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Abstract: The aim of this study is to determine the effect of changes in the phase composition of
Al2O3–Si3N4 ceramics that were obtained using the method of mechanochemical solid-phase grinding
on their resistance to the process of long-term thermal exposure, accompanied by the processes of
oxidation and softening. The relevance of this research consists of determining the influence of
the phase composition of ceramics on the change in their strength and thermophysical parameters,
on the basis of which, we can draw a conclusion about the optimal composition of composite
ceramics that have great prospects in the field of fire-resistant, heat-resistant, or radiation-resistant
structural materials. During this study, the dynamics of the changes in the phase transformations
of the xAl2O3–(1−x)Si3N4 ceramics, with variations in the ratio of the components, initiated by
the thermal annealing of the samples, was established. According to the assessment of the phase
transformations with variations in the ratio of the components, it was found that thermal annealing
in an air environment at an Al2O3 concentration in the order of 0.3–0.5 M leads to the formation of an
orthorhombic Al2(SiO4)O phase and an elevation in its contribution at concentrations above 0.5 M,
which causes a rise in the thermophysical parameters and resistance to high-temperature degradation.
During the heat resistance tests, it was found that the formation of the composite ceramics with
the Si3N4(SiO2)/Al2(SiO4)O/Al2O3 phase composition results in an increase in the stability of their
strength properties when exposed to thermally induced oxidation, which has a negative impact on
their resistance to softening and a decrease in hardness. Moreover, the presence of the Al2(SiO4)O
phase in the composition of the ceramics causes a slowdown in the processes of thermal oxidation of
the Si3N4 phase under prolonged temperature exposure, alongside an increase in the degradation
resistance of strength properties by more than 4–7 times, in comparison with the softening data
established for single-component ceramics.

Keywords: oxy–nitride ceramics; thermal tests; phase transformations; strength parameters; thermal
conductivity; high-strength ceramic materials

1. Introduction

As is known, today a large share in the field of structural materials is occupied
by metal alloys and steels, used in various industries, including in the field of nuclear
and alternative energy [1]. However, in view of the latest global trends in the energy
sector, associated with the transition to the creation of power plants operating at high
temperatures (approximately 1000–1500 ◦C, and in some cases approximately 2000 ◦C), the
use of traditional metal alloys is impossible due to their low resistance to high-temperature
influences [2,3]. The most promising solutions in this direction are composite ceramics that
are based on oxide and nitride compounds of aluminum, silicon, zirconium, vanadium,
tungsten, and other refractory elements [4–6]. The use of such samples makes it possible
to increase the reliability of the operation of structural materials operating at ultra-high
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temperatures, as well as to avoid emergency situations associated with the processes
of thermal expansion and oxidation. Also, ceramic materials have recently played an
important role in the field of creating alternative types of nuclear fuel, due to the need
to change the concept of creating a new generation of nuclear reactors, which is based
on the need to increase the temperature of the core, as well as the degree of burnup
of nuclear fuel, which excludes the possibility of using traditional metal alloys due to
their low thermal stability and corrosion resistance [7,8]. In turn, composite ceramics
based on oxide and nitride compounds have high inertness to degradation processes,
associated with both exposure to aggressive environments and temperature influences,
and high strength indicators (hardness, wear resistance, and resistance to cracking and
fracture) which allow these ceramics to be used under high mechanical and temperature
loads [9,10]. Moreover, in contrast to single-component ceramics with sufficiently low
strength indicators, the proposed solution related to the creation of composite ceramics, the
manufacturing principle of which is based on the combination of phase transformations and
morphological features in order to improve their properties, is one of the most promising
solutions in the field of creating structural materials.

Interest in composite ceramics based on compounds of aluminum oxide and silicon
nitride is manifested not only when considering these materials as structural materials with
higher thermal conductivity and mechanical strength, but also the possibility of creating
filter elements based on them, with the possibility of changing their morphological features
when varying the ratio of components [11]. The technological process of the synthesis
of Al2O3–Si3N4 ceramics, as a rule, is carried out in a nitrogen atmosphere at elevated
temperatures, the main purpose of which is to eliminate the oxidation processes, such as
Si3N4→ Si3N4(SiO2), as well as to preserve the thermophysical properties of silicon nitride.
The oxidation process of Si3N4→SiO2 itself is caused by the thermodynamic instability of
silicon nitride, which is accompanied by oxidation processes, and, therefore, changes in its
thermophysical, corrosion, and strength parameters [12].

In one of the first works [13] devoted to the synthesis of Al2O3–Si3N4 ceramics, it
was shown that the use of a stabilizing additive of magnesium oxide at temperatures
above 1200 K leads to the formation of glass phases, which subsequently form aluminum-
magnesium spinels, as well as the MgSiO3 phase, which has an adverse effect on the
strength properties of ceramics. At the same time, annealing in a nitrogen atmosphere
made it possible to preserve the a-, β-Si3N4 phases in the composition of the ceramics.
It should also be noted that, in most cases, the synthesis of composite ceramics based
on Al2O3–Si3N4 compounds is limited to the substitution range within 0.1–0.3 M, the
result of which is the production of ceramics with a substitution-type structure or with the
formation of (SiAl)(ON) solid solution phases, which have fairly good strength and thermal
conductivity, although the oxygen vacancies and defective inclusions associated with the
manufacturing processes of ceramics play a major role in determining the thermophysical
properties of composite ceramics. [14–16].

The key aim of this study is to determine the influence of phase composition and
dimensional factors on the strength and thermophysical properties of composite ceram-
ics based on xAl2O3–(1−x)Si3N4 compounds, as well as maintaining the stability and
resistance of the strength and thermophysical parameters to high-temperature influences,
accompanied by oxidation processes in the case of prolonged thermal exposure.

The difference of this study is the thermal sintering of xAl2O3–(1−x)Si3N4 ceramics
by varying the ratio of components in an oxygen-containing environment, eliminating the
need for procedures associated with the nitriding or thermal annealing of ceramics in a
nitrogen atmosphere, which makes it possible to reduce the cost of ceramic manufacturing
technology, as well as to obtain composite ceramics that combine the properties of silicon
nitride and aluminum oxide, alongside the transitional phases associated with the phase
transformation processes. Interest in composite ceramics based on oxide and nitride
compounds is due to the possibility of using them as solid oxide fuel cells [17], as materials
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for energy applications (in particular, as structural materials for new generation nuclear
fuel [18–22]), and also as catalysts [23–27].

