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Abstract: High-entropy pyrosilicate element selection is relatively blind, and the thermal expansion
coefficient (CTE) of traditional B-type pyrosilicate is not adjustable, making it difficult to meet the
requirements of various types of ceramic matrix composites (CMCs). The following study aimed to
develop a universal rule for high-entropy pyrosilicate element selection and to achieve directional
control of the thermal expansion coefficient of high-entropy pyrosilicate. The current study
investigates a high-entropy design method for obtaining pyrosilicates with stable B-phase and y-phase
by introducing various rare-earth (RE) cations. The solid-phase method was used to create 12 different
types of high-entropy pyrosilicates with 4-6 components. The high-entropy pyrosilicates gradually
transformed from B-phase to y-phase with an increase in the average radius of RE* ions (7(RE3+) ).
The nine pyrosilicates with a small 7(RE*") preserve B-phase or y-phase stability at room
temperature to the maximum of 1400 ‘C. The intrinsic relationship between the thermal expansion
coefficient, phase structure, and RE-O bond length has also been found. This study provides the
theoretical background for designing high-entropy pyrosilicates from the perspective of 7(RE3+).
The theoretical guidance makes it easier to synthesize high-entropy pyrosilicates with stable B-phase
or y-phase for the use in environmental barrier coatings (EBCs). The thermal expansion coefficient of
v-type high-entropy pyrosilicate can be altered through component design to match various types of
CMCs.
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1 Introduction

Ceramic matrix composites (CMCs) are promising
candidates to replace nickel-based alloys in the hot-end
components of aero-engines. CMCs have excellent
mechanical properties and low densities and can also
withstand higher temperatures [1-3]. The key to
increasing the specific core power of a gas turbine
engine is to raise the inlet temperature [4]. Recently,
the components prepared by SiCy¢/SiC CMCs have been
applied to GE9X engines [3]. However, at extremely
high temperatures, SiC react with oxygen to form
silicon scales, which then reacts with water vapor
produced by fuel combustion to form Si(OH), gas [5].
The long-term reaction leads to a sharp decline in the
performance of CMCs [6,7]. The use of environmental
barrier coating (EBC) is an important approach to
enhancing the performance of CMCs at high
temperatures [8]. In the case of EBC, a material coated
on the surface of CMCs isolates the substrate from
direct contact with the corrosive medium.

Rare-earth silicates (RE;SiOs and RE,Si,O;) are
known as the preferred EBC materials [9,10]. The
thermal expansion coefficients (CTEs) of B-type and
y-type pyrosilicates are about (4.0-5.4)x10°° K" [11],
which are very close to those of CMCs and Si bond
layers, whose damage tolerance is excellent [12].
Therefore, EBC coatings made from these materials
have exceptional thermal shock resistance. Among the
single-component pyrosilicates, only Yb,Si,07, Lu,Si,07,
and Sc,Si,07 can maintain a stable -phase from room
temperature to service temperature [13,14]. Moreover,
there is no single-component pyrosilicate that can
maintain y-phase stability over the temperature range
from room temperature to service temperature. The
v-phase only exists in the high-temperature sections of
Y,S1,05, Er,Si,07, and Ho,Si,07 [13,14]. Nevertheless,
the corrosion resistance of calcium magnesium
aluminum silicate (CMAS) molten salt of Yb,Si,0,
Lu,Si,05, and Sc,Si,05 is not enough to meet the service
requirements [15,16]. Therefore, researchers focused
on high-entropy pyrosilicates [17-20]. In Ref. [21], the
high-entropy pyrosilicate with the largest average
radius of the RE’" ion was more likely to form a dense
layer of apatite, resulting in improved CMAS corrosion
resistance. However, the thermal expansion coefficient of
traditional B-type pyrosilicate ((4.0-5.4)x107° K" [11])
is only comparable to that of SiC¢/SiC ((4.5—5.9)><1076

"' [22]). The thermal expansion coefficient of B-type
pyrosilicate is greater than those of C¢/SiC ((2-3)x10°

' [23]) and Si3sN; matrix composites ((3—4)x107°
K" [24]), which may result in tensile stress of the
coating during the thermal cycle and is not conducive
to long-term service of the coating. Furthermore, in
Refs. [17,18,20], RE element selection has been
relatively blind. Still, the phase evolution of the
obtained high-entropy pyrosilicates is unknown, and
there is no universal rule for selecting RE elements for
high-entropy pyrosilicates. If the contents of elements
with large ionic radii are too high, pyrosilicate cannot
maintain a stable B-phase or y-phase, and the a-phase
with a larger thermal expansion coefficient may form [11].
Therefore, the current study investigated a high-
entropy pyrosilicate design method that can maintain
the B-phase or y-phase of pyrosilicates by regulating
the average radius of RE*  ions ( 7(RE3+) ).
Simultaneously, component design has regulated the
thermal expansion coefficient of pyrosilicate.

