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Nowadays, the material mainly used in building is steel. However, structural steel 

loses a significant part of its load carrying ability when its temperature exceeds 500°C. In case 

of fire prevention of the structural collapse of a building is paramount to ensure the safe 

evacuation of people, and is a prime requirement of building regulations in many countries. 

To meet those requirement the development of fire protective systems are thus required.  

Intumescent coatings constitute one of the oldest and one of the most efficient ways to 

protect a substrate against fire. They have the ability to expand when heated upon a critical 

temperature leading to the formation of thick insulative foam limiting heat transfer between 

the flame and the substrate. These coatings are designed to perform under severe conditions 

and to maintain the substrate integrity when exposed to high temperature.  

Most of intumescent coatings are organic based and therefore exhibit some 

disadvantages. The main ones are their low weatherability properties and a potential toxicity 

and opacity of smokes emitted during their thermal degradation. Silicone resins are known to 

exhibit excellent ageing properties and low toxicity and opacity of smokes. Even if, the use of 

pure silicone as protective coating against fire has never been studied, these resins seem to be 

good candidates for the protection of steel structures against fire. This approach will be 

considered in this work.  

The aim of this project is thus to develop an intumescent silicone based coating 

for the fire protection of substrates that could be used in the building industry.  

This manuscript will be divided into four parts.  

The first chapter of this PhD reviews regulation and standards concerning the protection of 

metallic structures, and describes the different passive fireproofing materials existing for steel 

protection. Then, the development of innovative coatings for the protection of steel against 

fire will be discussed. 

The second chapter deals with the development of silicone intumescent coatings based either 

on high cross-linked silicon resin or on room temperature vulcanized (RTV) silicone rubber. 

Both coatings exhibit drawbacks, such as low viscosity at high temperature for the first one 

and low expansion behavior for the second one.  

To overcome those drawbacks, the third chapter is devoted to the investigation of the 

resistance to fire on steel of RTV silicone rubber containing expandable graphite in fire 

scenarios. Even if those systems exhibit high fire performance, the mechanical properties of 

the char is too low to apply thick silicone intumescent coating.  
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That is why in the fourth chapter, the development of high cross-linked RTV silicone rubber 

added with expandable graphite for the fire protection of steel in hydrocarbon fire scenarios, 

using thick silicone coatings, is described.  

The manuscript is based on the following papers. As a consequence, all the details 

concerning  the experimental techniques will not be described. Moreover, only, the main 

results will be presented in this manuscript. If you need further information please refer to the 

papers reported in Appendix 2. 

- Patent: PROTECTING SUBSTRATES AGAINST DAMAGE BY FIRE – Inventors: 

B.Gardelle, S.Duquesne, P.Vandereecken and S.Bourbigot - filed in March 2012 - In Revision 

- B. Gardelle, S. Duquesne, V. Rerat, S. Bourbigot, Thermal degradation and fire 

performances of intumescent silicone based coating, Polymer for Advanced Technologies - 

Vol 24, p62-69, (2013)  

-  B. Gardelle, S. Duquesne, P. Vandereecken, S. Bourbigot, Fire performance of curable 

silicone based coatings, ACS book Fire and Polymers VI: New Advances in Flame 

Retardant Chemistry and Science - Vol 1118, p205-221, 2012 

- B. Gardelle, S. Duquesne, P. Vandereecken, S. Bourbigot, Characterization of the 

carbonization process of expandable graphite/silicone formulations in a simulated fire, 

Polymer Degradation and Stability - Vol 98, p1052-1063, May 2013 

- B. Gardelle, S. Duquesne, P. Vandereecken, S. Bourbigot, Mode of action of organoclay on 

the fire performance of intumescent silicone based coating, Progress organic coating, 

Accepted - 2013 

- B. Gardelle, S. Duquesne, P. Vandereecken, S.Bellayer, S. Bourbigot, Resistance to fire of 

curable silicone/Expandable graphite based coating: effect of the catalyst. European 

Polymer Journal, In press - 2013 

- S.Bourbigot, B.Gardelle, S.Duquesne - Intumescent silicone-based coatings for the fire 

protection of carbon fiber reinforced composites - International Association for Fire Safety 

Science - Submitted - 2013. 

 

N.B.: The silicone matrix used and experimental techniques (not presented in the papers) are 

summarized in the Appendix 1.  

http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
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I-1 Introduction 

In recent decades, disastrous accidents caused by fire have reminded people of its risks 

in industrial buildings and  equipment. The aim of this chapter is to make an overview of the 

different fire scenarios, of the nature of substrates which have to be protected and the ways to 

protect them.  

As we will see in this first part, among the different fire protection systems, 

intumescent coatings appear to be attractive candidates. Thus, in a second part of this chapter, 

intumescence process will be fully investigated, from its mode of action to its critical 

parameters and its limitations. This part will show that the main limitations of intumescent 

paints are due to their organic characters. As a consequence, in the last part, a discussion on 

the use of silicone resins as an alternative to organic paints for fire protection will be done. 

I-2 Passive Fire Protection  

Resistance to fire or passive fire protection evaluates the capacity of a material to keep 

its integrity and/or its functionality in a fire scenario. In most of the cases, the materials used 

in building are steel, wood or composites. On all those substrates, passive fire protection 

systems are based on insulative systems designed to prevent heat transfer from the fire to the 

structure being protected.  To apply a coating, called fire protective coating, is the easiest way 

to improve fire resistance. This work focuses on the steel fire protection. 

I-2.1 Steel fire protection 

Steel is a material used worldwide in the construction of bridges or buildings and is 

present on several markets such as marine and offshore platforms. Structural steel is usually 

the first choice of architects and engineers for framework of single and multi-store buildings. 

It offers maximum design flexibility and is widely used as an architectural feature in its own 

right. It has the advantage of being a noncombustible material. However, steel exhibits high 

heat conductivity and in case of fire, temperature raises up rapidly through the structure. 

Consequently, both the yield stress and elastic modulus of steel, the two most important 

material properties in determining the load-carrying capacity, decrease considerably with 

increasing temperatures (Figure 1)1. 
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Figure 1 : Effect of temperature on elastic modulus (E) and yield stress (σ) of steel with E0 and σ0 the modulus of 

elasticity and the yield stress at ambient temperature 

Steel begins to lose most of its structural properties between 470 and 500°C2. Around 

600°C, the yield stress and elastic modulus have fallen by at least 40% compared to the room 

temperature values, which could cause the collapse of the structure. It is because of this 

relatively low failure temperature that the protection of metallic materials against fire is an 

important issue in the construction industry. Indeed, prevention of the structural collapse of 

the building is paramount to ensure the safe evacuation of people from the building, and is a 

requirement of building regulations in many countries.  

These regulations also depend on the size of the surface to be protected. Small 

building, from which occupants can escape rapidly in a case of fire, may not require any 

special protection against collapse. In larger building, the time required for the complete 

evacuation of occupants is longer. In this case, collapse has to be delayed by providing a 

higher level of structural fire protection in order to ensure the safety of occupants. In 

particular, the collapse of the twin towers in New York, on the 11th September 2001, is one of 

the most important accidents demonstrating the importance of the fire protection of steel 

structures. Indeed, it was demonstrated that the towers did not collapse because of the impact 

of the planes, but because of the progressive heating of the steel which was not sufficiently 

protected against fire and which reached its failure temperature rapidly3. This and other tragic 

disasters caused by fire have made fire protection standards and regulation more and more 

severe. 

Fire protective coatings target performances can be classified in two main categories. 

The first one, measured in terms of time (1h, 2h) consists in the increase of the fire resistance, 

as defined by ASTM E119 for building or by ASTM E1529 or UL1709 for hydrocarbon fire 
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tests. The second category of performance is the reducing of the flame spread of the 

combustible substrate, such as wood and composite, as measured by the flame spread index 

ASTM E84 in the USA4.  

In the case of steel protection, required levels of protection are normally specified in 

terms of time and temperature on the basis of one or more criteria. It can vary from few 

minutes for airplane applications for example to several hours for building applications. The 

duration is established by a time rating which is determined by testing, in accordance with an 

approved standard. Some of the more commonly specified test standards5 are listed in Table 1 

and presented in (Figure 2). 

Table 1 : Usual test standards established by differents countries 

Standard Country Dedscription 

ASTM E119 USA Cellulosic or wood fire, used since 1903 

ISO 834 (standard 

time/temp.curve) 
International 

Cellulosic or wood fire (similar to 

ASTME119) 

DIN 4102 Germany 
Cellulosic or wood fire (similar to 

ASTME119) 

BS 476 U.K Hydrocarbon fire 

UL1709 USA 
Hydrocarbon fire; developed in the early 

1970's 
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Figure 2: Standard fire tests curves 

The cellulosic fire curve (ISO834 or ASTM E119) simulates the rate of temperature 

increase observed in a residential building fire where the main sources of combustion fuel 

(such as papers and furniture) are cellulosic in nature. This fire curve is characterized by a 

relatively slow temperature rise to around 927 °C in one hour.  However, this slow heating 

rate is not relevant for hydrocarbon fire scenario. Indeed, the burning rates for certain material 

such as petrol or chemical are well in excess than those of cellulosic materials. That is why 

hydrocarbon fire scenario (B5476 and UL1709) has been developed. The hydrocarbon test 

curve mimics the rapid temperature rise seen when a hydrocarbon fuel, such as oil, burns. The 

temperature reaches 1100°C in 5 minutes. The UL1709 hydrocarbon fire test curve was 

developed by the Mobil Company in the early 1970's and adopted by a number of 

organizations and in particular by the Underwriters laboratories6.  

In all of these different fire scenarios, the critical temperature is an essential 

parameter. Critical temperature of steel, for example, is defined as the temperature at which 

only 60% of the original strength remains, which corresponds to its imminent failure under 

full design loads. For regular reinforcing steel, the temperature of 500°C has been officially 

adopted as a standard for normally loaded structure components. This temperature is of 400°C 

for highly loaded system, since the steel loses a substantial proportion of its strength at above 

500°C. Consideration must be given to the whole range of condition in which the fire 

protection is required to resist during its service life: weather condition, ultraviolet rays, 
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corrosive environment and physical-mechanical service conditions. In order to comply with 

this severe fire regulation, different passive fire proofing materials and fire stops barrier have 

been developed and will be discussed in the following section.  

I-2.2 Passive Fireproofing Materials  

Traditional fireproofing coatings are cementitious coatings, fibrous materials, fire 

protective panels, ceramic coatings and intumescent coatings7, 8. 

Cementitious coatings are based on Portland cement, magnesium oxychloride cement, 

vermiculite, gypsum, and other minerals4. Fibrous fillers, supplementary binders and density 

or rheology controlling additives are typically mixed with water on site and applied by 

spraying during steel construction at thicknesses of 3 cm or more. Some of these coatings can 

be applied onto flammable substrates by the use of rollers and/or a moving belt. These 

coatings can provide fire protection from one-half to several hours by water release and 

thermal insulation effects. They are low cost and easy to apply, and some are resistant to 

weather exposure. However, because of their weight, thickness and poor esthetics, they limit 

architectural design. Thus, building designers avoid them for visually exposed steel. On the 

other hand, they may also be dislodged in a violent fire.  

On the other hand, fibrous materials such as boars or blankets of mineral wool and ceramics 

fibers can also be used. They are mainly used as passive fireproofing systems when thermal 

insulation is an additional requirement. Inorganic binders that do not burn out during the 

initial stages of the fire are recommended. As ceramic fiber is more expensive than mineral 

wool, they are often used in combination. However, the main drawback is that fibrous 

materials easily absorb water and that is why they are only recommended for internal use 

except where they can be effectively clad with metal sheeting.  

Fire protective panels are produced with various types of materials from different fire 

resistant classes. Panels may consist of a metallic cladding, often stainless steel, cementitious 

boards... These panels may resist cellulosic or hydrocarbon fires as required. They are 

generally fixed to structural members with steel binding wire or bolted to supported frame 

(Figure 3). However, to reach high insulative properties, very thick material is used. 

Consequently, it increases significantly the weight of the structure and modifies its 

architecture. 
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Figure 3: Fire protective panels fixed on steel structure9 

Some coatings, such as Al2O3–TiO2, ZrO2, and other ceramic thermal barrier coatings 

are used, for example in aerospace, electronics and biomedical applications, and may be 

applied usually to metal substrates by plasma/high-velocity oxygen flame spraying 10. Recent 

research discloses a related ceramifying coating material, suitable for protecting cables at high 

temperature, using an inorganic phosphate, which is exemplified by ammonium 

polyphosphate, as part of the ceramifying system along with a mineral silicate exemplified by 

talc, mica, or clay11. On the other hand, we recently reported the use of ceramic precursor - 

polysilazane - based coating for steel protection against fire. The purpose of this work was to 

form a ceramic of low thermal conductivity at high temperature which could protect a 

substrate in fire scenario12. The performance of the polysilazane coating was improved 

incorporating a fire retardant, namely aluminium  trihydroxide, in the formulation but the 

performance of such coating was limited compared to commercial coating for the fire 

protection. 

Finally, intumescent materials can also be used. They are classified as either thick or thin film 

intumescent coatings. Depending on the fire scenario - hydrocarbon or cellulosic - one kind of 

intumescent coating has to be used. For cellulosic fire (ISO834), thin intumescent coating will 

be used. These films were introduced as early as the 1930's and are generally available as 

solvent or water based systems. They typically use thermoplastic acrylic based resin system, 

they respond rapidly and intumesce quickly when exposed to a cellulosic fire environment. 

More than one hour protection can be achieved using between 1 and 3 mm thick coating. 

Coatings protecting against hydrocarbon fires (UL1709) are typically two-component (usually 

epoxy) solvent-free systems applied at 3-5 mm per coat often through separate heated lines 

with an in-line static mixer at the spray tip. These coatings are usually used in offshore 
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platform and so, are exposed to corrosive environment. The steel surface is prepared by an 

abrasive blast, and then an anticorrosive primer must be applied. This solution for the fire 

protection exhibits several advantages such as a low weight, a possibility to be applied indoor 

or outdoor, a low thickness which enables to preserve the architecture of the structure. Thus, it 

appears as an interesting approach and that is why it has been used in this work.  

 

The following part will thus describe in details what is an intumescent coating and the 

limitation of conventional intumescent coatings. 

I-3 Fire protection based on Intumescent coating 

I-3.1 The intumescent concept 

In 1971, Vandersall13 published a paper describing the history and critical element of 

intumescent coatings. This concept is well described in the literature and can be simply 

resumed in the process below (Figure 4).  

    

 

 

 

(a) (b) 

 

Figure 4:  Schematic view of an intumescent coating with its different zones (a) and its development as a function of 

the conversion degree α (b) 

When exposed to high temperature, these coatings have the properties to swell to thick 

insulative foam4, 13. The intumescence process results from a combination of charring and 

foaming at the surface of the substrate. The charred layer acts thus as a physical barrier which 

slows down heat and mass transfer between gas and condensed phase.  

The formation of an intumescent char is a complicated process involving several 

critical aspects: rheology (expansion phase, viscoelasticity of char), chemistry (charring) and 
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thermophysics (limitation of heat and mass transfer)14. Indeed, at high temperature, the 

surface of the material begins to melt and is converted into a highly viscous liquid. 

Simultaneously, endothermic reactions occur leading to the release of gases which are trapped 

in this viscous fluid. The resulting material is composed of high expanded foam sometimes up 

to many times its original thickness. This expanded carbonaceous char acts as an insulative 

barrier between the fire and the substrate and so protects it14-16.  

Figure 5 illustrates a typical char obtained from an intumescent coating after fire exposure. It 

consists in a multi-cellular layer. The size and size distribution of the alveolus play an active 

role in the performance of the coating4, 17. This layer of char absorbs a large part of the heat 

generated by the fire, thus maintaining the temperature of the substrate below the critical limit 

for a certain period of time.  

 

Figure 5 : Typical char obtained at high temperature (expansion about 2800%)  

To obtain intumescence phenomenon, coatings are mostly based on the combination of a 

char-forming material, an acid source and a blowing agent embedded in a binder resin4, 18: 

 Char forming material is a carbon-rich polyhydric compound. Polyhydric alcohols are 

mostly used. The number of carbon will influence the amount of char formed whereas 

the number of hydroxyls will determine the rate of char formation. 

 The acid source is an inorganic acid, either free but more often formed in situ from 

precursor upon heating. 

 Blowing agents are usually halogenated or nitrogenated compounds, which release 

large quantities of non-flammable gases in a given range of temperature. 

Examples of the components from the different categories are shown in Table 2 19, 20 
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Table 2: Examples of components playing a role in intumescent coatings19, 20 

Inorganic acid source 
Carbonisation 

compounds 

Foaming 

compounds 

-Acids (phosphoric, boric, sulphuric) 

-Ammonium salts (phosphate, polyphosphate) 

-Melamine phosphate or polyphosphate 

-Organophosphorous compounds (alkyl phosphate, 

haloalkyl phosphate) 

-Starch 

-Sorbitol 

-Pentaerythritol 

-Polyurethane 

-Phenol-formaldehyde 

resins 

-Chlorinated 

paraffins 

-Melamine 

 

Some compounds can play several roles during the intumescence process. For example, 

melamine phosphate can play the role of blowing agent and acid source. 