2. Materials and Methods

The synthesis of the xAl2O3–(1−x)Si3N4 ceramics was carried out using the method
of solid-phase mechanochemical grinding, using variations in the stoichiometric ratio of
components, the change of which causes phase transformations, as well as variations in
strength, optical, and thermophysical parameters. Annealing was carried out in a muffle
furnace without pumping out air, i.e., the samples were placed in the furnace chamber, after
which the samples were heated at a rate of 20 ◦C/min and were kept in an air atmosphere.
Upon reaching the specified temperature of 1500 ◦C, the samples were kept for five hours
at this temperature, after which the heating was turned off, and the samples remained in
the oven for 24 h until completely cooled [24].

The determination of microstructural characteristics was carried out using scanning
electron microscopy, implemented using a Phenom™ ProX microscope (Thermo Fisher
Scientific, Eindhoven, The Netherlands).

The study of variations in the ratio of components to changes in the phase composition
of the xAl2O3–(1−x)Si3N4 ceramics was carried out using the method of X-ray phase
analysis.

The structural features associated with the processes of phase transformations in the
xAl2O3–(1−x)Si3N4 ceramics, the change of which is caused by deformation processes
caused by phase processes of phase formation, were determined through a comparative
analysis of the position of the main spectral lines of the Raman spectra, depending on the
variation in the concentration of components in the composition of the ceramics.

The thermal conductivity coefficient was measured using a standard method for
determining longitudinal heat flow in a wide temperature range, the main purpose of
which is to establish the relationship between the influence of phase composition on the
mechanisms of heat transfer in ceramics. For measurements, a thermal conductivity meter,
KIT-800 (KB Teplofon, Novomoskovsk, Russia), was used.

The determination of the resistance of the ceramics to high-temperature influences
leading to the initiation of oxidation processes and the associated degradation of the
strength and thermophysical parameters was carried out using a method for simulating the
extreme conditions of temperature exposure on the samples under study. Thermal anneal-
ing of the samples at temperatures of 700 and 1000 ◦C was carried out in a Nabertherm LE
4/11/R6 muffle furnace (Nabertherm, Lilienthal, Germany) for 1000 h. Measurements of
hardness and cracking resistance were carried out after every 100 h of measurements, which
made it possible to evaluate the degradation kinetics of the strength and thermophysical
parameters of the ceramics as a result of long-term temperature effects.

Appendix A provides additional information regarding the research methodology and
analysis methods.

3. Results and Discussion

The results of the influence of variations in the concentration of the components of the
xAl2O3–(1−x)Si3N4 ceramics on the change in grain size (median size) are presented in the
form of diagrams of the grain size distribution in Figure 1. Furthermore, the results regard-
ing the dependence of the change in median size on the concentration of the components
are presented in Figure 1.
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(1−x)Si3N4–xAl2O3 ceramics, depending on the variation in the ratio of components. 

Figure 2 reveals the results of a microstructural analysis of the studied xAl2O3–

(1−x)Si3N4 ceramics, contingent upon the variation in the ratio of components, performed 

using the scanning electron microscopy method. These images reflect changes in the mor-

phology of the resulting ceramics when the ratio of components changes, on the basis of 

which we can conclude that when the ratio of components varies, there is a change in both 

the size of the grains and the density of their agglomeration, which consists in the for-

mation of agglomerates of grains united with each other. It is important to highlight that 

an elevation in the contribution of the Al2O3 phase results in enlargement of the grains, 

the shape of which is characteristic of the Al2O3 phase (in comparison with the initial data 

for samples of single-component Al2O3 ceramics). 
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Figure 1. (a) Distribution of the grains of the studied xAl2O3–(1−x)Si3N4 ceramics, depending on the
variation in the ratio of the components; (b) dependence of changes in the median grain size in the
(1−x)Si3N4–xAl2O3 ceramics, depending on the variation in the ratio of components.

Figure 2 reveals the results of a microstructural analysis of the studied xAl2O3–
(1−x)Si3N4 ceramics, contingent upon the variation in the ratio of components, performed
using the scanning electron microscopy method. These images reflect changes in the mor-
phology of the resulting ceramics when the ratio of components changes, on the basis of
which we can conclude that when the ratio of components varies, there is a change in
both the size of the grains and the density of their agglomeration, which consists in the
formation of agglomerates of grains united with each other. It is important to highlight that
an elevation in the contribution of the Al2O3 phase results in enlargement of the grains, the
shape of which is characteristic of the Al2O3 phase (in comparison with the initial data for
samples of single-component Al2O3 ceramics).
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Figure 2. Results of a microstructural analysis of the studied xAl2O3–(1−x)Si3N4 ceramics.

Figure 3 reveals the results of an X-ray phase analysis of the studied xAl2O3–(1−x)Si3N4
ceramics depending on the variation of the components. Descriptions of the results of the
morphological features that are associated with changes in the median grain size (see the
data in Figure 1a) as well as of the phase transformations caused by changes in the ratio
of components are given together to determine the relationship between morphological
features and the phase composition of the ceramics. The presence of two or more phases
in the composition of the ceramics, depending on the variation of the components having
different grain sizes, as well as the dynamics of changes in their contributions, is clearly
visible in the presented grain distribution diagrams. According to the diagrams, variation
in the concentration of the components in the composition of the ceramics leads to the
displacement of fine grains, the sizes of which are in the order of 0.3–2 microns, followed by
their subsequent agglomeration into larger grains with sizes in the order of 5–15 microns.

The observed oxidation processes associated with the formation of the SiO2 phase,
in the case of silicon nitride without the addition of aluminum oxide, is due to the effect
of the partial decomposition and subsequent replacement of nitrogen with oxygen in
the structure of silicon nitride, which leads to the formation of inclusions in the form of
SiO2. This effect is due to the conditions of thermal annealing in an oxygen-containing
environment, which leads to the possibility of introducing oxygen into silicon nitride, with
the subsequent formation of an impurity phase SiO2. When 0.05 M Al2O3 is added to silicon
nitride, the resulting X-ray diffraction patterns do not reveal the presence of reflections
that are characteristic of aluminum oxide phases, and the main alterations are associated
with changes in the weight contributions of the previously established tetragonal SiO2
and hexagonal Si3N4 phases, which indicates that the phase transformation processes are
associated with the formation of the oxide phase SiO2. At the same time, the analysis
of changes in the median grain size (see data in Figure 1b) indicates a slight increase in
size, which can be explained by the effects of agglomeration during the formation of the
SiO2 phase.
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variation of the ratio of the components in the composition.

