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Abstract. The work is devoted to the current problem of creating high-strength ceramic materials using
techno-genic waste. This problem is solved by using refractory clay as the main raw material component
with the addition of high-iron calcium silicate steel slag in various proportions. The processes of phase
formation that occur during heating of steel slag are considered. It has been established that the use of
steel slag to produce ceramic materials is possible only if the destructive effect of dicalcium silicate formed
in the slag at firing temperatures above 1000 °C is neutralized. This is possible due to the chemical
transformation of dicalcium silicate into other calcium-containing minerals that are safe from the point of
view of molded sample destruction, such as anorthite, wollastonite, gehlenite, and others that do not have
polymorphism. Compositions of ceramic masses have been developed that ensure the production of high-
strength anorthite ceramics (with water absorption from 2.8 to 13.4 % and compressive strength of up to
200 MPa) for a wide range of purposes — structural (wall) building ceramics, clinker building ceramics,
ceramic proppants, etc.
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1. Introduction

Among building ceramic materials, clinker ceramics have been gaining popularity in the last decade,
which is divided into construction (finishing, facade), road (pavement), and technical ceramics. Ceramics
are classified as clinker if the value of its water absorption is no more than 6 %, the compressive strength
is not less than 30.0 MPa. However, according to some data [1], the compressive strength of building clinker
with a water absorption of 2—2.5 % can exceed 200-250 MPa, and with a water absorption of 2—4 %, as a
rule, it is higher than 80-100 MPa. In addition to improved quality characteristics, clinker brick has
distinctive aesthetic characteristics — color transitions due to a higher firing temperature [2]. The production
of products with such properties largely depends on the quality of the clay raw materials used, which must
be low-temperature sintered and, preferably, with a wide sintering range (at least 100 °C), which is typical
for refractory and ball clays, the deposits of which are quite scarce, and the reserves limited [3]. Replacing
at least part of such in short supply clay raw materials in ceramic masses with other, preferably more
abundant and cheaper natural or man-made raw materials, would allow for significant savings in high-
quality raw materials, which, together with the use of waste, would reduce production costs and improve
the environment [4]. Thus, in the context of decreasing reserves of explored natural raw materials, as well
as increasing anthropogenic load on the environment, the problem of expanding the areas and volumes of
use of industrial waste from the mining, metallurgical, fuel, and energy complexes is of particular
importance.
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Among man-made waste, a special place is occupied by sludge and slag from metallurgical
production. Steel slag is a by-product of processing iron into steel in a converter furnace, or melting scrap
to produce steel in an electric arc furnace [5, 6]. Steel slag dumps occupy large areas of land and lead to
many serious environmental problems. In this regard, the search for a new, effective way to increase the
volume of steel slag recycling is of serious concern. The chemical composition and cooling conditions of
molten steel slag have a great influence on its physical and chemical properties in the solidified state. The
main chemical compositions of steel slag include CaO, SiOz, Al203, Fe203, MgO, and FeO [7-9]. The
common minerals in steel slag are olivine, merwinite, dicalcium silicate (C2S), tricalcium silicate (CsS),
tetracalcium aluminoferrite (C4AF), dicalcium ferrite (C2F), RO phase (CaO-FeO-MnO-MgO solid
solution), and free CaO [6, 10, 11]. It is well known that belite C2S and alite C3S have binding properties,
therefore, steel slag is widely used as an additive to cement and concrete [12—-16]. In addition, steel slag is
recommended for the production of glass ceramics [17-20], special-purpose ceramics [21-23], and
especially for the production of building ceramics [24—26]. The involvement of waste in silicate technologies
necessitates the search for new scientific approaches to the selection of raw materials, the development of
criteria for assessing the possibility of using such raw materials to obtain high-quality building materials.
Solving these problems requires theoretical and exploratory research to find ways and methods for
obtaining ceramic and composite structures that ensure the achievement of high mechanical characteristics
and other performance properties. The purpose of this work is to study the processes of formation of the
phase composition, structure, and physical and mechanical properties of ceramics based on refractory
(kaolinite) clay using steel slag in various proportions.

