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INTRODUCTION 

Fire has long been a major hazard in our daily lives. 

From the fire protection engineering point of view, most 

the fire hazards could be controlled when we consider all 

contribution factors, such as ignitability, flame velocity, 

materials flammability and fire suppression.
[1,2,3]

 In our 

day to day life the polymer materials are mostly used 

due to their excellent properties like low molecular 

weight and easy to processing. However the polymeric 

material is known for their relatively high flammability, 

which is most often accompanied by simultaneous 

production of toxic gases and smoke during combustion. 

Hence improving the fire retardant behaviour of the 

polymeric materials and composite is a major challenge 

for extending their use in most of applications both in 

industry and domestic. The scientific and technical 

literature contains very diverse and efficient strategies 

for improving polymer fire retardant, which mostly 

depends upon the nature and chemical structure of the 

polymer and polymer composite. Concerned, it 

decomposition mode and the required level of fire safety 

and also global performance of polymeric material and 

composites. To control polymer fires, flame retardant 

technology is becoming increasingly important In 

general, flame retardant additives are used to limit the 

fire risk. Those additives are incorporated in the polymer 

matrix to increase the time to ignition, improve self- 

extinguishing  properties,  decrease  the  heat  release  

rate  and  prevent  the  formation  of flammable drops. 

Although flame retardants may differ from one another, 

three general flame retardancy mechanisms are 

applicable: gas phase flame retardants, endothermic 

flame retardant and char-forming flame retardants.
[4,5,6]  

 

I. Gas phase flame retardants (i.e., halogen, 

phosphorus): This is the chemical mechanism in the 

gas phase. These materials reduce the heat released 

in the gas phase from combustion by scavenging 

free radicals. 

II. Endothermic flame retardants (i.e., metal 

hydroxides, carbonates): This is the physical 

mechanism in the gas phase. When on fire, these 

materials release a large amount of non- flammable 

gases (H2O, CO2), which dilute flammable gas and 

decease the temperature. 
III. Char-forming flame retardants (i.e., intumescents, 

nanocomposites):  This is the condensed phase 

mechanism. These materials operate by preventing 

fuel release through binding up fuel as non-

pyrolyzable carbon (char) and providing thermal 

insulation for underlying polymer through the 

formation of char protection layers. 

 

The most successful fire retardant compound for poly 

vinyl acetate (PVAc) is those that react chemically with 

the substrate and act in the condensed phase. Compound 

that form part of a composite should ideally exhibited 

much functional ability. Example of such fire retardants 
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are magnesium hydroxide [Mg (OH)2] and zinc borate 

(2 ZnO. 3 B2O3. 3 H2O). Fire retardant changes the 

decomposition path of polymer during heating, so as to 

reduce the concentration of the combustible volatile 

material and to promote char formation. The char may be 

in tumescent, offering heat and fire resistance until it 

reaches a critical temperature above which it burns.
[7,]

 

The use of in tumescent char system is a improvement 

for building infrastructure protection where emulsion 

polymer has been applied in coating, paints and sealants. 

On heating expose of these types of materials, activation 

and formation of an in tumescent char occurs. That 

provides an insulating barrier between the fire and 

underlying substrate. An in tumescent char normally 

results from an increase in significant volume or 

thickness of a foam–like layer. Fire protection by coating 

that procees via intumescences increase the path for heat 

transfer and increase the thermal gradient from the 

charred surface to the substance polymer.
[8] 

 

Wood–plastic composite (WPC) are a new class of 

material that means the best feature of wood and plastic, 

Good reactor to fire properties are necessary for many 

possible applications of WPC.
[9] 

These properties are 

important especially for application to residential 

construction, transportation and furniture industries. For 

much application in these fields, the fire performance of 

the materials has to be known.
[10] 

 

In this review, the main aim is to present the keys for 

understanding the fire behaviour in polymeric materials 

and composites. 

