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Abstract

The paper is devoted to the study of the influence of variation of ZrO, ceramics grain sizes on the resistance to radiation-
induced swelling under irradiation with low-energy He?" ions. The choice of ZrO, ceramics as objects of research is due to
high levels of mechanical strength and hardness, as well as low rates of thermal expansion, which eliminates the effects of
thermal expansion and destruction when operating at high temperatures, as well as good insulating properties, which makes
it possible to use these ceramics both as radiation-resistant materials in nuclear energy in the manufacture of inert matrices
of dispersed nuclear fuel, and as a basis for creation of fuel cells for the production of hydrogen. During the studies of the
influence of mechanochemical grinding conditions on the change in dimensional factors in ZrO, ceramics, it was found that
increasing the grinding speed from 300 to 900 rpm does not lead to the initiation of polymorphic transformation processes
of the m-ZrO; - t-ZrO, type, which are also not initiated during thermal annealing of samples at a temperature of 1500 °C,
the choice of which was due to thermal relaxation of structural deformation distortions caused by mechanochemical grinding
during grain crushing. In determining the influence of size effects (dislocation strengthening) on the resistance of ZrO;
ceramics to radiation-induced swelling under high-dose irradiation with He?* ions, it was found that a decrease in grain size
by 2.5 — 3 times leads to an increase in resistance to swelling and softening by 1.5 — 2 times. Moreover, for ZrO, ceramic
samples obtained at grinding speeds of 700 — 900 rpm, strengthening is not only due to dimensional factors, but also to the
structural ordering of the crystal lattice, due to thermal relaxation of residual mechanical stresses.
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1. Introduction

Interest in radiation-resistant materials, as well as ways to
increase their resistance to external influences through simple
modification methods that do not require large costs and
energy resources, has been most evident in the last decade, and
is primarily due to the development of alternative energy, in
which great emphasis is placed on new generation nuclear
energy. At the same time, the most promising areas in nuclear
energy are high-temperature nuclear reactors, as well as
thermonuclear reactors, which can increase the efficiency of
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energy productivity, as well as increase the service life and
burn-up of nuclear fuel through the use of more stable
structural materials capable of withstanding prolonged
exposure to radiation combined with high temperatures. The
criteria of high radiation resistance, the ability to withstand
high exposure temperatures, as well as maintain strength and
thermophysical characteristics for a long time, are among the
main ones when considering new types of materials as
structural materials for new generation nuclear reactors.!'-!
At the same time, much attention among structural
materials for new generation nuclear reactors (including high-
temperature ones) is given to ceramics. such as beryllium
oxide (BeO),"#! zirconium dioxide (ZrO,),”!1 magnesium
oxide (MgO),!"?l aluminum magnesium spinel (MgA1,04),!'>
151 aluminum nitride (AIN),!'6-81 silicon nitride (Si3Na),!*2!]
silicon carbide (SiC)?'-?’l tantalum carbide (TaC)?% and their
composite double or triple compounds.?>2¢! Interest in these
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types of ceramics, considered as structural materials, is
primarily due to high strength indicators (about 1000 - 2000
HV), high melting temperature (for most ceramics Tmelc~ 1700
- 2500 °C), low thermal expansion when heated, as well as
good insulating and dielectric characteristics. The prospects
for using these types of ceramics as structural materials are
covered in sufficient detail in fundamental works W.J.
Weber,'21 G. Was,34 S. J. Zinkle,>! which describe in
sufficient detail the prospects for using various types of
ceramics as materials for the first wall of nuclear reactors,
materials for creating dispersed nuclear fuel (as inert matrices
or cer — cer materials), as materials used for long-term disposal
of long-lived nuclear waste, efc. At the same time, much
attention in these works is paid to the description of the
mechanisms of radiation resistance of ceramics and their
features in comparison with traditional metals and alloys,
which are used today as structural materials in nuclear
energy.l?’?8 A distinctive feature of ceramics from metals and
alloys when describing the mechanisms of radiation damage
is their dielectric nature, which imposes certain restrictions on
the migration cascade effects associated with the ionization of
electrons during the interaction of incident ions with the
crystal structure. These limitations are due to the dielectric
characteristics of most refractory ceramics, which in the case
of large values of energy transferred to the electronic
subsystem of the damaged layer, which, as is known, leads to
cascade effects of electron displacement, can lead to the
formation of anisotropy of the electron density distribution
due to the irreversible mechanism of electron displacement. In
this case, the occurrence of anisotropy in the electron density
distribution during high-dose irradiation can lead to a thermal
effect associated with the formation of highly defective areas
and structural distortions, which, when accumulated in the
structure of the damaged layer, can lead to embrittlement and
radiation erosion of the surface with its partial destruction.
Also, differences in radiation damage in ceramics and
metals are also reflected in the case of high-dose irradiation
with helium (He?"), hydrogen (H") ions, leading to gas
swelling processes associated with the effects of filling pores
and voids with helium and hydrogen ions and subsequent
deformation distortion of the surface layer, associated with a
rise in gas-filled cavities, which, in the case of a sharp increase
in the concentration of implanted ions, initiate processes of
explosive destruction of the near-surface layer. In the case of
metals, these effects occur at irradiation fluences of 105 — 107
ion/cm?, while for ceramics, it has been established that the
blister formation effect is observed at fluences of 10'7 — 5x10'7
ion/cm?. This difference in the effects of blister formation is
associated with the structural features of ceramics, most of
which are characterized by a hexagonal or monoclinic type of
crystal structure, which lead to asymmetry of deformation
distortions due to differences in the faces and, accordingly, a
decrease in the rate of accumulation of structural distortions in
the damaged layer with increasing irradiation fluence.
Moreover, in the case of ceramics, unlike metals and alloys,
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radiation resistance is greatly influenced by effects associated
with ionization processes that can lead to irreversible
structural changes, such as amorphization and the formation
of latent tracks,>-" polymorphic transformations associated
with structural changes®'*?l a huge variety of point defects in
different crystal sublattices®**! as well as deformation
swelling and surface erosion.*** In this regard, much
attention for ceramic materials planned to be used as structural
materials operating under conditions of increased background
radiation is given to ways to enhance radiation resistance by
adding stabilizing additives to the composition®! and the
formation of two-phase ceramics!*! or by changing the grain
sizes in order to increase the dislocation density and create
additional barriers to point and vacancy defects,*”! as well as
implanted ions in the case of He?" or H' irradiation.