To achieve this objective, it is necessary to solve the following tasks:

— to establish the chemical composition, mineralogical (phase) composition, structural features of
the initial steel slag;

— to study structural and phase changes during heating of steel slag;

— to carry out theoretical and exploratory research on the development of compositions and
technological parameters for the obtaining of high-strength ceramic materials based on
composition of refractory clay and steel slag.

2. Methods

2.1. Characteristics of Initial Raw Materials Used

Refractory clay from the Latnenskoye deposit was used as a clay raw material. According to the
chemical composition, it belongs to the main clayey raw material with an average content of coloring oxides
(>1.5 % Fe203 and >1.5 % TiO2) in the calcined state (Table 1), according to the mineralogical composition
— kaolinite-hydromica clay with an admixture of quartz in the coarse part (Fig. 1), in terms of sinterability —
high-temperature sintering clay with a sintering temperature above 1200 °C (Fig. 2).

Table 1. Chemical composition of the investigated raw materials.

Raw Content of oxides, wt. %

materials Si02 Al20:  Fe20:  Fe203 MnO CaO MgO K20 Naz0 Lol

refractory clay

Posoltely 4987 3055 170 146 - 129 067 038 017 1391
ry state
Calcned 5795 3550  1.98 1.68 - 1.48 0.77 044  0.20 -
state
steel slag
Posoltely 762 780 068 2145 472 3533 807 009 051 346
ry state
C:t';'tg?d 8.28 8.08 070 2222 489 3660  8.36 009 052 -

* — after calcination at 950 °C
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Figure 1. X-ray diffraction pattern of refractory clay used.
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Figure 2. Histogram of changes in the physical and mechanical properties
of semi-dry pressing samples from studied clay, fired at 1050-1200 °C.

Steel slag, a waste product from steel production, was tested as a technogenic raw material at the
KSP Steel, Republic of Kazakhstan. According to the chemical composition (Table 1), the slag under study
is represented mainly by oxides of calcium (35.33 %), iron (21.45 %), silicon (17.62 %), and aluminum
(7.80 %), the sum of which is more than 80 %.
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Figure 3. X-ray diffraction pattern of the original steel slag.
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A comparative analysis of the chemical composition (Table 1) and X-ray analysis data (Fig. 3)
indicates that the calcium component in steel slag is represented by hydrated calcium oxide — portlandite
Ca(OH)2, as evidenced by reflections with d/n — 0.492, 0.316, 0.263, 0.193, 0.179 nm, as well as silicates
and hydrated calcium silicates — okermanite 2Ca0O+Mg0O+2SiO2 (0.429, 0.379, 0.306, 0.287, 0.243, 0.232,
etc.), tobermorite 5Ca0+6Si02*5H20 (0.56, 0.306, 0.297 0.282 nm, etc.), and dicalcium hydrosilicate
2Ca0-SiO2+H20 (0.429, 0.379, 0.306, 0.282, 0.273, 0.247 nm, etc.). Aluminate, magnesium, and ferrous
components are represented by monocalcium aluminate CaO-+Al203 (0.56, 0.46, 0.298, 0.254, 0.243 nm),
enstatite MgO-SiO2 (0.316, 0.288, 0.252, 0.245, 0.205 nm), and monocalcium ferrite CaO+Fe203 (0.282,
0.273, 0.268, 0.254, 0.210, 0.181 nm).

2.2. Procedures and Methods

All analyzed clay-slag compositions were grouped into two types: the first group of compositions
were mixtures, in which clay was the base, and steel slag was an additive in an amount from 10 to 50 %,
the second group of compositions were mixtures, in which the base was steel slag, and clay was added in
an amount of 10 to 40 %.

Clay dried to an air-dry state was crushed to a size of less than 0.5 mm, steel slag — to a size of less
than 0.063 mm. Prepared clay and steel slag were dosed in a ratio from 90:10 to 10:90 with an interval of
10 %.

