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The paper studies structure and dynamics of the crystal lattice of solid solutions based on zi-
rconium dioxide. Structural experiments were performed on a KSN-2 neutron spectrometer (in the
�di�ractrometer� mode) and DRON-3.0 X-ray di�ractrometer. The phonon spectrum of solid soluti-
ons was obtained using the method of inelastic scattering of thermal neutrons. Dispersion ratios
were obtained with KSN-2 (in a �triple-axes-spectrometer� mode) on monocrystal samples. It is
known that the introduction of such ions as Ca, Y, Nd, Sc into the ZrO2 crystal lattice stabilizes
the cubic structure of the lattice. Particular attention was paid to the ZrO2 system � 33% mol.
Y2O3. In this system, the possibility of formation of a pyrochlor structure was considered. It has
been suggested that a phase transition occurs in ZrO2-based solid solutions under the in�uence
of neutron irradiation and temperature, which can lead to disruption of coatings made of these
materials.
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I. INTRODUCTION

Solid solutions based on zirconium dioxide draw
big attention due to their unique physical properties
[1]. Zirconium dioxide is a material with a monocli-
nic structure, but under the in�uence of pressure,
temperature and radiation, the transition to a tetragonal
type of lattice can happen, which is accompanied with a
change in the speci�c volume almost on by 10. . . 13% [2].
It is well known that zirconium dioxide layer is formed on
the surface of a fuel rod shell during the exploitation of
fuel assembly. Particularly the reduction in the speci�c
volume is one of the reasons why that �lm on the surface
of a fuel rod shell may undergo cracking. The destruction
of this shell leads to the ingress of radioactive isotopes
into the primary circuit coolant of the reactor, which
can cause its shutdown. At the same time, it is known
that an addition of the rare earth element oxides, in the
amount of more than 6% mole, into the (ZrO2) leads to
the stabilization of the cubic type of the lattice, which
is not changing under the in�uence of neutron irradiati-
on [3]. In addition, it is known that the speed of the
�lm increment changes with time. The purpose of this
work was to investigate of the structure and the lattice
dynamics of solid solutions based on zirconium dioxide
with the di�erent ion-stabilizer. Knowing the features of
the structure and the crystal lattice dynamics of these
systems will allow us to create protective coatings for
the power equipment of nuclear power plants. Moreover,
the development of a technology for applying protecti-
ve coatings from these materials will make it possible to
create protective coatings for a new fuel rod shell based
on SiC.

II. EXPERIMENTAL METHODS

Structural experiments have been carried out using
the neutron spectrometer KSN-2 (λ = 0.104 nm) in
the �di�ractrometer� mode, and X-ray difractrometer
DRON-3.0 (in FeKα radiation λ = 0.194 nm). Spectra
of inelastic scattered slow neutrons were obtained on
using the multidetector neutron spectrometer, and the
�time-of-�ght� method, located on the �rst horizontal
channel of the WWR reactor � of the Institute for the
Nuclear Research of National Academy of Sciences of
Ukraine using the method described in [4]. The energy
of the neutrons' dropping on the sample was 26 meV.
The polycrystalline samples received using a standard
method of hydroxide co-precipitation were studied
during these experiments. All samples were subjected to
the standard annealing during 7.2 × 105 sec at 720 K.
The size of particles was determined the BS-613 mi-
croscope. Dispersion ratios were obtained using KSN-2
(in a �triple-axes-spectrometer� mode) on monocrystalli-
ne samples.

III. RESULTS OF EXPERIMENTS AND THEIR
ANALYSIS

During the study of solid solutions based on ZrO2, the
greatest attention was paid to the ZrO2�Y2O3 system,
which is used quite often for practical purposes [5]. The
data from the neutronographic measurement has shown
that an introduction of about 6% mol. of yttrium oxide to
the crystal lattice of zirconium dioxide stabilizes its cubic
structure. The X-ray structural analysis of these solid
solutions has con�rmed the results of the neutrongraphic
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measurement. The study of the crystal lattice dynamics
was done in a non-coherent approximation.
In studies of complex crystals in which there are

several di�erent atoms in the unit cell, it is not possible
to obtain the density of normal oscillations g(ε) directly
without the involvement of model calculations. In this
case, the so-called average weighted density of phonon
states G(ε) is determined.
It is equal to g(ε)multiplied by some functionHs(k, ε),

which depends on the amplitudes of coherent scattering,
masses and polarization vectors of the modes of indi-
vidual atoms in the unit cell. The connection between
the double di�erential cross section of inelastic scatter-
ing of slow neutrons and the function G(ε) is given by
the following expression:

d2σ

dΩdε
=

ℏkQ2

8πk0ε

Gs(ε)

exp( ε
kT )− 1

, (1)

where G(ε) = Hs(k, ε)· g(ε);

Hs(k, ε) =

n∑
i=1

Ci
σi

Mi
e−2Wi |ei(ε)|2.

