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Resume: Goal. The aim of this work is to study 

the clay shales of the Duruji River gorge to 

identify the possibility of their use as the main raw 

in the production of porous thermal insulation 

materials.  

Method. Chemical and petrographic analysis 

methods were used. 

The X-ray phase analysis was carried out using 

a Dron-4.0 diffractometer (“Burevestnik”, St. 

Petersburg, Russia) with a Cu-anode and a Ni-

filter. U=35kv. I=20mA. Intensity - 2 degrees / min. 

λ=1.54178 Å. 

For DTA, a NETZSCH derivatograph with STA-

2500 REGULUS thermogravimetric and differe-

ntial thermal analyzer (TG / DTA) was used. 

Samples were heated to 1000 ° C, in a ceramic 

crucible, heating rate 10 °C / min. Reference 

substance a-Al2O3. 

Results. Three different types of clay shales 

were studied under laboratory conditions. Granu-

lometric, X-ray diffraction, and differential ther-

mal analysis were conducted. Heat treatment of the 

samples in a laboratory electric furnace revealed 

their ability to expand within a temperature range 

of 1280–1300°C. The samples were porous in 

volume, but of non-uniform size and uneven pore 

distribution. 

In order to improve the technological parameters 

and expand the swelling range, further research was 

carried out to unify the shale compositions with 

adjustments to their chemical composition. The 

shale adjustments were made using natural rocks 

containing gas-forming substances.  

The adjustments to the shale compositions had 

a positive effect on the properties of the compo-

sitions - the temperature at which the mixture 

transitions to the pyroplastic state was reduced and 

the pore structure of the samples improved. 

As a result of studies at lower temperatures, 

composites based on clay shale adjusted with 

natural additives were obtained, characterized by a 

uniform porous structure. 

Conclusion. The conducted research confirmed 

the possibility of obtaining porous thermal 

insulation materials based on clay shales from the 

Duruji Gorge when processing them in the high-

temperature range without the addition of foaming 

agents and the use of refractory molds. 
 

Key words:  clay shales of the Duruji River gor-

ge, swelling, heat treatment, porous thermal insu-

lation material. 
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1. INTRODUCTION 

The growth of construction in modern conditions 

has revealed the need to develop new technologies for 

the production of thermal insulation materials that, 

along with technical properties, are easy and 

inexpensive to produce. 

In these conditions, the development of technology 

for the production of these materials based on natural 

and inexpensive raw materials is particularly relevant, 

ensuring the production of new effective thermal 

insulation materials using a simplified technology, 

without the addition of foaming agents and the use of 

refractory forms.  

Research conducted in this direction over the past 

years [1–4] has established the possibility of using 

waste from the processing of natural rocks as the main 

raw material for this purpose. 

The results of the research showed particular inte-

rest in the use of clay shales, which exhibited the ab-

ility to swell during heat treatment.  

In clay shales, the presence of gas-forming su-

bstances in finely dispersed rocks predetermines the 

possibility of swelling processes occurring during 

thermal treatment of the rock, which ensures the 

manifestation of a porous structure in heat-treated 

samples. 

 

2. MAIN PART 

The material for the research was three types of 

clay shales from the Duruji River gorge.  

 

Results and discussion  

A comprehensive study of clay shales was 

conducted to identify the possibility of their use in 

the production of silicate thermal insulation 

materials as the main raw.  

For the experiments, three different types of 

clay shales were selected, located in different parts 

of the Duruji Gorge, in which, over a number of 

years, as a result of mudflows, a huge amount of 

rubble and sand has accumulated, filling the Duruji 

River basin. 

The collected material is a heterogeneous 

mixture consisting of clays and colloidal particles, 

rock fragments, etc. The bulk is non-structural and 

consists mainly of clay fractions and sludge. 

All three types of samples collected from 

individual sites were studied in detail in laboratory 

conditions.  

Shales are quite heterogeneous in their particle 

size distribution. Each type consists of fragments 

larger than 10 mm, as well as flat stones of medium 

and small sizes. The third fraction, a sludge, 

consists primarily of fine particles (Table 1).  

Chemical analysis of all three fractions revealed 

an almost identical content of the main com-

ponents in the form of Al2O3, FeO+Fe2O3 and only 

a 4–5% variation in the content of SiO2; in the fine 

fraction, there was no carbon and a low humus 

content (Table 2). 

According to spectral analysis, in all cases the 

presence of Zn, Ba, Cu, Pb in minimal quantities 

was detected. 

According to differential thermal analysis (Fig. 

1), during thermal treatment of shales, a moment 

of release of hydrated water was detected at a 

temperature of ∼100°C; at 450–720°C, a decrease in 

mass by 4% is noted; in the temperature range of 

500–800°C, the appearance of an exothermic effect 

is noted, caused, in all likelihood, by the oxidation 

of iron, dehydration of mica, and the burnout of 

organic impurities. 
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According to X-ray phase (Fig. 2) and 

petrographic analyses, the rocks contain siltstone 

and psamic structures, argillites, feldspar, quartz, 

hydromica, biotite, plagioclase, chlorite, muscovite 

and kaolinite. 

 

Table 1 

Granulometric composition of the studied materials 

 

No. Name 

Residue on sieve (mm), % 

> 10 10-2.5 2.5-1 < 1 1-0.5 0.5-0.25 0.25-0.16 < 0.16 

I Mixture of clay shale 41.4 35.8 12.3 10.5 - - - - 

II 
Mixture of stones 

and sand 
2.0 48.7 44.1 5.2 - - - - 

III River silt  - - - 
> 1
8.15 

7.53 7.0 10.18 67.15 

 

 

 

 

Fig. 1. DTA of clay shales. 
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Table 2 

Chemical composition of the studied materials, wt.%  

 

No. 

N
am

e 

L
O

I 

H
u

m
id

it
y 

 

ࡻ࢏ࡿ ૛ ࡻ࢏ࢀ ૛ ࢒࡭ ૛ࡻ ૜  ࢋࡲ ૛ࡻ ૜
ࡻࢋࡲ+

 

ࡼ ૛ࡻ ૞ ࡻࡿ ࡻࢍࡹ ࡻࢇ࡯ ࡻ࢔ࡹ ૜ ࢇࡺ ૛ࡷ ࡻ ૛࡯ ࡻ 
H

u
m

u
s 

 

I 

M
ix

tu
re

 o
f 

cl
ay

 

sh
al

e 

4.5 0.68 59.0 0.89 18.8 6.51 0.23 0.23 1.52 1.75 0.23 2.1 3.0 1.74 3.0 

I 

M
ix

tu
re

 o
f 

cl
ay

 s
h

al
e 

(<
 1

 f
ra

ct
io

n
) 

6.43 2.97 53.8 0.82 17.2 7.39 0.32 0.32 2.74 1.81 0.73 2.2 3.0 2.94 5.07 

II 

M
ix

tu
re

 o
f 

st
o

n
es

 

an
d

 s
an

d
 

5.0 0.44 56.6 0.8 18,2 7.0 0.24 0.16 3.0 - 

5 
ge

n
er

al
 0

.3
 

2.0 2.8 - 1.0 

III 

R
iv

er
 s

il
t 

 

5.2 0.2 60.16 0.89 18.0 6.53 0.25 0.25 0.55 1.5 0.34 1.56 3.0 2.88 4.97 
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Fig. 2. Radiographs of clay shales: 1 – type I and 2 – type III 

 

Thus, the mineralogical composition has 

confirmed the presence of iron hydroxides and 

carbonates, carbon, organic and quartz minor 

impurities in the shales, which, according to [5], 

create the necessary basis for the formation of a 

pyroplastic melt during swelling.  

Three types of clay shales were found to have 

different swelling tendencies when heat-treated in a 

laboratory furnace at temperatures ranging from 

1250°C to 1330°C. The samples showed different 

swelling characteristics, ranging from large pores to 

smaller, isolated pores. This process was quite 

different in river silt-based samples, which were 

characterized by a uniform, fine-pored structure. 

After heat treatment, all samples are charac-

terized by a high temperature of the pyroplastic 

state and a narrow range of swelling (∼30 °C), but 

in this range they retain their shape, which gives 

reason to assume that the samples can be processed 

without the use of special refractory forms.  

A similar result was obtained when processing 

samples obtained by averaging all three types of 

shale processed at a temperature of 1230°C – 

1280°C. The samples were characterized by the 

simultaneous content of unevenly distributed large 

and small pores. 

During heat treatment, due to the presence of 

viscosity gradients in the volume of the samples 

and non-uniform swelling processes in different 

areas and with different intensities, this led to the 

formation of a non-uniform structural structure of 

the samples.  

To eliminate this drawback, in order to ensure 

normal technological and operational parameters, 

the method of unification of clay shales by 

correcting its chemical composition with rocks 

containing gas-forming substances was tested. These 

additives dissociate when processed at high 

temperature and contribute to the transition to a 

pyroplastic state at a relatively low temperature. At 

the same time, they create an additional source for 

the formation of gases and swelling of the material.  

The experiments were successful both to 

improve the structure of the expanded material and 
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to reduce the temperature of the pyroplastic state. 

The optimal swelling temperature of the adjusted 

formulations decreased to the range of 1200°C - 

1240°C. The swelling process was adjusted and a 

uniform volumetric distribution of the same size 

and isolated pores became possible. 

 

3. CONCLUSION 

Thus, the conducted research confirms the 

possibility of obtaining porous thermal insulation 

materials based on clay shales from the Duruji 

Gorge when processing them in the high-

temperature range without the addition of foaming 

agents and the use of refractory molds. 
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საკვანძო სიტყვები: მდინარე დურუჯის ხეობის თიხური ფიქლები, აფუება, თერმული 

დამუშავება, ფორიანი თბოსაიზოლაციო მასალა. 
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Resume: Objective: To calculate the standard 

molar values of thermodynamic parameters of 

anhydrous framework silicates using the method of 

additivity of structural constituents. 

Method: The proposed approach enables the 

determination of thermodynamic parameters both 

for individual minerals and for compounds 

obtained through their combinations. 

Results: The study examines, in a systematic 

manner, feldspars, the nepheline group, alkali 

feldspars, feldspathoids, and plagioclases. In 

implementing the method of additivity of 

structural constituents, specific minerals have been 

selected to serve as reference standards. 

Conclusion: In the cases of Na�O·Al�O�·6SiO� 

and K�O·Al�O�·6SiO�, the observed differences in 

thermodynamic parameter values arise from the 

fact that solid solutions formed with alkali 

compounds incorporate monoclinic varieties of 

feldspars, namely, adularia and barbierite. In 

contrast, in the albite–microcline system, the 

components, forming solid solutions, are triclinic 

varieties, which is reflected in their energetic 

parameters. Deviations from reference standards 

for ∆۶܎,૛ૢૡܗ  range from 0.20 to 0.52%, and for ∆۵܎,૛ૢૡ ܗ - from 0.1 to 0.4%. For ܁૛ૢૡܗ  and ۱ܘ,૛ૢૡ , the 

deviations are 0.24–1.99 and 0.07–1.73 entropy 

units, respectively. 

 

Key words: silicate, framework, structural 

constituent, thermodynamic parameter, feldspar, 

alkali feldspar, feldspathoid, plagioclase, nepheline. 

 

1. INTRODUCTION 

In the recent past, empirical approaches based 

on numerous experiments dominated the develop-

ment of new materials and compounds. This, in 

turn, led to unjustified expenditures of materials, 

energy, time, and labor, particularly in the context 

of critical technological decisions. The impact of 

high temperatures in certain systems further 

exacerbates this issue. In such cases, thermo-

dynamic analysis offers a more realistic means of 

evaluating the nature of chemical interactions. 

With the rapid expansion of the range of 

chemical compounds used across various fields of 

emerging technologies, experimental determination 

of their properties cannot keep pace with the ever-

growing demand for new data. This necessitates the 

use of alternative methods for estimating the 

thermodynamic properties of certain substances. 

One such approach, a method for calculating 

thermodynamic properties, is discussed in the 

present study. Using this method, the standard 

molar thermodynamic parameters of anhydrous 

framework silicates have been determined. 
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2. MAIN PART 

The subclass of anhydrous framework silicates 

is conventionally divided into three groups: 

1. The silicon group, encompassing all its 

forms-quartz, tridymite, and cristobalite; 

2. The feldspar group, including K₂O·Al₂O₃· 

6SiO₂ varieties, consisting of plagioclase-series mi-

nerals whose end-members are albite and anor-

thite; 

3. The feldspathoid group, including leucite, 

nepheline, and kalsilite. 

SiO₂ exhibits multiple crystalline phases, 

among which quartz is the natural modification 

and, in most cases, is treated as a structural con-

stituent. Structurally, quartz is divided into two 

modifications: low-temperature (β-quartz) and 

high-temperature (α-quartz); however, the diffe-

rences between these structures are minor. 

The low-temperature phase of K₂O·Al₂O₃· 

6SiO₂ is represented by the mineral microcline 

(Mcl), which is used as a reference standard in this 

study. Additionally, the plagioclase-series end-

members, albite (Ab) and anorthite (An), are used 

as reference standards. Both minerals crystallize in 

the low-temperature range as triclinic compounds, 

similar to microcline. 

From the third group of framework silicates, 

three minerals are also employed as reference 

standards: leucite (Lc, K₂O·Al₂O₃·4SiO₂), kalsilite 

(Kf, K₂O·Al₂O₃·2SiO₂), and nepheline (Ne, Na₂O· 

Al₂O₃·2SiO₂). Among these, leucite crystallizes in 

the tetragonal system at low temperatures, while 

the other two crystallize in the hexagonal system. 

Analysis of the structural differences of the 

above compounds leads to the conclusion that no 

unified approach exists for all of them. However, 

most researchers agree that structural differences 

between orthoclase (all varieties of K₂O·Al₂O₃· 

6SiO₂) and plagioclases are primarily due to the 

non-rigidity of the silicon–oxygen framework 

containing substituted aluminum ions. This 

framework can expand when large cations (K, Ba) 

enter its cavities and contract around smaller 

cations (Na, Ca). 

Regarding feldspathoids, sources note that they 

never appear in direct association with quartz. This 

is explained by their high reactivity, rapidly 

forming feldspars upon interaction with free 

silicon, especially at high temperatures. 

To implement the proposed method of 

additivity of structural constituents (developed by 

Prof. A. Sarukhanishvili, Georgian Technical Uni-

versity), accurate information on the standard 

molar thermodynamic parameters of framework 

compounds is required. Based on five sources [2–6], 

these values are summarized in Table 1, which 

shows significant variations in some compounds 

[1]. This variability, inherent to the additivity 

method, complicates the selection of a particular 

compound as a standard. The accepted limits for 

deviations in thermodynamic parameters are: ≤3% 

for ∆HO298 and ∆GO298, and up to three entropy units 

for S°₂₉₈ and C�,₂₉₈. 

