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THE UPDATED MODEL
OF MICROSTRUCTURE EVOLUTION
IN LAVA-LIKE FUEL-CONTAINING MATERIALS
IN UNIT 4 OF CHORNOBYL NPP. BROWN CERAMICS

The model of microstructure evolution of lava-like fuel-containing materials (LFCM) in Unit 4
of the Chornobyl NPP has been updated by an example of brown ceramics. It was confirmed
that the behavior of the LFCM is not only governed by a single or a few physical and chem-
ical processes, but also by their interrelation and mutual influence. The list of physical and
chemical processes taking place in the LFCM was supplemented with two new ones. The in-
fluence of another, previously known process on the LFCM behavior was clarified, and new
stages of microstructure evolution are added. The durations of the known evolution stages are
refined and those of new stages were determined. The state and behavior of the LFCM were
forecast. In particular, there will be no destruction of the LFCM shortly soon, but in the long
run, they will be destroyed. The time required for the destruction of the LFCM and the size
of particles obtained after the glass phase will have destroyed are evaluated. All inclusions of
uranium oxides will escape beyond the LFCM. The uranium oxide grains will be broken down
to a size of several microns, and some of them, possibly, to the submicron level. Up to 50 met-
ric tons of micro-sized particles of uranium oxide powders will inevitably participate in the
formation of aerosols. The latter will pose the main hazard to humans. Some methodological
and technological approaches to the development of new methods for solid-phase conditioning
of the LFCM are proposed.
K e yw o r d s: lava-like fuel-containing materials, evolution model, microstructure, physical
and chemical processes, forecast, methodological and technological approaches, New Safe Con-
finement, oxidation, radiation-stimulated phase formation, crystallization.

1. Introduction

The nuclear, radiation, and environmental safety of
the destroyed Unit 4 of the Chornobyl NPP depends
on the properties of lava-like fuel-containing mate-
rials (LFCM) since the moment of the accident on
April 26, 1986. The LFCM were formed in the course
of the nuclear reactor accident, when the nuclear re-
actor got out of control. During the first decade af-
ter the accident, experts determined and analyzed
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the phase composition of those materials, clarified
the conditions and “initial” components required for
the formation of all crystalline and vitreous (amor-
phous) phases, identified the corresponding physical
and chemical processes, as well as their sequence, and
proposed a scenario of LFCM formation. It is gener-
ally agreed that the LFCM are a result of the in-
teraction of uranium oxide contained in nuclear fuel
tablets (the latter also contain other fission and acti-
vation products) with the zirconium alloy in the fuel
rod shells and silicates in the composition of the re-
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actor structural materials (the serpentinite backfill,
sand, concrete, and others) [1–11].

Some experts consider that the zirconium alloy in
the fuel rod shells had melted from the inside on the
first day of the accident and began to dissolve ura-
nium oxide fuel tablets, which resulted in the forma-
tion of the zirconium-uranium-oxygen melt [1–5, 7–
10]. It happened due to the intensive heat generation
and the low heat removal in the fuel rods after the in-
troduction of a positive reactivity. The explosion de-
stroyed the active zone, which allowed the uranium-
containing phases to interact with structural materi-
als [1, 2, 5–8, 10, 11]. As a result, the ternary system
UO2–SiO2–ZrO2 was formed. In the process of lava
formation, owing to the interaction of irradiated fuel
with structural materials, a considerable amount of
elements – in addition to uranium, zirconium, silicon,
and oxygen – was included into the composition of
LFCM. Some other experts [12] hold to the idea that
the interaction began between the zirconium alloy of
fuel rods and silicate materials, and only afterward,
uranium oxide of the nuclear fuel was involved in the
process.

A large number of physical and chemical processes
took place in the LFCM after the accident, and they
still continue to run. Among them, there are some
that crucially affect the physical properties and the
microstructure of the LFCM. Those processes had to
be identified. Making use of them as a basis, an at-
tempt to predict the behavior of those materials in
the short and long terms should be done. However, in
2001, i.e.15 years after the accident, experts claimed
[13, 14] that the understanding level of the whole set
of complicated physical and chemical processes run-
ning in the LFCM was definitely insufficient for the
creation of a scientifically substantiated forecast con-
cerning the LFCM state in the future. In spite of the
fact that, at that time, the LFCM were considered
as a vitreous matrix containing crystalline inclusions
with a characteristic size of several microns and a
known phase composition, the scientists thought that
all those phases comprised only a very small frac-
tion of the total material and could crucially affect
neither the LFCM properties in whole nor the fore-
cast of the LFCM state. The main role was assigned
to the radiation-induced damage owing to the self-
irradiation in the silicate glass matrix. It was sug-
gested that the LFCM would be totally destroyed,
and their whole mass would be transformed into fine

dust, which always happens with highly irradiated
brittle insulators. At that time, the ability to fore-
cast the LFCM state was limited because of the lack
of knowledge about some of their specific properties
and did not allow the moment of their catastrophic
destruction to be exactly predicted. The catastrophe
of such a kind was considered to be dangerously prob-
able within the next 10 to 50 years.

However, some experts [15] held to the idea
that the internal self-irradiation by a particle flow
could not initiate the LFCM destruction. It is
known that 𝛼-decay can stimulate both the growth
and the reduction of the volume of highly active
glasses within the limits of ±1.2%. The correspond-
ing changes reach their saturation at a dose of (1÷2)×
×1018 decay/cm3. Such a value is considered as the
lower limit, above which the properties of the sili-
cate matrix undergo substantial changes. The cited
authors estimated the time needed for this dose to
be reached in the LFCM and found it to be equal
to at least 10000 years. However, already in 2002,
the LFCM became more fragile and began to col-
lapse. In work [15], it was noted that the decisive role
in the processes of property degradation was proba-
bly played by storage conditions: temperature differ-
ences, high humidity, chemically aggressive washing
solutions, and so forth.

Some experts [16] came to the conclusion that the
LFCM destruction induced by external and internal
processes should be gradual, rather than sudden. The
interaction of the LFCM with water was considered
as the main origin of their changes. It was noted that
the processes of silicate matrix dissolution run slowly.
No dangerous tendencies were observed in the inte-
grated emissions and discharges from the Shelter ob-
ject. A long-term tendency to a regular reduction in
the amount of radionuclides going beyond the Shelter
boundary was predicted for aerosol emissions, as well
as a tendency to a slight increase in the contents of ra-
dionuclides and uranium in water in the indoor area.

In 2006, it was claimed [17,18] about the absence of
a generally accepted LFCM model that would allow
temporal changes in the LFCM characteristics to be
forecast at that time. In this connection, there was no
substantiated forecast for the LFCM behavior as well,
in spite of a considerable number of relevant studies.

The authors of work [1] arrived at the conclusion
that the main danger of the LFCM destruction is their
interaction with water. After the creation of the New
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Safe Confinement, the corresponding hazard should
substantially diminish. A possibility of the destruc-
tion under the action of own radiation, as it occurs
with strongly irradiated brittle insulators, was also
considered. The cited authors estimated the volume
changes for glasses containing radionuclides and their
dependence on the self-irradiation dose. The inhomo-
geneities in the vitreous matrix, i.e. inclusions that
were formed during the matrix cooling, were consid-
ered. The swelling of inclusions can induce the de-
struction of the LFCM, because the main activity of
the latter is concentrated in the former.

The authors of work [8] pointed to several mecha-
nisms that are important for the degradation. These
are the self-irradiation, thermomechanical formation
of cracks, water leaching, and interaction with at-
mospheric gases and vapors. A conclusion was made
that the self-irradiation is not a serious problem for
the LFCM. The cited authors marked the presence
of cracks around large inclusions of uranium oxide
UO2 and the zirconium-uranium-oxygen phase Zr–U–
O. They also pointed at the interaction of the LFCM
with water and atmospheric gases, which had led to
the formation of secondary uranium minerals on the
LFCM surface inside the Shelter object. In their con-
clusions, the cited authors marked that the degrada-
tion degree and the associated radiological danger of
the LFCM remained uncertain.

However, in works [1, 8, 13–18] cited above, which
were published from the moment when the necessity
to forecast the degradation of LFCM was realized
(2001) to 2016, no information was provided concern-
ing the LFCM models that would allow the LFCM be-
havior in the nearest (years) and far (decades) future
to be predicted. Experts have indicated from one to
several processes that may affect the degradation of
the LFCM. The estimates and forecasts of the LFCM
behavior turned out unrealistic. Moreover, they did
not allow one to explain and predict the behavior of
the LFCM.

Only in 2016, i.e. thirty years after the accident,
the authors of work [19] presented for the first time
a model of the LFCM microstructure degradation. In
work [20], this model was expounded systematically
and comprehensively. Among the variety of physical
and chemical processes that take place in the LFCM,
seven processes were distinguished, which are crucial
for the microstructure formation. One of the most
important of them, in our opinion, is the formation

of open pore channels in the LFCM via the join-
ing of at least some of the tracks left by 𝛼-particles
that emerged owing to 𝛼-decay of radionuclides [20–
22]. The nano-sized pore channels provided the for-
mation of materials with open porosity by connect-
ing the gas pores with one another and with the en-
vironment. It is nano-sized pore channels that are a
determining factor governing the formation of the mi-
crostructure, its evolution, and, as a result, the phys-
ical and mechanical properties of the LFCM.

