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Flame retardant rubber composites have attracted a great attention during the past decades owing to
their irreplaceable roles in complex industrial systems. Large amounts of efforts have been made to
improve the flame retardant ability, developing high efficiency flame retardant systems which can
reduce the release of heat, smoke and toxic gases while not deteriorate overall properties is becoming
more and more important. This review briefly outlines the recent developments of flame retardant
natural rubbers, silicon rubbers, some kinds of artificial rubbers and polyurethane elastomer composites,
focuses on the design, development, mechanism and applications of advanced high-performance flame-
retardant methods. Finally, outlooks the future tendency including more environmental-friendly stra-
tegies, higher flame-retardant efficiency and development of multifunctional flame-retardant rubber
composites are proposed.
© 2022 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rubbers and elastomer as one of the most important inventions
play irreplaceable roles in tires, dampers, suspension elements, etc.,
their uniqueoverall performancesmake them indispensable in daily
life, transportation and industrial systems [1e4]. Based on the data
from International Rubber Research Group, the rubber consumption
is expected to beyond 30 million tons every year around the world
[5]. Natural rubber which directly from plants has beenwidely used
for hundreds of years owing to their excellent overall performances,
while a large number of synthetic rubber composites have also been
developed for various fields owing to their adjustable structure and
properties [6,7]. In recent decades, different kinds of advanced
rubber composites including high-performance rubbers, bio-
sourced rubbers, functional rubbers and easily-recycled/
reprocessing rubbers have been developed, which further
expanded the application of rubber composites [8e10].

However, since most widely used rubber composites are flam-
mable their quickly incineration while being ignited would
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significantly speed up the destroy of the whole system, while the
toxic smoke could also be a great threat to the life (Fig. 1) [11e14].
According to the data of European fire safety alliance, in Europe
there are more than 5000 people die each year from fires, while the
economic loss may reach a really high value at about 1% of the GDP
[15]. Hence, a great attention has been paid to the flame retardation
of rubber composites in the past decades [16]. At present, owing to
the increasing requirement of advanced applications and
environment-protect conception, how to design and fabricate high
performance flame-retardant rubber composites based on green
and efficient materials and process is highly attractive all over the
world [17e20].

This mini review mainly focuses on the recent efforts for the
design, performances and applications of high-performance flame-
retardant natural rubbers, silicon rubbers, some kinds of artificial
rubbers and polyurethane (PU) elastomer, demonstrate the
achievements enabled by additive-type flame retardants including
intumescent flame retardants, nano flame retardants and other
advanced flame retardants. The development of efficient bio-
inspired and bio-sourced flame retardants which endow the rub-
ber composites matrix with desired flame-retardant ability in a
greenway without degrading other performance may open up new
opportunities in high-valued applications of advanced rubber
composites. Finally, the conclusions and outlooks are discussed.
sevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
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Acronyms

PU Polyurethane
GDP Gross Domestic Product
EG Expandable Graphite
UL-94 Standard for Safety of Flammability of Plastic

Materials for Parts in Devices and Appliances
Testing

NR Natural Rubber
CO2 Carbon Dioxide
SiO2 Silicon Dioxide
LOI limiting Oxygen Index
MARHE Peak Heat Release Rate
FPI Fire Performance Index
FGI Fire Growth Index
FeOOH Hydroxyl Oxidize Iron
Fe2O3 Iron (III) Oxide
CuMoO4@h-BN CuMoO4-Hexagonal Boron Nitride
EPDM EthyleneePropyleneeDiene Rubber
LDH Layered Double Hydroxide

Fig. 2. Schematic diagram of the recent development of flame retardant rubbers.
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2. Recent advances

The molecular structures of most rubber composites are con-
sisting of carbon and hydrogen elements, which may lead to a
highly flammable performance while the flame would spread
quickly with a large amount of toxic smoke. The burning behaviors
are based on a free radical chain reaction in which the oxidation
reaction is an automatic catalytic process, resulting in the uncon-
trollable destroy. Traditional halogen-based flame retardants al-
ways generate toxic gas which may cause serious pollution have
been widely forbidden these yeas. Bio-inspired strategies, halogen-
free and sustainable-sourced flame retardants have attracted more
and more attentions, however, owing to their limited flame-
retardant t efficiency the large addition amount usually affect the
overall performances of the composites. Hence, how to design
green and efficient flame-retardant system to expand the advanced
application of rubber composites still remains great challenges.
2.1. Flame retardation natural rubber

