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Abstract: Low thermal conductivity, compatible thermal expansion coefficient, and good calcium—
magnesium—aluminosilicate (CMAS) corrosion resistance are critical requirements of environmental
barrier coatings for silicon-based ceramics. Rare earth silicates have been recognized as one of the
most promising environmental barrier coating candidates for good water vapor corrosion resistance.
However, the relatively high thermal conductivity and high thermal expansion coefficient limit the
practical application. Inspired by the high entropy effect, a novel rare earth monosilicate solid solution
(Hog2sLug25Ybg2sEug25)2Si05 was designed to improve the overall performance. The as-synthesized
(Hog2sLug25Ybg2sEug25)2Si05 shows very low thermal conductivity (1.07 W-m K at 600 ).
Point defects including mass mismatch and oxygen vacancies mainly contribute to the good thermal
insulation properties. The thermal expansion coefficient of (Hog,s5Lug25Ybo2sEug25),Si05 can be
decreased to (4.0-5.9)x 10 K ™' due to severe lattice distortion and chemical bonding variation, which
matches well with that of SiC ((4.5—5.5)><1076 Kﬁl). In addition, (Hog 5L u025Ybo25Eug25),Si05 presents
good resistance to CMAS corrosion. The improved performance of (Hog2sLug2s5Ybg25EuU025)2S105
highlights it as a promising environmental barrier coating candidate.

Keywords: high-entropy ceramic; environmental barrier coating (EBC); rare earth silicate; thermal
conductivity; thermal expansion coefficient (TEC)

performance of gas turbine engines has led to
unprecedented temperatures in the gas inlet. Even with
the gas film cooling technology and protection of thermal
barrier coatings (TBCs), superalloys can hardly meet
. the high-temperature demand [1]. SiC¢/SiC ceramic
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B. Li, libin75@mail.sysu.edu.cn capability and excellent mechanical properties are

1 Introduction

The requirement for higher efficiency and better
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promising candidates for replacing superalloys as
hot-section components [2]. Unfortunately, SiC¢/SiC
CMCs are susceptible to damage by oxygen and steam
in harsh environments [3,4]. Thus, environmental barrier
coatings (EBCs) are required to protect SiC¢/SiC CMCs
by blocking the entry of oxygen and steam [5,6].

In addition to excellent resistance to the ingression
of oxygen and steam, EBC should also be resistant to
the attack of molten calcium—magnesium—aluminosilicate
(CMAS). Based on that, the low thermal conductivity
and compatible thermal expansion coefficient (TEC)
are needed to enhance the thermal insulation properties
and release the thermal stress during the thermal
cycling process [6—8]. So far, EBC has been developed
for three generations [9,10], and rare earth (RE)
silicates, such as RE,;SiOs and RE,Si,05, are the most
promising EBC candidates [11-14]. However, it is
difficult to find a RE silicate ceramic with optimal

thermal, mechanical, and corrosion-resistant properties.

For example, Lu,SiOs possesses the best resistance to
CMAS corrosion at 1300 ‘C, but relatively high
thermal conductivity [12,15]. Ho,SiOs has excellent
bending strength and low thermal conductivity, but
relatively low CMAS corrosion resistance [12,15].
Therefore, there is an urgent need to improve the
properties of RE silicates for extreme environmental
applications. Recently, high-entropy ceramics have
been widely investigated, including oxides, borides,
and carbides, which have been shown to successfully
modulate the performance of single-phase ceramics
[16-22]. In the published work, heavy RE elements
are generally selected to design the high-entropy
REzsiO5, such as (Y1/4H01/4Er1/4Yb1/4)ZSiO5 [23] and
(Yby4Dyy4Ho1/4Er14),S105 [24]. But they are difficult
to achieve the improvement of thermal and mechanical
properties synergistically. Reasonable composition is
the key to the performance regulation of high-entropy
ceramics. Previously, comprehensive studies have been
conducted on the intrinsic thermal, mechanical, and
corrosion resistance properties of RE;SiOs; ceramics
[12,15,25]. The influence of RE elements on their
properties has been understood clearly, which laid the
theoretical foundation for the design of high-entropy
RE,SiO5 ceramics.

Therefore, based on the aforementioned research,
heavy RE elements Ho, Lu, and Yb, and light RE
element Eu were chosen to design high-entropy
(Hoo25Lug25Ybg25Eug25)2S10s. Lu and Yb are expected
to provide excellent resistance to CMAS corrosion and

low TEC. Ho can improve mechanical and thermal
insulation properties. Eu could introduce oxygen
vacancies to further reduce the thermal conductivity. The
solid-station reaction method was applied to synthesize
high-entropy (H00.25Lu0.25Yb0_25EU.0.25)zsiO5. The phase
composition, microstructure, lattice distortion, hardness,
reduced modulus, TEC, thermal conductivity, and CMAS
corrosion resistance of (HogasLug25Ybg2sEug25)2S105
were investigated synthetically. The results of this
study reflect the excellent thermal insulation properties,
suitable TEC, low reduced modulus, and good CMAS
corrosion resistance of (HogsLug25Ybg25Eu025)2S105,
which endow it a promising candidate for EBC.

