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Introduction

W
ith the global production volume of metal-

lurgical silicon, with the output of more thanWW500 million tons per year [1], due to the imper-WW
fection of the technological process and the unsatisfactory 

operation of gas treatment facilities, more than 200 mil-

lion tons of fine technogenic waste are generated annu-

ally. As a rule, these man-made wastes are stored either 

in closed landfills or in special containers big bags in

warehouses [2–3]. Analytical studies show that currently 

there are no technologies for large-scale processing of 

technogenic silica, which is SiO2 microsilicon, with an

admixture of carbon of various shapes and sizes, as well

as metal compounds with a content of no more than

100 ppm [4–5]. According to experts, the total amount

of accumulated waste from the production of silicon in

the form of silicon dioxide is more than 1 million tons. 

Of the resulting waste, no more than 10–15% (of the total 

volume) is used [6]. Manufacturers are interested in orga-

nizing the processing of waste from various industries to

obtain value-added products [7–9].

However, in general, microsilica can be attributed to 

composite materials that have their own specific advan-

tages. Microsilica particles together with carbon have low 

density, high strength, low coefficient of thermal expan-

sion and a highly developed surface [7, 10–12]. In addi-

tion, as a rule, microsilica particles have a stable average 

size. Taking into account the unique properties of mi-

crosilica, currently there are technologies and develop-

ments for the disposal and processing of technogenic 

waste [13–14]. To date, microsilica is mainly used on a 

large scale only in the production of high-strength con-

crete, light concrete, shotcrete and concrete with reduced

water permeability [15]. In 2000, international standards 

for the use of microsilica in the construction industry ap-

peared [16], and it is actively used as an additive in most 

industrialized countries [17–19]. Of scientific and tech-

nical interest is the development of technologies for pro-

cessing microsilica for its subsequent use as a modifying 

additive in refractory and building mixes [7].

In metallurgical units and furnaces, the quality and

characteristics of refractories ultimately determine the 

melting efficiency and energy efficiency of the entire 
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process [20]. The lining usually uses high—alumina re-

fractory bricks, or refractory materials consisting of vari-

ous oxides — SiO2, Al2O3, MgO, CaO, ZrO2, etc. [21].

The wide variety of refractory materials is explained by 

the desire to exclude the interaction between the molten

metal and the lining material [22]. In addition to mechan-

ical and thermal destruction, metallization occurs, which

is accompanied by exchange reactions between oxides

and lining [23–24]. For stable and long-term operation of 

refractories in furnaces, high indicators of chemical, me-

chanical and thermal resistance of refractory materials

are required to improve the operational characteristics

of furnaces [25].

Recently, there has been a tendency to create new types

of refractory materials with increased wear resistance and 

high thermophysical characteristics, for example, during

their intensive operation in rotating furnaces. Analysis of 

the literature data showed that during heating a number 

of exchange reactions take place in the mixture depend-

ing on the standard heat of formation, which affects the

change in free energy and the degree of dissociation in

the melt [26–27]. On the other hand, there are problems

in understanding the mechanisms of lining destruction

[28–29]. The lack of knowledge in this area leads to a de-

crease in technical and economic indicators and product

quality, which is unacceptable in modern conditions,

especially within the framework of resource conservation

and energy conservation policies [30].

The refractory industry is developing due to natural re-

serves of clay and other aluminosilicate mineral raw mate-

rials, which are used for the production of refractories with

minimal use of additives [25]. In addition, scaling and the

possibility of using microsilica formed during the produc-

tion of technical (metallurgical) silicon creates environ-

mental benefits by reducing the volume of waste stored in

slurry fields; and the economic feasibility is to reduce the

consumption of raw materials required per unit of manu-

factured commodity products with added value [31–33].

Materials and Methods 

At the initial stage of the work, it was necessary to de-

termine whether technogenic microsilica could be used in

the production of refractory fireclay products for general

purposes, or as additives in the production technology of 

refractory concrete mix for the manufacture of monolithic

concrete lining furnaces. To do this, it is necessary to study 

the properties, composition and structure of microsilica,

and justify the choice of its necessary content in

the composition of refractory mixtures, for subse-

quent evaluation of the thermophysical and me-

chanical characteristics of the resulting products.

