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ABSTRACT
Driven by the principles of sustainable development and green chemistry, phosphorus-free flame-retardant systems have become
a key focus in the development of high-performance polymers because they feature improved ecological safety relative to
phosphorus-based systems. This review focuses on two main phosphorus-free flame-retardant strategies: (i) additive phosphorus-
free flame retardants and (ii) intrinsically phosphorus-free flame-retardant epoxy resins. Emphasis is placed on the relationship
between chemical structure and comprehensive properties, including flame retardancy, thermal properties, and mechanical
performance. The flame-retardant modes-of-action for the phosphorus-free flame-retardant epoxy systems are also summarized.
Finally, current challenges and future development opportunities are presented. Thiswork is expected to facilitate the development
of phosphorus-free flame-retardant systems.

1 Introduction

Thermosetting polymers characterized by multiple epoxy groups
in their molecular chains are commonly referred to as epoxy
resins (EPs). These polymers typically undergo crosslinking
reactions with curing agents, such as diamines, polyamines, or
anhydrides, forming a densely crosslinked 3D network [1]. This
structure imparts superior durability, strong chemical resistance,
and effective electrical insulating capabilities, resulting in exten-
sive use across coatings, adhesives, electrical insulation, and

structural composites [2–5]. However, as EPs are increasingly
utilized in advanced technological fields such as aerospace,
high-speed communication (e.g., 5G), and electronic packaging,
their intrinsic flammability has emerged as a critical limitation,
impeding broader applications [6–8]. Upon exposure to heat or
open flame, EPs are prone to thermal degradation and the release
of toxic gases, posing significant threats to both equipment safety
and human health [9–11]. Therefore, efforts to increase flame
resistance in EP-based materials are critical topics in current
materials science studies [12].

Abbreviations: CCT, Cone calorimetry test; DDM, 4,4-Diaminodiphenylmethane; DDS, 4,4-Diaminodiphenylsulfone; DGEBA, Bisphenol A- diglycidyl ether; DGEBA/DDM, DDM-cured DGEBA;
EPs, Epoxy resins; FRs, Flame retardants; HRC, Heat release capacity; LOI, Limiting oxygen index; MCC, Microscale combustion calorimetry; NA, Not applicable; OPFRs, Organophosphorus FRs;
pHRR, Peak of heat release rate; SEM, Scanning electron microscopy; Tg , Glass transition temperature; TG-FTIR, Thermogravimetry–Fourier transform infrared spectroscopy; THR, Total heat release;
TSP, Total smoke production; △pHRR, pHRR variation compared to control sample; △THR, THR variation compared to control sample; △TSP, TSP variation compared to control sample; XPS, X-ray
photoelectron spectroscopy.
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Conventional approaches primarily involve incorporating flame
retardants (FRs) into the resin matrix [13, 14]. Inorganic intumes-
cent FRs, such as aluminum hydroxide or expandable graphite,
are effective; however, they generally require high loading levels
(>20 wt.%), which can adversely affect the mechanical properties
and processability of the epoxy system [15, 16]. In contrast,
halogen-based FRs are highly effective in flame suppression,
but their combustion generates considerable toxic and corrosive
emissions, posing severe environmental and health hazards [17–
22]. As a result, their use has been increasingly restricted or
banned in many regions. In recent years, phosphorus-containing
FRs (e.g., 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide,
ammonium polyphosphate, and phenyl phosphate esters) have
been extensively investigated as promising alternatives to halo-
genated FRs [23–29]. The synergistic interaction between phos-
phorus and nitrogen significantly promotes char formation
while suppressing heat and smoke release during combustion.
These organophosphorus compounds achieve an optimal bal-
ance among flame-retardant efficacy, additive loading levels,
and fundamental material properties [30–32]. Despite their
widespread use and relatively favourable flame-retardant effi-
ciency, increasing evidence has raised serious concerns regarding
the environmental and health risks of organophosphorus FRs
(OPFRs) [33]. Several OPFRs and their thermal degradation
byproducts exhibit notable biotoxicity, bioaccumulation poten-
tial, and environmental persistence, whichmay lead to long-term
ecological consequences [34]. Additionally, certain OPFRs have
been identified as endocrine-disrupting chemicals and potential
carcinogens, posing risks to both wildlife and human populations
[35, 36]. Their high mobility in environmental media (e.g., water
and air) further exacerbates the risk of widespread exposure,
including through indoor dust and food chains. These findings
underscore the urgent need to develop inherently safer and envi-
ronmentally sustainable flame-retardant systems as alternatives
to conventional phosphorus-based materials.

In recent years, phosphorus-free flame-retardant strategies have
garnered increasing attention due to their potential to overcome
the ecological and human safety concerns caused by conventional
FRs, while maintaining desirable material properties. Structural
design approaches based on intrinsic flame-retardant function-
alities, synergistic interactions, and molecular-level engineering
have shown promise in enhancing flame retardancy without
compromising thermal stability or mechanical performance.
However, a comprehensive understanding of how these structural
modifications influence the multifunctional properties of epoxy
systems remains limited. Therefore, this review systematically
summarizes recent progress in phosphorus-free flame-retardant
strategies for EPs, focusing on the relationship betweenmolecular
structure and key performance indicators, such as flame retar-
dancy, thermal stability, and mechanical properties. This review
also focuses on phosphorus-free flame-retardant mechanisms,
discusses theirmodes of action, and points out current challenges
along with corresponding development directions.

This review categorizes phosphorus-free flame-retardant (FR)
strategies into two main types: (i) additive phosphorus-free
FRs and (ii) intrinsically phosphorus-free flame-retardant
epoxy systems. Representative material categories for additive
phosphorus-free FRs include boric acid-derived compounds and
C═N/C≡N-containing compounds. For intrinsically phosphorus-

free flame-retardant epoxy systems, the main categories include
benzene/C═C-rich flame-retardant EPs, deoxybenzoin/benzene-
based flame-retardant EPs, C═N-containing flame-retardant
EPs, and benzene/polyepoxy-based flame-retardant EPs. In
addition, common flame-retardant evaluation methods include
the limiting oxygen index (LOI) test, which determines the
lowest oxygen concentration needed to sustain combustion
under defined conditions; the UL-94 vertical burning test, which
assesses the flammability of plastics by measuring their ability
to self-extinguish when ignited in a vertical orientation; and the
cone calorimetry test (CCT), which analyzes fire performance by
recording parameters such as heat release rate, smoke generation,
and mass loss under controlled heat exposure. Within the CCT,
-△pHRR represents the decrease in peak heat release rate,
-△THR corresponds to the reduction in total heat release, and
-△TSP indicates the decline in total smoke production, each
benchmarked against commercial reference materials.

2 Additive Phosphorus-Free FRs

2.1 Boric Acid-Derived Compounds as FRs

Boric acid compounds have attracted considerable attention as
FRs because of their eco-friendliness, thermal stability, andmulti-
ple flame-retardantmechanisms [37]. They exhibit clean-burning
behavior without producing hazardous or corrosive byproducts.
Therefore, boric acid-based FRs are regarded as cleaner options
than conventional phosphorus-based FRs, effectively suppressing
flames while minimizing secondary pollution [38]. In terms of
flame-retardant mechanism, boric acid compounds primarily act
in the condensed phase. Upon heating, boric acid undergoes
dehydration to form metaboric acid, which further converts into
boron oxide [39]. This boron oxide forms a dense glassy layer that
shields the substrate below from high temperatures and oxidative
attack, thereby significantly slowing down thermal degradation
[40]. Moreover, boron oxide contributes to generating a resilient
carbonaceous residue, providing additional insulation against
heat [41].