For example, Table 2 presents ΔH°298 and S°₂₉₈ 

values for six widely studied minerals (Ab, An, Mcl, 

Lc, Kf, Ne) [1]. Based on these data, using three sou-

rces instead of five is considered more reasonable 

for the additivity calculations, although discrepa-

ncies between thermodynamic values still remain, 

potentially affecting calculation accuracy. For 

instance, for nepheline, ΔH°f,298=–1008.04 kcal/mol 

and ΔG°f,298=–953.20 kcal/mol [5], which differ 

significantly from values reported in [2] and [3]. 
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Before applying the additivity method, it was 

necessary to adopt an approach for classifying 

feldspars and feldspathoids based on their specific 

characteristics. The complex nature of feldspar 

minerals requires their division into numerous 

varieties, differing chemically, physically, and 

structurally. Without undermining contributions 

of other researchers, the classification and nomen-

clature proposed by Deer, Howie, and Zussman [8] 

was adopted. This choice is justified as the 

additivity method applies not only to individual 

minerals but also to compounds formed from their 

combinations. 

Accordingly, feldspars are subdivided into: 

 Alkali feldspars (Fsp): general formula 

Na₂O(K₂O)·Al₂O₃·6SiO₂; 

 Plagioclases (Pla): feldspars of the Na₂O· 

Al₂O₃·6SiO₂–CaO·Al₂O₃·2SiO₂ system. 

Within the first subgroup, “pure” Na₂O·Al₂O₃· 

6SiO₂ (barbierite) and K₂O·Al₂O₃·6SiO₂ (adularia) 

are isostructural at low temperatures (monoclinic 

system). Similarly, “pure” Na₂O·Al₂O₃·6SiO₂ (al-

bite) and Ca₂O·Al₂O₃·2SiO₂ (anorthite) are also 

isostructural but crystallize in the triclinic system. 

Feldspathoids are treated separately as the 

nepheline group, including nepheline (Na₂O· 

Al₂O₃·6SiO₂), kalsilite (K₂O·Al₂O₃·2SiO₂), and 

leucite (K₂O·Al₂O₃·4SiO₂) [8]. Nepheline and 

kalsilite are not isostructural, but both have 

structures based on a tridymite-like framework, 

where approximately half of the silicon atoms are 

substituted by aluminum. 

Using the available data on feldspars and 

feldspathoids, the additivity method of structural 

constituents was applied to calculate standard 

molar thermodynamic parameters, with results 

presented in Tables 3 and 4. Calculations based on 

subdividing framework minerals into feldspars and 

feldspathoids are shown in Tables 5–7 [1]. It should 

be noted that the same mineral can exhibit 

different thermodynamic parameter values dep-

ending on the group it belongs to. For example, 

Na₂O·Al₂O₃·6SiO₂ in the alkali feldspar group has 

ΔH°f,298 = –1883.23 kcal/mol, in the plagioclase 

group –1873.92 kcal/mol, and generalized –1878.21 

kcal/mol. These differences are shown in Table 8. 

Legend for tables: 

 A: standard molar thermodynamic property 

of the reference; 

 A′: standard molar thermodynamic property 

of a substance calculated as the sum of 

corresponding structural constituent 

properties; 

 B: standard molar thermodynamic property 

obtained by multiplying A′ by the leveling 

coefficient (B = K�·A′); 

 K�: ratio coefficient, A/A′; 

 K�: leveling coefficient, equal to ∑K�/n, 

where n is the number of structural 

constituents; 

 SMTP: standard molar thermodynamic 

properties; 

 SI: structural constituents forming a specific 

compound with zero, lower, or higher 

silicate structural order relative to the 

compound; 

Reference Et(A): substance with the most 

reliable standard molar thermodynamic properties 

from databases, or their average values. In cases of 

inconsistency, deviations do not exceed defined 

limits. 
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Table 8. Dependence of Differences in Thermodynamic Parameter Values  
on the Specific Mineral Group 

Compound Formula 
SMTP (B),  
kcal/mol 

SMTP (B),  
kcal/mol Group Affiliation −∆H୤,ଶଽ଼୭  −∆G୤,ଶଽ଼୭  Sଶଽ଼୭  C୮,ଶଽ଼ 

Na2O∙Al2O3∙6SiO2 
1883.23 1776.39 98.61 98.08 Alkali Fsp 
1873.92  1770.59 98.59 97.38 Plagioclases (Pla) 
1878.21 1774.11 98.39 96.54 Generalized Fsp 

K2O∙Al2O3∙ 6SiO2 
1890.93  1783.89 102.79 98.62 Alkali Fsp 
1894.64  1788.74 102.52 99.08 Generalized Fsp 

CaO∙Al2O3∙2SiO2 
1014.21 959.92 48.86 49.92 Plagioclases (Pla) 
1016.53 960.82 48.06 49.49 Generalized Fsp 

K2O∙Al2O3∙2SiO2 
1011.60 956.02 65.24 57.73 Nepheline 
1010.60 954.51 65.46 58.09 Generalized 

Na2O∙Al2O3∙2SiO2 
1005.05 950.57 57.73 55.32 Nepheline 
1004.06 949.07 57.93 55.50 Generalized 

K2O∙Al2O3∙4SiO2 
1451.11 1373.50 88.10 78.45 Individual 
1453.98 1377.57 87.52 76.97 Generalized 

 

(B) – Thermodynamic parameters calculated using the additive method of structural ingredients 

 

 

3. CONCLUSION 

Using the proposed additive method of 

structural ingredients, the standard molar 

thermodynamic parameters of alkali feldspars, 

plagioclases, the nepheline group, feldspathoids, 

and feldspars have been calculated. The deviations 

from the reference minerals are, in the case of 

ΔH°f,298 - 0.20–0.52%, and for ΔG°f,298 - 0.1–0.4%. 

For S°₂₉₈ and C�,₂₉₈, the deviations are 0.24 - 1.99 

and 0.07 - 1.73 entropy units, respectively. These 

values are fully acceptable for the calculation of 

standard molar thermodynamic parameters of 

thermodynamically unknown anhydrous silicate 

minerals. 

In the cases of Na₂O·Al₂O₃·6SiO₂ and 

K₂O·Al₂O₃·6SiO₂, the differences in thermo-

dynamic parameter values arise from the fact that 

solid solutions formed with alkali compounds 

include the monoclinic modifications of feldspars, 

namely adularia and barbiturite, rather than 

microcline and albite. In contrast, in the albite–

microcline system, the participants forming solid 

solutions are of triclinic modifications, which is 

reflected in the energetic parameters. 

These circumstances appear to be responsible 

for the “scatter” observed in the standard molar 

thermodynamic parameters of feldspars. The 

differences between modifications are so small 

22



 

 

that they cannot be determined experimentally; 

however, they are still energetically significant. 

The same factors may also cause differences in 

the thermodynamic parameters of minerals in the 

nepheline group. 
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შედეგები. ჯგუფობრივად არის განხილული მინდვრის შპატები, ნეფელინის ჯგუფი, ტუტე 

ფელდშპატები, ფელდშპატიდები და პლაგიოკლაზები. სტრუქტურული ინგრედიენტების 

ადიტიურობის მეთოდის რეალიზებისას, ეტალონის სახით გამოსაყენებლად, მათთვის 

შერჩეულია მინერალები. 
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ენერგეტიკული პარამეტრებით  აისახება. ცდომილებები ეტალონებთან მიმართებაში ∆H୤,ଶଽ଼୭ -ს 

შემთხვევაში 0.20-0.52%-ია, ∆G୤,ଶଽ଼୭ -ს შემთხვევაში − 0.1-0.4%. Sଶଽ଼୭ -ს და C୮,ଶଽ଼ -ს შემთხვევებში, 

შესაბამისად 0.24-1.99 და 0.07-1,73 ენტროპიული ერთეული. 
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Resume: Goal. The paper presented here exa-

mines the decomposition of hydrazine on the sur-

face of single-crystalline germanium at 650oC, the 

kinetics of the nitride formation process at ≥650°C 

was studied using a microgravimetric method and 

the question of the possibility of using α-Ge3N4 and 

mixtures of α- and β-Ge3N4 as a photocatalyst was 

considered. Method. We used the X-ray method to 

determine the phase composition of germanium 

nitride, IR spectra analysis to determine the 

dynamics of the catalytic decomposition of 

hydrazine, and the microgravimetric method to 

study the interaction between hydrazine vapor and 

the surface of single-crystalline germanium. 

Result. The kinetic curves of the accumulation of 

hydrogen and ammonia at 650°C. It can be seen 

that the amount of ammonia is constant in the 

absence of germanium, and in its presence 

gradually decreases. The hydrogen content in the 

presence of Ge increases sharply, and in its absence 

it first increases and then decreases. The resulting 

ammonia corresponds to an equimolar amount of 

chemisorbed hydrazine. As a result, the total 

change of pressure is determined only by the 

decomposition reaction. The study of high-

temperature decomposition of hydrazine was also 

carried out using IR absorption spectra. These 

spectra indicate that the decomposition of hydra-

zine at 650°C occurs mainly during the first 15 

minutes and is completely completed within 30 

minutes. At temperatures ˃650°C, nitride Ge3N4 is 

formed in hydrazine vapor on the surface of 

germanium. By registration mass change of the 

sample using the microgravimetric method, the 

following processes are observed: first, an increase 

of mass occurs due to the accumulation of hydra-

zine and its decomposition products on the surface, 

then the mass of the sample decreases due to 

etching of Ge with contained in hydrazine water 

vapors, and then observes its gradual increase due 

to formation of Ge3N4. Conclusion. It is established 

that at ≥650°C hydrazine decomposes on the 

surface of single-crystalline germanium according 

to the scheme: 2N2H4→2NH3+N2+H2. A sharp inc-

rease in the amount of hydrogen and a decrease in 

the amount of ammonia in the presence of germa-

nium is observed. This is due to a heterogeneous 

reaction: 3Ge+4NH3→Ge3N4+6H2. The phase com-

position of solid product of this reaction is an 

indicator of the degree of humidity of hydrazine: 

in pure hydrazine vapors, β-Ge3N4 is formed on the 
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surface of germanium, and as water is added, a 

mixture of α- and β-modifications is formed until 

pure α-Ge3N4 is formed. The question of the 

possibility of using α-Ge3N4 and mixtures of α- and 

β-Ge3N4 as a photocatalyst was considered. 

 

Key words:  Germanium, hydrazine, nitride, 

catalysis, mass change. 

 

1. INTRODUCTION 

Germanium nitride Ge3N4 finds application in 

micro- and nanoelectronics, photoluminescence, 

energy storage, photocatalysis [1-10] and others. 

Usually Ge3N4 is obtained by interaction of 

ammonia with elemental germanium at (650-

700)oC or its dioxide (GeO2) at (700-750)oC:   

3Ge+4NH3⟶ Ge3N4+6H2                   (1) 

3GeO2+4NH3⟶ Ge3N4+6H2O                (2) 

Germanium nitride exists in the form of several 

crystal modifications: α-, β-, γ-, δ- Ge3N4 [11-13]. 

The t-, m-, o-modifications of nitride are also 

theoretically discussed [14, 15] (α, β, δ – hexagonal, 

γ – cubic, t – tetragonal, m – monoclinic, o – 

orthorhombic syngony). At normal temperatures 

and pressures, only the α- and β-modifications are 

stable. According to reaction (1), the α-

modification of nitride is formed, and according to 

reaction (2), the β-modification.  

Bot modifications consist of Ge(N4) tetrahedra 

and crystallize in hexagonal syngonia. The diffe-

rence between them lies in the arrangement of 

Ge(N4) tetrahedra along the "c" axis (Fig. 1). The 

values of elementary cell parameters from various 

literature data are given in Table 1. Fig. 2 shows 

their elementary cells. 

 
 

 

 

α-Ge3N4                             β-Ge3N4 

(a)                                      (b) 

 

Fig. 1. (a) - Triplets of Ge(N4) tetrahedra (in the center - Ge, on the peaks - N)  

and (b) - arrangement of tetrahedra along the "c" axis (vertical direction) 
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Table 1 

Parameters of elementary cells of α- and β-Ge3N4 

 

 

                           modif. 

 

 

            par.,Å                

 

α-Ge3N4 

 

 

                 β- Ge3N4 

 

a 8.202 [11], 7.985 [12]     8.038 [11], 7.826 [12] , 8.119 [13]     

c  5.94 [11],   5.786 [12]        3.074 [11], 3.993 [12], 3.104 [13] 

 

 

 

 

 

(a) 

 

O – Ge   ● – N 

 

(b)   

                            

 

 

Fig. 2. Elementary cells of germanium nitride:  

(a) α-Ge3N4, (b) β-Ge3N4 

 

 

Below it will be shown that at 650°C hydrazine 

in the presence of germanium decomposes 

according to the scheme: 

2N2H4→2NH3+N2+H2                    (3)  

It is known that at experimentally achievable 

temperatures and pressures, nitrogen does not 

interact with germanium, and the Ge-H bond is 

broken below 650°C. Therefore, in hydrazine 

vapors, nitride is actually formed according to 

scheme (1). Since germanium is an active catalyst 

for the decomposition reaction of hydrazine, this 

issue will be discussed in detail. 

 

2. MAIN PART 

Сommertial hydrazine-hydrate containing 50 

mol.% (36 wt.%) water was distilled using the 

Raschig's method with improvement. In 

particular, before distillation, it was boiled with 

NaOH in an inert atmosphere of nitrogen at a 

temperature of 120°C for two hours. Hydrazine 

purified in this way had a density of ρ ≅1.0024 
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g/cm3 and a refractive index of nୈଶ଴ ≅ 1.4705. 

According to the literature, this latter value cor-

responds to 100% N2H4. However, this can be 

considered not entirely correct.  

Plates of single-crystalline germanium doped 

with antimony (charge carrier concentration n ≅2∙1014cm-3) had a resistivity of ≅35 Ohm∙cm. 

The crystallographic orientation of Ge plates are 

(111) or (100). They were previously degreased in 

boiling toluene, etched in liquid etchant 

HF:HNO3:CH3COOH=1:15:1 for 4-5 minutes and 

washed in running distilled water. 

 

3. RESULTS AND DISCUSSION 

3.1. Decomposition of hydrazine on the surface 

of single-crystalline germanium 

Hydrazine is one of the most chemically active 

substances - a strong reducing agent. He has wide 

application in various fields of industry, techno-

logy, medicine, etc. and has been intensively 

studied both previously and currently [14-25]. 

Liquid N2H4 is very hygroscopicand has a noti-

ceable ability to absorb oxygen and carbon dioxide 

from the air. It is called “high purity” when the 

water content does not exceed 1 wt.% and “ultra-

pure” - with a maximum of 0.5 wt.% H2O. The 

concentration of water in hydrazine is estimated 

by the density, melting point, or refractive index 

of the mixture. However, literature data on these 

parameters are different, due to the difficulty of 

accurately determining the physical 

characteristics of pure hydrazine (*). 

