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ABSTRACT
Introduction. Despite significant progress in the creation of high quality polymer composites with a unique combination of key 
indicators, some issues in this area have not been fully studied. This paper presents the results of research on the structure of materi-
als based on epoxy-coal binder and analysis of physical and mechanical properties at the microstructure level, which are influenced 
by various factors: the quantitative content of modifying additives and various fillers, the degree of particle dispersion, their size 
and shape. It has been revealed that nanoscale particles are one of the potential modifiers of the microstructure of composites. 
Materials and methods. As part of the experiment, composites were studied, in which ED-16 epoxy resin modified with coal tar 
was used as the main binder. Polyethylene polyamine served as a hardener. Reduction of viscosity and plasticization of composi-
tions was achieved through the use of gasoline, acetone, turpentine, white spirit, dibutylphthalate, etc. Quartz sand, fine powders 
of brick, marble, glass, limestone, and in addition, Portland cement were used as fillers. Two nano additives were used: carbon black 
and carbon nanotubes. Standard techniques were used to reveal the mechanical characteristics. Physicochemical investigations 
were carried out by IR spectroscopy. Tests of samples for fungus resistance and fungicidal properties were carried out in accordance 
with the State Standard (SS) 9049-91. Results. The results of composite tests are presented in the form of spectrograms, graphical 
dependencies, and tabular data. Discussion. The results of analyzing the obtained experimental data are presented. The optimum 
content of polyethylene polyamine for curing of epoxy-coal compositions has been determined. The following has been established: 
the physical and mechanical properties of composites depend to a great extent on the nature of the solvent, and changes in wide 
ranges have been recorded. It has been determined that the properties of composite materials are seriously influenced by the dis-
persity and quantitative content of the filler. The expediency of nano-additives application in epoxy compositions has been revealed. 
In the course of the experiment the dependences of the change of chemical resistance and biological resistance of composites on 
the type and quantitative content of the modifying additive, on the nature of the filler were determined. Conclusions. Modified 
epoxy-coal composites with the use of multilevel fillers and additives have been developed. This makes it possible to increase the 
strength, increase the deformability and crack resistance of building materials composites for operation, which is very important 
under the influence of chemical and biological aggressive environment.

KEYWORDS: polymer composites, epoxy resin, coal tar, solvents, fillers, nanoparticles, strength, deformability, chemical and bio-
logical resistance, durability.
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INTRODUCTION 

Various polymeric materials are widely used in the con-
struction industry, the increase in the use of which 

is achieved through the synthesis of new and modifica-
tion of large-tonnage polymers already mastered by the 
industry [1, 2, 3, 4]. 

A large number of works by Russian and foreign au-
thors are devoted to the theoretical issues of creating, 
evaluating the properties and predicting the durability of 
polymer materials [5, 6, 7, 8, 9]. Thus, the monograph [5] 
analyzed various structures, including cluster, lattice and 
framework structures, of polymer composite materials 
based on synergetic, which is a new discipline related to 

CC BY 4.0

Vladimir T. Erofeyev1 , Andrey D. Bogatov2* , Irina E. Kondakova2 , Viktor I. Ivlev2 ,  
Vyacheslav A. Yudin2 , Viktor V. Afonin2 
1 National Research Moscow State University of Civil Engineering, Moscow, Russia 
2 N.P. Ogarev Mordovian State University, Saransk, Russia

* Corresponding author: e-mail: bogatovad@list.ru

http://nanobuild.ru/ru_RU/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8407-8144
https://orcid.org/0000-0001-9070-9870
https://orcid.org/0009-0000-9362-6974
https://orcid.org/0000-0003-0588-6341
https://orcid.org/0000-0002-6136-5711
https://orcid.org/0000-0001-7976-9792


http://nanobuild.ru info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2024; 16 (6): 
533–548

