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ABSTRACT

The use of ionic modification methods is one of the promising methods of directed change of
strength properties of near-surface layers of materials along with such methods as magnetron
sputtering and mechanically induced deformation. Interest in this area of research is primarily
due to the possibility of enhanced resistance of materials to external mechanical and thermal
influences, as well as improved wear resistance of refractory ceramics, which have great
prospects in industrial use and metallurgy and reactor building. This paper presents the
assessment results of the possibility of using the ion modification method by irradiating the near-
surface layer of ZrO, — Al,Os ceramics with low-energy Kr'>* and Xe??* ions with energies of 300
and 440 keV to create a radiation-modified layer in the surface layer that is highly resistant to
external influences. During the studies, it was found that irradiation with fluences of 10%* - 5x10%**
ion/cm? for Xe?** ions and 10 ion/cm? for Kr'>* ions are optimal conditions for modifying the
surface layer, as a result of which growth in wear resistance by 2.0 — 2.5 times and hardening by
more than 15 — 20 % is observed compared to non-irradiated ceramics.

Keywords: hardening, ion modification, hardness and wear resistance enhancement, ZrO, —
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Introduction

Modern technological processes in metallurgy
are accompanied by the operation of materials at
high temperatures (1000 — 1300 °C), as well as
thermal cycling processes (rapid heating and
cooling), which can lead to thermal shocks, as well
as accelerated degradation of strength properties,
including due to temperature changes and
exposure to aggressive environments [[1], [2]]. In
this regard, the materials used in these
technological processes must withstand heavy
mechanical loads, and thermal shocks, and also be
resistant to high-temperature corrosion and

degradation processes that occur during long-term
operation [[3], [4]]. To improve the productivity of
technological processes, the use of composite
materials, including high-entropy alloys based on
refractory compounds or ceramic materials, has
recently been proposed [[5], [6], [7]]. Interest in
composite ceramics based on oxide or nitride
compounds in the field of metallurgy and modern
mechanical engineering is due to the possibility of
creating materials that have a combination of
properties such as a high melting point, allowing
them to be used in extreme conditions (at high
temperatures), high strength and wear resistance,
increasing resistance to external influences, as well
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as insulating properties, including dielectric
characteristics and thermal insulation (low thermal
conductivity) [[8], [9], [10]]. At the same time, the
combination of these properties allows to expand
the capabilities of technological lines, as well as to
increase the productivity of technological
processes, which allows to reduce the cost of
manufactured products. In addition to replacing
traditional steels and alloys with refractory alloys
and ceramics, various options are offered to
increase the resistance of materials to external
influences.

Thus, among the currently known methods for
improving resistance to external influences,
including mechanical damage caused by impacts or
friction, one can distinguish methods based on the
creation of highly deformed near-surface layers
that have higher resistance to external influences
[[11], [22], [13]]. The main hardening mechanism,
in this case, is an increase in dislocation density in a
small near-surface layer, the presence of which,
together with small grain sizes, results in the
creation of barrier boundaries that prevent the
propagation of cracks and chips under external
influence, and also increases resistance to
corrosion and degradation. The mechanisms for
creating such layers are different; for example, for
steels and alloys, as a rule, they use deformation
rolling methods, which, by acting on the near-
surface layer, create additional structural defects in
it that prevent the propagation of cracks or
corrosion [[14], [15]]. Also, one of the promising
methods for increasing stability is the method of
laser processing of near-surface layers, which
consists of surfacing protective coatings on the
surface of materials by direct exposure of the
surface to laser radiation [[16], [17]]. This method is
based on sintering the surface with the applied
material, thereby creating a protective layer with
higher resistance to external influences. When
using the method of magnetron sputtering of
protective coatings, much attention is paid to the
materials applied to the surface used as protective
coatings or layers, due to the need to create good
adhesive properties between the applied coating
and the surface of the protected material, since the
loss of adhesion of the protective coating to the
surface of the samples can lead to their peeling or
rapid destruction [[18], [19], [20]].

However, in the last few years, the use of ion
irradiation methods for targeted modification of
near-surface layers has been actively discussed. The
method of ion modification or ion implantation
itself has been known for quite a long time since it

is based on the possibility of introducing impurity
atoms into the near-surface layer of a material, the
technology of introducing which is actively used to
create semiconductor materials [[21], [22], [23],
[24], [25]]. The main goal of ion implantation in this
direction is to determine the possibilities of
increasing the optical, conductive or luminescent
properties of modified materials, which have great
potential for use in modern materials science. At
the same time, the use of ion modification
methods, including irradiation with low-energy
heavy ions (O, Ar, Kr, Xe with energies of the order
of 200 — 500 keV) has recently been actively used to
increase the resistance of materials to external
influences, due to the creation of dislocation
strengthening effects in the near-surface layer of
the irradiated material, associated with the
processes of deformation distortion and
recrystallization (grain crushing) [[26], [27], [28]]. At
the same time, the selection of irradiation
conditions is important for carrying out such
studies, since high-dose irradiation can initiate
processes not only of hardening while maintaining
a certain balance of deformation distortions but
also in the case of accumulation of a large
concentration of deformation stresses and
distortions in the near-surface layer, it can initiate
processes of surface peeling or partial sputtering.
Similar effects are usually observed with high-dose
irradiation and high concentrations of implanted
atoms [[29], [30]].

