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Abstract. In this article we show the optical, mechanical and surface properties change depending on
the Hf-Zr-Ce-Y-O thin film composition. Hf4ZrsCeY»0,; shows up to three times higher hardness
compared to binary HfZrO4 oxide and up to 50% higher hardness compared to cubic ZrO; and HfO,
due to the solid solution hardening effect. Equimolar film exhibit a high transmittance >85% and high
hydrophobicity with the water contact angle ~106°. Variation of the elemental composition in Hf-Zr-
Ce-Y-O is allows to simultaneously tune mechanical and wetting properties for the optimum
configuration depending on the application.
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1. Introduction

Materials with a combination of high hydrophobicity, enhanced mechanical properties
(hardness, toughness) and thermal stability find a various application such as aircraft protection
from the ice formation [1] or dropwise condensation heat transfer [2]. Most of the studies which are
focused on these applications are deal with polymer materials and trying to find a way of their
mechanical properties enhancement [3—5]. Report about the rare earth oxides hydrophobicity shows
that these ceramics exhibit excellent combination of the water contact angle (6 > 90°) and high
mechanical properties [6]. Subsequent works show that the group of the low-electronegativity
metals oxides also exhibit the hydrophobic effect [7]. Previously we showed that it is possible to
enhance the mechanical properties of this group of ceramics without a weakening of the
hydrophobic effect [8]. Several methods of the mechanical properties enhancement can be used for
non-polymer thin films [9, 10]. One of the most promising is the entropy stabilization. The
conception of the entropy stabilization of the solid crystal structure was received a wide attention in
the past decade due to superior and tunable properties of reported high entropy materials [11]. High
entropy alloys are surpassing traditional alloys and compounds in thermal stability [12] and
mechanical properties [13], making them a potential high-performance constructive and functional
materials [14]. A high entropy material is a solid solution of four-, five- or more components with a
simple crystal structure, usually BCC or FCC [11]. Thermodynamic stability of this solid solution is
given by the minimization of the Gibbs free energy:

AGmix = AHmix - TASmix 4 (1)

here, AGnix s the Gibbs free energy of mixing, AH i is the enthalpy of mixing, ASyi. is the entropy
of mixing, and 7 is the absolute temperature.
An entropy of the system is described using the Boltzmann's equation:

AS = —RZ ¢, In(c,), )

here, R is the gas constant, and ¢; is the molar content of the component.

Resulted Gibbs free energy from the equation (1) is minimized by the enlarged entropy of
mixing with the value up to ASmix = 1.61R for a five-component materials in comparison with
traditional materials, giving an additional thermodynamic stabilization of the system [14]. Up to
date, main researches were focused on the high entropy metallic systems (high entropy alloys or
HEA). Recently Rost et al. show that entropy stabilization concept is also applicable for ceramic
systems [15]. Subsequent works have discovered other properties of this class of materials such as
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high oxidation resistance [16], superhardness [17] or advanced superionic conductivity [18]. 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 lead to
the higher thermal stability of solids [19].

In order to create a robust transparent hydrophobic 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 O2) and low electronegativity of the base element. Resulted group of the selected oxides
was taken as HfO», ZrO», Y203 and CeO», excluding radioactive ThO> and PuO> and toxic BeO
(Fig.1a). MgO was excluded due to the reduced thermal stability at temperatures higher than
1400°C. While an incorporation of the La>O3 as a fifth component can lead to the formation of the
binary pyrochlore structures like La>Zr.O7 and LaxHf207 [20].

Also, the HfO»-ZrO»-CeO; system is characterized by a positive value of the mixing enthalpy
(AHpix = +51.0 £ 8.0 kJ/mol for the equimolar ZrO;-CeO2 composition [21]) leading to a possibility
of a phase separation and surface segregation to zirconium-rich and cerium-rich regions [22],
contrary to the HfO>-ZrO;-Y20s3 system, which is characterized by the AH,ix = 0 (ideal solid
solution) for all molar ratios. Resulted composition of HEO HfZrCeY -5 is characterized by the
entropy value ASnix = 1.38R and a simple cubic Fm-3 m structure (Fig.1b). Use of the entropic
stabilization allows us to achieve a following superior combination of characteristics:

1) An addition of CeO and Y203 is stabilize the high temperature hard cubic structure of ZrO»
and HfO» without a phase transformation from the room temperature up to the melting temperature
T [23].