Zhang et al. [42] synthesized a phosphorus-free, hyperbranched
polyborate additive-type FR named HBPB (Figure 1a),
which was incorporated into an EP system cured with 4,4′-
diaminodiphenylsulfone (DDS). As shown in Figure 1f, the epoxy
composite containing 9 wt.%HBPB (denoted as 9 wt.%HBPB/EP)
achieved a limiting oxygen index (LOI) of 30.2% and passed the
UL-94 V-0 rating, indicating excellent flame retardancy. Cone
calorimeter test (CCT) results further demonstrated that the
peak heat release rate (pHRR), total heat release (THR), and total
smoke production (TSP) of 9 wt.% HBPB/EP decreased by 39.7%,
8.4%, and 26.7%, respectively, compared to the neat EP/DDS
system. The main action of HBPB occurs in the condensed
state, while its effectiveness during gas-phase combustion
remains limited. While burning, the hyperbranched molecular
backbone of HBPB undergoes early thermal degradation,
producing boron-containing fragments such as B–O–C, B–C,
and B(OH)2 [43]. These fragments readily interact with free
radicals and hydrogen-containing species generated from the
thermal cracking of organic compounds. Notably, the reversible
nature of these interactions facilitates drying and charring
processes occurring in the epoxy matrix. Furthermore, the
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FIGURE 1 (a) Illustration of the chemical structure of HBPB [42], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (b)
Digital photos of 9 wt.% HBPB/EP after CCT [42], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (c) SEM micrograph of char
surface of 9 wt.% HBPB/EP after CCT [42], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (d) Impact properties of EP and
EP/20TNB. (e) Tensile strength and flexural strength of EP and 12 wt.% HBPB/EP. (f) Performance comparison of 9 wt.% HBPB/EP and EP/20%TNB. (g)
Diagram of the thermal dehydration of boric acid to boroxine [47]. (h) Digital photos of EP/20TNB after CCT [47].

boron-containing fragments contribute to char layer formation
and participate in the repair and reconstruction of the inherently
fragile carbonaceous structure, resulting in a more robust and
cohesive char layer [44]. As shown in Figure 1b,c, a dense
and expanded char layer is formed after combustion. The char
layer protects the underlying material from oxygen infiltration,
thereby suppressing flames and limiting the emission of smoke,
heat, and harmful gases [45, 46]. Apart from flame retardancy,
the EP composite containing 12 wt.% HBPB also exhibited
outstanding mechanical performance. As illustrated in Figure 1e,
its tensile strength and flexural strength reached 75.7 and 197.7
MPa, representing increases of 39.3% and 43.9%, respectively,
compared to the EP.

Chen et al. [47] developed a boron/nitrogen-containing FR
(TNB), incorporating it into the EP system cured with 4,4-
Diaminodiphenylmethane (DDM). As shown in Figure 1f, com-
pared with 9 wt.% HBPB/EP, the EP composite containing 20
wt.% TNB (EP/20%TNB) exhibits significantly enhanced flame
retardancy and heat suppression. The LOI reaches 31.2%, and
the UL-94 test achieves a V-0 rating. Furthermore, CCT results

demonstrate that the PHRR and THR of EP/20%TNB are dimin-
ished by 71.3% and 27.8%, respectively, compared to the EP/DDM
system. These excellent performances can be attributed to two
main factors. First, the high loading level of TNB contributes
directly to flame retardancy. Second, during combustion, TNB
forms cyclic boroxine structures (Figure 1g), which synergize
with the triazine moieties to enhance char formation, leading
to a dense, intumescent carbonaceous layer (Figure 1h). In
addition, the triazine units decompose to generate numerous
nitrogen-containing inert gases during the gas state, effectively
diluting flammable volatiles [48].However, as shown inFigure 1d,
the high TNB content in EP/20%TNB induces weakening of
mechanical performance.

In summary, boron-containing oligomeric FRs, boric acid-
derived compounds—contain reactive groups like B–OH, which
may participate in chemical bonding with epoxy groups, are
well compatible with EPs and can achieve effective flame-
retardant performance at relatively low loading levels while
maintaining favorable mechanical properties [49, 50]. Although
B-based FRs offer advantages such as environmental benignity,
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low smoke generation, heat release suppression, and enhanced
char formation, they also face certain limitations. Specifically,
their combustion inhibition in the gaseous state is relatively
limited, and high loading levels may compromise the mechanical
integrity of the final material. Furthermore, in accordance with
the Classification, Labelling and Packaging (CLP) Regulation
and Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH), certain borates have been classified as
reproductive toxicants due to their potential to impair fertility.
Nevertheless, their use is still permitted under strict labeling
requirements and concentration limits (typically below 5.5%).
To mitigate these limitations, the integration of additional
phosphorus-free flame-retardant elements, such as nitrogen and
silicon, is recommended. These combinations are expected to
produce synergistic effects, thereby enhancing overall flame
retardancy while maintaining favorable mechanical properties at
low additive levels.

2.2 C═N/C≡N-Containing Compounds as FRs

When compounds containing C═N and C≡N functional groups
are incorporated as FRs into EP matrices, their flame-retardant
performance can be significantly enhanced through thermally
induced crosslinking reactions [51, 52]. Specifically, the unsatu-
rated bonds present in aromatic Schiff base structures—namely
C═N and C≡N—undergo crosslinking at elevated temperatures,
producing a stable, carbon-rich barrier [53, 54]. The resulting
carbonaceous layer effectively blocks heat transfer and greatly
suppresses the emission of flammable volatiles [55]. During the
gaseous state, the thermal decomposition of nitrogen-containing
components leads to the generation of nonflammable gases, such
as CO2 and nitrogenous species (e.g., N2, NH3, or NOx) [56]. These
inert gases dilute flammable gases and oxygen in the combustion
zone, thereby suppressing flame propagation through a gas-
phase dilution mechanism [57]. Overall, the combined effects of
condensed-phase char formation and gas-phase inert gas release
endow C═N/C≡N-containing compounds with strong flame-
retardant efficacy, making them promising functional additives
for improving flame retardancy of EPs [58].

Wang et al. [59] proposed a feasiblemulti-crosslinking strategy for
enhancing the fire retardant performance of EP by introducing
an unprecedented additive FR (BPPDN, Figure 2a) contain-
ing self-crosslinkable groups. The curing process was initiated
using DDS, leading to the development of a multi-network
architecture within the EP matrix. As shown in Figure 2d, the
composite containing 15 wt.% BPPDN (15BPPDN/EP) achieved
an LOI of 27.5% and passed the UL-94 test at the V-0 level.
CCT results (Figure 2f) further demonstrated that, compared
with the unmodified EP/DDS system, the PHRR and THR of
15BPPDN/EP diminished by 22.2% and 40%, correspondingly. In
the condensed phase, the aromatic Schiff base segments contain-
ing C═N and C≡N functionalities undergo thermal crosslinking
at elevated temperatures, forming a stable carbonaceous char
(Figure 2b), which acts as a strong thermal barrier and inhibits
the release of flammable volatiles. FT-IR analysis of the residual
char (Figure 2c) confirmed the cyclization and crosslinking
of C═N and C≡N groups. In the gas phase, the crosslinking
of the phthalide moieties promotes CO2 release and facilitates
the trimerization of C≡N groups, contributing additional inert

gases that suppress combustion. Moreover, the incorporation
of BPPDN did not compromise the material’s inherent optical
andmechanical properties. The 15BPPDN/EP composite retained
high transparency, excellent UV-blocking capability, and supe-
rior dielectric performance, along with outstanding mechanical
strength, including tensile and flexural strength of 108 and 127
MPa, and impact strength (23 kJ⋅m−2).