Technogenic microsilica (waste of silicon

production of JSC “Kremniy”) was used as

the main object of research, as well as car-

bon-purified (separated) microsilica and

microsilica of the MKU-95 brand (GOST

R 58894–2020) for comparison.

At the 1st stage of the study, the chemical composition, 

humidity, size and distribution of particles in micro-vol-

umes of silicon production waste were studied. This stage 

is necessary to predict the performance characteristics of 

the finished product, and determines the presence of im-

purities and inclusions in the samples that may affect their 

properties.

An X-ray multichannel spectrometer (CPM-25, Russia)XX

was used to study the chemical composition of the samples

(Table 1). According to the results of energy dispersion 

analysis (EDA) of microsilica, the content of chemical

elements such as S, C, etc. was determined in its com-

position.

Thus, the separated (purified) silica has fewer impu-

rities compared to the original sample and the commer-

cially used MKU-95, and there are no Fe2O3 and MgO 

impurities in it. The particle size distribution in a given 

volume was determined using the MicroSizer 201 laser 

particle analyzer (Russia). The correspondence of particle

sizes (D, mkm) to the specified values of the weight frac-

tion (P, %) are presented in Tables 2, 3.

The analysis of the granulometric composition shows

that the average composition and size of the separated sil-

ica differs from the samples of technogenic silica and pure

MKU-95 in the decreasing direction.

It was found that technogenic microsilica contains 

traces of S and C up to 100 ppm. Also, the analysis of cal-

cination losses at pH 5% of the suspension with MKU-95

Table 1
Results of chemical analysis of a microsilica sample

Formula

Component content, %

Technogenic 
microsilica 

Separated 
microsilica

MKU-95

Al2O3 0.36 0.17 0.21

Fe2O3 1.36 – 0.1

MgO 0.84 – –

CaO 0.35 0.33 0.86

SiO2 95.6 98.9 98.5

Na2O+ K2O 1.19 0.29 0.33

S, C + chemical. el. according
to EDA analysis

С – 1.87

ignition losses 2.05 2.09 2.11

рН 7.70 7.79 7.81

Humidity, % 1.2 0.8 0.8

Table 2
Correspondence of particle sizes (D, mkm) to the specified values

of the weight fraction

Technogenic 
microsilica

2.50 4.03 6.31 8.96 12.3 15 17.5 20.4 24.6 50

Separated 
microsilica

1.52 2.59 3.28 3.91 4.98 6.17 7.71 9.69 12.78 50

MKU-95 1.56 2.61 3.34 4.11 5.07 6.24 7.76 9.78 12.9 50

P, % 10 20 30 40 50 60 70 80 90 100
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showed that the impurity content has identical values, as 

well as the moisture content of MKU-95 and silica, which

have identical values.

At the second stage, X-ray phase and energy dispersionXX

analysis of the studied samples of materials were carried out.

An X-ray diffractometer Dron-8 (Russia) was used toXX

perform X-ray phase analysis. The calculation of the con-XX

tent of crystalline phases was carried out by the Rietveld 

method (full-profile analysis, and normalization by 

100%), while taking into account the composition of the 

amorphous phase (Table 4) [34].

It has been established that morphologi-

cal features, chemical composition of micro-

silicon, its quantity determine the selectivity 

of the action of impurities on colloidal chemi-

cal and structural-mechanical processes, the

nature and kinetics of hydration of alumina 

and high alumina refractory mixtures, and the

type and composition of neoplasms are factors 

that change the nature of the flow of physico-

chemical processes under temperature expo-

sure [35]. The results of the study suggest that the amor-

phous highly active state of microsilica may lead to early 

accumulation of the liquid phase in a temporary aggregate

state during heat treatment of the sample, and further sin-

tering of the material in combination with compaction of 

the structure of materials. It is necessary to take into ac-

count the number of polymorphic water-soluble phases of 

SiO2.

When analyzing the microstructure in Fig. 1, a, c, an

insignificant amorphous “halo” characteristic of non-

crystalline carbon is observed in a sample of technogenic 

silica in the temperature range of 280–290 °C, which can

act as a binder when heated in general combination with

microsilica particles.

Table 5 shows the results of the energy dispersion

analysis (EDA) of microsilica, which was carried out on a

JEQL – 6380 LV electron microscope with an integrated

INCA E-350 spectrometer, to explain possible phase tran-

sitions during the processing of mixtures.