The purpose of this study is to conduct
experiments aimed at determining the possibilities
of increasing the resistance to external influences
of the surface layer of ZrO; — Al,O3 ceramics due to
ionic modification by creating deformation
distortions and recrystallization in the surface layer,
leading to the initialization of dislocation hardening
effects. Interest in this type of ceramics is primarily
due to the possibility of combining high strength
indicators and low thermal expansion of zirconium
dioxide, as well as good thermophysical parameters
of aluminum oxide. Moreover, the use of an equal
stoichiometric ratio of these oxides during
mechanochemical solid-phase synthesis makes it
possible to obtain ceramics of the «Al,O; matrix
with embedded ZrO, grains» type [31], which
creates additional strengthening due to the
presence of interphase boundary effects [32].

The difference between this work and
previously conducted studies is the possibility of
using low-energy irradiation with heavy ions for
targeted modification of composite ceramics in
order to increase their resistance to external
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influences. At the same time, the emphasis in the
study is on determining the effect of irradiation on
changes in the strength characteristics of ceramics.

Experimental part

To assess the prospects of using the method of
ion modification of the near-surface layer in order
to increase the strength parameters, as well as
resistance to external influences, including
mechanical friction, pressure, and thermal effects,
the following experiments were carried out,
described below.

The objects of study were ZrO, — Al,03 ceramics
samples obtained by mechanochemical solid-phase
mixing of initial oxides in an equal weight ratio (50:
50) followed by high-temperature sintering in a
muffle furnace. Mechanochemical grinding of the
initial zirconium and aluminum oxides was carried
out in a planetary mill PULVERISETTE 6 (Fritsch,
Berlin, Germany) at a grinding speed of 250 rpm
and a time of 30 minutes. The choice of mixing
conditions is determined by the need to obtain a
homogeneous composition of ceramics that is
isotropic by volume, without initializing processes
associated with phase transformations as a result
of the deformation mechanical action of the
grinding media. The samples were sintered in a PM-
1700 muffle furnace (Rusuniverstal, Chelyabinsk,
Russia) at a heating rate of 10 °C/min. Upon
reaching the set temperature of 1500 °C, the
samples were kept for 8 hours, after which the
samples cooled along with the furnace for 24 hours
until they cooled completely and reached room
temperature. After thermal annealing, the resulting
powders were pressed into tablets with a diameter
of about 10 mm and a thickness of 1 mm. The
tablets were pressed in a special cylindrical mold
under a pressure of 250 MPa for 30 minutes. After
pressing, the resulting tablets were annealed at a
temperature of 700 °C for 5 hours to remove the
deformation distortions in the structure resulting
from pressing.

Characterization of the initial samples was
carried out using X-ray phase analysis and scanning
electron microscopy. X-ray phase analysis was used
to determine the degree of structural ordering, the
change in which as a result of ionic modification
indicates the proportion of the defective fraction in
the surface layer, as well as to determine the phase
composition of ceramics synthesized using the
thermal sintering method. A D8 ADVANCE ECO
powder  diffractometer  (Bruker, Karlsruhe,
Germany) was used to take X-ray diffraction
patterns. The survey was carried out in the Bragg —
Brentano geometry, in the angular range 26=20-

75°. The determination of the phase composition of
ceramics was carried out using the method of
determining the weight contributions of diffraction
reflections of each established phase with
subsequent calculation of their share in the total
diffraction pattern. To determine the phases, the
PDF-2 (2016) database was used, from which the
reference values of each phase and the positions of
their main diffraction lines were taken.

The morphological features of the synthesized
ZrO, — AlL,Os ceramics, in order to determine the
grain distribution features or the mechanisms by
which the ceramic structure is formed, were
studied by obtaining images and element
distribution maps, which were made using a

Phenom™ ProX scanning electron microscope
(Thermo  Fisher Scientific, Eindhoven, the
Netherlands).

Figure 1 reveals the results of characterization
of the studied samples using X-ray phase analysis
and scanning electron microscopy combined with
mapping results. As can be seen from the
presented X-ray diffraction pattern of the sample
under study, the phase composition of ceramics is
represented by a combination of three phases: the
monoclinic ZrO, phase, the weight contribution of
which is more than 55 %, the rhombohedral Al,O3
phase, the content of which is no more than 30 %,
and the tetragonal AlZrO, phase, the weight
contribution of which is about 15 %. The formation
of the AIZrO, phase is associated with the
initialization of polymorphic  transformation
processes in zirconium dioxide, the result of which
is the formation of the tetragonal phase t-ZrO, with
partial replacement of zirconium with aluminum.
Moreover, a general analysis of the presented X-ray
diffraction pattern indicates a fairly good structural
ordering degree (more than 89%), and the presence
of a tetragonal phase indicates that during thermal
annealing in a given mode, the process of partial
replacement of aluminum with zirconium is
initiated, resulting in the formation of a new phase
near grain boundaries.

