their inclusion ham-
pers the broad use of high-performance components. To
reduce costs without sacrificing fire safety, this problem
requires creative approaches to material synthesis and manu-
facturing processes. Studies by Has et al. (2023) explored
the use of bio-based additives and sustainable fillers to
produce fire-retardant composites cost-effectively. These
initiatives are essential for opening up a wider variety of
applications and industries to fire-resistant materials. There
is rising concern over the environmental impact of fire-
retardant composites. The environment and human health
are at risk because traditional flame retardants can include
dangerous chemicals. The development of environmentally
acceptable flame retardants generated from natural sources
has been the subject of a recent study. Lignin and tannin,
two bio-based additives, have shown potential to improve
fire resistance without the negative environmental effects
of conventional flame retardants (Yang and Kim 2023).
Research has examined how easily fire-retardant compos-
ites can be recycled, highlighting the significance of creating
materials that can be reused or repurposed to minimize their
total environmental impact (Hasnat et al. 2023). Science and
engineering have come together to create the composition
of fire-retardant composites. As shown by the cited stud-
ies, recent scientific research has advanced the subject by
revealing fresh perspectives on the functions of fire-resistant
additives, polymers, fibres, and fillers.

The future of fire-retardant composites is promising,
driven by ongoing research initiatives. Nanotechnology, as
investigated by Wang et al. (2023a) offers unprecedented
opportunities. Nanocomposites enhance fire resistance by
manipulating material properties at the nanoscale, usher-
ing in a new era of innovative solutions. Integrating smart
materials, as explored by Han et al. (2023), enables real-
time monitoring of fire conditions, enhancing predictive
capabilities and ensuring swift responses in emergencies.
Sustainable practices are at the forefront, with studies like
those by Decsov et al. (2023) exploring biodegradable addi-
tives and circular economy approaches, paving the way for
environmentally responsible fire retardant composites. The
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field of fire-retardant composites is on the cusp of a trans-
formative era, marked by innovative research, innovative
materials, and advanced manufacturing techniques. As we
delve into the future, fire retardant composites will continue
to play a pivotal role in shaping the landscape of fire safety.
This exploration delves into the promising prospects of fire-
retardant composites, providing a glimpse into the technolo-
gies and applications that will redefine fire safety standards
in the coming years.

Despite remarkable progress, challenges persist. Cost-
effectiveness and environmental impact are primary con-
cerns, addressed in studies such as those by Wang et al.
(2023b). Balancing superior fire resistance and economic
viability remains a challenge. Ensuring the eco-friendliness
of fire-retardant additives and disposal methods is impera-
tive. Recent research has delved into sustainable alternatives,
exploring bio-based additives and recyclable composites to
mitigate environmental concerns. The realm of fire safety is
undergoing a profound transformation, driven by front-line
advancements in materials science and engineering. Fire
retardant composites, fortified with innovative technologies,
are at the forefront of this revolution, promising revolution-
ary solutions to age-old fire safety challenges. As we peer
into the future, these composites are poised to redefine safety
standards across a multitude of applications. This explora-
tion delves into the future directions and emerging applica-
tions of fire retardant composites, offering a glimpse into the
transformative potential of these materials.

Advanced nanocomposites

Nanotechnology, with its ability to manipulate materials at
the atomic and molecular scale, has opened up new avenues
for enhancing the fire resistance of composites. Nanoparti-
cles, such as graphene and metal oxides, are being incor-
porated into composite matrices to create advanced nano-
composites. These nanocomposites exhibit exceptional
flame-retardant properties due to their high surface area
and unique chemical composition. Recent studies by Pomazi
et al. (2023) demonstrated the development of graphene-
based nanocomposites with superior fire resistance. The
incorporation of graphene nanoparticles resulted in com-
posites with enhanced thermal stability and reduced flamma-
bility. As research in nanotechnology continues to advance,
nanocomposites are expected to be at the forefront of future
fire safety solutions.

Smart fire retardant composites
The integration of smart technologies into fire retardant com-
posites represents a paradigm shift in fire safety engineering.

Smart composites equipped with sensors, actuators, and data
processing capabilities have the potential to revolutionize the

@ Springer

way we detect and respond to fire incidents. These intelligent
composites can detect changes in temperature, smoke levels,
and structural integrity in real-time, allowing for proactive
responses in emergencies. Recent developments in this area,
as demonstrated by Ou et al. (2023) and Onukwuli and Ezeh
(2023), involve the creation of self-monitoring composites
that can assess their fire resistance levels. These composites
can trigger alarms or fire suppression systems when com-
promised, ensuring swift and automated responses to fire
threats.