534

CONSTRUCTION MATERIALS SCIENCE

the study of self-organizing temporal and spatial forma-
tions in complex disordered systems of different nature 
and mechanics of composite materials. Finite element 
modeling of interfacial bonding of polymer concrete com-
ponents was performed in the study [7]. In the boundary 
layers, the polymer forms a structure and properties dif-
ferent from those in the volume, which are heterogeneous 
in thickness of these layers. This causes hardening of the 
polymer adhesion to the filler surface [1]. The paper [6] 
presents the results of research on studying the resistance 
of composites to aggressive environments and the de-
velopment of ways to increase it. Expressions allowing 
to estimate the resistance of composites to the action of 
the environment during their manufacture and operation 
depending on time, product dimensions, permeability 
and chemical interaction parameters have been obtained. 
The theoretical foundations of the proposed methods 
of protecting composites from the impact of aggressive 
environment have also been developed. The paper [10] 
presents the most complete theoretical issues related to 
the research of bio-damage and methods of increasing 
the biostability of materials, including consideration of 
destruction mechanisms, modeling of biodegradation, 
and predicting the durability of materials.

It is known that the most effective application of poly-
meric building materials is achieved when their increased 
chemical resistance is required [8, 11, 12].

In buildings with aggressive environments the most 
durable are polymer concretes, anti-corrosion protective 
coatings, etc. are the most durable. [6, 13, 14, 15, 16, 17]. 

Of the wide class of binders used to make polymer con-
cretes, epoxy resins are the most in demand [19, 20, 21, 
22, 23]. Polymer composites created on their basis have 
universal resistance to active chemical exposure [24, 25, 
26]. It is important to note that significant problems dur-
ing operation are caused by the increased brittleness of 
these materials, which is associated with the formation of 
a dense spatial grid during curing. Reducing the density of 
crosslinking is possible due to the introduction of modifiers 
containing flexible long chains into the composite [27, 28, 

29]. Rubbers, phthalates, bitumen, coal tar, etc. are used 
as modifiers [30].

As protective coatings on concrete, reinforced con-
crete and metal surfaces epoxy-coal composites have 
demonstrated reliability and rather high efficiency. This 
problem is in the center of attention of researchers, but 
at the same time the structure formation, optimization of 
compositions and technology of manufacturing of these 
composites are studied in insufficient degree. The solu-
tion of these problems will allow to expand the practice 
of application of these materials. A very important quality 
of anticorrosive coatings is the resistance of materials in 
chemically and biologically aggressive environments. In 
the current situation, the improvement of polymer com-
posite materials is associated with the study of objects 
created according to the principle of multicomponent 
structures at various dimensional levels [7, 31, 32, 33]. The 
study of the role of special additives in the plasticization 
of epoxy compositions in the framework of our research 
was carried out in combination with various fillers. One 
of the potential microstructure modifiers is nanoscale 
particles [9, 34, 35].

MATERIALS AND METHODS 

Binders, hardeners, modifiers

Epoxy resin of the ED-16 brand (GOST 10587-84). 
Polyethylene polyamine (PEPA) (Technical Requirement 
(TR)-6-02-594-85) was used as an epoxy resin hardener, 
and coal tar (SS 4492-65) was used as a modifier.

Solvents, plasticizers

Gasoline (SS 2084-77), acetone (SS 2768-84), solvent 
646 (SS 18188-72), diesel fuel (SS 305-82), turpentine 
(SS 1571-82), white spirit (SS 3134-78), dibutyl phthalate 
(SS 8728-66).

The fillers used in the experimental studies are pre-
sented in Tables 1 and 2.

