Materials Science Forum Submitted: 2021-03-26
ISSN: 1662-9752, Vol. 1038, pp 539-546 Accepted: 2021-04-05
doi:10.4028/www.scientific.net/MSF.1038.539 Online: 2021-07-13
© 2021 Trans Tech Publications Ltd, Switzerland

Investigation of the Effect of Fillers on the Properties of the Expanded
Coke Layer of Epoxyamine Compositions

Oleksandr Hryhorenko'?, Yevheniia Zolkina'°, Natalia Saienko?°,
Yurii Popov?¢

"National University of Civil Defence of Ukraine, 94, Chernishevska str., Kharkiv, Ukraine, 61023

2Kharkiv National University of Civil Engineering And Architecture, 40, Sumska Str., Kharkiv,
Ukraine, 61002

3hryhorenko81@gmail.com, ®Zolkinagenya@gmail.com, °natause@ukr.net, Yiupopov@gmail.com

Keywords: epoxy compositions, fire retardants, multiplicity of expanding, weight loss, ammonium
polyphosphate, aluminum hydroxide, sodium tetraborate decahydrate, titanium oxide,
pentaerythritol, silicon dioxide, expandable graphite.

Abstract. Intumescent fire-retardant coatings based on epoxy resins, compared to traditional fire-
retardant compositions, have improved performance properties — high strength, chemical and
atmospheric resistance, adhesion to many materials. However, unmodified epoxy polymers are
combustible and to obtain IFR based on them, flame retardants and mineral fillers are added to their
composition. Intumescent systems for flame retardant coatings based on epoxy oligomers (non-
halogen-containing) usually consist of ammonium or ammophos polyphosphate as an acidic agent
and a wide range of fillers, both inert and gaseous, or which are an additional source of carbon.
Each component of the fire-retardant intimate coating in different ways affects the processes of
coke formation, which determines the requirements for their choice. Thus, the aim of this work is
to conduct experimental studies of the dependence of the characteristics of the expanded coke layer
on the composition of the intumescent epoxyamine composition.

The results of experimental studies of the effect of ammonium polyphosphate and binary
mixtures of ammonium polyphosphate (APP) with aluminum hydroxide (AH), sodium tetraborate
decahydrate (STD), titanium oxide TiO2 (TO), pentaerythritol (P), aerosil (A) and expandable
graphite are presented (EG) on the multiplicity of expanding and weight loss of epoxy compositions
at study temperatures of 350, 400 and 450°C.

Studies have shown that the production of intumescent flame retardant coatings based on epoxy
oligomers is possible provided they are filled with ammonium polyphosphate in an amount of more
than 20 mass parts. The most effective in terms of expanding are additives titanium oxide and
aluminum hydroxide in an amount of 20 mass parts, which allows to obtain intumescent fire-
retardant coatings with a linear coefficient of expanding 30-32 and 24-27, respectively, throughout
the range of temperatures. The obtained data are useful in the development of fire-retardant coatings
based on epoxy oligomers.

Introduction

The problem of ensuring the appropriate level of fire resistance of building structures, utilities and
communications is an important component in the field of construction, industry and transport.
Among the methods used to increase the fire resistance of building structures [1-5], the most
common is the use of intumescent (reactive) fire-retardant coatings (IFRC). The fire-retardant effect
of such coatings is associated with two main factors — chemical and physical [6]. The chemical
factor is caused by endothermic reactions of system components with the formation of a strong coke
layer and the release of volatile non-combustible substances that slow down or inhibit combustion.
The physical factor is the thermal insulation of the protected surface with the help of the formed
coke layer. The multiplicity of expanding of the IFRC reaches values 20-80.