Natural rubber and corresponding composites possess a great
strategic importance in human society, as one of the most impor-
tant bio-polymer with a series of unique properties such as elas-
ticity, abrasion, impact resistance and malleability at cold
temperatures. To meet the stringent requirements of the devel-
oping rubber industry, expandable graphite (EG) intumescent ad-
ditive for flame retardant natural rubber composites is attracting
more and more interests based on its high flame retardant
Fig. 1. Applications of rubbers and elasto
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efficiency and environmental-friendly characterization [21]. Cheng
and co-workers reported a new kind of EG microcapsule doped by
nitride which possesses an organic shell with high compatibility
and thermal conductivity. Owing to the presence of organic silicone
shell the composites exhibit better flame-retardant andmechanical
properties, the UL-94 ratings was reported increase to V-0 [22].
Aksam and partners proposed a melamine salt of pentaerythritol
phosphate/graphite mixture to further improve the flame retardant
properties by combining the acid source, carbon source, and
blowing agent in one system. The developed addictive decreased
total heat release, mean effective heat of combustion and
maximum average rate of heat emission (FGI 6.9 kW/m2 s, and FPI
0.06 m2s kW�1), and can help the formation of a coherent char after
calorimeter test [23].

Similar to EG additive, inorganic modified organoclay is also
reported in the flame-retardant high performance natural rubber
composites (see Fig. 2). For example, Zhang and co-workers pre-
pared a flame-retardant montmorillonite to obtain highly branched
polymer chains. As shown in Fig. 3a, the obtained organoclay ma-
terials were used in natural rubber composites which can improve
the tensile strength (22.2 MPa, 764% elongation at break) and
elongation compared while improving the thermal stability and
increasing the burning time by about 69% (218 s) [24]. A series of
flame-retardant composites based on dendrimer modified organic
montmorillonite have also been established, which possess better
mechanical (from 15.2 MPa to 17.3 MPa and from 771% to 796%),
mer, and the photo of the fire scene.



Fig. 3. Schematic diagrams of the flame-retardant natural rubber composites based on (a) modified organoclay [24], Copyright 2018, Elsevier (b) reactive flame retardants [26],
Copyright 2016, Elsevier, and natural inspired strategy of different reported works (c) [28], (d) [30]. Copyright 2020, Elsevier.
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flame-retardant properties, and efficiently reduce the heat release
rate, smoke evolution area and carbon monoxide concentration
[25].

As another important kind of additives, the reactive flame re-
tardants also show superiors to improve efficiency by inhibiting or
suppressing the combustible process. Intharapat described a reac-
tive flame retardant carried out by introducing boric acid into
natural rubbermatrix with hydroxyl groups. In Fig. 3b, the obtained
composites exhibit higher Mooney viscosity, thermal stability and
improved flammability behaviors (owing to the reduction of CO2
and burning rate, the LOI value reaches 25, PHRR 674 kW/m2 and
FGI 2,87 kW/m2 s), which expanded its future applications [26]. Wu
et al. reported a novel microencapsulated ammonium
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polyphosphate with a triallyl cyanurate/SiO2 shell, benefit from the
shell the flame retardant additives can be well dispersed in the
natural rubber matrix, achieve excellent flame-retardant perfor-
mances (UL-94 reaches V-0) while improve mechanical properties
(21.4 MPa) at the same time [27].

Although the above-mentioned strategies have achieved
desired performances, the complex synthetic processes and
sometimes toxic materials still limit their future applications. To
develop advanced green strategies, inspired by natural fire-
protecting strategy, Li et, al. reported an efficient natural tannic
acid based intumescent flame-retardant system, in which the
ammonium polyphosphate as acid source and gas source, tannic
acid as acid source and carbonization agent, graphene as



Table 1
Comparison of the reported flame-retardant ability of natural rubber composites.

