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Abstract: The growing interest in modern polymer materials targeted the research on complex
plastic coatings and the possibilities of modifying their features and properties during
manufacturing. Today’s modern coatings, including polyurea and polyurethane, are among the
most modern developed resins. Compared to other polymer coatings, they are distinguished by
their versatility, strength, and durability. They undoubtedly represent the next step in the evolution
of coatings. Advances in coating technology have also led to the development of spray, injection,
and roto-cast application equipment, improving polyurea-based elastomers’ performance. For
many years, there has been much interest in increasing the flame resistance of polymers. This is
dictated by safety considerations and the increasing requirements for the flammability of plastics,
the area of application of which is growing every year. This text attempts to provide an overview of
current research on flame retardant composites. Particular attention was paid to polyurea (PU) and
polyurea-based hybrids and the application areas of polyurea coatings. The paper defines flame
retardants, discusses how they work, and presents types of flame retardants and the current trends
of their usage in the production of plastics.

Keywords: flame retardant composites; polyurea; polyurea coatings; flame retardants; polymer
composites

1. Introduction

Nowadays, composition materials such as plastics are one of the most commonly used materials
for the production of most of the items we come into contact with on a daily basis. The properties of
plastic materials are modified by means of additives. The additives for plastics form a group of
important chemical specifics added to polymers before or during their processing. They are defined
as substances with various physical states, often undergoing physical and chemical changes in the
polymer, especially during processing [1]. They modify specific properties of polymers but usually
do not change the molecular structure of the polymer. Their addition to polymers allows for obtaining
materials with different processing and utility parameters, extending the possibilities of using
synthetically obtained macromolecular compounds. Auxiliaries used in the production of polymer
products include an extensive range of various chemicals. Figure 1 shows the share of individual
groups of auxiliaries in the world market, excluding plasticizers.
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Figure 1. The share of individual groups of auxiliaries in the world market, excluding plasticizers.

As it may be seen, flame retardants used in the modification of plastics constitute one of the
larger groups of components added to polymers. Although the use of polymer composite materials
is growing exponentially due to their good mechanical behavior, chemical resistance, and corrosion
resistance, their flame retardancy behavior poses a serious safety issue for possible applications [2].
Chemically, a majority of polymeric materials is composed of hydrocarbon chains and, when exposed
to fire, burn rapidly with the release of large amounts of heat, flame, and smoke [3,4]. Ensuring an
appropriate level of safety for users of items made of plastics requires compliance with strict
requirements, especially the fire resistance of polymers. The degree of resistance of a given material
to burning is assessed in flammability tests, in which, among others, the speed of fire spread, the
amount of heat energy released, or the amount and toxicity of the gases produced are tested.
Determining which of these parameters are the most important depends mainly on the application
of the material.

Polymer composite materials are growing exponentially due to their excellent mechanical
properties and chemical and corrosion resistance, but their fire resistance poses serious safety
concerns. Therefore, it is essential to select and use effective and at the same time safe agents that
hinder the burning of polymeric materials. The thermal decomposition of polymer composites under
combustion is a multistage phenomenon which is explained in Figure 2. When a composite is exposed
to heat generated from fire, it starts decomposing into various volatile gases. Some of the volatile
gases react to the atmospheric oxygen and carry out the combustion process further. The products of
combustion are heat and gases including carbon monooxide, carbon dioxide, and smoke. The heat
released as a result of combustion supports the decomposition process further and the burning cycle
works as self-sustained process. The processes of burning polymers and the effects of flame
retardants have been repeatedly analyzed in the literature [11-31]. However, there is still significant
interest in this issue among many research centers due to its importance in industrial practice and
everyday life. There is a need to research chemical flame retardants that would retain their functions
while reducing the toxicity and smoke formation of thermal decomposition and combustion products
with their participation.

Flame retardants are designed to increase the fire resistance of polymers and/or modify their
behavior in a flame [5], but at the same time, they must be compatible with the flame retardant
polymer without affecting its processing parameters. They should also be characterized by good
resistance to UV radiation, oxygen, and elevated temperature, and during combustion, their thermal
decomposition products must not be toxic [6]. The required flame resistance standard and the
physical dimensions for the particular application in question, and the class of polymers used
determine the type of flame retardant material to use.
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Figure 2. Thermal decomposition of polymer composites.

Flame retardants are one of the largest groups of additives used in plastics processing [7] (Figure
3). In 2020, the estimated value of the flame retardant market was USD 7.46 billion, an increase of
over USD 350 million compared to the previous year (USD 7.09 billion in 2019). The global report [8]
shows that in 2020 flame retardants were mainly used in the electrical, construction, and transport
sectors. The number of combustion inhibitors available on the market is estimated at about 180 [9].
They can be divided into additive and reactive. The group of additive flame retardants are chemical
compounds that are added to the polymer matrix during processing but are not able to react
chemically with the polymer chains. These most often include compounds based on such elements
as antimony, aluminum, phosphorus, boron, bromine, or chlorine (Figure 4). According to the market
study of Townsend [8], the consumption of different types of FRs has grown substantially in the past
four years. Many additive flame retardants are based on hydrated metal salts, which undergo
endothermic decomposition in the presence of fire, lowering the temperature of the composition and
slowing down the pyrolysis process of the burning material. Their decomposition is very often
accompanied by the release of water vapor, which also causes the dilution of flammable, volatile
compounds in the gas phase. The most prevalent compounds of this group include ammonium and
boron oxides and aluminum hydroxide [7].

Classification of flame

retardants
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Figure 3. Classification of flame retardants.
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Figure 4. Global consumption of FRs in plastics by type [8].

Reactive flame retardants are chemical compounds that are integrated into the polymer network.
They are mainly based on elements from the group of halogens (chlorine, bromine) and phosphorus.
Due to their high toxicity, halogen compounds are used less and less. Instead, flame retardants based
on phosphorus compounds are becoming increasingly popular [7]. Regardless of which substance
was selected as the most optimal flame retardant for a given polymer material [98], it should be
distinguished by, among others, the following features [10]:

e  high effectiveness in preventing fires with a content in the modified material of up to 10% by
weight,

e  physical and chemical stability during use,

e the ability to form a homogeneous mixture with the polymer,

e  case of use,

e no emission of toxic and corrosive substances during use,

e no impact on the physical, mechanical, and aesthetic properties of the polymer,

e  ecological harmlessness, resistance to water, and degradation caused by UV radiation,

e low price.

Unfortunately, a combustion inhibitor that would have all the assumed features has not been
invented so far. Therefore, intensive work is still being carried out all over the world in order to obtain
an ideal flame retardant.