The presence of a local maximum in the presented graph of the median grain size in
the ceramics at an Al2O3 concentration of 0.1 M may be due to the effect associated with
the formation of the hexagonal solid solution phase (SiAl)(ON), the formation of which is
observed only at this Al2O3 concentration, and with a further increase in concentration,
the formation of a stable Al2O3 phase with an orthorhombic crystal lattice is observed
(according to the X-ray phase analysis data). The very formation of this phase of the
solid solution (SiAl)(ON) is due to the partial replacement of the Si–N bonds with Al–O
bonds in Si3N4 [28]. It should be noted that the presence of this phase, observed only
at low concentrations of Al2O3, can be explained by the fact that at a low concentration
of aluminum oxide, the formation of a stable Al2O3 phase in the composition does not
occur, and the phase formation process is accompanied not only by transformations of

the Si3N4
1500 ◦C→ Si3N4/SiO2 type, but also by the partial replacement of bonds, with the

subsequent displacement of inclusions from Si3N4 in the form of (SiAl)(ON) grains. In turn,
anomalous grain growth may be due to the effects of agglomeration and adhesion due to
the presence of a transitional phase (SiAl)(ON). The presence of this phase in the synthesis
of Al2O3–Si3N4 ceramics, in the case of adding a low concentration of nanosized Al2O3
particles, was shown in [29]. At the same time, the authors also identified reflections that
were characteristic of the Si2N2O phase, the formation of which is associated with thermal
exposure at a temperature of 1650 ◦C in a nitrogen atmosphere.

At an Al2O3 concentration of 0.3 M, thermal annealing leads to the formation of
the orthorhombic phase Al2(SiO4)O, which adheres to the spatial system of Pbnm(62)
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(PDF-01-074-0274), the formation of which occurs as a result of the interaction of silicon

oxide formed as a result of the phase transformation of Si3N4
1500 ◦C→ Si3N4/SiO2 with the

aluminum oxide phase (PDF-00-046-1212), stable reflections of which are recorded at an
Al2O3 concentration of 0.2 M and higher. It should be noted that a change in the ratio of the
components associated with a rise in the contribution of Al2O3 leads to the preservation

of the trend of phase transformations of silicon nitride of the Si3N4
1500 ◦C→ Si3N4/SiO2

type, and the trend in the content of the silicon oxide phase in the composition decreases
slightly, due to the fact that most of this oxide is involved in the formation of the Al2(SiO4)O
phase. At Al2O3 concentrations above 0.7 M, the contribution of the Si3N4 phase in the
composition of the ceramics, according to the X-ray phase analysis data, is not observed,
nor is the contribution of the SiO2 phase, which indicates that at low concentrations of Si3N4
(no more than 0.3 M), thermal annealing leads to a complete transformation of Si3N4→
SiO2, which in turn participates in the formation of the Al2(SiO4)O phase. At the same
time, a growth in Al2O3 concentration above 0.8 M results in coarsening of the grain sizes
(see data presented in Figure 1a,b), which implies the enlargement of agglomerates due to
the displacement of the Al2(SiO4)O phase and the dominance of the Al2O3 phase in the
composition of the ceramics.

Based on a comprehensive analysis of the obtained series of X-ray diffraction patterns,
changes in the phase composition were determined in the case of varying the ratio of the
components in the composition of the xAl2O3–(1−x)Si3N4 ceramics, the results of which
are presented in Figure 4. The determination of the weight contributions of each phase was
carried out by determining the contribution of the areas of diffraction reflections for each
established phase on the X-ray diffraction pattern, followed by recalculation of the contri-
butions, considering the corundum numbers taken from the PDF-2 database. According
to the presented diagram, it is possible to determine the main phase changes associated
with the processes of phase formation with a variation in the ratio of the components in the
composition of the ceramics, as well as to establish the phase transformation dynamics in
the ceramics, the general form of which can be presented as follows (1):

Si3N4(SiO2)
0.05−0.15 M Al2O3−−−−−−−−−−→ Si3N4(SiO2)/(SiAl)(ON)

0.20−0.75 M Al2O3−−−−−−−−−−→
Si3N4(SiO2)/Al2(SiO4)O/Al2O3

0.8−0.95 M Al2O3−−−−−−−−−−→ Al2(SiO4)O/Al2O3.
(1)

Table A1 in Appendix B shows the crystal lattice parameters for all of the established
phases depending on the concentration of the components in the ceramic composition,
reflecting changes in the structural parameters associated with phase formation processes.
Figure 5a,b illustrates the assessment results of the changes in material density and porosity,
calculated based on data comparing the density of samples obtained by measurements
using the Archimedes method and theoretical values of the density of samples. As is
evident from the presented dependences of the change in density, the formation of the
Al2(SiO4)O and Al2O3 phases with a change in Al2O3 concentrations leads to only small
changes in the density of the ceramics from 3.3 to 3.45 g/cm3, which are caused by a change
in the ratio of the phases in the composition. In this case, an increase in the contribution
of the Al2O3 phase results in an increase in the ceramic density, which is due to a higher
density of Al2O3 (ρAl2O3 = 3.98 g/cm3). Figure 5b shows the results of a comparative
analysis of the change in the density of the studied samples, obtained using the Archimedes
method with the calculated data obtained on the basis of the structural analysis data. As
can be seen from the presented data, changes in the phase composition lead to a decrease
in the difference in density values, which allows us to judge the convergence of the density
results that were obtained using the Archimedes method and the structural analysis data.
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Figure 5. (a) Results of a density analysis of the studied xAl2O3–(1−x)Si3N4 ceramics; (b) ∆(ρ0 − ρexp)
assessment results for the xAl2O3–(1−x)Si3N4 ceramics.

