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The article investigates the high-temperature interaction and sintering processes of samples of low-tempera-
ture firing high-alumina for technical ceramics based on the kaolin — alumina-containing component — dolo-
mite ternary system and establishes the areas of formation of high-alumina body for technical ceramics on the
ternary diagram. It is shown that as a result of high-temperature interaction, the formation of new crystalline
phases of minerals occurs, including mullite, corundum, 3-cristobalite, as well as in a small amount of anor-
thite and an amorphous glassy phase, which impart the necessary physical and mechanical properties to the
fired sample. The area of optimal compositions for obtaining low-temperature sintering high-alumina ceramic
bodies based on the kaolin — alumina-containing waste — dolomite ternary system was determined.

Keywords: ceramic body, technical, ternary system, x-ray phase, physical-mechanical, region of optimal
compositions, mullite, corundum, -cristobalite, anorthite, vitreous phase, grinding body.

INTRODUCTION

It is known [1-3] that many industries use grinding
equipment with corresponding ceramic grinding bodies to
produce substances characterized by fine and superfine mill-
ing. The advantages of grinding bodies made of high-alu-
mina mixtures include high strength and low attrition value,
resulting in minimal pollution of the crushed product during
operation. Commonly used are high-alumina grinding bodies
in the form of balls and cylinders.

According to the production technology, the main opera-
tional requirement for grinding bodies to obtain fine ceramic
mixtures is their high wear resistance [4 — 6], which can be
achieved by using the densely sintered material with signifi-
cantly higher hardness and density compared to the materials
being crushed.

In addition, the phase composition of high-alumina
grinding bodies should exhibit the maximum content of crys-
talline phases of corundum and mullite minerals character-
ized by increased hardness. Therefore [7 — 10], to obtain a
densely sintered corundum-mullite material of the required
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density and hardness from enriched kaolin and alumina
waste without mineralizers and fluxing additives, it is neces-
sary to apply a production temperature exceeding 1600°C.

In this context, the potential for reducing the temperature
of synthesis and sintering of corundum-mullite material with
the highest possible content of Al,O; was investigated. To
achieve this, compositions containing a sintering additive of
dolomite from the Dehkanabad deposit, comprising a natu-
ral, homogeneous carbonate rock with minimal impurities,
were considered.

It is important to note that identifying the concentration
range, in which the aforementioned aluminate and alumino-
silicate minerals occur, allows the properties of the composi-
tions based on the kaolin — alumina-containing waste — dolo-
mite ternary mutual system to be generalized.

MATERIALS AND METHODS

The starting materials for experimental studies included
samples of enriched kaolin from the Alliansky deposit, dolo-
mite from the Dehkanabad deposits, spent alumina-contain-
ing catalyst from the Shurtan Gas Chemical Complex
(ShGCC) of the Republic of Uzbekistan, and concentration
compositions based on the investigated ternary system of ka-
olin — alumina-containing waste — dolomite.
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The material composition of the initial components and
experimental mixtures was analyzed at the Accredited Ana-
lytical Laboratory “STROM” of the Institute of General and
Inorganic Chemistry (IGIC), Academy of Sciences of the
Republic of Uzbekistan. The mineralogical composition was
determined by x-ray diffraction analysis (XRD) [11, 12].
Mineralogical analysis was carried out by the powder dif-
fraction method using a Shimadzu x-ray diffractometer (Ja-
pan) with copper radiation. X-ray diffraction patterns were
recorded at 0.05° intervals at the current mode and tube volt-
age of 30 mA and 40 kV, respectively. The total x-ray power
was 2 kW. In order to identify mineral phases in the x-ray
diffraction patterns and analyze the results, widely recog-
nized reference books and international databases on x-ray
diffraction analysis were consulted [13, 14].

In order to investigate the phase transformations occur-
ring during the synthesis of corundum-mullite materials with
the addition of dolomite, the conventional method of anneal-
ing and quenching samples was used, followed by phase
identification using XRD.

