HMYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 16 No 4, 04034(6¢c) (2024)

REGULAR ARTICLE

JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 16 No 4, 04034(6pp) (2024)

OPEN ACCESS

Some Kinetic Peculiarities of Formation of High-Entropy Oxide Co00.2Nio.2Cuo.2Mgo.2Zno.20

M.P. Semenko*

Taras Shevchenko National University of Kyiv, 01601 Kyiv, Ukraine

(Received 14 May 2024; revised manuscript received 21 August 2024; published online 27 August 2024)

The kinetics of the formation of high-entropy oxide Coo.2Nio.2Cuo2Mgo2Zno20 from the initial powder
mixture of oxide components was studied for the first time by X-ray diffraction. It has been shown that the
dissolution of CuO oxide at the last stage of the formation of this oxide can be described using the Johnson-
Mell-Avrami model. Based on the analysis of the results obtained under isothermal conditions, the kinetic
parameters of the process were estimated. The value of the Avrami index indicates that the formation pro-
cess at this stage occurs without nucleation by the diffusion mechanism with a change in the nature of
diffusion as the composition approaches the nominal one.
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1. INTRODUCTION

High-entropy oxides (HEOs) are a type of material in
which the effect of entropic stabilization of the crystal
structure is realized, first discovered in the so-called
high-entropy alloys (HEAs) in 2004 [1]. It is the unique-
ness of the properties of HEAs (see review [2]) that gave
rise to the search for the high-entropy effect in other
types of materials. Today, high-entropy stabilized struc-
tures have been found in oxides, carbides, nitrides, bo-
rides and sulfides.

Among these materials, HEOs have perhaps the
largest representation, which is due to the wide variety
of conventional oxide structures. Oxide of composition
Co00.2Ni0.2Cu0.2Mgo.2Zno.2O with a rock salt structure (R-
HEO) is the first synthesized HEO [3]. In HEO, the high
configurational entropy applies only to the cationic sub-
system and does not affect the anionic subsystem (oxy-
gen). However, as in HEAs, the cation content must be
the same to realise the maximum effect of the configura-
tional entropy. After the synthesis of HEOs with the
structure of rock salt, HEOs with other types of crystal
structures, such as fluorites, bixbits, perovskites, and
others, were obtained (a review of such systems can be
found, for example, in [4,5]).

The HEO of the composition
Co00.2Nio2Cu0.2Mgo.2Zno 20 (hereinafter referred to as
R-HEO) has its advantages as the first and most studied
material and the material with a fairly simple crystal
cell of the rock salt type (space group Fm-3m). Already
in the first declarative work [3] on the synthesis of R-
HEO, much attention was paid to the study of the con-
ditions for the synthesis of this material and the role of
small variations in composition on these conditions. As
it was shown in [6], the local crystal structure in R-HEO
is quite sensitive to the copper content and thermal pre-
history of the samples. The study of the sequence of
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transformations of the mixture of oxides with increasing
synthesis temperature allowed to establish that the for-
mation of R-HEO correlates with the energy of vacancy
formation in oxides [7]. Since CuO and ZnO oxides have
a structure different from that of rock salt, they need to
pass the energy barrier associated with a change in the
crystal structure and these oxides dissolve in the R-HEO
structure at the final stage of synthesis. The latter is the
dissolution of CuO oxide, which is in full agreement with
the results of [3]. The energy of the formation process,
which actually determines the temperature of synthesis
and the stability of HEO, is related not only to the en-
tropic contribution, but also to the energy required for
the transformation of wurtzite ZnO and tenorite CuO to
the FCC of the structural rock salt. Although the for-
mation of the R-phase revealed an endothermic maxi-
mum on the DSC during the transition from the multi-
phase to the single-phase state [3], the kinetics of the
formation of R-HEO, as well as other HEOs, has not
been studied directly to date. Therefore, the aim of this
work was to investigate the kinetics of formation of the
C00.2Ni0.2Cuo.2Mgo.2Zno.20 HEO.