Figure 6 demonstrates the results of Raman spectroscopy of the studied xAl2O3–
(1−x)Si3N4 ceramics depending on the variation in the concentration of the components,
which reflect the change in the fundamental modes associated with the formation of phases
and their structural ordering. The spectra of Si3N4 without the addition of Al2O3 contain
peaks at 253, 357, and 497 cm−1, which may belong to the α-Si3N4 phase. Peaks at 253
and 497 cm−1 correspond to the A1g modes, and a peak at 357 cm−1 corresponds to the Eg

mode [30]. In addition, low-intensity peaks at 178, 196, and 224 cm−1 can be associated
with the β-Si3N4 phase [31]. The peak in the region of 800 cm−1 is characteristic of the
SiO2 phase, the formation of which occurs as a result of the oxidation process under the
thermal influence associated with the processes of replacing nitrogen with oxygen, with the
subsequent formation of inclusions in the form of SiO2 [32]. At Al2O3 concentrations in the
x range from 0.05 M to 0.50 M, the spectra change only slightly; small fluctuations in peak
intensity are observed only in the region of 650–950 cm−1. When the Al2O3 concentration
reaches x = 0.55, peaks appear at 800 and 880 cm−1, which can be associated with the
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Al4+2xSi2−2xO10−x phase, the weight contribution of which increased, according to X-ray
phase analysis. At a concentration of x = 0.70 M, fluorescence begins to appear in the region
of 1200–1800 cm−1, which may be due to the high corundum content in the samples. At
Al2O3 concentration x = 0.90 M, a peak appears at 412 cm−1 corresponding to the A1g mode
of the α-Al2O3 phase [33].

Crystals 2024, 14, x FOR PEER REVIEW 9 of 18 
 

 

Figure 6 demonstrates the results of Raman spectroscopy of the studied xAl2O3–

(1−x)Si3N4 ceramics depending on the variation in the concentration of the components, 

which reflect the change in the fundamental modes associated with the formation of 

phases and their structural ordering. The spectra of Si3N4 without the addition of Al2O3 

contain peaks at 253, 357, and 497 cm−1, which may belong to the α-Si3N4 phase. Peaks at 

253 and 497 cm−1 correspond to the A1g modes, and a peak at 357 cm−1 corresponds to the 

Eg mode [30]. In addition, low-intensity peaks at 178, 196, and 224 cm−1 can be associated 

with the β-Si3N4 phase [31]. The peak in the region of 800 cm−1 is characteristic of the SiO2 

phase, the formation of which occurs as a result of the oxidation process under the thermal 

influence associated with the processes of replacing nitrogen with oxygen, with the sub-

sequent formation of inclusions in the form of SiO2 [32]. At Al2O3 concentrations in the x 

range from 0.05 M to 0.50 M, the spectra change only slightly; small fluctuations in peak 

intensity are observed only in the region of 650–950 cm−1. When the Al2O3 concentration 

reaches x = 0.55, peaks appear at 800 and 880 cm−1, which can be associated with the 

Al4+2xSi2−2xO10−x phase, the weight contribution of which increased, according to X-ray phase 

analysis. At a concentration of x = 0.70 M, fluorescence begins to appear in the region of 

1200–1800 cm−1, which may be due to the high corundum content in the samples. At Al2O3 

concentration x = 0.90 M, a peak appears at 412 cm−1 corresponding to the A1g mode of the 

α-Al2O3 phase [33]. 

200 400 600 800 1000 1200 1400 1600 1800 2000

Al2O3 

Al2O3 Al2O3 
Al2O3 

Al2O3 
Al2O3 − A1g

Al4+2xSi2−2x O10−x
Si3N4 − Eg

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm-1)

 Al2O3

 0.95Al2O3 − 0.05Si3N4

 0.90Al2O3 − 0.10Si3N4

 0.85Al2O3 − 0.15Si3N4

 0.80Al2O3 − 0.20Si3N4

 0.75Al2O3 − 0.25Si3N4

 0.70Al2O3 − 0.30Si3N4

 0.65Al2O3 − 0.35Si3N4

 0.60Al2O3 − 0.40Si3N4

 0.55Al2O3 − 0.45Si3N4

 0.50Al2O3 − 0.50Si3N4

 0.45Al2O3 − 0.55Si3N4

 0.40Al2O3 − 0.60Si3N4

 0.35Al2O3 − 0.65Si3N4

 0.30Al2O3 − 0.70Si3N4

 0.25Al2O3 − 0.75Si3N4

 0.20Al2O3 − 0.80Si3N4

 0.15Al2O3 − 0.85Si3N4

 0.10Al2O3 − 0.90Si3N4

 0.05Al2O3 − 0.95Si3N4

 Si3N4

(1-x)Si3N4 - xAl2O3 1500C

Si3N4 − A1g

 

Figure 6. Raman spectra of the xAl2O3–(1−x)Si3N4 ceramics, depending on the concentration of the 

components in the composition of the ceramics. 

Thus, analyzing the data from the X-ray phase analysis and Raman spectroscopy, it 

can be concluded that the observed changes are in good agreement with each other, and 

that both methods together make it possible to determine with sufficiently high accuracy 

the dynamics of phase transformations in the ceramic samples, depending on the varia-

tion in the ratio of the components in the composition.  

Figure 7 illustrates the results of hardness measurements of the studied xAl2O3–

(1−x)Si3N4 ceramics in the case of a change in the ratio of components, and as a conse-

quence, variations in the phase composition of the ceramics. The general view of the pre-

sented dependence of the change in hardness of the xAl2O3–(1−x)Si3N4 ceramics with var-

iation in the ratio of the components has a clear dependence on both the phase transfor-

mations that occur in the ceramics and the phase content, the change in which causes the 

Figure 6. Raman spectra of the xAl2O3–(1−x)Si3N4 ceramics, depending on the concentration of the
components in the composition of the ceramics.

Thus, analyzing the data from the X-ray phase analysis and Raman spectroscopy, it
can be concluded that the observed changes are in good agreement with each other, and
that both methods together make it possible to determine with sufficiently high accuracy
the dynamics of phase transformations in the ceramic samples, depending on the variation
in the ratio of the components in the composition.