Microstructure analysis indicates the appearance of 

agglomerates and areas of polymorphic structures accre-

tion due to the highly developed microsilica surface and 

phase transitions during the formation of silicic acid in 

reaction with the water-soluble SiO2 phase. Fig. 2 shows 

that carbon particles are distributed throughout the sample 

The content of crystalline phases in microsilica samples

Formula Mineral name Syngony

The amount
of phase in the 

sample, %

Microsilica

AlF3–3H2O Rosenbergite Tetragonal –

SiC Moissanite – 3С Cubic 15.9

SiC Moissanite – 6Н Hexagonal 2.97

SiO2 Quartz Hexagonal 6.68

SiO2 Cristobalite Tetragonal 3.33

Si Silicon Cubic 0.33

Amorphous phase 71

Table 5
Results of microanalysis of EDA for microsilica

Spectrum C, % Na, % Mg, % Al, % Si, % S, % K, % Ca, % O, % Total, %

Microsilica 20.85 0.02 0.06 0.06 10.61 0.08 0.12 0.23 67.98 100

b cа

100 �m 10 �m 5 �m

 Structure of technogenic microsilica (a – ×200; b - ×1000; c – c ×5000)

Table 3
Weight fractions of particles (P, %) corresponding to the specified

values of particle sizes

Technogenic 
microsilica

0 0.8 2.4 6.5 13.6 25.5 43.1 79.1 99.9 100

Separated 
microsilica

0 3.7 5.3 7.0 28.3 51.2 84.3 98.5 100 100

MKU-95 0 3.5 4.9 6.6 25.2 49.4 80.9 98 100 100

D, mkm 0.2 0.5 0.7 1.0 3.0 5.0 10.0 20 45 50
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volume, this can create conditions for uniform distribution

of agglomerates (in the form of carbides), as well as cre-

ate conditions for adsorption of particles on the surface

of other components of refractory mixtures. Uneven dis-

tribution of potassium and magnesium (in the form of 

spindles) in micro-volumes can lead to the formation of 

cavities and cracks during further processing of mixtures,

as shown in Fig. 1, a–c.

At the third stage, the results of changes in the pro-

perties of technogenic material selected directly from the

production of silicon were studied using thermogravime-

tric and differential thermal

analyses (Fig. 3).
After conducting experi-

ments on the heat treatment of 

samples, it was found that suc-

cessive physico-chemical proc-

esses occur in different tempe-

rature intervals.

When analyzing the results

of heating and heat treatment

of samples of technogenic

microsilica (waste), it was re-

vealed that:

Up to a temperature of 

252 °C, adsorption moisture

and internal moisture are re-

moved with a decrease in sam-

ple weight by 1.2–1.4% with

several successive endothermic

reactions in the interaction

of calcium and carbon, with

a maximum at 50.5 °C. The

inertness of the behavior of 

sulfur compounds was found,

which indicates the sulfate re-

sistance of the samples.

Two consecutive peaks of evap-

oration of organic substances with

maxima at 500.36 and 577.25 °C

correspond to a 19.1% decrease

in the mass of the sample, and are

in the temperature range of 254–

794 °C. These data correspond to

phase transitions in the interac-

tion of carbon and calcium, and

are characteristic, among other 

things, of standard technologies

for heating carbon or coke.

The analysis also showed

that microsilica particles have

a low coefficient of thermal ex-

pansion, which inevitably affects

the thermal conductivity and

fire resistance of the samples.

The studied properties and

behavior of microsilica samples

during heat treatment suggest that this composite addi-

tive can positively affect the properties of refractory ma-

terials, improving their qualitative characteristics, such 

as strength, permeability, chemical resistance, sulfate 

resistance, wear resistance, etc., which allows them to

be exposed to a chemically aggressive high-temperature

medi um — melt for a long time. It can be concluded that

microsilica has the properties of highly reactive pozzo-

lan, which causes the effect of hardening of the harden-

ing system, binding lime from the mixture more inten-

sively than other mineral additives.

300 �m

Si Ka1 O Ka1 C Ka1_2

Fig. 2. Distribution map of elements of technogenic microsilica

Fig. 3. Thermogravimetric heating curve of technogenic microsilica

5 mg

5 oC
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Results and Discussion

At the next stage, the issue of the use of microsilica

in the production technology of general-purpose fireclay 

products, as well as in the production technology of re-

fractory concrete mix for monolithic concrete linings, as

well as other refractory products for metallurgical furna ces,

was studied.