The study of the behavior of upon heating refractory clay and steel slag as well as samples from their
mixtures was carried out on semi-dry pressing samples in the form of tablets with a diameter of 20 mm and
cylinders 20x20 mm. The required degree of compaction of the press powder and the pressure required
for this were selected empirically. The optimum pressing pressure was 20 MPa (based on the maximum
bulk density of the compacts). The samples were dried to an air-dry state, after which clay samples were
fired in the range of 1050—1200 °C, steel slag samples — in the range of 950—-1300 °C, and their mixtures —
in the range of 1050—1200 °C with an interval of 50 °C and time-exposure at the final temperature for 2 h.
The calcined samples were cooled together with a furnace in a free mode.

2.3. Experimental Method

The physicochemical and processing properties of the initial refractory clay and steel slag upon
heating, the studied mixtures of refractory clay with steel slag and finished products were investigated using
physical and chemical methods. These methods include traditional chemical and elemental analyses by an
Oxford XSupreme 8000 X-ray fluorescence analyzer. The phase compositions of the specimens were
analyzed via an X-ray diffractometer (Shimadzu XRD-7000S) with CuK o radiation (AK o, =0.154186 nm)
at40 kV and 25 mA. The specimens were tested in the angle range of 10-60° (26). Moreover, the crystalline
phases were identified on the basis of the experimental patterns using the Powder Diffraction File Database
of the International Center for Diffraction Data. The microstructures were observed using a scanning
electron microscope (Hitachi S-570 and JEOL JSM-840).

Air and fire shrinkage was determined on the tablet samples. Drying shrinkage of samples were
measured by controlling of sample length, width, and height before and after drying process. The
measurements of water absorption were performed via the Archimedes method. The compressive strength
of the fired samples was measured by using cylindrical samples. The reported compressive strength (MPa)
is the average of five measurements.

3. Results and Discussion
3.1. Characteristic of Phase Changes during Heating of the Steel Slag Used

The use of steel slag as raw materials for the production of ceramics makes it necessary to study
their behavior when heated.

It was revealed that semi-dry pressing samples from steel slag, fired to 1000 °C, are characterized
by high porosity, low strength but still retain their integrity. When heated to 1100 °C, the samples are
covered with a network of cracks, and, starting from 1150 °C, they completely crumble after cooling into a
fine powder (Fig. 4).
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Figure 4. Appearance of molded samples from steel slag, fired at temperatures of 950-1300 °C.

To explain this behavior of the slag when heated, a study was carried out of the phase changes that
occur when the slag is heated.

The nature of the ongoing physicochemical processes was considered in two temperature ranges —
with low-temperature heating (from 650 to 1000 °C), at which the integrity of the fired samples was
maintained (Fig. 5A), and high-temperature heating (from 1100 to 1300 °C), at which the samples
completely crumbled (Fig. 5B).

A comparative analysis of X-ray diffraction patterns corresponding to low-temperature heating
(Fig. 5A) indicates that heat treatment of metallurgical slag at temperatures up to 1000 °C is accompanied
by the following physical and chemical processes leading to a change in the diffraction pattern:

1. Complete dehydration of portlandite, which is manifested in the disappearance in the diffraction
pattern of the main reflections of portlandite Ca(OH)2 with interplanar distances d/n — 0.492, 0.316,
0.193, 0.179 nm.

2. The disappearance of reflections at 0.559, 0.297, 0.280 nm at a temperature of 900 °C and the
appearance of reflections at 0.255, 0.247, 0.218 nm is due to the process of decomposition of
tobermorite 5Ca0+6Si02:5H20 with the formation of wollastonite CaO+SiO2 and silica [27]:

5Ca0-68i0, - 5H,0 — 5(Ca0-Si0, ) +SiO, + 5H,O. 0

3. The appearance of X-ray reflections of dicalcium silicate in form y-2Ca0-SiO2 (0.289, 0.279, 0.261,
0.244 nm, etc.) occurs due to the partial dehydration of dicalcium hydrosilicate:

2Ca0-Si0, -H,0 — 2Ca0-Si0, + H,0. 2
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Figure 5. X-ray diffraction patterns of metallurgical slag fired
at 600—1000 °C (A) and at 1100-1300 °C (B).