The other six processes are as follows [20]: pene-
tration of air oxygen into the LFCM up to the ura-
nium oxide inclusions through the open nano-sized
pore channels, oxidation of uranium oxide UO𝑥 in
the inclusions by air oxygen, formation of cracks in
the LFCM owing to the growth of the uranium ox-
ide inclusions, penetration of water into the LFCM
to the uranium oxide inclusions via the cracks, de-
struction of the LFCM by temperature fluctuations
owing to the changes in the aggregate state of water
in gas pores and cracks, and interaction of water and
dissolved salts and gases with uranium oxides and ac-
tivation products, which gives rise to the formation
of hydrates and soluble compounds of uranium and
transuranium elements.

The proposed evolution model for the LFCM mi-
crostructure [20] differed from all previous attempts
to describe the behavior of those materials. Not only
one, two, or three, but seven processes were taken into
account. However, the main emphasis in the model
was made on the revealing of interrelation among
and mutual influence of the physical and chemical
processes in order to elucidate their sequence and/or
simultaneity. Based on this analysis, a forecast was
made about the behavior of the LFCM in the short
and long term.

During the last four years, new data on the phase
composition of brown ceramics were obtained and
new processes in the LFCM were identified at the In-
stitute for Safety Problems of Nuclear Power Plants
of the National Academy of Sciences of Ukraine
(ISF NPP NASU) [23–28]. There arose a necessity to
further develop the evolution model of the LFCM mi-
crostructure to improve the quality of prognosis con-
cerning the LFCM state and behavior in the future.

The aim of this work is to update the model of the
LFCM microstructure evolution in order to forecast
the state and behavior of the LFCM when estimat-
ing the nuclear, radiation, and environmental safety
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of the complex New Safe Confinement–Shelter object
in the near and far future. In view of the fact that the
LFCM were formed as a result of the accident, the up-
dated evolution model of the LFCM microstructure
should take into account all physical and chemical
processes: those that took place during the LFCM
formation and those that took place in the LFCM af-
ter the accident for more than 34 years, during which
the LFCM were in the Shelter object and the New
Safe Confinement.

2. Formation of LFCM during the Accident

The emergency situation at Unit 4 of Chornobyl NPP
on April 26, 1986, led to intensive heat generation and
low heat removal in the fuel rods [1–11]. This circum-
stance stimulated a substantial increase of the tem-
perature (to 2500–2600 ∘C) of uranium oxide UO2 in
fuel tablets and in the contact areas between uranium
oxide and zirconium alloy Zr + 1 wt%.Nb. As a result,
there emerged two layers between them. One of the
layers included uranium oxide with zirconium (UO𝑥

with Zr) due to the diffusion of the latter into the
former. The other consisted of zirconium-uranium-
oxygen melt Zr–U–O formed due to diffusion of ura-
nium and oxygen into zirconium. Metallic zirconium
was also in the molten state. When being cooled down
to 1900 ∘C, the Zr–U–O melt solidified and trans-
formed into the amorphous phase (Zr,U)O𝑥. As a re-
sult of explosion, the reactor core was destroyed and
became able to contact with the environment. This
led to the oxidation of a considerable part of each
uranium-containing phase (UO2, UO𝑥 with Zr, and
(Zr,U)O𝑥) and metallic zirconium. The materials of
the destroyed reactor core entered into a reaction with
the structural materials of the reactor [1, 2, 6–12] and
formed a melt on the basis of the ternary system
UO2–SiO2–ZrO2. Besides the elements of this sys-
tem, the melt also included a substantial number of
other elements [1, 2, 7–9, 11]. Under those conditions,
crystalline zircon containing uranium–the so-called
“chornobylite” (Zr1−𝑥U𝑥)SiO4 [6–8, 10] was synthe-
sized in a temperature interval of 1600–1660 ∘C owing
to the interaction between the (Zr,U)O𝑥 phase and
silicon oxide in the multi-component melt. Metallic
globules were formed when the multi-component melt
based on silicon oxide got into contact with the metal-
lic components of the reactor. The gradual tempera-
ture decrease gave rise to the formation of a silicate
glass phase as a result of solidification of the multi-

component melt on the basis of silicon oxide. The
glass phase contained silicate dendrites [8].

Experts distinguish the following physical and
chemical processes taking place at the formation of
LFCM in the course of the accident (during 4–5 days),
which determined the LFCM phase composition and
microstructure [1–11]:

1) residual energy release in uranium oxide of nu-
clear fuel as a result of the fission reaction of uranium
nuclei 235U;

2) heating of uranium oxide in the nuclear fuel with
the zirconium alloy of the fuel rod shells to tempera-
tures of 2500–2600 ∘C;

3) melting of the inner part of the nuclear fuel shells
made of the zirconium alloy;

4) interaction of uranium oxide in the nuclear fuel
with the zirconium alloy melt formed from the fuel
rod shells and the formation of uranium oxide with
zirconium (UO𝑥 with Zr) and the zirconium-uranium-
oxygen melt Zr–U–O;

5) formation of the amorphous zirconium-uranium-
oxygen phase (Zr,U)O𝑥 in the course of cooling of the
zirconium-uranium-oxygen melt Zr–U–O;

6) oxidation of uranium oxide UO2, uranium
oxide with zirconium (UO𝑥 with Zr), the amor-
phous zirconium-uranium-oxygen phase (Zr,U)O𝑥,
and metallic zirconium at their contact with oxygen
after the reactor destruction;

7) crystallization of zirconium silicate containing
uranium (chornobylite (Zr1−𝑥U𝑥)SiO4) at the inter-
action of the amorphous phase (Zr,U)O𝑥 with silicon
oxide in the multi-component melt;

8) interaction of uranium oxide UO2, uranium ox-
ide with zirconium (UO𝑥 with Zr), and the amor-
phous phase (Zr,U)O𝑥 with silicates of the reactor
structural materials, and the formation of a multi-
component melt followed, as the temperature de-
creased, by the formation of a silicate glass phase of
the LFCM;

9) formation of silicate dendrites in the course of
glass phase devitrification.

3. Phase Composition
and Microstructure of LFCM According
to Data Obtained Until 2016

The LFCM (brown ceramics) comprise a heteroge-
neous solid solution [1–4, 7, 8, 10–12, 19]. The sil-
icate glass phase has a substantial number of in-
clusions of uranium phases: uranium oxides UO𝑥,
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uranium oxides with zirconium (UO𝑥 with Zr),
zirconium-uranium-oxygen phases (Zr,U)O𝑥, and
uranium-containing zirconium silicate (chornobylite
(Zr1−𝑥U𝑥)SiO4). The glass phase also contains sili-
cates (in the form of dendrites) and metallic glob-
ules. Most often, the sizes of inclusions amounted
to 3–10 𝜇m. The LFCM glass phase is a silicate
glass containing potassium, calcium, aluminum, mag-
nesium, zirconium, iron, uranium, and other ele-
ments [1,2,7,8,11]. The distribution of elements over
the glass phase volume is inhomogeneous.

Glass phase. A comparison of the composition,
microstructure, and “fabrication” parameters of the
LFCM and silicate glasses testifies that the LFCM
are “half-done” glass [20]. In terms of glass manufac-
turing technology, the LFCM glass phase has almost
completely passed the stage of silicate formation. But
only 50–70% of the stage of glass formation has been
passed because the LFCM contain particles of initial
materials that have not reacted. The bleaching stage
has not been passed at all because the material has
not freed itself from bubbles [29,30]. Homogenization
is out of the question because the distribution of el-
ements over the material is inhomogeneous [1, 31]. If,
for some reason, the temperature of the LFCM had
not decreased in time during the accident but had
been constant at a level of 1400–1500 ∘C for several
tens of hours, then all crystalline inclusions would
have been dissolved in the silicate glass phase, and we
would have had multi-component silicate glass con-
taining uranium.

The uranium content in the glass phase is lower
(often by a factor of 2–5) than the corresponding av-
erage value for the LFCM: 60–70% in the inclusions
and 30–40% in the glass phase [1]. However, in the
later work [32], it was reported that the spatial dis-
tributions of 𝛼-radiation and the total activity are
uniform on the scale of tens of microns, i.e. the sep-
aration and activation products are distributed more
or less uniformly over the material.

Inclusions of uranium oxides containing zirconium
(UO𝑥 with Zr) [2–4, 8, 12] are responsible for the
brown color of this type of “lava”. The morphology of
inclusions of the phase UO𝑥 with Zr is very diverse.
There are particles with the condensed morphology,
cubic and cuboctahedral crystals, as well as den-
drites. Those inclusions of UO𝑥 with Zr may probably
be of various origins. Particles with the fused mor-
phology are residues of solidified droplets of the ini-

tial melt UO𝑥 with Zr. Crystalline inclusions are the
products of crystallization of the UO𝑥 with Zr melt.
Small inclusions 1 to 3 𝜇m in size located in the bulk
of uranium-containing zircon crystals are the prod-
uct of the reaction between the zirconium-uranium-
oxygen phase (Zr,U)O𝑥 and the silicate melt. Den-
drite-like particles are the product of crystallization
at the cooling of that part of uranium that was ini-
tially dissolved in the silicate melt. The zirconium
content in those inclusions amounts to 2.5–7.1 wt%.