Here, n is the number of atoms in the unit cell; k0

and ki wave vectors of falling and scattered neutrons;
Q = k0−k, ε is the change of impetus and energy in the
process of scattering; σi, Mi, Ci are the neutron scatter-
ing cross section, mass, and concentration of atoms of
the i-th grade; |ei(ε)|2 are the squares of the modules of
the polarization vectors associated with the oscillations
of the i-th atoms (averaging on the distribution of atoms
on the nodes of the unit cell); e−2Wi is the Debye�Waller
factor.
In our experiments G(ε) function was obtained from

the following equation from spectra of inelastic scattered
neutrons N(t)

Gs(ε) =
8π1024k0εℏN(t)∆1(t)∆2(t)

N0nkQ2
exp

( ε

kT

)
−1, (2)

where N0 is the amount of neutrons which fall on the
sample; n is the amount of sample nuclei on 1cm2; ∆1(t),
∆2(t) are the characteristics of the neutron spectrometer.
In the study of ZrO2-based solid solutions, the greatest

attention was paid to the ZrO2�Y2O3 system, because
it is associated with the largest amount of contradi-
ctory information regarding the ordering of structural
elements in the crystal lattice. Particular attention has
been paid to the research on the system ZrO2 � 33%
mol Y2O3, because in some papers, an assumption has
been expressed about the formation of a pyrochlore
type compound in it. Certainly, the presence of such
structures in solid solutions based on ZrO2 stabilized
by oxides of rare earth metals has been proved, but
in the system ZrO2�Y2O3 these questions remain a
topic of discussion. Our experiments assumed that the
compounds having the same lattice and di�ering only by
the atomic weight of additive components, must reveal
the same oscillation spectra. Research to compare solid
solutions ZrO2 � 33% mol Y2O3 and ZrO2 � 33% mol

Nd2O3 has been carried out (the latter solution had a
pyrochlore structure, according to the data obtained in
some papers (from X-ray structure analysis). We have
got the neutronograms (Fig. 1) of these compounds that,
generally, do not having signi�cant di�erences.

We obtained the X-ray di�ractograms of these solid
solutions too (Fig. 2 and Fig. 3). No signi�cant di-
�erences were revealed, excepted of some pics intensity.

Fig. 1. Neutronograms of solid solutions based on zirconium
dioxide: a � ZrO2 � 33% mol.Y2O3, b � ZrO2 � 33% mol.

Nd2O3

Fig. 2. X-ray di�ractogram of zirconium dioxide with an addi-
tion 33% Y2O3

Fig. 3. X-ray di�ractogram of zirconium dioxide with an addi-
tion of 33% Nd2O3
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Obviously, considering the results of our experiments, the conclusion about the existence or non- existence of such
structure cannot be �nal. The spectra of both compounds are introduced in Figs. 4 and 5.

Fig. 4. View of function Gs(ε) for the solid solutions ZrO2 � 33% mol Nd2O3. The triangular shows the resolution of the Gs(ε)
function determination

Fig. 5. View of function Gs(ε) for the solid solutions ZrO2 � 33% mol Y2O3. The triangular shows the resolution of the Gs(ε)
function determination

Analysis of the spectra leads to the conclusion that
certain common features are present. There are maxima
in the frequency density distribution in the range from
45 to 70 meV. However, in the case of ZrO2 � 33% mol
Nd2O3, the weight center of the spectrum is approxi-
mately 40 meV, while in the case of ZrO2 � 33% mol
Y2O3 it is located in the area of 60 meV. In our opinion,
this can be caused mainly by a signi�cant di�erence in
the atomic weight of stabilizing ions, as well as a di�erent
grade of the structural elements order in the lattices of
both systems.

Thus, our results, generally, are in accordance with
the results of research [6], where the conclusion about
a smooth transition between the structures of �uorite
and a pyrochlore-type structure in system ZrO2�Y2O3 is
made. The universal nature of the changes in the osci-
llation spectrum of pure zirconium dioxide atoms that
take place with the introduction of stabilizing ions into
the lattice matrix, is con�rmed by the data from the

research on system ZrO2 � 15% mol Sc2O3 and ZrO2

� 20% mol CaO. There is an interesting point in the
research of system ZrO2�Sc2O3. The ion of scandium
(Sc3+) is the only one ion that has as smaller size than
the zirconium ion (Zr4+) and nevertheless it stabilized a
cubic phase [7]. This allows us to assume that the ordered
location of the additive cation in the lattice of zirconi-
um dioxide plays an important role in the cubic phase
stabilization. Functions Gs(ε) for the above-mentioned
systems are shown in Figs. 6 and 7.