Intumescent systems (IS) for fire protection, which are used today in world practice, mainly
consist of the following main components: acid donor, carbonizing agent and gasifier [6, 7].
Pentaerythritol (PE) and polysaccharides are most often used as carbonizing agents in traditional
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flame retardant compositions, and phosphates and ammonium polyphosphates (APP) are used as
donor acids, as well as melamine or urea as a gasifier [6]. An important point in the development of
fire-retardant compositions is the choice of film former — polymeric binder. Acrylic dispersions and
copolymers, dispersions based on polyvinyl acetate and its copolymers, silicone rubbers, phenol-
formaldehyde and epoxy resins are traditionally used as film formers [5, 8]. Since film formers [9,
10] differ in viscosity, fluidity, adhesion, strength, heat resistance and flammability, the operational
and technological properties, advantages and disadvantages of fire-retardant coatings depend
primarily on the nature of the polymeric binder.

Water-based film formers have obvious advantages in their environmental friendliness. In [10]
one of the methods of preliminary evaluation of water-based IVP efficiency is given, comparison of
such characteristics of fire-retardant coating as weight loss, expanding coefficient, heat-insulating
efficiency for polyvinyl acetate, acrylic and styrene-acrylic water dispersions with fixed content of
components is made (pentaerythritol, titantum oxide (II) TiO2, ammonium polyphosphate,
melamine). The results are to inform you about the efficiency of the quality control in the
flammable warehouses based on the polyvinyl acetate dispersion of the DF 51/10C brand, which
will provide a multiplicity of up to 84.6. However, the IFRC on a water basis is sensitive to the
climatic factors from the hour of application and during operation, there may be corrosion of metals
applied to an unprepared surface and strong until the components of the system are imbued with
power, at the same time.

Crossings in fire-rated pokrittiv on the basis of plivkotvoryuvachiv on organic razchinnikov € the
ability to apply for low temperatures, reducing the atmosphere and water resistance. The main
general disadvantage of flame retardants based on ammonium polyphosphate, pentaerythritol,
melamine and organic film former is the toxicity of their thermal decomposition products due to the
presence of halogen-containing components (including chloroparaffins) [5].

Fire-retardant compositions based on epoxy oligomers should be singled out. If we compare
intumescent fire-retardant coatings based on epoxy resins with other film formers, we can say that
these IFRC have improved performance properties - high strength, chemical and atmospheric
resistance, adhesion to many materials [12]. However, unmodified epoxy polymers are combustible
and to obtain IFRC based on them, flame retardants and mineral fillers are introduced into their
composition. The influence of the chemical nature and content of phosphate fillers and bromine-
containing flame retardants on heat resistance, flammability and smoke-forming ability is presented
in [13], it is shown that from the point of view of flammability bromine-containing flame retardants
are more effective. However, recently, both in the EU and in Ukraine, there are some restrictions on
the use of halogen-containing materials aimed at ensuring human safety and environmental
protection. Therefore, the use of halogen-containing flame retardants to obtain IFRC based on
epoxy materials is not desirable. As a result of the analysis of the scientific literature it is
established that fire-retardant epoxy polymers (non-halogen-containing) are obtained by introducing
phosphates, pentaerythritol, melamine, alkaline earth metal hydroxides, graphite into their
composition [2, 4-8, 12-18].

A feature of IFRC based on epoxy oligomers is also that the source of carbon for the formation
of a swollen coke layer under thermal effects is the polymer itself. Previous studies have shown
that modification of epoxy polymers with monoammonium phosphate, activated basaltic scales and
oxides of transition valence metals allows to obtain a fire-retardant composition for wood with an
oxygen index of 27-33% [14-16] and with acceptable performance characteristics. To reduce the
flammability of epoxy polymers, the authors [18] proposed the use of silicon compounds both by
introducing silicon atoms into the structure of epoxy polymers and by filling them with inert flame
retardants. In [19], the authors used inert quartzite and dinas with a high SiO> content to modify
epoxy composite materials. The flammability of the polymers was evaluated by the oxygen index.
It is known from the literature [20, 21] that intumescent systems for flame retardant coatings based
on epoxy oligomers usually consist of ammonium polyphosphate or ammophos as an acid agent [4,
14, 20, 21] and a wide range of fillers as inert (silicon oxide) [18], basalt scales [16], metal
compounds [12, 22] and those that intensify gas formation (borax, aluminum hydroxide) [4, 20] and
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are an additional source of carbon [4, 7].
The possibility of using modified non-combustible epoxy polymers as fire-retardant coatings for
building structures is of interest in the study of such a characteristic of IFRC as the expanding rate.