The melting point of the prepared mixtures was deter-
mined visually for a formed cone by a conventional method
using a platinum-platinum-rhodium thermocouple in tubular
high-temperature furnaces in order to establish the newly
formed crystalline phases of minerals following heat treat-
ment. It should be noted that tests with temperatures above
1600°C were carried out using the flame of an acetylene-ox-
ygen torch, which allows for testing at high temperatures
(up to 1800°C). For this purpose, the experimental cones
were mounted on a highly refractory corundum substrate and
introduced into the combustion zone of an acetylene-oxygen
flame. Temperature control was carried out using an optical
pyrometer OPPIR-017E by the hot-wire method at an aver-
age heating rate of the test cone of 30 — 35 K/min within the
temperature range of 1600 — 2000°C.

The melting point of the compositions was determined
by the cone fusion method [15, 16]. In order to ensure accu-
rate results, the synthesis of samples based on a ternary sys-
tem was carried out using calcined raw materials.

EXPERIMENTAL

The study focused on a region within a ternary system,
which consisted of compositions prepared from calcined
samples of raw material components, including enriched ka-
olin from the Allians deposit, alumina waste from the
Shurtan Gas Chemical Complex, and dolomite from the Deh-
kanabad deposit.

The initial raw materials were calcined in a silicon car-
bide furnace at 1300°C for one hour until the complete de-
composition of their constituent minerals containing lattice
water and carbonates. Subsequently, the calcination products
were finely ground in anuralite ball mill. The resulting pow-
ders were then sieved through sieve No.2 (mesh size of
0.2 mm). To prevent the hydration of the solid solution of

calcined dolomite (calcium and magnesium oxides), the
ground powder of the solid solution was placed in a desicca-
tor filled with calcium chloride prior to preparing the charge
mixtures.

Test ceramic mixtures based on a ternary system were
prepared using the conventional method of ceramic technol-
ogy. For this purpose, the charge components in the required
ratios were crushed in a laboratory ball mill equipped with
uralite balls. At this fineness of grinding, the residue on the
0.07 mm sieve was no more than 1%, with a moisture con-
tent of about 35%. Further, the obtained mixtures were dehy-
drated on filter cloth with a humidity of 19 — 22% to subse-
quently achieve a plastic state. The plastic mixture, molded
into cylinders measuring 30 x 40 mm, was subjected to at-
mospheric drying followed by electric drying until it reached
an air-dry state. The dried test samples were sintered at a
firing temperature of 1400°C with a heating rate of 100°C
every 10 min. The isothermal exposure lasted for 1.0 — 1.5 h.
A total of 12 test samples, each weighing 50 g, were pre-
pared. The basic physical and mechanical characteristics
were determined for the fired test samples of ceramic
mixtures.

RESULTS AND DISCUSSION

As a result of the calcination process, adsorbed and lat-
tice water were removed from the initial components of the
system, particularly kaolin. The product obtained following
calcination was sintered chamotte with a mineralogical com-
position including mullite, B-quartz, and a glass phase. Fol-
lowing the calcination of alumina-containing waste, x-ray
diffraction analysis revealed the formation of aluminum
oxide in the form of a-corundum (high-temperature form)
and a small amount (less than 3 wt.%) of impurities consist-
ing of silicates and aluminates of calcium and iron. During
the calcination of dolomite, a solid solution based on calcium
and magnesium oxides was obtained.

The material composition of calcined test samples of raw
materials based on the kaolin — alumina-containing waste —
dolomite ternary system is shown in Table 1.

For further research, test mixtures were prepared from
the calcined powder samples. These compositions corre-
sponded to several points in the ternary system consisting of
Allians enriched kaolin, Dehkanabad dolomite, and alu-
mina-containing waste from ShGCC, limited by the dolomite
content of up to 20 wt.%.

The main characteristics of the samples of the raw mate-
rials used to develop the composition of the ceramic mix-
tures are shown in Table 2.

It is important to note that during the development and
use of these materials, fundamental scientific principles and
data on the composition and structure of the materials were
taken into account in order to achieve the desired technologi-
cal results. The results of the chemical analysis demonstrate
that the content of aluminum oxide in kaolins is insufficient
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TABLE 1. Chemical Analysis of Samples of Raw Materials in a Ternary System
Mass content of oxides, %
Calcined component
Si0, ALO;  Fe,04 TiO, MgO Ca0 Na,O K,0 P,0;
Allians Kaolin (enriched) 56.68 39.54 0.57 0.36 0.43 0.53 0.27 1.59 0.03
Alumina-containing waste Sh\GCC 1.13 97.32 0.54 0.15 0.27 0.41 0.12 0.04 0.02
Dehkanabad dolomite 2.34 1.23 0.73 0.06 39.59 55.79 0.07 0.15 0.04
Dolomite kaolin — alumina-containing waste — dolomite ternary system

Kaolm 90 80 70 60 50 40 30 20 10 Ajumina

Fig. 1. Region of optimal compositions for ceramic mixtures based
on kaolin — alumina-containing waste — dolomite ternary system.

to obtain high-alumina mixtures. In order to increase the
amount of Al,O;, alumina-containing waste from gas pro-
cessing was introduced into the charge to obtain the mullite
and mullite-corundum ceramic body.

