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DETERMINATION OF THE EFFECT OF SIZE FACTOR AND PHASE COMPOSITION
IN LITHIUM-CONTAINING CERAMICS ON RESISTANCE TO EXTERNAL
MECHANICAL AND THERMAL INFLUENCES
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The paper presents data on the effect of size factors that cause a change in dislocation density, as well as the phase
composition of two-phase lithium-containing ceramics based on lithium metacirconate on the strength characteristics of
ceramics, as well as resistance to high-temperature tests. The size effect, dislocation density and the presence of interphase
boundaries, the change of which is due to the effect of variation in the phase composition of ceramics, were considered
as hardening factors during assessment of the strength properties, alongside resistance to temperature influences. During
the studies, it was found that alteration of the grinding speed above 400 rpm results in more than twofold decrease in
grain size, which in turn elevates the dislocation density, the change in which is a hardening factor for growth of hardness
and crack resistance. During determination of the strength characteristics, it was found that a change in the phase
composition due to the dominance of the LigZr,O7 phase in the composition of ceramics leads to an elevation in hardness
and resistance to cracking due to an increase in interphase boundaries, which serve as additional barriers to the propagation
of microcracks under external influences. During experiments conducted to determine resistance to long-term thermal
annealing and heat resistance tests, it was found that grain size reduction to less than 250 nm for all three types of ceramics
under study leads to a rise in degradation resistance of strength properties due to dislocation hardening, and the presence
of interphase boundaries, which is most pronounced for samples with a predominance of the LisZr,O7 phase in the ceramic
composition.
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INTRODUCTION

Developments in the field of increasing the resistance
to external influences of lithium-containing ceramics to-
day occupy a very important place in materials science,
due to the great interest in this class of materials as one
of the potential candidate materials in alternative energy
The development of lithium-containing ceramics to en-
hance their resistance to external influences is currently
very important in materials science, in view of the great
interest in this class of materials as one of the potential
candidate materials in alternative energy [1-3]. The use
of lithium-containing ceramics as anode materials of lith-
ium-ion batteries has proven itself quite well due to its
high capacitance characteristics, ensuring good charge
stability and performance over a long period of operation
[4, 5]. The use of lithium-containing ceramics as a key
material for blankets used in thermonuclear energy for
tritium propagation is one of the most promising solu-
tions to the problem of tritium fuel [6, 7], the volume of
which is one of the limiting factors in thermonuclear in-
stallations, the elimination of which requires special at-
tention. At the same time, much attention in this direction
is paid to studying not only the processes associated with
the production and release of tritium from ceramics, but
also determining the prospects of using various methods
for increasing the resistance of these ceramics to external
influences, both to the accumulation of radiation damage
associated with nuclear reaction processes, and to

mechanical impacts caused by operating processes, in-
cluding thermal expansion and the formation of mi-
crocracks under mechanical loads [8—11]. One of the
ways to change the properties of ceramics while main-
taining the productivity of tritium production is to create
two-phase ceramics by combining various types of lith-
ium-containing ceramics, including combining lithium
titanate with lithium silicate, or to form two-phase ceram-
ics by initializing phase transformation processes during
the manufacture of ceramics [12—15]. The underlying hy-
pothesis of this method for enhancing resistance to exter-
nal influences is that the hardening effect is formed by
interphase boundaries, the presence of which creates ad-
ditional barriers for migrating point and vacancy defects,
as well as products of nuclear reactions in the form of
helium or hydrogen ions, the agglomeration of which
leads to destructive swelling of the near-surface layer,
and as a consequence, its embrittlement and softening
[14, 15]. Also, in several works [16—18], the size factor,
consisting in grain size reduction, and consequently, dis-
location density growth, is considered as a method of en-
hancement of resistance to radiation damage associated
with the accumulation of structural distortions and amor-
phous inclusions due to the accumulation of products of
nuclear reactions of lithium with neutrons [19, 20]. The
inverse quadratic dependence of grain sizes and disloca-
tion density, in this case, determines a fairly good hard-
ening effect due to the presence of a large number of
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grain boundaries and dislocations, which are located near
grain boundaries and are restraining factors for the prop-
agation of microcracks and deformation distortions
caused by both mechanical effects and the radiation dam-
age accumulation in the structure.

The aim of the study is to determine the effect of the
phase composition of lithium-containing ceramics based
on metazirconate and size factors associated with altera-
tions in the manufacturing conditions of ceramics on the
resistance of ceramics to external mechanical and tem-
perature influences characteristic of the operating modes
of these ceramics, which are candidate materials for blan-
kets [21, 22]. The working hypothesis taken as the basis
for conducting these studies assumes that variation of the
synthesis conditions, by changing the mechanical grind-
ing speed, contributes to a change in grain sizes, the re-
duction of which, while maintaining the ratio of metazir-
conate phases, will make it possible to initiate the
dislocation hardening effect of in ceramics, associated
with size factors. At the same time, the presence of inter-
facial hardening, well known for two-phase ceramics,
will also be considered when determining the strength
properties of ceramics, especially during high-tempera-
ture stability tests, as well as maintaining the stability of
strength and thermophysical parameters during life tests.

MATERIALS AND METHODS

The objects of study were lithium-containing ceram-
ics obtained by mixing the initial ZrO» and Li,CO3 pow-
ders in different molar ratios ranging from 0.25 to
0.75 M. Mechanochemical synthesis was chosen to ob-
tain a homogeneous mixture of initial components
ground in a planetary mill at a grinding speed from 300
to 500 rpm. Variation of the grinding speed in increments
of 50 rpm is due to the possibility of variation of grain
sizes due to changes in the intensity of crushing during
the interaction of grinding media with powders. The se-
lection of the grinding speed range was based on a priori
experimental data, including detailed assessments of the
influence of grinding intensity and speed on the change
in size factors, as well as the degree of homogeneity dur-
ing grinding. The grinding speed was controlled by pro-
gramming the planetary mill in order to establish the
identity of the conditions of the experiments, as well as
by maintaining the accuracy of the experimental work.
The difference in the speed values was no more than 1%
deviation from the specified mode.