Unresolved Issues

The development of fire-retardant coatings that swell under the influence of high temperatures is
a complex scientific and practical task that requires a clear understanding of the role of each of the
components in the intumescent system. The given researches of influence of the basic components
of epoxy fire-retardant coverings give idea of multiplicity of expanding, flammability, operational
and technological characteristics of the specified coverings. However, these studies were conducted
in a complex that does not allow to assess the effect of each of the components on the formation of
a protective coke layer. It should be noted that each component of the fire-retardant intimate
coating has a different effect on the processes of coke formation, which determines the requirements
for their selection. Thus, the aim of this work is to conduct experimental studies of the dependence
of the characteristics of the expanded coke layer on the composition of the epoxyamine compound.

Main Part

As the object of the study used compositions based on epoxy oligomer ED-20 (DSTU-2093-92),
hardened with a hardener polyethylene polyamine (PP) (TU 2413-357-00203447-99). To reduce the
flammability of epoxy polymers and to form a porous coke layer during thermal exposure to their
composition was introduced ammonium polyphosphate (APP) in an amount of 10-40 mass parts
(m.p). Modification of the APP-filled composition to study the characteristics of the swollen coke
layer was performed by introducing aluminum hydroxide (AH), sodium tetraborate decahydrate
(STD), titanium oxide TiO; (TO), pentaerythritol (P), pyrogenic silicon dioxide — aerosil (A) and
expandable graphite (EG).

To study the characteristics of the swollen coke layer, tests were performed on samples to
determine the linear coefficient of expanding Ky, carried out on the basis of the method DSTU-N-P
B B.1.1-29: 2010 [23] and determined the weight loss of samples after these tests.

The essence of the method of determining the linear coefficient of expanding is to determine the
ratio of the thickness of the coating applied to the steel plate, measuring 50x50 = 1 mm and a
thickness of 2.0 = 0.2 mm, before and after temperature exposure. In contrast to DSTU-N-P B
B.1.1-29: 2010, the study was conducted not at a fixed temperature of 340°C, but at temperatures of
350°C, 400°C and 450°C + 5°C. Measurement of the thickness of the swollen layer after
temperature exposure was performed using a caliper depth gauge at five points for each sample,
located: the first - in the geometric center of the sample, and four more — equidistant from the
central point diagonally at a distance of 0.25 length of this diagonal.

To estimate the linear coefficient Ki. expanding we used the following relationship:

hcl + th + hc3 + hc4 + hc5
L= d

C

K

(1)

where her, ... hes — the results of measuring the thickness of the expanded coating at the
appropriate points, mm.

dc — e thickness of the coating layer before the test, determined by a caliper as an average of four
points.

Samples were prepared as follows. A layer of test epoxy polymer with the appropriate content of
components was applied to the prepared steel plate. The samples were dried at 20 + 5°C for 48
hours and at 70 + 5°C for three hours according to the requirements [23].

The study was performed in a muffle furnace CHO30/11001411P.

The weight loss of the samples Am (%) was determined by the ratio:
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where m¢— is the mass of the coated plate after the test, g;

m. — is the mass of the coated plate after drying, g;

mp1 — mass of the plate, g.

The tests were performed Ki and Am on two samples for each experiment and took the
arithmetic mean.

Determination of mass was carried out to the nearest 0.01 g using scales REDWAG PS
4500.R2.M.