To substantiate the use of technogenic microsilica

(Tec. Mic.) in the production technology of general-purpose

fireclay products, the following materials were prepared:

– ordinary brand chamotte;

– a mixture of clay and kaolin in a ratio of 1:1.

The preparation of the molding mass was carried out

in “laboratory runners”, and the weight of the sample was 

5 kg (2 batches each). The material compositions of the

mixtures, in wt.%, are given in Table 6.
Composition No. 1 was a control (C.C.) for comparing

the indicators of the remaining mixtures. Pressing of sam-

ples with a rib size of 50 mm was carried out on a laborato-

ry press with a force of 5 MPa. After pressing, the apparent

density, linear dimensions and mass of the raw (unburned)

refractory sample were determined.

Additionally, samples were tested for compliance with 

the requirements of the international standard ISO-2000

for acid-resistant bricks of the KP class A grade in terms of 

water absorption and acid resistance.

As a result of the experiments, the qualitative indica-

tors of the samples were determined in accordance with

the requirements of ISO-2000 for general-purpose fireclay 

products (Table 7). The dependence of the tensile strength

on the content of technogenic microsilica in the composi-

tion of the product is shown in Fig. 4.
The results of experiments conducted with the start-

ing materials and the study of their behavior in mix-

tures and in general-purpose fireclay products indicate 

that technogenic microsilica can be used in fireclay 

products. However, for further studies of the use of this 

material in fireclay products, it is necessary to con-

sider the effect of the presence of carbon on the qual-

ity indicators of products. For this purpose, the use 

of separated (purified) microsilica (Sep. Mic.) in the 

production technology of fireclay products was stud-

ied. The experiments followed the 

same pattern as with technogenic 

microsilica. The results of the experi-

ments are presented in Table 8. The 

dependence of the tensile strength on 

the content of separated microsilica 

in the composition of the product is 

shown in Fig. 5.

Table 6. 
Material composition of mixtures, wt. %

Composition No. 1 Composition No. 2 Composition No. 3

Chamotte 60% 55% 50%

Mixture of clay and kaolin 40% 40% 40%

Technogenic microsilica – 5% 10%

Table 7
Characteristics of the obtained mixture samples

Material composition, % Apparent
density of raw,

g/сm3

Apparent 
density,
g/сm3

Open 
porosity,%

Water 
absorption, 

%

Compressive 
strength
N/mm2

Tem. of the 
beginning of 
softening, °С

Refracto-
riness, °С

Mass 
fraction 

Al2O3
Chamotte C + К

Tec. 
Mic.

60 40 – 2.23-2.4

2.13 18.9 8.9 45.7

1370 1690 34.22.13 18.9 8.9 43.1

2.13 18.8 8.8 42.8

55 40 5 2.18-2.21

2.08 19.6 9.4 50.8

1370 1660 32.92.08 19.3 9.3 50

2.08 19.5 9.4 49.5

50 40 10 2.11-2.14

1.99 22.7 11.4 35.9

1350 1650 31.42 22.4 11.2 34.5

1.98 22.9 11.6 34.7

ISO-2000 SHA grades (I subgroup) – �24 – 
20 
1300 
1690 
30

ISO-2000 — acid-resistant brick of
the KP kl. A brand

– – �6 
55 – – –

2

1

3

55
N/mm2

№ Exp.

50

45

40

35

30
0 2 4 6 8 10

Fig. 4. Dependence of the tensile strength on the content of microsilica

in the composition of the product:

1 — C.C;1 2 — 5% Tec. Mic.;2 3 — 10% Tec. Mic.3
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An increase in strength can be observed when re-

placing chamotte with microsilica from 3 to 10%;

however, with a microsilica content of more than 7%,

a significant decrease in the strength of the samples is

observed. This is explained by the fact that at this stage

there is an intermolecular interaction of Van der Waals

forces with the formation of dipoles due to bridging

bonds between microsilica molecules, carbon residues

and particles of the main refractory mass. With an

increase in the silica content of more than 7%, these

bonds are layered, leading to softening of the sample.

This is confirmed by the microstructural study data

[36–37].