Achieved approach Ref. Brief introduction Flame retardant ability

UL-94 LOI (%) PHRR
(kW/m2)

FGI
(kW/m2 s)

FPI
(m2s kW�1)

Burning time (s)/
rate (mm/min)

Expandable graphite [21] Organic modified boron nitride and intumescent flame
retardant

V-0 26.8 410 e e e

[22] Double-shell co-microencapsulated ammonium
polyphosphate and expandable graphite

V-0 29.9 501 2.5 0.07 e

[23] Melamine salt of pentaerythritol phosphate/graphite e e 415 6.9 0.06 e

Modified organoclay [24] Flame-retardant montmorillonite e e e e e 218 s
[25] Dendrimer modified organic montmorillonite e e 1054 e e 208 s

Reactive flame
retardants

[26] Boric acid supported natural rubber e 25 674 2.87 e e

[27] Microencapsulated ammonium polyphosphate with a
triallyl cyanurate/SiO2 shell

V-0 32.5 1118 e e e

Natural inspired fire-
protecting strategy

[28] Tannic acid based intumescent flame-retardant system V-0 32.1 443 2.76 0.13 e

[29] Combining phosphoric acid, tea saponin (TS) and melamine
structures into a single structure

V-1 25.7 460 e e e

[30] Highly efficient natural tannic acid (TA)-based intumescent
flame-retardant system

V-0 32 171.9 0.5692 0.2966 e

Environment-friendly
Flame retardant
natural rubber
composites

[31] Sugarcane bagasse mixed with natural rubber compound e e e e e 16.78 mm/min
[32] Watermelon peels powder and crumb rubber as

alternatives to fillers flame retardant chemicals
e 20.6 e e e 23 mm/min
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carbonization agent and carbon layer reinforcing agent. It was
demonstrated that the developed system can provide both flame
retardant ability (UL-94 reaches V-0, and LOI value is up to 32.1)
and enhanced mechanical properties (>24 MPa, as shown in
Fig. 3c), while which possesses a synergistic ability of both flame
retardant and smoke suppression due to the dual flame retardant
functions of each component [28]. An efficient flame retardant
system combining phosphoric acid, tea saponin and melamine
structures was also reported which can improve both the me-
chanical properties and flame retardant performances of natural
rubber composites. Themechanical properties (26.2MPa and 523%)
and flame retardant behavior (LOI 25.7) were efficiently improved
owing to the strong interfacial interaction and effective dispersion
[29]. Recently researchers also developed natural tannic acid-based
intumescent flame-retardant system combined with polyurethane
coating as a carbon forming agent, which can minimize the influ-
ence of flame retardant additives on the desirable intrinsic prop-
erties (Fig. 3d). The coating method requires just less flame
retardant additives to achieve high flame retardant effect (UL-94
reaches V-0, and LOI is 32), which may benefit the flame retardant
natural rubbers in industry [30].

Obviously, to meet the increasing requirements of green and
environmental-friendly conceptions, a number of efforts have been
made to achieve the green and high-performance flame retardant
natural rubber composites. Although the inorganic fillers and
reactive flame retardant additives achieved a desired perfor-
mances, the complex synthetic processes and sometimes toxic
materials still limit their future applications, and for bio-inspires
and bio-sourced strategies, their flame retardant ability is some-
times not excellent enough. Besides the design and fabrication of
advanced green flame-retardant additives, researchers also studied
their influence on environment-friendly natural rubber composites
to better direct the future development. Yotkuna and co-partners
utilized sugarcane bagasse mixed with natural rubber compounds
to enhance the mechanical properties and improve their flame-
retardant properties, and most importantly, the influence of mag-
nesium hydroxide and aluminum hydroxide was also described
[31]. Younis and co-workers investigated the suitability of water-
melon peels powder and crumb rubbers as alternatives of flame
retardant chemicals to reduce the cost [32]. These works give
excellent demonstrations about high performance flame retardant
natural rubber composites, which can be important steps toward
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future advanced applications. In the future, how to design and
fabricate high-performance flame retardant additives based on
green and sustainable strategies is still highly attractive. A detailed
comparison of thesementioned advances, including UL-94, limiting
oxygen index (LOI), maximum rate of heat emission (MARHE), fire
performance index (FPI) and the fire growth index (FGI), is
demonstrated in Table 1.