Lv et al. [60] synthesized a novel FR, PBA-Salen, which contains
C═N and boron (Figure 2g), and incorporated it into EP, cured
using DDM. The resulting EP composite containing 4.7 wt.%
PBA-Salen exhibited a LOI of 29.1%, meeting the criteria for UL-
94 V-1 classification and demonstrating enhanced resistance to
ignition and flame spread. However, the observed suppression of
heat and smoke was less effective than expected. This suboptimal
performance may be attributed to the relatively low loading level
of PBA-Salen (4.7 wt.%), which is likely insufficient to produce
a protective char structure capable of shielding the underlying
material during combustion.

Wang et al. [61] developed a novel FR, DBA-Ph, featuring C═C
and C≡N functionalities (Figure 2j), and incorporated it into the
EP system cured with DDS. Compared to 15 wt.% BPPDN and
PBA-Salen, the composite containing 20 wt.% DBA-Ph (denoted
asDP-20) exhibited significantly enhanced flame retardancy,with
an LOI of 34.9% and meeting the UL-94 V-0 standard. As shown
in Figure 2f, CCT results demonstrated that DP-20 exhibited
superior heat suppression performance compared to the BPPDN-
based system, showing 40% and 39.7% reductions in PHRR and
THR, respectively. Digital photographs and SEM images of the
post-combustion residues (Figures 2h–i) revealed that the DP-
20 samples developed a dense and continuous carbonaceous
barrier at the surface. The formation of this char structure results
from the combined action of the crosslinked network generated
during combustion. Enhanced crosslinking improved the char’s
integrity and density, effectively protecting the polymer beneath
against thermal and oxidative damage, thereby disrupting the
combustion process and enhancing fire resistance.

In summary, C═N and C≡N-containing compounds exhibit
flame-retardant effects through dual-phase mechanisms. Dur-
ing the gas phase, they emit nonflammable gases that dilute
flammable volatiles, effectively hindering flame spread. During
the condensed phase, these compounds thermally crosslink to
generate a dense, cohesive char that functions as a robust barrier
against heat and oxygen. However, achieving optimal flame-
retardant performance typically requires a relatively high additive
loading (more than 15 wt.%), which may limit their applicability
in certain high-performance applications.

2.3 Summary of Additive Phosphorus-Free FRs

According to Table 1, additive phosphorus-free FRs can achieve
satisfactory flame-retardant performance; however, their effec-
tiveness is generally low and they typically require relatively high
additions (usually 10–20 wt.%) to markedly enhance the LOI
and attain a UL-94 V-0 classification. Such high loadings often
compromise key material characteristics, including mechanical
performance and optical clarity [62]. Moreover, the CCT results
indicate that these FRs show limited ability to suppress heat
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FIGURE 2 Illustration of chemical structures of (a) BPPDN [59], Copyright 2024. Reproduced with permission from Elsevier Science Ltd, (g) PBA-
Salen [60], Copyright 2022. Reproduced with permission from Elsevier Science Ltd and (j) DBA-Ph [61]. (b) SEM micrograph [59], Copyright 2024.
Reproduced with permission from Elsevier Science Ltd and (c) FT-IR of char residue of 15BPPDN/EP after CCT [59], Copyright 2024. Reproduced with
permission from Elsevier Science Ltd. (d) LOI and UL-94 results of three FRs. (e) Digital photos of the DP-20 burning process during the UL-94 [61]. (f)
PHRR and THR comparison of 15BPPDN/EP and DP-20. (h) Digital photos [61] and (i) SEM micrograph of char residue of DP-20 [61].

TABLE 1 Summary of comprehensive performances for EPs containing additive phosphorus-free FRs.

Ref.

Flame-
retardant
group Sample name

FR
loading
(wt.%)

LOI
(%)

UL-9
rating

-△ pHRR
(%)

-△
THR
(%)

-△ TSP
(%)

Tensile
strength
(MPa)

Flexural
strength
(MPa)

[42] B 9% HBPB/EP 9 30.2 V-0 39.7 8.4 26.7 75 175
[47] B EP/20%TNB 20 31.2 V-0 71.3 27.8 NA NA NA
[59] C═N and C≡N 15BPPDN/EP 15 27.5 V-0 22.2 20.4 38.7 108 127
[60] C═N and B EP/PBA-Salen 4.7 29.1 V-1 NA NA NA NA NA
[61] C═C and C≡N DP-20 20 34.9 V-0 40.0 37.9 28.1 NA NA

release during combustion, as confirmed by a low reduction
in THR. They mainly function in the condensed phase during
combustion, which induces crosslinking and char formation to
inhibit combustion. Due to their relatively weak activity in the
gas phase, their efficiency is usually lower than FRs with active
gas-phase mechanisms. Furthermore, in most cases, additive

phosphorus-free flame retardants do not readily form strong
covalent bonds with the epoxy matrix. As a result, the long-
term stability of such flame-retardant EP composites may be
compromised due to potential issues such as additive migration
and phase separation. Therefore, future research should focus
on optimizing the molecular structures of phosphorus-free flame

5 of 18

 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202500264 by U

niversity O
f Southern Q

ueensland, W
iley O

nline L
ibrary on [26/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



retardants to enhance their flame-retardant efficiency, form
chemical bonds with the epoxy matrix, and mitigate adverse
effects on the overall performance.

3 Intrinsically Phosphorus-Free
Flame-Retardant EPs

3.1 Benzene/C═C-Rich Flame-Retardant EPs

EPs containing benzene rings andC═Cunsaturated bonds exhibit
flame-retardant behavior primarily through condensed-phase
mechanisms. Upon thermal exposure, the conjugated benzene
structures enhance thermal stability and promote the formation
of aromatic char layers [63]. Simultaneously, C═C double bonds
undergo crosslinking reactions when heated, producing a denser
and more cohesive char structure. This carbonaceous residue
serves as a protective layer that limits the transfer of heat
and oxygen into the underlying matrix [64]. Additionally, the
aromatic structure promotes increased residual char formation
and improves the graphitic nature of the residue, thereby boosting
its thermal insulation performance [65, 66]. However, the gas-
phase flame inhibition effect is limited due to the absence of
significant nonflammable gas release.

Zhang et al. [67] synthesized a bio-based epoxy monomer
from curcumin (Figure 3a), which was subsequently cured
with DDS to produce an intrinsically flame-retardant EP
(DGEC/DDS). Comparedwith the conventional petroleum-based
system DGEBA/DDS, DGEC/DDS exhibited a notably elevated
glass transition temperature (Tg) of 300 ◦C, in contrast to 215 ◦C
for DGEBA/DDS, indicating its superior thermal stability. As
shown in Figure 3b, the DGEC/DDS resin obtained a UL-
94 V-0 rating, indicating superior fire resistance. Microscale
combustion calorimetry (MCC) data showed that DGEC/DDS
exhibited decreases of 80.2%, 74.8%, and 59.4% in heat release
capacity (HRC), peak heat release rate (PHRR), and total heat
release (THR), respectively, relative to DGEBA/DDS, highlight-
ing its outstanding flame-retardant efficiency. This excellent
performance results from combined actions occurring in both
condensed and gaseous states. Within the condensed phase, the
DGEC/DDS system enhances char formation, creating a dense
char layer that protects the substrate by blocking heat and oxygen
penetration [68].Meanwhile, during the gaseous phase, abundant
nonflammable CO2 is emitted, which aids in heat dissipation
and dilutes oxygen and combustible gases, further suppressing
flame spread. Moreover, as shown in Figure 3c, DGEC/DDS
exhibited a tensile strength of 65.9 MPa, which is significantly
greater compared to 56.1 MPa for DGEBA/DDS, indicating that
the improvement in flame retardancy was achieved without
sacrificing the mechanical performance.