The results of the study of the linear coefficient of expanding of Ki and weight loss Am (%) of
epoxy polymer from the content of ammonium polyphosphate in tests at a temperature of 350, 400
and 450°C are presented in Fig. 1.
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Fig.1 Dependence of the linear expanding coefficient K. (a) and weight loss Am (%) (b) on the
content of ammonium polyphosphate in tests at 350°C, 400°C and 450°C.

From the dependences of the expanding ratio on the APP content presented in Fig.1 a, it can be
seen that with increasing the content of the component, the linear expanding coefficient increases to
a value of 72 when the APP content is 25 mass parts and test temperatures of 450°C. At
temperatures of 350°C and 400°C, the maximum value of Ki was obtained at an APP content of 30
mass parts and is 60 and 51, respectively.

The weight loss of the test samples decreases with increasing APP content to 30 mass parts after
which there is a slight increase in weight loss. It is expected that at higher temperatures the weight
loss is greater. When filling the epoxy polymer APP in the amount of 30 mass parts the lowest
values of weight loss of 30, 54 and 54% are observed at temperatures of 350, 400 and 450°C,
respectively.

From fig.1 a, b shows that the introduction of APP into the polymer matrix in an amount of 20-
30 mass partss allows to obtain a coating with the highest value of the expanding ratio for all ranges
of the studied temperatures. In [15] the results of studies of flammability of epoxy polymers on the
index of oxygen index from the content of impurities are presented. According to the results of
these studies, the introduction into the epoxy polymer of ammophos (the main component -
ammonium dihydrogen phosphate) allows to obtain a "self-extinguishing" composition with LOI 26
and 31% when filled with 20 and 30 mass parts in accordance.

Thus, further studies were performed on binary mixtures, one of the components of which was
chosen APP in the amount of 25 mass parts (EP), and the second aluminum hydroxide (AH),
sodium tetraborate decahydrate (STD), titanium oxide (TO), pentaerythritol (P) in amounts of 10-50
mass parts and aerosil (A) and expandable graphite (EG) in an amount of 2-10 mass parts.

The results of the study of the linear coefficient of expanding K and weight loss Am (%) of
epoxy polymer from the content of these components in tests at a temperature of 350, 400 and
450°C are presented in Fig.2-7.
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Fig.2 Dependence of the linear coefficient of expanding K. (a) and weight loss Am (%) (b) of the
epoxy polymer on the content of the component (alumina trihydrate, sodium tetraborate, titanium

oxide (IV) and pentaerythritol) when tested at 350°C.
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Fig.3 Dependence of the linear coefficient of expanding K1 (a) and weight loss Am (%) (b) of the
epoxy polymer on the content of the component (alumina trihydrate, sodium tetraborate, titanium

oxide (IV) and pentaerythritol) when tested at 400°C.
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Fig.4 Dependence of the linear coefficient of expanding K1 (a) and weight loss Am (%) (b) of the
epoxy polymer on the content of the component (alumina trihydrate, sodium tetraborate, titanium

oxide (IV) and pentaerythritol) when tested at 450°C.
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Fig.5 Dependence of the linear coefficient of expanding Ki. (a) and weight loss Am (%) (b) of the
epoxy polymer on the content of the component (graphite and aerosil) when tested at a temperature
of 350°C
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Fig.6 Dependence of the linear coefficient of expanding K1 (a) and weight loss Am (%) (b) of the
epoxy polymer on the content of the component (graphite and aerosil) when tested at a temperature
of 400°C.
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Fig.7 The dependence of the linear coefficient of expanding Ki (a) and weight loss Am (%) (b) of
the epoxy polymer on the content of the component (graphite and aerosil) when tested at a
temperature of 450°C.

