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Polymers are quantitatively the most important products of the chemical industry used 

worldwide in everyday life. They are used in medicine, in textiles, for packaging, building 

industry etc. However, one of the main drawbacks of polymeric materials is their high 

flammability and it is necessary to flame retard materials for many of the named 

applications. In the last decade, it was already possible to decrease the total number of fire 

deaths thanks to concentrated use of fire retarded materials. The number of fire death was 

decreased from 4013 persons in 2001 to 3445 persons in 2010 in the USA [1]. Nevertheless, 

it is necessary to further improve the fire retardancy of polymeric materials to avoid a fire 

and/or to avoid fast propagation of fire in the goal to further decrease the number of fire 

deaths. At the same time, it is essential to reduce smoke release in case of fire. Indeed, 

about fifty percent of the fire casualties are due to smoke and gases produced in a fire. 

This study deals with the fire retardancy and the smoke release of ethylene vinyl acetate 

(EVA), a copolymer made of ethylene and vinyl acetate. Possible variation of the vinyl 

acetate (VA) content in the polymer and the resulting control of the mechanical properties 

leads to a huge range of applications. EVA is used in electronic devices, electrical 

engineering, wire and cables, buildings, transportation (for example aircraft and cars), 

photovoltaics, shoe industry etc. Due to its huge range of applications, EVA is getting more 

important for research and industry in the last years. The increased demand of EVA is 

represented by the increasing number of patents dealing with EVA in the last six decades 

(Figure 1). It is found that the number of patents increase from 423 patents from 1950 to 

1960 up to 14795 patents (between 2000 and 2010).  

 

Figure 1: Patents containing the concept “Ethylene Vinyl Acetate”; Source: Scifinder 2012 

As mentioned above, for many of the applications of EVA, high fire retardant properties are 

required. A commonly used method to improve the fire retardant properties of polymeric 
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materials is the incorporation of flame retardant additives into the polymeric matrix. As 

shown in Figure 2, the global flame retardant market in Asia-Pacific (47.7 %) is the largest, 

whereas the European market is the second largest one (25.2 %). 

 

Figure 2: Global Flame retardant market in 2011 in [%] [2] 

A flame retardant in general should meet different specifications: high fire retardant effect, 

low cost, good processability, low environmental impact and low toxicity. The complete set 

of those specifications is very challenging for research. This study is focused on the 

incorporation of additives in EVA to improve the fire retardant properties and to reduce 

smoke release when materials are exposed to fire. Here, in particular, the combination of 

mineral fillers with conventional flame retardants based on nitrogen and/or phosphorous is 

proposed. The EVA-polymer used in this study contains 60 wt% VA and has therefore 

elastomeric properties.  

The PhD thesis is divided into five different chapters. The first chapter gives a general 

background about EVA, the fire retardancy and the smoke suppression in EVA materials. The 

dependence of material properties on the VA content, polymerization, vulcanization and 

thermal decomposition in thermo-oxidative and pyrolytic conditions is investigated. Then, 

the first chapter details a literature review of the mode of action of different classes of flame 

retardants as well as their effect in EVA. The last section gives a short overview of the 

development of smoke, the mode of action of smoke suppressants and their use in EVA. 

The second chapter presents the materials used in this study. The polymer and flame 

retardant additives as well as the material preparation are described. Then, characterization 

methods will be presented. Tests to evaluate mechanical properties, fire retardancy and 

smoke release as well as experimental techniques to investigate the fire retardant 

mechanism and smoke release will be depicted. 
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The third chapter presents the screening of different additives in the polymeric matrix. The 

objective of this chapter is to find a material exhibiting acceptable mechanical properties, 

high fire retardancy and low smoke release. First, the best ratio of mineral filler and 

melamine as fire retardant additive is investigated. Afterwards, materials containing 

aluminum trihydroxide (ATH) in combination with phosphorous and/or melamine based 

additives is analyzed regarding mechanical properties, fire retardancy and smoke release.  

Chapter four is dedicated to the investigation of the fire retardant mechanism of reference 

materials, i.e. EVM-ATH and EVM-ATH-MEL. Gas phase in pyrolytic and thermo-oxidative 

conditions as well as condensed phase mechanism is analyzed. Furthermore, dispersion of 

the additives and behavior of the materials versus hydrothermal aging is evaluated. 

In chapter five, the role of melamine borate (MB) is investigated. At first, the decomposition 

mechanism of MB in pyrolytic and thermo-oxidative conditions is evaluated. Then, fire 

retardant mechanism of EVM-ATH-MB is investigated in the gas and condensed phase. 

Moreover, influence of vinyl acetate content of EVA materials containing combination of 

ATH and MB on mechanical properties, fire retardancy and smoke release is evaluated. After 

wards, a decomposition mechanism is proposed. 

At the end of this work a general conclusion is given and proposal for future studies on this 

subject are made. 
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In research it is important to have a basic knowledge of the subject of the study. In this 

chapter, ethylene-vinyl acetate (EVA), the dependence of its physical properties on the vinyl 

acetate (VA) content, its polymerization and vulcanization reaction as well as its thermal 

decomposition is discussed in detail. Moreover, the mode of action of different classes of 

flame retardants and their use in EVA is described. At the end of this chapter, the formation 

of smoke, the mode of action of smoke suppressants and some examples of smoke 

suppressants used in EVA is presented.  
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1. Ethylene Vinyl Acetate Copolymer (EVA) 

The first patent on ethylene vinyl acetate copolymer (EVA) was granted in 1938 [3]. It is a 

copolymer made through copolymerization of ethylene and vinyl acetate (VA). Its structure 

is presented in Figure 3. EVA-polymers can have, depending on the content of the 

monomers in the polymer, thermoplastic or elastomeric properties (Table 1). EVA 

copolymers with a VA content up to 40 % and from 80 to 100 % are thermoplastics (semi-

crystalline), whereas EVA polymers having a VA content between 40 and 80 % are 

elastomers (rubber). In the so called “rubber region” the abbreviation EVM is often used 

instead of EVA [4]. Concerning the monomers themselves, it is found that polyethylene (PE) 

and polyvinyl acetate (PVA) are both thermoplastics.  

 

Figure 3: Structure of EVA copolymer 

Table 1: Schematic classification of ethylene vinyl acetate copolymers according to their VA 

content 

Thermoplastic EVA Elastomers (EVM) Thermoplastic EVA 

10 20 30 40 50 60 70 80 90 100 

VA content [%] 

 Change of material properties with the vinyl acetate content  1.1.

It is well known that the physical properties of EVA depend on the VA content in the material 

[5, 6]. Table 2 summarizes the change of the physical properties with increasing VA content. 

It is seen that transparency, flexibility, density, glass transition temperature, weather 

resistance, stickiness and the filler acceptance of the EVA material increase with increasing 

VA content. On the other side, hardness, stiffness, melting point, chemical resistance, yield 

stress, stability of shape and crystallinity decrease with increasing VA content.  
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Table 2: Change of physical properties with increasing VA content in EVA [7] 

Increase Decrease 

Transparence Hardness 

Glass transition temperature Stiffness 

Flexibility Melting point 

Density Chemical persistence 

Weather resistance Yield stress 

Stickiness Stability of shape in warmth 

Polarity Crystallinity 

The changes of the glass transition temperature, the melting point and the crystallinity as a 

function of the VA content in the polymer are illustrated in Figure 4. As it can be seen, the 

glass transition temperature changes from nearly -40 °C for EVA having 20 % VA to around 

28 °C for pure polyvinyl acetate (PVA). In the case of the melting point, a decrease from 85 

°C (20 % VA) to 10 °C (50 % VA) is observed. The crystallinity decreases from around 30 % (20 

% VA) to around 7 % for EVA containing 50 % VA. Further, increasing VA content leads to 

increased polarity but lower crystallinity [8]. The increasing polarity with increasing VA 

content is useful in imparting a high degree of polymer-filler surface interaction, which is 

very important for polymer composites with high filler loading.  

 

Figure 4: Influence of the VA content in Levapren (EVA polymer) on thermophysical properties 

and morphology [9] 
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 Polymerization 1.2.

The copolymerization of EVA was first described by Perrin in 1940 [10]. Since that date, a lot 

of patents concerning the polymerization of EVA can be found in literature [11-15]. 

Generally, EVA is obtained via radical copolymerization of ethylene and vinyl acetate (Figure 

5). The polymerization is initiated by e.g. azocompounds or high energy radiation. The 

reaction can be carried out in every ratio of the comonomers as the reactivity ratios are 

close to 1 [4]. As a consequence the distribution of the comonomers in the chain is random. 

One occurring problem of the polymerization reaction is the low water solubility of ethylene 

(3.5 mg/100 mL at 17 °C). Vinyl acetate on the contrary has a better one (2 g/100 mL at 20 

°C). Another solvent than water is therefore necessary for the polymerization reaction of 

EVA. Toluene, benzene, heptane or tert-butanol are often used as solvents instead of water. 

Commonly the polymerization reaction is catalyzed using e.g. trialkylaluminum-Lewis base-

peroxide mixture [16] or a tenary catalyst consisting of equimolar amounts of AlEt3, ZnCl2 

and CCl4 [17].  

 

Figure 5: Copolymerization of ethylene and vinyl acetate  

Three different methods for the polymerization of EVA are known (Table 3) [4, 18]: the high 

pressure method, the solution and the emulsion process. The choice of the method depends 

on the desired VA content in the polymer. EVA-materials having a low VA content (0 – 45 %) 

are made using the high pressure method. The solution process is applied on the production 

of EVA polymers having VA contents between 30 and 100 %. Materials with a VA content 

between 45 and 100 % are produced using the emulsion process. The high pressure method 

is carried out in bulk at a pressure between 1000 and 3000 bars and temperatures between 

150 and 350 °C. The maximum molecular weight obtained using this method is relatively low 

due to high chain transfer activity of the vinyl acetate which limits the VA content in the 

polymer. The limited molecular weight using the high pressure method can be overcome by 

using the solution process. Often tert-butanol is used due to its low chain terminating 
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properties. The solution process is carried out under medium pressure and temperatures 

between 50 and 120 °C. An example for the solution method is the polymerization of 

ethylene and vinyl acetate in tert-butanol at around 34 bars at 62 °C [19]. The disadvantage 

of the solution process is the high amount of solvent that is required. The third method is 

the emulsion process. The used pressure is between 1 and 200 bars, whereas the 

temperature lies between 30 and 70 °C. The emulsion polymerization is carried out in water 

containing a surfactant. The water soluble radical initiator initiates the polymerization of the 

monomers whereas the polymerization reaction takes mainly place in the micelles. An 

example for the polymerization of EVA using the emulsion process is given by Schork et al. 

[20]. They polymerized EVA using miniemulsions. The advantage of miniemulsions is that the 

monomer transport through the water phase is not relevant (in comparison to the emulsion 

polymerization) and ethylene can be effectively incorporated in the micelles. In general, the 

emulsion process is rarely used in the rubber industry, but rather used in the case of 

thermoplastic applications as impact modifier. 

Table 3: Overview of the different methods for the polymerization of EVA 

      
Solution process 
200 – 1000 bar 
50- 120 °C        

      
         

Emulsion process 
1 – 200 bar 
30 – 70 °C          

         High pressure method 
1000 – 3000 bar 
150 – 350 °C 

           
           
           

 
10 

 
20 

 
30 

 
40 

 
50 

 
60 

 
70 

 
80 

 
90 

 
100 

VA content [%] 

 Vulcanization  1.3.

The first commercial method for vulcanization of natural rubber is attributed to Charles 

Goodyear who vulcanized natural rubber with sulfur in 1841. In the case of EVA, no sulfur-

curable sites are present in the polymer structure which leads to the fact that EVA is 

vulcanized radically with peroxides or high energy radiation [21]. Crosslinking with peroxides 

was first performed by Ostromyslenski [22] for natural rubbers. However, there was little 

interest in peroxide crosslinking until the early 1970s. Generally, vulcanization is used in 
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rubber industry to make materials more resistant against physical and chemical impact. 

Therefore, curing is only relevant for rubber like EVA, the so-called EVM, having a VA content 

between 40 and 80 %. During the vulcanization process, chemical crosslinks connecting the 

polymer chains are formed (Figure 6) which leads to increased elasticity and decreased 

plasticity [23]. The mechanism of the vulcanization reaction starts with abstraction of a 

hydrogen atom by the peroxy radical from the polymer chain leading to the formation of a 

reactive radical chain [24]. Then, two radical polymeric chains can combine forming an 

irregular network. A more regular network can be formed using activators such as 

triallylcyanurate or triallyisocanurate. The radical polymer chains are transferred to the 

activator. The crosslink network is then formed from the transferred radical to another 

chain. In general the recommended quantities of peroxide and activator are between 2-7 phr 

for the peroxide and between 0.5 to 5 phr in the case of the activator [4]. It has to be noted 

that the vulcanization process does not change the original shape of the material. One of the 

main drawbacks of peroxides is their instability and the therefore resulting storage 

problems. Moreover, peroxides have to decompose fast at the used curing temperature. To 

overcome those problems, peroxides containing tertiary carbon atoms are used nowadays, 

because peroxy groups bonded to primary and secondary carbon atoms are less stable. In 

general, symmetrical and asymmetrical peroxides are used as curing agents [25].  

 

Figure 6: Network formation during vulcanization of rubbers  
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 Thermal decomposition  1.4.

The thermal decomposition of EVA is already well reported in literature [26-32]. As in the 

case of the physical properties, the thermal decomposition of EVA depends on the VA 

content in the polymer. The pyrolytic and thermo-oxidative decomposition of EVA is 

discussed in detail in the following part. 

1.4.1. Pyrolytic decomposition  

The pyrolytic decomposition of EVA is a two steps process for all grades of EVA (Figure 7). 

The first pyrolysis step occurs between 300 and 400 °C. In this temperature range, the 

decomposition starts with some chain scission reactions, corresponding to the cleavage of 

the bridged acetate groups that present the weakest cross-linking bonds (Figure 8) [26]. At 

the same time the deacetylation of the polymer takes place. 

 

Figure 7: TGA curves of EVA polymers containing different VA content: 9, 13, 33 (A), 60, 

73,100 (B), nitrogen, 20°C/min [27] 

The deacetylation occurs through the β-elimination of the vinyl acetate groups of the 

polymer and leads to a polyene network [33]. During this step, acetic acid is evolved. If two 

or more VA monomer units undergo the deacetylation process, an autocatalytic effect is 

observed. The autocatalytic effect of the deacetylation increases with increasing VA content. 

The deacetylation reactions are catalyzed by the conjugation of the π-system of the double 

bond formed by deacetylation [34]. At the end of the first decomposition step, a polyene 

network remains which is then completely decomposed into unsaturated and aromatic 

compounds in the second decomposition step taking place from 400 to 500 °C. It has to be 

noted that the formation of aromatic products becomes more important than the formation 

of aliphatic ones with increasing VA content in the polymer. 
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Figure 8: Schematic presentation of the cross-linking bond cleavage and deacetylation of the 

polymer 

The pyrolysis of unvulcanized and vulcanized rubber like EVA (EVM, 60 wt% VA) is similar 

(Figure 9), even if the weight loss of vulcanized EVM is slightly less important than that of 

pure EVM. A small amount of char is left after the decomposition of vulcanized EVM, 

whereas unvulcanized EVM is fully degraded. This is explained by the fact that the crosslinks 

in the cured system favor the condensation of carbonaceous species and thus the formation 

of an aromatic charred structure.  

 

Figure 9: TG curves for pure (unvulcanized) and vulcanized EVM and the corresponding DTG 

curve of vulcanized EVM, nitrogen, 10 °C/min [26] 

The schematic presentation of the pyrolysis of vulcanized EVM is presented in Figure 10. The 

deacetylation takes place from 300 to 375 °C. Up to 450 °C, aliphatic carbonaceous species 

are evolved and unsaturated compounds are formed. From 400 to 500 °C some 

aromatization of the residue occurs, leading to a residue made of unsaturated and aromatic 

compounds. 
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Figure 10: pyrolytic decomposition of EVM; (A = acetate, C = cross-linking) [26] 

1.4.2. Thermo-oxidative decomposition  

Under oxidative conditions (Figure 11), the decomposition of EVA with a VA content lower 

than 60 % (semi-crystalline EVA) is a two-step process, whereas for higher VA content 

(rubber like EVA, (B)), three steps are observed.  

 

Figure 11: TGA curves of EVA polymers containing different contents of VA: 9, 19, 33 (A), 60, 

73,100 (B), air, 20°C/min [27] 

The first decomposition step in both cases occurs between 300 and 400 °C, as found in 

pyrolytic conditions. This step is attributed to the deacetylation of the polymer. At the end of 

the first decomposition step, a highly unsaturated residue or polyene is obtained. The 

second step of decomposition takes place between 400 and 550 °C. The polyene residue 

formed in the first decomposition step is degraded by chain scissions. These reactions lead 

to the formation of a carbonaceous char in the case of rubber like EVA, whereas for semi-

crystalline EVA, a stabilized aromatic structure or char is not formed. The third 

decomposition step of rubber like EVA is obtained at temperature higher than 500 °C. During 

this step, the formed char oxidizes forming aliphatic and aromatic volatiles. Moreover, 
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carbon dioxide and water are released. It shows therefore that oxygen plays an important 

role in the thermo-oxidative decomposition of EVA.  

The comparison of the thermo-oxidative decomposition of unvulcanized, rubber like EVM 

(EVM, 60 % VA) and vulcanized, rubber like EVM shows that the thermo-oxidative 

decomposition of the vulcanized polymer is more complex than that of the unvulcanized 

EVM (Figure 12). Vulcanized EVM degrades following a five step process. The first 

decomposition step is observed from 200 to 220 °C having a small weight loss of 6 wt%. The 

second occurs between 220 and 305 °C and the third decomposition step from 305 to 405 

°C. Up to 300 °C, deacetylation of the polymer is completed leading to the formation of a 

polyene network which decomposes up to 350 °C. The fourth decomposition step occurs 

from 405 – 455 °C and the fifth one up to 525 °C. These steps correspond to the 

decomposition of the char layer formed before evolving carbon dioxide, aliphatic and/or 

ethylenic products. The schematic presentation of the five-step, thermo-oxidative 

decomposition of rubber like EVM is presented in Figure 13.  

 

Figure 12: TG curves of pure EVM and vulcanized EVM and the corresponding DTG curve of 

vulcanized EVM, air, 10 °C/min [26] 
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Figure 13: Thermo-oxidative decomposition scheme of vulcanized EVA (A = acetate, C = cross-

linking) [26] 

 Conclusion 1.5.

In this part, it was seen that the main advantage of EVA materials is the adaptability of 

desired mechanical properties and the thermal decomposition thanks to variation of the VA 

content in the polymer. Polymerization process was shown to be varied mainly in 

temperature and pressure to obtain the desired VA grade. Moreover, it is possible to 

vulcanize EVA materials increasing especially thermal and mechanical stability of the 

materials.  

The next part is dedicated to the fire retardancy of EVA and the different types of additives 

used to enhance fire retardant properties when submitted to fire.  
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2. Flame retardancy of EVA 

As it was already mentioned above, EVA-materials have a huge range of application; they are 

used for cables, flooring, solar cells, sporting goods, packaging, as insulating materials and as 

adhesives. For many of these applications, it is important that EVA-materials perform high 

fire retardancy. Previously, it was demonstrated that physical properties and thermal 

decomposition of EVA depend on the VA content of the polymer. The same is observed for 

fire retardancy of EVA. As an example, it is known that the limiting oxygen index (LOI) of EVA 

increases with increasing VA content. For EVA containing 190 phr of aluminum trihydroxide 

(ATH) (Figure 14) it is observed that LOI increases from 36 vol%O2 for EVA having 40 % VA to 

50 vol%O2 for the EVA material having a vinyl acetate content of 80 %.  

 

Figure 14: Dependence of the LOI values on the VA content on formulations containing EVA 

and ATH (190 phr) [9] 

Besides ATH, a mineral filler, other flame retardant additives are used as fire retardant in 

EVA: halogenated compounds, mineral fillers, phosphorus and nitrogen compounds, silicone 

additives, nanoadditives and combinations of the different flame retardants. In this part, the 

mode of action of the different fire retardant additives as well as their use in EVA is 

discussed. The EVA grade used in this study contains 60 wt% VA (EVM). Due to the fact that 

flame retardancy of EVM, i.e. elastomeric ethylene vinyl acetate, is not well reported in 

literature [35-40], the discussion hereafter also includes literature regarding EVA materials 

having low acetate content (18 - 40 % VA).  
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 What is fire retardancy? 2.1.

When materials are submitted to an external heat source (fire), they start to decompose. To 

inhibit the combustion process of polymeric materials against the attack of fire, various 

methods are possible. One possibility is the chemical modification of the polymer itself.  For 

example, it is possible to copolymerize the flame retardant with the polymer monomers [41, 

42]. The flame retardant additive is then directly present in the polymeric chain. Another 

possibility is the use of inherently flame retardant polymers, e.g. poly(tetrafluoroethylene) 

or polyimides [43, 44]. It is also possible to protect polymeric materials against fire using a 

surface coating [45-48]. The application of a coating has the advantage that the material 

itself is not modified; the coating protects the material against the influence of the external 

heat source. The last possibility to protect polymers against the attack of fire is the 

incorporation of flame retardants into the polymer during its processing (e.g. extrusion). Due 

to the fact that this study is focused on the direct incorporation of the flame retardant into 

the polymer, the state of the art is focused on this method. Consequently, the other 

methods are not further discussed. 

In general, fire retardant additives can have a physical and/or chemical mode of action in the 

gas and/or condensed phase. The physical action takes place through formation of a 

protective layer, by cooling and/or by dilution. In the first case, a protective layer with a low 

thermal conductivity is formed when the material is submitted to an external heat source 

and protects the material through reduction of the heat and mass transfer between the 

external heat source and the material. Materials can also be protected by cooling through 

the endothermically decomposition of fire retardant additives (usually dehydration) leading 

to a decrease in temperature by absorbing the external heat. The protection by dilution 

takes place through the addition of compounds releasing inert gases, such as carbon dioxide 

or water, upon decomposition. These additives dilute the fuel in the solid and in the gaseous 

phase and thus lower the concentration of combustible gases in the surrounding 

atmosphere.  

The other possibility by which materials can be protected is the chemical mode of action 

which takes place in the condensed and/or gas phase. In the condensed phase, two types of 

reactions can occur. First, the formation of a carbon layer (charring) on the polymer surface 
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limiting the volatilization of the fuel. It also limits oxygen diffusion and insulates the polymer 

underneath from the external heat. The second possibility is the acceleration of the polymer 

decomposition which causes a pronounced flow of the polymer and, hence, a withdrawal 

from the sphere of influence of the flame that breaks away. The chemical mode of action of 

flame retardants in the gas phase takes place through interruption of the radical mechanism 

of the combustion process by flame retardants or by their decomposition products. As a 

result, the exothermic processes that occur in the flame are stopped and the system cools 

down. Consequential, the supply of flammable gases is reduced or even completely 

suppressed.  

It is possible that fire retardants (e.g. aluminum hydroxide and magnesium hydroxide) show 

exclusively a physical mode of action, but flame retardants acting exclusively through a 

chemical mode of action are rare. Chemical mechanisms are often accompanied by one or 

several physical mechanisms, most commonly endothermic dissociation or dilution of fuel. 

Charring is the most common condensed phase mechanism [49, 50]. 

 Halogenated compounds 2.2.

The effectiveness of halogen containing flame retardants increases in the following order F < 

Cl < Br < I. Iodine and fluorine containing flame retardants are not used. Iodine compounds, 

on the one hand are too expensive and on the other hand the I-C bond is too weak and 

therefore the compounds are relatively unstable against heat and light. Fluorine containing 

compounds are ineffective as flame retardants due to its breakdown product (HF) which is 

too stable to interfere in the flame. Nevertheless, fluorine plays an important role in flame 

retardancy. For example, it is used in non-combustible fluoropolymers like e.g. Teflon 

(poly(tetrafluorethylene)) and FEP (fluorine containing elastomer). The most effective 

halogen containing flame retardants are those containing bromine and then chlorine. 

Brominated fire retardants are classified in two classes: aliphatic and aromatic compounds. 

The aliphatic ones are known to be more effective, because they are easier to break down 

than the aromatic ones. In the case of chlorine, chlorinated hydrocarbons or chlorinated 

cycloaliphatics are used as flame retardants which is due to their high light stability. Often 

antimony oxide is used as synergist for halogen containing flame retardants. The presence of 
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antimony oxide and halogenated compounds leads to the formation of antimony trihalide 

which acts in the gas phase as flame-quenching compound [51, 52]. 

2.2.1. Mode of action 

Halogen containing flame retardants act in general by interfering in the radical chain 

reaction that takes place in the gas phase. The flame retardant (RX) breaks down in the 

flame (Equation 1) and the halogen radical (X•) reacts with the polymeric chain to form the 

hydrogen halide (HX) that is used to trap the high-energy radicals (H• and OH•) present in the 

flame (Equation 2).  

RX       R• + X• 

Equation 1: Break down of the flame retardant 

X• +RH   R• + HX 

HX + H•  H2 + X• 

HX + OH•  H2O + X• 

Equation 2: Reaction of HX with high-energy OH and H radicals; X = Cl or Br, R = polymer 

chain 

Regarding the effectiveness of the hydrogen halides, it appears that hydrogen bromide (HBr) 

has a higher fire retardant effect than hydrogen chloride (HCl). HBr is evolved over a narrow 

temperature range at high concentrations. HCl instead is evolved over a wider temperature 

range. Consequently, a lower concentration is available in the flame zone. Moreover, higher 

quantities of chlorine compounds are required to reach the same fire retardant effect as 

bromine containing compounds [51].  

2.2.2. Halogenated flame retardants in EVA 

There is not a lot reported in literature about halogenated flame retardants in EVA. Yang et 

al. [53] investigated the influence of tetrabromo-p-cresol and pentabromophenol on the 

flame retardancy of EVA. The incorporation of decabromodiphenyl oxide (35 phr) in 

combination with antimony oxide as synergist shows a good fire retardant effect [52]. V-0 

classification was reached in EVA with a VA content of 18%,. To get the same effect in EVA 

having a VA content of 28%, a loading of only 30 phr was required. It can therefore be 



Chapter I: State of the Art - Mineral fillers 

32 

concluded that the higher the VA content in the polymer, the lower the amount of flame 

retardant is needed to reach the same fire retardant properties.  

 Mineral fillers 2.3.

The second class of fire retardants is mineral fillers. In general, mineral fillers such as 

aluminum hydroxide (ATH) or magnesium hydroxide (MDH) are widely used as fire retardant 

additives in EVA. To achieve good fire retardant properties, high loadings (higher than 50 

wt%) are required. However, high loadings drastically change the mechanical properties of 

the material [54, 55]. To overcome this disadvantage, several solutions are possible. The 

surface of the mineral fillers can be treated to improve lack of mechanical properties. 

Another possibility is the use of processing aids which change mechanical properties of the 

material. Finally, the combination of mineral fillers with other conventional flame retardants 

to develop synergist effects can also be investigated.  

2.3.1. Mode of action 

Mineral fillers have three different fire retardant effects, which can occur alone or in 

combination [56]. 

1. They decompose endothermically and so absorb heat. This phenomenon leads to a 

“cooling effect”, which cools down the surrounding polymer.  

2. Mineral fillers generally release inert gases during the combustion process. These 

gases, e.g. water or carbon dioxide dilute the fuel and thus reduce the concentration 

of the flammable gases.  

3. They built an inert protective layer at the surface of the decomposing polymer and 

thus protect the material from the external heat. Moreover, this layer acts as barrier 

preventing the diffusion of gases and heat from the material to the fuel and 

otherwise.  

Hull et al. [56] estimated the contribution of those different effects for various mineral fillers 

determining the heat absorption due to the filler, the residue, the evolved gas, i.e. water and 

carbon dioxide, and to the endotherm decomposition (Figure 15). It is seen that for the 

studied mineral fillers most of the energy is absorbed by endotherm decomposition 
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reactions. The following discussion on the contribution of the mineral to heat absorption and 

its decomposition reaction is focused on ATH and MDH due to the fact that these two fillers 

are the most common ones. It can be seen that for ATH the heat capacity absorbed by the 

condensed phase (filler) is smaller than that absorbed by the gas phase. In the case of MDH 

instead, the opposite is observed: the filler absorbs more energy than the gas phase. 

Moreover, the absorbed energy by the filler is two times greater for MDH than for ATH. 

Table 4 presents additional information about ATH and MDH: chemical composition, 

decomposition temperature, standard enthalpy of dehydration, decomposition reaction and 

the remaining residue at 800 °C. Both mineral fillers decompose forming the corresponding 

oxide through the release of water. MDH decomposes at around 300 °C whereas ATH 

decomposes at around 200 °C. Moreover, MDH has a slightly higher enthalpy of dehydration 

(1202 J/g)) than ATH (1190 J/g) and thus can absorb more heat during the combustion 

process.  

 

Figure 15: Comparison of the absorbed energy of different mineral fillers [56] 

Table 4: Comparison of ATH and MDH characteristic data 

 ATH MDH 

Formula Al(OH)3 Mg(OH)2 

Decomposition 
temperature [°C] 

180-200 300-320 

Enthalpy [J/g] 1190  1202 

Decomposition reaction Al(OH)3 (s) Al2O3 (s) + 3 H2O (g) Mg(OH)2 (s) MgO (s) + H2O (g) 

Residue at 800 °C [%] 65 69 
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2.3.2. Mineral fillers in EVA 

2.3.2.1. Mineral fillers used as fire retardants in EVA 

The most commonly used mineral fillers in EVA are ATH and MDH due to low cost of the 

additives. The incorporation of hydrotalcite (Mg6Al2(OH)16(CO3)*4H2O is also widely reported 

[54, 57], leading to better fire retardant properties of EVA materials (higher LOI and lower 

pHRR) than the incorporation of ATH or MDH. Basfar et al. [58] compared EVA-materials 

containing MDH or huntite hydromagnesite (Mg3(Ca(CO3)4) at different ratios. It was found 

that both mineral filler have comparable fire retardant effects in EVA. Moreover, the 

influence of polymer cross-linking (dicumyl peroxide) was investigated demonstrating that 

cross-linked samples possess lower fire retardancy than uncross-linked samples. Morgan et 

al. [59] compared the fire retardancy of materials containing EVA and different magnesium 

carbonates. It was found that at a loading of 50 wt% only the material containing 

hydromagnesite reached comparable results in cone calorimetry like the material containing 

MDH. Laoutid et al. [60] compared fire retardant properties of EVA containing hydrated lime 

(Ca(OH)2) or MDH. The materials containing 60 wt% of hydrated lime had better reduction in 

pHRR than the material containing the same quantity of MDH, whereas the lime containing 

material ignited at shorter time. Moreover, it was shown that the use of semi hydrated 

dolime, which is a sort of combination of lime and MDH, as fire retardant combined the 

lower pHRR of lime and the higher TTI of MDH, whereas char residues were less cohesive. 

It is known that fire retardant properties as well as smoke release of EVA depend on the 

nature of the incorporated mineral filler such as particle size, morphology or surface 

treatment of the additive. Those effects are investigated in the following. Moreover, 

synergism of different mineral fillers with conventional fire retardants is discussed.  

2.3.2.2. Effect of the particle size of mineral fillers 

It is reported that material properties depend on the particle size of the mineral filler. For 

example, Huang et al. [61] showed that the fire retardancy and mechanical properties of 

EVA-materials containing MDH depend on the particle size and on the loading of the filler. 

Three different particles sizes were used. EVA-materials containing 55 wt% of filler are 

evaluated in terms of fire retardancy and mechanical properties. It was found that best 
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enhancement of flame retardant properties was achieved for the material containing the 

smallest particles. LOI is 37.7 vol%O2 for the material containing the largest particles and 

34.6 vol%O2 for that with the smallest MDH particles. Regarding the mechanical properties it 

was found that the highest tensile strength (13.1 MPa) and the highest elongation-at-break 

(124 %) were found for the material containing MDH particles of medium size. Moreover, it 

was shown that the effect of the particle size of MDH is less important when filler loading 

(35 and 45 wt% MDH) decreases or increases (75 wt%). Another study on the effect of the 

particle size of mineral fillers (ATH and MDH) on material properties of EVA was published by 

Camino et al. [62]. It was demonstrated that with decreasing MDH particle size, the LOI value 

decreases. In the case of ATH instead, smaller particles led to a slightly increase in LOI. 

Concerning mechanical properties, it was found that elongation-at-break and tensile 

strength decrease with decreasing particle size of both fillers. Férnandez et al. [63] reported 

the fire retardancy of MDH with a particle size of above 200 µm. The addition of 60 wt% 

MDH to EVA enhanced the fire retardant properties. The comparison with an EVA material 

containing MDH showed that the materials containing the smaller MDH particles had better 

fire retardant properties than those with the bigger particles. Moreover, it is reported that 

the incorporation of nano-MDH shows better fire retardant properties than micro-MDH [61, 

64]. Jiao et al. [65] compared the fire retardant properties for materials containing nano-

MDH or nano-hydrotalcite. They observed that the fire retardancy increased with increasing 

filler content, whereas the materials containing nano-hydrotalcite showed better fire 

retardant properties (obtained by cone calorimetry and UL-94 test) than the materials 

containing nano-MDH. V-0 classification was only reached for the material containing 150 

phr of nano-hydrotalcite. Another study [60] showed the dependence of the particle size of 

hydrated lime (Ca(OH)2) on mechanical and fire retardant properties. It was found that with 

increasing particle size, stress-at-break and pHRR increases.  

In summary, a general tendency of the effect of the particle size of mineral fillers on fire 

retardant properties on EVA materials is controversy. Generally, dispersion of additives in 

the polymeric matrix is known to play an important role on mechanical as well as fire 

retardant properties. However, dispersion of the additives is rarely discussed in context with 

the effect of particle size on material properties. Especially in the case of additives having a 

small particle size, agglomeration has to be taken into account. 
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2.3.2.3. Modification of mineral fillers  

Besides the effect of the particle size of mineral fillers on fire retardancy and mechanical 

properties, the surface treatment of the additives plays an important role concerning 

material properties. It was found that the use of coated metal hydroxides leads to a further 

improvement of the flammability properties in comparison to the uncoated filler.  

The incorporation of zinc hydroxystannate (Zn[Sn(OH)6],ZHS) coated ATH and MDH into EVA 

led to improved fire retardant properties in comparison to the material containing the 

uncoated filler [66]. It has to be noted, that in this study, the incorporation of ATH showed 

better fire retardant results than the incorporation of MDH. Moreover, smoke production 

during combustion was decreased from 210 MW/kg for the virgin polymer to 27 MW/kg for 

the material containing 50 wt% of the coated ATH and to 40 a.u. for that containing 50 wt% 

of the coated MDH. Haurie et al. [67] incorporated hydromagnesite (MgO4CO2*5H2O) coated 

with stearic acid into a LDPE/EVA blend, which lead to improved fire retardancy of the 

materials. Moreover, elongation-at-break, tensile strength and hardness Shore D were also 

improved.  

2.3.2.4. Layered double hydroxides as mineral fillers in EVA 

In addition to the previously described mineral fillers and to their combinations with 

conventional flame retardants, it is also possible to enhance fire retardancy of EVA using 

positively charged layered double hydroxides (LDH). The modification of LDH with a 

phosphorous-nitrogen compound, PAHPA (N-(2-(5,5-dimethyl-1,3,2-dioxaphosphinyl-2-

ylamino)-hexylacetamine-2-propyl acid) [68], nickel containing compounds [69-71], rare 

earth ions (La, Ce, Nd) [72] or boric anions [73] led, when incorporated in EVA, to improved 

thermal stability and fire retardant properties in comparison to the virgin polymer. Further 

the intercalation of phosphonates into LDH [74] or into hydrocalcite [75, 76] enhanced the 

fire retardant properties of EVA. In the case of LDH, pHRR was decreased from 1680 kW/m² 

for the virgin polymer to 669 kW/m², whereas TTI was decreased from 65 s to 29 s. At the 

opposite, the use of α-zirconium phosphonate nanoparticles in LDH did not lead to a 

significant improvement of the fire retardancy of EVA [77]. The comparison of nano-LDH 

with nano-MDH showed that nano-LDH in EVA improves the fire retardant properties more 

than nano-MDH alone in EVA [65, 78]. Regarding the mechanical properties of EVA 



Chapter I: State of the Art - Mineral fillers 

37 

containing nano-MDH or nano-LDH, it appeared that the elongation-at-break and the tensile 

strength for all tested materials was lower than for the virgin polymer. Moreover slight 

synergistic effects for LDH were detected when hyperfine MDH is additionally present in the 

polymeric matrix [79]. Li et al. [80] investigated the fire retardancy, smoke release and 

thermal decomposition of EVA materials containing LDH in combination with melamine 

(MEL). It was demonstrated that a ratio of LDH:MEL of 9:1 exhibits the best fire retardant 

properties (investigated using cone calorimeter, LOI and UL-94), lowest smoke release and 

best thermal stability. A lower or higher content of MEL in the matrix leads to worse material 

properties. The effect of the MEL content on material properties was explained by the char 

formed during burning; the char for the best formulation is more cohesive than the others.  

2.3.2.5. Combination of mineral fillers with other flame retardant additives 

Like it was mentioned before, it is possible to combine mineral fillers with conventional 

flame retardants. In the case of ATH, a synergistic effect was found for its combination with 

Fe-montmorillonite (Fe-MMT) [81] and organomodified MMT [82], as well as for zinc borate 

[83] and SiO2 [84]. Ramirez-Vargas et al. [85] tested different organomodified MMT clays in 

combination with ATH in LDPE/EVA materials. Clays were modified with the following 

chemicals: N-octadecyl trimetyl amine chloride and dimethyl di(hydrogenated tallow) alkyl 

ammonium chloride. A synergistic effect between ATH and the organomodified clays could 

not be found. Cérin et al [86] investigated mechanical properties and fire retardancy of EVM 

(rubber like EVA, 60 % VA) containing ATH in combination with different phosphorous 

additives. It was shown that combining ATH with OP1230 (aluminum phosphinate) at a ratio 

of 2 to 1 exhibited the best fire retardant properties in terms of LOI, UL-94 and MLC test. A 

LOI value of 40 vol%O2 and a V-0 classification in UL-94 was reached using this ratio. 

Moreover, pHRR was decreased from 500 kW/m² for the virgin polymer to 123 kW/m².  

Synergistic effects for MDH in EVA were observed with fumed silica (SiO2) [87, 88], silicone 

rubber (Second chemical factory), silicone powder (Dow Corning Corp.) [89], boroxo 

siloxanes [90], MWNT [91], zinc borate [83, 92], sepiolite [93], talc [94] and organomodified 

MMT [82, 95-98].  
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 Melamine derivatives 2.4.

Besides halogenated compounds and mineral fillers, it is possible to fire retard EVA adding 

nitrogen-containing compounds. The advantage of nitrogen based compounds is their ability 

to act in all stages of the combustion process. The most commonly used nitrogen-containing 

flame retardants are melamine and its derivatives. The chemical structure of melamine, 

melamine cyanurate, melamine sulfate, melamine borate, melamine nitrate and melamine 

phosphates, i.e. melamine phosphate, melamine pyrophosphate and melamine 

polyphosphate is presented in Figure 16.  

 

Figure 16: Chemical structure of melamine and melamine derivatives  

2.4.1. Mode of action of melamine and its derivatives 

Melamine is known to act in both phase, the gas and the condensed phase. It sublimates 

endothermically at around 200 °C and is nearly decomposed at 375 °C. It can decompose 

into low volatile condensation products named melam, melem and melon (Figure 17). These 
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three compounds are stable up to 350, 450 and 600 °C respectively [99, 100]. Melamine 

derivatives promote in general an additional fire retardant effect which is due to the activity 

of the additional molecule, e.g. nitrate, cyanurate or borate. This leads to a more important 

condensed phase action of melamine salts in comparison to melamine. 

 

Figure 17: Chemical structure of melamine condensation products (melam, melem, melon) 

2.4.2. Melamine and its derivatives as flame retardants in EVA 

Few works report the use of melamine or its derivatives as flame retardants in EVA. 

Zilberman et al. [101] showed that the incorporation of 60 wt% of melamine into EVA led to 

comparable fire retardant properties in terms of pHRR as the virgin polymer. Comparison to 

EVA containing 60 % ATH showed that EVA-MEL ignited at shorter time than EVA-ATH. The 

total smoke release was increased from 236 a.u. (for virgin EVA) to 393 a.u. in the case of 

EVA-MEL, whereas a smoke release of 505 was observed for EVA-ATH. The substitution of 20 

and 40 wt% melamine respectively by ATH instead enhanced the flammability properties 

(reduction pHRR, higher TTI), but total smoke production was increased to 852 and 589. 

Comparison of EVA-ATH-MEL and EVA-ATH indicated that combination of ATH and MEL led 

to decreased fire retardancy and increased smoke release. The combination of 40 wt% 

melamine and 20 wt% APP in EVA resulted in a further reduction in pHRR but ignition at 

shorter time than EVA-ATH. Moreover, the smoke production rate and the carbon monoxide 

production of EVA-ATH-APP were reduced in comparison to EVA-ATH. These results showed 

that a combination of melamine with a mineral filler or a phosphorous containing compound 

significantly improves fire retardant properties in comparison to the material containing EVA 

and ATH and can decrease smoke production in some cases.  
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A study on the fire retardancy of EVA/nitrile rubber containing 60 phr or 80 phr of MDH or 

50 phr of melamine cyanurate (MC) was published by Rybinski et al. [102]. Fire retardancy 

measured by cone calorimetry is improved for EVA/NBR containing MDH or MC, whereas it 

was found that MC had similar effectiveness than MDH for enhancing fire retardancy of 

EVA/NBR rubbers. Fire retarded materials ignited at longer times, i.e. 123 and 126 s 

respectively than the virgin blend (TTI = 76 s). Moreover, pHRR was decreased from 

362.kW/m² for the virgin blend to 119 kW/m² for EVA/NBR containing MC.  