2. EXPERIMENTAL DETAILS

As a starting material for the study, a mixture of
Co0, CuO, MgO, NiO, and ZnO oxides with a purity of
at least 99.99 %, taken in the appropriate proportion cor-
responding to the stoichiometry of cations in R-HEO,
was used. This mixture was thoroughly mixed and man-
ually ground. After that, this mixture was loaded into a
heated furnace, first to a temperature of 71 = 920 °C and
then to a temperature of T2 = 985 °C. The first tempera-
ture is slightly higher than the temperature of the be-
ginning of R-HEO formation (850-900 °C [3]) and was
chosen to slow down the formation of R-HEO to study
the kinetics.
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The first annealing was carried out for 6 hours. After
each annealing period, the powder was air quenched and
ground. A small amount of this powder was used for X-ray
studies, and the rest was annealed again for a certain pe-
riod. It was assumed that the annealing time was equal to
the sum of the annealing times for the previous periods. An
increase in the annealing temperature to 985 °C was asso-
ciated with a slowdown in the transformation processes,
which required rather long annealing times.

Powder diffraction patterns were obtained at room
temperature on an automated X-ray diffractometer
DRON-4-07 using Cuq1s2 radiation.

The resulting diffraction patterns were refined using
FULLPROF software [8]. First, the parameters of the FCC
structure were refined. To do this, the intervals where the
peaks of CuO are located were excluded from the calcula-
tions , and then, fixing these parameters, the parameters
of CuO and their volume contents were calculated. The R-
HEO structure was refined using the structure file for NiO,
which was modified in accordance with the composition of
the cationic group of HEO. The same, for comparison, were
refined using the Le Baille method [9], which is also imple-
mented in FULLPROF software.

3. RESULTS
3.1 X-ray Diffraction Results

The results of X-ray diffraction from R-HEO powder at
different stages of heat treatment are shown in Fig. 1.
Each of the X-ray diffraction pattern is presented after
subtraction of the background and normalisation to the
maximum intensity of the diffraction maximum (200),
Timax200.

As can be seen, annealing at 71 for 6 hours (sample R1)

leads to the formation of a two-phase structure containing
phases of HEO with the structure of rock salt and tenorite
CuO. In other words, these studies consider the last stage
of formation of the stoichiometric structure of R-HEO. As
the annealing time increases, the intensity of the CuO dif-
fraction peaks decreases, but this phase does not disappear
even after annealing at this temperature for 20 hours.
Fig. 2 shows the change with annealing time, ¢, of the rel-
ative intensity of the diffraction maxima of CuO oxide and
R-HEO, n¢ry = It/ Inr, where Itis the intensity (area under
the peak) of the CuO maximum and Ixx) is the intensity of
the diffraction maximum (hkl) of R-HEO. The most in-
tense diffraction maximum, which is a superposition of the
(111) and (200) maxima, was chosen as the tenorite maxi-
mum, and both the (111) and (200) maxima were used as
the R-HEO diffraction maximum. In this case, the intensi-
ties were calculated as the areas under the maxima (with-
out taking into account the background and peak shape).
As the relative intensities of the (111) and (200) R-HEO
diffraction maxima, Ia11/Lez00), for all anneals are within
(60 + 4) %, then it can be assumed that the dependence
nky on tis due to the decrease in the amount of CuO. This
is evidenced by the superposition of both dependences
when normalized to the values obtained for R1: the de-
pendences x = 7(t)/n(R1) on t for different (hkl), are practi-
cally the same.

