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Abstract: The flame resistance of applied coating materials affects the safety of innovative technological
solutions. Silicone-containing polymeric materials are one of the most economical solutions in the field
of coatings due to the effect of the unique combination of very good thermal, resistance, and surface
properties. The rich chemistry of silicon compounds, which results in their very good thermal stability,
allows their use as flame-resistant coating materials or as flame retardants in polymer composites.
In this review, the flame resistance of PDMS systems based on their thermal degradation data, as well
as possible paths of thermal degradation depending on external conditions including the effect
of additives, flame resistance of hybrid silicone-containing coating materials and most important
innovative applications of these materials, are reviewed. Very good results from the use of organic
silicon compounds as fire retardants in polymers obtained by many research teams are one of the
promising ways of overcoming the health, safety, and availability concerns of traditional halogenated
fire retardants.
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1. Introduction

Modern coating materials must possess excellent properties in order to meet the requirements of
the most innovative applications in the fields of electronics, vehicles, household appliances, measuring
and medical equipment and others [1–3]. Silicone-containing coating materials are characterized by
very good properties and are suitable for use in modern technologies. A very important parameter that
should be taken into account is the flame resistance of the applied coating materials, because it affects
the safety of innovative technological solutions. Silicones and hybrid polymeric materials containing
silicones are one of the most economical solutions in the field of coatings due to the effect of the unique
combination of very good thermal, resistance, and surface properties [4].

The flame resistance of materials is a complex property that is dependent on their chemical
composition and structure, thermal stability, material construction, and combustion conditions.
The most important factor influencing flame-retardant silicone-containing coatings materials is,
of course, the thermal properties of the silicone base polymer. Polydimethylsiloxane (PDMS) and
their derivatives containing organofunctional chemical groups are most commonly used for the
production of silicone-containing coating materials. The rich chemistry of organosilicon polymers
makes it possible to obtain the coating material appropriate to the requirements of the intended use.
The high thermal and oxidative resistance of silicones results from the higher stability of Si–O and Si–C
chemical bonds compared to the C–C bond in organic resins. The heat of chemical bond formation is
the measure of this stability. The heat of Si–O bond formation in PDMS is 452 kJ·mol−1, compared to
318–352 kJ·mol−1 for C–C bond in organic resins [5,6]. Silicones are also characterized by excellent fire
resistance, e.g., the flashpoint of pure PDMS is over 300 ◦C, depending on the molecular weight.
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Thermal decomposition PDMS is characterized by a low rate of heat release; generally in the range
of 60–150 kW·m2 [7]. It should be emphasized that the combustion of silicones is not accompanied by
the release of any toxic or aggressive gases. In addition, a very small amount of smoke is emitted [8].
The main products of PDMS combustion are SiO2, CO2 and H2O. Silica (SiO2) creates dust with
excellent dielectric properties and provides additional protection against further fire development [9].

In addition to the basic polymer system silicone-containing coating materials usually contain
different substances, such as crosslinking systems, rheology modifiers, adhesion promoters and others.
These additives can have a significant, positive or negative, impact on the flame resistance of these
materials. A very good example of the positive effect of fillers on the flame resistance of silicone coating
materials is the achievement of Mansouri et al. [10], who, thanks to the introduction of appropriate
inorganic fillers, obtained silicone ceramized layers after combustion of silicone-based compositions at
1050 ◦C.

Flame resistance is also influenced by the construction of a given material, e.g., in the form of
laminates or multi-layer coatings. Such coating structures can reduce the flame resistance due to
formation of “pockets” between the layers. Flammable products of thermal degradation can accumulate
in them, decreasing flame resistance [11].

The effect of the combustion conditions on flame resistance is evident since the results obtained
for the same material by using different methods are different. This is due to distinct requirements
regarding combustion conditions, depending on the intended use of the material.

The aim of this review is to present the most important information concerning flame resistant
silicone-containing coating materials based on a literature review. Some patents are also included in
the description. This overview is divided into three main sections, including a discussion focused on
flame resistance of PDMS systems based on their thermal degradation data including the effect of
additives, the flame resistance of hybrid silicone-containing coating materials, and the most important
innovative applications of these materials. This review does not include the use of flame retardants,
especially halogenated ones. The use of such additives is limited in European Union countries and the
USA on the basis of legal provisions (e.g., REACH regulation, RoHS directive).

2. Thermal Degradation of PDMS Systems

Significant differences in siloxane bond strength and segment flexibility—(Si–O)x in the main
polymer chain are the reason for the significantly different thermal decomposition temperatures of
PDMS as compared to organic polymers. However, these factors have an opposite effect on the thermal
properties of PDMS.

