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Abstract: At present, quartzite is widely used across many industries. The properties of quartzite
significantly affect the technology used during the preparation of the raw materials as well as the
technology used for manufacturing the final product, which may be intended for further operation at
different temperatures. The purpose of the study was to create a scheme for the transformation of
quartzite that would describe the changes in the parameters of its lattice parameter upon heating and
would offer guidance regarding the drying technology and technology required to obtain tridymite. A
Bruker D8 Advance diffractometer was used to study changes in the phase composition of quartzite at
the temperatures of 200, 400, 600, 879, 1000, 1200, 1470, and 1550 °C. A detailed scheme of transforma-
tions of PKMVI-1 quartzite with a SiO, content of at least 97.5% at normal pressure was proposed for
crystalline modifications formed during its heating. As a result of this research, the changes in the
parameters of the lattice parameter—such as the average interplanar distance davg, the volume of the
unit cell Vayg, the density of the unit cell Dayg, and the molecular weight Mayg—were established.

Keywords: quartzite; lattice parameter; interplanar spacing; X-ray phase analysis; refractory material;
cell volume

1. Introduction

The modern economy is focused on innovative development; therefore, it stimulates
the creation of promising new materials and technological processes. Increased require-
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ments are imposed on the developed technological processes since they must ensure
the production of high-quality raw materials that will allow them to be used in harsh
conditions—such as extreme temperatures, aggressive chemical and radiation environ-
ments, under high mechanical loads, etc. [1]. Research in advanced physicochemical
methods examines the behavior of these materials under their expected operational condi-
tions, the optimal method for their synthesis, and the relationship between their properties
and their atomic and molecular structures.

Manufacturers and consumers of refractory materials must adhere to highly technical
production requirements due to the demand for increased thermal performance as a result
of the introduction of progressive high-temperature processes. For this reason, the level
of refractoriness, wear resistance, and the service life of a material—especially at higher
temperatures (e.g., for quartzite and refractory products and materials made from it, this is
1600-1670 °C)—must increase [2].

In 1912, Fenner used physicochemical analysis to observe the changes that occurred
in quartzite during the heating process, and since that time, researchers in the field have
been guided by his diagrams [3]. Later, in 1971, Pryanishnikov carried out similar studies
using the X-ray method and a modified scheme of quartzite transformations during heating
was proposed, in which the crystalline modification of tridymite was absent [4]. When
developing the technology for smelting synthetic iron in induction furnaces for industrial
use, a lining of quartzite was used because, under high temperatures, it would form
tridymite, which was a more stable modification to withstand extreme heating. In the 1980s,
the durability of such a lining reached around 350-400 heats, but since the late 1990s, a
sharp decrease in its durability has been noted [5]. Therefore, scientists studied the changes
in the lattice parameter of quartzite during heating, using modern, structural X-ray analysis.
A sampling of these studies is presented in [6-8]. This research made it possible to establish
new technological regimes for the preparation of quartzite lining that would improve its
durability. The present study centered on developing an accurate, consistent preparation
for the stable transformation of Pervouralsk quartzite, which is typically used for the lining
of induction crucible furnaces.

Information on the elemental composition of various objects (e.g., rocks, minerals,
chemical compounds, alloys, etc.) can be obtained using a variety of analytical methods,
often involving the destruction of the matter. Complex substances, formed as a result of the
combination of chemical elements, number in the hundreds of thousands. These complex
substances have a variety of properties as a result of the differences in their chemical
compositions and their mutual arrangements of atoms (i.e., their structures) [8]. Only
diffraction methods (e.g., X-ray, neutron diffraction, and electron diffraction) have the
ability to characterize crystalline phases [9].