Previously, in [23], it was shown that the use of ZrO,
and Li,CO; powders with different variations in the ratio
of components in the case of mechanochemical solid-
phase synthesis makes it possible to obtain two-phase ce-
ramics with different variations in the weight contribu-
tions of the monoclinic phases Li,ZrO; (PDF-00-033-
0843) and Li¢Zr,07; (PDF-01-081-2375). According to
the data obtained, the phase composition of ceramics
when changing the ratio of the components of the initial
powders is 0.92 Li»ZrO; : 0.08 LisZr,O7 for a ratio of
molar fractions of 0.25 M ZrO; and 0.75 M Li,CO;. With
an equal molar ratio of powders (0.5 M ZrO, and 0.5 M

Li,CO:s3), the ratio of the weight contributions of the
phases is 0.8 Li;ZrOs : 0.2 LisZr,O7, and with a ratio of
powders of 0.75 M ZrO; and 0.25 M Li,CO3, the weight
contributions are 0.2 Li,ZrO; : 0.8 LigZr,O7, which indi-
cates the dominance of the LigZr,O7 phase in the compo-
sition of the ceramics. The phase ratio in the ceramics
was determined using the weight contribution method, by
determining the proportion of contributions of each of the
identified phases in the composition based on the ob-
tained X-ray diffraction data. At the same time, it was
determined that a change in the phase composition of ce-
ramics, caused by an alteration in the phase ratio, leads
to an elevation in strength and thermophysical parame-
ters, which indicates a positive effect, which is due to the
presence of interphase boundaries, an increase in the
number of which results in hardening [23].

In this work, variation in the grinding speed of sam-
ples was chosen to determine the possibility of variation
in grain sizes, which, together with changes in the phase
composition, can lead to the formation of additional hard-
ening effects associated with size factors causing dislo-
cation hardening. This assumption is based on the effect
of mechanical crushing of particles at high grinding
speeds, leading to the formation of fine grains, the sizes
of which can reach nanometer scales. Grinding was car-
ried out for 30 minutes; the grinding time, as well as the
mass of the initial components placed in the grinding
glass, were chosen considering the elimination of the ef-
fect of cold welding of powders on the walls of the glass,
which occurs during high-speed long-term grinding.
Thermal sintering of the samples was carried out in a
muffle furnace SNOL 39/1100 (AB UMEGA-GROUP,
Ukmergg, Lithuania) at a temperature of 900 °C. Anneal-
ing was carried out for 8 hours at a heating rate of sam-
ples placed in corundum crucibles of 20 °C /min. Upon
reaching the specified temperature, which was controlled
using thermocouples placed in the furnace, the samples
were kept for a specified time, after which they were sub-
jected to slow cooling during the day inside the furnace
chamber until they reached room temperature. Analysis
of the phase composition of the ceramics under study
when changing the conditions of mechanical grinding
showed the preservation of the phase ratio for all grinding
speeds, from which it can be concluded that the phase
formation processes are not affected by the speed of me-
chanical action, and the processes themselves depend on
the sintering temperature, the variation of which was not
carried out in this experiment.

To conduct experiments to determine the mechanical
properties of ceramics, as well as their resistance to me-
chanical and thermal influences, samples were pressed
into a tablet with a diameter of 10 mm and a thickness of
about 1 mm under a pressure of 250 MPa for 30 minutes,
after which they were subjected to thermal relaxation of
mechanically induced structural defects in a muffle fur-
nace for 5 hours at a temperature of 500 °C.

The particle sizes after milling were determined using
the laser optical diffraction method, which made it
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possible to estimate both the average particle size and the
homogeneity of grain sizes depending on the weight con-
tribution and production conditions. The effect of varia-
tions in grinding speed on the grain sizes of the ceramics
under study was determined by measuring the size dia-
grams using the optical laser diffraction method, imple-
mented on an ANALYSETTE 22 NeXT Nano particle
analyzer (Fritsch, Berlin, Germany). Based on the data
obtained, the dependences of the average grain size on
the ratio of the initial components during grinding, as
well as the grinding speed, were established.

Experiments to determine resistance to high-temper-
ature degradation were carried out by simulating long-
term thermal exposure at temperatures of the order of
1000 °C, characteristic of the operating temperatures of
the core. Tests were carried out by placing samples in
muffle furnaces, followed by slow heating (heating rate
was 10 °C/min) to a given temperature and subsequent
exposure at it for 100, 300 and 500 hours, then the sam-
ples cooled down with the furnace for 10-20 hours, de-
pending on the heating temperature. After holding the
samples at given temperatures for a certain time, hard-
ness and crack resistance were measured, based on the
measurements of which softening factors associated with
destructive changes in the crystal structure resulting from
thermal exposure were determined.

Determination of the thermal stability of ceramics un-
der sudden changes in the temperature of the samples was
carried out by quickly heating the samples in a muffle
furnace at a speed of 50 °C/min, holding them at a tem-
perature of 1000 °C for 1 hour, and removing the samples
from the furnace into air to simulate thermal shock pro-
cesses. The number of test cycles was about 5 cycles, af-
ter each cycle the hardness of the test samples was meas-
ured in order to determine changes caused by thermal
effects during a sharp change in temperature.

Determination of the strength parameters of the ce-
ramics under study, as well as determination of resistance
to external influences, including long-term temperature
exposure and heat resistance tests, was carried out using
the following methods.

The hardness of the samples was determined using
the indentation method, implemented using a Duroline
M1 microhardness tester (Metkon, Bursa, Turkey),
where a Vickers pyramid is used as an indenter, and the
load on the indenter during testing was about 100 N. All
measurements were carried out in the form of series of
1520 tests, which made it possible to determine the
standard deviation, as well as the measurement error.

Tests for resistance to single-compression cracking at
a constant speed were carried out on a single-column test-
ing machine LFM-L 10kH (Walter + Bai AG, Loningen,
Switzerland), by placing ceramic samples in special
clamps while applying external pressure to them at a con-
stant speed.

The hardening parameters were determined by com-
parative analysis of changes in hardness values depend-
ing on the synthesis conditions and phase composition of

ceramics. The obtained values reflect how effectively
changes in the production conditions influence the degree
of hardening and changes in the resistance of the mechan-
ical and strength properties of ceramics to external influ-
ences.

The determination of the thermophysical parameters
of the studied ceramics depending on the phase composi-
tion, grain sizes, as well as changes caused by thermal
effects and high-temperature degradation was carried out
using the method of determining longitudinal heat flow.
The main purpose of testing ceramics for heat resistance
is the need to understand the processes of ceramic re-
sistance to extreme operating conditions, which can lead
to the acceleration of destruction processes and weaken-
ing due to the instability of the crystalline structure to
sudden changes in temperature effects.