In the vast majority of publications [2–4,7,8,10,12],
the inclusions of uranium oxide and uranium oxide
with zirconium are presented in the form of an oxide
UO𝑥 with an indefinite stoichiometric coefficient 𝑥. In
works [2,8], it was noted that according to the results
of X-ray phase analysis, the structure of most of those
inclusions corresponds to oxide UO2,25. In work [10],
making use of the same method, it was found that be-
sides UO2 grains, some other grains can be classified
to UO2+𝑥.

Inclusions of the (Zr,U)O𝑥 phase [2, 7, 8] are prac-
tically amorphous according to the results of X-ray
phase analysis. This phase is a precursor of chorno-
bylite. Inclusions of the (Zr,U)O𝑥 phase contain zirco-
nium oxide in two different crystalline modifications:
monoclinic and tetragonal [8]. The presence of those
zirconium oxide phases was also marked by the au-
thors of work [10].

Inclusion of zirconium silicate containing uranium,
i.e. chornobylite (Zr1−𝑥U𝑥)SiO4 [2, 4, 6, 7, 10–12].
Chornobylite was synthesized at the accident owing
to the interaction of the (Zr,U)O𝑥 phase with sili-
con oxide in the multi-component melt. The uranium
content 𝑥 in chornobylite falls within the interval
0.05 ≤ 𝑥 ≤ 0.1, i.e. Zr0.96÷0.9U0.05÷0.10SiO4 [7]. The
chornobylite inclusions sometimes contain inclusions
of monoclinic zirconium dioxide ZrO2 with a uranium
admixture up to 6–7 wt%. The inclusions are several
microns in size [2].

Dendrites of silicates. The authors of work [8]
mark the presence of silicates in the form of dendrites
in the glass phase. They consider those dendrites as
consisting of pyroxene with the probable composition
(Ca0.08Fe0.02Cr0.02Zr0.02)Al0.18Mg1.86Si1.82O5.67. The
presence of dioxide CaMg(Si2O6) is also marked.

Metallic globules [1, 4, 11] are mainly represented
by iron with Cr, Ni, Zr, U, and so forth, admixtures.

Pore space. Brown ceramics has an open porosity
of 3–13 vol% [1, 21]. Its pore space consists of the fol-
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lowing components: large and small gas pores, cracks,
and nano-sized pore channels [21,22]. Large and small
gas pores are close to spherical (see Table) [20]. The
gas pores were formed when the LFCM were cooled
down at the final stage of the accident, owing to the
lower solubility of gases in the silicate glass phase
when the temperature decreased [21, 22].

The volume of the cracks is relatively small (see
Table). Their estimated number amounts to about
105 cracks per cm3. The average distance between
them is about 200 𝜇m. The main part of the cracks
were formed owing to the volume growth of the crys-
talline inclusions of uranium oxides in the course of
their oxidation. A substantially smaller part of the
cracks have a thermal origin, being a result of the
rapid cooling of the surface layers in the LFCM.

The volume of nano-sized pore channels is almost
identical to the volume of cracks (see Table). Their
average diameter belongs to the nanoscale inter-
val. The nano-sized pore channels are undoubtedly a
result of defect accumulation in the course of LFCM
self-irradiation. They are a result of joining the tracks
of 𝛼-particles that were formed owing to the 𝛼-decay
of radionuclides [21, 22].

4. Phase Composition
and Microstructure of LFCM According
to New Data Obtained in 2018–2020

Within the period from 2017 to 2020, the
phase composition of the LFCM was studied at
the ISP NPP NASU with the help of the X-
ray phase analysis [23–28]. The following uranium-
containing phases were revealed: uranium oxide
UO2.34 and potassium uranyl silicate hydrate (week-
site) K2(UO2)2(Si2O5)3 · 4H2O. The LFCM also con-
tained cubic and tetragonal zirconium oxides, zirco-
nium silicate ZrSiO4, aluminum silicate Al2SiO5, and
probably calcium silicate Ca2SiO4, as well as some
phases of silicon oxides. The contents of those crys-
talline phases were as follows: 4.5–5.5 wt% for ura-
nium oxide UO2.34; 3–5 wt% for orthorhombic (1)
silicon oxide SiO2; 3–4 wt% for potassium uranyl sil-
icate hydrate (weeksite) K2(UO2)2(Si2O5)3 · 4H2O;
1–2 wt% for cubic and 1–1.5 wt% for tetragonal zir-
conium oxide ZrO2; 0.25–0.35 wt% for zirconium
silicate ZrSiO4; 0.4–0.6 wt% for aluminum silicate
Al2SiO5 and probably 0.4–0.6 wt% for calcium sil-
icate Ca2SiO4; 0.45–0.75 wt% for orthorhombic (2)
silicon oxide SiO2; 0.3–0.5 wt% for trigonal silicon

oxide SiO2; and probably 0.8–1.2 wt% for tetragonal
silicon oxide SiO2.

Uranium oxide in the inclusions [23–25, 27, 28] cor-
responds to oxide UO2.34. It has a cubic lattice and a
stoichiometric coefficient of 2.34 for oxygen. Perhaps,
the larger fraction of uranium oxide in the inclusions
contains zirconium, and the smaller one may not con-
tain it. The oxidation of these inclusions took place
both during the accident and for a long time after
it. The uranium oxide inclusions are in the compres-
sed state. Hence, at least some growth of their volume
ocurred due to oxidation under conditions when the
glass phase was hard, i.e. already cooled down after
the accident. In work [2] published in 1997, it was
reported that the content of uranium oxide in the in-
clusions corresponded to UO2.25. Probably, we may
assume that owing to oxidation during the accident,
the stoichiometric coefficient of oxygen in uranium ox-
ide increased from 2 to 2.25, and after the accident,
it continued to increase and reached a value of 2.34.

According to the equilibrium diagram for the U–O
systems in the interval where their composition varies
from UO2 to UO3, the cubic structure exists within
the interval from UO2 to UO2.25 [33, 34]. Therefore,
in the case of LFCM destruction, the glass phase
will not squeeze the uranium oxide inclusions, so this
compound will transform into an equilibrium mixture
of oxides UO2.25 and U3O8. The share of U3O8 will
amount to 20–25%.

Zirconium silicate ZrSiO4 (zircon) [23–28] in the
inclusions may probably contain uranium in its crys-
tal lattice, which is available in the glass phase and
in lots of crystalline phases of brown ceramics. This
is zirconium silicate with uranium, or chornobylite
(Zr1−𝑥U𝑥)SiO4 [2, 4, 6, 7, 10].

Zirconium oxides ZrO2 (cubic and tetragonal) in
the inclusions [23–28]. It is known that zirconium
oxides ZrO2, both tetragonal and monoclinic, were
also formed during the crystallization of chornobylite

Volumes and diameters of the pore
space components in the LFCM [21, 22]

Component Large Small Cracks Nanochannels
gas pores gas pores

Volume, % 5–11 0.6–1.3 0.3–0.6 0.3–0.7
Diameter,
𝜇m 40–200 6–12 2–2.5* 0.04–0.06

*The thickness value is given. The length equals 65–200 𝜇m.
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(Zr1−𝑥U𝑥)SiO4, when the zirconium-uranium-oxygen
phase (Zr,U)O𝑥 was in contact with silicon oxide SiO2

of the multi-component silicate melt [6–8]. However,
according to our data, the share of zirconium sili-
cate ZrSiO4 is small (0.25–0.35 wt%), and the share
of zirconium oxides ZrO2, as a result of chornobylite
crystallization, cannot exceed a few tenths of a per-
cent. At the same time, the share of zirconium oxides
ZrO2 (cubic and tetragonal) in the LFCM is equal to
a few percent.

In our opinion, the main amount of zirconium ox-
ides ZrO2 with the cubic and tetragonal structures
is a result of crystallization of the amorphous zir-
conium-uranium-oxygen phase (Zr,U)O𝑥 within the
time interval elapsed after the accident, i.e. during
several decades. It is possible that the crystallization
is not complete, but remains partial. This assumption
is confirmed by the fact that in the 1990s [7, 8] this
phase contained grains of monoclinic and tetragonal
zirconium oxides ZrO2, which could promote the crys-
tallization process by playing the role of crystalline
nuclei. Perhaps, those phases may contain uranium
as an additive that stabilizes the cubic and tetragonal
lattices. It is possible that calcium and magnesium
may also be available as stabilizing additives. The ex-
istence of two phases of zirconium oxide ZrO2 can also
be explained as a result of the inhomogeneous distri-
butions of uranium and zirconium in the LFCM.

Silicon oxides SiO2. We found a few phases of sili-
con oxide SiO2: orthorhombic (1), orthorhombic (2),
trigonal, and probably tetragonal. Those crystalline
phases of silicon oxide SiO2 could be formed during
the accident (at its cooling stage) as a result of crys-
tallization of the multi-component silicate melt, as
well as at the crystallization of the silicate glass phase
during thirty-three years after its formation. The
crystallization of various silicon oxide SiO2 phases can
be explained by a high content of this compound in
the glass phase of the LFCM. It is possible that the
crystallization process of the glass phase was stim-
ulated by self-irradiation of the LFCM. Such phases
as 𝛼-cristobalite and 𝛼-tridymite, which crystallize in
silicate glasses, were not revealed in the glass phase
of the LFCM [35].