Lu et al. [69] prepared a bio-based epoxymonomer (RESEP) from
resveratrol (Figure 3d), which was subsequently cured with DDM
to produce an intrinsically flame-retardant EP. The resulting
RESEP/DDM system exhibited a Tg of 335 ◦C, which is the
highest value reported to date among bio-based EP, indicating
exceptional thermal stability. RESEP/DDM exhibited an LOI
of 31.8% and passed the UL-94 test with a V-0 classification
(Figure 3e). Its effectiveness against flames mainly results from
the rapid generation of a compact char layer in the condensed

phase, coupled with the emission of large quantities of inert gases
in the gas phase, together suppressing flame spread. RESEP/DDM
also demonstrated excellent mechanical performance, exhibiting
tensile strength at 76.0 MPa and tensile modulus reaching
3499.3 MPa, which reflects outstanding rigidity and load-bearing
capacity.

Song et al. [70] synthesized a bio-based epoxy monomer, HCA-
EP (Figure 3f), which was subsequently cured with DDM to
obtain an intrinsically flame-retardant EP. In Figure 3b, the
HCA-EP/DDM system achieved an LOI of 32.6%, surpassing
those of RESEP/DDM and DGEC/DDS, indicating outstanding
fire-retardant performance. Although its UL-94 rating was V-
1, the total after-flame time (t1 + t2) was only 11 s, suggesting
excellent fire resistance. CCT results revealed substantial declines
in PHRR, THR, and TSP by 60%, 34%, and 30%, respectively, com-
pared to the DGEBA/DDM system. The primary flame-retardant
mechanism involves generating a protective char layer within the
condensed phase. This was confirmed by digital and microscopic
observations of the post-CCT residues (Figure 3g), revealing
the formation of a dense carbonaceous layer which effectively
protects the substrate from thermal and flammable gas exposure
[71].Moreover, HCA-EP/DDMexhibited outstandingmechanical
performance. As shown in Figure 3c, the tensile strength reached
98.3 MPa, significantly higher than that of RESEP/DDM and
DGEC/DDS. The flexural strength was also notably high at 158.9
MPa. This remarkable mechanical performance is attributed to
the compact molecular structure of hydroxycinnamic acid, which
promotes efficient chain packing and stress transfer, thereby
enhancing the overall mechanical integrity of the cured network.

Overall, benzene/C═C-based EPs mainly achieve fire resistance
by generating a protective carbonaceous layer within the con-
densed phase. This thermally formed carbonaceous barrier acts
as an effective shield against heat and flammable volatiles.
Additionally, the release of substantial amounts of CO2 during
the gas phase helps suppress flames by diluting combustible
gases and oxygen, thereby offering a secondary gas-phase flame-
retardant function. Comparative data indicate that epoxy systems
containing two or more benzene rings exhibit superior flame-
retardant performance, particularly in achieving the V-0 rating in
the UL-94 test. The improvement can be attributed to the greater
aromatic content and increased molecular rigidity, facilitating
rapid generation of stable, graphitized char during thermal
decomposition, which enhances both char yield and thermal pro-
tection. However, while multi-ring aromatic structures enhance
flame retardancy, they tend to compromise mechanical perfor-
mance. Specifically, resins with multiple benzene rings typically
show reduced tensile strength and impact resistance. This is
primarily due to increased steric hindrance, which interfereswith
effective chain packing and crosslinking density. Moreover, the
higher rigidity leads to greater brittleness and reduced strain
tolerance,making thematerialmore susceptible to fracture under
mechanical stress. Therefore, when designing intrinsically flame-
retardant EPs of this type, a balance between flame retardancy
and mechanical integrity must be carefully considered. Future
research should focus on molecular design strategies such as
incorporating flexible segments, optimizing the functionality
of reactive groups, or constructing intramolecular synergistic
structures to achieve high flame-retardant efficiency while main-
taining or enhancing mechanical performance. Such approaches
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FIGURE 3 Illustration of chemical structures of (a) DGEC [67], Copyright 2023. Reproducedwith permission fromElsevier Science Ltd, (d) RESEP
[69], Copyright 2022. Reproduced with permission from Elsevier Science Ltd and (f) HCA-EP [70], Copyright 2022. Reproduced with permission from
Elsevier Science Ltd. (b) LOI and UL-94 of three flame-retardant EPs. (c) Tensile strength results of three flame-retardant EPs. (e) Digital photos of the
RESEP/DDM burning process during the UL-94 [69], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (g) (g1 and g2) Digital
photos and (g3) SEM micrograph of char residue of HCA-EP after CCT [70], Copyright 2022. Reproduced with permission from Elsevier Science Ltd.

are essential to meet the multifaceted requirements of advanced
high-performance polymer applications.

3.2 Deoxybenzoin/Benzene-Based
Flame-Retardant EPs

Deoxybenzoin/benzene-based EPs demonstrate inherent flame
retardant properties, primarily attributed to their unique deoxy-
benzoin/benzene backbone [72–74]. This highly conjugated and
rigid structure not only imparts excellent thermal stability but
also significantly facilitates a protective carbonaceous char devel-
oping during thermal decomposition [75]. A compact char struc-
ture effectively limits thermal conduction and blocks flammable
gases from escaping during the condensed phase [76]. Moreover,
the abundant phenolic ─OH present in the flavonoid framework
plays a critical role in enhancing thermal crosslinking reactions.
Upon exposure to elevated temperatures, these ─OH groups
can undergo condensation and polymerization, further stabilize
the matrix and reinforce the integrity of the char residue [77].
Deoxybenzoin/benzene-based EPs undergo thermal degradation
that produces significant amounts of non-flammable gases like
CO2 andwater vapor, reducing the levels of combustible gases and
oxygennear the flame front. This contributes to a secondary flame
inhibition mechanism via gas-phase dilution.

Dai et al. [78] synthesized a bio-based epoxy monomer DGEG
(Figure 4a) from genistein, which was subsequently cured with
DDM to produce DGEG/DDM. This system exhibited outstand-
ing flame-retardant properties, achieving an LOI value of 33.1%
alongside a UL-94 V-0 classification. MCC data showed signif-
icant reductions in pHRR, THR, and TSP by 36.9%, 48.5%, and
64.4%, respectively, compared to unmodified EP/DDM. Digital
photographs before and after LOI testing (Figure 4b), after
CCT (Figure 4e), along with SEM images of the char residue
(Figure 4c), revealed a continuous and robust char layer formed
on the material’s surface. During combustion, the compact char
structure hinders the intrusion of oxygen and flammable volatiles
into the material and insulates the underlying polymer from
external heat, thereby enhancing fire resistance. In addition to
its flame-retardant behavior, the DGEG/DDM system demon-
strated robust mechanical behavior. The tensile and flexural
strength reached 92 MPa and 141 MPa, respectively, representing
increases of 19.5% and 33% over EP/DDM. These improvements
are ascribed to the highly aromatic and rigid conjugated backbone
of the genistein-derived epoxy monomer, which contributes to
enhanced crosslinking density, network stiffness, and efficient
stress transfer within the cured resin.

