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Abstract. This article investigates the influence of various parameters of hydrothermal treatment on
the properties of lightweight silicate bricks obtained using substandard clay raw materials, construc-
tion lime and aluminosilicate microspheres. It was found that it is possible to obtain products with the
required performance characteristics at a minimum hydrothermal treatment pressure of 0.2 MPa. With
an increase in pressure to 0.4 MPa, it is possible to reduce the time of isothermal exposure while main-
taining the required properties, which helps to reduce the energy intensity of production. The optimal
amount of CaO depends on the specific parameters of hydrothermal treatment. So in order to achieve
maximum strength indicators, the content of CaO is 10 wt. % at a pressure of 0.2 MPa and 15 wt. % at
a pressure of 0.4 MPa, respectively. The addition of aluminosilicate microspheres makes it possible to
significantly reduce the average density and obtain a lightweight silicate brick with this indicator from
930 to 1610 kg /m3. The rational time of isothermal exposure, ensuring the formation of a cementing
compound of optimal composition, and as a result, obtaining a material with high physical and me-
chanical properties at a pressure of 0.2 MPa is 8 hours, and at a pressure of 0.4 MPa is 6 hours. Math-
ematical models are proposed for the selection and optimization of lightweight silicate brick composi-
tions based on construction lime, substandard clay rocks and aluminosilicate microspheres.
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1. INTRODUCTION

In modern construction, wall materials combining both structural and thermal insulation properties
are used in the construction of buildings and structures. Such walling materials include widespread
high hollow ceramic stones and blocks, hollow silicate products, cellular concrete, etc. [1-4]. All these
walling materials have their advantages and disadvantages, and the choice of a particular material de-
pends on the project requirements and construction conditions. However, their common goal is to en-
sure the strength and thermal insulation of the building, which is an important factor for a comfortable
environment and energy efficiency of buildings [5-6]. In the production of such materials, the use of
unconventional natural and technogenic raw materials is relevant, which will significantly reduce the
cost of production, as well as develop new generation construction composites [7-10].

Silicate products, such as dense blocks and bricks, are made from silica sand and lime-silica binder
[11-12]. They have high density and strength, as well as good thermal insulation in the case of multi-
hollow products, making them an excellent choice for construction. Increasing the number of voids in
silicate products helps to reduce their average density, which simplifies the construction process and
improves their thermal performance. Another way to reduce the average density of products is to use
lightweight aggregates, such as aluminosilicate microspheres [13-16]. Aluminosilicate microspheres
are lightweight and porous materials that can significantly reduce the average density of silicate
bricks. The use of aluminosilicate microspheres also contributes to the formation of a strong micro-
structure of the cementing compound and improves the mechanical properties of the material. To
achieve the required properties of silicate materials, it is necessary to subject the product to hydro-
thermal treatment at high pressures and temperatures. Hydrothermal treatment is a process of heating
and holding a material in an atmosphere of saturated water vapor at increased pressure. This process
allows to activate the chemical reaction between Ca(OH)2 and crystalline SiO2, which leads to the
formation of a strong cementing compound based on oxidized calcium hydrosilicates [17-18]. The de-
gree of their crystallization, as well as their composition can be influenced by the pressure and time of
hydrothermal treatment. It should be noted that the use of quartz sand as a raw material determines
high energy intensity of production, and lower autoclaving pressure will contribute to obtaining prod-
ucts with low performance indicators. The use of substandard clay rocks instead of the traditionally
used quartz sand, characterized by the presence of various mixed-layer clay minerals, fine particles of
guartz sand, X-ray amorphous phase allows to obtain products at reduced pressure values of hydro-
thermal treatment while maintaining the required properties of silicate products based on them [19-
20].

The nature of the effect of hydrothermal treatment on the properties of silicate bricks using tradi-
tional raw materials is well enough studied. At the same time, the use of other raw materials can
change the nature of this influence on the processes of structure formation [21-24]. In this regard, it is
necessary to investigate the influence of hydrothermal treatment parameters on the properties of sili-
cate bricks in each specific case, including the use of raw materials with variable composition.

