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INORGANIC  SYNTHESIS 
AND  INDUSTRIAL  INORGANIC  CHEMISTRY

In the production of binders, emissions of fi ne 
particles, dust, occurs. The basis of the cement 
manufacturing process is annealing of Portland 
cement clinker at temperatures of 1350–1450°C. By 
phase composition, Portland cement clinker is mainly 
represented by calcium silicates: up to 60% of tricalcium 
3СаО·SiO2 (alite C3S) and 20–26% of dicalcium 
2CaO·SiO2 (belite C2S) silicates. Alite and belite are 
formed in a cement kiln under various thermal conditions 
and diff er in hydraulic properties. The formation of 
С3S (the temperature of formation is 1400–1450°С) is 
the most power-consuming; the belite phase is formed 
at 1200–1300°С. Alite is the most active in hydraulic 
properties. It quickly hydrates and gives maximum 
strength to cement stone. Belite is characterized by slow 
setting and a gaining strength under natural conditions, 
but in the later stages of hardening it intensively gains 
strength and can exceed the strength of hydrated alite. 
So, after 3 days of hardening, the degree of belite 
hydration is more than 3 times lower than that of alite; 
after 6 months, the belite phase hydrates by 56%, which 
is 78.6% of the degree of alite hydration [1, 2].

Dicalcium silicate (2СаО·SiO2) melts congruently 
at 2130°C, and is characterized by a very complex 

polymorphism. In the range of 20–1500°С, there are six 
crystalline forms of 2СаО·SiO2: α, α'Н, α'L, βH, βL, and γ, 
the stability interval of which is diff erent during heating 
and cooling. When annealing Portland cement clinker, 
a β-C2S transition to a stable γ-C2S modifi cation is 
possible, which in vivo does not have binder properties.

Since the hydraulic activity of various modifi cations 
of dicalcium silicate varies signifi cantly, the problem 
of stabilization of β-2СаО·SiO2 is relevant for the 
production of belite binders and Portland cement clinker. 
Various factors infl uence the stabilization process: 
conditions for the formation and growth of nuclei, 
particle size, cooling rate, temperature, and the presence 
of impurities that can isomorphically replace Са2+ 
or Si4+. The isomorphic capacity of the crystal lattice 
of dicalcium silicate can be up to 6 wt %; isomorphic 
substitution is possible in both the cationic and anionic 
parts of the structure. Heterovalent isomorphism of the 
type Si4+  Si+ + Si3+ is the most common [3].

In the production of Portland cement clinker, the 
exhaust gases pass through several stages of purifi cation, 
the collected dust is a waste product. According to the 
steps of gas purifi cation in electrostatic precipitators, dust 
diff ers in chemical composition. At the fi rst stages, the 
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dust is close in composition to the raw materials, at the 
last stage it is characterized by a high content of alkaline 
and sulfate compounds. The dust of the 4th purifi cation 
stage was used in the study. According to their chemical 
composition, dust of electrostatic precipitators contains, 
in addition to CaO and SiO2, oxides Al2O3, Fe2O3, MgO, 
SO3, R2O, and others, the presence of which can aff ect 
the stabilization process of one or another modifi cation 
of 2СаО·SiO2 [4, 5].

The aim of the work is to study the eff ect of dust 
from electrostatic precipitators of cement rotary kilns 
on the synthesis and stabilization of dicalcium silicate 
mainly in the form of β-modifi cation and to study the 
process of hardening of a binder based on it under auto-
claving conditions.

EXPERIMENTAL

In the work, we synthesized dicalcium silicate in 
the form of γ- and β-modifi cations in the presence of 
dust from electrostatic precipitators of cement kilns 
from chemically pure CaCO3 and SiO2, as well as from 
natural carbonate and clay components. The phase 
composition was determined using chemical methods 
(by the number of bound oxides of the mixture) and 
X-ray phase analysis (by the intensity of diff raction 
refl exes of crystals with decoding of the interplanar 
spacings of a specifi c phase) by the ARL9900 
Intellipower Workstation X-ray diff ractometer [6]. 
Data was processed with software systems Difwin, 
Crystallographica Search-Match. Hydraulic activity 
under hydrothermal conditions (saturated water vapor 

pressure 0.  MPa; temperature 175°C; 2 h temperature 
and pressure rise, keeping at constant temperature and 
pressure, 2 h temperature and pressure reducing) were 
evaluated by compressive strength of cylinder samples 
d = 20 mm, made by semi-dry pressing at a pressure 
of 20 MPa. Samples were prepared in a mixture with 
quartz sand. The amount of sand introduced was 
calculated taking into account the CaO content in the 
free state in the annealed product. The amount of water 
for mixing was calculated taking into account the fl ow 
rate for hydration of free calcium oxide, evaporation 
during quenching and molding moisture of the mixture 
(W = 6.5%).