2.2. Flame retardation silicon rubber

Since the commercialization of silicone rubbers which possess
outstanding bio-compatibility, high temperature resistance and
excellent electrical properties, corresponding researches and ap-
plications have attracted interests all over the world. However,
since the silicon rubbers are considerably flammable, it's also very
important to improve their flame-retardant ability and develop
high performance composites. It has also been widely demon-
strated that synthesized reactive flame retardant additives possess
desired performances. Zhu et al. reported poly [N,N,N0,N0,N00,N00-
hexakis-cyclotriphosphazene-[1,3,5]triazine-2,4,6-triamine as an
new kind of efficient flame retardant additive for flame retardant
silicon rubber composites (Fig. 4a). Benefiting from the designed
structure the heat release rate and smoke production rate were
significantly reduced (a LOI value of 31.8% and UL-94 V-0), which is
attributed to the formation of compact and stable char layer during
thermal decomposition [33]. Similar research has been reported
that efficient cyclophosphazene derivative Hexa (p-acet-
amidophenoxy) cyclotriphosphazene can be prepared by one-step
reaction for highly flame-retardant silicon rubber composites (UL-
94 V-0 rating, the total heat release and total smoke release
decreased by 26.9% and 41.5%) [34]. Phosphaphenanthrene struc-
ture was also synthesized and exhibited advantages like quicker
self-extinguishment, lower heat release rate, higher thermal sta-
bility and better charring capacity (UL-94 V-0 and LOI reaches 42.3)
[35]. These synthetic additives have been demonstrated effective in
high efficiency flame retardant silicon rubbers, however the com-
plex synthesis process, related potential high cost and sometimes
toxic raw materials may limit their further application.

Beside the synthetic reactive flame retardant additives, efficient
additives based on green and more environmental friendly mate-
rials and process have also been widely studied. Consist with nat-
ural rubber composites, the utilization of intumescent flame



Fig. 4. Schematic diagrams of flame-retardant silicon rubber composites. (a) Efficient flame retardant [33], Copyright 2015, Elsevier. Diatomite based systems (b) [39],(c) [41],
Copyright 2019, Elsevier.
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retardant additives are also one of the most advanced approaches.
An organic-inorganic hybrid functionalized expandable graphite
was reported being utilized in silicone rubber composites, which
can effectively enhance the flammable properties including reduce
the total heat release and total smoke release, improve the thermal
stability and form a more obvious intumescent char layer (LOI
values up to 53.8) [36]. To further improve the flame retardant
performances, Liu and co-partners reported a silicone rubbers-
based hybrid material containing intumescent flame retardant
additives and ferric hydroxide, the exist of FeOOH particles can
enhance the thermal stability under high temperature (toward high
up to 582 �C for the sample containing 4.0 mass% FeOOH), and
improve the flame retardant performances by forming a condensed
barrier for heat and mass transfer [37]. Recent publication also
demonstrated that Fe2O3 particles in intumescent flame retardant
system are able to further increase smoke suppression efficiency,
promote early cross-linking during decomposition to increase char
formation, which can restrict the diffusion of fuels into combustion
zone [38].