The purpose of this study is to determine the effect of
variation in grain sizes of ZrO, ceramics on resistance to
radiation-induced swelling when irradiated with low-energy
He?" ions. The main hypothesis underlying this study is to
determine the influence of changes in grain sizes, which can
lead to additional boundary effects in the damaged layer of
ceramics on radiation resistance and destruction processes
associated with the accumulation of implanted He?" under
high-dose irradiation.

2. Materials and methods

Powders with a grain size of the order of 1.5 — 3 um and a
monoclinic type of crystal lattice were used as initial samples
of ZrO, ceramics. These powders were purchased from Sigma
Aldrich (Sigma, USA), the chemical purity of the samples in
the initial state was 99.95 %.

Variation of the grain sizes of ZrO; ceramics was carried
out by mechanochemical grinding (wet grinding method) in a
planetary mill PULVERISETTE 7 premium line (Fritsch,
Berlin, Germany) by changing the grinding speed from 300 to
900 rpm. To do this, samples of ZrO, powders were mixed
with ethyl alcohol and placed in a 45 m EASY GTM grinding
glass (zirconium dioxide material), in which balls with a
diameter of 1.6 mm were used as grinding media. During
grinding, changes in temperature and pressure in the grinding
glass were monitored, which made it possible to evaluate the
mechanisms occurring during grinding, as well as to evaluate
the possibility of thermal heating of samples during crushing
at high speeds. The grinding time was about 1 hour, after
which the samples were removed from the glass and subjected
to thermal annealing in a Nabertherm LE 4/11/R6 muffle
furnace (Nabertherm, Lilienthal, Germany) at a temperature of
1500 °C for 5 hours, the heating rate was 20 °C/min, the
samples were cooled together with the furnace for 24 hours
after the annealing period had expired. The choice of
annealing conditions and temperature is determined by the
need to initiate the processes of thermal relaxation of
mechanically induced deformation distortions that arise
during the crushing of grains during grinding. In this case, the
annealing temperature was selected experimentally in order to
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achieve the maximum effect of thermal relaxation of defects,
while avoiding the effects of increasing grain growth during
sintering. The choice of sample annealing temperature is based
on a priori experimental work, according to which it was
determined that at lower annealing temperatures the process
of structural ordering occurs unevenly throughout the volume
of annealed samples, and at higher temperatures the
agglomeration effect dominates when grains are sintered into
large agglomerates.

Determination of the grain sizes of the resulting ZrO,
ceramics during their mechanochemical grinding and
subsequent thermal annealing (used to relax mechanical
deformation distortions) was carried out using the optical laser
diffraction method implemented on an ANALYSETTE 22
NeXT Nano particle analyzer (Fritsch, Berlin, Germany). For
this purpose, ceramic samples were dispersed in deionized
water under the influence of ultrasound to obtain a stable
suspension. The measurements were carried out in two ranges
of green (0.1 - 45 um) and red (45 - 2100 pm) lasers, the
number of measurement passes was at least 3 for each sample.
The results were presented in the form of particle size
distribution diagrams depending on their weight contribution,
as well as determined average values.

Determination of the morphological features of the
synthesized ZrO, ceramics before and after mechanochemical
grinding was carried out using scanning electron microscopy
using a Phenom™ ProX microscope (Thermo Fisher
Scientific, Eindhoven, the Netherlands). A dispersion method
implemented using a Nebula particle disperser (Thermo Fisher
Scientific, Eindhoven, the Netherlands) was used to uniformly
distribute particles on the surface of the holders to eliminate
the effects of particle aggregation.

Determination of structural changes associated with strain
crushing during grinding and subsequent thermal annealing
was performed using X-ray diffraction, implemented using a
D8 ADVANCE ECO powder X-ray diffractometer (Bruker,
Karlsruhe, Germany). X-ray diffraction patterns were
obtained in the Bragg — Brentano geometry in the angular
range 20 = 20 - 75°, with a step of 0.03°. The shooting was
carried out under conditions of constant rotation of the
samples at a speed of 15 rpm. Determination of the crystal
lattice parameters, as well as the magnitude of deformation
distortions, was carried out using the Rietveld method,
according to which the main quantities used for further
calculations were calculated.

To conduct experiments on irradiation of ZrO2 ceramic
samples in order to determine the mechanisms of radiation
damage and destruction during the accumulation of damage
and implantation of low-energy He?" ions, the resulting
samples in the form of powders were pressed into tablets with
a thickness of about 10 um and a diameter of 10 mm. Pressing
was carried out in a special mold under a pressure of 200 MPa
using a binder made from an aqueous solution of polyvinyl
alcohol. After pressing, the resulting tablets were annealed at
a temperature of about 700 °C for 3 hours to remove the binder
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and relieve the deformation stresses that arose during pressing.
Experiments on irradiation of synthesized ZrO, ceramics were
carried out at the DC-60 heavy ion accelerator, located in the
Astana branch of the Institute of Nuclear Physics of the
Ministry of Energy of the Republic of Kazakhstan (Astana,
Kazakhstan). Low-energy He?" ions with an energy of 40 keV
(20 keV/charge) were used for irradiation; irradiation was
carried out at fluences from 10 to 5 x 10'7 ion/cm?. The
choice of irradiation fluences is determined by the possibility
of modeling the processes of accumulation of implanted ions
in the near-surface layer, as well as the associated formation
of gas-filled cavities, leading to swelling and subsequent
destruction.