The presence of each compound in an intumescent formulation does not ensure intumescent 

behavior of a material. Indeed, the choice of the matrix is also important. In particular, its 

thermal degradation pathway and its rheological behavior at high temperature are decisive21. 

In fact, a series of chemical and physical processes must occur in an appropriate sequence, 

while the temperature increases, to produce the intumescent phenomenon.  

Numerous papers describe the chemical mechanism leading to the intumescence 

phenomenon13, 14, 19. They show that, at first, the acid source breaks down to yield a mineral 

acid. Then, this acid takes part in the dehydration of the carbonization agent to yield the 

carbon char, and finally the blowing agent decomposes to yield gaseous products. The latter 

cause the char to swell and hence provide an insulating multicellular protective layer. This 

shield limits the heat transfer from the substrate to the heat source.  

There is potentially a large choice of compounds from which formulating intumescent 

systems. However, only a few compounds are used in practice and they have mostly been 

selected empirically. The inorganic acid is very often phosphoric acid in the form of an 

ammonium salt (APP – ammonium polyphosphate or MPP, Melamine Polyphosphate). 

Recent study highlights the benefits to use boric acid and ammonium polyphosphate to 

improve fire performance of intumescent coating, explained by the formation of a 

borophosphate at high temperature22. Pentaerythritol (PER) and its oligomers are traditional 

polyhydric compounds while polyurethane or suitable epoxy resins are examples of char 

precursors. Melamine (Mel) is commonly used as blowing agents. All of the ingredients are 

important because they interact with each other to achieve the desired overall performance.  
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 Other than this traditional APP/Mel/PER coating, expandable graphite (EG) appears to 

be a ‘particular’ intumescent additive known to impart fire retardancy to various materials23. 

EG is a graphite intercalation compound in which sulfuric acid and/or nitric acid are inserted 

between the carbon layers (Figure 6a). When exposed to heat, exfoliation of the graphite 

occurs, i.e. expansion along c-axis of the crystal structure by about hundred times. The 

material generated in that way is a puffed-up material of low density with a ‘‘worm’’ like 

structure (Figure 6b).  

 

Figure 6 : Structure of EG and b) SEM pictures of worms from EG 

For recent decades, more and more papers have been dealing with the use of expandable 

graphite in intumescent based coatings. This particular intumescent additive increases the fire 

performance and anti-oxidant properties of the coatings4, 24, 25. However, in the above 

mentioned studies, expandable graphite is incorporated into complex organic intumescent 

based formulations.  It is noteworthy that in those organic intumescent based coating, EG 

decreases considerably the cohesion of the char25 which is one of the key parameters for 

intumescent coating to ensure high insulative properties.  

 As described previously, intumescent coating acts as a heat barrier limiting the heat 

transfer between the fire and the substrate. Several physical parameters have to be taken into 

account to develop efficient intumescent coating and to explain its mode of action. The 

physical properties are therefore described in the next section. 

I-3.2 Physical properties of intumescent coatings 

In order to determine the parameters governing the fire performance of an intumescent 

structure, we firstly consider an expanded structure exposed to a heat flux     (Figure 7) 

coated on steel plate (thickness e). 
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Figure 7: Schematic expanded structure exposed to an external heat flux 

The effective flux received by the material and the heat diffusion in the material are 

respectively described by the equation 1 and 2.                                                                        Equation 1                                          Equation 2 

In equation 1, A is the absorptivity assuming to be 1, h is the convective coefficient, Tinf 

is the temperature of surrounding air (300 K), Tamb is the temperature of the surrounding (300 

K), є is the emissivity (0.9) and σ is the Stephan - Boltzmann constant.  

In equation 2, s(t) describes the swelling of the coating depending on the time, cp is the 

heat capacity,   is the density, k is the thermal conductivity, T is the temperature and t is the 

time. During the intumescence process and the degradation of the material, heterogeneous 

reactions (solid/gas), involving the destruction of the condensed phase with the evolution of 

gases and formation of char occur. It corresponds to the source term Q which depends on the 

degradation kinetics parameters and on the heat of decomposition of the intumescent material. 

According to those equations, the most important parameters of the expanded char 

affecting its thermal insulation performance seem to be its ability to expand and its thermo 

physical properties such as thermal conductivity and stability. Moreover, the mechanical 

properties of the intumescent char is also a parameter to be taken into account. Indeed, to 

ensure good insulative properties, the expanded structure has to exhibit good mechanical 

properties and adhesion with the substrate to be protected. Those properties are detailed 

herein after. 
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I-3.2.1 Mechanical properties of intumescent chars 

 Mechanical strength of the char is a key parameter to ensure its integrity in case if a 

fire scenario. This factor is significant because in such a scenario, char destruction can 

proceed not only by means of ablation and heterogeneous surface burning, but also by means 

of an external influence such as wind, mechanical action of the fire or convective air flows. 

Mechanical properties of intumescent chars depend both on the chemical structure and on the 

porosity of the char26. Moreover, physical structure data (such as thickness of the walls in the 

char cap, micro-density of the char) have also to be taken into account. Depending on the fire 

scenario, mechanical properties of the intumescent char is the main parameter to take into 

consideration. In hydrocarbon fire scenario, this property is more important since the 

conditions are more severe than in cellulosic fire scenario.  

To ensure the good cohesion of the char, several additives can be incorporated to the 

intumescent formulation such as mineral fibres16, organo-clay27, 28, ceramic precursor... These 

compounds might react with the inorganic acid source to form a dense ceramic on the top of 

the intumescent char22.  

On the other hand, different methods have been developed to evaluate the mechanical 

properties of intumescent char. Reshetnikov et al. used a "Structurometer ST-1", developed at 

the Moscow State Food Academy, to measure the force required to destroy a char26. The 

samples were first pyrolysed and then a destructive force was applied to the sample. It was 

concluded that one of the main factors influencing the mechanical properties is the char 

porosity: the smaller the pore size the better the char strength. However, the mechanical 

properties of the char are investigated at ambient temperature which may not be representative 

of its behaviour at high temperature. A similar method was developed in our laboratory at 

Lille University29 in recent years, using Thermal Scanning Rheometer. The main interest of 

this approach is that mechanical properties of the char are evaluated at high temperature. 

However, the measurement cannot be carried out at higher temperature than 500°C due to 

experimental limitations. A new method was develop during this project to overcome those 

drawbacks and will be detailed further in the manuscript.  

I-3.2.2 Thermal conductivity and diffusivity 

According to the equation 1, heat conductivity is one of the parameters governing the 

performance of an expanded structure in terms of insulation.  

Very few articles in the literature deal with the measurement of thermal conductivity at 

high temperature of material. J.E.J Stagg determined thermal conductivities of intumescent 
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char at high temperature by numerical simulation17. He evaluated thermal conductivity from 

ambient temperature to 1200K and its dependence with the porosity of the material. He 

calculated that thermal conductivity of intumescent char material varies from 0.1 W/m.K. to 

0.4 W/m.K. from ambient temperature to 600°C, suggesting the heat insulative properties of 

these materials. He showed that the thermal conductivity of an intumescent structure is 

directly linked to its morphology. Indeed, at elevated temperature, radiation across pores 

causes significant augmentation of the apparent thermal conductivity. If the pore size is 

relatively small compared to the length scale on which temperature varies throughout the char 

and since the interior of the pore is a blackbody, then it may readily be shown that the 

additional heat flux due to radiated heat is given approximately by          , where δ is the 

pore size, φ is the porosity, σ is the Stefan–Boltzmann constant and 
     is the temperature 

gradient in the direction of heat transfer. If k is the effective thermal conductivity without 

radiation enhancement, then the additional radiative heat flux may be conflated into a total 

effective thermal conductivity, given approximately by the Equation 3:  

ktot = k + 4φδσT3                                                              Equation 3 

This highlights the fact that the char has to be composed of small size and homogenous pores 

to ensure the lowest thermal conductivity at high temperature. However, even if he 

determined thermal conductivity versus temperature by numerical simulation and found good 

fit with experimental data obtained on the char (after expansion), all the data are obtained on 

an expanded structure and not during the expansion of the material. 

On the other hand, the other important parameter when dealing with heat transfer is 

the thermal diffusivity α (eq. 4) which depends on the thermal conductivity k, the density  , 

and the specific heat capacity cp.                    Equation 4 

It describes the ability of a material to conduct heat (k) compared to store it (.cp) and 

must therefore be considered. In a material with high thermal diffusivity, heat moves rapidly 

through and its insulative properties will thus be decreased. 

I-3.2.3 Expansion 

Intumescent coatings upon heating swell to a thick insulative foam (with appropriate 

thermal properties described in the last section) to protect a substrate against fire source. The 

thickness of this expanded structure has to be taken into account, such as its swelling velocity. 
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Recently, Bourbigot et al. have demonstrated that the insulative performance of intumescent 

coating is increased by its high swelling velocity and high expansion30, 31. The onset 

temperature of the swelling process has also to be considered. It has to occur at low 

temperature. 

 

As a conclusion, several parameters have to be taken into account in order to ensure 

high insulative properties of an intumescent char. The main ones are: high expansion, 

high swelling velocity, high mechanical properties and low heat conductivity and 

diffusivity. To meet all these parameters and thus to ensure high fire performance, classical 

intumescent paints have very complex formulations. These materials are typically organic-

based and therefore present some limitations.  This will be discussed in the following part. 

I-3.3 Limitation of classical organic intumescent coating 

We have shown that depending on the fire scenario, different organic intumescent 

based coatings are used. One kind of matrix is used for one fire scenario: acrylic for 

cellulosic, and epoxy for hydrocarbon fire scenario. The intumescent process is mainly due to 

chemical reaction and viscosity phenomenon occurring during the thermal degradation. The 

thermal constrain plays therefore an active role on the intumescence development. Depending 

on the thermal stress and the heating rate, the foam structure and properties are significantly 

different32. 

Moreover, due to their organic composition, they exhibit some disadvantages. Firstly, 

these coatings are usually not weatherable33. Jimenez et al. studied the ageing of an epoxy 

intumescent coating, by immersing it for 1 month in water and in salted water. At first, they 

showed that immersion in distilled water for 1 month implied a slight decrease of the 

protective properties. At the extreme surface of the coating, APP turns into polyphosphoric 

acid, which, combined with the mechanical erosion effect of water, is dissolved/detached in 

water. Secondly, the coatings immersed for 1 month in the salted water bath exhibited very 

poor protection of the steel plates, and no intumescence was observed. They explain this 

phenomenon by the migration of sodium and chloride into the matrix. The sodium reacts with 

the polyphosphates to substitute ammonium species, preventing the release of ammonia 

during burning and thus preventing the char swelling.  The low weatherability of the 

intumescent coating is due to the presence of ammonium polyphosphate which is used in most 

commercial intumescent coatings. That is why, for outdoor applications, a protective topcoat 

is needed. 
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Secondly, organic additives undergo exothermic decomposition when heated which 

reduces the thermal insulating value of the system. Moreover, the coating releases organic 

gases (potentially toxic and opaque) which are undesirable in a closed fire environment34.  

Thirdly, the resulting carbonaceous char in some cases has a low structural integrity 

(namely in the case of acrylic based system) and the coating cannot withstand the mechanical 

stress induced by a fire.  

Finally, even if the use of intumescence for the fire protection is well known and 

efficient, it exhibits some drawbacks. That is why some alternatives have to be found and the 

development of hybrid "organic-inorganic" intumescent coating are more and more studied.  

I-4 Resistance to fire of hybrid "organic-inorganic" based coating 

For recent decades, some papers have been published on the use of copolymers epoxy-

silicone in the field of resistance to fire16, 35. Akzo Nobel International Coating company was 

the first to fill a patent dealing with the use of a copolymer epoxy-siloxane for the fire 

protection in hydrocarbon fire scenario36. They showed that the use of siloxane provides good 

fire protection and can, in the absence of fibers (such as silicate fibers or carbon fibers), 

produce chars with better adhesive and cohesive strength than known commercial 

intumescent coatings. Wang et al35. evidenced that the use of the combination of epoxy and 

self-cross-linked silicone acrylate led to an increase of crosslinking degree of the polymer 

binder in intumescent coating. This could significantly improve compactness of coating and 

slow down permeation of water and migration of fire retardant additives, which resulted in an 

improvement in the corrosion resistance of the coating. The interaction of the fire retardant 

additives with the mixed binder led to the formation of a foam structure of char layer. Self 

cross-linked acrylate was beneficial to increase intumescent rate of coating and to form a 

better foam structure of char layer. Those studies highlight the potential of hybrid "organic-

inorganic" coating in the field of fire protection. 

However, all these matrices contain a large amount of organic compounds and the 

limitations concerning smoke opacity and toxicity explained in the last section should be quite 

similar. Moreover, the intumescent system used is composed of ammonium polyphosphate 

and therefore could cause the same problem regarding weatherability. 

That is why we have selected silicone as resin to develop intumescent coating. Our 

idea was to develop a coating that, when exposed to fire, leads to the formation of an 

inorganic expanded structure. In that frame, the use of silicone resin appears to be very 
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interesting since, depending on the conditions, silicone can lead to the formation of silica 

when degraded.  

The following part of this chapter will thus detail the different types and properties of such 

resins. 

I-5 Silicone 

I-5.1 Structures and synthesis 

Silicones are polymers whose backbones consist of alternating Si-O bonds with the 

general formula illustrated in Figure 8. 

 

Figure 8: General formula of silicone 

Silicon resins are generally characterized by their structure using the D, T, Q system. 

The main chain unit is called D and refers to the two oxygen atoms bonded to the silicon 

atom. In a similar way, T and Q units can be defined relatively to the number of oxygen atoms 

linked to the silicon one (Figure 9). 

 

Figure 9: Schematics presentation of D,  Ti and Qi  silicone structures 

They are obtained by a three-step synthesis: chlorosilane synthesis, chlorosilane 

hydrolysis and polymerisation/polycondensation. 

Chlorosilane synthesis: nowadays, silicones are obtained commercially (± 850,000 t/y) from 

chlorosilanes prepared following the direct process of Rochow37 and using silicon metal 

obtained from the reduction of sand at high temperature (Figure 10) and methyl chloride 

obtained by condensation of methanol with hydrochloric acid (Figure 11). 
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Figure 10: Reaction of the sand reduction 

 

Figure 11: Formation of methyl chloride 

The reaction giving chlorosilanes takes place in a fluidized bed of silicon metal powder with a 

stream of methylchloride usually at temperatures of 250 to 350°C and at pressures of 1 to 5 

bars. A mixture of different silanes is obtained containing mainly the dimethyldichlorosilane 

(Figure 12). The reaction is exothermic and has a yield of 85 to 90%. A copper-based catalyst 

is used. 

 

Figure 12: Formation of chlorosilane 

Chlorosilane hydrolysis: polydimethylsiloxanes are obtained by the hydrolysis of 

dimethydichlorosilane in the presence of excess water (Figure 13).  

 

 

Figure 13: Formation of linears and cyclic silicone by hydrolysis 

Polymerization/condensation: the linear and cyclic oligomers obtained by hydrolysis of the 

dimethyldichlorosilane have too short chains for most applications. They must be condensed 

(linears) or polymerised (cyclics) to give macromolecules of sufficient length38. 

The above polymers are all linear apart from the cyclics, but these are also made up of 

difunctional units, called ‘D’. We can distinguish three main kinds of silicone resins: 

branched silicone resin, high temperature vulcanized (HTV) silicone rubber and low 

temperature vulcanized (RTV) silicone rubber. Branched polymers or resins can be prepared 

if, during hydrolysis, a certain amount of T or Q units are included, which will allow the 

formation of a 3D silica network. This can be described if we consider the hydrolysis of the 

methyltrichlorosilane in the presence of trimethylchlorosilane (Figure 14): 
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Figure 14: Formation silicone resin composed of tri-dimensional network 

Silicone polymers are easily transformed into a three-dimensional network and into an 

elastomer (silicone rubber) via cross-linking reaction. This reaction allows the formation of 

chemical bonds between adjacent chains. This polymer is available in different forms from 

liquid to cross-linked rubber. The rubbers can be found in two main classes39: one cross-

linked by polyaddition (HTV), and another by polycondensation (RTV).  

 For poly-addition, cross-linking of silicone rubber is achieved using vinyl endblocked 

polymers which react with the SiH groups from functional oligomers. This reaction is 

catalyzed by Pt or Rh metal complex39 as illustrated in Figure 1537 and occurs at high 

temperature. 