2) Minimization of the Gibbs free energy of the HEO system gives an additional
thermodynamic stability.

3) Formation of a simple solid solution of the cubic oxides with 7,, > 2000°C excluding
formation of binary oxides.

4) HEO mechanical properties enhancement due to the solid solution hardening effect [24].

5) Due to the low electronegativity of constituent elements (Hf, Zr, Y, Ce) we expect the high
hydrophobicity of synthesized HEO oxides [6, 7].

The main goal of this study is to investigate the relation between the mechanical, optical and
hydrophobic properties of HEO system Hf-Zr-Ce-Y-O in dependance on the elemental composition.
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Fig.1. Ellingham diagrams of the most thermally stable oxides with respective melting temperatures (a), here solid lines
are selected oxides and dashed lines are excluded oxides in this study; crustal structures of the selected component
oxides at the ambient conditions and resulted crystal structure of the high entropy oxide HfZrCeYO..5 (b).
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2. Material and methods

Several substrates for the measurements were used:

1) A monocrystalline Si(100) with the size of 15x15x0.38 mm for XRD, SEM and mechanical
properties measurements;

2) A monocrystalline Si(100) with the size of 35x5x0.38 mm for the stress measurements;

3) A glass with the size of 15x15x1 mm for the optical absorption properties measurements.

Before placing to the vacuum chamber samples were ultrasonically cleaned in acetone and
isopropyl alcohol. High entropy oxide films were sputtered using two round unbalanced magnetrons
equipped with HfZr (50/50 at.%) and CeY (33/66 at.%) targets. Target diameter was 100 mm.
Purity of the targets were 99.95%. The magnetrons were powered by high power impulse
magnetron sputtering (HiPIMS) power supply (1 kV, 5 kW, Applied Electronics, Russia). At the
initial stage samples were cleaned by the Ar* ion source with the energy of 1.5 keV. The base
pressure po in the evacuated chamber was 8-10™ Pa. The HfZrCeYO.-s films were deposited on
substrate under the following conditions: discharge voltage Uz = 700-900 V, pulse period T = 50 ps,
pulse frequency f = 1 kHz, substrate temperature 7y = 300 °C, substrate-to-target distance
ds—: = 100 mm, argon pressure par = 0.5 Pa and oxygen pressure po2 = 0.5 Pa. Molar concentration
in the growing films was controlled by the power ratio on the magnetron targets with the range of
0.5-2 kW. Coatings surface, cross-sectional morphology and elemental composition were studied
using a scanning electron microscope (Quanta SEM, Thermo Scientific). Structural characteristics
of the coatings were studied using X-ray diffraction (Shimadzu XRD 6000) instrument with Cu Ka
(A = 0.154 nm) radiation. Samples curvature was measured by the optical profilometer (Micro
Measure 3D Station, STIL) and film stress was calculated from the curvature measurements by
using the Stoney formula. Optical properties of as-deposited coatings were characterized by their
optical density measured by an optical absorption spectroscopy using the AvaSpec-3648
spectrometer operated at wavelengths ranging from 350 to 850 nm.

3. Results and discussion

3.1. Elemental composition and film structure

In order to prepare a complex HEO system we used a reactive high power impulse magnetron
sputtering technique (r-HiPIMS). In this technique highly ionized fluxes of particles onto substrate
with a high percentage of metal ions and enlarged ion energies bombarding the substrate are allow
to grow dense homogeneous oxide films. Film's composition was controlled by the variation of an
average power ratio on the HfZr and CeY targets during the co-sputtering in argon-oxygen
atmosphere. Firstly, for the properties comparison we prepared binary Ce3zY4012 and HfZrOj4 films,
Fig.2a. Sputtered binary oxides are characterized by the cubic structure for Ce3Y4O12 and the mixed
cubic+monoclinic structure for HfZrO4 without preferred orientation (Fig.2a, blue and orange lines
respectively). Contrary, HEO films are characterized by the cubic Fm-3 m structure with XRD
peaks shifted proportionally to the increase of the molar HfZr concentration in agreement with the
Vegard's law [25]. Resulted 260 peak shift is in the range of 1.29° for (1 1 1) and up to 3.06° for (3 1
1). Preferred orientation of sputtered HEO films is transformed from (1 1 1) to (2 0 0) plane with
the growth of the HfZr concentration (Fig.2a). However, we attribute these changes not to the HfZr
concentration growth itself, but rather the influence of the high-energy particles bombardment of
the growing film from the HfZr target due to the enlarged average target power density [26]. We
cannot detect any phase separation for all synthesized HfZrCeYO,s films. A cubic Fm-3 m
structure of HfZrCeYO2.s not divides to separated mono- or binary oxides in a wide range of molar
compositions. EDS mapping of the representative Hf>Zr,CeY2013 film shows the homogeneous
distribution of all constituent elements without any local elements segregation and phase separation
to the Me-rich regions, Fig.2c.
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Fig.2. XRD patterns of Ce3sY4O1, (blue), HfZrO4 (orange), HEO: Hfys5ZrosCeY207 (red), HfZrCeY,Oq (green),
Hf>Zr,CeY,0,3 (black), Hf4Zr4sCeY»0,; (light blue) (a); Spectral dependence of the absorption coefficient of HfZrO4
(green), Ce3Y 4012 (brown), Hfy sZro sCeY.07 (light green), HfZrCeY,0y (red), Hf,Zr,CeY»013 (black), Hf4ZrsCeY,02;
(b); top view SEM of the Hf,Zr,CeY,013 and the corresponding EDS mapping of each composition element (c).