Figure 7 illustrates the results of hardness measurements of the studied xAl2O3–
(1−x)Si3N4 ceramics in the case of a change in the ratio of components, and as a con-
sequence, variations in the phase composition of the ceramics. The general view of the
presented dependence of the change in hardness of the xAl2O3–(1−x)Si3N4 ceramics with
variation in the ratio of the components has a clear dependence on both the phase transfor-
mations that occur in the ceramics and the phase content, the change in which causes the
hardening effect in comparison with the hardness data for Si3N4. The observed changes
in hardness at Al2O3 concentrations equal to 0.05–0.1 M are due to small changes in the
Si3N4/SiO2 phase ratio, the alteration of which occurs as a result of the thermal decomposi-

tion processes of Si3N4
1500 ◦C→ Si3N4/SiO2. At the same time, the most significant changes

in hardness are observed during the formation of the Al2(SiO4)O phase in the ceramics, an
increase in the contribution of which leads to the strengthening of the ceramics by more
than 1.4 times compared to the hardness data for the Si3N4 samples. At the same time,
the obtained hardness values for the xAl2O3–(1−x)Si3N4 ceramics at Al2O3 concentrations
above 0.4 M are in good agreement with the literature data from [28–30], in which hard-
ening is caused by both the dimensional factors that are associated with the presence of
fine or nanosized grains and with the phase transformations that are caused by changes
in the phase ratio in the composition of the ceramics. Displacement of the Al2(SiO4)O
phase at low concentrations of Si3N4 in the ceramic composition leads to a decrease in
hardness, which is due to lower hardness values for the Al2O3 phase, which is dominant in
the ceramic composition.
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Figure 8a reveals the results of the measurements of the thermal conductivity of the
xAl2O3–(1−x)Si3N4 ceramics under study, depending on the variation in the ratio of the
components in the composition. To compare the results of the changes in the thermal
conductivity coefficient, we selected works in which the thermophysical parameters of
similar ceramics that were obtained using the methods of mechanical mixing and thermal
annealing were studied [31–37].

As is known, polycrystalline Si3N4 ceramics obtained by hot pressing under high
pressure, which eliminates the processes of oxidation and the formation of oxide inclusions in
the composition, as well as oxygen vacancies, have fairly good thermal conductivity, which in
turn leads to a pronounced dependence on the concentration of defects and oxygen vacancies in
the composition [34]. In this case, thermal annealing of mechanically deformed Si3N4 powders,
accompanied by the decomposition of the Si3N4 → SiO2 type, leads to the presence of oxygen
and silicon vacancies, the formation of which occur according to the mechanism of maintaining
electrical neutrality when oxygen replaces nitrogen atoms, with the subsequent formation of
vacancies in the silicon sublattice (2O2 → 4O*

N + VSi
””) [35]. As a result, the value of the

thermal conductivity coefficient for the Si3N4 ceramics is about 1.76 W/(m × K). At the
same time, comparing the results of changes in thermal conductivity for Si3N4 ceramics
from this work and work [32], it can be concluded that thermal annealing of the samples at
a temperature of 1500 ◦C, in comparison with conventional stirring and pressing, makes it
possible to more than triple the thermal conductivity of the ceramics by reducing defor-
mation distortions, which are observed as scattering centers and vacancies. The addition
of low Al2O3 content ceramics to the Si3N4 composition (at concentrations from 0.05 to
0.15 M) does not lead to significant changes in the thermal conductivity coefficient (∆TC~2–
6%), which indicates that the absence of any significant changes in the phase composition
associated with the formation of replacement phases does not have a significant effect
on changes in the thermophysical parameters. The most significant changes in thermal
conductivity occur at Al2O3 concentrations above 0.15 M, which are characterized by the
formation of the Al2(SiO4)O phase, the appearance of which in the composition of ceramics
leads to an increase in the thermal conductivity coefficient from 1.76–1.79 W/(m × K) to
2.56–2.78 W/(m × K), which is more than a 1.5-fold increase in thermal conductivity. At
the same time, a trend of increasing thermal conductivity, depending on the variation in
the concentration of the components in the ceramic composition, is observed up to Al2O3
concentrations equal to 0.6–0.65 M, for which, according to the X-ray phase analysis, the
presence of inclusions in the form of silicon nitride in the composition is observed. This
growth in thermal conductivity can be explained by several factors. Firstly, according to
the X-ray phase analysis data, a change in the phase composition through the formation of
the Al2(SiO4)O phase results in a porosity decrease, associated both with a change in the
density of the ceramics and with size effects caused by the packing density of the grains in
the ceramic composition. Secondly, the stabilization of structural parameters due to phase
formation processes reduces the concentration of defective inclusions in the composition of
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the ceramics and also contributes to a change in the number of vacancies, which in turn
provides a smaller number of scattering centers that impede heat transfer.

In the case of the concentration of silicon nitride in the composition of xAl2O3–
(1−x)Si3N4 ceramics being less than 0.35 M, according to the X-ray phase analysis data, the
Al2O3 phase begins to dominate in the composition, which in turn leads to an increase in
porosity (according to the porosity measurements taken using the Archimedes method),
as well as an enlargement of grain sizes. It should be noted that the observed changes
in thermal conductivity in the case of low Al2O3 concentrations are in good agreement
with the results of other works, while the proposed method for producing ceramics, which
eliminates a large number of technological operations, makes it possible to obtain ceramics
with fairly high thermal conductivity in comparison with other oxide ceramics, such as
ZrO2 (0.3–3.2 W/(m × K) depending on density and porosity [36]) and ZrO2–Al2O3 (ap-
proximately 2.5–4.5 W/(m × K) depending on the ratio of components [37]). Moreover, in
a number of works [33,38,39], it was shown that the thermal conductivity of ceramics has a
direct dependence not only on the concentration of vacancies and defects in the composi-
tion but also on porosity. In the case of high porosity, the observed reduction in thermal
conductivity is due to a large number of voids, which interferes with the mechanisms of
phonon heat transfer and reduces the rate of heat transfer. Direct confirmation of this is the
presented comparative analysis of the porosity values and the efficiency of changing the
thermal conductivity coefficient, presented in Figure 8b.
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parison with the results of other works [33,38,39]); (b) comparison of the results of changes in the 

thermal conductivity and porosity of the xAl2O3–(1−x)Si3N4 ceramics, depending on the concentra-

tion of the components in the composition. 
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Figure 8. (a) Results of the analysis of the thermal conductivity of the xAl2O3–(1−x)Si3N4 ceramics,
depending on the concentration of the components in the composition (data are presented in compari-
son with the results of other works [33,38,39]); (b) comparison of the results of changes in the thermal
conductivity and porosity of the xAl2O3–(1−x)Si3N4 ceramics, depending on the concentration of
the components in the composition.