Wang et al. [79] synthesized a bio-based epoxy monomer
(DGELU) from luteolin (Figure 4g) and cured it with DFA
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FIGURE 4 Illustration of chemical structures of (a) DGEG [78], Copyright 2019. Reproduced with permission from Elsevier Science Ltd, and (g)
DGELU [79], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (b) Digital photos and (c) SEM micrograph of char residue of
DGEG/DDM after LOI [78], Copyright 2019. Reproduced with permission from Elsevier Science Ltd. (d) Digital photos of the DGELU/DFA burning
process during the UL-94 [79], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (e) Digital photos of char residue of DGEG/DDM
after CCT [78], Copyright 2019. Reproduced with permission from Elsevier Science Ltd. (f) LOI and UL-94 results of DGEG/DDM and DGELU/DFA.
(h) SEMmicrograph of char residue of DGELU/DFA after CCT [79], Copyright 2022. Reproduced with permission from Elsevier Science Ltd. (i) Tensile
strength of DGEG/DDM and DGELU/DFA.

to obtain the inherently flame-retardant EP (DGELU/DFA).
As shown in Figure 4f, the DGELU/DFA system exhibited
a significantly higher LOI of 38% compared to DGEG/DDM.
During the UL-94 test (Figure 4d), the material achieved a
V-0 rating and self-extinguished within just 2 s, demonstrat-
ing excellent non-flammability. Moreover, the application of
DGELU/DFA as a flame-retardant coating on wood surfaces
imparted remarkable fire protection. Compared with untreated
wood, the coated samples exhibited substantial reductions in
PHRR, THR, and TSP by 55.8%, 12.4%, and 11.5%, respectively,
indicating efficient inhibition of thermal release and smoke
generation during combustion. SEM observations (Figure 4h)
showed a tightly packed and uniform char structure on the
surface, indicating that DGELU/DFA achieves flame resistance
primarily through condensed-phase action. The high charring
efficiency suggests that most of the thermal degradation products
are trapped within the condensed phase rather than contribut-
ing to combustion during the gas phase. Apart from excellent
flame-retardant properties, the DGELU/DFA system also demon-

strated favorable mechanical performance. Its tensile strength
reached 66.3 MPa, which is significantly greater than the conven-
tional DGEBA/DDM (53.8 MPa), indicating enhanced structural
integrity and rigidity. This improvement is mainly attributed
to the rigid aromatic backbone and multiple functional groups
present in the DGELU molecule, which contribute to a higher
crosslinking density and more robust polymer network, thereby
improving load-bearing capacity. However, based on Figure 4i,
the tensile strength of DGELU/DFA is slightly lower than that of
theDGEG/DDMsystemcuredwithDDM.This difference is likely
due to the use of different curing agents. DFA and DDM vary
in terms of curing kinetics, crosslinking behavior, and molecular
interactions, which can affect the final network architecture
and the efficiency of stress transfer, ultimately influencing the
mechanical performance of EPs.

To summarize, deoxybenzoin/benzene-based EPs exhibit out-
standing flame-retardant performance, particularly in UL-94
vertical burning tests, where some systems demonstrate complete
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non-flammability under ambient oxygen concentrations. The
flame-retardant action mainly occurs in the condensed phase.
Benefiting from the highly aromatic and rigid backbone of
deoxybenzoin/benzene-based structures, these materials possess
excellent thermal stability and can rapidly form a dense, contin-
uous char layer upon thermal decomposition. This carbonaceous
barrier effectively insulates the substrate from external thermal
exposure and oxygen, thereby suppressing further degradation
and volatile release. Although studies focusing on the gas-
phase flame-retardant mechanism of deoxybenzoin/benzene-
based systems remain limited, available evidence suggests that
their thermal degradation can produce significant amounts of
nonflammable gases such as CO and CO2. These gases contribute
to flame inhibition through dilution of flammable volatiles and
oxygen near the combustion zone. Moreover, due to their rigid,
conjugated molecular skeletons, deoxybenzoin/benzene-based
EPs generally exhibit outstanding mechanical performance, fea-
turing high tensile strength, stiffness, and thermal stability. This
combination of intrinsic flame retardancy and robust mechani-
cal performance positions deoxybenzoin/benzene-based systems
as promising candidates for high-performance applications in
flame-retardant coatings, electronics, and structural composites.

3.3 C═N-Containing Flame-Retardant EPs

C═N-based flame-retardant EPs have garnered significant inter-
est due to their inherent charring capability and high thermal
stability. The imine (C═N) functionality, commonly found in
Schiff base and related aromatic structures, significantly con-
tributes to strengthening condensed-phase flame retardancy.
Under high-temperature conditions, C═N bonds undergo ther-
mal crosslinking and cyclization reactions, rapidly generating
thermally robust carbonaceous residue [80–82]. It forms a protec-
tive layer that reduces thermal conduction, shields the polymer
beneath, and suppresses the release of flammable gases [83].
Furthermore, the decomposition of nitrogen-containing groups
can yield inert gases such as N2, NH3, and CO2, which reduce the
concentration of combustible gases near the flame, aiding gas-
phase flame suppression [84]. This dual-phase flame-retardant
mechanism allows C═N-based epoxy systems to achieve favor-
able performance in LOI and UL-94 tests, particularly when
combined with aromatic or conjugated backbones that enhance
structural rigidity.

Nabipour et al. [85, 86] successively developed two inherently
flame-retardant epoxymonomers containing C═N bonds, named
VTA-EP (Figure 5a) and HMF-GAN-EP (Figure 5d), both of
which were cured using DFA to produce thermosetting resins
demonstrating superior flame-retardant performance. The VTA-
EP/DFA system demonstrated excellent flame inhibition capabil-
ity, with an LOI value reaching 38.5% and successfully passing
the UL-94 test with a V-0 rating (Figure 5b). CCT results further
confirmed its effectiveness, with PHRR and THR decreased by
88.4% and 87.8%, respectively, relative to the unmodified EP. In
comparison, the HMF-GAN-EP/DFA system showed even more
remarkable flame-retardant properties, with an LOI of 40% and
a UL-94 V-0 rating. Notably, t1 + t2 was only 2 s, indicating
a highly self-extinguishing nature that rendered the material
nearly non-flammable under ambient oxygen conditions. MCC
results corroborated this, showing reductions in PHRR and THR

of 91.7% and 73.2%, respectively, relative to the conventional
DGEBA/DDM system. Besides flame retardancy, both resins
showed excellent performance in tensile strength, measuring
60.8 and 67.9 MPa, surpassing the standard DGEBA/DDM.
This mechanical enhancement stems from the rigid Schiff base
structure and the resulting high crosslinking density, which
reinforces the network integrity. Moreover, both VTA-EP/DFA
and HMF-GAN-EP/DFA displayed promising degradability due
to the dynamic and reversible nature of the C═N bonds in
their molecular backbones. As illustrated in Figure 5c, these
materials can be fully degraded under mildly acidic conditions,
highlighting their potential for environmental sustainability and
recyclability.

Xie et al. [87] developed a C═N base-containing epoxy monomer,
PH-ODA-EP (Figure 5g), which was subsequently cured with
DDM to prepare the intrinsically flame-retardant EP (PH-ODA-
EP/DDM).As shown inFigure 5e, this systemexhibited a superior
LOI of 40.5%, outperforming both VTA-EP/DFA and HMF-GAN-
EP/DFA, and successfully earned a V-0 rating according to UL-94
standards. CCT analysis disclosed remarkable flame-retardant
efficiency, showing a 90.9% reduction in PHRR and a 72.0%
reduction in THR relative to the conventional DGEBA/DDM
system. Post-combustion digital photographs (Figure 5h) and
SEM images (Figure 5i) of the char residue confirmed the
presence of thick, compact carbon-rich residue. This dense char,
attributed to the Schiff base and aromatic structures, effectively
suppressed heat transfer in the condensed phase [88]. During
the gas phase, the release of nonflammable gases further con-
tributed to flame inhibition through self-extinguishing effects.
Along with its superior flame resistance, PH-ODA-EP/DDM also
demonstrated outstanding mechanical performance. As shown
in Figure 5f, its tensile strength reached 103.6 MPa, significantly
surpassing that of VTA-EP/DFA and HMF-GAN-EP/DFA. The
flexural strength was also remarkably high at 157.9 MPa. The
enhancement in mechanical performance is primarily attributed
to the rigid molecular structure of PH-ODA-EP and the high
crosslinking density achieved through curing with DDM, which
together reinforce the polymer network and significantly improve
its mechanical strength.