Due to the variety of their structure and the way they act on the material, there is no universal
flame retardant that could be used as an additive to all polymer materials. The properties of plastics,
including their combustibility, depend on the properties of all components of the mixture. The flame
retardation resulting from the use of flame retardants is not to be considered in relation to the
individual compounds incorporated into the polymer but from the point of view of the entire
flammable polymer composition.

There is currently a rapid development of works on various types of new types of flame
retardants, based on, e.g., tin compounds, synergistic combinations of nitrogen, phosphorus, and
nano-modifiers. The purpose of their formation is the desire to limit toxic compounds in the polymer
composition (e.g., halogen compounds) and stricter fire safety regulations.

2. Polyurea
2.1. Market Report

Continuous improvement of requirements for engineering and structural structures leads to the
development and discoveries of modern building materials with extraordinary parameters. One of
them is polyurea. The first compositions and applications of polyurea took place in the United States
in the 1980s. These products entered the market as a commercial version of the construction industry
in 1987. Their sales in 1990 were only 5 tons worldwide, while already in 2006 they had reached 35,000
tons. The demand for these products in 2013 was estimated at over 164,000 tons, and the forecast for
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2020 is at least 225,000 tons. The parallel progress in the construction of modern spray pumps and
their access and service contributed to increased interest in this technology.

The global polyurea coatings market is expected to grow from $ 885 million in 2020 to $ 1,481
million by 2025, with a CAGR of 10.8% in 2020-2025, in various industries. Construction,
transportation, industry, and the landscape are expected to drive the development of the polyurea
coatings industry. This technology is used more and more often in Europe, and these products belong
to a broader group of polyurethanes. The constant development of different application areas of
polyurea clearly shows its enormous potential.

2.2. Properties and Applications

Polyurea is formed by the reaction of two components: an isocyanate prepolymer and a mixture
of amino-terminated resins (Figure 5) [32,33]. Both parts of the composition (isocyanate and mixture
of amines) are processed under high temperature and high-pressure conditions with an appropriate
proportion of the ingredients mentioned below.
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Figure 5. Scheme of the reaction for the preparation of polyurea.

Polyurea elastomer is today one of the most popular materials used in industrial coatings [34].
It is determined by many factors, such as progress in the technology of polyurea synthesis and
application, high curing speed at relatively low temperatures [35], high chemical resistance, moisture
impermeability, excellent mechanical properties (high flexibility, tear, abrasion, and tensile strength),
and excellent durability [36]. Due to these properties, polyurea is superior to polyurethanes.
However, due to the chemical composition and organic backbone, polyurea shows low flame
retardancy properties.

The chain structure of polymers allows for the so-called segmental movements. Due to this
property, when external forces are applied, mainly the bending of the chains is observed, not their
breaking. For polyurea coatings, such a phenomenon is observed up to approx. 5MPa, where the
material reaches a yield point. Above this value, tested PU membranes are still able to stretch (usually
up to 20-30MPa). However, after the force is ceased, they do not return to their original shape. This
characteristic feature ensures the integrity of the coating structure, which in turn translates into high
durability, efficiency, and reliability of the protective system made of polyurea coating.

Polyurea and its hybrids are usually used as waterproofing landings and foundation walls,
bridge deck waterproofing, swimming pool coatings, and other concrete constructions according to
EN 1504-2. However, there are many more applications, such as roof coatings (ETAG 005 - Guideline
for European technical approval of liquid applied roof waterproofing kits), pipe protection,
secondary containers and tank linings, automotive industry, and more [33,37-40].

Polyurea has found a particular application as a protective material. In response to extensive
national and global requirements, liquid storage tanks are designed to bypass environmental
pollution. Storage tanks are usually metal containers used to store various liquids and chemicals such
as oil, diesel, biodiesel, liquid fertilizers, industrial chemicals, petroleum products, etc. The life of
such storage tanks is usually shortened due to corrosion, and one effective way to combat corrosion
is the use of protective coatings on the metal surface [41]. Polyurea was also used as a protective layer
on polyurethane insulation foam on roof slopes at the beginning. PU is now successfully used in
tanks, garages, ballistic covers, membranes, linings, seals, transport vehicles such as bumpers, covers,
side panels, dashboards, and as a joint filler / sealant [42,43]. Due to the continuous development of
materials, the number of applications is still growing.

The advantage of using polyurea in the coating domain is the absence of any solvent or volatile
organic compound (VOC), which allows suitable processing equipment to be used by spraying the


https://doi.org/10.20944/preprints202401.0384.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 do0i:10.20944/preprints202401.0384.v1

two components (diisocyanate and diamine). The spraying technology was developed in the 1990s
and is now the main technology of polyurea coatings [34,36].

Previously, polyurea elastomers were known, but the knowledge of that time did not allow for
its application. This situation was described, among others, by Romanov [44]. He indicated a very
high rate of reaction between the isocyanate and the amino groups (approx. 100 higher compared to
polyurethane), which reduces the sensitivity of the coating to moisture during application. However,
this phenomenon reduced the composition’s viability, making processing extremely demanding.
Using high-pressure devices solved the problem of the short application time of polyurea
membranes.

The polyurea coating is applied by direct spraying the mixture of both components on the
selected surfaces. For this, specialized high-pressure spraying devices are used (the pressure of the
components in the mixing head is often above 150 bar), simultaneously heating both components to
a temperature of approx. 75 ° C. The processing conditions for polyurea membranes were described,
among others, by Arunkumar [45], focusing in particular on the role of the spray gun. In a very short
time, polymerization takes place, resulting in a bonded, durable, and resistant layer of polyurea
elastomer. Depending on the composition, coatings with various physical properties are obtained.

Substrates for polyurea systems require a careful assessment of their type and technical
condition. Proper preparation of the substrate (including priming) determines the durability of the
entire system and the effectiveness of the coating. In many cases, where the substrate is extruded
polystyrene or mineral wool, priming is not necessary. Therefore, one can find many material
solutions to meet the requirements of a wide variety of substrates [43,46].

The influence of various parameters on the final properties of the coating and the
physicochemical tests of polyurea elastomers have been widely described in the literature. Robert
reported the most influencing parameters of the polyurea spray process, such as temperature,
pressure, and volume ratio. Moreover, it turned out that the mixing ratio and pressure are essential
in their properties compared to temperature [47]. On the other hand, the pressure and nozzle
diameter control the effectiveness of the mixing ratio, and a greater pressure difference during the
coating process is also not recommended [48].

Malguarnera et al. found that the mechanical properties, such as tensile strength and elongation,
were increased due to the mixing ratio of isocyanate accumulation [49]. Roland et al. informed that a
change in the content of 5 to 10% of isocyanate might lead to drastic changes in mechanical properties
[50]. Generally speaking, the PU coating performance is based on various process parameters such
as the mixing ratio, temperature, pressure, and distance [41,51]. Malguarnera presents the results of
research on the influence of many parameters of the spray coating process, namely the mixing ratio,
temperature, and coating pressure, comparing the mechanical properties such as hardness, tensile,
elongation, Young’s modulus, tear, and PU wear index [49,52].

