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1. Introduction

Fire protection of steel structures by treating them 
with special fireproof materials is a mandatory measure 
and is regulated by national building standards. The most 
common and non-alternative fire protection means in many 
cases are the thin-layer polymeric intumescent (reactive) 
coatings consisting of ammonium polyphosphate (APP)/
melamine (MA)/pentaerythritol (PE) [1, 2]. Despite their 
versatility, manufacturability in the application, aesthetic 
characteristics, intumescent-type coatings have a series of 
disadvantages. First of all, it is low atmosphere resistance [3] 

and resistance to aggressive environments [4], and, accord-
ingly, a limited service life [5]. The authors of work [6], for 
example, found that after 30 years of natural aging under the 
climatic conditions of Italy, intumescent coatings lose their 
fire protection functions completely.

Therefore, studying the resistance of fire protection 
means against the influence of the external environment, 
moisture, weathering should be a necessary stage in devising 
the new technologies of reactive coatings. This information 
is important for predicting the service life of a fire protection 
coating in order to replace it in a timely manner and to en-
sure reliable and effective fire protection.
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This paper reports a study into the effect 
of nanoclays on the water-resistance of the 
intumescent system ammonium polyphosphate/
melamine/pentaerythritol/titanium dioxide/
polymer (ethylene vinyl acetate (EVA) or styrene 
acrylate (SA).

It has been established that adding nanoclay 
to a coating based on ethylene vinyl acetate 
increases the fire resistance limit of a metal 
plate by 30 %, and to a coating based on styrene 
acrylate – by 50 %. At the same time, coatings 
that include the EVA polymer are characterized 
by greater fire-retardant efficiency and less 
water resistance than coatings containing the 
SA polymer.

It has been shown that intumescent coatings, 
regardless of the nature of the polymer, under the 
conditions of 80 % humidity over 800 days their 
reduce fire-protective properties by an average 
of 10 %. The loss of coating fire resistance occurs 
due to the leaching of pentaerythritol, ammonium 
polyphosphate, and polymer degradation by 
hydrolysis. The admixtures of nanoclays with 
a high degree of exfoliation to the studied 
system create a barrier effect and maximize 
the chemical formulation of the intumescent 
coating. The fireproof properties of coatings with 
organically-modified montmorillonite admixtures 
are maintained or reduced to 5 % under the 
conditions of 80 % humidity over 800 days.

It has been determined that the direct effect 
of water on the coating over a period of more 
than 2 days leads to a significant decrease 
in the swelling coefficient of intumescent 
coatings, regardless of the content of a nanoclay 
admixture in their composition. At the same 
time, the half-decay period of coatings without 
nanoclay, calculated on the basis of solubility 
constant in water, is 0.5  days. For coatings, 
which include the admixtures of organically-
modified nanoclays, the half-decay period 
increases to 2 days.

The results reported in this paper could be 
recommended for designing water-proof fire-
resistant reactive-type nano-coatings with 
prolonged service life
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be regarded as a lack of research into the impact of IC 
nanomodifiers on fire-protective coating effectiveness. 
On the other hand, the multicomponent nature of an 
intumescent coating (APP/MA/PE/polymer/pigment/
filler/flame retardant, etc.), the variability of its thermal 
destructiveness, the lack of the confirmed nano-dimen-
sional structure of a nano admixture in some cases, etc. 
do not contribute to the construction of unified scientific 
approaches and theories.

It should be noted that the issues of the methodology for 
determining the lifetime of the intumescent-type coatings 
are open. This is primarily due to the lack of procedures 
for modeling the conditions of artificial aging for a coating. 
There are also no adequate criteria for determining the 
fire-protective properties of the coating after aging, followed 
by forecasting its service life [4, 5]. National and interna-
tional standards, for example [20], to some extent define 
methodological approaches to determining the durability of 
reactive coatings. However, the proposed tests [20] are time 
consuming and expensive. For a preliminary assessment of 
the resistance of a coating against the influence of external 
factors, it would suffice to determine the degree of maintain-
ing the fire-protective efficiency under the conditions of high 
humidity. According to many researchers [3, 5, 21], it is the 
washing out of soluble components from IC by water that is 
the most common cause of the loss of fire-protective effect of 
reactive coatings. However, information about studies into 
the effects of water on the destruction of intumescent-type 
coatings is limited and not systematic. This applies, first of 
all, to investigating the dependence of coating stability un-
der operating conditions with high humidity on the nature 
of the polymer component. There are also no generalizations 
regarding the role of nanoparticles present in fire protection 
means in increasing the operational characteristics and du-
rability of the coating.

3. The aim and objectives of the study

The purpose of this work is to compare the effect of 
layered silicates (nanoclays) on water resistance and on a 
change in the fireproof efficiency of the intumescent system 
polyphosphate ammonium/melamine/pentaerythritol/tita-
nium dioxide/polymer. This would make it possible to devise 
new approaches to the technology of reactive-type fire pro-
tection coatings with prolonged service life.