Silicates. We detected the presence of aluminum
silicate Al2SiO5 and probably calcium silicate
Ca2SiO4 in the LFCM [27, 28]. Those compounds
could also be formed during the crystallization of
the multi-component silicate melt during the acci-

dent (at its cooling stage) and during the crystal-
lization of the glass phase within the thirty-three-
year interval after its formation. Aluminum silicate
and probably calcium silicate crystallized in the
LFCM glass phase owing to a high content of sil-
icon oxide and the presence of calcium and alu-
minum oxides in the glass phase. We also know
about the detection of other silicates in the glass
phase [8]: pyroxene with the approximate composi-
tion (Ca0.08Fe0.02Cr0.02Zr0.02)Al0.18Mg1.86Si1.82O5.67

and diopside CaMg(Si2O6).
Potassium uranyl silicate hydrate. We revealed

the presence of potassium uranyl silicate hy-
drate K2(UO2)2(Si2O5)3 · 4H2O (mineral wicksite) in
brown ceramics [23–28]. A considerable amount of po-
tassium can be substituted by sodium [36]. In the
1990s, sodium-potassium uranyl silicate hydrate was
not detected in the LFCM [1, 7]. We demonstrated
that this compound was formed after the accident as a
result of interaction of uranium oxide UO𝑥 (from the
uranium oxide inclusions), silicon oxide, potassium,
and sodium (from the silicate glass phase of LFCM),
and water. Sodium-potassium uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O was formed during a
long time period (thirty-three years) at ambient tem-
peratures. The formation process of this compound
was stimulated by a substantial number of defects
that were accumulated in the LFCM during pro-
longed self-irradiation.

5. LFCM Microstructure
Evolution (Model of the Year 2016)

According to the evolution model developed in 2016
[20], brown ceramics has the following microstructure.
It is a material consisting of the glass phase contain-
ing the crystalline inclusions of uranium oxides UO𝑥,
zirconium-uranium-oxygen phase (Zr,U)O𝑥, chorno-
bylite (Zr1−𝑥U𝑥)SiO4, and others. The glass phase is
a “half-done” glass and has an inhomogeneous distri-
bution of elements. The material contains gas pores,
as well as micro- and macro-sized defects. The micro-
defects are formed by nano-sized pore channels. The
material is permeated by nano-sized channels that
connect the gas pores with one another and with the
external environment. The nano-sized pore channels
are nonuniformly distributed over the material. Their
concentration is higher at places with an enhanced
content of 𝛼-active radionuclides and near crystalline
inclusions of uranium oxides. The macrodefects are
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cracks. They permeate the material. The schematic
diagram of the microstructure of brown LFCM ce-
ramics (the model of the year 2016) is shown in Fig. 1.

6. LFCM Microstructure
Evolution (Updated Model
of the Year 2020)

The schematic diagram of the microstructure of
brown LFCM ceramics, in which new data are taken
into account, is exhibited in Fig. 2 [37]. Now, the in-
clusions of uranium oxides are represented by ura-
nium oxide UO2.34 (cf. Figs. 1 and 2). Instead of
the inclusions of the zirconium-uranium-oxygen phase
(Zr,U)O𝑥, the microstructure includes the inclu-
sions of zirconium oxide ZrO2 with the cubic and
tetragonal structures. The crystalline phases of zir-
conium oxides ZrO2 (at least some part of them)
are a result of crystallization of the amorphous
zirconium-uranium-oxygen phase (Zr1−𝑥U𝑥)O𝑥 af-
ter the accident. One can also see the inclusions
of zirconium silicate (Zr1−𝑥U𝑥)SiO4 known as chor-
nobylite. Potassium-sodium uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O (mineral wicksite),
which has been revealed recently, is most probably
located in the contact zone of uranium oxide UO2.34

and silicate glass phase at the surface of uranium ox-
ide inclusions. This compound was formed as a result
of interaction of uranium oxide UO2; the inclusions of
uranium oxide and silicon, sodium, and potassium ox-
ides in the glass phase of the LFCM; and water. The
silicate glass phase of the LFCM contains a number of
previously unknown phases of silicon oxide SiO2: or-
thorhombic (1), orthorhombic (2), trigonal, and prob-
ably tetragonal. The silicate glass phase also includes
aluminum silicate Al2SiO5 and probably calcium sil-
icate Ca2SiO4. All silicon oxide phases and silicates
were partially formed as a result of crystallization of
the multi-component silicate melt at its cooling dur-
ing the accident and partially as a result of crystal-
lization of the glass phase during a long time period
after the accident.

The pore space in brown ceramics has the follow-
ing components: large and small gas pores, cracks,
and nano-sized pore channels (see Figs. 1 and 2)
[21, 22]. The volume of gas pores did not change. No
substantial growth in the volume of cracks and nano-
sized pore channels was observed. The nanoscale pore
channels penetrate the glass phase and all crystalline

Fig. 1. Schematic representation of the microstructure of
brown ceramics of the LFCM (model of the year 2016 [20])

Fig. 2. Schematic representation of the microstructure of
brown ceramics of the LFCM taking new data into account

inclusions in brown ceramics. The pore channels con-
nect the gas pores and the cracks with one another
and with the external environment (see Fig. 2).

7. Physico-Mechanical Properties
In 2011, the compressive strength of the specimens
of brown ceramics of the LFCM was within an in-
terval of 40–70 MPa [20]. Taking the measurement
accuracy into account, this parameter did not change
in both 2015 and 2020. But those valuesare 4–5 times
lower than the valuesof the LFCM strength obtained
in 2004. A substantial reduction in the values of
Young’s modulus and microhardness within the pe-
riod of 2004–2011 was also observed.

8. Radiation-Induced Defects in LFCM
According to the calculation-theoretical estimates
[38], among the kinds of radiation-induced damage
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created in the LFCM by all possible types of radiation
under the conditions of the Shelter object (𝛼- and 𝛽-
particles, 𝛾-quanta, neutrons, and so forth), the main
contribution to the formation of microstructure de-
fects is made by the damage stimulated by 𝛼-particles
and heavy recoil nuclei. It is generally accepted that
90% of all radiation-induced defects arise owing to
heavy recoil nuclei. However [22], among all compo-
nents of the pore space, only the open nano-sized
pore channels are the microstructure defects that ap-
peared as a result of LFCM self-irradiation. They
were formed due to the joining of at least some of
the 𝛼-particle tracks created in the material.

9. Water and Pore Space in LFCM
Our experiments showed that immersion of the
LFCM into a vessel with water for 7 days led to the
penetration of water into the pore space of LFCM
[20, 39]. As a result, the gas pores and the cracks be-
came filled with water, whereas the nano-sized pore
channels remained empty. The gas pores were filled
through the cracks rather than via the nano-sized
channels. Experiments showed that multiple (7 cy-
cles) cooling (to −10 ∘C) and heating (to +5 ∘C)
of the LFCM specimens that were previously and
forcedly filled with water led to the increase in the
thickness and volume of the cracks available in the
material. At the same time, the volume of gas pores
and nanochannels did not change. After each cooling-
heating cycle, material fragments up to 0.1–0.3 mm
in size detached from the specimen.

10. Previously Known and Newly
Discovered Physico-Chemical Processes
Governing the LFCM Microstructure
In 2016, when creating a model for the microstruc-
ture evolution in lava-like fuel-containing materials,
among a large number of physical and chemical pro-
cesses that took place in the LFCM for thirty years af-
ter the accident, we distinguished the following ones,
which crucially affected the formation of LFCM mi-
crostructure [28]:

1) formation of open pore channels in the LFCM
via joining the 𝛼-particle tracks, at least some part
of them, that emerged owing to the 𝛼-decay of
radionuclides;

2) penetration of air oxygen through the LFCM to
the inclusions of uranium oxides UO𝑥 via the open
nano-sized pore channels;

3) oxidation of uranium oxide UO𝑥 in the inclusions
by air oxygen;

4) formation of cracks in the LFCM owing to the
growth of the volume of uranium oxide inclusions;

5) penetration of water through the LFCM to the
inclusions of uranium oxides UO𝑥 via the cracks;

6) destruction of the LFCM by temperature fluc-
tuations as a result of changes in the aggregate state
of water available in the gas pores and the cracks;

7) interaction of water and dissolved salts and gases
with uranium oxides UO𝑥 and activation products,
formation of hydrates and soluble compounds of ura-
nium and transuranic elements.

Below, we present data that confirm the running of
each of those processes in the LFCM.

Process 1. The volume of open pore channels in
brown ceramics was determined by evaporating wa-
ter from the pore space [21]. The pore diameter was
evaluated to equal 40–60 nm on the basis of the
time required to remove water from them. In so do-
ing, the method based on the evaporation of water
from the pore space in order to determine the to-
tal volume of pore channels in powders and porous
bodies [40, 41] was applied. It was shown that the
nano-sized pore channels, as well as the 𝛼-particle
tracks, became closed under the heat treatment in
air at 150 ∘C [22].

