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Abstract

The outstanding thermophysical properties and mechanical properties are crucial for the application of
RE>Zr,07 in thermal barrier coatings (TBCs). To simultaneously optimize the thermal conductivity, thermal
expansion behaviour and mechanical properties of rare-earth zirconate ceramics, in this work a novel high-
entropy (Sco2Lag2Smy2Erg2Ybg2)2Zr,07 (REZO) ceramics was designed with significant mass and size dif-
ferences based on the thermal properties tailoring theory. Structural analysis revealed that the REZO ceramics
prepared by conventional solid-state reaction exhibits a dual-phase structure with coexisting pyrochlore and
fluorite phases, and the five rare-earth cations were uniformly distributed throughout REZO without compo-
sitional segregation. In terms of thermophysical properties, compared to La;Zr,07 and Gd,Zr,07, the REZO
exhibits a glass-like thermal conductivity (1.31W-m~'-K~!, at room temperature) and a high thermal expan-
sion coefficient (11.054 x 107%/K, 1200 °C). Additionally, the REZO demonstrates excellent high-temperature
phase stability from room temperature to 1600 °C. In terms of mechanical properties, the REZO exhibits a
lower Young’s modulus, higher Vickers hardness and higher fracture toughness compared to LayZr;0; and
Gd,Zr,0;. In summary, the thermal properties tailoring theory employed in this work provides a novel de-
sign approach for developing RE;Zr,0; ceramics with tunable thermophysical and mechanical properties,
enhancing the application prospects of RE;Zr,07 in advanced TBCs.
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I. Introduction and toward the targets of high efficiency and low emis-
sions [3]. Two primary factors influence gas turbine ef-
ficiency, including turbine inlet temperature and com-
pressor compression ratio. Among them, increasing the
turbine inlet temperature is crucial for thermal effi-
ciency and gas turbine performance [4]. Therefore, as
the core component of gas turbines, enhancing turbine
inlet temperature primarily relies on three approaches:
developing high-temperature-resistant metallic materi-
als, designing advanced cooling structures and utiliz-
ing thermal barrier coating technology [5—7]. Compared
to the other two methods, thermal barrier coating tech-
nology offers lower costs and superior thermal insula-
tion performance. It has been demonstrated that apply-

In the heavy industry sector, heavy-duty gas tur-
bines are the most common equipment used for con-
verting thermal energy into power [1]. Heavy-duty gas
turbines use oil or natural gas as a fuel, driving tur-
bine equipment and providing power through the high-
temperature gases generated during combustion [2]. In
recent years, the demands for energy conservation and
environmental protection have increased, driving higher
performance requirements for heavy-duty gas turbines
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ing a 100-500 pm thermal barrier coating on the turbine
blade surface via thermal spraying prevents direct con-
tact between high-temperature combustion gases and
the blades, reducing surface temperatures by approxi-
mately 100-300 °C [8]. This enables the safe operation
of heavy-duty gas turbines. As the most widely used
thermal barrier coating material in engineering applica-
tions, 6—-8 wt.% yttria-stabilized zirconia (Y SZ) exhibits
outstanding mechanical properties, with the hardness
and elastic modulus of approximately 10 and 220 GPa,
respectively [9]. However, YSZ coatings undergo phase
transformation and sintering above 1200 °C, leading to
inhomogeneous internal stresses and reduction of the
service life of the thermal barrier coating [10]. To enable
long-term operation of thermal barrier coatings at tem-
peratures exceeding 1200 °C, the development of novel
ceramic materials is essential.

In recent years, researchers have developed a series
of novel thermal barrier coating materials by leverag-
ing the advantages of materials chemistry and rare-earth
chemistry, such as rare-earth zirconates (RE;Zr,07)
[11], rare-earth cerates (RE,Ce,O7) [12], rare-earth
stannates (RE,;Sn,07) [13] and rare-earth tantalates
(RETaOy4) [14]. Among them, RE;Zr,07 exhibit a sig-
nificant phonon scattering due to the complex crys-
tal structure and inherent 1/8 oxygen vacancy, result-
ing in a thermal conductivity approximately 30% lower
than that of YSZ [15]. However, currently applied
RE;Zr,O7 compounds still exhibit certain limitations.
For instance, the thermal expansion coefficient (TEC)
of LayZr,0O7 (LZO) at the high-temperature range is
significantly lower than that of 8YSZ [16]. Therefore,
optimizing the comprehensive properties of RE,Zr,07
to satisfy the requirements of advanced thermal bar-
rier coatings is necessary. Currently, doping modifica-
tion has been widely applied to optimize the proper-
ties of RE;Zr,07. For example, Xu et al. [17] prepared
(Yo.05L.ag.95)2(Zry7Ceq.3), 07 ceramics by the solid-state
reaction method, introducing Ce—O and Y-O bonds with
lower bonding energy in La,Zr,O; to make its TEC
reach 10.58 x 1079K~!, which is 1.15 times that of
the conventional La,Zr,O;. Wang et al. [18] investi-
gated the effect of Hf** substitution at the Zr** site in
La;Zr,O; on thermal conductivity, concluding that in-
troduction of the large-sized substitution atoms into the
Lay(Zr, _,Hf,),07 (0 < x < 0.5) system represents a
viable approach to significantly reduce thermal conduc-
tivity.

The concept of “high-entropy” and its application to
the design and preparation of alloy materials was pro-
posed in 2004 [19,20]. High-entropy materials are solid
solutions composed of five or more elements, provid-
ing numerous combinatorial options that enhance per-
formance and allow for customized design. In 2015,
Rost ef al. [21] successfully synthesized high-entropy
oxide ceramics with uniform element distribution and
a single structure using five oxides of MgO, NiO,
Co0O, CuO and ZnO as raw materials, which success-
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fully introduced the “high-entropy” concept into the ce-
ramics field. In current research, high-entropy ceram-
ics play a significant role due to the novelty of the
composition. The interactions between different com-
ponents and their tunable properties have also attracted
considerable attention [22]. Among them, high-entropy
RE,Zr,0; (HE-RE,;Zr,07) containing five or more
rare-earth cations exhibits four core effects, includ-
ing the high-entropy effect, severe-lattice-distortion ef-
fect, sluggish diffusion effect and “cocktail” effect [23].
These characteristics enable HE-RE,Zr,O7 to show dis-
tinct thermal and mechanical properties compared to
the single-component RE,;Zr,O; offering a capability
of further modulation of relevant properties through
composition adjustments [24]. For instance, Luo et
al. [25] synthesized a five-component HE-RE,;Zr, 0
containing Dy, Nd, Sm, Eu and Yb, and this ma-
terial exhibited outstanding sintering resistance under
high-temperature conditions. Furthermore, its fracture
toughness reached 2.07 + 0.03 MPa-m'/?, which is 1.5
times that of LayZr,O;. Zhao et al. [26] designed a
novel high-entropy RE,;Zr,07 by simultaneously intro-
ducing elements with different valence states, namely
(Lag3Gdo3Cag 4)2(Tig 2Zrg 2Hfg 2 Tag 2),07. Due to the
significant radius difference and mass difference, the
thermal conductivity of this ceramics at room temper-
ature is only 1.56 W-m™1-K~!, lower than that of tradi-
tional La,Zr,O7 (2.21 W-m~"-K~"). Fan et al. [27] de-
signed a (Y02GdyrErg»Ybg,Lug»)2Zr, 07 high—entropy
ceramics with excellent CMAS corrosion resistance
in a high-temperature environment. By optimizing the
chemical stability and high-entropy effect, the CMAS
corrosion depth at 1300°C was 22.6% of GdyZr,0;
(GZO) and 2.6% of YSZ. In summary, the benefit of
high-entropy modification is that it can enhance the
overall properties of HE-RE,Zr, 07 and achieve targeted
performance improvements through doping with vari-
ous elements.