2 Experimental

2. 1 Preparation of bulk (H00_25LUO,25Yb0_25EU(),z5)zsi05

(Hogp2s5Lug25Ybg2sEug25)2Si0s powder was prepared
by the solid-state reaction method. The raw materials
are Ho,03, LuyOs, Yb,03, EuyO; (> 99.9%; Jianfeng
Co., Ltd., Guangzhou, China), and SiO, (99.7%;
Sinopharm Chemical Reagent Co. Ltd., Shanghai,
China). FiI’Stly, H0203, LUQO3, Yb203, Eu203, and S102
were mixed at a molar ratio of 1 : 1 : 1 :1 : 4. Then,
the mixture was ball-milled for 12 h by using ethyl
alcohol as the medium. The obtained slurry was
dried at 80 ‘C for 12 h, followed by passing through
a 60-mesh sieve to get fine powder. The fine
powder was sintered at 1650 'C for 8 h to get pure
(Hop25Lug25Ybg25Eug25),S105 powder. The as-prepared
powder was ball-milled, dried, and sieved again. Then,
it was made into a disc green body by uniaxially pressing
at 5 MPa and cold isostatically pressing at 200 MPa for
15 min. Dense bulk (HogssLug25Ybg2sEug25)2S105
ceramic was fabricated by sintering the green body at
1550 C for 12 h.

2.2 Phase composition and microstructure

X-ray diffractometer (XRD, PANalytical Empyrean,
Almero, the Netherlands) was applied to identify the
phase composition. The Rietveld method in the General
Structure Analysis System (GSAS) software was used
for crystal structure refinement [26]. The scanning
electron microscope (SEM, Hitachi, SU8230, Japan)
equipped with an energy dispersive spectrometer (EDS)
was used for microstructure observation and element
distribution analysis. The stoichiometric ratio of reaction
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products was identified by an electron probe micro-
analyzer (EPMA, JEOL, JXA-8530F Plus, Japan).
Imagel software (open source) was used to analyze the
grain size distribution, and at least 300 grains were
counted. X-ray photoelectron spectrometer (XPS, Thermo
Fisher, Nexsa, USA) was applied to analyze the chemical
states of the elements of the specimen.

2.3 Thermal and mechanical properties

The thermal diffusivity was measured by a laser flash
analyzer (NETZSCH, LFA 427, Germany) from room
temperature to 1000 °C . The dimension of the
specimen is 12.7 mm x 1 mm. Before the test, a graphite
coating was applied to both sides of the specimen to
reduce the effect of thermal radiation. The thermal
conductivity (x) was obtained from Eq. (1) [27]:

K=axpxc, (1

where p represents the density and ¢, denotes the
heat capacity. The heat capacity was calculated by the
Neumann—Kopp law [28]. The thermal conductivity of
a fully dense specimen ( x)) is calculated by [29]:

)

where ¢ is the porosity.

The minimum thermal conductivity (x,;,) was
calculated by [30]:

1

2
M \3(E
k... =087k L 3)
min B
npN, P

where xp represents the Boltzmann constant, N,

denotes the Avogadro’s constant, n is the number of
atoms in the primitive cell, p is the density, E is the

Young’s modulus, and M is the molecular weight.

TEC was measured by an optical thermal expansion
meter (ODHT, Modena, Italy) with a specimen dimension
of 3 mm x 4 mm x 12 mm.

The reduced modulus and hardness characterization
were performed by a nanoindenter (Bruker, Hysitron
TI980, Germany). 400 points were taken in the range
of 40 um x 40 pm for measurement.

2.4 CMAS corrosion

The composition of CMAS melt used in this work was
33Ca0-9MgO-13Al10, 5-45Si0,, and the element
proportion was expressed as molar ratios of single

cationic oxides [31]. CaO, MgO, Al,O;, and SiO, were
mixed according to the stoichiometric ratio of CMAS
and a homogeneous mixture was obtained by wet ball
milling for 12 h. The mixture was annealed at 1200 C
for 24 h, and then ball-milled, dried, and sieved again
to obtain fine CMAS powder. Figure 1 shows a
schematic diagram of the CMAS corrosion test
procedure. The CMAS powder firstly was mixed with
alcohol, and then they were uniformly coated on the
sample surface. After several repeated coatings, the
CMAS loading was kept at about 35 mg/cm’. The
CMAS-coated RE,SiOs ceramic was heated at 1300 ‘C
for 20 h. The heat-treated ceramic was cut along the
midline for microstructure characterization.

3 Results and discussion

3.1 Phase composition and microstructure

The reaction path of (Hog,s5Lug25Ybg25Eu025),S105
was investigated by heating the mixed powder at
different temperatures. Figure 2 presents the XRD
patterns of the reaction products. RE,O; does not react
with SiO, until 1200 C. RE;SiOs gradually appears
with the increase of temperature, and a pure
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Fig.1 Schematic of process of CMAS corrosion test.
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(Hog2s5Lug25Ybg2sEug25)2Si0s phase can be obtained
at 1650 ‘C. The pure (Hog2sLug25Ybg2sEug25)2Si0s
powder was prepared at 1650 ‘C for 8 h to guarantee
a complete reaction.

XRD patterns of (Hog2sLug25Ybg25E0025),S105 powder
and mixed powder (a homogeneous mixture of Ho,SiOs,
Lu,SiOs, Yb,Si0s, and Eu,SiOs powder at 1 :1: 1 : 1
molar ratio) are compared and shown in Fig. 3. The
X-ray diffraction peaks of (Hog25Lug25Ybg25Eug25),S105
powder match well with the standard card of Lu,SiOs,
indicating that the multiple RE elements have been
successfully incorporated into the RE,;SiOs crystal
lattice. Figures 3(b) and 3(c) display the enlarged XRD
patterns in the diffraction angle ranges of 21°-24° and
27°-29°, respectively. The diffraction peaks of
(H00.25LuO_25Yb0'25EuO_25)zsiOS shift to a lower angle
compared to that of Lu,SiOs, since the radii of H03+,
Yb*", and Eu’" are all larger than that of Lu’". For the
mixed powder, it splits into four diffraction peaks
which indicates that it is a mixture of four kinds of
RE,Si0s5 ceramics. Figure 4 exhibits the XRD pattern

(@

(Hog 2511y 25 YDy ;5B 55),5104

UL UMLLMWW

Lu,8iO; PDF#41-0239

| \‘ i l‘l n ||| ol gl

20 30 50 60
29 (°)

(b) ©

Intensity (a.u.)