Processes 2, 3, and 4. The presence of indicated
processes was confirmed by the irreversible volume
growth (by more than 0.5%) of LFCM brown ceram-
ics subjected to slow isothermal annealing at 500 ∘C
for 54 h (7 cycles) and the worsening of mechanical
parameters followed by the destruction of the speci-
mens into small fragments [20].

Processes 5 and 6 were studied by us making use
of real LFCM specimens. It was shown that water
can fill the gas pores and the cracks, but not the
nano-sized pore channels. The gas pores are filled
via the cracks, but not via the nano-sized channels
[20, 39]. Experiments on multiple (7 cycles) cooling
(to −10 ∘C) and heating (to +5 ∘C) of the LFCM
specimens that were previously and forcedly filled
with water testified to the increase in the thickness
and volume of cracks in the material and the detach-
ment of material fragments from the specimens.

Process 7 was confirmed by detecting uranium
oxides UO𝑥 as well as the hydrates and soluble
compounds of uranium and transuranium elements,
on the surface of LFCM clusters. It was the double
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salt of uranium Na4UO2(CO3)3 with admixtures of
sodium carbonate Na2CO3, sodium sulfate Na2SO4,
sodium hydroxide NaOH, and water, where sodium
atoms were partially substituted by potassium ones
[42]. Uranium is known to migrate in the form of the
double alkaline-carbonate complex Na4[UO2(CO3)3].
Carbonates, sulphates, halite, and probably sulphate-
carbonates were revealed. An assumption was made
about the formation of sodium uranyl carbonate
Na6(UO2)(CO3)4 [43, 44]. The following secon-
dary uranium minerals were detected: studtite
UO4 · 4H2O, epiianthinite UO3 · 2H2O, rutherfordine
UO2 · CO3, and sodium uranyl carbonate
Na6(UO2)(CO3)4. Those compounds were identified
together with the phases of sodium carbonates
Na3H(CO3)2·2H2O and Na2CO3·H2O. The indicated
minerals were formed owing to the interaction of
LFCM, water, and air [45].

Hence, new data obtained for the phase composi-
tion of crystalline inclusions in the LFCM confirmed
the oxidation process of uranium oxide UOx in the
LFCM inclusions (process 3). At the accident, ura-
nium oxide UO2 was oxidized to UO2,25 [2]. In 2018,
i.e. 22 years later, uranium oxide in the inclusions was
in the form of oxide UO2.34 [25,27,28]. Our data agree
with the data of work [46] published in 2000, where
the possibility of oxidation of uranium oxide UO2 at
room temperature was estimated to take place not
earlier than in 15–20 years.

Let us estimate the volume ratio between ura-
nium oxide and oxygen required for this process to
run. Every mole of uranium oxide UO2.25, i.e. every
274 g, has reacted with 2.34 − 2.25 = 0.09 moles
of oxygen. Knowing the density of uranium oxide
(10.97 g/cm2 [33]), we obtain that one mole of ura-
nium oxide has a volume of 24.61 cm3. The volume
of required oxygen amounts to 22.4 l/mol ·0.09 mol =
2.02 l under normal conditions. The indicated amount
of oxygen is contained in about 10 l of air. So the air
volume equals 400 times the volume of uranium ox-
ide. And this air penetrated into the LFCM. This fact
confirms the validity of process 2 in the list of physical
and chemical processes in the model of microstruc-
ture evolution developed in 2016. It also confirms the
relevance of process 1 in the same list because, in
the case of dense and strong LFCM (within the first
decade after the accident, their volume practically did
not contain cracks), air could penetrate in such quan-
tities only through the nano-sized pore channels. Of

course, a considerable time interval (several years)
was required.

The results obtained in 2018–2020 [25,27,28] testify
that the inclusions of uranium oxide UO2.34 in brown
ceramics are in a compressed state. Uranium oxide
UO𝑥 in the inclusions was oxidized when the glass
phase was hard rather than plastic. The increase in
the volume of the uranium oxide UO𝑥 inclusions at
oxidation induced the appearance of cracks. In 2014
[21, 22], we showed that the cracks are a component
of the pore space in the LFCM. Hence, the new data
confirmed the existence of the crack formation process
(process 4 in the list).

The authors of work [8] claimed that cracks were
observed near the inclusions of uranium oxides UO𝑥

and zirconium oxides ZrO2. They emphasized that
crack formation was mainly stimulated by the phase
transition of tetragonal zirconium oxide ZrO2 into the
monoclinic form. In our opinion, crack formation was
induced by the volume growth of the uranium oxide
UO𝑥 inclusions due to their oxidation. This is unam-
biguously evidenced by both the increase of the oxy-
gen stoichiometric coefficient to 2.34 and the squeezed
state of the uranium oxide UO2.34 inclusions in the
silicate glass phase.

The results obtained in 2018–2020 make it possible
to prove the presence of new, previously unknown
physical and chemical processes in the LFCM. In
particular, the revealed by us sodium-potassium ura-
nyl silicate hydrate (Na,K)2(UO2)2(Si2O5)3 · 4H2O
(mineral wicksite) [23–26] was formed in brown
ceramics after the accident. Its content in brown ce-
ramics equals 3–4 wt%, which is comparable with the
content of uranium oxide UO2.34 (4.5–5.5 wt%). If
this compound had been synthesized during the
accident, it would have been detected as long ago as
in the 1990s.

We experimentally found [25] that the heat treat-
ment of LFCM brown ceramics in an air furnace
at 600 ∘C for 10 h led to the growth of the
share of anhydrous sodium-potassium uranyl sili-
cate (Na,K)2(UO2)2(Si2O5)3 from 3–4 wt% to 10–
14 wt%. At the same time, the share of uranium ox-
ide UO2.34 decreased by a factor of about 3 and that
of the silicate glass phase by a factor of about 2. This
fact testifies that the formation of anhydrous sodium-
potassium uranyl silicate took place, in which only
some parts of uranium oxide and silicate glass phase
were used. A relatively low temperature of 600 ∘C
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is obviously insufficient for the synthesis to be com-
plete. The reaction took place between some part
of uranium oxide UO𝑥 in the uranium oxide inclu-
sions and silicon oxide in some part of the silicate
glass phase, the both phases possessing a substan-
tial amount of radiation-induced defects that had
been accumulated in them during a long time period
elapsed after the accident. Such a scenario would be
impossible if we suppose the 𝛼- and 𝛾-active radionu-
clides to be uniformly distributed over the LFCM
[32]. Instead, we tend to assume that the distribu-
tion of 𝛼- and 𝛾-active radionuclides in the LFCM
is inhomogeneous [1], although it is hardly possible
that so much (60–70%) of those radionuclides can be
located in the uranium oxide inclusions.

In our case, the radiation-stimulated formation
of sodium-potassium uranyl silicate hydrate (Na,
K)2(UO2)2(Si2O5)3 · 4H2O began in brown ceram-
ics some time after the accident and continues until
now. So the list of physical and chemical processes
that took place in the LFCM during the thirty-three
years after the accident and crucially affected the for-
mation of the LFCM microstructure should be ex-
tended by the process of radiation-stimulated for-
mation of sodium-potassium uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O (process 8).

We also revealed zirconium oxides ZrO2, both cubic
and tetragonal, in brown ceramics in amounts of 1–
2 wt% and 1–1.5 wt%, respectively [23–28]. In the
1990s, researchers marked an insignificant presence
of tetragonal and monoclinic zirconium oxide ZrO2

[6, 7], but the cubic modification was not mentioned.
The amorphous zirconium-uranium-oxygen phase

(Zr,U)O𝑥 was found in the LFCM as a result of solidi-
fication of the zirconium-uranium-oxygen melt Zr–U–
O [3]. The uranium content in it was 18 wt%, which
is sufficient for the stabilization of cubic zirconium
oxide ZrO2. It is quite probable that the crystalliza-
tion of cubic zirconium oxide from the amorphous
zirconium-uranium-oxygen phase Zr–U–O occurred
after the accident. The crystallization of tetragonal
zirconium oxide ZrO2 could also take place in the
case of inhomogeneous uranium distribution in the
amorphous zirconium-uranium-oxygen phase Zr–U–
O. Perhaps, this process has not terminated until
now so that the LFCM still contain the amorphous
zirconium-uranium-oxygen phase (Zr,U)O𝑥.

It is known [47–49] that amorphous zirconium oxide
ZrO2 containing 3.6 wt% of yttrium oxide Y2O3 com-

pletely crystallizes at a temperature of 500 ∘C within
36 min with the formation of tetragonal zirconium
oxide ZrO2. Amorphous zirconium oxide ZrO2 with
no other oxides completely crystallizes at a tempera-
ture of 450 ∘C within 26 min and also forms tetrag-
onal zirconium oxide ZrO2. Fifty hours are required
for 20% of pure amorphous zirconium oxide ZrO2 to
crystallize at a temperature of 350 ∘C. Depending on
the nucleation character, type, and the content of sta-
bilizing oxides, the crystallization of amorphous zir-
conium oxide ZrO2 at ambient temperatures in the
Shelter object could be complete within the time pe-
riod from several years to decades.

Let us include the probable crystallization of
the amorphous zirconium-uranium-oxygen phase
(Zr,U)O𝑥 as process 9 into the list of processes that
took place in the LFCM during thirty-three years af-
ter the accident and affected the formation of the
LFCM microstructure.