An important technical advantage of high-entropy
modification for RE,Zr,O; ceramics is the extensive
flexibility in the compositional design and control-
lable comprehensive properties. This has resulted in
a vast composition database and various performance
characteristics for HE-RE,Zr, 07, making it challeng-
ing to experimentally verify the properties of different
materials individually. In addition, current reports on
HE-RE,Zr,07 often ignore the impact of radius and
mass differences on the performance. Although sev-
eral new high-entropy material systems have been syn-
thesized, research on composition design and perfor-
mance characterization based on the performance influ-
ence mechanisms of high-entropy ceramics and thermo-
physical property design principles remains relatively
scarce. Therefore, based on the thermal properties tai-
loring theory of HE-RE;Zr,07, in this work a high-
entropy (ScoLag2SmgErg2Ybg2):Zr,07 (REZO) ce-
ramics was designed by utilizing the phonon scattering
mechanism and the relationship between thermal ex-
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pansion and electronegativity difference. This work sys-
tematically investigates the phase composition, crystal
structure, thermophysical and mechanical properties of
REZO. It also highlights the fundamental principles of
thermophysical property design for achieving composi-
tion optimization and performance modification in HE-
RE,Zr,07, enabling the tailored adjustment of thermal
barrier coating properties to meet specific requirements.

II. Experimental

2.1. Material design

Thermal conductivity and thermal expansion coeffi-
cient are the two most critical thermophysical properties
of thermal barrier coating materials, which directly im-
pact the high-temperature service life of both the metal-
lic substrate and thermal barrier coatings [28]. Among
them, the lower thermal conductivity can reduce the heat
flow density within the coating, resulting in a decrease
in the surface temperature of the metallic substrate. Ac-
cording to the kinetic theory of heat conduction, the
phonon mean free path is a key factor determining a ma-
terial’s thermal conductivity, and the thermal conductiv-
ity of ceramic materials decreases as the phonon mean
free path reduces [29]. Based on the perturbation theory,
the phonon mean free path (/) is negatively correlated
with the mass difference (AM/M) and the radius differ-
ence (AR/R), as expressed by the following equations
[30]:

1 _ca’ot (AMY W
I 4mA \ M
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where @, v, w, ¢, J, v, M and R represent the atomic
volume per unit cell, transverse wave velocity, phonon
frequency, atomic defect concentration per unit cell,
a constant, Gruneisen parameter, average atomic mass
and average ionic radius, respectively. Based on the sub-
stitution sites of rare-earth cations in HE-RE,Zr,07,

AM/M and AR/R can be calculated by [31]:
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where n is the atom number, ¢;, M; and R; represent the
molar content, atomic mass, and ionic radius of the i-
th element, respectively. Therefore, theoretically, ther-
mal conductivity reduction can be achieved by selecting
rare-earth cations with significant differences in atomic
mass and Shannon ionic radius for doping. In this work,
rare-earth elements were selected for high-entropy mod-
ification. Sc** and Yb®*, exhibiting significant differ-
ences in atomic mass, were chosen as two cations to
ensure substantial mass differences. Due to the signif-
icant difference in Shannon ionic radius between La**
and Sc*, La*" was selected to increase the size differ-
ence within high-entropy ceramics. In addition, Sm>*
and Er** were selected to increase the configuration en-
tropy of RE;Zr,O;. Table 1 lists the intrinsic proper-
ties of different elements. Accordingly, the AM/M and
AR/R values of (SC().zLaO.zSmQ‘QEroisz0‘2)2Zr207 de-
signed in this work were 1.022 and 0.229, respectively,
which are higher than those of La;Zr,O; (AM/M =
0.956, AR/R = 0.209) and Gd,Zr,O; (AM/M = 1.006,
AR/R = 0.219) (as shown in Table 2).

In terms of thermal expansion coeflicient, the higher
thermal expansion coefficient of ceramic materials can
reduce thermal stress within the coating system and
slow down the formation and propagation of cracks
[32]. According to the relevant theory of thermal ex-
pansion, the thermal expansion coefficient of a mate-
rial is negatively correlated with the ionic bond strength,
and the ionic bond strength is positively correlated with
the average electronegativity of cations and anions [33].
Therefore, by selecting rare-earth cations with differ-
ent electronegativities for doping, the thermal expan-
sion coefficient can be adjusted. The ionic bond strength
between cation RE and anion O (Irg_o) can be esti-

Table 1. Oxidation state, coordination number, electronegativity (y;), atomic mass (M;) and Shannon ionic radius (R;) of

different elements
Elements Sc La Sm Er Yb Zr (0]
Oxidation state 3 3 3 3 3 4 -2
Coordination number VIII VII VI VIII  VIII VI VI
Atomic mass, M; 449 1389 1504 1672 173 912 16
Electronegativity, y; 1.36 1.1 1.17 1.24 1.1 1.33 344
Shannon ionic radius [A] 0.87 1.16 1.079 1.004 0985 0.72 1.40

Table 2. Composition, average radius (rgrg), cation radius ratio (rrg/rz:), size disorder (d), mass difference (AM /M), radius
difference (AR/R) and ionic bond strength between cation RE and anion O (Irg-o)

Composition TRE [10%] Re/rz: 0 [%] AM/M AR/R Irg-o

LayZr, O LZO 1.16 1.611 0 0.956 0.209 0.709

GdyZr, 07 GZ0O 1.053 1.462 0 1.006  0.219 0.695
(ScopaLag,Smg,Erg2Ybg2),Zr,0; REZO  1.019 1.416 9.559 1.021 0.229 0.698
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mated by the Pauling electronegativity empirical equa-
tion [34]:

(xo — Xavg)2

1 &)

Irg-0 = 1- CXP(

n

Xavg = Z CiXi

i=1

(6)

where n is the number of atoms, ¢; and y; represent
the atomic friction and electronegativity of the i-th el-
ement, respectively. y.,, represents the average elec-
tronegativity. As shown in Table 2, the Irg_o value
of (SC().zLaO.zst‘QErQ‘QYbO.Z)2ZI‘207 is 0698, which
is lower than that of La,Zr,O; (0.709) and close to
GdzZI‘207 (0695)

2.2. Sample preparation

Dense REZO ceramics was synthesized by a con-
ventional solid-state reaction. The raw powders used
were commercially available microsize Sc,03, La;03,
Sm;03, Er, O3, Yb,O3 and ZrO; (99.9% purity, Shang-
hai Yaotian nano, Co. Ltd, China, average particle size:
1 um). Before weighing, all powders were calcined at
900 °C for 4h to remove moisture and impurities. The
calcined powders were precisely weighted according to
the theoretical chemical composition, and the weighted
raw materials were placed into ZrO, ball milling jars. A
planetary ball mill was employed for wet mixing, utiliz-
ing ZrO, balls as grinding media and anhydrous ethanol
as the solvent. A mass ratio of 5:1 between ZrO, balls
and raw powder was maintained. The ball milling speed
was set at 400 rpm, with a grinding period of 48 h. The
homogeneously mixed ceramic slurry was placed in a
drying oven at 80 °C for 48 h. Then the dried ceramic
powder mixture was sieved through a 300-mesh screen.
The powder was pressed into ceramic green bodies us-
ing an electric tablet press machine at 100 MPa with
10 min holding time. The ceramic green bodies were
then placed in a cold isostatic press and subjected to
cold isostatic pressing at a pressure of 250 MPa with a
holding time of 5 min. After pressing, the green bodies
were removed and stored at room temperature for 24 h
to release internal stresses. Finally, the ceramic green
bodies were placed in a muffle furnace and heated with
a heating rate of 10 °C/min to 1600 °C. After holding
at 160 °C for 24 h, the ceramic samples were naturally
cooled in the furnace to room temperature. For compar-
ison, dense La;Zr,O; and Gd,Zr,0O; ceramic samples
were synthesized using the same process as REZO.