An important factor determining the prospects for using composite heat-resistant
ceramics is the assessment of their resistance to high-temperature influences and thermal
shocks, as well as maintaining the stability of the strength properties of the ceramics to
such influences. For example, in [40], it was shown that thermal heating leads to a decrease
in fracture resistance by more than 400 ◦C, and the main effect causing such a strong
decrease in strength properties is due to the ratio of cations/anions in the composition of
the ceramics, the presence of which are associated with the phase composition causing
changes in the coefficient of thermal expansion.

Figure 9 illustrates the results of the measurements of the hardness of the ceramic
samples, depending on the variation of the components in the composition, obtained
during life tests to determine the stability of the strength parameters to long-term thermal
effects and the associated oxidation processes. The general trend of the changes in hardness
at a test temperature of 700 ◦C indicates a fairly high resistance of the ceramics to long-
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term thermal effects, especially for the ceramics that were obtained with an Al2O3 content
of 0.3–0.6 M. The least stable ceramics were the single-component ceramics, which in
turn confirms the applicability of the concept of creating composite ceramics that have
higher resistance to external influences compared to single-component ceramics. At a test
temperature of 1000 ◦C, the decrease in hardness during life tests became more pronounced,
which in turn may be due to more intense oxidation processes of silicon nitride at high
temperatures. A change in hardness, indicating softening and a decrease in resistance to
mechanical external influences, in the case of a test temperature of 1000 ◦C is observed
after 400–500 h of successive thermal exposure, which also confirms the fact that with the
increase in exposure temperature, the degradation rate of strength properties increases and
becomes more pronounced with prolonged exposure.
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Figure 9. Results of changes in the hardness of the xAl2O3–(1−x)Si3N4 ceramics during heat resistance
tests at different annealing temperatures: (a) at an annealing temperature of 700 ◦C; (b) at an annealing
temperature of 1000 ◦C.

Figure 10 demonstrates the results of a comparative analysis of the degradation of
hardness values as a result of thermal tests associated with oxidation processes. The
hardness degradation was determined by comparing hardness values before and after heat
resistance tests (after 1000 h) with the subsequent calculation of deviations from the initial
value considering measurement error.
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Figure 10. Results of a comparative analysis of changes in hardness after thermal tests, depending on
the concentration of the components in the composition of the xAl2O3–(1−x)Si3N4 ceramics.

As can be seen from the data presented, the formation of the Al2(SiO4)O phase in the
composition of the ceramics with a subsequent increase in its content and a decrease in
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the weight contribution of the Si3N4 phase due to phase transformations leads to a growth
in resistance to softening by more than 4–7 times in comparison with the softening data
that was established for the single-component ceramics. Such obvious differences in the
change in hardness may be associated with the processes of the high-temperature oxidation
of silicon nitride, which lead to softening of the ceramics due to a rise in the SiO2 phase, as
well as its structural disorder.

The degradation kinetics of the ceramics, contingent upon the temperature of life tests,
were determined by the assessment of the phase composition of the ceramics before and
after thermal exposure for 1000 h at different temperatures. The results are presented in
the form of diagrams in Figure 11, reflecting the change in the phase ratio associated with
oxidation processes.
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Figure 11. Results of changes in the phase composition of the xAl2O3–(1−x)Si3N4 ceramics before
and after thermal tests: (a) pristine; (b) at an annealing temperature of 700 ◦C; and (c) at an annealing
temperature of 1000 ◦C.

According to the data obtained, the most significant changes in the phase composition
are observed for the ceramics that were subjected to thermal action at a temperature of
1000 ◦C and are associated with an increase in the contribution of the SiO2 phase. The
growth in SiO2 content that was observed for the high-temperature tests is due to the
oxidation processes of the Si3N4 phase, which is most pronounced at low contents of the
Al2O3 phase, and less pronounced (the change is no more than 1.0–1.5%) for samples
in which the formation of the Al2(SiO4)O phase, which has higher resistance to high-
temperature corrosion compared to silicon nitride, which is oxidized under the influence of
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temperature by replacing nitrogen with oxygen with the subsequent formation of silicon
dioxide, was observed. Thus, by analyzing the phase changes in the ceramics as a result of
thermal effects, we can conclude that the presence of two or more phases in the composition
of the ceramics leads to an increase in the stability of the ceramics to oxidation, in particular,
a slowdown in the oxidation process of silicon nitride, as well as the maintenance of
the stability of the Al2(SiO4)O phase in the case of low silicon nitride contents in the
composition of the initial mixture. At the same time, the limiting factor to oxidation and
the subsequent degradation of strength properties (reduction of hardness) is the presence
of the Al2(SiO4)O phase in the composition of the ceramics, the presence of which also
determines higher strength and thermal conductivity. Maintaining the oxidation stability
of the composite ceramics at high temperatures, in turn, can be explained by them having
higher thermal conductivity, which ensures uniform heat distribution and transfer during
prolonged temperature exposure.

4. Conclusions

This paper presents the results of a comprehensive analysis of the phase transforma-
tions, strength properties, and heat resistance of composite xAl2O3–(1−x)Si3N4 ceramics.
Using the method of X-ray phase analysis and Raman spectroscopy, the results of the
influence of variations in the ratio of the components in the composition of the xAl2O3–
(1−x)Si3N4 ceramics on changes in the phase composition obtained using the method of
mechanochemical solid-phase synthesis were obtained. During the determination of the
thermophysical parameters, it was found that the formation of the Al2(SiO4)O phase in the
ceramics, an elevation in the contribution of which results in porosity reduction, causes
a rise in the thermal conductivity coefficient by 10–60% in comparison with the thermal
conductivity of single-component Si3N4 and Al2O3 ceramics, the low values for which are
due to high porosity. During the tests, it was established that the presence of the Al2(SiO4)O
phase in the composition of the xAl2O3–(1−x)Si3N4 ceramics in combination with the Si3N4
phase leads to a rise in the resistance to high-temperature oxidation, resulting in softening
of the ceramics. Moreover, the presence of the Al2(SiO4)O phase in the composition of the
ceramics causes an increase in strength and thermophysical properties, which allows for
expanding the potential for using these ceramics as structural materials.
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Appendix A