The measurements were carried out by placing ce-
ramic samples between thermocouples, after which the
samples were heated on one side, and control was carried
out considering the temperature difference across the
thermocouples. Based on these changes, thermal conduc-
tivity coefficients were determined, the change in which
for dielectric ceramics is due to changes in the phonon
mechanism of heat transfer. The choice of the time of ex-
periments aimed at assessing the resistance of ceramics
to thermal aging was based on a priori experimental
work, which made it possible to establish a relationship
between the rate of destruction and the resistance of ce-
ramics to external influences.

RESULTS AND DISCUSSION

Figure 1a presents the results of a comparative analy-
sis of changes in the average grain size of the ceramics
under study, determined using the optical laser diffrac-
tion method. The data are presented as a dependence of
the change in grain size on the grinding speed, which was
varied during the ceramic manufacturing process. Accor-
ding to the data presented, variation of the initial compo-
nent ratio during grinding under the same grinding con-
ditions leads to a change in grain sizes, which consists in
the fact that a rise in the ZrO, content in the ceramic com-
position results in more intense crushing of grains. How-
ever, this effect is most pronounced at low grinding
speeds (300-350 rpm), but the grinding speed growth to
400 rpm and higher leads to the fact that the most signif-
icant differences in grain sizes are observed at ZrO, con-
centrations equal to 0.75 M. In this case, the difference
between the sizes is about 80—-100 nm compared to the
grain sizes of ceramics obtained at ZrO, concentrations
0of 0.25 M and 0.5 M.

Analyzing the data presented in Figure 1, it can be
concluded that the most significant changes in grain sizes
are observed when the grinding speed rises above
400 rpm, at which a more pronounced reduction in grain
sizes is observed during mechanical crushing, due to the
effect of grinding balls on the initial powders. The grind-
ing speed elevation from 300 to 350 rpm leads to a de-
crease in grain size by 5-7%, which is within the permis-
sible measurement errors, and at speeds above 400 rpm
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the reduction in grain size is more than 2-2.5 times.
It should be noted that among the three types of ceramics,
more pronounced changes in grain sizes are observed for
ceramic samples in which the LisZr,O7 phase dominates.
Such alterations in the dynamics of grain fragmentation
can be explained by the presence of a high concentration
of zirconium dioxide, the presence of which contributes
to the formation of metastable states under mechanical
action, which leads to increased grain fragmentation and,
therefore, the formation of a smaller dispersed fraction.
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Figure 1. a) Data on changes in the average grain size of the
studied lithium-containing ceramics with variations in the
grinding speed of the initial components in a planetary mill;
b) Assessment results of changes in the dislocation density of
the ceramics under study depending on the grinding speed

Based on the obtained grain size data, the dislocation
density of the ceramics under study was determined, the
results of changes in which are presented in Figure 1b.
The dislocation density was calculated based on a stand-
ard evaluation technique based on the determination of
grain size parameters and their changes depending on the
variation of synthesis conditions. Obtaining grain sizes
was carried out by estimating crystallite sizes from X-ray
diffraction. The data are presented as the dependence of
the change in dislocation density on the grinding speed
of the initial powders. The dislocation density was as-
sessed considering the relationship between the disloca-
tion density (8) and grain size (D), which can be expres-
sed by the formula & = 1/D?. As is evident from the data

presented, the most significant changes in dislocation
density are observed for ceramic samples containing the
LisZr,0O7 phase content of about 80%, which were ob-
tained at grinding speeds above 400 rpm. In this case, the
dislocation density is on the order of 0.04—
0.05x10" cm™2, while for samples obtained at lower
grinding speeds, the dislocation density values are on the
order of 0.005-0.01x10'" cm™. At the same time, it im-
portant to highlight that for 0.92 Li,ZrO;3 : 0.08 LisZr,0O~
and 0.8 Li»ZrO; : 0.2 LisZr,O7 samples the change in dis-
location density depending on the grinding speed is less
pronounced in contrast to 0.2 Li»ZrO; : 0.8 LicZr,07
samples, and the maximum value of the dislocation den-
sity of these samples at a grinding speed of 450-500 rpm
is 0.015-0.02x10'"" cm™2, which is half the same value
determined for 0.2 Li,ZrOj : 0.8 LicZr,0O7 samples. An
increase in dislocation density in ceramics due to a de-
crease in grain size can contribute to the emergence of
the so-called dislocation hardening effect [24, 25], the
formation of which causes an increase in hardness and
resistance to cracking or wear. This effect is based on the
size factor associated with the fact that when grain sizes
decrease, a large number of grain boundaries are formed
(the so-called dispersion hardening effect), which serve
as restraining barriers for the propagation of cracks under
external pressure, as well as sinks for defects, the for-
mation of which occurs as a result of external influences
on the structure of ceramics. At the same time, the grain
sizes decrease. Therefore, it results in the dislocation den-
sity growth, which in this case also serve as barriers to
defects during their migration and diffusion as a result of
external influences, especially during thermal influences.

The small grain sizes in ceramics, as well as the pres-
ence of two phases, can lead to a synergistic hardening
effect, resulting in higher hardness and crack resistance,
and in the case of thermal effects, these effects can play
a key role in curbing high-temperature degradation due
to thermal expansion. Moreover, as was shown in [23],
an alteration in the phase composition of ceramics leads
to the formation of a hardening effect, i.e., a growth in
hardness and resistance to cracking due to a change in the
ratio of phases in the composition of ceramics, obtained
by variation of the ratio of components in the composi-
tion of ceramics during their grinding and subsequent
thermal annealing. It is important to highlight that the ce-
ramics’ phase composition alteration by variation of the
types of lithium-containing components is one of the
most promising ways to enhance resistance to external
influences [26-28], and the use of the size effect caused
by the ceramics’ grain size reduction was considered in
[29] as one of the factors determining the radiation dam-
age resistance growth. Also, the influence of size factors
on the properties of lithium-containing ceramics was
considered in [30], in which the authors, using the hydro-
thermal synthesis method and nanostructured powders,
obtained the dependences of changes in microstructural
properties, alongside the phase composition of lithium
ceramics.
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Figure 2. a) Assessment results of alterations in the hardness
values of the ceramics under study contingent upon the phase
ratio, alongside at the grinding speed alteration; b) Assessment
results of the change in the maximum pressure that ceramics
can withstand during a single compression at a constant speed
for samples obtained at different grinding speeds, causing
changes in grain sizes