 

Combustion of Polymers 

The chemical structure of the polymer indicates that it 

mainly made up from carbon and hydrogen for which are 

highly combustible.
[11] 

 

The combustion reaction involves two factors one 

combustible (reducing agent) and another one 

combustive (oxidising agent). The whole process usually 

starts with an increase in the temperature of the 

polymeric material due to a heat source.  To such an 

extent that it reduces polymer bond scission. The volatile 

fraction of the polymer fragment diffuses into the air and 

creates a combustible gaseous mixture. The gaseous 

mixture ignites when auto ignition temperature is 

reached. Alternatively the fuel can also ignite at a lower 

temperature (flash point) upon reaction with external 

source of intense energy (spark, flame etc.). 

 

The life span of the combustion cycle depends on the 

quantity of heat liberated due to the combustion of the 

fuel. When the amount of heat liberated reaches to a 

certain minimum level, then a complete new 

decomposition reaction are produced in the solid phase 

and therefore more combustible materials are produced. 

This type of combustion is called fire triangle. 

 

 
Figure 1: Principle of the combustion cycle 

 

The thermal decomposition of polymeric material is an 

endothermic process, which requires an input of energy. 

The energy provided to the system must be higher than 

the binding energy between the covalently linked atoms 

(200 to 400 KJ for most of the C-C bond of polymer). 

The decomposition mechanism is highly dependent on 

the weakest bond and also presence or absence of 

oxygen in solid and gas phase. Hence thermal 

decomposition is the combination of effect of heat and 

oxygen.   Hence it can be distinguished as oxidising 

thermal degradation.
[12]

 

 

 Non oxidizing 
Thermal degradation is generally initiated by chain 

scissions under the simple effect of temperature 

(Pyrolysis). This scission involves different degree of 

material depolymerisation. The initial scission depends 

on several factors. 

 

i- The presence of oxygen atoms in chain and catalyst 

residue. ii- Former residue of oxidation. iii- Chemical 

defect in polymer chain and the existence weak bonds 

along with chain, particularly at the end, which instates 

unzipping reactions. 

 

Again chain scission can occurs in two ways. 

 

 By formation of free radicals 

R1-CH2-CH2-R2→ R1-CH2 + R2-CH2 

 

In this case the reaction does not stop at this stage 

because these radicals stand a chain, which occur both 

oxidising and on-oxidising condition. 

 

 By the migration of hydrogen atoms and the 

formation of two stable molecules are of which a 

reactive C-C double bond has. R-CH2-CH2-CH2-R2 

→R1-CH2=CH2 +R2-CH3 

 

In the oxidising thermal degradation, the polymer reacts 

with oxygen in air or oxygen and generated a variety of 

low molecular weight products (carboxylic acid, alcohol, 
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ketone, aldehyde etc.,). Thus degradation also releases 

some reactive species like, H +,OH-, particularly in 

polyolefin’s. 

 

Oxidation can lead to cross linking through 

recombination reaction of the micro molecular radicals. 

The propagation rate of the degradation process is 

controlled by the wrenching reaction of hydrogen atoms 

from the polymer chain. The oxidation stability of the 

polymer depends on the C-C bond energy. 

 

Some  of  the  researcher  suggested  that  at  

combustion  temperature  above 300°C,  polymer  

degradation  takes  place  via  non  oxidising  thermal  

decomposition. Under these conditions, the rate of 

pyrolysis is much faster than the diffusion of oxygen in 

solid phase.  Hence the oxidation, therefore, only occurs 

in the gaseous phase due to presence of low molecular 

weight compound produced by thermal 

decomposition.
[13,14]

 The decomposition gases generated 

by pyrolysis first mixed with oxygen by both convention 

and diffusion into the layer close to the surface, create 

free radical and then ignites. This ignition can be 

triggered by an external flame (Flash-ignition) or self- 

induced (self-ignition) when the temperature is 

sufficiently high.  The combustion of the gases increases 

the polymer temperature and thus supports the pyrolysis 

and the production of new combustible gases. 

Combustion thus continues even in the absence of an 

external heat source. Flame propagation is also affected 

by physical factor more specifically thermal transfers. 