Table 1 
Chemical composition of fillers

№ Type of filler 
or aggregate

Chemical composition

SiO2 Al2O3 Fe2O3 СaO MgO SO3

Other 
compounds

1 Quartz sand 91.93 5.36 0.56 0.04 0.9 0.2 1.01
2 Brick rubble 55–80 5–15 3–15 25 3 3 15
3 Limestone sand 3.1–8.2 1.9–3.6 0.4–3.0 49–50 0.6–1.3 – –
4 Marble powder 26 – 0.05–0.8 40.6–55.5 10 0.5 32
5 Crushed glass 68.5–72.9 1.0–1.5 – 5.0–6.0 3.2–3.7 – 16.8–22.3
6 Portland cement 23.08 5.45 2.99 66.91 1.42 0.15 –
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Nanoscale fillers: carbon black (soot) of the P234 
brand and carbon nanotubes “Tuanit-M” manufactured 
by Nanotechcenter LLC. The structure of the cured com-
positions was studied by the method of semi-quantitative 
Fourier-IR spectroscopy (it makes it possible to estimate 
the change in reactive groups in the polymer structure by 
changing the optical density at the characteristic absorp-
tion bands of bonds). The IR spectra of the samples were 
recorded on the Fourier spectrometer InfraLUM FT-02. 
A universal Autograph Shimadzu AG-X series testing 
machine with a load-strain diagram was used for me-
chanical testing of samples. Parameters such as compres-
sive strength, bending strength, and modulus of elasticity 
were determined using standard methods. The control 
of the test process and the preliminary processing of the 
obtained data were carried out using TRAPEZIUM X×1 
software. The samples were tested for fungal resistance 
and the presence of fungicidal properties in accordance 
with SS 9049-91. Species of micromycetes used as test 
organisms: Asperqillus oryzae (Ahiburq) Cohn, Asperqil-
lus niqer vqn Tieqhem, Asperqillus terreus Thom, Chae-
tomium qlobosum Kunze, Paecilomyces varioti Bainier, 
Penicillium funiculosum Thom, Penicillium chrysoqe-
num Thom, Penicillium cyclopium Westlinq, Tricho-
derma viride Pcis, ex Fr. Methods 1 and 3 were used in 
the tests. Accelerated tests on the biostability of polymer 
composites were carried out in a model microbiological 
environment including aqueous solution of citric acid and 
hydrogen peroxide of various concentrations according 
to [10].

RESULTS AND DISCUSSION 

According to the results of studies conducted by IR 
spectroscopy (Fig. 1–3), it was concluded that when coal 
tar and bitumen were introduced into epoxy resin and 
cured with polyethylene polyamine, no qualitative chang-
es in the IR spectra of the cured samples were observed. 
In the samples with dibutyl phthalate, the appearance of 
a new absorption band at 1724 cm-1 which characterizes 
the absorption of carbonyl group in the ester group of 
dibutyl phthalate itself, was recorded.

In order to quantitatively compare the obtained spec-
tra, the intensities of the most characteristic band for the 
epoxy group at 3001 cm–1 (bands at 914 and 864 cm–1 are 
less characteristic, since in these areas absorption of skel-
etal vibrations of the polymer may be superimposed) using 
the absorption of “pulsation” vibrations of the aromatic 
ring at 1508 cm–1 as an internal standard. The results are 
shown in Table 3.

It follows from the data of the presented table that when 
dibutyl phthalate is used, the intensity of the absorption 
band at 3001 cm–1, characterizing the content of free epoxy 
groups in the cured composite, increases in comparison 
with the composite without additives (0.050 and 0.046 
respectively), which is evidence of the reduction of spatial 
cross-links in the presence of dibutyl phthalate. Addition-
ally, due to the introduction of coal tar and bitumen in the 
composite, the density of spatial crosslinking is reduced.

It follows from the data of this table that in the pres-
ence of dibutyl phthalate the intensity of the absorption 
band at 3001 cm–1, characterizing the content of free ep-
oxy groups in the cured composite, increases compared to 
the composite without additives (0.050 and 0.046, respec-
tively). This indicates a decrease in spatial cross-linking 
in the presence of dibutyl phthalate. The introduction 
of coal tar and bitumen into the composite additionally 
decreases the density of spatial crosslinking.

These facts indicate that the additives used in epoxy 
compositions at low-temperature amine curing perform 
the role of plasticizers, distributing between the elements 
of the epoxy composition structure and thus facilitating 
the mutual movement of macromolecule aggregates. Plas-
ticizing ability increases in the following series: dibutyl 
phthalate < coal tar < bitumen. The results of mechanical 
tests of samples show that the studied additives increase 
the elasticity but decrease the strength of epoxy compos-
ites in the above series. This fully confirms the conclusions 
obtained in the present study. 