As is known, the siloxane bond has a partly ionic and partly double bond character. This is due
to the formation of the dπ–pπ bond between Si and O atoms. This results in a significant increase in
the dissociation energy of Si–O bond of 108 kcal/mol compared to 85.2 kcal/mol for C–C bonds or
82.6 kcal/mol for C–O bonds [12], which ensures greater stability of Si–C bond at higher temperatures,
while also increasing the thermal resistance of PDMS compared to organic polymers.

The extraordinary elasticity of the siloxane chain has a positive effect on the hydrophobic
properties of silicones [13] and their low temperature resistance, but unfortunately reduces the
stability of these polymers at higher temperatures [5]. The flexibility of the PDMS chain enables
the creation of local configurations, with the formation of transient states facilitating inter- and
intramolecular redistribution reactions. In addition, these reactions are partly supported by the ionic
nature of the siloxane bond, which ultimately leads to the formation of thermodynamically favored
low-molecular-weight cyclosiloxanes. As a result of this mechanism, the actual thermal resistance is
lower than the values that could be calculated taking into account only the strength of the bonds.

Based on numerous literature reports, it can be concluded that the thermal degradation of PDMS
occurs in a differentiated manner and depends primarily on the type and number of end groups
in the PDMS, the presence of catalytic amounts of impurities in the polymer and the conditions of
thermal degradation (under anaerobic or thermo-oxidative conditions) [7]. The process of thermal
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depolymerization may consist of three different reaction mechanisms: random chain cleavage, attack of
the PDMS chain end groups, and reactions externally catalyzed by impurities [14]. The process
of thermal depolymerization of the PDMS depends not only on the type of functional groups
and their place of attachment to the chain (end groups or side), but also on the molecular weight
of the PDMS. Grassie and Macfarlane [15] showed that the replacement of end hydroxyl groups
with methyl groups clearly increased thermal resistance, as compared to PDMS with hydroxyl
groups. Cyclic siloxane oligomers are decomposition products in both cases. Jovanovic et al. [16]
suggested that vinyl end groups changed the mechanism of thermal degradation compared to methyl
groups. The products of thermal decomposition of PDMS with vinyl end groups are cyclic oligomers
(hexamethylcyclototrisiloxane and octylmethylcyclotetrasiloxane) [17]. The groups attached to the
PDMS chain also have an impact on thermal degradation. Grassie et al. [18] showed a correlation
between the content of phenyl groups and the mass of solid residue after thermal decomposition of poly
(dimethyl/diphenylsiloxane). In addition, in studies of thermal degradation of polymethylsiloxane
containing methylhydrogen siloxane moieties, it was found that an increase in crosslinking density
increased heat resistance [16]. This is due to the possibility of additional crosslinking by the Si–H
group during the initial stage of thermal degradation.

According to Lipowitz [19] and Lipowitz and Ziemelis [20], in the initial stage of thermal
decomposition of silicone rubbers, low-molecular siloxanes are released, e.g., cyclosiloxanes. At higher
temperatures, the main products of thermal decomposition of silicone rubbers are SiO2, CO2, H2O.

In practical applications of PDMS as coating materials, their thermo-oxidative degradation is
important. In contrast to the mildly thermal depolymerization process resulting in cyclosiloxanes,
the thermo-oxidative degradation process proceeds with the release, in the initial stage, of CO, H2O,
CH2O, CO2, methanol, and residual amounts of formic acid as degradation products of organic groups
in the main chain [21]. In the final stage of thermo-oxidative degradation, the SiO2, CO2, and H2O are
released as products; see Figure 1.

Coatings 2020, 10, x FOR PEER REVIEW 3 of 14 

 

thermal degradation (under anaerobic or thermo-oxidative conditions) [7]. The process of thermal 

depolymerization may consist of three different reaction mechanisms: random chain cleavage, attack 

of the PDMS chain end groups, and reactions externally catalyzed by impurities [14]. The process of 

thermal depolymerization of the PDMS depends not only on the type of functional groups and their 

place of attachment to the chain (end groups or side), but also on the molecular weight of the PDMS. 