In turn, Igbal N et al. [52] presented the results of research on the influence of the introduction
of chemical cross-linking on the mechanical, thermal, and structural properties of spray-coated
polyurea. A long-chain trifunctional amine was introduced into the resin blend as a co-reactant, the
amount of cross-linking agent ranging from 0 to 3.5 mole% (cross-link density 28-180 mol / m3, fine
mesh model). The mechanical properties of spray-coated polyurea films under both quasi-static and
dynamic conditions were determined. The physically cross-linked polyurea coatings (in the absence
of chemical cross-linking) showed a tensile strength of ~7.4+0.7 MPa and an elongation of 121+3.7%,
which is much below typical parameters reported (usually >=24 MPa and 400%). The introduction of
the long-chain amine improved these characteristic properties to the maximum of 2.2 mole%, after
which both strength and elongation decreased. Chemical cross-linking inhibited the segmental
movements reflecting the increased glass transition temperature, as evidenced by dynamic
mechanical analysis and differential scanning calorimetry. The chemical resistance of polyurea was
also significantly improved due to cross-linking, which was reflected in a reduction in the degree of
swelling in various organic media.
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2.3. Fire Resistance of Polyurea

Polyurea coatings without an additional flame retardant are classified as the European fire class
E, in accordance with the EN 13501 standard [53]. It means the material is poorly resistant to fire. The
general chemical structure of the polyurea molecule indicates that the compound can sustain the
combustion process. This is due to the organic nature and the presence of oxygen in its chain. Higher
temperature (above 250-300°C) breaks down most of the chemical bonds in the chemical structure
and makes it difficult to stop the combustion process [44]. Thanks to its increased fire resistance,
polyurea can find even wider use in some applications where fire resistance is required, such as roof
coatings (to achieve external fire exposure on the level of B-Roof T1-4, based on ENV 1187:2002 due
to certain climate zone) explosion mitigation, ballistic flooring in hazardous areas, and even fire
resistance of structures. PU can be mixed with flame retardant (FR) additives to improve fire
performance.

The use of FR in polyurea is relatively new and has, therefore, not been investigated in detail
[19]. Systems exist, but most of them are subject to further improvement. A lot of research and
development is underway to result in improved recipes (i.e.,, processing, new fire standards).
Melamine Polyphosphate (MPP) is an additive of FR, a halogen-free compound with high thermal
stability [44]. Some recent works include new flame retardants based on, e.g., polyvinylamine and
poly(sodium phosphate) to improve the fire resistance of 3D-printed artifacts [54-57].

The need for improved damage control materials to mitigate fires has led to an interest in
polyurea (PU). The main problem with PU is its poor combustion properties which emit smoke into
the environment and endanger public health.

3. Mechanisms of Action of Flame Retardants

As already mentioned, flame retardant additives are used in the production of plastics in order
to reduce their flammability. Such chemical compounds contain in their structure atoms of certain
elements (including phosphorus, nitrogen, chlorine, bromine, as well as boron and aluminum), which
are directly responsible for the increase in the fire resistance of the final product. This effect can be
enhanced by combining different types of flame retardants that work synergistically with each other
[17].

The mechanism of a given flame retardant is directly related to its structure and can be of a
chemical or a physical nature. As far as the chemical mechanism is concerned, in the gas phase,
radicals are deactivated, which sustain combustion due to their reactivity. At the same time, a charred
layer is formed on the surface of the burning material - this stage takes place in the solid phase. In
turn, the physical mechanism of flame retardant action is the dilution of the reaction mixture and the
absorption of thermal energy released during combustion, taking place in the gas phase. In the solid
phase, the access of oxygen and heat to the material is limited. The most effective are the flame
retardants that decompose close to the front of the flame. If the decomposition occurs far ahead of
this front, the generated radicals will disappear sooner than they are needed to suppress the fire. On
the other hand, if their decomposition occurs much later, they will not be present in the burning phase
for the required duration of their operation [58,59].

The action of flame retardants consists of a series of reactions and physicochemical phenomena
that may occur simultaneously or sequentially. The entire process can take place in the gas phase as
well as in the solid phase, such as these additives can reveal their anti-pyrene activity both in the
flame and in the material itself, as well as in solid and liquid decomposition products of its
components (condensed phase). In the condensed phase, the added flame retardant causes carbon
formation on the polymer’s surface, which can be formed, for example, by cyclization and cross-
linking reactions in combination with dehydrogenation and dehydration reactions. Carbon is an
insulating layer and a barrier to the transport of oxygen and degradation products. The more carbon
is present, the less volatile and combustible decomposition products of the polymeric material are. In
the condensed phase, physical phenomena such as cooling, i.e., lowering the temperature of the
polymeric material as a result of an endothermic reaction to which the flame retardant added to the
polymer (metal hydroxides, carbonates, and hydroxy carbonates) are subjected, can also take place.
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The decomposition products of endothermic flame retardants (water and carbon dioxide) dilute the
products of combustion and create a protective atmosphere that prevents oxygen from reaching the
material. Anti-pyrene causes the formation of free radicals that participate in chemical reactions in
the gas phase during the burning of the polymeric material and help to inhibit its spread.

3.1. Types of Flame Retardants Used in the Production of Plastics

The type of used flame retardant additive depends primarily on the final application of the
polymeric material. The processing conditions for the material are also important and determine the
form of the flame retardant - liquid or solid. One should also make sure that the chosen flame
retardant is compatible with the material properties — for example, mineral fillers are not suitable for
transparent applications. However, the most important factor that determines the type of flame
retardant is its effectiveness. Among others, halogen and phosphorus additives are considered the
most effective ones. However, one should also not forget about economic and environmental
considerations that are leading to a gradual abandonment of the use of halogen compounds.

There are several main factors determining the use of a specific flame retardant. One of the
aspects considered is the processing conditions of the material into which it is to be introduced.
Depending on the type of plastic, a solid or liquid form of anti-pyrene is preferred. For example, in
the processing of polyethylene, mainly powder flame retardants (bromine compounds, mineral
additives) are used, while in the polyurethane industry, the vast majority of liquid flame retardants
(phosphorus compounds, chlorine compounds) are used. The compatibility of the flame retardant
with the material is also a significant factor. The fundamental argument for deciding on the
application is the effectiveness of the anti-pyrene. Halogen compounds and phosphorus compounds
are considered to be the two most effective groups of flame retardants. Another important selection
criterion is also economic issues. Due to the low price, mineral compounds are the most commonly
used (approx. 40% flame retardant materials). The disadvantage of these flame retardants is their low
effectiveness, which means that they are used in large amounts to achieve the assumed flame
retardant effect. This, in turn, has a negative impact on the performance properties of the material.
Moreover, nowadays, more and more attention is paid to the fact that the additives introduced into
the material do not have a negative impact on the environment. This is the reason for the currently
observed trend of retreat from halogen flame retardants, which is why an increase in the use of
halogen-free phosphorus compounds is forecasted in the coming years.