When calculating the ratio of the initial components 
of the mixtures for the synthesis of dicalcium silicate 
in the form of γ- and β-modifi cations, the content 
of calcium oxide in the free state in the annealing 
product was simultaneously accounted for. The 
prepared mixtures were annealed in a silica furnace at 
temperatures of 1000, 1050, and 1100°C for 40 min. 
The annealed product was ground to a specifi c surface 
area of 400 m2 kg–1. Dust of electrostatic precipitators 
was added to the mixture in an amount of 5 wt %. Data 
on the chemical composition of the materials used, the 
composition of the mixtures and annealing products 
are given in Tables 1, 2, the phase composition of the 
annealing products, in Table 3.

In the annealing product, the CaO content in the 
free state was determined by the ethyl glycerate 
method, and the SiO2 content by the photocolorimetric 
method [7] (Table 4). The mineral content of dicalcium 
silicate, aluminate, and calcium ferrite, as well as non-

Fig. 1. X-Ray diff raction patterns of the product of annealing mixtures. (а) СаСО3 + SiO2, (b)  CaCO3 + SiO2 + 5 wt % dust of 
electrostatic precipitators at Т = 1100°C.

(a) (b)

2θ, deg 2θ, deg
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decomposed CaCO3, was calculated from the results of 
a chemical analysis of the annealing product (Table 5).

The phase composition of the annealing product 
is confi rmed by the results of X-ray phase analysis 

(Figs. 1, 2). When annealing a mixture of CaCO3 
and SiO2 in the temperature range of 1000–1100°С 
for 40 min, 20–25% of CaCO3 remains in the non-
decomposed state (Table 4), the product contains 

Table 1. The chemical composition of the raw material of the Belgorod cement plant

Material
Content of oxides, wt %

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O annealing loss other

Chalk 2.35 0.50 0.19 54.22 0.24 0.01 0.10 0.04 42.18 0.17
Clay 67.47 11.76 5.15 3.90 1.73 0.75 0.21 0.22 7.15 1.66
Dust of electrostatic 
precipitators

3.10 0.86 0.56 16.5 0.23 12.15 25.82 1.27 15.59 18.1

Table 2. Estimated chemical composition of mixtures and products of calcination of a carbonate-siliceous mixture

Composition mixture
Content of oxides, wt %

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O annealing loss other

СаСО3 + SiO2 23.08 – – 43.07 – – – – 33.85 –
CaCO3 + SiO2 + 
dust of electrostatic 
precipitators

22.09 0.04 0.03 41.75 0.01 0.61 1.29 0.06 32.44 0.91

Chalk + clay 17.98 3.20 1.38 42.14 0.60 0.19 0.13 0.08 33.77 0.61
Chalk + clay + dust
of electrostatic 
precipitators

17.24 3.08 1.34 40.86 0.07 0.81 1.42 0.14 32.86 1.48

Annealing product
СаСО3 + SiO2 34.88 – – 65.12 – – – – – –
CaCO3 + SiO2 + 
dust of electrostatic 
precipitators

32.70 0.06 0.04 61.80 0.01 0.90 1.91 0.09 – 1.35

Chalk + clay 27.16 4.84 2.08 63.63 0.9 0.28 0.19 0.13 – 0.80
Chalk + clay + dust
of electrostatic 
precipitators

25.68 4.59 2.00 60.86 0.10 1.21 2.11 0.21 – 1.19

Table 3. Calculated phase composition of the annealing product of a carbonate-siliceous mixture 

Composition mixture
Mineral content, wt %

2СаО·SiO2 CaO·Al2O3 2CaO·Fe2O3 CaSO4 СаО MgO

СаСО3 + SiO2 100 – – – – –
CaCO3 + SiO2 + dust
of electrostatic precipitators

93.74 0.06 0.07 1.04 – 0.01

Chalk + clay 77.86 7.50 3.54 0.48 8.82 0.60
Chalk + clay + dust
of electrostatic precipitators

73.62 7.11 3.40 2.06 8.15 0.10
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oxides of CaO and SiO2 in the free state and dicalcium 
silicate in the form of β- and γ-modifi cations (Figs. 1a–
1d, Å: 3.01, 2.788, 2.755, 2.614, 2.194).