The presence of several phases of silicon oxide
(orthorhombic (1), orthorhombic (2), trigonal, and
probably tetragonal), as well as aluminum silicate
Al2SiO5 and probably calcium silicate Ca2SiO4, in
brown ceramics testifies that the crystallization pro-
cess took place in the silicate glass phase during thir-
ty-three years after the accident, and it continues un-
til now. This process is stimulated by self-irradiation
of the LFCM. We also include this process as pro-
cess 9 into the list. It also has to be included in the
list of processes that took place during the accident.
In 1990–1993, silicates, pyroxene, and dioxide were
found in the LFCM. Those compounds were formed
during the accident in the multi-component silicate
melt at its cooling.

When considering the crystallization process in
general, the time dependences of the relative vol-
ume of crystalline phase (s-like crystallization curves)
are divided into the initial stage, the stage of sta-
ble development, and the rapid (or avalanche-like)
stage. The total content of phases formed in the
LFCM owing to crystallization in brown ceramics
is estimated as 5–9 wt%. The indicated value means
that this process is at its initial stage. The crystal-
lization process has already been included in the list
as process 9.

Hence, when updating the model of the LFCM mi-
crostructure evolution, two new processes should be
included in the list of already identified physical and
chemical processes that took place in the LFCM dur-
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ing thirty-three years after the accident and affected
the formation of the LFCM microstructure:

8) radiation-induced phase formation of sodium-po-
tassium uranyl silicate hydrate
(Na, K)2(UO2)2(Si2O5)3 · 4H2O;

9) crystallization of the orthorhombic (1), or-
thorhombic (2), trigonal, and probably tetrago-
nal phases of silicon oxide SiO2, aluminum silicate
Al2SiO5, and probably calcium silicate Ca2SiO4 in
the silicate glass phase; crystallization of the cu-
bic and tetragonal forms of zirconium oxides ZrO2

in the zirconium-uranium-oxygen phase (Zr,U)O𝑥 is
also possible.

11. The Sequence and Interrelation
of Physico-Chemical Processes that Govern
the Microstructure Evolution
in the Bulk of LFCM

Let us update the scenario of evolution in the LFCM
microstructure, as well as the sequence and interrela-
tion of relevant physico-chemical processes, by taking
into account new data obtained for the phase com-
position and newly discovered physico-chemical pro-
cesses [20].

Within the first months after the Chornobyl ac-
cident, the LFCM comprised a composite. The sil-
icate glass phase included the crystalline inclusions
of uranium oxides UO𝑥, uranium oxides with zirco-
nium (UO𝑥 with Zr), the zirconium-uranium-oxygen
phase (Zr,U)O𝑥, and zirconium silicate with uranium
(chornobylite (Zr1−𝑥U𝑥)SiO4), as well as silicates
in the form of dendrites and metallic globules. The
LFCM are a result of interaction of the uranium ox-
ide UO2 in the nuclear fuel tablets with the zirconium
alloy of the fuel rod shells and silicates entering the
composition of the reactor structural materials. The
material possessed closed round pores.

During the following years, the LFCM accumulated
tracks of 𝛼-particles, which emerged owing to the 𝛼-
decay of radionuclides, so that their concentration in-
creased in time. In 10–12 years after the accident (in
1996–1998), when, perhaps, the concentration of 𝛼-
tracks exceeded a certain value, at least some of them
joined to form a framework of open nanoscale pore
channels. As a result, air became able to penetrate
into the LFCM through nano-sized pore channels and
reach the inclusions of uranium oxides. Uranium ox-
ide UO𝑥 in the inclusions began to oxidize, and the

mass of inclusions and, accordingly, their volume be-
gan to increase. The volume growth of inclusions was
restrained by the glass phase. As a result, the inclu-
sions were in the squeezed state, and the glass phase
around them in the stretched one.

After the tensile strength of the glass phase had
been exceeded, the formation of cracks began. The
presence of cracks in the glass phase led to a reduction
of mechanical stresses. The further volume increase
of the uranium oxide UO𝑥 inclusions stimulated the
growth of mechanical stresses, which, in turn, stim-
ulated the development of the crack system. Namely,
the number of cracks and/or their length and width
increased. The mechanical properties of the LFCM
became substantially worse. This happened within a
period from 2004 to 2011 [20]. Air got an opportu-
nity to reach the inclusions of uranium oxides UO𝑥

not only through the nano-sized pore channels, but
also via the cracks. The oxidation process became
much more active. Starting from 2004 (i.e. during
15 years) or 2011 (i.e. during 8 years), uranium ox-
ides UO𝑥 were oxidized to oxide UO2.34.

Since that moment, water became able to pene-
trate through cracks into the LFCM, fill the gas pores,
and chemically interact with uranium oxides UO𝑥

in the inclusions. This led to the formation of vari-
ous hydroxides and carbonates, and ultimately to the
washing out of uranium compounds, as well as fis-
sion and activation products, from the LFCM. Fur-
thermore, owing to the water volume growth in the
cracks and gas pores at the freezing, the LFCM were
destroyed. The cracks in the LFCM cut off the ma-
terial fragments as large as 50–500 𝜇m in size (with
an average size of 100–200 𝜇m). During the LFCM
destruction, the particles of uranium oxides from the
crystalline inclusions were released into the environ-
ment. Since the average size of the inclusions was 3–
5 𝜇m, and they were composed of at least a few grains,
the uranium oxide particles outside the LFCM had
micronic – and some of them, probably, submicronic –
sizes.

The inclusions of zirconium silicate ZrSiO4 contain-
ing uranium, i.e. chornobylite (Zr1−𝑥U𝑥)SiO4, and
the metallic globules did not change substantially.

The formation of sodium-potassium uranyl sili-
cate hydrate (Na,K)2(UO2)2(Si2O5)3 · 4H2O began
after the accident. Perhaps, this process began af-
ter a certain number of radiation defects has been
accumulated or after the nano-sized pore channels
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had been formed. The formation of silicate hydrate
could be started after the formation of cracks through
which water could penetrate to the inclusions. The
formation of this compound might occur in sev-
eral stages. At present, the formation of sodium-
potassium uranyl silicate hydrate continues.

Let us evaluate the change of the LFCM vol-
ume in the regions, where sodium-potassium uranyl
silicate hydrate (Na,K)2(UO2)2(Si2O5)3 · 4H2O was
formed. The chemical formula of this compound tells
us that uranium oxide (from the uranium oxide
UO2.34 inclusions), silicon oxide, sodium oxide, and
potassium oxide (from the glass phase), as well as
water (from the environment via the cracks), were in-
volved in its formation. The densities of the indicated
phases are as follows: 2.786 g/cm3 for potassium sil-
icate hydrate, 10.97 g/cm3 for uranium oxide UO2,
and 2.1–2.4 g/cm3 for LFCM glass phases and sili-
cate glasses. The density of uranium oxide UO2.34 is
lower than the density of uranium oxide UO2, maybe
by a few percent (up to 10%). As a result, the volume
of LFCM regions, where uranyl silicate hydrate was
formed, has to increase substantially, which should
lead to the growth of mechanical stresses in the glass
phase.

Thus, one can see that both processes – the
oxidation of uranium oxide UO𝑥 in the inclu-
sions and the formation of uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O in the region, where
the inclusions of uranium oxide and the glass phase
are in contact – affect each other. Both processes lead
to the growth in the volume of the uranium oxide in-
clusions and the uranyl silicate hydrate layer located
between the uranium oxide inclusions and the glass
phase. As a result, they favor the development of a
system of cracks in the LFCM.

The amorphous zirconium-uranium-oxygen phase
(Zr,U)O𝑥 began to crystallize as early as during the
accident. At that time, this phase contained tetrago-
nal and monoclinic zirconium oxide ZrO2. After the
accident, this process continued. In 2018, the crystal-
lization process manifested itself in the presence of
1–2 wt% of cubic and 1–1.5 wt% of tetragonal zirco-
nium oxide ZrO2 in the LFCM. We do not know yet,
whether this process terminated in 2018 or is still
continuing.

The glass phase began to crystallize during the ac-
cident. This process is continuing now. The presence
of several phases of silicon oxide SiO2 and aluminum

silicate Al2SiO5, as well as, probably, calcium silicate
Ca2SiO4, in brown ceramics testifies to that.

So, one can see that the behavior of the LFCM
is governed not only by one or more physical
and chemical processes, but also by their interrela-
tion and mutual influence. The accumulation of 𝛼-
particle tracks formed at the 𝛼-decay of radionu-
clides during 10–12 years allowed the nano-sized
pore channels to be formed. The penetration of air
through the nano-sized pore channels to the in-
clusions of uranium oxide UO𝑥 allowed the oxi-
dation process of uranium oxide in the inclusions
to begin. The inclusions, in turn, after having in-
creased in size, provoked the process of crack for-
mation. The presence of cracks allowed water to
penetrate to the inclusions of uranium oxide UO𝑥

and provided the interaction of uranium oxides with
water, dissolved salts and gases, which resulted
in the formation of hydrates and soluble uranium
compounds. The radiation-stimulated phase forma-
tion of sodium-potassium uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O became possible af-
ter the accumulation of a required concentration of
radiation-induced defects in the LFCM. The crystal-
lization process was also stimulated by a substantial
concentration of radiation defects.