Compared with synthetic additives, the utilization of inorganic
flame retardant materials may be less efficient, but greatly simplify
the design and processing of corresponding composites while
decrease the risk of toxic smoke. Diatomite is also utilized in flame
retardant silicon rubber composites, in Fig. 4b, Zhang er at prepared
a flame retardant additive based on modified diatomite by esteri-
fication method, the obtained additive can reduce fire risk and
toxicity effectively (PHRRwas reduced to 185 kW/m2 from 237 kW/
m2) [39]. A flame retardant additive based on diatomite, poly-
ethyleneimine and multi-walled carbon nanotubes was reported,
the corresponding silicone rubber composites owns better flame
retardant performances (LOI 24.8 and PHRR 345 kW/m2), and
owing to the desired compatibility the tensile properties were also
improved [40]. Polyborosiloxane decorated layered double
160
hydroxide was demonstrated in Fig. 4c, which can easily exfoliated
and dispersed in matrix to endow the composites with outstanding
mechanical properties (11.9 MPa, 675%), thermal stability, flame
retardant performances and smoke suppression performances
(peak heat release rate and peak smoke production rate were
reduced by 54.4% and 61.5%) [41]. These results indicate that the
introduction of flame retardant fillers can improve the performance
of silicon rubber composites in a simple way, while it can be found
that the combination of several different additive shows a great
potential.

Owing to the limitation of different flame retardant additives, to
further improve the corresponding performances, the synergistic
effect of the flame-retardant elementsmay lead to desired excellent
flame-retardant performances. Ye and co-partners reported a syn-
ergistic system based on 9,10-dihydro-9-oxa-10-phenanthrene-10-
oxide, vinyl trimethoxysilane, and (3-aminopropyl) triethoxysilane,
phytic acid and oxidizedmulti-walled carbon nanotubes, the silicon
rubber compositeswith a small amount of obtained additive exhibit
desired flame retardant effect (UL-94 V-0) benefit from the syner-
gistic effect [42]. The synergistic effect of expandable graphite and
aluminum hypophosphite for flame retardant silicone rubber
composites was also reported, which can effectively reduce the
flammable properties and improve thermal stability (smoke factor
can be 245 kW m�2 contrast to pure silicon rubber 1058 kW m�2)
[43]. The antimony trioxide and melamine cyanurate hybrid addi-
tive which can uniformly dispersed in silicone rubber matrix indi-
cated a reduced heat release rate and total heat release values while
the mechanical properties keep good behavior (a 31.5% LOI of the
composite was achieved) [44]. The synergistic effects have been
indicated as a good approach to prepare highly effective flame
retardant additives, which may open up new opportunities in high
performance flame retardant silicon rubber composites. In conclu-
sion, develop highperformance additives based on synergistic effect
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for silicon rubber composites can be regarded as one of the most
attractive trends in corresponding areas.
2.3. Flame retardation polyurethane elastomer

Thermoplastics polyurethane elastomer have been widely
accepted in a series of different applications owing to their excel-
lent physical properties, oil and water resistance, and the adjust-
able molecular design. Through precise structural design and
controlled composite, high-performances flame retardant PU
composites are expected to meet the increasingly diversified mar-
ket demands. Recent decades a large amount of efforts have been
made to achieve the flame retardant ability, reduce the toxic gases
and prevent severe droplet [14]. Synthetic high-efficient additives
are demonstrated that can be significantly improve the flame
retardant performances. For example, 1-aminoethyl-3-
methylimidazolium hexafluorophosphate and 1-butyl-3-
methylimidazolium hexafluorophosphate has been developed as
advanced flame retardant additive for PU composites, which can
promote the formation of carbon layer in the early stage of fire, and
the peak heat release rate can be reduced by 32.97% [45]. Wang
et al. reported an inherently flame-retardant polyester diol based
Fig. 5. (a) Fabrication process of high-performance flame retardant PU composites [46], Copy
and cobalt ions [49], Copyright 2022, Elsevier. (c) Design of functionalized lignin nanoparti
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on 9,10-dihydro-10-[2,3-di (hydroxycarbonyl)propyl]-10-phospha-
phenanthrene-10-oxide, adipic acid, ethylene glycol, and 1,4-
butanediol, the synthesized composites exhibit higher residual
char yield (Fig. 5a), higher limiting oxygen index and tensile
strengths and most importantly, reduces the total heat release at
the same time [46]. Aromatic acetylene compound 4-(phenyl-
ethynyl) di(ethylene glycol) phthalate was also reported as a chain
extender to synthesize intrinsic flame-retardant PU composites
which can form foaming char structure after being burned, endow
the composites with improved flame retardant ability (peak heat
release rate and total heat release declined by 46.2% and 24.5%,
respectively) and improved mechanical properties (39.2 MPa,
almost twice as much as neat PU) [47]. Other synthesized systems
including aluminum monomethylphosphinate [48], ammonium
polyphosphate with dopamine and cobalt ions (Fig. 5b) [49] have
also been reported and demonstrated efficient in high performance
PU composites.