ﬁdu (\\ h___vw//\\Lh
L _

21 22 23 2427 28 29
20 (°) 26 (°)
Fig. 3 (a) XRD patterns of (HopzsLug25Ybo2sEug5),Si0s

powder and mixed powder, (b) enlarged spectra of 21°—
24°, and (c) enlarged spectra of 27°-29°,

of the bulk (H00.25LU.0.25Yb0_25EU.0.25)2Si05 ceramic,
which maintains a pure phase with a small amount of
RE;Si,07 impurities.

Rietveld refinement of X-ray diffraction data of
(Hog 25Lug 25 Ybg 25Eu0 25),S105 powder is shown in Fig.
5(a). The Ry, is 5.862%, and the goodness of fit (GOF)
is 1.27, indicating that the refinement results are
considered to be reliable. The lattice parameters of

(Hoo25Lug25Ybg 25Eu025)28105,  H0,Si0s,  Lu,SiOs,
Yb,SiOs, and Eu,SiOs are listed in Table 1.
(H00.25LUO_25Yb0,25ElI()_25)2Si05 crystalizes in C2/c
space group [32]. The lattice constant of

(Hog2sLug25YbgosEug25)2Si0s is between those of
Ho,Si05 and Yb,SiOs. Though Eu,SiOs belongs to the
X1-RE;SiOs phase and crystalizes in the P2,/c space
group, when combined with other RE elements to form
a high-entropy ceramic, Eu atoms will occupy the RE
lattice sites in X2-RE,SiOs. The theoretical density of
(Hog25Lu025Ybg25Eu025),S105 was calculated to be
6.83 g/em’ _and the as-prepared specimen was measured
with a porosity of 5%. The atomic occupation information
is shown in Table 2. There are two independent RE
sites (RE1 and RE2) in the X2-RE,SiOs crystal structure
(Fig. 5(b)). Small RE elements (Yb and Lu) tend to
occupy the RE2 lattice position with a coordination
number of 6, while large RE elements (Ho and Eu)
prefer to occupy the REI1 lattice position with a
coordination number of 7.

Figure 6 presents the surface morphology and elemental
distribution of bulk (HogzsLug25YbgasEug25),Si05 ceramic
after thermally etching at 1300 ‘C for 30 min. Few
cracks and pores can be found, which suggests that the
as-prepared bulk (Hog25Lug25Ybo25Eu025),S105 ceramic
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Fig. 4 XRD pattern of bulk (H00‘25Lu0_25Yb0‘25Eu0_25)QSiO5
ceramic.
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Table 1 Lattice structure parameters of (Hog,sLuj,5Ybg25Euq5),Si0s, H0,Si0s5, Lu,SiOs, Yb,SiOs, and Eu,SiOs
Substance (H00_25LUO_25Yb0_25EUO_25)2Si05 HOZSin LUZSiO_s szSlO5 EUZSiO_s
Space group C2/c C2/c C2/c C2/e P2i/c
a(A) 14.40 14.48 14.33 14.37 9.15
b(A) 6.73 6.76 6.67 6.69 6.76
c(A) 10.44 10.47 10.32 10.34 7.08
a(®) 90 90 90 90 90
L) 122.15 122.23 122.30 122.78 107.82
Volume (A%) 856.69 866.94 834.89 836.12 416.96
Theoretical density (g/cm?®) 6.83 6.71 7.30 7.22 6.56
Table 2 Atomic occupation of (H00.25Lu0_25Yb0,25Eu0_25)2Si05
Site Element Wyckoff symbol X Y Z Fraction
Hol Ho 8f 0.46246 0.24448 0.53350 0.3216
Lul Lu 8f 0.46246 0.244438 0.53350 0.1445
Ybl Yb 8f 0.46246 0.24448 0.53350 0.1636
Eul Eu 8f 0.46246 0.24448 0.53350 0.3704
Ho2 Ho 8f 0.35851 0.12336 0.16567 0.1784
Lu2 Lu 8f 0.35851 0.12336 0.16567 0.3555
Yb2 Yb 8f 0.35851 0.12336 0.16567 0.3364
Eu2 Eu 8f 0.35851 0.12336 0.16567 0.1296
Si Si 8f 0.18400 0.08600 0.30400 1.0000
01 (0] 8f 0.12600 0.28700 0.33400 1.0000
02 (0] 8f 0.09300 0.00800 0.15600 1.0000
03 (0] 8f 0.29600 0.12800 0.32500 1.0000
04 (0] 8f 0.31200 0.40600 0.09600 1.0000
05 (0] 8f 0.48100 0.08500 0.10600 1.0000
“ R,, =5.862%
(a) l GOF =127
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Fig. 5 (a) Rietveld refinement of XRD pattern and (b) crystal structure of (Hog ,sLu0 25Ybg 25Eug 25)2Si0s.
is relatively dense. The four RE elements are distributed Table3 SEM-EDS  point analysis of  bulk

homogeneously, while some areas are rich in silicon.
The point analysis of each region is summarized in
Table 3. In the silicon enriched area (point 2), the ratio
of RE to Siis about 1 : 1, which proves to be RE;Si,0;

impurities.