Herein, 12 kinds of high-entropy pyrosilicates with
different compositions were synthesized via the
solid-phase method. Their phase structures, phase
stability, and thermal expansion coefficients were
characterized and analyzed. Among them, nine kinds
of high-entropy pyrosilicates formed [-phase or
v-phase. Meanwhile, the key factors affecting the
phase structure of high-entropy pyrosilicates were
discovered by comparing 7(RE3+) and the cationic
size difference (0, ) of the as-synthesized pyrosilicates.
The pyrosilicate gradually transformed from p-phase to
v-phase with an increase in the average radius of the
RE*" ion. The phase structures of these nine
pyrosilicates are stable at room temperature to 1400 C.
The thermal expansion coefficient is generally
maintained at (3-4)x10°® K, which is very close to
that of CMCs [22]. The average radius of the RE*" ion
was closely related to the phase structure of
high-entropy pyrosilicates, and the CTE was closely
related to the phase structure and the bond length of
RE-O. The CTE of y-type high-entropy pyrosilicate
among 12 types of high-entropy pyrosilicate can vary
within a certain range and can be changed in different
directions to meet the requirements of different types
of CMCs. The Ilowest obtained CTE is only
(2.43-3.32)x10° K', making it more suitable for
Si3N4 matrix composites and C¢/SiC. During the
thermal cycling process, the coating prepared from it
could be subjected to less tensile stress or even only
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compressive stress, which is better for the long-term
service of ceramic coating. The component design of
high-entropy pyrosilicates based on the average radius
of the RE*" ion promotes the directional regulation of
the phase structure and thermal expansion coefficient.
The current study not only broadens the family of high-
entropy pyrosilicates but also lays the groundwork
for developing EBCs that can be used in harsher
environments.

2 Materials and methods

2.1 Material synthesis

Raw materials included RE,O3; powders (RE = Sm, Eu,
Gd, Dy, Y, Ho, Er, Tm, Yb, and Lu; D5, = 5 um) and
Si0, powders (Dsp = 28 um). 12 types of high-entropy
pyrosilicate blocks with different compositions were
prepared using the solid-phase method. The ratio of
each RE,O; to SiO, is the stoichiometric ratio. Ethanol
and zirconia balls were used as the dispersion medium,
and ball milling was performed for 12 h in a vertical
nylon tank to ensure uniform mixing of the powders.
The obtained slurry was dried at 120 “C for 5 h. After
drying, the mixture was passed through a 20-mesh
sieve. The sieved powders were placed in circular
molds with diameter of 10 mm and cold pressed.
Thereafter, the green billets were placed in a muffle
furnace and maintained at 1600 C for 10 h to obtain
12 types of high-entropy pyrosilicates.

2.2 Characterization

The phase structures of high-entropy pyrosilicate
blocks were determined by the X-ray diffractometer
(D8 ADVANCE, Bruker, Germany). The X-ray diffraction
(XRD) results were refined by using FullProf software
to obtain accurate lattice parameters and atomic
occupancies of different high-entropy pyrosilicates.
The thermal behavior versus temperature was then
studied by means of the in situ high-temperature X-ray
diffractometer (D8 ADVANCE, Bruker, Germany)
equipped with a heating system. The X-ray power is
40 kV and 40 mA; a 0.6 mm evanescent slit is used for
data collection. The data were recorded over the
10°-70° 20 range with a 5 (°)/min scan rate. The
measurement temperature was from 27 to 1400 ‘C with
a heating rate of 10 ‘C/min, and the sample was held at
each temperature for 15 min before scanning. The
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lattice parameters at different temperatures were
obtained by using Jade 6.5 software. The anisotropic
CTEs were determined by fitting the lattice parameter
vs. temperature curves. Furthermore, high-entropy
pyrosilicates were characterized by the scanning
electron microscope (SEM; Magellan 400, FEI, USA)
equipped with an energy dispersive X-ray spectrometer
(Oxford, UK) to investigate the morphology and
elemental composition in detail. An accelerating
voltage of 20 kV was used to capture the energy
dispersive X-ray spectroscopy (EDS) mappings. In
addition, the phase stability of blocks was analyzed by
a thermogravimetry/differential thermal analysis (TG/
DTA) device (STA449C, NETZSCH, Germany), and
the TG/DTA heating rate is 10 ‘C/min. Furthermore,
the thermal expansion coefficients of nine types of
high-entropy pyrosilicates were measured by a thermal
dilatometer (DIL 402SE, NETZSCH, Germany) during
stepwise heating from room temperature to 1300 ‘C at
a heating rate of 10 °C/min. The CTE can be obtained
by Eq. (1):