As can be seen from Fig. 2, the rate of change of n with
t increases with an increase in the annealing temperature
T'to 985 °C, which indicates an increase in the rate of CuO
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dissolution in R-HEO. Annealing at this temperature for
9.5 hours (from 20 to 29.5 hours of total annealing) leads
to the formation of an almost single-phase structure of R-
HEO (only the remnants of the most intense CuO maxima
are observed in Fig. 1). Further annealing at 1000 °C leads
to the formation of a single-phase R-HEO structure, but,
most likely, a single-phase structure should also form at
T2, but at longer annealing times.
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Fig. 1 — X-ray diffraction patterns of the powder of composition
R-HEO after successive annealing for 6 (1), 10 (2), 14 (3), 20 (4),
22.5 (5), 25 (6), 29.5 (7) and 45 (8) hours. The anneals (1)-(4)
were performed at T'= 920 °C, (5)-(7) - at T = 985 °C, (8) - at
T = 1000 °C. (0) - X-ray diffraction pattern from a mechanical
mixture of CuO and HEO of the composition
C00.25N10.25Z1n0.25Mg0.250 of the total nominal composition. Trian-
gles correspond to the positions of the main diffraction maxima
of tenorite CuO
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Fig. 2 — Dependence of the relative intensities (areas under the
peaks), narp, of the diffraction maximum of CuO tenorite with
the maximum intensity (superposition of (111) and (200)), to
the diffraction maxima (111) (dark squares) and (200) (light
squares) of R-HEO on the annealing time, ¢, at the tempera-
tures indicated in the figure. Inset: dependence of the cell pa-
rameter, a, of the FCC R-HEO on the annealing time, ¢: dark
squares are obtained by the Rietveld method, light squares — by
the LeBaille method

Therefore, the relative intensities of the diffraction
maxima of tenorite and FCC R-HEO presented in Fig. 2
are mainly determined by the tenorite content. This is only
possible if the structure of R-HEO remains unchanged.
However, it is quite clear that the copper cations of the
part of CuO that has disintegrated are dissolved in R-
HEO. As a result, a change in the structure parameters of
the rock salt should be observed, primarily due to changes
in the cell parameters and form factors that determine the
intensity of diffraction maxima.

The change of structure of the R-HEO due to copper
dissolution is manifested in the dependence of the cell pa-
rameter of the R-HEO, @, on the annealing time, . This
dependence is shown in the inset of Fig. 2. As can be seen,
the parameter a increases from about 0.4230 nm to 0.4239
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nm as the annealing time increases. The dependences
shown in Fig. 2 are plotted for the parameter a determined
by both the Rietveld method (black squares) and the Le
Baille method (white squares). Almost the same depend-
ences were obtained using the graphical method, when the
positions of each of the R-HEO diffraction maxima were
determined separately, and the parameter a was deter-
mined by graphical approximation (these dependences are
not shown in the graph).

It can be assumed that the dependence of @ on ¢ is a
consequence of Wegart's law, when the lattice parameter
of solid solutions is determined by the average radii of the
dissolved components, <Rx>. In this case, we are talking
about the dissolution of copper cations in the R-HEO lat-
tice. In the case of a four-component composition without
Cu?* ion, <Rg> = 0.700 nm, and for a five-component com-
position, <Rg> = 0.706 nm (the estimate was made taking
into account the Rx given in [10]). Such changes in the av-
erage value are 0.9%, and the maximum changes in a (be-
tween the maximum and minimum values of a in Fig. 3)
are less than 0.3%, which should be considered as a conse-
quence of partial dissolution of copper in sample R1.

3.2 Quantitative Phase Analysis

The influence of the cationic composition on the results
of quantitative phase analysis was tested for sample R1.
For this purpose, the experimental diagram was analysed
by the Rietveld method for two limiting compositions: a
five-component oxide with the nominal composition
Co0.2Nio.2Zno2Mgo2Cuo20 and a four-component oxide
with the composition Coo.25Nio.25Zn0.25Mgo.250. The compo-
sition of the cationic group changed during the calcula-
tions.

In the first case, the volume content fr of tenorite was
found to be fr = 14(2) % with unit cell volumes
VR ="75.747(24)-10-2 nm? and vr= 80.688(51) -10~3 nm? for
R-HEO and tenorite, respectively. In the second case, the
volume content f of tenorite was found to be fr= 13(2) %
CuO with cell volumes vk = 75.749(24)-10 - 3 nm3 and
vr = 80.694(54)-10 ~ 3 nm3. From these results, it follows
that the scattering ability of the R-HEO cationic system
(atomic scattering factor) has a rather weak effect on the
results of quantitative analysis. Varying the composition
of the cationic group leads to a difference in the volume
content of copper oxide of 1 %, which is less than the errors
in the determination of the composition.

