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ORIGINAL STUDY

Effect of Ion-induced Dislocation Hardening on
Diffusion and Gas Swelling Mechanisms in
Carbide Ceramics

Dmitriy I. Shlimas a,b, Daryn B. Borgekov a,b, Kymbat M. Tynyshbayeva a, Sholpan G. Giniyatova a,
Gulnaz Z. Moldabayeva c, Artem L. Kozlovskiy a,b,*

a Engineering Profile Laboratory, L.N. Gumilyov Eurasian National University, Astana, 010008, Kazakhstan
b Laboratory of Solid State Physics, The Institute of Nuclear Physics, Almaty 050032, Kazakhstan
c Department Petroleum Engineering, Satbayev University, Almaty, 050013, Kazakhstan

Abstract

The paper presents the assessment results of the application of the method of ion modification of the near-surface
layer of SiC ceramics in order to create a dislocation hardening effect to enhance the resistance of ceramics to helium
swelling and embrittlement. Interest in this topic is due to the possibilities of expanding the practical application of ion
modification in the field of structural materials used in extreme conditions. The choice of heavy ions for the targeted
modification of the near-surface layer of ceramics is based on a hypothesis, which is based on the assumption that the
isolated structural distortions created in the near-surface layer during the interaction of incident ions with the crystal
structure can have a barrier effect on the ballistic nature of the migration of complex defects of the HeeV type, as well
as implanted helium into the material due to changes in the dislocation density in the damaged layer. According to
tribological test data, it was established that the use of Ar8þ, Kr15þ ions with fluences of 1012 - 1013 ion/cm2 allows
surface wear rate reduction during mechanical wear tests during determination of the dry friction coefficient. The
observed effect of enhancement of the resistance to the damaged layer destruction caused by the accumulation of
structural damage due to a rise in the concentration of implanted He2þ ions (in this case, the irradiation fluence and
the value of atomic displacements are implied) is due to the creation of additional dislocation defects and distortions
caused by the impact of heavy ions. The assessment results of the change in the values of the hardness of the damaged
layer along the trajectory of the He2þ ions revealed that the creation of structural distortions due to preliminary
irradiation with heavy ions creates additional barriers for the diffusion expansion of the damaged layer in depth, from
which it follows that the created effect of dislocation hardening due to irradiation with low fluences of heavy ions in the
near-surface layer plays a positive effect on enhancement of the resistance to destruction caused by gas swelling.

Keywords: Helium swelling, Dislocation hardening, Ion modification, Silicon carbide, Ceramics, Tribological testing

1. Introduction

I nterest to study the efficiency of increasing the
resistance of ceramic materials to the accumulation

of radiation damage during high-dose irradiation is
primarily due to the need to expand the understanding
of the mechanisms associated with the formation,
accumulation and subsequent evolution of radiation
defects in the damaged layer, which will make it

possible to determine the potential for application of
ceramics in nuclear power engineering, and secondly,
to expand the capabilities of technological methods for
creating high-strength radiation-resistant ceramics
[1e3]. At the same time, the creation of new types of
ceramic materials that have high resistance to radia-
tion-induced erosion of the near-surface layer, as well
as a decrease in strength parameters with the accu-
mulation of structural damage, is one of the promising
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areas of research in the field of materials science [4,5].
In this direction, one of the main technological solu-
tions related to increasing the stability of materials is
mechanical deformation of the near-surface layer,
which, due to the creation of a large concentration of
deformation distortions in the structure, increases the
dislocation density, the high concentration of which
will lead to the creation of barrier effects [6e8].
Another method for enhancement of the resistance of
materials to the ionizing radiation effects is the method
of applying thin-film coatings to the surface of ce-
ramics, the use of which makes it possible to enhance
the resistance of materials to radiation-induced
embrittlement and swelling. In this case, the use of the
mechanical deformation method can be accompanied,
in addition to hardening, by the creation of metastable
inclusions in the near-surface layer, the presence of
which, as a result of the radiation damage accumula-
tion, can result in destructive deterioration in the
properties of materials [9e12]. This method has also
been tested quite well for steels and alloys, but for
ceramic refractory materials, this method is not always
effective due to the high strength of ceramics, which
requires the use of high mechanical loads to create a
modified layer. In the case of radiation-resistant coat-
ings, it is necessary to take into account the adhesion
properties of the surface, as well as indicators of
adhesion strength, materials that characterize the
resistance of coatings to peeling from the surface of
ceramics, alongside during interaction with aggressive
media or during work at high temperatures [13e15]. It
is also very important to take into account the thermal
stability of coatings (resistance to thermal expansion),
which plays a significant role in determination of the
stability of materials in the case of operation under
conditions of high dose loads and irradiation temper-
atures [14e17]. Recently, methods of ion implantation
with low-energy ions (irradiation fluences of the order
of 1015e1017 ion/cm2) [18,19] or the creation of a
defective damaged layer of a given thickness in ce-
ramics using irradiation with heavy ions with low flu-
ences (of the order of 1011e1013 ion/cm2) have been
considered as alternative methods of material hard-
ening [20,21]. In the case of ion implantation, the main
emphasis is placed on creation of the effect of substi-
tution of atoms in the crystal lattice nodes of the base
material by implanted ions, thereby simulating the ef-
fect of alloying and increasing strength characteristics
due to the structural modification of the near-surface
layer (usually about 100e500 nm thick) [22,23]. Dur-
ing the use of the heavy ion irradiation method, the
modified layer thickness can be on the order of several
microns, which not only expands the depth of the
modified layer (in comparison with the ion implanta-
tion method), but also allows the creation of a barrier