AL/ L

CTE = (1)

where L is the length of the sample at room
temperature, and AL and AT represent the change
in length and temperature, respectively.

3 Results

3.1 Micromorphology, composition, and phase
structure

The 12 types of high-entropy pyrosilicates
((HoyEr 5 YbisLwpSbOys, (Y ysHoysErsTmysYbyeluy6hShOs,
(YysHoysErysYbysLuyspSiOr, (DyisY 15BrsYbysLuyshSiOs,
(GdysDysHoysTmys YbysLuy SOy, (Y 1sHoEr 4 Tmysh SOy,
(Gd14Dy14Yb1sLuy4),51,07, (Dyi5Y 15Ho15Er15Yb1s5)S1,07,
(Dy15Y 15H0y5Er1sTmy 581,07, (Gd4Dy14Hoy4Er4),S1,05,
(SmyyEu Ybiuluy)SihO;, and (BuysGdysDyysY 15HoyspShOy)
were labeled as HE-1-HE-12 according to the average
radii of the RE*" jons in the ascending order. The radii
of different RE*" ions and the average radii of the RE*"
ions in the high-entropy pyrosilicates are shown in
Tables 1 and 2, respectively [25]. The surface morphologies
and EDS elemental mappings of the 12 pyrosilicates
are shown in Figs. 1 and 2, which indicate a relatively
uniform distribution of various RE elements. The RE
element contents of the whole plane scanning area in
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Figs. 1 and 2 are shown in Table 3, which are very segregation is clearly observed in the EDS elemental
close to the theoretical value [26]. However, elemental mappings of HE-10, HE-11, and HE-12.

Table 1 Radii of different RE*" ions [25]
Type of RE*" Lu* Yb* Tm*" Er* Ho** Y* Dy* Gd* Eu®* Sm*
Radius of RE* (A) 1.032 1.042 1.052 1.062 1.072 1.075 1.083 1.107 1.120 1.132

Table 2 Average radii of RE®" ijons contained in HE-1-HE-12 [25]
Compound HE-1 HE-2 HE-3 HE-4 HE-5 HE-6 HE-7 HE-8 HE-9 HE-10 HE-11 HE-12
F(RE“) (A) 1.0520 1.0558 1.0566 1.0588 1.0647 1.0653 1.0660 1.0668 1.0688 1.0810 1.0815 1.0914

Yb Er Ho

N
Nl
e
1 B

Fig. 1 SEM images and EDS elemental mappings of HE-1-HE-6.

HET Yb Dy
S

Fig.2 SEM images and EDS elemental mappings of HE-7-HE-12.
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Table 3 Element contents in the scanning areas of HE-1-HE-12 (Unit: %)
Element HE-1 HE-2 HE-3 HE-4 HE-5 HE-6 HE-7 HE-8 HE-9 HE-10 HE-11 HE-12
O 63.62 63.65 63.63 63.65 63.62 63.57 63.70 63.63 63.58 63.60 63.74 63.72
Si 18.09 18.22 18.15 18.26 18.18 17.78 18.43 18.14 17.87 18.00 18.65 18.53
Sm — — — — — — — — — — 3.95 —
Eu — — — — — — — — — — 4.58 3.60
Gd — — — — 3.14 — 4.62 — — 4.99 — 3.91
Dy — — — 3.71 2.73 — 4.40 3.63 3.20 431 — 3.11
Y — 3.24 3.64 3.71 — 4.80 — 3.51 4.09 — — 3.53
Ho 430 2.78 3.38 — 3.13 4.35 — 3.49 3.46 433 — 3.60
Er 4.84 2.92 3.83 3.54 — 4.55 — 3.89 3.66 4.77 — —
Tm — 295 — — 2.86 4.95 — — 4.14 — — —
Yb 4.49 3.19 3.61 3.32 3.13 — 4.10 3.71 — — 4.34 —
Lu 4.66 3.05 3.76 3.81 3.21 — 4.75 — — — 4.74 —
Total 100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Figure 3 shows the XRD patterns of 12 different
kinds of high-entropy pyrosilicates, in which HE-1—
HE-4 show a B-phase, and their diffraction peaks are

consistent with the card of PDF#25-1345 (B-Yb,Si,05).