To accomplish the aim, the following tasks have been set:
– to determine an interrelation between the nature of 

nanoclays and the fireproof effectiveness of the coating; 
– to study the kinetics of coating solubility in water 

when tested for static immersion; 
– to investigate the effect of nanoclay structure on a 

change in the physical-chemical characteristics of the coat-
ing during operation under the conditions of 80 % humidity.

4. The study materials and methods 

4. 1. Materials and equipment used in the experiment
We have used the following components of IC – am-

monium polyphosphate Exolit AP 422 (Clariant, Ger-
many), micronized pentaerythritol Charmor PM40 (Per-
storp Holding AB, Sweden), melamine (Borealis Agrolinz 
Melamine GmbH, Austria). Titanium dioxide, grade Ti-

2. Literature review and problem statement

One solution to the issue related to increasing the dura-
bility of fireproof coatings is the use of nano-structural flame 
retardants – nano oxides [7], nanoclays [8], boron nano 
compounds [9], and others. Many studies were published on 
improving the operational properties of the coating through 
the use of nanomaterials.

Paper [10] reports a study on the fire-protective effec-
tiveness of an intumescent polyphosphate coating, modified 
by a mixture of phenol-formaldehyde bentonite nanocom-
posite, zinc nano oxide, and cobalt-ferrite layered double 
hydroxides (LDHs). It was established that the coating with 
nano-admixtures demonstrates increased fire resistance 
parameters in terms of corrosion impermeability. However, 
such a complex and multicomponent modification system is 
not considered economically feasible and applicable in the 
industrial production of fire protection means.

A detailed review of the issue related to the durability 
of coatings of the intumescent type with a composition of 
APP/MA/PE is given in [11]. It was shown that the slight-
est changes in chemical composition due to weathering or 
washing significantly reduce the fire-proof characteristics of 
these coatings. However, the review did not provide recom-
mendations on methods and approaches to prolonging the 
service life of fire protection means.

Somewhat unexpected results of testing a fireproof 
coating for steel elements for artificial aging are reported 
in work [12]. It was established that the aging coefficient is 
39.8 % for the sample aged under weathering conditions for 
480 hours. In turn, the sample, aged over 600 hours, almost 
does not show a fireproof effect. The likely reason for such 
conclusions is the inadequateness of the simulated condi-
tions of artificial aging to the conditions under which fire 
protection means are typically operated [13].

Review [14] reports a study into the positive effect of 
nanomaterials on the fire-protective and operational prop-
erties of reactive-type coatings. Nanoparticles significantly 
increase the wear resistance, erosion resistance, and corro-
sion resistance of reactive coatings [15, 16]. It is known that 
depending on the chemical nature, nano admixtures affect 
specific operational properties [14].

However, improving the intumescent coatings by nano-
modification makes sense only if the use of nano admixtures 
does not compromise the effectiveness of fire protection. Ac-
cording to [14], the main directions of the effect of nanomateri-
als in intumescent compositions (IC) of APP/MA/PE formu-
lation should be considered in the following areas:

– the catalysis or inhibition of chemical processes;  
– the creation of barriers to oxygen access to the com-

bustion and migration zone of output gases; 
– participation in the processes of embryo formation and 

carbonization in the structure of the coke frame.
These hypotheses regarding the role of nano admixtures 

in IC are confirmed in the study of intercalated graphite [17], 
montmorillonite, sepiolite [18], titanium nano oxides [8]. It 
was established that nanoparticles contribute to the carbon-
ization of IC components with the formation of a coke layer 
of increased strength and thermal stabilization. In turn, the 
circumstance that nano admixtures have a powerful barrier 
effect is undeniable, which prevents the construction of a 
heat-protective frame and negatively affects the swelling 
coefficient and the thermal insulation properties of the coke 
layer [19]. On the one hand, conflicting literary data should 
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Pure R-902 (DuPont, USA), was used as a flame retardant 
and a fireproof coating pigment. As a polymer component, 
a copolymer of styrene with acrylate (SA), Pliolite AC80, 
manufactured by Omnova Solutions (USA), and polymer 
dispersion of the copolymer of ethylene with vinyl ace-
tate (EVA), Mowilith LDM 1780 (Celanese Corporation, 
USA), were investigated.

The nanoclays manufactured by BYK Additives & In-
struments (Germany) are represented by layered silicates. 
Optigel WA – bentonite Si8Al4O20(ОН)4·nH2O). Ga-
ramite 7305 – a mixture of montmorillonite modified by ben-
zalkonium, [М·nН2O](Аl4-хМgх)Si8O20(ОН)4, and sepiolite 
Mg4(Si6O15)(OH)2·6H2O). Clayton HY, montmorillonite 
modified by tall alkonium. Laponite EP, modified synthetic 
magnesium silicate, an analog of hectorite, whose formula 
is СаО3(Сr3+, Mg2+, Fe2+)2(Si, Al)4O10(OH)2·4H2O. The 
classification of nanoclays is based on the specifications by 
manufacturers.