 Phosphorous compounds 2.5.

Phosphorous containing flame retardants are widely used as alternative solution of 

halogenated fire retardants. This section shows the mode of action of this kind of fire 

retardant additive and gives examples of their use in EVA. The class of phosphorous 

compounds includes ammonium polyphosphate (APP) and red phosphorus as well as 

phosphinate, phosphonate, phosphate ester (pyrophosphate and polyphosphate) (Figure 

18), whereas the phosphorus content in the phosphorus containing flame retardants can 

vary from few percent to 100 % (red phosphorus) [103].  

 

Figure 18: Different structures for organophosphorus flame retardants 

Nguyen et al. [104] investigated a relationship between the structure and the fire retardant 

effect of different phosphorus based additives as well as the mode of action of the different 

organic phosphorous compounds. It was postulated that compounds containing P-CH3 or P-H 
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bonds have a fire retardant action in the gas phase due to the generation of small 

phosphorus containing species arising from the weak bond to the P atom. Moreover, it was 

found that in this study a phosphorus content of about 4 % is needed in EVA to reach a V-0 

classification. 

Due to the fact that phosphorus containing compounds are usually not chemically bonded to 

the final products they are considered by regulators to have potential to leach out of the 

polymer. Phosphorus compounds containing also halogens were already found in indoor air, 

house dust, drinking water, sediment and biota, whereas non-halogenated phosphorus 

compounds were only found in indoor environments, like offices, hospitals or schools [103]. 

2.5.1. Mode of action 

Phosphorus containing flame retardants can have a condensed and/or a gas phase action. A 

condensed phase action can be obtained when a phosphate compound is heated in 

combination with a carbon containing compound. A protective char layer is formed at the 

sample surface due to the reaction of phosphoric acid formed by decomposition of the 

phosphorous compound with the carbon source. In the gas phase, phosphorus compounds 

have a flame extinguishing effect similar to that of halogenated flame retardants [103]. The 

mechanisms taking place in the gas phase are well reported in literature [105-108]. Equation 

3 presents reaction of PO2
• with H• forming HOPO which reacts with OH• to form PO2

• and 

H2O. PO2
• can also react with OH• forming HOPO2 which then reacts with H• to form PO2

• 

and H2O. Recombinations like H• + H•, O• + H•, OH• + H• and recombination of these atoms 

with phosphorus species are also possible [109]. 

PO2
• + H•  HOPO 

HOPO + OH•
 PO2

• + H2O 

PO2
• + OH•

 HOPO2 

HOPO2 + H•  PO2
• + H2O 

Equation 3: Inhibition cycles of phosphorus compounds 

2.5.2. Phosphorous containing additives in EVA 

Phosphorus containing flame retardants are widely used in EVA to improve its fire 

retardancy. The most common phosphorous compound used to enhance its fire retardant 
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properties is ammonium polyphosphate (APP). The incorporation of APP and 

microencapsulated APP (MAPP) led to an improvement of fire retardant properties of the 

polymer [110-114]. Moreover, the incorporation of MAPP exhibits better water resistance, a 

better thermal stability and a higher char yield than with APP. A synergistic effect (measured 

by LOI and UL-94 test) is observed using APP or MAPP in combination with expandable 

graphite (EG) [115].  

Furthermore, EVA can be fire retarded through the incorporation of red phosphorus (RP) 

[116] or microencapsulated red phosphorous (MRP) [57, 117, 118]. MRP can be used in 

combination with talcite [118] hydrotalcite [57] or layered double hydroxides (LDH) [119] to 

improve the flammability properties of EVA. Moreover, an improvement of the fire 

retardancy is obtained when MRP is incorporated into cyclodextrin nanosponges [117]. 

An intumescent system is observed when APP and polyamide-6 (PA) are incorporated 

together in the EVA copolymer [120]. APP acts as acid source and PA as carbonization agent. 

This system has improved fire retardant properties in comparison to the virgin polymer. 

Combining APP and pentaerythriol (PER) forms an intumescent system in EVA. The pHRR is 

decreased to around 400 kW/m² in comparison to that of the virgin polymer (pHRR = 1800 

kW/m²). The thermal stability as well as the fire retardant properties of a material containing 

EVA/APP/PER can be enhanced through the addition of zeolite [121], lanthanum ferrite 

(LaFeO3) [122], nickel phosphide [123] and ferrous disulfide (FeS2) [124]. Moreover, an 

intumescent system containing MAPP and a nitrogen compound (Figure 19) as char forming 

agent shows improved fire retardant and thermal stability when ferric pyrophosphate is 

added as co-agent [125].  

 

Figure 19: Nitrogen containing char forming agent 
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Another study concerning the combination EVA and PA6 is based on the incorporation of 

APP and MDH [126]. It was demonstrated that the material containing MDH and APP has 

lower flammability properties (measured by UL-94 and LOI) than the material containing 

only APP (30 wt%). When combined with MDH, higher loadings of APP are required to reach 

the same fire retardancy than the material containing only APP. 

On the other hand, it is common to synthesize molecules containing phosphorous functions. 

Nguyen et al. [104] and Wang et al. [127] synthesized different phosphorous compounds 

(analogous of phosphinic and phosphonic acid as well as a DOPO (10-(2,5-dihydroxyphenyl)-

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide10-(2,5-dihydroxyphenyl)-9,10-

dihydro-9-oxa-10-phosphaphenanthrene-10-oxide) compounds) and showed that they 

reduce the flammability of EVA-materials. Phosphorus-nitrogen compounds are often used 

to reduce flammability of EVA materials. Zhu et al. [128] observed a phosphorus-phosphorus 

synergism by using melamine pyrophosphate (MPP) in combination with 5,5,5’,5’,5”,5”-

hexamethyltri (1,3,2-dioxaphosphorinanemethan) amine 2,2’,2”-trioxide (XPM-1000, Figure 

20). The combination of XPM-1000 and melamine polyphosphate allows the formation of an 

intumescent system which improves the fire retardant properties of the polymer [129]. 

 

Figure 20: Chemical structure of XPM-1000 

Another phosphorus-nitrogen compound, synthesized by Nguyen and Kim, is diphenyl 

piperazine-1,4-diylbis(methylphosphinate) (DPPMP, Figure 21) [130]. When incorporated in 

EVA, fire retardancy (LOI and UL-94 test) is enhanced. LOI value is increased from 18.7 for 

virgin EVA to 25 vol%O2 for EVA containing 30 wt% of the fire retardant compound. 

Moreover, the fire retarded material is V-0 classified in UL-94 test. 

 

Figure 21: Chemical Structure of DPPMP 
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Wang et al. synthesized a phosphorous-silicone compound which shows improved fire 

retardant properties when used in combination with MDH [131] or when multiwalled carbon 

nanotubes (MWCNT) are modified with this compound [132]. 

Moreover, an improvement of the fire retardant properties (measured by cone calorimeter) 

of EVA is found for the incorporation of Diethylphosphato-ethyltriethoxysilane (SiP) [133]. 

Peak of heat release rate (pHRR) is reduced from 1302 kW/m² for the virgin polymer to 842 

kW/m² for the fire retarded material, whereas time to ignition (TTI) decreases from 76 to 46 

s as well.  

Besides the named compounds, some other phosphorous-nitrogen containing compounds 

are reported to increase fire retardancy of EVA. For example, NP 28, a compound containing 

15.6 wt% of phosphorous and 27.5 wt% of nitrogen (Weizheng Fine Chemical Inc.), enhances 

its fire retardant properties. EVA containing 28 wt% of NP28 reaches a V-0 classification in 

UL-94 test. Further, the LOI jumps from 18 to 33 vol%O2 in comparison to the virgin polymer 

when 30.6 wt% NP28 are incorporated [134]. Furthermore, Liu et al. [54, 135-137] 

synthesized different nitrogen-phosphorous additives which increase the thermal stability as 

well as the fire retardancy (LOI, UL-94 and/or microscale combustion calorimeter (MCC)) of 

EVA. 

 Conclusion – Fire retardancy of EVA 2.6.

Fire retardant action in the gas and condensed phase as well as addition of different fire 

retardant additives used in EVA was investigated in this part. It was shown that fire 

retardancy of EVA is mainly enhanced using mineral filler, phosphorous or nitrogen 

containing compounds. The most commonly used flame retardants are mineral fillers even if 

they require high loadings which degrade the mechanical properties. It was further 

demonstrated that phosphorous compounds are widely incorporated to EVA to increase its 

fire retardant properties. Besides APP, synthesized phosphorous compounds are widely 

reported as flame retardant in EVA. Melamine derivatives could provide interesting fire 

retardant effects in EVA, but are not enough studied up to now. Moreover, melamine was 

found to increase smoke release in case of fire.   
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3. Smoke release of EVA materials 

Besides high fire retardant properties, polymeric materials have to exhibit low smoke release 

in the case of fire. This part of Chapter I is dedicated to the description and discussion of 

smoke production and the different ways to suppress smoke release of EVA materials when 

exposed to an external heat source.  

 What is smoke? 3.1.

In general, it is difficult to get an overall adapted definition of smoke. According to ASTM 

E176, smoke is defined as the airborne solid and liquid particulates and gases evolved when 

a material undergoes pyrolysis or combustion [50]. Smoke is also considered to be the 

gaseous products of burning organic materials in which solid and liquid particles are 

dispersed. Another definition limits smoke to solid particles, such as carbon and ash, 

suspended in air [138]. Besides the question “what is smoke”, the development of smoke is 

complex. It depends on numerous factors such as source of ignition, oxygen availability, 

constitution and properties of the combustible material, regime of the flame, buoyancy of 

the luminous flame environment, the location of the fire, etc. Further, the size distribution of 

the smoke particles is not predictable; it depends on the nature of the flame retardant, the 

composition of the material and on morphology of the soot particles of the burning polymer 

[50].  

 Toxicity of combustion products 3.2.

One of the major drawbacks of smoke is its toxicity. Toxic combustion products generated by 

fires can be in the form of gases, vapor, aerosols, fumes and coated particles [139]. About 

fifty percent of the fire casualties are due to smoke and gases produced in a fire. For 

example, carbon monoxide is responsible for the death of 80 % of the persons who die in a 

fire [103, 140]. Regarding the toxicity of smoke, it is important not only to consider the acute 

toxicity but also the gases with environmental impact and long-term effects [141]. Fire 

retarded materials containing nitrogen compounds are known to evolve hydrogen cyanide, 

nitrogen monoxide and nitrogen dioxide when strongly heated or incompletely burned. In 

the case of melamine, the presence of air reduces the hydrogen cyanide yield [142]. Stec et 
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al. [143] investigated the carbon monoxide yield, hydrocarbon evolution and smoke 

production according to the environment for polypropylene (PP) and polyamide 6 (PA6) 

materials containing APP and nanoclay. Tests were performed in well ventilated, small 

under-ventilated and large under-ventilated conditions. It was found that carbon monoxide 

evolution for PP and PA6 materials is smaller in well ventilated conditions. Smoke release 

and hydrocarbon evolution are higher in large under ventilated conditions. 

Another well-known disadvantage of smoke release is the presence of soot particles formed 

during combustion of a material. These particles can accumulate in the respiratory system of 

human beings and animals or can be found in devices surrounding the fire. Particles in fire 

surrounding devices can led to even bigger damage than the fire itself; for example when 

particles are accumulated in electrical devices. An important parameter of soot particles is 

their size, due to the fact that toxicity is supposed to be increased with decreasing particle 

size. Smaller particles are known to accumulate easier in the human respiratory system. It is 

reported that PP and PA6 materials containing flame retardant additives (APP and nanoclay) 

produce more smoke than the polymer itself [144]. Moreover, it was shown that size 

distribution of soot particles of PA6 and PP materials (virgin polymer and fire retarded 

materials) seems to be unaffected by the ventilation condition.  

 How to suppress smoke? 3.3.

To reduce smoke release of materials in the case of fire, smoke suppressant additives can be 

added to the polymeric matrix. Like for the fire retardancy, the smoke suppressant effect can 

occur in the gas and in the condensed phase [50], whereas smoke suppressant effects are a 

combination of different mode of actions. In the gas phase, the smoke density due to the 

release of combustion gases can be reduced by chemical and physical mode of action. 

Smoke is reduced chemically by the elimination of smoke precursors or smoke particles. 

Aromatic smoke precursors can be removed by oxidation, which takes place through the 

presence of transition metal complexes. Removal of soot particles can occur through 

oxidation by high energy radicals (OH•) coming from the catalytic action of metal oxides or 

hydroxides. The reaction of the OH• formation through the presence of metal oxides or 

hydroxide is presented in Equation 4. It is assumed that they catalyze the breakdown of 

hydrogen and water to molecular hydrogen forming metal hydroxides or metal dihydroxides. 
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Equation 5 presents the reaction taking place to remove soot particles with high-energy OH• 

forming CO and H•. Metal hydroxides can also have another smoke suppressant effect: 

Ionization of the nuclei which is necessary to form soot. Further, some transition metal 

oxides can cause flocculation of the soot particles. The smoke release may also be reduced 

through dilution of the combustion gases.  

MO + H2  MOH + H• 

MOH + H2O  M(OH)2 + H• 

M(OH)2  MO + H2O  

H• + H2O  OH• + H2 

Equation 4: Reaction of the formation of OH• through the presence of metal oxides or 

hydroxides; M presents metal 

Csolid + OH•  CO + H• 

Equation 5: Removal of soot particles by high-energy OH• 

In the condensed phase, both modes of action, i.e. physical and chemical mode of action are 

possible. The physical mode of action is similar to that of the fire retardants: a glassy or 

intumescent coating is formed to avoid the liberation of the gases and soot. Another 

possibility is the dilution of the evolved gases through the addition of inert fillers. The 

chemical reduction of smoke in the condensed phase occurs through the reduction of the 

extent to which smoke precursor species escape to the gas phase. This takes place through 

reaction with acidic pyrolysis products or through affection of the cross-linking process. 

Smoke suppressants often act through a combination of different mechanisms. When smoke 

suppressants are incorporated into a polymer in combination with a fire retardant the 

effectiveness of one or even both additives can be worsened. Often the additives have 

contrary mechanism. For example, fire retardants may act through the removal of radicals, 

i.e. OH•, H• or O• in the gas phase. This reaction is the contrary of the reaction of the smoke 

suppressant that act through the formation of these radicals. When the fire retardant 

removes the radicals, soot particles are not removed and more smoke will be released. 

Another phenomenon of the combination of smoke suppressants and fire retardants is that 
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smoke suppressants often act by activating the combustion process which is the opposite 

effect of the fire retardant. To overcome the problem of the contrary effect of smoke 

suppressants and fire retardants, often a system forming a protective char layer is used. 

With this system the amount of fuel is reduced, as well as, the amount of carbon available to 

form soot particles.  

 Smoke suppressants in EVA 3.4.

The most known and studied smoke suppressants in EVA are zinc additives: Zn-layered 

double hydroxides [145], zinc borate [146, 147] and zinc hydroxystannate [148]. The use of 

zinc borate even reduces the toxicity of the evolved decomposition products. In most cases, 

the presence of zinc containing additives leads to a formation of a char that inhibits smoke 

release.  

The incorporation of SiO2 into EVA-MDH system led to a decrease of smoke production and a 

decrease in carbon monoxide emission during the combustion [87]. For example, total 

smoke release was decreased from a value of 1118 a.u. for EVA-MDH to 553 a.u. for EVA-

MDH- SiO2 (40-52-8 wt%). For the same materials, carbon monoxide yield decreased from 

0.0122 kg/kg to 0.0082 kg/kg for the material containing SiO2. This was explained by the fact 

that SiO2 forms together with MDH a barrier that avoids the migration of volatile products to 

the sample surface. Another possibility to decrease smoke of EVA/MDH materials was the 

additional incorporation of sepiolite [93]. Moreover, a reduction of the smoke release during 

combustion was obtained for the combination of ATH or MDH with modified MMT [82]. 

Zilberman et al. [101] showed that smoke release (measured by cone calorimetry) of EVA-

ATH materials was reduced by addition of APP to the material. Further, it was demonstrated 

that when APP and MEL are incorporated into EVA, total smoke release (no units) increased 

to a value of 975 in comparison to the material containing ATH (Total smoke release = 505). 

On the other side, carbon monoxide yield was smaller for the material containing MEL and 

APP. EVA-ATH releases 0.018 kg/kg and EVA-MEL-APP 0.007 kg/kg. EVA-ATH-MEL (40-40-20 

wt%) exhibited a total smoke release of 852, whereas carbon monoxide yield was 11.7 kg/kg. 

Bugajny et al. [149] showed that the addition of APP in combination with tris(2-

hydroxyethyl) isocyanurate to EVA (without ATH) reduced smoke release by forming a 

protective shield.  
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The use of graphene-based compounds as smoke suppressants is also well reported in 

literature. Smoke production can be decreased through the incorporation of different 

graphites (expanded, natural and graphite oxide) in combination with zinc borate and zinc 

stannate, whereas expanded graphite showed the best smoke reduction of the tested 

graphites [150]. The smoke suppressant effect of the graphites is explained by the formation 

of an intumescent char which traps gases and soot particles. Furthermore, the addition of 

MWCNT and modified MWCNT to EVA also reduced the smoke production [8]. 
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4. Conclusion 

Ethylene vinyl acetate (EVA) is a versatile polymer made from copolymerization of ethylene 

and vinyl acetate (VA). Its versatility is due to the adaption of the VA content on the desired 

polymer properties. In function of the VA content, mechanical properties, fire retardancy 

and thermal properties of the EVA materials change. For many of its applications wire and 

cable industry, transportation, buildings etc.) high fire retardant properties, low smoke 

release and acceptable mechanical properties are required. In this chapter, it was 

demonstrated that there are many possibilities to fire retard EVA. An overview was given 

about the use of mineral fillers, halogenated compounds, nitrogen- and phosphorus- 

containing compounds as fire retardants in EVA. Moreover, it was demonstrated how smoke 

release can be reduced for EVA materials. 

The goal of this study is the enhancement of fire retardant properties and reduction of 

smoke release of EVA materials containing 60 wt% VA (hereafter called EVM). The material 

has therefore rubber properties. Up to now there is not a lot reported in literature about the 

enhancement of fire retardancy and reduction of smoke release of elastomeric EVM. The 

strategy of this work is to incorporate additives to improve fire retardancy and to decrease 

smoke release of EVA materials. The most commonly used compounds are mineral fillers 

due to their high efficiency and their low costs. However, the use of mineral fillers requires 

high loadings which often decrease mechanical properties. In this study, mineral fillers is 

combined with classical flame retardant compounds to maintain low costs but to overcome 

the lack of mechanical properties. It was demonstrated that in EVA in general the 

incorporation of phosphorus and/or nitrogen (especially melamine) containing compounds 

results in promising material properties. Due to the fact that little is known about the fire 

retardant effect and smoke release of EVA materials containing a mineral filler in 

combination with different melamine derivatives, it is decided to work with these systems in 

this study. Furthermore, it was shown that phosphorous containing additives in EVA have 

good fire retardant properties. Therefore, melamine derivatives containing phosphorous and 

phosphorous-free melamine derivatives are used in combination with a mineral filler. ATH is 

chosen as mineral filler, due to its low price and high efficiency as fire retardant in EVM. 
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The next chapter, Chapter II, is dedicated to the materials that are used in this study. 

Moreover, the experimental techniques used are discussed in detail. 
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Chapter II: Materials and Methods 

 

 

This chapter is dedicated to the presentation of the polymer and the additives used in this 

study. Moreover, the preparation method of the samples is discussed. Then, test methods to 

investigate mechanical properties, fire retardancy and smoke release of materials are 

presented. Furthermore, experimental techniques used to characterize thermal 

decomposition, gas and condensed phase are illustrated.  
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1. Materials 

This part is dedicated to the materials used in this study, that is to say the polymer, the fire 

retardant compounds and the processing additives. Processing of the materials is then 

described. In the second section characterization methods are discussed.  

 Polymer  1.1.

The polymer used in this study is Levapren® 600 (hereafter called EVM), an ethylene-vinyl 

acetate copolymer containing 60% vinyl acetate. Thanks to its rubber properties, Levapren® 

600 can be used as sporting goods and in the following industrial sectors: automotive, 

machinery, construction and wire and cable industry. Levapren® 600 is supplied in almost 

colorless granules which are dusted with silica and talc to avoid agglomeration. Product 

specifications of Levapren® 600 are presented in Table 5. 

Table 5: Product specifications for Levapren® 600 

 Property Nominal Value 

Unvulcanized 
Levapren® 600 

Mooney Viscosity UML (1+4) 100 °C 27 ± 4 MU 

Vinyl acetate content 60 ± 1.5 wt% 

Volatile matter (6 h at 105 °C) ≤ 0.6 wt% 

Total Ash ≤ 0.8 wt% 

Specific gravity approx. 1.04 

Solubility 
Soluble in chlorinated and 

aromatic hydrocarbons 

Vulcanized 
Levapren® 600 

Tensile strength Up to 24 MPa 

Hardness Shore A 50-90 Shore A 

In comparison to other commercial available elastomers, Levapren® 600 often shows 

superior properties (Figure 22). First of all, it can be seen that Levapren® 600 has a higher 

filler acceptance, a higher scorch safety and a higher performance cost ratio than the other 

tested elastomers. Moreover, it has better (or comparable) oil, heat and hot tear resistance. 

In terms of low temperature behavior it shows comparable results to the other elastomers.  

To improve chemical and physical resistance of Levapren® 600, materials are vulcanized 

adding peroxide (bis(tert-butyldioxyisopropyl)benzene) and activator (triallylcyanurate) to 

the polymeric matrix. The vulcanized polymer is also known to have a high stability against 

ozone, UV radiation, rain and industrial waste gases. Performing an outdoor weathering test 
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over a two-year-period demonstrated that even after two years samples were still usable 

[9]. Positive results were also obtained concerning UV stability of the polymer in laboratory 

tests.  

 

Figure 22: Comparison of Levapren® 600 with other elastomers; AEM = ethylene-acrylic 

elastomer, ACM = acrylate elastomer, ECO/CO = epichlorohydrin, CM/CSM = 

chlorinated/chlorosulfonated polyethylene [9] 

 Additives 1.2.

As mentioned before, this study is based on the improvement of fire retardant properties 

and reduction of smoke release of EVM materials maintaining (or improving) mechanical 

properties of the polymer. A combination of ATH (Apyral 120E) and different melamine 

derivatives is incorporated to the polymer to reach the objectives of this work. Table 6 

summarized all additives that are used in this study, their supplier and their chemical nature.  

The ATH particles have a particle size of 0.9 µm (D50) and a specific surface area of 11 m²/g. 

Additives used in combination with ATH are: melamine, PPM Triazine (“poly-melamine” 

structure), melamine borate, melamine cyanurate, melamine orthophosphate, melamine 

polyphosphate, melamine-poly(aluminum phosphate), melamine poly(zinc phosphate) and 

di-melamine pyrophosphate. As it can be seen, nitrogen as well as nitrogen and 

phosphorous containing additives are tested in EVM.  
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Table 6: Summary of additives used  
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 Preparation of materials 1.3.

All samples (Table 7) are prepared following an upside down process in an internal mixer (GK 

1.5L from Werner & Pfleiderer). Mixing is performed at 20 °C with a rotation speed of 40 

rpm for 4 min. First, additives are added into the mixing chamber then the polymer. After 

mixing, the materials are further dispersed on an open two roll mill at 20 °C. During this step, 

the peroxide and the co-agent (Perkadox TAC/s and Rhenofit respectively) are added to the 

material. After batch off and 24h relaxation time, the materials are treated a second time on 

the two roll mill. Later the compounds are pressed into plates and vulcanized at 180 °C for 

12 min. Specimens for mechanical testing, fire tests and smoke test are cut out after 

vulcanization. 

Table 7: Composition of materials 

Compound Loading [phr] 

Levapren 600 100 

Fire retardant additives 130 

Rhenofit TAC/S 1 

Perkadox 14-40 6 
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2. Methods 

This section presents the methods that are used to evaluate the mechanical properties, the 

fire retardancy and the smoke release of materials used in this study. Moreover, techniques 

to further characterize materials are presented. Methods to characterize thermal behavior, 

gas and condensed phase of materials are detailed afterwards.  

 Mechanical properties 2.1.

The knowledge of the physical properties of materials is essential for the commercial use of 

materials. The mechanical properties are obtained by the stress-strain test and by the 

measurement of the Hardness Shore A. 

2.1.1. Stress-strain test 

The stress-strain test is performed according to ASTM D412 standard (DIN53504) on a Zwick 

ZO10 tensile tester (Figure 23). Two values are measured with this test method: the 

elongation-at-break (EAB) and the tensile strength (TS). The EAB is the strain on the sample 

when it breaks and is expressed in percent. It is calculated using Equation 6. The TS is the 

stress which is needed to break the sample and is expressed in MPa. 

 

Figure 23: Zwick Z010 stress-strain device 

The specimens (Figure 24) are brought into the device and a strain rate of 200 mm/min is 

applied until the sample breaks. All measurements were carried out at room temperature 
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(23 °C). Margin of error of elongation-at-break is ± 25% and ± 1.5 MPa in the case of tensile 

strength. 

 

Figure 24: Specimen used in stress-strain test; thickness 2mm 

    
 

  
     

Equation 6: Calculation of elongation-at-break (EAB); whereas l0 is the origin length of the 

sample and l that obtained after test 

2.1.2. Hardness Shore A 

The Hardness Shore A is measured according to the standard test ASTM D2240 (DIN53505). 

This test method is based on the penetration of a specific type of indenter into a material. 

The indentation hardness is inversely related to the penetration and is dependent on the 

elastic modulus and viscoelastic behavior of the material. The hardness measurement is 

performed on a Digitest Durometer from Bareiss (Figure 25). The intender used in the 

experiment is shown in Figure 26; it consists of a hard steel rod (diameter 1.25 mm) with a 

truncated cone (35 °, diameter 0.79 mm).  

 

Figure 25: Hardness Shore A durometer  
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Figure 26: Intender used in Hardness Shore A test 

Values can be observed from 0 to 100 Shore A, where 0 Shore A corresponds to a 

penetration depth of 2.5 mm and 100 Shore A of 0 mm. A change in hardness of one Shore A 

corresponds to a penetration depth of 0.0025mm. Some typical Shore A values are 

presented in Table 8. The test is performed with specimens of 6.3 mm thickness and a 

diameter of 36 mm. Each material is tested three times at room temperature (23 °C ± 2 °C). 

The value presented in this report is the average of the three measurements, whereas the 

margin of error is ±1 Shore A.  

Table 8: Examples of Hardness Shore A values for different materials 

Materials Hardness [Shore A] 

Rubber band 25 

Door seal 55 

Automotive tire tread 70 

Soft wheel of roller skates 98 

Ebonite rubber 100 

2.1.3. Hydrothermal aging 

Hydrothermal aging of materials is performed according to DIN ISO 181. In our case, two 

different test configurations are used (Table 9). Materials are immersed in distilled water for 

70 h at 70 °C or in artificial sea water for 168 h at 40 °C, whereas the composition of the 

artificial sea water is given in Table 10. Water swelling tests are carried out with the same 

specimen size as used for the stress strain test (Figure 24). Hardness, TS and EAB are 
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measured before and after the water swelling test. Moreover, the changes in volume (∆V) 

and mass (∆m) are given, with a margin of error of change of mass and volume of 10 %.  

Table 9: Configurations used for the water swelling test 

Configuration Type of water Temperature [°C] Time [h] 

1 Distilled water 70 70 

2 Artificial sea water 40 168 

Table 10: Composition of artificial seawater, compounds are dissolved in 985 mL distilled 

water 

Chemical Chemical Structure Mass [g] 

Sodium chloride NaCl 28 

Magnesium sulfate heptahydrate MgSO4 * 7H2O 7 

Magnesium chloride hexahydrate MgCl2 * 6H2O 5 

Calcium chloride hexahydrate CaCl2 * 6 H2O 2.4 

Sodium bicarbonate NaHCO3 0.2 

 Fire tests 2.2.

Depending on the application of materials, different fire tests are used to evaluate the 

flammability of materials. This part presents the different fire tests used in this work: UL-94, 

limiting oxygen index (LOI) and mass loss calorimeter (MLC). 

2.2.1. UL-94 

The set of UL-94 tests, “Test of Flammability of Plastic Materials for Parts in Devices and 

Appliances”, is an example for small heat-source ignition tests that is approved by the 

Underwriters Laboratories Inc. The most common and widely used test is the UL-94 V (IEC 

60695-11-10) that describes the tendency of a material to extinguish or to spread the flame 

after ignition of the material. It classifies specimens from NC (not classified),V-2, V-1 to V-0, 

whereas V-0 is the best rating. The different criteria for the classifications are presented in 

Table 11. The experimental set-up for the UL-94 test can be seen in Figure 27. 

A blue flame with a 20 mm high central cone is applied for 10 s to the bottom edge of the 

vertical specimen. After 10 s the flame is removed and the afterflame time required to 

extinguish the flame is recorded. The flame is reapplied for another 10 s and removed again. 

After the second burning, the time to extinguish and the afterglow time are noted. It is 



Chapter II: Materials and Methods - Fire tests 

63 

possible that during the burning the barrels begin to drop and the burning drops inflame the 

piece of cotton that is below the specimen. For each material a set of 5 bars was tested. The 

specimens have a size of 127 x 13 x 1.5 mm³.  

Table 11: Classification of materials for the UL-94 V 

Criteria V-0 V-1 V-2 

Afterflame time for each individual flaming ≤ 10 s ≤30 s ≤30 s 

Afterflame and glow time for each individual 
specimen, after second flaming 

≤30 s ≤60 s ≤60 s 

Total afterflame time for any condition set (5 
flamings) 

≤50 s ≤250 s ≤250 s 

Cotton indicator ignited by flaming drops No No Yes 

Afterflame or afterglow of any specimen up to the 
holding clamp 

No No No 

 

Figure 27: Experimental set-up for UL-94 V  

2.2.2. Limiting Oxygen Index 

Like the UL-94, the limiting oxygen index (LOI) is a small heat source ignition test. With the 

LOI test (ISO 4589-2), the relative flammability of materials, their ignitability and 

inflammation can be described. The experimental set-up of the LOI device is shown in Figure 

28. LOI measurements are performed on a Fire Testing Technology device with barrels of 

100 x 10 x 0.3 mm³ at room temperature. The specimen is clamped vertically into a glass 

cylinder in a controlled oxygen-nitrogen mixture atmosphere. The measured LOI value 

corresponds to the minimal oxygen concentration required to sustain the combustion of a 
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material. It is expressed as the percentage of oxygen in an oxygen-nitrogen mixture 

(Equation 7), whereas the error of measurement is ± 1 vol%O2. 

          
    

         
 

Equation 7: Calculation of the LOI value, [O2] and [N2] concentrations of oxygen and nitrogen 

Materials having a LOI value below 21 vol%O2 are called combustible, those with a LOI value 

above 21 vol%O2 are flame retarded. Thus, the higher the LOI value, the better the fire 

retardancy of the material. The materials presented in this report should have a LOI value 

above 21 vol%O2.  

 

Figure 28: Experimental set-up of the LOI test 

2.2.3. Mass loss calorimeter 

Mass loss calorimetry (MLC) is a bench-scale reaction-to-fire test which provides a forced-

flaming combustion scenario that is typical of developing or developed fires. The 

measurements were carried out on a Fire Testing Technology mass loss calorimeter device 

(ISO 13927, ASTM E906). The schematic representation of the device is shown in Figure 29. 

The sample (100 x 100 x 3 mm³) is covered by a grid (100 x 100 mm³) to avoid contact 

between the material and the spark igniter due to bloating of the sample before ignition 

(grid not mentioned in ISO 13927). The distance between the sample holder and the heat 

source was 25 mm. An external heat flux (35 kW/m²) produced by a conical heater element 
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is applied to the sample. The temperature of the gaseous combustion products is measured 

at the top of the chimney with a thermopile. 

 

Figure 29: Schematic representation of the mass loss calorimeter 

The values measured by mass loss calorimeter are: the heat release rate (HRR), the peak of 

heat release rate (pHRR), the total heat release (THR), the time to ignition (TTI) and the mass 

loss of the sample during combustion (ML). All measurements were performed twice. The 

presented curves are the worst case of repeatable results. The acceptable error of 

measurement is estimated at 10 % for all values. 

 Smoke opacity test 2.3.

The smoke opacity test (Figure 30) is a homemade test that had been developed to evaluate 

the smoke release during combustion. The goal is the development of a test method which is 

comparable to existing normalized test methods. As it is seen, the structure is similar to that 

of the mass loss cone calorimeter. An external heat flux of 35 kW/m² produced by a conical 

heater is applied on a horizontal sample (100 x 100 x 3 mm³). The distance between the 

heating element and the sample is fixed at 35 mm (instead of 25 mm for MLC) which permits 

to remove the grid (used in MLC experiment) on the sample surface. Samples were ignited 

by a spark igniter. The generated smoke is measured at the top of the chimney with a smoke 

density analyzer TRDA 302 from Taurus Instrument. A light source (halogen point light 

source) emits light (intensity I0) and the transmitted light (intensity I) is measured by a light 

sensor (Silizium Photoempfänger). Calculation of optical density is presented in Equation 8. 
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Equation 8: Calculation of optical density 

The values measured during the test are the time to ignition (TTI), the total optical density 

(ODtotal) and the VOF4, i.e. the summation of the optical density (OD) over the first four 

minutes. Moreover, the maximum optical density during the experiment (Ds1 and Ds2) and 

the maximum optical density during the four minutes (Ds4) are measured. All measurements 

are performed twice. Presented curves (time vs. optical density) are the worst case of the 

repeatable curves. The error is estimated at 10 % for all values.  

 

Figure 30: Smoke opacity test device 

 Thermal analysis 2.4.

The thermogravimetric analysis are performed on a TA Instrument TGA Q5000IR with 

alumina crucibles under air and nitrogen to mimic thermo-oxidative and pyrolytic 

decomposition respectively. The balance purge flow is set to 15 mL/min, whereas the purge 

flow is fixed to 25 mL/min nitrogen. All samples (5 -7 mg) underwent an isotherm at 50°C for 

10 minutes followed by a heating ramp from 50 to 800°C at a chosen heating ramp (10 to 

500 °C/min). All experiments are performed two times to ensure the repeatability.  
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 Gas phase analysis 2.5.

The analysis of the gas phase gives information about the nature of the evolved gases during 

the decomposition process. The gas phase is analyzed using three different methods: 

thermogravimetric analysis coupled with Fourier transform infra-red (TGA-FTIR), pyrolyzer 

gas chromatography-mass spectrometry (py-GCMS) and mass loss calorimeter coupled with 

Fourier transform infra-red (MLC-FTIR). 

2.5.1. Thermogravimetric analysis coupled with Fourier transform infra-red (TGA-FTIR) 

Thermogravimetric analysis coupled with Fourier transform infra-red (TGA-FTIR) is 

performed on a TA Instrument TGA Q5000IR coupled with a Thermo Scientific Nicolet iS10 

spectrometer. Analyses are carried out in air in alumina crucibles. The balance flow is set to 

15 mL/min whereas the purge flow is fixed to 100 mL/min. Samples are heated up from 50 

to 800 °C (10 °C/min) after an isothermal of 10 min at 50 °C. Gases evolved during the TGA 

experiment are detected continuously by the FTIR device. The spectra are recorded every 10 

seconds with the OMNIC® software in a range from 400-4000 cm-1. The number of scans is 

fixed at 8 and the resolution at 4. The temperature of the transfer line between the TGA and 

the FTIR instrument is set to 225 °C to avoid condensation of the evolved gases.  

Problems occurred performing TGA-FTIR experiments for materials containing melamine or 

its derivatives. To detect melamine in the gas phase using TGA-FTIR, a high amount of 

melamine or its derivatives has to be present in the material. However, high contents of 

melamine or its derivatives lead to blockage of the interphase and the transfer line located 

between TGA and FTIR device. Further, blockage leads to bad results for FTIR spectra. After 

some tests it was found that the best results are obtained using around 5 mg of sample. This 

sample amount does not block the connection between TGA and FTIR and permits analysis 

of decomposition gases except of melamine or its condensation products which condensate 

in the transfer line. 

2.5.2. Mass Loss Calorimeter coupled with Fourier transform infra-red 

Mass loss calorimeter coupled with Fourier transform infra-red (MLC-FTIR) is performed on 

the mass loss calorimeter described above (Figure 31), whereas MLC experiment is 



Chapter II: Materials and Methods - Gas phase analysis 

68 

performed as described above at 35 kW/m², with a distance between resistance and sample 

of 25 mm, using plates of 100x100x3 mm³ size covered by a grid.  

Gas picking pistol and transfer line are provided by M&C Tech Group. FTIR, AntarisTM 

Industrial Gas System, is provided by ThermoFisher. The transfer line between MLC and FTIR 

is 2 m long and is heated up to 200 °C. To assure constant temperature of the transfer line, 

two temperature controllers are installed. Before analyzing the gases by FTIR, soot particles 

are filtered by two different filters (2 and 0.1 µm). Filters consist of glass fibers and ceramic 

respectively. The FTIR gas cell is set to 185 °C and 652 Torr. The optical pathway is 2 m long 

and the chamber of the spectrometer is filled with dry air. FTIR spectra obtained using MLC-

FTIR are treated using OMNIC software. To quantify gases, spectra have to be recorded at 

different concentrations for targeted gases and a quantification method has to be created 

using TQ Analyst. Creating a method, representative regions in the spectra of the selected 

gas have to be chosen and interactions with other gases have to be taken into account. 

Using MLC-FTIR the following gases can be quantified: water, carbon monoxide, carbon 

dioxide, acetic acid, ammonia, methane, nitrogen monoxide, nitrogen dioxide, hydrogen 

cyanide. Quantification is reproducible within 10 %. 

 

Figure 31: Schematic presentation of MLC-FTIR test 

2.5.3. Pyrolysis-Gas chromatography-mass spectrometry 

Pyrolysis-gas chromatography-mass spectrometry (py-GCMS) analyses are performed on a 

device provided by Shimadzu (Figure 32). The device consists of a micro-furnace pyrolyzer 
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(Frontier Lab PY-2020iD) coupled with a GCMS (Shimadzu GCMS QP2010 SE). Experiments 

are performed under inert conditions using helium. Sample size is about 200 µg.  

 

Figure 32: Schematic presentation of the Py-GCMS device 

Samples (in a stainless steel cup) are heated up from 50 to 800 ° with a heating ramp of 10 

°C/min. After the decomposition process evolved gases are introduced into the GCMS 

system whereas a part of the gases is split to avoid blockage in the column or saturation of 

the detector. Released decomposition gases are separated using a 30 m long fused silica 

capillary column. The temperature of the column is set to 35 °C during the desorption 

process. The column is then heated up to 300 °C with a heating rate of 10 °C/min followed 

by an isotherm at 300 °C for 30 min. The linear velocity of the carrier gas helium is set to 40 

cm/s. The separated gases and fragments are then analyzed with the quadrupole mass 

spectrometer with an Electron-Impact (IE) ionization source. The IE spectra are recorded at 

70 eV with a mass scan of 2 scans per second. The interface between the pyrolyzer and the 

GC is heated up to 320 °C; the interface GC-MS to 280 °C. The temperature of the ion source 

is set to 230 °C. After the experiments data is analyzed using the GCMS post-run analysis 

from Shimadzu and F-Search from Frontier lab, whereas products are identified using NIST 

database. 

To mimic the decomposition of materials obtained by TGA experiments a so called step wise 

desorption process is used (Figure 33).Materials are degraded at a given heating ramp to 

their first decomposition step. Then, evolved gases are separated and analyzed by GCMS. 

Afterwards the remaining material is heated up to the end temperature of the second 
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decomposition step and the evolved gases are again analyzed. This desorption process is 

continued until 800 °C following the different decomposition steps.  

Besides the step wise desorption process, flash pyrolysis is performed. Therefore, materials 

are given for ten minutes into the pyrolyzer which is heated to a temperature of 800 °C. 

Released gases are analyzed directly by the GC-MS system.  

 

Figure 33: Schematic presentation of step wise desorption process 

 Condensed phase analysis 2.6.

Besides an action in the gas phase, fire retardant additives can also have a condensed phase 

mechanism. In the following section, experimental techniques (microscopy, X-ray 

photoelectron spectroscopy, rheology, infrared spectroscopy, thermal treatments and solid 

state NMR) used to analyze the condensed phase of a material are described in details.  

2.6.1. Microscopy 

Scanning electron microscopy (SEM) images were taken at various levels of magnification 

using a Hitachi S4700 SEM at 6 kV. All samples were ultra microtomed with a diamond knife 

on a Leica UltraCut microtome at cryo temperature (−120 °C) to obtain smooth surfaces. 

2.6.2. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements are carried out on an AXIS UltraDLD 

under vacuum (p = 10-9 Torr). XPS is an analytical technique permitting to quantify the 
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amount of targeted elements and to identify their chemical or electronic state to get 

detailed information about the bonding of elements at the sample surface. Samples are 

irradiated by an X-ray beam (E = hν) generated by an high power aluminum monochromator. 

The energy of the X-rays is adsorbed by an atom leading to emission of a core photoelectron. 

The emitted photoelectron exhibits a kinetic energy (Ekinetic) depending on the incident X-ray 

and the binding energy (Ebinding) of the atomic orbital (Equation 9). A constant analyzer pass 

energy of 40 eV is used. The kinetic energy of the emitted photoelectrons is detected by a 

photoelectron detector, whereas accuracy is ± 0.1 eV. Simulation of the experimental peaks 

was carried out using the Gaussian-Lorentzian mixture from CasaXPS software. 

Quantification took into account a linear background subtraction. The core level binding 

energies are referenced to the C 1s line of carbon contamination at 285.00 eV. 

hν = Ekinetic + Ebinding 

Equation 9: Calculation of binding energy  

2.6.3. Infrared spectroscopy 

FTIR spectra are recorded between 500 and 4000 cm-1 on Nicolet impact 400D spectrometer. 

The final spectra result from 64 scans and are processed by OMNIC software with a 

resolution of 4 cm-1. 