12. Stages of the LFCM
Microstructure Evolution
and Their Duration

In the framework of the model of the LFCM mi-
crostructure evolution developed in 2016, the follow-
ing stages in the evolution of the LFCM bulk mi-
crostructure were distinguished, their sequence was
determined, and their duration was estimated [20]:

1) formation of copen porosity as a result of the
joining of closed spherical pores and newly formed
nano-sized pore channels, the latter being a result
of joining the 𝛼-particle tracks accumulated in the
material;

2) oxidation of uranium oxides UO𝑥 in the LFCM
inclusions due to the air penetration through the open
nano-sized pore channels;

3) formation of cracks in the LFCM owing to the
volume growth of the uranium oxides UO𝑥 inclusions
at their oxidation;

4) penetration of water into the LFCM via the
cracks, its interaction with the inclusions of uranium
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oxides, the exit of uranium salts from the inclusions
into the environment, destruction of some part of the
LFCM due to multiple freezing-thawing cycles of wa-
ter in the pores and cracks, and exit of uranium oxide
UO𝑥 particles into the environment.

Stage 1 began after the accident and continued up
to 10–12 years.

Stage 2 began after the termination of stage 1 (in
1996–1998) and continues till now. The duration of
this stage is 3–5 decades till the destruction of the
LFCM.

Stage 3 began between 2004 and 2011 and contin-
ues till now. The duration of the stage is 3–5 decades
till the destruction of the LFCM.

Stages 1 and 2, as well as 2 and 3, may partially
overlap.

Stage 4 began within the period from 2004 to 2011
and continued to 2018. After the construction of the
New Safe Confinement had been completed, this stage
practically terminated. The penetration of water in
the form of precipitations into the New Safe Con-
finement was shut down, and the stage-4 processes
became substantially slower.

New data on the phase composition of the LFCM,
which were obtained from 2016 to 2020, allow two
more stages in the evolution of the LFCM bulk mi-
crostructure to be identified:

5) radiation-stimulated phase formation of sodium-
potassium uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O;

6) crystallization of amorphous phases of the
LFCM: the glass phase with the formation of a
few phases of silicon oxide SiO2, aluminum silicate
Al2SiO5, and probably calcium silicate Ca2SiO4; and
the amorphous phase (Zr,U)O𝑥 with the formation
of cubic and tetragonal zirconium oxides.

Stage 5 began in 1996–1998 (or later, within the pe-
riod from 2004 to 2011). The stage-by-stage develop-
ment of the process of radiation-stimulated phase for-
mation of sodium-potassium uranyl silicate hydrate is
possible. The stage continues till now. Its duration is
5–7 decades till the complete “burning out” of ura-
nium oxide in the inclusions.

Stage 6 began after the accident and continues till
now. The duration of the stage is 4–6 decades un-
til the glass phase of the LFCM and the amorphous
phase (Zr,U)O𝑥 transit into the crystalline state.

Stages 2, 3, 5, and 6 are currently active in brown
ceramics.

13. Forecast of the LFCM Behavior
The proposed updated model of microstructure evo-
lution makes it possible to predict the behavior of the
LFCM in the short and long runs.

The self-irradiation of the LFCM (including the
𝛼-decay of radionuclides) will continue. It is difficult
to say whether the volume of nano-sized pore chan-
nels will increase or not. It remained almost constant
within the last five years. The process of uranium ox-
ide UO𝑥 oxidation in the inclusions will continue. The
volume of cracks, their length, and perhaps their
number will increase due to the volume growth of
the inclusions of uranium oxides. The penetration of
water into the LFCM to the inclusions of uranium
oxides via the cracks has already slowed down con-
siderably in the New Safe Confinement. The interac-
tion of water with uranium oxide UO𝑥 and the forma-
tion of hydrates and soluble uranium compounds have
been practically stopped. The radiation-stimulated
phase formation of sodium-potassium uranyl sil-
icate hydrate (Na,K)2(UO2)2(Si2O5)3 · 4H2O will
continue. The crystallization of the silicon oxide SiO2

and silicate phases in the silicate glass phase will also
continue. The crystallization of cubic and tetragonal
zirconium oxides ZrO2 in the amorphous zirconium-
uranium-oxygen phase (Zr,U)O𝑥 is also possible.

Let us consider, in more details, the influence of
each of the physical and chemical processes in the
LFCM on the changes in their microstructure and
their behavior in general.

According to the uranium-oxygen equilibrium state
diagram [33], uranium oxides within the range from
UO2 to UO2.25 have a cubic lattice. In our case, ura-
nium oxide UO2.34 in the inclusions of brown LFCM
ceramics has a cubic lattice, because those inclusions
are in the squeezed state in the glass phase. However,
as the oxidation process continues, the stoichiomet-
ric coefficient of oxygen, the volume of inclusions,
and the number, length, and width of cracks will
increase. After the concentration of cracks and their
length in the LFCM reach the corresponding thresh-
old values, the LFCM will start to break down into
particles from 50 to 500 𝜇m in size with an aver-
age size of 100–200 𝜇m, because they will not be
able to withstand even their own weight. Those glass-
phase particles will contain uranium, as well as fission
and activation products. All inclusions of uranium ox-
ides will escape beyond the LFCM. There will be no
squeezing stresses for the inclusions in the destroyed
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material. Cubic uranium oxide UO𝑥 with 𝑥 > 2.34
will transform into a mixture of cubic uranium oxide
UO2.25 and orthorhombic uranium oxide U3O8. The
reconstruction of the cubic lattice into the orthorhom-
bic one will destroy the uranium oxide grains to a
size of several microns, and some of them, probably,
to several submicrons [51, 52]. Those particles of ura-
nium oxide U3O3 are the most dangerous. The expe-
rience obtained in the USA, the Soviet Union, Ger-
many, and Japan showed [51] that the volume oxi-
dation of the spent fuel results in that the latter re-
leases 99.5% of tritium, 40–70% of krypton, 25–40%
of iodine, and 90% of ruthenium in the form of ox-
ide. The destruction of the grains of uranium oxide
UO𝑥 inclusions will lead to the exit of the indicated
radionuclides from uranium oxide beyond the LFCM.

When the oxygen stoichiometric coefficient reaches
the value 𝑥 = 2.66, uranium oxide in the inclusions
will completely transform into uranium oxide U3O8

with the orthorhombic lattice. Therefore, the density
of uranium oxide in the inclusions will decrease to
8.39 g/cm3 [33], and the volume of inclusions will
increase by 23.5%. As a result, the LFCM will be
completely destroyed. All inclusions of uranium oxide
U3O8 will escape beyond the LFCM. The increase of
the oxygen stoichiometric coefficient from 𝑥 = 2.25
to 𝑥 = 2.34 (by 0.09) was achieved during 7–14 years
within the period from 2004–2011 to 2018. Provided
the current oxidation rate and the growth of the oxy-
gen stoichiometric coefficient 𝑥 to 2.66 (by 0.32), the
LFCM destruction will occur in 25–50 years, i.e. wi-
thin the period between 2043 and 2068. At the same
time, it should be borne in mind that the oxidation
rate may increase since the size of the cracks may
become larger with the growth of the uranium oxide
inclusions in size.

Let us evaluate the time interval after which the
radiation-induced phase formation of sodium-potassi-
um uranyl silicate hydrate (Na,K)2(UO2)2(Si2O5)3×
× 4H2O will be complete. In 2018, the content of
this compound in the LFCM was 3–4 wt%, i.e. 3–4 g
per 100 g of the LFCM. Such an amount of uranyl
silicate was formed approximately during 7–14 years
(within the period from 2004–2011 to 2018) and
1.5–2 g of uranium oxide UO2 was spent for its
“production”. Accordingly, provided the current
formation rate of uranyl silicate hydrate, all available
uranium oxide (4.5–5.5 wt%) will be consumed in
20–41 years, i.e. before 2038–2059.

However, it should be taken into account that, al-
though the heat treatment of LFCM brown ceramics
(in air at a temperature of 600 ∘C for 10 h) led to the
growth in the content of anhydrous sodium-potassium
uranium silicate from 3–4 wt% to 10–14 wt% [25], the
LFCM were not destroyed. Let us evaluate the time
interval during which there will be no destruction of
the LFCM associated with the volume growth. The
required increase in the volume of uranyl silicate hy-
drate will occur in 9–16 years, i.e. before 2027–2034.

Two simultaneous processes – oxidation of uranium
oxide UO𝑥 in the inclusions and radiation-stimulated
formation of the sodium-potassium uranyl silicate hy-
drate phase (Na,K)2(UO2)2(Si2O5)3 · 4H2O – affect
each other. Both processes lead to the volume growth
of the uranium oxide or uranyl silicate inclusions and
enhance the crack formation and the LFCM destruc-
tion. Uranium oxide and uranyl silicate hydrate from
the inclusions will escape from the LFCM. The si-
multaneous running of those processes can reduce the
duration of stages 5 and 6 and lead to a more rapid
destruction of the LFCM.