Thus, the study of the influence of hydrothermal treatment parameters on the properties of light-
weight silicate bricks produced on the basis of substandard clay rocks and aluminosilicate micro-
spheres is an urgent task, as it will optimize the production process and create a material with the re-
quired performance characteristics on the basis of these types of raw materials.

2. METHODS AND MATERIALS

In the experiment to study the effect of hydrothermal treatment parameters on the properties of
lightweight silicate bricks we used substandard clay rock of the Kursk Magnetic Anomaly (KMA) re-
gion as the main component. To reduce the average density of silicate bricks, hollow aluminosilicate
microspheres were used as a light chemically active aggregate. Construction lime of 1st grade was
used as a binding agent.

The method of obtaining lightweight silicate bricks consists in preliminary obtaining a raw material
mixture by mixing in the required proportions of building lime (CaO), substandard clay rock and alu-
minosilicate microspheres with their subsequent moistening. The obtained raw material mixture is
placed in a sealed chamber in order to quench CaO. After the quenching process, further moistening of
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the raw material mixture is carried out to achieve the necessary moisture for molding the samples. In
this case, the molding moisture is 10 wt. %. The next step is to fabricate the samples by pressing, in
which the raw material mixture is subjected to a pressure of 20 MPa. After that, the formed samples
are subjected to hydrothermal treatment, which takes place at certain parameters including:

— water vapor pressure: 0.2 and 0.4 MPa, corresponding to temperatures around 120 and 144 °C,
respectively;

— isothermal curing time: 2, 4, 6 and 8 h;

— temperature set and reset time — 1.5 h.

After completion of hydrothermal treatment, the samples are cooled and kept for 3 days in normal
conditions. After that they are tested in accordance with the requirements of normative documents
(GOST 8462 and GOST 7025).

Substantial analysis of raw components, as well as the composition of the formed cementing sub-
stance in the samples was carried out by X-ray phase analysis. The microstructure was studied by
scanning electron microscopy.

3. RESULTS AND DISCUSSION

To obtain lightweight silicate bricks at different parameters of hydrothermal synthesis, substandard
clay rock from the KMA region was used as the main active component. The used rock has plasticity
number 6 and belongs to loamy sand. Its composition is dominated by mixed-layer minerals, finely
dispersed quartz, and X-ray amorphous phase, which is confirmed by the data of X-ray phase analysis
(Fig. 1). Rocks of similar composition are widespread not only in the KMA region, but also in other
regions of Russia.
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Fig. 1. X-ray pattern of the used substandar cléy rock.
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Aluminosilicate microspheres (AM) are a chemically active porous aggregate that can significantly
affect the properties of lightweight silicate bricks. The AMs used in this work have a bulk density of
350-450 kg/m3 and an average particle radius in the range from 10 to 250 microns. The microstructure
of the AM used in the work is shown in Fig. 2.
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Fig. 2. Microstructure of the used aluminosilicate microspheres.
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The objective of this research was to study the parameters of hydrothermal treatment (HT) on the
properties of lightweight silicate bricks using substandard clay raw materials, construction lime and
aluminosilicate microspheres.

To solve this problem, the compositions of raw mixtures with the content of construction lime
(Ca0) in the amount of 10-20 wt. % were developed; aluminosilicate microspheres (AM) in the
amount of 10-60 wt. %; substandard clay rock — the rest.

It should be noted that different CaO content in the mixture at different parameters of hydrothermal
treatment can differently affect the final properties of composites due to different chemical activity of
components at different values of pressure and temperature in the process of hydrothermal treatment.