Mechanochemical grinding of the studied ceramics was carried out in a planetary mill
PULVERISETTE 6 (Fritsch, Berlin, Germany) using the following mode: 250 rpm, grinding
for 30 min. For grinding, a glass (cylindrical container made of tungsten carbide with a
diameter of 10 cm and a height of 7 cm) and grinding balls (the diameter of the balls was
10 mm) made of tungsten carbide were used, which have high mechanical strength to
abrasion, which eliminates the effect of impurities getting into the grinding composition.
The choice of grinding mode was based on the need to create a powder that is homogeneous
in composition, as well as to initialize the mechanically induced deformation distortion
of the crystal structure of the powders being ground, the relaxation of which under high
temperature exposure contributes to the initialization of the phase transformation pro-
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cesses. The initialization of the phase transformation processes, depending on variations
in the concentration of the components in the ceramic composition, was carried out in a
Nabertherm LE 4/11/R6 muffle furnace (Nabertherm, Lilienthal, Germany).

The determination of the weight contributions of each established phase was carried
out by clarifying the areas of all diffraction reflections that are characteristic of a given phase,
followed by calculating their contribution in the overall diffraction pattern, considering the
corundum numbers for each phase, alongside background radiation. The phase refinement
was made considering a priori information about the phase transformation processes in
ceramics under thermal influence when changing the ratio of components, as well as a
full-profile analysis of the obtained diffraction patterns. Data for the full profile analysis
were taken from the PDF-2 (2016) database.

An Enspectr M532 (Spectr-M LLC, Chernogolovka, Russia) was used to measure the
Raman spectra. The spectra were obtained using a laser with a wavelength of λ = 785 nm.

The measurements were carried out on samples in the form of tablets with a diameter
of 10 mm and a thickness of about 1 mm. These tablets were pressed under a pressure of
200 MPa for 30 min, after which they were annealed for 5 h at a temperature of 400 ◦C in
order to remove mechanically initiated deformation structural distortions.

Appendix B

Table A1. Data on the structural parameters of the studied ceramics, depending on the ratio of the
components.

Concentration of
Al2O3, M

Lattice Parameter, Å

Si3N4 SiO2 (SiAl)(ON) Al2(SiO4)O Al2O3

0 a = 7.7632 ±0.0015 Å,
c = 5.6247 ± 0.0014 Å

a = 4.9796 ± 0.0014 Å,
c = 6.9512 ± 0.0016 Å

- - -

0.05 a = 7.7417 ± 0.0011 Å,
c = 5.5937 ± 0.0018 Å

a = 4.9611 ± 0.0014 Å,
c = 6.9481 ± 0.0012 Å

- - -

0.10 a = 7.7433 ± 0.0016 Å,
c = 5.6157 ± 0.0014 Å

a = 4.9689 ± 0.0016 Å,
c = 6.9263 ± 0.0013 Å

a = 7.5981 ± 0.0014 Å,
c = 2.9060 ± 0.0013 Å

- -

0.15 a = 7.7204 ± 0.0018 Å,
c = 5.5761 ± 0.0013 Å

a = 4.9416 ± 0.0012 Å,
c = 6.9344 ± 0.0017 Å

- - a = 4.7354 ± 0.0017 Å,
c = 12.9598 ± 0.0014 Å

0.20 a = 7.7493 ± 0.0016 Å,
c = 5.5981 ± 0.0014 Å

a = 4.9729 ± 0.0014 Å,
c = 6.9426 ± 0.0021 Å

- - a = 4.7468 ± 0.0017 Å,
c = 13.0005 ± 0.0022 Å

0.25 a = 7.7478 ± 0.0025 Å,
c = 5.6136 ± 0.0021 Å

a = 4.9669 ± 0.0013 Å,
c = 6.9344 ± 0.0022 Å

- - a = 4.7466 ± 0.0016 Å,
c = 12.9751 ± 0.0013 Å

0.30 a = 7.7463 ± 0.0016 Å,
c = 5.6155 ± 0.0012 Å

a = 4.9756 ± 0.0017 Å,
c = 6.9425 ± 0.0021 Å

-
a = 7.5311 ± 0.0016 Å,
b = 7.6813 ± 0.0014 Å,
c = 5.7461 ± 0.0014 Å

a = 4.7531 ± 0.0017 Å,
c = 12.9825 ± 0.0026 Å

0.35 a = 7.7281 ± 0.0015 Å,
c = 5.6003 ± 0.0014 Å

a = 4.9553 ± 0.0016 Å,
c = 6.9317 ± 0.0013 Å

-
a = 7.5164 ± 0.0017 Å,
b = 7.5164 ± 0.0022 Å,
c = 6.7551 ± 0.0014 Å

a = 4.7382 ± 0.0015 Å,
c = 12.9904 ± 0.0013 Å

0.40 a = 7.7645 ± 0.0017 Å,
c = 5.5959 ± 0.0021 Å

a = 4.9651 ± 0.0025 Å,
c = 6.9263 ± 0.0021 Å

-
a = 7.7453 ± 0.0015 Å,
b = 7.6482 ± 0.0013 Å,
c = 5.7981 ± 0.0012 Å

a = 4.7578 ± 0.0017 Å,
c = 12.9292 ± 0.0014 Å

0.45 a = 7.7129 ± 0.0012 Å,
c = 5957 ± 0.0015 Å

a = 4.9592 ± 0.0016 Å,
c = 6.9263 ± 0.0012 Å

-
a = 7.5018 ± 0.0012 Å,
b = 7.6633 ± 0.0016 Å,
c = 5.7936 ± 0.0017 Å

a = 4.7391 ± 0.0015 Å,
c = 12.9853 ± 0.0012 Å

0.50 a = 7.7446 ± 0.0013 Å,
c = 5.6191 ± 0.0016 Å

a = 4.9737 ± 0.0023 Å,
c = 5.9327 ± 0.0012 Å

-
a = 7.5311 ± 0.0015 Å,
b = 7.7114 ± 0.0014 Å,
c = 5.7845 ± 0.0019 Å

a = 4.7549 ± 0.0014 Å,
c = 12.9799 ± 0.0012 Å
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Table A1. Cont.