Figure 2a reveals the hardness values of ceramic sam-
ples contingent upon the phase composition, as well as
grain size, the change of which is due to variations in
grinding conditions. As is evident from the data pre-
sented, variation in the phase composition of ceramics
obtained at a grinding speed of 300 rpm (this speed was
chosen as the starting point relative to which further com-
parison and calculation of hardening factors was carried
out) results in hardness growth. Moreover, for
0.2 Li,ZrOs : 0.8 LisZr,O7 samples the hardness value
exceeds 810 MPa, while for the other two samples the
hardness values are less than 800 MPa, which indicates a
positive hardening effect due to a change in the phase ra-
tio in the ceramic composition. At the same time, it
should be noted that the absence of changes in the phase
ratio at different grinding speeds indicates that changes
in hardness and cracking resistance for samples obtained
at higher grinding speeds are due to size effects, as well
as dislocation hardening. As can be seen from the pre-
sented data on the dependences of changes in hardness
values on the grinding speed, and consequently, changes
in grain sizes, in view of the established inverse

relationship between grinding speed and grain sizes, it
can be concluded that grain size reduction due to grinding
speed growth leads to an elevation in hardness values. At
the same time, the most significant alterations in hardness
are observed at grinding speeds above 400 rpm, for
which, according to the data presented in Figure la, the
grain sizes are less than 250 nm, and in the case of
0.2 Li2ZrOs : 0.8 LigZr,0O7 ceramics, the decrease in size
is less than 200 nm. Moreover, according to the data ob-
tained, a decline in grain size leads to an increase in hard-
ness by an amount of about 6—10%, depending on the ra-
tio of phases in the composition of the ceramics. From
the data presented it can be concluded that with an eleva-
tion in the contribution of the LisZr,O7 phase in the com-
position of ceramics, more pronounced changes in hard-
ness are observed, due to both dimensional factors and
the presence of interphase boundaries, the density of
which is determined by the phase ratio. It is important to
highlight that the observed growth in the hardness of ce-
ramics depending on size factors is in good agreement
with the results of [16, 31], in which the grain sizes were
varied by addition of various additives, as well as by var-
iation of the synthesis conditions. At the same time, in
[32] it was shown that the use of lithium carbonate
(Li2CO3) as an initial component makes it possible to in-
crease the density of ceramics, alongside resistance to
cracking, by more than 4 times, while maintaining the
fine fraction in ceramics.

Figure 2b illustrates the assessment results of changes
in the maximum pressure that ceramics can withstand
during a single compression at a constant compression
rate, reflecting the resistance of ceramics to cracking un-
der external load. The data was obtained on a testing ma-
chine by determining the pressure at which the formation
of cracks in the sample was recorded, the fixation of
which was carried out using an extensometer, as well as
determining the pressure drop (a sharp decrease at a con-
stant compression rate). The results of tests for resistance
to cracking have similar trends with changes in hardness
values, which characterize a positive effect on increasing
resistance to cracking under external mechanical influ-
ences, which is due to size effects associated with a de-
crease in grain size, and consequently, an increase in dis-
location density. At the same time, the change in the
maximum pressure that ceramics can withstand during a
single compression is more pronounced for samples of
0.2 LipZrO; : 0.8 LigZr,O7 ceramics, which confirms the
influence of the size effect and phase composition on the
hardening and increase in the resistance of ceramics to
external influences. It should also be noted that the trend
of changes for all three types of ceramics depending on
the grinding speed is preserved, which indicates the
preservation of the effect of interphase boundaries, cau-
sed by a change in the phase ratio in the composition on
the strengthening of ceramics. Moreover, in the case of
high grinding speeds (above 400 rpm) for samples of
0.2 Li,ZrOs : 0.8 LisZr,O7 ceramics, more pronounced
changes in the parameters of hardness and resistance to
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cracking are observed, which indicates that at small grain
sizes, the presence of a large number of interphase
boundaries has a positive effect on growth of resistance
to external influences, which results in higher measured
values.

The results of a comparative analysis of the effects of
hardening (changes in hardness and the maximum pres-
sure that characterizes resistance to cracking) in the form
of dependences on grain sizes and dislocation density are
shown in Figures 3a-d. The hardening factor was as-
sessed by comparative analysis of the hardness values of
ceramic samples obtained at a grinding speed of 300 rpm,
which were chosen as the initial value, and samples ob-
tained at higher grinding speeds. Similar calculations
were carried out for the factor reflecting resistance to
cracking under single compression, calculated by com-
paring the values of the maximum pressure at which
crack formation is observed.

Analysis of these changes in hardening (increase in
hardness) and resistance to cracking (changes in the
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the appearance of the effect of dispersion hardening,
which is caused by size effects. It should also be noted
that for all the studied samples, the size effect of harden-
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sizes, small changes in the measured characteristics are
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phase boundaries.
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Figure 3. Results of a comparative analysis of the observed strengthening effects associated with changes in the phase composition
of the ceramics under study, alongside size factors caused by alterations in the grinding speed, and, as a consequence, grain sizes
and dislocation density: a) results of changes in hardness depending on grain size; b) results of changes in resistance to cracking
under single compression depending on grain sizes, c) results of changes in hardness depending on dislocation density, d) results