 

 

Figure 15 : Polyaddition reaction 

 Silicones prepared via the poly-condensation method are used to make sealants that 

find applications in original equipment manufactories for glazing sealing windows and doors 

for either residential or public buildings. They are also used as building component providing 

a barrier against severe environments such as humidity or dust40. These products are ready to 

use and require no mixing: cross-linking starts when the product is exposed to moisture. Most 

silicone sealants are formulated from a reactive polymer prepared from an hydroxy-

polydimethylsiloxane and a large excess of methyltrietoxysilane. The polycondensation 

reaction is illustrated in Figure 15. 

 

Figure 16 : Poly-condensation reaction 
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I-5.2 Silicone properties 

The simultaneous presence of ‘organic’ groups attached to an ‘inorganic’ backbone 

gives to silicones a combination of unique properties and allows their use in sealants and 

adhesives compositions in different field such as aerospace (for high thermal stability), 

electronics (for their electrical resistance), medical (for their excellent biocompatibility) and 

building (for their capability to seal materials of various nature, and their good resistance to 

weathering)39. They have the properties to exhibit very low thermal conductivity and to 

release quantity of toxic gases during their degradation compare to classical organic 

compound41, 42. The most common used silicones are the PDMS terminated with 

trimethylsilyloxy groups, whose structure is described in Figure 17. 

 

Figure 17: PDMS terminated trimethylsilyloxy groups 

Physical and thermal properties of silicone depend mainly on their cross linked density 

and on the R group (Figure 8). Linear PDMS tends to decompose in one step in nitrogen flow 

without residue, whereas branched PDMS degrades in several steps. Char yield increases with 

the branched rate 43. Thermal degradation of branched silicone depends also on the presence 

of phenyl in the side group. It was shown that the polysiloxanes with phenyl side group show 

higher thermal stability than those with methyl groups43.  

 

Thus it was shown that, because of its excellent thermal stability, its fire properties 

including low heat of combustion and low rate of heat release compared to conventional 

organic polymers 42, 44 and its good weatherability, silicone seems to be a good candidate to 

substitute organic intumescent coating for the fire protection.  

I-5.3 Resistance to fire of silicone based coating 

Silicone coatings used for the fire protection are poorly reported in the literature. 

Beigbeder et al. evaluated the fire protective performance of PDMS/Carbone nanotube based 

coating onto aluminium plate. They showed that in convective/radiative heating test, this kind 

of coating exhibited improved properties compared to virgin aluminum. This effect was 

attributed to the high adsorption of the PDMS chains onto carbon nanotube mostly triggered 

by CH-π interactions between the methyl group from PDMS and the π-electron-rich surface 

of the carbon nanotube leading to the formation of a cohesive structure when burning 45.  
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Silicone resin with dispersed carbon nanotubes were then introduced by Nanocyl’s 

(ThermoCyl) to give fire protection to a wide variety of substrates, such as plastics, cables, 

textiles, foams, metals, and wood 46. This coating, with a thickness of 100 µm, appears to be 

effective in certain fire scenarios. However, these silicone based coatings are also not 

intumescent and have limited fire performance for the steel protection in fire scenario47.  

I-6 Conclusion 

In this first chapter, we have evidenced the necessity of the fire protection of building 

structures composed of steel. The most used systems for the protection of these substrates in 

fire scenario are intumescent paints. The insulative properties of these coatings are governed 

by several parameters such as: (i) high expansion, (ii) high swelling velocity, (iii) high 

mechanical properties and (iv) low heat conductivity. Nowadays, all the intumescent 

materials are organic based. Nevertheless, they exhibit several drawbacks. Among them,(i) 

they usually exhibit poor aging properties; (ii) organic components undergo exothermic 

decomposition which reduces the thermal insulative value of the system,(iii) the coating 

releases organic gases (potentially toxic) which are undesirable in a closed fire environment 

and (iv) one kind of intumescent paint must be dedicated to a given fire scenario. 

Due to its excellent thermal/weatherability properties, silicone was thus selected as a 

good alternative binder for intumescent coatings.  The challenge of this work is to develop 

an intumescent coating based on silicone resin which exhibits better fire performance 

than classic organic intumescent paint in various fire scenarios (cellulosic and 

hydrocarbon fire) and to determine the critical parameters governing its fire 

performance. 
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II-1 Introduction 

 The aim of this chapter is to evaluate the potential of the silicone based coating for the 

fire protection of steel. We have shown that three kinds of silicone matrix can be 

distinguished: high cross-linked silicone resin, room temperature vulcanized (RTV) silicone 

rubber and high temperature vulcanized (HTV) silicone rubber. In this chapter, two systems 

are studied. The first one is based on a high cross-linked silicone matrix and the second one is 

a RTV silicone sealant. 

 In a first part, the fire resistance of phenyl silicone coating (a high cross-linked 

silicone matrix) is evaluated using two lab-scale tests that have been developed in the Lab: 

one based on the Torch Test (radiative/convective heating scenario) and the other on a heat 

radiator test (radiative heating scenario).  

Moreover, as previously mentioned, it is recognized that the governing parameters48 for 

intumescent coating to get efficient heat barrier performance are its expansion and its low 

thermal conductivity (formation of a dense and porous char). Those parameters will thus be 

examined for this system. To determine the thermal conductivity of intumescent coating at 

high temperature, new protocols have been developed based on the transient plane source 

technology and will be described in this chapter49. The determination of expansion is based on 

visual observations.  

Finally, thermal degradation of the silicone coating will be studied characterizing the gas and 

condensed phases in order to explain the intumescence phenomenon and thus the fire 

performance of silicone based coatings.  

This first part is based on the following paper: 

B. Gardelle, S. Duquesne, V. Rerat, S. Bourbigot, Thermal degradation and fire 

performances of intumescent silicone based coating, Polymer for Advanced Technologies - 

Vol 24, p62-69, (2013)  

 In a second part, fire performance of two silicone sealants (RTV silicone) is 

investigated using the torch test. Similarly to what have been done on the first part, the 

thermal parameters including heat conductivity and thermal diffusivity will be measured as a 

function of temperature and will be commented49. The structure of the RTV silicone based-

coatings will then be investigated by 29Si solid state nuclear magnetic resonance (NMR) and 

potential relationships between the structure and the thermal properties will be examined.  

This second part is based on the following paper: 

http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
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B. Gardelle, S. Duquesne, P. Vandereecken, S. Bourbigot, Fire performance of curable 

silicone based coatings, ACS book Fire and Polymers VI: New Advances in Flame 

Retardant Chemistry and Science - Vol 1118, p205-221, 2012 

II-2 Fire performance of high cross linked silicone matrix50 

II-2.1 Introduction 

The purpose of this part is to investigate the fire resistance of phenyl silicone coating 

exposed to an open flame (Torch Test) and exposed to a pure radiative heating source (heat 

radiator test). The silicone resin used for this first study is a phenyl branched resin composed 

of T structure and containing 6% of hydroxyl group, hereafter called PhS.  

In order to enhance the fire performance of this coating, 8% of 7081 resin modifier is 

added to the matrix. The modifier is a mixture of polydimethylsiloxane (PDMS) and silica 

coated by a silane. PDMS is known to degrade at high temperature51 (in the same range of 

temperature as classical silicone resin) and should therefore play the role of blowing agent. 

The materials are first dissolved in ethanol and the formulations are coated on steel plates to 

obtain 400 +/- 50 µm dried coating (XC38, 3 mm thick). The coatings are then dried at 90°C 

for 1 hour. Commercial water-based intumescent paint (Nullifire S707-120 (Nullifire, 

England)) is used as reference in this first part. The same thickness of Nullifire is coated on 

the same steel plate as above.  

The thermal conductivity (formation of a dense and porous char) 48 and the thermal 

degradation of the silicone based coating will be investigated to explain its fire protective 

behavior. 

II-2.2 Fire performance of PhS and PhS/modifier based coating 

To evaluate the insulative properties of PhS and PhS/modifier based coating, coatings 

are tested in torch test and heat radiator test. In both fire tests, the temperature is measured at 

the back side of the plate. The temperature reached at the steady state enables to evaluate the 

insulative properties of the coating.  

In the torch test, it appears that when the modifier is added to the silicon matrix, there is a 

high expansion of the coating and it reaches the same fire performance as the intumescent 

paint. However, in pure radiative heating source, silicone based coating cracks and, 

consequently, exhibits low fire performances. These cracks may be due to the high vibration 

of Si-O bound in infrared field52.  

The main results and experimental observations are summed up in the Table 3. 

http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
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Table 3: Summary of fire performance and visual observation of PhS and PhS/modifier based coating in two different 

fire scenarios (torch test / heat radiator test) 

Coating Torch test Heat radiator 

PhS 

- Low expansion 150% 

- Low fire performance compared to 

commercial intumescent paint 

Tsteady state = 350°C 

- Low expansion 200% 

- Several cracks 

- Fire performance limited 

due to cracks and small 

expansion 

Tsteady state = 360°C 

PhS/modifier 

- Large expansion 1000% 

- Similar fire performance as commercial 

intumescent paint - 

Tsteady state = 230°C 

- Large Expansion 800% 

- Several cracks 

- Fire performance limited 

due to cracks 

Tsteady state = 340°C 

Commercial 

intumescent paint 

(Nullifire) 

- Large expansion 

- Good fire performance 

Tsteady state = 230°C 

- Large expansion : 800% 

- No cracks at the surface 

- Good cohesion of the char 

Tsteady state = 210°C 

 

In the two tests commented above, the silicone/modifier coatings exhibit an 

intumescent behavior whereas it is not the case of the pure silicone system. The expansion 

enables the formation of an insulative barrier, reducing heat transfer from the external heating 

source to the substrate.  

As discussed in the first chapter the heat conductivity is one important parameter 

governing the performance of the coating in terms of heat insulation. Thermal conductivity of 

silicone and silicone/modifier were thus measured from ambient temperature to 600°C 

(Figure 18). For both materials, it varies from 0.1 to 0.35 W/m.K, depending on the 

temperature, and the values are in the same order of magnitude as those found in the 

literature17, 48 for organic based intumescent coatings. 
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Figure 18: Thermal conductivity versus temperature for PhS and PhS/modifier 

For the two silicon-based coatings, thermal conductivities are very low (lower than 0.35 

W/ m.K.) but the modifier increases the expansion of the coating during the fire test creating a 

thicker insulative barrier. This difference in the expansion could thus explain the differences 

in the fire protection behavior. To highlight it, the behavior of PhS and PhS/modifier based 

coating in torch test is simulated by a model developed in the laboratory using Comsol 

Multiphysics V4.1 software30.  

II-2.3 Modeling of the fire behavior of silicone based coating in Torch Test 

The aim of this part is to quantify the role of the final expansion on the insulative 

properties of two coating exhibiting same thermal conductivity at high temperature. At first, 

we consider a 400 µm coating on steel plate exposed to an open flame (described as heat flux     and as boundary condition), as described in Figure 19.  

 



Chapter II – Development of new silicone based coating for the steel fire protection 

Bastien Gardelle – PhD report 
 

43 

 

Figure 19: Schematic representation of the Torch Test 

As described in the first chapter, the effective flux received by the coating and the heat 

diffusion are described by the following equations:                                                                       Equation 1                                           Equation 2 

In order to model the fire behavior of both materials, several parameters have to be 

quantified.   

First, a heat flux     is measured using a flux meter at different point on the face exposed to 

the flame.  

Then, the convective coefficient h along the y direction of the plate is determined using the 

temperature versus time curve obtained for the virgins steel plate. The results of the 

convective coefficient and heat flux versus L on the top side of the steel plate are presented in 

Figure 20.  It shows that heat flux and h coefficient present a Gaussian shape along the steel 

plate. This is typically the shape obtained for the heat flux considering a flame impinging a 

substrate53. One of the main parameter to take into account is the ratio H (distance burner - 

plate)/d (burner diameter) which reaches about 4 in our study. In this case, Singh et al. 

evidences that to reach the same maximum heat flux (about 70 kW/m²) the combustible fluid 

has a Reynolds number of about 5500. We can therefore assume that the Reynolds number of 

the fluid used in the Torch Test is in the same range of magnitude. As a consequence, the 

regime of the flame is turbulent. Due to the low emissivity of the flame, radiation is usually 

small compared to convection54 and in this condition the heat transfer occurring around the 
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flame impact is driven by forced convection explaining the value of h input in the model 

(higher than 20). 

 

 

Figure 20: convective coefficient h and heat flux in y direction in the torch test condition 

The next step of the modeling consists in entering in the software the values of thermal 

conductivity, obtained by the Hot Disk device.  

The last parameter to be investigated is the expansion and swelling velocity - s(t) - of both 

materials. By visual observation during the fire test, the maximum of the expansion for PhS 

and PhS/modifier is respectively reached after 300s and 180s of fire testing. The expansion 

versus time curve input in the model is presented in Figure 21. 

 

Figure 21: Expansion versus time curve of PhS and PhS/modifier estimated during the Torch Test 



Chapter II – Development of new silicone based coating for the steel fire protection 

Bastien Gardelle – PhD report 
 

45 

Due to the expansion of the coating upon heating, the boundaries of the model are not 

fixed during the fire test. Taking into account moving boundaries is a typical issue of heat 

transfer modeling. Our approach was to consider the dynamic of the problem, using the 

arbitrary Lagrangian-Eulerian (ALE)30, 55 method coupled with heat transfer in the coating 

layer (not fixed) and the steel layer (fixed). 

The governing equations and the associated boundaries conditions were solved in 2D, 

taking into account the dynamic of the problem using ALE method implemented in Comsol 

Multiphysics V.4.1 coupled with heat transfer. The expansion of the intumescent coating is 

expressed in the ALE frame and is well captured by the model (Figure 22).  

 

Figure 22: Simulated heat gradient in the expanding silicone structure for a) PhS and b) PhS/modifier based coating 

at the end of the Torch Test 

Even if the model does not include all phenomena involved in intumescence, the 

simulated temperatures calculated at the center of the plate are in agreement with those 

obtained experimentally (Figure 23). 
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Figure 23: Temperature versus time curve of PhS and PhS/modifier obtained experimentally and simulated 

 An acceptable fit between both curves is obtained. In particular, the temperatures 

reached at the steady state are in good agreement. The difference between the simulated and 

the experimental curve during the first minute may be attributed to a wrong estimation of s(t). 

However, it demonstrates that the difference of expansion between the two silicone 

coatings exhibiting similar thermal conductivity at high temperature explains their 

different insulative properties.  

The next step of this work was dedicated to the study of the intumescent phenomenon, 

and more specifically: what is the role of the modifier in the expansion phenomena?  

II-2.4 Thermal degradation mechanism of PhS/modifier 

TGA, 29Si solid state NMR and gas phase analysis were used to investigate the thermal 

degradation mechanism of PhS and PhS/modifier . The results (Table 4) demonstrate that the 

degradation of the PhS resin occurs in two main steps, leading to tri-dimensional network 

composed of Q4 structure at high temperature.  

It appears that PhS and the modifier degrade at the same temperature, but the degradation 

rate of the modifier is much faster than that of the silicone. There is no chemical interaction 

between the modifier and the silicone matrix (Table 4). Thus, it is not possible to explain the 

differences in the expansion by a chemical reactivity between the resin and the modifier. 

Thus, it could be assumed that the expansion is linked to the fast degradation of the modifier. 
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Table 4 :  Thermal conductivity measurement and analysis of the condensed and gas phase during the degradation of 

PhS and PhS/modifier  

 
Heat thermal 

treatment 

Mass 

loss %-

wt 

29Si MAS NMR Gas released 
k 

(W/m.K) 

PhS 

250°C 

4.0% T2 and T3 structure Oligomers of silicone 0.18 

PhS/ 

modifier 
3.7% 

D, T2 and T3 

structures 
Oligomers of silicone 0.14 

PhS 

600°C 

29.0% 
Tridimensional 

network-Q structures 

Aromatic compounds 

such as benzene 
0.33 

PhS/ 

modifier 
31.0% 

Tridimensional 

network-Q structures 

Oligomers of silicone 

from PDMS and 

aromatic compounds 

0.32 

 

As a consequence, those results allow us to propose that the intumescent phenomenon 

observed during the fire tests (and the resulting fire protective behavior) could be attributed to 

a rheological phenomenon. The PhS silicone coating may soften upon heating and then 

expands because of the fast degradation of the modifier, releasing gases. This phenomenon is 

pointed out by TGA56. The network formed at high temperature can trap the gases released by 

the modifier and make the coating to swell, leading to the formation of an expanded tri-

dimensional network based on silica. This expanded coating has a low thermal conductivity 

(0.32 W/m.K.) and provides the fire protection. 

In this first part, we have developed a novel intumescent paint based on silicone resin 

and we have shown good fire performance when the coating is exposed to an open flame. In 

order to validate this concept, the fire performance of  PhS/modifier based coating was 

evaluated in a cellulosic fire scenario.  

II-2.5 Fire performance of PhS/modifier in a simulated cellulosic fire 

Figure 24 shows the temperature versus time curves obtained for 1 mm based coatings 

using a lab scale furnace test. 