2.3. Material design characterization

Phase composition of the ceramic samples was char-
acterized by X-ray diffraction (XRD, D8 advance, Ger-
many) using Cu Ka radiation with a scanning rate of
2 °/min. The diffraction angle scanning interval was set
as 20 = 10-80°. The crystal structure parameter was de-
termined using the Rietveld refinement method with the
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GSAS software, and the accuracy of the refinement re-
sults was evaluated by the R, and R,,,. VESTA soft-
ware was used to perform the modelling of the py-
rochlore structure and the fluorite structure. Since the
Raman spectroscopy is sensitive to structural distor-
tions, the Raman spectra of the ceramic samples were
collected using a Raman microscope (WITec alpha300
R, Germany) with a laser source of 532nm. The X-
ray photo-electron spectroscopy (XPS, PHI 5000 Ver-
saprobe III, Japan) was used to determine the valence
state and oxygen vacancies. The nanostructure and ele-
mental distribution of the ceramic samples were further
characterized using transmission electron microscopy
(TEM, JEM-F200, Japan). Before the TEM testing, the
ceramic samples needed to be milled using the high-
energy ball milling method (LPB-2L, Hunan LAISDA
Instrument Equipment Co. Ltd, China), and the milled
powder was dispersed in anhydrous ethanol and pre-
pared using a Cu mesh. A scanning electron micro-
scope (SEM, ZEISS Sigma 360, Germany) with en-
ergy dispersive spectroscopy (EDS, X-MAX20, UK)
was used to characterize the sintered samples’ surface
morphology and elemental distribution. Experimental
density (p) of the ceramic samples was measured by
the Archimedes method, the theoretical density (pg) was
calculated based on the refined crystal structure param-
eters and the relative density (p,) was calculated as fol-
lows [35]:

o, =2 %100

Po

The Vickers hardness (Hy) of the sintered samples was
obtained using a Vickers microhardness tester (Qness 60
A+ EVO) under a 1kg load for 15s. Each sample was
measured 15 times for Vickers hardness, and the aver-
age value was calculated. Fracture toughness was cal-
culated from the indentation morphology of the Vickers
hardness, which is as follows [36]:

(7

Kic = 0.16Hya’c ™ ®)
where a is the half-length of the indent diagonal and c is
the half-length of the crack obtained from the centre of
the indentation to the tip of the crack. The Young’s mod-
ulus of the sintered samples was measured using an ul-
trasonic reflection method (UMS-100, Teclab, France).
The transverse (Vr) and longitudinal (V) acoustic ve-
locities were tested using 5 MHz and 20 MHz probes,
respectively. The mean velocity (V,,) and Young’s mod-
ulus (E) were calculated by [37]:

(1 2)\°F
Vu=|-|—+—= 9
" [3(‘/2 V%H ®

pV2(3V? —4V2)
E=—T—-Lt T (10)

VL_VT

The specific heat capacity (C,) of the ceramic sam-
ples was calculated using the Neumann-Kopp rule [38].
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The thermal diffusivity (1) was measured using a laser
flash analyser (LFA 457, Netzsch, Germany) from room
temperature to 1000 °C under air conditions. The ther-
mal conductivity (k) was calculated as follows [39]:

k = Cppod (11)
Due to the presence of porosity (1) within the sintered
samples, the effect of porosity on thermal conductivity
must be considered. The modified thermal conductivity
(k") of dense samples was corrected according to Eq. 12
[40]:

k

o (12)

4
=1 3¢

The thermal expansion rate of the ceramic samples
was measured by a thermal dilatometer (DIL 402, Net-
zsch, Germany) from 100-1200 °C with a heating rate
of 5°C/min, the dimensions of the samples were 4 X
4 x 24mm?>. The relationship between the engineering
thermal expansion coefficient and temperature was cal-
culated using Eq. 13 [26]:

dL/Ly
o= ——

T (13)

where Ly was the length of the sintered sample at room
temperature, dL was the change in the sample length
relative to Ly during testing, and d7 was the difference
between the test temperature and room temperature.

The high-temperature phase stability of the REZO
samples was examined from room temperature to
1500 °C using a synchronous thermal analyser (TG-
DSC, Netzsch STA 449 F3 Jupiter, Germany) with a
heating rate of 10 °C/min. To detect the phase stabil-
ity of ceramic materials during long service time in a
high-temperature environment, the REZO samples were
calcined at 1600 °C for 50, 100 and 150 h, respectively,
and the phase composition after calcination was charac-
terized using XRD and Raman spectroscopy.

II1I. Results and discussion

3.1. Phase composition and microstructure

Figure 1 presents XRD patterns of three ceramic sam-
ples and compares them with the standard PDF cards
of LayZr,O;7 and GdyZr,0;. In the XRD patterns of
RE,Zr,07, the characteristic peaks from planes (331)
and (511) at 20 ~ 36.3° and 44.3° are the key criteria
for distinguishing between the pyrochlore and fluorite
structures [41]. In Fig. 1a, the XRD pattern of LayZr,0;
exhibits the diffraction peaks at 26 36.24° and
43.50°, respectively, confirming the pyrochlore struc-
ture. In contrast, the XRD pattern of Gd,Zr,O; with-
out peaks from (331) and (511) planes demonstrates its
fluorite structure. Remarkably, the diffraction peaks of
the REZO are separated into two different groups, cor-
responding to the standard PDF cards of La,Zr,07 and
Gd,Zr, 07, respectively, confirming the coexistence of
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Figure 1. XRD patterns of LZO, GZO, REZO and the
standard PDF cards of La,Zr,0; and Gd,Zr,0; (a) and
magnified XRD patterns in the 26 = 28-31° range (b)

pyrochlore and fluorite structures. According to the ex-
isting research, the ratio of cation radius (rrg/rz;) is
the critical factor influencing the crystal structure of
single-phase RE,;Zr,0; [42]. The RE;Zr,O; tends to
form a pyrochlore structure when the rrg/rz; ratio is in
the range of 1.46 to 1.78. Conversely, RE;Zr,07 typ-
ically exhibits a fluorite structure when rgrg/rz;: is less
than 1.46. In this work, the rgg/rz; of La,Zr,O; and
GdyZr,0O7 are 1.611 and 1.462, respectively, indicat-
ing that La;Zr,O; exhibits a pyrochlore structure. For
Gd,Zr,07, its rrg/rz: approaches the critical radius at
the boundary between the pyrochlore and fluorite struc-
tures, which prevents the transition from disordered to
ordered structure during cooling. The formation of the
dual-phase RE,Zr, 07 requires additional consideration
of the effect of size disorder (¢), which can be calculated
as follows [43]:

1

> X

2

) x 100% (14)
i=1 il

where N represents the total number of rare-earth
cations, X; and r; represent the molar fraction and the
Shannon ionic radius of the i-th element, respectively.
Fan et al. [44] designed various RE;Zr,O; ceramics
based on Shannon ionic radius and found that RE,Zr, O
preferred to form a dual-phase structure when rrg/rz; is
within the range of 1.4-1.5 and 6 > 5.2%. In this work,
the rrg/rz: and 6 of the REZO sample are 1.416 and
9.515%, respectively. Therefore, the larger size disorder
makes REZO to have dual-phase structure.