2.6.4. Thermal treatments 

Thermal treatments are carried out under in a tubular furnace in air and/or nitrogen at 

characteristic temperatures determined by TGA. Samples are heated up to the desired 

temperatures with a heating ramp of about 10 °C/min followed by an isotherm of two hours. 

Residues are analyzed afterwards by solid state NMR.  

2.6.5. Solid state NMR 

Solid state NMR is a powerful tool for determining the surrounding of a given nucleus. 

However, because of the low abundance of some nuclei, the radiofrequency pulse is poorly 

absorbed in some cases. To overcome this limitation, protons of the sample can be excited 

at the place of the nucleus. A dedicated sequence called crossed polarization (CP) permits to 

transfer this energy to atoms of lower abundance. On the other hand, the large number of 
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protons in the sample interferes with the decay of the isolated nucleus due to weak 

interactions of the spins. This results in a broadening of the signal. This drawback can be 

overcome by the use of a 1H dipolar decoupling (DD): a strong radio frequency signal holds 

the protons in a highly resonating state so that they are not able to absorb resonance from 

the nuclei. Finally in solid state, existence of chemical shift anisotropy has a strong effect on 

the spectra: peaks are broadened. When spinning at the magic angle (MAS), a minimization 

of the broadening is observed. All NMR data were collected and analyzed at room 

temperature with the TopSpin software (Bruker). 

13C solid state NMR spectra are recorded at 100.6 MHz (B0 = 9.4 T) on Bruker Avance II 400 

using a 4 mm standard probe. The conditions are cross-polarization (CP) 1H-13C (contact time 

of 1 ms) with dipolar decoupling (DD) and magic angle spinning (MAS) at 10 kHz. The recycle 

delay between two pulses is 5 s. The number of scans is 1024 and 13C chemical shifts are 

referenced to tetramethylsilane (TMS). 

27Al NMR measurements are carried out at a frequency of 104.2 MHz on a Bruker Avance II 

400 (B0 = 9.4 T) with a probe head of 4 mm using MAS at 12.5 kHz. The repetition time is 

fixed at 1 s for all samples. The number of scans is set to 128. The reference used is 1 M 

solution of aluminum nitrate. 

11B NMR acquisitions are performed at 256.81 MHz on a Bruker Avance 800 (18.8 T) 

spectrometer with a probe head of 3.2 mm using MAS at 20 kHz. The number of scans is set 

to 256, whereas recycle delay between two pulses is 4 s. Sodium borohydride is used as 

reference. Signal coming from the BN stator (probe background signal) is removed by 

running the same experiment without the sample, then calculating the spectrum difference 

between the two experiments. BO3/BO4 ratios are estimated using Dmfit software [151]. 

2.6.6. Thermal conductivity 

Thermal conductivity measurements are carried using Hot Disk thermal constants analyzer 

(TPS 2500 S) from Thermoconcept, which is based on the transient plane source method 

[152]. Thereby, the transient plane source element is used as a heat source and a 

temperature sensor at the same time. It consists of a thin layer of an electrically conducting 

material. During the experiment, a current passes through a Nickel spiral which leads to an 
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increase in temperature. The generated heat dissipates then through the sample depending 

on the thermal characteristic of the tested material.  

Hence, the device permits to measure the change of thermal conductivity of materials versus 

the temperature. The thermal conductivity of a material generally describes the transport of 

energy in form of heat through a material. The sensor (warmth emitter) and the 

thermocouple are placed in between sample plates (25 x 25 x 3 mm²), whereas the sensor 

(r=3.189mm in mica to resist at high temperatures) is in the middle of four stacked plates 

(Figure 34). The stacked sample is put into a furnace which is directly connected to a 

nitrogen flow. Experiments are carried out in inert atmosphere to prevent oxidation of the 

sensor. Samples are heated up from 100 to 600 °C, whereas temperature is stabilized each 

50 °C with less than 0.1 °C deviation. Conductivity measurements are performed by applying 

a power of 40 or 50 mW for 20 and 40 s respectively. For each parameter, the experiment is 

realized five times. The presented results are the arithmetical average of the obtained values 

at each temperature.  

 

Figure 34: Arrangement of sample plates and sensor for thermal conductivity measurement 
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3. Conclusion 

In Chapter II, the polymer and the additives as well as the preparation of the materials used 

in this study were presented in the first part. Afterwards, methods to evaluate mechanical 

properties, fire retardancy and smoke release were described. Experimental techniques used 

to investigate the decomposition mechanism in the gas and condensed phase, as well as 

methods to investigate thermal decomposition of the materials were discussed.  

The following chapters describe the development of a new flame retarded EVA based 

material containing ATH in combination with melamine or its derivatives. Moreover, the fire 

retardant mechanism of selected material is investigated using the experimental techniques 

presented in this chapter. Chapter III is dedicated to a screening of different materials 

comparing their mechanical and fire retardant properties and their smoke release. Chapter 

IV and V are dealing with the comprehension of the mechanisms going on when EVM-

materials containing ATH and melamine or its derivatives are exposed to fire.  
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Chapter III: Material-screening 

 

 

This chapter deals with the development of a new flame retarded EVM material containing 

ATH in combination with melamine or its derivatives. The tested materials have to reach 

targeted mechanical and fire retardant properties and have to release less smoke than the 

virgin polymer. First, the influence of the ratio of the fillers (ATH and melamine) on 

mechanical properties, fire retardancy and smoke release is evaluated. Then, different 

phosphorous-free and phosphorous-containing melamine derivatives (in combination with 

ATH) are screened concerning their impact on mechanical properties, fire retardancy and 

smoke release in EVM materials. At the end of this chapter, promising materials are selected 

and their fire retardant mechanism is analyzed in details in Chapter IV and V. 
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1. Investigation of ratio of ATH and melamine 

Literature research [54, 66, 81-84] and preliminary studies (Appendix 1) showed that the use 

of ATH as fire retardant is a promising candidate to improve fire retardant properties and to 

reduce smoke release of EVM materials. Due to required high loadings of ATH and the 

therefore resulting change of mechanical properties, ATH is combined with different 

conventional fire retardants. According to the literature review, it was shown that the 

combination of ATH with melamine (MEL) or its derivatives could lead to promising material 

properties concerning fire retardancy and smoke release. In this part, the effect of the ratio 

of ATH:MEL on mechanical properties, fire retardancy and smoke release of EVM materials is 

investigated. Therefore, the amount of additive is kept constant at 130 phr, whereas the 

ratio of ATH and melamine is varied. The following ratios of ATH:MEL are evaluated: 5:1, 

10:1 and 25:1. These ratios are chosen taking into account the efficiency of the additives and 

the price of final material. A higher amount of melamine is not tested due to high costs of 

the additive and the therefore increasing price of materials with increasing melamine 

content. 

 Mechanical properties 1.1.

Mechanical properties of virgin polymer, EVM-ATH and EVM-ATH-MEL materials are 

presented in Table 12. Thinking of potential applications of EVM materials, i.e. in cable and 

wire industry, it is important that at this stage of the study, materials exhibit a high 

elongation-at-break (EAB) (higher than 120 %), a tensile strength (TS) higher than 8.5 MPa 

and a hardness between 70 and 80 Shore A. Margin of error of EAB is ± 25 %, ± 1.5 MPa for 

TS and ± 1 Shore A in the case of hardness. 

Virgin EVM reaches desired EAB, whereas desired TS and hardness are not reached. EVM has 

EAB of 209 %, a TS of 2.6 MPa and a hardness of 46 Shore A. Addition of 130 phr ATH to EVM 

leads to an increase in TS and hardness, which is explained by the fact that ATH is harder 

than the virgin polymer. The increase of the TS by adding ATH to EVM, indicates that the 

filler and the polymeric matrix exhibit a good compatibility leading to a propagation of the 

stress in the material. Moreover, it is reported that fillers act as stress concentrators in 

elastomers, whereas the smaller the particle size, the more efficient is the transfer of the 
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applied stress from the rubber matrix to the filler [153]. EVM-ATH exhibits a TS of 7.1 MPa 

and a hardness of 78 Shore A. EAB values of EVM and EVM-ATH are comparable (209 and 

239 % respectively), the difference between the values lies in the margin of error. 

Table 12: Mechanical properties of EVM materials containing ATH and MEL at different ratios 

 
EAB [%] 

± 25  
TS [MPa] 

± 1.5  
Hardness [Shore A] 

± 1 

EVM 209 2.6 46 

EVM-ATH 238 7.1 78 

EVM-ATH-MEL (5:1) 284 8.8 74 

EVM-ATH-MEL (10:1) 287 9.3 75 

EVM-ATH-MEL (25:1) 252 8.0 79 

Partial replacement of ATH by MEL leads to decreased hardness values with increasing 

melamine content in the material possibly indicating that melamine is softer than ATH. 

Regarding EAB and TS of EVM-ATH-MEL materials observed values lie in the margin of error 

of those found for EVM-ATH. An influence of melamine on the stress transfer and elongation 

properties is therefore excluded.  

 Fire retardancy 1.2.

Fire retardant properties of EVM-ATH-MEL are investigated using MLC, LOI and UL-94 test. 

Results of these tests are presented in Figure 35 and Table 13. Virgin EVM exhibits a peak of 

heat release rate (pHRR) of 510 kW/m², a total heat release rate (THR) of 97 MJ/m², a mass 

loss (ML) of 96 % and a time to ignition (TTI) of 67 s. EVM is not classified (NC) in UL-94 test 

and exhibits a LOI value of 19 vol%O2. Addition of 130 phr of ATH to EVM (EVM-ATH) leads 

to significant improvement of fire retardant properties. Firstly, LOI value is increased to 33 

vol%O2 and a V-0 classification is reached for EVM-ATH. Secondly, regarding results obtained 

for EVM-ATH using MLC it is found that pHRR is reduced by 71% to a value of 146 kW/m² and 

THR is reduced by 38 % to a value of 60 MJ/m² in comparison to the virgin polymer.  

Looking at MLC results for EVM-ATH-MEL materials, it is observed that partial replacement 

of ATH by MEL leads to ignition at shorter time of the material in comparison to EVM-ATH. 

The longest TTI of materials containing ATH and MEL is found for the material having a ratio 

of ATH:MEL of 25:1 (180 s). Concerning reduction of pHRR and THR for EVM-ATH-MEL (25:1), 

an improvement of fire retardant properties obtained using MLC is not found in comparison 
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to EVM-ATH. EVM-ATH-MEL (5:1) and EVM-ATH-MEL (10:1) exhibit both similar results in 

MLC experiment. Both materials have decreased pHRR and decreased TTI in comparison to 

EVM-ATH. EVM-ATH-MEL (5:1) has a pHRR1 118 of kW/m², a pHRR2 of 89 kW/m², a THR of 60 

MJ/m² and a ML of 63 %. EVM-ATH-MEL (10:1) has a pHRR1 of 109 kW/m², a pHRR2 of 88 

kW/m², a THR of 51 MJ/m² and a ML of 61 %. In LOI test same LOI values, i.e. 33 vol%O2, are 

measured for EVM-ATH-MEL materials whatever the ATH:MEL ratio. Hence, LOI values are 

independent of the amount of MEL in the material. UL-94 classification at the opposite 

depends on the ratio ATH:MEL: EVM-ATH-MEL (5:1) reaches V-0 classification, whereas V-2 

classification is observed for EVM-ATH-MEL (10:1) and EVM-ATH-MEL (25:1).  

 

Figure 35: HRR curves for EVM materials containing ATH and MEL at different ratios 

Table 13: Fire retardant properties of EVM materials containing ATH and MEL at different 

ratios; margin of error for MLC ± 10 %, LOI ±1 vol%O2 

 
pHRR1 

[kw/m²] 
pHRR2 

[kw/m²] 
THR 

[MJ/m²] 
TTI 
[s] 

ML 
[%] 

LOI 
[vol%O2] 

UL-94 

EVM 510 - 97 67 96 19 NC 

EVM-ATH 146 123 60 245 61 33 V-0 

EVM-ATH-MEL (5:1) 118 89 60 145 63 33 V-0 

EVM-ATH-MEL (10:1) 109 88 51 152 61 33 V-2 

EVM-ATH-MEL (25:1) 137 115 53 180 60 33 V-2 
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 Smoke release 1.3.

Optical density curves and corresponding smoke release values are presented in Figure 36 

and Table 14. Virgin EVM has an total optical density (ODtotal) of 114, a VOF4 (summation of 

the optical density over the first four minutes) of 87, a highest optical density value in the 

first four minutes (Ds4) of 1.1 and a first local maximum of optical density (Ds1) of 1.1. In 

smoke test, EVM ignites at 86 s. Differences in TTI of EVM in MLC and smoke test is 

explained by the different boundaries conditions (see page 64 and 65). Both experiments are 

carried out using an external heat flux of 35 kW/m², but the distance between the sample 

and the heat source is different. In smoke test the distance between the sample and the 

radiative heat flux is 35 mm, whereas in MLC test it is 25 mm. Moreover, in MLC test, a grid 

is put at the sample surface to avoid contact between the sample and the spark igniter.  

 

Figure 36: Smoke release curves for EVM materials containing ATH and MEL at different 

ratios 

Addition of 130 phr ATH (EVM-ATH) results in a decrease of smoke production in comparison 

to the virgin polymer. EVM-ATH exhibits an ODtotal of 67, a VOF4 of 9, a Ds4 and Ds1 of 0.3 

and a Ds2 of 0.4. It is found that for EVM-ATH ODtotal is decreased by half and VOF4 value by 

a factor of 10 in comparison to the virgin polymer. Ds4 and Ds1 values are decreased by a 
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factor of three. Moreover, TTI (176 s) of EVM-ATH is increased in comparison to the virgin 

polymer. Inter alia, the reduced smoke production of EVM-ATH could be explained by the 

lower amount of polymer. In EVM-ATH, about half of the material weight is due to the 

presence of the polymer. Therefore, reduction by half of the total optical density is not 

surprising. Nevertheless, reduction of VOF4 by a factor of 10 and decrease of the Ds values is 

counted as reduced smoke release.  

Table 14: Smoke release of EVM materials containing ATH and MEL at different ratios; 

margin of error for observed values ± 10 % 

 
ODtotal VOF 4 Ds4 Ds1 Ds2 

TTI 
[s] 

EVM 114 87 1.1 1.1 - 86 

EVM-ATH 67 9 0.3 0.3 0.4 176 

EVM-ATH-MEL (5:1) 41 19 0.3 0.3 0.1 228 

EVM-ATH-MEL (10:1) 48 13 0.3 0.4 0.1 243 

EVM-ATH-MEL (25:1) 65 10 0.4 0.4 0.3 224 

Partial replacement of ATH by MEL results in a change of smoke production. First of all, it is 

observed that TTI of EVM-ATH-MEL materials increase in comparison to EVM and EVM-ATH. 

It has to be noted that is the contrary to the results found during MLC experiment. 

Differences in TTI are due to different configurations of the two tests. In smoke test, the 

observed TTI values for EVM-ATH-MEL materials lie in the same range (224 – 243 s). Thus, an 

influence of the melamine content on TTI is not observed. Concerning total smoke 

production during experiment, it is found that ODtotal for ratio ATH:MEL of 5:1 and 10:1 is 

decreased (ODtotal = 41 and 48 respectively) in comparison to EVM-ATH. EVM-ATH-MEL 

(25:1) instead has a total optical density value of 65 which is comparable to that of EVM-

ATH. Hence, partial replacement of ATH by melamine reduces the smoke production during 

experiment, whereas the amount of melamine in EVM-ATH-MEL (25:1) is too low to reduce 

smoke production efficiently. In the case of the VOF4 value, it is observed that EVM-ATH-

MEL (25:1) has a VOF4 of 10 which is similar to that found for EVM-ATH (VOF4 = 9). 

Concerning EVM-ATH-MEL (10:1) and EVM-ATH-MEL (5:1), VOF4 values (13 and 19 

respectively) are increased in comparison to EVM-ATH. This indicates that with increasing 

melamine content in the material, the VOF4 increases. Ds4 and Ds1 values for EVM-ATH-MEL 

materials are comparable to those observed for EVM-ATH, whereas Ds2 is decreased to 0.1 

for EVM-ATH-MEL (10:1) and EVM-ATH-MEL (5:1). In general, partial replacement of ATH by 
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melamine leads to lower smoke production, whereas smoke is released earlier but total 

density of smoke is lower than for EVM-ATH. In the case of EVM-ATH no smoke is released 

before ignition of the material. For EVM-ATH-MEL materials instead smoke is already 

evolved before ignition.  

 Conclusion 1.4.

The influence of the melamine content on material properties of EVM-ATH-MEL materials 

was investigated in this part. Moreover, material properties of EVM-ATH-MEL were 

compared to those of EVM-ATH. It was found that addition of ATH to the polymeric matrix 

enhances fire retardancy and reduces smoke production, whereas reduction seems only to 

be due to reduced amount of polymer in the material. Smoke was released at longer times 

and over a longer period of time for EVM-ATH.  

Partial replacement of ATH by melamine led to comparable fire retardant properties in MLC 

and LOI test as found for EVM-ATH. V-0 classification was only reached for the ratio of 5:1. 

Smoke production of EVM-ATH-MEL materials was significantly decreased in comparison to 

EVM-ATH when a sufficient amount of melamine is present in the material. A ratio of ATH 

and MEL of 25:1 is found to be too low to reduce smoke production, whereas a ratio of 10:1 

and 5:1 is sufficient to reduce smoke successfully. It has to be noted that the combination of 

ATH and melamine in EVM led to reduced smoke production but also to ignition at shorter 

time in comparison to EVM-ATH in MLC experiment.  

Comparing the different ATH-MEL ratios it was found that 5:1 seems to be most promising. 

EVM-ATH-MEL (5:1) was the only material that reaches V-0 classification. Smoke production 

of the ATH:MEL based material including ratio of 5:1 and 10:1 was found to be reduced in 

comparison to EVM-ATH. From now the following screening is performed with a ratio of 5:1 

of ATH and another fire retardant additive. In the next step, ATH is combined with different 

melamine derivatives to overcome the main drawback of EVM-ATH-MEL, its early ignition in 

MLC test. First phosphorous free melamine derivatives in combination with ATH are tested 

evaluating their mechanical and fire retardant properties as well as smoke release. Then, 

phosphorous-containing melamine derivatives are considered.  
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2. Combination of ATH with phosphorous-free melamine 

derivatives 

In this part, EVM materials containing ATH in combination with melamine or its 

phosphorous-free derivatives are screened according to their mechanical properties, fire 

retardancy and release of smoke in case of fire. The amount of additive, i.e. 130 phr and 

ratio of ATH and compound X, is kept constant (5:1). The properties of the combination of 

ATH with PPM, a poly-melamine compound, melamine cyanurate (MC) or melamine borate 

(MB) are investigated and compared to those obtained for EVM-ATH-MEL. The choice of 

PPM, MC and MB is explained by their known fire retardant activity or by the fact that these 

additives are relatively new on the market and thus their fire retardant effect is not well 

reported yet. PPM is a new fire retardant compound which is known to enhance fire 

retardancy of PP [154] but has not been tested in EVM materials up to now. Due to its poly-

melamine structure it is supposed to have similar or even enhanced fire retardant effects as 

melamine. In the case of MB, fire retardant effect is reported in literature [155-157]. Bodzay 

et al. [158] investigated release of gases of EVA (28 %VA) containing ATH and MB whereas 

fire retardancy is not discussed in this work. MC as fire retardant additive is mainly used in 

polyamide [159-161]. The use of MC in combination with MDH in EVA materials is also 

reported [102], whereas ratio of MDH and MC is 50:1. 

 Mechanical properties 2.1.

Mechanical properties of materials tested in this part are presented in Table 15. Tested 

materials reach all the desired mechanical properties. In comparison to EVM-ATH-MEL, the 

material containing the “poly-melamine” compound PPM (EVM-ATH-PPM), has an increased 

hardness and a decreased EAB whereas the difference of the TS lies in the margin of error. 

EVM-ATH-PPM, has an EAB of 216 %, a TS of 10.1 MPa and a hardness of 78 Shore A. In the 

case of EVM-ATH-MC and EVM-ATH-MB, EAB and TS are comparable to results observed for 

EVM-ATH-MEL. Hardness of EVM-ATH-MB is comparable to that found for EVM-ATH-MEL, 

whereas hardness of EVM-ATH-MC is increased in comparison to EVM-ATH-MEL. EVM-ATH-

MC has an EAB of 251 %, a TS of 7.7 MPa and hardness of 80 Shore A. EVM-ATH-MB has an 

EAB of 243 %, a TS of 6.6 MPa and a hardness of 75 Shore A. 
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Increased hardness of EVM-ATH-MC and EVM-ATH-PPM is due to the fact the MC and PPM 

are harder than MEL leading to an increase of hardness in comparison to EVM-ATH-MEL. 

Increase of TS for EVM-ATH-PPM indicates that PPM has better stress transfer properties 

than MEL in EVM-ATH-MEL, whereas interaction with EVM leads to lower EAB. 

Table 15: Mechanical properties of EVM materials containing ATH in combination with 

melamine or its phosphorous-free derivatives 

 
EAB [%] 

± 25 
TS [MPa] 

± 1.5 
Hardness [Shore A] 

± 1 

EVM 209 2.6 46 

EVM-ATH 238 7.1 78 

EVM-ATH-MEL 284 8.8 74 

EVM-ATH-PPM 216 10.1 78 

EVM-ATH-MC 251 7.7 80 

EVM-ATH-MB 243 6.6 75 

 Fire retardancy 2.2.

Fire retardant properties obtained using MLC, LOI and UL-94 test for EVM materials 

containing ATH in combination with melamine or its phosphorous-free derivatives are 

presented in Table 16 and Figure 37. At a first glance, it is found that EVM-ATH-PPM, EVM-

ATH-MC and EVM-ATH-MB exhibit similar values like EVM-ATH-MEL in terms of pHRR, THR 

and ML. It is found that materials containing phosphorous-free melamine derivatives exhibit 

longer TTI than EVM-ATH-MEL, whereas observed times are similar to that of EVM-ATH. 

EVM-ATH-PPM has a TTI of 276 s which is a longer time than observed for EVM-ATH-MC and 

EVM-ATH-MB which ignite at 201 and 195 s respectively. 

Table 16: Fire retardant properties of EVM materials containing ATH in combination with 

melamine or its phosphorous-free derivatives; margin of error for MLC ± 10 %, LOI ±1 vol%O2 

 
pHRR1 

[kW/m²] 
pHRR2 

[kW/m²] 
THR 

[MJ/m²] 
TTI 
[s] 

ML 
[%] 

LOI 
[vol%O2] 

UL-94 

EVM 510 - 97 67 96 19 NC 

EVM-ATH 146 123 60 245 61 33 V-0 

EVM-ATH-MEL 118 89 60 145 63 33 V-0 

EVM-ATH-PPM 125 92 55 276 64 30 V-0 

EVM-ATH-MC 104 94 61 201 66 31 V-0 

EVM-ATH-MB 117 94 65 195 64 35 V-0 
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Figure 37: HRR curves for EVM materials containing ATH in combination with melamine or its 

phosphorous-free derivatives  

Regarding UL-94 test, it is found that all materials are classified V-0. LOI values obtained for 

EVM-ATH-PPM (30 vol%O2) and EVM-ATH-MC (31 vol%O2) are comparable to those found 

for EVM-ATH-MEL and EVM-ATH (33 vol%O2). In the case of EVM-ATH-MB instead, a higher 

LOI of 35 vol%O2 is observed.  

 Smoke release 2.3.

The results obtained with the smoke test for materials containing ATH in combination with 

melamine or its derivatives are presented in Figure 38 and Table 17. In general, it is found 

that combination of ATH with PPM, MC or MB leads to comparable results in terms of smoke 

release during experiment as observed for EVM-ATH-MEL. EVM-ATH-PPM has an ODtotal of 

54, a VOF4 of 10, a Ds4 of 0.3, a Ds1 of 0.3 and a Ds2 of 0.2. EVM-ATH-MC has an ODtotal value 

of 55, a VOF4 of 12, a Ds4, Ds1 and Ds2 of 0.2. EVM-ATH-MB has a total ODtotal of 49, a VOF 4 

of 14, a Ds4 of 0.2 and the Ds1 and Ds2 values lie at 0.4 and 0.1 respectively. As it is found 

during MLC experiment, the most significant difference between the tested materials is their 

TTI. Longest TTI of 302 s is detected for EVM-ATH-MB which is increased in comparison to 

EVM-ATH and EVM-ATH-MEL. TTI observed for EVM-ATH-MC (197 s) lies in the margin of 
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error of the TTI observed for EVM-ATH-MEL (228 s). In the case of EVM-ATH-PPM a TTI of 

148 s is observed indicating that the material ignite at shorter times than EVM-ATH-MEL. As 

mentioned above, TTI values detected using MLC and smoke test are different due to the 

different test conditions (see page 64 and 65). Therefore, it is not surprising that tendencies 

of TTI evolution are different in MLC and smoke test. EVM-ATH-PPM for example exhibits 

earliest TTI in smoke test but longest TTI in MLC experiment.  

 

Figure 38: Smoke release curves for EVM materials containing ATH in combination with 

melamine or its phosphorous-free derivatives  

Table 17: Smoke release of EVM materials containing ATH in combination with melamine or 

its phosphorous-free derivatives; margin of error for observed values ± 10 % 

 
ODtotal VOF 4 Ds4 Ds1 Ds2 

TTI 
[s] 

EVM 114 87 1.1 1.1 - 86 

EVM-ATH 67 9 0.3 0.3 0.4 176 

EVM-ATH-MEL 45 19 0.3 0.3 0.1 228 

EVM-ATH-PPM 54 10 0.3 0.3 0.2 148 

EVM-ATH-MC 55 12 0.2 0.2 0.2 197 

EVM-ATH-MB 49 14 0.2 0.4 0.1 302 

 Conclusion 2.4.

Investigation of the mechanical properties, fire retardancy and smoke release of EVM 

materials containing ATH in combination with phosphorous-free melamine derivatives (ratio 
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5:1) showed that replacement of melamine by melamine borate (MB) leads to better fire 

retardant properties than observed for EVM-ATH-MEL. The main drawback of EVM-ATH-

MEL, its shorter ignition compared to EVM-ATH, was reduced using MB instead of melamine. 

EVM-ATH-MB ignited at longer time than EVM-ATH-MEL and this was observed for both MLC 

and smoke release experiment. Mechanical properties and smoke release of EVM-ATH-MB 

were found to be comparable to that of EVM-ATH-MEL. The use of EVM-ATH-PPM and EVM-

ATH-MC as fire retarded material was excluded due to the fact that both materials exhibit 

reduced fire retardancy (lower LOI values) in comparison to EVM-ATH-MEL, whereas smoke 

release was comparable to EVM-ATH. 

In the next part, ATH is combined with phosphorous-containing melamine derivatives.  
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3. Combination of ATH with phosphorous-containing melamine 

derivatives 

This part of the screening deals with combination of ATH with phosphorous containing 

melamine derivatives. EVM materials contain 130 phr of additives, whereas the ratio of ATH 

and the derivative is set to 5:1. Materials are screened according their mechanical 

properties, fire retardancy and smoke release. Here, the following phosphorous-containing 

melamine derivatives are considered: melamine orthophosphate (MP), two melamine 

polyphosphate (MP200, MP200-70), melamine pyrophosphate (B311), melamine-poly 

(aluminum phosphate) (SF200) and melamine-poly (zinc phosphate) (SF400). These 

phosphorous-containing melamine derivatives are chosen, because most of them, i.e. MP, 

MP200 and B311 are known to enhance fire retardant properties of EVA materials [86]. 

SF200 and SF400 instead are relatively new fire retardant additives known to enhance the 

flame retardancy of PA66 [162] and have not been tested in EVM yet. 

Due to the fact that the particle size of fire retardant additives plays a role on material 

properties, two different melamine polyphosphate compounds are tested. Table 18 presents 

particle sizes of all additives used in this part. As it is seen, except from MP200-70 having a 

D99 value of 70 µm, the tested compounds have a major particle size of around 25 µm. 

Table 18: Particle size of phosphorous containing melamine derivatives 

Additive Particle size 

MP D98 = 25 µm 

MP200 D98 = 25 µm 

MP200-70 D99 = 70 µm 

B311 D50 = 10 µm 

SF200 D90 < 30 µm 

SF400 D90 < 30 µm 

 Mechanical properties 3.1.

Mechanical properties of EVM materials containing ATH in combination with phosphorous-

containing melamine derivatives are presented in Table 19. As it is seen, all tested materials 

reach desired mechanical properties. It is found that hardness of tested materials is 

comparable for all tested materials (76 - 79 Shore A). The observed hardness values are 
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comparable to that found for EVM-ATH but increased in comparison to EVM-ATH-MEL. This 

indicates that phosphorous-containing melamine additives exhibit higher hardness than 

melamine itself. In the case of TS, observed values are also comparable to that of EVM-ATH-

MEL. For EAB values, instead only EVM-ATH-MP (EAB = 248 %) and EVM-ATH-B311 (EAB = 

255 %) reach values lying in the margin of error of that of EVM-ATH-MEL (EAB = 284 %). The 

other materials exhibit lower EAB values. Concerning materials containing MP200 and 

MP200-70, it is found that mechanical properties do not depend on the particle size of the 

additive.  

Table 19: Mechanical properties of EVM materials containing ATH in combination with 

different phosphorous-containing melamine derivatives  

 
EAB [%] 

± 25  
TS [MPa] 

± 1.5  
Hardness [Shore A] 

± 1 

EVM 209 2.6 46 

EVM-ATH 238 7.1 78 

EVM-ATH-MEL 284 8.8 74 

EVM-ATH-MP 248 7.4 77 

EVM-ATH-MP200 197 8.3 78 

EVM-ATH-MP200-70 216 8.4 76 

EVM-ATH-B311 255 7.5 78 

EVM-ATH-SF200 199 8.9 79 

EVM-ATH-SF400 200 9.1 78 

 Fire retardancy 3.2.

Fire retardant properties are presented in Figure 39 and Table 20. As it is seen, MLC results 

of EVM materials containing ATH in combination with different phosphorous-containing 

melamine compounds exhibit similar results concerning pHRR, THR and ML as EVM-ATH-

MEL. PHRR1 is around 124 kW/m² and pHRR2 around 80 kW/m², whereas observed THR 

values are between 54 and 62 MJ/m². Most significant differences concern the TTI. Materials 

containing phosphorous-containing melamine derivatives have comparable TTI as observed 

for EVM-ATH-MEL (TTI = 145 s) except EVM-ATH-B311 (TTI = 192 s) which ignites at longer 

times. Nevertheless, this material does not reach the TTI of EVM-ATH of 245 s. All materials 

expect EVM-ATH-SF200 (not classified) are classified V-0 in UL-94 test. Looking at LOI values 

of materials, it is found that partial replacement of ATH by phosphorous-containing 

melamine derivatives leads to an increase in LOI in comparison to EVM-ATH or EVM-ATH-
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MEL (33 vol%O2). The LOI values are comparable for the different phosphorous containing 

materials (LOI is 37 and 38 vol%O2 respectively). Influence of the particle size of melamine 

polyphosphate on fire retardant properties was not detected.  

 

Figure 39: HRR curves for EVM materials containing ATH in combination with different 

phosphorous-containing melamine derivatives 

Table 20: Fire retardant properties of EVM materials containing ATH in combination with 

different phosphorous-containing melamine derivatives; margin of error for MLC ± 10 %, LOI 

±1 vol%O2 

 pHRR1 
[kW/m²] 

pHRR2 
[kW/m²] 

THR 
[MJ/m²] 

TTI 
[s] 

ML 
[%] 

LOI 
[vol%O2] 

UL-94 

EVM 510 - 97 67 96 19 NC 

EVM-ATH  146 123 60 245 61 33 V-0 

EVM-ATH-MEL 118 89 60 145 63 33 V-0 

EVM-ATH-MP  124 78 60 167 64 38 V-0 

EVM-ATH-MP200  123 77 62 128 63 38 V-0 

EVM-ATH-MP200-70 122 72 54 132 62 38 V-0 

EVM-ATH-B311  122 84 58 192 64 37 V-0 

EVM-ATH-SF200 125 82 61 163 60 38 NC 

EVM-ATH-SF400 127 77 60 171 60 37 V-0 
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 Smoke release 3.3.

Smoke release curves and corresponding values are presented in Figure 40 and Table 21. 

Comparing the total smoke production (ODtotal) of tested materials during smoke test it is 

seen that only EVM-ATH-MP and EVM-ATH-B311 exhibit comparable smoke production as 

observed for EVM-ATH-MEL, i.e. lower smoke production than EVM-ATH. The other tested 

materials produce more smoke than EVM-ATH-MEL during the experiment. Therefore, only 

the results of latter materials is discussed in this part even if some of the other materials 

exhibit significantly longer TTI than EVM-ATH-MEL. VOF4 and Ds values of EVM-ATH-MP and 

EVM-ATH-B311 are comparable to those of EVM-ATH-MEL. TTI at the opposite is different, 

EVM-ATH-MP ignites at 578 s and EVM-ATH-B311 at 475 s which is at significantly longer 

times in comparison to EVM-ATH-MEL (228 s). TTI found in smoke test are different to that 

observed using MLC due to different test configurations (see page 64 and 65).  

Materials containing MP200 and MP200-70 exhibit comparable results in smoke test. As 

observed for mechanical properties and fire retardancy, an influence of the particle size on 

smoke production is not found. 

 

Figure 40: Smoke release curves for EVM materials containing ATH in combination with 

different phosphorous-containing melamine derivatives 
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Table 21: Smoke release of EVM materials containing ATH in combination with different 

phosphorous-containing melamine derivatives; margin of error for observed values ± 10 % 

 
ODtotal VOF 4 Ds4 Ds1 Ds2 

TTI 
[s] 

EVM 114 87 1.1 1.1 - 86 

EVM-ATH 67 9 0.3 0.3 0.4 176 

EVM-ATH-MEL 45 19 0.3 0.3 0.1 228 

EVM-ATH-MP 43 23 0.2 0.2 0.1 578 

EVM-ATH-MP200 68 21 0.2 0.2 0.3 425 

EVM-ATH-MP200-70 65 22 0.2 0.2 0.2 458 

EVM-ATH-B311 49 20 0.2 0.2 0.2 475 

EVM-ATH-SF200 76 16 0.3 0.3 0.2 158 

EVM-ATH-SF400 71 15 0.2 0.2 0.2 135 

 Conclusion 3.4.

Replacement of melamine by phosphorous-containing melamine derivatives resulted in 

comparable fire retardant properties obtained using MLC and UL-94 test as found for EVM-

ATH-MEL except of EVM-ATH-SF200 which was none classified in UL-94. LOI values were 

significantly increased when phosphorous melamine derivatives are used in combination 

with ATH. Despite improvement of the fire retardant properties, some phosphorous-

containing melamine derivatives were found to increase smoke production in comparison to 

EVM-ATH-MEL. Only the combination of ATH with melamine pyrophosphate (B311) and 

melamine orthophosphate (MP) released the same quantity of smoke as found for EVM-

ATH-MEL. Moreover, EVM-ATH-MP significantly ignited at longer times than EVM-ATH and 

EVM-ATH-MEL in smoke test. In MLC test, EVM-ATH-B311 reached a TTI at longer times than 

EVM-ATH-MEL but at shorter time than EVM-ATH.  

Concerning all tested material properties, a dependence of the particle size of melamine 

polyphosphate on mechanical and flame retardant properties as well as smoke release of 

EVM materials was not found. 
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4. Conclusion of material screening 

Chapter III was dedicated to the screening of different fire retardant additives and their 

influence on mechanical properties, fire retardancy and smoke release of EVM materials. It 

was found that addition of 130 phr ATH enhances fire retardant properties of EVM materials. 

Smoke production of EVM-ATH was reduced in comparison to the virgin polymer due to 

lower polymer content in the material, whereas smoke was released later and over a longer 

period of time. Mechanical properties of EVM-ATH were changed in comparison to EVM due 

to the presence of 55 wt% filler. Partial replacement of ATH by melamine in a ratio of 5:1 

resulted in similar fire retardant properties, whereas EVM-ATH-MEL ignited at shorter times 

in MLC experiment compared to EVM-ATH. The main advantage of the combination of ATH 

and melamine was its decreased smoke release in comparison to EVM-ATH. Other tested 

ratios of ATH and melamine, i.e. 10:1 and 25:1 were excluded due to the fact that both 

materials did not reach V-0 classification and smoke production was found to be reduced 

with increasing melamine content in the material.  

Then, melamine was replaced by different phosphorous-free and phosphorous-containing 

melamine derivatives expecting to overcome shorter TTI in MLC test. Evaluation of material 

properties of EVM materials containing ATH in combination with phosphorous-free 

melamine derivatives showed that melamine borate (MB) is the best choice to replace MEL. 

EVM-ATH-MB ignites at longer time than EVM-ATH-MEL in MLC and smoke test maintaining 

mechanical properties, fire retardancy and smoke release of EVM-ATH-MEL. In the case of 

phosphorous-containing melamine derivatives, replacement of melamine by melamine 

pyrophosphate (B311) or melamine orthophosphate (MP) resulted firstly in increased LOI 

value in comparison to EVM-ATH-MEL while other fire retardant properties were 

comparable. Secondly, EVM-ATH-B311 and EVM-ATH-MP kept reduced smoke production of 

EVM-ATH-MEL in comparison to EVM-ATH. Moreover, both materials exhibited longer TTI 

than EVM-ATH and EVM-ATH-MEL in smoke test and EVM-ATH-B311 ignited at longer time 

than EVM-ATH in MLC test, but TTI value of EVM-ATH was always longer.  

In the following study, a phosphorous containing and a phosphorous-free material are 

examined. At first, influence of melamine on reduced smoke production and shorter ignition 

in MLC test in comparison to EVM-ATH has to be understood. Therefore the condensed 



Chapter III: Conclusion of material screening 

93 

phase and the gas phase mechanism of EVM-ATH-MEL have to be investigated and 

compared to that of EVM-ATH. Thus, Chapter IV is dedicated to the comprehension of the 

influence of melamine in the flame retarded mode of action of the system EVM-ATH-MEL.  

As described above, shorter ignition of EVM-ATH-MEL can be overcome by using MB, MP or 

B311 instead of melamine. One of the goals of this work is to design EVM material with high 

fire retardant properties and low smoke release in the case of fire. Due to the fact that EVM 

materials are often used in the cable and wire industry, materials also have to exhibit high 

water resistance. It is known that phosphorous containing materials can exhibit low 

resistance against the attack of water. Thus, EVM-ATH-MP and EVM-ATH-B311 are not 

further discussed in this study. Nevertheless, the fire retardant mechanism of EVM-ATH-MP 

is presented in Appendix 2 (page 216) [163] to allow comparison of different melamine 

derivatives in combination with ATH in EVM. It is decided to investigate the role of MB in 

EVM-ATH-MB in Chapter V. The reasons for the increased TTI in MLC experiment as well as 

the reduced smoke release of EVM-ATH-MB are analyzed in details.  
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Chapter IV: Mode of action of EVM-ATH 

and EVM-ATH-MEL 

 

 

In this chapter, EVM-ATH and EVM-ATH-MEL are analyzed concerning the dispersion of the 

additives in the polymeric matrix, hydrothermal aging in distilled and sea water, thermal 

behavior and fire retardant mechanism in the gas and condensed phase.  
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1. Dispersion of the additives in the polymer matrix 

It is known that dispersion of additives in the polymeric matrix plays an important role on 

mechanical properties and on fire retardancy. Therefore, the dispersion of ATH and MEL in 

EVM-ATH and EVM-ATH-MEL is examined using SEM. Figure 41 (a) shows a SEM image of 

the ATH particles in EVM-ATH. ATH particles are evenly dispersed in the polymeric matrix 

exhibiting a size lying between 0.5 and 1 µm. This corresponds to the data indicated by the 

supplier for the particle size of ATH (D50 = 0.9 µm). Dispersion of ATH and MEL particles in 

EVM-ATH-MEL is shown in Figure 41 (b,c). It is seen that ATH particles are evenly dispersed 

in EVM-ATH-MEL. This shows that addition of melamine to an EVM-material containing ATH 

does not change the dispersion of the mineral filler. Besides to small ATH particles, bigger 

ones (encircled) are observed in the polymeric matrix. These particles having a size of 3 to 15 

µm are evenly dispersed in the material. Due to the fact that in EVM-ATH, the big particles 

are not observed it is supposed that it is melamine. Moreover, particle size corresponds to 

that of melamine reported by the supplier.  

 

Figure 41: SEM image EVM-ATH (a) and EVM-ATH-MEL (b,c) 
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2. Water swelling behavior of EVM-ATH and EVM-ATH-MEL 

As it was already mentioned before, it is important that besides good fire retardant 

properties and low smoke production, materials exhibit mechanical properties meeting the 

specifications of their application, especially for cable and wire industry. In this part, change 

of mechanical properties after immersion in distilled and sea water is investigated for EVM-

ATH and EVM-ATH-MEL. Then, change of material structure after hydrothermal aging test is 

analyzed using FTIR and SEM. 

 Change of mass, volume and mechanical properties 2.1.

Change of mass and volume after immersion in water of EVM-ATH and EVM-ATH-MEL is 

presented in Figure 42. After immersion of EVM-ATH in distilled water, the mass of the 

material increases of 6.8 % whereas volume increases of 10.2 %. Immersion in sea water 

results in an increase of mass of 3.0 % and an increase of volume of 4.2 %. Partial 

replacement of ATH by MEL leads to lower increases in mass and volume after immersion of 

the material in distilled water in comparison to EVM-ATH. It can be seen that for EVM-ATH-

MEL in distilled water mass increases of 3.8 % and volume of 6.9 %. Concerning change of 

mass and volume of EVM-ATH-MEL in sea water, it is found that values are equal (marge of 

error) to those obtained for EVM-ATH.  