For virgin steel, critical temperature (500°C) is reached in 900s, whereas for PhS/modifier 

based coating, it is reached in 1250s. However, this critical temperature is not reached for the 

Nullifire steel plate, since the temperature at the end of the test is about 450°C.  
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Those results demonstrates that even if PhS/modifier material exhibits heat barrier properties 

compared to virgin steel plate, its fire performance in cellulosic fire scenario are limited 

compared to commercial intumescent paint.  

 

Figure 24: Temperature versus time curve of PhS/modifier and Nullifire based coating in cellulosic fire scenario 

Figure 25a) shows the residue of the PhS/modifier coating after only 180s of fire testing. 

It highlights the fact that the coating flows from the plate during the first minute of testing. On 

the other hand, Figure 25b) illustrates the residue of Nullifire based coating after the furnace 

testing. It evidences the formation of an expanded and cohesive foam (expansion 3500%) 

explaining the high insulative properties in a simulated cellulosic fire. 

 

Figure 25: a) Residue after 180s testing of PhS/modifier and b) Residue at the end of the test of Nullifire based coating 

(test: cellulosic fire scenario) 

In order to explain this phenomenon, rheological behavior of the silicone matrix was 

studied versus temperature. This test enables to measure the apparent complex viscosity of the 

silicone matrix versus temperature. Figure 26 shows the apparent complex viscosity of the 
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silicone matrix from 20°C to 80°C and highlights a strong decrease of its viscosity at 70°C. 

The low viscosity of the matrix at high temperature limits considerably its use for the fire 

protection even if it exhibits good performance when exposed to an open flame.  

 

Figure 26: Apparent complex viscosity of PhS versus temperature 

In order to improve the fire performances of our silicone based coating, new matrices 

have been tested. The fire performance of room temperature curable silicone based coatings is 

thus evaluated in the following part. 

II-3 Fire performance of curable silicone based coating57 

II-3.1 Introduction 

In this part, the fire performance of two RTV silicone resins added with calcium 

carbonate is evaluated using the torch test.  

The first resin, hereafter called silicone 1 (S1), was composed of an hydroxylated PDMS with 

a viscosity of 80 cS (viscosity is measured using cone/plate rheometer CP-52), a large excess 

of  methyltrimethoxysilane (MTM) and a tin catalyst. The second, hereafter called silicone 2 

(S2), is composed of an hydroxylated PDMS with a viscosity of 2000 cS (viscosity is 

measured using cone/plate rheometer CP-52), a large excess of MTM and a titanium catalyst. 

S1 and S2 mainly differ from their chain length, S2 having a longer chain length (Dp = 500) 

than S1 (Dp = 25) and thus a higher viscosity.  

The two silicone matrices have been characterized by 29Si solid state NMR, which 

evidenced that the two resins are composed of D, T2 and T3 structures. Deconvolution of each 

spectrum revealed that the crosslink density of S1 is higher than  that of S2. S1 is composed 

of 7% of T structure whereas S2 is composed of 5% of T structure.  
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Calcium carbonate is incorporated in the two silicone matrices in order to increase their fire 

performance.  Indeed, calcium carbonate has attracted more and more interest due to its 

availability as raw material and to its low cost. This filler is mainly used in PDMS to improve 

its mechanical39 and flame retardant properties58, 59. Calcium carbonate also enhances thermal 

stability of PDMS. Upon heating, silicone containing calcium carbonate forms a ceramic-like 

calcium silicate residue59 that could have a protective behavior in case of fire. Thus, 50% of 

ground calcium carbonate (GCC) stearic acid coated with an average particle size of 4.5µm, 

supplied by Dow Corning, is incorporated into the matrix to enhance its fire performance. 

Both formulations are applied on a 10 cm x 10 cm x 3 mm steel plate to obtain 400 ± 40 µm 

dried coating. 

In order to fully explain the fire performance of both coatings, thermal properties such 

as thermal stability, thermal conductivity and diffusivity at high temperature are investigated. 

II-3.2 Results and discussion 

To evaluate the influence of T structures and of the silicone network on the fire 

performances of S1 and S2 based coating containing GCC, the fire performance of S1/GCC 

and S2/GCC formulations are first evaluated using the torch test.  

Even if the two formulations do not exhibit an intumescent behavior upon heating 

(Figure 27), they have insulative properties and S2/GCC based coating shows better fire 

performances than S1/GCC based coating.  

 

Figure 27: a) S1+50%GCC b) S2 + 50%GCC steel plate residues after torch test 

In the case of intumescent materials, fire protection is due to the formation of thick 

insulative foam with low thermal conductivity at high temperature. In the present work, and at 

the opposite of the results obtained previously for high cross-linked PhS/Modifier based 

coating, the coatings do not swell during fire experiments. We can thus reasonably assume 

that the main parameters governing the fire performance are their thermal properties at high 
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temperature, such as thermal conductivity and diffusivity. For the two formulations, those 

parameters were thus determined.  

The heat conductivity (Figure 28) decreases from 25°C to 400°C due to the formation 

of some alveolus inside the material. Indeed, the heating rate in the furnace used for thermal 

properties measurements is very low compared to that in the torch test and therefore, it allows 

the material to encapsulate gases evolved during the degradation of the matrix.  For S1 and S2 

based material, thermal conductivities are similar and reach respectively 0.32 ± 0.02 W/K.m 

and 0.23 ± 0.01 W/K.m at 500°C (Figure 28), which correspond to materials exhibiting heat 

insulative properties.  

 

Figure 28: Thermal conductivity versus temperature for S1/GCC and S2/GCC 

Thermal diffusivity describes the ability of a material to conduct heat (k) instead of 

storing it ( .cp). In a material with high thermal diffusivity, heat moves rapidly through. At 

high temperature, thermal diffusivity of S1/GCC material is significantly higher than that of 

S2/GCC based material (Figure 29). 
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Figure 29: Thermal diffusivity versus temperature for S1/GCC and S2/GCC 

The heat diffuses therefore more rapidly in S1/GCC matrix than in S2/GCC. Since the k 

parameter of the two materials is similar, the change of thermal diffusivity is explained by the 

variation of  .cp, i.e. by a different heating storage. Heating storage of S1 is lower compared 

to that of S2. This strong difference of thermal diffusivity between the two materials could be 

due to different thermal stability. Depending on its degradation pathway, the resin exhibits 

morphological modification and hence different thermal properties.  

The degradation of the two systems was thus investigated using TGA and solid state 
29Si NMR. It was concluded that GCC is incorporated into both silicone resins, but remaining 

silanol group are present in S1/GCC based material. This leads to a lower thermal stability, 

due to depolymerization reaction catalyzed by the silanol groups, occurring at low 

temperature (250°C). We have evidenced that the thermal conductivity of the two materials 

are very closed and first measurement of Cp highlights the fact that their values are also in the 

same order of magnitude. The difference of the thermal diffusivity could therefore be 

attributed to a lower density of the S1/GCC compare to S2/GCC. Finally, because of this 

lower thermal stability (and also because of different degradation pathway), S1/GCC has a 

higher thermal diffusivity than S2/GCC at high temperature. Consequently, heat moves 

rapidly through S1/GCC based coating leading to a lower fire performance compared to 

S2/GCC.  

This work has evidenced that in the field of resistance to fire, methyl-silicone based 

coatings should not to be composed of silanol groups, in order to ensure a high thermal 

stability combined with appropriate thermal parameters (low heat conductivity and thermal 

diffusivity). In the next step of this study, the fire performance of 1 mm of S2/GCC based 
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coating has been evaluated in cellulosic fire scenario to validate the use of such coating for 

the fire protection of steel structure. 

II-3.3 Fire performance of RTV silicone in a simulated cellulosic fire 

 Figure 30 shows the temperature versus time curve of S2/GCC in cellulosic fire 

scenario. For this system, critical temperature is reached in 1960 s, evidencing the heat barrier 

properties of the coatings compared with the virgin steel. On the other hand, compared with 

the fire performance of a classical organic commercial intumescent paint, the heat barrier 

properties of S2/GCC are still limited. We have shown in the first chapter that one of the main 

parameters governing fire performance of coating is its swelling ability. In the case of 

S2/GCC material, the coating does not swell in cellulosic fire scenario and, therefore, the 

insulative barrier properties are limited.  

 

  

Figure 30: Temperature versus time curve of S2/GCC, PhS/modifier and Nullifire based coating in celluosic fire 

scenario 

However, S2/GCC coating exhibits better fire performances compared to phenyl 

silicone/modifier based coating. In the case of phenyl silicone based coating, the material 

flows from the plate due to its low viscosity at high temperature whereas S2/GCC based 

coating exhibits a hard remaining residue after furnace testing (Figure 31). This study 

demonstrates that for the protection of steel against fire, RTV silicone matrix seems to be a 

better candidate than high cross-linked silicone resin. 
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Figure 31: S2/GCC residue after furnace test in cellulosic fire scenario 

II-4 Conclusion 

In this chapter, we have evaluated the fire performance of two main silicone based 

coatings.  

The first silicone-based coating based on high cross-linked silicone matrix, exhibits 

high fire performance when exposed to an open flame. It was explain by: (i) the relative high 

expansion of the coating during the fire test (appropriate viscosity of the degrading material 

encapsulating evolving gases of the modifier) and (ii) the low thermal conductivity at high 

temperature. However, due to the too low viscosity of the matrix at 70°C, the intumescent 

coating falls off the plate in cellulosic fire scenario. The use of this system is thus clearly 

limited. 

The second silicone coating is based on RTV silicone matrices. Experiments carried 

out on the Torch test evidences that methyl-silicone based coatings have to be composed of D 

structure without remaining silanol group to ensure a high thermal stability combined with 

appropriate thermal parameters (low heat conductivity and thermal diffusivity) that will lead 

to high fire performance. Moreover, similarly to what observed for the first system, in 

cellulosic fire scenario, RTV based coating evidences heat barrier properties but lower 

compared with those of a commercial intumescent paint.  However, this system is clearly not 

well expanded and we showed in the first part of this chapter that one of the main parameter 

governing the fire performance of intumescent coating is the expansion, associated with 

appropriate thermal parameters including heat conductivity.  

Thus, in the next chapter, we will develop new formulations based on RTV resin that 

allow combining expansion and thermal properties to obtain competitive fire protective 

coatings. 
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III- 1.Introduction 

The aim of this chapter is to develop silicone intumescent based coating exhibiting 

high fire performance in both cellulosic and hydrocarbon fire scenarios. We have shown in 

the first chapters that several parameters have to be investigated to reach high insulative 

properties. The combination of APP/PER/Mel is widely used as intumescent ingredients for 

fire protective coating. However, in recent decades, more and more papers reported the use of 

expandable graphite in intumescent based coatings. As we have shown in the first chapter, 

expandable graphite is an intrinsically intumescent additive. Due to the release of sulfuric 

and/or nitric acid upon heating, there is expansion of the graphite platelets. This intumescent 

additive increases the fire performance and anti-oxidant properties of conventional 

intumescent based coating4, 24, 25 and is thus incorporated into complex intumescent 

formulation. The aim of this chapter is to investigate the fire performance of silicone based 

coating incorporating EG. The different parameters that affect the performance (expansion, 

thermal conductivity ...) will be investigated.   

As we have evidenced in the last chapter, silicone matrix has to be composed of 

mainly D structures with no silanol group remaining. That is why, in this chapter, a low cross-

linked RTV silicone is used. In a first part, thin silicone based coating including EG are 

evaluated in hydrocarbon fire scenario and the mode of action of EG is investigated. 

This first part is based on the following paper: 

- B. Gardelle, S. Duquesne, P. Vandereecken, S. Bourbigot, Characterization of the 

carbonization process of expandable graphite/silicone formulations in a simulated fire, 

Polymer Degradation and Stability, Vol 98, p1052-1063, May (2013).  

 For the fire protection of steel against hydrocarbon fire, thick intumescent based 

coatings are used - about 3-5 mm. That's why in a second step, thicker silicone based coatings 

are tested. In this kind of fire, the mechanical property of the char is a key parameter and have 

to be improved. For this, several additives can be added to the intumescent formulation such 

as mineral fibres 16, organo-clay 27, 28, ceramic precursor60. After a large screening (not 

presented in this manuscript), organoclay was determined as the best candidate. Thus 5% 

(optimum) of modified organoclay is incorporated in silicone/EG formulations. 

This part is based on the following paper:   

- B. Gardelle, S. Duquesne, P. Vandereecken, S.Bellayer, S. Bourbigot, Resistance to fire of 

intumescent silicone based coating: the role of organoclay, Progress in organic coating - 

Accepted (2013). 

http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=200&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=49&lang=fr
http://umet.univ-lille1.fr/detailscomplets.php?id=46&lang=fr
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Finally, resistance to fire of silicone based coating is investigated in cellulosic fire. 

III- 2 Resistance to fire of thin silicone/expandable graphite based 

coating in hydrocarbon fire scenario61 

III- 2.1 - Introduction 

In this part, fire performance of RTV silicone added with expandable graphite is 

evaluated in hydrocarbon fire scenario. The silicone matrix called S3 was composed of a 

hydroxylated PDMS with a viscosity of 15000cs (Dp = 1000), methyltrimethoxysilane and a 

titanium catalyst. The silicone matrix was analyzed by 29Si NMR and it highlights the 

formation of 3% of T structure during the crosslinking of the resin. From 5% to 25% of 

expandable graphite (ES350F5 from Graphitwerk Kropfmuehl (Germany) with an average 

grain size of 300µm) is incorporated into the silicone matrix. As previously discussed in the 

state of the art, the main parameters governing the fire performance of intumescent based 

coating are: the swelling behavior, the thermal conductivity at high temperature and a good 

cohesion of the char. In order to fully explain the fire performance obtained for S3+25%EG, 

these parameters are thus investigated on this system. Finally, the carbonization process is 

elucidated. 

III- 2.2 Results and discussion 

First of all, Figure 32 reports the temperature profiles obtained for S3/EG in a 

simulated hydrocarbon fire. It evidences that the times to reach critical temperatures of each 

formulation increases with the amount of graphite. The time to reach 500°C for the virgin 

steel, for S3+5%EG, S3+10%EG, S3+15%EG, S3+20%EG, S3+25%EG is respectively 250s, 

385s, 580s, 690s, 740s and 810s. It therefore highlights that the heat barrier properties of 

S3/EG based coating increases with the amount of EG added in the coating. In classical 

intumescent organic based coating, if a large amount of expandable graphite is incorporated to 

the intumescent composition, the resulting char exhibits low mechanical properties and the 

char detaches from the substrate25 leading to poor fire performance. In the case of silicone 

based coating, an unexpected good cohesion of the expanded char is observed. 
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Figure 32 : Temperature versus time curve of S3 added from 5% to 25% of EG in hydrocarbon fire scenario 

The best fire performance is achieved for S3 including 25%EG.  In this case, silicone 

based coating exhibits better fire performance than commercial intumescent paint (Figure 33). 

Indeed, the time to reach critical temperature (500°C) for the commercial intumescent paint 

and S3+25%EG based coating is respectively 685s and 810s. 

 

Figure 33: Temperature versus time curve of S3+25%EG and M93 based coatings in hydrocarbon fire scenario 
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 To explain the fire performance of S3/EG based coating, several parameters are 

investigated: the expansion and swelling velocity, the thermal conductivity at high 

temperature and the characterization of the carbonization process was carried out to explain 

the cohesion of the char. 

 The expansion and swelling velocity of this formulation is first measured using two 

approaches: one following the expansion in the cone calorimeter test (50kW/m² external heat 

flux) and in second approach the furnace test experiment was stopped at different time and the 

expansion of the char was measured. The results are represented and compared in Figure 34. 

 

Figure 34: Swelling versus time curve measured in the furnace test and in cone calorimeter test 

The expansion versus time curves evidence that the maximum of the expansion and the 

swelling velocity do not depend on the fire scenario (mass loss calorimeter vs. furnace test 

UL1709) and reach respectively 3400% and 18%/s. It demonstrates that, the swelling of the 

material is due to a temperature increase. The expansion phenomenon is mainly due to the 

expansion of graphite platelets at high temperature and therefore, the expansion rate is not 

affected by the fire scenario.  

The maximum of the expansion and swelling rate are not the only parameters to take into 

account to explain the fire performance of intumescent coating. The thermal conductivity at 

high temperature has also to be considered. It was thus measured from ambient temperature to 

500°C. To correlate, the thermal conductivity and the expansion of the material at high 

temperature, the expansion is measured from ambient temperature to 500°C using a third 
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approach with a two plates  rheometer22. The results are presented in Figure 35. The material 

begins to swell at 200°C due to the expansion of graphite platelets leading to the formation of 

an expanded structure. This expansion leads to a decrease in the thermal conductivity of the 

material. The maximum expansion is reached at 400°C and the thermal conductivity is 

minimal (0.22 W/K.m) at the same temperature. At 500°C, the expansion does not increase 

and therefore no significant morphology modification of the material is expected. Moreover, 

at this temperature, radiative heat transfer occurs inside the material. That explains the 

increase of the thermal conductivity at higher temperature which reaches 0.35 W/K.m at 

500°C.  