Figure 1b presents an enlarged view of the diffrac-
tion peaks within the 26 range of 28-31°. Compared
with the 222 peak of La;Zr,O7 and the 111 peak of
Gd,Zr,07, both peaks from (222) and (111) planes of
the REZO exhibit a shift toward higher angles. Based on
the Bragg diffraction equation 2d sin6 = A, the diffrac-
tion peaks shift toward higher angles indicating a de-
crease in lattice constant. This suggests that smaller
rare-earth cations have substituted for the larger La®*
and Gd*>* ions, respectively, resulting in the formation
of a solid solution with a cubic structure.
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Figure 2. XRD Rietveld refinement patterns of: a) LZO, b) GZO and ¢) REZO
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Figure 3. Crystal structure diagram of: a) pyrochlore and
b) fluorite

The Rietveld refinement of XRD patterns for LZO,
GZO and REZO was carried out using GSAS 1I soft-
ware, as shown in Fig. 2. The R,, values of LZO,
GZO and REZO were 3.21%, 5.80% and 2.08%, re-
spectively. The R, values of LZO, GZO and REZO
were 1.98%, 3.88% and 1.64%, respectively, indicating
that the refinement results are reliable. Table 3 lists the
crystal structure, atomic positions, and lattice parame-
ters of the three materials after refinement. In terms of
crystal structure, LZO and GZO exhibit a single-phase
pyrochlore structure with the Fd3m space group and

a single-phase fluorite structure with the Fm3m space
group, respectively. The REZO sample has a dual-phase
structure with Fd3m pyrochlore structure and Fm3m
fluorite structure co-existing, which are shown in Fig.
3. In the pyrochlore structure, five types of rare-earth
cations randomly occupy the 16d (1/21/21/2) sites and
are coordinated by eight O*~; Zr** occupies the 16¢
(000) position and coordinates with six 0%~ to form
a [ZrOg] octahedron [45]. Additionally, the pyrochlore
structure contains three distinct oxygen lattice sites. The
x-value of the Ougy is termed the oxygen parameter, and
the magnitude of this x-value determines the disorder in
the pyrochlore structure [18]. The Og;, coordinates with
four rare-earth ions. The Og, represents an oxygen va-
cancy, located within a tetrahedron formed by four Zr**
1ons. In the fluorite structure, rare-earth cations and 7t
are randomly distributed at the 4a sites, and one intrin-
sic oxygen vacancy is randomly distributed among ev-
ery eight 8c oxygen sites. In terms of the atomic po-
sition, the x-value of the Ous7 in the REZO is 0.3562,
higher than that of the LZO (0.3314), indicating se-
vere structure disorder in the REZO. In terms of the lat-
tice parameter, the lattice of fluorite (5.2431 A) and py-
rochlore (10.6417 A) in the REZO decreased compared
with GdzZI‘QO7 (52631 A) and LaQZr207 (108066 1&),

Table 3. The structure information of LZO, GZO and REZO

a=b=c[Al,a=B=y=90°

Compounds

Space group  Atom X y Z Wyck. s.of.  al[A] VIAY]  plg/lem?’]
LZO Fd3m Lal 0.5 0.5 0.5 16d 1 10.8066 1262.041 6.03
Zr2 0 0 0 16¢ 1
03 0.3314 0.125 0.125 48f 1
04 0.375 0375 0.375 8b 1
GZ0O Fm3m Gdl 0 0 0 4a 0.5 5.2631 145.789 6.75
712 0 0 0 da 0.5
03 0.25 0.25 0.25 8c 0.875
REZO Fd3m RE1 0.5 0.5 0.5 16d 1 10.6147 1159.978 6.85
712 0 0 0 16¢ 1
03 0.3562 0.125 0.125 48f 1
04 0.375 0375 0.375 8b 1
Fm3m RE1 0 0 0 4a 0.5 5.2431 144.133
712 0 0 0 4a 0.5

339



J. Liu et al. / Processing and Application of Ceramics 19 [4] (2025) 334-351

x -
(b) E,
I
I
3 3 '
e < I
& E, z IE
£ i T g :
g % GzOo g _/\_.
= = |
L] L]
E, | E,
M ]
I
T T T T T .
200 300 400 500 600 700 800 200 400

Raman shift (cm™) Raman shift (cm™)

Figure 4. The Raman spectra of LZO, GZO and REZO

respectively. It is noteworthy that the lattice parameters
of pyrochlore and fluorite structures in the REZO ex-
hibit significant differences. This difference can be at-
tributed to the unique characteristics of the pyrochlore
phase unit cell, which is equivalent to eight fluorite unit
cells [41].

Since Raman spectroscopy is more sensitive to struc-
tural information and anion disorder, it was performed

5 nm™

on the three ceramics at room temperature using a
532 nm laser as the excitation light, and the results are
shown in Fig. 4. Based on the group theory analysis,
the Raman spectrum of the pyrochlore structure with
space group Fd3m exhibits six Raman vibration modes,
and the Raman spectrum of the fluorite structure with
space group Fm3m exhibits one Raman vibration mode,
which can be expressed as [46]:

I'p= A|g+ Eg + 4T2g (15)
T =Ty (16)

The RE;Zr,O7-type ceramics with pyrochlore struc-
ture can be rewritten as A,B,0¢O’, where the vibra-
tional modes associated with Ous7 correspond to A, +
E, + 3T,,, while the vibrational mode associated with
Osg, is Ty, [47]. Specifically, the Aj, mode primarily re-
lates to O-B—O bending vibrations, the £, mode mainly
corresponds to B—O stretching vibrations, while the
T,, mode reflects the combined effects of B—Og bend-
ing, A—O bending/stretching, O—-B—O bending, and B-O

o
v
e

Ll = 03025 nm

.= 12248 nm W
d = 305 nn

{22 1)

FZone = [-6-3 1]

Figure 5. TEM results of REZO: (a) HAADF image and the corresponding EDS mapping, (b) SAED pattern result,
(c,e) HRTEM of fluorite and pyrochlore structure, (d,f) SAED of fluorite and pyrochlore structure, and
(g-j) magnified images of the region g-j in (c,e)
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stretching vibrations. As shown in Fig. 4, LZO exhibits
five vibrational modes in the 200-800cm™' range, dis-
playing distinct Raman vibrational modes characteris-
tic of the pyrochlore structure. The Raman spectrum of
GZO exhibits two characteristic peaks (E, + T5,). Ac-
cording to the report of Jafar et al. [48], the A, and
E, characteristic peaks represent the degree of struc-
tural order in RE;Zr,O;-type ceramic materials. How-
ever, the absence of the A;, mode together with the re-
duced intensity and broadening of the E, characteris-
tic peak indicates a high degree of structural disorder in
GZO. Furthermore, the absence and reduced intensity of
the T, characteristic peak are associated with oxygen
disorder at the 8c site, consistent with the phenomenon
reported by Wang et al. [49]. The Raman spectrum of
the REZO exhibits three characteristic peaks (Eq+275g).
Compared to GZO, the E, peak intensity of the REZO is
stronger, indicating an intermediate structural state be-
tween the ordered pyrochlore structure and the disor-
dered fluorite structure.