The crystalline phase determines the spatially homogeneous, equilibrium state of
a substance [10]. The advantages of X-ray analysis are that the substance is examined
in an unchanged state and the results of the analysis determine of the substance and its
constituents. Furthermore, X-rays examine the crystal—i.e., the connection itself—and in
the case of polymorphic bodies, X-rays make it possible to distinguish between individual
modifications inherent in a given substance. A crystal, particularly those of certain chemical
compositions, may change its properties due to a phase transformation or distortion of its
crystalline structure in response to external or internal physical stress (e.g., mechanical,
thermal, etc.) [11,12].

Diffraction methods reveal the slightest changes in the atomic lattice of a crystal that
are not captured by other methods. X-ray phase analysis directly examines a particular
phase that is present in a sample. This method is rapid, nondestructive, and does not
require a large amount of the sample. X-ray phase analysis can also estimate the relative
amount of the phase in the mixture (quantitative phase analysis) [13,14]. This method is one
of the most used for this research due to many materials, both natural and synthetic, used
in advanced technologies are often in a polycrystalline state; therefore, quantitative phase
analysis becomes a critical method with which to study their structure and properties.
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Quantitative phase analysis can extract a variety of information from a single diffrac-
tion pattern. In addition to X-ray fluorescence analysis (XRFA), the quantitative X-ray
diffraction analysis of powder materials is widely used in materials science to study the
mineral composition of raw materials and finished products, to study phase transforma-
tions in materials at different stages of production, and to determine the parameters of
lattice parameters [15]. In addition, it has been used in other branches of materials science,
such as in glass production [16]. This type of analysis has become vital in the manufacturing
and production of raw materials into their final product. For example, whether or not it is
feasible, or profitable, to develop a new extraction site at an existing quartzite deposit is
largely determined by the mineral’s composition.

Understanding the response of quartzite to different temperatures will impact, for
example, the technology and equipment required for the preliminary preparation of the
raw quartzite as well as for the final product, which may then be intended for further
operation under different environmental conditions and temperatures [17]. The active
development of ‘solar energy’ has made characterizing quartzite’s properties particularly
relevant as this research is needed to discover new deposits of quartzite and enhance its
use in the manufacturing of solar cells [18,19].

In addition, quartzite finds application in glass production [16-18]. Its active use for
the manufacture of solar cells justifies the increased need for research to discover new
deposits of quartzite, which, under the influence of temperatures, would provide the
necessary properties [19-21].

The authors in articles [22-25] carried out studies for materials based on Si. Thus,
In [22] reported a general bottom-up synthesis of CuO-based trimetallic oxide mesocrys-
tals using a simple precipitation method followed by a hydrothermal treatment and a
topotactic transformation via calcination. In [23], CuO catalysts with atomically dispersed
co-promoters of Sn and Zn were designed and synthesized. Paper [24] demonstrates a
practical route for designing sophisticated architectural structures that combine several
structural functions within one catalyst system and their catalysis applications. Work [25]
deepens the fundamental understanding of the hydrochlorination of silicon reaction and
provides an avenue for the synthesis of Si-based alloy catalysts.

Thus, the purpose of the work is to study quartzite, which is widely used for lining
melting furnaces and in the production of dinas, as well as to determine the dependence
of changes in the structural parameters of quartzite during heating. The novelty of the
work lies in the establishment of structural changes in the material occurring at the studied
temperatures using a diffractometer Bruker D8 ADVANCE.

The study of the properties of quartzite for water absorption, open porosity, and
apparent density should be carried out at room temperature. The macrostructure and
microstructure were investigated before and after firing at a temperature of 1450 °C using
optical microscopes, and the phase composition is studied using X-ray diffractometers [26].
For a complete analysis of the presence of impurities in quartzite, a set of the following
methods is used: X-ray fluorescence, semiquantitative and quantitative atomic emission,
plasma and electrothermal atomic absorption, spectrophotometric, plasma photometric,
and semiquantitative and quantitative mass spectrometry with inductively coupled plasma.