Due to the way they are introduced, anti-pyrenes can be divided into reactive and additive
groups. Reactive anti-pyrenes modify the chemical composition of the plastic by incorporating atoms
of flame-retardant elements into the structure of macromolecules. As a result, they are permanently
bound to the polymer and do not evaporate during use. Reactive anti-pyrene is used primarily for
condensation polymers (polyester resins, epoxy resins, polyurethanes, etc.) due to the ease of
introducing them into the polymer chain through functional groups capable of polymerization
reaction with the starting monomers. Additive anti-pyrenes are added during the processing of the
material. They do not combine chemically with atoms of the polymer molecular structure. They can
often serve both as plasticizers and fillers. Their cost is lower than that of reactive flame retardants,
but their use may lead to an unfavorable change in the performance properties of the material [59].

The effect of flame retardants on the combustion reaction of polymeric materials is a very
complex process. It takes place by several mechanisms at the same time, one of which generally exerts
a dominant influence, but over time another one may take control. This makes it difficult to determine
the mechanism of action of the combustion inhibitor precisely. The complexity of the phenomenon is
influenced by many factors, such as the chemical structure of the polymer and flame retardant, the
type of product and its physical properties, and the presence of other admixtures [60]. In general
terms, the modification to increase the polymer’s fire resistance consists of changing the chemical
structure of the macromolecules to obtain a material with the desired properties. The modification
may improve thermal stability and reduce the rate of thermodestruction, the efficiency of flammable
gas formation, and the toxicity of combustion products. The addition of flame retardants may also
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cause an increase in coke formation. Often, even a slight change in the chemical structure can
significantly change the properties of the end product.

3.2. Halogen-Free Flame Retardants

Currently, flame retardancy is dominant by introducing additive compounds, i.e., compounds
that do not combine with the polymer. In this respect, reports on the use of halogen-free flame
retardants, including phosphorus compounds, prevail [15,18]. The gaseous decomposition products
of phosphorus-containing compounds are considered to be the most effective inhibitors of gas-phase
combustion outside the group of halogen flame retardants. Phosphor flame retardants include
phosphates, red phosphorus, phosphites, phosphonates, and alkyl or hydroxyalkyl phosphamides.
The benefits of using this type of flame retardant include, in addition to increased fire resistance,
reduced smoke emission and the absence of toxic combustion products. In addition, phosphorus-
containing polymer materials undergo thermal decomposition in the solid phase, releasing
phosphoric acid, which ultimately dehydrogenates the polymer, forming a protective coke layer. The
use of flame retardants, which are phosphorus-nitrogen compounds, is particularly beneficial. There
is also a synergistic effect between phosphorus and nitrogen, which significantly improves the flame
resistance of polymeric materials. All ammonium phosphorus derivatives play the most significant
role in this group of flame retardants [61].

Due to halogenated flame retardants’ toxicity and environmental problems, phosphorus-
containing flame retardants have attracted much attention as environmentally friendly alternatives.
Recent patent and technical works indicate a growing interest in halogen-free solutions, with the
predominance of the literature on phosphorus-based flame retardants. Among them, one can find
information on the synthesis of organophosphorus based on 9,10-dihydro-9-oxa-10-
phosphaphenanthrene 10-oxide (DOPO), and its use as flame retardants has attracted much attention
in the flame retardant community [24].

Various chemical reactions and synthetic approaches are used to develop numerous DOPO
derivatives [24]. Phosphorus flame retardants (PFRs) (organic and inorganic) show good thermal
stability and perform better due to the synergistic P — N effect. It was found that non-halogenated
phosphorus flame retardants have an environmentally friendly profile, e.g., 9,10-dihydro-9-oxa-10-
10-phosphaphenanthrene oxide (DOPO). They do not tend to form toxic gases as phosphorus is
mostly trapped in the char.

However, the chemical addition of DOPO to the epoxy resin significantly lowers the glass
transition temperature (Tg) of the cured epoxy resin. Hence, new multifunctional, reactive DOPO
derivatives, phosphorus-containing oligomers, and phosphorus-based hardeners, which would not
have a detrimental effect on the Tg value of the cured resin, are the subject of extensive research [22].
Similar phosphorus content is required for DOPO-based additives and DOPO reactive derivatives to
achieve UL 94-VO classification. While the reactive approach has not yet been adopted by industry, it
is of increasing interest to the academic community. Indeed, the reactive P-H bond of hydrogen
phosphonates or phosphinates allows the flame retardant to be covalently bound to the polymer
chain by reacting with the epoxy group [22].

Phosphorus-containing compounds form an significant group of flame retardants with low
environmental impact [16,26,29]. In order to fire-retard polyurethane foam plastics, phosphates, red
phosphorus, phosphites, phosphonates, and alkyl phosphamides are used. Ammonium
polyphosphate (APP) is the most commonly used phosphorus flame retardant. It is used in the
creation of, for example, intumescent coatings [7,62,63]. The type of flame retardant polymer and
combustion conditions have an influence on the mechanism of action of the anti-pyrene. Phosphorus
both reduces flammability and creates a flame-retardant glassy layer on the surface of the material.
Phosphorus flame-retardant compounds work both in the condensed phase (reduce the degradation
rate) and in the gas phase (binding of radicals). During decomposition, the following acids are
formed: phosphoric and polyphosphoric. They form a thin layer on the surface of the burned
material, limiting access to oxygen and heat [7].
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3.3. Inorganic Metal Hydroxides

A very popular technique of flame-retarding plastics is based on a modification with flame
retardants acting through endothermic dehydration [20,31]. This group is dominated by the use of
Mg(OH): and Al(OH)s, but this applies only to their special grades, characterized by a modified
surface and appropriate grain sizes of the material. Certain inorganic compounds, especially
aluminum (ATH) and magnesium (MH) hydroxides, and to a lesser extent, metal carbonates, and
hydroxy carbonates, are widely used as flame retardant fillers in polymer substrates. When added to
plastic, they reduce flammability and reduce the number and amount of toxic gases produced during
combustion. In the cable industry, ATH and MH are among the most frequently used flame
retardants.