Analysis of the results showed that the introduction of additives leads to a decrease in the
multiplicity of expanding and to an increase in weight loss compared to the composition filled only
with APP. Addition of TiO> in the amount of 20 mass parts stabilizes Kr at the level of 30-32 in all
range of the investigated temperatures. A similar effect is observed when adding 20 mass parts
including aluminum hydroxide for temperatures of 350 and 400°C (Kr = 27), but at a temperature
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of 450°C 1is a decrease in Kr to 24. The introduction into the composition of EPP pentaerythritol
allows to obtain Ki to 32 when tested at 350°C, but with its growth, the effectiveness of the
additive decreases. Sodium tetraborate decahydrate significantly reduces the expanding rate of
epoxy polymer.

The use of graphite and aerosil in the amount of 2-10 mass parts stabilizes the weight loss of the
samples when tested at temperatures of 350 and 400°C at the level of 55-75% and 70-80%,
respectively. At a temperature of 450°C, the weight loss of the samples filled with graphite
decreases, which depends on the type of increase in the content of graphite. The multiplicity of
expanding reaches the highest values with the introduction of 4 mass parts graphite. The
introduction of aerosil more than 2% is not advisable, as it leads to a sharp decrease in the
multiplicity of expanding, although the effect of stabilizing the weight loss of the sample is
maintained even at a temperature of 450°C. This is obviously due to the increase in the melt
viscosity of the epoxy polymer during heating with the introduction of aerosil.

Summary

Thus, the paper presents the results of experimental studies of the effect of ammonium
polyphosphate and binary mixtures of ammonium polyphosphate with alumina trihydrate, sodium
tetraborate, titanium oxide (IV), pentaerythritol, aerosil and graphite on the expanding rate and
weight loss of epoxy compositions in tests at 350, 400 and 450°C.

Studies have shown that the production of intumescent flame retardant coatings based on epoxy
oligomers is possible provided they are filled with ammonium polyphosphate in an amount of more
than 20 mass parts. The most effective in terms of expanding are additives titanium oxide and
aluminum hydroxide in an amount of 20 mass parts, which allows to obtain intumescent fire-
retardant coatings with a linear coefficient of expanding 30-32 and 24-27, respectively, throughout
the range of temperatures. The obtained data are useful in the development of fire-retardant
coatings based on epoxy oligomers.

References

[1] M. Galff, F. Kacik, M. GaSparik, L. Todaro, D. Jones, R. Corleto, L. Osvaldova, H. Cekovska.
The effect of synthetic and natural fire-retardants on burning and chemical characteristics of
thermally modified teak (Tectona grandis L. f.) wood. Constr. and build. mat. 200 (2019) 551-558.

[2] T. Mariappan, Recent developments of intumescent fire protection coatings for structural steel:
A review. J. of Fire Sci. 34.2 (2016) 120-163.

[3] A.L. Kovalov, Y. A. Otrosh, S. Vedula, O.M. Danilin, T. M. Kovalevska, Parameters of fire-
retardant coatings of steel constructions under the influence of climatic factors. Nauk. Visn. NHU. 3
(2019) 46-53.

[4] M.R.D.Silveira, R.S. Peres, V.F. Moritz, C.A. Ferreira, Intumescent coatings based on tannins
for fire protection. Mat. Res. 22.2 (2019).

[5] L. Andryushchenko, V. Borysenko, O. Kudin, M. Goroneskul, Intumescent fire protective
coatings in modern building (review). Prob. of Emerg. Sit. 1.29 (2019) 121-138.

[6] L.M. Vakhitova, K.V. Calafat, V.L. Drizhd, N.A. Taran L.M. Litvinenko, Chemical solutions of
fire protection problems. Sci. and Innov. 6.11 (2015) 47-56.

[7] O.A. Zybina, Theoretical principles and technology of intumescent fire-retardant materials. St.
Petersburg, 2015.

[8] A.S. Krutolapov, E.G. Korobejnikova, Analysis of domestic patents for inventions (1994-2016)
in the field of creation of fire-protective coatings. Vestn. St.-Peterb. Univ. GPS MCHS Ros. 3,
(2018) 31-38.