A detailed study of quartzite was carried out by Fenner [27], who published a diagram
of a one-component system SiO, (Figure 1a), which suggested that the changes in quartzite
while it was heated to 870 °C were insignificant and that refractory production would not
be affected. This was also noted in [28-30].
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Figure 1. One-component system—SiO,: (a) Fenner diagram; (b) Pryanishnikov diagram.

Vapor pressure curves of various modifications of SiO, were plotted, and for each
given temperature, the lower the vapor pressure curve was (i.e., the curve was closer to the
ordinate), the more stable the resultant modification was. However, Fenner’s research and
physicochemical analysis had not been wholly accurate. Using X-ray structural analysis,
scientists in the 1960s and 1970s revised Fenner’s conclusions, which had been based
on his study of pure silica [31]. Advances in technology and research methods allowed
Pryanishnikov to develop a modified diagram of the SiO, system (Figure 1b).

The main difference was the elimination of tridymite for pure silica (the number of
impurities was not more than 0.01%) [4,6,32]. His diagram, as well as the research of others,
revealed that the first transformation of quartz was cristobalite [32-34]. Microscopic studies
have also shown that the transformation of quartz into cristobalite occurs at the surface of
the grains, in large grains (2-3 mm), and along cracks formed during heat treatment. The
front of the phase formation of cristobalite exactly copies the shape of the quartz grain.

There are various data in the literature on the temperature of transformation of
o—quartz into cristobalite. It has been indicated that the transformation of quartz into
cristobalite requires long exposure and an initial temperature of at least 1000 °C, and its
transformation intensifies at 1250-1450 °C [35,36]. The initial transformation temperature
also depends on the state of the silica, as the temperature can be relatively low (up to 900 °C)
for silicic acid but much higher (up to 1200 °C) for rock crystal. This is also influenced by
the impurities contained in the quartzite [37,38].

2. Materials and Methods

This study used Pervouralsk quartzite brand PKMVI-1 with humidity 3% (at tempera-
tures of 25, 70, 100, 110, 200, 400, 600, 879, 1000, 1200, 1470, and 1550 °C), which had the
following chemical composition: S5iO;, not less than 97.5%; Al,O3, no more than 1.3%, and
Fe;O3, no more than 0.6%. Grain composition and mass fraction:

The remainder of the grid No. 2, including 8-14;
Balance on the grid No. 3.2, no more than 5;

Passage through the mesh No. 05, including 46-51; and
Passage through the grid number 01, including 27-32.

This mineral is typically used for the lining of induction melting furnaces [7]. For
this study, a Bruker D8 Advance diffractometer with Bragg—Brentano focusing with a
high-temperature HTK 16 camera was used. An X-ray tube with a copper anode was used,
and the diffraction pattern was recorded with a VANTEC-1 high-speed position-sensitive
detector with step 0.007°, time for one measurement was 1 h [8].

During the study, a survey was carried out with subsequent printing of a diffraction
pattern, which provided information about the parameters of quartzite. In addition, the
software of the device gave a decoding of the values of interplanar distances with the
selection of the detected elementary cells. Based on this information, the average values
of interplanar distances davg, unit cell volume Vavg3, unit cell density Dayg, and molecular
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weight Mayg, unit cell volume Viyg = 115.4 A3, unit cell density Dayg =2.590 g/ cm?, and
molecular weight My were determined. During the study, seven different elementary
cells were identified, the cards of which with their characteristics are shown in Table 1.

Table 1. Characteristics of quartzite Pattentov phases identified.