 

Figure 35: k = f(T) and expansion = f(T) measured in a rheometer for S3+25%EG 

 As a conclusion, when exposed to a fire scenario, S3+25%EG based coating exhibits 

high expansion rate (3400%) and velocity (18%/s) and low thermal conductivity at high 

temperature permitting the formation of an insulative barrier reducing heat transfer from the 

external heating source to the substrate.  

 

The next step of the study was dedicated to study the carbonization process so as to explain 

the surprisingly good cohesion of the structure based on graphite. 

 The char after furnace testing is composed of two main parts that have been fully 

characterized. The top is composed of amorphous silica and quartz and the heart of the char is 

composed of graphite platelets embedded in complex silicone structure. X-ray photoelectron 

spectroscopy was used to highlight the evolution of the silicone matrix in a fire scenario and 
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thus to explain the cohesion of the char. It was concluded that at high temperature, there is 

oxidation of the graphite platelets, as reported in the literature62, leading to the formation of 

reactive group: carbonyl and hydroxyl groups. On the other hand, the silicone matrix degrades 

leading to the formation of SiC, T and Q structures. Because of the polar properties of Si-O 

bond and the presence of reactive groups onto graphite sheets, silicone structures are adsorbed 

onto graphite platelets (highlighted by XPS experiments) explaining the good cohesion of the 

char at high temperature (Figure 36). It was thus proposed that the good cohesion of the heart 

of the char is due to: (i) the presence of undegraded matrix; and (ii) thanks to the graphite 

platelets embedded in complex silicone structures.  

 

 

Figure 36: a), b), and c) Residues of S3 /EG after furnace testing evidencing the coating of the graphite platelets by 

silicone structures 

 In hydrocarbon fire scenario, thick intumescent based coating (about 3-5 mm) is used. 

The next part was thus dedicated to the evaluation of the fire resistance performance of thick 

S3+25%EG coating. A thickness of 1.5 mm was first investigated. Figure 37 shows the 

time/temperature curve of this coating in hydrocarbon fire scenario and highlights a complete 

loss of cohesion of the char from the plate during the first minute of the test leading to the loss 

of the insulative properties. The temperature thus sharply increases to reach 500°C in 490s. 

The picture of the char during fire experiment (Figure 37) shows the presence of some residue 

on the plate, the concern is thus not about its adhesion on the plate but on its cohesion during 

fire experiment. For 1.5 mm based coating, the expansion is too high and the cohesion is not 

good enough to prevent the falling down of the char during fire experiment. 
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. 

 

Figure 37: Temperature versus time curve of 1.5 mm S3+25%EG based coating in hydrocarbon fire scenario 

 In order to increase the cohesion of the char, organoclay is incorporated to the S3/EG 

formulation. The next step is thus dedicated to the fire performance of S3/EG/clay based 

coating. 

III- 3 Resistance to fire of silicone/expandable graphite/clay based 

coatings in hydrocarbon fire scenario 

III- 3.1 Introduction 

 The aim of this part is to evaluate the fire performance of thick (superior than 1 mm) 

silicone based coating in hydrocarbon fire scenario. The performances were evaluated in 

hydrocarbon fire scenario in the case of thick coating. The mechanical properties of the char 

was then investigated using a test previously developed in the lab63: the air jet test. In this test, 

1 mm intumescent based coatings are exposed to an external heat flux (35 kW/m²) and the 

char is impacted by air flow (25 m/s). It is possible, by visual observation, to determine if the 

air jet destroys or not the intumescent char. This test gives thus good indications of the 

mechanical properties of the char.  
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 Finally, the silicone/clay material was fully characterized by 29Si NMR, transmission 

electronic microscopy (TEM), wide angle X-ray scattering (WAXS) and the chemical 

composition of the char was analyzed by X-ray fluorescence to better understand the effect of 

the organoclay. 

III- 3.2 Results and discussion 

 Figure 38a shows the temperature versus time curve of 1.5 mm S3/EG and 

S3/EG/Clay based coatings.  

 

Figure 38: a) Temperature versus time curve in hydrocarbon fire scenario b) S3/EG/Clay residue after fire testing 

When the clay is added to S3/EG based formulation, the char exhibits good cohesion 

(Figure 38b) and high fire performance - in this case, 500°C is reached in 2050s.  

The mechanical properties of the two chars are investigated using the Air Jet test. It is 

shown that, the clay increases significantly the cohesion and the mechanical properties of the 

char and thus, better fire performance are achieved. This increasing of the cohesion properties 

of the char can be explained by (i) a decrease in the expansion rate or (ii) physical 

reinforcement due to the presence of the clay. Both assumptions are investigated. 

The expansion ability of S3+25%+5%Clay based material is investigated using cone 

calorimeter test. Figure 39a) shows the expansion versus time of S3+25%EG and 

S3+25%EG+5%Clay when exposed to a 50kW/m² heat flux. It highlights the fact that the clay 
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does not significantly affect the expansion ability (rate and velocity) of the S3+25%EG based 

material. Figure 39b) and c) show the expansion of both materials after 120s fire testing and 

demonstrate the similar expansion behavior of both materials. 

 

 

Figure 39: a) Expansion = f(t) of S3+25%EG and S3+25%EG+5%Clay exposed to 50kW/m² ; b) S3+25%EG and 

c)S3+25%EG+5%Clay pictures after 120s testing 

It can thus be concluded that the clay does not limit the final expansion of the char. 

The improvement of the mechanical properties of the char should be due to physical 

reinforcement of the clay. To explain the mode of action of the clay, silicone matrix added 

with the clay was characterized using 29Si solid state NMR, WAXS and TEM. These 

techniques enable to point out several interactions between the clay and the matrix. TEM 

images indicate the intercalation into some clay platelets of silicone resin as well as the 

presence of some tactoids. The WAXS analysis confirms and evidences an intercalation into 

the galleries of the clay of the resin. Moreover, solid state NMR demonstrates that chemical 

reaction between the hydroxyl groups of the edges of the clay and the silicone matrix occurs. 

Due to these interactions, the clay is dispersed in the whole part of the char. It is pointed out 

analysing different part of the char by X-ray fluorescence. A mechanism of action of 

organoclay is, thus, proposed and illustrated in Figure 40. 
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Figure 40: Mode of action of organoclay in S3+25%EG+5%Clay coating 

 When S3/EG/Clay based coating is exposed to hydrocarbon fire scenario, the graphite 

platelets expand and are embedded in a complex and cohesive silicone structure. Moreover, 

the clay platelets are well dispersed in the whole char and no decantation or surface migration 

is observed. The reinforcement of the char takes place thanks to specific reactions between the 

hydroxyl groups of the clay and the silicone and also, with intercalation of the silicone chains 

into the galleries of the clay. The char thus presents high mechanical properties and hence 

high fire protective behavior. In this case, it is possible to develop 1.5 mm silicone based 

coating exhibiting high fire performance.  

 However, in hydrocarbon fire scenario, the thickness of the intumescent coating used 

can reach 3-5 mm. The formulation containing clay was therefore tested at 3 mm. Figure 41 

shows the temperature versus time obtained. During the first minutes of the test, the fire 

performance of 3 mm based coating is higher than that of 1.5 mm. However, the expansion of 

the coating is too high and the char reinforcement by the clay is not sufficient to maintain the 

cohesion of the whole part of the char. Consequently, a part of the char falls off during the fire 

test explaining the knee point at 400s for the 3 mm formulation on the temperature versus 

time curve. The insulative properties of S3+25%EG+5%Clay are therefore similar at 1.5 mm 

and 3 mm. 
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Figure 41: Temperature versus time curve of S3+25%EG+5% clay at 1.5 mm and 3 mm in hydrocarbon fire 

Figure 42 b) evidences the fact that a part of the char falls down during the test for 3 mm 

coating. 

 

Figure 42: a) Residue of S3+25%EG+5%Clay 3 mm residue and b) inside the furnace after hydrocarbon fire 

 Finally, even if the mechanical properties of the char is increased adding the clay, it 

seems to be the limited factor for very thick intumescent coating. 

After evaluating the fire protection of steel by silicone coating against simulated hydrocarbon 

fire, new formulations are developed for its protection in cellulosic fire. 
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III-4 Fire performance of silicone based coating in cellulosic fire 

scenario (standard ISO834) 

III- 4.1 Introduction 

 We have shown in the second chapter that RTV silicone rubber added with calcium 

carbonate (GCC) exhibits insulative performance in cellulosic fire scenario. However, its 

performance is limited compared to that of commercial intumescent paint because of the non-

swelling behavior of the coating. Moreover, in the previous part we show that EG can be used 

advantageously to form an expanded char structure exhibiting good cohesion. In this part, the 

fire performance of S3/EG added with calcium carbonate and reinforcement fillers such as 

clay is thus evaluated in cellulosic fire scenario. 

III- 4.2 Fire properties of high loading silicone formulations 

 The tested formulations are summed up in the Table 5. Fire performance of 1 mm 

intumescent based coating is tested in cellulosic fire scenario (ISO834). An acrylic 

commercial intumescent paints Intuflam supplied by Lurie is used as reference. 

Table 5: Silicone formulations exposed to cellulosic fire scenario 

Formulations F1 F2 F3 

Silicone matrix (S3) 75% 50% 56% 

Expandable graphite 25% 25% 20% 

Calcium carbonate (GCC) - 25% 20% 

Clay - - 4% 

 

The temperature / time curves obtained in cellulosic fire scenario are presented in Figure 43. 
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Figure 43: Temperature versus time curve of intumescent coating tested in cellulosic fire scenario 

When 25% of EG is added to S3, the fire performance was limited compared with that 

of commercial intumescent paint. Indeed, critical temperature is reached in 3585s whereas at 

the end of the test (after 4000s) the temperature at the back side of Intuflam is 492°C and the 

critical temperature is therefore not reach for Intuflam based coating. When 25% of GCC is 

added to the previous formulation, silicone based coating exhibits better fire performance than 

the commercial intumescent paint. At the end of the test, the temperature at the back side of 

the plate reaches 465°C. However, the cohesion properties of the char is poor, it can be very 

easily removed from the plate. F2 residue after furnace test is shown in Figure 44. A high 

expansion (about 3500%) is observed and, as previously reported, the char is composed of a 

white powder at the surface and the heart remains black. 
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Figure 44: a) F2 residue, b) Intuflam residue and c) F3 residue after furnace test in cellulosic fire scenario 

To increase the mechanical properties of the char, the amount of expandable graphite 

was decreased and 4% of clay was added to the S3/GCC/EG based coating. The temperature 

versus time curve of F3 (Figure 43) highlights that F3 based coating exhibits similar fire 

performance as commercial intumescent paint and is better than those of S3/EG based 

coating. The final temperature reaches for F3 is 470°C. F3 residue exhibits a high expansion 

rate (3000%), which is in the same order of magnitude as that of Intuflam based residue 

(Figure 44b and c). As previously observed, the F3 based residue is composed of two main 

parts, a white powder covers the top of the char and its heart remains black. The next step of 

the study was thus dedicated to study the mode of action of calcium carbonate pointing out 

the degradation pathway of F3 based formulation.  

III- 4.3 Mode of action of calcium carbonate in cellulosic fire scenario 

At First, the thermal stabilities of the silicone matrix and of the silicone matrix added 

with 27% of calcium carbonate (to keep the ratio silicone matrix/GCC constant) are 

investigated in nitrogen flow.  Then, the residue of F3 after furnace test is analyzed by X-ray 

photoelectron spectroscopy (XPS), FTIR and XRD to propose a mode of action of F3 based 

coating. 

III- 4.2.1 Thermal stability 

First of all, thermal stability of S3, GCC and S3+27%GCC are investigated at 10 

°C/min under nitrogen flow and the remaining mass versus temperature is presented in Figure 
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45. For virgin silicone matrix, the thermal degradation occurs in one step with a residue of 2% 

at 800°C. The temperature at which the degradation rate is maximum is 655°C. For, GCC, 

thermal degradation occurs in one step leading to a residue of 55% and the temperature 

maximum degradation is 745°C. When 27% of GCC is incorporated to the silicone matrix, the 

thermal degradation occurs in two steps, the temperature where the degradation is maximal 

for both steps are respectively 650°C and 750°C. The weight losses for the two steps are 

respectively 68% and 13%. The first step corresponds to the degradation of the silicone matrix 

leading to the released of cyclic oligomers of silicone and the second of carbon dioxide as we 

have shown in the second chapter (analyzing the gas evolved during the thermal degradation 

of S2+50%GCC). 

 

Figure 45: TGA of S3, S3+27%GCC and GCC in nitrogen flow at 10°C/min 

 In order to determine whether a potential increase or decrease in the thermal stability 

takes place between the silicone matrix and the calcium carbonate, the difference weight loss 

curves between experimental and calculated TG curves were computed as follows14 : 

    Msilicone(T): values of weight given by the TG curve of the silicone matrix 

    MGCC(T): values of weight given by the TG curve of the calcium carbonate 

    Mexp(T): values of weight given by the TG curve of the mixture (S3+27%GCC) 

    Mcal(T): calculated TG curve computed by linear combination between the values of 

weight given by the TG curve of both additives: Mth(T) = 0.73*Msilicone(T) + 0.27*MGCC(T) 

    Δ(T): difference weight loss curve: Δ(T) = Mexp(T) − Mcal(T). 
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The Δ(T) curve allows us to show a potential increase or decrease in the thermal stability of 

the system. The Mexp (T), Mcal (T) and Δ(T) curves are presented in the Figure 46. 

 

Figure 46: TGA experimental and calculated curves of S3+27%GCC in nitrogen flow at 10%C/min 

The calculation of the difference weight loss curve of the silicone matrix, GCC and the 

mixture of the two components shows unambiguously that an interaction (physical or 

chemical) occurs between 650°C and 750°C leading to a stabilization of the system. In this 

range of temperature, the degradation of silicone matrix and of calcium carbonate occurs 

leading to the formation of SiOx and CaO which could react together. Hermansson et al. 

highlighted that at high temperature degradation products from PDMS and CaO should react 

together leading to calcium silicate59 (Figure 47).  

 

Figure 47 : Successive reactions leading to calcium silicate up to 600°C 

 Thermal analysis of S3 and S3+27%GCC evidences that interactions (chemical or 

physical) occur between the matrix and the filler leading to an increasing of the thermal 

stability of the system. The next part is dedicated to the characterization of the residue of F3 

obtained after cellulosic fire scenario to propose a mode of action of calcium carbonate in 

S3/EG based coating. 
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III- 4.2.2 Characterization of F3 residue after cellulosic fire scenario 

 The top and the bulk part of the char (F3 residue) are analyzed by FTIR, XPS and 

XRD.  

In a first step, both parts of the char are analyzed by FTIR/Attenuated total reflection (ATR) 

spectroscopy and the spectra are presented in Figure 48. 

 

Figure 48: FTIR spectra of the top and the bulk part of the char obtained from S3/EG/GCC after cellulosic fire 

scenario 

 The spectrum of the top of the char presents two main broad bands. The first, between 

1000 cm-1 and 1100 cm-1 is assigned to the stretching vibration of Si-O-Si bounds. The second 

around 950 cm-1 is characteristic of the stretching vibration of Si-O-Ca bound64 of calcium 

silicate. For the bulk part of the char the same peaks as previously detailed appear and three 

additional bands are observed at 1420cm-1 ; 875 cm-1 (both corresponding to calcium 

carbonate65) and 1260 cm-1 (characterizing the bending vibration of Si-CH3 bound from the 

silicone matrix).  

 In order to confirm the presence of calcium silicate in the char, both parts are analyzed 

by XPS. The survey obtained is presented in Figure 49. It shows that the char is composed of 

silicon, oxygen, carbon and calcium. As aluminium is not detected in the survey, we can 

assume that the clay is not detected. The intensity of calcium and silicon are higher for the top 

of the char sample than for the bulk part of the char whereas there is more carbon in the bulk 

than in the top of the char. 
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Figure 49: Survey of the bulk part and the top of the char of F3 obtained after furnace test (ISO834) 

 The analysis of the Ca2p spectrum highlights the presence of the calcium species with 

an oxidation degree of +II for the two specimens. However, the C1s spectrum (Figure 50) of 

the bulk part of the char demonstrates the presence of carbide species with a peak around 283 

eV. The peak around 285 eV corresponds to C-C from the graphite. In the top of the char, 

carbon species are more oxidized since a broad peak at 289 eV is observed. 
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Figure 50: C1s spectrum of the bulk part and of the top of the char obtained from F3 after furnace test (ISO834) 

 Concerning silicon species, Si2p spectrum of the two specimens are shown in Figure 

51. The results of the deconvolution are summed up in the Table 6. The Si2p XPS spectrum of 

the top part of the char can be decomposed into two main peaks at 101.3 ± 0.2 eV and 103.9 ± 

0.2 eV. The first is assigned to calcium silicate66 and the second to SiO4/2 silicon structures. 