Since five Coo.2Nio.2Zno2Mgo2Cuo20 lattices can form
four Coo.25Nio.25Zno.2sMgo.250 lattices and one CuO lattice,
the volume content of tenorite in such a mixture is
fr = v/(ur + 4vr). With vr and vr values obtained by the
Rietveld method, we have fr = 21 %. This value is almost
twice as large as that obtained in the two limit cases. Thus,
the sample annealed for ¢ =6 h at 71 has an R-HEO lattice
with partially dissolved copper.

The correctness of this assessment and the results of
the phase analysis are confirmed by the results of diffrac-
tion studies of the mechanical mixture of tenorite and the
Co0.25Ni0.25Zn0.2sMgo.250 HEO synthesised for this pur-
pose, taken in proportions that corresponded to the com-
position Coo.2Nio.2Zno.2Mgo.2Cuo.20. The diffraction pattern
for such a mixture is shown in Fig. 1 (curve (0)). As a result
of the approximation, it was obtained that the volume con-
tent of tenorite in this mixture is 23.8(1.5) %, which, even
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taking into account only the calculation errors, is in good
agreement with the estimated values (21 %).

In principle, the Rietveld method makes it possible to
refine the concentrations of the relevant constituents
(through employment factors). However, since the number
of cationic constituents is quite large, their scattering fac-
tors do not change significantly, and the concentrations of
such constituents are interrelated [3], such a refinement is
practically impossible for HEO and will either lead to
physically erroneous results or give a general discrepancy
when refining the parameters. Therefore, further phase
analysis is carried out using the results obtained for the
nominal cationic composition. Since the copper concentra-
tion in R-HEO increases with the annealing time, it is ex-
pected that the additional error due to the uncertainty in
the cationic composition will decrease with the annealing
time. Such calculations of the volume content of tenorite fr
as a function of annealing time ¢ are shown in Fig. 3.
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Fig. 3 — Dependence of the fraction of tenorite fr on the anneal-
ing time ¢ (white circles — content determined by the Rietveld
method, blue squares — calculations based on the intensity of
diffraction maxima)

3.3 The Kinetics of the Transformation Process

The obtained dependence of the tenorite content on the
annealing time makes it possible to perform a kinetic anal-
ysis of the process occurring at the final stage of R-HEO
formation and to estimate the kinetic parameters.

Any kinetic analysis of thermoanalytical data starts
from the general expression of the reaction rate of the
transformation process [11, 12]:

da

— =kg(a), 1

o g(a) 1)
where o is the degree of transformation,

k = k(T) = koexp[— E/(RT)], ko is the preexponential factor,
E is the activation energy, T is the temperature and R is
the gas constant. The function g(a) is determined by the
kinetic model of the process. The most frequently cited ki-
netic models are summarized in [11].

Thus, if the dependence of the degree of transformation
of one phase into another with time is known, then the ki-
netic parameters can be found using equation (1) with a
known function g(o). In our case, the degree of transfor-
mation can be defined as the fraction of the volume content
of CuO that has been transformed in the mixture during
annealing at time ¢. If we assume that frat t =01s 23.8 %
(a value obtained from diffraction data for the mixture),
then «is quite simple: =1 — f1/23.8.
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In isothermal transformation conditions, the use of the
function g(a) in the Johnson-Mell-Avrami (JMA) model
[11], allows us to present the dependence of the transfor-
mation degree o on time in the form [11]:

a(t) =1-exp[-(k))"]), @)

where n is a parameter determined in general by the nu-
cleation and growth mechanisms (Avrami parameter). If
we represent Eq.(2) in the form of:

In(-In(1 - @)) = nlnky, —nE/RT +nlnt, 3)

then it is possible to determine the n and E.