When the firing temperature of pressed samples from the steel slag increases above 1000 °C
(Fig. 5B), the diffraction pattern is characterized by:

1. Disappearance of reflections of monocalcium ferrite CaO+Fe203 (0.282, 0.267, 0.254 nm, etc.) at
temperature of 1200 °C. This is most likely due to the process of its melting:
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CaO . F6203 —> mel[ (3)

2. A sharp increase in the intensity of dicalcium silicate reflections is caused by the completion of the
dehydration process of dicalcium hydrosilicate:

2Ca0-8Si0, -H,0 — 2Ca0-8Si10, + H,0. 4)

3. The disappearance of reflections of wollastonite CaO+SiO: at a temperature of 1200 °C and a sharp
increase in reflections of dicalcium silicate y—2CaQO-+SiO: is caused by synthesis of dicalcium silicate
due to the reaction:

Ca0-8Si10, + Ca0O — 2Ca0-Si0,. (5)

Changes in the phase composition of the studied slag during low-temperature (up to 1000 °C) and
high-temperature heating (from 1000 to 1300 °C) are given in Table 2.

Table 2. Phase composition of the studied slag before firing and fired up to 1000 °C and above
1000 °C.

Presence*
Phase Formula in the initial L o after firing above
steel slag after firing up to 1000 °C 1000 °C
ortlandite Ca(OH + B -
P (OH) Ca(OH)2—Ca0 + Hz0
tobermoritis 5Ca0+6Si02+5H20 + 5Ca0+6Si02¢5H2,0—5(Ca0-Si02) + -
SiO2 +5H20
dicalcium . . N . _
hydrosilicate ~ 2020°Si02H0 * 2Ca0+Si02+H20— y-2Ca0-Si0z
+H20
okermanite 2Ca0+Mg0-2SiO2 + + +
monocalcium -
- CaO-<Fe20 + +
ferrite a &2 Ca0-+Fe203 — melt
monocalcium CaO*ALOs + + +
aluminate
enstatite MgQO-SiO2 + + +
wollastonite Ca0-SiO2 - + +
. . + +
d'sﬁﬁ‘!f;'t”em y—2Ca0-Si0z - 2Ca0+Si02+H20— y-2Ca0+SiO; Ca0+Si0z+ Ca0—
+H20 y-2Ca0+Si02

Thus, after firing at 1300 °C, the crystalline phase of the steel slag is represented by a mixture of
okermanite 2Ca0+-Mg0-2SiO2, monocalcium aluminate CaO-Al2Os, enstatite MgO+SiO2, wollastonite
Ca0-SiOz, and dicalcium silicate y—2CaQ-SiO2, the polymorphism of which, when the molded samples are
cooled, causes their complete disintegration (Fig. 4) [28]. Therefore, the use of steel slag to produce
ceramic materials is possible only if the destructive effect of dicalcium silicate formed in the steel slag at
firing temperatures above 1000 °C is neutralized. This is possible due to the chemical transformation of
dicalcium silicate into other calcium-containing minerals that are safe from the point of view of molded
sample destruction, such as anorthite, wollastonite, gehlenite, and others that do not have polymorphism.

3.2. Theoretical Substantiation of the Choice
of the Studied Compositions “Refractory Clay — Steel Slag”

At the first stage, to predict the processes occurring when heating the studied compositions of
metallurgical slag with refractory clay, a theoretical analysis of the behavior of the studied compositions in
the CaO-Al203-SiO2 system was carried out. For this purpose, the chemical compositions of ceramic
masses were initially calculated (Table 3).
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Table 3. Chemical composition of the investigated mixtures of refractory clay with steel slag.