The determination of the penetration depth of ions in
ceramics, as well as the dependence of the change in the
ionization losses of incident ions as a result of elastic
(dE/dXnuctei) and inelastic collisions (dE/dXeiectron) along the
trajectory of ion movement in the material, was carried out by
modeling interaction processes using the SRIM Pro 2013 code.
The simulation results are presented in Fig. 1.
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Fig. 1 Simulation results of ionization losses of incident He?" ions
in the surface layer of ZrO; ceramics (The dotted line on the graph
indicates the boundary between the zone of main damage and the
diffuse zone in which the accumulation of defects occurs as a
result of diffusion).

As can be seen from the data presented, the maximum
travel depth of He?" ions in the surface layer of ceramics is
about 330 - 400 nm, while this region is divided into the region
of damage accumulation (with a depth of about 300 nm) and
the region of possible diffusion of defects and implanted
helium into the surface layer. The main contribution to the
change in the properties of the near-surface damaged layer,
according to modeling data, is made by inelastic collisions of
incident ions with electrons (dE/dXciectron value ~ 15 - 17
keV/nm), while the contribution from elastic collisions is less
than 2-3 % (dE/dXnuctei ~ 0.25 - 0.3 keV), which indicates that
the main structural damage will be caused by athermal effects
associated with the anisotropy of the electron density, and in
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the case of high-dose irradiation, effects associated with the
accumulation of implanted helium and atomic displacements
may appear. Moreover, in contrast to high-energy ions for
which the dE/dXelecron Values are of the order of 25 - 26
keV/nm, ionization losses during irradiation with He?" ions are
no more than 65 - 70 % of the ionization losses of high-energy
ions, which indicates a low probability of the occurrence of
polymorphic transformations in the damaged layer, which
have a clear dependence on the value of ionization losses of
the incident ions, which determine the main mechanisms of
radiation damage.

Determination of the influence of the accumulation of
structural damage in the near-surface layer of ceramics after
irradiation, and, as a consequence, the formation of
deformation distortions, on changes in strength characteristics
was carried out using the indentation method. This method
was implemented on a Duroline M1 microhardness tester
(Metkon, Bursa, Turkey), using a Vickers diamond pyramid as
an indenter. The measurements were carried out by pressing
the indenter with a constant load of 50 N on the surface of a
ceramic sample, followed by holding it for 15 seconds and
measuring the indenter print. Based on the measured diagonals
of the imprint (in the form of a rhombus), the hardness values
of the ceramic samples were determined. The measurements
were carried out in the form of a series of 20 - 25 consecutive
indentations, each subsequent indentation was spaced from the
previous one by a distance of about 30 um, which made it
possible to avoid the influence of microcracks formed during
indentation on the hardness measurement. The change in
hardness (in the case of irradiated samples, characterizing the
softening effect, in the case of initial samples with varying

grain sizes, reflecting the hardening factor) depending on
external factors (irradiation or changes in grain sizes)
characterized the dynamics of changes in the strength
characteristics of ceramics.

3. Results and discussion
As is known, the use of the mechanochemical grinding method
(solid-phase synthesis method) makes it possible to initiate
processes of structural changes and phase transformations as a
result of mechanical action on samples and subsequent
deformation distortion, which can lead to the formation of new
phases by the type of introduction or substitution (if
multicomponent ceramic compositions are used) or to initiate
polymorphic transformations (changes in the polytype of the
crystal structure). At the same time, varying the grinding
conditions, including grinding time or speed, can control the
synthesis processes, as well as determine the kinetics of the
observed changes as a result of mechanical action (severe
deformation of the structure). In the case of ZrO, ceramics
with fairly high strength parameters (hardness of the order of
8 - 11 GPa) and phase transformation temperatures in the
range of 1800 - 2500 °C (depending on the conditions of
thermal exposure, as well as various stabilizing additives), the
use of the method of mechanochemical solid-phase grinding
is due to the possibilities of mechanical crushing of grains,
without initializing the processes of phase transformations, as
well as amorphization (strong structural disorder),
characteristic of less hard types of ceramics.

Figures 2-3 show the results of the morphological features
of ZrO; ceramics after mechanochemical grinding and thermal

Fig. 2 Results of SEM images of ZrO, ceramics after mechanochemical grinding: a) initial; b) grinding at a speed of 300 rpm; c)
grinding at a speed of 400 rpm; d) grinding at a speed of 500 rpm; e) grinding at a speed of 700 rpm; f) grinding at a speed of 900

rpm.
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scanning electron microscopy (SEM); photographs were taken
at the same magnification and scale to conduct a comparative
analysis of changes in the size and shape of grains caused by
external influences (mechanochemical grinding and
subsequent thermal annealing).

In the case of the initial samples of ZrO, ceramics (not
subjected to mechanochemical grinding), the samples are
large-sized particles (1.5 - 3 um), which has good agreement
with the passport data. At the same time, the presence of
smaller particles (the proportion of which is significantly
smaller) causes a rather low adhesion of large grains to each
other, due to the chemical processes of obtaining these
particles. In the case of grinding, according to the data
presented in electron micrographs (see Figs. 2b - f), there is a
crushing of large grains into nano-sized particles with an
irregular diamond-shaped or feather-like shape. At the same
time, an increase in the grinding speed leads to smaller grains,
which characterizes the fact that a more intense mechanical
effect of the grinding bodies leads to faster crushing of grains
and more intense grinding. Moreover, in the case of grinding
speeds of 700 - 900 rpm, the formation of smaller
agglomerates is observed, which is the combination of several
grains into larger particles. This formation of agglomerates is
due to effects associated with the properties of ZrO, powders
upon transition to nanoscale scales.