(Hog.25Lug 25 Ybg 25Eug 25),Si05 ceramic

(Unit: mol%)

Point Ho Lu Yb Eu Si (6]
1 7.16 6.70 7.30 7.07 12.65 59.12
2 5.49 532 5.55 437 21.63 57.64
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Fig. 6 (a) Surface morphology, and (b)—(f) EDS mappings of Ho, Lu, Yb, Eu, and Si, respectively.

3.2 Thermal properties

Thermal properties are important parameters for EBC.
Figure 7(a) compares the thermal diffusivities of
(Hoo.25Lug 25Ybg 25Eu0.25)2S105, H0,Si0s, Lu,SiOs,
Yb,Si0s5, and Eu,SiOs [15,25]. They generally decrease
with the increase of temperature but increase slightly
under the influence of thermal radiation at high
temperatures [33]. This phenomenon is particularly
evident in Lu,SiOs. (Hog25Lug25Ybg2sEug25)2S105
exhibits the lowest thermal diffusivity above 400 C.
When the temperature exceeds 200 C, the thermal
diffusivity of (HogasLug25Ybg2sEug25),Si0s is about
half that of Lu,Si0Os. Figure 7(b) displays the thermal
conductivities calculated by Egs. (1) and (2). They
decrease with the increase of temperature and increase
slightly at high temperatures, which is caused by the
thermal radiation [33]. (Hog,sLug25Ybg25Eug25)2S105
possesses very low thermal conductivity in the range of
1.07-1.47 W-m "“K"". From room temperature to 800 °C,
the thermal conductivity of (Hog25Lug 25 Ybg25Eug25),S105
is the lowest among Ho,SiOs, Lu,Si0s, Yb,Si0Os, and

Euzsi05. The Kmin of (Hoo_25Lu0,25Yb0_25Eu0,25)ZSi05 is
0.99 W-m_l'K_l, which is lower than those of Ho,SiOs
(1.01 W-m K™, Lu,SiOs (1.05 W-m ™ K™"), Yb,SiOs
(1.01 W-m K ") [15], and Eu,SiOs(1.01 W-m K )
[25]. In Fig. 7(b), the thermal conductivity of
(H00.25LuO_25Yb0'25EuO_25)zsiOS is very close to its
minimum thermal conductivity from room temperature
to 1000 C. Eu,SiOs also presents a low thermal
conductivity in the whole temperature range, but it is
not an EBC candidate. Thermal conductivities of
RE;SiOs (RE = Ho, Lu, and YDb) present a rapid
decrease with the temperature rising, and they
approach the minimum thermal conductivity under the
synergy of severe phonon scattering and thermal
radiation. Therefore, (Hog25L00.25Ybg25EU025)2S105
maintains a low thermal conductivity compared to
RE,SiO5 (RE = Ho, Lu, Yb, and Eu), and its thermal
conductivity is close to its limit at high temperatures,
which show advantages as EBC candidate. To reveal
the factors that dominate the low thermal conductivity
of (Hog25Lug 25 Ybg25Eu025),S105, the phonon scattering
mechanism was analyzed in detail.

(]
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NE —¥— Lu,5i0g ; 3.0k —"—L.uz.'st()5 P L - k: N
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Fig. 7 (a) Thermal diffusivities, (b) thermal conductivities, and (c) inverse thermal diffusivities of (HogsLug25Ybg2sEug25),2S10s,

HOzsiO5, LuZSiO5, szsi05, and EUQSiOS.
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In thermal insulation materials, the propagation of
phonons determines thermal conductivity [33]. According
to the Debye model, the thermal diffusivity is defined
as [34]:

P zéva (4)

where v,,, denotes the average sound velocity, A
represents the mean free path of phonon, and A can
be expressed as [35]:

l: ! + ! + ! +Z:i (5)
A Aphonon Adefect Aboundary i Az
where Ao, denotes the mean free path of phonon
determined by the phonon Umklapp scattering, .z
corresponds to the phonon—defect scattering, yqungary
is related to the phonon-boundary scattering, and 4, is
affected by other scattering mechanisms. Among
Aphonon’ Adefect ’ Aboundary ’ and Az ’ Ol’lly Aphonon is
closely related to temperature, and thus A on0n
dominates the variation of A with temperature [27,
36]. Ajonon represents the intrinsic heat conduction
of the materials, while Agegci > Apoundary » and 4; are
caused by external factors.

In crystalline materials, the mean free path of
phonon is defined as [35]:

%
A=/4,| exp T -1 (6)

bTn3
where /, represents the pre-exponential factor, the
constant b is approximately equal to 2, 6, denotes
the Debye temperature, and n represents the number of

atoms in the unit cell. In the high-temperature stage,
A" can be estimated as [33]:

1

3
1. ¢ L p=| b T+(D—lcj 7
exp Dl -1
bTn3

Equation (7) exhibits that A" and temperature T’
are linearly correlated. Whereas in Eq. (4), the average
sound velocity v, is almost independent of
temperature, and thus there is also a linear relationship

between thermal diffusivity and temperature [33]:

3
1 1 |5cn T+(D—1Cj (8)
9 2

The temperature-dependent part of Eq. (8) is the
slope which is determined by phonon—phonon scattering,
and the temperature-independent part is the intercept
which is determined by external factors such as defects
[37].

The relationship of the inverse thermal diffusivity
o' versus temperature T is shown in Fig. 7(c). From
room temperature to 400 ‘C, «~' increases linearly
with the increase of temperature. When the temperature
exceeds 400 C, it deviates from the linear relationship
due to thermal radiation. The expressions, slopes, and
intercepts of the linear relationship of the inverse
thermal diffusivity o' versus temperature 7T are
listed in Table 4. According to Eq. (8), a larger
intercept indicates a greater concentration of point
defects [37] For (HO()AQ5Lll()A25Yb0.25Eu()A25)2Si05, its
intercept is the second largest indicating a high
concentration of defects that contribute to the low
thermal conductivity.