As can be seen from the data presented in
Figures 1c-d, which reflect the morphological
features of the resulting ceramics, the choice of an
equal weight ratio of ZrO, and Al,Os oxides during
their mechanochemical grinding and subsequent
thermal annealing leads to the formation of
ceramics of the «Al,0; matrix with embedded ZrO,
grains» type. It should be noted that ZrO; has a
fairly large spread in size (the size range varies from
200 — 300 nm to 1.2 — 1.5 um), and these grains
form agglomerates consisting of three to four ZrO,
grains embedded in an aluminum oxide matrix.
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Figure 1 - a) Appearance of samples after thermal annealing in the form of powder and in the form of tablets after
pressing; b) The results of X-ray phase analysis of the studied ZrO; — Al203 ceramics, presented in the form of a
diffraction pattern and a diagram of the relationship of the established phases; c) SEM image of ZrO2 — Al.0z ceramics,
indicating the formation of a structure of the «Al203 matrix with embedded ZrO: grains» type; d) Mapping results
reflecting the distribution of elements in ceramics

The ionic modification was carried out by
irradiating the studied samples of ZrO, — Al,03
ceramics with low-energy Kr'>* and Xe?** ions with
energies of 300 and 440 keV. The choice of ions for
directional modification is determined by their sizes
(ionic radii), as well as the magnitude of ionization
losses (see data in Figure 2). Irradiation was carried
out at three fluences: 10, 5x10%** and 10% ion/cm?.
Irradiation fluences were selected to simulate the
processes of deformation distortion of a near-
surface layer with a thickness of about 200 — 250
nm, while the selection of irradiation fluences was
chosen in such a way as to avoid the effect of
sputtering of the near-surface layer as a result of
the accumulation of structural changes in it during
high-dose irradiation. Irradiation was carried out at
the DC-60 heavy ion accelerator (Institute of
Nuclear Physics of the Ministry of Energy of the
Republic of Kazakhstan, Almaty, Kazakhstan). As
can be seen from the presented data, the results of
modeling the magnitudes of ionization losses of

incident ions along the trajectory of motion,
presented in Figure 2, the main contribution to the
change in structural features in the surface layer is
made by the ionization losses of ions during
interaction with electron shells, thereby initiating
ionization processes (changes in the distribution of
electron density), and as a consequence the
occurrence of athermal processes associated with
deformation distortion of the structure. At the
same time, the differences in the ionization losses
of ions in interaction with electron shells are of the
order of 15 — 20 keV/nm, while the difference in
ionization losses in interaction with nuclei is about
1 order of magnitude, which indicates that during
irradiation with Kr*>* ions, the main contribution to
the changes is made by the interaction of ions with
electron shells, while during irradiation with Xe2*
ions, the effects due to the interaction of ions with
nuclei, especially near the surface, should be taken
into account.

—— g ——
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Figure 2 — a) Simulation results of ionization loss values of Kr'>* and Xe??* ions in the near-surface layer of ZrO2 — Al,03
ceramics based on data from the SRIM Pro 2013 calculation code;
b) Simulation results of the values of atomic displacement along the trajectory of ion movement in the near-surface

layer of ceramic at irradiation with Kr'>*

trajectory in the near-surface ceramic layer at Xe

Figure 2b-c presents the results of calculations
of the magnitudes of atomic displacements caused
by the interaction of incident ions with the crystal
structure of the near-surface layer and reflects the
degree of structural disorder associated with
knocking atoms out of positions, as well as
deformation distortions arising from athermal
effects. The calculation of the magnitude of atomic
displacements was performed according to the
method specified in [33]. As can be seen from the
data presented, the most pronounced changes in
the values of atomic displacements are observed
upon irradiation with Xe??* ions, the value of which
is approximately 1.5 times higher than the similar
values of atomic displacements arising during
irradiation with Kr'>* ions. This difference can be
explained not only by differences in the initial
energy of the incident ions (for Xe?** ions the initial
energy is 440 keV), but also by the fact that during
irradiation with Xe??* ions, rather large values of
ionization losses associated with interactions with
nuclei, resulting in atomic displacement effects, as
well as the formation of vacancy defects, are
observed. For further description of the observed
effects of changes in strength parameters, the
maximum values of atomic displacements arising
during irradiation with heavy ions will be used.