Grassie and Macfarlane [15] showed that the replacement of end hydroxyl groups with methyl 

groups clearly increased thermal resistance, as compared to PDMS with hydroxyl groups. Cyclic  

siloxane oligomers are decomposition products in both cases. Jovanovic et al. [16] suggested that 

vinyl end groups changed the mechanism of thermal degradation compared to methyl groups. The 

products of thermal decomposition of PDMS with vinyl end groups are cyclic oligomers 

(hexamethylcyclototrisiloxane and octylmethylcyclotetrasiloxane) [17]. The groups attached to the 

PDMS chain also have an impact on thermal degradation. Grassie et al. [18] showed a correlation 

between the content of phenyl groups and the mass of solid residue after thermal decomposition of 

poly (dimethyl/diphenylsiloxane). In addition, in studies of thermal degradation of 

polymethylsiloxane containing methylhydrogen siloxane moieties, it was found that an increase in 

crosslinking density increased heat resistance [16]. This is due to the possibility of additional 

crosslinking by the Si–H group during the initial stage of thermal degradation. 

According to Lipowitz [19] and Lipowitz and Ziemelis [20], in the initial stage of thermal 

decomposition of silicone rubbers, low-molecular siloxanes are released, e.g., cyclosiloxanes. At 

higher temperatures, the main products of thermal decomposition of silicone rubbers are SiO2, CO2, 

H2O. 

In practical applications of PDMS as coating materials, their thermo-oxidative degradation is 

important. In contrast to the mildly thermal depolymerization process resulting in cyclosiloxanes, the 

thermo-oxidative degradation process proceeds with the release, in the initial stage, of CO, H2O, 

CH2O, CO2, methanol, and residual amounts of formic acid as degradation products of organic 

groups in the main chain [21]. In the final stage of thermo-oxidative degradation, the SiO2, CO2, and 

H2O are released as products; see Figure 1. 

 

Figure 1. The possible paths of thermal degradation of PDMS depending on external conditions. 

Regardless of the path of thermal degradation of organosilicon compounds, at temperatures 

above 800 °C, the same final decomposition products are formed. 

Based on the study of thermo-oxidative degradation processes, it can be stated that the stability 

of PDMS depends primarily on the nature of the organic groups that are substituents in the siloxane 

chain. The stability of these substituents can be ranked as follows: C6H5 > ClC6H4 > Cl3C6H2 > Cl2C6H3 

> CH2 = CH > CH3 > C2H5 [22]. 

Figure 1. The possible paths of thermal degradation of PDMS depending on external conditions.

Regardless of the path of thermal degradation of organosilicon compounds, at temperatures above
800 ◦C, the same final decomposition products are formed.

Based on the study of thermo-oxidative degradation processes, it can be stated that the stability of
PDMS depends primarily on the nature of the organic groups that are substituents in the siloxane chain.
The stability of these substituents can be ranked as follows: C6H5 > ClC6H4 > Cl3C6H2 > Cl2C6H3 >

CH2 = CH > CH3 > C2H5 [22].
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The second factor influencing the thermal stability of PDMS is their molecular weight. Based on
the examination of thermal degradation of PDMS, Grassie et al. [18] showed that the amount of solid
residue resulting from the thermal degradation is proportional to the molecular weight of the PDMS.
Meanwhile, based on cone calorimetry tests, it was found that as the length of siloxane chain increased,
the ignition time decreased due to the greater amount of flammable hydrocarbons formed as a result of
chain degradation [23]. Detailed data were provided for hydroxy-terminated polyorganosiloxanes
HODnOH (n = 5, 21, 55), where D was [Si(CH3)2O]. The times to ignition determined for these PDMS
were 570, 267 and 33 s, respectively. At the same time, an increase in heat release rate was found with
the values of 38.7, 34.4 and 69.8 (kW m2, 3 min), respectively.

As is known, PDMS retain their properties very well at temperatures up to 200 ◦C and even
220 ◦C, which allows their long-term use in this temperature range. However, at higher temperatures,
thermal degradation can occur, which is accompanied by deterioration of properties, especially flexibility.
Therefore, the determination of the temperature usefulness of the coating material should be done
on the basis of aging tests at the assumed application temperature in combination with the precise
definition of application parameters after the aging process [14].