In order to establish the optimum hardener content 
in epoxy-coal composites, studies were carried out us-
ing mathematical planning method of experiment. The 
Kono plan including 9 experiments was used as a planning 
matrix, which is a full factorial experiment 32. The fol-

Table 2
Values of filler densities

№ Type of filler or aggregate True density, g/cm3 Bulk density, g/cm3

1 Quartz sand 2.56 1.45
2 Brick rubble 1.6–1.8 1.3
3 Limestone sand 1.8 1.23
4 Marble powder 2.6–2.8 1.4–1.55
5 Crushed glass 2.4–2.6 0.82–0.95
6 Portland cement 3.1 1.1
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Fig. 1. IR spectrum of ED-16 epoxy resin modified with coal tar (10 wt.h.) and cured with PEP (10 wt.h.)  
(Area 500–4000 cm–1)

Fig. 2. IR spectrum of ED-16 epoxy resin modified with bitumen (10 wt.h.) and cured with PEP (10 wt.h.)  
(Area 500–4000 cm–1)
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lowing factors were chosen as varying factors: quantitative 
content of coal tar and polyethylene polyamine.

In the framework of the experimental study compos-
ites were considered, where as the main binder was used 
the epoxy resin of ED-16 brand modified with coal tar in 
the amount from 5 to 15%. The filler was quartz sand in 
the amount of 300 wt.h. per 100 wt.h. of epoxy resin. The 
hardener – polyethylene polyamine – was introduced into 
the composition in the amounts of 7.5; 10; 12.5 wt.% per 
100 wt.% of epoxy resin.

Based on the analysis of the results of studies of the 
strength properties of epoxy-carboniferous composites, 
the optimal content of PEP for curing epoxy-carbonif-
erous composition was determined: 10–11 wt.h. (Fig. 4).

To determine the change in the modulus of elasticity of 
epoxy-coal composites, samples with the content of coal 
tar from 0 to 40 wt% per 100 wt% of epoxy resin were used. 
Quartz sand of 0.315–0.63 mm coarseness was used as a 

filler, the quantitative content of which was assumed to be 
300 wt.hr. According to the results of the experiment, it was 
concluded that the elastic modulus decreased 8 times with 
increasing the modifier content from 0 to 40% (Fig. 5).

Experimental studies of mechanical properties of ep-
oxy-coal composites using quartz sand and finely ground 
marble as fillers have been carried out. The following 
factors were considered as variable factors: quantitative 
content of hardener (polyethylene polyamine), coal tar 
content, filler size, degree of filling and a factor taking 
into account the degree of interaction (type and ratio) 
of fillers. The listed factors and their variation levels are 
given in Table 4, the planning matrix and the experimental 
results are given in Table 5.

In order to clarify the maximum and minimum me-
chanical properties of the investigated composite, a model 
planning matrix was created taking into account the first 
four factors, as well as their possible interactions. The 

Fig. 3. IR spectrum of ED-16 epoxy resin modified with dibutyl phthalate (10 wt.h.) and cured with PEP (10 wt.h.) 
(Area 500–4000 cm–1)

Table 3 

Additives (wt. h.)
None Dibutyl phthalate (10) Coal tar (10) Bitumen (10)

ED-16 0.087 – – –
ED-16 + PEPA (10 мас. ч.) 0.046 0.050 0.053 0.059
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computer programme [36] was used to determine the 
coefficients of the regression equation taking into account 
the interaction of factors. The notation of factors and their 
interactions is as follows:

Х0, Х1, Х2, Х3, Х4, (Х1●Х2), (Х1●Х3), (Х1●Х4),
(Х2●Х3), (Х2●Х4), (Х3●Х4), (Х1●Х2●Х3),
(Х1●Х2●Х4), (Х1●Х3●Х4), (Х2●Х3●Х4), 
(Х1●Х3●Х4), (Х2●Х3●Х4), (Х1●Х2●Х3●Х4),

where X0 is identically equal to one.

After deriving the regression equations for Rcompr, Rbend., 
Eelast.. using [36], cubic interpolation (Makima method) 
of the regression equations was performed. This made it 
possible to determine more accurate maximum values of 
the compressive strength (Rcompr), bending strength (Rbend) 
and modulus of elasticity (Eelast.). The results of calcula-
tions are presented in Table 6.