The study of the effect of ionic modification on
the strengthening of the near-surface layer of
ceramics was carried out using the method of
nanoindentation in depth, to establish changes in
the hardness values of the samples along the
trajectory of ion movement with variations in the
irradiation fluence. To carry out the research, a
technique was used to determine the hardness of
samples at different loads on the indenter, which
makes it possible to carry out measurements at
different depths of the sample. The load value was

ions; c) Simulation results of the values of atomic displacement along the ion

22+

selected a priori in the range from 1 to 100 N.
Measurements were carried out in several parallels
to determine the isotropy of the strength
characteristics, as well as determine the standard
deviation and measurement error. Transverse
sections were made by pre-pressing the samples in
a mold, followed by cutting off the edges of the
sample and polishing them.

Tribological tests to determine wear resistance
under mechanical friction were carried out using a
Unitest framework SKU UT-750 (Unitest, USA). As a
method for determining the coefficient of dry
friction, the “ball on disk” method was used, the
load on the ball was 20 N, the sliding speed was
0.25 m/s, the number of cycles in the tests was
about 15000 and was chosen to take into account
the tests of the original sample, for which, after
10000 cycles, a sharp deterioration in wear
resistance was observed (an increase in the dry
friction coefficient was recorded). The silicon
carbide ball was used as a counterweight during
wear tests, and no wear of the ball was observed.
The wear value was determined by measuring the
wear profile obtained using the visualization
method and then measuring the profile with a
profilometer to determine the length of the path
travelled. These alterations in the dry friction
coefficient were recorded during each test, and the
graphs show points after every 1000 tests, clearly
demonstrating the change in wear resistance. The
growth in wear resistance was assessed by
comparing the values of the wear rate determined
based on changes in the values of the dry friction
coefficient at the beginning and at the end of the
tests, and the resulting values were compared with
each other.

Determination of the resistance of modified
ZrO; — Al,03 ceramics to thermal cycling, which
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includes rapid heating of samples to high
temperatures and subsequent sharp cooling, was
carried out by conducting the following
experiments. Samples of ZrO, — Al,Os ceramics in
the initial (non-irradiated) and irradiated state were
subjected to rapid heating (heating rate 50 °C/min)
to temperatures of 700, 1000 and 1200 °C, after
which the samples were kept at a given test
temperature for 1 hour, then the samples were
removed from the muffle furnace into the air to
initiate thermal shock processes. This procedure
was carried out with the samples in the form of a
sequence of tests (5 cycles); after each cycle, the
hardness values of the surface layer were measured
to determine resistance to thermal effects.

Results and Discussion

The most indicative parameters reflecting the
influence of ionic modification on the strengthening
of the near-surface layer are the values of hardness
and wear resistance of ceramics, measured
depending on the irradiation fluence. Moreover, in
the case of hardness measurements, it is important
to understand not only the general trend of
changes in hardness but also the thickness of the
modified layer, in which the hardness parameters
differ from the base material.

Figure 3 shows the results of hardness
measurements (Vickers) along the ion penetration
depth (with a step of 50 nm), reflecting changes in
the strength characteristics of ceramics depending
on the irradiation fluence. Also, for comparison, the
results of hardness measurements for the original
(non-irradiated sample) are given, which reflect the
isotropy of the strength parameters in depth.

The general appearance of the presented
dependences of the change in hardness with depth
indicates several effects associated with irradiation
with heavy ions, which depend on both the type of
ions and the irradiation fluence. The observed
hardening (rise in sample hardness depending on
the irradiation fluence) is in good agreement with
the results of [[33], [34], [35]], in which the
observed strengthening is explained by an elevation
in dislocation density and the formation of
dislocation loops, as well as, as a consequence, the
formation of deformation distortions in the
damaged layer caused by the accumulation of
implanted ions. In this case, the observed
strengthening can be explained by the fact that
during the interaction of incident ions with the
structure of the near-surface layer, due to the high
values of ionization losses in the damaged layer,

recrystallization processes can be initiated,
accompanied by a change in crystallite sizes or
orientation, which, as a consequence, result in an
alteration in the dislocation density (its increase in
the case of observed decreases in crystallite sizes,
due to the inverse square dependence of the
dislocation density on the crystallite sizes).
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Figure 3 - Results of evaluation of change in hardness
value of ZrO2 — Al203 ceramics by depth in case of heavy
jon irradiation: a) when irradiated with Kr'>* ions;

b) when irradiated with Xe?** ions (the dotted lines
indicate the region of maximum ion penetration
depth in ceramics)