Microstructure of the REZO ceramics was further ex-
amined by TEM. Figure 5a shows the high-angle an-
nular dark-field (HAADF) images of the REZO and
the EDS mapping of the corresponding elements. Evi-
dently, all rare-earth elements are uniformly distributed
in the REZO, indicating that the rare-earth atoms have
completely dissolved into the crystal lattice of the py-
rochlore and fluorite structures, contributing to the for-
mation of a dual-phase HE-RE,Zr,0;. Figure 5b shows
the selected area electron diffraction (SAED) of the
REZO, and the polycrystalline diffraction data demon-
strate the coexistence of pyrochlore and fluorite struc-
tures, which is consistent with the XRD results. Figures
5c and Se display the high-resolution transmission elec-
tron microscopy (HRTEM) images of fluorite and py-
rochlore structures, respectively. It can be found that the
lattice fringes with different orientations can be clearly
observed, indicating that the REZO exhibits excellent
crystallization behaviour. Figures 5g-5j show the corre-
sponding magnified images of the g-j regions in Figs. 5¢
and Se. The planar spacings in Figs. 5g and 5h are cal-
culated to be 0.3025 and 0.2653 nm, respectively, which
correspond well with the (111) and (200) planes of the
fluorite structure. The interplanar spacings in Figs. 5i
and 5j are calculated to be 0.3249 and 0.3058 nm, re-

spectively, which match well with the (311) and (222)
planes of the pyrochlore structure. Figure 5d presents
the SAED patterns of the fluorite structure that corre-
spond to the (002), (113), and (111) facets. Figure 5f
shows the SAED patterns of the pyrochlore structure,
corresponding to the (133), (240) and (353) facets.
Figure 6 shows the microtopography and correspond-
ing elemental distributions of the sintered LZO, GZO
and REZO. SEM images reveal that all samples ex-
hibit relatively dense crystalline morphology with uni-
form grain distribution in the observed region. Table 4
lists the experimental and relative density of the dif-
ferent sintered samples. The experimental density mea-
sured by the Archimedes method for the LZO, GZO
and REZO were 5.955, 6.632 and 6.723 g-cm >, respec-
tively. The relative density of all samples exceeds 97%,
indicating that the ceramic samples prepared by conven-
tional solid-state reaction exhibit high sintered densities.
In addition, the corresponding EDS mapping shows no
obvious elemental segregation, indicating that the five
rare-earth elements in the REZO sample are uniformly
distributed within the pyrochlore and fluorite structures.
Figure 7 shows the grain size of different samples. All
samples have the grain size on the micrometer scale.
Specifically, the average grain size of the REZO is
2.045 + 0.772 um, which is lower than that of the LZO
(3.095 + 0.653 um) and GZO (3.657 = 1.134 um). The

Figure 6. Microtopography and corresponding EDS
mapping of: a) LZO, b) GZO and ¢) REZO

(2) LZO D=3.095+0.653pm|  |(b) GZO

Grain size (pm)

Grain size (pm)

D =3.657 + 1.134 pm (¢) REZO D =2.045+0.772 pm

Grain size (pm)

Figure 7. Grain size of: a) LZO, b) GZO and c¢) REZO
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Table 4. The experimental density (p), relative density (p,), and acoustic velocity (V7, V and V) of LZO, GZO and REZO

Compounds  p [g/em®]  p, [%]  Vr[m/s] Vi [m/s] Vi [m/s]
LZO 5.955 98.75 372029 6371.31 4125.76
GZO 6.632 98.25 3371.06 6026.16 3752.39
REZO 6.723 98.14  3094.51 5389.74  3436.59

grain refinement of the REZO sample was attributed to
the sluggish diffusion effect. In addition, based on the
report by Ren et al. [50], the coexistence of pyrochlore
and fluorite structures can also inhibit the grain growth
during the sintering process.

3.2. Thermophysical properties

Thermal conductivity is the most critical thermophys-
ical property of thermal barrier coating materials. Lower
thermal conductivity enables higher operating tempera-
tures for hot-end components, significantly enhancing
engine thrust-to-weight ratio and efficiency [51]. Ac-
cording to the Neumann-Kopp law, the specific heat ca-
pacity (C,) of RE;Zr,O7 can be calculated based on the
component oxides and corresponding molar ratios, as
shown below [52]:

n

Cp = niCpi

i=1

A7
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Cpi=A1 +A107°T + A310°T% + A4107°T°+

+ As108773 (18)
where T represents temperature, n; represents the mo-
lar fraction of the i-th element and C,; represents the
specific heat capacity of the i-th element as a function
of T. The calculated values typically exhibit an error
margin of less than 2% compared to actual measure-
ments [53]. Figure 8a shows the specific heat capacity
of three materials from room temperature to 1000 °C. It
can be observed that in the low-temperature region, the
specific heat capacity of all materials increases rapidly
with the temperature rise, consistent with the relation-
ship between the specific heat capacity and tempera-
ture in the Debye model [54]. As the temperature in-
creases, the specific heat capacity of all samples con-
tinues to rise, approaching the limit value predicted by
the Dulong-Petit law, which tends toward a temperature-
independent constant [26].
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Figure 8. Thermal conductivity properties of LZO, GZO and REZO: a) specific heat capacity, b) thermal diffusivity,
¢) thermal conductivity and d) phonon mean free path
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Figure 8b shows the thermal diffusivity (1) of differ-
ent samples from room temperature to 1000 °C. In the
range from room temperature to 600 °C, the thermal dif-
fusivity of all materials decreases with increasing tem-
perature, consistent with the phonon heat transfer rela-
tionship A oc (1/7T)" [55]. In the range of 600-1000 °C,
the enhancement of radiation heat transfer leads to a sig-
nificant increase in the thermal diffusivity of ceramic
materials. Typically, the thermal diffusivity measured
using the laser flash method contains both phonon heat
transfer and radiation heat transfer. For infrared trans-
mitting or semitransparent materials, heat transfer dur-
ing the temperature rise process occurs not only through
thermal conduction but also via infrared radiation di-
rectly passing through the material, and this part of heat
transfer is referred to as radiation heat transfer [56].
Radiation heat transfer generally increases with rising
temperature. The conventional YSZ materials exhibit
significant radiation heat transfer only above 1500 °C
[57]. However, due to the high infrared transmittance
of RE,Zr,07, a significant radiation heat transfer phe-
nomenon occurs already at approximately 600 °C [58].
Compared with La;Zr,07 and Gd,Zr, 07, the REZO ex-
hibits lower thermal diffusivity in the entire temperature
range, which can be attributed to the effects of mass
difference, size difference, and high-entropy effect. Ad-
ditionally, the thermal diffusivity of the REZO exhibits
minimal variation, indicating a different phonon scatter-
ing mechanism.

Figure 8c shows the thermal conductivity of LZO,
GZ0O and REZO calculated at different tempera-
tures based on Egs. 11 and 12. The results show
that the thermal conductivity of the REZO at room
temperature is 1.31 W-m™!.K~!, less than half that
of YSZ (3.06 W-m~!'-K™!), and significantly lower
than that of the LZO (2.41W-m~".K™!) and GZO
(1.87W-m~1.K~!). As temperature increases, the ther-
mal conductivity of the REZO reaches its minimum
value (1.20 W-m~!-K~") at 500 °C. Subsequently, due to
the enhanced thermal radiation, the thermal conductiv-
ity of the REZO sample increases slightly. It should be
noted that the LZO and GZO samples exhibit typical
ceramic polycrystalline thermal behaviour. In contrast,
the thermal conductivity of the REZO resembles that
of glass-like materials at high temperatures and remains
stable with increasing temperature.