Mixture code Content of oxides, %

SiO2 Al203 Fe203 TiO2 MnO Ca0 MgO K20 Naz20

refractory clay — base, steel slag — additive
C100So 57.95 35.50 1.68 1.98 - 1.48 0.77 0.44 0.20
Co0S10 53.99 32.76 3.74 1.85 0.49 5.00 1.53 0.41 0.23
Cs0S20 50.03 30.02 5.80 1.72 0.98 8.52 2.29 0.37 0.26
Cr0S30 46.06 27.28 7.86 1.60 1.47 12.05 3.05 0.34 0.30
Ce60S40 42.10 24.54 9.92 1.47 1.96 15.57 3.81 0.30 0.33
Csos50 38.14 21.80 11.98 1.34 245 19.09 4.58 0.27 0.36

steel slag — base, refractory clay — additive
S100Co 18.33 8.10 22.28 0.70 4.90 36.70 8.38 0.09 0.52
S90C1o 22.29 10.84 20.22 0.83 4.41 33.18 7.62 0.13 0.49
S 80C20 26.25 13.58 18.16 0.96 3.92 29.66 6.86 0.16 0.46
S70Cs0 30.22 16.32 16.10 1.08 3.43 26.13 6.10 0.20 0.42
Se0C40 34.18 19.06 14.04 1.21 2.94 22.61 5.34 0.23 0.39

* here and below, symbol in mixture code corresponds to the type of raw material (C — clay, S — steel slag),
number in mixture code — to the content of clay and steel slag, wt.%.

The calculated chemical compositions of the studied compositions indicate that in clay-based
compositions with the addition of steel slag, an increase in the steel slag content from 10 to 50 % causes
an almost 3—4 times increase in the content CaO (from 5 to 19 %) and Fe203 (from 3.7 to 12 %) while
simultaneously reducing the content of aluminum oxide and silica. In the case of compositions in which
steel slag serves as the base and clay as an additive, when the clay content increases from 10 to 40 %,
the content of aluminum Al203 almost doubles (from 10.8 to 21.8 %) and the content of calcium and iron
oxides decreases by 2 times (CaO from 33 to 22.6 % and Fe203 from 20 to 14 %).

Then the multicomponent chemical compositions of the studied mixtures (Table 3) were recalculated
to the three-component composition CaO—-Al203—SiOs.

The representative points of the calculated three-component chemical compositions of the studied
mixtures were plotted on CaO—-AIl203-SiO2 state diagram (Fig. 6)and melting profiles were determined (Fig.
7).

iy Y “7”:".4 N Wy
0.2 03 cC 0.6 CA0.7
CazSi0s ™ Ca 10,

ALO, [ wt. fraction]

- ll
CaO 0.1

Figure 6. Location of studied compositions of refractory clay
with steel slag in CaO-Al,03-SiO; system.
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Figure 7. Melting curves of refractory clay with steel slag in CaO-Al,03-SiO, system.
Table 4. Characteristics of study mixtures in CaO-Al.03—SiO: system.
Oxide content, wt. % Characteristics of the eutectic phase Complete
’ melting
Mixture Addition Tempera Eutectic Crystalline phase temperature,
code % . ture, melt content, % °C
CaO Al203 SiO2 ° )
c content, % content, dominant
% phase
refractory clay — base, steel slag — addition
C100S0 0 3.03 36.94 60.03 1345 24 76 1730
Co0S10 10 8.10 35.68 56.22 1345 66 34 it 1680
mullite
Cs0S20 20 13.22 3422 5237 1345 46 54 1590
Cr70S30 30 18.41  33.12  48.47 1345 25 75 1540
C60S40 40 23.63 31.82 4455 1163 6 94 . 1500
anorthite
Cs0 Ss0 50 29.14 3042 40.44 1265 37 63 1440
steel slag — base, refractory clay — addition
S100Co 0 56.22 2370 20.08 1335 31 69 calcium 1700
disilicate
S90C10 10 50.64 2511 2425 1380 11 89 1620
Ss0Ca20 20 4513 26.48 28.39 1315 11 89 gehlenite 1564
S70Cao 30 39.66 27.84 32.50 1265 47 53 1525
Se60Ca0 40 3427 2918 36.55 1265 40 60 anorthite 1375