Hydrazine is easily decomposed by heat and 

radiation, especially in the presence of catalysts 

[35-38]. The general form of this reaction is given 

by the equation: 

3N2H4→4(1-x) NH3+(1+2x) N2+6xH2      (4) 

Depending on external conditions (tempera-

ture, pressure, catalyst, electromagnetic radiation, 

electric discharge, etc.) 0≤х≤1(**). The catalytic 

decomposition of hydrazine on the surface of 

germanium has been studied relatively little and 

there is data when carrying out the reaction up to 

80°C. In early work [32], powders of Ge of n- and 

p-type conductivity were used. It was found that 

the decomposition products were ammonia and 

nitrogen:  

3N2H4→NH3+N2                    (5) 

The type of conductivity did not affect the 

catalytic properties. 

Figure 3a shows the kinetic curves of the 

accumulation of hydrogen and ammonia at 650°C. 

It can be seen that the amount of ammonia is 

constant in the absence of germanium, and in its 

presence gradually decreases. The hydrogen con-

tent in the presence of Ge increases sharply, and in 

its absence it first increases and then decreases. 

The resulting ammonia corresponds to an 

equimolar amount of chemisorbed hydrazine. As a 

result, the total change of pressure (Fig. 3b) is 

determined only by the decomposition reaction. 

(*) According to various authors, the density of 

liquid hydrazine at 25oC is 1.0045, 1.0036 and 

1.0024, 1.008 g/cm3 at 23oC. The melting point of 

the system N2H4/H2O: 1, 1.4, 1.53, 1.6-1.7, 1.8, 1.85 

and 2oC [26-28]. 

(**) On alkaline catalysts x=1, on some 

semiconductor catalysts (Ga, Ga2Se3 and others), as 

well as on some metals (Te, Pt) x=0, on some 

semiconductors (V2O5, Ga2Te3 and others), as well 

as on acid catalysts 0<x<1, during decomposition 

using a spark x = 0.38, and during bombardment 

with α-particles x = 0.12-0.22 [29-31]. 
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(a)                                                                  (b) 

 

Fig. 3. (a) Kinetic curves of hydrogen (1) and ammonia (2) accumulation during  

the decomposition of hydrazine in the presence of germanium (●, ▲)  

and without it (o, ∆); (b) kinetic curve of the total change of pressure  

of gaseous products at 650oC 

 

Thermodynamic calculation of the change of 

free energy showed that reaction (5) at x = 0.25 (i.e. 

reaction (4)) has almost the same probability as 

reaction (6): change in Gibbs free energy 

∆G≅220.5 and ≅222.6 kJ/mol respectively (*). 

However, the discovered fact of hydrogen 

evolution gives preference to reaction (4). 

A sharp increase of the amount of hydrogen and 

a decrease of the amount of ammonia in the 

presence of germanium can be associated with a 

heterogeneous reaction (1).  

The study of high-temperature decomposition 

of hydrazine was also carried out using IR 

absorption spectra. Figure 4 shows the IR spectra 

of N2H4 vapor, demonstrating the dynamics of its 

decomposition at 650°C. Curve 1 corresponds to 

hydrazine vapor, curves 2 and 3 to hydrazine 

heated for 15 and 30 minutes, and curve 4 to pure 

ammonia. These spectra indicate that the 

decomposition of hydrazine at 650°C occurs 

mainly during the first 15 minutes and is 

completely completed within 30 minutes. 

 

  
 

 Fig. 4. Dynamics of hydrazine  

decomposition at 650oC in presence  

of germanium 

 

(*) The estimate of ∆G should be considered 

approximate since a change in pressure occurs in 

the reaction area. 
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3.2. Formation of nitride on germanium surface 

in hydrazine vapor 

At temperatures ˃650°C, nitride Ge3N4 is 

formed in hydrazine vapor on the surface of 

germanium. By  registration mass change of the 

sample using the microgravimetric method, the 

following processes are observed [16]: first, an 

increase of mass occurs due to the accumulation of 

hydrazine and its decomposition products on the 

surface, then the mass of the sample decreases due 

to etching of Ge with contained in hydrazine  

water vapors, and then observes its gradual 

increase due to formation of Ge3N4. 

 

 

 

Fig. 5. The kinetic curves of the interaction  

of hydrazine vapors with germanium at 700oC:  

1 - the process carried out immediately after 

distillation, 2 - after two weeks, 

 3 - after a month 

 

It should be noted that when freshly distilled 

hydrazine was stored in a special ampoule under 

vacuum, over fairly long periods of time (two 

weeks, a month), we did not detect any change in 

determining of the refractive index within the 

measurement accuracy. However, a significant 

difference in the nitridation kinetics was observed 

(Fig. 5). From this figure, in particular, one can see 

the difference in the etching rates of the 

germanium surface at the same temperature [33]. 

This can be attributed to the gradual humidization 

of hydrazine, despite precautions. Really, under 

the above conditions, the following occurs: first, β-

Ge3N4 is formed, and then traces of α-modification 

are observed in the nitride. When hydrazine is 

specially hydrated, the amount of α-Ge3N4 

increases and it is finally possible to obtain it in 

pure form [34]. 

It should also be noted that the initial increase 

of mass (Fig.5) is 2-3 orders of magnitude greater 

than is typical for physical adsorption. This can be 

associated with the accumulation of polar 

molecules of hydrazine and water with high dipole 

moments (~2 D [35,36]) on the germanium 

surface. 

One can also take into account the existence of 

hydrazine in the imide tautomeric form: 

H2N-NH2↔NିH-NାH3. 

The bipolar imide form of hydrazine is charac-

terized by a pronounced ability to associate mole-

cules and a strong donor property to atoms with 

unfilled d- and f-shells, especially in substances 

with a small band gap (for example, germanium). 

The above can be confirmed by the results of 

supplementary experiments on the interaction of 

germanium with ammonia, as with a molecule of 

the amine form. At the initial stage of this reaction 

at (500-700) °C, we observed an increase in the 

sample by (2-4) μg/cm2, which is characteristic of 

the process of physical adsorption of neutral 

molecules. 
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3.3. The possibility of using of germanium 

nitride as a photocatalyst in the conversion of 

carbon monoxide to dioxide  

The role of photocatalysis in natural photosyn-

thesis, energy, biotechnology, ecology, other fields 

of science and technology, or in solving household 

problems is widely known. Among the compounds 

that are studied to achieve the catalytic effect by 

visible or ultraviolet radiation, non-oxide materials 

occupy an important place. Among them are 

simple (binary) nitrides: C3N4 [37-41], GaN [42-44], 

TiN [45,46], Ta3N5 [47,48], HfN [49,50], Si3N4 

[51,52], Ge3N4.   

 The essence of photocatalysis is to increase of 

the rate or excitation of chemical reactions under 

the influence of light in the presence of substances 

that absorb light quanta and participate in the 

chemical transformations of these substances, 

repeatedly entering into intermediate interactions 

with them and regenerating their chemical 

composition after each cycle. (A simplified diagram 

of the process is shown in Fig.6.) All this became 

possible after the fundamental works of A. 

Fujishima [53-57]. 

 

 

 

Fig. 6. Schematic representation  

of the photocatalytic process of water  

splitting [10] 

 

As noted in the introduction, germanium nitride 

was successfully tested using photoradiation in the 

process of water splitting. The authors of the cited 

works used β-Ge3N4 doped with RuO2.  

The authors of this paper are currently 

conducting experiments to determine the photo-

catalytic activity of Ge3N4 for converting CO into 

CO2. We use α-Ge3N4 and mixtures of α- and β-

modifications doped with platinum or palladium. It 

is evident from the Fig. 2 that this modification of 

the nitride is capable of dissolving the dopant in 

itself more effectively.  

The problem of converting toxic CO into 

harmless CO2 is a very urgent task [58-66]. 

Purification of atmospheric air from harmful 

substances is of great importance for human health. 

One of the main sources of air pollution are internal 

combustion engines, namely cars. The most toxic 

component of their exhaust gases is precisely carbon 

monoxide. CO is especially dangerous because, due 

to its physical properties, it enters people's homes or 

workplaces more easily than other toxic exhaust gas 

components. It is odorless and cannot be detected by 

the senses.  The most effective means of protecting 

residential and workplaces of people from carbon 

dioxide are cleaning devices containing photo-

catalysts, which, under the conditions of the use of 

an appropriate catalyst and natural air convection, 

will effectively purify them from CO. 

 

4. CONCLUSION 

At ≥650°C hydrazine decomposes on the 

surface of single-crystalline germanium according 

to the scheme: 2N2H4→2NH3+N2+H2. A sharp inc-

rease in the amount of hydrogen and a decrease in 

the amount of ammonia in the presence of ger-

manium is observed. This is due to a heterogeneous 
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reaction: 3Ge+4NH3→Ge3N4+6H2. The phase com-

position of solid product of this reaction is an 

indicator of the degree of humidity of hydrazine: 

in pure hydrazine vapors, β-Ge3N4 is formed on the 

surface of germanium, and as water is added, a 

mixture of α- and β-modifications is formed until 

pure α-Ge3N4 is formed. The question of the 

possibility of using α-Ge3N4 and mixtures of α- and 

β-Ge3N4 as a photocatalyst was considered. 
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რეზიუმე: ნაშრომში განხილულია ჰიდრაზინის ორთქლის დაშლა მონოკრისტალური 

გერმანიუმის ზედაპირზე 650°C ტემპერატურაზე. ნიტრიდის წარმოქმნის პროცესის კინეტიკა 

≥650°C ტემპერატურაზე შესწავლილი იქნა მიკროგრავიმეტრიული მეთოდით და განხილული 

იქნა α-Ge3N4-ისა და α- და β-Ge3N4-ის ნარევების ფოტოკატალიზატორად გამოყენების შე-

საძლებლობის საკითხი.  

გერმანიუმის ნიტრიდის ფაზური შემადგენლობის დასადგენად გამოყენებულია რენტგე-

ნული ანალიზი, ჰიდრაზინის კატალიზური დაშლის დინამიკის დასადგენად - ინფრაწითელი 

სპექტრომეტრია, ხოლო ჰიდრაზინის ორთქლსა და მონოკრისტალური გერმანიუმის ზედაპირს 

შორის ურთიერთქმედების შესასწავლად - მიკროგრავიმეტრიული მეთოდი.  

ექსპერიმენტებმა უჩვენა, რომ ამიაკის რაოდენობა მუდმივია გერმანიუმის არარსებობისას, 

ხოლო მისი თანაარსებობისას თანდათან მცირდება. წყალბადის შემცველობა Ge-ს 

თანაარსებობისას მკვეთრად იზრდება, ხოლო მისი არარსებობისას ჯერ იზრდება და შემდეგ 

მცირდება. შედეგად მიღებული ამიაკი შეესაბამება ქემისორბირებული ჰიდრაზინის ექვიმო-

ლარულ რაოდენობას. შედეგად, წნევის სრული ცვლილება განისაზღვრება მხოლოდ დაშლის 

რეაქციით. ინფრაწითელი შთანთქმის სპექტრები მიუთითებს, რომ ჰიდრაზინის დაშლა 650°C-

ზე ძირითადად ხდება პირველი 15 წთ=ის განმავლობაში და სრულად სრულდება 30 წთ-ში. 

მიკროგრავიმეტრიული მეთოდით ნიმუშის მასის ცვლილების რეგისტრაციისას შეინიშნება 

შემდეგი პროცესები: ჯერ ხდება მასის ზრდა ჰიდრაზინის და მისი დაშლის პროდუქტების 

ზედაპირზე დაგროვების გამო, შემდეგ ნიმუშის მასა მცირდება ჰიდრაზინში შემავალი წყლის 
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ორთქლით Ge-ს ზედაპირის გაზური ამოჭმის გამო, შემდეგ კი შეინიშნება მისი თანდათანობითი 

ზრდა.  

დადგენილია, რომ ≥650°C ტემპერატურებზე ჰიდრაზინი იშლება  გერმანიუმის ზედაპირზე 

შემდეგი სქემის მიხედვით: 2N2H4→2NH3+N2+H2. საბოლოოდ მიიღება ნიტრიდი შემდეგი 

რეაქციით: 3Ge+4NH3→Ge3N4+6H2. ამ რეაქციის მყარი პროდუქტის ფაზური შემადგენლობა 

ჰიდრაზინის ტენიანობის ხარისხის მაჩვენებელია: სუფთა ჰიდრაზინის ორთქლში გერმანიუმის 

ზედაპირზე წარმოიქმნება β-ფაზა, ხოლო წყლის ორთქლის დამატებისას წარმოიქმნება α- და β-

მოდიფიკაციების ნარევი სუფთა α-ფაზის წარმოქმნამდე. განხილულია α-Ge3N4-ის და α- და β-

Ge3N4-ის ნარევების ფოტოკატალიზატორად გამოყენების შესაძლებლობის საკითხი. 
 

საკვანძო სიტყვები: გერმანიუმი, ჰიდრაზინი, ნიტრიდი, კატალიზი, მასის ცვლილება. 
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Abstract: Objective. The aim of this work is the 

synthesis of a high-strength heteromodular nanoc-

omposite in the SiC–SiAlON–Al₂O₃ system, 

intended for application in armored vehicles, 

aviation, and rocket engineering, as well as for 

components of jet engines and high-temperature 

gas turbines. 

Method. The nanocomposite was synthesized 

via a metallothermal process in a technical nitrogen 

atmosphere, using the reactive sintering method, 

resulting in a material with 15% open porosity. The 

resulting product was milled in a ball mill for 10 

hours and then ground in an attritor for 10 minutes 

to achieve a particle size of 1–3 μm. Finally, the 

material was sintered under hot pressing at 1620 °C, 

producing a high-density product with enhanced 

mechanical and operational properties. 

Results. The formation of β-SiAlON via reactive 

sintering at such relatively low temperatures 

(around 1800 °C) is facilitated both by the 

composition of the starting materials - aluminum, 

silicon, SiC, geopolymer, and perlite, and by the 

shift of water and gas dehydration/deaeration from 

the glassy perlite to relatively higher temperatures 

(1000–1050 °C) instead of the 860 °C indicated in 

perlite thermograms. This shift promotes structural 

opening and activates diffusion processes. As a 

result, SiAlON formation proceeds more 

intensively at 1250–1300 °C, owing to the prior 

activation of processes in the geopolymer-perlite 

composition at 1000–1050 °C. 

The formation of SiAlON is such a strong 

physico-chemical process that the relatively high 

nitrogen pressure in this temperature range, 

combined with metallothermy, drives it to 

consume mullite oxides generated from internal 

molecular rearrangements of the geopolymer. 

Consequently, at the final high-temperature 

synthesis (1620 °C), mullite is no longer present in 

the phase composition. SiAlON becomes the 

predominant phase in the structure, accounting for 

57 wt.%. 