Proceeding from the analysis of the results of the obtained data it is established that at CaO content
of 10 wt. % and HT pressure of 0.2 MPa (Fig. 3, a) the samples reach the maximum strength of 10.3-
15.7 MPa (AM content of 10-60 wt. %) at isothermal curing time of 8 h (Fig. 3, a, curve 4), and at 6 h
of isothermal holding time this index is 9.4-14.9 MPa, which is lower in comparison with the samples
obtained at 8 h of isothermal curing time.

Isothermal curing (IC) for 2 and 4 h (Fig. 3, a, curves 1 and 2) provides the lowest strength parame-
ters of the products in comparison with the samples obtained at the time of isothermal curing 6 and 8
h. So the strength of samples at isothermal curing time of 2 h and AM content of 10-60 wt. % is 7.6-
11.4 MPa, which is 26-27 % less in comparison with samples obtained at isothermal curing time of 8
h. Samples obtained at isothermal curing time of 4 h and equal AM content have a strength of 8.5-13.8
MPa.

Samples containing 10 wt% CaO and obtained at hydrothermal treatment pressure of 0.4 MPa
reach the maximum strength (10.4-21 MPa) at isothermal curing time of 6 h (Fig. 3, b, curve 3). In-
creasing the time of IC up to 8 h contributes to obtaining samples with lower strength (10.6-16.5 MPa)
in comparison with samples obtained at the time of IC 6 h (Fig. 3, b, curve 4). In this case, the de-
crease in the strength of samples at the time of isothermal curing more than 6 h is probably due to the
fact that due to the longer interaction of AM with calcium hydroxide in the microstructure of compo-
sites formed a greater number of gel-like new formations in relation to weakly crystallized hydrosili-
cates, which leads to a decrease in strength at increasing the time of isothermal curing. At the same
time, when using lower HT pressure (0.2 MPa), the samples have the highest strength at the time of IC
8 h, which may be due to the lower temperature of hydrothermal synthesis, and as we know tempera-
ture and pressure are some of the important factors affecting the chemical reaction and structural

changes.
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Fig. 3. Change in the compressive strength of samples with different content of aluminosilicate micro-

spheres and CaO content of 10 wt. % depending on the pressure of hydrothermal treatment (a — 0.2

MPa; b — 0.4 MPa) and the time of isothermal curing: 1 — isothermal curing of 2 hours; 2 — isothermal

curing of 4 hours; 3 — isothermal curing of 6 hours; 4 — isothermal curing of 8 hours.
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Therefore, lower HT pressure leads to less intensive chemical interaction between the components
of the whole system, which in turn can affect the formation of the microstructure of the final product,
and as a consequence, its properties.

The samples at minimum isothermal curing time of 2 h (Fig. 3, b, curve 1) have a compressive
strength value of 8-16.5 MPa (AM content 10-60 wt. %).

Thus, the obtained experimental data showed that the samples with the addition of 10 wt% of CaO
and obtained at a pressure of 0.4 MPa at all modes of isothermal curing possess the necessary strength
indices, which is explained by the formation of the necessary strong bonds in the microstructure of the
material.

The analysis of samples containing 15 wt. % CaO shows that at the pressure of 0.2 MPa (Fig. 4, a)
the samples have a lower compressive strength index in comparison with the samples containing 10
wt. % CaO (Fig. 3, a), including at different isothermal curing times. The maximum strength of 10.1-
14.9 MPa (AM content 10-60 wt. %) is reached by the samples at the duration of isothermal curing 8 h
(Fig. 4, b, curve 4). Reducing the time of isothermal curing to 6 hours reduces the strength of the sam-
ples depending on the composition by 7-10 %. AM content in composites in the range from 10 to 60
wt. % contributes to obtaining samples of lightweight silicate bricks with compressive strength values
up to 8-11.2 MPa. However, the lowest strength values (7.6-11.4 MPa) are observed in the samples
obtained by isothermal curing for 2 hours.