According to the results of ranking of average values of 
all considered indicators it was concluded that the effect 
of factor X4 is insignificant for all indicators, factor X1 is 
insignificant for compressive strength, tensile strength in 

Fig. 4. Dependence of compressive strength (a) and flexural tensile strength (b) of composites on the quantitative con-
tent of coal tar and hardener

Fig. 5. Dependence of elastic 
modulus of epoxy-coal compos-
ites on the coal tar content
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Table 6
Results of determination of maximum physical and technical properties of the composite

Maximum
physical and technical 

properties

Maximum values 
for the matrix planning

effects-wise
interaction, MPA

Coded values factors of the planning matrix
taking into account interaction effects

Maximum Rсж 58,4827 1    1    1    1    –1    1    1    –1    1    –1    –1    1    –1    –1    –1    –1

Maximum Rизг. 15,6863 1    –1    1    1    1    –1    –1    –1    1    1    1    –1    –1    –1    1    –1

Maximum Еупр. 177,2901 1    1    1    –1    –1    1    –1    –1    –1    –1    1    –1    –1    1    1    1

Table 4 
Factors and levels of their variation

№ Factors Denominations
Factor levels

+1 –1

1 Hardener content, (wt.h.) Х1 10 5
2 Coal tar content, (wt.h.) Х2 20 0
3 Filler coarseness Х3 0.315–0.63 0.14–0.315
4 Binder filling degree Х4 1:3 1:1

5 Factor considering the degree of interac-
tion, (type and ratio) of filler material Х5

А: quartz sand 100%
В: marble-based sand 100%,

С: А-75%, В-25%,
Д: А-50%, В-50%.

Table 5 
Planning matrix and experiment results

№
п/п

Planning matrix Physical and technical properties 
in MPa

Х1 Х2 Х3 Х4 Х5 Rcompr. Rbend., Eelact,

1 +1 +1 +1 +1 А 49.7 14.9 50.6
2 –1 +1 +1 +1 С 57.6 15.0 173.8
3 +1 –1 +1 +1 В 35.2 8.5 118.4
4 –1 –1 +1 +1 Д 52.7 8.2 42.63
5 +1 +1 –1 +1 В 39.2 11.7 51.2
6 –1 +1 –1 +1 Д 54.9 11.7 145.3
7 +1 –1 –1 +1 С 29.6 8.0 55.0
8 –1 –1 –1 +1 А 30.6 6.1 69.3
9 +1 +1 +1 –1 С 57.9 13.5 126.9

10 –1 +1 +1 –1 А 41.9 11.2 157.8
11 +1 –1 +1 –1 Д 35.3 5.6 159.5
12 –1 –1 +1 –1 В 44.8 7.4 117.4
13 +1 +1 –1 –1 Д 54.6 14.9 177.1
14 –1 +1 –1 –1 В 27.6 6.9 95.7
15 +1 –1 –1 –1 А 20.5 2.9 61.4
16 –1 –1 –1 –1 С 27.8 4.8 54.5
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bending, X3 is insignificant for modulus of elasticity. The 
effects of other factors for all indicators are significant. 

The use of quartz sand as filler in combination with 
marble powder in the ratio of 50% by 50% causes im-
provement of contact interaction of epoxy binder modi-
fied with coal tar, with coal tar content of 20%. The in-
troduction of coal tar increases the deformability, the 
modulus of elasticity decreases by 13.5%. Modified poly-
mer concretes have rather high strength properties. In 
particular, the compressive strength is 54.6 MPa, and the 
tensile strength in bending is 14.9 MPa.

In addition, we have conducted studies of the influ-
ence of the quantitative content of the modifier – coal tar 
on the mechanical properties of epoxy-coal polymer con-
cretes, as well as the effect of solvents and fillers on them. 