Conclusion 

The progression of the process is facilitated by 

the release of glassy dopant-Aragats perlite, which, 

through eutectic interactions with the geopolymer 

at low temperatures, provides favorable conditions 

for the intensive development of diffusion proce-

sses with the other components. The study presents 

the results of electron microscopy, X-ray structural, 

and X-ray spectral analyses, as well as mathematical 

modeling of the physicochemical processes, which 
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confirm our theoretical conclusions based on 

practical experimental evidence. 

Keywords: Composite; Hot pressing; Micro-

structure; Phase composition; High-strength heter-

omodular nanocomposite. 

 

1. Introduction 

It is well known that carbides, borides, nitrides, 

silicides, and similar materials possess superior 

operational properties compared to other materials, 

including high refractory resistance, excellent 

thermal shock resistance, corrosion resistance in 

aggressive media, hardness exceeding 9 on the 

Mohs scale, favorable macro- and micromechanical 

properties, specific electrical and thermophysical 

characteristics, and others [1–6]. Materials with 

such properties include SiAlONs. SiAlONs are 

ceramics containing multiple phases in the Si–Al–

O–N system and belong to the class of silicon–

aluminum oxynitride ceramics. Due to their 

outstanding operational properties, SiAlONs are 

often referred to as superceramics [7]. Their 

structural unit is the (Si,Al)(ON₄) tetrahedron, 

similar to the SiN₄ tetrahedron in silicon nitride 

(Si₃N₄) and the SiN₃O unit in silicon oxynitride. 

SiAlONs contain structural types and phases based 

on apatite, aluminum nitride, silicon α- and β-

nitride, silicon oxynitride, spinels, and others.  As 

mentioned above, reactively sintered SiAlON is 

obtained at approximately 1800 °C, while hot-

pressed SiAlON is formed at 1750 °C and higher, 

and in a neutral atmosphere, at around 1600 °C. 

Therefore, the innovative technology presented in 

this study provides significant energy savings. 

According to established methods, the raw mixt-

ures typically include aluminum nitride, silicon 

nitride, aluminum oxide, silicon dioxide, and 

silicon oxynitride. In rare cases, lithium–aluminum 

or magnesium–aluminum spinels are used. Single-

phase SiAlON can exist in a narrow compositional 

range with the formula: 

Si(6-x)AlxOxN(8-x) 

0≤x≤5 

SiAlON exhibits its best properties in the 

Si₃Al₂O₃N₄ system, which is structurally and 

mechanically close to silicon nitride and chemically 

similar to aluminum oxide. Its technological 

versatility allows it to be widely used across 

multiple engineering fields [7]. 

It should also be noted that SiAlON de-

monstrates optimal cutting properties when the 

glass phase content reaches 20–25% [7]. In terms of 

thermal stability, SiAlONs are superior to almost all 

other ceramic materials. KYON [7] is regarded as 

one of the most effective materials for cutting 

applications. Several types of SiAlONs exist [8–9]. 

 

2. Main Section 

Based on the raw materials used, Table 1 was 

compiled, showing the variation in compositions. 

From these compositions, sample CH-7 was selec-

ted, which undergoes reactive sintering at 1450°C, 

due to its superior physicochemical and technical 

properties compared to other compositions: flexu-

ral strength σₖ = 258 MPa, chemical resistance to 

water – 99.79%, and resistance to acid (H₂SO₄, 
ρ=1.84) – 99.25%. Subsequent investigations fo-

cused on studying the properties of this sample. 

The chemical composition of kaolin (wt.%): 

SiO2-46.45; TiO2-0.33; Al2O3-38.70; Fe2O3-0.46; 

MgO – trace, CaO-0.36; Na2O-0.45; K2O-0.60; heat 

loss - 13.63; refractoriness: - 1770 °C. The chemical 

composition of Polohy clay (wt.%): SiO2-47.92; 
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Al2O3-35.20; Fe2O3-2.06; TiO2-O.28; CaO-0.40; 

MgO-0.30; K2O-O.65; Na2O-O.42; heat loss - 12.24. 

refractoriness:– 17600C. 

To obtain a dense, high-hardness material, the 

reactively sintered powder was first milled in a ball 

mill for 10 h and subsequently ground in an attritor 

for 10 min. The precursor for hot pressing was 

prepared using a hydraulic press with a disk 70 mm 

in diameter and 5 mm thick and a cylinder 15 mm 

in diameter, under a pressure of 20 MPa. Hot 

pressing was carried out in vacuum at 1620 °C 

under 30 MPa, with a vacuum level of 10⁻³ Pa and 

a 10 min dwell at the final temperature. 

The sintering regime was as follows: 20–500 °C 

for 70 min, 500–1400 °C for 150 min, and 1400–

1620 °C for 10 min, followed by cooling for 10 min. 

The hot-pressed samples exhibited an open 

porosity of 0.18%, total porosity of 2.58%, 

σₖ=1910 MPa, and σb of=470 MPa. Notably, the 

material was so hard that several disks were 

damaged during diamond cutting. Attempts to cut 

the disks using a water jet at 3000 atm were unsu-

ccessful, indicating that laser machining is the only 

feasible method. The samples were subsequently 

tested on a Rockwell hardness tester, yielding 

HRA=94. The dynamic microhardness and mo-

dulus of elasticity of the obtained materials were 

determined according to ISO 14577, using a DUN-

211 S dynamic ultramicrohardness tester. The 

results are presented in Table 2 and Figure 1. 

 
 

Table 1 

Composition of the mixtures 
 

Composite 

index 

Initial component content, wt. % 

Kaolin 

prosianaia 

(Ukraine) 

Al Al2O3 SiC Si 

Perlite from 

Aragats 

(Armenia) 

Y2O3 MgO 

Polohy 

clay 

(Ukraine) 

SN-1 80,00 20.00        

SN-2 20.00 10.00  70.00      

SN-3 20.00 10.00 70.00       

SN-6 18.52 18.52 18.52 18.52 20.37 2.78 1.85 0.92  

SN-7 13.89 23.15  27.78 25.00 3.0 1.85 0.92 4.41 

SN-8 13,89 23,15 27,78  25,00 2,78 1,85 0,92 4,63 
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Table 2 

Technical properties of the CN-7 composite under 1 N load 

<<Testcondition-SiAlon-100 >> 
Testmode Load-unload  

Samplename SiAlon-zv SampleNo. #1 

Testforce 100.000[gf] Minimumforce 0.200[gf] 

Loadingspeed 1.0(7.1448[gf/sec]) Holdtimeatload 5[sec] 

Holdtimeatunload 3[sec] Testcount 23 

Parametername Temp Parameter 20 

Comment 20.06.17-SiAlon-zv-100;DHV5-3   

Poisson'sratio 0.190   

Cf-Ap, As Correction ON Indentertype Vickers 

Readtimes 2 Objectivelens 50 
 

Indenter elastic            1.140e+006[N/mm2]                     Indenter poisson's ratio 0.070 

 
<Testresult> 

SE
Q

 

Fmax hmax hp hr DHV-1 DHV-2 Eit Length HV Dataname

 [gf] [um] [um] [um]   [N/mm2] [um]   
1 100.753 2.0927 1.0353 1.3623 1124.606 4595.143 2.023e+005 12.133 1269.108 SiAlon-

100(1) 

2 100.862 2.1408 1.1973 1.4454 1075.849 3439.729 2.028e+005 10.673 1641.878 SiAlon-
100(2) 

3 100.954 2.1185 1.0085 1.3472 1099.608 4852.203 1.911e+005 11.989 1302.427 SiAlon-
100(3) 

4 100.844 2.1300 0.9980 1.3526 1086.598 4949.256 1.881e+005 11.623 1384.295 SiAlon-
100(4) 

5 100.935 2.1822 1.1183 1.4290 1036.181 3945.265 1.855e+005 12.721 1156.721 SiAlon-
100(5) 

6 100.624 2.0945 1.0240 1.3135 1121.301 4691.482 1.921e+005 11.843 1330.428 SiAlon-
100(6) 

7 100.551 2.1229 1.0193 1.3350 1090.715 4731.042 1.868e+005 11.551 1397.624 SiAlon-
100(7) 

8 100.826 2.1357 1.0016 1.3362 1080.626 4912.610 1.834e+005 11.550 1401.679 SiAlon-
100(8) 

9 100.826 2.1173 0.9846 1.2881 1099.473 5084.458 1.815e+005 11.404 1437.730 SiAlon-
100(9) 

10 100.825 2.1761 1.0974 1.4160 1040.858 4092.733 1.848e+005 11.697 1366.620 SiAlon-
100(10) 

11 100.807 2.1566 1.0491 1.3859 1059.580 4477.130 1.857e+005 ----- ----- SiAlon-
100(11) 

Average 100.801 2.1334 1.0485 1.3646 1083.218 4524.641 1.895e+005 11.718 1368.851  

Std.Dev. 0.120 0.029 0.064 0.049 28.966 502.835 7155.469 0.529 125.730  
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a ) 

 

 

b ) 

Figure 1. Micromechanical properties of the CH-7 composite  

under 1 N load: (a) Dependence of indenter penetration on time; 

(b) Dependence of indenter load on imprint depth 
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As shown in Table 2 and Figure 1, the imprints 

in the matrix, which are SiAlON-based, exhibit 

nearly the same depth under a 1 N (100 g) load. 

From this, it can be concluded that the optimal load 

for  SiC–SiAlON–Al₂O₃ phase composition is 1 N. 

The hardness, measured by the Vickers method, 

was 13.68 GPa, the average imprint depth (Figure 

1) was 2.13 μm, the dynamic hardness was DHV = 

10.83 GPa, the elastic modulus was E = 189 MPa, 

and the imprint diagonal was 11.72 μm. The table 

and graphical data in the figure indicate that the 

composite matrix is homogeneous and does not 

exhibit significant variations in properties, despite 

the imprints being taken from different locations 

within the matrix.  

Figure 2 shows the phase composition of the 

material. The X-ray diffraction (XRD) pattern was 

recorded using a DRON-3 diffractometer. Phase 

analysis indicates the presence of SiAlON, silicon 

carbide (SiC), and aluminum oxide formed from the 

clay component. Phase analysis indicates the 

presence of aluminum oxide, which is formed from 

SiAlON, silicon carbide (SiC), and the clay com-

ponent.  

 

 

 

Figure 2. X-ray diffraction (XRD) pattern of the CN-7 composite 

 

The structural–morphological characteristics 

and elemental composition of the samples were 

investigated using a JEOL JSM-6510LV scanning 

electron microscope (Japan) equipped with an X-

MaxN energy-dispersive X-ray spectrometer manu-

factured by Oxford Instruments (UK). Surface elec-

tron images were obtained using both secondary 

electron imaging (SEI) and backscattered electron 

signals (BES) at an accelerating voltage of 20 kV. In 

certain cases, to reduce surface charging, the sam-

ples were coated with an approximately 10 nm 

thick Pt layer using a JEOL JEC-3000FC vacuum 

coating system.  

For the structural investigation, electron mic-

roscopic morphological images acquired at diffe-

rent magnifications were used in order to more 

accurately determine the sizes of crystals and pores 

during the phase analysis. The pores are predo-

minantly rounded, indicating complete densifica-

tion of the material (Fig. 3). The total volume 

fraction of closed pores is 2.4%, and their average 
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diameter is 1.7 μm. These results are fully consis-

tent with Budworth’s findings regarding pore 

volume fraction and its influence on the technical 

properties of materials within a matrix [10]. Other 

types of pores, such as open or partially open pores, 

were not observed in the structure. 

For the morphological analysis of the crystalline 

phases, electron microscopic images obtained at 

different magnifications were used, allowing asse-

ssment of the structure and spatial distribution of 

each phase. At low magnifications (×100 and ×270), 

the presence of sialon is not clearly discernible in 

the images, most likely due to its poorly defined 

morphology. In this case, the dominant phase 

observed in the micrographs is SiC. 

As for aluminum oxide, whose presence is also 

confirmed by X-ray diffraction analysis, it is mainly 

formed from the geopolymer component, which 

constitutes 18% of the mixture. A minor contri-

bution may also originate from aluminum powder; 

since the nitrogen used is technical grade, its 

content, determined through crystalline phase 

analysis and grain-counting methods, was found to 

be 5.7%. The SiC content in the structure remains 

nearly constant at approximately 27.78%. 

At a magnification of ×2700, the contours of the 

sialon phase begin to emerge, and its morphology 

becomes more apparent, although it is still not well 

defined. A distinctly different picture is observed at 

×5500 magnification, where the structure can be 

characterized as sialon-based, and this phase be-

comes visually dominant within the matrix. Its 

content, calculated to be 56.7%, remained the same 

in all previous morphological analyses; however, it 

was not visually evident at lower magnifications. 

Consequently, for the sialon-based SiC–SiAlON–

Al₂O₃ materials obtained in this study, the mini-

mum magnification required for reliable visual 

morphological analysis is ×5500. 

At ×10,000 magnification, the lamellar structure 

of sialon and its dominant role in the morphology 

are clearly observed. This represents the classical 

sialon morphology. Other constituents, such as SiC, 

despite its relatively high content of 27.78 wt.%, 

are less visible due to coverage by sialon lamellae; 

nevertheless, its contribution to the functional 

performance of the material remains significant. 

The role of the glassy phase, which was calcu-

lated to constitute 7.4%, is also substantial and is 

further addressed below through mathematical 

modeling of the material formation process. Alt-

hough a 3% perlite dopant was added, its melting at 

a relatively low temperature of 1240 °C leads to the 

formation of eutectic melts with geopolymer 

components, particularly with alkali oxides. As a 

result, the glassy phase content in the material 

increases at 1620 °C. 

A comprehensive X-ray spectroscopic analysis 

was performed (Figs. 4–10), enabling the determi-

nation of trace amounts of most chemical elements 

present in the investigated object, down to the level 

of thousandths of a percent. X-ray spectroscopic 

analysis is based on the dependence of the charac-

teristic X-ray emission line frequencies of elements 

on their atomic numbers, as well as on the relati-

onship between the intensities of these lines and 

the number of atoms involved in their generation. 

Figure 4 presents micro–X-ray spectroscopic 

image #1 of the material obtained by hot pressing 

at 1620 °C. Four spectra were acquired from the 

sample. The figure and the corresponding table 
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show the elemental distribution and their percen-

tage contents, from which it is evident that the 

principal constituent of the material is sialon, in 

agreement with our calculations.  

In Figure 4, the percentage contents of the 

elements constituting sialon—silicon, aluminum, 

oxygen, and nitrogen—are nearly identical in all 

four spectra. Spectrum 4 shows a slightly higher 

nitrogen content and a lower aluminum content; 

however, this variation is minimal and does not 

affect the morphological uniformity of the image. 

Carbon is detected in almost equal amounts in all 

four spectra, confirming the significant presence of 

SiC in the composite. According to our calculations, 

its content is 27.78 wt.%. 