It was found [8] that the smaller the β-2CаО·SiО2 
crystals, the less likely the formation of γ-shape nuclei, 
in this case the β-modifi cation is stabilized. An increase 
in the annealing temperature leads to a decrease in the 
content of CaCO3, oxides in the free state, and a rise in 
the amount of 2CаО·SiО2.

Crystallochemical stabilization is based on the 
formation of 2CаО·SiО2 solid solutions with some 
additives. Cations (anions) of Na+, K+, Mg2+, SO4

2– 
present in dust enter the 2CаО·SiО2 crystal lattice, 
which undergoes changes in this case, resulting in its 

stabilization. At the same time, additives can aff ect the 
reactivity of the compound. Stabilizing additives in some 
cases signifi cantly increase, in others sharply reduce 
hydration activity. “Minor” impurity oxides (Na2O, 
K2O, MgO, SO3, etc.), which are always contained in 
the initial raw materials, create favorable conditions for 
the formation of phases with a complex of isomorphic 
substitutions in their lattices, while lowering the 
temperature of mineral synthesis. The crystal chemical 
features of these phases are well known; in relation to 
2CаО·SiО2, solid solutions are called belites.

It was established [9] that the metastable 
β-modifi cation of 2CаО·SiО2 is stabilized by the 
introduction of ions of diff erent charge states into the 

Table 4. Chemical composition of the annealing product of a carbonate-siliceous mixture

Composition mixture
Annealing 

temperature, 
°С

Content, wt %

CaOfree SiO2free annealing loss
∑ oxides 
in the free 

state

∑ oxides 
in a bound 

state

СаСО3 + SiO2 1000
1050
1100

36.10
24.61
17.19

19.35
13.19
9.26

10.86
9.56
9.08

55.45
37.80
26.53

19.87
40.47
52.83

СаСО3 + SiO2 + 5% dust
of electrostatic precipitators

1000
1050
1100

23.60
18.28
14.34

12.40
8.85
7.32

8.79
8.04
7.16

36.00
27.13
21.66

44.12
54.01
62.07

Chalk + clay 1050
1100

24.05
11.72

10.35
3.60

11.86
11.08

34.40
15.32

39.31
60.44

Chalk + clay + 5% dust
of electrostatic precipitators

1050
1100

8.54
4.05

1.53
1.27

7.55
6.29

10.07
5.27

76.15
80.06

Table 5. Phase composition of the annealing product of a carbonate-siliceous mixture

Composition mixture
Annealing 

temperature, 
°С

Mineral content, wt %

2СаО·SiO2 CaO·Al2O3 2CaO·Fe2O3 СаСО3 СаО α- 
tridymite

СаСО3 + SiO2 1000
1050
1100

19.87
40.47
52.83

–
–
–

–
–
–

24.68
21.73
20.64

36.10
24.61
17.27

19.35
13.19
9.26

СаСО3 + SiO2 + 5% dust
of electrostatic precipitators

1000
1050
1100

43.18
54.45
61.88

0.06
0.06
0.06

0.06
0.06
0.06

19.98
18.27
16.27

23.60
18.28
14.34

12.40
8.85
7.32

Chalk + clay 1050
1100

29.65
50.02

7.01
7.28

2.65
3.14

26.95
24.24

24.05
11.75

10.35
3.60

Chalk + clay + 5% dust
of electrostatic precipitators

1050
1100

64.79
69.11

8.23
7.92

3.13
3.03

17.16
14.30

8.54
4.05

1.53
1.27
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structure during synthesis (heterovalent isomorphism). 
A prerequisite for the implementation of substitutions of 
this type is charge compensation. Isomorphic elements 
in the lattices of matrix minerals can occupy diff erent 
positions. Thus, Na+, K+, Mg2+ ions in 2CаО·SiО2, 
as a rule, replace Ca2+ ions, and in [SiO4] tetrahedra 
there can be S6+ ions instead of Si4+. It was determined 
in [10] that the more pairs of heterovalent isomorphic 
substitutions present in the mineral structure, the greater 
the distortion of the structure. Due to the deformation 
of the crystal lattice, the properties of the minerals and 
materials containing them can be signifi cantly changed 
(for example, hydration and hardening characteristics). 
The stabilization by a smaller amount of impurities 
may be explained by relatively small unit cell volume 
of β-2CаО·SiО2 (0.343 nm3) in comparison with the 
volumes of other high-temperature modifi cations of this 
compound (for example, in α'-2CаО·SiО2 1.08 nm3) 
[11]. The content of impurity ions in the β-2CаО·SiО2 
crystal lattice, which can be incorporated into its 
structure and replace matrix ions, can be ~4–6 wt %.