At a pressure of 0.4 MPa, samples containing 15 wt. % CaO reach a maximum strength of 12.4-22
MPa at isothermal curing time of 6 h (Fig. 4, b, curve 3). Moreover, this index is slightly higher than
that of samples containing 10 wt. % CaO (Fig. 3, b, curve 3). Further increase of isothermal curing
time up to 8 h reduces the strength of samples (AM content 10-60 wt. %) by 3-17 % in comparison
with samples obtained at isothermal curing time of 6 h.
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Fig. 4. Change in the compressive strength of samples with different content of aluminosilicate micro-
spheres and CaO content of 15 wt. % depending on the pressure of hydrothermal treatment (a — 0.2
MPa; b — 0.4 MPa) and the time of isothermal curing: 1 — isothermal curing of 2 hours; 2 — isothermal
curing of 4 hours; 3 — isothermal curing of 6 hours; 4 — isothermal curing of 8 hours.

It is important to note that when adding 10 wt. % CaO to the raw material mixture and curing for 8
h during hydrothermal treatment, a decrease in the strength of the obtained samples was also observed.
The samples obtained at the duration of isothermal curing time of 2 and 4 h have the lowest strength
values. In this case, the samples have strengths of 9.6-15.6 MPa and 10.6-16.1 MPa, respectively.

Test results of samples containing CaO in the amount of 20 wt. % are shown in Figure 5. The gen-
eral nature of the influence of hydrothermal treatment parameters on the properties of samples in this
case coincides with samples containing 10 and 15 wt. % CaO.

At HT pressure 0.2 MPa the samples reach the maximum strength at AM content 10-60 wt. % in 9-
13.3 MPa (Fig. 5, a, curve 4) at isothermal curing time of 8 h, which is lower in comparison with the
samples containing 10 and 15 wt. % CaO by 12-15 % and 10-11 %, respectively (Fig. 3 and 4, a, curve



CrpouTtensHble MaTepuaisl u usgeans/Construction Materials and Products. 2023. 6 (5)

4). At HT pressure of 0.4 MPa, the samples reach the maximum strength at AM content of 10-60 wt.
% at 11.5-17.8 MPa at isothermal curing time of 6 h (Fig. 5, b, curve 3).

The investigated parameters of hydrothermal treatment have not significant influence on the aver-
age density of samples. So with increasing isothermal curing time the average density of samples of all
compositions increases on average by 1-3 %. Addition of 10 wt. % CaO in the raw material mixture
and 10 wt. % AM contribute to the increase in the density of samples. At HT pressure of 0.2 MPa after
2-hour isothermal curing the average density is 1855 kg/m3, and after 8-hour isothermal curing - 1870
kg/m3. At HT pressure of 0.4 MPa, these figures are 1855 and 1880 kg/m3, respectively. A slight in-
crease in the value of average density with increasing duration of isothermal curing is probably due to
the formation of a greater number of crystalline new formations, which compact the microstructure
and, as a consequence, contribute to the increase in the value of average density.
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Fig. 5. Change in the compressive strength of samples with different content of aluminosilicate micro-
spheres and CaO content of 20 wt. % depending on the pressure of hydrothermal treatment (a — 0.2
MPa; b — 0.4 MPa) and the time of isothermal curing: 1 — isothermal curing of 2 hours; 2 — isothermal
curing of 4 hours; 3 — isothermal curing of 6 hours; 4 — isothermal curing of 8 hours.

Changing the parameters of hydrothermal treatment affects the water resistance index of the sam-
ples — softening coefficient. Water resistance of the obtained samples depends on the time of isother-
mal curing time and pressure of hydrothermal treatment. The best water resistance (softening coeffi-
cient 0.68-0.77) possesses the samples obtained at pressure of hydrothermal treatment 0.4 MPa and
time of isothermal curing of 6-8 h which are received from raw mixtures containing CaO — 15 wt. %
and AM in guantity 10-60 wt. %. Samples of the same composition obtained at hydrothermal treat-
ment pressure of 0.2 MPa have values of softening coefficient in the range of 0.61- 0.71.