In addition to sialon, the substantial oxygen 

contribution indicates a minor presence of Al₂O₃, 
amounting to 5.7 wt.%. In this case, the majority of 

the oxygen is consumed by the sialon phase. 

Based on the analysis of the fifth electron 

micrograph, spectra 25 and 26 reveal the presence 

of iron at 21.9 and 22 wt.%, respectively. This 

indicates that, according to the X-ray spectroscopic 

analysis, the detected iron originates from the 

geopolymer component of the material. Conse-

quently, the sialon and aluminum oxide contents in 

these two spectra are likely lower. 

The remaining four spectra demonstrate the 

presence of sialon, SiC, and Al₂O₃. Minor elements, 

such as Mg and Y, were intentionally introduced as 

dopants to act as crystal growth inhibitors, while 

Ca, Zr, Mn, and Fe originate from the chemical 

composition of the geopolymer. Given their very 

low concentrations, these elements are unlikely to 

significantly affect the functional properties of the 

material. Their presence may only account for 

slight deviations from theoretical calculations, 

which are typical in any material. 

Analysis of the sixth electron micrograph shows 

that iron is present only in spectra 31 and 35, at 5.5 

and 4.2 wt.%, respectively, which we also attribute 

to the geopolymer component of the material. In 

the remaining spectra, the phase composition of the 

material is largely preserved, with only minor 

deviations from the calculated mass percentages of 

the phases, which is a common occurrence. 

Analysis of the ninth electron micrograph 

indicates that all spectra exhibit a phase compo-

sition of SiAlON, SiC, and Al₂O₃. It should be noted 

that SiC is not fully represented in terms of atomic 

percentages; apparently, the sialon phase overlaps 

it, and carbon is detected at only 8% in the spectra. 

The remaining elements—Ca, Zr, Mg, and Fe—are 

present in negligible amounts. 

The thirteenth electron micrograph is particu-

larly noteworthy. Spectra 74 and 76 show iron 

contents of 26.3 and 38 wt.%, respectively, which 

originate from the geopolymer component. Spectra 

77, 78, and 79 display only the presence of SiC, 

suggesting that these spectra were taken from SiC 

grains. Spectra 80 and 81 are predominantly sialon, 

while spectrum 82 shows a minor iron content of 

6%, again originating from the geopolymer. The 

other elements introduced by the geopolymer are 

present only in negligible amounts. 

The seventeenth electron micrograph shows 

that, according to spectra 104–107, the phase 

composition consists solely of silicon carbide, 

indicating that these spectra were acquired from 

SiC grains. The remaining spectra demonstrate the 

phase composition of the composite within the 

SiC–SiAlON–Al₂O₃ system. 
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The lamellar structure of sialon is clearly visible 

in the eighteenth electron micrograph, captured at 

a magnification of ×10,000. Spectra 111 and 113 

show only the presence of silicon carbide, 

indicating that these spectra were obtained from 

SiC grains. In the remaining spectra, the phase 

composition of the resulting composite within the 

SiC–SiAlON–Al₂O₃ system is observed. 

The micro–X-ray spectroscopic analyses prese-

nted in the figures provide a detailed representation 

of the elemental composition at the measured points, 

showing the percentage content of the main phases 

containing sialon, silicon carbide, and corundum. In 

a few spectra, only the presence of silicon carbide is 

detected, which is a common occurrence in X-ray 

spectroscopic analysis. Apart from these exceptions, 

the percentage ratios across all areas are nearly 

uniform, indicating a homogeneous structure of the 

investigated composite. The phase composition, as 

determined from our calculations, is as follows 

(wt.%): 56.7 – sialon, 27.78 – silicon carbide, 5.7 – 

aluminum oxide, 7.4 – glassy phase, 2.4 – porous 

phase, and the remainder from the geopolymer 

component (Figs. 4–10). 
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Figure 3. Scanning electron microscopy (SEM) images  

of the CH-7 sample at different magnifications 
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Figure 4. X-ray spectroscopic images of the CH-7 sample. 

Electron micrograph 1; four points were analyzed. 
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Table 3 

Elemental composition 

 

Result Type Atomic % 

Spectrum Label Spectrum 4 Spectrum 1 Spectrum 2 Spectrum 3 

C 17.99 18.17 18.01 18.02
N 26.34 25.91 26.01 26.16
O 25.52 25.34 25.50 25.46
Na 0.18 0.18 0.21 0.19
Mg 0.28 0.28 0.29 0.28
Al 12.19 12.35 12.32 12.26
Si 16.88 17.19 17.07 17.04
Cl 0.04 0.02 0.04 0.03
K 0.03 0.03 0.02 0.01
Ca 0.11 0.10 0.12 0.12
Ti 0.05 0.04 0.04 0.04
Fe 0.39 0.40 0.38 0.38
Total 100.00 100.00 100.00 100.00

 

Statistics C N O Na Mg Al Si Cl K Ca Ti Fe 

Max 18.17 26.34 25.52 0.21 0.29 12.35 17.19 0.04 0.03 0.12 0.05 0.40
Min 17.99 25.91 25.34 0.18 0.28 12.19 16.88 0.02 0.01 0.10 0.04 0.38
Average 18.05 26.10 25.46 0.19 0.28 12.28 17.05 0.03 0.02 0.11 0.04 0.39
Standard 
Deviation 

0.08 0.19 0.08 0.01 0.00 0.07 0.13 0.01 0.01 0.01 0.00 0.01
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Figure 5. X-ray spectroscopic images of the CH-7 sample. 

 

Electron micrograph 5; six points were analyzed, with results presented  

in Table 4 showing the elemental composition. 

 

Table 4 

Elemental composition 
 

Result Type Weight % 

Spectrum 
Label 

Spectrum 30 Spectrum 25 Spectrum 26 Spectrum 27 Spectrum 28 Spectrum 29 

C 12.87 28.31 21.58 33.47 12.44 15.39
N 21.89 20.99 17.91
O 23.80 17.17 13.37 12.53 18.95 22.22
Na 0.26  1.92
Mg 0.42 0.27 0.42 0.25
Al 16.29 7.11 12.93 18.46 21.49 15.66
Si 23.91 22.68 27.21 35.01 25.00 16.58
Cl  0.15  5.42
K  0.14  3.95
Ca 0.31 0.13 0.26 
Ti  0.52 0.57  
Mn  0.23 0.31  
Fe 0.26 21.91 21.99 0.26 0.46 0.69
Zr  1.66 2.04  
Total 100.00 100.00 100.00 100.00 100.00 100.00

 

Statistics C N O Na Mg Al Si Cl K Ca Ti Mn Fe Zr 

Max 33.47 21.89 23.80 1.92 0.42 21.49 35.01 5.42 3.95 0.31 0.57 0.31 21.99 2.04
Min 12.44 17.91 12.53 0.26 0.25 7.11 16.58 0.15 0.14 0.13 0.52 0.23 0.26 1.66
Average 20.68  18.01  15.32 25.06   7.59
Standard 
Deviation 

8.71  4.57  4.94 6.04   11.12
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Figure 6. X-ray spectroscopic images of the CH-7 sample. 

Electron micrograph 6; six points were analyzed. 

 

Table 5 

Elemental composition 

 

Result Type Weight % 

Spectrum 
Label 

Spectrum 36 Spectrum 31 Spectrum 32 Spectrum 33 Spectrum 34 Spectrum 35 

B  15.23  
C 3.42 4.88 5.25 5.28 3.08 3.32
N 25.03 24.44 20.59 21.66 24.79 21.45
O 25.39 18.15 27.82 22.82 23.04 26.19
Na 0.09 0.14 0.34  0.20
Mg 0.35 0.35 0.43 0.36 0.44 0.54
Al 20.50 13.43 12.97 14.87 21.27 20.18
Si 23.99 17.09 31.32 34.20 24.67 23.38
Ca  0.24 0.51  0.29
Ti  0.23  0.20
Fe 1.23 5.49 0.76 0.80 2.71 4.25
Zr  0.34 0.00 0.00  
Total 100.00 100.00 100.00 100.00 100.00 100.00

 

 

Statistics B C N O Na Mg Al Si Ca Ti Fe Zr 

Max 15.23 5.28 25.03 27.82 0.34 0.54 21.27 34.20 0.51 0.23 5.49 0.34
Min 15.23 3.08 20.59 18.15 0.09 0.35 12.97 17.09 0.24 0.20 0.76 0.00
Average  4.20 22.99 23.90 0.41 17.20 25.78   2.54
Standard 
Deviation 

 1.04 1.97 3.40 0.07 3.84 6.12   1.98
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Figure 7. X-ray spectroscopic images of the CH-7 sample. 

Electron micrograph 9; four points were analyzed. 
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Table 6 

Elemental composition 

 

Result Type Atomic % 

Spectrum Label Spectrum 48 Spectrum 49 Spectrum 50 Spectrum 51

C 8.07 8.13 8.30 8.30
N 27.26 27.02 27.03 27.14
O 26.69 26.64 26.55 26.63
Mg 0.34 0.36 0.35 0.34
Al 15.78 15.96 15.93 15.84
Si 21.31 21.34 21.28 21.21
Fe 0.56 0.55 0.55 0.55
Zr 0.00 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00
   

Statistics C N O Mg Al Si Fe Zr 

Max 8.30 27.26 26.69 0.36 15.96 21.34 0.56 0.00
Min 8.07 27.02 26.55 0.34 15.78 21.21 0.55 0.00
Average 8.20 27.11 26.63 0.35 15.88 21.28 0.55 0.00
Standard 
Deviation 

0.12 0.11 0.06 0.01 0.08 0.06 0.00 0.00
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Figure 8. X-ray spectroscopic images of the CH-7 sample. 

Electron micrograph 13; ten points were analyzed. 
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Table 7 

Elemental composition 

 

Result 
Type 

Weight 
% 

Spectru
m Label 

Spectru
m 83 

Spectru
m 74 

Spectru
m 75 

Spectru
m 76 

Spectru
m 77 

Spectru
m 78 

Spectru
m 79 

Spectru
m 80 

Spectru
m 81 

Spectru
m 82 

C 5.98 9.90 3.82 26.19 39.64 24.60 4.76 3.77 4.09
N 20.48 10.75 28.59 21.79 23.44 19.87
O 15.80 14.24 30.18 13.70 1.58 1.64 23.18 22.76 16.81
Mg 0.32 0.28 0.51 0.54 0.34
Al 20.59 7.01 15.53 7.09 0.86 1.15 7.13 18.53 22.56 24.00
Si 36.83 28.03 21.17 35.15 71.37 58.92 66.63 30.15 25.31 28.60
Ti  0.94  1.54   0.28
Mn  0.35    
Fe  26.32 0.44 38.09 0.29  0.28 6.00
Y   1.08 1.33 
Zr  2.45  4.43   
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

 

 

Statistics C N O Mg Al Si Ti Mn Fe Y Zr 

Max 39.64 28.59 30.18 0.54 24.00 71.37 1.54 0.35 38.09 1.33 4.43
Min 3.77 10.75 1.58 0.28 0.86 21.17 0.28 0.35 0.28 1.08 2.45
Average    12.44 40.21  
Standard 
Deviation 

   8.80 18.33  
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Figure 9. X-ray spectroscopic images of the CH-7 sample. 

Electron micrograph 17; seven points were analyzed. 
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Table 8 

Elemental composition 

 

Result Type Atomic % 

Spectrum 
Label 

Spectrum 
110 

Spectrum 
104 

Spectrum 
105 

Spectrum 
106 

Spectrum 
107 

Spectrum 
108 

Spectrum 
109 

C 23.99 51.17 55.21 48.04 44.16 28.17 23.34
N 24.58  12.97 21.72
O 16.44  11.28 19.72
Na   0.21 0.22
Mg 0.35  0.51 0.39
Al 17.17  18.86 17.09
Si 16.90 48.83 44.79 51.96 55.84 26.66 16.71
K   0.14 0.13
Ca 0.23  0.59 0.25
Fe 0.33  0.60 0.43
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

 

Statistics C N O Na Mg Al Si K Ca Fe 

Max 55.21 24.58 19.72 0.22 0.51 18.86 55.84 0.14 0.59 0.60
Min 23.34 12.97 11.28 0.21 0.35 17.09 16.71 0.13 0.23 0.33
Average 39.15   37.38  
Standard 
Deviation 

13.58   16.84  
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Figure 10. X-ray spectroscopic images of the CH-7 sample. 

Electron micrograph 18; six points were analyzed. 

 

Table 9 

Elemental composition 

 

Result Type Atomic % 

Spectrum 
Label 

Spectrum 116 Spectrum 111 Spectrum 112 Spectrum 113 Spectrum 114 Spectrum 115

C 10.55 52.90 11.58 53.22 11.22 24.45
N 30.82 25.41 21.21 10.17
O 25.10 2.98 21.54 4.97 21.81 21.76
Na  0.24  
Mg 0.32 0.57 0.30 
Al 16.68 0.71 19.15 3.22 20.80 14.82
Si 16.53 43.41 21.07 38.59 20.52 26.34
Ca  0.43  
Ti  0.24 
Fe  3.90 2.47
Total 100.00 100.00 100.00 100.00 100.00 100.00

 

 

Statistics C N O Na Mg Al Si Ca Ti Fe 

Max 53.22 30.82 25.10 0.24 0.57 20.80 43.41 0.43 0.24 3.90
Min 10.55 10.17 2.98 0.24 0.30 0.71 16.53 0.43 0.24 2.47
Average 27.32  16.36 12.56 27.74  
Standard 
Deviation 

20.60  9.70 8.50 10.84  
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The Formula for the Fracture Stress Energy 

When discussing the properties of ceramic 

materials and composites, integrating the concept of 

fracture stress is a particularly challenging task due 

to the complex and overlapping processes occurring 

within the material. Therefore, we deemed it nece-

ssary to introduce a characteristic of fracture stress 

that encompasses all conditions and properties that 

may arise during the critical loading of a specimen, 

when failure becomes inevitable. This may occur as 

a result of external energy input and the consequent 

accumulation of energy within the specimen, either 

due to thermostructural changes or the development 

of external mechanical stresses. The formula for the 

fracture stress energy, as proposed by Z. Kovziridze 

[11–13], is as follows: 

Etd=m .ac.p.                                                      1 

Where: 

 ܧ௧ௗ– fracture stress energy (energy of 

tension of decomposition), kJ; 

 ݉– mass of the specimen, g; 

 ܽ௖.௣.– crack propagation speed, 2000 m/s. 

A rod-shaped test specimen was fabricated from 

the SiC–SiAlON–Al₂O₃ material, with dimensions: 

length ݈ = 110mm, width ܾ = 20mm, and height ܽ = 10mm. After firing at 1620 °C, the mass of the 

rod was 49.3 g. The specimen was fully conso-

lidated, exhibiting nearly zero open porosity. 