The formulations were developed on the basis of data on
phase equilibria and crystallization paths of phases in the
high-alumina region of the (CaO, MgO)-Al,05—SiO, sys-
tems. The region of the studied compositions based on the

TABLE 2. Main Characteristics of Test Samples of Raw Compo-

nents
Average den- T, °C Crygtalline Phase
Raw component . 3 of minerals in raw
sity, kg/m? (£ 15 -20)
components
Enriched Allians 2620 1728  Kaolinite clay,
kaolin B-quartz, potassium
feldspar, montmo-
rillonite, impurities
Alumina-containing 3060 2050  Aluminum hydroxi-
waste ShGCC de, gamma alumina
Dehkanabad dolo- 2740 1960  Dolomite, calcium

mite carbonate, 3-quartz

is shown in Fig. 1. As can be seen from the ternary diagram,
the optimal compositions of high-alumina mixtures lie near
the alumina region within the triangle, where its content is
maximal. It is important to note that the criteria included the
achievement of high density following sintering and other
physical and mechanical parameters of the fired ceramic
body with the highest possible content of aluminum oxide at
technologically acceptable firing temperatures of 1400°C.

Consequently, in order to develop the desired composi-
tions of high-alumina ceramic materials for technical pur-
poses, it is necessary to use enriched kaolins, alumina, or
high-alumina rocks, as well as various mineralizers, as the
main argillaceous materials.

To increase the amount of aluminum oxide in the ce-
ramic mixture, an alumina-containing spent catalyst of the
Shurtan gas chemical complex (ShGCC) was used as the
main component. Prior to introducing the test mixtures into
the charge, the spent catalyst was pre-fired at a temperature
of 110—1200°C for 1 h to ensure the formation of gam-
ma-aluminum oxide and the removal of lattice water from
the amorphous structure of the initial alumina-containing
catalyst.

TABLE 3. Concentration Compositions of Samples of High-Alu-
mina Mixtures (HAM) Based On Kaolin — Alumina-Containing
Waste — Dolomite Ternary System

Component content, wt.%

Sample

Allians Alumina-contain-  Dehkanabad
kaolin ing waste ShGCC dolomite
HAM-1 40.0 50.0 10.0
HAM-2 40.0 55.0 5.0
HAM-3 35.0 60.0 5.0
HAM-4 30.0 65.0 5.0
HAM-5 30.0 60.0 10.0
HAM-6 30.0 55.0 15.0
HAM-7 25.0 70.0 5.0
HAM-8 25.0 60.0 15.0
HAM-9 20.0 75.0 5.0
HAM-10 20.0 75.0 10.0
HAM-11 20.0 65.0 15.0
HAM-12 15.0 70.0 15.0
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TABLE 4. Chemical Analysis for Concentration Compositions of Samples of High-Alumina Mixtures