At the next stage, a series of experiments was conduc-

ted on the use of microsilica in the technology of produc-

tion of refractory concrete mix for the implementation of 

monolithic concrete linings, and the manufacture of re-

fractory products. For this purpose, separated microsilica 

was used in all the technologies presented below, since it 

has a cleaner chemical composition in comparison with 

technogenic microsilica.

To prove the possibility of using microsilica in the pro-

duction technology of refractory concrete mix for mono-

lithic concrete linings of metallurgical furnaces, the fol-

lowing 3 compositions were prepared:

Composition No. 1 was a control for comparing the

indicators of other mixtures

Composition No. 2 with the addition of 1% microsilica

Composition No. 3 with the addition of 2% microsilica

To identify the nature and degree of interaction

of the developed compositions of samples in the 

melt, additional studies of the corrosion resistance 

of samples from the mixture were carried out in the 

laboratory. The tests were carried out by the crucible 

method. The samples were formed in cubic shapes of 

70×70×70 mm. It should be noted that during the pouring 

of concrete samples, no changes in rheological proper-

ties were observed. The test results are presented in 

Tables 9, 10.

The analysis showed that under the given conditions

and temperatures of heat treatment, the necessary indica-

tors of apparent density, porosity and fire resistance of the 

obtained products corresponding to ISO-2000 of the SHA 

brand (I subgroup) are provided.

The results of experiments conducted with the use of 

separated microsilica and its behavior in general-purpose

fireclay products indicate that carbon-free microsilica can 

improve the quality of the product.

Table 8
Quality indicators of products with the addition of separated microsilica

Material
composition, % Apparent

density of 
raw, g/сm3

Apparent 
density,
g/сm3

Open 
porosity,

%

Water 
absorption 

%

Compressive 
strength
N/mm2

Tem. of the 
beginning of 
softening, °С

Refracto-
riness, °С

Mass 
raction 
Al2O3

Cha-
motte

C + К
Sep. 
Mic.

60 40 – 2.23–2.4

2.13 18.9 8.9 45.7

1370 1690 34.22.13 18.9 8.9 43.1

2.13 18.8 8.8 42.8

57 40 3 2.21–2.22

2.12 18.2 8.8 50.8

1380 1690 34.02.12 18.1 8.9 50.2

2.12 18.2 8.9 49.9

55 40 5 2.20–2.21

2.10 18.3 9.2 52.8

1390 1700 33.72.10 18.2 9.1 51.7

2.09 18.3 9.2 52.4

53 40 7 2.18–2.20

2.08 18.6 9.4 56.3

1390 1710 32.92.08 18.5 9.3 55.8

2.08 18.6 9.4 57.1

50 40 10 2.15–2.17

2.02 22.1 11.1 49.3

1320 1660 30.42.01 21.5 10.2 48.6

2.01 22.0 11.0 48.9

ISO-2000 SHA grades (I subgroup) – �24 – 
20 
1300 
1690 
30

2

4

3

1

5

59

N/mm2

№ Exp.

57

53

55

45

47

49

51

43

41
0 2 4 6 8 10

Fig. 5. Dependence of the tensile strength on the content of microsilica 

in the composition of the product:

1 — C.C;1 2 — 3% Sep. Mic.;2 3 — 5% Sep. Mic.;3 4 — 7% Sep. Mic.;4
5 — 10% Sep. Mic.5
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Conclusions

The behavior of microsilica in general-purpose fireclay 

products indicates that this additive makes it possible to 

improve the quality of the product, such as compressive 

strength and fire resistance. It is established that the most

optimal value of the use of microsilica in the composition 

of the mass is from 3 to 7%.

Microsilica, as a composite, has the properties of high-

ly reactive pozzolan, which causes the effect of hardening 

of the hardening system, binding lime from the mixture 

more intensively than other mineral additives.

It is established that under the given conditions and

temperatures of heat treatment, the necessary indicators

of apparent density, porosity and fire resistance of the ob-

tained products corresponding to ISO-2000 of the SHA 

brand are provided.

It is proved that microsilica can be used in the pro-

duction technology of refractory concrete mix for the 

execution of monolithic concrete linings and the manu-

facture of refractory products. The optimal value of the 

use of silica in the composition of the mass is its content 

from 1 to 2%. Tests of samples have shown that the use 

of microsilica can improve such indicators of the mix-

ture as compressive strength and resistance to aggressive 

media.

This study was carried out based on the results of the 

scientific work carried out in the preparation of the final 

article on the candidate’s thesis.
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