Assuming that, during the fracture process, the 

crack propagation velocity depends on the stress 

intensity factor (critical condition) and lies on the 

third segment of the ݒ - ݇	curve (Fig. 11), where the 

velocity increases due to tip separation and reaches 

approximately 2000 m/s [7], the energy expen-

diture for fracture stress can be calculated using our 

formula as follows: 

Etd = 49.3x2000=98.6 kJ 

Thus, by establishing a universal relationship 

between the total energy of the specimen and its 

mass, we obtain the fracture stress energy formula 

proposed in this work. 

 

 

Fig. 11. Typical graph of crack propagation velocity 

as a function of the stress intensity factor during the 

development of the pre-critical crack growth state 

(v–k curve). The horizontal axis represents the 

stress intensity factor, and the vertical axis repre-

sents the crack growth velocity. 

 

Material Fabrication Process and Its 

Mathematical Modeling 

 

In studying the synthesis processes of the 

materials, we aimed to theoretically generalize the 

possible processes occurring in perlite containing a 

significant amount of glassy phase [14–18], which 

has a strong influence on the consolidation of the 

mixture during material fabrication. To this end, we 

performed a mathematical calculation of the con-

solidation process and attempted to represent the 
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physical essence of sialon formation at the early 

temperature stage, as well as the role of glassy perlite 

in these complex physicochemical processes. 

As is well known, perlite is a volcanic rock 

consisting of 96 wt.% glassy material, 2–4 wt.% 

crystallites, and gases (CO₂, CO, N₂, Ar, Cl₂, F₂, and 

water) in the range of 2–5%. Water accounts for 

80–85% of the volatiles, serving as the main 

foaming agent [19]. 

As is well known, water in volcanic glasses serves 

not only as a source of the gaseous phase but also as 

a mineralizer. It promotes the mobility of the melt 

generated during thermal treatment [20]. For 

illustration, Figure 3 shows a variation in the 

composition of geopolymer and perlite: 50 wt.% 

geopolymer and 50 wt.% perlite; the melting 

temperature of perlite is 1240 °C, and that of the 

geopolymer is 1740 °C. Both components are part of 

the CH-7 base composition: perlite at 3 wt.% and 

geopolymer at 18.5 wt.%. 

The chemical composition of perlite is as follows 

(wt.%): SiO₂ – 73.70; Al₂O₃ – 14.06; Fe₂O₃ – 0.84; 

CaO – 0.70; MgO – 0.45; R₂O – 6.55; SO₃ – 0.20; heat 

loss – 3.60. 

By correlating the description of the settling 

kinetics with the experimental data, one can 

consider the case where a liquid phase forms due to 

the melting of an easily fusible component, under 

the assumption that the refractory component is 

partially soluble in the melt. Energetically, the 

formation of a liquid phase is favored when two 

particles are separated by the liquid phase while in 

direct contact. The process requires the following 

condition: 2ߙ௦௢௟௜ௗ.௟௜௤௨௜ௗ.ݔ ݏ݋ܿ ݂ <  ଶ.                         2ߙ

 

The condition is satisfied for any value of the angle: ݂ = ଴݂ + slߙ	if	,ߠ2 < ଶ2ߙ , 
where ߙslis the surface energy at the solid–liquid 

interface, ߙଶ	is the surface energy at the interface 

between two particles, ݂ ଴	is the contact area between 

the surfaces of two particles at the interface, and ߠ	is 
the wetting angle [21]. 

During thermal treatment, the liquid phase 

formed from the melting of perlite fills the voids in 

the mixture between the solid SiC and Al₂O₃ 
particles. The presence of this liquid meniscus under 

certain conditions generates forces that draw the 

particles toward one another, thereby promoting 

densification of the material and influencing the 

sintering kinetics. This movement is accompanied 

by a reduction in the free surface area of the liquid 

phase, which occurs under the influence of pressure 

arising from surface curvature. Evidently, the 

mechanism involved is volume diffusion, where the 

excess vacancies formed near the surface of 

protruding particle asperities act as sinks at the 

particle surfaces. In this case, an increase in the 

contact area must be accompanied by a reduction in 

the distance between particle centers. 

As is well known, volume diffusion is chara-

cterized by a high activation energy and predo-

minantly occurs near the Tamman temperature 

(0.52 Tm, where Tm is the melting temperature in 

°C). The Tamman temperature corresponds to the 

onset of atomic or ionic motion in the lattice and is 

therefore a highly significant parameter when 

considering interactions between solid bodies. 

In the mixture, the Tamman temperature range 

for the primary mineral of the geopolymer, 

kaolinite, coincides with the first exothermic peak 

(925–940 °C), during which its structural layers 
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undergo significant destruction. For the chemistry of 

kaolinite (Al₂O₃·2SiO₂·2H₂O), the distribution of 

bonds within the tetrahedra [SiO₄]⁴⁻ and octahedra 

[AlO₆]⁶⁻ is of fundamental importance. The sp³ 

configuration provides stability to the electronic 

structure of silicon atoms in silicates [22]. 

However, the manifestation of these bonds within 

tetrahedral and octahedral units is heterogeneous: p-

bonds are significantly stronger than s-bonds, thereby 

ensuring a relatively prolonged morphological 

correspondence between the silicate crystal structure 

and the liquid phase. At such relatively low tem-

peratures, high-temperature components in the 

mixture, such as SiC and Al₂O₃, do not participate 

significantly in diffusion processes. 

The breaking of bonds, structural fragmentation 

of the material, and the relatively intense prog-

ression of diffusion processes are facilitated within 

this temperature range by the release of gaseous 

substances (2–4 wt.%) from perlite [23]. As a result, 

the p-bonds within tetrahedral and octahedral units 

are disrupted, the structural Si–O–Al sequence is 

broken, and Al and Si ions are released, creating the 

conditions for their diffusion in the melt. Due to the 

structural degradation, viscosity decreases signi-

ficantly. 

Simultaneously, the minerals in the raw mixture 

undergo decomposition, accompanied by the release 

of water vapor and other gaseous products. At this 

stage, internal molecular transformations occur 

within the primary geopolymer mineral kaolinite, 

including the cleavage of hydrogen bonds (H₂O and 

OH⁻), while the release of water from perlite 

partially delays the formation of crystalline nuclei 

from Al₂O₃ and SiO₂ particles. This process shifts to 

higher temperatures. 

Following this temperature interval, intensive 

interactions occur between the geopolymer and 

perlite, which are significantly facilitated by the 

shift of the endothermic peak of perlite to the right 

(1000–1050 °C; Fig. 12). Being a readily fusible 

component, it accelerates the formation of a liquid 

phase and, in combination with perlite, excess 

amorphous silicon dioxide, and decomposition 

products of kaolinitic geopolymer, leads to the 

formation of a perlite–glass melt. According to our 

calculations, the content of this melt in the final 

product is 7.4 wt.% [23]. 

Within the perlite and glassy liquid phase, two 

main refractory oxides, SiO₂ and Al₂O₃, undergo 

energetic interactions.  

This results in the formation of a compound that 

crystallizes from the melt into new crystalline 

formations - mullite (3Al₂O₃·2SiO₂). While this 

would seemingly contribute to the creation of the 

material’s skeleton within the mixture, the physico-

chemical transformations proceed differently due to 

the formation of sialon at 1250–1300 °C. 

Only after these temperatures, when the free 

SiO₂ and Al₂O₃ particles, whose chemical bonds are 

absent due to the prior decomposition of kaolinit, are 

in a relatively high-energy, chemically active state, 

does the chemical reaction forming mullite proceed 

at an increased rate, thereby promoting the 

nucleation of crystals (Fig. 12). 
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a                                                                 b 
 

Figure 12. Fragment of ceramic material – clay–perlite (50:50 wt.%), sintered at 1050 °C. 

(a) Network of large needle-like mullite crystals; (b) Glassy phase reinforced  

with fine needle-like mullite crystals, X 5400. 
 

 

The resulting liquid phase hinders the release of 

volatile components from perlite by entraining the 

particles within the liquid layer. As the temperature 

increases, the pressure in the closed pores rises, 

causing them to expand and release gases from the 

material. The degassing of perlite begins above 

860 °C, coinciding with the first exothermic peak of 

kaolinite. Due to the overlap of these processes, 

degassing continues and becomes more pronounced 

at higher temperatures, in the range of 1000–

1050 °C. The process shifts from shrinkage to 

apparent “growth,” as observed in the specimens 

(Figs. 13–14). This phenomenon significantly 

contradicts the conventional laws of shrinkage; 

however, we believe that the processes occurring 

within this temperature interval exert a decisive 

influence on the densification of the ceramic 

material. This is because water, acting both as a gas-

forming and fluxing agent, is released during 

thermal treatment and exhibits a mineralizing effect. 

It leads to loosening of the ceramic structure and, 

overall, to a weakening of the crystalline framework, 

resulting in a reduction in the viscosity of the silicate 

melt. This, in turn, promotes the full and intensive 

development of diffusion processes [21, 23]. 

 

 

 

Figure 13. Thermogram of perlite 

 

67



 

 

Figure 14. Temperature-dependent changes in water absorption of ceramic materials. 

Compositional variations (wt.%): fireclay 50–35, perlite 50–65. 

 

Figure 12 shows that the formation of mullite 

crystals becomes possible already at temperatures of 

1050–1100 °C. However, in the CN-7 composition, 

due to the occurrence of complex physicochemical 

processes and the overlap of several reactions, 

mullite crystals cannot yet be considered fully 

developed, since the Si–O–Al bonds are not 

sufficiently strong at this stage. Within this 

temperature range, the release of water and gases 

from perlite (Fig. 14), which leads to structural 

loosening, hinders the structural formation of 

mullite crystals. 

The formation of silicon nitride begins at appro-

ximately 1250 °C and consumes the oxides associated 

with mullite. The viscosity of the melt decreases to 

approximately 10⁷–10⁹ Poise [24–34], and the action 

of surface forces at phase boundaries becomes more 

pronounced. As a result, crystalline grains approach 

one another, the material densifies, and water absor-

ption decreases in accordance with the reduction in 

porosity. The material thus acquires high functional 

(service) properties, as confirmed by experimental 

studies [23]. 

When considering sintering kinetics, it is impor-

tant to account for cases in which solid particles are 

partially or completely soluble in the liquid layer 

between grains. This phenomenon is confirmed by 

structural investigations, which reveal partially 

melted grains of quartz and perlite. The finer par-

ticles of the latter are completely molten and assimi-

lated into the bulk matrix. Thus, several physico-

chemical processes characteristic of solid–liquid-

phase sintering occur simultaneously. 

In this case, the interaction forces between grains 

are governed by: 
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1. the presence of curvature of the liquid 

surface 

=1ܨ   ܽe(1/ݎ/1−1ݎ)ܵ;                      9  

2. the tendency of the free surface of the liquid 

component to decrease, which is 

independent of its curvature 2ܨ	= ,ܸ)eoѰܽܮ   10                      , (ߠ

where ܮ	is the length of the wetting perimeter, and Ψ(ܸ,  is a function dependent on the wetting	(ߠ

contact angle ߠ, the volume of liquid confined 

between the grains, and ܸ, which characterizes the 

geometry of the grains. For spherical grains, the 

radius ܴ	is given by: ܵ = 2sinܴߨ 2݂ ;                                  3 Ѱ(ܸ, (ߠ = sin ݂)sinݔ + ܨ 4                      	;	(ߠ = =2ܨ+1ܨ ܽeo[2ܴߨsin2݂(ଵ௥1+1/ݎ) ݎߨ2 + sin ݂)݊݅ݏݔ݂ +  5                                            	,(ߠ

Where:  1ݎ= ܴ sin ݂ − [ܴ(1 − cos 1[2/ߣ(݂ − sin	(ߠ + ݂);     
6 ܴ = 2ܴ(1 − cos ݂) + ݂)2/2cos/ߣ +  7            , (ߠ

where ߣis the gap between the grains.  

The formula is valid under the assumption that 

distortions of the liquid meniscus caused by gravity 

can be neglected. Above the optimal temperature 

range, the wetting angle reaches a critical value: Θ = π − f/2 .                           8 

The attractive force between the grains becomes 

neutralized, and in the presence of a substantial 

amount of liquid phase, a repulsive force arises that 

drives the grains apart. This, in turn, creates 

conditions for material deformation and a deter-

ioration of its technical properties. Such effects were 

observed in laboratory experiments during the firing 

of specimens under hot-pressing conditions at 

temperatures above 1620 °C, when the leaching of 

aluminum oxide from the material occurred. 

Based on the considerations presented above, we 

developed a mathematical calculation for the conso-

lidation process of materials in cases where solid–

liquid-phase sintering occurs with a liquid-phase 

content of 7.4 wt.%. Considering that sintering 

processes in materials of this composition begin 

above 1050 °C due to the formation of a certain amo-

unt of liquid phase, we recommend terminating hot-

press firing at the early stage of densification, i.e., at 

1620 °C, rather than waiting for complete elimi-

nation of open porosity. This is particularly reaso-

nable since the material, even with 0.18 % residual 

porosity, exhibits high functional properties.  

Furthermore, the coexistence of oxygen-free and 

oxidized compounds in the composition is complex 

and can lead to incompatibilities. Due to the wide 

melting range of perlite and the high viscosity of the 

resulting melt, the ceramic specimen does not 

deform during the firing stage. As a result, at 

temperatures of 1250–1300 °C, sialon formation 

proceeds more intensively in the geopolymer–

perlite composition, facilitated by the processes that 

occurred at 1000–1050 °C. 

The formation of sialon is a highly intensive 

physicochemical process, promoted in this tempe-

rature interval by relatively high nitrogen pressure 

and metallothermic effects. The sialon formed 

consumes the mullite oxides generated during 

internal molecular transformations of the geopo-

lymer, so that at high synthesis temperatures 

(1620 °C), mullite is no longer present in the phase 

composition. Sialon thus becomes the dominant 

phase in the structure, comprising 57 wt.%, while 

SiC accounts for 27 wt.% and Al₂O₃ for 5.7 wt.%. 
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3. Conclusion 

Thus, the presence of a certain amount of finely 

dispersed aluminum oxide nanoparticles, which 

reinforces the material, combined with 7.4 wt.% of 

glassy phase formed by perlite in the geopolymer–

perlite composition, which facilitates grain attraction, 

binding, and the formation of a glassy nano-layer on 

their surfaces, together with the covalently bonded 

silicon carbide and the 57 wt.% content of sheet-like 

sialon, clearly observed in electron microscopy 

images, contributes to the enhancement of the 

mechanical properties of the composite. 

Optimal quartz grain sizes, the low solubility of 

these grains, which promotes the development of 

tangential stresses, the high silicon content in perlite 

(~74 wt.%), and the proportion of aluminum oxide in 

the acidic glassy phase all favor the formation of Si–

O–Al bonds. These factors, in our view, underlie the 

material’s high functional properties. 

Chemical resistance is 99.9 % to water and 98.7 % 

to 35 % NaOH. Mechanical properties include 

flexural strength of 470 MPa and compressive 

strength of 1910 MPa. The firing temperature is 

1620 °C, with water absorption of 0.18 %. 