To identify the composition of coatings and coke resi-
dues, methods of IR spectroscopy were used at the device 
Specord 75 IR; UV spectroscopy, at the Optizen POP spec-
trophotometer. The diffractometer DRON-2 was used for 
X-ray phase analysis. We studied the rheological properties 
of the intumescent composition at the Brookfield DV-III 
rotary rheometer. The washing out of intumescent coating 
components was examined using the Vankel VK 7000 dis-
solving device.

Determining the swelling coefficient of intumescent 
compositions (K, cm3/g) and the mass value of the coke resi-
due (m, %) was described in work [10].

4. 2. Preparation of intumescent compositions
Intumescent compositions were prepared by mixing in the 

laboratory dissolver the components of the intumescent sys-
tem: ammonium polyphosphate, pentaerythritol, melamine, 
titanium dioxide at a ratio of 3.0:1.1:1:0.7 (mass share), 
3.6 mass shares of the SA polymer (in the form of 30 % 
solution in xylol), or 2.2 mass shares of 50 % EVA aqueous 
dispersion. The formulations of the studied intumescent com-
positions are given in Table 1.

We formed films from the intumescent composition by 
pouring it into a plastic mold measuring 30×30×1 mm, which 
was dried for 7‒10 days. After drying to a constant mass, the 
film sample was used for further research.

4. 3. Fire tests
Fire tests of intumescent coatings in a mini furnace under the 

conditions of “standard fire”. For fire tests, a steel plate mea-
suring 300×300×5 mm was painted on one side with a primer 
GF-021 with an average thickness of 80±10 μm. An intumes-
cent composition with an average thickness of 1.50±0.10 mm 
was applied to the plate. The thickness of the coatings was 
measured using the Qnix1500 magnetic thickness gauge. The 
plate was aged at room temperature for at least 20 days. The 
plate was then put in the upper hole of the mini furnace the size 
of 600×600×600 mm with the painted part towards the fire 
exposure. We carried out two parallel tests and determined the 
average temperature on the plate. The error of measurements 
did not exceed 10 %. Control over the conditions of the “stan-
dard fire” and temperature registration on the outside of the 
plate was carried out using the K-type thermocouples and the 
automated measuring and registering complex “Test-1”.

Determining the fire resistance limits of steel plates after 
aging under humidity conditions. Steel plates with intumes-
cent coatings were prepared as described above. The plates 
were put in an airtight desiccator at a constant relative hu-
midity of about 80 %. Humidity conditions were created by 
the use of 23 % sulfuric acid solution in water. The humidity in 
the desiccator was controlled by the hygrometer GM1360A.

After aging the plates in the desiccator for 300 days, and 
at room temperature for 10 days, we determined the limit of 
fire resistance under the conditions of “standard fire” in a 
mini furnace.

4. 4. Testing water-resistance of the coating
Testing at static immersion in water. A sample of the IC 

film measuring 30×30×1 mm was immersed in a container 
with distilled water of 1 dm3. After a certain period, the 
sample was removed from the water, moisture residues were 
carefully removed with filter paper, we aged the sample for 
1 hour at a temperature of 40 °C and weighed it.

A mass change (Δm, %) for each sample of IC was calcu-
lated from the following formula:

0

0

100,em m
m

m
−

∆ = ⋅   (1)

where m0 (g) and mе (g) are the mass of the film before and 
after immersion in water, respectively. 

Table	1

Formulation	(mass	share)	of	intumescent	compositions

ІС No. Nanoclay* АРР/MA/РЕ/TiO2 mass share
Polymer

Brookfield viscosity, Pa·s
EVA, mass share SA, mass share

1 – 1 0.37 – 6.4

2 Optigel WA 1 0.37 – 13.2

3 Garamite 7305 1 0.37 – 12.1

4 Clayton HY 1 0.37 – 11.4

5 Laponite EP 1 0.37 – 18.3

6 – 1 – 0.61 4.5

7 Optigel WA 1 – 0.61 7.3

8 Garamite 7305 1 – 0.61 33.4

9 Clayton HY 1 – 0.61 28.8

10 Laponite EP 1 – 0.61 12.4

Note: *the content of nanoclay in the intumescent composition is 1 % (by weight)
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We carried out two parallel measurements of mass 
changes and determined the mean value. The error of mea-
surements did not exceed 7 %.

Testing under the conditions of constant relative humidity 
of 80 %. 2 liters of 23 % aqueous solution of sulfuric acid in 
water were placed in the desiccator with a capacity of 18.5 li-
ters. Above the surface of the solution, we placed the samples 
of films measuring 30×30×1 mm. At certain intervals, the 
samples were extracted from the desiccator, aged for 1 hour 
at a temperature of 40 °C, weighed, we then determined the 
swell coefficient. K values were obtained from two parallel 
samples followed by determining the mean value. The error 
of measurements did not exceed 10 %.

Humidity in the desiccator was controlled by the hy-
grometer GM1360A.