 

Figure 42: Change of the mass and volume during hydrothermal aging of EVM-ATH and EVM-

ATH-MEL  

In general, changes of mass and volume for EVM-ATH and EVM-ATH-MEL in both test 

configurations can be explained by penetration of water molecules into the polymeric 
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matrix. As it is seen, penetration of water into the material is lower for EVM-ATH-MEL than 

for EVM-ATH in distilled water. Moreover, changes of mass and volume are significantly 

lower when the materials are immersed in sea water. It is reported that the presence of ions 

reduces penetration capacity of water due to an increased chemical potential [164]. It is 

assumed that lower change of mass and volume for EVM-ATH-MEL is due to an increased 

ionic strength of the surrounding medium leading to limitation of water molecule 

penetration into the material. It is important to know that solubility of melamine depends on 

temperature and ionic strength of the medium. In general, melamine is not very soluble at 

room temperature (0.3 g per 100g water). However, its solubility increases with increasing 

temperature [165]. Melamine solubility increases from 0.3 g of melamine per 100 g of water 

at room temperature to 0.6 g at 35 °C and to 2.4 g at 75 °C. Moreover, it is reported that the 

lower ion concentration in the water, the more melamine solubility increases [166]. Due to 

the fact that EVM-ATH-MEL is immersed in distilled water (absence of ions), solubility of 

melamine increases additionally. Thus, ionic strength of the medium is supposed to increase 

which in turn decreases penetration capacity of water molecules.  

Generally, the solubilization of melamine in EVM-ATH-MEL has to be taken into account for 

the change of mass during hydrothermal aging. Penetration of water molecules into the 

structure of EVM-ATH-MEL leading to increase of mass, is higher than the observed value 

due to mass loss by solubilization of melamine and compensation of the lost mass by 

penetrated water molecules. Especially for hydrothermal aging in distilled water 

compensation of mass lost by melamine solubilization has to be taken into account. Thus, 

decreased change of mass of EVM-ATH-MEL in comparison to EVM-ATH in distilled water can 

also be due to loss of melamine. In sea water, melamine is less soluble and thus mass 

compensation is less than in distilled water. 

Analysis of changes of mass and volume during hydrothermal aging of EVM-ATH and EVM-

ATH-MEL evidenced penetration of water into the material structure. The effect of the 

penetrated water molecules on the mechanical properties, i.e. tensile strength (TS), 

elongation-at-break (EAB) and hardness is investigated in the next step (Figure 43). As it is 

seen, tensile strength increases for EVM-ATH and EVM-ATH-MEL after immersion in distilled 

and sea water in comparison to values obtained before water swelling test. TS values 

obtained after immersion in both water types are comparable for both tested materials. 
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Before immersion, a TS of 8.7 and 8.6 MPa respectively is measured for EVM-ATH and EVM-

ATH-MEL. After immersion (distilled and sea water) both materials exhibit TS jumping from 

8.6 to around 13 MPa. Increase of TS after hydrothermal aging is explained by the 

penetration of water molecules into the material structure. The applied stress is transferred 

from the rubber matrix to the water molecules which act as stress concentrators [153].  

 

Figure 43: Tensile strength before and after hydrothermal aging for EVM-ATH and EVM-ATH-

MEL 

Change of EAB after immersion in water for EVM-ATH and EVM-ATH-MEL has the same 

tendencies like tensile strength values (Figure 44). EAB increases for both materials in both 

test configurations, moreover all values observed after immersion are comparable. Before 

test, elongation-at-break is 247 % for EVM-ATH and 261 % for EVM-ATH-MEL. After 

immersion in distilled and sea water, EAB increases to values around 350 % for both 

materials in both test configurations. As for TS, increase of EAB values after hydrothermal 

aging is assumed to be due to penetration of water molecules into the materials.  

Concerning similar increase of TS and EAB for EVM-ATH and EVM-ATH-MEL after water test, 

it is supposed that TS and EAB are independent of the presence (or absence) of ions in 

water. Above, it was shown that when materials are immersed in distilled water, more water 

molecules penetrate into the material structure than in the case of hydrothermal aging in 

sea water. Concerning TS and EAB, it seems that the quantity of water in the molecule 

structure does not affect these mechanical properties.  
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Figure 44: Elongation-at-break before and after hydrothermal aging for EVM-ATH and EVM-

ATH-MEL 

In the case of the hardness of EVM-ATH and EVM-ATH-MEL before and after hydrothermal 

aging in distilled or sea water, it is observed that hardness decreases when measured after 

immersion in distilled and sea water (Figure 45). Hardness of EVM-ATH is 75 Shore A before 

test, 62 Shore A after immersion in distilled water and 68 Shore after immersion in sea 

water. Hardness of EVM-ATH-MEL decreased from 77 Shore A before immersion to 58 

(distilled water) and 63 Shore A (sea water). Beg et al. [167] evidenced that decrease of 

hardness after hydrothermal aging for wood fiber reinforced PP is due to penetration of 

water molecules into the polymeric matrix leading to softening of the material. Thus, 

decreased hardness in the case of EVM-ATH and EVM-ATH-MEL are explained by water 

molecule penetration into the polymeric matrix leading to lower hardness of the material.  

 

Figure 45: Hardness before and after hydrothermal aging for EVM-ATH and EVM-ATH-MEL 
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 Material structure after hydrothermal aging 2.2.

To understand the change of mass and volume as well as of the mechanical properties of 

EVM-ATH and EVM-ATH-MEL after hydrothermal aging in distilled and sea water, materials 

were analyzed after water tests using FTIR and SEM. Figure 46 shows FTIR spectra of EVM-

ATH and EVM-ATH-MEL obtained before and after immersion in distilled and sea water. 

Spectrum obtained for EVM-ATH before hydrothermal aging corresponds to that reported in 

literature (Table 22) [168] except the bands observed from 3619 to 3375 cm-1. These 

additional bands are assigned to OH groups in ATH. Vibrations at 2941, 2854, 1460, 1433 and 

1371 cm-1 are attributed to aliphatic CH2 and CH3 groups of the polymer. Bands 

corresponding to the carbonyl function of the acetate group are observed at 1732 and 1236 

cm-1. The vibration observed at 1014 cm-1 is assigned to C-O-C. Moreover, a band at 1094 

cm-1 attributed to C-O is detected. As it can be seen, EVM-ATH-MEL exhibits the same 

vibrations as EVM-ATH, except of bands at 1649, 1536, 1433 and 1461 cm-1 which 

correspond to vibrations of the melamine [99, 169, 170]. It has to be noted that vibrations at 

1433 and 1461 cm-1 are also present in EVM-ATH (assigned to C-H vibration). Nevertheless, 

these bands are assigned to melamine due to the fact that intensity of these peaks is higher 

in the case of EVM-ATH-MEL than in the case of EVM-ATH. 

After immersion in distilled water (70 °C for 70h), EVM-ATH has a similar spectrum as before 

immersion. An observed difference is a peak at 1094 cm-1 assigned to C-O which is more 

intense after water test. This vibration is already observed before immersion in water, 

whereas its intensity is low. Moreover, the vibration at 2924 cm-1 observed before 

immersion in distilled water for EVM-ATH, is splitted into two peaks at 2961 and 2922 cm-1 

indicating a change in the polymer chain consisting of aliphatic C-H bonds. Nevertheless, it 

can be said that no modification in the chemical structure of the polymer is detected when 

EVM-ATH is immersed in distilled water. 

Infrared spectrum of EVM-ATH-MEL after immersion in distilled water has the same 

spectrum as EVM-ATH after water test concerning bands corresponding to EVM and ATH. 

Vibrations corresponding to melamine instead undergo a change. Intensity of vibrations at 

1433 and 1461 cm-1 decreases significantly in comparison to the spectrum found before 

immersion. In the case of C=N vibration (1649 cm-1), two weak bands at 1575 and 1539 cm-1 
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are found after immersion of EVM-ATH-MEL in distilled water. Furthermore, the band at 

1536 cm-1 (assigned to NH2 group) disappears completely in the IR spectrum. The intensity of 

bands (1433 and 1461 cm-1) for EVM-ATH-MEL after immersion in distilled water is 

comparable to that observed in the spectrum of EVM-ATH (after immersion in distilled 

water). It is therefore concluded that presence of these vibrations is only due to the 

presence of the polymer (C-H vibrations). It is assumed that most of melamine molecules 

present in EVM-ATH-MEL are solubilized during immersion in distilled water and that only a 

small quantity of melamine remains in the material leading to the bands at 1575 and 1539 

cm-1. Solubility of melamine is known to increase with increasing temperature whereas it 

decreases with increasing ionic strength of the surrounding medium [165, 166]. This 

evidences that melamine is solubilized during hydrothermal aging of EVM-ATH-MEL in 

distilled water carried out at 70 °C. 

 

Figure 46: IR spectra of EVM-ATH and EVM-ATH-MEL before immersion and after immersion 

in distilled water and in sea water 
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Table 22: Main FTIR wavelengths obtained for EVM-ATH and EVM-ATH-MEL before and after 

water swelling test in distilled and sea water 

Wavelength [cm-1] Corresponding chemical structure 

3619, 3524, 3441, 3392 and 3375 ν (O-H) and ν (N-H) 

2924, 2854 ν (C-H) (aliphatic) 

1732 ν (C=O) (carbonyl) 

1649 ν (C=N) 

1536 δ (N-H) 

1460, 1433 δ (C-H) in CH2  

1371 δ (C-H) in CH3 

1236 ν (C-O) 

1094 ν (C-O) 

In the case of the FTIR spectra of EVM-ATH and EVM-ATH-MEL after hydrothermal aging in 

sea water (40 °C for 168h), it is found that both materials display the same spectra as 

obtained before immersion in distilled and sea water respectively. EVM-ATH-MEL still 

possesses its vibrations assigned to melamine after immersion in both water types. Intensity 

of vibrations is slightly decreased in comparison to those observed before immersion which 

is explained by a partial solubilization of melamine. It is therefore assumed that less 

melamine is solubilized when EVM-ATH-MEL is immersed in sea water that it is the case in 

distilled water. Lower melamine solubility is explained by lower temperature and presence 

of ions in the medium. As mentioned above, solubility of melamine increases with increasing 

temperature and temperature is lower in the case of immersion in sea water. Further, 

decreased solubility is explained by the “salting out” effect of ions on melamine (lower 

chemical potential) which leads to lower solubility of melamine.  

Samples of EVM-ATH and EVM-ATH-MEL after immersion in distilled or sea water are 

analyzed using SEM (Figure 47). It is observed that both materials exhibit cracks in the 

polymer structure after immersion in distilled water. It is assumed that penetration of water 

molecules during immersion leads to formation of cracks in the material structure. In the 

case of EVM-ATH-MEL, additionally to cracks, holes are observed in the material structure. It 

is supposed that these holes are due to partial solubilization of melamine leaving a hole in 

the material structure. After immersion of EVM-ATH and EVM-ATH-MEL in sea water 

instead, no significant damage of the matrix is found (no cracks, no holes). The absence of 

cracks and holes is explained by the fact that penetration of water molecules during 
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immersion in sea water is less important than in the case of immersion of the materials in 

distilled water. 

   

 

Figure 47: SEM images of EVM-ATH after immersion in distilled (a) and sea water (b) and 

EVM-ATH-MEL after immersion in distilled (c) and sea water (d) 

 Conclusion 2.3.

Hydrothermal aging of EVM-ATH and EVM-ATH-MEL in distilled and sea water was 

investigated. It was demonstrated that in sea water, both materials exhibit the same results 

showing that in sea water penetration of water molecules into the material is limited in 

comparison to that observed in distilled water. This leads to higher stability of the materials 

against the attack of sea water. Change of the mechanical properties was found to be similar 

for both materials in both test configurations even if material structure of EVM-ATH and 

EVM-ATH-MEL is more damaged after hydrothermal aging in distilled water than in sea 

water.  

In the next part, thermal decomposition of EVM-ATH and EVM-ATH-MEL is investigated. 

Moreover, fire retardant mechanism (gas and condensed phase) of both materials is 

discussed in detail. 
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3. Thermal analysis of additives and materials 

Thermal decomposition of the additives, i.e. EVM, ATH and melamine and of the materials, 

i.e. EVM-ATH and EVM-ATH-MEL is discussed in this part.  

 Thermal decomposition of EVM, ATH and melamine 3.1.

Pyrolytic and thermo-oxidative decomposition of the additives is discussed briefly, because it 

is already well reported in literature [26, 86, 99, 100, 169, 171]. Table 23 summarizes 

observed decomposition steps and residual mass at 800 °C of EVM, ATH and melamine. 

Decomposition of EVM in pyrolytic conditions occurs following a three step process, whereas 

five steps are found in thermo-oxidative conditions. In both cases, first deacetylation of the 

polymer takes place evolving acetic acid and forming a polyene network which is then 

degraded. Deacetylation is mainly observed in the temperature range from 200 to 400 °C. 

Decomposition of the polyene network evolving hydrocarbon structures mainly takes place 

from 400 to 700 °C. In thermo-oxidative conditions, oxidation reaction occurs leading to a 

more complex decomposition. For example, oxidation of the polyene network is observed.  

Table 23: Decomposition steps of EVM, ATH and melamine in pyrolytic and thermo-oxidative 

conditions, 10 °C/min 

 
Condition 

Degradation steps [°C] Residue 
at 800 °C 

[%] 
1 2 3 4 5 

EVM 
air 200-220 220-410 410-480 480-570 570-670 0 

nitrogen 250-390 390-510 600-680 - - 1 

ATH 
air and 

nitrogen 
160-315 - - - - 63 

Melamine 
air and 

nitrogen 
180-360 - - - - 0 

Concerning decomposition of ATH and melamine, both compounds decompose in a one-step 

process which is similar in thermo-oxidative and pyrolytic conditions. ATH (in gibbsite form) 

dehydrates between 160 and 315 °C forming alumina (Al2O3). The remaining residue at 

800°C corresponds to alumina. Melamine decomposes in the temperature range from 180 to 

360 °C. Melamine is known to sublimate at around 200°C and is totally decomposed at 375 

°C. Formation of melamine condensates, i.e. melam, melem and melon is generally possible 
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during decomposition reaction. At the end of decomposition no residue is left; melamine is 

completely decomposed.  

 Thermal decomposition of EVM-ATH and EVM-ATH-MEL 3.2.

TG curves of the materials, i.e. EVM-ATH and EVM-ATH-MEL are presented in Figure 48. 

Thermal decomposition of EVM-ATH in pyrolytic and thermo-oxidative conditions 

corresponds to that reported in literature [86, 172]. Therefore decomposition of EVM-ATH is 

discussed briefly. Pyrolytic decomposition occurs in four steps. The first decomposition step 

occurs from 180 to 315 °C and the second one from 315 to 400 °C. The first step is mainly 

due to dehydration reaction of ATH and the second one to deacetylation of the polymer. 

From 400 – 540 °C polyenes formed during deacetylation are vaporized. The last small 

decomposition step (625 – 700 °C) is attributed to decomposition of Rhenofit TAC/S used for 

vulcanization of the material. At the end, a residue of 35 wt% is left.  

 

Figure 48: TG curves of EVM-ATH and EVM-ATH-MEL, 50-800°C, 10 °C/min, in air and 

nitrogen 

Decomposition of EVM-ATH in thermo-oxidative conditions takes place following a five step 

process. The first and second decomposition steps are similar to those found in pyrolytic 

conditions. The third step takes place from 410 to 480 °C, the fourth one from 480 to 580 °C 

and the fifth one from 580 to 675 °C. These decomposition steps are mainly attributed to the 
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oxidation and the decomposition of the polyene network formed during deacetylation. At 

the end, a residue of 37 wt% remains.  

Theoretical residual mass of EVM-ATH in pyrolytic and thermo-oxidative conditions is 

calculated based on theoretical residue of ATH (65 wt%). EVM-ATH contains 55 wt% of ATH 

leading to a theoretical residue of 36 wt % (55 wt% x 0.65 = 36 wt%). Difference of calculated 

residual mass and experimental residual mass of 37 (pyrolytic decomposition) and 35 wt % 

(thermo-oxidative decomposition) respectively lies in the margin of error. It is concluded 

that at the end of the decomposition of EVM-ATH, the polymer is completely degraded and 

the residue consists only of alumina.  

In contrast to the thermal decomposition of EVM-ATH, the decomposition of EVM-ATH-MEL 

is not reported in literature. The pyrolytic decomposition of EVM-ATH-MEL has four steps. 

The first one takes place from 180 to 310 °C with a maximum mass loss rate at 260 °C and a 

mass loss of 21 wt%. The second decomposition step occurs from 310 to 390 °C (Tmax = 350 

°C, 18 % weight loss) and the third one from 390 to 520 °C (Tmax = 470 °C, 26 % weight loss). 

During the last decomposition step (620 -685 °C, Tmax = 670 °C) 1 wt% of the mass is lost. At 

the end of the pyrolytic decomposition, a residue of 31 wt% is left. In thermo-oxidative 

conditions EVM-ATH-MEL degrades according to a five step process. The first decomposition 

step takes place from 180 to 300 °C with a corresponding mass loss of 23 wt% and a 

maximum weight loss at 265 °C. During the second decomposition step (300 - 430 °C, Tmax = 

335 °C), 27 wt% mass are lost. From 430 to 500 °C, the third decomposition step (Tmax = 470 

°C, 9 % weight loss) takes place. The fourth decomposition step occurs from 500 to 600 °C 

(Tmax = 530 °C, 9 % weight loss) and the fifth one from 600 to 665 °C (Tmax = 635 °C, 1 % 

weight loss). At the end of the thermo-oxidative decomposition of EVM-ATH-MEL, a residue 

of 30 wt% is left. Theoretical residual mass of EVM-ATH-MEL is calculated based on 

theoretical residue of ATH (65 wt%) since pure melamine does not left any residue at high 

temperature. EVM-ATH-MEL contains 46 wt% of ATH leading to a theoretical residue of 30 

wt % (46wt% x 0.65 = 29.9 wt%). As it is seen, remaining residue of 31 and 30 wt% 

respectively corresponds to the theoretical calculated residue leading to the assumption that 

only alumina is left at the end of the combustion and that the polymer is completely 

decomposed.  
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It is seen that decomposition steps of EVM-ATH-MEL are similar to those observed for EVM-

ATH. Therefore, it is supposed that both materials decompose following the same 

decomposition pathway. At the beginning (at low temperatures) ATH dehydrates forming 

alumina. Furthermore, melamine is supposed to decompose or sublimate respectively at the 

beginning. At the same time the polymer starts to decompose and deacetylation takes place 

forming a polyene network which is degraded at higher temperatures. In thermo-oxidative 

conditions, the polyene residue is oxidized. Due to the fact that mass of remaining residues 

correspond to that of calculated alumina, it is further supposed that melamine is acting in 

the gas phase and is not left in the residue and does not lead to formation of more stable 

residue during decomposition.  

Thermal decomposition in pyrolytic and thermo-oxidative conditions of the additives and the 

formulations EVM-ATH and EVM-ATH-MEL was studied. Due to the fact that decomposition 

of EVM-ATH-MEL is not understood in detail, its fire retardant mechanism is investigated in 

the next part using solid state NMR, py-GCMS and MLC-FTIR. Moreover, fire retardant 

mechanism of EVM-ATH is analyzed using the same methods to understand the role of 

melamine in EVM-ATH-MEL. 
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4. Gas phase analysis 

In this part, gases released during decomposition of EVM-ATH and EVM-ATH-MEL are analyzed. 

Investigation of gases released during decomposition of EVM-ATH is already reported in 

literature [172, 173] (Appendix 2: Fire retardant mechanism of ethylene vinyl acetate 

elastomer (EVM) containing aluminium trihydroxide and melamine phosphate on page 216). 

Thus, gas phase of EVM-ATH is discussed rapidly. Investigation of the gas phase of EVM-ATH-

MEL is not reported in literature up to now and is therefore analyzed in details using the same 

methods, i.e. py-GCMS and MLC-FTIR. 

 Investigation of the gas phase of EVM-ATH 4.1.

The gas phase of EVM-ATH is analyzed using py-GCMS and MLC-FTIR. In pyrolytic conditions 

(py-GCMS), the material decomposition starts around 180 °C with the deacetylation process of 

the polymer evolving acetic acid and acetone which is formed by catalytic transformation of 

acetic acid through presence of alumina in the condensed phase. At the same time, 

dehydration reaction of ATH is taking place releasing water to the gas phase which dilutes the 

fuel and prevents early ignition. The polyene network formed during deacetylation is 

decomposed at higher temperatures (300 -500 °C) releasing hydrocarbons. The structure of 

evolved hydrocarbons depends on the applied heating ramp. At low heating ramp (10 °C/min) 

formation of saturated and monounsaturated linear hydrocarbons is favored. At high heating 

ramps (flash pyrolysis) in contrast benzene and its homologues are mainly formed. Studies on 

gases evolved during flash pyrolysis (T = 700 – 900 °C) of n-decane, 1,7-octadiene, 1,3 

butadiene and different polymers (polyethylene, polypropylene and polystyrene) showed that 

amount of aromatic hydrocarbons in the gas phase increases with increasing temperature and 

contact time [174-177]. Results of these studies can be compared to our system, EVM-ATH, due 

to the fact that the polyene residue obtained after deacetylation of the polymer has a similar 

chemical nature as the compounds investigated in these studies. For EVM-ATH both 

parameters, i.e. high temperature and long contact time (ten minutes at 800 °C instead of some 

seconds), favoring formation of aromatic hydrocarbons over formation of saturated 

hydrocarbons are achieved.  

Analysis of gases released in a fire scenario (MLC-FTIR) revealed that before ignition of EVM-

ATH mainly three gases are detected in the gas phase: acetic acid (evolved during 
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deacetylation), water (coming from dehydration of alumina) and a low quantity methane 

(indicating material decomposition). The material ignites when concentration of water is not 

high enough to dilute the fuel sufficiently to prevent ignition. At the ignition of the material, 

deacetylation of the polymer is nearly completed. After ignition, concentration of carbon 

dioxide and water increase rapidly indicating complete combustion. At the pHRR2, additional 

release of carbon monoxide, water and acetic acid is observed leading to the assumption that 

the protective layer formed at pHRR1 cracks. This leads to release of gases trapped underneath. 

Towards end of the material combustion, concentration of carbon monoxide (detected after 

ignition for the first time) is increased until flameout. It has to be noted that complete 

combustion dominates incomplete one during the whole combustion process.  

 Investigation of the gas phase of EVM-ATH-MEL 4.2.

The gas phase mechanism of EVM-ATH-MEL is investigated in pyrolytic conditions using py-

GCMS (low and high heating ramp). Moreover, MLC-FTIR is carried out to get information about 

gases released during a fire test.  

4.2.1. Release of gases in pyrolytic conditions of EVM-ATH-MEL 

Py-GCMS experiments (10 °C/min) are based on thermal decomposition of EVM-ATH-MEL 

obtained using TGA. Gases are analyzed after each decomposition step (Figure 49). First of all, it 

has to be mentioned that the peak “air” present in the mass spectra corresponds to air that is 

left in the interface between the pyrolyzer and the GCMS, which is evolved into the column 

after the heating ramp of the material. From 50 to 180 °C, evolved gases are attributed to 

presence of vulcanization agent (Rhenofit) which is known to decompose before 180 °C (similar 

to results for EVM-ATH). Additionally, a peak corresponding to melamine (1) is detected. During 

investigation of thermal decomposition of melamine, it was found that melamine starts to 

degrade at 180 °C. Therefore, the presence of melamine in the gas phase before 180 °C is 

explained by the fact that melamine starts to sublimate before 180 °C.  

From 180 to 310 °C (corresponding to the first decomposition step of EVM-ATH-MEL), the 

following molecules are detected in the gas phase: water (2), acetic acid (3) and melamine (4). 

Presence of water indicates decomposition of ATH forming alumina and evolving water. Acetic 

acid is known to be released during deacetylation of the polymer. This shows that the polymer 
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starts to degrade during the first decomposition step. Besides water and acetic acid, melamine 

is detected in the gas phase between 180 and 310 °C.  

 

Figure 49: Chromatograms of EVM-ATH-MEL obtained by py-GCMS, 10°C/min 

Chromatograms observed for the second (310 – 390 °C), third (390 - 520 °C) and fourth (520 - 

800 °C) decomposition step of EVM-ATH-MEL correspond to those obtained for EVM-ATH. 

Between 310 and 390 °C a broad peak (5) at early retention time, indicating the presence of 

acetic acid, acetone and acetonitrile, is observed. Formation of acetone is explained through 

catalytic transformation of acetic acid due to the presence of alumina in the condensed phase 

[173, 178]. Detection of acetonitrile is due to decomposition of melamine. Moreover, peaks 

corresponding to mono-unsaturated and saturated hydrocarbons having between 8 to 34 

carbon atoms are present in the chromatogram. It can therefore be said that during the third 

decomposition step (310 – 390 °C), deacetylation of the polymer still takes place leading to 

formation of a polyene network. At the same time, the formed polyenes start to decompose.  

From 390 to 520 °C only saturated and mono-unsaturated hydrocarbons (C8 – C34) are found in 

the gas phase of EVM-ATH-MEL. During the last decomposition step (520 – 800 °C) molecules 

due to decomposition of Perkadox are detected in the gas phase.  
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Decomposition of EVM-ATH-MEL at high heating ramps (flash pyrolysis at 800 °C for 10 min) 

induce a change in the structure of evolved hydrocarbons (Figure 50). The following molecules 

are detected: water (1), butene (2), acetonitrile (3), isocyanic acid (3), pentadiene (4), 1,3 

cyclopentadiene (5), cyclopentene (6), 1-hexene (7), methylcyclopentadiene (8), acetic acid (8), 

1-methyl-3-cyclopentene (9), benzene (10), 1,3-cyclohexadiene (11), cyclohexene (12), 1-

heptene (13), 2-hydroxyethyl acetate (14), toluene (15), xylene (16), styrene (17), ketene (18), 

n-propylbenzene (18), isopropylbenzene (19), methylstyrene (20), indane (21), indene (21), 

butylbenzene (22), benzonitrile (22), methylindene (23), naphthalene (24), methylnaphthalene 

(25), biphenyl (26) and melamine (27).  

 

Figure 50: Chromatogram of EVM-ATH-MEL obtained by py-GCMS, flash pyrolysis (10 min at 

800 °C) 

In general, chemical natures of released gases evolved from EVM-ATH-MEL are similar to those 

obtained for EVM-ATH at high heating rate. In addition, molecules indicating decomposition of 

melamine, i.e. isocyanic acid, benzonitrile and melamine are detected in the gas phase. 

Regarding decomposition of ATH, change of heating rate does not change decomposition 

pathway of ATH. ATH is degraded forming alumina and evolving water. Concerning 

decomposition of EVM, it is found that at first deacetylation of the polymer is taking place 

evolving acetic acid (acetone is not detected). Polyenes formed from deacetylation decompose 

forming benzene and its homologues rather than linear saturated and mono-unsaturated 

hydrocarbons (low heating rate, 10 °C/min). As for EVM-ATH favored formation of benzene and 

its homologues is due to high temperature and long contact time [174-177]. 
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4.2.2. Release of gases during a fire test (MLC-FTIR) of EVM-ATH-MEL 

The gas phase of EVM-ATH-MEL in a fire scenario is investigated using MLC-FTIR (Figure 51 and 

Table 24). Before ignition (145 s), mainly four gases are released in the gas phase: water, acetic 

acid, ammonia and methane, whereas concentration of methane is very low. Presence of water 

before ignition is attributed to decomposition of ATH releasing water. It is seen that release of 

water has a local maximum around one minute, corresponding to 11% of its total release.  

 

Figure 51: Evolution of gases versus time obtained by MLC-FTIR for EVM-ATH-MEL 

Table 24: Quantification of released gases during MLC-FTIR experiment for EVM-ATH-MEL 

Gas 
Total quantity released 

[ppm] 
Released before ignition 

[ppm] 
Released before ignition 

[%] 

H2O 258427 29652 11 

CO2 619409 2390 0 

CO 17750 230 1 

CH4 1578 173 11 

Acetic acid 3629 2517 69 

NH3 4078 1101 27 

NO 2427 79 3 

HCN 566 20 3 

Release of acetic acid (2517 ppm, 69 % of total release of acetic acid) is due to deacetylation of 

the polymer. It is found that concentration of acetic acid shows a local maximum around two 
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minutes and that concentration of acetic acid in the gas mixture starts to decrease. This 

indicates that deacetylation process is not complete before ignition of the material. Besides 

acetic acid, presence of methane (173 ppm) also demonstrates that decomposition of the 

polymer takes place before ignition. It is assumed that methane comes from decomposition of 

polyene structures formed during deacetylation. Moreover, 1101 ppm of ammonia (27 % of 

total release of ammonia) is detected in the gas phase before ignition. Presence of ammonia is 

attributed to decomposition of melamine [169]. It has to be noted that in pyrolytic conditions, 

melamine is partially sublimated and at the same time decomposed evolving acetonitrile. In a 

fire scenario instead melamine is found to decompose into ammonia (detected before ignition) 

and hydrogen cyanide which is detected in the gas phase after ignition of the material. Directly 

after ignition, ammonia is not detected due to its complete combustion into nitrogen monoxide 

(Equation 10). At pHRR2, additional release of ammonia is observed. Afterwards, concentration 

of ammonia decreases constantly until flame out. As a consequence, after ignition, 2427 ppm of 

nitrogen monoxide are found in the gas phase. Nitrogen dioxide was not detected in the gas 

phase which is explained by the combustion reaction of ammonia [179]. Moreover, nitrogen 

dioxide is known to be decomposed into nitrogen monoxide at 150 °C [180]. Hydrogen cyanide 

(from melamine decomposition) is also detected after ignition. During the whole combustion 

process, 566 ppm of hydrogen cyanide is released, whereas concentration never exceeds 15 

ppm.  

4 NH3 + 5 O2  4 NO + 6 H2O 

Equation 10: Combustion reaction of ammonia 

After ignition of EVM-ATH-MEL concentration of water and carbon dioxide indicating complete 

combustion, increase sharply and reach their maxima of 7525 ppm and 14568 ppm respectively 

around 227 s (3.8 min). Afterwards, concentration of both gases decreases constantly until 

flame out, whereas local maxima are observed around the pHHR2. Concentration of carbon 

monoxide (17750 ppm in total) due to incomplete combustion of the material, increases after 

ignition and reaches its maximum of 350 ppm after pHRR2 (local maximum before pHRR2). This 

observation is explained by the fact that at the end of combustion process, most of the material 

is already decomposed and the remaining material burns with small flames on the material 

surface (visual observation). Smoldering is not observed during experiment. After flame out, 

concentration of carbon monoxide decreases.  
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Concentration of methane decreases after ignition of EVM-ATH-MEL. Its concentration never 

exceeds 30 ppm during the whole experiment. This indicates that not all methane molecules 

are burned during experiment. In the case of acetic acid, it is found, that a small quantity of 

acetic acid (local maximum at 32 ppm) is found before pHRR2, at the same time as ammonia 

and carbon monoxide have exhibit their local maxima.  

The local maxima of concentrations of carbon monoxide, ammonia and acetic acid before 

pHRR2 and local maxima of carbon dioxide and water concentration at pHRR2, suggests 

formation of a protective layer at the beginning of the experiment which cracks after pHRR1 

leading to an additional release of gases trapped underneath the layer (as for EVM-ATH). It can 

be clearly seen that increase of gas concentration is significantly lower in the presence of 

melamine. It can therefore be assumed that the protective layer formed at the material surface 

is more stable and accordingly more effective in the case of EVM-ATH-MEL than it is the case of 

EVM-ATH. A higher barrier effect explains reduced pHRR2 and reduced smoke release at pHRR2 

in comparison to EVM-ATH. 

Using MLC-FTIR experiment, presence of acetone cannot be clearly evidenced. On the one 

hand, the device was not calibrated for acetone and thus a quantification of its release is not 

possible. On the other hand, obtained FTIR spectra do not permit to confirm presence of 

acetone in the gas phase. Nevertheless, it is assumed that acetic acid is transformed to acetone 

through catalytic reaction with alumina during MLC-FTIR experiment. First, conditions for 

formation of acetone are met: alumina formed during dehydration of ATH and acetic acid was 

shown to be evolved during combustion of EVM-ATH-MEL. Moreover, presence of acetone was 

confirmed by py-GCMS experiment.  

4.2.3. Conclusion of gas phase analysis of EVM-ATH-MEL 

Investigation of the gas phase of EVM-ATH-MEL in pyrolytic conditions and during a fire test 

revealed that decomposition of the polymer is equal to that of EVM-ATH. Partial replacement 

of ATH by melamine (ratio 5:1) was found to lead to shorter ignition during MLC test, which is 

explained firstly by the lower amount of ATH in EVM-ATH-MEL in comparison to EVM-ATH. 

Lower amount of ATH leads to lower release of water into the gas phase and lower dilution of 

the fuel. Secondly, during combustion of EVM-ATH-MEL, ammonia is released. Thus, the fuel 

consists of more flammable gases (acetic acid and ammonia) than it is the case for EVM-ATH. 
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Concentration of released water is not high enough to dilute the fuel sufficiently to prevent 

ignition and EVM-ATH-MEL ignites at shorter time than EVM-ATH. Moreover, partial 

replacement of ATH by melamine leads to release of higher concentrations of toxic gases, i.e. 

nitrogen monoxide, isocyanic acid and carbon monoxide. 

To complete the understanding of the mechanism of action during decomposition of EVM-ATH 

and EVM-ATH-MEL, the condensed phase of both materials is analysed using solid state NMR in 

the next part. 
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5. Condensed phase analysis 

The condensed phase of EVM-ATH and EVM-ATH-MEL is investigated using a method in 

which the combustion process is stopped at characteristic times during the cone calorimeter 

experiment. The resulting materials afterwards are analyzed by solid state NMR (13C and 

27Al). The top of the sample and the bottom are analyzed. 

 Investigation of condensed phase of EVM-ATH 5.1.

For EVM-ATH, the combustion was stopped at six characteristic points: before the ignition 

(230 s), just after ignition at the increase (245 s), at the pHRR1 (275 s), at the pHRR2 (444 s), 

during decrease of the HRR curve (700 s) and at the end of combustion (1200 s). Due to the 

fact that the condensed phase of EVM-ATH was already investigated in details [86, 172], 

results observed here are briefly discussed. Generally, results obtained in this study 

correspond to those reported in literature. This validates the solid state NMR as a method to 

characterize the condensed phase of materials.  

13C NMR spectra obtained at the different stages of combustion are presented in Figure 52. 

The spectrum of the unburned material shows several peaks (attribution of observed 

chemical shifts presented in Table 25). The spectrum corresponds to data already reported 

in literature for pure EVM [26, 181-185].  

Table 25: Attribution of chemical shifts obtained for EVM-ATH and EVM-ATH-MEL 

Chemical Shift [ppm] Attribution 

21 CH3 

25, 30, 35 and ~ 42 CH2 

69, 71 and 73, 76 CH 

130 Unsaturated hydrocarbons 

169 C=O in acetate/C=N in melamine 

182, 181, 180 and 179 C=O (carbonyl) 

The peak at 21 ppm corresponds to methyl-group (CH3) of the acetic acid of the polymer 

[183]. Those at 25, 30 and 35 ppm are attributed to methylene–groups (CH2) in the polymer 

backbone [182, 186]. The multiplicity of the peaks is due to the fact that when VA monomer 

copolymerizes with ethylene, a random copolymer is obtained leading to several different 

monomer sequences in the chain. According to Delfini et al. [187], the chemical shift 
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depends on the position of the carbon in a monomer. However, this work was carried out in 

liquid state NMR, and thus does not take into account structural effects. But, since all the 

reported bands are present on our solid state NMR spectrum, it can be assumed that the 

assignments are transposable. Peaks assigned to CH bonds in the polymer chain are detected 

around 70 ppm. The multiplicity of this chemical shift is also explained by the sequence 

distribution of pentads in the polymer [187]. The chemical shift at 170 ppm corresponding to 

C=O in the acetate group is not observed for the virgin material EVM-ATH. Due to the fact 

that this peak is obtained for the virgin EVM, it can be said that the absence of the C=O peak 

in unburnt EVM-ATH is due to the large anisotropy of the chemical shift tensor of C=O [188]. 

 

Figure 52: 13C spectra obtained for different stages of combustion of EVM-ATH (MLC 

experiment at 35 kW/m²) 

When EVM-ATH is exposed to an external heat source, it starts to decompose at the surface, 

and then the decomposition penetrates the whole material with ongoing decomposition 

process. The resonance corresponding to the acetate group disappears before ignition at the 

top of the plaque and at the pHRR2 at the bottom of the plate. This indicates that 
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deacetylation of the polymer is not complete until pHRR2. It was previously found that 

around the pHRR2 acetic acid is again present in the gas phase. It was assumed that presence 

of acetic acid is only due to crack of the protective layer releasing gases trapped underneath. 

Detection of acetic acid in the gas phase shows that not all molecules are burned. High 

quantity of acetic acid is explained by release of trapped gases. Deacetylation of the polymer 

leads to formation of aliphatic (20 – 70 ppm) and aromatic (130 ppm) hydrocarbons which 

form a char layer at the sample surface. It has to be noted that the char layer is oxidized due 

to presence of oxygen in the surrounding atmosphere. At the end of the combustion of EVM-

ATH a 13C signal is not detected indicating that all carbon containing material is decomposed. 

This corresponds to the result obtained using TGA, i.e. the remaining residue consist only of 

alumina.  

27Al spectra of the residues of EVM-ATH are presented in Figure 53. The unburnt material 

exhibits a peak at 8 ppm corresponding to octahedral coordinated aluminum [189]. An 

additional site is observed at -3 ppm. The recorded spectrum corresponds to the spectrum 

for gibbsite (Al(OH)3) found in literature [190, 191]. The spectrum starts to change before 

ignition at the surface. Additionally to the resonance found for the unburnt material, a 

chemical shift at 65.0 ppm attributed to tetrahedral coordinated aluminum indicating 

formation of alumina, is observed. The ratio of AlO4/AlO6 estimated using Dmfit [151] is 1:4. 

The observed spectrum is the same at the surface for all stages of the decomposition 

process. The underlying material is protected until the pHRR1, where a small peak 

corresponding to tetrahedral coordinated Al is found (ratio AlO4/AlO6 = 7/100). It can 

therefore be concluded that only a small part of ATH is degraded at this stage of the 

combustion. Afterwards, spectra recorded of the bottom of the plates are similar to those 

found for the top of the plates.  

It has further to be noted that water detected after ignition of EVM-ATH during MLC-FTIR 

experiment, is not only due to complete combustion but also to the dehydration of ATH 

occurring until the pHRR1. Presence of a “char” protecting the material at its surface can be 

evidenced through the fact that 27Al NMR showed that ATH is not fully degraded until pHRR1, 

the underlying material is protected through a layer formed at the sample surface consisting 

of alumina and saturated and unsaturated hydrocarbons. This result is different to the 

results found in previous studies [146], where an ethylene vinyl acetate polymer having a VA 
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content of 24 % was studied. It was shown that when 65 wt% ATH are incorporated into the 

polymeric matrix, ATH is completely degraded into alumina oxide before ignition of the 

material. The difference between the results found in this study and in our present study is 

explained by the different conditions used. First, the VA content of the polymer in our study 

is much higher. Secondly, residues were obtained stopping MLC experiment carried at 50 

kW/m², whereas 35 kW/m² is used in our case.  

 

Figure 53: 27Al spectra obtained for different stages of combustion of EVM-ATH (MLC 

experiment at 35 kW/m²) 

As short conclusion of the analysis of the condensed phase of EVM-ATH, it can be said that 

the material is protected by the formation of a protective layer consisting of saturated and 

unsaturated (oxidized) hydrocarbons and alumina which starts to form before ignition of the 

material and persist until decrease of pHRR curve.  

 Investigation of condensed phase of EVM-ATH-MEL 5.2.

MLC experiment of EVM-ATH-MEL (100-108-22) was stopped at six characteristic points: 

before the ignition (154 s), during increase of the HRR (184 s), at the pHRR1 (230 s), at the 

pHRR2 (486 s), during decrease of the HRR curve (700 s) and end of combustion (1200 s). The 
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residues (Figure 54) were analyzed by 13C and 27Al solid state NMR. In the ongoing 

combustion process, EVM-ATH-MEL is decomposed forming a loose black char layer at the 

surface. At the end of the combustion, additionally a white residue is observed at the sample 

surface.  

 

Figure 54: Residues of EVM-ATH-MEL (a) before ignition, (b) at the pHRR1, (c) during the 

decrease of HRR curve and (d) at the end of combustion 

13C NMR spectra of the residues at different stages of combustion are presented in Figure 

55. Virgin EVM-ATH-MEL exhibits the same chemical shift as virgin EVM-ATH. Peaks 

attributed to CH3 (21 ppm), CH2 (26, 30 and 34 ppm), and CH (73 ppm) are observed. 

Additionally, two peaks at 157 and 165 ppm coming from melamine are detected [99, 192]. 

These chemical shifts could also be due to the quaternary C atom connecting the vinyl 

acetate groups to the polymer backbone. Nevertheless, this possibility is excluded due to the 

fact that the peak is not present in the case of EVM-ATH. Before ignition, the spectrum 

recorded from the residue at the bottom of the plate is identical to that of virgin EVM-ATH-

MEL.  

At the top of the plate before ignition, the peak corresponding to the methyl group of vinyl 

acetate decreases and additional peaks at 130 ppm (unsaturated hydrocarbons) and 180 

ppm (carbonyl) are observed. These peaks indicate the presence of an oxidized, 

carbonaceous char. The spectrum of the bottom of the sample taken at the increase is 

similar to that obtained before ignition (bottom). The top of the plate at this stage of the 

combustion process exhibits chemical shifts corresponding to CH2-groups (around 40 ppm), 

unsaturated hydrocarbons (130 ppm) and carbonyl functions (180 ppm) indicating the 

presence of oxidized carbonaceous char at the surface of the material. Moreover, a peak at 

167 ppm corresponding to melamine [99] is observed. The absence of the methyl peak in the 
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spectrum taken of the top during increase of the HRR curve, indicates that deacetylation of 

the polymer is completed at the surface.  