We can clearly observe a reduction in the density
of normal oscillation in the energy range 55-60 meV.
Neutronograms of these compounds generally are simi-
lar to the neutronograms described in other works, and
di�ers only in relation �e�ect-background� for di�erent
structural re�ections. There is an information [8] that
in nanoparticles of the system ZrO2-Y2O3 subjected to
annealing at 1250 K an ordered structure is formed,
characterized by the dislocation of ion O2 � in �at (110)
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on average by 0.023 nm from positions corresponding to
the �uorite-like solid solution. This ion dislocation is
approximately 5% from the lattice parameter value for
the stabilized solid solution ZrO2. Taking into account
the fact that according to Lindeman rule, when thermal
�uctuation increases to the value over 7% from latti-
ce parameter this can lead to the crystal lattice melt-
ing. It is necessary to take a close look of the above
mentioned e�ect as it can be linked to the signi�cant
changes in force constants inside the lattice. We have

done a heat treatment to the two polycrystal samples to
obtain an ordered as well as disordered structures. Both
neutronograms and atom oscillation spectra did not have
any di�erence for both samples. It must be emphasized
that the experiments carried out by us were done using
samples with an average size of the particles approxi-
mately 20.0 nm and were performed on monocrystals
too. From this point of view, a possibility that this type
of order may be obtained only in monocrystal systems
cannot be excluded.

Fig. 6. View of function Gs(ε) for the solid solutions ZrO2 � 33% CaO2. The triangular shows the resolution of the Gs(ε)
function determination

Fig. 7. View of function Gs(ε) for the solid solutions ZrO2 � 15% Sc2O3. The triangular shows the resolution of the Gs(ε)
function determination

The �time-of-�ight� method, which was used to carry
out the research on atom oscillation spectra described
above is integral and at present does not allow obtaining
data about atom oscillations, whose energy corresponds
to the narrow range of the spectrum. At the same ti-
me, it is necessary to know the frequency characteri-
stics of separate fundamental oscillations when descri-
bing the mechanism of various phase transitions. That
is why to determine particularity in atom oscillations
of solid solutions based on ZrO2, we obtained ratios for

high symmetricity directions (Fig. 8). The measurements
have been carried out using KSN-2 in the �triple-axes
spectrometer� mode, using monocrystals created using
the method described in work [9]. It is known that solid
solutions based on ZrO2 have FCC structure, that is why
9 branches must be observed in their spectra: 3 acoustical
and 6 optical. We obtained dispersion ratios related only
to the acoustical part of the spectrum which probably
is linked to the high-level structure disorder in these
crystals.
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Fig. 8. The dispersion ratios in the system (1− x) ∗ ZrO2 − x ∗Y2O3, ◦ � x = 0.15, • � x = 0.1

IV. CONCLUSION

1. The obtained data of the lattice dynamics of
solid solutions based on zirconium dioxide, when
comparing with the data from work [6], allows
assuming that with an increase in the stabilization
ions concentration, speci�c heat capacity of these
solid solutions will increase too.

2. The universal nature of changes in the oscillation
spectrum of the zirconium dioxide crystal lattice
has been con�rmed during the introduction of di-
�erent stabilization ions.

3. No evidence of a existence of pyrochlore type
structure in ZrO2 � 33% mol. Y2O3 was revealed.
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4601-5

https://doi.org/10.1111/jace.16712
https://doi.org/10.1111/jace.16712
https://doi.org/10.1016/j.nucmat.2014.08.020
https://doi.org/10.1016/j.nucmat.2014.08.020
https://doi.org/10.1111/jace.15200
https://doi.org/10.1111/jace.15200
https://doi.org/10.1111/j.1151-2916.1978.tb09220.x
https://doi.org/10.1111/j.1151-2916.1978.tb09220.x
https://doi.org/10.1016/j.jct.2005.05.002
https://doi.org/10.1016/j.jct.2005.05.002
https://doi.org/10.1111/j.1551-2916.2007.01678.x
https://doi.org/10.1111/j.1551-2916.2007.01678.x
https://doi.org/doi.org/10.1016/j.tca.2017.04.002
https://doi.org/doi.org/10.1016/j.tca.2017.04.002
https://doi.org/10.1016/j.jpcs.2003.11.038
https://doi.org/10.1016/j.jpcs.2003.11.038