In the case of irradiation with Kr'** ions, two

effects can be distinguished in changes in hardness
values, associated with the strengthening of the
damaged layer, as well as diffusion effects, which
lead to an increase in the thickness of the modified
layer. Analysis of changes in hardness by depth
demonstrated that an elevation in irradiation
fluence leads to an expansion of the depth of the
modified layer, which has higher hardness values
than the base material. Such effects are caused by
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diffusion processes of ion penetration and
consequences associated with their interactions in
the form of cascade effects that can penetrate to a
greater depth than the maximum ion penetration
depth. In this case, an increase in the irradiation
fluence, and, as a consequence, the magnitude of
atomic displacements, leads to the fact that the
number of structural changes occurring in the
surface layer can have an impact at a deeper level
as a result of cascade effects, which is in good
agreement with the results of [36]. A general
analysis of the observed changes in hardness values
by depth showed that irradiation fluence growth
from 10%* ion/cm? to 10% ion/cm? in the case of
irradiation with Kr'>* ions leads to an increase in the
thickness of the modified layer by approximately 70
— 100 nm, while the hardening value decreases as
the depth increases, which also confirms the
diffusion nature of the propagation of structural
damage deep into the material with increasing
irradiation fluence [[37], [38]].
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Figure 4 - a) Results of a comparative analysis of changes
in hardness values at the maximum (at a depth of 150 -
200 nm) upon irradiation with heavy ions Kr'>* and Xe??*;
b) Results of assessment of the factors of hardening
(softening) of the surface layer of ZrO, — Al,Os ceramics
depending on the value of atomic displacements caused
by irradiation

In the case of irradiation with Xe%* ions,

depending on the irradiation fluence, not only
hardening effects are observed (at a fluence of 10
— 5x10" ion/cm?), but also reverse effects
associated with a decline in hardness in the
damaged surface layer. Such a reduction can be
explained by the effects of overstresses as a result
of the accumulation of a large number of structural
distortions in the near-surface layer, which can lead
to deformation embrittlement and peeling of the
surface under external mechanical influences, as
well as partial sputtering of the near-surface
damaged layer, an effect that is characteristic of
high-dose irradiation [[39], [40]]. Moreover, in the
case of irradiation with Xe?* ions, the magnitude of
the change in hardness at the same irradiation
fluence in comparison with samples irradiated with
Kr'* jons is slightly larger, which indicates a more
intense modification of the surface layer when
irradiated with Xe?** ions. This effect can be
explained by differences in the values of ionization
losses, which are significantly higher in the case of
irradiation with Xe??* ions. At the same time, the
observed softening at an irradiation fluence of 10
ion/cm? can be explained by the contribution to the
structural changes from the effects of more intense
accumulation of atomic displacements due to
higher values of ionization losses of Xe** ions
during interaction with nuclei.

Results of a comparative analysis of changes in
the maximum hardness values of the samples
depending on the value of atomic displacements
are presented in Figure 4a.

According to the presented comparative
analysis data, it is clear that the change in the
hardness of the near-surface damaged layer of ZrO,

— Al;0O;3 ceramic samples has a clear dependence on

the value of atomic displacements, which is
different for the two types of ions. In this case, we
can conclude that the most effective way to modify
the surface layer is irradiation with heavy Kr'>* and
Xe??* jons with fluences at which the value of
atomic displacements is no more than 3 dpa. At the
same time, for Kr'>* ions, this value is achieved at a
fluence of the order of 10> ion/cm?, while in the
case of irradiation with Xe??* ions, the achievement
of atomic displacements of the order of 3 dpa can
be achieved at fluences of the order of 5 — 6x10*
ion/cm?. It should also be noted that the use of
Xe?** ions with fluences below 10*° ion/cm? allows
modification of the damaged layer at a greater
depth (the depth of the modified layer in ZrO, —
Al,O3 ceramics when irradiated with Xe??* is about
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300 — 350 nm, taking into account diffusion
effects).

Figure 4b reveals the results of the hardening
(softening) value determined by comparative
analysis of the hardness values in the initial (non-
irradiated) state and the values obtained during
irradiation with different irradiation fluences. The
data is presented as a dependence of the change in
the hardening factor as a percentage on the
magnitude of atomic displacements, determined
from the data presented in Figure 2b-c. The results
presented in Figure 4b confirm the above
assumption about the influence of the magnitude
of atomic displacements on the strengthening of
the near-surface layer of ceramics, according to
which the most effective is irradiation with Xe2**
ions with fluences of 5 — 6x10'* ion/cm?.

Figure 5 demonstrates the results of
tribological tests of ZrO, — AlLO; ceramics
depending on the type of modification of the
surface layer (in the case of varying the type of ion
irradiation and irradiation fluence). The observed
changes in the dry friction coefficient in the initial
state when comparing the values for non-irradiated
and irradiated ceramics indicate that ionic
modification leads to a slight increase in the dry
friction coefficient (no more than 3 — 5 %), which
can be explained by the effects of changes in the
morphological features of the surface of ceramics
as a result of ion modification. As a rule, during
low-energy irradiation, a change in morphology is
caused by deformation extrusion of the damaged
volume in the near-surface layer onto the surface in
the form of hillock-like inclusions, which in turn can
lead to an increase in friction and resistance during
tribological tests.

The results of tribological tests revealed that
the main changes for ZrO, — Al,O3 ceramics in the
initial (non-irradiated) state are observed after
8000 — 10000 cycles, and consist in a sharp increase
in the dry friction coefficient, which indicates
surface degradation and a decline in wear
resistance. At the same time, for samples modified
with Kr'®* jons, irradiation fluence growth from 10
ion/cm? to 5x10' ion/cm? results in a decrease in
the trend in the dry friction coefficient value, which
indicates an increase in resistance to surface
degradation under mechanical influences, and in
the case of modification of fluences of 10*° ion/cm?,
in addition to reducing the trend of deterioration of
the dry friction coefficient, there is also an increase
in the number of test cycles in which changes in the
dry friction coefficient are within the measurement
error.