Measuring the kinetics of dissolving an intumescent coat-
ing in water. A sample of the intumescent coating film of 
30×30×1 mm was dried in a drying chamber at a temperature 
of 50 °C to a constant mass. We dissolved the samples in the 
device for dissolving Vankel VK 7000. The dissolution condi-
tions are as follows: spindle rotation speed, 100rpm; distilled 
water, 300 ml; temperature, 25 °C; dissolving time, 1 h. The 
weighted sample of the film was wrapped in filter paper, 
placed in a basket, we then enabled stirring. At certain in-
tervals, a sample was taken from the water with a syringe 
filter to determine the amount of melamine phosphate (MP) 
by UV spectroscopy at wavelength λ=210 nm. Separate 
experiments have found that when dissolving the APP/
MA/PE/polymer coating, melamine in water is present in 
the form of MP, as evidenced by a maximum absorption 
shift from 235 nm (melamine solution) to 210 nm (solu-
tion of melamine with polyphosphoric acid at a ratio  
of 1:3). Fig. 1 shows the dependence of MP concentration in 
the aqueous phase on the time of dissolution.

The determined concentrations of MP were used to cal-
culate the constant of dissolution of the intumescent coating 
ks (s-1) from the following formula:

[ ]
[ ] [ ]

1
ln ,sat

s

sat

MP
k

t MP MP
=

−
    (2) 

where [MP]sat and [MP], M-1 are the concentrations of MP in 
saturated solution and at the time of sampling t (s).

5. Results of studying the effect of nanoclays on the 
water-resistance of intumescent systems 

5. 1. Relationship between a nanoclay nature and the 
coating fireproof efficiency

Fireproof reactive coatings, whose compositions are giv-
en in Table 1, were tested in a mini furnace under a standard 
fire condition. The purpose of these tests was to determine 
the limit of fire resistance (R) of the steel plate. The ac-
cepted limit of fire resistance was the time of warming up a 
steel plate to 500 °C. The results of this experiment for ICs 
No. 1‒10 are shown in Fig. 2. The content of nanoclays in 
all ICs was the same and equaled 1 %; the thickness of the 
coating on the plates was on average 1.5 mm.

Comparing the data in Fig. 2, a, b shows that coatings 
No. 1–5 (Fig. 2, a), which include the EVA polymer, are char-
acterized by greater fire-resistance efficiency than coatings 
containing the SA polymer (No. 6–10, Fig. 2, b), regardless 
of the presence of nanoclay in IC. This result is a consequence 
of the difference between the mechanisms of thermode-
struction of vinyl acetate [22, 23] and styrene acrylate [24] 
copolymers.

To quantify the structure of the thermal insulation layer, 
whose strength and thermal conductivity plays a decisive 
role in fire protection, it is advisable to use the swell coeffi-
cient (K, cm3/h) [10].

Fig. 3 shows the dependence of K values on the amount of 
nanoclay in IC Nos. 1–5 (Fig. 3, a) and Nos. 6–10 (Fig. 3, b). 
To carry out this experiment, the IC films the size of 
30×30×1 mm, which varied in nanoclay in terms of quantity 
and structure, were aged for 10 minutes at a temperature of 
350 °C. After cooling the samples, we determined a value of 
the swell coefficient (K, cm3/h) as a share of the volume of 
coke obtained to the mass of the starting film.

The data in Fig. 3 demonstrate the determining effect 
of the amount of nanoclay on the thickness of the coke lay-
er formed from IC. In turn, our results call into question 
the established opinion [19] that the optimal amount of 
nanoclay to ensure effective fire protection of IC is 3 %. It 
follows from the derived values K (Fig. 3) that for the or-
ganically-modified montmorillonites Garamite 7305 and 
Clayton HY, a significant decrease in the swell coefficient 
occurs at the content of nanoclay at the level of 1 %.
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Fig.	1.	Dependence	of	melamine	phosphate	concentration	(MP,	M-1)	in	the	aqueous	phase	of	IC	No.	10	(Table	1)		
on	the	time	of	dissolution	(s)
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Fig.	2.	Dependence	of	the	temperature	of	metal	plates	(T,	°С),		
protected	by	intumescent	compositions,	on	the	time	of	exposure	to	the	flame	(min):		

a	–	No.	1–5;	b	–	No.	6–10
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5. 2. The kinetics of coating solubility in water when 
tested for static immersion

This work employed two methods to determine the effect 
of water and air humidity on intumescent coatings:

– tests during static immersion; 
– a prolonged exposure (800 days) to the constant 

relative humidity of 80 %.
The static immersion test was used to assess the 

effect of water on the preservation of intumescent 
properties by thin-film coatings No. 1‒10 with a nano-
clay content of 1 %. The data in Fig. 4 demonstrate 
the differences in weight change curves between the 
IC samples containing the EVA polymer (No. 1–5, 
Fig. 4, a) and those based on SA (No. 6–10, Fig. 4, b).

All tested IC, regardless of the polymer compo-
nent, show the same type of change in their mass 
when immersed in water. First, the mass of the sample 
increases due to the sorption of water by the coat-
ing, then there is a decrease in the mass due to the 
dissolution of the coating and the washing out of IC 
components (Fig. 4).