Inorganic metal hydroxides are also used in the construction industry and transport, especially
in public places, due to the minimization of the risk of poisoning people in the event of a fire.
Inorganic metal hydroxides decompose into metal oxides during heating, with the release of water
vapor, which dilutes the gaseous products of polymer decomposition, thus reducing their
flammability. A layer of aluminum oxide (ALQs) is formed on the surface of the polymer, which
prevents flame propagation. ATH starts decomposing at a temperature of about 190-230°C, which
limits its use in processes with higher processing temperatures. MH reduces the flammability of
polymeric materials in the same way as ATH. Its advantage is the high thermal stability of approx.
300°C. As a result, it is widely used where ATH cannot be used - e.g., in thermoplastics and
thermosets. The use of both ATH and MH reduces the amount of fumes released.

The magnesium and aluminum oxides formed as a result of their decomposition have a
relatively high heat capacity, which additionally lowers the polymer temperature. The use of
hydroxides also significantly reduces the acidity of the combustion products. The undoubted
advantage of aluminum and magnesium hydroxides is their non-toxicity. On the other hand, the
main disadvantage is the necessity to introduce them into the material in large amounts and at low
temperatures (temperature of introduction to the polymer about 120°C) in order to obtain the
expected level of flame reduction.

Aluminum hydroxide is used for polymers processed at temperatures up to 190-230°C. This is
due to its relatively low decomposition temperature. AI(OH)s is used for flame retardation of such
macromolecular materials as elastomers, thermosetting and thermoplastic materials. Due to its
higher decomposition temperature, magnesium hydroxide is mainly used for flame retardant
thermoplastics and thermosets, especially poly(phenylene oxide) (PPO) and polypropylene-
polyamide (PP-PA) mixtures [7,64].

Czuprynski B. et al. [65] obtained rigid polyurethane-polyisocyanurate foams using the one-step
method from a two-component system in the equivalent ratio of -NCO to -OH groups equal to 3:1.
The foams were modified with aluminum hydroxide in the amount of up to 25% by weight, and the
influence of this filler on performance properties was determined. Processing times increased with
the increase in the amount of filler. The apparent density and compressive strength increased from
41.3 kg/m3 to 54.7 kg/m? and 164 kPa to 389.8 kPa, respectively. The introduction of Al(OH)s into the
system made these foams self-extinguishing in the horizontal test of burning time.

In the latest research, some works showing very good flame-retardant and smoke-reducing
effects with the use of tin-zinc flame retardants can be found. Inorganic tin compounds, especially
zinc hexahydroxycinate (ZHS) and zinc tinate (ZS), have found an application as commercial flame
retardants, not only in many polymer materials. They are also used in the production of rubber, paints
and varnishes, fabrics, and foams. These two inorganic tin compounds are essentially non-toxic. In
addition, ZHS and ZS act as both flame retardants and smoke-reducing agents. There is a slight
difference in the effectiveness of ZHS and ZS, but ZS is the recommended additive for polymers that
are processed above 180°C. While it was initially developed as a non-toxic alternative to antimony
oxide used for PVC and other halogenated polymer materials, more use of ZC has been observed in
halogen-free systems, mainly when used in conjunction with other halogen-free systems ATH and
MH fillers [25,65].
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In order to increase the synergy of interactions between ingredients and to develop products
that are more cost-effective than conventional flame retardants, low-cost inorganic fillers such as
ATH, MH, calcium carbonate, talc, anhydrous aluminum sulfate, and titanium dioxide are coated
with ultrafine particles ZHS or ZS. This activity results in much lower smoke emissions and a lower
heat release coefficient. An additional advantage of coating inorganic fillers is the reduction of their
amount added to flame retardant materials, which facilitates their processing and, in many cases,
does not cause drastic changes in their mechanical, physical, and electrical properties [65].

The stabilizing effect of tin-zinc flame retardants is explained by the formation of an effective
surface barrier by tin compounds, blocking the transport of heat from the combustion zone to the
deeper layers of the material [25,65].

3.4. Nanoparticles

Currently, the most popular method of flame-retarding plastics is the use of nanofillers and,
thus, the creation of so-called nanocomposites [21,29,30,66]. Polymer nanocomposites containing
organic clays have better thermal stability and fire resistance compared to polymers modified with
traditional methods.

Polymer nanocomposites with the addition of aluminosilicates are environmentally friendly,
unlike traditional composites with the addition of halogens or phosphates. Such nanocomposites do
not emit such significant amounts of carbon monoxide and soot, which can be observed in the case
of composites with traditional flame retardants [67]. The introduction of small amounts of the filler
improves a number of material properties, such as tear strength, compressive strength, thermal
expansion coefficient, and chemical resistance [68].

The excellent fire properties of nanocomposites result from the structure of these materials.
Under the influence of high temperatures and flames, a robust and charred layer without cracks is
formed on the material’s surface, isolating the polymer from the fire and restricting the access of
flammable polymer decomposition products to the combustion zone.

A new and dynamically developing direction on the flame retardant market is the use of
nanoparticles such as zinc tin and borates, colloidal silicas, zeolites, silicon derivatives, and others.
Polymer nanocomposites, unlike traditional flame retardants, require low filling [19,20,25]. Fire
resistance is improved as a result of carbonization, which causes thermal insulation of the polymer
and delays the emission of gases during the burning of the material. In the production of polymer
nanocomposites, layered silicates are used, with cations loosely connected between the planes formed
by oxygen and silicon atoms. Montmorillonite clay is considered the most suitable, but other layered
silicates (hectorite, saponite) or synthetic fluorinated mica can be used successfully. Flame-retardant
nanocomposites take the form of organic-inorganic hybrids. The properties of the obtained materials
are closely related to the structure of nanocomposites. The silicates remain intact at very high
temperatures. While the combustion materials containing traditional flame retardants emit
significant carbon monoxide and soot, flame-retardant, silicate polymer nanocomposites do not
exhibit such phenomena. Low filling of nanocomposites does not cause discoloration, does not
deteriorate mechanical properties, and makes it easier to obtain transparent products. Low silicate
content (3-5% by weight) allows easy processing by calendaring and extrusion.