Pattent: Pattent: Pattent: Pattent: Pattent: Pattent: Pattent:
00-012-0708 01-070-7344 01-083-2187 01-074-1811 01-071-0911 01-085-0621 00-018-1170
SiO, SiO, SiO, SiO, SiO, SiO, SiO;
Indicators Silicon Oxid  Silicon Oxid  Silicon Oxid  Silicon Oxid  Silicon Oxid  Silicon Oxid  Silicon Oxid
Quartz Quartz Quartz Quartz Quartz Cristobalite Tridymite
Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal Cubic Monoclinic
P3221 (154) P3221 (154) P3221 (152) P3221 (152) P6222 (180) P213 (198) Cc (9)
a, (A) 4.994 4916 4.965 4.965 5.0 7.16 18.504
b,c, (A) 5.438 5.406 5.424 5.424 5.49 - -
Mol.
Weight, 60.08 60.08 60.08 60.08 52.87 60.08 60.08
(g/mol)
Volume, (A3) 117.45 113.09 115.79 115.79 118.86 367.06 2215.08
Dy, (g/cm3) 2.548 2.647 2.580 2.580 2.216 2.174 2.254
b, (A) - - - - - - 5.006
¢, (A) - - - - - - 23.845
To determine the average values of quartzite parameters at each temperature, the
values of interplanar distances with a content of at least 5% were selected. Table 2 shows
the percentage of varieties of elementary cells of quartzite at each shooting temperature.
Table 2. Content of elementary cells in quartzite at different heating temperatures.
Tempféat“re’ 00-012-0708  01-070-7344  01-071-0911  01-083-2187  01-074-1811  01-085-2621  00-018-1170
25 58 43 - - - - -
70 68 32 - - - - -
100 67 33 - - - - -
130 69 31 - - - - -
200 5 10 10 75 - - -
400 7 15 12 - 66 - -
600 9 - 85 7 - - -
879 10 - 86 - - 5 -
1000 12 - 84 - - 4 -
1200 - - 96 - - 4 -
1470 - - 90 - - 10 -
1550 - - 16 - - 45 39

The calculated averaged values of quartzite parameters at all study temperatures are
shown in Table 3.

The diffraction pattern obtained at a temperature of 25 °C showed that the lattice
consisted of two varieties of quartzite cells, which had the following characteristics: average
interplanar distance davg = 2.676 A [19], unit cell volume Vavg =115.4 A3, unit cell density
Dayg = 2.59 g/cm?, and molecular weight Mayg = 60.08 g/mol.

At a temperature of 70-130 °C minor changes occur in the percentage of these cells,
which had the following characteristics at temperature 130 °C: average interplanar distance
davg =2.852 A, volume Vavg =116.11 A3, volume Davg =2.578 g/ cm?, and molecular weight
Mayg = 60.08 g/mol.
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Table 3. Table of values change of the structural parameters of quartzite during heating.

Lattice Temperature °C
Parameters 25 70 100 120 130 200 400 600 879 1000 1200 1470 1550
davg, A 2676 277 2821 2840 2852 2908 2983 2988  3.012 3.092 2997 3.098  3.262
(the change, %) 3.5 5.6 6.1 6.6 8.68 115  11.68 125 1155 1120 1158  12.19
Vavg, A3 1154 116.0 116.0 116.07 116.11 11655 116.82 11853 129.85 129.51 129.85 14248 1020.55
(the change, %) 058 052 058 0.1 0.99 1.23 2.7 12.5 12.2 12.5 234  784.36
Davg, g/cm3 2590 2579 2581 2579 2578 2552 2547 2239 2249 2258 2214 2212 2212
(the change, %) —-043 -045 —-046 -047 -15 -167 -—-135 -132 17 -145 146 146
Mayg, g/mol 60.08 60.08 60.08 60.08 6008 594 59.2 53.9 53.89 54.03 5318 5356  50.96
(the change, %) -115 -147 -103 -107 -101 -—-115 —-109 —152

At a temperature of 200 °C, shows the appearance of the new cells, characterized
by the cards 01-083-2187 and 01-071-0911 and the quartzite structure had the following
characteristics: average interplanar distance dayg = 2.909 A, volume Vayg = 116.55 A3,
volume Dj,yg =2.552 g/ cm?®, and molecular weight Mayg = 59.4 g/mol.