If we assume that not six, but only one phase crys-
tallizes, the time dependence of the relative volume of
the crystalline phase (s-shaped crystallization curves)
[50] makes it possible to evaluate the time needed for
the LFCM destruction to begin, if the process of the
glass phase crystallization develops. The calculations
show that the crystallization process can approach
the rapid (or avalanche-like) stage in 14–21 years (be-
fore 2032–2039). In this case, a considerable part of
the glass phase in the LFCM can be destroyed into
particles 10 to 120 𝜇m in dimensions (with an average
size of 20–50 𝜇m).

The crystallization of several phases can lead to
a situation where there can be several (up to six)
rapid crystallization stages (six is the number of cur-
rently known phases resulting from the crystalliza-
tion). However, several rapid stages may not trans-
form into the avalanche one. The multiphase crystal-
lization in the LFCM has to be researched further.

14. Methodical and Technological
Approaches to the Creation of Methods
of Solid-Phase Conditioning of LFCM

When performing works on switching Unit 4 of the
Chornobyl NPP into the safe state, experts faced
the necessity to develop a technology for handling
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the hazard materials, e.g., the methods of solid-phase
conditioning. The studies of the microstructure and
physicochemical properties of the LFCM and the fore-
cast of their evolution led to the accumulation of an
experience in the working with such materials. The
LFCM microstructure also suggests us some ways to
deal with them.

The LFCM are thermodynamically metastable, be-
cause their dominating (by mass) phase, i.e. the glass
phase, is amorphous. In it, the process of crystalliza-
tion, i.e. a transition from the metastable amorphous
state into the stable crystalline one, takes place. If the
phase tends to transform into a more stable state, we
can intensify this process. It is expedient to perform
the controlled crystallization of the glass phase of the
LFCM by carrying out the heat treatment of those
materials, controlling the nucleation of crystalline nu-
clei, monitoring their controlled growth, preventing
the material destruction by activating the sintering
of the already crystallized material, and determining,
if possible, the phases that are necessary for the crys-
tallization, as well as the implementable sequence of
their crystallization.

The analysis of the LFCM microstructure and the
physical and chemical processes that are responsi-
ble for it testifies that the challenging element of
the microstructure is the inclusions of uranium oxide
UO𝑥. They increase their volume as a result of the
oxidation of uranium oxide UO𝑥 and the radiation-
stimulated formation of sodium-potassium uranyl sil-
icate hydrate (Na,K)2(UO2)2(Si2O5)3 · 4H2O. The-
refore, any means that would allow uranium oxide
UO𝑥 in the LFCM to be transformed into compounds
that do not interact with oxygen and water can be re-
garded as useful for transiting the LFCM into a more
stable state. It is also important, if possible, to reduce
the size of uranium oxide UO𝑥 inclusions (preferably
to a size less than 1 𝜇m) by redistributing them in
the LFCM. In particular, uranium oxide and its com-
pounds can be redistributed among the pore space,
cracks, and gas pores.

By the heat treatment of the LFCM, we
can activate the radiation-induced phase forma-
tion of sodium-potassium uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O, thereby binding ura-
nium oxide UO𝑥 in a compound that may possess a
higher corrosion resistance, than uranium oxide has.
The experiments showed [21, 22] that the heat treat-
ment of the LFCM also makes it possible to com-

pletely close the nano-sized pore channels (at 150–
400 ∘C) and the cracks (at 200–530 ∘C). As a result,
the pore space will be closed and, accordingly, the
surface area of the LFCM will be smaller.

15. Conclusions

The model of the LFCM microstructure evolution in
Unit 4 of the Chornobyl NPP has been updated by
an example of brown ceramics. The behavior of the
LFCM is not only governed by one or more physical
and chemical processes, but also by their interrela-
tion and mutual influence. The list of seven known
physical and chemical processes that govern the mi-
crostructure evolution in the LFCM was extended by
two new ones: radiation-stimulated phase formation
and crystallization. The course of oxidation of ura-
nium oxides UO𝑥 in inclusions was refined. Two more
stages were added to the list of already known four
stages of microstructure evolution. The durations of
the known microstructure evolution stages were de-
termined more exactly, and the durations of new ones
were found.

In the near future (tentatively, till 2027–2034),
there will be no destruction, even partial, of the
LFCM. The volume growth of the inclusions of
uranium oxide UO𝑥 and sodium-potassium uranyl
silicate hydrate (Na,K)2(UO2)2(Si2O5)3 · 4H2O will
only result in the increase of the crack concentration
and lengths.

In the long run, the behavior of the LFCM will
be determined by three processes: oxidation of ura-
nium oxide UO𝑥 in the inclusions, radiation-induced
phase formation of sodium-potassium uranyl silicate
hydrate (Na,K)2(UO2)2(Si2O5)3 · 4H2O, and crystal-
lization of silicate glass phase.

Provided that the current oxidation rate will not
change, the transformation of uranium oxide UO2.34

into uranium oxide U3O8 will lead to the destruction
of the LFCM in 25–50 years, i.e. within the period be-
tween 2043 and 2068. The LFCM will be completely
destroyed into glass-phase particles 50–500 𝜇m in di-
mensions (with an average size of 100–200 𝜇m). As
a result, all inclusions of uranium oxides UO𝑥 will
exit from the LFCM. The grains of uranium oxides
UO𝑥 from the inclusions will be destroyed to a size
of a few microns, with some of them, probably, to
a few submicrons. The micro-sized powders of ura-
nium oxides UO𝑥 (in an amount of up to 50 metric
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tons) will inevitably participate in the formation of
aerosols, which will pose the main danger for humans.

Provided the current formation rate for
sodium-potassium uranyl silicate hydrate
(Na,K)2(UO2)2(Si2O5)3 · 4H2O, all available ura-
nium oxide UO𝑥 (4.5–5.5 wt%) will “burn out” in
20–40 years, i.e. before 2038–2059. The simultaneous
running of the uranium-oxide oxidation processes in
the inclusions and the radiation-stimulated phase
formation of sodium-potassium uranyl silicate hy-
drate can reduce the time required for the complete
destruction of the LFCM.

The crystallization process (assuming that only
one phase crystallizes) can approach the rapid (or
avalanche-like) stage in 14–21 years (in 2032–2039). A
considerable part of the glass phase in the LFCM can
be destroyed at that with the formation of particles
10–120 𝜇m in dimensions (with the average size of
20–50 𝜇m). However, the crystallization of a lot of
phases may not have the avalanche stage.

Some methodological and technological approaches
were proposed to create the methods of solid-phase
conditioning of the LFCM. It is reasonable to per-
form the controlled crystallization of the glass phase
of the LFCM in order to transit this phase into a
thermodynamically stable state. Attempts should be
made to transform uranium oxides UO𝑥 into com-
pounds that do not react with oxygen and water. It
is also important, if possible, to redistribute UO𝑥 ox-
ides and uranium compounds over the cracks and the
gas pores. The heat treatment of the LFCM will make
it possible to close the nano-sized pore channels (at
150–400 ∘C) and the cracks (at 200–530 ∘C), which
will make the LFCM surface smaller.

The work was sponsored in the framework of
the budget theme No. 0117U002636 of the National
Academy of Sciences of Ukraine.
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ОНОВЛЕНА МОДЕЛЬ ЕВОЛЮЦIЇ
МIКРОСТРУКТУРИ ЛАВОПОДIБНИХ
ПАЛИВОВМIСНИХ МАТЕРIАЛIВ
4-го БЛОКА ЧАЕС. КОРИЧНЕВА КЕРАМIКА

Модель еволюцiї мiкроструктури лавоподiбних паливовмi-
сних матерiалiв (ЛПВМ) 4-го блока Чорнобильської АЕС

оновлено на прикладi коричневої керамiки. Пiдтверджено,
що поведiнка ЛПВМ визначається не одним або декiлько-
ма фiзичними i хiмiчними процесами, а їх взаємозв’язком i
взаємовпливом. Фiзичнi та хiмiчнi процеси, що протiкають
в ЛПВМ, доповнено ще двома новими. Уточнено вплив на
поведiнку ЛПВМ ще одного ранiше вiдомого процесу. До-
дано новi стадiї еволюцiї мiкроструктури. Уточнено трива-
лостi вiдомих i визначенi тривалостi нових стадiй. Пред-
ставлено прогноз стану та поведiнки ЛПВМ. У найближ-
чiй перспективi руйнування ЛПВМ не буде, у вiддаленiй –
вони повнiстю зруйнуються. Оцiнено термiни руйнування
ЛПВМ, розмiри частинок, на якi зруйнується склофаза. Всi
включення оксидiв урану потраплять за межi ЛПВМ. Зер-
на оксиду урану зруйнуються до кiлькох мiкрон, а частина
з них, можливо, i до субмiкронного рiвня. До 50 т мiкрон-
них порошкiв оксидiв урану неминуче будуть брати участь
у формуваннi аерозолiв, якi й представлятимуть основну
небезпеку для людини. Запропоновано деякi методичнi та
технологiчнi пiдходи до створення методiв твердофазного
кондицiонування ЛПВМ.

Ключ о в i с л о в а: лавоподiбнi паливовмiснi матерiали,
модель еволюцiї, мiкроструктура, фiзичнi та хiмiчнi проце-
си, прогноз, методичнi та технологiчнi пiдходи, Новий без-
печний конфайнмент, окислення, радiацiйно-стимульоване
фазоутворення, кристалiзацiя.
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