layer at a depth much greater than the penetration
depth of low-energy ions, which in the case of defect
migration will significantly reduce the effect of diffu-
sion of radiation defects into the material. At the same
time, this modification method is based on the theory of
creating a dislocation-hardened layer (a layer contain-
ing a high concentration of dislocations and point de-
fects), the presence of which will reduce the effect of
structural volumetric swelling that occurs during the
accumulation of nuclear reaction products in the form
of helium and hydrogen ions, the agglomeration of
which in the near-surface layer plays a very important
role in the degradation of ceramics used as structural
materials in nuclear reactors [24,25].
The main objective of the presented work is to

determine the effectiveness of radiation-induced
dislocation hardening of the near-surface layer of SiC
ceramics against helium embrittlement and a decrease
in strength characteristics. The results presented in the
work reflect the verification of the hypothesis on the
use of high-energy irradiation with heavy ions to
enhance the stability of the near-surface layers, due to
the creation of additional structural distortions and
dislocations, the presence of which limits the diffusion
processes of implanted helium, and also restrains the
gas deformation swelling of the near-surface layer
during high-dose irradiation.

2. Materials and methods of research

In order to create additional dislocation defects in
the near-surface layer caused by irradiation with heavy
ions at low fluences, the studied samples of SiC ce-
ramics were irradiated with Ar8þ, Kr15þ and Xe23þ ions
with energies of 70, 150 and 230 MeV, respectively,
and irradiation fluences of about 1011e1013 ion/cm2,
the choice of which is due to the possibility of changing
the near-surface layer with a thickness of about
10e12 mm (see the data presented in Fig. 1a). The
choice of ions for modification is determined by their
differences in ionic radii, as well as ionization losses,
the magnitude of which determines the degree of
structural deformation and the depth of the damaged
layer during irradiation. Moreover, an alteration in the
type of ions, according to the simulation results, leads
to growth of ionization losses during interaction with
electron shells, from which it follows that the most
pronounced changes associated with ionization pro-
cesses, and as a consequence, destruction due to
anisotropic changes in electron density and the for-
mation of metastable inclusions will be observed for
the case of irradiation with Xe23þ ions. It should also be
noted that a change in the type of ions will lead to a rise
in the size of structurally deformed areas, due to dif-
ferences in the values of ionization losses, which, in the