The introduction of electrostatic precipitators into 
the dust mixture containing a signifi cant amount of ox-
ides R2O (R is an alkali metal), MgО, and SO3 leads 
to intensifi cation of not only the process of decarbon-
ization of calcium carbonate, but also the interaction of 
CaO with silica [12]. Dicalcium silicate (Figs. 2b–2d, Å: 
2.788, 2.759, 2.618, 2.196) is contained only in the form 
of a β-modifi cation; self-scattering characteristic of the 
transition to the γ-form does not occur. The presence of 
MgO, K2O, SO3 oxides leads to crystallochemical sta-
bilization of the β-modifi cation of 2СаО·SiO2, the dif-

fraction maximum characteristic of the γ-modifi cation 
of 3.01 Å is absent. The content of a signifi cant amount 
of K2O (~25%) in the dust of electrostatic precipita-
tors could provide crystallochemical stabilization of the 
β-modifi cation of 2СаО·SiO2 without the participation 
of other oxides [13]. The shift of the diff raction devia-
tions characteristic of the β modifi cation towards large 
angles indicates the incorporation of potassium ions K+ 
instead of Ca2+, S6+ instead of Si4+ into the structure of 
dicalcium silicate, which is an X-ray sign of an increase 
in the unit cell parameters and is in good agreement with 
the dimensional characteristics of mutually substituting 
ions (rCa2+ = 1.04 Å, rK+ = 1.33 Å, rSi4+ = 0.39 Å, rS6+ = 
0.29 Å). The diff erence in the sizes of the radii of the ions 
Ca2+ and K+ 21.8%, Si4+ and S6+ is 25.6%, as well as the 
content of signifi cant amounts of K2O in dust of elec-
trostatic precipitators in comparison with SO3 explains 
the shift of the diff raction maxima for β-2СаО·SiO2 
towards large, not smaller, angles, which, as a whole, 
increases the defectiveness of the crystal structure of the 
β-2СаО·SiO2 phase and its hydration activity [14].

In the annealing product based on chalk and clay 
with the addition and without dust of electrostatic 
precipitators except β-2СаО·SiO2 (d, Å: 2.784, 2.637, 
2.194), aluminate (d, Å: 2.988, 2.578), calcium ferrite 
2СаО·Fe2O3 (d, Å: 2.79, 2.698), CaO in the free state (d, 
Å: 2.414, 1.702) (Figs. 2a, 2b) were found, which confi rms 
the data on the calculation of the phase composition 
according to the results of chemical analysis. With the 
introduction of electrostatic precipitators into the dust 
mixture, an increase in the intensity of the diff raction 
maximum of 2.79 Å, characteristic of β-2СаО·SiO2, 

Fig. 2. X-Ray diff raction patterns of the product of annealing mixtures. (a) Chalk + clay, (b) chalk + clay + 5% dust of electrostatic 
precipitators at T = 1100°C.

(b)(a)

2θ, deg 2θ, deg
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is observed on the X-ray diff raction patterns of the 
calcination product, which indicates a signifi cantly higher 
content of belite mineral. Consequently, the use of dust 
from electrostatic precipitators of cement kilns makes 
it possible to produce a binder containing dicalcium 
silicate in the form of a β-modifi cation at relatively low 
temperatures.

The results obtained are characteristic of belite 
clinkers, no production of which, given their low 
hydration activity,  currently occurs. In the work, to 

activate the belite component of clinker, hydrothermal 
hardening was used at a temperature of 175°C, which 
is typical for lime-sand mixtures [15]. After autoclaving 
and drying, the samples were tested for compressive 
strength, the content of Ca(OH)2 in the free state was 
determined (Table 6), and the phase composition was 
evaluated by the results of X-ray phase analysis (Fig. 3).