3.5. Synergistic Effect of Flame Retardant Action

The addition of such an amount of a compound that is not a polymer has a significant impact on
the physicomechanical and processing properties of the material. A so-called synergistic effect can
achieve a reduction in the content of flame retardant compounds [20]. It consists of the fact that the
total effect in delaying the combustion of a mixture composed of two or more components may be
greater than the sum of the individual actions of these components. Obtaining synergistic systems
requires the appropriate selection of ingredients. It should be borne in mind here that the synergistic
factor facilitates the transport of the active substances into their zone of action. Moreover, individual
substances can act at different temperatures, and they act individually and together.
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M. Modesti et al. [69] investigated the synergistic effect between phosphorus-based flame
retardants and nanofillers from the group of layered aluminosilicates and its influence on the
functional properties of rigid polyurethane foams. The foamed polyurethane materials were obtained
in a two-step method. In the first step, the modified nanofiller in the amount of 5% of the total mass
of the foam was added to the polyol component and further mixed at a temperature of 120°C until a
good filler dispersion was obtained. Then the remaining components of the polyol mixture and the
phosphorus flame retardant compound in the amount of 10 wt.% were added, and the whole was
mixed until a homogeneous mass was obtained. In the second step, the polyol mixture was mixed
with the isocyanate. The obtained foams were characterized by determining the cell structure,
thermal stability, and flammability. Morphological characteristics showed that the structures
obtained with the use of unmodified and modified aluminosilicates are intercalated. Thermal
stability, the oxygen index, and the cone calorimeter test showed that the phosphorous flame
retardant gave good results in the gas and condensed phase. The use of the synergistic effect between
nanofillers and flame-retardant compounds gives good results because the foams are characterized
by good fire resistance, and there is no deterioration of physical and mechanical properties.

Silicone flame retardants are a very popular group of flame retardants recently. The most
desirable flame retardants are silicones which, in addition to methyl groups, contain irregularly
spaced longer alkyl chains, cyanoalkyl groups or aromatic rings, and silicas, organosilanes, and
aluminosilicates, which can be used as components or modifiers of polymers, copolymers, and
polymer mixtures.

4. Improvement of Fire Resistance

Thirumal Mariappan and Charles Wilkie are one of the precursors of research on the flame
retardation of polyurea elastomers. In their work, they described the influence of 40 different flame
retardants on the fire resistance of polyurea, focusing on compounds containing halogen,
phosphorus, and mineral fillers, as well as systems containing melamine compounds and swelling
agents. The authors noted that it is difficult to clearly define which of the flame retardants turned out
to be the best because it depended mainly on the intended use of the polyurea elastomer. However,
Mariappan et al. have listed several flame retardants that perform best in certain areas, like
chloroalkyl phosphates, melamine phosphates, or mineral fillers in synergy with nitrogen. It is crucial
to say that every additive mentioned earlier has a different mechanism of action [70].

In order to improve the fire properties, PU can be mixed with flame retardant additives (FR).
Melamine polyphosphate (MPP) is an additive of FR, a halogen-free compound with high thermal
stability [71]. The paper presents the results of research on FR and thermal properties of PU, with and
without the addition of MPP (0%, 5%, 10%, and 15% by weight), using flammability, limiting oxygen
index, smoke density, and thermogravimetric analysis according to the standards of the American
Society for Testing and Materials. The results indicate that 10% and more of the PU MPP has excellent
FR, low heat release rate, and smoke suppression efficiency.

The thermal stability and fire resistance of polyurea with silylated zirconium phosphate and
ammonium polyphosphate were investigated [72]. Adding ammonium polyphosphate reduces
composites’ thermal stability with and without silylated zirconium phosphate. The reduction in peak
heat release rate is less in microscale combustion calorimetry than in cone calorimetry, suggesting
that some physical process, such as barrier formation, is the process by which fire resistance is
achieved. Based on cone calorimetry, the peak heat release rate reduction is independent of the load
on the silylated zirconium phosphate, and the combination with ammonium polyphosphate is less
effective than ammonium polyphosphate alone.

In addition to the fillers mentioned above and researched by the authors, many other additives
can be considered to increase the fire resistance of PU. In particular, a-zirconium phosphate Zr(HPOx)
2H20 (a-ZrP) is promising, mainly due to the controllable aspect ratio of the platelets [72-74]. ZrP
has a capacity to exchange 664 meq/100 g, seven times more than montmorillonite (92.6 meq/100 g)
[74]. This is a severe drawback for material dispersion at the nanometer level. The presence of
network water in the ZrP makes the linear polycondensation between isocyanate and diamine
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uncontrolled; therefore, an immaculate ZrP must be modified to remove the water. The fire
performance of silylated polystyrene (PS) based ZrP composites was recently investigated. It was
discovered that silylation could completely remove crystalline water [75]. In the PS system, the nano-
dispersion of silylated ZrP is not a prerequisite for increased fire resistance, and charging is not
required. As PU is usually prepared by linear condensation within a few minutes at room
temperature, it is unlikely to expect nanocomposites to be obtained.

Silylated zirconium phosphate was expected to provide fire resistance to PU without degrading
the explosion-proof performance, as only a low load of silylated ZrP is needed. In the previous study,
the different ZrP shape factors resulting from the reflux and hydrothermal methods did not
significantly differ in the peak heat release rate (PHRR), and here only the reflux method was used.

The effect of modification of the surface of layered silicate (magadiite) on the flammability of
polyurea and amine-hardened epoxy resin was the subject of research [76]. Based on the chemistry
of the magadiite surface, both a quaternary alkylammonium and a silane modifier are used for the
organic modification. The nanocomposites of both polymers were produced by in situ ultrasound-
assisted polymerization. Magadiite dispersion was examined by means of X-ray diffraction and high-
resolution transmission electron microscopy. Thermal stability and flammability were assessed by
thermogravimetric analysis and cone calorimetry, respectively. The addition of a small amount of
magadiite resulted in a significant improvement in fire resistance with little change in the thermal
stability of both polymers. Ammonium-modified magadiite improves fire resistance, while silane
modification helps extend the ignition time of both polymers [76].

Today, many industrial and academic researchers are focusing their efforts on developing and
improving the properties of polymers using nanoscale inorganic materials. The interest in the
development of polymer nanocomposites is mainly due to the fact that nanoscale particles have a
high surface-area-to-volume ratio and a larger surface area that can produce unique properties
compared to conventional composites [77-79]. In general, polymer nanocomposites contain
dispersed particles of which at least one dimension is on a nanometric scale. However, homogeneous
dispersion of nanoparticles in polymers is very difficult because the particles have high surface
energy and tend to agglomerate during the preparation of polymer nanocomposites. To minimize
this, nano-clays are always modified to increase the interaction between nanofillers and polymers in
order to obtain good dispersion in the polymer matrix. The most popular nano-clay modifier is the
quaternary alkyl ammonium ion because it can be easily exchanged with the ions between the layers.
Silanes have also been used for their ability to react with hydroxyl groups both on the surface and at
the edges of the layers.