V. I. SLISENKO, O. E. ZOTEEV, O. A. VASYLKEVYCH, V. O. ZOTEEV, V. V. KROTENKO

ôàêò ïiä ÷àñ ðîçãëÿäó ôîðìóâàííÿ òîíêî¨ ïëiâêè äiîêñèäó öèðêîíiþ íà ïîâåðõíi îáîëîíêè òâåëiâ
ó ïðîöåñi åêñïëóàòàöi¨ òåïëîâèäiëüíèõ êàñåò ó ÿäåðíîìó ðåàêòîði. Ôàçîâèé ïåðåõiä ó ïëiâöi äiîêñè-
äó öèðêîíiþ ìîæå ïðèçâåñòè äî ïîøêîäæåíü îáîëîíêè òâåëiâ òà âèòîêó ðàäiîàêòèâíèõ içîòîïiâ ó
òåïëîíîñié ïåðøîãî êîíòóðó ðåàêòîðà. Òàêèé âèòiê ìîæå ñïðè÷èíèòè çóïèíêó åêñïëóàòàöi¨ ÿäåðíî-
ãî áëîêó. Âîäíî÷àñ âiäîìî, ùî ââåäåííÿ ðiäêîçåìåëüíèõ îêñèäiâ ó òâåðäi ðîç÷èíè íà áàçi äiîêñèäó
öèðêîíiþ ñòàáiëiçó¹ êóái÷íó ñòðóêòóðó öèõ ñèñòåì, ÿêà íå çìiíþ¹òüñÿ ïiä ÷àñ îïðîìiíåííÿ. Ó ðîáîòi
äîñëiäæåíî ñòðóêòóðè òà äèíàìiêè êðèñòàëi÷íî¨  ðàòêè òâåðäèõ ðîç÷èíiâ íà áàçi äiîêñèäó öèðêîíiþ.
Ñòðóêòóðíi åêñïåðèìåíòè ïðîâåäåíî íà íåéòðîííîìó ñïåêòðîìåòði ÊSN-2 â ðåæèìàõ �äèôðàêòî-
ìåòð� òà �òðèâiñíèé ñïåêòðîìåòð�, à òàêîæ ðåíò åíiâñüêîìó äèôðàêòîìåòði ÄÐÎÍ-3.0 (ëiíiÿ FeKα
λ = 0.194 íì). Ôîíîííi ñïåêòðè òâåðäèõ ðîç÷èíiâ îòðèìàíî ìåòîäîì íåïðóæíîãî ðîçñiþâàííÿ òå-
ïëîâèõ íåéòðîíiâ. Äèñïåðñiéíi ñïiââiäíîøåííÿ îäåðæàíî íà ìîíîêðèñòàëi÷íèõ çðàçêàõ. Âiäîìî, ùî
ââåäåííÿ â êðèñòàëi÷íó  ðàòêó ZrO2 òàêèõ éîíiâ, ÿê Ca, Y, Nd, Sc, ñòàáiëiçó¹ êóái÷íó ñòðóêòóðó  ðà-
òêè. Îñîáëèâó óâàãó ïðèäiëåíî ñèñòåìi ZrO2 � 33% ìîëü Y2O3. Ó íié ðîçãëÿíóòî ìîæëèâiñòü âèíè-
êíåííÿ ñòðóêòóðè òèïó ïiðîõëîðó. Ïiä ÷àñ åêñïåðèìåíòiâ óñòàíîâëåíî, ùî çìiíè â ñïåêòði êîëèâàíü
êðèñòàëi÷íî¨  ðàòêè òâåðäèõ ðîç÷èíiâ íà áàçi äiîêñèäó öèðêîíiþ ç ðiçíèìè éîíàìè-ñòàáiëiçàòîðàìè
ìàþòü óíiâåðñàëüíèé õàðàêòåð. Îòðèìàíi ðåçóëüòàòè, ïîðiâíÿíî ç iíøèìè äîñëiäæåííÿìè öèõ ñè-
ñòåì, äîçâîëÿþòü ïðèïóñòèòè, ùî çi çðîñòàííÿì êîíöåíòðàöi¨ éîíiâ-ñòàáiëiçàòîðiâ çðîñòà¹ é ïèòîìà
òåïëî¹ìíiñòü òâåðäèõ ðîç÷èíiâ.

Êëþ÷îâi ñëîâà: äèíàìiêà êðèñòàëi÷íî¨  ðàòêè, íåïðóæíå ðîçñiþâàííÿ, òåïëîâi íåéòðîíè.
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