HE-5 and HE-7-HE-9 show a y-phase, and their
diffraction peaks are consistent with the card of
PDF#42-0167 (y-Y»Si,07). The main phase of HE-6 is
the y-phase, but the B-phase also exists as a secondary
phase. The diffraction peaks of the four single B-phase
and four single y-phase pyrosilicates gradually move to
small angles as 7(RE3+) increases. However, HE-10,
HE-11, and HE-12 did not form a single B-phase or
y-phase. The main diffraction peak of HE-10 is consistent
with the a-type pyrosilicate, and its diffraction peaks
are consistent with the card of PDF#24-0065
(0-Gd,Si,07). Moreover, the diffraction peaks of
a-phase and B-phase pyrosilicates were detected in the
XRD pattern of HE-12. The diffraction peaks of HE-11
are relatively disordered due to the existence of seven
types of crystals in pyrosilicate. It is difficult to
determine which phases HE-11 contains, but it can be
determined that there are phases other than B-phase
and y-phase.

The XRD results of seven types of B-type or y-type
high-entropy pyrosilicates were refined by using
Fullprof software, and HE-6 was refined for both
B-phase and y-phase. The XRD refined results of HE-2
(B-phase), HE-5 (y-phase), and HE-6 (both B and y
phases) are shown in Fig. 4. The XRD refined results
of other high-entropy pyrosilicates are shown in
Fig. S1 in the Electronic Supplementary Material
(ESM). The data for HE-1 and HE-3 were obtained
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from Ref. [21]. Table 4 displays the lattice parameters
(a, b, and c) obtained for nine types of B-type or y-type
high-entropy pyrosilicates. Among them, HE-6
contains 71.45% y-phase and 28.55% B-phase. Figure
4(d) shows that the cell volumes (V) of four single
B-phase (HE-1-HE-4) and four single y-phase (HE-5
and HE-7-HE-9) pyrosilicates gradually increase as
7(RE*") increases.

According to the structures of pyrosilicates (Fig. 5),
the structures of B-type and y-type are similar. In both
the structures, RE ions bonded with the adjacent six
oxygen atoms, while Si atoms bonded with the
adjacent four oxygen atoms. The space group of
B-pyrosilicate is Cy/m, its crystal is composed of
[Si207]67 units, and RE ions stacked along the b-axis.
The [Si,07]° unit consists of two [SiO4]"" tetrahedra
connected at the top corners. The space group of y-type
pyrosilicate is P2/b, and its structure is very similar to
that of B-type pyrosilicate. However, the [Si,07]°" units
in the crystal are stacked with RE ions in a sine-wave
pattern. The phase transition between B-phase and
v-phase does not involve bond breaking and re-
bonding. The bond length data obtained by refinement
and the deformation degree (Ad) of [SiO4*
tetrahedron and [REOg]’ octahedron are shown in
Tables 5 and 6. Ad is calculated by Eq. (2):

- 2
1<-(d(L-0), —-d(L-0)
Ad ==~ —i o 2
n;{ d(L-0) J @

where d(L-0), is the distance of L-O (L=REor
Si) between the i-th O atom and the L atom, and
d(L-0) is the average L-O distance. The RE-O
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Table 4 Crystal cell parameters obtained by the XRD-Rietveld refinement, measured densities, and relative densities of
nine B- or y-type pyrosilicates

Compound R, (%) Rwp (%) a(A) b(A) c(A) V(A% B Phase  Measured density (g/cm’) Relative density (%)

HE-1 [16] 4.25 5.54 6.8214 8.9017 4.7152 280.215 101.848 B 5.80 96.28
HE-2 3.30 4.26 6.8322 89131 4.7119 280.828 101.841 B 5.61 98.61