For materials with defects, the thermal conductivity
is inversely proportional to the square root of the
phonon scattering coefficient. According to the elastic
continuum medium model, Wan et al. [38] defined a
method of quantifying the phonon scattering coefficient
based on the effective elastic properties of the matrix
and the effective ionic radius of the defect:

AM, Y 1 1+v(a8)\T

where the subscript i denotes a certain lattice defect, f;
denotes the concentration of this defect, AM, =
M—-M;, A6, =6-05;, M;and o, represent the atomic
mass and the ionic radius of the specific defect,
respectively, » is the Griineisen parameter, which
represents the anharmonic vibrations within the whole
lattice, and v is the Poisson ratio. Based on Eq. (9), it is
known that, the mismatch of atomic masses and ionic
radii of several RE elements in (HoppsLug25Ybg2sEug25),S10s
leads to an increase in the phonon scattering coefficient
and thus a decrease in the thermal conductivity.

Table 4 Parameters of the linear fit of the inverse
thermal diffusivities [15,25]

Material a Slope Intercept
(Hoo.25Lu025Ybo2sEug25),Si0Os - 25507 + 953150 2550 953150
Ho,SiOs 25107+ 561420 2510 561420
Lu,SiOs 21107+ 92390 2110 92390
Yb,SiOs 17507 + 623120 1750 623120
Eu,SiOs 19507 + 1286700 1950 1286700
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In addition, because the outer electron structure of
the Eu is 4f6s%, when it loses two electrons, the outer
electron structure is 4f". 4f" is half-filled, which is also
a stable state according to Hundt’s rule. Therefore,
Eu* may exist in (Hog,sLug25Ybg25Eu25)2S10s, thereby
promoting the generation of oxygen vacancies which
can dramatically decrease the thermal conductivity.

XPS analysis was used to further investigate the valence
state of the elements in (HogasLug2sYDbo2sEug25),Si0s.
Figure 8(a) is the XPS spectrum of Ho 4d. Three peaks
are located at 160.97, 163.13, and 167.06 eV. They
correspond to the Ho®** 4ds),, Ho>" 4d;,, and Ho>" 4ds,,,
respectively. In Fig. 8(b), two peaks are determined at
196.73 and 206.46 eV, which belong to Lu®" 4ds;, and
Lu** 4d;), respectively. Figure 8(c) exhibits the XPS
spectrum of Yb 4d, and there are two weak peaks
located at 185.64 and 189.21 eV, which correspond to
Yb* 4ds, and Yb* 4d;,,, respectively. Figure 8(d) is
the XPS spectrum of Eu 3d, and there are four peaks
located at 1125.69, 1134.90, 1155.49, and 1164.87 eV.
The peaks at 1134.90 and 1164.87 eV correspond to
Eu* 3ds,, and Eu®* 3ds), respectively, and the peaks at
1125.69 and 1155.49 eV belong to Eu”" 3ds;, and Eu*"
3dsp, respectively. In (HogasLug2sYbo2sEug25),SiOs,
Ho, Lu, and Yb are in 3+ valence state, and Eu has two
valence states, Eu>" and Eu®". For the charge balance,

oxygen vacancies tend to be generated in
(Hog2sLug25Ybg2sEug25)2Si0s, which can enhance the
scattering of phonons, resulting in a decrease in
thermal conductivity. Typically speaking, the oxygen
vacancies may lead to the high oxygen ion
conductivity of the TBC or EBC, resulting in the
accelerated oxidation of the bond coat. It has been
found that, two main factors dominate the oxygen ionic
conductivity of oxide ceramics: the oxygen vacancies
and the activation energy of oxygen migration [39]. As
shown in Fig. 8(d), the content of Eu®" is not high;
therefore, the number of oxygen vacancies originating
from the Eu element is not large. The activation energy
of oxygen migration in (HogsLug25Ybg25Eu025),S105
is controlled mainly by the strength of RE-O bonds. It
suggests that a smaller radius of RE®" presents higher
activation energy of oxygen ion migration. In
(Hog2sLug25YbgosEug25)2Si0s, the ionic radii of Ho,
Yb, and Lu are small, and the oxygen diffusion rate
should not be high. In addition, Matsudaira et al. [40]
evaluated the oxygen diffusion in Yb,SiOs. The results
confirm that oxide ion diffuses more preferentially
along the grain boundary than the interior of the grain.
Therefore, oxygen vacancies introduced by Eu*" in
(H00,25Lu0,25Yb0_25Eu0,25)ZSiO5 should not lead to a
significant effect on the oxidation of the bond coat.
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Fig. 8 XPS spectra of (a) Ho 4d, (b) Lu 4d, (c) Yb 4d, and (d) Eu 3d of (Hog5Lug25Ybg 25Eu)25)2S105.
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As EBC materials, the TEC is required to match
with the substrate to release the thermal stress between

the coating and the substrate during thermal cycling [6].