D.I. Shlimas et al. / Eurasian Journal of Physics and Functional Materials 8 (2024) 166e177 167



case of an elevation in fluence, can result in more
pronounced effect of deformation distortions caused by
the occurrence of the effect of overlapping of these
areas arising along the trajectory of ion movement in
the damaged layer. The choice of irradiation fluence
was based on the possibilities of simulation of the
emergence of isolated structurally altered regions
arising along the trajectory of ion movement in the
damaged layer (at irradiation fluences of 1011 ion/cm2)
and their partial or complete overlap at higher irradi-
ation fluences. The irradiation was carried out on the
DC-60 accelerator (Institute of Nuclear Physics of the
Ministry of Energy of the Republic of Kazakhstan,
Astana, Kazakhstan). The choice of the type of ions and
their energy is determined by the possibilities of
creating defective inclusions that arise due to athermal
and ionization effects that occur during the interaction
of ions with the electronic and nuclear subsystems of
ceramics. The estimated atomic displacement value for
the selected fluences of heavy ion irradiation is no
more than 0.001 dpa, which is quite small compared to
the effects that occur with high-dose irradiation with
low-energy He2þ ions used to simulate the gas swelling
processes of the near-surface layer.
Irradiation with low-energy He2þ ions with energies

of about 40 keV was performed at the heavy ion
accelerator DC-60 (Institute of Nuclear Physics of the
Ministry of Energy of the Republic of Kazakhstan,
Astana, Kazakhstan). Fig. 1b illustrates the simulation
results of the ionization losses of He2þ ions, reflecting
the connection between the values of the distribution
of kinetic energy during collisions along the trajectory
of ion movement in the damaged layer. When modeling
ionization losses, a model was used that takes into
account cascade effects, as well as the associated
structural changes caused by the effects of displace-
ment and widening of the damaged area. The

irradiation fluences were selected in the range from
1015 to 1018 ion/cm2, the choice of which is due to the
possibility of modeling the kinetics of accumulation of
structural deformation distortions in the damaged
surface layer in a wide range of atomic displacement
values (of the order of 1e40 dpa at irradiation fluences
above 1016 ion/cm2 according to the calculation data
based on simulation of the atomic displacement values
presented in Fig. 1c), characteristic of the structural
damage accumulation during long-term operation of
structural materials used in the active zone of new-
generation reactors.
Tribological tests were performed using the ball-on-

disk method, where a 5 mm diameter Al2O3 ball was
used as a counterbody (ball). The sliding speed was
0.25 m/s, the counterbody load was 100 N. The num-
ber of test cycles was 15,000 cycles. The tests were
carried out both for the initial samples and for those
irradiated with heavy Ar8þ, Kr15þ and Xe23þ ions in
order to determine the influence of heavy ions on the
change in the friction coefficient, and also, in the case of
irradiation with He2þ ions, to identify the influence of
dislocation hardening on wear resistance.
Determination of degradation resistance due to

changes in the near-surface layer was carried out using
the scratch test method, performed on a Unitest
framework SKU UT-750 (Unitest, USA) installation. The
results of the adhesive strength reflect the effectiveness
of the influence of high-energy irradiation on elevation
of the resistance of the near-surface layer to peeling
under mechanical action, which is caused by the
accumulation of structural deformations associated
with the accumulation of implanted ions, as well as
atomic displacements caused by them in the damaged
layer.
The influence of the diffusion mechanism of weak-

ening of the damaged layer, the occurrence of which is

Fig. 1. a) Results of simulation of the values of ionization losses of incident Ar8þ, Kr15þ and Xe23þ ions in the near-surface layer of SiC ceramics,
reflecting the change in differences in the energy transferred by incident ions to the crystal structure as a result of interaction; b) Results of
simulation of ionization losses of He2þ ions in the near-surface layer of SiC ceramics; c) Results of simulation of the change in the atomic
displacement value along the trajectory of He2þ ions in the near-surface layer of SiC ceramics.
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associated with the migration of implanted He2þ ions in
the damaged layer into the material at a depth
exceeding the maximum path length of the ions, was
determined by measuring the hardness values along
the trajectory of the ions, as well as at a depth
exceeding this value. The measurements were carried
out using hardness measurements on side cleavages
using the nanoindentation method. The data values
were obtained as serial measurements in depth with a
step of 50 nm.
The influence of the dislocation hardening effect

caused by the deformation action of heavy ions was
assessed by comparing the values of the crystal lattice
volume before and after irradiation with He2þ ions in
order to determine the value of the volumetric swelling
caused by the cumulative effect associated with the
migration processes of implanted helium in the
damaged layer.