Polymer nanocomposites for flame retardant applications are attractive because nanocomposite
formation not only improves flame retardant properties but can also improve thermal and
mechanical properties and reduce costs. Clays (especially montmorillonite (MMT)) for combustible
applications [19,80-82], and layer silicic acids (magadiites) have received relatively little attention.
Magadiite is a hydrated sodium silicate (Na2Si1«O2 nH>0O) with a multilayer structure with negatively
charged silicate layers compensated by interlayer sodium ions. It is available in nature and also easily
synthesized by hydrothermal reaction of aqueous sodium hydroxide with silica or silica gel in several
mole ratios of SiO2/NaOH [83,84]. According to tunable surface chemistry, magadiite adopts various
organic substances to form intercalation compounds and also has reactive silanol groups in their
interlayer space. Organic groups can be grafted to these groups by reaction with organo-silanes to
modify the interlayer [85,86]. There are very few reports of the use of magadiite as a flame retardant
additive. Wang et al. [87] investigated the flammability of polystyrene (PS) using organically
modified magadiite and found poor flame retardant properties compared to MMT clay. On the other
hand, Costache et al. [88] observed almost similar flame retardant properties of polyethylene
terephthalate (PET) filled with MMT, hectorite, and magadiite. The fire resistance of thermosetting
resin nanocomposites, especially epoxy (EP) resins, has been extensively studied [89-92]. The general
conclusion is that nanocomposite formation is able to help achieve some degree of fire resistance in
EP resins.
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The use of magadiite as a fire retardant material in both polyurea (PU) and EP resins has not
been widely investigated. The aim of the authors of the study was to obtain organically modified
magadiite by intercalation with a quaternary alkylammonium ion and organosilane grafting, using
them for the preparation of nanocomposites with PU and EP resin and studying morphology as well
as thermal and fireproof properties.

The research shows that compared to silane-grafted magadiite, magadiite with ammonium
showed better dispersion in both PU and EP [93]. The thermal stability and flash time are improved
by the silane vaccine magadium compared to the ammonium surfactant-modified material, which is
attributed to the formation of strong covalent bonds between the silane and surface hydroxyl groups.
The observation that the ignition time is reduced only for samples containing organically modified
magadiite suggests that organic modifications in MMT and other smectite clays may also shorten the
ignition time with these additives. Modification with silane leads to a slight improvement in the fire
resistance of PU, while the use of ammonium surfactants provides much greater flame retardance. In
most polymer/clay nanocomposites, a decrease in MLR (mass loss rate) results in a decrease in peak
HRR (heat release rate), but this is not the case with magadiite.

Phosphorus-based flame retardants are widely used as effective additives or reactive flame
retardants and are particularly effective in oxygen-containing polymers [18,93,94]. There are several
forms of phosphorus-based flame retardants, both organic and inorganic, available in various
degrees of oxidation, including phosphines (3), phosphine oxides (1), elemental phosphorus (0),
phosphinates (+1), phosphites ( +3), phosphonates (+3), phosphates (+5), etc. Moreover, several
synergistic combinations are known, including phosphorus-halogen, phosphorus-nitrogen,
phosphorus-sulfur, and phosphorus-inorganic two-dimensional materials [95]. Due to the
environmental problems with halogen-based flame retardants, more attention has recently been paid
to phosphorus-based retarders. In general, phosphorus-containing flame retardants can act either in
the gas phase, by flame retardation, or in the condensed phase, changing the degradation path to one
that produces more carbon and, if necessary, less volatile carbon. In both cases, the amount of heat
released during combustion is reduced by adding flame retardants [61,96].

Two reports describe the influence of the oxidation state of phosphorus on the properties of
epoxy composites reinforced with carbon fiber and rigid polyurethane foam (PUF). Braun et al.
compared the thermal and fire resistance properties of carbon-fiber-reinforced epoxy resin with
phosphine oxide, phosphinate, phosphonate, and phosphate at a phosphorus content of 2.6 wt.% in
the form of an organophosphorus-based curing agent. They found that a higher degree of
phosphorus oxidation showed weaker flame-retardant properties than a lower degree of oxidation,
and the amount of charring increased with an increasing degree of phosphorus oxidation [97].
Lorenzetti et al. [98] used a constant (1.2 wt.%) phosphorus content in commercial flame retardants
(aluminum phosphinate, dimethylpropane phosphonate, triethyl phosphate, and ammonium
polyphosphate) and investigated the thermal behavior in rigid PUFs.

There is no interaction between PUF and flame retardants, regardless of their degree of
oxidation. The flame retardants with a higher oxidation state showed their activity only in the
condensed phase compared to phosphorus flame retardants with a lower oxidation state, which work
in both the condensed and vapor phase [19]. Unfortunately, no phosphorites were included in any of
the reports.

Triphenyl phosphate is a classic example of a gas-phase flame retardant. It was investigated by
Hastie [99]. Schartel’s group compared triphenylphosphate with larger aryl phosphates and found
that with increasing decomposition temperature, the condensed phase has a more significant effect
[100,101].

Thirumal Mariappan [93] tested three different oxidation states of phosphorus, triphenyl
phosphite (+3), triphenyl phosphate (+5), and triphenylphosphine oxide (1), all with similar
substituents, were tested in both polyurea and epoxy resins at 1.5 wt.%. phosphorus using
commercially available flame retardants.

Thirumal M. et al.,, in their work [93], focus on determining how the oxidation states of
phosphorus in phosphorus-based chemicals, which reduce flammability, influence the thermal
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properties and flammability of polyurea and epoxy resins. The authors used three different oxidation
states of phosphorus: phosphite, phosphate, and phosphine. The oxidized phosphorus was added in
each case to the epoxy resin (1.5 wt.% added). The research included, among other things, a thermal
stability test (thermal analysis of samples), cone calorimeter test (analysis of the heat release rate),
and thermogravimetric analysis (analysis allowing to determine the composition of gases released
during the thermal destruction of samples).

Thirumal M. et al. [93] emphasized that in the case of polyurea, it is phosphate in the form of
phosphate (triphenyl phosphate) and non-phosphite or phosphine, which more effectively improves
fire resistance properties. The results were not as good as for other types of phosphates. Phosphate
has been found to be a better flame retardant in polyurea, while phosphite is suitable for epoxy resins.

The article by Thirumal Mariappan et al. [102] relates to the flame retardation of polyurea using
three different sulfonate salts, sodium diphenylamino-4-sulfonate, 3- (1-pyridine) -1-
propanesulfonate and ammonium sulfamate, and their combination with some conventional flame
retardants. Cone calorimetry and thermogravimetry are used to assess flame retardance and thermal
stability. Among the sulfonate salts, ammonium sulfonate exhibits the best fire resistance, both alone
and in combination. Conventional additives that have been used include ammonium polyphosphate,
expandable  graphite, aluminum  diethylphosphate, melamine polyphosphate, and
chloroalkylphosphonate as two-component and three-component mixtures under a total loading of
15 wt.%. A sulfur-free two-component system has a longer ignition time and better flame and smoke
resistance than three-component mixtures.