Thus, based on the analysis of the obtained data, we can conclude that at a pressure of 0.2 MPa the
best water resistance is possessed by the samples obtained at the time of isothermal curing not less
than 6 hours. For the samples obtained at a pressure of 0.4 MPa this indicator is not less than 4 h.

According to the results of microstructure analysis of the obtained samples (Fig. 6), it can be con-
cluded that during the curing process under the influence of hydrothermal treatment pressure of 0.2
and 0.4 MPa a crystalline structure is formed, which is low-basic calcium hydrosilicates of CSH (1)
type. In addition, there is a uniform distribution of the formed new formations in the composite matrix,
which also contributes to the improvement of mechanical properties.

It is worth noting that composites obtained at hydrothermal treatment pressure of 0.4 MPa have
better crystallization and formation of stronger joints. At lower pressure (0.2 MPa) weakly crystallized
phases are formed.

Using X-ray phase analysis (Fig. 7), it was found that new compounds, mainly represented by low-
basic calcium hydrosilicates of the CSH (I) type (d = 2.8, 3.08, 3.03 and 2.1 A), were formed in light-
weight silicate brick samples obtained at different pressures of hydrothermal treatment.
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Fig. 6. Effect of hydrothermal treatment pressure on the microstructure of lightweight silicate bricks: a
— 0.2 MPa; b-0.4 MPa
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Fig. 7. X-ray images of samples obtained under conditions of hydrothermal synthesis at different pres-
sures: a— 0.2 MPa; b — 0.4 MPa

To obtain lightweight silicate bricks in these studies, three components of the raw material mixture
are used in certain proportions and different parameters of hydrothermal synthesis are applied. In the
course of the conducted experiment, several factors influencing the final properties of the obtained
lightweight silicate bricks (LSB) were changed: the proportions of the components of the raw material
mixture and the parameters of hydrothermal treatment. Changing the proportions of the components of
the raw material mixture can affect the physical and chemical properties of the resulting LSB. For ex-
ample, changing the amount of construction lime can affect the strength and average density of the
resulting products. The parameters of hydrothermal treatment also affect the properties of LSB. Thus,
changing the temperature and time of hydrothermal treatment can affect the microstructure and phase
composition of new formations of the obtained LSB, and as a consequence, affect its final properties.

In order to determine the optimal conditions for obtaining the desired properties of lightweight sili-
cate bricks by varying the concentrations of raw material mixture components, pressure and time of
isothermal curing during hydrothermal treatment, an experiment was set using the method of mathe-
matical planning of the experiment (Table 1).

In accordance with the planning matrix of the three-factor experiment, a series of laboratory sam-
ples were fabricated. The obtained samples were subjected to hydrothermal treatment in a laboratory
autoclave at pressures of 0.2 and 0.4 MPa. A series of experiments involving different combinations of
these given factors were carried out.
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Table 1. Conditions for planning a three-factor experiment.

Factors Variation levels Variation
Natural form Coded form -1 0 +1 interval
Construction lime (CaO), wt. % | x1 10 15 20 5
Aluminosilicate
microspheres, wt. % x2 0 30 60 30
Isothermal curing time, h x3 2 5 8 3

The obtained experimental data were subjected to statistical computer processing, which allowed
us to obtain mathematical regression equations (1-6). These equations describe the change in the per-
formance indicators of the products, such as compressive strength (R), average density (p) and soften-
ing coefficient (K). Using these equations, we can carry out the optimization of the lightweight silicate
brick production process. Thus, we can determine the influence of each factor on these indicators and
find the optimal conditions that will allow us to obtain lightweight silicate bricks with the desired
properties.