Mass content of oxides, %

Sample LOOI,
SiO, Al,O4 Fe,)03 o TiO, MgO CaO Na,O K,0 P,04 SO3 ot wt%

HAM-1 21.30 62.04 0.68 0.30 2.61 3.34 0.19 0.60 0.01 0.19 8.67
HAM-2 21.31 66.81 0.71 0.31 1.58 1.87 0.20 0.60 0.01 0.19 6.37
HAM-3 18.81 69.88 0.73 0.31 1.60 1.86 0.20 0.53 0.01 0.17 5.86
HAM-4 16.32 72.94 0.75 0.32 1.61 1.86 0.20 0.46 0.01 0.14 5.35
HAM-5 16.31 68.17 0.73 0.30 2.64 3.33 0.19 0.46 0.01 0.14 7.65
HAM-6 16.31 63.40 0.70 0.28 3.66 4.81 0.18 0.46 0.01 0.14 9.94
HAM-7 13.82 76.01 0.77 0.32 1.63 1.85 0.20 0.39 0.01 0.12 4.84
HAM-8 13.81 66.46 0.72 0.29 3.68 4.80 0.18 0.39 0.01 0.12 9.43
HAM-9 11.33 79.08 0.79 0.32 1.64 1.85 0.20 0.32 0.01 0.09 4.33
HAM-10 11.32 74.30 0.77 0.30 2.67 3.32 0.19 0.33 0.01 0.10 6.63
HAM-11 11.32 69.53 0.74 0.29 3.69 4.80 0.18 0.33 0.01 0.10 8.92
HAM-12 8.82 72.59 0.76 0.29 3.71 4.79 0.18 0.26 0.01 0.07 8.42

Calcination at this temperature results in the formation of
gamma-alumina. Further increase in the firing temperature to
1300°C leads to the formation of the alpha form of aluminum
oxide, a promising corundum mineral that can be used in the
production of various types of ceramic materials and techni-
cal products. The concentration and chemical compositions
of samples based on the kaolin — alumina-containing waste —
dolomite system are shown in Tables 3 and 4, respectively.

The chemical analysis of the test concentration composi-
tions indicates that the content of the main components, in
particular aluminum oxide and silicon oxide, is above
60.0 wt.% in all samples. As shown in the work [17], the
content of aluminum oxide indicates that the test samples
contain mullite and mullite-corundum in their mineralogical
composition. However, in all samples of high-alumina mix-
tures, a slight difference in the content of alkaline earth oxi-
des (MgO, CaO) and alkali oxides (Na,O, K,0), along with
iron oxides Fe, 03, is noted.

The G. N. Maslennikova method was used to calculate
the oxide contents in test concentration samples during the
design of charge compositions for raw materials for high-alu-
mina ceramic mixtures [18].

The calcined test concentration compositions, based on
the kaolin — alumina-containing waste — dolomite ternary
system, were subjected to physical-mechanical studies in or-
der to determine the main technological parameters, follow-
ing established procedures in ceramic materials technology.

It should be noted that in order to improve the physical
and mechanical properties and reduce the sintering tempera-
ture, 5 to 20 wt.% of dolomite from the Dehkanabad deposit
was added to experimental samples containing kaolin and an
alumina-containing component, resulting in the formation of
an eutectic composition. An increase in its amount above this
limit leads to an increase in the sintering temperature of ce-
ramic mixtures due to the formation of calcium-magnesium
solid solutions in the region of high concentration of dolo-

mite. It can be noted that with such concentration composi-
tions, the necessary sintering, high density, low porosity, and
water absorption of the test samples are achieved. Molded
samples of various concentration compositions based on the
ternary system were fired at a temperature of 1400°C for 2 h.

Physical and mechanical properties of calcined samples
of concentration compositions based on kaolin — alumina-con-
taining waste — dolomite ternary system are shown in Table 5.

It is important to note that during the high-temperature
solid-state reaction in this system, dolomite functions as a
fluxing additive, which improves the reactivity of alu-
mina-containing waste and kaolin in the ceramic mixture.
Consequently, the addition of dolomite to kaolin-aluminous
ceramic mixtures initiates the melting of aluminum oxide,

TABLE 5. Physical and Mechanical Properties of Calcined Sam-
ples of Concentration Compositions Based on Kaolin — Alu-
mina-Containing Waste — Dolomite Ternary System

Properties of test samples

Sample Total Watgr Density, Totgl Compressive
shrinkage, absorption, kg/m> porosity, strength,

% % % MPa
HAM-1 10.8 53 2150 12.2 25.8
HAM-2 11.5 4.9 2280 11.6 27.4
HAM-3 11.9 4.6 2310 11.1 27.6
HAM-4 12.0 4.4 2340 10.8 279
HAM-5 12.2 4.2 2440 11.2 293
HAM-6 12.9 3.8 2610 10.5 32.6
HAM-7 12.8 3.9 2540 10.5 32.6
HAM-8 13.1 3.7 2640 10.2 334
HAM-9 12.8 4.2 2530 10.9 325
HAM-10 13.0 3.5 2680 9.7 334
HAM-11 12.5 3.2 2710 9.3 34.6
HAM-12 12.0 2.8 2850 8.5 35.8
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Fig. 2. X-ray diffraction patterns of several samples of high-alu-
mina ceramic mixtures calcined at 1400°C: M) mullite; C) corun-
dum; Cr) cristobalite; Q) quartz; A) anorthite.