The Si2p XPS spectrum of the bulk part of the char exhibits a broad peak demonstrating the 

contribution of several silicone structures. The deconvolution of this peak gives peaks at 

100.9 ± 0.2 eV, 101.9 ± 0.2 eV, 102.8 ± 0.2 eV and 103.9 ± 0.2 eV corresponding 

respectively to SiC, SiO2/2 and/or calcium silicate, SiO3/2 and SiO4/2 silicone structures.  
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Table 6: Binding energy of Si 2p3/2 bands for the top and the bulk part of F3 residue after cellulosic fire testing 

 SiC 
Calcium 

silicate 
SiO3/2 SiO4/2 FWMH 

Top of the 

char 
- 101.3 ± 0.2 eV - 103.9 ± 0.2 eV 1.65 

 SiC SiO2/2 SiO3/2 SiO4/2 FWMH 

Bulk part of 

the char 
100.9 ± 0.2 eV 101.9 ± 0.2 eV 102.8 ± 0.2 eV 103.9 ± 0.2 eV 1.39 

 

 

 

Figure 51: Si2p spectrum of a) the top and b) the bulk part of the char obtained from F3 after furnace test (ISO834) 

 The XPS experiments are consistent with the FTIR results obtained and demonstrate 

the formation of calcium silicate at high temperature on the top of the char. In order to 

determine the cristallinity of the species present in the bulk and in the top of the char, the two 

parts are analyzed by XRD. The obtained patterns are presented in Figure 52. Figure 52a) 

evidences the presence of graphite and calcium carbonate in the bulk part of the char whereas 

several peaks appear on the pattern of the top of the char demonstrating the crystallization of 

different calcium silicates. Indeed, the superposition of both patterns (Figure 52c) shows that 

other species than calcium carbonate and graphite compose the top of the char. However, the 

cristallinity of these species is too low to determine which kinds of calcium silicates coat the 

top of the char. 
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Figure 52: XRD pattern of a) the bulk part of the char, b) the top of the char and c) both part of the char obtained 

from F3 after furnace test (ISO834) 

III- 4.2.3 Discussion 

 In this part, fire performance of S3/EG containing calcium carbonate and organoclay 

are evaluated in cellulosic fire scenario. It was shown that, intumescent silicone based coating 

exhibits similar fire performance as commercial intumescent paint.  

It is shown that, as we reported for hydrocarbon fire scenario, the graphite platelets -

composing the bulk part of the char, are embedded in complex silicone structure composed of 

the degradation products of the silicone matrix. The XPS and FTIR analyses demonstrate that 

the top of the char is composed of Q structure and calcium silicate. XRD reveals that calcium 

carbonate is still present in the bulk part of the char. Moreover, XPS experiments also show 

the formation of SiC, SiO2/2, SiO3/2 and SiO4/2 structures. In the particular case of calcium 

silicate, it is impossible to distinguish its binding energy with that of the D structures (the 

main component of the formulation). The D, T and Q structures embed therefore the graphite 
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platelets insuring the good cohesion of the char as reported previously in hydrocarbon fire 

scenario.  

 In cellulosic fire scenario, calcium carbonate reacts with the silicone matrix 

leading to the formation of calcium silicate and migrates to the top of the char 

embedding graphite platelets. This interaction between calcium carbonate and silicone 

matrix increases the thermal stability of the matrix and permits the formation of an 

additional protective ceramic layer composed of calcium silicate. Consequently, in 

cellulosic fire, the S3/EG/GCC based coating exhibits better fire performance than 

S3/EG based coating and similar insulative properties than those of a commercial 

intumescent paint.  

III-5 Conclusion  

 In this chapter, we have investigated the fire performance of RTV silicone added with 

expandable graphite in hydrocarbon and cellulosic fire scenario.  

 In hydrocarbon fire scenario, silicone intumescent coating exhibits high fire 

performance, better than that of a commercial intumescent paint. This is explained by a high 

expansion - around 3400% ; a high expansion velocity - 18%/s  and a low thermal 

conductivity at high temperature. The good cohesion of the char is due to (i) the presence of 

undegraded matrix; and (ii) the coating of the graphite platelets by cross-linked silicone 

structure. To increase the mechanical properties of the char, organoclay was added to the 

silicone/EG based coating. Because of specific interactions between the silicone matrix and 

the clay and of the good dispersion of the clay, the mechanical properties of the char are 

enhanced. The fire performance of the intumescent coating is also increased specially for 

thick coating.  

  

 In cellulosic fire scenario, calcium carbonate has to be added to the silicone matrix to 

reach the same fire performance as those obtained for commercial intumescent paint. In this 

case, calcium carbonate reacts with silicone matrix increasing its thermal stability and leading 

to the formation of calcium silicate which embeds the top of the char 

The main conclusions obtained are summed up in the Table 7. 
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Table 7 : Fire performance of S3 RTV silicone based coating in two different fire scenarios 

 
Low loading silicone 

formulation  (S3/EG - 
S3/EG/Clay) 

High loading silicone formulation  

(S3/EG/GCC - S3/EG/GCC/Clay) 

Applications Hydrocarbon fire scenario Cellulosic fire scenario 

Mode of action of the 
intumescent silicone 

based coating 

 

Better fire performance 
than commercial 

intumescent paint due to : 

- High expansion rate and 
velocity 

- Good mechanical 
properties of the char 
when clay is added 

- Low thermal 
conductivity at high 

temperature 

Same fire performance as commercial 
intumescent paint 

GCC and silicone matrix reacts leading to 
calcium silicate increasing the thermal 

stability of the matrix 

Calcium silicate migrates at the surface and 
coats the top of the char leading to the 

formation of an additional protective ceramic 

Depending on the formulation, it is thus possible to develop innovative intumescent 

silicone based coatings exhibiting better or similar fire performance than commercial 

intumescent paint for the steel protection against simulated fire (cellulosic and hydrocarbon). 

However, in hydrocarbon fire scenario the limited factor seems to be the mechanical 

properties of the char to test thick silicone intumescent coating. The next chapter will 

therefore deals with the development of new formulations in order to be able to test 3 mm 

thick coating. 
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Chapter IV: Resistance to fire of 

high cross-linked RTV silicone  
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IV-1 Introduction 

In order to reach better fire performance in hydrocarbon fire scenario, one of the 

easiest ways is to increase the initial thickness of the coating. Indeed, epoxy-based 

intumescent coatings are usually applied with a thickness of at least 3 mm to allow reaching 

high time to failure in hydrocarbon fire scenario. However, one main issue associated with a 

high thickness, is the adhesion of the coating on the steel plate and its cohesion. Indeed, if the 

expansion of the coating is very high and if the cohesion of the intumescent structure is too 

low, it will lead the protective char to fall off during the experiment and thus the protection is 

lost.  

Several approaches can be used to avoid it. For example, in the case of epoxy based 

system, a mesh is usually added in the middle of the coating to maintain the integrity of the 

protective char layer63. In the previous chapter, we demonstrated that it is possible to improve 

the integrity of the char using mineral fillers but this effect is limited. Thus, in this chapter 

another approach will be followed. In the state of the art, we reported that high cross-linked 

silicone matrix present a higher thermal stability and higher char yield. It thus appears than 

another way to modify the mechanical properties of the char is to play on the cross-link 

density of the matrix. 

 The aim of this chapter is to evaluate the influence of the crosslink density of the RTV 

silicone matrix on the mechanical properties of the char and on the fire performance of thick 

silicone intumescent coating in hydrocarbon fire scenario. In order to increase the crosslink 

density of the matrix two ways are examined. It is not possible to increase the amount of 

cross-linked agent since it is added in large excess. Consequently, in a first way, hydrophilic 

fumed silica (with hydroxyl function at the surface of the particle) is added to the S3 based 

RTV silicone matrix. The hydroxyl function of PDMS can react with fumed silica67 and 

therefore increase the crosslink density of the RTV silicone. The matrix will be characterized 

by 29Si CPMAS NMR and the fire performance of S3 added with EG/Fumed silica/clay is 

investigated in hydrocarbon fire scenario. In a second way, the hydroxyl contents of hydroxyl 

PDMS was increased and S1 (the same as the one used in the second chapter) is used as 

hydroxyl PDMS. We have shown in the second chapter that, fire performance of S1 based 

coating is limited due to its low thermal stability and low thermal properties (high thermal 

diffusivity at high temperature). However, the catalyst used to make this resin crosslink was a 

tin based catalyst whereas it is a titanium based catalyst for S3 based RTV silicone. The 
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influence of the catalyst used to make the RTV silicone crosslink will be therefore fully 

investigated. 

This part is based on the following paper:  

B.Gardelle, S.Duquesne, P.Vandereecken, S.Bellayer and S.Bourbigot - Resistance to fire of 

curable silicone/expandable graphite based coating: effect of the catalyst – European 

Polymer Journal, 2013, In press. 

 For the two approaches, the strategy will be to first determinate the influence of the 

cross-linked density on the mechanical properties of the char for silicone/25%EG based 

coating using the air Jet test described in the last chapter. Then, the fire performance of 3 mm 

based coating are evaluating for the fire protection of steel against a simulated hydrocarbon 

fire. 

IV-2 Resistance to fire of S3/EG/fumed silica/Clay based coating in 

hydrocarbon fire scenario 

IV-2.1 Introduction 

The aim of this part is to evaluate the influence of hydrophilic fumed silica - Aerosil 

200 supplied by Degussa - in the crosslink density of the matrix and on the fire performance 

of S3/EG/Clay based coating. In a first step, the matrix added with fumed silica is fully 

characterized using solid state 29Si NMR. In a second step, fire performance of S3/EG/Fumed 

silica/Clay based coatings is evaluated in hydrocarbon fire scenario. 

IV-2.2 Results and discussion 

IV-2.2.1 Silicone/Fumed silica characterization  

At first, fumed silica and S3 added with 1.5% of fumed silica are characterized using 
29Si solid state NMR. The spectra obtained are presented in Figure 53. For pure fumed silica, 

three peaks are observed at - 91 ppm, -100 ppm and -110 ppm corresponding to respectively 

Q2, Q3 and Q4 structures. Q2 and Q3 structures highlight the presence of hydroxyl groups at 

the surface of the silica particle. Concerning S3/Fumed silica material, the peak at - 22 ppm, -

48 ppm, -57 ppm and -66 ppm correspond respectively to D, T1, T2 and T3 structures coming 

from the silicone matrix (as reported previously). However, two additional peaks appear at -

100 ppm and -110 ppm corresponding to the Q3 and Q4 structure and no peak assigned to Q2 

structure can be distinguished. 
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Figure 53: 29Si CPMAS NMR spectra of fumed silica and S3/Fumed silica. (*spinning side band) 

 It shows that there are chemical reactions between the silicone matrix and hydroxyl 

groups at the surface of the silica leading to the formation of high cross-linked silicone 

network as illustrated in Figure 54. 

 

 

Figure 54: Illustration of the formation of a cross-linked silicone network when fumed silica is added to S3 

IV-2.2.2 Mechanical properties of the char and Fire performance 

 The influence of the fumed silica on the mechanical properties is firstly investigated. 

The two matrices - S3 and S3+1%Fumed silica - containing 25% of EG were tested using the 

air jet test. Figure 55 illustrates the residue after the test and in both cases; the char was 
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completely destroyed by the air impact. This suggests that fumed silica does not increase 

significantly the cohesion of the char.  

 

Figure 55: Residue of a) S3+1%Fumed silica+25%EG and b) S3+25%EG after Air jet test 

The next step is to evaluate the fire protection of steel against hydrocarbon fire for 3 

mm based coating. Figure 56 shows the temperature versus time curves. In both cases, a part 

of the char falls off during the fire test explaining the knee point of the temperature/time curve 

after 400s testing. Consequently, the insulative performance of the two formulations is 

similar. 

 

Figure 56: Temperature versus time curve of 3 mm of S3/EG/Clay and S3/EG/fumed silica/Clay in hydrocarbon fire 

scenario 

Finally, the fact to increase the crosslink density of the silicone matrix 

incorporating fumed silica does not play a significant role on the mechanical properties 

of the char and on the fire performance of S3/EG/clay based coating. The other way to 

increase the cross-linked density of the matrix is to modify the hydroxyl PDMS used. 

That is why, in the next step, the amount of hydroxyl group of the hydroxyl PDMS is 

significantly increased using shorter length chain than that used for S3. 
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IV-3 Resistance to fire of high cross-linked RTV silicone rubber: Effect 

of the hydroxyl PDMS 

IV-3.1 Introduction 

 The silicone resin used in this part is composed of an hydroxylated PDMS with a 

viscosity of 80 cS (viscosity is measured using cone/plate rheometer CP-52), 

methyltrimethoxysilane (MTM) as crosslinking agent and an organometallic catalyst- called 

S1. For this kind of RTV silicone rubber tin based catalyst is usually used. However, as we 

have shown in the second chapter, this RTV silicone containing calcium carbonate exhibits 

low insulative performance due to its low thermal stability. In this part, this silicone matrix 

was cross-linked with titanium-based catalyst and the influence of the catalyst used is fully 

investigated in hydrocarbon fire scenario. The first silicone resin cross-linked with tin based 

catalyst was called S1-Sn and that with titanium based catalyst S1-Ti. The cross-link density 

of each resin is first determined by 29Si solid state NMR and then the mechanical properties of 

the char is characterized by air jet test 

IV-3.2 Results and discussion 

IV-3.2.1 S1-Sn and S1-Ti characterization  

 First of all, morphology of S1-Sn and S1-Ti are characterized using 29Si NMR to 

evaluate the crosslink density of the matrix. Figure 57 shows the 29Si NMR spectrum of both 

silicone matrices. On the S1-Sn spectrum, three peaks can be distinguished at -22 ppm, -58 

ppm and -67 ppm assigned to D, T2 and T3 structures respectively. Concerning, S1-Ti 

spectrum, three peaks can be distinguished at -19 ppm, -22 ppm corresponding to D structures 

and  an additional broad band at -67 ppm characterizing T3 structure. The explanation of the 

peak at -19 ppm and why the peak at -67 ppm is broader when titanium based catalyst is used 

will be explained later in the chapter. The aim of this part is to evaluate the crosslink density 

of the matrix.  
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Figure 57: 29Si NMR of S1-Sn and S1-Ti silicone 

 The deconvolution of S1-Ti spectra using DMFIT software68 is presented in Figure 58. 

The red curve represents the simulated spectrum and the black the experimental spectrum. It 

highlights a good fit and permits to quantify the amount of the different structures: 7% of T 

structures and 93% of D structures as for S1-Sn silicone matrix (presented in the chapter II). 

 

Figure 58: Deconvolution of S1-Ti matrix using DMFIT software (*spinning side band) 
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 This shows that the crosslink density is increased compared to S3 (3% of T structure 

and 97% of D structure presented in the chapter III). In order to highlight its effect on the 

mechanical properties of the char S3/EG, S1-Ti/EG and S1-Sn/EG based formulations are 

tested in Air Jest fire test.    

IV-3.2.2 Mechanical properties of the char 

 The three formulations exhibit the same behavior before switching air on. However, 

when the air flow is switch on, a complete destruction of the char is observed for S3/EG and 

for S1-Sn/EG based coating whereas when titanium based catalyst is used; there is no char 

destruction (Figure 59). This evidences the superior mechanical properties and the extremely 

good cohesion of the Ti-based formulation. This demonstrates also that the mechanical 

properties of the S1-Ti+25%EG char is higher than those of S3+25%EG.  

 

Figure 59: Residue of a)S3+25%EG, b)S1-Sn+25%EG and c)S1-Ti +25%EG after Air Jet fire testing 

 This part evidences two things: (i) the fact to increase the crosslink density of the 

matrix plays an active role on the mechanical properties of the char when 25%EG is 

incorporated to the silicone matrix and (ii) the catalyst used to make the resin cross-linked has 

a crucial influence.  

The next step is therefore dedicated to study the influence of the catalyst on the fire 

performance of silicone/EG based coating. 
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IV-3.2.3 Resistance to fire of high cross-linked RTV silicone rubber: Effect of the 

catalyst69 

 The fire performance of 1 mm S1-Sn and S1-Ti added with 25%EG is evaluated in 

hydrocarbon fire. Figure 60 shows the temperature versus time curve of the two silicone 

intumescent coatings and highlights the fact that the used catalyst has a real influence on the 

fire performance of the coating. Indeed, the time to reach 500°C for S1-Sn+25%EG and S1-

Ti+25%EG are respectively 860s and 1500s demonstrating the better fire performance of S1-

Ti+25%EG based coating.  

 

 

Figure 60: Temperature versus time curve of S1-Sn+25%EG and S1-Ti+25%EG based coating in hydrocarbon fire 

scenario 

When titanium based catalyst is used, a high expansion (2100%) and a good cohesion 

of the char are observed whereas the main part of the char collapse during fire experiment 

when tin based catalyst is used. This evidences also that S1-Ti silicone matrix limits the 

expansion of the coating since the expansion of S1-Ti/EG and S3/EG based coating reach 

respectively 2100% and 3400% when exposed to a simulated hydrocarbon fire. 