of changes in resistance to cracking under single compression depending on the dislocation density
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The general appearance of the presented dependences
of alterations in hardening factors (changes in hardness
and resistance to cracking under single compression) in-
dicates a direct dependence of these values on the dislo-
cation density, alongside the phase composition of ce-
ramics. For samples with a low LisZr,O7 phase content,
the main changes are due to a reduction in grain sizes be-
low 250 nm, which leads to an elevation in hardness and
resistance to cracking by more than 5-10%, which indi-
cates a fairly effective growth in strength parameters de-
termined by dimensional factors, as well as changes in
dislocation density. It should be noted that in the case of
0.2 Li,ZrOs : 0.8 LigZr,O7 ceramics, according to the
data presented in Figure 3¢-d, the most pronounced con-
tribution to hardening is made by the phase composition
of the ceramics, which dominates at large grain sizes
(more than 250 nm). Moreover, for ceramic samples with
similar grain sizes, the hardening effect is more pro-
nounced (the values of AHV and resistance to cracking
under single compression) are greater at lower disloca-
tion density values than for 0.2 Li,ZrOj : 0.8 LicZr,07
ceramics. As is known, the hardening mechanisms for
two-phase ceramics are mainly due to effects associated
with interphase boundaries and their features, which in
turn are caused by size effects. In this case, the observed
hardening effects for 0.2 Li,ZrOs3 : 0.8 LisZr,O7 ceramics
are due to the presence of interphase boundaries, as well
as a more pronounced reduction in grain size at grinding
speed growth during mechanochemical solid-phase syn-
thesis. In turn, the same type of crystal lattices of the
LixZrO; and LisZr,0O7 phases (both phases are character-
ized by a monoclinic type of crystal lattice) determines
complete conjugation between particles of one phase,
which are located in the matrix of the other phase, the
content of which dominates in the composition of the ce-
ramics. In this case, the observed effect of dispersion
hardening with a decrease in particle size is most pro-
nounced for samples of 0.2 Li,ZrOs : 0.8 LigZr,0O7 ce-
ramics, for which a change in grinding conditions (eleva-
tion in grinding speed) results in more pronounced grain
size reduction (see data in Figure 1a).

Figures 4a-c and 5a-c present the results of changes
in hardness and crack resistance (as a function of changes
in the maximum compression pressure) during thermal
cyclic tests simulating the effects of sudden temperature
changes. Such tests are used to evaluate the resistance of
ceramics to external influences during critical or emer-
gency situations during operation, as well as thermal ex-
pansion processes resulting from sudden temperature
changes.

The general appearance of the presented dependen-
cies indicates that the most significant changes in
strength parameters associated with a reduction in hard-
ness and resistance to cracking are observed after three
successive cycles of heat resistance tests, which indicates
a fairly high stability of ceramics to sudden temperature
changes, which are accompanied by the occurrence of
thermal shocks in the structure, as well as destabilization

of the crystal structure due to sudden changes in the am-
plitude of thermal vibrations. At the same time, from the
presented dependences it is clear that a change in the
phase composition due to the formation of LigZr,O7 in
the composition and a rise in its contribution leads to an
elevation in resistance to a decrease in hardness and re-
sistance to cracking, which is most pronounced when the
LisZr,0O7 phase dominates in the composition of ceram-
ics.
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Figure 4. Results of changes in the hardness of ceramics
during cyclic tests for heat resistance (rapid heating and rapid
cooling): a) 0.92 Li2ZrOs : 0.08 LicZr207 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics,
¢) 0.2 Li2ZrOs : 0.8 LisZr207 ceramics
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Figure 5. Results of changes in resistance to cracking (in the
form of a dependence of changes in the maximum compression
pressure) of ceramics during cyclic test tests for heat
resistance (rapid heating and rapid cooling):

a) 0.92 Li2ZrOs : 0.08 LisZr:07 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics;
¢) 0.2 Li2ZrOs : 0.8 LiscZr:07 ceramics

It should also be noted that the change in grain size,
which is determined, as was previously shown, by the
grinding speed, leads to an elevation in degradation re-
sistance of strength characteristics, which consists in less
pronounced trends in the decline in hardness values and
resistance to cracking after 3 consecutive cycles of heat

resistance tests. Small alterations for samples of
0.2 Li2ZrOs : 0.8 LigZr,O7 ceramics, especially for parti-
cle sizes less than 250 nm, are due to a combination of
two factors influencing hardening: the presence of inter-
phase boundaries and the size factor, a change in which
results in the dislocation density growth. The presence of
a high dislocation density, in combination with the pres-
ence of interphase boundaries, leads to an increase in re-
sistance to thermal effects of the crystalline structure,
which in turn is expressed in less pronounced changes in
hardness and resistance to cracking with a large number
of cyclic heat resistance tests. It is important to note that
the presence of a large contribution of the LigZr,O7 phase
in this case determines not only higher hardness and
crack resistance in the initial state, but also higher re-
sistance to external influences, which is expressed in
changes in the degradation trends of strength parameters
presented in Figures 4c and Sc.

Figures 6a-c and 7a-c present the results of alterations
in hardness and resistance to cracking during tests aimed
at simulation of thermal aging processes. The general ap-
pearance of the presented dependencies reflects the
change in the strength parameters of the ceramics under
study, measured after 100, 300 and 500 hours of thermal
exposure, and the reduction in values is due to high-tem-
perature degradation of ceramics during prolonged ther-
mal exposure.

As can be seen from the presented dependencies,
changes in strength parameters (hardness and resistance
to cracking) are most pronounced after 300 hours of se-
quential thermal exposure, while the decreasing trends
have a clear dependence on both the phase composition
of the ceramics and dimensional factors caused by varia-
tions in the grinding speed. The least pronounced chan-
ges associated with a decrease in the difference between
hardness values and the maximum pressure that ceramics
can withstand during a single compression are observed
for samples whose grain sizes are less than 250 nm. In
this case, changes in trends of the reduction of strength
parameters are primarily due to size factors resulting in
dispersion and dislocation hardening through the creation
of barrier defects for the migration of point and vacancy
defects, as well as processes of deformation expansion of
the crystal structure as a result of prolonged thermal ex-
posure. At the same time, it should also be noted that the
smallest changes in the trends of the reduction of strength
parameters are  observed for  samples  of
0.2 Li;ZrOs : 0.8 LigZr,0O7 ceramics, for which, in addi-
tion to dislocation hardening, the presence of interphase
boundaries plays an important role in the growth of re-
sistance to external influences, as well as the large con-
tribution of the LisZr,O7 phase in the composition of the
ceramics.