The TEC of (H00_25LuO_stbo.stUo_%)zSiOs was measured
and compared with RE;SiOs (RE = Ho, Lu, Yb, and
Eu), some high-entropy RE,SiOs, and SiC (Fig. 9) [15,
23-25]. (Hog25Lug25Ybg25Eug25)2S105 displays lower
TEC than the single-phase RE,SiOs ceramics, and it is
comparable to those of (Yg25sH0g25Erg25Yb25)2S105
and (Yb0_25Dy0_25H00,25Er0,25)28i05. The TEC of
(Hoo2s5Lug25Ybg25Eug 25)2S105 is in the range of (4.0-
5.9)x107° K ™! which is close to that of SiC ((4.5-5.5)x
107° K™') [41]. Although there is a very small amount
of RE,Si,0; in the specimen, Nasiri ef al. [42] suggested
that RE,Si,0; impurities have little contribution to

8.0x10° -

6.0x10°° [

4,0x10° |
Eu,Si0; % SiC

(Hoy 551y 25Yby 35E1,,5),5105
(Yby 5Dy 25H0 5Er 25),5105
(Y 25H0y 35Er 35 YDy 25),8i05

LuSio;
Yb,Si0s v

2.0x10° |

X
=®
@ Ho,SiO
A
-

Thermal expansion coefficient (K™)

2(I]0 4(I)0 6;)0 S(I)O l()I[N) 12I0(]
Temperature (°C)

Fig. 9 TECs of (HO0_25Lll0_25Yb0_25EUO_25)2$iO5, HOzsiO5,

Lu,SiOs, Yb,Si0s, EwySiOs, (Ybo 25Dy .25H00.25Er0 25)2S10s,

(Y0.2sH0¢ 25Er0 25 YDy 25),Si05, and SiC.

thermal expansion. They prepared RE,;SiOs (RE = Gd,
Yb, Lu) ceramics containing RE,Si,07 impurities. But
the TECs of Gd,SiOs, Yb,SiOs, and Lu,SiOs are (10.3+
0.4)x10° K™, (7.240.5)x10 °K ", and (6.7+0.6)x10 °K ",
respectively, which not show a significant decrease in
TEC. Therefore, RE;Si,0; impurities do not contribute
much to thermal expansion.

It has been found that, there are two species of phonons
with different signs of Griineisen constant in X2-RE,SiOs.
One type of phonon has a positive Griineisen constant
and contributes to positive thermal expansion, and the
other has a negative Griineisen constant and contributes
to negative thermal expansion [43]. According to the
crystal structure, (Hog 25Lug25Ybo25Eu0.25)2S105, Ho,SiOs,
Lu,SiOs, and Yb,SiO5 belong to the X2 phase, and
they consist of [REO;], [REOg] polyhedra, and [SiOj]
tetrahedra [15]. Eu,SiOs belongs to the X1 phase
which consists of [REO;], [REOy] polyhedra, and [SiO4]
tetrahedra [25]. The lattice distortion was calculated
separately for [REO7], [REOg¢], [REOs] polyhedra, and
[SiO4] tetrahedra by the bond lengths [44]:

- 2
_15(dL-0), ~d(L-0)
Ad‘nz[ a0L-0) ] (10

n

where A, 1is the degree of lattice distortion,
d(L — O) represents the bond length between the RE or
Si atom and the nth O atom, and d(L —O) represents
the average bond length between them. In Table 5, we
can see that (H00_25Lu0,25Yb0_25Eu0'25)ZSi05 shows the

Table 5 Degree of distortion of [REO], [REOg|, [REOy] polyhedra, and [SiO,] tetrahedra of (Ho,,sL.ug»5Ybg25Eu425),SiOs,

HOzsiOS, LuZSiOS, szSiOS, and ElleiOS

Compound Bond Polyhedra Bond length (A) AY:;Z%}T (bAo;l d di;:t):ljgt;ztel (()‘20)
RE1-O [REO;] 2452 2280 2.355 2312 2321 2336 2751 2.401 3.975
(Hoo.25Lug25Ybo25Eug25),Si0s RE2-O [REOg] 2.177 2.274 2286 2.528 2.019 2.274 2.260 4.499
Si-O [SiO4]  1.704 1.492 1.534 1.580 1.578 2.531
REI1-O [REO;] 2301 2.145 2342 2.585 2394 2253 2377 2.342 2.901
Ho,Si0s RE2-O [REOs] 2.223 2.253 2278 2265 2237 2312 2.261 0.163
Si-O [Si0s]  1.624 1.619 1.650 1.627 1.630 0.053
RE1-O [REO;] 2319 2.235 2.124 2281 2370 2.354 2.562 2.321 2.901
Lu,SiOs RE2-O [REOg] 2235 2.289 2243 2.203 2219 2.256 2.241 0.149
Si-O [SiO4]  1.609 1.604 1.634 1.614 1.615 0.050
RE1-O [REO;] 2292 2.331 2380 2558 2.233 2.145 2387 2.332 2.700
YDb,SiOs RE2-O [REOs] 2.259 2215 2269 2314 2.228 2.230 2.253 0.217
Si-O [Si0s] 1.608 1.618 1.643 1.627 1.624 0.063
RE1-O [REO;] 2312 2.387 2300 2.404 2309 2.508 2.546 2.395 1.470
Eu,SiOs RE2-O [REO,] ;;g; 347%2 2.517 2.697 2356 2.562 2.503 2495 3760
Si-O [Si0s]  1.675 1.633 1.605 1.633 1.637 0.233
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highest degree of lattice distortion. The severe lattice
distortion and inhomogeneous bond length of
(Hog25Lug25Ybg25Eug25),S105  may  change  the
anharmonicity of low-frequency phonons, which leads
to the increase of the content of phonons with negative
Griineisen constant [23]. Therefore, the TEC of
(Hog25Lu025Ybg25Eu025)2S105 is lower than those of
RE,SiOs (RE = Ho, Lu, Yb, and Eu).