Table 2 gives the parameters that characterize the 
effect of nanoclays on the dissolution of intumescent 

coatings No. 1–10 in water: the loss of sample weight after 
15 days – Δm15; the start time of the sample dissolution ‒ ts. 
There are also data on the dynamics of change in the swell co-
efficient (K, cm3 /h) during the entire process and the values of 
constants of the dissolution of an intumescent coating ks (s-1).
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Fig.	3.	Dependence	of	the	swell	coefficient	(K,	cm3/g)	of	intumescent	coatings	on	the	content	of	nanoclay	(%):		
a	–	No.	1–5;	b	–	No.	6–10
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Table	2

Test	results	for	ICs	No.	1‒10	at	the	static	immersion	in	water

ІС 
No.*

Δm15, % ts, day
K, cm3/g

ks·104, s-1 τ1/2, day
0 day 2 days 6 days 15 days

1 27 4 51 48 32 3 7.84 0.6

2 16 8 49 52 38 9 3.21 1.5

3 10 10 48 50 42 13 2.91 1.7

4 7 10 45 45 39 14 2.82 1.7

5 22 8 41 44 31 8 5.42 0.9

6 20 6 55 53 34 5 6.62 0.7

7 14 8 47 49 28 10 5.03 1.0

8 7 10 27 31 25 11 2.60 1.9

9 9 10 35 38 30 12 2.54 1.9

10 16 8 50 46 31 10 6.31 0.8

Note: * the content of nanoclay in the system is 1 %



65

Technology organic and inorganic substances

With all the differences in parameters on the effects of water 
on the ICs formed by vinyl acetate (No. 1–5, Table 2) and styrene 
acrylate (No. 6–10, Table 2) polymers, the effect of nanoclays has 
a general tendency to preserve the chemical composition of the 
coating. The resistance to the static action of water decreases in a 
series: Garamite 7305~Clayton HY>Optigel WA>Laponite EP.

5. 3. Effect of nanoclay structure on a change in the 
physical-chemical characteristics of a coating during op-
eration under the conditions of 80 % humidity

Fig. 5 demonstrates the dynamics of change in the swell 
coefficient K for the samples of intumescent coatings with-
out nanoclay (No. 1, 6) and with an admixture of Garamite 
7305 in the amount of 1 % (No. 3, 8) with prolonged expo-
sure to a relative humidity of 80 %.

After aging the samples for 800 days, there is a decrease 
in the value of K compared to the original compositions: for 
IC No. 1 and No. 6, by 33 and 30 %, and for IC No. 3 and 
No. 8, by 16 and 14 %, respectively.

The results of the experiment to determine a change in 
the mass of IC samples for 800 days at a relative humidity 
of 80 % are given in Table 3.

The degree of decrease in the value of K, as well as data 
on the reduction of the mass of samples within 800 days, 
indicate a slight change in the chemical composition of the 
coating during the tests.

Results from fire tests of the steel plates protected by 
intumescent coatings No. 1–10, after aging at a relative hu-
midity of 80 % for 300 days, dependent on the time of flame 
action are given in Table 4.
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Fig.	4.	Change	in	the	mass	(Δm,	%)	of	intumescent	coatings	over	time	(24	hours)	at	the	static	immersion	in	water:		
a	–	No.	1–5;	b	–	No.	6–10
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Table	3

Change	in	the	weight	(Δm,	%)	of	samples	of	intumescent	
coatings	after	aging	at	a	relative	humidity	of	80	%

Aging time, 
day

çm, %*

No. 1 No. 3 No. 6 No. 8

20 +3.23 +1.85 +2.33 +1.45

50 +5.08 +2.29 +3.18 +1.97

100 +5.32 +2.45 +4.32 +1.05

200 –0.34 +0.61 +0.24 +0.42

300 –3.31 –0.53 –0.42 –0.21

500 –5.02 –3.06 –3.15 –2.28

800 –5.42 –3.54 –4.84 –3.09

Note: * “+” – weight gain; “–” – weight reduction

Fig. 6 shows the dependence of the swell coefficient K of 
intumescent coatings on the viscosity of the initial fireproof 
paints No. 1–10.

Table	4

Fire	resistance	limit	of	intumescent	compositions	No.	1–10	
before	(R)	and	after	(R1)	aging	at	a	relative	air	humidity	of	

80	%	for	300	days

ІС No. 1 2 3 4 5 6 7 8 9 10

Fire resis-
tance limit 

(R), min
34 41 44 39 37 22 27 29 32 25

Fire resis-
tance limit 
(R1), min

30 38 44 37 33 20 25 28 31 23

ΔR, % 12 7 0 5 11 9 7 3 3 8

These results indicate a significant impact of the nano-
clay structure at the coating formation stage, both at the 
stage of obtaining fireproof material and during operation in 
terms of resistance to external factors.

Fig.	5.	Dependence	of	the	swell	coefficient	(K,	cm3/h)	of	intumescent	coatings	on	aging	time	(day)	
	at	a	relative	humidity	of	80	%
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6. Discussion of results of studying the effect of 
nanoclays on the water resistance and fireproof efficacy 

of intumescent coatings 

6. 1. Fireproof efficiency of an intumescent system
The dependences of the temperature of steel plates 

protected by intumescent coatings No. 1–10 on the time of 
flame action (Fig. 2) demonstrated in all cases an increase 
in the limit of fire resistance (R, Table 4) when nanoclays are 
added to ICs.