The presence of a 3+ valence yttrium cation [27] in the HfZrCeYOz-s composition leading to
the formation of oxygen vacancies and crystal defects generation and hence absorption centers
concentration growth during the formation of the solid solution. In order to estimate this factor we
measured optical absorption properties of the sputtered HEO films, Fig.2b. The spectral dependence
of the absorption coefficient was calculated as:

o(hv)=D(hv)/d, (3)

here D(hv) is a spectral characteristic of the optical density and d is the film thickness.

HfZrO4 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, Fig.2b. Contrary, Ce3Y4O12 exhibited in order of magnitude higher value of
light absorption centers concentration. A transfer from the Ce3Y4O12 to the HfZrO4 by an addition
of the HfZr is characterized by the formation of HfZrCeYO,-s composition with a higher absorption
centers concentration, leading to the growth the absorption coefficient in order of magnitude.
Distribution of these centers is homogeneous for the whole measurement interval for HfZrCeYOo. 5
compositions from HfZrCeY>09 to HfsZrsCeY20>i. This distribution is a fact of a maximum
structure disorder and formation of a nanocrystalline structure [28].

Despite the fact that synthesized HEO films exhibit a high absorption centers concentration,
their transmittance is relatively high, Fig.3a and 3d. For the light wavelength 550 nm the
transmittance of the 2800 nm thick Hf2Zr,CeY20;3 film is around 85% while for 500 nm thick
Hf>,Zr,CeY>0:3 film transmittance is around 90%, comparable with an uncoated glass substrate.
SEM cross-section measurements show a glass-like structure without pronounced crystalline
structure (in agreement with the measured absorption centers distribution) for all synthesized HEO
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films for the group HfZrCeY20y - Hf4Zr4CeY2021, Fig.3b. The measured roughness R, was in the
range of 2.5-3.6 nm. This minor variation of the films roughness allows us do not take it into
account during the surface measurements, described below.
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Fig.3. a) Transmittance measurements of the silica glass (black), coated by 500 nm Hf>Zr,CeY,0,3 HEO (blue) and
coated by 2800 nm Hf>Zr,CeY,03 HEO (red); b) cross-section SEM image of the Hf,Zr,CeY,0,3 HEO film on the
glass substrate; ¢) WDCA and hardness in dependence of the HfZrCeYO,; film composition; d) water wetting of
silica glass partially coated by 2800 nm Hf>Zr,CeY,0,3 HEO film.

3.2. Surface properties of HfZrCeYO3.; films
Surface properties of sputtered films were determined by use of the van Oss-Good-Chaudhury
equation [29]:

v, (1+0038) =2 (V" " +%5v; +%7; ) )

Here 0 is the contact angle with a droplet of liquid L, ys“" is the electrostatic Lifshitz-van der Waals
component of the surface free energy of the solid film, and ys* and ys~ are, respectively, the polar
Lewis acid and the polar Lewis base components giving the polar acid-base component ys*? as:

Ye' =2YsY, - (5)

The total surface free energy of the film vys is then given as the sum of the Lifshitz-van der
Waals and the polar acid-base component:

Ylotal = YLW + ’YAB ° (6)

As a testing liquids we used water, glycerol and o — bromonaphthalene.