The chemical composition of the char after furnace testing should at least partially 

explain the different mechanical properties of each chars. XPS analysis on the two chars 

highlights that when titanium based catalyst is used, the graphite platelets are embedded in 

more cross-linked silicone structures than when tin based catalyst is used. This is explained by 

a higher thermal stability of S1-Ti silicone matrix than that of S1-Sn. It was also demonstrated 
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using EPMA that the tin is located at the surface of the resin and catalyzes the 

depolymerization of the silicone matrix69 whereas the titanium participates to the silicone 

network leading to the formation of Si-O-Ti bound. It explains the 29Si NMR spectra 

presented in Figure 57. Indeed, the additional peak at -19 ppm could be attributed to Si-O-Ti 

bound in D structure and the peak related to T3 structure is broader for S1-Ti matrix than that 

of S1-Sn. This is explained by the presence of another peak at -66ppm (the two peaks overlap) 

which should be assigned to Si-O-Ti bond in T3 structure. Thanks to this study, it is possible 

to propose a crosslink mechanism of both resins and it is illustrated in Figure 61. 

 

Figure 61: Chemical pathway of resin cross-linking  

 In the two previous parts, we have shown that the crosslink density of the RTV 

silicone can significantly be increased using shorter hydroxyl PDMS chain. When 

titanium based catalyst is used to make this resin cross-linked, it participates to the 

silicone network leading to an increase of the thermal stability. The char after 

hydrocarbon fire test is composed of graphite platelets embedded in silica network 

mainly composed of T structure and therefore presents high mechanical properties. This 

study demonstrates thus that the mechanical properties of silicone/EG based coating can 

significantly be increased using S1-Ti based RTV silicone matrix.  

IV-3.2.4 Fire performance of 3 mm based coating using S1-Ti matrix for steel 

protection against hydrocarbon fire 

 In the previous part, we have shown that the increase of the crosslink density of the 

silicone matrix increases the mechanical properties of the char. The aim of this part is to 
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compare the fire behavior of S1-Ti and S3 based coating at 3 mm. Figure 62 presents the 

temperature/time curve obtained. It highlights the better insulative performance when S1-Ti is 

used as silicone matrix since 500°C is reached in 2230s and a good cohesion of the char 

during the test occurs. 

 

Figure 62: Temperature versus time curve of 3 mm of S3+25%EG+5%Clay and S1-Ti+25%EG+5%Clay in 

hydrocarbon fire 

 Figure 63 shows the two residues after furnace testing. Even if there is no significant 

modification of the expansion after testing, the top of the S1-Ti based char is covered by a 

larger amount of silica and its cohesion is higher (by visual observation) than S3/EG/Clay 

char even if it does not fall off during the fire test. 

 

Figure 63: Residue of 3 mm based coating of a) S3+25%EG+5%clay and b) S1-Ti+25%EG+5%Clay after 

hydrocarbon fire test 

 We therefore evidenced that the fact to use S1-Ti based silicone matrix increasing the 

cohesion of the char and when 3 mm is tested, the char does not fall off during the test 

whereas it is the case for S3 based coating. 
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 In the two previous chapters we highlight the fact that the critical parameters to be 

taken into account to develop efficient silicone intumescent coating for the protection of steel 

against fire are: (i) the use of expandable graphite to ensure the expansion behavior of the 

coating and its low thermal conductivity at high temperature, (ii) incorporate clay in the 

formulation increases the mechanical properties of the char, (iii) calcium carbonate reacts 

with silicone resin at high temperature leading to the formation of calcium silicate acting as a 

supplementary ceramic barrier at the top of the char and finally (iv) the cross-link density of 

the silicone has to be increased to ensure high mechanical properties of the char. 

Considering all these parameter a more complex formulation at 3 mm is tested in hydrocarbon 

fire.  

 The silicone matrix is composed of S1-Ti and 5% of MQ resin (5% of S1 is substituted 

by 5% of MQ resin). The MQ silicone resin is composed of nanosilica comprising some 

hydroxyl function (reactive) and trimethylsilyl at the surface. Chemical structure of MQ 

silicone is presented in Figure 64. 

 

Figure 64: Chemical structure of MQ silicone resin 

The formulation, called F4, is composed of 15% of expandable graphite to ensure the 

expansion behavior and its low thermal conductivity at high temperature, 20% of GCC and 

7% of Clay to increase the mechanical properties of the char.  

Figure 65 presents the temperature/time curve obtained for F4 and S1-Ti/EG/Clay at 3 mm in 

hydrocarbon fire.  
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Figure 65: Temperature versus time curve of 3 mm S1-Ti/EG/Clay and S1-Ti/EG/GCC/Clay based coating in 

simulated hydrocarbon fire 

 For F4 based coating, 400°C and 500°C are reached respectively in 1500s and 3525s 

against 1090s and 2230s for S1-Ti/EG/Clay. It evidences the high fire performance of F4 

based coating and Figure 66 highlights its good cohesion. 

 

Figure 66: Residue of F4 based coating after hydrocarbon fire exposure 

 Further experiment on the F4 formulation should be carried out to explain the exact 

mode of action of each component. An experimental design should also be interesting to 

determine the optimal formulation for the fire protection of steel using thick silicone coating 

against hydrocarbon fire. 

IV-4 Conclusion 

In this chapter, the influence of the crosslink density on the fire performance of 

silicone/EG based coating was investigated. Two ways were followed, the first using fumed 

silica as additional filler and the second using another hydroxyl PDMS.  

We have evidenced that the fact to use fumed silica does not play an active role neither 

on the fire performance of silicone based coating nor on the mechanical properties of the char. 
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Nevertheless, using shorter length chain of hydroxyl PDMS for the silicone matrix and 

a titanium based catalysts to ensure high thermal stability, the mechanical properties of the 

silicone/EG char was significantly increased. This is explained by the fact that the expansion 

is lower than that of S3/EG and the graphite platelets are embedded in high cross-linked 

silicone structures. Using this matrix and substituting 5% of S1 by 5% of MQ resin, 

incorporating expandable graphite, calcium carbonate and clay in the silicone enable to 

develop thick and very efficient intumescent coating for the steel protection against 

hydrocarbon fire. 
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General Conclusion 
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On the field of protection of steel structure against fire, intumescent coating is known 

to be very efficient. However, most of this coating are organic based and therefore exhibits 

some limitations. The challenge of this work was to develop silicone based coating for the fire 

protection of steel in two different fire scenarios: cellulosic and hydrocarbon fire. For this, 

different intumescent silicon based coatings have been tested and, their mode of action has 

been elucidated to point out their limitations and the way to improve their performances. 

First of all, a high cross-linked phenyl silicone resin based coating was developed. This 

coating exhibits high insulative performance when exposed to an open flame but its low 

viscosity at high temperature limits considerably its performance in furnace tests. That is why, 

in a second step, fire protection properties of RTV silicone based coating added with calcium 

carbonate was investigated. This coating exhibits heat barrier properties in cellulosic fire 

scenario compared with virgin steel but its performance are limited compared with 

commercial intumescent paint. This low fire performance was attributed to the low expansion 

rate of the coating and thus in the following study, expandable graphite was thus used as 

blowing agent in RTV silicone matrix. 

For the formulation including EG, 1 mm silicone based coatings exhibit better fire 

performance than commercial intumescent paint in simulated hydrocarbon fire. This high fire 

performance was attributed to: (i) its high expansion rate (ii) its low thermal conductivity at 

high temperature and (iii) the good cohesion of the char. This good cohesion was explained 

by strong interaction occurring between expandable graphite and silicone matrix. During the 

intumescent process, graphite platelets are oxidized and embedded in a complex silicone 

structure ensuring the good mechanical properties of the char.  

The effect of clay was also investigated for the development of thicker intumescent coating. 

Indeed, it was shown that, the clay increases significantly the cohesion of the char in 

hydrocarbon fire scenario that is particularly important for thick coating. The reinforcement of 

the char takes place thanks to specific reactions between the clay and the silicone matrix and 

because the clay platelets are uniformly dispersed throughout the thickness of the char.  

However, the fire protective behavior of such silicone intumescent based coating is limited in 

cellulosic fire scenario compared with that of commercial intumescent paint. Calcium 

carbonate was thus used as additional filler. It is shown that in this case, fire performance of 

silicone intumescent based coatings is higher than that of commercial intumescent paint. 

Calcium carbonate increases the thermal stability of the silicone matrix leading to the 

formation of calcium silicate in cellulosic fire scenario. Calcium silicate species form on the 
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top of the char a protective ceramic-like layer increasing the insulative properties of the 

coating. 

 The influence of the cross-link density of the RTV silicone matrix used on the 

mechanical properties of the char was finally investigated. It was demonstrated, that the 

catalyst used to cross-link the silicone resin has a critical influence on the fire performance of 

the intumescent coating. Using high cross-linked silicone matrix and titanium based catalyst 

allows increasing the mechanical properties of the protective layer resulting from the 

degradation of RTV silicone/expandable graphite based coating. 

 

As a conclusion, it is possible to draw general rules for the development of effective 

intumescent silicone coatings. The formulation has to be composed of:  

(i) High cross-linked RTV silicone and the catalyst has to be a titanium based catalyst. 

(ii) Expandable graphite to ensure the expansion of the coating and also its low thermal 

conductivity at high temperature. 

(iii) Inorganic fillers such as clay and calcium carbonate to increase respectively the 

mechanical properties of the char and the thermal stability of the matrix. 

Moreover, depending on the final application, the formulation have to be adapted making an 

experimental design to ensure high fire performance of the silicone based coating. 

 

This work is the first highlighting the high potential to develop silicone based coatings 

for the fire protection of steel in various fire scenarios. The key parameters to develop 

high effective coatings were also determined. 

 

All the study previously reported investigated the performance of silicone based on coating 

for the protection of steel. This lead us to investigate the effectiveness of such coating on the 

fire protection of other materials. In particular, , mainly because of their excellent mechanical 

properties, composite materials are more and more used in building and in aeronautic 

industry. In both cases, these materials have to be protected against fire. We have thus began 

to investigate if it is possible to protect composites against fire using the previously developed 

intumescent silicone coatings.    
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Outlook – Fire protection of 

composites 
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1. Introduction 

 We have shown that RTV silicone resins added with expandable graphite and fillers such as 

clay and calcium carbonate exhibit similar even better fire performance than commercial intumescent 

coating in both cellulosic and hydrocarbon fire scenarios on steel. The strong interaction between 

expandable graphite and silicone is responsible for this high performance. The mode of action of clay 

and calcium carbonate was also elucidated. However, all these coatings have been evaluated for the 

fire protection of steel. In this part, the feasibility of the fire protection of composite using silicone 

intumescent coating is examined.  

 The use of composites in civil engineering structural components is increasing day by day due 

to their light weight, high specific strength, and stiffness properties.  

 Moreover, because of their exceptional mechanical properties, carbon fiber reinforced polymer 

(CFRP) are increasingly being used in the design of aircraft and they have attracted attention of 

researchers and industrial manufacturers to be used in primary structural components of aircrafts such 

as Boeing 787 or the coming Airbus A350. For each application a specific fire test is used.  

 For the first, building codes and regulations require materials exhibiting low flame spread and 

low smoke generation. The associated test to evaluate the fire protection of composite used in building 

industry is the Steiner Tunnel (ASTM E-84)70. For this, fire performance of S3 based coating is 

evaluated and compared with that of Fire Tex M93 commercial intumescent paint using a small scale 

Steiner Tunnel test developed in our laboratory. 

 For the second application, when CFRPs are exposed to a jet fuel fire, the composite materials 

degrade and quickly ignite, releasing volatile gases, and producing char resulting in a significant 

reduction in structural strength. In this research we are interested in the fire behavior of CRFP 

undergoing jet fuel fire - about 200kW/m² heat flux- and how to protect it. For this, S1-Ti intumescent 

based coating is used because of the high mechanical properties of the char when this matrix is used. 

This part is based on the following paper:  

S.Bourbigot, B.Gardelle, S.Duquesne - Intumescent silicone-based coatings for the fire 

protection of carbon fiber reinforced composites - 2013 - International Association for Fire 

Safety Science - Submitted 

2. Fire protection of composite for civil application 

2.1 Material and fire testing 

In this part, the composite to be tested is a polyethylene terephthalate (PET) foam block 

(ARMAform, Armacell Benelux SA) covered with glass woven fabrics (Gurit) impregnated 

by an epoxy resin (Ampreg 21FR, Gurit). These composites are used for making the ceiling of 

railway stations which will be built in Saudi Arabia (railway stations for high speed train). 



Outlook 

Bastien Gardelle – PhD report 
 

98 

 After a screening using the S3 silicone matrix and different fillers, the intumescent 

silicone coating used is composed of S3 added with 22%EG, 25%GCC, 1%Aerosil and 2% of 

mineral fibers mainly composed of SiO2, Al2O3, CaO+MgO (MS603 supplied by Lapinus 

company). Fire Tex M93 intumescent coating is used as reference. Both formulations are 

applied to the composite at 13g/cm² to obtain 1 mm based coating. 

 To evaluate the properties of the composites coated with intumescent coating, a ‘mini’ 

Steiner tunnel (reduction of the Steiner tunnel at 1/8 scale) has been developed71. The test is 

fully described in Figure 67. The Steiner tunnel test is the primary test method for evaluating 

resistance to fire of interior finish materials in the United States. The method is described in 

ASTM E 84. The apparatus consists of a tunnel-like enclosure measuring 8.7 × 0.45 × 0.31 m 

(25 × 1½ × 1 ft). The test specimen is 7.6 m (24 ft) long and 0.46 m (18 in.) wide and is 

mounted in the ceiling position. It is exposed at one end, designated as the burner end, to an 

88-kW (5000-Btu/min) gas burner. There is a forced draft through the tunnel from the burner 

end with an average initial air velocity of 1.2 m/s (240 ft/min). The measurements consist of 

flame spread over the surface and smoke obscuration in the exhaust duct of the tunnel. Test 

duration is 10 minutes.  

 A flame spread index (FSI) is calculated on the basis of the area under the curve of 

flame tip location versus time. The FSI is 0 for an inert board, and is normalized to 

approximately 100 for red oak flooring. The FSI is determined as follow: the total area (At) 

under the flame spread distance-time plate is calculated. In both cases, At is less than 97.5, so 

the FSI = 0.515*At. A smoke developed index (SDI) is calculated on the basis of the area 

under the light obscuration vs. time curve, and is equal to 100 for red oak flooring. The SDI 

corresponds to the area under the curve %Abosrbance versus time. 

 The “mini” Steiner Tunnel test was developed to a scale 1/8. Small windows permit to 

follow the flame spread and the smoke is collected in the chimney to measure its opacity with 

a Smoke Density Analyzer TRDA 302 from TAURUS. Previous work showed reasonable 

correlation with the large scale test72.  
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Figure 67: (a) Schematic view of the lab-scale Steiner tunnel, (b) its internal construction (side view) and c) its side for 

the flame spread measurement 

2.2 Results and discussion 

 The first parameter evaluated is the flame spread during the fire test. Figure 68 shows 

the flame spread versus time for the M93 and S3 based coating during the test. It highlights 

the fact that when the composite is coated with S3 intumescent based formulation, the flame 

reaches only 2 feet (61 cm) after 300s and does not propagate further. While when M93 based 

coating is used, the flame spread reaches 2 feet after 300s fire testing and continues to 

propagate to finally achieve 6 feet of the composite at the end of the test. This demonstrates 

the lower flame spread for the composite coated with S3 intumescent based coating. 



Outlook 

Bastien Gardelle – PhD report 
 

100 

 

Figure 68: Flame spread for the two intumescent coatings during small scale Steiner Tunnel test 

 Figure 69 presents the residues of the two coated composites after Steiner Tunnel test. 

It shows that in both cases an expanded structure is formed. We have demonstrated in the 

chapter III that in case of fire (cellulosic), S3/EG/GCC based formulation swells leading to 

the formation of an expanded structure protecting steel against fire. We can reasonably 

assume that the charring pathway of silicone based coating on composite is similar. The char 

should therefore be composed of graphite platelets embedded in complex silicone structures. 

The white powder covering the top of the char should be silica and calcium silicate. This 

expanded structure limits therefore the heat transfer between the source and the composite. 

Concerning composite residue coated with M93 intumescent paint, Figure 69b) illustrates the 

higher flame spread than the composite coated with S3 based coating. 
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Figure 69: Residue of the composite coated with a) S3/EG/GCC and b) M93 intumescent based coating 

 The second parameter to take into account is the smoke opacity generated by the 

intumescent coating during fire testing. The absorbance versus time curve is presented in 

Figure 70. 