It should be noted that the coatings based on the SA 
polymer (No. 7–10) are more sensitive to the effect of the 
nano admixture: the fire resistance of IC No. 9 (with Clay-
ton HY, R=32 min, Table 4) is 50 % larger than the fire 
resistance of IC, which does not contain nanoclay (No. 1, 
R=22 min, Table 2). For IC with the polymer EVA, the 
analogous difference between the fire resistance of sys-
tems No. 3 (with Garamite 7305, R=44 min, Table 2) and 
No. 1 (without nanoclay, R=34 min, Table 2) is 30 %. The 
main reason for the positive effect of nanoclays on the 
thermal resistance and fire-protective efficiency of IC is 
the structuring of the thermal insulation layer with the 
introduction of metal and silicon atoms into the polymer 
coke residue [10, 23]. It is the presence of metalloid and 
silicon structures in the thermal insulation layer that 
leads to a slowdown in its thermal destruction in the tem-
perature range of 500–700 °C [7, 8].

The nature of change in K in the presence of nanoclays in 
IC (Fig. 3) demonstrates a significant dependence not only 
on the concentration and nature of the nanoclay used but also 
on the structure of the polymer. If we consider the magnitude 
of IC swelling as the determining factor of the fire-protective 
efficiency of a reactive coating, then the results in Fig. 2, 3 
allow us to highlight some general trends in the impact of the 
quantity and structure of nanoclays:

– for EVA-based IC (Fig. 3, a), the admixtures of Op-
tigel WA, Clayton HY and Garamite 7305 are effective in 
the amount of up to 2 % (optimally, 0.3 %), as well as the 
synthetic hectorite Laponite EP in the amount of up to 
0.6 % (optimally, 0.3 %);

– for SA-based IC (Fig. 3, b), the organically-modified 
clays Clayton HY and Garamite 7305 provide relative 
preservation of K at nanoclay concentration of up to 0.3 %, 
Laponite EP ‒ to 5 %, and Optigel WA ‒ to 3 %.

This study does not examine the mechanisms behind 
the effect of nanoclays on multiple aspects of fire protec-
tion. However, our results make it possible to determine 
the relationship between the swell coefficient K and the 
degree of distribution of the nano admixture in an intu-
mescent composition. Table 1 gives the values of viscos-
ity (Pa·s) for intumescent compositions No. 1–10, which 
could be considered as a measure of the distribution of 
nanoclay throughout the volume of IC, and, accordingly, 
the degree of structuring of the coating and the coke layer 
formed from it.

The results reported here can be interpreted in terms of 
increasing the contribution of the barrier effect of nanoclay 
in systems with high viscosity. Such systems are charac-
terized by a large extent of dispersing and achieving the 
exfoliated state of nanoclays in the system. Multiple layers 
of dispersed silicates are an obstacle to the release of gases 
from the intumescent coating, and, accordingly, lead to a 
decrease in the swell coefficient. It is obvious that it is the 
ability of nanoclays to exfoliate in IC that determines the 

above-observed dependences of the fire-protective efficiency 
of IC both on the nature of the applied layered silicate and 
its quantity.

6. 2. Destruction of a fireproof coating under condi-
tions of static immersion

Comparing the results shown in Fig. 4 reveals two main 
conclusions:

– SA polymer-based ICs are more resistant to water than 
similar EVA polymer-based ICs. Over 15 days of immersion 
in water, the sample of IC No. 1 (containing EVA) loses 27 % 
of its original mass. At the same time, the loss of mass by 
sample No. 6 (containing SA) is 20 %;

– the admixtures of nanoclay in IC reduce by 3‒4 times 
the solubility of the intumescent coating in water. Moreover, 
the loss of mass by samples depends on the structure of the 
introduced nanoclay.

The results obtained during the tests of ICs No. 1‒10 at 
the static immersion in water are quantitatively consistent 
with the constants of dissolution of intumescent coating 
ks (s-1) determined from formula (2). The ks values make it 
possible to predict the half-decay period (τ1/2, day) of the 
examined ICs (Table 2).

The above calculations lead to the conclusion that for 
both types of polymers, the greatest resistance to water is 
detected by IC with organically-modified bentonites – Ga-
ramite 7305 and Clayton HY. This behavior of nanoclays to 
some extent contradicts the established recommendations 
for the use of nanoclays to control the rheological proper-
ties of paints and varnishes. As a rule, for water-dispersion 
paints (No. 1–5), hydrophilic silicates (for example, Op-
tigel WA, Laponite EP) are considered the most optimal 
admixtures. At the same time, for paints containing organ-
ic solvents (No. 6–10), hydrophobic organically-modified 
nanoclays such as Garamite 7305 and Clayton HY should 
be effective.