The regression equations describing the change in performance indicators of the products obtained
at hydrothermal treatment pressure (HTP) of 0.2 MPa are as follows:

R =956-1405-X, —4,52-X. +2.02-X, +5503-10" 3 - x2 +3.23-x2 +
1 2 3 1 2
2
+0,13- x3 +0,987-x1 . x2 —O,287-x1 . x3 -0,613- x2 -x3 M
_ 2 2
p =1237,706-41-x ~3962-X, +9-X, +9,775-x2 +143775.x5 -
2
—O,225-x3+30-x1-x2+3,75-x1-x3+2,5-x2-x3 @
_ 2 2 2
K =0,663-0,04-x, +0,028- X5 ~0013-xZ +016-xZ ~0,049-xZ
~0,02125- X, Xy ~0,02125 X, - X, .

Regression equations describing the change in the performance indicators of the products obtained
at the hydrothermal treatment pressure (HTP) 0.4 MPa are as follows:

R =14,29-1-x, ~6,46-X, +173-X, ~0,423-x7 +3,302- x5 -
-1,32- x§ +113- x1 . x2 —0,5625- xl . x3 -0,762- x2 -x3 @)
p =1244,634-435-x, ~396,75- X, +10- X, +892-xZ +1451692- X5 -
~358-X3 +30-X, + X, -
K =0,727-0,019-X, +0,075-X,, +0,04- X, ~0,016-xZ ~0,006-x5 -
~0,032-x2 ~0,013-x, X, ©

The analysis of the obtained output parameters using regression equations allows us to evaluate the
compliance of the calculated values of the product properties in relation to the experimental data (Ta-
ble 2). Using the obtained regression equations, the values of product properties were determined
based on the used input parameters and then the calculated values were compared with the experi-
mental data. The results show that the calculated values of product properties using the regression
equations are quite close to the experimental data. This indicates that the obtained equations are ade-
quate models for describing the dependencies in the process of production of LSBs. Such adequacy of
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the models is an important indicator of the success of the study, as it confirms that it is possible to ap-
ply the obtained equations to predict the properties of products when the input parameters change in
the process of real production. This is of great importance for optimization of production and im-
provement of product quality.

Table 2. Output parameters.

Compressive strength, MPa Average density, Softening coefficient
kg/m3
Experimental Calculated Experimental Calculated Experimental Calculated
& o o o & & e e e & o o
Ne = = = = = = p = = = = =
AN < N < AN < N < N < N S
o o o o o o o o o o o o
e le|ele|e|e|le|e|e|le|e|le:
I I I I I I I I I I T T
1 9 10.1 | 9.11 | 9.94 | 1000 | 1000 | 999 995 0.58 0.6 0.56 | 0.6
2 6.5 8.5 6.87 | 9,13 | 960 965 969 975 0.58 0.55 0.59 | 0.52
3 17 22 174 22.1 1725 1725 1727 1729 0.7 0.78 0.69 | 0.78
4 13 18.6 12.7 18.24 | 1710 | 1715 1706 1708 0.64 0.7 0.63 | 0.7
5 10.3 | 106 | 105 10.79 | 1010 | 1015 | 1014 | 1022 | 0.61 0.68 0.59 | 0.67
6 7.6 8 713 | 7.73 1000 | 1005 | 998 1002 | 0.55 0.6 0.54 | 0.59
7 232 | 283 | 227 | 275 1870 | 1880 | 1861 | 1875 | 0.72 0.82 0.73 | 0.79
8 171 | 214 | 169 | 21.39 | 1855 | 1855 | 1856 | 1855 | 0.55 0.68 0.59 | 0.71
9 8.75 | 1305 | 8.16 12.87 | 1210 | 1210 | 1207 | 1210 | 0.65 0.67 0.65 | 0.69
10 | 10.1 13.95 | 10.9 14.87 | 1280 | 1295 | 1289 | 1297 | 0.65 0.71 0.65 | 0.73
11 | 85 115 | 8.27 11.14 | 993 1000 | 985 993 0.6 0.6 0.63 | 0.64
12 16.8 2295 | 17.3 24.04 | 1765 1778 1778 1787 0.76 0.8 0.72 | 0.79
13 12 14 11.7 14.7 1240 | 1250 1247 1251 0.61 0.7 0.64 | 0.73
14 | 7.1 11.2 | 7.67 11.23 | 1230 | 1230 | 1229 | 1231 | 0.62 0.65 0.59 | 0.65
15 | 9.7 14.75 | 9.56 14.3 1235 | 1240 | 1238 | 1245 | 0.67 0.75 0.66 | 0.73
16 | 9.6 148 | 9.56 14.3 1234 | 1241 | 1238 | 1245 | 0.66 0.74 0.66 | 0.73
17 | 9.8 146 | 9.56 14.3 1236 | 1239 | 1238 | 1245 | 0.65 0.76 0.66 | 0.73