Concentration of
Al2O3, M

Lattice Parameter, Å

Si3N4 SiO2 (SiAl)(ON) Al2(SiO4)O Al2O3

0.55 a = 7.7431 ± 0.0016 Å,
c = 5.6012 ± 0.0012 Å

a = 4.9629 ± 0.0013 Å,
c = 6.9466 ± 0.0019 Å

-
a = 7.5223 ± 0.0012 Å,
b = 7.7024 ± 0.0015 Å,
c = 5.7823 ± 0.0013 Å

a = 4.7484 ± 0.0012 Å,
c = 12.9851 ± 0.0016 Å

0.60 a = 7.7889 ± 0.0015 Å,
c = 5.5893 ± 0.0017 Å

a = 4.9885 ± 0.0016 Å,
c = 6.9317 ± 0.0014 Å

-
a = 7.5487 ± 0.0016 Å,
b = 7.7054 ± 0.0012 Å,
c = 5.7823 ± 0.0013 Å

a = 4.7727 ± 0.0014 Å,
c = 12.9904 ± 0.0017 Å

0.65 a = 7.7828 ± 0.0014 Å,
c = 5.6245 ± 0.0022 Å

a = 4.9807 ± 0.0024 Å,
c = 6.9426 ± 0.0021 Å

-
a = 7.5605 ± 0.0015 Å,
b = 7.6964 ± 0.0013 Å,
c = 5.7799 ± 0.0017 Å

a = 4.7652 ± 0.0016 Å,
c = 12.9853 ± 0.0013 Å

0.70 a = 7.7281 ± 0.0016 Å,
c = 5.6377 ± 0.0021 Å

a = 4.9709 ± 0.0023 Å,
c = 6.9454 ± 0.0021 Å

-
a = 7.5458 ± 0.0016 Å,
b = 7.6904 ± 0.0012 Å,
c = 5.7845 ± 0.0019 Å

a = 4.7559 ± 0.0017 Å,
c = 12.9547 ± 0.0021 Å

0.75 - - -
a = 7.5252 ± 0.0015 Å,
b = 7.7084 ± 0.0012 Å,
c = 5.7709 ± 0.0014 Å

a = 4.7503 ± 0.0015 Å,
c = 12.9699 ± 0.0013 Å

0.80 - - -
a = 7.5237 ± 0.0013 Å,
b = 7.6977 ± 0.0015 Å,
c = 5.7562 ± 0.0021 Å

a = 4.7652 ± 0.0018 Å,
c = 13.0261 ± 0.0011 Å

0.85 - - -
a = 7.5252 ± 0.0017 Å,
b = 7.6904 ± 0.0013 Å,
c = 5.7777 ± 0.0012 Å

a = 4.7708 ± 0.0016 Å,
c = 13.0107 ± 0.0013 Å

0.90 - - -
a = 7.5164 ± 0.0015 Å,
b = 7.6994 ± 0.0012 Å,
c = 5.7755 ± 0.0016 Å

a = 4.7484 ± 0.0015 Å,
c = 12.9598 ± 0.0012 Å

0.95 - - -
a = 7.5047 ± 0.0013 Å,
b = 7.6937 ± 0.0017 Å,
c = 5.7981 ± 0.0012 Å

a = 4.7820 ± 0.0017 Å,
c = 13.0260 ± 0.0024 Å

1 - - - - a = 4.7503 ± 0.0016 Å,
c = 12.9751 ± 0.0014 Å
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37. Hostaša, J.; Pabst, W.; Matějíček, J. Thermal conductivity of Al2O3–ZrO2 composite ceramics. J. Am. Ceram. Soc. 2011, 94,
4404–4409. [CrossRef]

38. Guo, J.; Xu, J.; Yang, R.; Chen, K.; Yan, H.; Gao, F. Effect of composition on the dielectric properties and thermal conductivity of
α-SiAlON ceramics. J. Mater. Sci. Mater. Electron. 2022, 33, 22480–22491. [CrossRef]

https://doi.org/10.2109/jcersj2.17034
https://doi.org/10.2497/jjspm.32.282
https://doi.org/10.1016/S0955-2219(00)00039-X
https://doi.org/10.1016/j.jmatprotec.2015.03.040
https://doi.org/10.1080/10426914.2012.718471
https://doi.org/10.1023/A:1027406515132
https://doi.org/10.3390/ma16051961
https://www.ncbi.nlm.nih.gov/pubmed/36903076
https://doi.org/10.1080/21870764.2021.1987613
https://doi.org/10.1039/C4CE01186D
https://doi.org/10.3390/app10072612
https://doi.org/10.1007/s00396-018-4442-4
https://doi.org/10.1177/09544062231159826
https://doi.org/10.4028/www.scientific.net/AMR.214.178
https://doi.org/10.1007/s12613-012-0624-0
https://doi.org/10.1109/TDEI.2014.004330
https://doi.org/10.26599/JAC.2023.9220756
https://doi.org/10.1111/j.1151-2916.1999.tb02209.x
https://doi.org/10.3103/S106345761402004X
https://doi.org/10.1016/j.actamat.2007.02.014
https://doi.org/10.1111/j.1551-2916.2011.04875.x
https://doi.org/10.1007/s10854-022-09026-7


Crystals 2024, 14, 744 18 of 18

39. Xie, L.; Yao, D.; Xia, Y.; Yin, J.; Liang, H.; Zuo, K.; Zeng, Y. High porosity Ca-α-SiAlON ceramics with rod-like grains fabricated by
freeze casting and pressureless sintering. J. Eur. Ceram. Soc. 2019, 39, 2036–2041. [CrossRef]

40. Lee, C.S.; Lemberg, J.A.; Cho, D.G.; Roh, J.Y.; Ritchie, R.O. Mechanical properties of Si3N4–Al2O3 FGM joints with 15 layers for
high-temperature applications. J. Eur. Ceram. Soc. 2010, 30, 1743–1749. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jeurceramsoc.2019.01.027
https://doi.org/10.1016/j.jeurceramsoc.2010.01.012

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	Appendix A
	Appendix B
	References