Beside the achievement of synthesized molecules, high-
performance flame retardant additives based on inorganic mate-
rials have also attracted great interests owing to their easily pro-
cessing properties. Xu et al. reported a flame retardant
(CuMoO4@h-BN) through co-precipitation method, only 2 wt%
right 2021, Elsevier. (b) Molecular design of ammonium polyphosphate with dopamine
cles [56], Copyright 2022, Elsevier.
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amount of additives can decrease the peak heat release rate, total
heat release and smoke density by 73.6, 52.4 and 28.2%, which is
expected to expand the fire safety applications of the material in a
simple and inexpensive way [50]. Similarly, two-dimensional
nanoplates including zinc zeolite imidazole frameworks-L, cobalt
zeolite imidazole frameworks-L, and ZinceCobalt hybrid zeolite
imidazole frameworks-L have also been studied and showed good
flame retardant performances (the LOI values increased from 23.2%
to 25.7%, total heat release decreased by 11.4%, peak heat release
rate decreased by 43.8% and peak smoke production rate reduced
by 51.5%) [51]. Synergistic flame retardant systems have been
demonstrated that can further improve the performances, Chen
and co-partners proposed a copper metal-organic framework with
ammonium polyphosphate, the good synergistic flame-retardant
effect is able to form char residue layers with high graphitization
and expansion degree [52]. More complex system like cobalt cit-
rate/copper citrate/yttrium citrate/ammonium polyphosphate hy-
brids has also been developed and exhibit a desired high flame
retardant ability [53].

It can also be easily found that to further expand the application
of flame-retardant PU composites, how to design and fabric high
efficiency additives based on low-cost wastes or bio-sourced ma-
terials is also an important issue. Jiao et al. reported a flame-
retardant and smoke-suppressant agent based on abandoned mo-
lecular sieve, which also exhibit a good application prospect in
flame retardant and smoke suppressant of PU composites (PHRR
declined by 55.0%) [54]. Carretier and co-partners studied the in-
fluence of sepiolite and lignin as potential synergists for fire
retardant systems, the results indicated that sepiolite can acts as
char reinforcement and lignin exhibit complementary effects on
flame retardant performances [55]. Functionalized lignin nano-
particles with nitrogen and phosphorus moieties have been
developed as both crosslinking agents and flame retardants for PU
composites, as can be seem in Fig. 5c. By overcoming theweakening
effect of traditional lignin on the mechanical properties the com-
posites exhibit strong tensile properties and desired flame retar-
dant ability (LOI as high as 29.8% and it also passed the UL-94 V-
0 rating), greatly benefit the future application of high performance
PU composites (48.7 MPa, and the elongation at break 1128%) [56].
In conclusion, although the synthetic reactive flame retardant ad-
ditives and inorganic fillers have been developed and achieved
desired performances, to meet the sustainable goal of future, high-
efficient additives based on recycled wastes and bio-source mate-
rials is highly desired while which still remains challenge.

2.4. Recent advances of other artificial rubbers

Researchers all over the world also paid great attention to
different kinds of flame-retardant artificial rubbers, owing to their
unique properties and potential applications. For example, chlori-
nated acrylonitrile butadiene rubber composites prepared by
alkaline hydrolysis of chloroform have been demonstrated as high
performance rubbers with superior tensile strength, high oil
resistance and excellent flame resistant property [57]. Guo and
group reported alternating multi-layered damping composites
consisted of chlorinated butyl rubber layers and poly (vinyl chlo-
ride) layers, it was demonstrated that the flame-retardant proper-
ties (LOI values can up to almost 40%) were enhanced with
increasing the layer number which can effectively retard the
combustion of the material [58].