Lime-quartz binder, traditionally used in the 
manufacture of autoclaved hardening products (silicate 
brick, cellular autoclave products), is characterized by a 

Table 6. Composition and properties of binder hydrothermal hardening

Binder containing

CaOHfree, %
Compressive 
strength, MPa

annealing product, prepared quartz sand, 
%from the mixture at temperature, °С amount, %

СаСО3 + SiO2 1000
1050
1100

73.48
80.25
85.27

26.52
19.75
14.73

5.38
2.62
1.55

17.45
26.08
34.18

СаСО3 + SiO2 + 5% dust
of electrostatic precipitators

1000
1050
1100

80.91
84.55
87.46

19.09
15.45
12.54

1.90
0.81
0.25

29.10
40.08
51.00

Chalk + clay 1050
1100

80.61
89.49

19.39
10.51

–
–

35.65
60.95

Chalk + clay + 5% dust
of electrostatic precipitators

1050
1100

92.13
96.11

7.87
3.89

–
–

48.36
66.65

СаО – 50 50 9.30 10.86

Fig. 3. Ray diff raction patterns of the hydrated annealing product. (а) Based on lime, sand, and chalk, (b) based on chalk, clay, and dust 
of electrostatic precipitators.

(a) (b)

2θ, deg 2θ, deg
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relatively low compressive strength of 10.86 MPa, while 
a signifi cant amount of Ca(OH)2 remains in the free state. 
The binder containing the calcining product (CaCO3 + 
SiO2) after hydrothermal hardening is characterized by 
a signifi cant increase in strength to 26.8 and 34.18 MPa 
at temperatures of 1050 and 1100°C. The binder with 
the addition of dust of electrostatic precipitators up to 
51.0 MPa at a temperature of 1100°C has the highest 
strength parameters. The reason for this is the increased 
content of dicalcium silicate in the form of β-modifi cation 
(up to 61.88%) (Table 5) as a result of accelerated 
hydration of β-2СаО·SiO2 at hydrothermal treatment (in 
comparison with normal hardening conditions) and the 
interaction of free calcium oxide with silica sand with 
the formation of calcium hydrosilicates.

Defective structure is a factor aff ecting the chemical 
properties of the β-2СаО·SiO2 mineral. Replacing a 
certain amount of Ca2+ ions with K+ and Na+ ions, as well 
as Si4+ with S6+, not only stabilizes the β-modifi cation 
of dicalcium silicate, but also signifi cantly increases 
its hydraulic activity [13]. The activity of a binder 
synthesized from natural raw materials using dust 
from electrostatic precipitators of cement kilns exceeds 
60 MPa, and when hydrated, all calcium hydroxide 
is absorbed. The phase composition of the hydrated 
product is represented by calcium hydrosilicates, which 
is confi rmed by the results of X-ray phase analysis 
(Figs. 3a, 3b). When using an annealing product based 
on chalk, clay with the addition of dust of electrostatic 
precipitators, the hydrated phase of the clinker component 
is represented by both low basic CSH (B) (d, Å: 3.043, 
2.823), and highly basic C2SH (A) (d, Å: 4.22, 3.943, 
3.555, 3.278) with calcium hydrosilicates (Fig. 3b). 
Hydration of β-2СаО·SiO2 occurs simultaneously 
with the hydration of calcium aluminates and ferrites 
(CaО·Al2O3 and 2СаО·Fe2O3) resulting in the formation 
of hydroaluminate (d, Å: 3.126, 2.30) and calcium 
hydroferrite (d, Å: 4.048, 2.069), which contribute to 
the hardening of the structure of the binder. Calcium 
hydroxide formed during CaO hydration is completely 
bound by silica to calcium hydrosilicates with a CaO/
SiO2 ratio of ˂1.5, which increases the amount of low-
basic high-strength calcium hydrosilicates of the CSH 
(B) type (partially crystallized tobermorite-like calcium 
hydrosilicate with a CaO : SiO2 ratio of 1.5 and variable 
amount of water) [14].

The use of a binder, containing predominantly 
β-2СаО·SiO2, can signifi cantly increase the strength 
characteristics. The phase composition of the binder 

obtained from natural raw materials with the addition 
of 5 wt % dust of cement rotary kilns indicates the 
possibility of producing belite clinkers at relatively low 
annealing temperatures in comparison with the currently 
produced alite clinkers. The combined hydration of 
the belite phase and the interaction of the free calcium 
oxide of the calcination product with silica sand make 
it possible to increase the number of hydrated phases 
after hydrothermal hardening and to produce a high 
strength binder on this basis. The accelerated hydration 
of dicalcium silicate at elevated temperatures and 
pressures increases the hydration phases.