3. The Effect of Crosslinking Systems on Flame Resistance

Transition Metals and Their Compounds

Platinum, iridium and rhodium complexes used as catalysts for PDMS addition crosslinking
reactions have a clear effect in terms of improving flame resistance. They are usually used in quantities
below 1 wt. %. During thermo-oxidation, these metals catalyze the formation of methylene bridges both
inside and between molecules, which causes an increase in crosslinking density and thus a reduction
in thermo-oxidation susceptibility [24]. Platinum or its compounds were used as a flame-retardant
additive of polyorganosiloxane foams used as protective coatings or fillings [25]. The platinum catalyst
was added in an amount of 5–200 ppm based on the platinum content of the polyorganosiloxane
composition. The fire retardancy was determined in accordance with UL94 Standard [26], and it was
found that a sample of polyorganosiloxane foam after a 60 s flame exposure extinguished in less than
2 s and had a burn distance of less than 1.27 cm. The effect of platinum, rhodium and iridium content
on the flammability of PDMS composites was also investigated [11]. It was found that the addition of
a 1 wt. % platinum catalyst to the silicone rubber reduced the flammability determined by the FAR
25.853 method (a vertical Bunsen burner test designed by the Federal Aviation Administration for
cabin and compartment materials): after flame time by 78% and char length by 68%. Method FAR
25.853 is based on the same measurement principle as the UL94 method. In the UL94 method, a sample
of the tested material is ignited twice. The addition of iridium or rhodium complexes in an amount of
0.25 phr reduced the after-flame time by 57%. The sample was determined by the FAR method 25.853.

Based on the results presented in numerous publications, it can be stated that transition metal
oxides such as Fe, Ce, Ti, Zr, Zn have a positive effect on high-temperature resistance, and thus
flame resistance [27]. It was found that mixtures of FeO, Fe2O3, CeO and TiO2 oxides introduced
into PDMS applied as coatings for airbag improve their temperature resistance. However, a clearly
adverse effect was also observed for moisture on the properties of the coatings for such materials as
polyamide, polyester fibers or polyurethane boards. A similar phenomenon was observed for silicone
rubber composites containing a mixture of platinum and titanium oxides [28]. The solution to this
problem was the use of transition metal oxides treated with an organosilane, which made it possible
not only to obtain a lasting improvement in the flame resistance of the tested materials, but also to
reduce the amount of metal oxides introduced into the PDMS composite without deteriorating their
properties. Optimizing the content of metal oxides, especially TiO2, is important, because too high TiO2

content deteriorates the mechanical properties of the composite and hinders its processing. A mixture
of ZnO and TiO2 with aluminum trihydrate was used to obtain optimal fire resistance and smoke
evolution properties of coating materials manufactured by spraying siloxane-free polydimethylsiloxane
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emulsion [29]. Synergy was also found between Ce(OH)2, TiO2, a mixture of iron oxides (FeO and
Fe2O3) with platinum, making it possible to obtain silicone composites with increased fire resistance,
defined as V0 based on the UL94 method [30,31].

4. The Effect of Additives on Flame Resistance

The use of carefully selected additives enables a significant increase in the flame resistance of PDMS
composites. The role and mechanism of action of the additives depends on many factors, and above all
on their morphology, the presence of functional groups, and their thermal resistance. Classification of
the additives by their morphologies identifies them as including one-dimensional (including nanotube,
rods, and nanofibers), two-dimensional (including nanosheets and plates), and three-dimensional
(such as spheres, cubes, and clusters). The morphology of these additives has a diverse effect on the
flame resistance of PDMS; see Figure 2.
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It is also important to properly modify these additives in order to better incorporate them into the
polymer matrix, which will be discussed for each type of additive.

Most additives used in plastics technology are mineral fillers, which can generally be divided
into inactive fillers used to reduce the raw material cost of polymer composites and active fillers to
improve the properties of such composites [32]. The effect of fillers on the properties of polymer
composites depends on many factors, including their chemical composition, particle size and shape,
surface properties, and the presence of functional groups. In general, fillers used in plastic technology
can be classified into three groups in terms of their impact on the thermal properties of polymer
composites: non-hydrated, water-emitting, and functionalized. Non-hydrated fillers improve the
thermal resistance of silicone composites, while fillers that release water from crystallization processes
or condensation of hydroxyl groups reduce the thermal properties of these composites [8]. The presence
of moisture or hydroxyl groups can reduce the temperature of thermal degradation of PDMS by
surface-catalyzed attack of hydroxyl groups [33]. An important aspect is also the shape and size of filler
particles. Fillers with lamellar or fibrous particles may be oriented during processing, positively affecting
the properties of polymer composites [34]. The presence of functional groups on the surface of filler
particles is also of great importance, as it may enable interaction with the polymer matrix, which can
also positively affect the properties of the composite [35]. The impact of each type of filler will be
discussed below.
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4.1. Carbon and Halloysite Nanotubes