3. Results and discussion

The volumetric swelling of the near-surface layer of
SiC ceramics exposed to He2þ ion irradiation with
different irradiation fluences was determined by the
assessment of the change in the parameters of the
crystal lattice and its volume. The magnitude of volu-
metric swelling of the crystal structure was estimated
based on changes in the parameters of the crystal lat-
tice in the initial state and after irradiation, the result of
which was an assessment of the deformation of the
crystal structure, as well as its volume due to the
accumulation of structural distortions. A comparison of
the crystal lattice volume of the irradiated samples was
carried out with the initial volume value, which made it
possible to determine not only the percentage ratio of
volumetric swelling associated with helium agglomer-
ation and the deformation distortions caused by these
processes, but also the type of deformation distortions

caused by an elevation in tensile stresses resulting in
crystal lattice deformation. The results of alterations in
the volumetric swelling value are presented in Fig. 2 in
the form of comparative dependences of changes in
volumetric swelling of the near-surface layer of un-
modified ceramics subjected to irradiation with He2þ

ions with different irradiation fluences with similar
data obtained for samples pre-irradiated with heavy
ions with different fluences. The data are presented
depending on the atomic displacement value, which
made it possible to compare the kinetics of the
dependence of structural changes on the near-surface
layer damage degree.
According to the assessment of the change in volu-

metric swelling of the near-surface layer of ceramics
contingent upon the type of preliminary exposure to
heavy ions and subsequent irradiation with He2þ ions,
it was found that the formation of additional disloca-
tions during irradiation with Ar8þ and Kr15þ ions re-
sults in significantly less pronounced changes in
volumetric swelling, which indicates the inhibition of
migration processes associated with the agglomeration
of implanted helium in the near-surface layer. More-
over, in the case of irradiation with Kr15þ ions, the
volumetric swelling value reduction at an irradiation
fluence growth is more pronounced than in the case of
irradiation with Ar8þ and Xe23þ ions (for which the
changes in volumetric swelling are minimal in com-
parison with non-irradiated samples). This behavior of
structural changes can be explained by the balance of
the distribution of kinetic energy during the interaction
of incident particles with the crystal structure, which
leads to the creation of structurally isolated regions
containing dislocations, but the sizes of these regions
are such that the overlapping effect, which can result in
creation of complex structural distortions that can be
observed during irradiation with Xe23þ ions, is not
created in the case of irradiation with Kr15þ ions.

Fig. 2. Assessment results of the change in the volumetric swelling of the near-surface layer of SiC ceramics as a result of the change in the fluence of
irradiation with He2þ ions, obtained on the basis of changes in the structural parameters of the crystal lattice: a) in case of irradiation with Ar8þ

ions; b) in case of irradiation with Kr15þ ions; c) in case of irradiation with Xe23þ ions.

D.I. Shlimas et al. / Eurasian Journal of Physics and Functional Materials 8 (2024) 166e177 169



Moreover, the decline in the volumetric swelling value
of the crystalline structure of the damaged layer for
modified samples in comparison with the data for un-
modified ceramics indicates a positive influence of the
effect of structural changes associated with the for-
mation of structural distortions and changes in dislo-
cation density in the damaged layer. In this case, the
obtained data on the differences in the values of volu-
metric swelling are direct confirmation of the effect of
dislocation hardening created by the interaction of
heavy ions with the crystalline structure of the near-
surface layer, as well as the formation of isolated
structural regions that arise along the trajectory of ion
movement in the material (isolation is achieved by
irradiation with low fluences, at which, according to the
data of works [26,27], the overlap effect is minimal).
The influence of deformation distortion, alongside

restraining factors in the form of dislocation hardening
caused by the effect of heavy ions, on the softening of
the near-surface layer and the reduction of resistance
to external mechanical influences was determined
using the method of determination of the dry friction
coefficient of the samples under study. Changes in the
dry friction coefficient depending on the number of test
cycles reflect the dynamics of deterioration of the near-
surface layer under mechanical influences caused by
partial embrittlement of structurally deformed areas
associated with the accumulation of implanted helium
in the near-surface layer.
Fig. 3 reveals the results of tribological tests of the

studied ceramics, performed using the “ball on disk”
method, reflecting the effect of irradiation with heavy
Ar8þ, Kr15þ and Xe23þ ions on changes in surface wear
during friction. The data are presented in order to
identify the degradation rate of the ceramic surface in
the case of irradiation with heavy ions, in order to
subsequently take this factor into account during
assessment of changes in the wear rate of samples
irradiated with He2þ ions.