At a temperature of 400 °C, appears a new unit cell (01-074-1811) and the struc-
ture of quartzite had the following characteristics: average interplanar spacing dayg =
2.983 A, volume Vavg = 116.82 A3, volume Davg = 2.547g/ cm?, and molecular weight
Mayg =59.2 g/mol.

At a temperature of 600 °C, it showed a significant increase in the content of cells
01-071-0911 [34], and the lattice had the following characteristics: average interplanar dis-
tance davg = 2.989 A, volume Vavg = 118.53 A3, volume Davg =2.239 g/ cm?, and molecular
weight Mayg = 53.9 g/mol.

3. Results

The diffractogram taken at 879 °C, shown in Figure 2, showed that the number of cells
characterized by card 00-012-0708 was 9.53% and 01-071-0911 with M = 52.87 g/mol in an
amount of 85.92%, and cristobalite appeared (card 01-085-0621), having M = 60.08 g/mol in
an amount 4.55%, V = 367.06 A3 D=2174 g/cm and size a = 7.16 A.

The structure characterized by the 01-083-2187 card was absent and the cell had the
following characteristics: averaged interplanar distance davg = 3.013 A, volume Vavg =
129.85 A3, volume Davg =2.234 g/ c¢m?, and molecular weight Mayg = 53.89 g/mol.

At a temperature of 1000 °C, shown in Figure 2b, the number of crystallites character-
ized by card 00-012-0708 was 12.06%, and 01-071-0911 with M = 52.87 g/mol in an amount
of 83.9%, and cristobalite (card 01-085-0621) with M = 60.08 g/mol in the amount of 4.04%.
The structure of quartzite had the following characteristics: average interplanar spacing
davg = 3.082 A, density Vayg = 128.51 A3, volume Davg =2.258 g/ c¢m?®, and molecular weight
Mayg = 54.03 g/mol (Figure 2b).

Figure 2c shows a diffractogram of quartzite taken at 1200 °C. Cells characterized by
card 00-012-0708 were not observed, and cells (card 01-071-0911) with M = 52.87 g/mol
were 95.57%, and cristobalite (card 085-0621), which has M = 60.08 g/mol, in an amount
of 4.43%. The structure of quartzite had the following characteristics: average interplanar
spacing davg =2.988 A, Vavg =129.85 A?’, volume Davg =2221g/ cm?, and molecular weight
Mayg = 53.18 g/mol.

The diffractogram taken at 1470 °C, shown in Figure 2d, showed that the number of
crystals characterized by card 071-0911 with M = 52.87 g/mol was 90.48%, and cristobalite
(card 085-0621) having M = 60.08 g/mol in the amount of 9.52%. The structure of quartzite
had the following characteristics: average interplanar spacing davg = 3.098 A, volume
Vavg = 142.48 A3, volume Davg =2212 g/ cm?, and molecular weight Mayg = 53.56 g/mol.
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Figure 2. Diffraction pattern of quartzite taken at, where: (a) 879 °C, characterizing the appearance
of cristobalite with a = 7.16 A; (b) 1000 °C; (c) 1200 °C. There are no cells characterized by card
00-012-0708; (d) 1470 °C shows a further increase in the cristobalite content; (e) 1550 °C. Tridymite
cells appeared a = 18.504 A, b = 5.0064 A and c = 23.845 A.

At a temperature of 1550 °C (Figure 2e), there was a further increase in the pro-
portion of cristobalite cells (card 01-085-0621) to 44.69%, a decrease in the proportion
of quartzite cells to 15.87%, and tridymite cells appeared (card 00-018-1170) with M =
60.08 g/mol, V = 2125.08 A3, D=2254 g/ cm? in the amount of 39.43%. The structure of
quartzite had the following characteristics: average interplanar spacing davg = 3.262 A,
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volume V,yg = 1020.55 A3, volume Davg = 2212 g/ cm?, and molecular weight Mayg =
50.96 g/mol.