A silicone composite containing carbon nanotubes designed as a coating material for aeronautical
applications has been developed [36]. The advantage of this material is the use of double walled
nanotubes DWNTs (double-wall carbon nanotubes), with a small addition of carbon nanotubes in
the amount of 0.25–0.5 wt. %. Particularly good results were obtained in terms of flame-retardant
properties for DWNTs not processed after synthesis, which showed better affinity to the silicone
matrix. The flame retardancy of such silicone composites is explained by the dissipation of heat
through the carbon nanotubes. The use of halloysite nanotubes can also improve the thermal stability
of PDMS. However, in this case, due to their structural formula of Al2(OH)4Si2O5·nH2O, modification
is necessary to obtain good miscibility with the polymer matrix. The universal modification method is
the use of carbofunctional silanes, e.g., (3−aminopropyl) triethoxysilane. As with carbon nanotubes,
composites containing halloysite nanotubes show a significant increase in flame resistance. This effect
is associated with the formation of a thermal barrier and the accumulation of degradation product of
PDMS in the halloysite lumen [32].

4.2. Calcium Carbonate

Calcium carbonate derived from natural deposits as chalk or obtained by precipitation is a widely
used filler for polymer composites. Its application is associated with the stability of the properties and
low price enabling the reduction of the raw material cost of polymer composites. Hermanssen et al. [37]
found that a positive effect on the thermal resistance of polymer composites was related to the fact
that calcium carbonate degradation begins at a temperature of about 500 ◦C and progresses steadily
to a temperature of about 900 ◦C with the release of calcium oxide as a solid residue with 56 wt. %
and carbon dioxide as a gas product. The resulting calcium oxide reacts with silica to form calcium
silicate, whose crystal structure depends on the amount of calcium carbonate and silica formed in
the process of PDMS degradation. For this reason, calcium carbonate is an essential component of
PDMS composites capable of producing ceramized layers or intumescent coatings, providing a flame
retardant barrier effect. The formation of calcium silicate with a fibrous structure of wollastonite is
particularly advantageous, as it promotes the formation of protective layers with good mechanical
properties. Furthermore, the addition of calcium carbonate to PDMS allows neutralization of acidic
residues from the polymerization process. According to Hermansson et al. [37], PDMS degrades at
around 300 ◦C, and the addition of calcium carbonate increases this temperature to 500 ◦C.

4.3. Silica

Silica is a silicone rubber compound filler that is commonly used because its addition improves
the mechanical properties of silicone rubber by creating hydrogen bonds between Si–O–Si chains and
silanol groups present on the surface of silica particles [36,38]. However, the formation of hydrogen
bonds between oxygen from the organosilicon polymer chain and silica silanol groups can also lead
to undesirable phenomena that hinder the processing of the polymer composite. To avoid the above
difficulties, it is recommended to use hydrophobized fillers with blocked hydroxyl groups on their
surface [39].

The technique of introducing silica into the composite has the greatest impact on flame retardancy,
as along with particle size and type of silica. Kashiwagi et al. [40] proved that the mechanism of
increasing flame retardancy due to the addition of silica was associated with the physical processes
occurring in the solid phase, and not with chemical reactions. Therefore, good dispersion of silica
in the polymer matrix has a significant impact on obtaining the desired properties, including flame
retardancy. Nodera and Kanai [41] studied the effect of nanosilica particle size added to the PC/PDMS
(Polycarbonate/Polydimethylsiloxane) composite in an amount of 0.5 wt. % on flame retardancy and
found that nanosilica with a particle size of 20 nm had a significantly greater effect on improving flame
retardancy compared to nanosilica with a particle size of 50 nm.
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In recent years, application of functionalized silicas and nanosilicates obtained by modification
of silica with molecules of compounds or oligomers and polymers attached through silanol groups
have been increasing. A PDMS/silica hybrid obtained by grafting monoglycidylether-terminated
polydimethylsiloxane on nanosilica particles showed increased flame retardancy as compared to pure
PDMS [42]. Alongi et al. [43] found synergy between phosphorus and silica in flammability and cone
calorimetry tests of cotton protected with a hybrid phosphorous–silica coating.

There has also been a significant intensification of research on polysilsesquioxanes (POSS),
which have a very well-defined chemical composition and structure [44]. Numerous literature reports
have described the use of POSS as nanofillers for polymer composites, including silicone [45].
An important advantage of POSS is the possibility of introducing various functional groups into
their structure, ensuring their chemical binding with the polymer matrix, which ensures very good
stability of the properties of the obtained polymer composites. Furthermore, synergistic effects may
occur between POSS and silica, making it possible to obtain polymer composites with very good
properties [46]. However, a major barrier to the widespread use of POSS as nanofillers is their price [44].