546 Problems of Emergency Situations: Materials and Technologies I

[9] V.I. Nateeva, L.I. Keldysheva, Study of intumescent fire retardant coatings based on water- and
organic-soluble film-formers with a cheap filler. Vestn. Kaz. Techn. Univ. 20.15 (2017) 50-53.

[10] V.M. Balakin, A.M. Seleznev, K.V. Belonogov, Primary assessment of fire retardant properties
of intumescent coatings based on various aqueous dispersions. Pozharovzryvobez./Fire and Expl.
Saf. 19.6 (2010) 14-18.

[11] L.N. Vakhitova, N.A. Taran, V.L. Drizhd, S.P. Prydatko, Fire-retardant efficiency of
intumescent coating in the presence of nano-sized compounds under hydrothermal ageing. Od. Nat.
Univ. Her. Chem. 20.2 (2015) 83-92.

[12] O. Hryhorenko, Ye. Zolkina, N. Saienko, Y. Popov, R. Bikov, Investigation of adhesive-
strength characteristics of fire-retardant epoxy polymers modified with metal-containing additives.
IOP Conf. Ser.: Mat. Sci. and Eng. 907.1 (2020) 1-6.

[13] V.A. Ushkov, Inflammableness and smoke-generating ability of polymer composite materials.
Vestn. MGSU. 12.8.107 (2017) 897-903.

[14] O. Hryhorenko, N. Saienko, V. Lypovyi, S. Harbuz, Research of effectiveness of wood fire
protection by modified epoxy polymers. Int. Sci. Conf. on WFS 2020. Springer, Cham. (2020) 125-
128.

[15] I.G. Malodyka, Experimental studies of fire-retardant coatings for wood based on epoxyamine
compositions modified with inorganic salts. Sci. Bul. of Civ. Eng. 37 (2006) 180-188.

[16] R.A. Yakovleva, Y.V. Popov, N.V. Saienko, E.Yu. Shevtsova, Fire&bio resistant epoxy
compositions for wood protection. Adv. in Chem. and Chem. Techn. 6.74 (2007) 23-28.

[17] R. Jakovleva, E. Spirina-Smilka, Yu. Popov, N. Sajenko, S. Novak, V. Kovalenko,
O. Gudovich, L. Shafran. Influence of fire-retardants on fire danger indicators of epoxypolymer
materials. J Fire Saf. 29 (2011) 175-181.

[18] V.-P. Parhomenko, H. Lavrenyuk, B. Mykhalichko, Utilization prospects of the silicon-
containing fire retardants for the combustibility suppressing of the epoxy composites. Bull. of Lviv
State Univ. of Life Saf. 15 (2018) 94-100.

[19] Yu. M. Danchenko, Yu.V. Popov, E.S. Barabash, Influence of acid-base properties of the
surface of polymineral fillers on the structure and characteristics of epoxy composites. Iss. of Chem.
and Chem. Techn. 3 (2016) 53-60.

[20] C.J. Anderson, J. Dziuk, W. Mallow, J. Buckmaster, Intumescent Reaction Mechanisms. Journ.
of Fire Sci. 3 (1985) 161-194.

[21] E.D. Weil, Fire-protective and flame-retardant coatings-A state-of-the-art review. Journ. of
Fire Sci. 29.3. (2011) 259-296.

[22] V V.-P. Parhomenko, V. Kochubei, B. Mykhalichko, H. Lavrenyuk, Yu. Pavlovskyi,
Influence of the copper (II) hexafluorosilicate onto thermaloxidative stability of the self-
extinguishing epoxy-amine composites. Fire Saf. 30 (2017) 132-136.

[23] DSTU-N-P B B.1.1-29: 2010 Fire protection. Fire-retardant treatment of building structures.
General requirements and control methods. Kyiv, 2011.