The dependence of In(— In(1 — @)) on Int, plotted ac-
cording to the results presented in Fig. 3, is shown in
Fig. 4. As can be seen, the accuracy of determining the
values of In(- In(1 — @)) calculated taking into account
the values of fr and Afr for annealing at T% is relatively
small, which is due to the small values of fr. Quite obvi-
ously, this is reflected in the accuracy of the parameters
of the linear approximation y = a + bx according to
Eq.(3). The corresponding values of a; and b; for both an-
nealing temperatures are shown in the Table 1. Moreo-
ver, the linear approximation for the annealing temper-
ature 71 was performed without taking into account the
data for the last annealing at this temperature (the rea-
sons for this will be discussed below).

The accuracy of CuO determination, especially at low
fr content, can be improved by using the relative intensi-
ties nnry discussed before. This is due to the fact that the
accuracy of fr determination in the Rietveld method will
be determined not only by various model parameters, but
also by the intensities of all diffraction maxima for a given
angular interval. At low CuO content, weak diffraction
maxima are practically not observed, which is reflected in
the calculated parameters and concentrations, since the
Rietveld method works not with individual maxima but
with the totality of all diffraction maxima. Consider how
fr can be determined from the values of 7).

The value of naky was defined as nary = It Ipry. Since
the absolute intensity of any diffraction maximum of the
i-th phase can be written in a simplified form as follows:

Ii:C'f;:'Qi” (4)

where C is a coefficient determined by the shooting condi-
tions (the same for all phases of a given sample), f; is the
volume content of the i-th phase), Q; is the specific scatter-
ing capacity of a given diffraction maximum (takes into ac-
count various factors).

Taking into account Eq. (4), neglecting the difference
in absorption coefficients, we can write:

Qp

fr fr (5)
77 = . = . K *
(kD =7 — fr Qury 1-fr (kD

If the fr value of at least one of the points in the n@ky)
vs. t dependencies in Fig. 2 is known, it is quite easy to
convert these dependencies into the fr vs. ¢ dependency.
For the conversion, we used the Rietveld method data for
the first three points in Fig. 2, which allowed us to obtain
an array of six concentrations for each ¢ value (two depend-
encies and three conversion factors). As can be seen from
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Fig. 3, the accuracy of the fr values improves for all an-
neals, the fr values for anneals at 71 are almost the same
as those obtained by the Rietveld method, but the values
after anneals at T change significantly. The dependences
of In(— In(1 — @) on In¢ recalculated from these fr values
are shown in Fig. 4. A significant change in the slope of the
data line after annealing at 7% is characteristic, but the
new data fall within the range of acceptable values of the
previous data. The parameters of the linear approximation
of the calculated data are listed in Table 1.

n-Il- 200

Fig. 4 — Dependence of In(— In(1 — @) on Int (white circles —
content determined by the Rietveld method, blue squares — cal-
culations based on the intensity of diffraction maxima).

The parameters a; and b; of the linear approximation
for two temperatures 71 and 7> allow us to estimate the
kinetic parameters n and E. From Eq.(3) it follows that
n; = b;, and the value of E can be estimated only if E and ko
are independent of 7' The values of E obtained in this way
for both pairs of values of a; and b; are given in the Table.

However, even if E is independent of temperature,
questions arise about the validity of the linearity of the de-
pendence of In(— In(1 — @)) on Int if £ is the annealing time.
In particular, quite often, transformations are character-
ised by a certain time 7 of delay in this transformation (the
so-called incubation period [11, 12]), and in our case, there
is also uncertainty about the time required to form the in-
itial R-HEO structure from a mixture of oxides. The sec-
ond question is related to the validity of Eq.(3) for the tem-
perature 7%, since the process at this temperature was not
considered from the initial moment, but is a continuation
of the synthesis after the temperature 71. However, since
the composition of R-HEO is constantly changing during
this synthesis, the decomposition kinetics of CuO can be
considered with respect to any initial time #;. Thus, it can
be assumed that Eq.(2) will be valid if ¢ is replaced by
= (t — t;). In this case, the CuO content, f1(t;), will be the
initial content, and a= 1 — fr(7)/f1(t;), where fr(z) is the CuO
content at the time that determines .