4.4. Layered Fillers

The group of layered fillers includes mica, montmorillonite, kaolin, and talc, which differ in
their chemical composition, but due to the similarity of their structures, they can have a similar effect
on the thermal and flame resistance properties of PDMS composites. The basic condition for the
positive effect of these fillers on the composite properties is their good dispersion in the polymer matrix
without damaging the layered structure, which can cause processing difficulties and increase the cost
of the composite.

Based on the results of research carried out by different research groups, it can be concluded that
the mechanism of flame retardance of these fillers is associated with the formation of a sintered layer
of a silica–carbon composite in the combustion PDMS [47–49]. Sinter formation is a complex process
associated with several possible actions that increase flame resistance, see Table 1.

Table 1. Actions increasing flame resistance in polymer/montmorillonite composites.

Effect Increasing Flame
Resistance Mechanism of Action Reference

Mass barrier effect
The sintered layer reduces the rate of weight loss of the polymer
composite by limiting the diffusion of combustion products and

allowing them to be incorporated into the resulting sinter
[50,51]

Thermal barrier effect The sintered layer insulates the inside of the sample from rising
temperatures, reducing the rate of weight loss [50–52]

Labyrinth effect Intercalated montmorillonite layers form a labyrinth that reduces
oxygen diffusion into the sample [53]

Steric effect Intercalated montmorillonite layers limit the movement of the
polymer chain [54]

Catalytic effect Nanodispersed montmorillonite layers effectively promote sintered
layer formation [55]

Mica is a layered aluminosilicate, and is usually used as a filler in two crystallographic forms,
muscovite and phlogopite, which are commercially available. It was found that the influence of mica
on the thermal properties of polydimethylsiloxane composite and the formation of the sintered layer
depends to a large extent on the particle size and the amount of filler introduced. Osman et al. [56]
found that mica with a high aspect ratio increased the thermal degradation of the PDMS composite,
while mica with a small aspect ratio caused an increase in thermal stability. It was found that mica with
a particle size of 20 µm increases the amount of combustion residue to 60%, while the addition of mica
with a particle size of 110 µm increases the residue to 63%, compared to 54% obtained after the thermal
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degradation of pure PDMS [48]. It should be emphasized, however, that larger mica particles create a
ceramic layer containing many cracks and weakly bonded fragments. This is due to the incomplete
wettability of large mica particles by the eutectic formed during firing at 1100 ◦C. Smaller mica particles
are better wetted for steric reasons, which makes it possible to obtain a ceramized layer with a more
homogeneous structure.

Kaolin is another filler from the group of layered silicates. Only kaolin calcined at 600 ◦C has a
slight positive effect on the thermal stability of PDMS composites, because the kaolin found in the
natural environment is hydrated. However, the main advantage of adding kaolin to PDMS composites
is the creation of a sintered layer with fewer cracks [57].

5. Flame Resistance of Hybrid Silicone-Containing Coating Materials

In recent years, there has been a noticeable increase in the intensity of research on the use of
PDMS as flame retardants modifying the properties of organic polymers due to limitations in the
use of flame retardants, especially halogenated ones, in accordance with the REACH regulations and
the RoHS directive. The basic methods of introducing PDMS into the matrix of organic polymers
include direct mixing with the polymer, deposition of PDMS on the filler particles and synthesis
of block or graft copolymers [58]. The choice of method depends on the properties of polymers
and, above all, their thermodynamic miscibility [59]. For immiscible systems, or those with very
limited miscibility, the degree of dispersion of the PDMS in the polymer matrix may be insufficient
to achieve the desired flame retardant effect. The effect of PDMS structure on the oxygen index
value of the polycarbonate/silicone composite was examined, taking into account the degree of chain
branching, the type of substituents, and the end groups in the siloxane chain [60]. Methyl/phenyl
branched PDMS showed the superior flame-retardant effect as compared to linear polydimethylsiloxane
due to excellent dispersion in a polycarbonate matrix. Very good dispersion of the PDMS in the
polymer matrix can be obtained using powdered silicone additives for plastics [61]. The main
component of these powders is polydimethylsiloxane and fumed silica. It has been found that
the addition of such powder in an amount of 1–5 wt. % to various polymers, e.g., polystyrene,
polyolefin, polycarbonate or polyoxyphenylene clearly improves their fireproofing properties such
as heat release rate, level of CO generation and smoke evolution determined by cone calorimeter
measurement [62]. So far, several silicone-based flame retardants containing boron, aluminum and/or
titanium [63–65] have been patented. However, the compositions described in the patents had only
limited flame-retardant performance because their antidripping effect in UL-94 was unsatisfactory.
Very good results improving scratch resistance and flame-retardant properties were obtained for
silicone resins comprising metallosiloxane with Si–O–Metal bonds or borosiloxane containing Si–O–B
bonds and potentially Si–O–Si and/or B–O–B bonds [66]. The best results were obtained with the
simultaneous use of boron, aluminum, and phosphorus.