The results of tribological tests of the studied
ceramic samples exposed to irradiation with heavy
Ar8þ and Kr15þ ions depending on the variation of the
irradiation fluence did not show significant changes in
the dry friction coefficient, indicating a low effect on
the wear resistance of ceramics in the case of irradia-
tion with low fluences characteristic of isolated struc-
tural changes. It should also be noted that in this case,
that under heavy ion irradiation, the main changes in
the structure at low irradiation fluences are distributed
in a fairly large volume, and the isolated nature does
not allow for a negative impact on the stability against
destruction in the case of radiation-resistant ceramics.
In the case of irradiation with heavy Xe23þ ions, the
observed changes in the dry friction coefficient,
expressed as an increase of about 10 % compared to
the initial values at maximum irradiation fluence, can
be explained by deformation distortion of the near-
surface layer due to the formation of an overlap of
structurally altered areas.
Fig. 4 shows the results of tribological tests of the

studied ceramics after irradiation with He2þ ions with
different irradiation fluences, reflecting the degradation
of the near-surface layer caused by the structural
damage accumulation during the agglomeration of he-
lium in the voids of the crystal structure and the
deformation distortions of the damaged layer associated
with these processes. The dynamics of the change in the
coefficient of dry friction in the case of SiC ceramics
(unmodified) depending on the fluence of irradiation
with He2þ ions indicates a cumulative effect of struc-
tural distortions, an elevation in the concentration of
which (according to the data presented in Fig. 2, see the
results of volumetric swelling) results in destabilization
of the surface and deterioration of friction, the main
changes of which are observed with prolonged expo-
sure. Moreover, the nature of the surface degradation,
which is indicated by the dry friction coefficient growth
with a rise in the number of test cycles, indicates the

Fig. 3. Results of tribological tests of SiC ceramics subjected to heavy ion irradiation in order to create a hardening effect in the near-surface layer: a)
in case of irradiation with Ar8þ ions; b) in case of irradiation with Kr15þ ions; c) in case of irradiation with Xe23þ ions.
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destructive effect of volumetric swelling, which is most
pronounced at fluences of 1017e1018 He2þ/cm2, for
which, according to several works [28e30], the forma-
tion of gas-filled inclusions can be observed in the
structure of the damaged layer. In this case, the
observed acceleration of surface destruction, expressed

in the counterbody resistance growth during friction,
can be explained by the effect of the damaged layer
destruction due to the opening of gas-filled inclusions,
as well as embrittlement of the surface, which results in
the surface destabilization, and as a consequence, the
creation of additional obstacles during friction.

Fig. 4. Results of tribological tests of the studied ceramics after irradiation with He2þ ions with different irradiation fluences: a) in the initial state
(not modified by heavy ion irradiation); b) irradiated with Ar8þ ions with different irradiation fluences; c) irradiated with Kr15þ ions with different
irradiation fluences; d) irradiated with Xe23þ ions with different irradiation fluences.
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In turn, for modified ceramics irradiated with heavy
Ar8þ, Kr15þ and Xe23þ ions, the trends in the change in
the dry friction coefficient depending on the irradiation
fluence of Не2þ ions have significant differences in
comparison with the changes observed for unmodified
ceramics, as evidenced by the data presented in
Fig. 4bed. It is important to note that the general trend
of changes in the dry friction coefficient for samples
modified with heavy ions has a similar nature, indi-
cating a destructive change in the surface of irradiated
samples as a result of mechanical effects, but the
magnitude of the changes, as well as the number of
cycles at which changes begin to be recorded, have
clearly expressed differences from similar data
obtained for unmodified samples of SiC ceramics
subjected to irradiation with Не2þ ions. Such differ-
ences indicate a positive effect of preliminary ion
modification associated with irradiation of ceramics
with heavy Ar8þ, Kr15þ and Xe23þ ions on enhancement
of degradation resistance and wear resistance of the
near-surface layer of ceramics. It should be mentioned
that the observed effects of increased wear resistance
can also be explained by a decline in the volumetric
swelling of the near-surface layer under high-dose
irradiation with Не2þ ions, the reduction of which, as
was shown earlier, is due to the effects of dislocation
hardening caused by the interaction of heavy ions with
the crystalline structure of ceramics.
Fig. 5 illustrates the assessment results of the