 

Figure 70: %Absorbance versus time of composite coated with S3+1%fumed silica +22%EG + 25%GCC +2%MS603 

and M93 in small scale Steiner Tunnel test 

 Concerning the composite coated with M93 intumescent coating, the maximum of the 

absorbance of the smoke released reached 35 % whereas it reaches only 8% for the composite 

coated with S3 based coating. This highlights the lower smoke opacity evolved by the silicone 

coating compared with that of commercial epoxy-intumescent coating. The FSI and the SDI 

were then determined for the two composites. The results are reported in Table 8. The 

composite coated with S3 based coating presents lower SDI and FSI than that coated with 

M93 based coating. 
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Table 8: SDI and FSI of the two coated composite 

Intumescent coating SDI FSI 

M93 45 15 

S3+1%Fumed silica+22%EG+25%GCC+2%MS603 20 5 

  

 Intumescent silicone based coating exhibits therefore higher fire performance than 

commercial intumescent paint using this small scale Steiner Tunnel test. 

This study therefore demonstrates the good feasibility for the fire protection of composite for 

civil applications using intumescent coating (building applications). It also evidences the 

better fire performance of intumescent silicone based coating than commercial intumescent 

paint. 

After evaluating the fire resistant properties of silicone intumescent coating on composite for 

civil applications, intumescent silicone are coated onto carbon fiber reinforced polymer 

(CFRP) for aeronautic applications and exposed to a simulated jet fuel fire. 

3. Fire protection of composite for aeronautic applications73  

3.1 Introduction 

 Recently Mouritz et al74. reported the use of conventional organic intumescent paints 

to protect composite structures from fire and it appeared as successful. The aim of this part is 

to use high cross-linked RTV silicone coating for the fire protection of CRFP. Two main 

systems are tested: the first, high intumescent coating with expandable graphite and the 

second, low intumescent coating without expandable graphite. Chemical compositions of the 

formulations are reported in Table 9. 

Table 9: Chemical composition of the intumescent coated tested 

Silicone formulation F1 – High intumescing coating F2- Low intumescent coating 

RTV Silicone matrix 56% 56% 

Expandable graphite 25% - 

Calcium carbonate 12% 37% 

Clay (C30B) 7% 7% 

 

 The jet fire bench test intends to mimic, at the small-scale, a jet fuel fire which can be 

caused by burning jet fuel external to the aircraft as a result of fuel tank damage during the 

impact of an aircraft or by jet fuel fire occurring in the engine nacelle. The measurements 
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were carried out using a constant heat flux test provided by a propane burner (10kW propane 

burner) delivering a heat flux of 200 kW/m² on CFRP. Thermocouples (4 K-type 

thermocouples) were placed on the back side of CFRP to measure the temperature as a 

function of time during the test. To explain the fire behavior of the two coatings, several 

parameters are investigated. Physical parameters of the intumescent silicone-based coating 

including the heat conductivity as a function of temperature and the dynamic of expansion 

during the test will be first investigated in order to propose a mechanism of protection. 

3.2 Results and discussion 

 Figure 71 shows the temperature on the backside of the samples as a function of time. 

When the temperature raises up suddenly it indicates the ignition of the composite on the 

backside. For a thickness of 500 µm (Figure 71 (a)), it is clearly shown that the F1 

intumescent coating provides the most efficient protection since the ignition of the composite 

backside occurs at 460s while it is at 260s and 100s for CFRP-F2 and virgin CFRP 

respectively. If 1000 µm intumescent coating is applied on CFRP (Figure 71b), the composite 

is well protected and no ignition at the back side of the coating occurs. 

 

Figure 71: Temperature as a function of time of coated CFRPs compared to virgin CFRP (backside temperature) 

during the jet fire test at coating thickness of (a) 500 µm and of (b) 1000 µm 

 Concerning, the high intumescent material, due to the presence of expandable graphite 

there is the formation of a thick expanded structure. For the low intumescent coating, there is 

the formation of a not expanded porous material. In order to explain these fire performances, 

physical properties of the two intumescent materials are investigated: their swelling ability 

and thermal conductivity at high temperature. Figure 72a) highlights the high expansion rate 

of F1 based coating and Figure 72b) shows the low thermal conductivity at high temperature 

for the two silicone based coatings. For F1 based coating, during the fire experiment, there is 
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the formation of a thick expanded material with low thermal conductivity limiting thus the 

heat transfer between the fire and the composite. For F2 based coating, there is the formation 

of a ceramic-like material characterized by a low thermal conductivity at high temperature. 

 

 

Figure 72: a) Expansion versus time curve of F1 based coating during fire test and b) thermal conductivity of F1 and 

F2 from ambient temperature to 600°C 

 In order to determine a mode of action of the fire protection using the two silicone 

based coating, the residue obtained after fire testing are analyzed by XPS, XRD and 29SiNMR 

(for F2 residue). All spectra obtained for F2 are presented in Figure 73. For F2 based coating, 
29Si NMR evidences the formation of T and Q4 structures and therefore the formation of a 

cross-linked silica network. However, the Q structure comes not only from the degradation of 

the silicone matrix and the presence of the clay but also by the formation of calcium silicate. 

Indeed, XPS spectrum highlights the formation of these structures as it was observed in the 

chapter III. XRD analysis shows the presence of characteristic peaks which should be 

attributed to calcium silicate species but their cristallinity is too low to determine the kind of 

calcium silicate. 
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Figure 73: a) 29Si NMR spectra of Clay and F2 residue, b)Si 2p spectrum and c)XRD pattern of F2 residue 

 Finally, when F2 based coating is exposed to jet fuel fire there is formation of a 

ceramic-like porous material composed of calcium silicate and high cross-linked silicone 

structure. It was shown that this ceramic has a low thermal conductivity at high temperature 

protecting therefore the composite during the fire test. 

 For F1 based material, the residue was analyzed by XRD and XPS.  XPS spectrum 

highlights the presence of SiC, D or calcium silicate, T and Q structures. The formation of 

SiC, T and Q structures comes from the degradation of the silicone matrix which embed the 

graphite platelets (as demonstrated in the chapter IV). Moreover, the XRD experiment 

highlights the presence of calcium silicate, calcium carbonate and calcium oxide (as for F2 

based residue) and graphite. It is thus shown that the incorporation of expandable graphite in 

silicone permits the formation of an intumescent char upon heating composed of graphite 

platelets embedded in silicone structure and calcium silicate.  

 Finally, its high expansion rate delivers rapidly the protection of interest. Associated to 

its low heat conductivity, the high expanded intumescent char (2400%) limits heat transfer 

from the flame to CFRP. The high mechanical properties of the char is insuring by the fact 
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that graphite platelets are embedded in high cross-linked silicone structure and calcium 

silicate. These points explain the high insulative properties of this coating. 

4. Conclusion 

We have demonstrated that the intumescent silicone coatings developed for the fire 

protection of steel can be applied onto composites. It is evidenced that these coatings provide 

high fire protection on composites for civil and aeronautic applications. 

For civil application, intumescent silicone based coatings are applied on polyethylene 

terephthalate (PET) foam block covered with glass woven fabrics impregnated by an epoxy 

resin. The fire behaviors of coated composites were evaluated using small scale Steiner 

Tunnel test. It is shown that silicone based coating exhibits better fire performance than 

organic intumescent paint. The two intumescent coatings highlight good fire protection 

behavior due to the formation of an expanded structure protecting the composite. However, 

the composite coated with silicone based coating releases lower smoke opacity and lower 

flame spread compared to commercial organic intumescent paint. 

For aeronautic applications, intumescent silicone based coating has been tested on carbon 

fiber reinforced composite using a small scale jet fire test. During the fire test, there is 

formation of a thick insulative structure (low thermal conductivity at high temperature) based 

on graphite platelets embedded in calcium silicate and high cross-linked silicone structures. 

This expanded char limits therefore the heat transfer between the fire source and the 

composite.  

  

The intumescent silicone based coatings that have been developed in this study show 

high efficiency for both fire protection of steel and of composites. The high potential of such 

coatings was thus demonstrated, However, further work have to be done especially 

concerning the ageing of the silicone coating and its mechanical properties. As an example, 

for aeronautic applications, several parameters have also to be considered such as the 

potential delamination of the material that may occur at high temperature or the effect of  oil 

on the fire properties of coating.  
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Appendix 1: Material and 

Experimental device  
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Silicone matrix 

The Table 10 sums up the silicone matrix used in this work. 

Table 10: Silicone resin used in this work 

Silicone 

resin 

Phenyl 

silicone resin 

S1 based on 

Hydroxyl 

PDMS 80 cs 

S2 based on Hydroxyl 

PDMS  2000 cs 

S3 based on Hydroxyl 

PDMS 15000 cs 

Chapter II Yes Yes Yes No 

Chapter III No No No Yes 

Chapter 

IV 

No Yes No Yes 

Chapter V No Yes No Yes 

 

Phenyl silicone resin: 
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Room temperature vulcanized silicone rubber: 

 

 

 

Chapter II 

Fire protection test 

Lab-scale fire test 

 For each tests, intumescent coatings are coated onto steel plate. Coatings are exposed 

to different temperature constraints more or less severe but the aim is to evaluate the 

insulative properties of the coating. The temperature at the back side of the plate is thus 

measured as a function of time using a pyrometer (temperature measured in the center of the 

plate). The backside of the plate is coated with black paint (Jeltz) having a constant emissivity 

(0.92) and thermally resistant up to 800°C in order to get reliable temperature measurements 

with the pyrometer.  

 In a first step, to evaluate the insulative properties of novel silicone based coating, two 

small lab scale tests have been used. The first – Torch test - is based on Torch Test method 

(American Bureau of Mines Fire Endurance, 1966) (Figure 74). The coating is exposed to an 
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open flame (temperature of the flame around 1100°C). This test allows evaluating fire 

performance of an intumescent coating in radiative/convective heating scenario. 

 

 

Figure 74: Schematic representation of the Torch test 

 The second small test used is the heat radiator test. It permits to measure the efficiency 

of a heat barrier 75 and shown good correlation with large scale test (industrial furnace test 

running according to UL-1709)  in the case of intumescent paint protecting steel. In the test, 

the heat source is a heat radiator (Figure 75) and so, the heating is purely radiative. Steel plate 

is put at 4 cm under the heat source delivering a constant heat flux of 30 kW/m². 

 

Figure 75: Heat radiator test 

 However, as we have shown previously, several fire scenarios can be considered. Even 

if the previous tests evaluate the insulative performance of intumescent coating, small furnace 

tests have to be developed to highlight the fire performance of intumescent coating in fire 

scenario.  

Small scale furnace test 

 To evaluate the fire performances of intumescent coating in cellulosic fire scenario – 

standard ISO834 - a furnace test was developed (Figure 76). The lab-made furnace exhibits an 

internal volume of 40 dm3. Refractory fibers (stable up to 1300°C) cover the different sides of 
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the furnace. It is equipped with a burner of 35kW fed with propane. The gas pressure was 

fixed at 1.8 bars and the flow was regulated in order to mimic the ISO834 curve. The sample 

is put into the furnace door, with the coated side inside the furnace.  

 

Figure 76: Furnace to evaluate fire performances of intumescent coating in cellulosic fire scenario 

 Figure 77  shows the evolution of the temperature versus time inside the furnace and 

highlights the good correlation between the standard curve and the experimental curve. 

 

Figure 77: Temperature versus time curve inside the furnace 

 

Rheological measurement 

 The rheological studies are based on the use of Thermal Scanning rheometer TSR 

Rheometric Scientific ARES-20A, in a parallel plate configuration. In order to measure the 

viscosity of material versus temperature, sample pellets (d = 25 mm, thickness = 3mm) are 

positioned between the two plates. Testing are carried out using a "dynamic Temperature 
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ramp test" with a heating rate of 10°C/min in the range 25-80°C, a strain of 1% and a constant 

normal force of 10g. 

Chapter III 

Fire test 

 In hydrocarbon fire scenario, temperature increases is more severe and the previously 

described furnace is not adapted to reach 1100°C in 5 minutes. That is why another furnace 

equipped with two 20kW burners fed with propane was developed. This test was designed to 

mimic the UL1709 normalized temperature/time curve, related to hydrocarbon fire. The lab-

made furnace exhibits an internal volume of 26 dm3 (Figure 78). Refractory fibers (stable up 

to 1300°C) cover the different sides of the furnace. The gas pressure was fixed at 1.8 bars and 

the flow was regulated in order to mimic the UL1709 curve. The furnace is equipped with a 

quartz window in order to follow the intumescent process during the fire test. 

 

Figure 78: Furnace to evaluate fire performances of intumescent coating in hydrocarbon fire scenario 

 Figure 79 shows the evolution of the temperature versus time inside the furnace and 

highlights the good correlation between the standard curve – UL1709 - and the experimental 

curve.  
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Figure 79: Temperature versus time curve inside the furnace 

 

Expansion measurements versus temperature 

 The expansion versus temperature measurements are carried out using a thermal 

Scanning rheometer TSR Rheometric Scientific ARES-20A, in a parallel plate configuration. 

The samples are sample pellets (d = 25 mm, thickness = 3mm). They are positioned between 

the two plates, a normal force is applied and no strain are applied to the material and the gap 

is measured while the sample is exposed to a linear heating ramp of 10°C/min from ambient 

temperature to 500°C. 

 

Chapter IV 

29
Si NMR CPMAS  

 The silicone matrix added with fumed silica is characterized by 29Si NMR using 

CPMAS sequence. For each experiment, a delay of 5s and a contact time of 6 ms are used. 

The scan number for fumed silica and S3/fumed silica are respectively 13312 and 47104 to 

obtain an acceptable signal to noise ratio. 
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Appendix 2: Papers 
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 Abstract - The purpose of this Ph.D work is to develop intumescent coatings for the 
protection of steel against fire in two different scenarios: hydrocarbon and cellulosic fires. 
The aim of this coating is to ensure the integrity of steel structure exposed to fire since steel 
loses more than 50% of its load capacity above 550°C. Intumescent coatings expand in case 
of fire leading to the formation of an insulative barrier limiting the heat transfer from the heat 
source to the substrate. Most of these coatings are organic based and thus exhibit some 
limitations. Thus, in this work, hybrid organic-inorganic coatings based on silicone resins 
were developed. In a first step, it is shown that room temperature vulcanized (RTV) silicone 
rubber is the silicone matrix exhibiting the best insulative properties in fire scenarios. 
Expandable graphite is then used as blowing agent to make the silicone swell when exposed 
to fire. Due to several interactions between silicone and expandable graphite at high 
temperature, the coating exhibits excellent fire performance. This performance was attributed 
to the swelling properties, the low thermal conductivity at high temperature and the good 
cohesion of the developed char. Additional fillers such as calcium carbonate and organoclay 
are incorporated in the formulation to increase the mechanical properties of the char. Finally, 
the critical parameters governing the insulative properties of intumescent silicone coatings 
have been determined. Moreover, it was pointed out that it is possible to develop silicone 
coatings exhibiting better fire performance than commercial intumescent paint for the 
protection of steel against fire in both hydrocarbon and cellulosic fire scenarios. 

Key words: intumescent coating, silicone, fire protection, hydrocarbon fire, cellulosic 

fire 

 Résumé - L'objectif de ce travail de thèse est de développer des revêtements 
intumescents à base de résines de silicone pour la protection de l'acier en cas d’incendie - de 
type hydrocarbure et cellulosique. Les revêtements intumescents ont pour fonction d'assurer 
l'intégrité des structures en acier exposées au feu, ce métal perdant une grande partie de ses 
propriétés mécaniques au-dessus de 550°C. Les revêtements intumescents classiquement 
utilisés sont formulés à partir de résines organiques (acrylique, epoxy…) ce qui conduit à 
certaines limitations. Dans ce travail, des revêtements intumescents hybrides organiques-
inorganiques à base de résines de silicone ont donc été développés. Dans un premier temps, il 
est montré que les résines silicones de types RTV (room temperature vulcanized) présentent 
les meilleures propriétés de barrière thermique. Par la suite,  du graphite expansible a été 
incorporé en tant qu’agent gonflant à la résine silicone, pour permettre l'expansion du 
revêtement à haute température. Grâce à des interactions spécifiques entre le silicone et le 
graphite expansé, le revêtement obtenu présente d'excellentes propriétés de protection 
thermique. Ces résultats ont été attribués à ses propriétés de gonflement, à sa faible 
conductivité thermique à haute température et à la bonne cohésion du char développé. Des 
charges minérales supplémentaires telles que le carbonate de calcium et l'argile organo-
modifiée ont ensuite été incorporées dans la formulation afin d'augmenter les propriétés 
mécaniques du char. Enfin, les paramètres essentiels régissant les propriétés de barrières 
thermiques des revêtements siliconés ont été mises en évidence. En jouant sur ces paramètres, 
il est possible de formuler des revêtements présentant de meilleures propriétés que des 
peintures intumescentes commerciales pour la protection de l'acier au cours d'un incendie de 
type hydrocarbure ou cellulosique. Cette étude démontre donc la faisabilité du développement 
de revêtement intumescent à base de silicone pour la protection de l'acier en cas d'incendie.  

Mots clés: Résistance au feu, intumescence, silicones, protection contre l'incendie 
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