The results of changes in the morphological features of
ZrO, ceramics after thermal sintering presented in Fig. 3
indicate the agglomeration of grains into larger associations,
in the form of fairly dense agglomerates consisting of fairly
small grains (the size of which is about 200 - 400 nm,

depending on the grinding speed), having a good correlation
with the grain sizes of ceramics after mechanochemical
grinding. Moreover, in the case of initial ceramics subjected to
thermal annealing, a slight enlargement of grains is observed,
associated with their sintering into larger agglomerates and

compaction.
Figure 4 shows the results of size diagrams (grain size
distribution  diagrams) of ZrO, ceramics after

mechanochemical grinding (Fig. 3a) and after thermal
annealing (Fig. 3b). As can be seen, from the presented data
on the size diagrams in the case of the original ZrO, ceramics,
the distribution has two characteristic maxima in the region of
0.2 - 0.4 um and 1.5 - 4 um, characterizing the presence of
large particles, as well as observed fragments in the form of a
fine fraction (clearly visible in Fig. 3a). In the case of ZrO;
ceramics subjected to mechanochemical grinding, the size
diagrams are characterized by the presence of distributions in
the region from 0.1 to 0.5 pm, having an almost symmetrical
shape, indicating the absence of any large stable agglomerates
that cannot be dispersed as a result of exposure to ultrasound
(during dispersion for measuring dimensional diagrams).

For annealed particles, the size diagrams are characterized
by two distributions in the region 0.1 - 0.5 pm and 1.0 - 50 ym
(has two maxima for samples obtained at grinding speeds of
500 - 900 rpm). In this case, as shown in Fig. 3b, a distribution
of 1.0 - 50 um is characteristic of the resulting agglomerates
(observed on the SEM image), consisting of small grains, the
sizes of which are characterized by a distribution of 0.1 — 0.5
um and have good agreement with the data of the distributions
of samples obtained after grinding.

Fig. 3 Results of SEM images of ZrO, ceramics after mechanochemical grinding and thermal annealing at a temperature of 1500 °C:
a) initial; b) grinding at a speed of 300 rpm; c) grinding at a speed of 400 rpm; d) grinding at a speed of 500 rpm; e) grinding at a

speed of 700 rpm; f) grinding at a speed of 900 rpm.
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Fig. 4 Diagrams of grain size distribution of ZrO, ceramics depending on synthesis conditions: a) diagrams of grain size distribution
after mechanochemical grinding; b) diagrams of grain size distribution after thermal annealing.

The presence of two distributions for ZrO» ceramics after
thermal annealing has the following explanation. During
thermal sintering of ground particles, the processes of their
agglomeration are initialized with the formation of sufficiently
strong agglomerates that cannot be broken up by dispersion in
ultrasound. Moreover, these agglomerates are “assemblies” of
nano-sized particles, the sizes of which are characteristic of
mechanochemically ground ceramics (according to a
comparison of electronic image data and distributions
obtained using the laser optical diffraction method).

Figure 5a presents the results of changes in the average
grain size determined using the laser optical diffraction
method when assessing the distributions presented in Figs. 4a
and 4b, taking into account the agglomeration of grains during
thermal annealing into agglomerates (see Data presented in the
SEM images). Calculations of the dislocation density and
volumetric length of grain boundaries were performed using
expressions (1) and (2) and are presented in Fig. 5b.
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As can be seen from the presented data, in the case of the
original ceramics, the average grain size is about 1.5 pm,
which is in good agreement with the passport data for the
original powders. Mechanochemical grinding at speeds of 300
- 400 rpm leads to a decrease in this size by about 2.5 - 3 times
(350 - 380 nm), which indicates that the original powders are
quite easily crushed when exposed to grinding media (i.e., low
strength in the initial state). The observed increase in grain
sizes at grinding speeds of the order of 700 - 900 rpm can be
explained by the agglomeration of nano-sized grains subjected
to severe deformation, which can initiate self-organization
processes of fine particles. In fact, the observed effect of
increasing grain size at high grinding speeds is due to the
agglomeration properties of zirconia at small sizes, which
leads to fine particles sticking together into larger
agglomerates with a fairly developed surface. A decrease in
particle size leads to an increase in dislocation density and
volume fraction of grain boundaries (see Data in Fig. 4b), the
values of which are inversely proportional to the grain size
values. At the same time, an increase in the dislocation density
and volume fraction of grain boundaries can lead to the effect
of strengthening ceramics, due to the creation of additional
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Fig. 5 Assessment results of the morphological parameters of ZrO; ceramics: a) Results of average grain size depending on grinding
speed; b) Results of changes in dislocation density and volume fraction of grain boundaries depending on the grinding speed.
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barriers to the propagation of microcracks under external
influences, which reduces the rate of cracking and allows them
to withstand higher loads. This effect can also be used to
increase resistance to radiation damage during high-dose
irradiation. In the case when the grain sizes in ceramics
obtained at high grinding speeds form agglomerates, a
decrease in dislocation density and volume fraction of grain
boundaries is observed, since these values directly depend on
the grain sizes. In this case, an increase in grain size due to
their agglomeration into larger formations leads to
enlargement of the boundaries, and as a consequence, a
decrease in the dislocation density.

Figures 6a-b demonstrates the results of Raman
spectroscopy of the studied ZrO, ceramics after
mechanochemical grinding and thermal annealing, presented
depending on the grinding speed in comparison with the
original samples (before and after thermal annealing). The
general appearance of the presented spectra of the studied
ZrO, ceramics, depending on the conditions of
mechanochemical grinding and subsequent thermal annealing,
is characterized by the presence of a set of spectral lines (14
active modes) corresponding to the monoclinic phase of ZrO,
Ag (178, 190, 305, 347, 475, 559, 638 cm™'), 6 B, (221, 333,
381, 503, 536, 615 cm’). At the same time, no changes
associated with the appearance of new reflections indicating
polymorphic phase transformations were detected either in the
case of changes in the grinding speed during
mechanochemical grinding or subsequent thermal annealing at
a temperature of 1500 °C. The absence of such changes in the
Raman spectra indicates the high resistance to polymorphic
transformations of these ceramics to mechanical influences
(during grain crushing), as well as their subsequent thermal
annealing.