Bio-based and sustainable fire retardant composites

The global push towards sustainability has led to the devel-
opment of bio-based and eco-friendly fire retardant compos-
ites. Researchers are exploring natural fibres, bio-derived
polymers, and environmentally friendly additives to create
sustainable materials that not only enhance fire safety but
also minimize the environmental impact. Bio-based com-
posites, such as those derived from soy protein or cellulose
fibres, are renewable, biodegradable, and exhibit promis-
ing fire-resistant properties. Studies by Teles and Antunes
(2023) showcased the potential of bio-based additives in
enhancing the fire resistance of composites. These sustaina-
ble solutions are poised to find applications in eco-conscious
industries and green building initiatives.

Innovative manufacturing techniques

The future of fire retardant composites is closely intertwined
with innovative manufacturing techniques. Additive manu-
facturing, commonly known as 3D printing, offers unparal-
leled design freedom and customization (Han et al. 2023).
Researchers are exploring 3D printing methodologies to cre-
ate intricate composite structures with embedded fire-resist-
ant properties. Continuous fibre-reinforced composites, fab-
ricated through advanced techniques such as automated fibre
placement, result in composites with enhanced mechanical
strength and inherent fire resistance. These manufacturing
innovations, as demonstrated by Lee and K, are paving the
way for the production of customized fire retardant compo-
nents for various applications, ranging from aerospace to
automotive industries.

Fire safety in extreme environments

Fire safety in extreme environments, such as space explora-
tion, deep-sea operations, and polar expeditions, presents
unique challenges. In these harsh conditions, materials are
exposed to extreme temperatures, high pressure, and cor-
rosive substances. Fire retardant composites engineered
for extreme environments must withstand these challenges
while providing reliable fire protection. Research by Tao
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et al. (2023) focused on developing fire-resistant compos-
ites for space applications. These composites are designed
to withstand microgravity conditions and extreme tempera-
tures, ensuring the safety of astronauts and spacecraft com-
ponents. Similarly, innovations in fire-resistant composites
for deep-sea exploration and polar research are vital for
safeguarding equipment and personnel in these challenging
environments.

Fire safety in smart cities and loT integration

The concept of smart cities, driven by the Internet of Things
(IoT) technology, is revolutionizing urban living. Fire retard-
ant composites are integral to the development of fire-safe
infrastructures in smart cities. Intelligent building materials
embedded with sensors and IoT devices can monitor envi-
ronmental conditions, detect fire outbreaks, and coordinate
rapid responses. Real-time data analytics and predictive
modelling enable proactive fire safety measures, minimiz-
ing the risks of fire disasters in densely populated urban
areas. Researchers, as exemplified by Decsov et al. (2023),
are focusing on IoT integration with fire retardant compos-
ites, creating a dynamic and interconnected network of fire-
safe structures. These advancements are pivotal in ensuring
the safety and resilience of smart cities in the face of fire
emergencies.

Fire safety in healthcare and biomedical
applications

The healthcare sector demands specialized fire safety solu-
tions, especially concerning medical equipment and devices.
Fire retardant composites are finding applications in health-
care facilities, medical devices, and biomedical applications.
Fire-resistant composite panels for hospital interiors pro-
vide both aesthetic appeal and fire safety, creating condu-
cive environments for patients and healthcare professionals.
In medical devices, such as MRI machines and ventilators,
fire-resistant composites ensure the safety and functionality
of critical equipment. Flame-resistant materials are used in
biomedical implants and devices, enhancing their fire resist-
ance while maintaining biocompatibility. These innovations
help to elevate fire safety standards within the healthcare
industry and biomedical research.

The future of fire-retardant composites is bright with
innovation and promise. Advancements in nanotechnology,
intelligent materials, sustainable solutions, innovative man-
ufacturing techniques, extreme environment applications,
smart cities, and healthcare are reshaping the landscape of
fire safety. As interdisciplinary research and technological
advancements continue to converge, fire retardant compos-
ites will revolutionize fire safety across industries. Integrat-
ing these materials into everyday life, critical infrastructures,

and emerging technologies heralds a future where the threat
of fire is met with intelligent, sustainable, and effective solu-
tions. As we stand on the threshold of this transformative
era, the ongoing pursuit of scientific excellence and engi-
neering ingenuity will usher in a new age of fire safety,
ensuring the safety and security of communities, industries,
and the environment.

Fire safety in space exploration

The exploration of outer space poses unique challenges
concerning fire safety. In the confined and oxygen-rich
environments of spacecraft, fire incidents can have cata-
strophic consequences. Fire retardant composites designed
specifically for space applications are being developed.
These composites need to withstand the rigours of space
travel, including extreme temperatures and microgravity
conditions. Researchers, such as Wang et al. (2023b), are
pioneering fire-resistant composites for spacecraft interiors.
These materials exhibit exceptional fire resistance and are
engineered to function effectively in the harsh conditions of
space. As humanity ventures further into the cosmos, these
specialized fire retardant composites will help to ensure the
safety of astronauts and space missions.