change in the surface wear rate, which were obtained
by comparative analysis of changes in the dry friction
coefficient at the initial value and after the tests,
reflecting the surface degradation depending on the
concentration of accumulated structural distortions
caused by irradiation. The rate of degradation of the
damaged layer was estimated using the obtained data
on changes in the dry friction coefficient in the initial
state and after resource tests for resistance to external
influences. In this case, the calculation was carried out

for each sample individually, taking into account the
changes caused by preliminary modification with
heavy ions. The damage rate calculations were per-
formed using data on changes in the structural pa-
rameters of ceramics caused by prior exposure to
heavy ions. The calculations were performed taking
into account the changes caused by heavy ion irradi-
ation, as a result of which the structural parameter
values for each series of samples after heavy ion
irradiation were used in the calculations. The trends in
the wear rate change are presented depending on the
atomic displacement value calculated on the basis of
the simulation results taking into account the irradi-
ation fluence of He2þ ions; the data are presented for
each type of heavy ion used for modification depend-
ing on the irradiation fluence.
The general form of the presented wear rate de-

pendencies, which in this case can be considered as the
degradation degree of the near-surface layer under
mechanical influences over a long period of time, in-
dicates that the creation of structurally isolated dis-
torted areas in the near-surface layer due to irradiation
with heavy ions makes it possible to reduce the surface
degradation degree and elevate the resistance of the
near-surface layer to wear resulting from mechanical
influences. At the same time, in the case of samples
modified with Ar8þ, Kr15þ ions, an increase in the trend
of degradation resistance growth is observed with a
rise in the fluence of irradiation with heavy ions from
1011 to 1013 ion/cm2, from which it follows that the
hardening effect is significantly influenced by the con-
centration and size of structurally isolated deformed
regions formed as a result of irradiation. This is also
evidenced by the data obtained for samples irradiated
with Xe23þ ions, for which a decrease in the trends of
degradation resistance is observed, especially for an
irradiation fluence of 1013 ion/cm2, which is charac-
terized by the effect of the emergence of overlapping
regions of structurally deformed regions, as a result of

Fig. 5. Results of the assessment of changes in the wear rate calculated on the basis of changes in the dry friction coefficient during cyclic tribological
tests: a) in case of irradiation with Ar8þ ions; b) in case of irradiation with Kr15þ ions; c) in case of irradiation with Xe23þ ions.
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which the effect of reduced resistance to external in-
fluences may arise.
Fig. 6 demonstrates the results of a comparative

analysis of the degradation degree of the near-surface
layer, calculated on the basis of changes in the dry
friction coefficient at maximum irradiation fluence
(1018 Не2þ/cm2), which reflect the maximum degree of
wear resistance growth due to hardening due to irra-
diation with heavy ions. According to the data pre-
sented, the greatest efficiency in elevation of resistance
to degradation during wear is observed for samples
modified with Ar8þ, Kr15þ ions with fluences of
1012e1013 ion/cm2, for which the increase in resis-
tance is more than 30e45 % depending on the irradi-
ation fluence. In the case of using Xe23þ ions, the
highest efficiency is observed for samples irradiated
with a fluence of 1011 ion/cm2, while an irradiation
fluence growth above 1011 ion/cm2 leads to an effi-
ciency reduction in comparison with other types of ions
used for modification. This effect in the case of irradi-
ation with Xe23þ ions can be explained by differences in
the values of ionization losses, an elevation in which
leads to a rise in the diameter of structurally distorted
regions, which in turn results in formation of an
overlap effect with an increase in fluence, which was
reported in Refs. [31,32]. In this case, the formation of
the overlap effect results in more pronounced alter-
ations in the structure of the damaged layer and its
destabilization, which, when irradiated with low-

energy He2þ ions, results in less pronounced inhibition
of deformation distortions associated with the cumu-
lative effect.
Fig. 7 reveals the assessment results of changes in