The subject of the study were epoxy-coal composites 
with coal tar in the binder from 5 to 40 wt.h. per 100 wt.h. 
of epoxy resin. Quartz sand of 0,315–0,63 mm coarse-
ness was chosen as a filler. The content of hardener – 
polyethylene polyamine was taken at the rate of 10% of 
epoxy resin weight. The effect of coal tar content on the 
properties of epoxy composites was analyzed by testing 
prisms of size 1×1×3. The test results are shown in the 
graphs (Fig. 6).

Based on the analysis of the obtained dependences it 
can be concluded that the introduction of coal tar in the 
amount of up to 5% causes an increase in compressive 
and tensile strength in bending. The strength decreases 
with the increase of the content volume. The addition 
leads to a decrease in the modulus of elasticity of epoxy-

Fig. 6. Dependence of compressive strength, flexural tensile strength and modulus of elasticity (a) and coefficient of 
resistance, water absorption (b) on the quantitative content of coal tar in epoxy binder
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coal composites. With the increase of coal tar content 
up to 40% the water resistance coefficient increases by 
1.28 times in comparison with the control composition. 
This occurs, in all probability, due to the processes of 
interaction between epoxy and coal tar, contributing to 
the increase in hydrolytic stability.

The study analyses how the nature of the solvent af-
fects the properties of epoxy-coal binder. Solvents: acetone, 
petrol, diesel fuel, turpentine, solvent 646, white spirit. 
The compositions on epoxy resin without modifying addi-
tive and on epoxy-coal binder without solvent became the 
control ones in relation to the compositions consisting of 
epoxy-coal binder with solvent inclusion (Table 7).

According to the results of the test it is possible to 
draw a conclusion about change in wide ranges of physi-
cal and mechanical properties of composites - depending 
on the nature of the solvent. At that, the best indicators 
of compressive strength demonstrate compositions with 
the use of solvent 646, turpentine and petrol, and tensile 
strength at bending – acetone, solvent 646, turpentine. 
The use of solvents is justified also from the technological 
point of view – it makes it possible to exclude preliminary 
heating of components from the process of preparation of 
epoxy-coal composites.

The nature of the filler plays a key role in the creation 
of composite materials. The highest values of strength and 
durability are in composites obtained by combination of 
certain ‘binder–filler’ pairs. To determine the influence 
of the nature of mineral fillers on the properties of filled 
epoxy-coal composites, comparative studies were car-
ried out. The following fillers were used: quartz sand and 
crushed powders of limestone, crushed glass, marble and 
ceramic bricks. The coarseness of the filler was assumed to 
be 0.315–0.63 mm. The amount of introduced filler pro-
vided the ratio of binder/filler – 1/1. Information about 
strength properties of composites is presented in Table 8.

In the course of the study it was determined that 
among the considered epoxy-coal filled composites the 
greatest strength in compression and tensile strength in 
bending is peculiar to composites filled with limestone. 
It should be noted that the dispersity and quantitative 
content of the filler has a significant influence on the 
properties of composite materials (Fig. 7).

The greatest strength is inherent in composites filled 
with powders of high dispersity (fraction < 0.071 mm). 
Notable effects were obtained when using nano-additives 
as fillers – furnace soot and carbon nanotubes ‘Tuanit-M’ 
[37]. Moreover, the additives were introduced both sepa-

Table 7 
Strength of epoxy-coal composites

№
Composition Solvent type in modified formulations Strength limit 

in compression, MPa
Tensile strength 

under bending, MPa
1 No modifier 104,7 78,5
2 Acetone 77,5 72,4
3 Petrol 89,2 52,3
4 Acetone + petrol (1:1) 85,0 57,4
5 Diesel fuel 87,0 51,8
6 Solvent 646 96,4 68,6
7 Turpentine 90,7 65,0
8 White spirit 84,4 56,9
9 No solvent 96,7 63,5

Table 8 
Strength of epoxy-carboniferous composites on various fillers

№ Filler type
Strength limit, MPa

in compression tensile in bending
1 No filler 68.7 9.2
2 Quartz sand 83.2 20.9
3 Limestone 140.8 22.7
4 Marble 133.9 17.0
5 Brick rubble 117.3 21.4
6 Crushed glass 111.1 20.9
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rately and jointly. In some cases, the joint effect of several 
nano-additives caused an improvement in the properties 
of polymer composites [35, 38] (Figs. 8–10).