It should be noted that the main changes in the Raman
spectra of the studied ZrO2 ceramics are observed for ground
samples with increasing grinding speed, which are expressed
in a shift in the position of the spectral lines and their
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broadening. Such changes indicate the accumulation of
residual mechanical stresses in the structure, the appearance of
which is associated with the processes of grain crushing. In
this case, the most pronounced accumulation is observed for
samples subjected to grinding at a speed of 700 - 900 rpm, for
which the displacement is clearly expressed, and the very
nature of changes in the position of spectral lines indicates the
accumulation of tensile residual mechanical stresses in the
structure.

In the case of annealed samples, practically no changes
relative to the original sample (also annealed under the same
conditions) are observed, which indicates the relaxation nature
of structural changes associated with the thermal annihilation
of residual mechanical stresses as a result of annealing of the
samples. This nature of the changes indicates that the residual
mechanical stresses induced by mechanical grinding are
reversible (removed as a result of thermal annealing), while
the grain sizes, according to these morphological features, do
not undergo large changes associated with coarsening.

Figure 7 reveals the results of X-ray diffraction of the
studied samples of ZrO; ceramics after grinding and thermal
annealing, reflecting the phase composition of the studied
ceramics, as well as changes in structural features depending
on the conditions of exposure to the samples. The general
appearance of the presented X-ray diffraction patterns in Figs.
7a and 7b, regardless of the grinding rate conditions, is
characteristic of the monoclinic ZrO; phase with the spatial
system P21/c(14). To identify the phase composition, tabular
data from the PDF-2 (2016) database was used, which had a
degree of agreement with experimentally obtained diffraction
patterns of about 90 % (taking into account the deformation
distortion of the crystal lattice, which affects the position of
the diffraction reflections of the samples under study). To
determine the parameters by refining them for the ceramics
under study, a ZrO; (PDF-01-070-2491) card with a
monoclinic crystal lattice type and parameters ap= 5.1489 A,
b=5.2180 A, c=5.3147 A, B =99.203°, V=140.78 A3 was.
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Fig. 6 Results of Raman spectroscopy of the studied ZrO» ceramics (vertical lines display the positions of the maxima of the original
sample, reflecting the effect of shifting the maxima, characterizing the deformation distortion of the structure): a) Raman spectra of
71O, ceramics after mechanochemical grinding; b) Raman spectra of ZrO; ceramics after thermal annealing.
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selected. The crystal lattice parameters were refined by
approximation and subsequent calculation of the parameters
according to the observed positions of diffraction reflections,
taking into account their shape

As can be seen from the presented data on changes in the
position of diffraction reflections of ceramic samples ground
at a grinding speed of 300 - 400 rpm, the displacement of the
reflections relative to the original sample is minimal, which
indicates that grain fragmentation at these speeds occurs
without severe deformations of the crystal structure. Also, the
absence of pronounced changes in the intensity of diffraction
reflections for these samples indicates the absence of
processes of fragmentation of coherent scattering regions

4)

Intensity, ab.un.

1 h} w

(crystallites). Increasing the grinding speed to 500-900 rpm
leads to a more pronounced mixing of diffraction reflections
relative to the initial position, which indicates the formation of
deformation distortions in the structure caused by mechanical
effects on the crystal structure. At the same time, an increase
in the grinding speed leads to an increase in the observed
displacement, and also at grinding speeds of 700 - 900 rpm, in
addition to the displacement, a decrease in the intensity of
diffraction reflections and an increase in shape asymmetry,
characteristic of highly deformed structures, are observed.
According to the grinding control data (recording changes
in pressure and temperature in the bowl), it was found that
when the grinding speed was increased to 700 and 900 rpm
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Fig. 7 Results of X-ray diffraction analysis of ZrO, ceramics: a) X-ray diffraction patterns of ZrO» ceramics after mechanochemical
grinding; b) X-ray diffraction patterns of ZrO; ceramics after thermal annealing (1 — Pristine, 2 - 300 rpm, 3 - 400 rpm, 4 - 500 rpm,

5-700 rpm, 6 - 900 rpm).
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during long-term grinding, an increase in the temperature
inside the grinding bowl was observed to 48 - 50 °C and 65 -
67 °C, respectively. At the same time, the pressure inside the
glass also increased to 1.5 - 2.5 bar. Such changes can be
explained by the initialization of processes of accelerated
deformation distortion of grains during their crushing, which
is quite clearly visible when analyzing X-ray diffraction
patterns of samples after mechanochemical grinding
(diffraction reflections of the samples obtained during
grinding at a speed of 900 rpm have a strongly pronounced
asymmetric shape, as well as a large shift to the region of small
angles, characteristic of deformation distortions of the
structure).

Table 1 presents the results of structural parameter
(parameters and volume of the crystal lattice) assessment of
the studied ZrO; ceramics before and after mechanochemical
grinding and thermal annealing. The determination of the
parameters of the crystal lattice, as well as its volume, was
carried out using the method of comparing the reference
values of the position of diffraction lines and experimental
ones. Based on the obtained displacement values, caused by
both mechanical grinding and subsequent thermal exposure,
deviations of the parameters from the reference values, which
are characteristic of experimentally obtained samples, were
established.

As can be seen from the data on changes in crystal lattice
parameters presented in Table 1, thermal annealing of the
original sample (not subjected to grinding) leads to a
broadening of the parameters, which is due to the effects of
thermal expansion of the crystal structure as a result of thermal
exposure. Similar effects are observed for samples ground at a
speed of 300 - 400 rpm, for which the general change in
diffraction patterns in comparison with the original sample
indicates a small influence of mechanochemical grinding on
the deformation distortion of the crystal structure, and the
values of the coefficient of thermal expansion (8(7)) for the
samples in comparison with the change data for the original
are of the order of 0.12 x 10 K-!. In the case of samples
ground at speeds of 500 - 900 rpm, the observed decrease in
the crystal lattice parameters indicates the dominance of

structural ordering processes as a result of thermal annealing
of structural defects (including vacancy defects) over the
thermal broadening of the crystal lattice caused by thermal
vibrations. At the same time, the most pronounced changes are
observed for samples ground at a grinding speed of 900 rpm,
for which AV = 1.61 A3 (not less than 1 %). This change in the
volume of the crystal lattice, together with Raman
spectroscopy data, indicates that the accumulation of residual
mechanical stresses is directly related to the deformation
swelling of the crystal structure, which relax as a result of
thermal annealing under the selected annealing conditions.