the critical load required for peeling off the near-
surface layer as a result of scratch tests for the studied
ceramic samples, performed under different irradiation
conditions. Analysis of the change in the value of ad-
hesive strength, characterized by the value of the
maximum load of samples subjected to modification by
heavy Ar8þ, Kr15þ and Xe23þ ions, revealed that an
alteration in the irradiation conditions results in
insignificant changes in the value of the adhesive
strength of the coatings, which can be explained by the
low concentration of structurally isolated distorted
areas in the damaged layer, as well as by fairly good
indicators of the resistance of SiC ceramics to minor
radiation damage caused by irradiation with heavy ions
at low irradiation fluences, characteristic of the crea-
tion of isolated structural distortions in the damaged
layer.
The results of the adhesive strength of the near-

surface layer, shown in the figure, depending on the
type of ionic action (in the case of modification), as well
as the degree of structural distortions caused by atomic
displacements, indicate a positive dynamic in elevation
of the resistance of the near-surface layer to tearing. It
should be noted that in the case of ceramics not
modified by ion irradiation, high-dose irradiation with
He2þ ions results in sharp decrease in adhesive
strength, the deterioration of which in this case can be
explained by effects associated with volumetric
swelling, the increase of which is due to the accumu-
lation of structural distortions and deformations in the
damaged layer, which leads to its destabilization. At the
same time, the accumulation of structural distortions,
and as a consequence, in the case of high-dose irradi-
ation, the possible formation of gas-filled inclusions in
the damaged layer, associated with the agglomeration
of implanted helium in voids and structurally distorted
cavities, can contribute to a reduction in the resistance
of the near-surface layer to mechanical impacts. In turn,
volumetric swelling of the surface layer due to the
agglomeration of implanted helium in the voids can
create additional deformation distortions due to an
elevation in pressure in the cavities, which in the case
of mechanical external influences can results in partial
peeling or detonation opening of damaged cavities,
which was previously reported in Refs. [33,34]. More-
over, the mechanisms of detonation opening of such
gas-filled inclusions in ceramics were described in
sufficient detail in a number of works [35,36] related to
the study of the mechanisms of gas swelling under
high-dose irradiation with He2þ ions. By evaluating the
efficiency of elevation of the resistance to peeling in the

Fig. 6. Results of comparative analysis of changes in the near-surface
layer degradation value (surface wear rate), obtained for samples
irradiated with Не2þ ions at a fluence of 1018 Не2þ/cm2 for samples
modified with heavy ions with different irradiation fluences (the red
dotted line indicates the surface degradation value in the case of un-
modified ceramics, relative to which the calculation of the efficiency of
wear resistance elevation was carried out).
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case of modified ceramics subjected to irradiation with
He2þ ions, in comparison with the results for unmod-
ified ceramics, it was found that irradiation with Ar8þ

and Kr15þ ions at fluences of 1012e1013 ion/cm2 re-
sults in more than twofold increase in the resistance of
the surface to peeling in the case of maximum fluence
of irradiation with He2þ ions. Such high efficiency
values are due to a decrease in the degree of volumetric
swelling in the case of modified samples. However, in
the case of irradiation with Xe23þ ions, the observed
changes have a slightly smaller efficiency trend, the
change of which in this case can be explained by the
effect of overlapping structurally modified areas, which
contributes to a decline in resistance to deformation
embrittlement under high-dose irradiation with Не2þ

ions.
Fig. 8 illustrates the assessment results of the change

in the hardness value by the depth of the sample,
performed along the trajectory of ion movement in the
ceramic material. These dependencies are given in
order to reflect the change in hardness, reflecting the
formation of the effect of softening of the damaged
layer associated with the cumulative effect caused by
structural distortions, and also to determine the ki-
netics of the diffusion expansion of the damaged layer,
the changes of which are caused by migration
processes.

In the case of unmodified SiC ceramics, a growth in
the irradiation fluence of He2þ ions, according to the
data presented in Fig. 8a, leads to a rise in the damaged
layer thickness, at which changes in the hardness
values are recorded, indicating diffusion mechanisms
that cause softening of the near-surface layer [37e39].
Such effects can be explained by the ballistic transfer of
defects deep into the material, which results in
destruction of the crystalline structure at a greater
depth, exceeding the penetration depth of ions in the
damaged layer. At the same time, the exponential trend
of changes in hardness values at a depth exceeding the
ion path depth, together with changes in this trend with
an elevation in irradiation fluence, is a direct confir-
mation of the ballistic transfer of defects, as well as
implanted ions in the damaged layer.
For modified (irradiated with heavy ions) SiC ce-

ramics, in the case of Ar8þ and Kr15þ ions, the analysis
of trends in the change in hardness profiles by depth
indicates a positive effect of elevation of the softening
resistance of the near-surface layer associated with the
creation of restraining defective inclusions of implan-
ted ions and the associated structural distortions of the
damaged layer. In this case, the most pronounced effect
is observed when irradiated with Ar8þ and Kr15þ ions
with a fluence of 1012e1013 ion/cm2. For samples
modified with Xe23þ ions, this effect is less pronounced