Conductive transfer is important in the initial phase 

of fire development when the height of the flame 

remains limited to a few terms of centimeter During 

these different stages, the development of considerable 

material heterogeneity can be highlighted particularly 

during combustion. Therefore , a gradient structure tends 

to form inside the material arising from interaction with 

atmospheric oxygen coupled with the outward diffusion 

of reactive species and also concomitant polymer chain 

break down within the material.
[15] 

Several zones inside 

the material can be interfiled. The gaseous 

decomposition product first tend to be located in the 

cavity of the under layer and after wards migrate through 

surface when combustion takes place. The under layer is 

in direct contact with the thermal decomposition zone of 

the polymer and lives on the top of the layer in which the 

polymer remain intact even if it may undergo phase 

transitions. In addition, there is energy balance 

established between the heat transitions occurring in the 

homogeneous structure. 

 

 
Figure 2: Identification of thermal transfers during 

combustion 

 

Fire Retardant Methods 

The main mode of action of fire retardant system is 

reported and it is mainly of two types.
[16, 17]

 Fire retardant 

system can act physically (by covering the formation of 

protective layer or fuel dilution). They can interfere with 

the various process involved in polymer combustion 

(heating, pyrolysis, ignition, propagation of thermal 

decomposition) 

 

Physical action 

This method is based upon decreasing temperature 

induction by some flame retardant additives by heat 

consumption (endothermic reaction). In this method the 

reaction medium is cooled below the polymer 

temperature. Hence we can take hydrated trialuminium 

or magnesium hydroxide as suitable flame retardant, 

because it starts liberating water vapour at approximately 

200 and 300° C respectively. 

 

When the flame retardant material decomposes, it 

produces gasses (CO2, H2O,NH3 etc.), which mixed 

with combustible gasses and diluted. So limiting the 

concentration of reagent and the possibility of ignition. 

In addition to this effect, some fire retardant additives 

have capacity of formation of a protective solid or 

gaseous layer between the gaseous phase where 

combustion occurs and the solid phase where thermal 

degradation takes place. Such protective layer will cause 

the transfer of maters, combustible gases and oxygen. As 

result this amount of production of decomposition gases 

decreases significantly causing the physical separation of 
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fuel gases from oxygen and prevent the combustion 

process. 

 

Chemical action 

This method is in general target at interfering with free 

radical reaction which take place during the burning of 

gaseous phases and protect the internal material from 

heating char creation (solid phase). This process occurs 

either in gaseous phase or in the condensed phase. The 

free radical mechanism of combustion process can be 

stopped by the incorporation of flame retardant additive 

(specially releases of radical (Cl⎺,Br⎺) in the gaseous 

phase. These radical reacts with highly reactive species 

(such as H. and OH⋅) and forms less reactive or even 

inert molecule. This modification of the combustion 

reaction pathway is the cause of decrease in temperature 

and therefore a reduction of fuel is produced.
[18,19] 

 

In the condensed phase two types of chemical reaction 

triggered by flame retardants are possible. 

 

 The flame retardants accelerate the rupture of the 

polymer chain. In this case the polymer drips and 

moves away from the flame action zone. 

 In  the  second  case  the  flame  retardant  forms  

a  carbonized  (expanded)  on vitreous layer at the 

surface of the polymer chains. This char or 

vitrified layer acts as a physical insulating layer 

between gas phase and condensed phase. Depending 

upon the mode of function flame retardants are 

classified into following two categories. 

 

Additive flame retardant 

These are generally incorporated during the 

transformation process and do not react at this stage 

with the polymer but only at higher temperature at the 

start of the fire they usually act as mineral fuels ,hybrids 

on organic compounds which can include 

macromolecule. 

 

Reactive flame retardant 

Like additive flame retardants these are usually 

introduced into the polymer chain during synthesis or in 

a post reaction process (i.e. via chemical grafting). Such 

flame retardants are integrated in polymer chain. 

 

Laboratory Method of Testing of flammability 

The flammability of polymer can be characterized by 

their ignitability, flame spread rate and heat release. 

Depending on the targeted  application  of  the  

polymeric  material,  one  or  more  of  these  

flammability criteria needed to be measured by 

appropriate flammability test. There are a number of 

small, intermediate or full-scale flammability tests are 

now adopted in industrial or academic  laboratory  for  

either  screening  material  during  product  development  

or testing manufactured product.
[20,21]

 

 

The most commonly used flammability laboratory 

testing methods are as follows. 