Using the results obtained in the course of mathematical planning of the experiment, the influence
of the studied factors was analyzed at the hydrothermal treatment pressure of 0.2 and 0.4 MPa, which
is significantly lower than in the traditionally used technology of autoclaved silicate brick production,
where the pressure of about 1 MPa is used. This was made possible by replacing the commonly used
guartz sand with a non-traditional clay raw material. Thus, the optimal choice of hydrothermal treat-
ment pressure will depend on the required performance characteristics of the material under study. If
high compressive strength is required, it is recommended to use high-compressed steam (0.4 MPa), as
it leads to the formation of new formations of higher degree of crystallization, and as a consequence,
contributes to the strength of samples. However, if lower strength and other properties are required,
hydrothermal treatment pressure of 0.2 MPa can be used. In practice, it is possible to use HTP more
than 0.4 MPa, which will also lead to an increase in the strength of samples. In this research the study
of the properties of samples obtained at minimum values of HTP was carried out, in order to optimize
the composition of the raw material mixture to achieve the best characteristics of products at minimum
HTP, which in the conditions of real production will lead to a reduction in energy intensity of produc-
tion, including in small and medium-sized businesses, where there is no opportunity to purchase ex-
pensive autoclaves.

The isothermal curing time also influences the desired properties of the samples. Thus, the opti-
mum isothermal curing time depends on other factors such as the mass content of CaO and AM. For
example, when using a higher hydrothermal treatment pressure and a certain CaO and AM content in
the samples, the highest strength is achieved after 6 hours of isothermal curing time (IC). However, a
further increase in the IC time may lead to a decrease in the strength of the products. Thus, the results
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indicate the need to determine the optimum isothermal curing time for each individual case to achieve
the maximum strength of the samples, which can be achieved using the obtained regression equations.
It is important to note that in addition to pressure and curing time, the change in the composition of
the raw material mixture also plays an important role in shaping the performance characteristics of
lightweight silicate bricks. Therefore, rational selection of the composition and optimization of techno-
logical parameters are also an integral part of the production process of such materials.
Using the obtained regression equations, nomograms of dependence of the properties of lightened

silicate bricks when changing the studied factors were constructed (Fig. 8).
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Fig. 8. Nomograms of the dependence of the properties of lightweight silicate bricks (hydrothermal
treatment pressure — 0.2 MPa) on the content of lime, aluminosilicate microspheres and the time of

isothermal curing (1 — 2 hours; 2 — 5 hours; 3 — 8 hours): a — compressive strength; b — average densi-
ty; ¢ — softening coefficient.

The obtained nomograms allow us to visually evaluate the influence of hydrothermal treatment
pressure and isothermal curing time, as well as the content of CaO and AM on the properties of the
samples. At a pressure of 0.2 MPa, the compressive strength of the samples increases with increasing
isothermal curing time from 2 to 8 hours (Fig. 8, a). This indicates that longer curing at this pressure
contributes to the strength of the samples. The average density does not change significantly depend-
ing on the change of input parameters (Fig. 8, b). The greatest water resistance of the samples is
achieved at the following parameters of hydrothermal treatment: pressure 0.2 MPa and isothermal cur-
ing time of 5 hours (Fig. 8, ).