The presented graphs show a significant effect of na-
no-additives on the mechanical properties of the cured 
resin. Thus, tensile strength increased almost 5 times and 
bending strength increased 3 times. At the same time, the 
effect of nanotubes introduction in most cases turned out 
to be slightly less than that when soot was used

Among the most effective binders that make it possible 
to create construction materials with increased physical 
and mechanical properties and universal resistance in 
solutions of acids, alkalis and salts are polymers, in par-
ticular epoxy resins. It is essential that modifying additives 
do not cause a decrease in the resistance of materials in 
aggressive environments [39, 41, 42]. To establish the 

influence of coal tar additive on chemical and biologi-
cal resistance of epoxy composites, we have conducted 
studies of epoxy-coal composites with coal tar content 
varying from 5 to 40%. Powders based on crushed glass 
and limestone, quartz sand and Portland cement were 
used as fillers. The coarseness of the fillers was assumed 
to be 0.315–0.63 mm, and the dispersity of Portland ce-
ment was assumed to be 3100 cm2/g. The compositions 
used are shown in Table 9.

In the course of the experiment the dependences of 
chemical resistance of composites on the type and quanti-
tative content of modifying additive, nature of filler when 
kept in water, aqueous solutions of alkalis and acids were 
determined. Dependences of mass content and resistance 
coefficient of epoxy-coal composites on the duration of 
soaking in water are shown in Fig. 11 and 12.

Fig. 7. Dependence of compressive strength and flexural tensile strength of epoxy-coal composites on filler content and 
dispersity
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Fig. 8. Dependence of tensile (a), compressive (b)  
and flexural (c) strength variation on the type  
and content of nano-additives: • – soot, ♦ – CNTs, 
× – soot + CNTs Fig. 9. Dependence of the change in the effective modulus 

during the tensile test (a), compression (b) and bending 
(c) on the type and content of nano-additives:  
• – soot, ♦ – CNTs, × – soot + CNT

Fig. 10. The maximum total deformation depending on 
the additive value obtained during tensile tests:
• – soot, ♦ – CNTs, × – soot + CNTs
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It has been experimentally established that the in-
troduction of coal tar increases the water resistance of 
epoxy composites. Water resistance increases by 20% in 
comparison with composites on unmodified binder at 

the content of coal tar in the amount of 10%. Maximum 
water resistance is at composites filled with quartz sand. 
It was determined that modification of epoxy binder with 
coal tar in the amount up to 40% increases resistance in 

Fig. 11. Dependence of change of mass content (a) and resistance coefficient (b) of epoxy-coal composites on the 
quantitative content of coal tar and duration of soaking in water: 1 – no coal tar; 2–5% coal tar in the binder; 3–10% 
coal tar; 4–20% coal tar; 5–30% coal tar; 6–40% coal tar

Fig. 12. Dependence of change of mass content (a) and resistance coefficient (b) of epoxy-coal composites on the type of 
filler and duration of holding in water: 1 – no filler; 2 – Portland cement; 3 – limestone; 4 – sand; 5 – crushed glass

Table 9
Compositions used for chemical resistance tests

Components
Content of mass parts in the compositions

1 2 3 4 5 6 7 8 9 10

Epoxy resin of ED-16 brand 100 100 100 100 100 100 100 100 100 100
Polyethylenepolyamine 10 10 10 10 10 10 10 10 10 10
Coal tar – 5 10 20 30 40 20 20 20 20
Quartz sand 300 300 300 300 300 300
Portland cement 300
Limestone 300
Crushed glass 300
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acid solutions by almost 40%. In the course of 6-month 
tests it was found that the compositions filled with quartz 
sand have the highest resistance in acid solutions. The 
graphs also show the positive influence of coal tar on the 
chemical resistance of epoxy-coal binders in caustic soda 
solutions. The resistance of modified composites exceeds 
the similar index of unmodified ones by 15%. The greatest 
resistance in caustic soda solutions of 10% concentration 
is inherent to compositions filled with quartz sand.