In summary, intrinsically flame-retardant EPs based on C═N
structures exhibit outstanding fire resistance. These systems
demonstrate significant improvements in LOI, achieve V-0 rat-
ings in UL-94 tests, and show marked reductions in PHRR
and THR during CCT, indicating excellent flame inhibition and
thermal shielding capabilities. The enhanced performance is
predominantly linked to the introduction of C═N moieties into
themolecular structure, which not only imparts high thermal sta-
bility and char-promoting ability, but also facilitates the creation
of a robust, carbon-rich protective layer during decomposition,
reinforcing the condensed-phase flame-retardant mechanism.
Additionally, the thermal degradation of C═N bonds releases
nonflammable gases that dilute combustible volatiles and oxy-
gen, thereby improving flame suppression in the gas phase.
Moreover, C═N-based epoxy monomers typically possess rigid,
highly aromatic backbones, which contribute to the formation of
tightly crosslinked networks upon curing. This structural rigidity
contributes to flame resistance while markedly enhancing the
mechanical strength and dimensional stability of the resulting
materials.
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FIGURE 5 Illustration of chemical structures of (a) VTA-EP [85], Copyright 2021. Reproduced with permission from Elsevier Science Ltd, (d)
HMF-GAN-EP [86], Copyright 2023. Reproduced with permission from Elsevier Science Ltd, and (f) PH-ODA-EP [87], Copyright 2020. Reproduced
with permission from Elsevier Science Ltd. (b) Digital photos of the VTA-EP/DFA burning process during the UL-94 [85], Copyright 2021. Reproduced
with permission fromElsevier Science Ltd. (c) digital photographs of VTA-EP/DFA in 0.1M sulfuric acid solution (H2O/DMF (v/v)= 2: 8) [85], Copyright
2021. Reproduced with permission from Elsevier Science Ltd. (e) LOI and UL-94 results of three flame retardant EPs. (f) Tensile strength results of three
flame retardant EPs. (h) Digital photos and (i) SEMmicrograph of char residue of PH-ODA-EP/DDM after CCT [87], Copyright 2020. Reproduced with
permission from Elsevier Science Ltd.

3.4 Benzene/Polyepoxy-Based Flame-Retardant
EPs

Benzene/Polyepoxy-based flame-retardant EPs exhibit excellent
intrinsic flame retardancy, primarily attributed to the synergistic
effects between their highly aromatic benzene-based backbones
and multifunctional epoxy groups. These structural features
facilitate the formation of a densely crosslinked network during
curing. Upon thermal decomposition, the aromatic rings provide
outstanding thermal stability, promoting early-stage carboniza-
tion and the rapid development of a dense, cohesive char coating
[89]. This char barrier effectively blocks thermal conduction and
suppresses the emission of flammable gases in the condensed
phase. Moreover, the high functionality of polyepoxy groups
contributes to increased crosslinking density, which enhances the
structural integrity of the cured resin under high temperatures
and further improves its thermal shielding capability. The char
layer not only isolates the underlying substrate from external
oxygen but also suppresses heat feedback during combustion,
forming a synergistic “char-thermal insulation” flame-retardant
mechanism [90]. During combustion, these resins release non-
flammable gases like CO2 and H2O that reduce the concentration
of flammable species and oxygen around the flame front,
thereby enhancing flame inhibition in the gas phase. Collectively,

benzene/polyepoxy-based EPs achieve a balanced and efficient
flame-retardant performance through dual-action mechanisms
in both the condensed and gas phases, making them highly
promising candidates for intrinsic flame-retardant systems.

Ou et al. [91] synthesized a benzene-containing trifunctional EP
named TEPEU (Figure 6a) using eugenol and subsequently cured
it with DDS to prepare a flame-retardant EP, TEPEU/DDS. The
rigid aromatic backbone andmultiple crosslinking sites endowed
the material with a high Tg of 294.5 ◦C, while maintaining
favorable processability. The TEPEU/DDS system reached an LOI
value of 28.7% and obtained a UL-94 V-1 rating (Figure 6b).
MCC results revealed that, compared with the conventional
DGEBA/DDS system, the reductions in PHRR and THR were
29.8% and 40.3%, respectively. This improved fire resistance
mainly resulted from the substantial carbonaceous residue gen-
erated in the condensed phase, promoted by the aromatic rings
and DDS (Figure 6d). SEM images of the char residue following
the UL-94 test revealed a smooth, dense, and continuous char
layer that efficiently blocked heat and oxygen transfer. During
the gas phase, non-flammable CO2 played a major role in
diluting combustible gases. In terms of mechanical properties,
the TEPEU/DDS thermoset exhibited enhanced rigidity, with
values of 0.407 GPa for hardness and 4.693 GPa for Young’s
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FIGURE 6 Illustration of chemical structures and digital photos of (a) TEPEU [91], Copyright 2025. Reproduced with permission from Elsevier
Science Ltd and (g) PGE [92], Copyright 2023. Reproduced with permission from American Chemical Society. (b) Digital photos of the TEPEU/DDS
burning process during the UL-94 [91], Copyright 2025. Reproduced with permission from Elsevier Science Ltd. (c) SEM of char residue of TEPEU/DDS
after CCT [91], Copyright 2025. Reproduced with permission from Elsevier Science Ltd. (d) Chemical structures of char residue [91], Copyright 2025.
Reproduced with permission from Elsevier Science Ltd. (e) LOI and UL-94 results of TEPEU/DDS and PGE/DDS. (f) -△PHRR and -△THR results of
TEPEU/DDS and PGE/DDS. (h-i) SEM micrograph of char residue of PGE/DDS after UL-94 [92], Copyright 2023. Reproduced with permission from
American Chemical Society.

modulus, both markedly exceeding the corresponding 0.273 and
3.327 GPa measured for the conventional DGEBA/DDS system,
indicating improved resistance to deformation. However, the
measured impact resistance was slightly reduced compared to
the conventional system, with a marginal decline observed in
the TEPEU-based formulation. This decrease in toughness likely
stems from the denser crosslinked structure, which hinders
polymer chain movement and reduces the material’s capacity to
absorb and dissipate energy during sudden mechanical stress.
Consequently, while the TEPEU/DDS system excels in rigidity
and structural strength, it experiences a trade-off in terms of
impact durability.

Ying et al. [92] synthesized a tetrafunctional EP (PGE) using
pinoresinol as a bio-based precursor (Figure 6g). After curingwith
DDS, the resulting flame-retardant epoxy thermoset (PGE/DDS)
exhibited a high Tg of approximately 259.2 ◦C, owing to its rigid
molecular backbone. As shown in Figure 6e, compared with
the TEPEU/DDS system, PGE/DDS demonstrated superior flame
retardancy, achieving an elevated LOI value of 33.5% along with
a UL-94 classification of V-0. In terms of combustion behav-
ior (Figure 6f), PGE/DDS showed enhanced heat suppression
performance. MCC results indicated that, relative to the conven-
tional DGEBA/DDS system, the PHRR and THR of PGE/DDS

decreased significantly by 71.1% and 41.2%, respectively. Post-
UL-94 SEM analysis (Figures 6h–i) revealed a compact and
uniform char layer generated during combustion,which is closely
associated with the rigid aromatic structure. Most aromatic
fragments retained in the condensed phase helped stabilize
the resulting carbon-rich residues. This protective char barrier
effectively inhibited the release of flammable volatiles, thereby
enhancing flame resistance. Production of inert gases during
the gas-phase reactions further helped suppress combustion by
diluting flammable species. Regarding mechanical performance,
PGE/DDS outperformed the DGEBA/DDS system. The Young’s
modulus of PGE/DDS reached 5.41 GPa, significantly higher
than that of DGEBA/DDS (3.92 GPa). Additionally, the hardness
increased by approximately 25%, from 0.28 to 0.35 GPa. These
improvements are a consequence of the increased crosslinking
density and chain rigidity of the PGE-based network.