Figure 8a-b demonstrates the assessment results of
the relationship between changes in dislocation density
in ceramics and softening factors associated with a de-
crease in hardness (see Figure 8a) and resistance to stress
cracking (see Figure 8b) for ceramic samples subjected
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to heat resistance tests. The data are given for samples
subjected to five heat resistance tests of the studied sam-
ples, at which the maximum reduction in strength param-
eters was observed.
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Figure 6. Results of hardness changes during long-term
thermal exposure tests simulating thermal aging processes:
a) 0.92 Li2ZrOs : 0.08 LisZr207 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics;
¢) 0.2 Li2ZrOs : 0.8 LicZr207 ceramics

The general appearance of the presented dependences
of changes in the values of degradation of strength prop-
erties, expressed in a reduction in hardness and resistance
to cracking after five successive heat resistance tests, in-
dicates the positive effect of an increase in dislocation

density on growth of the resistance of ceramics to de-
structive embrittlement resulting from destabilization of
the crystal structure as a result of sudden temperature
changes. At the same time, the most pronounced changes
in stability are characteristic of a dislocation density of
0.01-0.025x10'"! cm™2, which is typical for grain sizes
less than 250 nm.
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Figure 7. Assessment results of changes in the values of the
maximum pressure that ceramics can withstand during a
single compression, subjected to thermal effects
simulating thermal aging processes:

a) 0.92 Li2ZrOs : 0.08 LisZr207 ceramics;

b) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics,
¢) 0.2 Li2ZrOs : 0.8 LisZr207 ceramics
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Figure 8. Results of a comparative analysis of experimental
data to determine the thermal stability of the ceramics under
study: a) relationship between changes in dislocation density
and the degree of softening, which characterizes the decrease
in the hardness of samples after heat resistance tests;
b) relationship between changes in dislocation density and a
decrease in resistance to cracking during single compression of
samples after heat resistance tests

Figure 9a-b illustrates the results of a comparative
analysis of the influence of dislocation density on the sta-
bility of strength parameters (hardness and resistance to
cracking under single compression) during test tests sim-
ulating thermal aging during long-term thermal heating
of samples. Data are given for samples kept at a temper-
ature of 1000 °C for 500 hours.

It should be noted that the most pronounced altera-
tions in strength parameters are observed when the dislo-
cation density changes from 0.005 to 0.02x10'" ¢cm™,
which corresponds to a grain size reduction from 450—
500 nm to 250-270 nm. In this case, a decrease in grain
size leads to a more than 1.5-2-fold increase in degrada-
tion resistance of strength parameters caused by thermal
effects on the crystal structure. At the same time, for sam-
ples of 0.2 Li»ZrOj : 0.8 LigZr,O7 ceramics, the reduc-
tion in size is less than 250 nm, for which the dislocation
density is on the order of 0.04-0.05x10"!' cm2, the in-
crease in the stability of strength parameters is less pro-
nounced, which may be due to the saturation effect, i.e.,

a less pronounced effect on growth of resistance to high-
temperature degradation of a high dislocation density, the
presence of which in turn has a positive effect on growth
of hardness and resistance to cracking under external in-
fluences in the initial state.
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Figure 9. Results of a comparative analysis of experimental
data to determine resistance to long-term thermal heating,
simulating thermal aging processes: a) relationship between
changes in dislocation density and the degree of softening,
which characterizes the decrease in the hardness of samples
after thermal aging tests; b) relationship between changes in
dislocation density and a decrease in resistance to cracking
under single compression of samples after thermal aging tests

The obtained dependencies allow us to conclude that
changing the phase composition of ceramics due to an in-
crease in the contribution of the LisZr,O7 phase in the
composition, as well as a decrease in grain sizes, makes
it possible to elevate resistance to external temperature
influences, including sudden temperature changes, as
well as long-term thermal exposure. Moreover, in the
case of heat resistance tests, the presence of interphase
boundaries, as well as dislocation density, leads to a
growth in resistance to destructive embrittlement, char-
acteristic of sudden temperature changes associated with
changes in the amplitude of thermal vibrations, which
cause deformation distortion of the crystal structure due
to rapid heating and cooling. In this case, the high dislo-
cation density, as well as interphase boundaries, inhibit
the embrittlement effect due to barrier effects that inhibit
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the migration of defects and vacancies. With prolonged
thermal exposure to the structure of ceramics, defor-
mation distortions are associated with the effect of ther-
mal expansion on the crystal lattice, as well as an increase
in the migration of point and vacancy defects due to ther-
mal exposure. In the case of a high dislocation density
and the presence of interphase boundaries, migration pro-
cesses are restrained, which leads to a decrease in the rate
of structure degradation, and consequently, embrittle-
ment and softening.

Figure 10a illustrates the results of a comparative
analysis of changes in the thermal conductivity coeffi-
cient of the ceramics under study depending on the vari-
ation in grain sizes due to changes in the grinding speed,
as well as the phase composition of the ceramics, changes
in which are due to variations in the ratio of components
during grinding. As is evident from the data presented, a
change in the phase composition of ceramics, caused by
an elevation in the contribution of the LisZr,O7 phase in
the composition of ceramics, leads to an increase in the
thermal conductivity coefficient, which causes higher
values associated with the thermophysical properties of
this phase. Moreover, a general analysis of the presented
changes depending on the grain size indicates that the
most significant changes are observed at grain sizes be-
low 250 nm. The absence of significant changes for ce-
ramic samples with larger grain sizes indicates a small
influence of size factors on changes in thermophysical
parameters, since for these ceramics, due to their dielec-
tric nature, the main mechanism of heat transfer is the
phonon mechanism, based on heat transfer due to phonon
scattering.

Figures 10b-d reveal the results of a comparative
analysis of alterations in the thermal conductivity coeffi-
cient of the ceramics under study in the initial state and
after testing for heat resistance (after 5 cycles) and ther-
mal aging (after 500 hours), reflecting the influence of
dimensional factors and phase composition of ceramics
on maintaining the stability of thermal conductivity, the
change of which occurs as a result of structural degrada-
tion. As is evident from the presented dependences, the
most significant changes in the thermal conductivity co-
efficient, indicating degradation caused by structural
changes resulting from thermal effects, are observed for
samples of 0.92 Li,ZrOs : 0.08 LisZr,O7 ceramics. At the
same time, the degradation degree has a clear dependence
on the grain size, which consists in the fact that a reduc-
tion in grain size results in less degradation of the thermal
conductivity coefficient, which indicates a positive effect
of size factors on maintaining the stability of the thermo-
physical properties of ceramics. So, for example, in the
case of 0.92 Li,ZrOs3 : 0.08 LisZr,O7 ceramics, with grain
sizes of the order of 400 nm, the degradation of the ther-
mal conductivity coefficient in the case of heat resistance
tests is about 4.7%, and when tested for thermal aging for
500 hours at a temperature of 1000 °C, the degradation of
the thermal conductivity coefficient is about 7.2%.
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Figure 10. a) Results of a comparative analysis of changes in
the thermal conductivity coefficient of ceramics depending on
grain sizes; Results of a comparative analysis of changes in
the thermal conductivity coefficient of the ceramics under
study in the initial state and after heat resistance tests and
thermal aging tests:

b) 0.92 Li2ZrOs : 0.08 LisZr:07 ceramics;
¢) 0.8 Li2ZrOs : 0.2 LisZr207 ceramics;

d) 0.2 Li2ZrOs : 0.8 LisZr207 ceramics

47



DETERMINATION OF THE EFFECT OF SIZE FACTOR AND PHASE COMPOSITION IN LITHIUM-CONTAINING CERAMICS
ON RESISTANCE TO EXTERNAL MECHANICAL AND THERMAL INFLUENCES