The dependences of In(— In(1 — @)) on Inz obtained for
different values of t; are shown in Fig. 5. Dependence 0
(to = 0) in this figure is the dependence of In(— In(1 — @)) on
Int shown in Fig. 5, in which o was determined by the in-
tensities of the diffraction maxima. If 1 = 6 h, then this de-
pendence falls lower, but the line that can be drawn
through the first two points practically does not change its
slope compared to the initial dependence of ‘0’. Using other
values as ¢ leads to a change in the character of the depend-
ence. The state of the sample after annealing ¢4 =20 h is
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Table 1 — The parameters of the linear approximation a and b
of the dependences In(— In(1 — @)) vs. Int for different tempera-
tures 7' at different times of the incubation period #; and the
kinetic parameters n and E calculated from these values:
1 — from the data obtained by the Rietveld method, 2 and 3 —
from the intensity of the diffraction maximum

N | T,K| t,h a b=n E,
kJlmole
1 1193 | 0 —1.13(57) 0.29(24) | 340(90)
1258 | 0 —1.34(1.03) | 0.61(32)
2 1193 | O -1.07(11) 0.29(04) | 148(30)
1258 | 0 — 7.62(46) 2.58(15)
3 1193 | 6 - 2.96 0.55(10) | 750(90)
1258 | 20 -1.74 1.06(20)

the ‘initial’ state before annealing at T%. Using the data for
this point and the next one after it (¢5 = 22.5 h) ‘straightens’
the dependence In(—In(1 — o)) on In¢, and the two possible
dependences that can be constructed for 7% are almost
identical.

The linear approximation coefficients for the initial in-
terval of dependence (1) and for dependence (4) are given
in Table. The same Table 1 shows the calculated values of
the parameters n and E.

4. DISCUSSION

Although the statistical accuracy of the results is rela-
tively low (both in terms of temperature and the number
of experimental points), the data obtained allow us to
make certain conclusions.

Expression (2) is obtained by integrating (1) for the
known function g(a) only if the values of n and E are con-
stant for a given temperature 7. In our case, it should be
assumed that the Avrami index n primarily depends on
temperature, which is often found in various types of
transformations [13]. It is possible that, in addition, there
is a dependence on the concentration of copper dissolved
in the HEO. The reason for this is the deviation of the ex-
perimental value for the last annealing at 71 from the time
dependence of the previous annealing, but these data are
quite good as a starting value for the experimental values
obtained during annealing at 7. This gives reason to as-
sume the presence of some critical value a. (or f7), at which
the mechanism of dissolution of Cu cations in the FCC cell
of R-HEO changes.

In(-In(1-c0))

,
0,5 1,0 15 2,0 2,5 3,0 35
Int

Fig. 5 — Dependences of In(— In(1 — )) on Inz obtained for dif-
ferent ¢; =0 (0), 6 (1), 10 (2), 14 (3), 20 (4) and 22.5 (5) hours

The value of the n parameter is defined as [12]:
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n=d/m+a, 3

where d is the number of directions along which the crys-
tal grows, m =1 in the case of interface-controlled growth,
m = 2 in the case of diffusion-controlled growth, a = 0 at
zero or constant nucleation, a = 1 at continuous nucleation,
a > 1 at mixed nucleation.

Thus, the values obtained under the assumption that
the kinetics is valid for any initial value of time ¢ (data 3
in Table) for T1 are in good agreement for zero nucleation
rate (a = 0) with one-dimensional (d = 1) diffusion (m = 2)
growth of the new phase. At the same time, the data ob-
tained at 7% at zero nucleation rate can be interpreted in
two ways: as two-dimensional growth (d = 2) with diffu-
sion-controlled growth (m = 2), or as one-dimensional
growth (d = 1) with interface-controlled growth (m = 1).
This change in mechanism may be due to the diffusion
measurement of component concentrations when the max-
imum entropic effect is achieved.