In summary, for benzene/polyepoxy-based flame-retardant EP
systems, structures containing a single benzene ring generally
exhibit limited flame-retardant performance. This is primarily
because multi-aromatic ring structures tend to undergo thermal
rearrangement more readily during decomposition, resulting
in robust char networks that significantly strengthen thermal
shielding in the condensed stage. Additionally, such structures
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TABLE 2 Summary of comprehensive performances of the intrinsically phosphorus-free flame-retardant EPs.

Ref. Flame-retardant group Sample name LOI (%)
UL-94
rating

-△
pHRR
(%)

-△
THR
(%)

-△ TSP
(%)

Tensile
strength
(MPa)

Flexural
strength
(MPa)

[70] C═C and benzene HCA-EP-DDM 32.6 V-1 59.8 33.7 29.9 98.3 158.9
[69] C═C and benzene RESEP/DDM 31.8 V-0 NA NA NA 76.0 NA
[67] C═C and benzene DGEC/DDS NA V-0 NA NA NA 65.9 NA
[78] Deoxybenzoin and

benzene
DGEG/DDM 33.1 V-0 36.9 48.5 64.4 92 141

[79] Deoxybenzoin and
benzene

DGELU/DFA 38.0 V-0 NA NA NA 66.3 NA

[85] C═N HMF-GAN-EP/DFA 40.0 V-0 NA NA NA 67.9 NA
[87] C═N PH-ODA-EP/DDM 40.5 V-0 90.9 72.0 NA 103.6 157.9
[86] C═N VTA-EP/DFA 38.5 V-0 88.4 87.8 NA 60.8 NA
[91] Benzene and polyepoxy TEPEU/DDS 28.7 V-1 NA NA NA NA NA
[92] Benzene and polyepoxy PGE/DDS 33.5 V-0 NA NA NA NA NA

contribute to improved thermal stability and provide poten-
tial gas-phase flame-retardant synergy. While the number of
epoxy groups does not directly determine flame retardancy, it
significantly influences the crosslinking density and thermal
degradation behavior of the cured network, thereby indirectly
affecting the flame-retardant properties. Overall, the quantity
and distribution of aromatic units remain the dominant factors
governing flame-retardant performance. Therefore, molecular
designs that incorporate multiple aromatic rings along with
high epoxy functionality are generally more effective in achiev-
ing improved flame-retardant performances. Multifunctional
groups and rigid molecular frameworks contribute significantly
to improved structural performance, reflected in elevated stiff-
ness and enhanced surface durability. However, this structural
modification inevitably compromises the material’s flexibility.
Specifically, the elevated crosslinking density and rigid chain
segments restrict molecular mobility, thereby reducing the mate-
rial’s ability to dissipate energy under stress. As a result, the
elongation at break and impact resistance tend to decrease.
Therefore, achieving a balance between mechanical rigidity and
toughness remains a key consideration in the structural design of
high-performance thermosetting resins.

3.5 Summary of Intrinsically Phosphorus-Free
Flame-Retardant EPs

According to Table 2, phosphorus-free flame-retardant EPs gen-
erally exhibit favourable flame-retardant performance, primarily
attributed to the high content of rigid structures within their
molecular framework. These rigidmoieties facilitate the develop-
ment of robust and compact char layers upon thermal decomposi-
tion, greatly improving the material’s ability to resist combustion
in the condensed phase. Meanwhile, a high crosslinking density
indirectly contributes to flame retardancy by improving the struc-
tural compactness and thermal stability of the epoxy network.
This enhancement facilitates carbonization at elevated temper-
atures, leading to the development of continuous and dense char

layers. Such char layers effectively block oxygen and heat transfer,
reinforcing the condensed-phase flame-retardant mechanism.
Additionally, the highly crosslinked network restricts the release
of combustible low-molecular-weight volatiles, thereby reducing
the concentration of flammable gases during combustion. There-
fore, high crosslinking density indirectly boosts flame retardancy
by optimizing thermal degradation behavior and promoting char
formation. In contrast, gas-phase flame suppression is modest
and primarily depends on diluting flammable volatiles to inhibit
combustion. In summary, phosphorus-free EPs mainly rely on
protective char formation in the condensed phase, enhanced by
the combined effect of inert gases released in the gas phase.
For mechanical properties, phosphorus-free flame-retardant EPs
exhibit relatively high mechanical strength, mainly attributed to
the abundant rigid aromatic frameworks and high crosslinking
density. These factors collectively enhance the material’s rigidity
and network compactness, resulting in increased tensilemodulus
and hardness. However, the presence of rigid structures often
restricts the mobility of molecular chains, which may cause a
reduction in elongation at break and consequently adversely
affect the material’s toughness.

4 Overview of Phosphorus-Free
Flame-Retardant Strategies

Table 3 provides a comprehensive overview of various
phosphorus-free flame-retardant strategies, highlighting their
respective advantages and limitations to offer a clear comparison
of their performance and applicability. Phosphorus-free additive
FRs (Figure 7a) possess significant advantages, including simple
synthesis processes and ease of application. Their synthetic
routes are generally straightforward, characterized by mild
reaction conditions, abundant raw materials, and low cost,
rendering them suitable for large-scale industrial production.
In practical applications, these FRs can be directly incorporated
into EPmatrices as additives, demonstrating excellent processing
compatibility. Despite the absence of phosphorus, phosphorus-
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TABLE 3 Overview of the phosphorus-free flame-retardant strategies with their corresponding advantages and shortcomings.

Strategies Advantages Limitation

Additive
phosphorus-free FRs

✓ Easy to synthesize and apply

✓ Good flame-retardant effect

∙ High loading levels

∙ Adversely effects on mecha-
nical properties and trans-
parency

∙ Poor compatibility with EP
Intrinsically
phosphorus-free
flame-retardant EPs

✓ No additional FRs needed

✓ Biobased ingredient

✓ Good flame-retardant performance

✓ Good thermal stability and mechanical robustness

∙ High cost

∙ Complex preparation pro-
cess

∙ Unsatisfactory toughness

FIGURE 7 The chemical structures of representative (a) additive phosphorus-free FRs, (b) intrinsically phosphorus-free flame-retardant EPs, and
(c) curing agents. (d) Schematic diagram of the cross-linked (An + Bm) network [1].

free FRs achieve flame retardancy through multiple mechanisms
such as physical barrier effects, heat absorption, and intumescent
char formation. For instance, compounds containing borate ester
and C═N/C≡N groups can significantly enhance the LOI
and UL-94 rating, reduce the heat release, and prolong the
ignition time, thereby effectively improving the overall fire
safety performance of the material. However, phosphorus-free
FRs have certain limitations. To meet specified flame retardant
standards (e.g., UL-94 V-0, and LOI > 28%), relatively high
loading levels (typically exceeding 20 wt.%) are usually required,
which not only increases material costs but also poses challenges
to processing and final material properties. Moreover, high
additive content often induces interfacial defects and stress
concentrations within the polymer matrix, thereby diminishing
tensile strength, impact toughness, and other mechanical
properties. Additionally, high loading levels of phosphorus-free

FRs usually reduce the transparency of EPs, limiting their
applications in optical and electronic packaging fields that
require high transparency. Furthermore, as phosphorus-free FRs
are mostly macromolecular additives, their compatibility with
EP is relatively poor, frequently leading to uneven dispersion,
sedimentation, and agglomeration, which adversely affect flame
retardancy and comprehensive performances.