Limited oxygen index(LIO) 

This test was first proposed in 1966 by Ferimone and 

Mantin
[22]

 and is used to indicate the relative 

flammability of material.
[23]

 The LIO test is now 

subjected to an international standard (ISO 4589). The 

value of the LIO is defined as the mineral oxygen 

concentrated [O2] in oxygen-nitrogen mixture 

[O2/N2] that either maintains flame combustion of 

material for 3 minutes or consume a length of 5cm. of 

the sample , with the sample placed in a vertical position 

(two of the test sample is inflamed with a burner). 

 

The LIO is expressed as 

LIO =100[ O2]/{[O2]+[N2]} 

 

According to the measurement of TSO 4589, the LIO is 

measured on (80 x 10 x 4 mm) specimens placed 

vertically at the certain of glass chimney (fig 3). The 

mixture of gases flows up stream through this chimney 

and is homogenized by being posed through layer of 

glass beads. After 30 second purge of the column, the top 

of spectrum is ignited like a candle. 

 

 
Figure 3: Experimental set-up for LOI measurement 

 

If the air contains 21% oxygen, material with an LIO 

below 21 are classified as combustible, whereas those 

with an LIO above 21 are classified as” self 

extinguishing “, because their combustion sustained at 

ambient temperature without an external energy 

contribution. The higher is the LIO, the better is the 

flame retardant property. 

 

Now days this test is considered to be relatively not 

acceptable because of the development and more 

standardization (elaborated table-1) Listed flash -ignition 

temperature, self-ignition temperature and % of LIO of 

different polymers.) 
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Table 1: Flash-ignition temperature, self-ignition 

temperature and correlated LOI values for selected 

representative polymers 

 
 

UL94V 
This test has been appeared by the “underwriter 

laboratory “as the flammability of the plastic material for 

paint in devices and appliances , it included a range of 

flammability test(small and large flame vertical test, 

horizontal test for bulk and foamed material, radical 

panel flame spread test). The most commonly used test is 

UL94V for bulk measuring the ignitability and flame 

spread of vertical bulk material exposed to a small 

flame. 

 

 
Figure 4: Experimental set-up for the UL94V 

flammability test 

The burner is controlled to produce a blue flame with a 

20m high cone and a power of 50W was supplied. The 

flame is applied to the bottom of the spectrum at the top 

of the burner which has to be located at 10 mm from the 

bottom edge of the specimen. The flame is laid for 

10seconds and then removed. The after flame time i.e. 

the time required for the flame to extinguish (t1) is 

noted. After extinction, the flame is applied for another 

10 seconds. Then after flame time (t2) is noted. Together 

with the afterglow time (t3) i.e. the time required for fire 

glow to disappear is noted. During the application of the 

flame, the distance between the burner and specimen 

must remain constant. If drops fall, the burner must be 

flitted through a maximum angle of 45°c slightly isolated 

from the specimen flame. During the conduct of test, 

presence of burning drops, causing a piece of cotton 

located under the sample to ignite must be noted. 

 

The specimen V0,V1,V2 classified listed in (Table- 2). 

 

Table 2: Classification of materials for the UL 94 V 

flammability test 

 
 

Cone Calorimeter 

The cone calorimeter is one of the most effective 

polymer fire behaviour test. The principle of cone 

calorimeter experiment is based on the measurement of 

the decreasing oxygen concentration in combustion 

gasses of a sample subjected to a given heat flux 

(generally 10 to 100 KW/m2). The experimental set up 

of cone calorimeter standardized in the United States.( 

Fig-5). 
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Figure 5: Experimental set-up for a cone calorimetry 

measurement 

 

The sample (100 x 100 x 4 mm) is placed in a load to 

evaluate the evolution of mass loss during the 

experiment. A conical radiant electrical heater uniformly 

irradiated the sample from above. The combustion is 

triggered by an electric spark. 