 

References 

1. Kovziridze, Z., Aneli, J., & Sarukhanishvili, A. 

(2008). Resistance of materials to aggressive 

media (pp. 51–99). Tbilisi, Georgia: Georgian 

Technical University. 

2. Kovziridze, Z., Aneli, J., Nijaradze, N., & Taba-

tadze, G. (2017). Ceramic and polymer com-

posites (pp. 119–209). Saarbrücken, Germany: 

Lambert Academic Publishing. 

3. Friedrich, K. M. (1987). Produktionsverfahren, 

Anwendungseigenschaften und Einsatzmögli-

chkeiten von Nitridkeramik, insbesondere von 

Siliciumnitrid. Vortragsveröffentlichungen Haus 

Technische Universität Essen, (#519), 19–21. 

4. Wang, L., He, C., & Wu, J. (1989). Oxidation of 

sintered silicon nitride materials. In Ceramic 

Materials and Components for Engines: 

Proceedings of the International Symposium 

(pp. 604–611). Westerville, OH. 

5. Zheng, G., Zhao, J., Gao, Z., & Cao, Q. (2012). 

Cutting performance and wear mechanisms of 

SiAlON–Si₃N₄ graded nanocomposite ceramic 

cutting tools. The International Journal of Ad-

vanced Manufacturing Technology, 58(1–4), 

19–38. 

6. Riley, F. L. (2000). Silicon nitride and related 

materials. Journal of the American Ceramic 

Society, 83(2), 245–265. 

7. Shvedkov, E. L., et al. (1991). Dictionary and 

reference book on new ceramics (pp. 183, 269–

271). Kyiv, Ukraine: Naukova Dumka. 

8. Kovziridze, Z., Nijaradze, N., Tabatadze, G., 

Cheishvili, T., Mestvirishvili, Z., Mshvildadze, 

M., & Darakhvelidze, N. (2017). Composite 

synthesis by metallothermic and nitriding 

processes in the Si–SiC–Al geopolymer system. 

Ceramics and Advanced Technologies, 19 (2), 

33–52. 

9. Kovziridze, Z., Nijaradze, N., Tabatadze, G., 

Cheishvili, T., Mestvirishvili, Z., Mshvildadze, 

M., Nikoleishvili, E., & Darakhvelidze, N. 

(2014). Formation of sialon by nitro-alumino-

thermic processes. Ceramics, 2(32), 23–32. 

70



10. Budworth, D. W. (1970). Theory of pore closure 

during sintering. Transactions of the British 

Ceramic Society, 69, 29–31. 

11. Kovziridze, Z. (2019). Failure stress energy 

formula. In Abstract Book of the XVI ECERS 

Conference and Exhibition of the European 

Ceramic Society (p. 670). Turin, Italy. 

12. Kovziridze, Z. (2018). Failure stress energy 

formula. Journal of Electronics Cooling and 

Thermal Control, 8(3), 31–47. 

 https://www.scirp.org 

13. Kovziridze, Z. (2018). Failure stress energy 

formula. Ceramics and Advanced Technologies, 

20(1), 11–23. 

14. Kovziridze, Z., Hennicke, H. W., & Kharitonov, 

F. (1998). Thermomechanics of ceramics (pp. 

30–41). Karlsruhe, Germany: Hochschule für 

Technik. 

15. Kovziridze, Z. (2018). Formula of the thermo-

gradient effect. Journal of Electronics Cooling 

and Thermal Control, 8(4).  

https://doi.org/10.4236/jectc.2018.84004 

16. Ross, G. S., & Smith, R. H. (1955). Water and 

other volatiles in volcanic glasses. American 

Mineralogist, 40(11–12), 1071–1083. 

17. Kovziridze, Z. (2020). Dependence of mechanical 

characteristics of materials on crystalline phase 

composition of the matrix. Advances in Materials 

Physics and Chemistry, 10(8).  

 https://doi.org/10.4236/ampc.2020.108013 

18. Budnikov, P. P., & Gevorkyan, H. O. (1952). On 

the role of feldspar in the formation of porcelain 

structure. Glass and Ceramics, 3, 19–20. 

19. Polinkovskaya, A. I., Sergeev, N. I., & Chernova, 

O. A. (1971). Expanded perlite as an aggregate for 

lightweight concretes (pp. 22–30). Moscow, 

USSR: Construction Literature Publishing House. 

20. Belyankin, D. S. (1928). On water in magmas 

and magmatic rocks. Geological Bulletin, 6(1–3), 

19–27. 

21. Avgustinik, A. I. (1957). Ceramics (pp. 4–24). 

Leningrad, USSR: Stroiizdat. 

22. Gaprindashvili, G.G., Kharitonov, F. Ya., & 

Kovziridze, Z. D. (1998). Processes occurring du-

ring thermal treatment of low-temperature 

ceramics. Tbilisi, Georgia: Georgian Technical 

University. 

23. Volarovich, M. P., & Leontieva, A. L. (1937). 

Investigation of obsidian viscosity in relation to 

the genesis of pumice. Doklady Akademii Nauk 

SSSR, 17(8), 419–421. 

24. Hennicke, H.W., Kharitonov, F.Ya., & Kov-

ziridze, Z. D. (1992). Barium-containing electro-

ceramics resistant to thermal shock. Tbilisi, 

Georgia: Tbilisi Technical University. 

25. Yavits, P. N. (1962). Studies of viscosity and 

fusibility of water-containing volcanic glasses. 

Proceedings of ROSNIIMS, 25, 54–63. 

26. Ross, G. S., & Smith, R. H. (1955). Water and 

other volatiles in volcanic glasses. American 

Mineralogist, 40(11–12), 1071–1083. 

27. Polinkovskaya, A. I., Sergeev, N. I., & Chernova, 

O. A. (1971). Expanded perlite as an aggregate for 

lightweight concrete (pp. 22–30). Moscow, 

USSR: Construction Literature Publishing House. 

28. Belyankin, D. S. (1928). On water in magmas 

and magmatic rocks. Geological Bulletin, 6(1–3), 

19–27. 

29. Budnikov, P. P., & Gevorkyan, H. O. (1972). 

Firing of porcelain (pp. 12–22). Moscow, USSR: 

Stroiizdat. 

71



30. Budnikov, P. P., & Gevorkyan, H. O. (1952). On 

the role of feldspar in the formation of porcelain 

structure. Glass and Ceramics, 3, 19–20. 

31. Brindley, G. W., & Kinstzy, H. A. (1924). Journal 

of the American Ceramic Society, 44(10) 

32. Kalinina, A. M., & Filipovich, V. N. (1963). On 

the nature of thermal transformations of 

kaolinite and aluminosilicate gels. In Silicates 

and oxides at high temperatures (pp. 81–95). 

Moscow, USSR: Academy of Sciences of the 

USSR. 

33. Geguzin, I. E. (1967). Physics of sintering (pp. 

55–58, 130–141). Moscow, USSR: Nauka. 

34. Manuilova, N. S., Stolovitskaya, M. M., & 

Weber, S. N. (1962). Influence of structure and 

texture of perlite rocks on their expandability. 

Proceedings of ROSNIIMS, 25, 45–54. 

 

 

 

 

უაკ 666.762.93 

მაღალი სიმძლავრის ჰეტერომოდულური ნანოკომპოზიტის მიღება და კვლევა 

ჟანგბადიანი და უჟანგბადო ნაერთების სისტემაში. 

ზ. კოვზირიძე, თ. ლოლაძე ნ. ნიჟარაძე, გ. ტაბატაძე, ნ. დარახველიძე, მ. ბალახაშვილი 
 ბიონანოკერამიკისა და ნანოკომპოზიტების ტექნოლოგიის ინსტიტუტი. საქართველოს ტექნიკური 

უნივერსიტეტი. საქართველო. 0175, თბილისი, კოსტავას 69 

 

E-mail: kowsiri@gtu.ge 

 

რეზიუმე: მიზანი. მაღალი სიმძლავრის ჰეტერომოდულური ნანოკომპოზიტის მიღება SiC-

SiAlON-Al2O3 სისტემაში: ჯავშანტექნიკის, ავიაციისა და რაკეტული ტექნიკისათვის, რეაქტიული 

ძრავებისა და მაღალტემპერატურული აირადი ტურბინების დეტალებისათვის.  

მეთოდი. მეტალოთერმული პროცესით ტექნიკური აზოტის მედიაში, რეაქციული შეცხობის 

მეთოდით, მიღებულია კომპოზიტი 15% ღია ფორიანობით. მასალა გადამუშავდა ბურთულებიან 

წისქვილში 10 საათის განმავლობაში, შემდეგ 10 წუთი ატრიტორში 1–3 მკმ ზომის დისპერსიუ-

ლობამდე, ცხელი წნეხით მაღალი სიმკვრივისა და საექსპლუატაციო თვისებების მქონე 

პროდუქტი 16200C-ზე სინთეზირდა.  

შედეგი. β-SiAlON-ის წარმოქმნას რეაქციული შეცხობით ასეთ დაბალ ტემპერატურებზე (ნაცვ-

ლად 18000C-სა) ხელს უწყობს როგორც საწყისი ნედლეულის – ალუმინის, სილიციუმის, SiC-ს, 

გეოპოლიმერისა და პერლიტის კომპოზიცია, ისე მინისებრი პერლიტიდან წყლისა და აირების 

დეჰიდრატაციის და დეაერაციის პროცესის 8600C-ის ნაცვლად, როგორც ეს პერლიტის თერმოგ-

რამაზე ფიქსირდება, შედარებით მაღალ –1000–10500C ტემპერატურებზე გადანაცვლება, რაც 
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სტრუქტურას აფაშრებს და დიფუზურ პროცესს აქტიურს ხდის. შედეგად, უკვე 1250–13000C 

ტემპერატურებიდან სიალონის წარმოქმნა უფრო ინტენსიურად მიმდინარეობს, გეოპოლიმერ-

პერლიტის კომპოზიციაში 1000–10500C-ზე განვითარებული პროცესების გამო. სიალონის 

წარმოქმნა იმდენად ძლიერი ფიზიკურ-ქიმიური პროცესია, რასაც ხელს უწყობს ამ 

ტემპერატურულ ინტერვალში აზოტირების შედარებით მაღალი წნევა და მეტალოთერმია, რომ 

წარმოქმნილი სიალონი მოიხმარს გეოპოლიმერის შიგა მოლეკულური გარდაქმნების შედეგად 

წარმოქმნილ მულიტის ოქსიდებს და მაღალ ტემპერატურებზე სინთეზისას, 16200C-ზე, ფაზურ 

შედგენილობაში მულიტი აღარ გვხვდება. სიალონი ხდება უპირატესი ფაზა სტრუქტურაში – 

57მას.%.  

დასკვნა. პროცესის განვითარებას ხელს უწყობს მინისებრი დოპანტ-არაგაცის პერლიტის 

გამოყენება, რომელიც გეოპოლიმერთან ევტექტიკით დაბალ ტემპერატურებზე კარგ წი-

ნაპირობას ქმნის დიფუზური პროცესების ინტენსიურად წარმართვისათვის სხვა დანარჩენ 

კომპონენტებთანაც. ნაშრომში წარმოდგენილია ელექტრონულ-მიკროსკოპული, რენტგენო-

სტრუქტურული და რენტგენოსპექტრული ანალიზების შედეგები, ფიზიკურ-ქიმიური პრო-

ცესების მათემატიკური გათვლები, რამაც დაადასტურა ჩვენი თეორიული დასკვნები პრაქ-

ტიკული ექსპერიმენტების საფუძველზე. 

 

საკვანძო სიტყვები: კომპოზიტი; ცხელი წნეხა; სტრუქტურა; ფაზური შედგენილობა, მაღალი 

სიმძლავრის ჰეტერომოდულური. 
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Resume: Goal. The aim of this work is to study 

kaolinized clays in Georgia and develop a techno-

logy for the production of refractory ceramic 

materials based on them. 

Method. Chemical and petrographic analysis 

methods and physical and mechanical testing were 

used. 

The mineral composition of clays was deter-

mined using an Optika B-383POL polarization 

microscope (Italy). 

Physical, mechanical and thermal tests of the 

developed ceramic materials were carried out on 

cubes measuring 40x40x40 mm and tiles measuring 

50x50x10 mm. 

Results. A process technology for producing 

refractory ceramic materials has been developed, 

and the key technical and operational parameters 

have been studied. 

Conclusion. Based on the results of the research, 

it can be concluded that refractory ceramic 

materials can be produced using kaolinized clays 

from the Qobuleti, Makhinjauri, Brili, and Mak-

vaneti deposits in Georgia. 

A process technology for producing refractory 

ceramic materials has been developed, and the key 

technical and operational parameters have been 

studied. The optimal firing temperature has been 

established at 1200°C. 

The developed materials are suitable for use as 

linings in heating units. They can also be used to 

manufacture products such as façade (clinker) 

bricks and tiles for wall and road cladding, as well 

as chemically resistant tiles. 

 

Key words:  kaolinized clay, kaolin, refractory 

ceramic material, ceramics. 

 

1. INTRODUCTION 

More than 4.1–4.6 billion tons of cement are 

produced globally each year [1], accounting for 

around 8% of global carbon dioxide emissions, 

more than all the world’s trucks combined, making 

decarbonization of the cement industry critical to 

achieving global climate goals. 

The primary material for the modern cons-

truction industry is cement/concrete, the produc-

tion of which is associated with high energy and 

material costs and, most importantly, high CO2 

emissions. Therefore, the development of new 

energy-efficient building materials as alternatives 

to Portland cement is of great importance [2]. 

One way to address this problem could be to 

make greater use of ceramic building materials, 

which require less energy to produce and are not 
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associated with high CO2 emissions than Portland 

cement. 

For the production of ceramic materials, firing 

at a temperature of 900-1200°C is required, while 

for the synthesis of cement clinker - 1450-1500°C.  

Conventional construction ceramic materials 

(bricks, blocks, tiles) are made from low-melting 

clays (deposits of Metekhi, Sagarejo, Miriani, Gar-

dabani) with an Al203 content of 10-15%. These 

materials do not withstand high temperatures: 

1350°C and above begin to melt and deform. The use 

of such materials in thermal units or aggressive 

environments is not allowed. To obtain refractory 

ceramic materials, it is necessary to use clays with 

high Al203 content (20-25%), which allows kaoli-

nized clays. Kaolin clays belong to refractory clays. 

Their melting point is in the range of 1350-1580°C, 

and they can be used to produce materials such as 

linings for thermal units, chemically resistant tiles, 

etc. [3, 4]. 

There are no deposits of kaolin clays in Georgia, 

but there are kaolinized clays containing 20-25% 

Al2O3. 

Kaolinized clays can also be considered refrac-

tory, since their melting temperature ranges from 

1350-1580°C, i.e. they can be used to produce 

materials such as linings for heating units, facade 

(clinker) bricks and tiles for wall and road cladding, 

and chemically resistant tiles. 