For ZrO, — Al,O3 ceramics modified with Xe??*

ions at fluences of 10 — 5x10'* jon/cm?, a similar
decrease in the trend of changes in the dry friction
coefficient is observed depending on the number of
test cycles. Moreover, it should be noted that with
an irradiation fluence of 5x10%* ion/cm?, and in the
case of irradiation with Kr'>* jons with an irradiation
fluence of 10'® ijon/cm?, an increase in surface
resistance to wear is observed over a greater
number of cycles than under other irradiation
conditions. At the same time, samples of ZrO, —
Al,O3 ceramics irradiated with Xe??* ions with a
fluence of 10%® ion/cm?, as in the case of hardness
determination, during tribological tests show a
negative trend due to the lower stability of the
ceramic surface associated with a destructive
change in structural properties at a high
concentration of atomic displacements.
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Figure 5 - Results of tribological tests of ZrO, — Al,O3
ceramics: a) when irradiated with Kr>* ions;
b) when irradiated with Xe?** ions

Figure 6 shows the results of the specific
volumetric wear of the surface of ZrO, — Al,O;
ceramics as a result of tribological tests,
determined based on changes in the dry friction
coefficient before and after cyclic tests.
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Figure 7 - Results of experiments on thermal cycling of ceramics depending on irradiation conditions: a)

when irradiated with Kr®*

Analysis of the specific wear of the surface as a
result of tribological tests showed that ionic
modification with fluences of 10* —5x10%* ion/cm?
leads to an increase in wear resistance, which is
due to dislocation strengthening of the near-
surface layer. Moreover, in the case of samples of
ZrO, — Al,O3 ceramics irradiated with Kr*®* ions, the
reduction in the specific wear volume is more than
2 — 2.5 times compared to the original (non-
irradiated) ceramics, which indicates the high
prospects of using ion irradiation to increase the

ions; b) when irradiated with Xe??*

ions

strength and wear resistance of the ceramic
surface.

Figure 7 demonstrates the assessment results
of changes in the hardness of ZrO, — Al,O3 ceramics
as a result of thermal cycling at different test
temperatures (700, 1000 and 1200 °C) depending
on the number of test cycles.

As can be seen from the data presented, there
are practically no changes in hardness depending
on the number of thermal cycling cycles, there are
practically no significant changes at a temperature
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of 700 °C for all studied samples, regardless of the
type of ion exposure, which indicates a fairly high
resistance of ceramics to thermal shocks at this
temperature. It is worth to note that a slight
decrease after 4-5 test cycles at a given
temperature can be explained by a low degradation
degree of the surface layer, but this decrease is less
than 0.5 %, which is within the permissible error.
Growth in the temperature of thermal cycling tests
to 1000 — 1200 °C in the case of original (non-
irradiated) ceramics results in a decline in hardness
values after 2-3 test cycles and a sharp
deterioration in strength characteristics after 5 test
cycles. So, after 5 cycles of tests at a temperature
of 1200 °C for the initial samples, the decrease in
hardness is more than 20 %, which indicates
degradation of the resistance of ceramics to
mechanical stress. Moreover, in the case of ion
modification, a less pronounced trend of decrease
in hardness is observed during thermal cycling
tests, which indicates the positive effect of the
presence of a radiation-deformed layer, which
prevents oxidation processes of the surface layer as
a result of temperature changes, as well as during
interaction with the atmosphere in the case of
rapid removal of samples from the furnace
chamber into the air.

Figure 8 shows the results of a comparative
analysis of changes in the softening degree of
ceramics in the original (non-irradiated) and
irradiated ceramics, reflecting a decrease in the
stability of the strength properties of ceramics with
changes in thermal cycling conditions (with an
increase in the number of cycles and temperature).
The softening degree was assessed by comparing
the hardness values of the ceramics in the initial
state (before thermal cycling) with the hardness
value after each test cycle.

As can be seen from the results of the degree of
softening to thermal cycling processes and the
accompanying oxidation processes of the surface
layer when interacting with air, ceramics are least
resistant to high-temperature thermal shocks at
1200 °C, at which successive thermal cycling leads
to accelerated degradation of the hardness of the
surface layer. In the case of modified ceramics, the
decrease in hardness after 5 consecutive cycles of
thermal cycling at temperatures of 1000 °C and
1200 °C is about 2-5 % (with the exception of
ceramic samples irradiated with Xe?** ions), which
indicates fairly high resistance of ceramics to
external influences and thermal shocks that may
occur during operation.