 

Figure 55: 13C spectra obtained at different stages of combustion of EVM-ATH-MEL (MLC 

experiment at 35 kW/m²) 

Spectra recorded for the bottom and the top of the plate at pHRR1 are similar to those 

obtained at increase (bottom and top). At the pHRR2, at the bottom of the plate only peaks 

corresponding to saturated (40 ppm) and unsaturated (130 ppm) hydrocarbons are 

observed. The chemical shift attributed to carbonyl (180 ppm), indicating oxidation of the 

char, found before is no longer present at this stage of the combustion. The spectrum 

recorded of the top of the plate at pHRR2 exhibits only a chemical shift at 130 ppm 

(unsaturated hydrocarbons). During decrease of the HRR curve, spectra obtained for the 

bottom and the top of the plate are similar: peaks corresponding to saturated (40 ppm) and 

unsaturated (130 ppm) hydrocarbons are found. At the end of the combustion (bottom) only 

a broad peak attributed to saturated hydrocarbons is detected. The spectrum of the residue 

at the top of the plate left at the end of the experiment give no signal. 13C solid state NMR 
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spectrum of EVM-ATH-MEL at the end of combustion confirms the absence of carbon 

structures in the residue postulated during analysis of TGA experiment. Thus, the remaining 

residue consists only of alumina. 

27Al NMR spectra of the residues of EVM-ATH-MEL are presented in Figure 56. The spectrum 

obtained for unburnt EVM-ATH-MEL is similar to that obtained for unburnt EVM-ATH. The 

chemical shift at 7.9 ppm with a small shoulder at -2.0 ppm is attributed to octahedral 

coordinated Al3+ [189]. At the top of the plate taken before the ignition a peak at 64 ppm 

assigned to tetrahedral coordination of aluminum indicating the dehydration of ATH forming 

an aluminum oxide is detected.  

 

Figure 56: 27Al spectra obtained at different stages of combustion of EVM-ATH-MEL (MLC 

experiment at 35 kW/m²) 

The underlying material (bottom of the plates) has the same spectra like unburnt EVM-ATH-

MEL until pHRR2. Top of the plates always show chemical shifts corresponding to tetrahedral 

and octahedral coordinated aluminum. As for EVM-ATH, the peak corresponding to 

octahedral coordinated Al is getting broader with progressed combustion process. It has to 

be noted that decomposition of ATH is not completed before pHRR2.  
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In summary, the protection mechanism of EVM-ATH-MEL is similar to that of EVM-ATH. The 

material is protected by formation of a char layer consisting of saturated and unsaturated 

(oxidized) hydrocarbons and alumina. The protective layer starts to be formed before 

ignition of the material and persist until decrease of HRR curve. The formed protective layer 

acts as barrier avoiding/reducing transfer of gases, heat and smoke. A condensed phase 

action of melamine is not observed.  

It is supposed that decreased pHRR2 of EVM-ATH-MEL in comparison to EVM-ATH is due to a 

higher stability of the char. It was shown that melamine or its condensation products are not 

present in the residue at the end of the combustion. Thus, higher barrier effect is not due to 

the presence of these compounds in the condensed phase. However, it is supposed that the 

morphology of the char consisting of alumina is changed due to presence of melamine and 

its condensation products, which leads to a better barrier effect of EVM-ATH-MEL than EVM-

ATH.  
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6. Decomposition mechanism of EVM-ATH and EVM-ATH-MEL 

Based on thermal analysis and investigation of the gas and the condensed phase of EVM-

ATH and EVM-ATH-MEL a decomposition mechanism for both materials could be proposed. 

As supposed during thermal analysis of EVM-ATH and EVM-ATH-MEL, both materials 

decompose following the same pathway. Figure 57 presents schematic decomposition 

mechanism of both materials.  

When EVM-ATH or EVM-ATH-MEL is exposed to an external heating source, e.g. fire, the 

material starts to decompose. At first, deacetylation of the polymer takes place evolving 

acetic acid by forming a polyene network. At the same time, ATH degrades to alumina 

evolving water. Released water dilutes the fuel and thus protects the material in the gas 

phase. Furthermore, presence of alumina in the condensed phase leads to catalytic 

transformation of acetic acid to acetone. Before ignition of the material, the polyene 

network formed by deacetylation of the polymer starts to decompose evolving 

hydrocarbons. The chemical structure of evolved hydrocarbons depends on the applied 

heating ramp. A low heating ramps (10 °C/min) leads to formation of saturated and 

monounsaturated linear hydrocarbons. With a high heating ramp (flash pyrolysis) at the 

opposite formation of benzene and its homologues is favored. During material 

decomposition a char layer is formed at the material surface consisting of alumina and 

saturated and unsaturated hydrocarbons. This layer protects the material in the condensed 

phase and acts like a barrier limiting transfer of mass. It has to be noted that before ignition 

the protective layer is not fully developed and therefore gas transport to the fuel is still 

possible. The material ignites when concentration of water is not high enough to dilute the 

fuel sufficiently to prevent ignition. At the ignition of the material, deacetylation of the 

polymer is still taking place. The main reaction taking place at this stage is the decomposition 

of the polyene network, whereas complete and incomplete combustion take place. Going on 

further in the decomposition, the protective layer cracks evolving gases trapped underneath. 

Moreover, incomplete combustion dominates complete combustion at this stage. At the end 

of material decomposition, a residue consisting of alumina is left.  

Presence of melamine in the material leads to release of additional gases to the gas phase. 

Before ignition, melamine and ammonia are evolved due to sublimation and/or 
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decomposition of melamine or its condensation products. EVM-ATH-MEL ignites at shorter 

time than EVM-ATH due to higher concentration of flammable gases in the gas phase before 

ignition. After ignition, nitrogen oxide and hydrogen cyanide are detected in addition to 

hydrocarbons.  

 

Figure 57: Decomposition mechanism of EVM-ATH and EVM-ATH-MEL 
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7. Conclusion 

Chapter IV was dedicated to the comprehension of the fire retardant mechanism of EVM-

ATH-MEL and to the comparison with EVM-ATH to understand the role of melamine on 

shorter ignition of EVM-ATH-MEL in case of fire. Thermal analysis of the additives and of the 

materials was carried out showing that decomposition in pyrolytic and thermo-oxidative 

conditions of EVM-ATH and EVM-ATH-MEL is similar. Analysis of the gas and of the 

condensed phase demonstrated that degradation pathway of the polymer is not affected 

when ATH is partially replaced by melamine. Nevertheless, presence of melamine results to 

a higher concentration of flammable and toxic gases, i.e. ammonia and acetic acid in the gas 

phase leading to shorter ignition of EVM-ATH-MEL in comparison to EVM-ATH.  

Additionally, the dispersion of the additives in the polymeric matrix and hydrothermal aging 

of EVM-ATH and EVM-ATH-MEL was investigated. It was demonstrated that additives are 

evenly dispersed in the material and that partial replacement of ATH by melamine has no 

influence on the ATH dispersion in the polymeric matrix. Hydrothermal aging in distilled and 

sea water of EVM-ATH and EVM-ATH-MEL showed that modification of the mechanical 

properties is generally higher in sea water than in distilled water. Moreover, EVM-ATH-MEL 

exhibits higher stability than EVM-ATH in distilled water.  

In the next part, the role of MB in EVM-ATH-MB is evaluated. As for EVM-ATH and EVM-ATH-

MEL, the dispersion of the additives in the polymeric matrix, the behavior in distilled and sea 

water, its thermal decomposition and fire retardant mechanism of EVM-ATH-MB is 

investigated.  
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in EVM-ATH-MB 

 

 

Chapter V is dedicated to the decomposition mechanism of MB in pyrolytic and thermo-

oxidative conditions. The role of MB in EVM-ATH-MB regarding hydrothermal aging and fire 

retardant mechanism is also investigated. Afterwards, combination of ATH and MB is 

evaluated in different ethylene vinyl acetate polymers having different vinyl acetate (VA) 

contents in order to evaluate the VA effect on their mechanical properties, fire retardancy 

and smoke release. 
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1. Hydrothermal aging 

As for EVM-ATH and EVM-ATH-MEL, the change of mass and volume as well as change of 

mechanical properties of EVM-ATH-MB after immersion in distilled and sea water is 

investigated. First, change of mass and volume, then change of mechanical properties after 

hydrothermal aging in distilled and sea water for EVM-ATH-MB is presented hereafter.  

 Change of mass and volume 1.1.

Regarding change of mass and volume (Figure 58) in distilled water, it is seen that in 

comparison to EVM-ATH and EVM-ATH-MEL, EVM-ATH-MB exhibits less changes after the 

test. Change of volume after immersion in distilled water is as low as 3 %, whereas a change 

of mass is not detected. It is known that change of mass and volume can be due to 

penetration of water molecules into the material and/or solubilization of additives whereas 

penetration depends on ionic strength and temperature of the surrounding medium. 

Presence of ions leads to reduced penetration of water molecules due to decreased 

chemical potential [164]. Moreover, it is known that increased temperature leads to change 

solubility of the additives. In the case of melamine, it was found that its solubility is 

increased with increasing temperature. A dependence of the solubility of MB on 

temperature is not reported in literature. Solubility of melamine borate is 0.67g/100g water 

at room temperature which is two times higher than that of melamine (0.3g/100g water) 

[165]. Therefore, melamine borate is more soluble when EVM-ATH-MB is immersed in water 

than melamine when EVM-ATH-MEL is immersed in water in the same conditions.  

 

Figure 58: Change of the mass and volume during the water swelling test for EVM-ATH-MB 
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On one side, melamine borate is more soluble than melamine but on the other side, change 

of mass and volume after hydrothermal aging in distilled water is lower for EVM-ATH-MB 

than for EVM-ATH-MEL. It is supposed that in the case of EVM-ATH-MB more additive is 

solubilized due to higher solubility but less water molecules penetrate into the polymeric 

structure. Thus, change of mass during hydrothermal aging of EVM-ATH-MB is lower than 

that of EVM-ATH-MEL. It is assumed that solubilization of melamine borate leads to higher 

ionic strength of the medium than it is in the case of EVM-ATH-MEL. Consequently, 

penetration capacity of water molecules is lower and results in to lower change in mass and 

volume of EVM-ATH-MB after immersion in distilled water. Change of mass of 0 % in distilled 

water is explained by compensation of mass loss due to solubilization through penetration of 

water molecules into the polymeric matrix. 

Concerning hydrothermal aging in sea water, similar results of EVM-ATH-MB and EVM-ATH-

MEL concerning change of mass and volume are found. For EVM-ATH-MEL, it was found that 

high ionic strength leads to decreased solubility of melamine [166]. Nothing is reported 

about the solubility of MB in sea water. Nevertheless, it is assumed that MB conducts the 

same way as melamine in sea water. Increased ionic strength of the medium is therefore 

supposed to lead to lower MB solubility. At the same time penetration of water molecules is 

limited due to the high ionic strength.  

Figure 59 presents FTIR spectra of EVM-ATH-MB before and after immersion in distilled and 

sea water. Before test, EVM-ATH-MB exhibits the same spectra as EVM-ATH (and EVM-ATH-

MEL) (chapter 4, page 101) indicating that presence of melamine borate does not change 

the chemical nature of the polymeric matrix. After hydrothermal aging in distilled and sea 

water, EVM-ATH-MB exhibits the same spectra as EVM-ATH-MEL after aging. FTIR spectrum 

of EVM-ATH-MB after immersion in distilled water exhibits vibrations (1649, 1536, 1433 and 

1461 cm-1) corresponding to melamine indicating that melamine borate is still present in the 

material. It is therefore concluded that melamine borate is partially solubilized. As discussed 

above, lower solubility of MB in sea water is due to higher ionic strength and lower 

temperature of the medium in comparison to the test in distilled water. Vibrations 

corresponding to EVM and ATH are detected in the spectra after immersion in distilled and 

sea water. This indicates that the chemical structure of the polymeric matrix is not changed 

during hydrothermal aging. 
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Figure 59: IR spectra of EVM-ATH-MB before test and after immersion in distilled water and 

in sea water 

SEM images of EVM-ATH-MB after hydrothermal aging are presented in Figure 60. As it is 

seen, after immersion in distilled water (Figure 60 (a)) the material exhibits cracks indicating 

physical damage of the material. Moreover, holes are observed which is supposed to be due 

to solubilization of melamine borate. EVM-ATH-MB exhibits fewer holes as EVM-ATH-MEL 

(page 101) indicating that less physical damage is present. As it was discussed in chapter 4, 

physical damage of material is supposed to be due to penetration of water molecules into 

the polymer. Assumption made above that lower change of mass and volume of EVM-ATH-

MB after immersion in distilled water is due to reduced penetration of water molecules is 

confirmed by SEM.  

 

Figure 60: SEM images of EVM-ATH-MB after immersion in distilled (a) and sea water (b) 
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In the case of the material structure after immersion in sea water (Figure 60 (b)), it is found 

that EVM-ATH-MB exhibits less cracks than after immersion in distilled water. As mentioned 

before, lower temperature and higher ionic strength during hydrothermal aging in sea water 

lead to lower penetration of water molecules into the polymeric matrix in comparison to 

immersion in distilled water. It has to be noted that a difference between EVM-ATH-MB and 

EVM-ATH-MEL after immersion in sea water is not observed. 

 Change of mechanical properties 1.2.

Results of stress-strain test before and after hydrothermal aging are presented in Figure 61 

and Figure 62. Tensile strength (TS) and elongation-at-break (EAB) of materials increase 

slightly after immersion in distilled and sea water, whereas increase is similar for both water 

types. TS increases from 8.0 MPa before test to 13.0 and 14.0 MPa after immersion in 

distilled and sea water respectively. EAB increases from 244 % to 343 and 347 % 

respectively. A difference of the EAB and the TS after hydrothermal aging between EVM-

ATH-MEL and EVM-ATH-MB is not observed neither in distilled nor in sea water. 

Figure 63 presents change of hardness after immersion in distilled and sea water. After 

hydrothermal aging, hardness of EVM-ATH-MB is decreased in comparison to the value 

obtained before test. Hardness decreases from 79 Shore A before test to 44 Shore A after 

immersion in distilled water and 48 Shore A after immersion in sea water. Decrease of 

hardness after hydrothermal aging is explained by penetration of water into the polymeric 

matrix leading to softening of the material [167]. Due to the fact that decrease of hardness is 

smaller after immersion in sea water than after immersion in distilled water it is supposed 

that penetration of water molecules is less favorable in sea water. This corresponds to 

results discussed before that during immersion of EVM-ATH-MB in sea water MB is less 

soluble than in comparison to immersion in distilled water (higher ionic strength and lower 

temperature). 

Comparison of the results obtained for EVM-ATH-MB to those of EVM-ATH-MEL, shows that 

EVM-ATH-MB exhibits lower hardness after hydrothermal aging than EVM-ATH-MEL. It is 

known that MB is more soluble than MEL but increases ionic strength of the medium which 

leads to lower penetration capacity of water molecules. Penetration of water molecules in 

turn is known to decrease hardness. It is supposed that in the case of EVM-ATH-MB the 
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amount of water molecules penetrated in the polymer matrix is lower but the local 

concentration of water is higher at the surface leading to lower hardness Shore A values.  

 
Figure 61: Change of tensile strength after the water swelling test for EVM-ATH, EVM-ATH-

MEL and EVM-ATH-MB 

 
Figure 62: Change of elongation-at-break after the water swelling test for EVM-ATH, EVM-

ATH-MEL and EVM-ATH-MB 

 
Figure 63: Change of hardness after the water swelling test for EVM-ATH, EVM-ATH-MEL and 

EVM-ATH-MB 



Chapter V: Hydrothermal aging 

135 

 Conclusion 1.3.

It was found that replacement of melamine by melamine borate has an influence on the 

material behavior during hydrothermal aging in distilled water whereas a difference 

between EVM-ATH-MEL and EVM-ATH-MB in sea water was not observed for TS and EAB. 

Melamine borate is more soluble leading to higher ionic strength of the medium and 

therefore to lower penetration of water molecules into the matrix. Moreover, EVM-ATH-MB 

exhibits less physical damage after immersion in distilled water than EVM-ATH-MEL. 

Elongation-at-break and tensile strength were found to be similar for EVM-ATH-MB and 

EVM-ATH-MEL in both test configurations. Hardness of EVM-ATH-MB after testing at the 

opposite has lower values than EVM-ATH-MEL. Generally, replacement of melamine by MB 

leads to improved material resistance during hydrothermal aging in distilled water.  

In the next part, the dispersion of the additives in the polymeric matrix is investigated. Then, 

the influence of MB on fire retardant properties and smoke release is investigated. 

Additionally, the decomposition mechanism of MB is analyzed in details. 
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2. Dispersion of the additives 

Concerning fire retardant and mechanical properties, even dispersion of the additives is 

indispensable. Figure 64 presents SEM images of EVM-ATH-MB. It is found that ATH particles 

are evenly dispersed in the polymeric matrix (as for EVM-ATH and EVM-ATH-MEL on page 

96). It is therefore concluded that the presence of MB in the polymeric matrix has no effect 

on dispersion of ATH particles. Moreover, agglomerates (encircled) having of around 7 to 13 

µm in size are detected. These agglomerates are supposed to be due to the presence of MB 

in the polymeric matrix, because in EVM-ATH, these agglomerates are not detected. 

 

Figure 64: SEM pictures of EVM-ATH-MB 
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3. Fire retardant mechanism of EVM-ATH-MB 

This part is dedicated to the decomposition mechanism of MB and its influence on the fire 

retardant properties of EVM-ATH-MB. Decomposition mechanisms in pyrolytic and thermo-

oxidative conditions are investigated using TGA, solid state NMR, py-GCMS, TGA-FTIR and 

MLC-FTIR. Furthermore, influence of MB on fire retardant mechanism is compared to that of 

melamine and melamine phosphate. 

 Investigation of the decomposition mechanism of melamine borate  3.1.

Costa et al. [193] investigated decomposition of MB (Figure 65) in pyrolytic conditions using 

FTIR analysis in the 90’s. They proposed that melamine borate dehydrates between 130 and 

270 °C evolving water and forming boric anhydrate with melamine. In the second step (270 – 

350 °C) melamine is evolved and unidentified melamine-boric anhydride structures are 

formed. From 350 to 950 °C a loss of melamine structures is observed and it is proposed that 

molecules containing B-N bonds, such as for example boron nitride are formed. 

 

Figure 65: Chemical structure of melamine borate  

Since the decomposition mechanism of MB was not further investigated in literature, it was 

decided to examine the decomposition of MB in pyrolytic and thermo-oxidative conditions in 

details. For investigation of the condensed phase, thermal treatments of MB are performed 

in air and nitrogen. Therefore, MB is heated according to its decomposition temperatures 

found using TGA. MB was heated up to 100, 200, 270, 350, 425, 750 and 850 °C. Afterwards, 

residues are analyzed using 13C and 11B solid state NMR. Moreover, gas phase of MB is 

analyzed using py-GCMS (pyrolytic condition) and TGA-FTIR (thermo-oxidative conditions). 

3.1.1. Thermal decomposition of melamine borate 

Figure 66 presents the thermal decomposition of MB in pyrolytic and thermo-oxidative 

conditions. It is seen that decomposition in both conditions takes place in a five step process, 
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whereas two steps (first and fourth one) are quite small. The principle three degradation 

steps (two, three and five) are reported in literature [193, 194]. The first degradation step 

occurs from 60 to 100 °C with a mass loss of 0.5 wt%. An attribution for this step could not 

be found in literature. It is assumed that this step is due to first dehydration of orthoboric 

acid [180]. Uptake of environmental water is excluded, because MB was dried over night 

before TGA experiment. The second degradation step taking place from 100 to 200 °C (Tmax = 

140 °C) with a mass loss of 16 wt% is assigned to the dehydration of orthoboric acid forming 

metaboric acid (HBO2) and boron oxide (B2O3) (Equation 11) [195]. At the end of this 

degradation reaction, a physical mixture or adduct of boron oxide with melamine is left. 

 

Figure 66: TG and DTG curves for MB, 50-800 °C, 10 °C/min, in air and nitrogen 

During the third degradation step from 200 to 330 °C (Tmax = 300 °C, 34 wt% mass loss), 

melamine is released. The residue left after this degradation step is expected to consist of a 

condensate of melamine and boron oxide, but its structure is not reported in literature. A 

fourth degradation step takes place from 330 to 390 °C (Tmax = 370 °C, 2 wt% mass loss). As it 

can be seen this step is slightly more important in thermo-oxidative than in pyrolytic 

conditions. An attribution to this step was also not found in literature and it must be 
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elucidated. The last degradation step occurs over a broad temperature range. It takes place 

from 390 up 800 °C (Tmax = 560 °C, 30 wt% mass loss). During this step the remaining 

melamine decomposed completely. At the end of pyrolytic decomposition of MB, a residue 

of 16 wt% is left and of 14 wt% in the case of the thermo-oxidative degradation. The 

structure of the residue is not completely reported in literature, but Costa et al. [193] 

supposed that it contains BNO and/or BN. 

H3BO3  H2O + HBO2 

2HBO2  H2O + B2O3 

Equation 11: Dehydration of orthoboric acid to metaboric acid and boron oxide  

3.1.2. Decomposition of melamine borate in pyrolytic conditions 

Decomposition mechanism of MB in pyrolytic conditions is investigated in the condensed 

and gas phase. First, condensed phase is analyzed. Therefore, MB was treated at 100, 200, 

270, 350, 425, 725 and 850 °C under nitrogen. Residues are analyzed using 13C and 11B solid 

state NMR as well as XPS. Gas phase of MB decomposition is investigated using py-GCMS.  

3.1.2.1. Condensed phase analysis 

Residues obtained after thermal treatment of MB in pyrolytic conditions are of white color 

until 425 °C. A yellowish-brownish residue is found at 725 °C and a brown one at 850 °C 

(Figure 67).  

 

Figure 67: Residues of MB after heat treatment in nitrogen (a) at 725 °C and (b) at 850 °C 

Figure 68 presents 13C solid state spectra of the MB residues. As it is seen, virgin MB exhibits 

a chemical shift at 165, 167 and 168 ppm corresponding to carbon atoms of the melamine 

ring [196, 197]. At 100 °C, the peak assigned to melamine is slightly shifted to lower 

resonances (163 ppm). This shift can be due to the first dehydration of MB or due to 
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formation of melam, a condensation product of melamine, exhibiting two close signals at 

164 and 167 ppm having a shoulder on the high-field side [198]. Despite the fact that melam 

is known as low-temperature condensation product of melamine, a temperature of 100 °C is 

not high enough to form melam. Thus, formation of melam is excluded and it is therefore 

assumed that slight shift of the melamine resonance to lower frequencies is due to first 

dehydration of orthoboric acid in MB leading to a change of chemical environment 

(structural changes) of the melamine ring.  

 

Figure 68: 13C NMR spectra of different stages of MB decomposition in pyrolytic conditions 

At 200 °C, two chemical shifts at 165 and 159 ppm assigned to melem are observed [199]. 

The resonances reveal the presence of carbon linked to the amino groups and C(N3) groups 

of the cyameluric nucleus. Formation of melon is excluded, even if melon is known to exhibit 

similar chemical shifts as melem. Indeed, melon is known to be of yellowish-brownish color, 

whereas MB residue at 200 °C is white (visual observation). Secondly, temperature is too low 

for melon formation which is usually formed at around 600 °C [199]. NMR spectra taken of 
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the MB residues at 270, 350 and 425 °C are similar to that observed at 200 °C. It seems that 

melem exhibits higher ordered structures with increasing temperature due to better 

resolution of the spectra. At 725 °C, one broad signal around 160 ppm is found. The obtained 

residue is yellowish-brownish at the surface which shows that melon is formed. The 13C 

spectrum of MB at 850 °C does not exhibit any signal, supposing that at this temperature, all 

melamine corresponding structures are totally degraded. This assumption is supported by 

the fact that melon (detected at 725 °C) is the most stable melamine condensate and is 

known to decompose before 850 °C. Brownish color of residue is suspected to be due to 

formation of B-N bonds.  

Evolution of the boron structure with temperature in MB is investigated using 11B solid state 

NMR. Generally, two types of boron environments are distinguished by 11B isotropic signals. 

Trigonal coordinated boron atoms (BIII) exhibit chemical shifts between 12 and 26 ppm, 

whereas tetrahedral coordinated boron atoms (BIV) have chemical shifts between -4 and 6 

ppm. BIII/BIV ratio is estimated using Dmfit. Evolution of BIII/BIV ratio versus temperature in 

pyrolytic conditions is presented in Figure 69. 

 

Figure 69: Evolution of BIII/BIV ratio versus temperature and TG curve for MB (pyrolytic 

conditions) 

11B spectra of MB heated at different temperatures in pyrolytic conditions are presented in 

Figure 70. Spectrum of virgin MB at ambient temperature, exhibits a second order 
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quadrupolar lineshape. The observed resonance is attributed to boron in trigonal bonding 

configuration (B-O bond). It is known that MB consists of melamine and orthoboric acid. The 

detected BIII signal corresponds to that reported for orthoboric acid [195]. 

After heat treatment at 100 °C in pyrolytic conditions, spectrum of MB exhibits additionally a 

chemical shift at 1 ppm, which is attributed to tetrahedral coordinated boron atoms (B-O 

bond). Orthoboric acid is known to undergo dehydration with increasing temperature, 

whereas orthoboric acid dehydrates around 140 °C forming metaboric acid, which is then 

dehydrated forming boron oxide [200-202]. It has to be noted that boron in orthoboric acid 

and metaboric acid is trigonal coordinated. Therefore, it is not possible to clearly assign the 

signal at 18 ppm to orthoboric and/or metaboric acid. Due to the fact that dehydration 

reaction of orthoboric acid occurs around 140 °C, it is assumed that only a small quantity of 

orthoboric acid is dehydrated to metaboric acid at 100 °C. At the same time, hypothesis 

postulated during analysis of 13C NMR spectrum of MB at 100 °C that slight shift of the 13C 

signal attributed to melamine indicates dehydration reaction of MB is confirmed. Detection 

of the signal at 1 ppm is assigned to boron in tetragonal coordination (BO4). It is reported 

that boron oxide can consist of BO3 and BO4 units or a combination of both [203, 204]. 

Therefore, detection of BIV is assigned to the formation of boron oxide. Due to the fact that 

boron oxide can also consist of BO3 units, the BIII signal attributed to orthoboric and/or 

metaboric can also be coming from BO3 units in boron oxide. BIII/BIV ratio at 100 °C shows 

that much more BIII than BIV is present in the residue and it is concluded that only a small 

quantity of orthoboric acid is transformed into metaboric acid and boron oxide.  

Spectra obtained at 200 and 270 °C are comparable. Both spectra exhibit signals at 16 and 0 

ppm assigned to BIII and BIV respectively. Ratio of BIII/BIV shows that quantity of BIII is slightly 

higher than that of BIV. As mentioned before BIII is assigned to the B-O bond in orthoboric, 

metaboric acid and /or boron oxide. It is supposed that at this stage of the decomposition of 

MB, orthoboric acid is completely dehydrated to metaboric acid and boron oxide. This is 

supported by the fact that temperature of dehydration reaction of orthoboric acid is around 

140 °C. Presence of BIV signal is assigned to BO4 units in boron oxide.  

11B spectra of MB residue taken at 350 °C and 425 °C exhibit the same resonances. A broad 

resonance at 17 ppm indicating presence of BIII is detected. Broadening of peaks indicates 



Chapter V: Fire retardant mechanism of EVM-ATH-MB 

143 

that crystallinity of the product is decreased. Moreover, signals attributed to BIV are 

observed at 0 and -5 ppm. The chemical shift at 0 ppm is assigned to B-O bond in tetragonal 

coordination (BO4). It is assumed that the resonance at -5 ppm assigned to tetragonal 

coordinated B-N bonds. Literature reports that resonance at -5 ppm can be assigned to B-H 

bonds in tetrahedral coordination [205], whereas this possibility is excluded due to low 

stability of B-H bonds at high temperatures. For example diborane (B2H6) which is known to 

consist of tetrahedral coordinated boron atoms is gaseous at room temperature and starts 

to decomposes at 300 °C [180]. Therefore, the presence of B-H bonds in the condensed 

phase at 350 and 425 °C does not make sense. Ratio of BIII/BIV at 350 and 425 °C, i.e. 0.8 and 

0.7 respectively, is smaller than that obtained at lower temperatures. This indicates that 

more tetragonal than trigonal coordinated boron is present in the residue. It is concluded 

that at this stage of the decomposition of MB, boric acid is completely dehydrated to boron 

oxide.  

 

Figure 70:  11B NMR spectra of different stages of MB decomposition in pyrolytic conditions 
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Figure 71 shows the 11B NMR spectrum of boron oxide with 99.9 % purity. The spectrum 

exhibits one main signal at 15 ppm assigned to boron in trigonal coordination (BO3). Besides 

a small resonance at 2 ppm is observed indicating presence of a small quantity of BO4 units 

in boron oxide. In the spectra of MB obtained at 325 and 425 °C quantity of BO4 units is 

significantly higher than observed for pure boron oxide at room temperature. It has to be 

noted that the spectrum of boron oxide shown in Figure 71 is performed in boron oxide 

having a high purity. In MB at higher temperatures instead, boron oxide does not consist in 

its pure form and thus it is not surprising that the quantity of BO4 units is higher than that of 

BO3 units. Moreover, as mentioned above, boron oxide is known to consist of BO3 and BO4 

units or a combination of both [203, 204]. Generally, presence of boron oxide in the residue 

of MB obtained at 325 and 425 °C is evidenced by looking at the 11B spectrum of boron oxide 

in its pure form.  

 

Figure 71: 11B NMR spectrum of boron oxide (99.9 % purity) 

At 725 °C three chemical shifts are detected in the spectrum of MB. The resonance at 24 

ppm is attributed to formation of B-N bonds in trigonal coordination in the residue [206-

208]. A shoulder at 18 ppm indicates presence of BO3 units. As mentioned before, it is 

assumed that at this temperature metaboric acid is completely dehydrated and signal is only 

due to BO3 units in boron oxide. The chemical shift at -2 ppm is due to tetragonal 

coordinated boron and is assigned to BO4 units in boron oxide. At the end of decomposition 

of MB in pyrolytic conditions, at 850 °C, resonances assigned to BO3 and BO4 units as well as 

B-N bonds are detected. It has to be noted that Costa et al. [193] suggested formation of BN 

and/or BNO at the end of pyrolytic decomposition of MB. Using 11B solid state NMR 
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presence of BN or BNO is not clearly evidenced. Presence of BO3 and BO4 units in the residue 

as well as existence of B-N bonds is proven. 

Therefore, residues of MB at 725 and 850 °C are additionally analyzed using XPS to get more 

detailed information concerning the nature of the B-N bond detected using 11B solid state 

NMR as well as the concentration of boron, oxygen, carbon and nitrogen (Table 26).  

Table 26: Quantification of N, B, C and O amount in MB at 725 and 850 °C in nitrogen (XPS) 

Sample Atom orbital Concentration 

MB 725 °C 

N 1s 27.49 

O 1s 26.72 

B 1s 26.00 

C 1s 19.79 

MB 850 °C 

N 1s 28.96 

O 1s 26.44 

B 1s 34.71 

C 1s 9.88 

First of all, it has to be noted that a concentration of carbon under 10 % is due to impurities. 

Therefore, quantity of carbon at 850 °C is negligible. At 725 °C instead, deconvolution of the 

C 1s spectrum (not presented here) shows that three carbon species are present in the 

residue. The signals at 285.00 and 289.01 eV are assigned to impurities, whereas the signal 

at 286.1 eV corresponds to that of the C-N bond in melon reported in literature [209]. 

Moreover, N 1s spectrum (Figure 72) reveals presence of N-(C)3 group at 399.8 eV [210]. 

Additionally, the peak at 398.7 eV is assigned to BN [211]. Results obtained by XPS, 

correspond to that obtained by 13C NMR indicating that at 725 °C melon is present in the 

condensed phase and at 850 °C it is decomposed.  

Figure 73 presents B 1s spectra of MB at 725 and 850 °C. Both residues exhibit a peak at 

191.1 eV assigned to boron nitride (BN) [211]. Formation of boron nitride is explained by 

reaction of ammonia (evolved during MB decomposition) and boron oxide which is known to 

take place at high temperatures [180] (Equation 12).  

2 NH3 + B2O3  2 BN + 3 H2O 

Equation 12: Formation of boron nitride  
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Presence of boron trinitride (BN3) in the residue is excluded due to the fact that B 1s binding 

energy of this compound is known to be lower (190.4 eV) than that of boron nitride [212, 

213]. A second peak at 192.4 eV is observed at 725 and 850 °C. This signal is assigned to 

BOxNy [214], an intermediate state between boron nitride and boron oxide. Thus, presence 

of BN and BNO is evidenced. Boron oxide is found to be present at 725 °C indicated by a 

peak at 193.7 eV [215]. At 850 °C, boron oxide is not detected. It is supposed that boron 

oxide detected at 725 °C is transformed into BNO structures due to presence of ammonia 

coming from decomposition of melon. Moreover, as seen during analysis of 11B spectra of 

the MB residues at 725 and 850 °C, B-H bindings are not detected using XPS since binding 

energy of B-H should be detected in B 1s spectra at 187.8 eV [215].  

 

Figure 72: N 1s spectrum of MB at 725 and 850 °C in nitrogen 

Comparing the concentrations of nitrogen, oxygen and boron at 725 and 850 °C, it is seen 

that at 850 °C more boron is detected than at 725 °C. Concentration of oxygen and nitrogen 

are similar at both temperatures. Amount of boron is 26 % at 725 °C and 35 % at 850 °C. 

Concentration of oxygen is 26 % at 725 and 850 °C, whereas concentration of nitrogen is 28 

%. Unchanged nitrogen concentration at 725 and 850 °C despite the fact that melon is 

completely decomposed at 850 °C is explained by a favored formation of BN at higher 

temperatures. At 725 °C, concentration of BNO structures is ten times higher than that of 

boron nitride and boron oxide (Table 27). At 850 °C, concentration of boron nitride and BNO 

structures is similar and boron oxide is not detected. This indicates that boron oxide 

detected at 725 °C is transformed to BNO structures with increasing temperature. BNO 

structures in turn are transformed to boron nitride with increasing temperature. 
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Figure 73: B 1s spectrum of MB at 725 and 850 °C in nitrogen 

Table 27: Quantification (XPS) of boron species in MB at 725 and 850 °C in nitrogen  

Sample Atom orbital Concentration 

MB 725 °C 

BN 7.8 

BNO structures 82.2 

B2O3 10 

MB 850 °C 

BN 44.7 

BNO structures 55.1 

B2O3 0.2 

3.1.2.2. Gas phase analysis 

Analysis of gases evolved during pyrolytic decomposition of MB is performed using py-GCMS 

step wise method. Chromatograms of released gas during the different decomposition steps 

are presented in Figure 74. The presence of the peak “air” in the spectra is due to air blocked 

in between the pyrolyzer and the GCMS device.  

From 50 to 100 °C, corresponding to the first decomposition step of MB in pyrolytic 

conditions, water (1) and peaks assigned to residues of the column (2) are detected. 

Presence of water confirms hypothesis that in this temperature range, orthoboric acid is 

dehydrated forming metaboric acid leading to a shift of the melamine resonance in the 13C 

spectrum. During the second decomposition step, taking place from 100 and 200 °C, 

melamine (3) and water (4) are detected indicating progress in dehydration of orthoboric 

and metaboric acid and sublimation of melamine at the same time. 
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From 200 to 330 °C only melamine (5) is evolved into the gas phase. In the temperature 

range between 330 and 390 °C ammonia (6), cyanamide (7) and melamine (8) are detected. 

Release of ammonia and cyanamide is due to melamine decomposition. During the last 

decomposition step of MB (390 to 800 °C) a broad peak (9) is observed. Looking at the mass 

spectrum (Figure 75) at the maximum of this peak, it is seen that the obtained mass 

spectrum reveals the presence of several molecules.  

 

Figure 74: Analysis of gases released during pyrolytic decomposition of MB using py-GCMS 

 

Figure 75: Mass spectrum observed from 390 – 800 °C for MB in pyrolytic conditions 
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After comparison with NIST library the following molecules can be identified: ammonia, 

hydrogen cyanide and nitrogen. Identification of the mass peaks at 43 and 44 m/z is difficult 

(encircled in red). During analysis of the condensed phase, it was shown that in the 

temperature range from 425 to 850 °C melamine degrades. It is therefore supposed that the 

observed mass peaks are due to melem degradation. Ju et al. [216] reported that a mass 

peak at 43 m/z corresponds to CN2H3
+ which corresponds to assumption that mass peaks 

(encircled in red) are due to decomposition of melamine condensates. Furthermore, 

detection of nitrogen, ammonia and hydrogen cyanide indicate that decomposition of 

melem is taking place. 

3.1.3. Decomposition of melamine borate in thermo-oxidative conditions 

As for decomposition of MB in pyrolytic conditions, decomposition in thermo-oxidative 

conditions is investigated in the condensed and gas phase. First, condensed phase is 

analyzed. Therefore, MB is treated at the same temperatures as in pyrolytic conditions and 

residues are analyzed afterwards using XPS, 13C and 11B solid state NMR. Then, gas phase of 

MB decomposition is investigated using TGA-FTIR.  

3.1.3.1. Condensed phase analysis 

Figure 76 presents 13C solid state NMR spectra recorded for MB at different temperatures. 

After heat treatment all residues have a white color. Formation of melon which is known to 

be of yellow color is therefore already excluded or at least very limited. Spectrum found for 

virgin MB at room temperature indicating presence of melamine was already discussed 

above (page 139).  

At 100 °C, MB exhibits a chemical shift at 164 ppm with two shoulders at 167 and 168 ppm. 

These resonances are similar to those obtained for MB at room temperature, whereas the 

peak corresponding to melamine is slightly shifted to lower resonances (-1 ppm). As it was 

discussed for MB decomposition in pyrolytic conditions, a shift to lower resonances is 

attributed to dehydration of MB. 

At 200 °C, 13C NMR spectrum exhibits chemical shifts at 167 and 156 ppm having a shoulder 

at 159 ppm. These peaks are attributed to melem [199]. Formation of melon known to be of 

yellow color is excluded due to white color of the residue. The spectrum recorded at 270 °C 
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exhibits the same resonances as observed at 200 °C. 13C NMR spectra of MB at 350 and 425 

°C exhibit the same signals at 166 and 160 ppm. As for lower temperatures, the observed 

resonances are assigned to melem. Formation of melon is again excluded due to white color 

of the residues. At 750 °C, 13C spectrum is flat and no signal can be recorded because of 

complete decomposition of melamine and of its condensation products. 

 

Figure 76: 13C NMR spectra of different stages of MB decomposition in thermo-oxidative 

conditions 

11B NMR spectra at different stages of MB decomposition in thermo-oxidative conditions are 

presented in Figure 77. The spectrum of the MB at room temperature indicating presence of 

orthoboric acid was already discussed (page 139). 

At 100 °C, the obtained spectrum is similar to that found at room temperature. The chemical 

shift at 17/16 ppm is assigned to trigonal coordinated boron atoms which are known to be 

present in orthoboric acid, metaboric acid and boron oxide. As it was discussed for the 

spectrum collected after heat treatment in pyrolytic conditions, this resonance is mainly 
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attributed to orthoboric acid. Only a small quantity of metaboric acid is supposed to be 

present. The result found at 100 °C in thermo-oxidative conditions is different to that found 

in pyrolytic conditions where at 100 °C a small quantity of boron oxide (BIV signal) was 

detected besides the BIII signal attributed to orthoboric and metaboric acid. 

 

Figure 77: 11B NMR spectra of different stages of MB decomposition in thermo-oxidative 

conditions 

The spectrum of MB in thermo-oxidative conditions at 200 °C exhibits signals indicating 

presence of BIII (17 and 16 ppm) and BIV (1 ppm) in the residue whereas ratio BIII/BIV is 1.74. 

Signal at 17 and 16 ppm is assigned to trigonal coordinated boron found in metaboric acid 

and/or boron oxide. Presence of orthoboric acid is excluded due to the fact that dehydration 

reaction forming metaboric acid is known to take place at 140 °C. The signal at 1 ppm is due 

to BO4 units in boron oxide. Residues at 270 and 350 °C exhibit the same signals as those 

found for MB at 200 °C. The chemical shift corresponding to BIII is detected around 16 ppm, 

whereas the signal attributed to BIV is found around 0 ppm. The BIII/BIV ratio decreases with 

increasing temperature indicating that dehydration of metaboric acid forming boron oxide 

progresses. BIII/BIV ratio is 1.31 at 270 °C and 0.98 at 325 °C. At 425 °C additionally to signals 



Chapter V: Fire retardant mechanism of EVM-ATH-MB 

152 

observed at 200, 270 and 350 °C, a chemical shift at -5 ppm is found in the 11B spectrum. As 

it was discussed before, the resonance at -5 ppm is assigned to B-N bonds in tetragonal 

coordination. At 425 °C, ratio of BIII/BIV is decreased to 0.82. At 725 and 850 °C spectra 

exhibit signal attributed to B-N bonds (25 ppm), B-O in trigonal coordination (15 ppm) and B-

O in tetragonal coordination (1 ppm).  

Comparing 11B spectra for MB in pyrolytic and thermo-oxidative conditions, it is seen that 

spectra are similar from room temperature up to 425 °C. At high temperatures i.e. 725 and 

850 °C, it is observed that in pyrolytic conditions the amount of tetragonal coordinated 

boron (BO4) is higher than that of trigonal coordinated boron (BO3). In thermo-oxidative 

conditions at the opposite a higher amount of BO3 than BO4 is found. Moreover, amount of 

B-N in the residue is higher in pyrolytic than in thermo-oxidative conditions. It is supposed 

that formation of B-N bonds with nitrogen coming from melamine decomposition is favored 

over formation of B-O bonds due to the fact that oxygen is absent in the surrounding 

atmosphere. Moreover, boron oxide structure favors crystallization in trigonal coordination 

of the boron atoms in thermo-oxidative conditions, whereas BO4 units are favored in 

pyrolytic conditions. It has to be noted that in TGA experiment, MB has similar 

decomposition steps in pyrolytic and thermo-oxidative conditions. Moreover, remaining 

residues at the end are similar in both conditions. Thus, residue of MB at 850 °C in pyrolytic 

and thermo-oxidative conditions have the same mass and only composition is different. 