Figure 8 shows the results of Williamson-Hall
constructions (W-H constructions), reflecting the influence of
dimensional factors (changes in the sizes of coherent
scattering regions (crystallites)) and deformation factors
(structural micro distortions of the crystal lattice) on the
change in the FWHM (full width at half maximum) value of
diffraction reflections depending on the diffraction angle. The
general appearance of the presented dependences is
characterized by the slope of the approximating straight line,
the slope of which reflects the nature and magnitude of
deformation distortions, as well as the value of the offset from
4sin6 along the BcosO axis, which characterizes the change in
the size factor (an increase or decrease in the size of
crystallites depending on external conditions).

As can be seen from the presented data on the Bcos - 4sinf
dependence when approximated for ZrO, ceramics after
mechanochemical grinding, the main contribution to changes
in the FWHM value in the case of grinding speeds of 300 —
500 rpm is made by tensile deformation distortions, the value
of which is about 3 - 4x104. The sizes of coherent scattering
regions (crystallite size) for ZrO, ceramics obtained at these
grinding speeds are about 40 - 45 nm and do not have obvious
changes when the grinding speed increases from 300 to 500
rpm. In the case of grinding speeds of 700 - 900 rpm, a shift
of the approximating straight lines is observed upward along
the Pcosb axis, which indicates an increase in the size factor in
the change in the FWHM value along with deformation
distortions. Such a change in the W-H structures for ZrO»
ceramic samples obtained at grinding speeds of 700 - 900 rpm

Table 1. Structural parameter data.

Grinding speed, rpm

Type of exposure Initial
300 400 500 700 900
a=5.1196 A, a=5.1278 A, a=5.1429 A, a=5.1683 A, a=5.1530 A, a=5.1621 A,
, b=5.1801 A, b=5.1884 A, b=5.1976 A, b=5.1946 A,  b=5.1895A,  b=5.1904 A,
Mechanochemical
i c=5.3116 A, ¢=5.3031 A, c=5.3041 A, c=5.3144 A, c=5.3144 A, ¢=5.3207 A,
rinain
g J $=99.203°, $=99.262°, $=99.204°, $=99.299°, $=99.220°, p=99.221°,
V=139.09 A3 V=139.25 A3 V=139.96 A3 V=14021A3 V=14028 A3 V=140.72 A3
a=5.1583 A, a=5.1419 A, a=5.1509 A, a=5.1437 A, a=5.1407 A, a=5.1196 A,
. b=5.2199 A, b=5.2334 A, b=5.2159 A, b=5.2056 A,  b=5.2056 A,  b=5.1801 A,
Thermal annealing at
1500 °C c=5.3295 A, ¢=5.3206 A, c=5.3268 A, c=53105A,  ¢=53083A,  ¢=5.5137A,
$=99.202°, B=99.124°, $=99.163°, $=99.203°, $=99.243°, $=99.183°,
V=141.65 A3 V=141.36 A3 V=142.22 A3 V=140.16 A> V=14021 A3 V=139.11 A3
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Fig. 8 Results of W-H constructions for the studied ZrO» ceramics:
- 4sinf dependence for samples after thermal annealing.

is characteristic of a decrease in the size of crystallites (as a
result of intensive crushing) as well as an increase in
deformation distortions characteristic of highly deformed
structures (value € ~ 7 - 9x10%).

For ground samples of ZrO, ceramics subjected to thermal
annealing, the nature of the dependences of the W-H plots is
characteristic of the presence in the structure of the ceramics
of compressive-type deformation distortions, the presence of
which is characterized by relaxation processes caused by
thermal exposure and subsequent agglomeration of grains
(according to the results of morphological features). At the
same time, the nature of agglomeration manifests itself not
only at the macro level (in the form of the formation of
agglomerates consisting of fine grains), but also at the
crystalline level, expressed in the enlargement of coherent
scattering regions (crystallites) from 70 - 75 nm (for initial
annealed ZrO; ceramic samples) to 805 - 90 nm (for samples
ground at a speed of 700 - 900 rpm and subjected to thermal
annealing).

Such changes associated with a change in the type of
deformation distortion from tensile (in the case of ground
samples) to compression (in the case of annealed samples)
indicate the relaxation nature of structural changes associated
with thermal annealing of defects that arose during grinding.
At the same time, an increase in the grinding speed from 500
to 700 - 900 rpm, according to W-H construction data, leads to
more intense deformation of the crystal structure,
characterized not only by structural distortion of the crystal
lattice, but also by fragmentation of crystallites. At the same
time, more pronounced deformation distortion of the crystal
structure and fragmentation of crystallites during thermal
annealing lead to more intense relaxation processes, changes
in which, in combination with dimensional factors, can lead to
an increase in strength characteristics, as well as
thermophysical parameters.

Figure 9 demonstrates the assessment results of the
hardness of the studied ZrO; ceramics after thermal annealing
depending on the grinding speed. The graph also reveals the
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hardness value of the original sample before and after thermal
annealing in order to reflect the influence of structural
ordering on the change in the strength properties of the
original ceramics, which, as was established when analyzing
grain sizes using the laser optical diffraction method, after
thermal annealing did not lend themselves to dispersion in an
ultrasonic bath.
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Fig. 9 Results of changes in the hardness of the surface layer of
ZrO; ceramics depending on the production conditions (for
comparison, the values of ZrO> ceramics samples in the initial
state without annealing and subjected to thermal annealing are
given).