The activation energy obtained in the studies for data
3 in the Table 1 is quite significant. It was calculated un-
der the assumption that the activation energy is constant
at all stages of the synthesis. However, given the increas-
ing role of the entropic contribution as CuO decomposes
and the Cu?* concentration approaches the equicatation
value, this assumption is valid if the entropic changes in
energy are small, which is, in principle, true for the final
stage of synthesis. It is also noteworthy that the activation
energy is several times higher than the energy of transfor-
mation of CuO from monoclinic to FCC lattice (~ 22
kd/mol), which, according to [3], will determine the peculi-
arities of the formation of HEO at the last stages of syn-
thesis. However, this assumption does not take into ac-
count the fact that the formation of HEOs of nominal com-
position requires not only the transformation of one struc-
ture into another, but also the diffusion ‘equalisation’ of
concentrations to achieve the maximum entropic effect.
Although the effect of sluggish diffusion has been estab-
lished only for HEAS, it can be expected in HEOs (unfor-
tunately, there is no information on this). This effect can
lead to a significant increase in the activation energy dur-
ing the synthesis process.

5. CONCLUSIONS

Thus, the study is practically the first study of the ki-
netic features of the synthesis of HEOs. The results of the
study of the synthesis of HEO of the general composition
Co0.2Nio.2Zno.2Mgo.2Cuo20 from the initial oxide powders
showed the possibility of applying kinetic analysis using
the classical approach to process experimental data, in
particular, using the Johnson-Mell-Avrami equation.
Based on this analysis, it was found that the formation of
the oxide at the last stage of CuO dissolution occurs by the
diffusion mechanism without the formation of new phase
nuclei. It was found that there is a change in the nature of
diffusion from one-dimensional to two-dimensional as the
cation content approaches the nominal composition. The
obtained value of the activation energy of the process sig-
nificantly exceeds the value of the energy of transfor-
mation of CuO from monoclinic to FCC lattice, which can
be considered as a consequence of diffusion ‘levelling’ of
concentrations.
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Jesaxki kineTuuHi ocobsiuBocTi popMyBaHHS BUCOKOEHTPOIIITHOTO OKCHUY
Co00.2Nio.2Cu0.2Mgo.2Zno.20

M.II. Cemennko

Kuiscoruti Hayionanvrull ynisepcumem imeni Tapaca Ilesuenrxa, 01601 Kuis, Ykpaina

MeTtomaMu peHTTeHIBCHKOI AU PAKITi BIIepIle JOCTIIMKEHO KIHeTUKY (DOPMYBAHHS BUCOKOEHTPOIIIMHOIO
okcumy Coo.2Nio2Cuo.2Mgo.2Zno20 13 BUXITHOI MOPOIITKOBOI CYyMIIlll OKCHIHUX CKJIAM0BUX. [lokasaHo, 110 pos-
ypHeHHs okcray CuO Ha ocTaHHBOMY erami (POPMYBAHHS IIHOTO OKCHUIY MOKe OyTH OIMCAHUI 3 BUKOPHCTAH-
Ham mogesti Mesuna-JIsxoncona-Aspami. Ha ocHoBi anasmiay peaysibraTiB, OTPUMAHKX B 130T€PMIYHUX YMOBAX,
OIIIHEHO KIHeTUYHI [TapaMeTpH Ipoliecy. SHAYeHHS IOKa3HUKA ABpaMi CBLIYUTS, 110 IpoItec GOpMyBAHHS Ha
I[bOMY eTalll BifOyBaeThCs 0e3 YTBOPEHHS 3apOAKiB HOBOI a3y 3a nudy3ifiHuM MexaHI13MOM 31 3MIHOIO Xapa-

KTepy audysil Ipu HaOIM:KEHH] CKIaLy 10 HOMIHAIBHOTO.

Knrouori ciioBa: Bucoko-enrpomiiauit okcry, Kinerwurnit napamerp, Penrrenisceka gudpariris.
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