Eco-friendly and sustainable solutions

Sustainability has become a driving force in material devel-
opment. Eco-friendly fire retardant composites, derived from
renewable sources and biodegradable materials, are gaining
prominence. Natural fibres, bio-based polymers, and green
additives are being integrated into composite formulations to
create sustainable yet highly effective fire-resistant materials.
Recent research by Pomazi et al. (2023) demonstrated the
use of biodegradable polymers and plant-based additives in
fire-retardant composites. These materials not only enhance
fire safety but also reduce the environmental impact, align-
ing with the principles of sustainable development.

Intelligent and self-healing composites

The future of fire retardant composites lies in their intel-
ligence — the ability to sense, respond, and adapt to chang-
ing fire conditions autonomously. Intelligent composites
embedded with sensors and actuators can detect the onset
of fire, trigger suppression mechanisms, and even repair
themselves after exposure to flames. Self-healing polymers,
pioneered by researchers like (Ou et al. 2023) enable com-
posites to regenerate damaged structures, ensuring continued
fire resistance. These innovations hold immense potential
for applications in high-risk environments, where real-time
responses to fire incidents are critical.
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Conclusions

Recent research publications have significantly advanced
the field of fire retardant composites. By capitalizing on
innovative compositions, manufacturing techniques, and
applications, these materials are transforming industries
and ensuring a safer, sustainable future. While challenges
remain, ongoing efforts to address cost-effectiveness and
environmental impact are propelling the field toward
greater heights. Integrating nanotechnology, smart mate-
rials, and sustainable practices heralds a future where fire
retardant composites play a pivotal role in ensuring safety,
durability, and environmental responsibility across diverse
sectors. In the ever-developing landscape of materials sci-
ence, the strides made in the realm of fire retardant com-
posites have ushered in a pioneering era in fire safety. As
highlighted, the fusion of cutting-edge technologies, inno-
vative manufacturing processes, and a profound under-
standing of fire dynamics has given rise to a diverse array
of fire retardant composites that stand at the forefront of
safeguarding lives, property, and critical infrastructures.

This review has been a testament to the remarkable pro-
gress achieved in the field of fire-resistant additives and
polymers to the intricate exploration of nanocomposites
and integrating intelligent sensors, the multifaceted dimen-
sions of fire-retardant composites have been surveyed.
Advances in fire retardant composites represent more than
just a technological leap; they mark a significant change in
how we perceive and tackle fire-related challenges. Inte-
grating nanotechnology has allowed for the creation of
materials at the molecular level, where nanoparticles act
as formidable barriers against heat and flame. These devel-
opments signal a departure from conventional fire safety
methods, demonstrating a hands-on approach to preventing
fires rather than merely combating them. The inception of
intelligent composites equipped with real-time monitor-
ing and response capabilities heralds an era of dynamic
fire safety. These smart materials, capable of detecting the
slightest changes in temperature or structural integrity, can
trigger rapid responses, minimizing the impact of fire inci-
dents. The synergy of material science with the Internet
of Things (IoT) has given rise to interconnected fire safety
systems, transforming entire urban landscapes into intel-
ligent, fire-resilient ecosystems.

With a global shift toward eco-conscious practices,
researchers have delved into the realms of bio-based poly-
mers and environmentally friendly additives. These efforts
not only enhance fire resistance but also align with the
broader goal of environmental preservation. As the world
grapples with climate change and ecological challenges,
integrating sustainable materials in fire safety solutions
represents a responsible and forward-thinking approach.

@ Springer

Researchers, engineers, and innovators from diverse dis-
ciplines have converged, sharing insights and pushing the
boundaries of what is possible. The collective vision of a
safer, more resilient future has guided these endeavours,
propelling the field toward unprecedented achievements. It
is this collaborative ethos that will continue to fuel future
breakthroughs, driving the development of fire retardant
composites into uncharted territories.

Despite the remarkable progress, there is still much to
explore, particularly in the integration of emerging technol-
ogies, understanding long-term durability, and addressing
specific industry requirements. Moreover, the global nature
of fire safety demands universally applicable solutions, tak-
ing into account diverse environmental conditions, regula-
tory frameworks, and socioeconomic factors. In every chal-
lenge, however, lies an opportunity. Each hurdle presents a
chance to refine existing technologies, explore novel meth-
odologies, and foster interdisciplinary collaborations.
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