The obtained hardness values for annealed ZrO; ceramics,
depending on the production conditions (changes in the
grinding speed), have characteristic values for ZrO, with a
monoclinic type of crystal structure (baddeleyite type).!*®
Moreover, the observed changes in hardness values in the case
of varying production conditions (changes in grinding speed)
indicate a positive influence of size factors on strengthening,
characteristic of dislocation strengthening caused by changes
in grain sizes.[*”! The observed strengthening of ZrO, ceramics
with changes in their grain sizes is in good agreement with the
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test data for determining the strength characteristics of
nanostructured ZrO; presented.”” At the same time, the
established relationships between dimensional factors and
hardening are in good agreement with the data determining the
hardness and stress resistance of their work.’" In fact, the
strengthening effect directly depends on the dislocation
density, as well as the degree of structural ordering that occurs
during thermal annealing of the samples. In this case,
dislocation strengthening is the dominant factor responsible
for the high strength of the synthesized ceramics.

The problem of gas swelling (helium or hydrogen, in
certain cases with the accumulation of a large amount of
fission fragment products of nuclear fuel in the form of Kr or
Xe) is one of the most important in the field of studying
radiation defects and the influence of their evolution on the
stability and operational stability of ceramic materials. In the
case of high-energy irradiation, the problem of gas swelling is
usually accompanied by the effects of deformation distortions
associated with athermal processes caused by the transfer and
subsequent dissipation of the energy of incident ions into the
crystal structure of the irradiated material. Moreover, in the
case of high-energy irradiation, these damages have a fairly
large depth distribution (usually about 10 - 20 um), which
partially reduces the risks of intense deformation swelling of
the surface layer due to the large thickness of the damaged
layer (compared to low-energy irradiation). In turn, the high
mobility of helium, the accumulation of which, as a rule,
occurs in a small near-surface layer (thickness of the order of
0.3 - 1.0 wm) can have a significant impact on the
agglomeration and subsequent destruction of the near-surface
layer of ceramics. The accumulation of helium in the near-
surface layer of structural materials can occur as a result of a-
decay of actinides during long-term storage or operation of
structural materials, and due to high mobility and low
solubility, as well as the ability to agglomerate in voids with
the subsequent formation of gas-filled bubbles, it can have a
negative effect on the destruction of the surface layer. Helium
itself is quite capable of being captured by vacancies formed
as a result of athermal processes and the knocking out of atoms
during irradiation, which in turn leads to the formation of
composite clusters of the He-V type, which subsequently
become centers of nucleation of gas-filled helium bubbles.

According to the assessment of changes in X-ray
diffraction patterns of the studied samples of ZrO; ceramics in
comparison with the irradiation fluence, it was established that
there are no effects associated with polymorphic
transformations caused by irradiation, which indicates that
during low-energy irradiation with He?" ions, the polymorphic
transformation processes are not initiated. The observed
effects associated with the absence of polymorphic
transformations in the damaged layer of ZrO, ceramics
indicate that the main role in polymorphic transformations
during ion irradiation is played by the values of transferred
energy during elastic and inelastic interactions (for He?" ions
dE/dXeiectron = 15 - 17 keV/nm, and in the case of high-energy

© Engineered Science Publisher LLC 2024

Xe ions dE/dXclectron = 23 - 27 keV/nm (data from works, 24
for which the effects of polymorphic transformations were
observed), and not by the deformational nature of structural
changes associated with an increase in the concentration of
defects in the structure of the damaged layer. In this case, when
irradiated with He?" ions, even when displacements of the
order of 6 - 10 dpa are achieved, the main role in changing the
properties of ceramics is played by deformation effects
associated with the accumulation of structural distortions
(tensile type), as well as volumetric swelling of the crystal
lattice during its deformation.

Figure 10a presents the results of a comparative analysis of
changes in the volumetric swelling of the crystal lattice of the
studied samples of ZrO; ceramics, determined by assessing
changes in the structural parameters and volume of the crystal
lattice. The effect of gas swelling was assessed based on the
results of a comparative analysis of the deformation
volumetric distortion of the crystal structure of the damaged
layer in ceramics depending on the irradiation fluence. For this
purpose, X-ray diffraction patterns of the samples were
measured before and after irradiation, on the basis of which
results were obtained for the volume of the crystal lattice
depending on the irradiation fluence. Based on these volumes,
the effect of gas volumetric swelling was determined.

This value characterizes changes in the crystal structure of
ceramics that occur during irradiation with He?" ions, which is
accompanied by processes of accumulation of structural
distortions associated with a thermal effect caused by
ionization energy losses along the trajectory of incident ions
during interaction with the target.

As can be seen from the presented data on changes in the
magnitude of swelling (volumetric swelling of the crystal
lattice), in the case of small doses this value practically does
not appear, which indicates the small influence of swelling on
structural changes in the damaged layer. The most pronounced
changes in volumetric swelling are observed at displacement
values of the order of 5 - 6 dpa, which corresponds to a fluence
of 10'7 ion/cm?. The observed increase in the swelling value
at these fluences is in good agreement with literature datal>>>¢
indicating that the processes of swelling of the near-surface
layer occur when fluences reach above 10'7 ion/cm?, which are
characterized by fairly high concentrations of implanted
helium ions in the near-surface layer. In the case of ZrO»
ceramics, according to simulation calculations in SRIM Pro
presented in Section 2, for fluences above 10!7 ion/cm?,
implanted helium concentrations of the order of 1-5 at. % are
characteristic, the concentrations of which are characteristic of
the formation of gas-filled bubbles.