The characteristics of the resulting melts (Table 4) show that, theoretically, the heating behavior of
both steel slag and refractory clay in the initial state is very similar. In particular, the temperature, at which
the eutectic melt appears, in the slag when heated is 1335 °C in an amount of 31 %, and in clay — 1345 °C
in an amount of 24 %. The steel slag will completely melt at 1700 °C, and the refractory clay at 1730 °C.
Thus, it has been theoretically revealed that in all mixtures of “refractory clay — steel slag”, in which clay is
the main component, additions of steel slag in the amount of 10-50 % (mixtures Cg0S10 — Ce0Ss0) will
activate the sintering process of refractory clay due to sintering the general effect of iron oxide introduced
with steel slag (Table 5), with the formation of ceramic materials of predominantly mullite (with 10-30 %
slag) and anorthite (40-50 % slag) composition. In “steel slag — refractory clay” compositions, in which steel
slag is the basis, the use of refractory clay additives in an amount of 10—-40 % (mixtures SooC10 — Se0Cao)
will reduce not only the temperature of appearance of eutectic melts from 1335 °C (without additives) to
1265 °C (with the addition of clay 30-50 %) but also the temperature of complete melting of these mixtures
from 1700 to 1375 °C, transferring them into the category of infusible (with 10-30 % refractory clay) and
low-melting (with 40 % refractory clay) ceramic materials gehlenite-anorthite composition.
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3.3. Phase Formation, Structure, and Properties of Ceramics
Based on “Refractory Clay — Steel slag” Mixtures

It has been established that an increase in the firing temperature from 1050 to 1200 °C of semi-dry
pressing samples from refractory clay without additives of the studied slag is accompanied by their sintering
with a decrease in the value of water absorption from 21 to 15 % (Fig. 8) and providing compressive
strength of up to 55 MPa at 1200 °C.

35
clay - steel slag ” 35 steel slag - clay
S % 1]
E £ 25
]
5
é 2 15 +
[
5 g 101
= 0
2 2 54 03]
0 _ -
0 20 30 40 50 0 20 30 40 50
0
Steel slag content, % Clay content, %
@10500C @11000C O11500C @11750C @12000C @10500C @11000C 0 11500C

Figure 8. Histogram of changes in water absorption of semi-dry pressing samples
from “refractory clay — steel slag” compositions, fired at 1050-1200 °C.

Adding 20 % steel slag to refractory clay leads to a sharp increase in water absorption (up to 25 %)
over the entire temperature range. Increasing the content of steel slag additive to 30 % ensures sintering
of samples at a temperature of 1200 °C with a density (in terms of water absorption) comparable to the
density of clay samples without additive (13.4 and 15 %, respectively) but with almost 2 times greater
compressive strength (97 MPa and 55 MPa respectively). A further increase in the amount of steel slag
addition from 30 to 40-50 % leads to a sharp activation of the sintering process of the samples, providing
a densely sintered state (with water absorption less than 1 %) at 1150 °C (with the addition of 50 % steel
slag) — 1200 °C (with the addition of 40 % steel slag). In the case of steel slag compositions with refractory
clay additives, as predicted theoretically, clay additives in the entire range of used contents (from 20 to
40 %) and used firing temperatures (1050-1150 °C) not only eliminate the phenomenon of self-
disintegration of samples from the original steel slag (for due to synthesis during firing of dicalcium silicate)
but also have a sintering-hardening effect, ensuring the formation of densely sintered structures with water
absorption of less than 1 % (Fig. 8) and compressive strength from 26 to 56 MPa already at 1150 °C.
However, with relatively good strength, all these samples from steel slag compositions with clay additives
are deformed at 1150 °C in form of sample center failure from the side of the base in contact with the
substrate during firing.

An explanation for these changes should be sought in the study of the physicochemical processes
that occur during the firing of these compositions.