CONCLUSIONS

An intensifi cation of the process of the belite 
phase formation in the β-modifi cation at relatively 
low temperatures was theoretically justifi ed and 
experimentally established as a result of the replacement 
of a certain amount of Ca2+ ions by K+ and Na+ ions, as 
well as Si4+ by S6+ contained in the dust of electrostatic 
precipitators of rotary cement kilns. An increase in 
the structural imperfection of β-2СаО·SiO2 dicalcium 
silicate in the presence of a complex of impurities 
signifi cantly increases the hydraulic activity of this 
mineral under hydrothermal conditions. The strength 
of an autoclaved binder based on belite clinker is six 
times higher than the strength characteristics of a lime-
sand binder under constant curing conditions as a result 
of accelerated hydration of the belite phase and the 
formation of a larger amount of hydrated phase such as 
high-strength low-basic calcium hydrosilicates.

ACKNOWLEDGMENTS

The authors are grateful to the staff  of the Center 
for High Technologies of Belgorod State Technological 
University named after V.G. Shukhov for determining the 
chemical composition of the raw materials used, as well as 
the Interdepartmental Laboratory for X-ray phase analysis 
of samples of binder synthesis and hydration products for 
analyses of the samples under study, special thanks to the 
Department of Cement Technology and Composite Materials 
for providing installations for determining the technological 
properties of binders.

FUNDING

This work was carried out as part of a development 
program for a reference university based on the Belgorod 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  93  No.  6  2020

820 KUDEYAROVA  et  al.

State Technological University Named after V.G. Shukhov, as 
well as in the framework of research no. 532-2018-NIR from 
12.06.2018

CONFLICT OF INTEREST

The authors declare that they have no confl ict of interest.

REFERENCES

1. Tailor, H.F.W., Cement Chemistry, London: Teklford 
Thomas, 1997.

2. Gareev, R.R., Korolev, A.S., Shaimov, M.Kh., and 
Trofi mov, B.Ya., Refractories & Industrial Ceramics, 
2006, vol. 47, no. 6, pp. 381–385.

 https://doi.org/10.1007/s11148-007-0012-x
3. Wang, Y.G., Zou, B.S., and Kuo, K., H.X., J. Mater. Sci., 

1989, vol. 24, pp. 877–880.
 https://doi.org/10.1007/BF01148771
4. Nurymbetov, B.Ch., Turemuratov, Sh.N., Zhukov, A.D., 

and Asamatdinov, M.O., Vestn. MGSU., 2017, vol. 12, 
no. 4(103), pp. 446–451.

 https://doi.org/10.22227/1997-0935.2017.4.446-451
5. Aleksandrov, A.V. and Nemchinova, N.V., Vestn. 

Irkutskogo Gos. Tekhn. Univ., 2016, vol. 20, no. 11, 
pp. 170–183.

 https://doi.org/10.21285/1814-3520-2016-11-170-183
6. Chizhov, P.S., Lit’e & Metallurgiya, 2011, no. 2(60), 

pp. 172–174.
7. Butt, Yu.M. and Timashev, V.V., Praktikum po 

khimicheskoi tekhnologii vyazhushchikh materialov 
(Workshop on the Chemical Technology of Binders), 
Moscow: Vysshaya Shkola, 1973.

8. Boikova, A.I., Khimiya silikatov i oksidov (Chemistry of 
Silicates and Oxides), Leningrad: Nauka, 1982. 

9. Boikova, A.I., Tsement, 1982, no. 9, pp. 7–10.
10. Boikova, A.I., Tsement, 1992, no. 2, pp. 17–19.
11. Shmanina, E.A., Abstracts of Papers, Nauchnyi poisk. 

Tekhnicheskie nauki: Materialy tret’ei nauch. konf. 
aspirantov i doktorantov. Yuzh.-Ural. Gos. Univ. 
(Scientifi c Search. Engineering: Materials of the Third 
Sci. Conf. of Graduate Students and Doctoral Students. 
South Ural. State Univ.), Chelyabinsk: Izd. Tsentr 
YuUrGU, 2011.

12. Ermolenko, E.P. and Klassen, V.K., Sb. Dokl. “Alit-
inform,” 2012, no. 3, pp. 44–53.

13. Gutt, W. and Osborn, E.F., Cement Technol., 1970, vol. 1, 
no. 4, pp. 121–125.

14. Bikbau, M.Ya., Tsement i ego primenenie (Cement and Its 
Application), 2006, no. 5, pp. 64–67.

15. Butt, Yu.M. and Rashkovich, L.N., Tverdenie vyazhu-
shchikh pri povyshennykh temperaturakh (Binder 
Hardening at Elevated Temperatures), Moscow: 
Stroiizdat, 1965.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