Based on the relationship between the phonon mean
free path (/) and thermal diffusivity in the Debye model
(A = V,1/3) [59], the phonon mean free path of three
materials at different temperatures was calculated and
shown in Fig. 8d. Since the mean acoustic velocity of
ceramic materials remains stable across the entire tem-
perature range, the phonon mean free path in the three
ceramics exhibits a similar trend to that of the thermal
diffusivity. At 600 °C, the minimum phonon mean free
path of the REZO is 0.315, approaching the average in-
teratomic distance (= 0.3 nm) in the crystal structure of
HE-RE;Zr,O; compounds, demonstrating the strongest
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phonon scattering. Additionally, due to the intensified
thermal radiation in high-temperature environments, the
phonon mean free path in Lay,Zr,O7 and Gd,Zr, 07 ex-
hibits a significant rising trend, whereas the phonon
mean free path of the REZO sample, shows minimal
variation, demonstrating promising potential for appli-
cation in thermal barrier coatings.

To further understand the thermal conductivity be-
haviour of the REZO ceramics, its intrinsic thermal con-
ductivity was calculated using the Debye model. For in-
sulating ceramic materials, the thermal conduction be-
haviour primarily consists of phonon heat transfer and
thermal radiation. Among them, phonon is essentially a
lattice wave with a specific frequency and wavelength
that can propagate throughout the entire crystal. When
multiple phonons with different frequencies superim-
pose, a wave packet with a narrow spatial range is
formed. When the size of the wave packet is signifi-
cantly smaller than the sample dimensions or the over-
all material size, it can be treated as a particle. Con-
sequently, phonons exhibit both wave-like and particle-
like properties and can propagate and scatter within the
lattice [60]. In addition, phonons can also interact with
each other, leading to the transfer and dissipation of mo-
mentum and energy. The phonon thermal conductivity
(k,) of insulating ceramic materials is similar to that of
the gas, with the specific formula given as follows [59]:

1
=C,V,l

Vir=
=3

m

1
-C,

kp3

= (19)
where C, represents the specific heat capacity. When
the temperature exceeds the Debye temperature, C, ap-
proaches a temperature-independent constant. V,, rep-
resents the mean acoustic velocity, which is primar-
ily influenced by atomic mass and interatomic interac-
tions, and is independent of temperature. / and 7 repre-
sent the phonon mean free path and phonon relaxation
time, respectively. Therefore, for thermal barrier coat-
ing ceramic materials, reducing V,, and [ is an effec-
tive approach to reduce thermal conductivity. At differ-
ent temperatures, the phonon mean free path is influ-
enced by multiple phonon scattering modes. Since all
phonon scattering modes are independent and can be
superimposed, the phonon mean free path can be ex-
pressed as [61]:

1

7 =

1 1 1

+
l phonon lboundary lde fect

1

lother

+ (20)

where {4010, represents phonon scattering caused by the
lattice anharmonic vibrations, constituting an intrinsic
scattering mechanism in ceramic materials, also recog-
nized as Umklapp scattering. lpyundary represents phonon
scattering at grain boundaries. In this work, since the
grain sizes of the three ceramics are much larger than
the phonon mean free path, and phonon scattering at
grain boundaries typically becomes significant only be-
low 30K, the effect of grain size on the phonon mean



J. Liu et al. / Processing and Application of Ceramics 19 [4] (2025) 334-351

w
0

1.2

; —e—LZO
o L1 —a— GZO

1.0 —o— REZO
£ 0.9

Z 0.8

w

>
o
w
=
N
=]
\

\

~

0
1
v

in
\
u

-

]
+
\

£ 034

Reciprocal thermal diffusivity (s-mm™)
5 1 Led B &
=
g
\
\
\
Intrinsic thermal diffusivity (mm?*s™)

S
n

0.2

5 0.7
0.6
0.5
2 0.4 D\D\Q\D\N

2.8

(b) 2.6 = é%g (©
2.4 —&—REZO

2.2
2.0 1

1.8
1.6 4
1.4+
124 N

1.0

Temperature (°C)

0 200 400 600 800 1000 0 200 400
Temperature (°C)

Intrinsic thermal conductivity (W-m™-K™")

0.8 T T T T T
0 200 400 600 800 1000

Temperature (°C)

600 800 1000

Figure 9. Reciprocal thermal diffusivity (a), intrinsic thermal diffusivity (b) and intrinsic thermal conductivity (c) of LZO,
GZO and REZO

free path is neglected. lger..; T€presents phonon scat-
tering at point defects, which usually dominates at low
temperatures. /., represents phonon scattering due to
other mechanisms. In summary, Umklapp scattering is
the primary factor influencing the phonon mean free
path. Therefore, based on the relationship between the
phonon mean free path and the thermal diffusivity in the
Debye model, the phonon mean free path and thermal
diffusivity at a given temperature (7') and frequency (w)
can be expressed as [62]:

1 bCn3 1
- T+(D-=
A T) ( o ] +( 2C)

where A is the thermal diffusivity, 0 is the Debye tem-
perature, b is a constant approximately equal to 2, C
and D are constants, and n is the number of atoms in
the unit cell. Therefore, the reciprocal thermal diffusiv-
ity (1/4) should theoretically be proportional to temper-
ature. However, according to the test results in Fig. 8b,
the thermal diffusivity of the three materials exhibits a
clear linear relationship with 1/T only within the range
of room temperature up to 600 °C. In the 600-1000 °C
range, thermal diffusivity is affected by thermal radia-
tion, causing a significant deviation from the linear rela-
tionship with 1/7. To eliminate the influence of thermal
radiation, linear fitting of 1/@ between room tempera-
ture to 600 °C was performed to determine the intrin-
sic thermal diffusivity of three ceramic materials. The
fitting function is shown as the dashed line in Fig. 9a.
Among them, the slope of the fitting function represents
the degree of Umklapp scattering within the sample,
with a higher slope indicating stronger phonon scatter-
ing. In this work, the slopes of the fitting functions for
the three ceramic materials are ranked as follows: REZO
(1.45%1073) > GZO (1.06 X 1073) > LZO (8.57x 107).
Therefore, the REZO ceramics exhibits the lowest ther-
mal diffusivity through the entire temperature range.
Figures 9b and 9c show the intrinsic thermal diffusiv-
ity and intrinsic thermal conductivity calculated based
on the fitted function, respectively. After eliminating the
influence of thermal radiation, the thermal conductiv-
ity of REZO is only 1.04-1.33W-m~!-K~!, lower than
that of LZO and GZO. In summary, although the REZO
ceramics exhibits increased thermal conductivity under
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high-temperature conditions, its low theoretical thermal
conductivity and stable thermal conductivity behaviour
make it suitable for application in thermal barrier coat-
ings.

According to the relationship between thermal con-
ductivity and temperature reported by Kim et al. [63],
the degree of Umklapp scattering gradually increases
with rising temperature, while phonon scattering in
low-temperature environment is primarily influenced by
point defects. The point defects include vacancy and
substitutional atomic defects. The phonon mean free
path can be regarded as the product of the acoustic ve-
locity and the phonon relaxation time, while the relax-
ation time for phonon scattering with point defects (7p)
can be expressed as [64,65]:

1 Vot _ M;\?
5 :4ﬂv[2,vg (Z lfi(l - M) )+
+sZiﬁ(Z iﬁ(l - %)2) 22)
e =§ (6.471 f:)z (23)

where V is the average atomic volume, v is Poisson’s
ratio, y is the anharmonic coefficient, f; is the propor-
tion of displaced atoms with mass M; and radius R; in a
system with average atomic mass M and average atomic
radius R, w, v, and v, are the phonon angular frequency,
phase velocity and group velocity, respectively. It can be
observed that phonon scattering with point defects is in-
dependent of temperature. The greater the mass and ra-
dius difference between the doping atom and the matrix
atom, the shorter the relaxation time of phonon scatter-
ing with point defects, and the shorter the phonon mean
free path. In HE-RE,Zr,O7, multiple atoms with vary-
ing masses and ionic radii occupy the same lattice site,
leading to a significant lattice distortion. These mass and
radius differences contribute to the strong point defect
scattering. In this work, the AM/M (AR/R) values for
LZO, GZO and REZO are 0.956 (0.209), 1.006 (0.219)
and 1.021 (0.227), respectively. Therefore, the REZO
ceramics exhibits lower thermal conductivity under low-
temperature conditions.