3.3 Mechanical properties

In addition to the TEC, the elastic modulus and
hardness are also critical parameters of EBC [25].
Figures 10(a) and 10(b) exhibit the mappings of reduced
moduli and hardness of (Hog,sLug25Ybg25Eu025)2S105
ceramic measured by nanoindentation. Figures 10(c)
and 10(d) display the distribution statistics of the
reduced moduli and hardness, respectively. The reduced
modulus can be approximately equal to Young’s
modulus [45]. The values of reduced moduli and
hardness of (H00_25Lu0_25Yb0,25Eu0_25)2SiO5 and REleO5
(RE = Ho, Lu, Yb, and Eu) are summarized in Table 6.
The reduced modulus of (Hogz5Lug25Ybg25Eu025)2S105
is lower than those of Lu,SiOs and Yb,SiOs but higher
than the reduced moduli of Ho,S105 and Eu,SiOs. Also,
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Y
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150

Modulus (GPa)

the hardness of (HogasLugosYbgasEugrs)2SiOs s
comparable with those of RE,SiOs (RE = Ho, Lu, Yb,
and Eu). Young’s modulus of ceramic is related to the
bond strengths which can be represented by the cation
field strength (CFS) [46]. CFS can be calculated by
using the equation: CFS = Zc/rcz, where Z. is the
cationic charge, and r. is the cationic radius. Therefore,
Eu*" and Ho" with larger radii contribute to the relatively
low reduced modulus of (Hog25Lug25Ybg25Eug.25)2S10:s.
Also, the synergistic effect of the four RE elements leads
to the reduced modulus of (Hog5Lug25Ybg25Eug25),S105
lower than the average value of the four RE;SiOs
(Fig. 15).

Table 6 Reduced moduli and hardness of
(Hog2sLug25Yby 25E025),S105,  H0,Si0s,  Lu,SiOs,
Yb,SiOs, and Eu,SiOs
Material Reduced modulus Hardness
(GPa) (GPa)
(Hoo.25Lug.25Ybg 25E U0 25),S105 149.0+16.5 11.7£2.1
Ho,SiOs 146.0+10.1 11.7¢1.2
Lu,SiOs 156.2+£14.0 12.8£1.6
Yb,SiOs 164.1+14.1 12.2+1.8
Ew,SiOs 147.0£19.2 11.3+£2.9

Hardness (GPa)
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Fig. 10 (a, b) Nanoindentation mappings of reduced moduli and hardness, respectively, and (c, d) distribution statistics of
reduced moduli and hardness of (Hog »sLug 25 Ybg 25Eug 25),S10s5, respectively.
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3.4 CMAS corrosion

The turbine blade in the gas turbine engines usually
suffers from severe hot corrosion by debris (such as
dust, sand, and ash), which is generically known as
CMAS corrosion [5]. A high-temperature CMAS corrosion
test was performed to evaluate the resistance of corrosion.
Figure 11(a) displays the surface morphology of
(H00.25Lll0_25Yb(),stll().25)zsiO5 after the CMAS corrosion
at 1300 C for 20 h. Some reaction products can be
observed to be immersed in the CMAS melt. Figure 11(b)
shows the XRD pattern of (HogsLug 25 Ybg25Eu025),Si05
after corrosion. RE silicate oxyapatite Ca,REg(Si04)s0,
and garnet-type phase are the main reaction products
[12]. Figure 12(a) exhibits the microstructure of the
cross-section of the specimen. The infiltration depth is
determined to be 125.4 £ 8.7 um. Figure 12(b) displays

=

Residual CMAS melt g

\,

Apatite -
.' —

the cross-section image at higher magnification, and
Figs. 12(c)—12(h) presents the EDS element mappings.
The cross-section can be divided into three layers. The
top layer which is rich in Ca and Si elements and less
in RE elements is the residual CMAS melt. The middle
layer with a large number of rod-like grains is the
reaction zone. Besides the rod-like grains, there are
also large gray regions where Ca and Si contents are
relatively low, with a certain amount of RE elements
(Fig. 13). The bottom is (Hog2s5Lug25Ybg25Eu0.25)2S105
high-entropy ceramic.

The compositions of reaction products analyzed by
EPMA are summarized in Table 7. The top layer with a
low content of RE elements is residual CMAS melt
(point A). The ratio of Ca to RE elements of the
rod-like grains is about 1 : 4, which can be identified

(b) 4 A Ca,RE(SI0,),0,
+ RE,Si0,
® Garnet
A
Ly
=
<
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-
=
g A
2
= AL QH
— | A A °
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Fig. 11 (a) Surface morphology and (b) XRD pattern of (HogsLug25Ybg25EUg25),Si05 after CMAS corrosion at 1300 ‘C for

20 h.

o)

Fig. 12 (a, b) Cross-sectional morphology of (HogsLug 25Ybg25Eu025)2S105 after CMAS corrosion at 1300 C for 20 h. (¢)—(h)
EDS element mappings of Ca, Si, Ho, Lu, Yb, and Eu of (b), respectively.

www.springer.com/journal/40145



1290

J Adv Ceram 2022, 11(8): 1279-1293

Fig. 13 (a) High-magnification cross-sectional morphology of (HogsLug25Ybg2sEug25),Si05 after CMAS corrosion at 1300 C
for 20 h. (b)—~(g) EDS element mappings of Ca, Si, Ho, Lu, Yb, and Eu of (a), respectively.