Moreover, for ceramics with grain sizes less than
250 nm, similar changes in the thermal conductivity co-
efficient are no more than 2.8% and 3.3%, respectively.
It is important to highlight that in the case of the domi-
nance of the LisZr,O7 phase in the composition of ceram-
ics, with small grain sizes, the decrease in the thermal
conductivity coefficient during heat resistance and ther-
mal aging tests is no more than 2% of the initial value,
which indicates fairly high stability of the thermophysi-
cal properties of ceramics, which are determined both by
the phase composition and by size and dislocation ef-
fects, which consist in growth of resistance to external
influences due to dispersion and dislocation hardening
and elevation in the resistance of ceramics to high-tem-
perature degradation.

CONCLUSION

During studies of the influence of grinding speed on
changes in grain sizes and dislocation density, it was
found that the most significant changes are observed at
speeds above 400 rpm, for which a more than twofold de-
crease in grain size is observed, due to an increase in the
grinding intensity, as well as the formation of metastable
states as a result of mechanical action. At the same time,
the most pronounced effects are observed for samples in
which the LisZr,O7 phase dominates, the formation of
which occurs due to a large amount of zirconium dioxide
during the manufacture of ceramics. It has been estab-
lished that a change in the phase composition of ceramics
due to the LisZr,O7 phase dominance, at grinding speeds
0f 450-500 rpm, results in reduction in grain size to 140—
150 nm, which determines the dislocation density of the
order of 0.04-0.05x10"" cm™.

During tests for heat resistance and resistance to high-
temperature aging as a result of long-term thermal expo-
sure, it was found that a growth in dislocation density due
to a grain size reduction leads to an increase in the stabil-
ity of strength properties (changes in hardness and re-
sistance to cracking under single compression), which re-
sults in smaller changes in hardness and crack resistance.
At the same time, an important role in the stability of the
strength properties of ceramics is played by the phase
composition, the change in which is caused by an eleva-
tion in the contribution of the Li¢Zr,O7 phase in the com-
position, the dominance of which leads both to an in-
crease in the values of hardness and resistance to
cracking in the initial state, and to less pronounced trends
in the degradation of these values as a result of thermal
influences.

An analysis of changes in the thermal conductivity
coefficient of the studied ceramics depending on the
phase composition and grain sizes showed that in the case
of initial values, the greatest contribution to the increase
in the thermal conductivity coefficient is made by a
change in the phase composition associated with an in-
crease in the contribution of the Li¢Zr,O; phase in the
composition of the ceramics, while the size effect appears
only for grain sizes less than 250 nm. It should be noted
that a change in grain size for the ceramics under study

in the case of thermal tests leads to an increase in stability
to degradation of the thermal conductivity of the ceramic
samples under study due to increased resistance to de-
struction of the crystalline structure of ceramics under
thermal influence, which is due to the presence of dislo-
cation and dispersion hardening.
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JUTHI KYPAMJIAC KEPAMUKAJIAPJAFBI OJIIEMIIK ®AKTOPJIAP
MEH ®A3AJIBIK KYPAMHBIH CBIPTKbI MEXAHUKAJIBIK KOHE TEPMUSLIBIK
OCEPJIEPTE TO3IM/ILIITTHE OCEPIH AHBIKTAY
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By )xyMBICTa AUCTIOKAUS THIFBI3IBIFBIHBIH ©3TepyiHe OKeJISTiH eMIeMIiK (aKTopIapIblH KoHE JIUTHH METallUPKOHATEI
HeriziHzeri exiazaisl TUTHHA Kypamaac KepaMHUKaJIapIsiH Ga3aiblK KYPaMbIHBIH OepiKTiK CHITaTTaMaIapbl MEH KOFapHI
TeMIIepaTypajbIK ChIHAKTApFa TO3IMIUTITIHE dcepi 3epTTeireH. bepikTik KaCHEeTTepiH jKoHEe TeMIIepaTyPasIbIK dcepiepre
TO3IMIUTIKTI Oaranay OapbIChIHIA KYLIEUTY (akTopiapbl peTiHAe enmeMIiK d(PQeKT, AUCIOKAUS THIFbI3BIFbl KOHE
(dazanap apanblK IIeKapagapiblH 00JIybl KapaCTHIPBUIABI, OJIAPBIH 63repici KepamukamapiblH (a3aiblK KYpaMbIHBIH
OPTYPIIUIITi ocepiHeH TybIHAANIBL 3epTTeyiep OapbIChIHIa, YHTAKTAy >KbUINAaMIBIFBIHEIH 400 alfH./MUH-TaH >KOFapbl
00JTybI IOHNEPIiH OJIIIEMIH €Ki ece/IeH acTaMFa a3alTaThIHbl aHBIKTAJIbl, OYJI 03 Ke3eriHAe MUCIOKAlUs THIFbI3IbIFbIH
apTTHIPBIN, KATTBUIBIK MEH JKapbIKIIaKTapFa TO3IMIUTIKTI KymIedTeTiH ¢akrop Oonbin Tadbutansl. bepikrik cumat-
TaMaJapblH aHbIKTAay OapbhICHIHIA KepaMuKa KypaMbiHaa LisZr,O7 da3achiHBIH 0ackiM O0rybIMeH (pazaiblK KypaMHBIH
e3repici MUKpOKapBIKIIAKTAP/IbIH TapalyblHa TOCKAYbUT OOJAaThHIH KOChIMINA (ha3anap apanblK HieKapanapIbslH KeOeroi
ApPKBUTBI KATTBUIBIK ITEH JKapBIKIIAKTapFa TO3IMIUTIKTI apTTHIPaThIHBI aHBIKTANABL. ¥3aK Mep3iMIi TEPMHSUIIBIK, KYHIipy
MEH TEePMILUIBIK TO3IMAUIIKKE CBIHAK JXYPri3y HOTIDKECIHAE OapibIK YII TYpHeri 3epTTeireH KepaMHKaylap YIIiH
IoHIepaiy enmeMi 250 HM-IeH a3 OOJFaH Karaaiaa, TUCIOKAIFSUIBIK KYIIEHTY MeH (asaiap apaiblK HIeKapaiapIbIH
Ooutybl eceOiHeH OepiKTiK KacHeTTepiHIH HalapiayblHa TO3IMIUIIKTIH apTaTblHbl Oenrini Oonabl. by acep acipece
Kypambitaa LigZr,07 daszacel 6ackiM yariiep/e aiKbIH KOPIHII.