 

The so produced combustion gases pass through the 

heating cone and captured by means of an exhaust dues 

system with a centrifugal fan and hood. The gas flow, 

O2, CO and CO2 concentrations and smoke density is 

measured in the exhaust dust. 
 

The measurement of the gas flows, O2 concentration 

are used to calculate the quantity of heat released per 

unit of time and surface area. The HRR (heat release 

rate) is expressed in Kw/m2. The evaluation of the 

HRR over time, in particular the value of its peak or 

maximum HRR is usually taken into account in order to 

evaluate the fire properties. The calculation is based on 

Huggett’s observation, that most of the organic material 

releases a quantity of heat practically, proportional to the 

quantity of oxygen consumed while burning. The 

proportionality factor is constant from one material to 

another material and is equal to 13.1KJ/g consumed 

oxygen.
[24,25,26]

 Integration of the HRR vs. time curve 

gives the total heat release (THR) expressed in KJ/m2. 

In addition , the cone calorimeter test also example 

characterization of the time to time to ignite (TTI), time 

of combustion or extinction (TOE), mass loss during 

combustion, quantities of CO and CO2 and total smoke 

released (TSR). 

 

Undoubtedly, the cone calorimeter test provides more 

detailed fire characteristics. The  heat  released  rate  

(HRR)  is  certainly  the  most  widely  used  parameters  

for evaluating the properties of the polymers and 

polymer composite.  

 

In many cases, flame retardant formulation  lead to a 

significant reduction in HRR values and an increase in 

the combustion time but must offer without any change 

in the total heat released. This can more the less be 

considered as an enhancement of the polymer’s flame 

retardant behaviour, since it enables the same amount of 

heat to be released over a longer period of time. 

Consequently it limits the development of fire and the 

risk of flash-over i.e. an extremely, even explosive, 

rate of fire spread over the entire area.
[27,28,29]

 

 

Flame Retardant Additives 

1. Phosphorous based Fame additive 
The presence of polymers is much essential in everyday 

life. The range of phosphorous based flame retardant 

product is extremely wide, including phosphorous, 

phosphonate, phosphonite, phosphine oxide, phosphate, 

red phosphorous. These phosphorus based flame 

retardant agents can be used as additive  or incorporated 

into the polymer chain during its synthesis and are 

known to be active in the condensed or vapour phase. 

The integration of the phosphorous and phosphonated 

material into organic polymer can also enhances the 

flame retardant properties.
[30,31,32]

 Several condensed 

phase mechanism are proposed to be responsible for the 

characteristics photolytic properties.
[33,34]

 The main 

component of flame resistance is the formation of an in 

tumescent char. 

 

 
Figure 6: Effect of mean Aluminium Tri-Hydroxide 

(ATH) particle size on DTA, (Heating rate: 20 c/min) 

 

Intumescence is the swelling of a material into a thick, 

robust, multi cellular foam upon exposure to heat. Upon 

its formation the char function as physical barrier 
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properties the underlying material from further 

degradation. Poly (vinyl alcohol) PVA on treatment with 

phosphoric acid generates phosphoesters and that when 

heated undergoes degradation with subsequent cross 

linking of the polymer leading to the formation of 

intumescence char.
[35,36]

 Studies   of PVA with and 

without the addition of phosphorous additive revealed 

improvement in the LIO (limiting oxygen index) of the 

phosphorylated sample. This result means that higher 

levels of oxygen are required to support the combustion 

of PVA in the presence of the phosphorous additive. 

 

 
Figure 7: Chemical structure of classical halogenated flame retardant products 

 

Thermo gravimetric analysis (TGA) showed the 

formation of a residue whose mass increases with 

increasing phosphorous contained. 

 

In the condensed phase, the phosphorous based flame 

retardants are particularly effective with polymer 

containing    oxygen.
[37,38,39] 

(polyester, plyamidees 

cellulose etc.) With most of them thermal decomposition 

leads to the production of phosphoric acid, which 

condensed readily to produce pyrophosphate structures 

and liberate water. 