Oxygen vacancies as a characteristic point defect in
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Figure 10. Yb 4d (a) and O 1s

RE,Zr,07 also contribute to the phonon scattering at
low temperatures. According to reports by Ma et al.
[66], Yb>* undergoes a transformation from the trivalent
to the divalent state during high-temperature reactions,
resulting in a significant increase in the amount of oxy-
gen vacancies within the material. Therefore, XPS was
employed to determine the valence states of the Yb el-
ement and the concentration of oxygen vacancies in the
REZO sample. Figure 10a presents the XPS spectra of
Yb 4d in REZO. The peaks at 183.96 and 198.20eV
correspond to Yb3+, while the peaks at 181.55 and
195.31 eV originate from Yb**. It should be noted that
due to a significant lattice distortion and structural dis-
order in the REZO sample, there is a redistribution of
electron density around the anion. Consequently, the
binding energies corresponding to the different oxida-
tion states of Yb in this work exhibit slight deviations
from those reported by Ma et al. [66]. Additionally, the
valence state changes of Yb require the formation of ad-
ditional intrinsic oxygen vacancies to maintain charge
neutrality, as shown by Eq. 24:

2Yb — 2Yb* + Vo™ (24)

XPS spectrum of O 1s in the REZO sample is shown
in Fig. 10b, where the peaks at 531.19, 532.72 and
529.39¢eV correspond to oxygen vacancies, physically
adsorbed oxygen, and lattice oxygen, respectively. Gen-
erally, the concentration of oxygen vacancies (Oy,.) in
the REZO ceramics can be calculated using the peak
area, with the specific calculation formula shown below:

Ao,
+ AOW + AO

Qvac = (25)

A Oyue abs

where Ag,,., Ao, and Ap,, represent the peak area of
physically adsorbed oxygen, oxygen vacancies and lat-
tice oxygen, respectively. Based on the fitting results,
the concentration of oxygen vacancies (Oy,.) of the
REZO is 31.05%, which is higher than that of the LZO
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(12.5%) and GZO (12.5%) ceramics. Therefore, it can
be concluded that the high concentration of oxygen va-
cancies in REZO enhances phonon scattering from point
defects within the material, resulting in a lower thermal
conductivity at low temperatures.

The linear expansion rate (dL/Ly) of three mate-
rials was tested from 100-1200°C using a thermal
dilatometer, and the results are shown in Fig. 11a. It can
be observed that the LZO, GZO and REZO prepared
in this work demonstrate excellent high-temperature
phase stability. The linear expansion rate curve remains
smooth throughout the entire temperature range tested
and shows a strong linear relationship with temperature,
without any noticeable peaks or abrupt changes. Fig-
ure 11b shows the thermal expansion coefficient () of
different materials calculated based on Eq. 13. At low
temperatures, the thermal expansion coefficient curve
displays irregular fluctuations, which are attributed to
the hysteresis effect in the thermal dilatometer. As the
temperature increases, the thermal expansion coefficient
curve gradually tends to smooth, indicating that the ther-
mal expansion of the material gradually stabilizes. In
addition, it can be observed that the thermal expansion
coefficient of the REZO (11.054 x 10~°K~!, 1200°C) is
higher than that of the LZO (8.816x 107°K~!, 1200 °C)
and GZO (10.455 x 107°K~!, 1200 °C).

Typically, thermal expansion in solid materials occurs
during heating, and its thermal expansion behaviour
is related to the asymmetry of lattice energy (U), as
demonstrated by the lattice energy formula derived by
Born-Landé [67]:

+

VAV 1
U=NA Ae“ |1 — —
n

(26)

TTEN

where Ny, Z*, Z~, &, ry, A, e and n represent Avo-
gadro’s constant, cation charge, anion charge, vacuum
permittivity, average cation-anion distance, Madelung
constant, electronic charge and Born exponent. In this
work, the average Shannon ionic radii of RE** sites in
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three materials are ordered as: r(rezo) < 7(Gzo) < Tz0)-
This lattice contraction leads to the increased lattice en-
ergy and reduced thermal expansion coefficient. How-
ever, according to the report of Luo er al. [68], the
Madelung constant is also a crucial parameter affect-
ing lattice energy, which decreases as the Madelung
constant decreases. Kutty et al. [69] demonstrated that
the Madelung constant for the pyrochlore structure de-
creases with increasing x-value of Oas¢. According to
the refinement results in Table 3, the x-values of Oygy
in the pyrochlore structure for the REZO and La,Zr,0;
samples are 0.3497 and 0.3541, respectively. Therefore,
a higher x-value is one of the primary factors of reduced
lattice energy, leading to the lattice relaxation and dis-
tortion of the [ZrOg] octahedra, resulting in a higher
thermal expansion coefficient of the REZO ceramics.
Thermal barrier coatings exposed to high-
temperature combustion gases may undergo phase
transformation after prolonged exposure, which can
affect the microstructure and stress state of the coatings.
Therefore, the high-temperature phase stability is a
crucial factor for assessing the durability of ceramic
coatings. A preliminary assessment of the phase
stability of REZO from room temperature to 1500 °C

was conducted using TG-DSC. As shown in Fig. 12,
the mass curve of REZO remains nearly linear below
1500 °C, with a mass change of only 0.17%. The DSC
curve is similar to the TG curve, showing no significant
endothermic or exothermic processes, indicating that
REZO did not undergo phase transformation during
heating. This result is consistent with that in Fig. 11a.

Since TG-DSC analysis is conducted within a lim-
ited period, it is primarily used to evaluate short-term
phase stability. To characterize the long-term high-
temperature phase stability of the REZO ceramics, it
was calcined at 1600 °C for 50/100/150h, respectively.
The phase composition of REZO calcined for different
times was examined, with results shown in Fig. 13a.
The comparison analysis shows no additional diffrac-
tion peaks in the XRD patterns, even with the calcina-
tion time extended to 150h, highlighting the outstand-
ing phase stability of REZO under high-temperature
conditions. Figure 13b shows the Raman spectrum of
the REZO sample after calcination at 1600 °C for dif-
ferent times. No significant differences were observed in
the Raman spectrum either, further confirming the out-
standing high-temperature phase stability of the REZO
sample.

3.3. Mechanical properties

Mechanical properties are one of the key perfor-
mance parameters of TBCs, which significantly influ-
ence the high-temperature service life and reliability of
the coating system [70]. Therefore, the Young’s mod-
ulus (E), Vickers hardness (Hy) and fracture tough-
ness (Kj¢) of different materials were investigated. Ta-
ble 4 lists the acoustic velocity (Vy, Vr and Vy) of
LZ0, GZO and REZO. The V,; of the REZO sample is
3436.59 m/s, lower than that of the LZO (4125.76 m/s)
and GZO (3752.39 m/s), indicating that the interatomic
bonding strength of the REZO is weaker than in LZO
and GZO. Figure 14 shows the mechanical proper-
ties of different materials. The Young’s modulus of the
REZO ceramics is 161.48 + 8.07 GPa, which is lower
than that of the LZO (204.62 + 10.23 GPa) and GZO
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Figure 13. XRD patterns (a) and Raman spectra (b) of REZO after calcination at 1600 °C for different times
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Figure 14. Young’s modulus, Vickers hardness, and fracture
toughness of LZO, GZO and REZO

(191.76 + 9.59GPa). The lower Young’s modulus of
REZO is attributed to various defects introduced by
high-entropy design, including mass differences, ionic
radius differences and oxygen vacancies. An increase in
these defects leads to a relaxation of the lattice structure,
which reduces the acoustic velocity and the Young’s
modulus [71]. For ceramic materials used in TBCs, a
lower Young’s modulus contributes to minimizing ther-
mal stresses caused by mismatched thermal expansion
coeflicients during temperature fluctuations. This prop-
erty enhances coating stability and extends its service
life.