o o o
700 °C 1000 °C 1200 °C
o 057 o 121 o
® = Pristine ® = Pristine = = Pristine
g o 10" ion/cm? g o 10" ionfem? [ 8 27| o 10"ionem? %
& oal| 4 5x10"ionfom? g 1091 4 5x10" ionfcm? & 4 5x10"™ on/cm?
S v 10" ion/em? S v 10" ion/cm? S 204 | v _10"ion/cm?
£ € £
2 L 2 ° 3
® 03 ° . °
s £ L] S 15
3 K :
=3
2 2
< 02 H € 10d i
4 3
% % [] F %
3 3 3
S 0.1 o ]
@ @ 24 : 51
Y ] 5 B % f g : ¥
; ; ; : : i :
S ool = ] E: H 3 S ol & i ; : . 8 ol % " ¢ T
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
The number of cycles The number of cycles The number of cycles
a)
o 051 o 12 o
e w  Pristine = = Pristine L = Pristine
3 o 10" ionfem? 3 o 10" ion/om? [ g 7| e 10“ioncm? i
% 0.4 5x10" jon/cm? % 1091 4 5x10™ion/cm? = A 5x10" ionfcm?
S v 10" ion/cm? 3 v 10" ion/cm? { § 204 | v 10" ion/cm?
5 i 5 s 5
® 03 - ?
@ T o
£ v S ; £ 154
k] 5 6 s ¥
[=2] o o
£ o2 £ = ]
g S § 10
] s 4 2 ¥
=
3 2 ? 2
?
k] k] 5
o ot o 24 ; 2 51
g i 2 ; ¢ g i !
@ $ o g & %
S ool —% ¥ i H : S ol i : $ 8 .l % ‘ L : ‘
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
The number of cycles The number of cycles The number of cycles

Figure 8 - Assessment results of the surface layer softening degree (changes in surface hardness) depending on the

amount of thermal cycling of ceramic samples: a) when irradiated with Kr

15+ jons; b) when irradiated with Xe??* ions




KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipba. No2(337), 2026

ISSN-L 2616-6445, ISSN 2224-5243

Conclusions

The paper presents the assessment results of
the influence of low-energy ion irradiation (with
Kr'>* and Xe2?* ions) on changes in the near-surface
layer of composite ZrO, — Al,Os ceramics, which
have great prospects for use as structural materials
capable of withstanding high temperatures and
large mechanical loads during operation. The
method of low-energy ion irradiation with Kr'>* and
Xe??* ions with energies of 300 and 440 keV and
irradiation fluences from 10* to 10*° ion/cm? was
chosen as a method for modification of the near-
surface layer. The choice of ions for irradiation is
determined by the possibility of carrying out
targeted modification of a near-surface layer with a
thickness of about 200 — 250 nm.

During the studies, it was found that the use of
Xe??* jons with fluences below 10*° ion/cm? makes
it possible to modify the surface layer at greater
depths. The depth of the modified layer in ZrO, —
Al,03 ceramics when irradiated with Xe?** is about
300 — 350 nm, taking into account diffusion effects,
while when irradiated with Kr'>* ions, the thickness
of the modified layer is no more than 300 nm.

The results of tribological tests showed that for
unmodified ZrO, — Al,0O3 ceramics, a decrease in
wear resistance appears after 8000 — 10000 cycles,
while for ceramics modified with Kr'** ions, an
elevation in irradiation fluence from 10 ion/cm? to
5x10' ion/cm? results in a decrease in the trend in
the value of the dry friction coefficient, which
indicates an increase in resistance to surface
degradation under mechanical influences. It should
also be noted that in the case of modification of
fluences of 10% ion/cm?, in addition to reducing the

trend of deterioration of the dry friction coefficient,
there is also an increase in the number of test
cycles in which changes in the dry friction
coefficient are within the measurement error.

The results of thermal cycling (determining
resistance to thermal shock) revealed that
modification by ion irradiation results in a rise in
degradation resistance and a reduction in hardness.
Moreover, in the case of an exposure temperature
of 700 °C, no changes in hardness are observed
during cyclic tests, which indicates the high
resistance of ceramics to external influences at this
temperature regime.
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TYWIHAEME