Figure 10b shows the results of changes in hardness
depending on the amount of damage (atomic displacements)
in the damaged layer of ZrO, ceramics obtained under
different grinding conditions. The general trend of changes in
hardness indicates a fairly high resistance of ZrO, ceramics to
softening, up to atomic displacements of the order of 1 dpa
(irradiation fluence of the order of 10'7 ion/cm?), while, as in
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Fig. 10 a) Results of the assessment of radiation-induced volumetric structural swelling of the near-surface layer as a result of high-
dose irradiation with He?" ions; b) Results of changes in the hardness of ZrO, ceramics with increasing irradiation fluence.

the case of changes in structural parameters (volumetric
swelling), the change in hardness has a clear dependence on
the concentration of implanted helium in the surface layer, an
increase in which is accompanied (according to the data
presented in Fig. 11a) by volumetric swelling (accumulation
of tensile-type deformation stresses). It should also be noted
that the change in hardness for ZrO, ceramics depending on
the magnitude of atomic displacements also has a clearly
pronounced character associated with dimensional factors (i.e.,
changes in grain sizes with changes in the grinding speed of
ceramics). In this case, a decrease in grain size leads to a less
pronounced decrease in hardness under high-dose irradiation,
the change of which is less than 2 - 3 % for samples obtained
at grinding speeds of 700 - 900 rpm. This effect, as in the case
of changes in structural parameters, is due to higher
dislocation density for ground samples of ZrO» ceramics, an
increase in which leads to the creation of additional barriers
and, as a consequence, increased resistance to both swelling
and softening.

One of the most indicative characteristics that determine
the kinetics of radiation damage depending on the irradiation
fluence (or the magnitude of atomic displacements) is a
comparison of the dependences of structural swelling
(increase in the volume of the crystal lattice) and softening
(decrease in the hardness of irradiated samples). The degree of
softening was assessed by comparing the hardness results of
the samples before and after irradiation, on the basis of which
a decrease in hardness was determined due to the cumulative
effect associated with deformation swelling. These
dependencies show the relationship between structural
changes caused by deformation distortions and disorder with
changes in strength characteristics, the decrease of which
indicates the negative impact of accumulated deformation
distortions on radiation resistance. The results of the
comparative analysis are presented in Figure 11.

The presented dependence of the comparison of changes in
the values of swelling and softening of ZrO; ceramics with
increasing irradiation fluence (the magnitude of atomic
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displacements) shows a good correlation between changes in
structural degradation and a decrease in strength properties,
which are most pronounced at high irradiation fluences. At the
same time, the order of magnitude of swelling and softening is
approximately equal, which indicates that the main role in
reducing strength properties under high-dose irradiation is
played by effects associated with the accumulation of
implanted helium in the surface layer, leading to swelling, as
aresult of which a large density of deformation distortions and
stresses is formed in the near-surface layer. At the same time,
analyzing the data obtained, we can conclude that a decrease
in grain sizes due to crushing of the original ceramic samples
leads to an increase in resistance to swelling and softening by
more than 1.5 - 2 times. Moreover, the more intense the
grinding speed, which leads not only to crushing, but also to
structural changes in the original samples, the higher the
resistance to radiation-induced degradation (helium swelling).
This effect can be explained not only by dimensional factors
that determine the occurrence of the dislocation strengthening
effect, but also by structural modifications as a result of the
deformation effect on the crystal lattice and its subsequent
thermally induced relaxation, leading to ordering and
compaction (see data on changes in the crystal lattice volume
from Table 1).

Thus, by analyzing the obtained dependences of changes
in structural characteristics (volumetric swelling of the crystal
lattice) and softening (decrease in hardness depending on
irradiation fluence), it can be concluded that dimensional
factors have a positive influence, leading to strengthening and
increasing the resistance of ZrO, ceramics to gas swelling
associated with high-dose irradiation. The increase in the
resistance of ceramics to external influences, as well as
increased resistance to cracking due to the accumulation of
structural distortions in the event of irradiation, is due to
nanoscale effects associated with small grain sizes, as well as
high dislocation density, an increase in which with decreasing
grain sizes leads to the formation of additional limiting factors,
having a positive effect on increasing resistance to external
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Fig. 11 Results of a comparative analysis of swelling and softening of ZrO, ceramics depending on the value of displacements.

influences. Similar effects characteristic of dislocation
strengthening in the case of nano-sized ceramics were also
previously shown in works.[>7-]

4. Conclusion

During the studies of the influence of mechanochemical
grinding conditions on the change in dimensional factors in
ZrO; ceramics, it was found that increasing the grinding speed
from 300 to 900 rpm does not lead to the initiation of
polymorphic transformation processes of the m-ZrO, — t-
ZrO, type, which are also not initiated during thermal
annealing of samples at a temperature of 1500 °C, the choice
of which was due to thermal relaxation of structural
deformation distortions caused by mechanochemical grinding
during grain crushing. During the analysis of the obtained X-
ray diffraction patterns of ZrO» ceramic samples after grinding
and subsequent thermal annealing, it was established that
during grinding, the dominant factor in structural changes at
low grinding speeds is deformation tensile distortions, while
at grinding speeds of 700 - 900 rpm, a certain role in changing
the structural characteristics, in addition to deformation tensile
distortions, is played by dimensional factors associated with a
decrease in coherent scattering regions. In the case of thermal
annealing, the main mechanism of structural changes is
associated with relaxation ordering of the crystal structure
through the dominance of compressive stresses. Moreover,
more pronounced structural changes at high grinding speeds
(at 700 - 900 rpm) lead to more intense structural ordering,
accompanied by processes of crystallite enlargement. It has
been established that a change in grain size, leading to an
increase in the dislocation density and volume fraction of grain
boundaries, leads to strengthening of ZrO, ceramics (increase
in hardness), which is about 17 - 40% compared to the initial
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hardness value for annealed ZrO, ceramics (without
mechanochemical effects). It has been determined that in the
case of irradiation with low-energy He?" ions, the processes of
polymorphic transformations of the m-ZrO, — t-ZrO; type are
not established, which confirms the data on the influence of
the values of ionization electron losses (dE/dXcicctron) ON the
polymorphic transformation processes in zirconium dioxide.
In determining the influence of size effects (dislocation
strengthening) on the resistance of ZrO, ceramics to radiation-
induced swelling under high-dose irradiation with He?" ions,
it was found that a decrease in grain size by 2.5 - 3 times leads
to an increase in resistance to swelling and softening by 1.5 -
2 times.
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