Tyitin co30ep: tumuti MemayupkoHamol, eKighazanvi Kepamuxda, OUCIOKAYUSIIbIK Kyueumy, Qasanap apaislk wmekapaiap,
KammulIblK, HCApulKUaKmapea me3imoiix.

OIIPEJEJIEHUE BJIMAHUSA PASMEPHOI'O ®AKTOPA U ®A30BOT'O COCTABA
B JIMTUNCOJEPKAIIIMX KEPAMHUKAX HA YCTOMYUBOCTH K BHEIITHUM
MEXAHUYECKHM U TEPMAUYECKHM BO3JENCTBUSIM

. E. Kenzxunal?, A. Y. Tonenosa!, A. JI. Koznosekuii'?*

! KasHUTY um. K.H. Camnaega, Anmamu, Kazaxcman
2 Pr'll «HMucmumym soepnoii puzuxu» M3 PK, Anmamol, Kazaxcman

* E-mail ons konmaxmos: kozlovskiy.a@inp.kz

B pabore npeacTaBiacHbI JaHHBIC HCCACIOBAHUS BIUSHHS Pa3MEPHBIX (haKTOPOB, 00YCIABINBAIOIIMX U3MECHCHHE TUCITO-
KaLII/IOHHOf/'I IJIOTHOCTH, a TAKXKC d)a30130r0 cocTaBa llBde)aSHI)IX HHTHﬁCOﬂep)KaHIHX KE€paMUK Ha OCHOBE METAallMPpKOHATa
JIUTUSL HA TIPOYHOCTHBIE XapaKTEPUCTUKU KEPaMUK, a TaK)KE YCTOHYMBOCTH K BBICOKOTEMIICPATypPHBIM HCIIBITAHUSIM.
B kauecTBe (hakTOPOB yNPOYHEHHUS MPH OLIEHKE ITPOYHOCTHBIX CBOWCTB, @ TAK)KE YCTOHUYMBOCTH K TEMIIEPaTypHBIM BO3-
JIEUCTBHSM paccMaTpUBAINCH pa3MepHBIN 3P deKT, qucIoKannoHHas TUIOTHOCTh U HAIMYKEe MeX(a3HbIX IpaHHUL], H3Me-
HEHHE KOTOPBIX 00ycioBieHo 3 dexToM Bapuannu (pa3oBOro cocraBa KepamMHK. B XoJie IpoBeEHHBIX HCCIIEIOBAHUN
OBLIO YCTaHOBJIEHO, YTO U3MEHEHHE CKOPOCTH repeMaibiBanys Boime 400 00./MUH NPUBOIMT K OoJiee 4eM ABYKPAaTHOMY
YMEHBIICHUIO Pa3MEPOB 3€PEH, YTO B CBOIO OUEPEAb YBEIMUMBACT JHCIOKAIMOHHYIO IUIOTHOCTh, M3MEHEHNE KOTOPOH
SIBJICTCS YIPOUYHSAIOIMM (HaKTOPOM YISl NOBBILCHHUS TBEPAOCTH U TPEIIMHOCTOWKOCTH. [1pH onpeneneHny npovHOCT-
HBIX XapaKTEPUCTHK OBUIO yCTAaHOBJICHO, YTO M3MEHEHHE (ha30BOr0 COCTaBa 3a c4eT JoMuHHpoBaHus (asel LigZr,O7 B
COCTaBe KEPaMUK NIPUBOJAUT K YBEIMUYEHUIO 3HAYEHUN TBEPAOCTU U YCTOMUUBOCTH K PACTPECKUBAHMIO 34 CUET yBEJINYE-
HUS MEeXK(pa3HbIX TPaHHI, KOTOPbIC CIYXAaT JOMOJHUTEIbHBIMU OapbepaMu Ul PacIpOCTPaHEHHs MUKPOTPEIIUH MPU
BHCIHIHHUX BOSﬂeﬁCTBHﬂX. B XOJ€ MPOBEACHHBIX DKCIICPUMCHTOB IO ONPECACICHUIO yCTOf/'I‘-II/IBOCTI/I K JJIUTCIIBHOMY TEP-
MHYECKOMY OT)KUTY U TECTOB Ha TEPMOCTOHKOCTH OBUIO YCTAaHOBJICHO, YTO YMEHBIICHUE Pa3MepoB 3epeH MeHee 250 HM
JUISL BCEX TpeX TUIOB UCCIEAYEMbIX KepaMHK HPHUBOAWT K YBEIMUYEHHIO YCTOHYMBOCTH K JIErpajaluyl MPOYHOCTHBIX
CBOMCTB 32 CUET JMCIIOKALMOHHOTO YITPOYHEHHS, 8 TAKXKe HAIMUYKsI MeK(a3HbIX TPaHUILl, KOTOpoe HanOosiee MposiBICHO
JUIsl 00pa3uoB ¢ noMuHupoBanueM ¢asbl LicZr,07 B cocTaBe KEpamuK.

Knrwouesvie cnosa: memayupkonam aumusi, 08yxgasuvie Kepamuki,, OUCTOKAYUOHHOE YNPOUHeHUe, Mexchaznble epanu-
Ybl, MeepoOCmyb, YCMOUIUBOCTb K PACMPECKUBAHUIO.
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