Based on the data obtained, the dependence of changes in the structure parameters of
quartzite, grade PKMVI-1, was constructed (Figure 3a), and a new version of the scheme of
transformations of this quartzite at normal pressure was proposed (Figure 3b, scheme of
transformations of quartzite grade at normal pressure).

A Vavg, (A)

A Davg, ( cm3) M-Wg/ (g/mOl) A P, (Pa)
d (/%/) T i
V1 e Vavg 130 £
120 Quarts high ©
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Figure 3. Dependences of changes in the structural parameters of quartzite upon heating: (a) depen-
dence of changes in the averaged values Vayg, Mavg, davg, and Dayg from temperature; (b) scheme of
transformations of quartzite grade PKMVI-1 at normal pressure for crystalline modifications.

Heating from 25 to 200 °C led to changes in interplanar distance davg, the values Vavg,
Mayg, and Dayg did not change, and the structure of quartzite consisted of a crystalline
modification Quartz low. The dayg value changed by 5.2%, as compared to the initial value.
At this time, the process of drying took place.

In the range of 200400 °C, the davg value continued to change and its difference at
400 °C was 3%. The drying process continued, and in addition to the crystalline modifi-
cation Quartz low, the crystalline modification Quartz high appeared in the structure of
quartzite. For this reason, a slight change in the molecular weight Mayg was observed.

Further heating from 400 to 600 °C led to a continuing increase in interplanar spacings
and a sharp decrease in density Dayg as well as a significant decrease in molecular weight
Mayg (to 10%). At temperatures above 600 °C, the structure of quartzite consisted only of
the crystalline modification Quartz high, and up to 879 °C, there was a sharp increase in
the volume of the unit cell V,yg while other parameters underwent minor changes.

From 879 to 1470 °C, the process of the appearance of the crystalline modification of
cristobalite was underway, which to minor changes in the structural parameters.

Above 1470 °C, there was a sharp increase in values Dayg (by 14%) and Vayg (by 784%),
which led to the appearance of a crystalline modification tridymite.

4. Conclusions

As aresult of the study, the averaged values were determined for Vayg, Mavg, davg, and
Dayvg at the temperatures 25, 70, 100, 110, 200, 400, 600, 879, 1000, 1200, 1470, and 1550 °C,
and they were plotted according to their dependence upon heating (Figure 3a).

On the basis of the data obtained, a refined scheme of transformations of quartzite
grade PKMVI-1 at normal pressure for crystalline modifications was proposed. This
research found that, at temperatures up to 200 °C, the lattice consisted of a crystalline
modification Quartz low, from 200 to 600 °C of Quartz low + Quartz high, from 600
to 879 °C contained only Quartz high, and from 879 to 1470 °C from Quartz high and
cristobalite, and finally, from 1470 to 1550 °C, the structure consisted of modifications
Quartz high, cristobalite, and tridymite.

Therefore, the authors found that tridymite, for a given quartzite, appeared only at a
temperature of 1470 °C. This research has made it possible to establish the nature of changes
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in the structural parameters of quartzite at temperatures ranging from 25 to 1550 °C, which
are presented in Table 3.

As a result of this research, the changes in such parameters of the lattice parameter can
be seen, such as the average interplanar distance dayg, the volume of the unit cell Vavg, the
density of the unit cell Dayg, and the molecular weight Mayg. This research disagreed with
previous reports that tridymite formed when heated to 1200-1470 °C. It was found that in
the temperature range 200-600 °C, there was a sharp decrease in molecular weight (up to
10%), which was explained by the appearance of the crystalline modification Quartz high.
The appearance of cristobalite did not lead to abrupt changes in the lattice parameters. The
formation of the crystalline modification tridymite was accompanied by an abrupt change
in the unit cell volume V,yg (by 780%) and molecular weight Mayg (by 15%).

The proposed scheme for the transformation of quartzite showed, in more detail, the
changes in the parameters of its lattice during heating and provided a rationale for the
choice in technology for drying as well as for obtaining tridymite when this material is
used for the manufacture of thermal unit lining.
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