Fig. 7. Results of studies of the adhesive strength of the near-surface layer, determined by the scratch test method: a) results of changes in the critical
load value during assessment of the adhesive strength for samples subjected to heavy ion irradiation with different fluences; results for changes in
the critical load value after irradiation with He2þ ions for samples pre-irradiated with heavy ions: b) irradiated with Ar8þ ions with different
irradiation fluences; c) irradiated with Kr15þ ions with different irradiation fluences; d) irradiated with Xe23þ ions with different irradiation
fluences.
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in comparison with the results obtained for ceramic
samples irradiated with Ar8þ and Kr15þ ions, however,
in comparison with unmodified samples, the efficiency
of restraining the diffusion expansion of the damaged
layer is traced.

4. Conclusion

During the experiments, it was established that the
creation of dislocation strengthening in the near-
surface layer due to irradiation with Ar8þ and Kr15þ

ions is a fairly effective method for inhibiting diffusion

processes of deformation softening of the near-surface
layer of SiC ceramics. At the same time, the observed
inhibition of volumetric swelling caused by the cumu-
lative effect associated with high-dose irradiation with
He2þ ions indicates the promise of using the proposed
method of creating defective inclusions in the damaged
layer to reduce the degradation rate of ceramics
associated with gas swelling. In this case, the main
mechanism of containment is the creation in the near-
surface layer of structurally isolated distorted regions
with a changed dislocation density, which serve as
barriers for the migration of complex defects of the

Fig. 8. Results of hardness measurements along the ion trajectory in the material, reflecting the softening effect caused by irradiation with Не2þ ions
in the near-surface layer: a) in the initial state (not modified by heavy ion irradiation); b) irradiated with Ar8þ ions with different irradiation
fluences; c) irradiated with Kr15þ ions with different irradiation fluences; d) irradiated with Xe23þ ions with different irradiation fluences.
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HeeV type, the formation of which is due to the uni-
fication of helium with vacancy defects, the presence of
which is due to athermal processes occurring in the
damaged layer during high-dose irradiation with He2þ

ions. The structurally isolated distorted areas created
by heavy ions along the ion trajectory in the material
create additional obstacles to the migration of point
and vacancy defects, thereby slowing down the pro-
cesses of their agglomeration in the damaged layer.
Similar effects are observed for dispersion hardening
associated with changes in the grain sizes of materials,
in which a decrease in grain sizes leads to the creation
of additional grain boundaries that are sinks for point
defects, vacancies and dislocations.
It was found that with an elevation in the irradiation

fluence of He2þ ions above 1017 ion/cm2 in unmodified
samples, a steep rise in volumetric swelling, caused by
two factors: the accumulation of structural distortions
associated with deformation processes in the crystal
structure, and the agglomeration of implanted helium
in the near-surface layer, which is accompanied by the
formation of gas-filled inclusions that have a destruc-
tive effect on the near-surface layer, is observed.
Moreover, the creation of dislocation defects due to
irradiation with heavy Ar8þ and Kr15þ ions leads to the
inhibition of diffusion mechanisms resulting in
agglomeration, which is clearly seen from the trends in
the change in volumetric swelling.
Analysis of the results of hardness measurements

along the trajectory of He2þ ions in the near-surface
layer revealed that irradiation fluence growth leads to a
diffusion expansion of the damaged layer, in which
softening effects, caused by the ballistic nature of the
transfer of defects into the depths of the material
during high-dose irradiation, are observed. At the same
time, modification with heavy Ar8þ and Kr15þ ions re-
sults in the damaged layer thickness reduction in ce-
ramics, a decrease of which indicates the inhibition of
the processes of diffusion of defects into the depth of
the material.
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