which was synthesized from the alumina-containing waste of
the spent ShGCC catalyst. It can also be noted that the intro-
duction of dolomite in the required quantity (5 —15 wt.%)
results in the complete sintering of samples of high-alumina
ceramic mixtures due to the formation of a liquid phase be-
tween the initial components of the ternary system. The re-
sulting liquid phase improves the high-temperature
solid-state interaction between kaolin and alumina-contain-
ing waste at relatively low sintering temperatures.

As a result of high-temperature interaction in ceramic
samples and an increase in the content of aluminum oxide at
an optimal firing temperature of 1400°C of a ceramic mix-
ture based on the ternary system, an enhancement in density
and other physical and mechanical parameters is observed.

It has been demonstrated that the developed test concen-
tration compositions meet the requirements of the standard
for high-alumina ceramic materials in terms of chemical and
mineralogical parameters and physical and mechanical prop-
erties, with particular reference to the production of mullite
and mullite-corundum grinding bodies.

Al. A. Eminov et al.

The x-ray diffraction analysis of the mineralogical phase
in calcined samples of a high alumina mixture based on the
kaolin — alumina-containing waste — dolomite ternary system
showed that following firing at 1400°C, a new phase of mul-
lite minerals 3A1,0; - 2Si0, occurs in all samples with a cor-
responding d-spacing: d = 0,540; 0,375; 0,338; 0,270; 0,267,
0,242; 0,228; 0,220; 0,211; 0,200; 0,170; and 0,168 nm. In
addition, mullite is the main crystalline phase of fired sam-
ples of high-alumina ceramic mixtures. The x-ray diffraction
patterns for a series of fired samples of high-alumina mix-
tures are presented in Fig. 2.

In addition to the mineral mullite, the observed x-ray pat-
terns exhibit diffraction peaks corresponding to the minerals
corundum (d = 0.342 and 0.254 nm) and the high-tempera-
ture form of quartz (B-cristobalite) (d = 0.405; 0.316; 0.282;
0.249; 0.209; 0.187; 0.166; 0.161; 0.159; and 0.156 nm),
along with low-intensity peaks of a.-quartz (d = 0.424; 0.335;
0.247;0.197; and 0.181 nm).

It can be concluded that the diffraction peaks originating
from d-spacings associated with the B-cristobalite mineral
exhibit a relatively high intensity when compared to the dif-
fraction peaks of a-quartz.

In addition, x-ray diffraction patterns of fired samples of
HAM-6, HAM-8, and HAM-12, containing 15 wt.%, exhibit
relatively low-intensity peaks corresponding to the mineral
anorthite (d = 0.403; 0.321; 0.316 nm). The x-ray diffraction
pattern of the fired HAM-9 sample exhibits distinct diffrac-
tion peaks at d-spacings of d=0.342; 0.254; 0.237; and
0.207 nm, which correspond to the mineral corundum.

X-ray diffraction analysis of fired samples revealed the
formation of minerals such as mullite, B-cristobalite, par-
tially corundum, and anorthite. These minerals contribute to
the necessary physical, mechanical, and technological prop-
erties of high-alumina products, in particular, ceramic grind-
ing bodies.

CONCLUSIONS

The article examined the high-temperature interaction
and sintering processes within ceramic samples based on the
kaolin — alumina-containing waste — dolomite ternary system
for the production of grinding bodies by low-temperature fir-
ing. The regions of formation of high-alumina mixtures for
technical ceramics are determined in a ternary diagram.
X-ray diffraction analysis of high-alumina mixtures revealed
the mineralogical composition of the fired samples. The re-
sults demonstrated the formation of crystalline phases of
minerals mullite, corundum, and B-cristobalite, as well as a
small amount of anorthite and an amorphous vitreous phase,
which ensured the necessary physical and mechanical prop-
erties of the fired sample. The regions of optimal composi-
tions to produce high-alumina ceramic mixtures based on the
kaolin — alumina-containing waste — dolomite ternary system
by low-temperature sintering were determined.
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