Nowadays, researchers have paid much attention to 
the study of biodegradation and biosecurity of various 
materials [17, 43, 44, 45].

Studies of biological resistance of epoxy-coal com-
posites depending on the type of fungicidal additives and 
the content of coal tar (5–10%) in the binder have been 
carried out. In the course of the experiment, quartz sand 
was used as a filler, introduced in the quantitative ratio of 

1:1 to the binder. The tests were carried out on samples 
in the form of prisms with the size of 1×1×3. At the first 
stage the tests were carried out in a model biological en-
vironment, at the second stage – in a standard environ-
ment of mycelial fungi. In the first stage, the problem was 
solved by implementing a rototable matrix, the variable 
factors on which were the content of citric acid (0.1–10%) 
and hydrogen peroxide (0.03–3%) in aqueous solution 
(products of microbial metabolism). The compositions 
of aggressive media and their concentrations were deter-
mined taking into account the conditions of application of 
polymer concretes in industrial and agricultural construc-
tion (Tables 10 and 11). The compositions of aggressive 
environments and their concentrations were determined 
taking into account the conditions of polymer concrete 
application in industrial and agricultural construction 
(Tables 10 and 11).

Table 10 
Compositions used for biological resistance testing

Components
The content of mass parts in the compositions

1 2 3 4 5 6 7 8 9
Epoxy resin ED-16 100 100 100 100 100 100 100 100 100
Polyethylenepolyamine 10 10 10 10 10 10 10 10 10
Coal tar – 5 5 5 5 5 5 5 5
Quartz sand 100 100 50
Crushed glass 100
Limestone 100
Marble 50 100
Brick rubble 100
Portland cement 100

Table 11 
Physical and technical parameters of epoxy-coal composites in biologically aggressive environments

№
Composi-

tion 

Maximum value Minimum value

№
Environment 

Compression 
strength, 

MPa

Tensile strength 
at bending, 

MPa

№
Environment

Compression 
strength, 

MPa

Tensile strength 
at bending, 

MPa
1 3 70.8 24.2 1 45.63 15
2 2 70.2 19.3 5 55.87 19.2
3 7 65.1 24.4 1 47.76 11.8
4 7 45.7 13.6 3 35.3 13.3
5 7 73.5 15.9 9 62.9 23.3
6 2 67.1 18.9 1 43.5 17.6
7 1 67.6 20.3 2 57.7 20.8
8 7 75.7 26.5 5 62.4 30.4
9 7 56.4 9.86 8 28.8 13.8
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Table 11 contains physical and technical parameters 
of epoxy-coal composites after testing in biologically ag-
gressive environments: the most aggressive is environ-
ment No. 1 (content of citric acid 1%, hydrogen peroxide 
0.3%) and No. 8 (content of citric acid 0.1%, hydrogen 
peroxide 0.3%). 

Solutions of nitrofungin and “Teflex” were used as 
fungicidal additives in epoxy-coal composites. Studies 
have shown that the introduction of 2% nitrofungin has 
no effect on the increase of fungus resistance. Increasing 
the content of nitrofungin up to 5% increases the fungi-
cide resistance for the composition filled with brick rubble 
and unfilled compositions, further increase in the content 
of nitrofungin leads to a decrease in its fungicidal effect. 
The use of “Teflex” is more effective: its addition in the 
amount of 2% has a positive effect on fungicidal proper-
ties, 10% and more – its addition in the amount of 2% 

positively affects fungicidal properties, 10% and more – 
fungicidal properties. The use of fungicidal compositions 
prevents microorganisms from infesting building struc-
tures and helps to improve the environmental situation in 
buildings and structures.

CONCLUSIONS

Thus, based on the results of the experimental research 
carried out by the authors using methods of mathematical 
planning, measurement of mechanical properties, and 
IR spectroscopy, modified epoxy-coal composites with 
increased mechanical properties, chemical and biological 
resistance have been developed, allowing to use products 
made of them for operation under conditions of exposure 
to water, aqueous solutions of acids, and alkalis, salts, 
mineral fertilizers and microscopic organisms.
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