Table 28: Quantification of N, B, C and O amount in MB at 725 and 850 °C in air (XPS) 

Sample Atom orbital Concentration 

MB 725 °C 

N 1s 20.78 

O 1s 35.29 

B 1s 39.73 

C 1s 4.2 

MB 850 °C 

N 1s 15.11 

O 1s 42.03 

B 1s 39.91 

C 1s 2.95 

As mentioned during analysis of the condensed phase in pyrolytic conditions, existence of 

BN and/or BNO at the end of decomposition in thermo-oxidative conditions cannot be 

evidenced clearly using solid state NMR. Thus, additionally XPS measurements are carried 
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out on MB residues at 725 and 850 °C. Table 28 presents quantification of carbon, oxygen, 

nitrogen and boron in the residues.  

Concentrations of carbon for both samples can be attributed to impurities. At 725 °C, MB 

consists of 21 % nitrogen, 35 % oxygen and 40 % boron. At 850 °C, the residue consists of 15 

% nitrogen, 42 % oxygen and 40 % boron. Absence of carbon in the residues supports results 

found using 13C solid state NMR. Melamine and melamine condensates are completely 

decomposed before 725 °C. 

B 1s spectra of MB residues at both temperatures are presented in Figure 78. Deconvolution 

of the B 1s spectra reveals the presence of three different species: boron nitride (BN) (191.1 

eV), BNO structures (192.4 eV) and boron oxide (193.7 eV) [214]. In contrast to XPS results 

obtained for MB in pyrolytic conditions, boron oxide is still present at 850 °C. It is known that 

boron oxide normally is transformed into BNO structures and boron nitride respectively 

through presence of ammonia coming from melamine or melamine condensate 

decomposition products. Due to the fact that melamine and melamine condensates are 

completely decomposed before 725 °C in thermo-oxidative conditions, ammonia is absent 

and boron oxide cannot further transform to BNO structures or BN respectively.  

 

Figure 78: B 1s spectrum of MB at 725 and 850 °C in air 

As seen in Table 29, with increasing temperature concentration of BNO structures decreases 

and that of boron oxide increases. This indicates that BNO structures are oxidized to boron 

oxide at high temperatures. At the same time, concentration of boron nitride slightly 
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decreases with increasing temperature indicating that boron nitride is also oxidized when 

temperature increases. 

Table 29: Quantification (XPS) of boron species in MB at 725 and 850 °C in air  

Sample Atom orbital Concentration 

MB 725 °C 

BN 28.7 

BNO structures 40.8 

B2O3 30.5 

MB 850 °C 

BN 23.2 

BNO structures 23.2 

B2O3 53.6 

3.1.3.2. Gas phase analysis 

Gas phase analysis of MB in thermo-oxidative conditions was carried out using TGA-FTIR. Py-

GCMS which is known to give more detailed information about the structure of the evolved 

gases can only be used in pyrolytic conditions. Therefore, TGA-FTIR experiments are carried 

out to investigate the gas phase of MB in thermo-oxidative conditions. The disadvantage of 

the TGA-FTIR device used in this study is the condensation of melamine and its condensation 

products in the transfer line between TGA and FTIR. Using a small amount of MB avoids 

blocking of the transfer line and permits analysis of decomposition gases except of melamine 

or its condensation products which condensate in the transfer line. Figure 79 shows FTIR 

spectra as a function of time obtained at a heating ramp of 10 °C/min. The corresponding 

attribution of the observed vibrations is presented in Table 30. It has to be noted that 

vibrations corresponding to nitrogen monoxide and nitrogen dioxide are not detected during 

experiment.  

From 130 to 190 °C, the typical vibrations assigned to water are observed between 3700 and 

3400 cm-1 as well as between 1700 and 1400 cm-1. Water is released during dehydration of 

orthoboric acid to metaboric acid. This observation supports hypothesis postulated above 

during analysis of the condensed phase that slight shifting of 13C signal assigned to melamine 

at 100 °C is due to dehydration of MB. Vibrations of melamine and its condensation products 

are not detected. Nevertheless, release of these molecules cannot be excluded due to 

possible condensation in the transfer line.  

In the temperature range from 190 to 310 °C, no vibrations are detected. Due to the fact 

that TGA curve indicates a mass loss in this temperature range (34 wt%), it is concluded that 
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melamine and its condensation products are evolved but condensate in the transfer line and 

can therefore not be detected. Moreover, analysis of the condensed phase in this 

temperature range showed changes in 13C and 11B spectra indicating change of chemical 

structure of MB.  

 

Figure 79: FTIR spectra of gases released during thermo-oxidative decomposition of MB 

Table 30: Attribution of vibrations obtained by TGA-FTIR for MB in thermo-oxidative 

conditions, 10 °C/min 

Wavelength [cm-1] Corresponding chemical structure 

3700 - 3400 ν (O-H) in H2O 

3560, 3546 CO2 and ν (OH) in cyanic acid 

2970 ν (N-H) in NH2 

2354 ν (C-O) in CO2 

2284, 2251 CO 

1737 ν  (C=O) 

1700 - 1400 δ (O-H) in H2O 

1626 ν (N-H) in NH3 

1365 ν (C-N)  

1229/1216 δ (O-H) in cyanic acid 

1084 ν (C-O) in cyanic acid 

965, 930 δ (N-H) in NH3 

From 310 to 430 °C, corresponding to the fourth degradation step of MB in thermo-oxidative 

conditions, vibrations corresponding to ammonia (1626, 965 and 930 cm-1) and hydrogen 

cyanide (1229, 1216 and 1084 cm-1) are observed. Presence of these vibrations indicates 
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decomposition of melamine and/or its condensation products. Besides the previously 

attributed vibrations, peaks attributed to C=O (1737 cm-1), N-H in NH2 (2970 cm-1) and C-N 

(1365 cm-1) are found. This leads to the assumption that first melamine is partially oxidized 

and second decomposition fragments of oxidized melamine compounds are evolved into the 

gas phase.  

In the temperature range from 430 to 800 °C, additionally to molecules found from 310 to 

430 °C, vibrations corresponding to carbon monoxide (2284 and 2251 cm-1) and carbon 

dioxide (3560, 3564 and 2354 cm-1) are detected. Presence of carbon monoxide and carbon 

dioxide indicates that incomplete and complete decomposition is taking place. 

3.1.4. Conclusion 

Decomposition mechanism of MB in thermo-oxidative and pyrolytic conditions was 

investigated (Figure 80). The decomposition mechanism of MB in pyrolytic conditions 

proposed by Costa et al. [193] can be extended thanks to results obtained in this work using 

solid state NMR, XPS, py-GCMS and TGA-FTIR. In the temperature range from 180 to 330 °C 

(corresponding mainly to the third decomposition step found in TGA experiment, 200 – 330 

°C) orthoboric acid is dehydrated evolving water and forming metaboric acid since at 200 °C 

boron oxide is detected in the condensed phase. At the same time, melamine partially 

sublimate is released into the gas phase. Moreover, melem is formed in the condensed 

phase. From 330 to 390 °C (corresponding to fourth decomposition step of MB), metaboric 

acid is completely dehydrated into boron oxide. Furthermore, boron nitride and BNO 

structures are formed in the condensed phase. Melamine and melem are decomposed 

evolving melamine, cyanamide and ammonia. In the temperature range from 390 to 520 °C 

(corresponding to the fifth decomposition step detected by TGA), boron oxide, boron nitride 

and BNO intermediates are found in the condensed phase. Melamine and melem completely 

disappear from the condensed phase whereas their pyrolysis products are still detected in 

the gas phase. Moreover, from 425 °C, melon is formed in the condensed phase. At 850 °C, a 

residue consisting of boron nitride, BNO structures and melon is left.  

In thermo-oxidative conditions, the decomposition mechanism is similar to that in pyrolytic 

conditions even if some differences are observed at high temperature. Firstly, boron oxide is 

already detected at 100 °C and is therefore formed at lower temperatures than in pyrolytic 
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conditions. Dehydration reaction of orthoboric acid is taking place at the same temperatures 

in both conditions. Moreover, boron nitride and BNO structures are formed at lower 

temperatures (ΔT = 50 °C). In contrast to pyrolytic MB decomposition, melon is not detected 

in the temperature range from 400 to 700 °C in thermo-oxidative conditions. Furthermore, it 

was found that melamine structures are oxidized in thermo-oxidative conditions. 

Additionally to gases observed in pyrolytic conditions, carbon monoxide and carbon dioxide 

are released from 400 to 800 °C. At the end of the thermo-oxidative decomposition of MB, a 

residue consisting of boron nitride, boron oxide and BNO intermediates is left. 

 

Figure 80: Decomposition mechanism of MB 

The next step of this study, after comprehension of the decomposition mechanism of MB 

consists in the investigation of the decomposition mechanism of EVM-ATH-MB. First thermal 
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decomposition of EVM-ATH-MB is discussed. Then, fire retardant mechanism of EVM-ATH-

MB is determined using py-GCMS, ML-FTIR and solid state NMR (13C, 27Al and 11B). 

 Thermal decomposition of EVM-ATH-MB 3.2.

Figure 81 presents pyrolytic and thermo-oxidative decomposition of EVM-ATH-MB. As it can 

be seen, the pyrolytic decomposition is a four-step process. The first decomposition step 

occurs from 180 to 310 °C with a maximum weight loss at 250 °C and a mass loss of 19 wt% 

during this step.  

 

Figure 81: TG (a) and DTG (b) curves for EVM-ATH-MB, 50-800 °C, 10 °C/min, in air and 

nitrogen 
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From 310 to 390 °C the second decomposition step (Tmax = 350 °C, 18 % weight loss) takes 

place. During the third decomposition step (390 – 520 °C, Tmax = 465 °C) 26 wt% mass are 

lost. The last decomposition step takes place from 630 to 690 °C (1 % weight loss). A residue 

of 32 wt% remains after the pyrolytic decomposition of EVM-ATH-MB.  

The thermo-oxidative decomposition is more complex and takes places in five steps. The first 

one occurs from 180-305 °C (Tmax = 255 °C, 19 % weight loss) and the second one from 305 to 

410 °C (Tmax = 340 °C, 23 % weight loss). The third decomposition step takes place from 450 

to 505 °C with a maximum weight loss at 460 °C and a total weight loss of 16 wt%. The 

fourth decomposition step occurs between 505 and 630 °C (Tmax = 530 °C, 10 % weight loss) 

and the fifth one from 630 to 690 °C (1 % weight loss). At the end of the thermo-oxidative 

decomposition of EVM-ATH-MB, a residue of 31 wt% is left. 

To understand the mechanisms going on during EVM-ATH-MB decomposition in pyrolytic 

and thermo-oxidative conditions, the gas and condensed phase of the material is 

investigated in the next part. 

 Investigation of the gas phase of EVM-ATH-MB 3.3.

In this section, gases released during decomposition of EVM-ATH-MB in pyrolytic and 

thermo-oxidative conditions are analyzed using py-GCMS and MLC-FTIR. 

3.3.1. Analysis of gases released in pyrolytic conditions of EVM-ATH-MB 

To investigate the gases released during pyrolytic decomposition of EVM-ATH-MB, the 

material was heat treated up to 180, 310, 390, 520 and 800 °C. Those temperatures are 

chosen according to the decomposition steps found during TGA experiment. After reaching 

each temperature, evolved gases are separated and analyzed using a GCMS device. 

Observed chromatograms are presented in Figure 82.  

From 50 to 180 °C water (1), molecules coming from decomposition of the vulcanization 

agent (Rhenofit) (2) and melamine (3) are detected in the gas phase. Presence of water is 

due to dehydration of orthoboric acid to metaboric acid releasing a low quantity of water in 

this temperature range. Possibility that presence of water is due to dehydration of ATH is 
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excluded due to the fact that during decomposition of EVM-ATH and EVM-ATH-MEL water is 

not detected in this temperature range (50 – 180 °C). 

Detection of melamine in the gas phase indicates sublimation of melamine. In the 

temperature range from 180 to 310 °C, corresponding to the second degradation step of 

EVM-ATH-MB, three molecules are found. Water (4) evolved during dehydration of ATH 

forming alumina, acetic acid (5) evolved during deacetylation of the polymer and melamine 

(6) due to sublimation of melamine of MB. During the second and third degradation step 

(310 – 520 °C) peaks corresponding to acetic acid (7), acetone (7), acetonitrile (8) and short 

(9), i.e. C4 – C8, and long (10), i.e. up to C36, chain of saturated und monounsaturated 

hydrocarbons are detected. Presence of acetic acid is as mentioned above due to 

deacetylation of the polymer. Alumina which is formed in the condensed phase during the 

second decomposition step catalyzes transformation of acetic acid into acetone [173, 178] 

leading to detection of acetone in the gas phase. Saturated and monounsaturated 

hydrocarbons are released from decomposition of the polyene structure which is formed 

during deacetylation of the polymer. From 520 to 800 °C (not shown), molecules coming 

from decomposition of the vulcanization agent (Perkadox) are found.  
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Figure 82: Chromatograms of EVM-ATH-MB obtained by py-GCMS, 10°C/min 

Gases evolved during decomposition of EVM-ATH-MB at low heating ramps (10 °C/min) are 

similar to those found for EVM-ATH-MEL. Replacement of melamine by melamine borate 

and the additional presence of orthoboric acid does not change the gases evolved when the 

polymer decomposes. It is therefore assumed that orthoboric acid has a condensed phase 

mechanism. 

Changing heating ramp from 10 °C/min to infinite one (flash pyrolysis at 800 °C for 10 min) 

leads to different structure of hydrocarbons evolved during decomposition of the polyene 

network formed during deacetylation of the polymer (as for EVM-ATH and EVM-ATH-MEL). 

Figure 83 shows the chromatogram obtained using py-GCMS at high heating ramp. EVM-

ATH-MB releases the following gases at high heating ramp: water (1), butene (2), isocyanic 

acid (3), acetonitile (4), 1-butene (4), pentadiene (5), 1,3-cyclopentadiene (6), cyclopentene 

(7), 1-hexene (8), 3-methylcyclopentene (9), methylcyclopentadiene (10), acetic acid (11), 

benzene (12), 1,3-cyclohexadiene (13), cyclohexene (14), 1-heptene (15), acetic anhydride 

(16), toluene (17), ethylbenzene (18), xylene (19), styrene (20), 1-nonene (21), benzene (22), 

methylstyrene (23), indane (24), indene (24), cyanobenzene (25), methylindene (26), 

vinylbenzoate (27), naphthalene (28), methylnaphthalene (29), biphenyl (30) and melamine 

(31).  

 

Figure 83: Chromatogram of EVM-ATH-MB obtained by py-GCMS, flash pyrolysis (10 min at 

800 °C) 

Detected molecules in the gas phase of EVM-ATH-MB at high heating ramps are similar to 

those obtained for EVM-ATH-MEL at high heating rate. Gases due to dehydration of ATH and 

orthoboric acid as well as decomposition of melamine are detected. Hydrocarbon structure 

of molecules released during decomposition of the polyene network formed during 
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deacetylation (release of acetic acid) is different from that obtained at low heating ramps. 

Formation of aromatic hydrocarbons is favored over formation of aliphatic ones. As for EVM-

ATH and EVM-ATH-MEL, high quantity of aromatic hydrocarbons is due to high temperature 

and long contact time (ten minutes in comparison to some seconds) [174-177].  

3.3.2. Analysis of gases released during decomposition of EVM-ATH-MB in a fire scenario  

Release of gases when EVM-ATH-MB is submitted to an external heat source is analyzed 

using MLC-FTIR (Figure 84 and Table 31). Before ignition (195 s) three gases are detected in 

the gas phase: acetic acid, water and ammonia. Before ignition, 38056 ppm of the total 

release of water is evolved. Presence of water is explained by dehydration reaction of ATH 

forming alumina and dehydration of orthoboric acid forming boron oxide. 1643 ppm 

ammonia, i.e. 48 % of total release is detected in the gas phase indicating decomposition of 

MB. Presence of acetic acid is due to deacetylation of the polymer. As it is seen, 3730 ppm of 

acetic acid are evolved before ignition, which corresponds to 81 % of the total release of 

acetic acid during decomposition of EVM-ATH-MB. Maximum release of acetic acid of 355 

ppm is reached before ignition and decreases until ignition.  

As for EVM-ATH-MEL, earlier ignition of EVM-ATH-MB (195 s) in comparison to EVM-ATH 

(245 s) is explained by presence of ammonia in the gas phase. Thus, the fuel consists of more 

flammable gases and concentration of released water is not high enough to dilute the fuel 

sufficiently to prevent ignition. In contrast to EVM-ATH-MEL (TTI = 145 s), EVM-ATH-MB 

ignites at longer times. The longer TTI of EVM-ATH-MB should be explained by a lower 

concentration of flammable gases, i.e. ammonia and acetic acid in the gas phase In order to 

confirm this hypothesis, the amount of gases released before ignition are compared. 

Regarding release of acetic acid, it appears that 3730 ppm are evolved during decomposition 

of EVM-ATH-MB, whereas only 2517 ppm of acetic acid are released for EVM-ATH-MEL. 

Comparing amount of ammonia released into the gas phase before ignition, 1101 ppm are 

released for EMV-ATH-MEL and 1643 ppm for EVM-ATH-MB. Thus, quantity of flammable 

gases in the gas phase is higher for EVM-ATH-MB than for EVM-ATH-MEL. Therefore, 

hypothesis postulated above that longer TTI of EVM-ATH-MB is due to less flammable gases, 

is not confirmed.  
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Figure 84: Evolution of gases and MLC curve versus time obtained by MLC-FTIR for EVM-ATH-

MB 

Table 31: Quantification of released gases during MLC-FTIR experiment for EVM-ATH-MB 

Gas 
Total quantity released 

[ppm] 
Released before ignition 

[ppm] 
Released before ignition 

[%] 

H2O 246435 38056 15 

CO2 649094 28337 4 

CO 30604 315 1 

CH4 1754 181 10 

Acetic acid 4583 3730 81 

NH3 3396 1643 48 

NO 2175 102 5 

Looking at the amount of water release (inert gas diluting fuel) before ignition of the 

materials, it is seen that more water is released in the case of EVM-ATH-MB whereas it has 

to be noted that it is released at longer times (longer TTI of EVM-ATH-MB). Before ignition 

29652 ppm of water are released for EVM-ATH-MEL and 38056 ppm for EVM-ATH-MB. 

However, comparing of the quantity of water released during EVM-ATH-MB decomposition 

until 145 s (corresponding to TTI of EVM-ATH-MEL), a release of water of 24411 ppm is 
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found which is similar to that obtained for EVM-ATH-MEL before ignition. As a short 

conclusion, EVM-ATH-MB ignites at longer time as EVM-ATH-MEL, whereas amount of 

flammable gases before ignition is higher for EVM-ATH-MB and amount of water is equal for 

both materials. Thus, TTI at longer time of EVM-ATH-MB is not due to chemical 

phenomenon.  

It is supposed that ignition at longer time is due to different thermal properties of EVM-ATH-

MB and EVM-ATH-MEL. Both materials are tested in the same configurations. Thus, radiative 

exchange and view factor are similar for both materials. Moreover, emissivity is comparable 

due to the fact that both materials are of white color. It is assumed that thermal conductivity 

for EVM-ATH-MEL and EVM-ATH-MB is different. The only difference between EVM-ATH-

MEL and EVM-ATH-MB is the presence of boric acid and its decomposition products, i.e. 

boron nitride and boron oxide at higher temperature, for EVM-ATH-MB. Indeed, literature 

reports that in sodium silicate glasses, the thermal conductivity increases with increasing 

boron oxide content [217]. Thus, presence of boron oxide formed during MB decomposition 

is assumed to increase the thermal conductivity of EVM-ATH-MB. 

To understand the change of the thermal conductivity with increasing temperature, thermal 

conductivity measurements at different temperatures are carried out on EVM-ATH-MEL and 

EVM-ATH-MB (Figure 85). As it is seen, both materials exhibit comparable thermal 

conductivity of around 0.69 W/mK at room temperature. With increasing temperature, 

thermal conductivity decreases for both materials, whereas from 200 °C until 450 °C values 

obtained for EVM-ATH-MB are higher than those found for EVM-ATH-MEL. At 600 °C EVM-

ATH-MB has a thermal conductivity of 0.27 W/mK and EVM-ATH-MEL of 0.21 W/mK. The 

difference between these values lies in the margin of error. Consequently, both materials 

have comparable thermal conductivity at the end of experiment.  

Especially between 300 and 400 °C, thermal conductivity of EVM-ATH-MB is significantly 

higher than that of EVM-ATH-MEL. EVM-ATH-MB exhibits a thermal conductivity of 0.61 

W/mK at 300 °C and of 0.38 W/mK at 400 °C. Thermal conductivity of EVM-ATH-MEL is 0.47 

(at 300 °C) and 0.29 W/mK (at 400 °C) respectively. This temperature range corresponds to 

the ignition temperature of ethylene vinyl acetate materials [218]. Autoignition temperature 

is reported to be between 343 and 426 °C. Thus, especially in the range of the ignition 



Chapter V: Fire retardant mechanism of EVM-ATH-MB 

165 

temperature of the polymer, the thermal conductivity of EVM-ATH-MB is increased in 

comparison to EVM-ATH-MEL. Increased thermal conductivity of EVM-ATH-MB leads to 

decreased accumulation of heat at the sample surface and so temperature at the surface is 

decreased as well. In the case of EVM-ATH-MEL, thermal conductivity is lower due to 

absence of boron oxide in the material. Hence, accumulation of heat at the sample surface is 

higher than for EVM-ATH-MB and the material surface of EVM-ATH-MEL is of higher 

temperature than that of EVM-ATH-MB. In turn, higher surface temperature leads to shorter 

ignition of the fuel even if concentration of flammable gases is similar for both materials.  

 

Figure 85: Thermal conductivity as function of temperature for EVM-ATH-MEL and EVM-ATH-

MB 

In summary, ignition at longer time for EVM-ATH-MB in comparison to EVM-ATH-MEL is 

explained by higher thermal conductivity at the ignition temperature due to presence of 

boron oxide in the polymeric matrix.  

In MLC-FTIR experiment it is observed that when EVM-ATH-MB ignites, the concentrations of 

acetic acid and ammonia sharply decrease due to the fact that they are burning. Moreover, 

concentration of water and carbon dioxide increase rapidly to their maxima of 7000 and 

13805 ppm respectively due to complete combustion of the material. At the same time, 

concentration of carbon monoxide indicating incomplete combustion increases until 

flameout where presence of carbon monoxide in the gas phase reaches its maximum (905 

ppm). During the whole experiment, complete combustion dominates over incomplete 

combustion. In total, 649094 ppm of carbon dioxide and 30604 ppm of carbon monoxide are 



Chapter V: Fire retardant mechanism of EVM-ATH-MB 

166 

released during experiment, leading to a ratio CO2/CO is 21. In the case of EVM-ATH-MEL, a 

ratio of CO2/CO is 35 is obtained. The comparison of the CO2/CO ratio shows that more 

incomplete combustion is taking place during decomposition of EVM-ATH-MB. Looking at 

the evolution of carbon monoxide during decomposition of EVM-ATH-MEL and EVM-ATH-

MEL, it is seen that release of carbon monoxide is taking place mainly after pHRR2. After 

pHRR2, only small flames at the boarders of the sample are observed (visual observation). It 

is therefore supposed that most of decomposition gases are burned at this stage of the 

material combustion. Presence of carbon monoxide is supposed to be due to decomposition 

of a char layer formed at the sample surface.  

Besides water, carbon monoxide and carbon dioxide, nitrogen monoxide and methane are 

detected in the gas phase after ignition of EVM-ATH-MB. Release of nitrogen monoxide is 

due to oxidation reaction of ammonia. Nitrogen dioxide is not detected in the gas phase due 

to its decomposition temperature of 150 °C. Concentration of nitrogen oxide increases until 

its maximum of 72 ppm at the pHRR1. Then, concentration decreases constantly until end of 

experiment. Total quantity of nitrogen oxide released during experiment is 2175 ppm. 

During MLC-FTIR experiment of EVM-ATH-MEL, a slightly higher quantity of nitrogen 

monoxide (2427 ppm) is released. Moreover, during thermo-oxidative decomposition of 

EVM-ATH-MEL, hydrogen cyanide coming from melamine decomposition was detected in 

the gas phase. Hydrogen cyanide is not found for EVM-ATH-MB. This result is in contrast to 

that found during investigation of MB decomposition, where it was shown that hydrogen 

cyanide is released in the gas phase. The absence of hydrogen cyanide can be explained by 

the fact that the decomposition mechanism of MB was investigated at low heating ramps 

(10 °C/min) and the heating rate in MLC-FTIR experiment is higher than 10 °C/min. 

Furthermore, in EVM-ATH-MB, MB is combined with ATH. It is possible that presence of ATH 

or alumina respectively suppress the formation of hydrogen cyanide.  

At pHRR2, additional release of acetic acid and ammonia is observed. At the same time, 

concentrations of water, carbon dioxide and ammonia decrease constantly after ignition 

until pHRR2. At pHRR2, a slight increase of concentrations is detected. Afterwards, 

concentrations decrease until end of combustion. This observation leads to the assumption 

that after pHRR1, a protective layer is formed limiting mass transfer. At the pHRR2, the 
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formed barrier is supposed to crack which leads to release of gases trapped under the 

protective layer. 

From pHRR2 to the end of the combustion of EVM-ATH-MB mainly carbon monoxide, carbon 

dioxide and water are detected. 

 Investigation of the condensed phase of EVM-ATH-MB 3.4.

As for EVM-ATH and EVM-ATH-MEL, the condensed phase of EVM-ATH-MB is analyzed using 

a method in which the combustion process is stopped at characteristic times during the cone 

calorimeter experiment. Samples were taken out from the external heat source and flames 

were quenched immediately with a metal pan to prevent further decomposition. The 

resulting materials afterwards were analyzed by solid state NMR (13C, 27Al and 11B). The top 

of the remaining plates and the bottom, i.e. the protected plate under the surface layer are 

analyzed separately. Combustion of EVM-ATH-MB (100-108-22) was stopped at six 

characteristic points: before the ignition (185 s), during increase of HRR curve (198 s), at 

pHRR1 (254 s), at pHRR2 (703 s), during decrease of HRR curve (800 s) and at end of 

combustion (1200 s). Pictures of selected residues are presented in Figure 86. As it is seen, 

with advancing combustion process, the material decomposition progresses and forms a 

black residue. Additionally, a white powder at the sample surface is observed at the end of 

combustion. 

 

Figure 86: Residue of EVM-ATH-MB before ignition (a), at the pHRR1 (b), during the decrease 

of HRR (c) and at the end of combustion (d) 

Figure 87 presents 13C solid state NMR spectra of the residues of EVM-ATH-MB at different 

stages of the combustion process. It is found that 13C spectra of EVM-ATH-MB are similar to 

those observed for EVM-ATH-MEL (page 120). Therefore, results are not discussed in details. 

EVM-ATH-MB starts to degrade at the sample surface. With advancing decomposition 
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process, the material is decomposed until the bottom of the plate. First, deacetylation takes 

place forming a char layer consisting of saturated and unsaturated (oxidized) hydrocarbons. 

At the end of the combustion process, the whole material is decomposed and no 13C signal is 

detected.  

 

Figure 87: 13C spectra obtained at different stages of combustion of EVM-ATH-MB (MLC 

experiment at 35 kW/m²) 

As for 13C NMR spectra, 27Al NMR spectra for the different stages of the combustion of EVM-

ATH-MB (Figure 88) are similar to those found for EVM-ATH-MEL (page 120). 27Al spectra 

indicate dehydration of ATH into alumina, which is not completed before pHRR2. 

It is supposed that alumina coming from ATH decomposition as well as saturated and 

unsaturated (partially oxidized) hydrocarbons formed during polymer decomposition act as 

protective barrier. The protective layer starts to be formed before ignition of the material 

and remains until decrease of pHRR curve. Thereby, the formed protective layer acts as 

barrier avoiding/reducing transfer of gases and smoke. 
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Figure 88: 27Al spectra obtained at different stages of combustion of EVM-ATH-MB (MLC 

experiment at 35 kW/m²) 

Figure 89 presents 11B solid state NMR spectra of EVM-ATH-MB at different stages of the 

combustion. The virgin material exhibits two signals at room temperature. One resonance at 

16 ppm indicating presence of BO3 units and the other resonance at 1 ppm assigned to BO4 

units. This observation is in contrast to that observed for pure MB at room temperature. The 

11B NMR spectrum of virgin MB has only a signal assigned to BO3 units in orthoboric acid. The 

presence of tetragonal coordinated boron atoms (BO4) in EVM-ATH-MB demonstrates that 

orthoboric acid is partially dehydrated to boron oxide during the material processing. 

Temperature can increase up to 100 °C during processing due to the shearing forces of the 

material. The BIII/BIV ratio of 8 shows that significantly more BO3 than BO4 units are present 

in the condensed phase of EVM-ATH-MB.  

Signals assigned to BO3 and BO4 units are detected during the whole experiment. Above, it 

was assumed that TTI at longer times for EVM-ATH-MB in comparison to EVM-ATH-MEL is 

due to presence of boron oxide in the material resulting in higher thermal conductivity. 



Chapter V: Fire retardant mechanism of EVM-ATH-MB 

170 

Presence of boron oxide during the whole combustion process is evidenced using 11B solid 

state NMR.  

 

Figure 89: 11B spectra obtained at different stages of combustion of EVM-ATH-MB (MLC 

experiment at 35 kW/m²) 

BIII/BIV ratio for bottom of the samples decreases to a value of 3 until the pHHR1 and 

increases again to a value of 5 at the end of combustion. Regarding BIII/BIV for top of the 

plates it appears that a value of 3 is found for samples taken until pHRR1. At the pHRR2 a 

maximum value of 6 is observed which decreases until end of combustion to a value of 4. In 

general, BIII/BIV ratios indicate that until pHHR1 amount of BO4 units is higher at the sample 

surface than in the bulk phase. After pHRR1, BIII/BIV ratios at the surface and in the bulk 

phase have comparable values. Due to the fact that tetragonal coordinated boron is assigned 

to formation of boron oxide, it is supposed that boron oxide contributes to the formation of 

the protective layer which is formed at the pHRR1 and cracks before pHRR2. Increase of 

BIII/BIV ratio at pHRR2 is explained by complete dehydration of remaining metaboric acid to 

boron oxide whereas boron oxide coordinates in BO3 and BO4 units. 
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Additionally to the BIII and BIV signals, the top of the residues of EVM-ATH-MB collected at 

the decrease and at the end of combustion, exhibit a chemical shift at 21 ppm. This 

resonance is attributed to B-N bonds [206-208] which are formed during MB decomposition 

(as discussed for MB decomposition on page 154). It has to be noted that B-N bonds can be 

present in BN and/or BNO structures. 

 Decomposition mechanism of EVM-ATH-MB 3.5.

Decomposition mechanism of EVM-ATH-MB was investigated (Figure 90). Expossure of EVM-

ATH-MB to an external heat source leads to decomposition of the material. As a first step, 

deacetylation of the polymer takes place forming a polyene network. At the same time, ATH 

is dehydrated to alumina evolving water into the gas phase. Released water dilutes the fuel 

and thus protects the material in the gas phase. During deacetylation process, acetic acid is 

released and partially transformed into acetone due to presence of alumina in the 

condensed phase. Before ignition of the material, the polyene network formed by 

deacetylation of the polymer starts to degrade evolving saturated and unsaturated 

hydrocarbons. The structure of the released hydrocarbons depends on the heating rate that 

is applied on the material. At low heating rates (10 °C/min) saturated and unsaturated linear 

hydrocarbons having a chain length of C4 to C36 are released. At high heating ramp (flash 

pyrolysis), formation of benzene and its homologues is favored. Before ignition, melamine 

borate starts to decompose as well. On one hand, orthoboric acid is dehydrated forming 

metaboric acid and then boron oxide while water is released. On the other hand, melamine 

is partially sublimated whereas the remaining melamine condenses to form melem and 

melon. Due to condensation and decomposition of melamine, ammonia, hydrogen cyanide, 

nitrogen monoxide, nitrogen and melamine fragments are released into the gas phase. In 

thermo-oxidative conditions, molecules indicating oxidation of melamine and/or its 

condensates are detected. The material ignites when concentration of water is not high 

enough to dilute the fuel sufficiently to prevent ignition. At the ignition of the material, 

deacetylation of the polymer is nearly completed. The main reaction taking place after 

ignition is the decomposition of the polyene network whereas complete and incomplete 

combustion is observed. Advancing in the material decomposition leads to cracking of the 

protective layer formed at the sample surface resulting in release of gases trapped 
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underneath. At this stage of the decomposition of EVM-ATH-MB incomplete combustion 

dominates complete combustion. At the end of decomposition, a residue consisting of 

alumina, boron oxide, boron nitride and/or BNO structures is left.  

 

Figure 90: Decomposition mechanism of EVM-ATH-MB 

Comparison of the decomposition of EVM-ATH-MB to that of EVM-ATH-MEL shows that 

firstly decomposition mechanisms for both materials are similar. Both are protected by a gas 

phase (dilution of fuel) and a condensed phase (formation of protection layer) mechanism. 

Nevertheless, one of the advantages of EVM-ATH-MB is its ignition at longer times in 

comparison the EVM-ATH-MEL. Longer TTI of EVM-ATH-MB is due to higher thermal 

conductivity induced through the presence of boron oxide in the matrix. Moreover, it was 
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shown that EVM-ATH-MB does not release hydrogen cyanide into the gas phase in a fire 

scenario. Due to the fact that in most cases, fires develop in the presence of oxygen, the 

absence of the toxic gas hydrogen cyanide is important for fire risk assessment for EVM-ATH 

materials containing melamine and its derivatives. Quantity of carbon monoxide evolved 

during material decomposition is an important factor as well. It was found that EVM-ATH-

MB releases more carbon monoxide than EVM-ATH-MEL. Nevertheless, it has to be noted 

that carbon monoxide is mainly evolved at the end of the decomposition process. 

The decomposition mechanism of an EVM material containing ATH in combination with 

melamine phosphate (MP), at the same ratio as ATH-MEL and ATH-MB, was also studied and 

is presented in Appendix 2 [172] (page 216). This study investigated the fire retardant 

mechanism of EVM-ATH-MP using the same approaches as used for EVM-ATH, EVM-ATH-

MEL and EVM-ATH-MB. It is shown that EVM-ATH-MP ignites at shorter time than EVM-ATH 

due to higher amount of flammable gases (ammonia from MP decomposition) in the gas 

phase. Moreover, it was evidenced that presence of phosphate in the condensed phase 

leads to the formation of aluminum phosphate improving stability and insulative properties 

of the char layer. For EVM-ATH-MP, pHRR2 is reduced in comparison to the other materials. 

Even if EVM-ATH-MP forms a char with better insulative properties during decomposition, it 

has to be noted that this material contains phosphorous. In the targeted industrial 

applications, researchers prefer to use phosphorous-free materials. Indeed, phosphorous 

compounds are for example known to reduce stability of the material during hydrothermal 

aging.  
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4. Influence of the VA-content on material properties of EVM-ATH-

MB materials 

In this study, it was shown that the combination of ATH and MB in EVM having a vinyl 

acetate (VA) content of 60 %, leads to materials presenting good mechanical properties, high 

fire retardancy and low smoke release when compared to the virgin polymer. As it was 

discussed in Chapter I (page 18), material properties of ethylene vinyl acetate (EVA) 

polymers depend on VA content [6-8]. In this part, efficiency of the combination of ATH and 

MB regarding mechanical properties, fire retardancy and smoke release in EVA having 

different VA contents is investigated. Therefore, VA contents of 18, 28, 40, 50, 65 and 70 % 

are tested. It has to be noted that the material EVA(VA 60)-ATH-MB which was already 

characterized Chapter III (page 83) was processed a second time for the study. It is found 

that results presented in Chapter III are comparable to those found in this part. This shows 

that the results in this study are repeatable and reproducible. 

 Mechanical properties 4.1.

The mechanical properties of EVA-ATH-MB materials having different VA contents are 

presented in Table 32. In general, EVA polymers are known to have thermoplastic properties 

up to 40 % VA content and above 80 % VA content. In between, from a VA content of 40 to 

80 %, EVA polymers are elastomers. 

As it is seen, hardness of the tested materials decreases with increasing VA content. It is 

known that VA units form the soft part of the polymer, whereas ethylene is the hard one. 

Increased VA content in the polymer therefore decreases hardness. Hardness decreases 

from 97 Shore A for the material having a VA content of 18 % to 77 Shore A for that having a 

VA content of 70 %. As observed for the hardness, tensile strength (TS) decreases with 

increasing VA content whereas it decreases from 9.6 MPa for the material having a VA 

content of 18 % to 6.1 for that having a VA content of 70 %. A tendency between elongation-

at-break (EAB) and VA content in the polymer is not found. EVA(VA 18)-ATH-MB has a EAB of 

183 %. Increasing VA to 28 % leads to increased EAB value of 344 % (the highest value 

observed). Afterwards, with increasing VA content, EAB decreases constantly to a value of 
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128 % for EVA(VA 70)-ATH-MB. Exception is EVA(VA 65)-ATH-MB having an EAB value of 245 

%. 

Table 32: EAB, TS and HSA of materials EVM-ATH-MB materials having different VA contents 

 EAB [%] TS [MPa] HSA [Shore A] 

EVA(VA 18)-ATH-MB 183 9.6 97 

EVA(VA 28)-ATH-MB 344 8.7 93 

EVA(VA 40)-ATH-MB 298 7.6 83 

EVA(VA 50)-ATH-MB 224 8.2 80 

EVA(VA 60)-ATH-MB 163 7.9 79 

EVA(VA 65)-ATH-MB 245 6.5 79 

EVA(VA 70)-ATH-MB 128 6.1 77 

 Fire retardancy and smoke release 4.2.

Fire retardant properties are evaluated using MLC, LOI and UL-94 (Table 33). EVA-ATH-MB – 

materials having different VA contents do not show significant differences in MLC 

experiments. All materials exhibit comparable pHRR1, ML and THR values. PHRR2 is 

decreased with increasing VA content. Regarding TTI of tested materials, it is seen that 

increasing VA content in the material leads to longer TTI. TTI is raised from around 150 s for 

low VA contents (18 – 40 %) to around 200 s for materials containing high VA contents (60 – 

70 %).  

Table 33: Fire retardant properties of materials containing EVM (with different VA grades), 

ATH and MB; 35 kW/m² 

 
pHRR1 

[kW/m²] 
pHRR2 

[kW/m²] 
THR 

[MJ/m²] 
TTI 
[s] 

ML 
[%] 

UL-94 
LOI 

[vol%O2] 

EVA(VA 18)-ATH-MB 110 108 71 154 57 NC 31 

EVA(VA 28)-ATH-MB 114 103 68 155 59 V-0 32 

EVA(VA 40)-ATH-MB 109 68 51 148 60 V-0 31 

EVA(VA 50)-ATH-MB 118 87 56 161 62 V-0 34 

EVA(VA 60)-ATH-MB 117 94 65 201 63 V-0 35 

EVA(VA 65)-ATH-MB 110 80 52 169 63 V-0 35 

EVA(VA 70)-ATH-MB 106 70 54 208 63 V-0 38 

Increased VA content in the material leads to higher release of acetic acid due to 

deacetylation of the polymer at the beginning of the material combustion. Moreover, 

increasing VA content leads to decreasing amount of ethylene in the polymer and therefore 

amount of polyene network formed during deacetylation is smaller. During analysis of the 
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gas phase mechanism it was shown that decomposition of polyene network starts during 

deacetylation. Therefore, acetic acid and hydrocarbons are present in the gas phase at the 

same time whereas ratio of acetic acid to hydrocarbons increases with increasing VA 

content. It is supposed that with increasing amount of acetic acid and decreasing amount of 

hydrocarbons in the gas phase, the flammability of the fuel decreases. Flammability of 

molecules is predicted using the so called F-Number which depends on the lower and upper 

flammability limit of each substance (Equation 13) [219]. The F-number increases with 

increasing flammability of the compound. 

   − √
                        

                        
 

Equation 13: Calculation of F-number (flammability)  

Some examples F-numbers of selected molecules are shown in Table 34. As it is seen, acetic 

acid has a lower F-number, i.e. 0.552 than that observed for hydrocarbons (except in the 

case of methane and ethane), whereas F-number of hydrocarbons increases with increasing 

chain length and for some molecules with increasing number of double bonds. Butane, for 

example has a F-number of 0.564, decane of 0.615 and naphthalene of 0.609. Hypothesis 

postulated before that with increasing VA content the flammability of the fuel decreases can 

be validated by looking at the flammability of decomposition gases. The amount of 

hydrocarbons (having higher flammability than acetic acid) in the gas phase decreases with 

increasing VA content resulting in lower flammability of the fuel which leads to longer TTI.  

Table 34: F-numbers of different molecules 

Molecule F-number Molecule F-number 

Acetic acid 0.552 Hexane 0.617 

Acetone 0.561 Benzene 0.594 

Methane 0.423 Decane 0.615 

Ethane 0.510 Xylene 0.604 

Ethylene 0.726 Styrene 0.604 

Butane 0.564 Naphthalene 0.609 

1-Butene 0.600 Biphenyl 0.678 

Concerning UL-94 test, all EVA-ATH-MB materials except of EVA(VA 18)-ATH-MB (not 

classified) reach V-0 classification. LOI values increase with increasing VA content in the 

materials. The LOI increases from 31 vol%O2 for EVA(VA 18)-ATH-MB to 38 vol%O2 for 
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EVA(VA 70)-ATH-MB. This corresponds to results reported in literature [9]: LOI increases 

with increasing VA content. As discussed for increasing TTI observed using MLC experiment 

with increasing VA content, increased LOI could be reasonably attributed to lower 

flammability of the fuel with increasing VA content in the polymer.  