The Vickers hardness of the REZO sample is ap-
proximately 12.85 + 0.54 GPa, which is higher than
9.72 £ 0.39 GPa for the LZO and comparable to 11.13 +
0.45 GPa for the GZO ceramics. In terms of Vickers
hardness, the hardness of oxide ceramics is a physi-
cal quantity influenced by multiple factors, including
crystal structure, chemical composition and grain size.
In terms of crystal structure, according to the reports
by Plendl et al. [72], Vickers hardness is related to
atomic distances and unit cell parameters. Since the RE-
O bond length and unit cell parameters of the pyrochlore
structure are larger than those of the fluorite structure,
GZO exhibits a higher Vickers hardness than LZO. For
REZO, since it is a dual-phase solid solution composed
of 82.99% fluorite phase and 17.01% pyrochlore phase,

it possesses a higher Vickers hardness than single-phase
pyrochlore. In terms of chemical composition, the RE**
sites in REZO consist of five rare-earth cations with
different sizes, including a Shannon ionic radius differ-
ence of 29 pm between Sc** and La*. This size dif-
ference caused by different rare-earth cations leads to
significant distortion in the anion sublattice. Figure 15
displays the HRTEM and corresponding Fourier trans-
form (FFT) images of the REZO ceramics at different
locations. It can be observed that the lattice fringes in
REZO display a clearly visible lattice distortion. This
distortion enhances resistance to dislocation motion, re-
stricts slip and plastic deformation, thereby increasing
the Vickers hardness of the ceramic material. Addition-
ally, according to reports by Sarker et al. [73], signif-
icant mass differences in high-entropy ceramics cause
the energy required for dislocation motion to scatter
and disrupt. This energy scattering mechanism increases
the mechanical work needed for plastic deformation in
high-entropy ceramics, resulting in enhanced hardness
of the ceramic solid solution. In this work, the mass dif-
ference in REZO reaches 1.021, exceeding that in LZO
(1.006) and GZO (0.956). Consequently, the stronger
energy scattering in the REZO sample contributes to the
enhancement of its Vickers hardness. The grain size of
ceramic materials is also a key factor influencing hard-
ness. According to the report by Maita et al. [74], grain
boundaries in ceramic materials endure greater stress
during external impacts. As a result, a higher density
of grain boundaries is associated with increased hard-
ness in ceramic materials. Generally, smaller ceramic
grain sizes lead to a higher density of grain bound-
aries. In this work, the grain size of the REZO sam-
ple is 2.045 + 0.772 um, smaller than that of the LZO
(3.095 £0.653 um) and GZO (3.657 + 1.134 um) ceram-
ics, resulting in higher grain boundary density and con-
sequently higher Vickers hardness for the REZO sam-
ple.

Fracture toughness is an essential parameter in ma-
terials mechanics, as it characterizes a material’s abil-
ity to resist the propagation of cracks. In this work, the
fracture toughness of REZO is 1.53+0.15 MPa-m'/2, ex-
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Figure 15. HRTEM images of REZO (a,d), HRTEM image and corresponding Fourier transform image of region A (b,e) and
HRTEM image and corresponding Fourier transform image of region B (c,f)

ceeding that of LZO (1.18 +0.12 MPa-m'/?) and compa-
rable to that of GZO (1.21 + 0.12 MPa-m'/?). According
to the report by Zhang et al. [75], the fracture toughness
of ceramic materials is related to the fracture energy
and cohesion energy. Since the REZO sample exhibits
a dual-phase structure, it exhibits a significant degree of
lattice distortion within its structure. Consequently, the
REZO ceramics demonstrates high cohesion energy and
fracture energy, resulting in a higher fracture toughness.

IV. Conclusions

This work is based on the thermal properties tailor-
ing theory in high-entropy rare-earth zirconates (HE-
RE,Zr,07). By leveraging the phonon scattering mech-
anism and the correlation between thermal expan-
sion behaviour and electronegativity, a novel high-
entropy (SCo.zLaO.zSmo_zEro.szo.z)zzI'zO7 (REZO) ce-
ramics was designed and prepared by conventional
solid-state reaction. The phase composition, microstruc-
ture, thermophysical properties, and mechanical prop-
erties were systematically investigated and compared
with those of the single-component La;Zr,O; (LZO)
and Gd,Zr,O7 (GZO) ceramics. The main conclusions
of the work are as follows:

1. Based on phonon scattering theory and thermal ex-
pansion theory, a novel composition design method
for HE-RE,Zr, 05 is proposed. By controlling mass
differences, size differences, and electronegativity,
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customized composition design and performance op-
timization of HE-RE,Zr,O7 are achieved.

. REZO crystal structure contains 82.99% fluorite

phase and 17.01% pyrochlore phase because of
higher size disorder in REZO. SEM and TEM con-
firm that all rare-earth elements are uniformly dis-
tributed in REZO without compositional segrega-
tion. Also, under the combined effects of sluggish
diffusion and the dual-phase structure, the average
grain size of REZO is 2.045+0.772 um, smaller than
that of LZO (3.095 + 0.653 pm) and GZO (3.657 +
1.134 um).

. Compared to LZO and GZO, REZO exhibits supe-

rior thermal insulation properties and thermal expan-
sion behaviour. The significant mass difference, size
difference, and additional oxygen vacancies within
REZO increase the phonon scattering, resulting in
optimized low-temperature thermal insulation per-
formance. Meanwhile, the enhanced Umklapp scat-
tering in REZO contributes to the reduced thermal
conductivity at high temperatures, resulting in glass-
like thermal conductivity in the entire temperature
range. Also, the thermal expansion coefficient (TEC)
of REZO at 1200 °C is 11.054x107% K=, higher than
that of LZO (8.816 x 10"°K~!) and GZO (10.455 x
107°K~1). This is attributed to the higher x-value
(0.3562) of the Oygy site in the pyrochlore phase,
which reduces lattice energy and induces distortion
of the [ZrOg¢] octahedra. High-temperature stability
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tests demonstrate that REZO exhibits excellent phase

stability from room temperature to 1600 °C.

In terms of mechanical properties, the Young’s mod-
ulus of the REZO sample was 161.48 + 8.07 GPa, lower
than that of the LZO (204.62 + 10.23 GPa) and GZO
(191.76 + 9.59 GPa) ceramics. Additionally, under the
combined effects of the dual-phase structure strengthen-
ing, the mass and size differences of rare-earth cations,
and grain refinement strengthening, the Vickers hard-
ness of REZO reached 12.85 + 0.54 GPa, higher than
that of LZO (9.72 + 0.39 GPa) and approaching to that
of GZO (11.13 + 0.45GPa). Also, the fracture tough-
ness of REZO reached 1.53 + 0.15MPa-m'/, outper-
forming LZO (1.18 + 0.12MPa-m"?) and GZO (1.21 +
0.12 MPa-m'/?). This result is closely related to the high
cohesion energy and fracture energy conferred by the
dual-phase structure.
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