The likely reason for such inconsistencies is the ability 
of nanoclays to exfoliate in IC, which depends on the size 
of the basal interval d – the interlayer distance between 
the silicate mono plates of nanoclays. According to X-ray 
phase analysis, the values of d decrease in the series Ga-
ramite 7305 (2.37 nm)>Clayton HY (2.24 nm)>Laponite EP 
(1.41 nm)>Optigel WA (1.21 nm). Given that the studied ICs 
are highly filled compositions, we can assume that the polar 
properties of the medium (water or organic solvent) in such 
compositions would be partially neutralized. Therefore, it is 
the value of basal intervals, rather than the chemical nature 
of the nanoclay, that plays a decisive role in the degree of dis-
tribution (exfoliation) of the nano component in the volume 
of paint and varnish material.

The conclusions of this part of this study, despite the 
above generalizations, make it possible to emphasize the im-
portance of the individual selection of the nanoclay structure 
in accordance with the nature of the polymer and the type 
of IC.

6. 3. Change in the fireproof coating efficiency under 
conditions of 80 % humidity

It is known that intumescent coatings of the reactive 
type (except for epoxy and polyurethane) are recommend-
ed for use in closed premises with fluctuations in the rel-
ative humidity to 70 %. When applying a protective layer, 
the recommended air humidity can be up to 80 %. There-
fore, the results of tests when immersed in water should be 
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considered only as a demonstration of the 
positive effect of nanoclays on the water-re-
sistance of an intumescent coating under 
extreme conditions.

The loss of mass by the coatings (Δm, %) 
based on EVA (No. 1, 3, Table 3) over 
800 days of sample aging under the condi-
tions of 80 % humidity slightly exceeds sim-
ilar values for SA-based coatings (No. 6, 8, 
Table 3). The maximum values of Δm in the 
experiment are on average 5 %. At the same 
time, for both compositions, the presence of 
nanoclay in the coatings (No. 3, 8, Table 3) 
reduces weight loss by an average of 35 % 
compared to coatings No. 1, 6. The decrease 
in mass associated with the washing out 
of coating components is observed after 
200 days of aging the samples that do not 
contain nanoclay, and after 300 days for 
samples that include nanoclay.

Determining the limit of fire resistance 
of steel plates (R1, Table 4) after aging un-
der the air humidity conditions of 80 % for 
300 days is consistent with the data shown 
in Fig. 5 and Table 3. In a general case, the 
presence of nanoclays in IC increases the 
fireproof properties of the coating by 5‒10 % 
compared to IC without nanoclay. The degree of change in 
the fire-resistant limit (ΔR=(R/R1×100, %, Table 3) depends 
on the chemical nature of the nanoclay. When adding the 
organically-modified clays Garamite 7305 and Clayton 
HY, the reduction of fire-retardant efficiency ΔR after ex-
posure to moisture is from 0 (No. 4, Table 3) to 6 % (No. 9, 
Table 3). In turn, the admixtures of the clay Laponite EP 
(No. 5, 10, Table 3) provide a decrease in the parameter R, 
compared to IC No. 1 and No. 6 without nanoclays. The 
simplest explanation for such differences in the effect of 
nanoclays on the fire-protective effectiveness of IC after 
exposure to moisture is the manifestation of a barrier effect, 
which, as shown above, depends on the individual structure 
of the nanoclay. The greater the ability to the exfoliation 
and distribution of nanoclay, the greater its barrier proper-
ties appear, creating obstacles to the washing out of compo-
nents from the intumescent coating.

An example of IC No. 3, which demonstrated the best re-
sult in maintaining the value of R (No. 3, Table 3), was used to 
study the chemical composition of samples at the end of water 
resistance tests. Fig. 7 shows the IC No. 3 IR-spectra before 
(spectrum 1, Fig. 7) and after exposure to 80 % humidity 
for 800 days (spectra 2, 3, Fig. 7), as well as after immersion 
in water for 15 days (spectra 4, 5, Fig. 7). We identified the 
chemical composition of IC according to the absorption bands 
typical of the APP/MA/PE/EVA mixture.

Spectrum 1 in Fig. 7 (IC No. 1 before testing) contains 
characteristic absorption bands: 2,880–2,950 cm-1 the va-
lence fluctuations of -CH-, -СН2 groups in the polymers 
EVA and PE; the band of 1,730‒1,720 cm-1 corresponds to 
the carbonyl group of the polymer; the band of 3,321 cm-1 
belongs to the O-N group in PE, the bands of 3,155 cm-1 
and 1,650 cm-1 indicate the N-H group, and the band of 
1,435 cm-1 – a CN bond in MA; the band of 1,247 cm-1 
corresponds to the group P=O, and the bands of 1,070 cm-1 
and 1,016 cm-1 belong to the P-O-P bond of ammonium 
polyphosphate.