Smoke release values obtained for EVA-ATH-MB materials are presented in Table 35. As for 

fire retardant properties, smoke release, i.e. ODtotal, VOF4 and the Ds values are comparable 

for the different VA contents. Exceptions are the ODtotal of EVA(50)-ATH-MB, which is the 

lowest of the observed values (ODtotal = 29) and Ds1 values of 0.4 of EVA(65)-ATH-MB and 

EVA(70)-ATH-MB which are increased in comparison to the other observed values. It is 

supposed that increased Ds1 values found for materials having high VA contents are in 

correlation with the higher amount of acetic acid which is released into the gas phase. 

Regarding TTI, it is seen that with increasing VA content TTI increases (as observed in MLC 

experiment). 

Table 35: Data obtained by smoke test for materials containing EVM (containing different VA 

grades), ATH and MB  

 
ODtotal VOF 4 Ds4 Ds1 Ds2 TTI 

EVA(18)-ATH-MB 44 10 0.2 0.2 0.1 183 

EVA(28)-ATH-MB 41 8 0.2 0.2 0.1 191 

EVA(40)-ATH-MB 41 7 0.2 0.1 0.1 220 

EVA(50)-ATH-MB 29 10 0.1 0.1 0.1 200 

EVA(60)-ATH-MB 40 11 0.3 0.2 0.1 227 

EVA(65)-ATH-MB 33 11 0.1 0.4 0.1 351 

EVA(70)-ATH-MB 38 8 0.1 0.4 0.1 270 

 Conclusion of influence of the VA content 4.3.

In this part dedicated to the study of the influence of the VA content in EVA-ATH-MB 

materials, it was shown that as expected mechanical properties change with increasing VA 

content. Despite the fact that TTI increases with increasing VA content, the combination of 

ATH and MB in EVA is suitable as fire retardant and smoke suppressant for VA contents of 28 

to 70 %. The lowest VA content of 18 % is excluded due to the fact that the material fails in 

UL-94 test. In general, material properties depending on flammability of gases, i.e. TTI and 

LOI are enhanced with increasing VA content due to lower flammability of the fuel. 
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Therefore, it is recommended to rather use the combination of ATH and MB as fire retardant 

and smoke suppressant in EVA for VA contents higher than 40 %. This assures longer TTI and 

high LOI which in case of fire gives more time to escape the fire source. 
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5. Conclusion of comprehensive study of EVM-ATH-MB 

In Chapter V, a comprehensive study on the material EVM-ATH-MB was conducted. At first, 

it was found that both additives are well dispersed in the polymeric matrix. Afterwards, 

hydrothermal aging in distilled and sea water showed that EVM-ATH-MB has a higher 

resistance against the attack of distilled water than EVM-ATH and EVM-ATH-MEL. Immersion 

in sea water at the opposite leads to comparable results for the three materials. Differences 

between EVM-ATH-MEL and EVM-ATH-MB are explained by the higher solubility of MB 

leading to higher ionic strength of the medium which again limits penetration of water in the 

material.  

In the second part, decomposition mechanism of MB and EVM-ATH-MB was investigated in 

pyrolytic and thermo-oxidative conditions. A detailed mechanism for MB taking into account 

condensed and gas phase was presented showing that decomposition of MB is similar in 

pyrolytic and thermo-oxidative conditions except at high temperature. During 

decomposition, orthoboric acid is dehydrated into metaboric acid and boron oxide. At the 

same time, melamine sublimates partially, whereas some of the molecules condensate 

forming melem and melon. At the end, melamine and its condensates are decomposed 

totally. Furthermore, presence of boron nitride (BN), boron oxide (B2O3) and BNO structures 

at the end of decomposition was evidenced, whereas concentrations of these compounds in 

the residue are different in pyrolytic and thermo-oxidative conditions.  

Decomposition mechanism of EVM-ATH-MB was found to be similar to that of EVM-ATH-

MEL. EVM is first deacetylated evolving acetic acid and acetone whereas a polyene network 

is formed. The polyene network is then degraded evolving hydrocarbons whereas their 

structure depends on applied heating ramp. At the same time, ATH and orthoboric acid are 

dehydrated evolving water in the gas phase. Moreover, melamine combined with MB 

sublimates partially, whereas the other part condensates to melem and melon which 

decompose later. In the condensed phase, EVM-ATH-MB is protected by a char layer 

consisting of alumina, boron oxide, boron nitride, BNO structures and hydrocarbons.  

The third part of this study was dedicated to the influence of the VA content in EVA 

materials containing ATH and MB on their mechanical properties, fire retardancy and smoke 

release. It was found that with increasing VA content in the material, TTI and LOI increase 
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due to lower flammability of released gases. Consequently, the combination of ATH and MB 

was found to be more suitable for EVA materials having a VA content higher than 40 %. 
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This study was dedicated to the development of a new fire retarded ethylene vinyl acetate 

(EVM) materials with low smoke emission. Literature review revealed that combining 

aluminum trihydroxide (ATH) with melamine or different melamine derivatives could lead to 

EVM materials exhibiting high fire retardancy and low smoke release in case of fire. 

Screening of different formulations showed that partial replacement of ATH by melamine 

(ratio 5:1) reduces smoke release during combustion but leads to shorter ignition than the 

reference material (EVM-ATH). Replacing melamine by melamine borate (MB) maintains low 

smoke release as well as fire retardancy of EVM-ATH-MEL but ignites at longer time.  

The goal was to understand the fire retardant mechanism of EVM-ATH-MEL in particular 

regarding the influence of melamine on shorter ignition and reduction of smoke. Hence, 

decomposition reactions of EVM-ATH and EVM-ATH-MEL were investigated in the 

condensed and gas phase using amongst others, new approaches such as pyrolysis-gas 

chromatography-mass spectrometry (py-GCMS) and mass loss calorimeter coupled with 

Fourier transform infra-red spectroscopy (MLC-FTIR). It was evidenced that shorter ignition 

of EVM-ATH-MEL is due to higher quantity of flammable gases, especially ammonia and 

hydrogen cyanide, released from melamine decomposition. Moreover, it was demonstrated 

that the protective layer consisting of hydrocarbons and alumina has better barrier 

properties for EVM-ATH-MEL than for EVM-ATH explaining the decreased smoke release 

during combustion of EVM-ATH-MEL. In addition, hydrothermal aging in distilled and sea 

water was carried out for EVM-ATH and EVM-ATH-MEL. Stability in sea water was found to 

higher than that in distilled water. Investigation of the decomposition mechanism of EVM-

ATH-MB revealed that replacement of melamine by MB results in higher thermal 

conductivity of the material due to presence of boron oxide formed during MB 

decomposition. The fire retardant mechanisms of EVM-ATH-MEL and EVM-ATH-MB are not 

reported in literature up to now. Besides, the decomposition of MB in pyrolytic and thermo-

oxidative conditions was examined and it was possible revisiting the mechanism proposed 

by Costa et al. [193] in the 90’s. It was further demonstrated that EVM-ATH-MB exhibits 

higher stability in hydrothermal aging in distilled water than EVM-ATH-MEL. Additionally, it 

was evidenced that combination of ATH and MB is suitable for EVA materials having a vinyl 

acetate (VA) content of 40 % or higher. 
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In summary, the goal of finding a new material suitable for the cable and wire industry was 

reached. The combination of ATH and MB in EVM exhibits excellent fire retardant properties 

and low smoke release in case of fire. Moreover, high stability in hydrothermal aging in 

distilled and sea water was found.  
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It was shown that combination of a mineral filler, i.e. ATH, with melamine or its derivatives 

(MB or MP) in EVM leads to materials with promising mechanical properties, high fire 

retardancy and reduced smoke release in comparison to the virgin polymer as well as to 

EVM-ATH. However, material properties were evaluated on “basic materials” to avoid 

interactions of fire retardants and/or polymer with processing additives which can change 

fire retardant mechanism drastically. Basic materials contained the polymer, the fire 

retardant additives and the vulcanization agents. Due to the fact that this work was carried 

out in cooperation with an industrial partner, LANXESS, one of the goals besides screening of 

new formulations and the understanding of their fire retardant mechanism, was to provide 

commercially suitable EVM-materials. For this purpose, ATH and the combination of ATH 

with MB as fire retardant additives are evaluated in a complete EVM-material. Their 

mechanical and fire retardant properties as well as smoke release are determined. Complete 

materials (Table 36) contain additionally to the fire retardants and the vulcanization agents, 

compounds acting as plasticizer (Disflamoll TOF, Edenor C18-98/100 and Aflux 18), anti-aging 

compounds (Vulkanox HS/LG) or additional smoke suppressants (zinc borate).  

Table 36: Composition of complete materials 

Compound Loading (phr) 

Levapren 600 100 

FR additives 130 

Zinc borate 10 

Disflamoll TOF 20 

Vulkanox HS/LG 1 

Edenor C18-98/100 1.5 

Aflux 18 1.5 

Rhenofit TAC/S 1 

Perkadox 14-40 6 

Fire retardancy and smoke release of EVM-ATHcomplete and EVM-ATH-MBcomplete is 

investigated using MLC, LOI, UL-94 and smoke test. Fire retardancy results are shown in 

Table 41 and Figure 91. Generally, fire retardancy is decreased for the complete materials. It 

is seen that pHRR1 and THR have comparable values for basic and complete materials. 

However, regarding TTI, complete materials ignite significantly at shorter time than basic 

ones. TTI of complete materials is around 70 s which is at the same time as virgin polymer. 

Furthermore, pHRR2 is obviously decreased for complete materials. It is supposed that early 

ignition of the complete materials avoids formation of a char layer (consisting of aromatic 
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carbons and alumina) as it was the case for basic materials. At this stage, ATH dehydration 

forming alumina is not completed leading to less alumina in the condensed phase and 

therefore less shielding of the protective layer. Regarding LOI values and UL-94 classification 

of complete materials, it is seen that both complete materials are classified V-0. LOI values 

are slightly decreased in comparison to the basic materials. EVM-ATHcomplete has a LOI of 31 

vol%O2 and EVM-ATH-MBcomplete of 32 vol%O2. 

 

Figure 91: HRR curves for complete materials (35 kW/m²) 

Table 37: Fire retardant values for complete materials 

 
pHRR1 

[kW/m²] 
pHRR2 

[kW/m²] 
THR 

[MJ/m²] 
TTI 
[s] 

UL-94 
LOI 

[vol%O2] 

EVM 510 - 97 67 NC 19 

EVM-ATH 146 123 60 245 V-0 33 

EVM-ATH-MB 117 94 65 195 V-0 35 

EVM-ATHcomplete 110 - 56 84 V-0 31 

EVM-ATH-MBcomplete 112 - 48 58 V-0 32 

Concerning smoke release of complete materials (Table 38), it is found that EVM-ATH-

MBcomplete ignites at shorter time (at the same time as the virgin polymer) than the 

corresponding basic material. This corresponds to results obtained by MLC test. In the case 

of EVM-ATH, TTI of complete and basic material are comparable. VOF4 as well as Ds4 and Ds1 

values for complete and basic materials are comparable, except of VOF4 for EVM-ATH and 

EVM-ATHcomplete. Concerning ODtotal, EVM-ATHcomplete and EVM-ATH-MBcomplete have 

comparable values to their basic materials.  
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Table 38: Smoke release values for complete materials 

 
OD

total
 VOF 4 Ds4 Ds1 

TTI 
[s] 

EVM 114 87 1.1 1.1 86 

EVM-ATH 67 9 0.3 0.4 176 

EVM-ATH-MB 58 14 0.2 0.2 302 

EVM-ATHcomplete 71 20 0.3 0.3 171 

EVM-ATH-MBcomplete 65 19 0.3 0.3 73 

Results obtained for complete materials concerning fire retardancy and smoke release did 

not show expected results. Addition of different plasticizers and an anti-aging compound 

results in shorter ignition of the materials and decrease of the LOI values. Nevertheless, 

other fire retardant and smoke release values are comparable to those obtained for the 

corresponding basic materials. Thus, the main disadvantage of the complete materials is 

their early ignition. 

To overcome the disadvantages of early ignition it has to be understood why complete 

materials ignite at shorter times that the basic ones. Shorter ignition on the one hand could 

be due to higher amount of flammable gases in the gas phase. On the other hand, change of 

thermal conductivity of the material could be an explanation, too. Moreover, combination of 

both phenomena could be a possibility as well.  

A first step could be the reduction of amount of plasticizer of 22.5 phr in total to around 10 

to 15 phr. In general, plasticizers are added to the materials to facilitate processing and to 

decrease hardness. Analysis of the mechanical properties of the compete materials (Table 

39) shows that even with decreased amount of plasticizer, the materials should be soft 

enough. Moreover, after discussion with the industrial partner, it is decided that a decreased 

amount of plasticizer still assures easy processing of the complete materials. 

Table 39: Mechanical properties of complete materials 

 EAB 
[%] 

TS 
[MPa] 

Hardness 
[Shore A] 

EVA-ATHcomplete  539 8.4 52 

EVA-ATH-MBcomplete  530 6.4 49 

Afterwards, the influence of each compound has to be investigated. It is proposed to start 

with the basic material EVM-ATH-MB and to add at first only one additional compound. 
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Then, fire retardancy and smoke release should be tested using the same methods 

mentioned above. Moreover, additionally experiments should be carried out to evaluate 

thermal conductivity and to analyze gases evolved during decomposition of the material. It is 

proposed to analyze the gas phase using py-GCMS and MLC-FTIR. Thermal conductivity for 

example can be evaluated using a Hot Disk thermal constants analyzer (TPS2500) from 

Thermoconcept. This method allows measuring the thermal conductivity of materials as 

function of the temperature. 

The described protocol should be applied first on each compound in the EVM-ATH-MB basic 

formulation and then with different combinations to find the source of early ignition and 

lower LOI value of the complete materials. After identification of the troublemaker, it should 

be replaced by another compound having the same function such as anti-aging or processing 

additive. Of course, the new compound should not exhibit the same negative influence on 

the TTI or on the LOI  
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Appendix 1: Comparison of different mineral fillers as fire retardant 

additive in EVM 

In this part of the study four different fillers are compared according their influence on 

mechanical properties, fire retardancy and smoke release of EVM materials containing 130 

phr of additive. The following mineral fillers are tested (Table 40): aluminum trihydroxide 

(ATH), magnesium dihydroxide (MDH), huntite (H) and hydromagnesite (HM).  

Table 40: Different mineral fillers as fire retardant additive in EVM 

 
ATH MDH H HM 

Formula Al(OH)3 Mg(OH)2 Mg3Ca(CO3)4 Mg5(CO3)4(OH)2·4H2O 

Product name Apyral 120E 
Magnifin H-

10 
Ultracarb 1250 Ultracarb LH3 

Supplier Nabaltec Albermarle Minelco Minelco 

Tdecomposition 
[°C] 

180-200 300-320 450-800 220-250 

Decomposition 
reaction 

Al(OH)3 
 Al2O3  + 3H2O 

Mg(OH)2 
 MgO + H2O 

Mg3Ca(CO3)4 
→ 3MgO + CaO + 4CO2 

Mg5(CO3)4(OH)2·4H2O 
→ 5MgO + 4CO2 + 5H2O 

It is found that mechanical properties are comparable for tested materials, i.e. EVM-ATH, 

EVM-MDH, EVM-H and EVM-HM. Therefore mechanical properties are not presented. 

Concerning flame retardant properties (Table 41), all materials exhibit improved fire 

retardancy in comparison to the virgin polymer, whereas pHRR1, THR and ML have 

comparable values.  

Table 41: Fire retardant properties of EVM materials containing different mineral fillers 

 
pHRR1 

[kw/m²] 
pHRR2 

[kw/m²] 
THR 

[MJ/M²] 
TTI 
[s] 

ML 
[%] 

LOI 
[vol%O2] 

UL-94 

EVM 510 - 97 67 96 19 NC 

EVM-ATH 146 123 60 245 61 33 V-0 

EVM-MDH 117 61 54 151 56 40 V-0 

EVM-H 130 90 61 111 61 34 V-0 

EVM-HM 143 111 61 161 68 34 V-0 

Furthermore, it is observed that pHRR2 is different for tested materials: EVM-ATH has the 

highest (123 kW/m²) and EVM-MDH the lowest value (61 kW/m²). Regarding TTI, it appears 

that with increasing decomposition temperature of the mineral filler, TTI decreases. EVM-
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ATH has therefore the longest TTI of 245 s and EVM-H the earliest (111 s). Concerning results 

obtained by LOI and UL-94 test, it is found that all tested materials are classified V-0. Highest 

LOI, of 40 vol%O2 is obtained for EVM-MDH; LOI of other tested materials is 33 and 34 

vol%O2 respectively. 

The comparison of the four materials concerning smoke release (Table 42), it is observed 

that smoke release is decreased in comparison to the virgin polymer. First it is found that 

EVM-ATH, EVM-MDH and EVM-HM have comparable ODtotal values of around 65. EVM-H 

instead has an ODtotal of only 49. Regarding VOF4, the lowest value of 9 is obtained for EVM-

ATH. Regarding Ds values it appears that EVM-ATH and EVM-MDH have higher values than 

EVM-H and EVM-HM. Like it was observed during MLC experiment, tendency of TTI of tested 

materials is increase of TTI with decreasing decomposition temperature of the mineral filler.  

Table 42: Smoke release of EVM materials containing different mineral fillers 

 ODtotal VOF 4 Ds4 Ds1 Ds2 TTI [s] 

EVM 114 87 1.1 1.1 - 86 

EVM-ATH 67 9 0.3 0.3 0.4 176 

EVM-MDH 63 36 0.4 0.4 0.1 141 

EVM-H 49 17 0.2 0.2 0.1 72 

EVM-HM 61 13 0.1 0.1 0.2 91 

Investigation of mechanical and fire retardant properties as well as smoke release of EVM 

materials containing different mineral fillers showed that most material properties depend 

on decomposition temperature of the mineral filler. Considering TTI as an important 

parameter in fire risk assessment, ATH can be considered as the most promising mineral 

filler in EVM among the tested ones.  
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Appendix 2: Fire retardant mechanism of ethylene vinyl acetate 

elastomer (EVM) containing aluminium trihydroxide and melamine 

phosphate 

 

Hoffendahl, C., Fontaine, G., Duquesne, S., Taschner, F., Mezger, M.and Bourbigot, S., Fire retardant 
mechanism of ethylene vinyl acetate elastomer (EVM) containing aluminium trihydroxide and 
melamine phosphate. RSC Advances, 2014, 4(39): p. 20185-20199. 

Fire retardant mechanism of ethylene vinyl acetate 

elastomer (EVM) containing aluminium trihydroxide and 

melamine phosphate 

C. Hoffendahl,a G. Fontaine,a S. Duquesne,a F. Taschner,b M. Mezger,b S. Bourbigota 

Fire retardancy and smoke release of ethylene vinyl acetate (vinyl acetate content of 60 %, EVM) with aluminium trihydroxide 

(ATH) and melamine phosphate (MP) are evaluated by cone calorimetry, limiting oxygen index (LOI), UL -94 and a home-

made smoke test. It was found that EVM-ATH has better fire retardant properties and lower smoke emission than the virgin 

polymer. Partial substitution of ATH by MP led to further increase in LOI but earlier ignition of the material measured by cone 

calorimetry. Moreover, less smoke is released for EVM-ATH-MP than for EVM-ATH. Fire retardant mechanism was 

investigated for EVM-ATH and EVM-ATH-MP to evaluate the role of MP in the material. The dispersion of the additives was 

examined by scanning electron microscopy (SEM) showing that all additives are homogenously dispersed in the matrix. 

Further the thermal decomposition, the condensed and the gas phase mechanism of both materials was investigated using 

thermogravimetric analysis (TGA), mass loss calorimeter coupled with a Fourier transform infrared spectrometer (MLC-

FTIR), pyrolysis-gas chromatography-mass spectrometry (py-GCMS), and solid state nuclear magnetic resonance (NMR) of 
13C, 27Al and 31P. It was shown that both materials are protected by a gas and condensed phase mechanism. The endotherm ic 

decomposition of ATH has a cooling effect and dilutes the fuel through release of water. In the condensed phase, it was found  

that both materials are protected through formation of a physical barrier. It is evidenced that the barrier formed for EVM -ATH-

MP exhibits higher insulative properties than in the case for EVM-ATH. 

1 Introduction 

Polymers are quantitatively the most important products 

of the chemical industry used worldwide in everyday 

live. Polymers are used in medicine, in textiles, for 

packaging, in building industry etc. One of the main 

drawbacks of polymeric materials is their high 

flammability. Therefore, it is necessary to flame retard 

materials for many of the previously cited applications. 

In the last decade, it was already possible to decrease the 

total number of fire deaths thanks to concentrated use of 

fire retarded materials. The number of fire death was 

decreased in the USA from 4013 persons in 2001 to 

3445 persons in 2010 1. In this paper fire retardancy of 

ethylene vinyl acetate with a vinyl acetate content of 60 

% (EVM) is discussed. EVM has a huge range of 

applications: electronic devices, electrical engineering, 

wire and cables, buildings, transportation (aircraft, cars), 

photovoltaic etc. For many of these applications, it is 

required to fire retard EVM to meet the regulation. The 

most common method to enhance flammability 

properties of EVM based materials is the incorporation 

of mineral fillers, e.g. aluminium trihydroxide (ATH) or 

magnesium dihydroxide (MDH) 2. However, high 

loadings of this type of filler (higher than 50 wt%) are 

required to enhance fire retardancy of EVM leading to 

dramatically change of the mechanical properties of the 

material 3,4. To overcome this disadvantage, mineral 

fillers can be incorporated in combination with other 

conventional flame retardants. In literature, mineral 

fillers are often combined with phosphorous compounds 
5-7, nitrogen containing additives 8, silicone compounds 
[87, 90] or nanoadditives [82, 91, 95-98] to improve fire 

retardant properties and to decrease smoke release in 

some cases. Zilberman et al. 8 showed that the 

incorporation of ATH in combination with melamine 

enhances the fire retardant properties of ethylene vinyl 

acetate but also increases the smoke release in 

comparison to the virgin polymer. To overcome an 

increase in the smoke production maintaining the 
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improved fire retardant properties, ATH will be 

combined with melamine phosphate (MP) in this study. 

As far as we know, up to now nothing is reported in 

literature about the combination of ATH and MP in 

EVM-materials.  

In the first part of this paper fire retardancy and smoke 

release of EVM-materials containing ATH and MP will 

be investigated. Afterwards the dispersion of the 

additives in the polymeric matrix will be analysed via 

scanning electron microscopy (SEM). The 

decomposition mechanism of EVM-materials containing 

ATH in combination with MP will be finally 

investigated using thermogravimetric analysis (TGA), 

solid state nuclear magnetic resonance (NMR) (13C, 27Al 

and 31P), pyrolysis-gas chromatography-mass 

spectrometry (py-GSMS) and mass loss calorimeter 

coupled with a Fourier transform infrared spectrometer 

(MLC-FTIR). 

2 Experimental 

2.1 Materials 

Levapren®600 (hereafter called EVM), an ethylene-

vinyl acetate with 60 wt% vinyl acetate, was supplied by 

LANXESS. Aluminium trihydroxide (hereafter called 

ATH) was supplied in powder from Nabaltec as Apyral 

120E (BET = 11 m²/g). Melagard MP, melamine 

phosphate (hereafter called MP) was received in powder 

from Italmatch Chemicals. Rhenofit TAC/S (triallyl 

cyanurate) was supplied by LANXESS in powder. 

Perkadox 14-40B-PD (Bis(tert-butyldioxyisopropyl) 

was received from Akzo Nobel in powder.  

2.2 Processing of materials 

Samples were prepared following an upside down 

process in an internal mixer GK 1.5L from Werner & 

Pfleiderer. Mixing was performed at 20 °C with a 

rotation speed of 40 rpm for 4 min. Additives were 

added into the mixing chamber before the polymer. 

After mixing, materials were further dispersed on an 

open two roll mill at 20 °C.  

Table 43: Composition and name of the formulations 

EVM/ATH/MP 

Formulation Name 
EVM 

FR 
[phr] 

ATH MP 

[phr] [phr] [phr] 

EVM 100 0 0 0 

EVM-ATH 100 130 130 0 

EVM-ATH-MP 100 130 108 22 

Vulcanization agents, Perkadox TAC/s (6 phr) and 

Rhenofit (1 phr), were added afterwards on the two roll 

mill. After batch off and 24h relaxation time, materials 

were treated a second time with the two roll mill. Later 

the compounds were pressed into plates and vulcanized 

at 180 °C for 12 min. Composition and name of the 

prepared formulations are gathered in Table 1. 

2.3 Fire testing 

Fire Testing Technology (FTT) Mass Loss Calorimeter 

was used to perform measurements on samples 

following the procedure defined according to ASTM E 

906. The equipment is identical to that used in oxygen 

consumption cone calorimetry (ASTM E-1354-90), 

except that a thermopile in the chimney is used to obtain 

heat release rate (HRR) rather than employing the 

oxygen consumption principle. Our procedure involved 

exposing plates (100 x 100 x 3 mm³) in horizontal 

orientation. Samples are covered by a grid to prevent 

swelling. Samples were then wrapped in aluminium foil 

leaving the upper surface exposed to the heater (external 

heat flux = 35 kW/m²) and placed on a ceramic backing 

board at a distance of 25 mm from cone base. The mass 

loss calorimeter is used to determine the following 

principal fire properties: heat release rate (HRR) as a 

function of time, time to ignition (TTI) and total heat 

release (THR). When measured at 35 kW/m², HRR, 

THR and TTI values are reproducible to within 10%.  

To investigate the gases released during MLC 

experiment, MLC was connected to a Fourier transform 

infra-red spectrometer (MLC-FTIR). Using this device 

released gases are analysed online quantitatively and 

qualitatively. Gas picking pistol and transfer line were 

provided by M&C Tech Group; FTIR, AntarisTM 

Industrial Gas System, was provided by ThermoFisher. 

The transfer line between MLC and FTIR is 2 m long 

and was heated up to 200 °C. To assure constant 

temperature of the transfer line, two temperature 

controllers were installed. Before analysing the gases by 

FTIR, soot particles were filtered off by two different 

heated filters (2 and 0.1 µm). Filters consist of glass 

fibres and ceramic respectively. The FTIR gas cell was 

set to 185 °C and 652 Torr. The optical pathway is 2 m 

long and the chamber of the spectrometer is filled with 

dry air. FTIR spectra obtained using MLC-FTIR were 

treated using OMNIC software. To quantify gases, 

spectra have to be recorded at different concentrations 

for targeted gases and a quantification method has to be 

created using TQ Analyst. To create a method, 

representative regions in the spectra of the selected gas 

have to be chosen and interactions with other gases have 

to be taken into account. Using MLC-FTIR the 

following gases can be quantified: water, carbon 

monoxide, carbon dioxide, acetic acid, ammonia, 

methane, nitrogen monoxide, nitrogen dioxide, 

hydrogen cyanide. Quantification is reproducible within 

 

Limiting Oxygen Index (LOI = minimum oxygen 

concentration to support candle-like combustion of 

plastics) was measured using a Fire Testing Technology 

(FTT) instrument on sheets (100 x 10 x 3 mm3) 

according to the standard ‘oxygen index’ test 

(ISO4589). It measures the minimum concentration of 

oxygen in a nitrogen/oxygen mixture required to just 

support combustion of a test sample under specified test 
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conditions in a vertical position (the top of the test 

sample is ignited with a burner). 

UL-94 tests were performed according to IEC 60695-

11-10 on samples 127 x 13 x 15 mm³. It describes the 

tendency of a material to extinguish or to spread the 

flame after ignition of the material. It classifies 

specimens from V-0, V-1 to V-2, where V-0 is the best 

rating. 

2.4 Smoke opacity test 

Smoke opacity test used in this study is a homemade test 

developed to evaluate the smoke release during 

combustion (Fig. 1). The structure is similar to that of 

the mass loss calorimeter. An external heat flux of 35 

kW/m² produced by a conical heater was applied on a 

horizontal sample (100 x 100 x 3 mm³). The distance 

between the heating element and the sample was fixed at 

35 mm (instead of 25 mm for MLC) which permits to 

work without grid on the sample surface. Samples were 

ignited by a spark igniter. The generated smoke was 

measured at the top of the chimney with a smoke 

density analyser TRDA 302 from Taurus Instrument. A 

light source (halogen point light source) emits light 

(intensity I0) and the transmitted light (intensity I) was 

measured by a light sensor. Curves of optical density 

(OD = -log I/I0) versus time present smoke release 

during combustion. The following values were 

determined using smoke opacity test: total optical 

density (ODtotal), VOF4, i.e. the summation of the 

optical density (OD) over the first four minutes, 

maximum optical density during the experiment (Ds1 for 

the first local maximum and Ds2 for the second local 

maximum of the curve) and the maximum optical 

density during the first four minutes (Ds4). 

 
Fig. 1: Schematic presentation of smoke test device 

2.5 Microscopy 

Scanning electron microscopy (SEM) images were 

taken at various levels of magnification using a Hitachi 

S4700 SEM at 6 kV. All samples were ultra microtomed 

with a diamond knife on a Leica UltraCut microtome at 

cryo temperature (−120◦C) to obtain smooth surfaces. 

2.6 Thermal analysis 

Thermogravimetric analysis was carried out on a TA 

Instrument (TGA Q5000IR). The balance purge flow 

was set to 15 mL/min and the sample purge flow 

(nitrogen) to 100 mL/min. The powdered samples put in 

open alumina pan underwent a heating from 50 to 800 

°C with a heating rate of 10 °C/min.  

2.7 Pyrolysis GCMS (py-GCMS) 

Pyrolysis-Gas chromatography-mass spectrometry (py-

GCMS) analyses were performed on a device provided 

by Shimadzu. The device consists of a micro-furnace 

pyrolyzer (Frontier Lab PY-2020iD) coupled with a 

GCMS device (Shimadzu GCMS QP2010 SE). 

Experiments are performed under inert conditions using 

helium. Sample size is about 200 µg. Tests were 

performed using the desorption mode, i.e. the samples 

(in a stainless steel cup) are heated up in the furnace to 

the desired temperature with a chosen heating rate (10 

°C/min or infinite). This heating rate was chosen to 

mimic the TGA-FTIR experiment and to get more 

information about gases evolved during pyrolytic 

decomposition. After the desorption process, evolved 

gases were introduced into the GCMS system whereas a 

part of the gases was split to avoid blockage in the 

column or saturation of the detector. Released 

decomposition gases were separated using a 30 m long 

fused silica capillary column. The temperature of the 

column was set at 35 °C during the desorption process. 

The column was then heated up to 300 °C with a heating 

rate of 10 °C/min followed by an isotherm at 300 °C for 

30 min. The linear velocity of the carrier gas (helium) 

was set at 40 cm/s. The separated gases and fragments 

were then analysed with the quadrupole mass 

spectrometer with an Electron-Impact (IE) ionization 

source. The IE spectra were recorded at 70 eV with a 

mass scan of 2 scans per second. The interface between 

the pyrolyzer and the GC was heated up to 320 °C; the 

interface GC-MS to 280 °C. The ion source had a 

temperature of 230 °C. Obtained chromatograms were 

treated using F-Search (Frontier Lab) whereas NIST 

mass spectral database was used for identification of 

molecules.  

2.8 Solid State NMR 

13C solid state NMR spectra were recorded at 100.6 

MHz (B0 = 9.4 T) on Bruker Avance II 400 using a 4 

mm standard probe. The conditions were cross-

polarization (CP) 1H-13C (contact time of 1 ms) with 

dipolar decoupling (DD) and magic angle spinning 

(MAS) at 10 kHz. The recycle delay between two pulses 

was 5 s. The number of scans was 1024 and 13C 

chemical shifts were referenced to tetramethylsilane 

(TMS). 
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27Al NMR measurements were carried out at a 

frequency of 24.5 MHz on a Bruker Avance II 400 (B0 = 

9.4 T) with a probe head of 4 mm using MAS at 12.5 

kHz. The repetition time was fixed at 1 s for all samples. 

The number of scans was fixed to 128. The reference 

used was 1 M solution of aluminium nitrate. 
31P NMR measurements were obtained at a frequency of 

40.1 MHz on a Bruker Avance II 400 (B0 = 9.4 T) with a 

probe head of 4 mm using MAS at 12.5 kHz. 

Phosphoric acid was used as reference. Number of scans 

was set to 16 and repetition time was fixed at 120 s to 

ensure complete signal relaxation. 

3 Results and discussion 

3.1 Microscopy 

The dispersion of ATH and MP in EVM-ATH and 

EVM-ATH-MP was examined using SEM. Fig. 2 (a) 

shows a SEM image of the ATH particles in EVM-

ATH. ATH particles are well dispersed in the polymeric 

matrix exhibiting a size lying between 0.5 and 1 µm. 

This consists with data indicated by the supplier for the 

particle size of ATH 

Dispersion of ATH and MP particles in EVM-ATH-MP 

is presented in Fig. 2 (b, c). The dispersion of ATH in 

EVM-ATH-MP is similar to that observed for EVM-

ATH.  

In the case of MP particles two different types of 

agglomerates are observed: agglomerates formed with 

needle-like particles (circled straight line) and particle 

agglomerates (circled dotted line). Both sorts of 

agglomerates are due to the presence of MP in the 

polymeric matrix. The crystal-like agglomerates have a 

size of around 16 to 33 µm, whereas it is possible that 

they are even bigger due to the fact that only a cross-

section of the material is presented. In the case of the 

agglomerates consisting of needle-like structures, the 

size of single needles is up to 20 µm, whereas their 

thickness/diameter varies between 0.1 and 0.5 µm.  

3.2 Fire retardancy and smoke release 

Fig. 3 shows HRR curves for the tested materials. The 

corresponding values, i.e. peak of heat release rate 

(pHRR), reduction in pHRR in comparison to the virgin 

polymer, THR, TTI and the mass loss during 

combustion as well as the LOI values and UL-94 

classification of the tested materials are presented in 

Table 2.  

The virgin polymer has a pHRR of 510 kW/m², a THR 

of 97 MJ/m², a TTI of 67 s. After the combustion nearly 

no material remains in the aluminium foil. Incorporation 

of 130 phr of ATH leads to a decrease of pHRR by 71 % 

in comparison to the virgin polymer (146 kW/m²) and a 

THR of 60 MJ/m² which corresponds to a reduction of 

38 % in comparison to the virgin polymer. EVM-ATH 

has a mass loss of 61 % and a TTI of 245 s. 

It is noteworthy that in the case of EVM-ATH-MP, 

pHHR2 (78 kW/m²) is significantly smaller than that of 

EVM-ATH (123 kW/m²). EVM-ATH-MP has a TTI of 

167 s which is increased in comparison to the virgin 

polymer but decreased in comparison to EVM-ATH.  

The LOI value increases from 19 vol%O2 for the virgin 

polymer to a value of 33 vol%O2 for EVM-ATH and to 

38 vol%O2 in the case of EVM-ATH-MP. Both 

materials, EVM-ATH and EVM-ATH-MP reach V-0 

classification in UL-94 test, whereas the virgin polymer 

is non-classified. 

 
Fig. 3: Heat release rate (HRR) curves at 35 kW/m2  

Optical density curves measured during combustion of 

the tested materials and corresponding values are 

presented in Fig. 4 and Table 2.  

 
Fig. 4: Optical density (OD) curves at 35 kW/m2 of EVM-ATH-MP 

formulations  

The virgin polymer, EVM, has an ODtotal of 114, a 

VOF4 value of 87 and a DS4 as well as DS1 of 1.1. 

Incorporation of 130 phr of ATH leads to a decrease of 

smoke release. ODtotal of EVM-ATH is decreased to a 

value of 67 and VOF4 is decreased to 9. EVM-ATH has 

further a Ds4 and Ds1 of 0.3 and a Ds2 value of 0.4. 

Combination of ATH and MP in EVM (EVM-ATH-

MP) further reduces the total optical density observed 

during the experiment. EVM-ATH-MP has an ODtotal 

value of 48, which corresponds to a decrease by 60 % in 

comparison to the virgin polymer. Ds4 and Ds1 are 0.2; 

Ds2 is 0.1. Ds2 peak in the smoke curved of EVM-ATH-

MP is due to extinguishment of the material. Ds values 

are all decreased in comparison to EVM and EVM-

ATH. 
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Fig. 2: SEM image EVM-ATH (a) and EVM-ATH-MP (b,c)

Table 2: Fire retardant properties and smoke release of EVM, EVM-ATH and EVM-ATH-MP 

Material pHRR 
[kW/m²] 

pHRR 

reduction 

[%] 

THR 
[MJ/m²] 

THR 

reduction 

[%] 

TTI 
[s] 

ML 
[%] 

LOI 
[vol%O

2
] 

UL-
94 ODtotal VOF 4 Ds4 Ds1 Ds2 

EVM 510 - 97 - 67 96 19 NC 114 87 1.1 1.1 - 

EVM-ATH 146 71 60 38 245 61 33 V-0 67 9 0.3 0.3 0.4 

EVM-ATH-
MP 124 76 60 38 167 64 38 V-0 48 23 0.2 0.2 0.1 

Regarding VOF4 it appears that EVM-ATH-MP has a 

value of 23 which corresponds to an increase in 

comparison to EVM- ATH but a significant decrease in 

comparison to the virgin polymer. The high VOF4 value 

is explained by the fact that EVM-ATH-MP releases 

smoke during the first 400 s whereas nearly no smoke is 

evolved from 400 to 1200s. For EVM-ATH more smoke 

is evolved from 400 to 1200 s than from 0 to 400 s 

3.3 Decomposition mechanism 

The decomposition mechanism of EVM-ATH and 

EVM-ATH-MP is investigated in the following part. 

First thermal decomposition of the additives and of the 

materials are discussed. Then, the gas and condensed 

phase for both materials are analysed.  

3.3.1 THERMAL ANALYSIS 

TG curves in nitrogen and air of individual compounds, 

i.e. EVM, ATH and MP are presented in Fig. 5. The 

decomposition of EVM is already reported in literature 
17. The pyrolytic decomposition of EVM shows three 

steps. The first step occurs between 250 and 390 °C 

(Tmax = 350 °C, 42 wt% mass loss). This step 

corresponds to the deacetylation of the polymer. During 

this step acetic acid is evolved and the polymer is 

decomposed into linear polyenes. The second step is 

observed between 390 and 510 °C (Tmax = 470 °C, 54 

wt% mass loss) and is attributed to the decomposition of 

the polyenes that were formed before. The third step 

occurs between 600 and 680 °C (Tmax = 650 °C) with a 

mass loss of 1 wt%. This step is due to the presence of 

Perkadox (Bis(tert-butyldioxyisopropyl) benzene) which 

is used for vulcanization of the material. At the end of 

the pyrolytic decomposition of EVM a residue of 2wt% 

is left. The thermo-oxidative decomposition of the EVM 

is more complex than that under inert conditions; it is a 

five step process. The first one occurs from 200 to 220 

°C (1 wt% mass loss), the second one is observed 

between 220 and 410 °C (Tmax = 335 °C, 56 wt% mass 

loss), the third one from 410 to 480 °C (Tmax = 445 °C, 

23 wt% mass loss), the fourth one from 480 to 570 °C 

(Tmax = 510 °C, 16 wt% mass loss) and the fifth step 

occurs between 570 and 670 °C (Tmax = 645 °C, 1 wt% 

mass loss). At the end of the thermo-oxidative 

decomposition a residue of 2.5 wt % is left. Concerning 

the thermal decomposition of ATH it can be seen that 

the thermo-oxidative as well as the pyrolytic 

decomposition of ATH are similar. It has two steps, one 

between 160 and 200 °C (mass loss 1 wt%) and the 

second one from 200 to 315 °C (Tmax = 270 °C, mass 

loss 30 wt%). The first small step can be attributed to 

the partial decomposition of gibbsite (Al(OH)3) into 

boehmite (AlO(OH)) 18. The second step between 200 

and 315 °C is due to the complete dehydration of the 

hydroxide into oxide (Al2O3) [171]. At the end of the 

pyrolytic as well as the thermo-oxidative decomposition 

a residue of 63 wt% is left. The data found for 

decomposition of MP, corresponds to that already 

reported in literature19-22. It can be seen that MP has a 

comparable thermal decomposition in air and nitrogen. 

The first step occurs from 200 to 285 °C (Tmax = 275 °C, 

5 wt% mass loss) and the second one from 285 to 330 

°C (Tmax = 310 °C, 5 wt% mass loss). These two steps 

are attributed to dehydration processes. In the first step 

melamine phosphate condensates to melamine 

pyrophosphate which is transformed into melamine 

polyphosphate in the second dehydration step. The third 

step takes place from 330 to 420 °C (Tmax = 390 °C, 13 

wt% mass loss). During this step the melamine 

polyphosphate degrades to melam ultraphosphate 

evolving water, ammonia and melamine. The fourth step 
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takes place from 420 to 530 °C (5 wt% mass loss). The 

fifth step differs depending on the conditions. In air the 

fifth decomposition step occurs from 530 to 690 °C 

(Tmax = 560 °C, 27 wt% mass loss); in nitrogen from 

530 to 705 °C (Tmax = 560 °C, 21 wt% mass loss). From 

420 to around 700 °C the melam ultraphosphate is 

degraded leaving a residual mass of 25 (in air) and 29 wt 

% (in nitrogen) respectively.  

 

Fig. 5: TG curves of EVM-ATH and EVM-ATH-MB (10°C/min, under 

nitrogen and air) 

TG curves of the materials, EVM-ATH and EVM-ATH-

MP are presented in Fig. 6. Thermal decomposition of 

ethylene vinyl acetate materials containing ATH is 

already reported in literature 23. Therefore the observed 

decomposition steps in pyrolytic and thermo-oxidative 

conditions for EVM-ATH can be discussed in details. 