It is also important to choose the right silicone resin, which should be characterized by a significant
degree of branching, expressed as a content of tri- and tetrafunctional groups in the branched silicone
resin of at least 75%. It was demonstrated in the examples of patent description that new phosphorylated
resin showed good flame-retardant synergies with other flame retardant additives, such as magnesium
silicates (e.g., talc). The combination of 5 wt. % talc with the developed silicone resin added to
polycarbonate matrix was able to reach the UL-94 V-0 rating [66]. This type of silicone-based flame
retardant can also be used to increase the flame resistance of other general-purpose polymers.

For polymers with limited thermodynamic miscibility with PDMS, such as polyolefins, an effective
solution may be to produce block or graft copolymers using compatibilizers. For this purpose,
the use of ethylene-methyl acrylate copolymer (EMA) as a chemical compatibilizer in a low-density
polyethylene/polydimethylsiloxane (LDPE-PDMS) mixture was investigated [67]. During melt mixing
at 180 ◦C, EMA reacts with PDMS rubber, leading to the formation of EMA-grafted PDMS rubber
containing C–C bonds. In addition, EMA grafting increases compound stability by creating virtual
bridges between the two polymeric phases (linear low-density polyethylene LLDPE continuous and
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PDMS rubber dispersed) [68]. It was confirmed that the optimum concentration of EMA in a blend of
50:50 (LLDPE: PDMS) is 12 wt. %. With the increase in the content of EMA, the phase morphology
changes from an unstable phase morphology to a discrete domain size, which was observed with the
optimum EMA concentration. However, in order to achieve increased thermal stability, the optimal
EMA content was 2 wt. % [68].

6. Selected Applications for Silicone-Containing Coating Materials

Silicone ceramizable composites for electrical cables and silicone-based intumescent paints are
undoubtedly the most widely known applications for silicone-based flame-resistant coatings [10,69,70].
In both types of these coatings, the fire protective effect is associated with the formation of a protective
layer during the combustion of the coating. In this process, fillers have a significant impact, as discussed
in this article. Detailed examples of these applications will not be provided, because the broad range of
this issue lies beyond the scope of this paper. However, examples of flame-resistant silicone-based
coating materials in which the effect of thermal stability is obtained thanks to modifications of the
chemical structure of PDMS will be given. Selected examples of applications are shown in Table 2.

Table 2. The examples of the flame-resistant silicone-based coating.

Flame Resistant
Coating System

Coated
Substrate Fire Testing Method Summary of The Results Reference

I step: guanidine
carbonate and/or

ammonium dihydrogen
phosphate

II step: hydrophobizing
composition

fluorofunctional silane
or PDMS)

Cotton fabric

The flame resistance of the
cotton fabric was
evaluated using a

Pyrolysis-combustion flow
calorimeter with pyrolysis

and combustion
temperature between

75 and 900 ◦C.

Thermal stability of coated cotton
fabric was observed.

Oxygen index reduction of 71.6%
[71]

Phosphate functionalized
crosslinked PDMS Cotton fabric TG analysis and microscale

combustion calorimetry

Reduction of
of Qmax values by more than 40%
compared to the uncoatedsamples

and significant reduction
of THR, as well as, heat release

capacity (ηc) values

[72]

Polysilazane—thermally
crosslinked structure Glass fiber TG analysis Weight lost about 1.3% till 900 ◦C

-proved good thermal resistivity [73]

Methyl silicone resin Glass fiber TG analysis Weight lost about 1.7% till 400 ◦C [73]

Phenylmethyl
PDMS Glass fiber TG analysis

Drastic thermal
degradation—weight loss of

phenylmethyl
PDMS coated samples between

400 and 500 ◦C, the random
scission of polymer chain.

[73]

Hyperbranched PDMS
(HBPSi) with high content

of phenyl

Microelectronic
applications TG analysis

HBPSi due to cross-linking
reactions promote formation of a

char on the surface of the
modified resin during combustion.