The X-ray method made it possible to evaluate changes in the main minerals of the studied refractory
clay with the addition of steel slag (Fig. 9) and steel slag with the addition of refractory clay (Fig. 10) in the
heating temperature range of 1050-1150 °C.
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Figure 9. X-ray diffraction patterns of fireclay compositions
with steel slag additives at temperatures of 1050 and 1150 °C.

In the case of compositions, in which the base is refractory clay, and steel slag is used as an additive,
it was found that even at the minimum of the steel slag contents used (20 wt. %), starting from 1050 °C, in
addition to quartz reflections (impurities in clay), cristobalite, and mullite (formed during the thermal
dissociation of kaolinite), the presence of anorthite reflections is also recorded.

The preservation of molded samples integrity from all studied mixtures of refractory clay with steel
slag additives, as well as the absence of dicalcium silicate reflections in the X-ray diffraction patterns
indicates that the formation of anorthite occurs due to the reaction between kaolinite and dicalcium silicate:

5(Al,05-2Si0, - 2H,0)+2Ca0-Si0, —
— 3A1,0; - 28i0, +2(Ca0- Al,05 - 2Si0, ) + 5Si0, +10H,0.

mullite anorthite cristobalite 6)

An increase in the steel slag content to 30 % at a temperature of 1050 °C is accompanied by a
decrease in the intensity of reflections of quartz, cristobalite (due to the presence of clay as a base in the
mixture), an increase in the reflections of anorthite, and the appearance of gehlenite reflections:

4(Al,05 -28i0, -2H,0)+2Ca0-Si0, —
— 3A1,05 - 2810, + 2Ca0 - Al,05 - 2810, + 5510, + 8H,0.
mullite gehlenite cristobalite 7)

With a further increase in the content of the introduced steel slag to the refractory clay to 40-50 %,
mullite reflexes disappear, the intensity of gehlenite reflexes increases, which leads to the ratio of the
intensity of the anorthite and gehlenite reflections changes in favor of gehlenite:

Al,0; -2Si0, - 2H,0 +2Ca0-Si0, —» 2Ca0 - Al, 05 - 2Si0, +5Si0, +8H,0.

gehlenite cristobalite (8)

Increasing the firing temperature of samples to 1100 and 1150 °C practically does not change the
sequence of phase formation processes in the “refractory clay — steel slag” compositions. And only at a
temperature of 1175-1200 °C, when the mixture contains steel slag in an amount of 30-40 % in a mixture
with refractory clay, ceramics of an almost anorthite composition is formed.

In the compositions “steel slag — refractory clay” at all applied heating temperatures (from 1050 to
1150 °C) with steel slag (Fig. 10) additive in an amount of 20-30 %, the first synthesized phase is gehlenite
formed by reaction (8), and intensity the reflexes of which increase with increasing temperature to 1150 °C.
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Figure 10. X-ray diffraction patterns of a mixture of steel slag with the refractory clay addition,
fired at temperatures of 1050 and 1150 °C.

An increase in the clay additive content from 30 to 40 % causes the synthesis of the second
crystalline phase — anorthite throughout the entire range of firing temperatures used. With the addition of
50 % refractory clay, anorthite reflexes increase and the intensity of gehlenite reflexes decreases,
especially at 1150 °C. Thus, when adding of refractory clay to the steel slag in an amount of 20-30 % at
temperatures of 1050-1150 °C, gehlenite ceramics are formed, when adding of clay in the amount of
40-50 %, ceramics of anorthite-gehlenite composition are formed. The studies carried out make it possible
to determine the optimal compositions and technological regimes for obtaining of ceramics based on the
studied raw materials (Table 5).

Table 5. Optimum compositions, technological parameters and properties of ceramics based
on refractory clay with steel slag.