 

2. Nitrogen-based flame retardants 

Melamine is a thermally stable crystalline product 

characterized by a melting point as high as 345 °C that 

contains 67 wt% nitrogen atoms. Melamine sublimates at 

about 350 °C. Upon sublimation, a significant amount of 

energy is absorbed, decreasing the temperature. At high 

temperature, melamine decomposes with the elimination 

of ammonia, which dilutes oxygen and combustible 

gases and leads to the formation of thermally stable 

condensates, known as melam, melem and melon (Fig. 

8).
[40,41]

 These reactions compete with melamine 

volatilization and are more pronounced if melamine 

volatilization is impeded, e.g. by the formation of a 

protective layer. The formation of melam, melem and 

melon generates residues in the condensed phase and 

results in endothermic processes, also effective for flame 

retardancy. In addition, melamine can form thermally 

stable salts with strong acids: melamine cyanurate, 

melamine phosphate, and melamine pyrophosphate. 

Melamine and melamine salts are characterized by 

various flame retardant mechanisms. Upon heating, 

melamine-based salts dissociate and the re-formed 

melamine volatilizes, like neat melamine, but a large 

proportion of the melamine undergoes more progressive 

condensation than in the case of pure melamine.
[42,43]

 The 

action of salts in the condensed phase is therefore 

significantly higher. The thermal decomposition of 

melamine phosphate which leads to the formation of 

melamine polyphosphate, with the release of melamine 

and phosphoric acid. The phosphoric acid released is 

known to phosphorylate .Many polymers and produce 

flame retardant effects similar to phosphorus-based 

flame retardant additives. The thermal decomposition of 

melamine polyphosphate leads to the formation of 

melam ultraphosphate and ammonium polyphosphate, 

with the release of melamine. However, the melamine in 

the gaseous phase competes with the formation of its 

condensation products, such as melam ultraphosphate. 

The condensation of melamine is thus accompanied by 

the formation of polyphosphoric structures. Ammonium 

polyphosphate can also be formed from melamine 

polyphosphate. In addition, ammonium polyphosphate  

tends  to  dissociate  and  release  ammonia  above  

300°C  and  the  free  condensed hydroxyl groups give 

cross linked structures (ultra phosphate) with water 

elimination. The hydrolysis of the melam ultraphosphate 

generates a melam phosphate derivative or melam 

polyphosphate. Above 410 °C, the thermal degradation 

of the ultraphosphate is limited and is followed around 

650 °C by the formation of a relatively stable residue. 

The melamine pyrophosphate evolves to melamine 

during thermal decomposition but its thermal 

performances are different from those of melamine and 

its other salts. The formation of carbonaceous structures 

is more significant here and its action mode is similar to 

that of ammonium polyphosphate.
[44,45]
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Figure: 8 Thermal decomposition of melamine and related products5.3 Silicon-based flame retardants 

 

The addition of a relatively low amount of silicon-based 

compounds (silicones, silicas, organosilanes, 

silsesquioxanes and silicates) to polymers has been 

reported to substantially improve their flame retardancy. 

They can be used as fillers incorporated in the polymer, 

as copolymers or as the main form of polymer matrix. It 

should be mentioned that the flame retardancy of 

silicones has been reviewed by Kashiwagi and 

Gilman.
[46,47]

 

 

6 CONCLUSIONS 

This review has shown that a broad range of flame 

retardant systems have either already been studied or are 

currently under development to ensure greater safety in a 

world where plastic materials are being increasingly used 

in transportation and buildings, and where fire 

prevention remains a major issue. 

 

While some systems, such as halogenated compounds, 

are in the process of being banned due to health and 

environmental concerns, other systems such as the use of 

relatively low amounts of nanoparticles or the synergistic 

effects of flame retardants from various families show 

very promising results. Among non-halogenated fire 

retardant additives, phosphorus and nitrogen-based 

compounds have proved to be very powerful solutions, 

especially in matrices containing oxygen or nitrogen  

atoms  in  their  backbone,  while  silicon-based  

additives  also  appear  to  provide  efficient solutions. 

We have demonstrated that the flammability of plastic 

materials remains a very complex scientific problem for 

which no single solution can be found, especially with 

regard to the extensive diversification of polymer 

matrices available. 
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