A new hyperbranched carbonizer containing s-triazine, diphenylmethane, and urea groups
(HBPU - hyper-branched polyurea) was synthesized from melamine and 4,4’-diphenylmethane
diisocyanate, which is hydrophobic and thermally stable at high temperature (residual mass is 40%
at 800°C) [103]. HBPU and Ammonium Polyphosphate (APP) work synergistically to improve the
fire resistance and smoke suppression of Polypropylene (PP). When 30% APP and HBPU (2:1 or 3:1)
were added, the PP composites were able to achieve a V-0 rating in the UL-94 test, and their peak
heat release rates (PHRR) were reduced by 78.6% and 81.3%, appropriately. HBPU also improved
APP compatibility with the PP matrix as a result of improved mechanical properties. In this
intumescent flame retardant system, HBPU served simultaneously as a carbonizing and foaming
agent. In addition, the interaction of HBPU and APP and their mechanism were discussed in detail.

Synthesized new hyperbranched polyurea containing s-triazine and benzene rings can be used
simultaneously as a carbonizing and foaming agent. HBPU shows good charring efficiency and high
thermal stability. HBPU and APP work strongly synergistically, and the optimal ratio is 1: 3.

Expandable graphite (EG) was microencapsulated by polyurea, and CuO was doped with the
expandable graphite microcapsule shell (EG @ PO) to improve the thermal conductivity of the shell
[104]. Microcapsules were characterized by SEM, thermogravimetric analysis, and Fourier transform
infrared spectroscopy.

The effect of EG @ PO and ammonium polyphosphate (APP) on the flame retardant properties
of natural rubber (NR) was also investigated by the limited oxygen index test, vertical combustion
test, thermogravimetric analysis, cone calorimeter test, and thermal conductivity measurement. The
results show that when the EG @ PO mass is 6 g, the limited oxygen index of the EG @ PO / NR
composite is 28.3%, and the vertical combustion of the composite is V-0. The residual weight is 27.5%
at 600°C. In addition, the heat release rate and total heat release for EG @ PO / NR composites drop
dramatically to 467.7 kW / m? and 48.4 MJ / m? respectively, which is 49.8% and 25.7% less than in
the case of pure NO. At the same time, the thermal conductivity of EG @ PO /NR composites increases
to 0.266 W / (m K), because CuO doped in the coating has a positive effect on the heat exchange
between the NR and EG matrix.

The effect of intumescent coating and flame retardant additives was conducted by Walid H.
Awad. Charles A. Wilkie [105]. A series of polyurea (PU) samples were prepared and coated with
varying thicknesses of commercially available solvents and water-based intumescent paints. The fire
behavior of the samples was investigated by subjecting the samples to the heat flux of the cone
calorimeter. The data indicate that the intumescent coat is very effective in imparting flame
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retardancy to the samples. Combining the flame retardant additives with the coating has no
additional effect.

Rong et al. in [106] proposed a mixture of compounds to improve stiffness under flammable
conditions, based on a synergistic effect of the aromatic diamine and aliphatic diisocyanate, to
increase fire-retardancy of polyurea coatings. Their modification also improves tensile and
compression strength, and surface hardness.

Dukarski et al. in [107] presented the results of research on the influence of aluminum hydroxide,
resorcinol bis (diphenylphosphate) (RDP), and trischloropropyl phosphate (TCPP) on the flame
retardance and morphology of coating composites based on polyurea elastomers. The tests showed
a visible improvement in fire resistance of the produced polyurea coatings. The authors noted the
high effectiveness of flame retardants based on chlorine and phosphorus compounds. Nevertheless,
the work also showed the negative influence of flame retardants on the mechanical properties of the
coating and processing parameters.

5. Conclusions

Due to the growing interest in modern polymer materials, scientific information related to the
specialized literature on the complex chemical structure of plastics and the possibility of modifying
their features and properties during processing may be useful for specialists from various fields of
science and technology. In recent years, there has been an increase in interest in new types of plastics
and the improvement of their functional properties. This applies not only to finding new applications
and eliminating toxic raw materials from known recipes but also to producing materials with reduced
flammability and increased fire resistance.

For many years, there has been a lot of interest in the issues related to increasing the flame
resistance of polymers. This is dictated by security reasons and increasingly more significant
requirements on the flammability of plastics, the area of application increasing every year. Fire safety
is one of the essential requirements for the polymer industry, and it is one of the most important
aspects taken into account in the design and production of products made of polymer materials.

The problem of limiting flammability has become very topical, inter alia, in connection with the
introduction of restrictive recommendations in the European Union (EU) to reduce flammability,
reduce smoke emissions, and the degree of toxicity of decomposition of these products. In the EU
member states, there are currently efforts to limit the use of the halogen flame retardant method with
a recommendation to abandon its use according to the relevant directives completely. The processes
of burning polymers and the effects of flame retardants have been repeatedly analyzed in the
literature; however, there is still a lot of interest in this issue in many research centers, due to its
importance, both in industrial practice and in everyday life.

The intensive development of synthetic polymeric materials necessitated, at the same time, the
development of works on a variety of new types of flame retardants based on, e.g., tin compounds,
synergistic combinations of nitrogen and phosphorus, and nano-modifiers.

Recently we have observed increasing use of polymeric materials in the form of polyurea
elastomers, formed as a result of the reaction of isocyanates with amines, for innovative anti-
corrosion protection of steel and concrete elements characterized by high strength, no joint of the
coatings obtained, and the possibility of application at low temperature. The disadvantage of
polyurea coatings is their low resistance to fire, which is caused by the organic nature of the backbone.
This fact necessitates their modification, which may consist in changing the polymer structure and
using a fire retardant. Comparing the costs of chemical modification of polyureas with the costs of
physical modification by the addition of flame retardants, a less expensive process is the addition of
anon-flammable filler to the polymer matrix. The use of some flame retardants based on phosphorus,
chlorine, bromine, and newly developed compounds, including nano clays and polyhedral
oligomeric silsesquioxane, is very promising for obtaining a satisfactory class of flame retardancy.
Nevertheless, flame retardants must work on different levels. Obtaining a good resistance to a flame
is just one of them and usually depends on the amount of used additive. The other factors are
processing properties and compatibility between flame retardant and polymer matrix. In practice, it
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means that an addition of a flame retardant causes problems during manufacturing, curing the final
product, or the deterioration of its mechanical properties. The flammability of plastics remains a very
complex scientific problem for which there is no one-size-fits-all solution, especially since currently
available polymeric materials are extremely diverse, also meeting the new requirements for
sustainable, cost-effective solutions [100]. It should be emphasized that a complete understanding of
the nature and course of thermal destruction of polymers has become very important for the
possibility of predicting the behavior of polymeric materials under fire conditions.
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