Component . .
. o . Ceramic properties
. composition, % Firing
Composition temperature ) ) Type of
code po »  shrinkage wate!' compressive ceramics
clay slag c % absorption, strength, MPa
%
clay without steel slag
C100So 100 0 1200 10.6 14.2 55.8 mullite-
siliceous
clay with steel slag
C70S30 70 30 1200 8.9 13.4 97.2 anorthite
1175 8.0 6.3 205.9 )
C60S40 60 40 anorthite
1200 13.0 2.8 215.5

It has been established that the mechanical strength of samples with anorthite crystalline phase (with
the addition of 30 % steel slag) is 1.7 times greater than with a mullite crystalline phase (without additive)
with almost the same degree of sintering. The strengthening effect of the anorthite crystalline phase on the
mechanical properties of building ceramics was previously noted in [29, 30].

Thus, compositions of refractory clay with additions of steel slag from 30 to 40 % at a firing
temperature of 1175-1200 °C form ceramic structures with anorthite crystalline phase and compressive
strength 1.7-2.8 times higher than the strength of samples from the studied clay without additives
(97-215 MPa and 56 MPa, respectively).

Electron microscopy made it possible to evaluate the structure of the fired samples. In particular,
electron microscopic images of cleavage of semi-dry pressing samples from the studied clay without the
addition of steel slag, fired at 1200 °C (Fig. 11A), as well as samples from a mixture of the studied steel
slag with the addition of 40 % refractory clay SeoCao, fired at 1150 °C (Fig. 11B) show that the samples in
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both cases at the fracture represent a loosely sintered material, the microstructure of which is represented
by individual fine-porous aggregates, separated from each other by deep tortuous pores.

ghovec. BEI' PLihigh 15KV ok

Figure 11. Electron micrographs of cleavage of semi-dry pressed samples made of clay without
steel slag (A), fired at 1200 °C, and from a mixture of steel slag with 40 % clay (B), fired at 1150 °C.

Figure 12. Electron micrographs of cleavage of semi-dry pressing samples
from a mixture of refractory clay with the addition of 40 % steel slag (Cs0S40), fired at 1200 °C.

The introduction of a 40 % steel slag additive into the composition of the refractory clay used
(composition Ce0Sa0) activates the process of liquid-phase sintering of the samples, which leads to the
formation of a monolithic structure with separated internal pores, in shape approaching spherical, with a
diameter of up to 20-25 microns (Fig. 12).

4. Conclusions

1. Steel slag in terms of chemical composition is represented mainly by oxides of calcium (35.33 %),
iron (21.45 %), silicon (17.62 %), and aluminum (7.80 %), the sum of which is more than 80 %. In
terms of mineralogical composition, it is composed of portlandite Ca(OH)2, silicates, and hydrated
silicates of calcium and magnesium (enstatite MgO-+SiO2, okermanite 2CaO-MgQO-2SiOy,
tobermorite 5Ca0+6Si02:5H20 and dicalcium hydrosilicate 2Ca0+SiO2¢H20), aluminates and
calcium ferrites (monocalcium aluminate CaO+Al203, monocalcium ferrite CaO+Fe203).

2. The crystalline component of steel slag after heating in the temperature range of 1100-1300 °C is
represented by a mixture of okermanite 2Ca0O+*Mg0O+2SiO2, monocalcium aluminate CaO-«Al203,
enstatite MgO-+SiO, and dicalcium silicate y—2CaO-+SiO2 polymorphism, which causes complete
destruction of the molded samples after cooling.



Magazine of Civil Engineering, 18(6), 2025

3. The use of steel slag to produce ceramic materials is possible only by neutralizing the destructive
effect of dicalcium silicate formed in steel slag at firing temperatures above 1000 °C, converting it
into other calcium-containing minerals without destroying molded products.

4. Compositions of refractory clay with additions of steel slag from 30 to 40 % at a firing temperature

of 1175-1200 °C form ceramic structures with water absorption from 2.8 to 13.4 %, with a
compressive strength of 1.7-2.8 times the strength samples from the studied clay without additives
(97-215 MPa and 56 MPa, respectively), which determines their prospects for producing high-
strength anorthite ceramics for a wide range of purposes.
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