When the hydrothermal treatment pressure is increased up to 0.4 MPa, the effect of isothermal cur-
ing time on the properties of samples changes. The maximum strength of samples at this pressure is
reached at isothermal curing time of 6 hours (Fig. 8, d). This confirms the results obtained in this pa-
per and indicates the need to take pressure into account when determining the optimum processing
time to achieve the maximum strength of the material, or other properties.

Thus, the analysis of nomograms allows a more detailed understanding of the relationship between
hydrothermal treatment pressure, isothermal curing time, CaO content, AM and sample properties.
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The obtained regression equations and nomograms are a tool for prediction and optimization of the
hydrothermal treatment process to achieve the desired material properties.

4. CONCLUSIONS

Thus, the effect of hydrothermal treatment parameters on the properties of lightweight silicate
bricks using substandard clay raw materials, construction lime and aluminosilicate microspheres (AM)
has been studied.

It is revealed that it is possible to obtain products with the required performance characteristics un-
der conditions of minimum hydrothermal treatment pressure (0.2 MPa). When increasing the hydro-
thermal treatment pressure up to 0.4 MPa it is possible to reduce the time of isothermal curing of
products, which will reduce the energy intensity of production. Thus, it is possible to obtain light-
weight silicate bricks using energy-efficient technology.

The optimum CaO content providing achievement of maximum strength values for samples ob-
tained at hydrothermal treatment pressure of 0.2 MPa is 10 wt. %, and at hydrothermal treatment pres-
sure of 0.4 MPa - 15 wt. %. The content of aluminosilicate microspheres in the range from 10 to 60
wt. % allows to reduce significantly the average density index up to 45%. Thus lightweight silicate
bricks will have average density of 930 to 1610 kg/m3.

It was found that the process of formation of cementing compound, and as a consequence, the op-
timal microstructure of samples is achieved due to good chemical interaction between the initial com-
ponents at low hydrothermal treatment pressure of 0.2 MPa. Thus at higher pressure (0.4 MPa) better
crystallization and formation of stronger compounds occurs. However, at lower pressure (0.2 MPa)
weakly crystallized phases are formed. The used aluminosilicate microspheres have high surface activ-
ity and as a consequence, the ability to interact with other components of the system. The use of AM,
as chemically active porous aggregates, plays an important role in the process of formation of a strong
microstructure of cementing compound in the system CaO-SiO2-Al203-H20, represented by lime and
components of substandard clay rock, which consists in the concentration around aluminosilicate mi-
crospheres of new formations formed due to the interaction of AM with Ca(OH)2 that act as centers of
crystallization, and predetermine the formation of the microstructure as a whole. This allows to im-
prove the mechanical properties of materials.

Isothermal curing time is also important as it allows to achieve a more complete reaction between
CaO and components of the used unconventional clay rock. The optimal time of isothermal curing
time, providing the formation of cementing compound of optimal composition, and as a consequence,
obtaining a material with high physical and mechanical properties at a pressure of 0.2 MPa is 8 hours,
and at a pressure of 0.4 MPa 6 hours. The choice of hydrothermal treatment mode in real production
conditions will depend on the needs of the enterprise. If autoclaves have exhausted their resource, the
reduce of the hydrothermal treatment pressure will significantly extend their service life, which is es-
pecially important in the conditions of import substitution, since most of the operating autoclaves in
the country are imported.

Mathematical models for selection and optimization of compositions of lightweight silicate bricks
based on construction lime, substandard clay rocks and aluminosilicate microspheres are proposed.
With the use of these mathematical models it is possible to select the composition of raw material mix-
tures to obtain lightweight silicate bricks meeting the requirements of GOST 379-2015 with an aver-
age density class of 1.4-1.8 and strength grade M100-150.
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