Pyrolytic decomposition of EVM-ATH is a four step 

process. The first step occurs from 180 to 315 °C (Tmax 

= 265 °C). The weight loss during this step is 17 wt% 

which corresponds to the mass lost during dehydration 

of ATH. The second step is obtained from 315 to 400 °C 

(Tmax = 350 °C, 16 % weight loss). This step can be 

attributed to the deacetylation reaction of EVM. The 

third pyrolytic decomposition step takes place from 400 

to 540 °C with a mass loss of 27 wt% (Tmax = 470 °C). 

This step can be attributed to the decomposition of the 

polyenes that were formed during the deacetylation of 

the polymer. This could be due to the formation of a 

char residue which results in a less important mass loss. 

The last decomposition step occurs from 625 up to 700 

°C with a maximum weight loss at 660 °C and a weight 

loss of 1 wt%. This step can be attributed to the 

presence of vulcanization agents in the material and its 

decomposition. At the end of the pyrolytic 

decomposition a residue of 37 wt% is left.  

In the case of the thermo-oxidative decomposition of 

EVM-ATH (100-130) a five-step-process is obtained. 

The first decomposition under thermo-oxidative 

conditions is similar to that of the pyrolytic 

decomposition, it takes place from 180 to 315 °C (Tmax 

= 290 °C, 21 % weight loss) and is attributed to the 

decomposition of ATH. During the second step (315 – 

410 °C, Tmax = 335 °C) a mass loss of 18 wt% is 

observed. The third decomposition step occurs from 410 

to 480 °C (Tmax = 450 °C) with a corresponding mass 

loss of 15 wt%. From 480 to 580 °C a fourth step takes 

place (Tmax = 500 °C, 9 % weight loss). The last step in 

thermo-oxidative conditions occurs between 580 and 

675 °C. A residue of 35 wt% is left at the end of the 

decomposition process. 

 
Fig. 6: TG curves of EVM-ATH and EVM-ATH-MP (10°C/min, under 

nitrogen and air)  

In contrast to the thermal decomposition of EVM-ATH, 

the decomposition of EVM-ATH-MP is not reported in 

literature. The pyrolytic decomposition of EVM-ATH-

MP is a three-step process. The first step of EVM-ATH-

MP occurs from 180 to 305 °C (Tmax = 250 °C, 16 % 

weight loss), the second one from 305 to 390 °C (Tmax = 

350 °C, 20 % weight loss) and the third one from 390 to 

520 °C (Tmax = 470 °C, 27 % weight loss). At the end of 

the pyrolytic decomposition process a residue of 33 wt% 

is left. The thermo-oxidative decomposition of EVM-

ATH-MP takes places in five steps. The first one takes 

place from 180 to 300 °C (Tmax = 260 °C, 18 % weight 

loss), the second one from 300 to 430 (Tmax = 340 °C, 

27 % weight loss), the third one from 430 to 500 °C 

(Tmax = 450 °C, 10 % weight loss), the fourth one from 

500 to 640 °C (Tmax = 540 °C, 10 % weight loss) and the 

fifth one from 640 to 700 °C (Tmax = 660 °C, 1 % weight 

loss). The third step has two local maxima whereas the 

highest decomposition rate is obtained at 540 °C. At the 

end of the thermo-oxidative decomposition of EVM-

ATH-MP (100-108-22) a residue of 33 wt% is left. 

3.3.2 GAS PHASE ANALYSIS 

In this part, gases released during decomposition of 

EVM-ATH and EVM-ATH-MP are analysed. 

Investigation of gases released during decomposition of 

EVM-ATH is already reported in literature 23. In this 

study, gases are analysed using simultaneous thermal 

analysis with evolved gas analysis (STA-FTIR). To go 

further in the comprehension of gas phase, two other 

methods are used in our study: py-GCMS and MLC-

FTIR. First gases released during pyrolytic 

decomposition of EVM-ATH and EVM-ATH-MP are 

detected using py-GCMS. This method is based on 

thermal decomposition investigated by TGA; released 

gases are analysed after each decomposition step. Then 
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decomposition in thermo-oxidative conditions is further 

investigated using MLC-FTIR. Released gases are 

detected quantitatively during experiment.  

EVM-ATH 

Fig. 7 presents the chromatograms obtained by py-

GCMS in inert conditions for EVM-ATH. First of all, it 

has to be mentioned that the peak (air) present in the 

mass spectra corresponds to air that is left in the 

interfaces and which is evolved into the column after 

heating ramp of the material. From 50 to 315 °C, the 

following gases are detected: water (1) coming from the 

decomposition of ATH, acetic acid (2) evolved during 

deacetylation of the polymer and different molecules (3) 

due to the presence of vulcanization agents in the 

material. The chromatogram between 315 and 400 °C 

shows the presence of hydrocarbons (5), whereas 

saturated and monounsaturated hydrocarbon structures 

from C8 to C34 are found. Moreover, a big peak at early 

retention times is detected (4). This peak can be 

attributed to the presence of acetic acid and acetone. The 

formation of acetone is explained through 

transformation of acetic acid into acetone. This reaction 

is possible due to the presence of alumina formed by 

decomposition of ATH in the condensed phase, which 

has a catalytic effect on the formation reaction of 

acetone [173, 178]. These latter studies reported that during 

decomposition of the EVA-ATH materials no acetic 

acid was detected in the gas phase; instead acetone was 

found. However, these studies were performed on EVA-

materials having low VA contents. The content of VA in 

this study is more than two times higher than in the 

studies reported in literature. It is supposed that the high 

quantity of VA and therefore the resulting high quantity 

of acetic acid released during decomposition lead to the 

fact that not all acetic acid molecules are transformed 

into acetone by catalytic reaction through alumina. 

Moreover, conditions used in this study are different: 

Witkowski et al. 23 analysed gases evolved during 

decomposition using simultaneous thermal analysis with 

evolved gas analysis (STA-FTIR) with controlled 

heating ramp. 

Regarding gases present in the gas phase from 315 to 

400 °C it can be said that in this temperature range the 

deacetylation of the polymer is complete. Moreover, 

polyenes formed during deacetylation also start to 

degrade in this temperature range.  

From 400 to 540 °C, peaks indicating the presence of 

hydrocarbon structures are found. The structures of the 

hydrocarbons are equal to those obtained before, from 

315 to 400 °C. In this temperature range the 

decomposition of polyenes formed during deacetylation 

of the polymer takes place. Between 540 and 800 °C 

peaks corresponding to Perkadox (Bis(tert-

butyldioxyisopropyl) benzene), a vulcanization agent, 

are detected. Moreover, unsaturated hydrocarbons 

containing 18 to 49 carbon atoms are found. Looking at 

the analysis of the gas phase in inert conditions (low 

heating ramp) using py-GCMS, it can be said that EVM-

ATH is first protected by dilution of the fuel. Fuel is 

diluted through water coming from the endothermic 

decomposition of ATH. During the first decomposition 

step of EVM-ATH the deacetylation of the polymer 

forming a polyene residue takes place. The formed 

polyenes start to degrade during deacetylation and are 

fully degraded afterwards.  

 
Fig. 7: Chromatograms of EVM-ATH, 10°C/min 

Changing the heating ramp from 10 °C/min to an 

infinite heating ramp, the decomposition gases change 

completely. Fig. 8 presents the chromatogram obtained 

at infinite heating ramp. This process leads to detection 

of the following molecules: water (1), butadiene (2), 

acetone (3), cyclopentadiene (4), cyclopentene (5), 1-

hexene (6), acetic acid (7), benzene (8), 1,3-

cyclohexadiene (9), toluene (10), ethylbenzene (11), 

xylene (12), styrene (13), 1,8-nonadiene (13), 1-nonene 

(13), isopropylbenzene (14), ethyltoluene (14), 1-decene 

(14), methylstyrene (14), 1-propenylbenzene (15), 

indane (15), indene (16), 1-methylindene (17), 

ethylstyrene (17), 1-undecene (17), 

tetrahydronaphthalene (18), naphthalene (19), 1-

methylnaphthalene (20), 2-methylnaphthalene (21), 3,3-

dimethyl-1-indanone (22).  

 
Fig. 8: Chromatogram of EVM-ATH, heating ramp infinite 

Thus, this indicates that decomposition of ATH evolves 

water like it is the case for low heating ramps. 

Concerning the polymer decomposition, deacetylation 
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takes place like at low heating ramp – acetic acid and 

acetone are evolved. However, decomposition of the 

polyene structure formed during deacetylation is 

different for high heating ramps. Instead of saturated 

and monounsaturated hydrocarbons in the case of low 

heating ramps, benzene and its homologues are formed. 

It is assumed that at high heating rates, formation of 

benzene and its homologues is thermodynamically 

favoured over formation of linear hydrocarbons.  

The gas phase in thermo-oxidative conditions was 

analysed using MLC-FTIR. MLC-FTIR is a powerful 

tool to understand reactions going on during MLC 

experiment. Evolution of gases as a function of time is 

detected directly during experiment (Fig. 9 and Table 3).  

 
Fig. 9: Spectra obtained by MLC-FTIR for EVM-ATH 

Table 3: Quantification of released gases during MLC-FTIR 

experiment for EVM-ATH 

Gas 

Total 

quantity 

released 
[ppm] 

Released before 

ignition [ppm] 

Released before 

ignition [%] 

H2O 303888 46229 15 

CO2 592951 12257 2 

CO 18368 208 1 
CH4 1581 186 12 

Acetic 

acid 
5194 3796 73 

Before ignition of the material three main gases are 

released: acetic acid, water and methane. Before ignition 

3796 ppm of acetic acid are detected; this corresponds to 

73 % of total release. This indicates that deacetylation of 

the polymer is almost completed before ignition of 

EVM-ATH. Moreover it can be seen that release of 

acetic acid decreases already before ignition. Decrease 

of the concentration of acetic acid is therefore not due to 

ignition. This observation supports the assumption that 

deacetylation process is almost complete before ignition. 

Late ignition of the material, despite presence of 

flammable acetic acid, is explained by the presence of 

water (released during ATH decomposition) diluting the 

fuel. Moreover a small quantity of methane (186 ppm, 

12% of total release) is also detected in the gas phase 

before ignition. The presence (or absence) of acetone in 

the gas phase cannot be confirmed regarding FTIR 

spectra. 

Once the material starts to burn, a rapid increase of the 

concentration of carbon dioxide and water is observed. 

Carbon dioxide reaches a maximum concentration of 

15432 ppm and water of 9045 ppm after ignition 

whereas concentration decreases afterwards. The 

presence of these two gases indicates complete 

combustion of the material. Besides carbon dioxide and 

water, carbon monoxide is detected in low quantity (100 

ppm) indicating that also incomplete combustion is 

taking place but it has to be noted that complete 

combustion dominates the incomplete one. In the 

ongoing combustion process the quantity of methane 

released is comparable; the quantity never exceeds 50 

ppm. At around 360 s an additional increase of 

concentration of carbon dioxide and water is found. 

Moreover, the concentration of acetic acid increases as 

well. At the same time, the HRR increases. Due to 

increase of quantity of gases in the gas phase between 

pHRR1 and pHRR2, it is supposed that a protective layer 

is formed on the material surface after ignition which is 

broken at around 360 s. This leads to a more important 

release of fuel into the flame and a therefore results in 

an increase of water and carbon dioxide in the gas 

phase. Until flameout and end of the combustion the 

concentration of carbon dioxide and water decreases 

constantly. In the case of carbon monoxide, the 

concentration increases up to 360 ppm until flameout at 

around 900 s. After flameout, concentration of carbon 

monoxide decreases. The same phenomenon is obtained 

for methane: after flameout the concentration decreases 

slightly. Over the whole experiment complete 

combustion dominates incomplete one whereas 

incomplete one is getting more important at the end of 

combustion. It is known that incomplete combustion 

leads to increased production of soot particles. The 

increased production of smoke in the second part of the 

combustion process in MLC experiment can therefore 

be explained by this fact.  

The analysis of the gas phase action of EVM-ATH by 

py-GCMS and MLC-FTIR showed that the material is 

first protected through the presence of ATH in the 

material. ATH decomposes endothermically releasing 

water which dilutes the fuel. The polymer starts to 

degrade at the same time. First the deacetylation takes 

place. During this step a polyene network is formed 

which is then degraded evolving hydrocarbons. 

Structure of hydrocarbons depends on the chosen 

heating rate: low heating rates lead to saturated and 

mono unsaturated linear hydrocarbons, whereas high 

heating ramps lead mainly to formation of benzene and 

its homologues. 

EVM-ATH-MP 

Analysis of the gas phase under inert conditions (py-

GCMS) of EVM-ATH-MP (Fig. 10) showed that up to 

180 °C gases due to the presence of vulcanization agents 

(1) in the material are observed. Moreover, a small 

quantity of melamine (2) coming from the melamine 

phosphate was detected. Between 180 and 305 °C, water 

(3), melamine (5) and acetic acid (4) are detected in the 

gas phase. Additionally to these peaks, molecules due to 
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the presence of the vulcanization agents are still detected 

(6). The presence of water indicates the decomposition 

of ATH into alumina, which is known to take place in 

this temperature range 2. The presence of melamine 

proves the decomposition of MP. Moreover, it can be 

assumed that the deacetylation of the polymer starts in 

this temperature range (presence of acetic acid).  

 
Fig. 10: Chromatograms of EVM-ATH-MP, 10°C/min 

Between 305 and 390 °C, peaks corresponding to acetic 

acid (7), acetone (8), 3,5,5-trimethylcyclohex-2-enone 

(9) and melamine (10) are detected. Additionally peaks 

corresponding to saturated and monounsaturated 

hydrocarbons from C8 to C34 (11) are detected. As in 

the case of EVM-ATH, the presence of acetone is 

explained by the catalytic effect of alumina in the 

condensed phase. The presence of melamine 

corresponds to thermal decomposition of MP as reported 

in literature 22. In this temperature range, melamine 

phosphate degrades to melam ultraphosphate evolving 

water, ammonia and melamine. The peak corresponding 

to ammonia and water is also detected. From 390 to 520 

°C and from 520 to 800 °C, gases detected in the gas 

phase of EVM-ATH-MP are similar to those obtained 

for EVM-ATH from 400 to 540 °C and from 540 to 

800°C. Molecules containing phosphorous were not 

detected. It is therefore assumed that phosphorus acts in 

the condensed phase (it will be discussed in the 

following).  

Gases evolved during pyrolytic decomposition of EVM-

ATH-MP at high heating rate change completely 

compared to those obtained at low heating rate (Fig. 11).  

 
Fig. 11: Chromatogram of EVM-ATH-MP, heating ramp infinite 

Chemical nature of released gases evolved from EVM-

ATH-MP are similar to those obtained for EVM-ATH at 

high heating rate except of one peak that can be 

assigned to hydrogen isocyanate and isocyanic acid. 

Due to the fact that these gases are not detected for 

EVM-ATH it is assumed that their presence is due to 

MP in the material, whereas these gases were not 

detected during decomposition of EVM-ATH-MP at 

low heating ramps. As for the decomposition at low 

heating rate, molecules containing phosphorous are not 

detected in the gas phase.  

As for EVM-ATH, the gas phase in thermo-oxidative 

conditions for EVM-ATH-MP was analysed using 

MLC-FTIR (Fig 12 and Table 4). Before ignition of the 

material, mainly water (17830 ppm), acetic acid (1738 

ppm) and ammonia (867 ppm) are evolved whereas 

concentration of ammonia and acetic acid increase 

constantly until ignition of the material. As it was 

discussed for EVM-ATH, the presence of acetic acid 

indicates deacetylation of the polymer and presence of 

water proves that decomposition of ATH is taking place. 

Presence of ammonia in the gas phase is due to 

decomposition of MP 22.  

 
Fig. 12: Spectra obtained by MLC-FTIR for EVM-ATH-MP 

Table 4: Quantification of released gases during MLC-FTIR 

experiment for EVM-ATH 

Gas Total quantity 

released [ppm] 
Released before 

ignition [ppm] 

Released 
before 

ignition [%] 
H2O 169 302  17 830  11  
CO2 517 772  5 912  1  
CO 30 477  74  0  
CH4 2 259  87  4  
NH3 5 104  867  17  
HCN 632 6 1 
NO 1460 40 3 

Acetic acid 3 126  1 738  56  
Before, it was shown that EVM-ATH-MP ignites 78 s 

earlier than EVM-ATH. The earlier ignition can be 

explained through the presence of ammonia in the gas 

phase. Due to presence of ammonia and acetic acid more 

flammable gases are present in the gas phase than it is 

the case for the material without MP. At room 

temperature ammonia is known to ignite at 630 °C 

whereas its flammability range lies between 15 and 28 

% in air. At the same time the amount of ATH in EVM-

ATH-MP is smaller than in EVM-ATH and the dilution 

effect of water (coming from ATH decomposition) is 
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smaller. As a consequence, the fuel consists of more 

flammable gases than it is the case for EVM-ATH. 

Concentration of released water is not high enough to 

dilute the fuel sufficiently to prevent ignition. When 

material ignites, the concentrations of acetic acid and 

ammonia decrease abruptly due to the fact that they are 

burning. After ignition, nitrogen oxide is detected (not 

presented in Fig. 10) due to combustion of ammonia. A 

maximum quantity of nitrogen oxide of 59 ppm is 

detected just after ignition; afterwards the concentration 

decreases constantly until flameout. In total, 1460 ppm 

of nitrogen oxide are released. Nitrogen dioxide was not 

detected in the gas phase which is explained by the 

combustion reaction of ammonia 25: 

                           

Moreover, after ignition, concentration of water and 

carbon dioxide increases sharply due to complete 

combustion of the material. Both gases reach maximum 

concentration before pHRR1: 6543 ppm in the case of 

water and 12261 ppm for carbon dioxide. Afterwards 

concentrations decrease constantly until the end of the 

experiment. The concentration of carbon monoxide, 

indicating incomplete combustion, increases constantly 

from the ignition of the material until the flameout. At 

the flame out, a maximum of 565 ppm release is 

observed at the flame out; then concentration of carbon 

monoxide decreases until end of experiment.  

Concerning release of acetic acid, ammonia and 

methane, it can be seen that the three gases show the 

same profile after ignition: After ignition concentration 

decreased until pHRR1. Then, concentrations increase 

until pHRR2. Afterwards concentration decreases until 

the end of experiment. The increase of concentration of 

acetic acid, ammonia and methane before pHRR2 

suggests that a protective layer is formed at the 

beginning of the experiment which cracks after pHRR1 

and releases gases trapped under the layer formed before 

(as for EVM-ATH). Whereas it can be clearly seen that 

increase of gas concentration is significantly lower than 

for EVM-ATH. It can therefore be assumed that the 

protective layer formed at the material surface is more 

stable and accordingly more effective in the case of 

EVM-ATH-MP than it is the case for EVM-ATH. A 

more effective protective layer explains reduced pHRR2 

for EVM-ATH-MP. 

Regarding the total quantities of gases released during 

experiment it appears that in the case of EVM-ATH-

MP, 30604 ppm of carbon monoxide is evolved during 

combustion process which is nearly two times higher 

than in the case of EVM-ATH (18368 ppm). It is 

concluded that incomplete combustion is more likely 

when MP is present in the material. An evidence for the 

presence of acetone in the gas phase during MLC-FTIR 

experiment was not found.  

As a short conclusion for the analysis of the gas phase of 

EVM-ATH-MP (py-GCMS, MLC-FTIR), it can be said 

that the material is protected through endothermic 

decomposition of ATH and the resulting release of 

water. However, presence of MP leads to earlier ignition 

due to ammonia released from MP decomposition. 

Moreover, presence of MP leads to higher release of 

carbon monoxide than it is the case for EVM-ATH. 

Concerning gases released during thermo-oxidative and 

pyrolytic decomposition, it was found that the polymer 

degrades following the pathway described for EVM-

ATH: deacetylation of the polymer forming polyenes 

which are then degraded. At low heating rates saturated 

and mono unsaturated linear hydrocarbons are formed; 

high heating ramps lead to favoured formation of 

benzene and its homologues.  

3.3.3 CONDENSED PHASE ANALYSIS 

The condensed phase was analysed using a method in 

which the combustion process is stopped at 

characteristic times during the cone calorimeter 

experiment. Samples were removed from the external 

heat source and flames were quenched immediately to 

prevent further decomposition. The resulting materials 

afterwards were analysed by solid state NMR (13P, 13C 

and 27Al). The top of the resting plates, i.e. the char and 

the bottom, i.e. the protected plate under the char were 

analysed separately. 

EVM-ATH 

For EVM-ATH the combustion was stopped at six 

characteristic points: before the ignition (230 s), during 

increase (245 s), at the pHRR1 (275 s), at the pHRR2 

(444 s), during decrease (700 s) and at the end of 

combustion (1200 s). The residues (Fig. 13) were 

analysed by 13C and 27Al solid state NMR.  
13C spectra obtained at the different stages of 

combustion are presented in Fig. 14. The spectrum of 

the unburned material (a) shows several peaks 

(attribution of observed chemical shifts presented in 

Table 5). The spectrum corresponds to data reported 

already in literature for pure EVM 17,26-30[26, 181-185]. 

The peak at 20.8 ppm corresponds to CH3-group of the 

acetic acid functionality of the polymer [183]. Those at 

25.1, 29.8 and 34.5 ppm are attributed to CH2–groups in 

the polymer backbone [182, 186]. The multiplicity of the 

peaks is due to the fact that when VA monomer 

copolymerizes with ethylene, a random copolymer is 

obtained leading to several different monomer 

sequences in the chain. According to Delfini et al. 32, 

the chemical shift depends on the position of the carbon 

in a monomer.  

 
Fig 13: Residues of EVM-ATH (a) after ignition (b) at pHRR1 (c) at end of 

combustion 

However, this work was carried out in liquid state NMR, 

and thus does not take into account structural effects, 

but, since all the reported bands are present on our solid 
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state NMR spectrum, it can be assumed that the 

assignments are transposable. Peaks assigned to CH are 

detected around 70 ppm. The multiplicity of the CH 

chemical shift is also explained by the sequence 

distribution of pentads in the polymer 32. 

 
Fig 14: 

13
C spectra obtained for different stages of combustion of EVM-

ATH 

Table 5: Attribution of chemical shifts obtained for EVM-ATH and 

EVM-ATH-MP 

Chemical Shift [ppm] Attribution 

20.8 CH3 
25.1, 29.8, 34.5 and ~ 42 CH2 
69.3, 71.2 and 73.4, 76.1 CH 

129.5 Unsaturated hydrocarbons 

169.4 C=O in acetate/C=N in 

melamine 
182.0, 180.9, 180 and 178.7 C=O (carbonyl) 

The chemical shift at 170 ppm corresponding to C=O in 

the acetate group is not observed for the virgin polymer. 

Due to the fact that this peak is obtained for the virgin 

polymer (Fig. 15) it can be said that the absence of the 

C=O peak in unburnt EVM-ATH is due to the large 

anisotropy of the chemical shift tensor of C=O 33. 

The spectra of samples taken before ignition of the 

materials show changes in comparison to the virgin 

polymer. The sample taken at the bottom of the plate 

exhibits an additional peak at 169 ppm. This peak is 

assigned to C=O in the carbonyl function in acetic acid. 

The spectrum of the top of the sample taken before 

ignition shows a peak corresponding to aliphatic 

hydrocarbons. Additionally, a broad peak around 130 

ppm, appears signalizing the formation of unsaturated 

hydrocarbon structures (char). Moreover, a multiple 

peak around 180 ppm (182.0, 180.9, 180.0 and 178.7 

ppm) is observed in the residue taken before the ignition 

(top of plate). This peak is attributed to carbonyl (C=O) 

indicating that oxidized unsaturated hydrocarbons are 

present in the residue. Spectra recorded after ignition, at 

the increase of the curve (top and bottom) are identical 

to those obtained before the ignition. At the pHRR1, the 

spectrum recorded for the bottom of the plate is similar 

to that obtained before the ignition at the bottom. This 

observation indicates that the material under the char 

layer is still protected. At the top of the plate and at the 

pHRR1 a change of the spectra in comparison to before 

ignition is observed: the chemical shift attributed to 

methyl of acetic acid group has disappeared. It can 

therefore be said that at the top of the plate the 

deacetylation process of the polymer is completed. 

Nevertheless, peaks around 180 ppm indicate that 

molecules containing carbonyls are still present in the 

condensed phase. 

 
Fig 15: 13C spectra obtained for unburnt EVM 

At the pHRR2, the spectrum of the residue taken at the 

bottom of the plate changes. Peaks corresponding to 

CH2 (29.6 and 24.8 ppm), unsaturated hydrocarbons 

(130 ppm) and carbonyls (180 ppm) are observed. At 

the pHRR2, the deacetylation of the polymer is 

completed in the whole material and saturated and 

unsaturated hydrocarbons are present in the residue. At 

the same time the broad peak corresponding to carbonyl 

functions indicating presence of oxidation of the char 

structure is still present. The top of the plate at the 

pHRR2, as well as the bottom of the plate at the decrease 

show exactly the same chemical shifts as described for 

the bottom of the plate taken at pHRR2. The top of the 

plate taken at the decrease only shows chemical shifts 

assigned to saturated (CH2) and unsaturated 

hydrocarbons. At the end of the combustion only the 

spectrum of the bottom of the sample was recorded. The 

top of the residue did not show any results even after 

accumulation of the spectra for a longer time. The 

reduction of the resolution of the 13C signal is related to 

the anisotropy of the paramagnetic susceptibility of the 

aromatic compounds present in the residue. In the case 

of paramagnetic materials, this anisotropy is large and, 

consequently, leads to disappearance of the 13C signal.  
27Al spectra of the residues of EVM-ATH are presented 

in Fig 16. The unburnt material exhibits a peak at 8 ppm 

corresponding to octahedral coordinated aluminium 34. 

An additional site is observed at -2.9 ppm. The recorded 

spectrum corresponds to the spectrum for gibbsite 

(Al(OH)3) found in literature 35,36. In gibbsite hydroxyl 

ions are hexagonal close packed with aluminium ions in 

octahedral co-ordination. The bottom of the sample 

taken before ignition of the material has the same 

spectrum like the unburnt material. The spectrum 

recorded at the top of the plate shows an additional 
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chemical shift at 65.0 ppm attributed to tetrahedral 

coordinated aluminium. The appearance of this peak 

indicates the thermal decomposition of ATH releasing 

water and leading to the formation of alumina consisting 

of a close packed oxygen lattice where Al3+ occupies 

tetrahedral and octahedral holes. The ratio of AlO4 to 

AlO6 (simulated using Dmfit 37) is 1:4. As mentioned 

during analysis of the thermal decomposition of ATH, it 

is known that ATH (gibbsite form) degrades forming 

alumina (Al2O3). It is known that boehmite and 

corundum consist of only octahedral coordinated Al-

ions, whereas several crystal structures of alumina are 

possible 35,36. The most commonly form of alumina is α-

alumina which consists of only octahedral coordinated 

Al-ions. The same is true for boehmite, formed during 

dehydration of gibbsite, only octahedral coordinated Al-

ions are present. Due to the fact that in our case 

tetrahedral and octahedral coordinated Al-ions are 

present in the condensed phase it can be concluded that 

also η- or θ-alumina (consisting of both tetrahedral and 

octahedral sites) is formed. Nevertheless it can be said 

that the alumina consisting of only octahedral 

coordinated Al-ions, i.e. boehmite and alumina, are 

mainly formed due to the ratio of AlO4 to AlO6 of 1:4. 

Moreover, it can be seen that the peak corresponding to 

octahedral coordinated Al is getting broader with 

progressed combustion time. Widening of the peak is 

explained by decreasing of crystallinity of the formed 

product. 

 
Fig 16: 27Al spectra obtained for different stages of combustion of EVM-

ATH 

Regarding the spectra recorded for the other stages of 

combustion it can be seen, that the bottom of the sample 

taken at the increase exhibits the same spectra as the 

unburnt material. This observation shows that the 

underlying material is still protected and that not all of 

ATH present in the material is degraded. First change of 

the spectrum of the underlying material is obtained at 

the pHRR1, where a small peak corresponding to 

tetrahedral coordinated Al is found (ratio AlO4/AlO6 = 

7/100). It can therefore be concluded that only a small 

part of ATH is degraded at this stage of the combustion. 

Concerning top of the samples taken at the different 

stages of combustion it can be seen that all spectra 

exhibit the same chemical shifts, corresponding to 

tetrahedral and octahedral coordinated Al-ions. 

Moreover the ratio AlO4/AlO6 is the same for all other 

samples (1:4).  

It has further to be noted that water detected after 

ignition of EVM-ATH during MLC-FTIR experiment, is 

not only due to complete combustion but also to the 

dehydration of ATH occurring until the pHRR1. 

Presence of a char protecting the material at its surface 

can be evidenced through the fact that 27Al NMR 

showed that ATH is not fully degraded until pHRR1, the 

underlying material is protected through a layer formed 

at the sample surface consisting of alumina and 

saturated and unsaturated hydrocarbons. This result is 

different to the results found in earlier studies 38. In this 

study, an ethylene vinyl acetate polymer having a VA 

content of 24 % is studied. It is shown that when 65 

wt% ATH are incorporated into the polymeric matrix, 

ATH is completely degraded into alumina oxide before 

ignition of the material. The difference between the 

results found in this study and in our actual study is 

explained by the different conditions used. First, the VA 

content of the polymer in our study is much higher. 

Secondly, residues were obtained stopping MLC 

experiment carried at 50 kW/m², whereas 35 kW/m² is 

used in our case.  

EVM-ATH-MP 

Combustion of EVM-ATH-MP was stopped at six 

characteristic points: before the ignition (120 s), during 

increase (175 s), at the pHRR1 (190 s), at the pHRR2 

(425 s), during decrease (700 s) and at the end of 

combustion (1200 s). Residues (Fig. 17) were analysed 

by 13C, 27Al and 31P solid state NMR.  

 
Fig 17: Residues of EVM-ATH-MP (a) after ignition (b) at pHRR1 (c) at 

pHRR2 (d) at end of combustion 

13C NMR spectra of the residues at different stages of 

combustion are presented in Fig. 18. The unburnt 

material exhibits the same chemical shift as unburnt 

EVM-ATH. Peaks attributed to CH3 (20.8 ppm), CH2 

(25.5, 29.8 and 33.9 ppm), and CH (73.4 ppm) are 

observed. Additionally, two peaks at 157.3 and 165. 4 

ppm attributed to MP (melamine ring) are present 39,40. 

These chemical shifts could also be due to the 

quaternary C atom connecting the vinyl acetate groups 

to the polymer backbone. Nevertheless, this possibility 

is excluded due to the fact that the peak is not present in 

unburnt EVM-ATH.  

Before ignition of the material, at the bottom of the 

plate, only the chemical shift at 157 ppm is present. It is 

known that condensation products of melamine exhibit 

chemical shifts around 156 and 164 ppm. Due to the fact 
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that the peak corresponding to MP is not shifted to these 

resonances it is concluded that melamine is present in its 

non-condensed form. Moreover a peak at 180 ppm 

corresponding to carbonyl structures (C=O) in 

carboxylic acids is observed. Peaks corresponding to 

CH, CH2 and CH3 are still present. At the top of the 

plate taken before ignition, the intensity of the peak 

corresponding to the methyl group of vinyl acetate 

decreases and additional peaks at 130 ppm (unsaturated 

hydrocarbons) and 180 ppm (carbonyl) are observed. 

These peaks indicate the presence of an oxidized, 

aromatic char. The spectrum of the bottom of the sample 

taken at the increase is equal to the one obtained before 

ignition (bottom). The top of the plate at this stage of the 

combustion process exhibits chemical shifts 

corresponding to CH2-groups, unsaturated hydrocarbons 

(130 ppm) and 182.1 ppm corresponding to carbonyl 

functions. A peak at 167 ppm attributed to melamine 40 

can be suspected whereas its intensity is very low. At 

the same time, this chemical shift can also be attributed 

to the carbonyl function present in the acetate group of 

the polymer.  

 
Fig 18: 

13
C spectra obtained for different stages of combustion of EVM-

ATH-MP 

At pHRR1, the spectrum of the bottom of the plate is 

similar to that obtained at the increase which indicates 

that the bulk material under the protective layer is 

protected until the pHRR1. Peaks corresponding to 

methyl in the vinyl acetate group are still present. For 

the top of the plate taken at the pHRR1, peaks 

corresponding to CH2-groups (23.3 and 29.6 ppm), 

unsaturated hydrocarbons (130 ppm) and carbonyl 

functions (180 ppm) are observed. 

Spectra of the bottom of the plate at the pHRR2 consists 

of chemical shifts corresponding to CH2-groups (29.8 

ppm) and unsaturated hydrocarbon structures (130 ppm) 

as well as a chemical shift assigned to carbonyl 

functions (oxidation of the char) are obtained (180 

ppm). The residues of the top of the plate taken at 

pHHR2 only exhibit chemical shift at 130 ppm 

indicating the presence of unsaturated hydrocarbon 

structures (charring peak). The same is true for the 

spectrum taken of the top of the plate at the decrease. 

The bottom of the plate at the decrease shows the same 

peaks as the spectrum taken at the bottom of pHRR2 

whereas the peak corresponding to carbonyl is found at 

181 ppm. Spectra of the residues left at the end of the 

experiment give no signal due to low content (or 

possible absence) of carbon atoms in the residues. 

Reduction of the resolution of the 13C signal is due to 

increased anisotropy of paramagnetic susceptibility of 

carbon atoms present in the residue. 
27Al NMR spectra of the residues are presented in Fig. 

19. The spectrum obtained for unburnt EVM-ATH-MP 

is similar to that obtained for unburnt EVM-ATH. The 

chemical shift at 7.9 ppm with a small shoulder at -2.0 

ppm is attributed to octahedral coordinated Al3+ 34.  

 
Fig 19: 27Al spectra obtained for different stages of combustion of EVM-

ATH-MP 

At the top of the plate taken before the ignition a peak 

assigned to tetrahedral coordination of aluminium 

indicating the dehydration of ATH forming an 

aluminium oxide is detected (65 ppm). The underlying 

material (bottom of the plates) has the same spectra like 

unburnt EVM-ATH-MP until pHRR1. Top of the plates 

always show chemical shifts corresponding to 

tetrahedral and octahedral coordinated aluminium. As 

for EVM-ATH, the peak corresponding to octahedral 

coordinated Al is getting broader with progressed 

combustion process. It is assumed that a char layer 

consisting of unsaturated hydrocarbons and aluminium 

oxide is formed protecting the material against heat. 

This indicates that decomposition of ATH is completed 

after pHRR1. Hence the material is protected through 

endothermic dehydration of ATH and the resulting 

release of water until pHRR1.  

Moreover, an additional peak is observed at around 39.5 

ppm assigned to aluminium phosphate (AlO4), whereas 

Al3+ has a tetrahedral coordination (AlO4) 
41,42. This 

peak is observed in all spectra of samples taken at the 

top of the plates. Concerning the bottom of the plates, 

AlPO4 is observed for the first time at the increase.  

It can be seen that phosphate present in MP coordinates 

with Al present in the condensed phase to form 

aluminium phosphate when melamine is evolved due to 
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decomposition of MP (corresponds to 13C NMR results 

of EVM-ATH-MP). The peak assigned to aluminium 

phosphate is present in all residues taken at the top of 

samples for each step of the combustion process. 

Bourbigot et al. 33 showed that formation of 

orthophosphates in intumescent systems improves 

stability the protective layer. They proposed that formed 

char layer consisting of aromatic and aliphatic 

molecules is bridged by the phosphates leading to 

improved properties of the protective char layer. These 

results are in agreement with those found in this study. 

During MLC experiment, it was found that pHRR2 is 

lower for EVM-ATH-MP than it is for EVM-ATH. It is 

therefore supposed that formation of aluminium 

phosphate during decomposition of EVM-ATH-MP 

leads to formation of a protective layer at the material 

surface exhibiting higher insulative properties. It is 

assumed that phosphates formed during decomposition 

of EVM-ATH-MP bridge the aromatic char system 

developed during combustion to form a more stable 

protective char layer. The formation of aluminium 

phosphate improving the efficiency of the char layer 

supports the assumption postulated in discussion of 

MLC-FTIR results. It was supposed that the gas flow at 

pHRR2 is lower for EVM-ATH-MP due to formation of 

a more insulative protective layer. 

The formation of aluminium phosphate is confirmed by 

analysis of the residues by 31P NMR (Fig. 20). It can be 

seen that the peak corresponding to aluminium 

phosphate (-30 ppm) is observed in all samples taken at 

the bottom of the plate and in samples taken at the 

bottom from the increase to the end of the combustion. 

The unburnt material exhibits a peak at 1.3 ppm having 

a shoulder at -1 ppm corresponding to orthophosphate. 

The presence of these two peaks indicates different 

structures of the orthophosphates. The orthophosphate 

species have either one or two neighbour aluminium 

atoms . It can be seen that the chemical shift 

corresponding to orthophosphate changes a little bit 

before ignition of the material (bottom of the plate): the 

shoulder at -1 ppm is getting more important than the 

signal at 1.3 ppm. This change is explained through 

structure changes taking place due to decomposition of 

MP which is known to evolve melamine.  

 

Fig 20: 
31

P spectra obtained for different stages of combustion of EVM-

ATH-MP 

All together it can be said that the phosphate present in 

MP is degraded to AlPO4 during decomposition. It is 

supposed that this compound has a role in the formation 

of a protective surface layer which protects the material 

against the attack of fire and improved properties of this 

layer. 

Protection mechanism for the EVM-ATH and EVM-

ATH-MP 

It was found that EVM-ATH is protected through a gas 

phase and a condensed phase mechanism. In the 

condensed phase, ATH degrades forming alumina. 

Decomposition of the polymer results in formation of a 

protective layer. The developped layer protects the 

material against the attack of fire. At the same time, 

water coming from the dehydration of ATH dilutes the 

fuel and prevents early igniton reinforced by the 

endothermic dehydration of ATH. Concerning 

decomposition of the polymer, it was found that 

deacetylation of EVM evolving acetic acid takes place 

before ignition. Linear polyenes formed during 

deacetylation are degraded afterwards whereas the 

nature of released gases depends on the heating rate. 

Low heating rates lead to formation of linear saturated 

and mono unsaturated hydrocarbons whereas high 

heating rates lead to formation to benzene and its 

homologues and small linear unsaturated hydrocarbons 

(mono and di unsaturated). In the case of EVM-ATH-

MP, ATH exhibits the same action in the gas phase and 

in the condensed phase as it was found for EVM-ATH. 

Analysis of the role of MP in the system showed that 

release of ammonia (from MP decomposition) leads to 

earlier ignition of the material. At the same time, 

phosphates remaining in the condensed phase after 

decomposition of MP form aluminum phosphates. The 

formed aluminum phosphates connected aliphatic and 

aromatic molecules which are present in the protective 

layer at the material surface. The protective layer of 

EVM-ATH-MP improves the barrier effect of the 

protective layer. Due to improved efficiency of the char 

layer, release of heat, decomposition gases and smoke in 

the second part of the combustion process is reduced in 

comparison to EVM-ATH. 

Conclusions 

Flame retardant properties and smoke release of EVM 

materials were investigated using ATH and MP as fire 

retardant additives. It was found that partial replacement 

of ATH by MP leads to earlier ignition of the material 

and reduction of pHRR2. To understand the role of MP 

in the system both materials, i.e. EVM-ATH and EVM-

ATH-MP were further analysed. It was found that all 

additives are well dispersed in the polymeric matrix. 

Decomposition mechanism of both materials was 

investigated. It was detected that both materials are 
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protected by a gas phase mechanism: decomposition of 

ATH evolves water diluting the fuel. At the same time 

ATH has a cooling effect due to its endothermic 

decomposition. Early ignition of EVM-ATH-MP was 

explained by presence of more flammable gases, i.e. 

ammonia, coming from decomposition of MP. It was 

also found that structure of released gases depend on the 

used heating ramp. Condensed phase mechanism was 

analysed for both materials: a physical barrier is formed 

during combustion protecting the material against 

external heat. The presence of MP leads formation of 

aluminium phosphate in the condensed phase improving 

stability and insulative properties of the char layer. 
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Flame retardancy of EVM-based polymers with low smoke emission 

Summary:  

This work deals with new elastomeric ethylene-vinyl acetate (EVM) materials containing aluminum 

trihydroxide (ATH) in combination with melamine or its derivatives are evaluated regarding 

mechanical properties, hydrothermal aging, fire retardancy and smoke release. The decomposition 

mechanism of EVM containing ATH and melamine borate (MB) (EVM-ATH-MB) is analyzed in details 

because of its high stability during hydrothermal aging and its low smoke release. Decomposition 

reactions EVM-ATH-MB are studies using amongst others new approaches such as pyrolysis-gas 

chromatography-mass spectrometry (py-GCMS) and mass loss calorimeter coupled with Fourier 

transform infra-red (MLC-FTIR). It is found that EVM-ATH-MB is mainly protected by the mode of 

action of ATH diluting the fuel and forming a protective layer that reduces mass and heat transfer.  

Keywords:  flame retardancy, ethylene vinyl acetate, elastomer, aluminum trihydroxide, melamine 

borate 

Procédé de polymères EVM ignifugés à faible émission de fumées 

Résumé: 

Cette étude est dédiée aux matériaux élastomères à base d’éthylène acétate de vinyle (EVM) 

ignifugés à l'aide de trihydroxide d’aluminium (ATH) et de mélamine ou de ses dérivés. Les différents 

types de formulations sont testés concernant leurs propriétés mécaniques, vieillissement, 

ignifugation et libération de fumée. La combinaison d’ATH et borate de mélamine dans l’EVM (EVM-

ATH-MB) présente une plus faible libération de fumées et une meilleure stabilité pendant les tests 

vieillissement. En conséquence les mécanismes de la décomposition sont étudiées en utilisant entre 

autres des nouvelles approches comme le pyrolyzeur chromatographie en phase gazeuse couplée à 

la spectrométrie de masse (py-GCMS) et calorimètre à cône couplé à la spectroscopie infrarouge à 

transformée de Fourier (MLC-FTIR). L’effet de refroidissement ainsi que la formation d’une couche 

protectrice à la surface protège le matériau principalement. 

Mots clés :  ignifugation, éthylène-acétate de vinyle, élastomère, hydroxyde d’aluminium, borate 

de mélamine 
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