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Annomauusn. Bvin nposeden cunmes 6blcOKOIHmMponutinbix monxux nienox Hf-Zr-Ce-Y-O u onpedenenvt ux
onmuueckue u mexanuveckue ceoticmsa 8 sasucumocmu om cocmasa. HfsZriCeY2021 nokaswieaem 0o mpex pas
bosiee BbICOKYI0 MEEPOOCHIbL NO CPABHEHUIO ¢ 080UHbIM oKcuoom HfZrOs u 0o 50 % 6oaee 6bicokyro meepoocms
no cpagueruio ¢ kyouveckumu ZrOz u HfOz DOxeumonspHvle nienku obraoarom 6viCOKUM Kodp@uyueHmom

nponyckanus >85 % u meepdocmsio 0o 20 I'lla.

Introduction. The conception of the entropy stabilization of the solid crystal structure has received a wide
attention in the past decade due to superior and tunable properties of reported high entropy materials. High entropy
alloys are surpassing traditional alloys and compounds in thermal stability and mechanical properties, making
them a potential high-performance constructive and functional material [1]. A high entropy material is a solid
solution of four-, five- or more components with a simple crystal structure, usually BCC or FCC.

An entropy of the system is described using the Boltzmann's equation:

ASmix=— R Yciln(cy) 1)
Here, R is the gas constant, and c; is the molar content of the component.

Resulted Gibbs free energy from the Eq. (1) is minimized by the enlarged entropy of mixing with the value
up to ASmix = 1.61R for five-component materials in comparison with traditional materials, giving an additional
thermodynamic stabilization of the system. This remarkable improvement of material properties led to the
suggestion that entropic stabilization is also applicable for the UHTC ceramics production, where the reduced
Gibbs free energy can leads to the higher thermal stability of solids. In order to create a robust transparent ceramics
for the selection of the high entropy oxide (HEO) composition we used the combination of three material
properties: a high melting temperature of the oxide, the lowest enthalpy of formation (or minimum Gibbs free
energy per mole O;) and low electronegativity of the base element [2]. A resulting group of selected oxides
included HfO2, ZrO,, Y,03; and CeO,, - and excluded radioactive ThO,, PuO, and toxic BeO (Fig. 1a).
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The obtained composition of HEO HfZrCeY O, is characterized by the entropy value ASmix = 1.38R and a simple
cubic Fm-3m structure (Fig. 1b).
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Fig. 1. Ellingham diagrams of the most thermally stable oxides with respective melting temperatures (a); crustal
structures of the selected component oxides at the ambient conditions and resulting crystal structure of the high
entropy oxide HfZrCeYO_.s (b)

Experimental part. High entropy oxide films were sputtered using two round unbalanced magnetrons
equipped with HfZr (50/50 at. %) and CeY (33/66 at. %) targets. Coatings surface, cross-sectional morphology
and elemental composition were studied using a scanning electron microscope. Structural characteristics of the
coatings were studied using X-ray diffraction with Cu Ka (A = 0.154 nm) radiation. Samples curvature was
measured by the optical proflometer and film stress was calculated from the curvature measurements by using the
Stoney formula.

Results. Firstly, to compare properties we prepared binary CesY 101, and HfZrO4 films, as shown in Fig. 2a.
Sputtered binary oxides are characterized by the cubic structure for CesY012 and the mixed cubic + monoclinic
structure for HfZrO4 without preferred orientation (Fig. 2a, blue and orange lines respectively).
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Fig. 2. XRD patterns of synthesized HEO films (a); Spectral dependence of the absorption coefficient of HEO

films (b); top view SEM of the Hf,Zr,CeY,013 and the corresponding EDS mapping (c)

On the contrary, HEO films are characterized by the cubic Fm-3m structure with XRD peaks shifted
proportionally to the increase of the molar HfZr concentration in agreement with the Vegard's law. The obtained
20 peak shift is in the range of 1.29° for (1 1 1) and up to 3.06° for (3 1 1). The preferred orientation of sputtered
HEO films is transformed from (1 1 1) to (2 0 0) plane with the growth of the HfZr concentration.

A cubic Fm-3m structure of HfZrCeY O,.s does not divide to separated mono- or binary oxides in a wide

range of molar compositions. EDS mapping of the representative Hf,Zr,CeY 013 film shows the homogeneous
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distribution of all constituent elements without any local elements segregation and phase separation to the Me-rich
regions, (Fig. 2c) HfZrO, films are characterized by the minimum of the light absorption centers concentration for
all synthetized films with the characteristic absorption value around 2.8 eV, due to the ordered crystalline structure.
Contrary, CesY4012 exhibited in order of magnitude higher value of light absorption centers concentration.
A transfer from the Ce3Y4O12 to the HfZrO, by an addition of the HfZr is characterized by the formation of
HfZrCeY O,.s composition with a higher absorption centers concentration, leading to the growth of the absorption
coefficient in order of magnitude. Distribution of these centers is homogeneous for the whole measurement interval
for HfZrCeYO,.; compositions from HfZrCeY.0q to HfsZrsCeY,0,:. For the light wavelength of 550 nm the
transmittance of the 2800 nm thick Hf>Zr,CeY 043 film is around 85 % while for 500 nm thick Hf,Zr,CeY ;013
film transmittance is around 90 %, that is comparable with an uncoated glass substrate.

Table 1
Mechanical properties of the synthesized HfZrCeYO2.s films

Elemental composition H [GPa] E*[GPa] We [%] H/E* | o [GPa]
CesY4012 4,9 79,3 60 0,062 -0,5
Hfo5Zro5CeY 207 17,3 180,6 66 0,096 -0,7
HfZrCeY,0q 19,7 187,6 67 0.105 -0,9
HszFzCEYzOlg 21,3 196,7 69 0,108 -1,3
Hf1Zr,CeY ;021 22,4 194,8 71 0,115 -1,2
HfZrO,4 7,7 110,3 62 0.070 -0,9

The mechanical properties of as-prepared HfZrCeYO2.; films are summarized in Table 1. All the films
exhibited a relatively low residual compressive stress o less than —1,5 GPa and a high elastic recovery We > 60 %.
Hardness H and Young's modulus Es continuously increase with the shift from binary oxides CesY 4012 and
HfZrO, to the equimolar HfZrCeYO2s composition with a maximum hardness of H = 22.4 GPa for the
Hf1ZrsCeY,021. Also, for the HfZrCeY Oa.s film group HfZrCeY .0y - HfsZrsCeY,021 one can detect a high ratio
of H/E* > 0.1, which is in combination with a high elastic recovery We > 60 % gives an enhanced resistance to
cracks formation. HfZrCeYO,.; shows up to three times higher hardness in comparison with binary HfZrO, oxide
and up to 50 % higher hardness in comparison with cubic ZrO, and HfO,.

Conclusion. Based on the measured data we can conclude that:

1) The HfZrCeY02-3 system form a solid solution with the simple cubic (Fm-3 m) structure without formation
of binary oxides and an absence of the phase separation.

2) Hardness in the Hf-Zr-Ce-Y-O system shows nonlinear character in behavior, depending on the molar
composition. HfsZr,CeY ;021 shows up to three times higher hardness (H = 22GPa) in comparison to binary

HfZrO4 oxide and up to 50 % higher hardness in comparison with cubic ZrO, and HfO. due to the solid

solution hardening effect.
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