Table 7 EPMA point analysis of the cross-section of (HoysLug25Ybg2sEuy,5),SiOs after CMAS corrosion at 1300 C

for 20 h
(Unit: mol%)
Point CaO MgO AlO; 5 HoO; 5 LuO 5 YbO, 5 EuO, 5
A 23.40 18.63 8.85 1.13 1.82 1.51 1.18
B 12.19 1.28 0.00 12.93 11.04 9.43 16.50
C 16.89 22.41 6.64 3.90 5.01 441 3.45

as apatite Ca,REg(Si04)sO, (point B). The large gray
region contains Ca, Mg, Al, Si, and RE (point C)
which may be the other reaction products in a garnet-
type phase. Y3Als0y; is one of the typical garnet-type
phases. The large gray region contains Ca, Mg, Al, Si,
and RE, and the ratio of (Ca + RE) : (Mg + Al + Si) is
about 3 : 5, which indicates that it may be a garnet-type
phase. According to the literature, the composition of
garnet-type phases can be very complex, such as
MgY2A14Si012 [47], Li7+2x,y(La3,xbe)(Zr2,yTay)O12
[48], Y2s5-:Dyo.CeFesO1, [49], etc. Therefore, the
chemical formula of the garnet-type phase in the
reaction zone should be (Ca,RE;-,)(Mg,Al.Sis—,.)O1s.

According to the reaction products, the following
reactions should occur during the CMAS corrosion
process:

4RE,Si05+2Ca0+2Si0, — Ca,RE;4(Si0,)0, (11)
xCaO + yMgO + zAl, 05 +

(7;x—y—zj8i02 +[3;ijE2s105 BN
(CaxRE3—x )(ngAleiS—y—z )012 ( 1 2)

The interaction between CMAS and RE;SiOs (RE =
Ho, Lu, Yb, and Eu) has been performed, and their

CMAS infiltration depths are 166.5+23.6 pm, 40.2 +
3.2 um, 75.1£2.0 um, and 248.6+14.3 um, respectively
(Fig. 14). The CMAS infiltration depth of
(Hop 2510925 Ybg25EU025),S105 (125.448.7 um) is smaller
than those of Eu,Si0s, Ho,SiOs, and the average of the
four RE,;SiOs (132.6+10.7 pm), suggesting good CMAS
resistance. The CMAS attacks RE,SiOs through the
dissolution of RE,SiOs into CMAS with the precipitation
of CayREg(S104)60,. Dissolution and precipitation will
proceed until the residual CMAS reaches equilibrium.
(H00_25Luo,25Yb0_25Euo,25)28i05 incorporates HO, Lu, Yb,
and Eu elements. The formation enthalpy of
CayREg(Si04)s0, (RE = Ho, Lu, Yb, and Eu) are
different [50]. Hence, Lu, Yb, Ho, and Eu ions present
a gradient velocity in the precipitation of Ca,REg(SiO4)sO;
[51]. Yb and Lu with small ionic radii will slow down
the formation of reaction product Ca,REg(SiO4)s0,
which is comprised of Lu, Yb, Ho, and Eu elements
(Table 7). Our previous work has revealed that the
resistance to CMAS corrosion of RE;SiO5 (RE = Tb,
Dy, Ho, Er, Y, Tm, Yb, and Lu) at 1300 ‘C increases with
the reduction of the radius of RE*" [12]. Consequently,
Lu and Yb in (Hogz5Lug25Ybo2sEug25),Si0;5 effectively
mitigate CMAS corrosion.
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Eu,SiO,

Fig. 14 Cross-sectional morphologies of (a) Ho,SiOs, (b)
Lu,SiOs, (¢) Yb,SiOs, and (d) Eu,SiOs after CMAS
corrosion at 1300 °C for 20 h.

The thermal conductivity, thermal expansion coefficient,
reduced modulus, and CMAS corrosion resistance of
(Hoo.zsLu0_25Yb0'25Eu0_25)2Si05 were compared with the
average value of Ho,SiOs, Lu,SiOs, Yb,SiOs, and
Ew,SiOs, as shown in Fig. 15. The high-entropy
(Hog25Lug25Ybg25Eug25)2S105 ceramic exhibits excellent
thermal insulation properties, tunable TEC, low reduced
modulus, and good resistance to CMAS corrosion. The
above results demonstrate that (HogasLugas Ybg2sEug25)S105
is a promising EBC candidate.

My, |
| "dYH"‘lzsl""u_zng o
Averag, ) ﬂ"“"a,z;);Sj(){
5% -26%
-22%

-3%

Fig. 15 Comparison of thermal conductivity, thermal
expansion coefficient, reduced modulus, and CMAS
infiltration depth of (Hog,s5Lug25Ybg25Eug25)2Si05 with
the average values of Ho,SiOs, Lu,SiOs, Yb,SiOs, and
EuZSiO5.

4 Conclusions

In this study, a novel high-entropy RE silicate ceramic
(Hog2sLugosYbgosEug2s)2Si0s  was  designed  and
successfully fabricated. (HogasLug25Ybo2sEug25)2Si0s
shows very low thermal conductivity, exhibiting excellent
thermal insulation properties. Oxygen vacancies and severe
lattice distortion mainly contribute to the low thermal
conductivity. The TEC of (HogzsLug25Ybg2sEug25),Si05
from room temperature to 1200 ‘C is (4.0 — 5.9) x
10® K™', which is close to that of SiC. The reduced
modulus of (Hoo'25Lu0.25Yb0_25Eu0.25)2SiO5 is 149.0+
16.5 GPa which is lower than those of Lu,SiOs, Yb,SiOs,
and the average of RE;SiOs (RE = Ho, Lu, Yb, and Eu).
In addition, (Hog25Lug25Ybg25Eug25),S105 presents good
CMAS corrosion resistance. Ca;REg(Si04)¢O, and garnet-
type phase (Ca,RE; ,)(Mg,Al,Sis.)O1, are the main
reaction products. Excellent thermal insulation properties,
suitable TEC, low reduced modulus, and good CMAS
corrosion resistance of (HogasLug25Ybg2sEug25)2S105
make it a potential EBC material candidate.
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