The main mineral of kaolin is the mineral 

Kaolinite with the theoretical formula Al2O3 ·2SiO2 

·2H2O or Al2Si2O5(OH)4 with a 1:1 layered structure 

of [(Si2O5)]2− and [Al2(OH)4]2+ molecular sheets 

and a composition of 39.5 wt.% Al2O3, 46.5 wt.% 

SiO2 and 14 wt.% H2O [5-10]. 

Products made from refractory clays occupy a 

relatively small part of the market, but are irrepla-

ceable in their niche. There is a stable growth of 

demand for these materials in Georgia, and they are 

imported. In total, special-purpose ceramic mate-

rials (refractory, intended for thermal units, che-

mically resistant, etc.) worth 6.140 million GEL 

were imported to Georgia from abroad in 2021, and 

in 2022 this amount reached 9.043 GEL [11] and it 

will grow farther.  

If promising local raw materials are identified, it 

will be possible to create small enterprises that will 

meet the country's need for appropriate products. 

The aim of this work is to study kaolinized clays of 

Georgia and develop technology for the production 

of refractory ceramic materials based on them. 

 

2. MAIN PART 

The studies were conducted on kaolinized clays 

from various deposits in Georgia, such as: Qobuleti, 

Makhinjauri, Brili and Makvaneti, as well as on 

ceramic materials obtained from them in labo-

ratory conditions. 
 

Results and discussion 

Chemical composition of kaolinized clays of 

Georgia is shown in the Table 1. 

It is known that the refractoriness of clays is 

negatively affected by the alkali and iron content. 

However, the clays studied contain only small 

amounts of alkali. Moreover, iron is found 

primarily in the form of dehydrated crystals.  

When studying process parameters, it is nece-

ssary to determine the plasticity index, which is 

calculated as the difference between the upper and 

lower moisture content limits. Iron oxide and alkali 

content have a positive effect on plasticity (Table 2). 
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Table 1 

Chemical composition of kaolinized clays of Georgia, wt.% 

 

Location LOI SiO2 Al2O3 Fe2O3 FeO CaO MgO SO3 Na2O K2O 

Qobuleti 9.40 45.51 21.50 4.74 1.13 7.92 3.72 1.53 2.30 1.50 

Makhinjauri 9.68 50.79 22.03 7.42 0.62 2.80 2.03 0.21 1.59 1.44 

Brili 5.59 57.18 21.27 1.44 1.69 2.43 2.86 0.32 3.41 2.08 

Makvaneti 4.14 57.70 27.80 1.14 1.15 0.99 1.97 0.54 2.01 2.05 

 

  
 

 Table 2 

Plasticity parameters of the studied clays 

 

Location 
Upper limit of 

humidity, wt.% 

Lower limit of 

humidity, wt.% 
Plasticity number Plasticity 

Qobuleti 28.5 53.2 24.7 High 

Makhinjauri 30.61 56.51 26 High 

Brili 18.8 41.7 22.9 Middle 

Makvaneti 24.36 33.59 9.23 Low 

 

 

The plasticity of clays is well matched with their 

chemical composition: the least plastic is 

Makvaneti clay, which is distinguished by its 

minimal content of iron oxides and alkalis. 

The results of softening temperature determi-

nation are presented in Table 3. 
 

Table 3 

Softening temperatures of clays 

 

Location Softening temperature, °C 

Qobuleti >1500 

Makhinjauri >1500 

Brili 1400-1420 

Makvaneti >1550 

 

As Table 3 shows, the low iron oxide (Fe2O3 + 

FeO) and alkaline earth oxide (RO) content of 

Makvaneti clay determines its high softening point. 

Accordingly, in the case of Qobuleti and 

Makhinjauri clays, the softening point is reduced 

by 50°C.  

Further studies were conducted to investigate 

the thermal properties of ceramic materials.  

From clay dough of normal density, tiles 

measuring 50x50x50 mm were made, which were 

dried naturally for some time, and then in a drying 

chamber according to a certain regime.  

Well-dried tiles were heat-treated using various 

modes. The suitability of each mode was 

determined based on the amount of water absorbed 
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by the ceramic material. After repeated testing, the 

optimal mode was selected: 200 and 400°C with a 

15-minute hold; 600 and 700°C with a 30-minute 

hold; and 800, 900, 1000, and 1100°C with a 1-hour 

hold. Using this modes, the maximum firing 

temperatures were 1050, 1150, and 1200°C, with a 

hold time of 1 hour at the maximum temperature 

(Table 4). 

 

Table 4 

Selecting the firing mode 

 

Temperature,  

°C 

Firing holding time,  

min. 

200 15 

400 15 

600 30 

700 30 

800 60 

900 60 

1000 60 

1100 60 

1150 60 

1200 60 

 
The tiles were heat-treated in a muffle furnace 

with an open spiral. After firing, the samples were 

cooled in a deactivated furnace with the door 

closed. The cooled tiles were visually inspected for 

color, cracks, and debris.  

The color of the fired tiles, depending on the 

iron oxide content and the heat treatment 

temperature, is more or less pinkish. Accordingly, 

the color of fired Makvaneti clay tiles ranges from 

white to light gray. All fired tiles had a smooth 

surface and clear edges. The structure is monolithic 

and finely crystalline, without any unnecessary 

inclusions or pores. 

After visual inspection, the geometric dime-

nsions and linear shrinkage (air and fire), 

volumetric shrinkage (air and fire), as well as the 

total shrinkage were determined (Table 5). 

The data in Table 5 show how shrinkage values 

vary depending on the temperature during heat 

treatment. These data must be taken into account 

to maintain the initial geometric dimensions. As is 

evident, increasing the heat treatment temperature 

by 50°C significantly increases shrinkage values. 

A comparison of the data in Tables 1 and 5 

shows a direct correlation between shrinkage 

values and the chemical composition of clays. Here, 

both high iron and alkali oxide contents and low 

aluminum and silica oxide contents play a negative 

role. An example of this is Makvaneti clay, which 

is distinguished by its high softening point and low 

shrinkage values.  

Comparing Qobuleti and Makhinjauri clays 

reveals that, despite their different Al2O3 and RO 

contents, their technological properties are nearly 

identical. Apparently, the iron and alkali oxides of 

these clays are bound into identical alkali-

aluminosilicate minerals.  

The performance parameters of ceramic 

materials were determined according to GOST 

27180-2001 and GOST 13996-2019. 

Among the performance parameters of ceramic 

materials, water absorption is a significant para-

meter, which determines their application.  

According to Table 6, as expected, water 

absorption decreases with increasing firing 

temperature. This is because the ceramic body 

becomes more finely crystalline and monolithic, 
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thereby minimizing the number of micropores that 

cause water absorption. 

According to these parameters, ceramic shards 

obtained from Qobuleti and Brili clays are 

characterized as identical, despite the differences 

in their chemical compositions. 

 

Table 5 

 Shrinkage of ceramic tiles 

 

 
Location 

Linear shrinkage, % Volumetric shrinkage, % 

Air, 
100°C 

Fire, 
1050°°C 

General, 
1050°C 

Air, 
100°C 

Fire, 
1050°C 

General, 
1050°C 

Qobuleti 9.4 7.24 17.44 16.64 17.61 34.25 

Makhinjauri 8.32 4.72 13.32 17.29 14.36 31.64 

Brili 5.82 7.04 12.86 6.32 15.82 22.14 

Makvaneti 4.62 2.14 7.14 6.1 8.82 14.86 

1150°C 

Qobuleti 9.4 11.4 21.6 16.64 36.07 52.71 

Makhinjauri 8.32 12.6 21.2 17.29 28.57 45.86 

Brili 5.82 10.8 16.6 6.32 29.86 36.18 

Makvaneti 4.62 11.8 16.8 6.1 27.14 33.21 

1200°C 

Qobuleti 9.4 12.6 22.8 16.64 18.28 49.29 

Makhinjauri 8.32 17.2 25.8 17.29 36.18 53.46 

Brili 5.82 10.98 16.8 6.32 31.18 37.5 

Makvaneti 4.62 9.5 14.5 6.1 30.29 36.36 

  
 

 

Table 6 

 Water absorption indicators  
 

 

Location 

Water absorption of ceramic shards, % 

Temperature, °C 

1050 1150 1200 

Qobuleti 18.42 4.53 2.08 

Makhinjauri 28.96 12.28 8.45 

Brili 17.12 4.93 1.59 

Makvaneti 29.94 10.95 8.15 
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According to Table 6, the optimal firing 

temperature can be considered to be 1200°C, at 

which the water absorption of all ceramic samples 

remains within the normal range (≤10%).  

One of the important parameters of ceramic 

materials is their mechanical strength, which 

determines the scope of their application. 

To determine mechanical strength, 25 mm 

diameter cylinders and 40 x 40 x 40 mm cubes were 

formed from clay dough of normal consistency. The 

samples were fired at 1200°C using the optimal firing 

conditions and tested in a hydraulic press. The 

results are presented in Table 7. 

 

Table 7 

Mechanical strength indicators  
 

Location Compressive strength  

(MPa) 

Qobuleti 98 

Makhinjauri 94 

Brili 134 

Makvaneti 444 

 

According to Table 7, the relatively low mecha-

nical strength of ceramic materials obtained from 

Qobuleti and Makhinjauri clays may be due to the 

high content of iron oxides and alkalis. 

Makgvaneti-based ceramic material exhibits 

particularly high mechanical strength, which can 

be explained by its high silica content. 

Refractory ceramic materials operate in a 

constant heating-cooling mode during operation, 

which can cause cracking and failure. To prevent 

this, their heat resistance must be tested in 

accordance with GOST 27180–2001. Above 800–

1000°C, refractory materials acquire the property 

of residual plastic deformation. At this tempe-

rature, stresses arise that can be equalized through 

plastic displacement within the refractory material. 

Consequently, fluctuations in heating temperature 

in the plastic deformation region cannot cause the 

type of failure observed only in the elastic 

deformation region, i.e., at low temperatures. 

Therefore, heat resistance is tested in the elastic 

deformation region at 150°C [3].  

GOST 27180–2001 requires testing five samples: 

tiles at 150°C for 30 minutes and then rapidly 

cooling to 18–20°C in running water. A material is 

considered heat-resistant if the tiles withstand 10 

cycles without cracking. 

The ceramic materials obtained from the clays 

we studied fully passed the tests and can be 

considered heat-resistant. 

Frost resistance was determined according to 

GOST 27180–2001 using the freeze-thaw method. 

After 48 hours of soaking in water, the tiles were 

placed in a freezer at temperatures ranging from -

15°C to -20°C for 2 hours. They were then thawed 

in running water at 15–20°C for 1 hour. The 

number of cycles was 50. All samples passed the 

tests without visible cracks or damage.  

For refractory ceramic materials, chemical 

resistance to acids and alkalis, depending on the 

operating conditions, is of significant importance. 

Acid resistance was determined in a 3% HCl 

solution, and alkali resistance in a 30% KOH 

solution for 96 hours. All samples passed the tests 

without any external changes. 

In addition to determining the technological 

and operational parameters, petrographic studies 
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were carried out on clays and ceramic materials 

based on them, fired at 1100, 1150 and 1200°C.  

Some clays, such as Qobuleti and Makhinjauri, 

contain dehydrated iron oxides (magnetite, 

hematite, and limonite). Unlike the others, the 

Makvaneti clay contains significant amounts of 

trachyte lithoclasts in the form of sanidine and 

plagioclase. 

After heat treatment of clays at high tempe-

ratures, the main clay minerals are no longer 

identifiable. All minerals are predominantly vit-

rified (glazed).  

When comparing petrographic analysis data 

from ceramic materials fired at different tem-

peratures, it is noted that they differ primarily in 

the degree of vitrification of the main clay mineral: 

the higher the firing temperature, the greater the 

degree of vitrification.  

The mineral background is primarily repre-

sented by mono- and polycrystalline quartz grains. 

Feldspars, which are also subject to vitrification, 

are present in small quantities. Transparent ore 

minerals are found in sufficient quantities as small 

isotropic iron oxide grains. Mica minerals rich in 

biotite and iron are rarely observed.   

Figures 1 - 4 show micrographs of ceramic 

materials fired at 1150°C. 

 

 

 

1. Ceramic materials based on Qobuleti clay 

 

                            

                                           a(II)                        b(+) 

 

Fig. 1.1. Crystal-lithoclastic material in an isotropic  

vitrified matrix. 135X 
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                                         a(II)                         b(+) 

 

Fig. 1.2. Lithoclastic inclusion enriched in iron oxides. 135X 

 

                            

  a(II)                     b(+) 

 

Fig. 1.3. Thermally altered feldspar grain. Inclusions of microcrystals  

of varying composition are observed in the clay mass. 135X 
 

 

2. Ceramic materials based on Makhinjauri clay 

 

                       

  a(II)                        b(+) 
 

Fig. 2.1. Lithoclastic inclusions of different compositions,  

associated with a pelitic matrix. 135X 
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          a(II)                                     b(+) 

 

Fig. 2.2. Radiation inclusions of limonite and carbonate compositions  

in a vitrified matrix. 135X 

 

                        

  a(II)                                      b(+) 

 

Fig. 2.3. Clast inclusion of highly altered feldspar. 135X 
 

 

3. Ceramic materials based on Brili clay 

 

 

                     

          a(II)                                  b(+) 
 

Fig. 3.1. Vitrified feldspar inclusion in a vitrified matrix. 135X 
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     a(II)                   b(+) 

 

Fig. 3.2. Lithoclastic inclusions altered by iron oxides in a vitrified matrix. 

 

                     

a(II)                                                  b(+) 

 

Fig. 3.3. Lithoclastic inclusions altered by iron oxides in a vitrified matrix. 

 

 

4. Ceramic materials based on Makvaneti clay 

 

                    

         a(II)                                                b(+) 

 

Fig. 4.1. Trachyte-containing lithoclasts  

in an isotropic vitrified matrix. 135X 
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         a(II)                                                   b(+) 

 

Fig. 4.2. Spherulitic forms in the main 

 vitrified clay mass. 135X 

 

                     

          a(II)                          b(+) 

 

Fig. 4.3. Crystalloclastic quartz grain. Interference colors  

are caused by the mass of the mineral. 135X 

 

 

 

3. CONCLUSION 

Based on the results of the research, it can be 

concluded that refractory ceramic materials can be 

produced using kaolinized clays from the Qobuleti, 

Makhinjauri, Brili, and Makvaneti deposits in 

Georgia. 

A process technology for producing refractory 

ceramic materials has been developed, and the key 

technical and operational parameters have been 

studied. The optimal firing temperature has been 

established at 1200°C. 

The developed materials are suitable for use as 

linings in heating units. They can also be used to 

manufacture products such as façade (clinker) 

bricks and tiles for wall and road cladding exposed 

to harsh climates and aggressive environments—

chemically resistant tiles. 
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