Ethyleneepropyleneediene rubbers (EPDM) as a kind of
important product have also been widely studied. Andreas and co-
partners reported layered double hydroxide (LDH) [59], known as
naturally occurring hydrotalcite for flame retardant EPDM com-
posites, which demonstrated a peak heat release rate value of
162
654 kW/m2 [60]. Also, a high-performance flame retardant EPDM
composites have been designed and prepared based on one-step
synthesized LDH and an intumescent flame retardant comprised
of pentaerythritol, ammonium polyphosphate and methyl cya-
noacetate, while the authors also proposed the flame retardant
mechanism [61]. Wang et al. prepared intumescent flame retardant
additives based on ammonium polyphosphate/pentaerythritol and
expandable graphite particles which exhibit excellent synergistic
flame retardant effects for EPDM applications [62]. Researchers also
studied the influence of aluminum hypophosphide and nano-sized
silica on the flame-retardant and mechanical properties of EPDM
rubber composites, the synergistic effect was demonstrated effec-
tive in improving both flame retardant ability and mechanical
ability [63]. Moreover, the potential char precursor polyaniline was
also reported in high performance EPDM rubber composites [64].

Halogen-free flame retardant additives are absolutely an
important issue in different kind of artificial rubber composites. For
ethylene vinyl-acetate co-polymer rubber composites, researchers
have developed new flame retardant additives containing phos-
phorus and silicon elements at the same time, which can signifi-
cantly improve the flame retardant performances and thermal
stability [65]. For styrene-butadiene rubber composites, a facile
method has been developed for cost-effective, green and smart
flame-retardant additives based on rice husk silica nanoparticles
coated with organic green molokhia extract, the thermal stability
was enhanced by 55 �C and the flame retardant properties were
improved 31% and 33% reduction in peak heat release rate and
average heat release rate [66]. Thermoplastic vulcanizate based on
ethylene vinyl acetate rubbers and ethylene-vinyl acetate co-
polymers has been composited with aluminum hydroxide, which
shows desired flame retardant ability, good stretchability, nice
elasticity, high strength and flexibility at the same time [67].
Obviously, design and fabrication of new high-performance flame
retardant additive is expected further improve the overall proper-
ties of rubber composites, which lead to more advanced applica-
tions in the future.

3. Conclusion

As the key part of industrial systems, flame-retardant rubber
composites show their importance in different applications and
have attracted great attentions worldwide. Recent advances about
flame retardant natural rubber composites, silicon rubbers, PU
composites and other artificial rubbers have achieved some desired
progresses. The development of advanced flame retardant additives
including synthesized reactive molecules, modified functional
fillers and designed synergistic hybrids have been demonstrated
efficient in improving the performances of rubber composites.
Moreover, it can be easily found that flame retardant systems based
on low-cost wastes, bio-sourced materials, advanced functional
nanoparticles with green and efficient fabricated process are
attracting increasing attentions. Corresponding researches are ex-
pected to significantly improve the overall properties of rubber
composites, which greatly expand their potential applications in
complex and advanced situation in the future.

4. Outlooks

Environmentally friendly flame-retardant technologies are
highly desirable for decades owing to the increasing attentions of
environment and health. More and more attentions have been paid
to reduce the toxic smoke and harmful wastes. Introducing green
flame retardant additives including bio-sourced agents and low-
cost inorganic fillers, reducing the usage of complex solvents and
potential by-product emission would be crucial steps to desired
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green lifestyles. Moreover, scientists have been chasing for further
improvement of flame retardant ability, endow the rubber com-
posites with higher performances including higher LOI value, lower
burning rate, lower smoke release and so on. Elaborately designed
high efficiency flame retardant systems based on synergistic effect
is of great interests of future high-performance rubber composites,
which obviously is one of the most important directions.

Furthermore, it's also desirable to develop flame retardant sys-
tems in advanced functional rubber materials, as multifunctional
materials are one of the most attractive topics of future. Combining
excellent flame retardant ability with other outstanding functions
such as stimulus-response ability, antistatic ability and fatigue
resistance will be more attractive. Such combination not only ex-
pands the application of flame retardant systems in high value-
added products, but also significantly improves the robust of
complex systems to protect lives.
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