Comparing spectrum 1 (Fig. 7) to the spectrum of IC 
No. 3 after exposure for 800 days at a relative humidity of 
80 % (3, Fig. 7) shows that the effects of moisture practically 
did not change the chemical structure of IC No. 3 that includ-
ed the Garamite 7305 nanoclay. Spectrum 3 demonstrates the 
absorption bands almost identical to the original composition 
both in terms of a wavenumber value and a peak intensity. 
In spectrum 2 (IC No. 1 without a nanoclay admixture), we 
can note a decrease in the absorption peaks of all three main 
components ‒ APP, MA, and PE. This situation is evidence 
of the washing out of the main components of IC under the 
conditions of humidity of 80 %. In turn, the data on spectra 4 
and 5 demonstrate a significant change in the formulation of 
the original composition of IC No. 1 after immersion in water 
for 15 days, both in the presence of nanoclay (spectrum 5, 
Fig. 7) and in its absence (spectrum 4, Fig. 7). The main 
difference between IC No. 1 without an admixture of nano-
clay (spectrum 4, Fig. 7) is the presence of PE in the form of 
traces (the band is 3,321 cm-1), as well as the EVA polymer  
(a slightly pronounced peak at 1,728 cm-1). The most likely 
way to reduce the polymer content is its acid hydrolysis un-
der the action of protons of phosphoric acid and water. For 
IC No. 1 with an admixture of Garamite 7305 (spectrum 5, 
Fig. 7) the bands of hydroxyl groups of PE and a carbonyl 
group of EVA are expressed more clearly and, in conjunction 
with the values of the swell coefficient K (Table 2, 15 days), 
indicate the positive effect of nanoclay admixtures on the 
preservation of the integrity of an intumescent coating even 
under the conditions of prolonged immersion in water.

The data reported here allow us to argue that the addi-
tion of nanoclays to the composition of intumescent coatings 
prevents changes in the chemical composition of samples 
under the influence of moisture. Dissolution of the fire 
protection agent begins with migration from the coating of 
PE, APP, and polymer degradation. In IC, in the presence 
of nanoclay, these processes occur more slowly due to the 
action of the barrier effect.
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Fig.	7.	IC	IR-spectra	after	water	resistance	tests:	1	–	IC	No.	1;	2	–	IC	No.	1;	
3	–	IC	No.	3	after	exposure	to	80	%	humidity	for	800	days;	4	–	IC	No.	1;		
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Our results could be used in the development of water-
proof fire-retardant nano-coatings for steel structures based 
on the IC with an APP/MA/PE/polymer composition. 
At the same time, to increase the water-resistance of the 
coating without reducing its fire-protective efficiency, an 
individual choice of nanoclay is extremely important, taking 
into consideration the dependence of the swell coefficient of 
a particular IC on the nature of the nanoclay used and its 
quantity. There is a high probability of a conflict between the 
intensity of swelling and the magnitude of the barrier effect. 
In case the second factor prevails, the mechanism of action 
of an intumescent coating could be completely depressed.

The further area of research into the impact of nanoclays 
on the fireproof and operational characteristics of reactive 
fire protection means is the accumulation of experimental 
material. Of particular interest are the results on the vari-
ation in both the structure of nanoclay and, first of all, in 
the nature of the polymer component of IC, as well as the 
conditions of climate tests. The availability of such studies 
would form the basis for systematization and generalization 
in order to design environmentally resistant intumescent 
coatings.

7. Conclusions

1. We have determined the influence of the structure and 
quantity of nanoclays as the admixtures to the intumescent 
system of ammonium polyphosphate/melamine/pentaeryth-
ritol/polymer (ethylene vinyl acetate or styrene acrylate) 
on ensuring maximum fire protection efficiency. It has been 
shown that for intumescent systems based on EVA, the ad-
mixtures of unmodified and organically-modified bentonites 

in the amount of up to 2 %, as well as synthetic hectorites in 
the amount of up to 0.6 %, are effective. For SA-based intu-
mescent systems, organically-modified bentonite clays at a 
concentration of up to 0.3 % are the best.

2. Immersing intumescent coatings in water for a period 
of more than 2 days leads to a significant decrease in the swell 
coefficient, regardless of the content of the nano admixture. 
At the same time, the half-decay period of coatings without 
nanoclay, calculated on the basis of solubility constant in 
water, is 0.5 days, and, for coatings that have the admixtures 
of organically-modified nanoclays, it increases to 2 days. 
The most effective admixtures in the class of nanoclays to 
intumescent compositions, providing for the maximum indi-
cators of fire and water resistance, are organically-modified 
montmorillonites.

3. An intumescent coating during operation under the 
conditions of 80 % humidity begins to lose its fireproof 
efficiency after 200 days. The loss of fire resistance by the 
coating occurs due to the leaching of pentaerythritol, ammo-
nium polyphosphate, and polymer degradation by hydrolysis. 
Operating the coating under these conditions over 800 days 
reduces the fireproof properties of the fire protection agent 
by an average of 10 %. Admixtures to the investigated system 
of the organically-modified nanoclays of a montmorillonite 
series with a high degree of exfoliation create a barrier effect 
that preserves the chemical composition of the intumescent 
coating. In this case, within 800 days under the conditions 
of 80 % of air humidity, the fireproof properties of the coat-
ing remain unchanged or reduced to 5 %. The proposed 
approaches to using nanoclays in order to increase fire-pro-
tective efficiency and operational properties of intumescent 
coatings could be used as promising in the development of 
durable reactive-type fire protection coatings.
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