Decreased mass transport and
protection of the underlying

polymer against flaming

[74]

Particularly noteworthy are the results of testing the thermal resistance of glass fiber coatings
obtained using PDMS with different structures: polysilazane, methyl silicone resin, phenylmethyl
PDMS [73]. Thermal stability of polysilazane and methyl silicone resin-coated samples is higher when
compared to phenylmethyl PDMS-coated samples. At the same time, it was found that the mechanical
properties of fiberglass with a polysilazane coating are the worst. Overall, it can be concluded that
coatings with methyl silicone resin showed improvements in thermo-mechanical properties compared
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to polysilazane coating. This PDMS would be a highly promising polymer for continuous glass fiber
coatings for a wide range of composites in the architecture market.

The effect of the branching PDMS structure on the increase in thermal resistance is also confirmed
by the results of tests obtained for bismaleimide/cyanate ester composites modified with hyperbranched
PDMS with high content of phenyl groups (HPPSi) [74]. The high content of silanol groups in HBPSi
allows the formation of a strongly cross-linked structure with bismaleimide/cyanate ester, which has
a significant impact on increasing the thermal stability of the composite. The introduction of HPPSi
resulted in a decrease in the mass loss rate and an increase in char yield at 800 ◦C under an air
atmosphere. Based on the kinetic study of the composite degradation process, it was found that
the reactions between HBPSi and BCE resin change the thermo-oxidative degradation mechanism
of the first step in the thermo-oxidative degradation. The research results discussed above justify
the statement that a properly designed chemical structure of PDMS makes it possible to obtain
high-performance polymer composites that possess high flame retardancy.

It can be concluded that PDMS can be a good base to explore structures with clearly better
thermal stability. The rich chemistry of silicon compounds enables the use of various catalytic
processes, such as metathesis, silylative coupling, and others [75,76], including frequently used
hydrosilylation [77]. Polydimethylsiloxanes functionalized with biphenyl phosphates were synthesized
using 1,1,3,3-tetramethyldivinyldisiloxane in the hydrosilylation process with further crosslinking in
the presence of platinum Kartsedt’s catalyst [72]. Based on thermogravimetric studies of phosphate
derivatives bearing allyl (ABP) or phenyl (PBP) groups, it was found that silicone rubbers functionalized
with PBP showed significantly better thermal stability compared to rubbers containing ABP.
In addition, it was also found that thermal stability also increased with the crosslink density of
phosphorous-containing silicone rubber.

The research results discussed above justify the statement that a properly designed chemical
structure of PDMS makes it possible to obtain high-performance polymer composites that possess high
flame retardancy.

When creating new technological and recipe solutions of coating materials based on silicone
-containing systems cost vs performance relationship should take into account. Very important factor
are also environmental restrictions which also affect the price. These include new environmental
regulations which have led to the shut down and/or closure of many production sites, affecting global
supply [78]. In the field of high-temperature silicone coatings, which are mostly solvent-based, there is
a large space for further innovative solutions. Currently, commercial water-based products often do
not meet expectations, not only because of their incorrect recipes, e.g. too high content of co-solvents
causing poor drying performance, but may also result from the wrong selection of base polymers.
This review discusses the wide possibilities of using polysiloxanes in flame resistant applications,
which will certainly be developed in the future to provide materials with the properties necessary for
constantly emerging new technological solutions. The potential of polysiloxanes and their derivatives
resulting from their chemistry will certainly be used.

7. Conclusions

In conclusion, it should be noted that the rich chemistry of silicon compounds, which result in their
very good thermal stability, enables their use as flame-resistant coating materials or as flame retardants
in polymer composites. Depending on the chemical structure and the conditions of thermal degradation
of organic silicon, compounds can proceed according to different mechanisms. This has a direct effect
on the composition of the degradation products, especially the intermediate products released during
thermal degradation occurring in the temperature range 200–400 ◦C. It should be emphasized that
the final decomposition products of organic silicon compounds−SiO2, CO2, and H2O−are non-toxic.
Fillers, especially, with a fibrous or layered structure, support the formation of flame-resistant protective
coatings in the form of sintered layer such as ceramized or intumescent. Very good results obtained
by many research teams for the use of organic silicon compounds as fire retardants in polymers are
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one of the promising ways to overcome the health, safety, and availability concerns surrounding
traditional halogenated fire retardants. For this purpose, both PDMS with different degrees of branching,
polysilsesquioxanes can be used, as well as structures containing heteroatoms. The effectiveness of such
flame retardants depends not only on their chemical structure, but also on their miscibility with the
base polymer. It should be summarized that a properly designed chemical structure of organosilicon
compounds makes it possible to obtain high flame retardancy in silicone-containing coating materials.
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