MarHeTpoH/bI WALLbIPATY KaHEe MeXaHWKanblK MHAYKUMUANAHFAH AedOopMaLUAnbIK 3Cep CUAKTHI
dficTepMeH KaTap maTepuangapablH, 6eTki KabaTTapbiHbiH, GepikTiKk KacueTTepiH MaKkcaTTbl
e3repTyfiH, MNepcnekTuBanbl aaicTepiHiH, 6ipi WoHabl MoguduKauuanay agictepi 6onbin
Tabblnagbl 3epTTeyaiH ocbl 6aFbITbIHA KbI3bIFYLUbIIbIK, €H, anabiMeH, MaTepuanaapablH, CbipTKbl
MEXaHUKanblK aHe TemTepaTypanblK acepnepre TO3iMAININH apTTbipy, COHbIMEH KaTap
©HepKacinTe naiganaHy, MeTannyprisa canacbl MeH peakTop Kacayda Y/KEH nepcnekT1sanapbl
6ap 6any 6anKUTbIH KEpaMUKanapapblH TO3yFa TE3IMAINIMIH apTTblpy MYMKIHAIriMeH 6ainaHbICTbI.
Byn kymbicta 6eTTik  KabaTra CbIpTKbl acepre Te3imginiri Kofapbl  pagvaLUANbIK
moanouKkaumanaHFaH Kabat Kypy makcatbiHaa ZrOz — Al:Os KepamwuKacbiHbIH, 6eTki KabaTbiH
sHepruacol 300 kaHe 440 keB TemeH aHepruanbl Krl5+ aHe Xe22+ noHAApbIMeH cayneneHaipy
APKbl/Ibl MOHABI MOAMbUKaUMANAY dAICIH KONAAHY MYMKIHAITH 6aFanay HaTUXKeNepi yCbiHbINFAH.
yprisinreH 3epTreynep 6apbicbiHaa Xe??* MoHaapbl ywiH 10 - 5x10% moH/cm? xaHe Kris*
noHZapbl ywin 105 noH/cm? doeHcimeH cayneneHaipy 6eTki KabatTbl MoanduKaumanayapiH,
OHTalnbl WapTTapbl 6o0nbin TabblNaTbiHbl aHbIKTaNAbl, HITWXKeciHAe cayneneHaipinmerex
KepamunKanapmeH canbiCTbipFaHaa, To3yFa Te3imainik 2.0 - 2.5 ece apTTbl aHe 6epikTiK 15 - 20%-
fa feWiH Kylwenai.

TyiiiHOi ce30ep: HepikTeHy, MOHAbIK MOAUDUKALMA, KATTbIAbIK NeH TO3yfa Te3IMAINIKTI apTTbipy,
ZrO; — Al,03 KepamunKanapbl, TOMEH 3HEPrUAbl MOHAAP.
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AHHOTALUMUA

Mcnonb3oBaHWe MeToA0B MOHHOM MOAUPUKALMM ABNAETCA OAHUM U3 NEPCNEKTUBHbIM METOA0B
HanpaB/IeHHOTO M3MEHEHUA MPOYHOCTHbIX CBOWCTB MPUMOBEPXHOCTHLIX CAOEB MaTepuasnos
HapaBHe C TaKUMW MEeTOAAMU KaK MarHEeTPOHHOE HamblIEHWE N MEXaHUYECKM MHAYLMPOBaHHOE
AedopmaumoHHoe Bosgelicteue. MHTepec K JaHHOMY HanpasieHWIo UccaeaoBaHnii obycnosneH
B MNepByl0 oyepefb BO3MOMKHOCTbIO TMOBbIWEHUA YCTOMYMBOCTM MATEpPManoB K BHELWHUM
MeXaHWYeCKUM W TepMUYECKUM BO3LAENCTBUAM, a TaKKe YBEAMYEHUIO W3HOCOCTOMKOCTU
TYronnaBkMx Kepamuk, obnagatowmx 60oAbWMMKW  NepcnekTMBamuM B MPOMbILLAEHHOM
MCNONb30BaHNUU W METaNNypruv U PeakTopocTpoeHun. B agaHHOW paboTe npeacTaBneHbl
pe3ynbTaTbl OLEHKM BO3MOXKHOCTM MPUMEHEHUA MeToAa WOHHOW MoguduKaumm nytem
06/1yyeHna NpunoBepxHocTHoro cnos ZrO; — Al,Os3 KepamuK HWU3KO3IHEPreTUYeCKMMM MOHaMM
Kr*>* u Xe??* ¢ sHepruamu 300 u 440 K3B C uUenblo CO34aHMA B NPUNOBEPXHOCTHOM C/loe
paguaumoHHO-MoaUPULIMPOBAHHOIO cnos, 061a4at0LWErO BbICOKOW YCTOMYMBOCTBIO K BHELHUM
BO3ZeNcTBMAM. B Xxoae npoBeAeHHbIX MCCNefoBaHU bbino ycTaHOB/EHO, YTo obayyeHue C
dnoeHcamm 10 - 5x10™ noH/cm? ans noHos Xe??* n 10*° noH/cm? ans noHos Kri>* asnstorca
ONTUMANbHBIMU YCAOBUAMM MOAUDUKALMM MPUNOBEPXHOCTHOTO C/I0A, B pesysibTaTe KOTOPbIX
HabnopaeTcA yBennyeHne nsHococtorkoct B 2.0 — 2.5 pasa v ynpoyHeHue 6onee yem Ha 15 —
20 % no cpaBHEHUIO ¢ HEO6YYEHHBIMU KEPAMUKAMMU.

Knovyeeble cnoea: ynpouyHeHWe, WOHHAA MOAMOWMKALMA, MOBblleHWe TBEPAOCTU U
M3HococTonkoctH, ZrO; — Al,Os KepaMMKKN, HU3KOIHEPreTUYecKne NoHbI.
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