Results of the measurement are presented in Fig.3c and Table 1. All synthesized films
exhibited ~98% of the electrostatic Lifshitz-van der Waals interaction with water in agreement with
previous studies [6, 7]. On can see that the total surface energy yioru for HfZrCeYOo.s films
decreases with the increasing of the Ce-Y concentration from 40.33 mJ/m? for HfZrO4 to
32.58 mJ/m? for Ce3Y4O12. The corresponding water contact angle increases from ~98° for the
HfZrO4 to =102° for the Ce3Y4O12. It is important to note that the maximum of the contact angle
~106° and the minimum of the surface energy Yiom =31.29 m]/m? was measured for the
Hfo.5Zr05Ce Y207 composition.

3.2. Mechanical properties of HfZrCeYO:.s films

Mechanical properties of as-prepared HfZrCeY O.s films are summarized in Table 2. All films
exhibited a relatively low residual compressive stress ¢ less than — 1.5 GPa and a high elastic
recovery W, > 60%. Hardness H and Young's modulus E* continuously increase with the shift from
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binary oxides Ce3Y4O12 and HfZrO4 to the equimolar HfZrCeYO»-s composition with a maximum
hardness of H = 22.4 GPa for the Hf4ZrsCeY2021. Also, for the HfZrCeYO»;s film group
HfZrCeY209 - Hf4Zr4sCeY2021 one can detect a high ratio of H/E® > 0.1, which is in combination
with a high elastic recovery W, > 60% gives an enhanced resistance to cracks formation [30].
HfZrCeYO»-5 shows up to three times higher hardness in comparison with binary HfZrO4 oxide and
up to 50% higher hardness in comparison with cubic ZrO; and HfO, [31].

Table 1. Surface free energies of HfZrCeYO,.5 HEO films. Here .. is the total surface free energy equal
to the sum of the non-polar Lifshitz-van der Waals component y-" and the polar acid-base component y42
HfZrCeYO2; film

composition Yeotal [MJ/m? ] vV [mJ/m? ] vA% [mJ/m? |
HfZrO4 40.33 39.99 0.34
Hf4Zr4CeY»0; 36.24 35.80 0.44
HszI‘zCGYzO13 33.01 32.51 0.50
HfZrCeY>09 31.70 30.95 0.75
Hfy5Zro5Ce Y20 31.29 31.07 0.22
Ce3Y4012 32.58 31.66 0.92

Table 2. Mechanical properties of the synthesized HfZrCeY O-.; films

Elemental H [GPa] E* [GPa] We [%] HIE"® 6 [GPa]
composition
CesY4012 4.9 793 60 0.062 205
Hfo{stoA5C6Y207 17.3 180.6 66 0.096 —0,7
HfZrCe Y20, 19.7 187.6 67 0.105 ~0,9
HE,Z6Ce Y015 21.3 196.7 69 0.108 -13
Hf,Zr,CeY-0n1 22.4 194.8 71 0.115 -12
HfZrO, 7.7 1103 62 0.070 -0.9

We attribute this enhancement to the solid solution hardening effect (that is typical for the high
entropy alloys family [32]), where the atomic scale solid solution dependent lattice distortion gives
a significant intrinsic friction stress (i.e., Peierls stress) with an enhanced hardness and strength
[24]. Also, the hardness of the equimolar Hf>Zr,CeY>013 films reported in this work is significantly
higher than reported by the J. Gild et al. for the bulk (Hfo25Zr0.25Ce0.25Y0.25)O2-5 with the hardness
of H = 13.6 GPa [33]. These differences can be given by the Hall-Petch effect, similar to other
nanocrystalline thin film materials [34]. However, the hardness of the HEO is still lower in
comparison with high entropy nitrides [35, 36], similarly to the hardness relation between the
simple binary oxides and nitrides of the same element.

4. Conclusion

Based on the measured data we can conclude that:

1) The HfZrCeYO>s 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 dependence on the
molar composition. Hf4ZrsCeY2021 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.

3) Absorption centers distribution in the high entropy oxides shows a homogeneous character
and is in order of magnitude higher in comparison with the binary oxides. We suggest that this
criterion can be a signature of HEO materials. However, the transmittance of the Hf>ZrCeY2013
film is around 85%.
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4) Hf-Zr-Ce-Y-O system shows a high hydrophobic effect with the maximum contact angle for
the Hfo 5Zro.sCeY207 composition is =106°.
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