Intrinsic phosphorus-free flame-retardant epoxy resins
(Figure 7b), when cured with the curing agents shown in
Figure 7c, form a highly cross-linked (An + Bm) network as
illustrated in Figure 7d. A key advantage of this system is
its ability to achieve excellent flame retardancy intrinsically,
without the need for additional flame-retardant additives.
Their LOI can readily reach 30%, and the UL-94 rating can
attain V-0, thereby circumventing common compatibility and
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dispersion issues associated with additive phosphorus-free FRs.
This markedly enhances the overall uniformity and thermal
stability. In addition, intrinsic phosphorus-free flame-retardant
EPs are commonly derived from bio-based sources and serve as
sustainable alternatives to bisphenol A-based systems, promoting
green and environmentally responsible development. Moreover,
these EPs typically demonstrate superior thermal stability
and excellent mechanical properties, maintaining material
strength and rigidity while ensuring outstanding flame-retardant
performance, thus meeting the stringent requirements of high-
performance engineering applications. However, the preparation
processes for intrinsic phosphorus-free flame-retardant EPs have
yet to be industrialized, facing certain technical barriers and
challenges in scalable production, which result in relatively
high manufacturing costs and limit their widespread adoption
in industrialization. Additionally, these materials exhibit
deficiencies in toughness; compared with conventional EPs,
they show reduced elongation at break and impact strength,
which restricts their suitability for applications demanding
high toughness and deformability. In summary, although
intrinsic phosphorus-free flame-retardant EPs excel in flame
retardancy and comprehensive mechanical performance, their
high cost, processing difficulties, and insufficient mechanical
toughness must be addressed through molecular design
and process optimization to enable broader application and
commercialization.

In addition to EPs, phosphorus-free flame-retardant strategies
have also been actively investigated in other polymer systems,
such as polyurethane and polypropylene. For example, Luo et al.
[93] demonstrated that strongly nucleophilic potassium salts,
such as potassium formate and potassium maleate, can induce
molecular rearrangements and thus catalyze self-pyrolysis of
polymers. This process facilitates the proactive release of carbon
dioxide before ignition, thereby achieving intrinsic flame retar-
dancy in polyurethane materials. Furthermore, isocyanurate-
based flame retardants offer high thermal stability, excellent char-
forming ability, and good compatibility, making them promising
candidates for halogen- and phosphorus-free flame-retardant
systems. Chen et al. [94]. synthesized a novel tris(2-hydroxyethyl)
isocyanurate-based char-forming agent via melt polyconden-
sation using tris(2-hydroxyethyl) isocyanurate. When applied
to polypropylene, the resulting composite exhibited excellent
charring ability and flame-retardant performance, as evidenced
by improved LOI values and UL-94 ratings. Therefore, these
works highlight the potential of phosphorus-free flame retardants
in diverse polymeric materials.

5 Conclusions and Perspectives

5.1 Conclusions

Driven by the principles of sustainable development and
green chemistry, phosphorus-free flame-retardant systems have
become a promising research focus for enhancing the flame retar-
dancy of polymers. Unlike traditional phosphorus-based FRs,
phosphorus-free alternatives effectively prevent the generation of
toxic, corrosive, and environmentally harmful byproducts during
burning, providing better ecological safety. This makes them
particularly attractive for applications requiring environmen-

tally friendly and low-toxicity materials. This review centers on
the structure–property relationship, systematically summarizing
and comparing representative phosphorus-free flame-retardant
strategies in EP systems. Emphasis is placed on elucidating the
mechanisms by which these molecular designs influence flame
retardancy, thermal stability, mechanical strength, and other
critical performance characteristics. Studies have shown that
the incorporation of rigid aromatic backbones, multi-functional
groups, or highly crosslinked networks enables phosphorus-
free EPs to generate thick and resilient char structures, which
effectively insulate heat and block flammable volatiles. Simul-
taneously, such structural features help maintain mechanical
strength without compromising thermal performance. With
the synergistic advancement of molecular engineering and
integrated structural-function design, phosphorus-free flame-
retardant EPs hold great potential for broader applications in
high-performance, low-environmental-impact functionalmateri-
als.

5.2 Challenges

Despite significant advancements in the phosphorus-free flame-
retardant strategies for EPs, several challenges remain:

(1) Complexity in Molecular Design, Synthesis, and Scal-
ability Issues: Phosphorus-free FRs and intrinsically flame-
retardant EPs often rely on rigid aromatic frameworks or
multifunctional structures to achieve superior thermal stability
and char-forming ability. However, these molecular architectures
typically involve lengthy and complex synthetic routes with high
raw material costs, making the process difficult to scale up
industrially. Currently, many high-performance phosphorus-free
flame-retardant systems remain at the laboratory research stage.
The expensive starting materials, intricate synthesis procedures,
and potential environmental concerns significantly hinder their
commercialization and broader practical application.

(2) Compromised Toughness and Flexibility: To improve
char-forming ability and thermal resistance, rigid molecular
segments and highly crosslinked networks are commonly intro-
duced. While effective in enhancing flame retardancy, these
structural features often restrict polymer chainmobility, resulting
in reduced toughness and inferior impact resistance. Balancing
flame retardancy with mechanical toughness remains a key
challenge.

(3) Lower FlameRetardancy ThanPhosphorus-Containing
Systems: Phosphorus-free flame-retardant systems, especially
additive-type Phosphorus-Free FRs, generally exhibit lower flame
retardancy compared to phosphorus-containing systems. This is
likely attributed to their insufficient gas-phase flame inhibition
effects, as reflected in lower LOI values and inferior UL-94
classifications.

5.3 Opportunities

(1) AI-Driven Design and Process Optimization of
Phosphorus-Free Flame-Retardant EPs: The application
of AI-assisted design, particularly machine learning and deep
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learning algorithms, enables the identification of more efficient
and cost-effective raw material combinations. Furthermore,
these techniques can simulate and predict synthesis reaction
conditions and pathways, assisting researchers in planning
optimal synthetic routes and forecasting key material properties
such as flame retardancy and mechanical performance [95–98].
This approach significantly reduces experimental time and
resource consumption. In terms of large-scale production, AI-
driven process optimization facilitates the evaluation of reaction
controllability and industrial adaptability, thereby promoting
the scale-up and refinement of synthesis procedures, lowering
production costs, and minimizing environmental impacts.

(2) Balancing Flame Retardancy with Mechanical Tough-
ness: To address the trade-off between flame retardancy and
mechanical toughness, two main strategies have been proposed.
First, the incorporation of flexible chain segments (e.g., siloxane
units) or dynamic covalent bonds (e.g., Diels–Alder linkages)
into the polymer structure imparts appropriate chain mobility
and stress-relaxation capacity, thereby significantly improving
the elongation at break and impact toughness of the mate-
rial. Second, the synergistic integration of nanofillers (such as
graphene, MXene, etc.) not only builds micro-scale thermal and
mass transfer barriers that enhance the compactness of the char
layer and further reinforce flame retardancy, but also markedly
improves the overall mechanical strength and toughness through
interfacial interactions and nano-reinforcement mechanisms
[99–101].

(3) Multiscale Characterization and Modeling for Mech-
anistic Insights into Phosphorus-Free Flame-Retardant
Mechanisms: Current research generally attributes the flame-
retardant performance of phosphorus-freematerials to the forma-
tion of dense char layers in the condensed phase. However, the
detailed reaction pathways and structural evolution mechanisms
remain insufficiently understood. To gain deeper mechanistic
insights, it is essential to integrate multiscale characterization
techniques, such as TG-FTIR, Raman spectroscopy, XPS, and
SEM, with theoretical approaches including molecular dynamics
simulations and pyrolysis kinetics modeling. This combined
strategy enables comprehensive analysis ofmicrostructural trans-
formations, thermal degradation behavior, and gas-condensed
phase interactions during combustion [102]. Such mechanistic
studies will provide a solid theoretical basis to guide the targeted
creation of phosphorus-free flame retardants, promoting their
accurate formulation and broad implementation of efficient
flame-retardant systems.
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