HE-3 [16] 4.21 5.69 6.8316 89152 47161 281.134 101.822 B 5.32 94.73
HE-4 3.51 4.64 6.8381 8.9190 4.7151 281.481 101.811 B 5.49 92.11
HE-5 5.70 4.18 4.6841 10.8137 5.5645 280.303 96.011 Y 5.56 93.44
HE-6 4.64 3.51 6.8552 8.9427 4.7181 283.170 101.759 B (28.55%) 4.73 —
HE-6 4.64 3.51 4.6865 10.8070 5.5653  280.298 96.043 v (71.45%) 4.73 —
HE-7 4.20 3.20 4.6843 10.8205 5.5644 280.505  95.986 b 5.42 91.20
HE-8 4.14 3.20 4.6865 10.8159 5.5676 280.655  96.027 Y 522 93.68
HE-9 4.09 3.14 4.6853 10.8226 5.5712  280.946 96.016 b 5.23 94.38

(a)

x -

(b)

Fig. 5 Crystal structures of (a) B-type and (b) y-type pyrosilicates.

Table 5 RE-O and Si—O bond lengths and Ad of [REOg]*” octahedron and [SiO4]* tetrahedron units in p-type pyrosilicates

Compound Bond Site Bond length (A) Average bond length (A) Ad (%o)
HE-1 [21] RE-O [REOs] 2.228 2.228 2.258 2.258 2279 2279 2.255 0.0861
Si-O [SiO4] 1.577 1.623 1.640 1.640 — — 1.620 0.2532

HEA RE-O [REOs] 2.204 2.204 2.239 2.239 2277 2277 2.240 0.1771
Si-O [SiO4] 1.619 1.672 1.636 1.636 — — 1.641 0.1388

RE-O [REOg] 2212 2212 2.307 2.307 2315 2315 2.278 0.4218

HES 21 Si-O [SiO4] 1.647 1.650 1.559 1.559 — — 1.604 0.7790
HE4 RE-O [REOs] 2214 2214 2.228 2.228 2312 2312 2.251 0.3695
Si-O [SiO4] 1.633 1.653 1.618 1.618 — — 1.631 0.0776

HE-6 RE-O [REOs] 2222 2.222 2.284 2.284 2387 2.387 2.298 0.8772
(B phase) Si-O [SiO4] 1.638 1.643 1.530 1.530 — — 1.585 1.2159

Tsinghua University Pres
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Table 6 RE-O and Si—O bond lengths and Ad of [REO4]* octahedron and [SiO4]* tetrahedron units in v-type pyrosilicates

Compound Bond Site Bond length (A) Average bond length (A) Ad (%o)

HE-6 RE-O [REO¢] 2.093 2.097 2.174 2.210 2.231  2.359 2.144 2.3274

(y phase) Si-O [SiOs4] 1.670 1.677 1.802 1.820 — — 1.742 1.5725

HE.5 RE-O [REOs] 1.832 1.864 2.111 2.140 2336  2.660 1.987 27.5801

Si-O [SiO4] 1.699 1.768 2.035 2.123 — — 1.906 8.6427

RE-O [REO¢] 1.854 2.017 2.084 2261 2267 2.548 2.054 14.7954

HET Si-O [SiO4] 1.648 1.845 1.880 2.014 — — 1.847 5.0273

HE-8 RE-O [REO¢] 1.906 2.088 2.147 2.168  2.354 2477 2.077 10.7739

Si-O [SiOs4] 1.688 1.806 1.810 1.846 — — 1.788 1.1088

HE.-9 RE-O [REOs] 1.984 2.037 2.179 2206 2250 2.308 2.102 3.7583
Si-O [SiO4] 1.668 1.754 1.850 1.904 — — 1.794 2.541

bond length of B-type pyrosilicate is generally greater
than that of y-type pyrosilicate, while the Si—-O bond
length of B-type pyrosilicate is generally smaller than
that of y-type pyrosilicate. Ad of [SiO4]* tetrahedron
and [REOg]”” octahedron of y-type pyrosilicate are
much larger than that of B-type pyrosilicate.

3.2 Thermal stability and thermal expansion
coefficient

The TG/DTA curves of HE-2 (B-phase) and HE-5
(y-phase) are shown in Fig. 6. The TG/DTA curves of
the other high-entropy pyrosilicates are shown in Fig.
S2 in the ESM. As the temperature increased from
room temperature to service temperature, the quality
did not decrease considerably; however, the DTA
signals showed some fluctuations, as shown in Fig. 6
and Fig. S2 in the ESM. To further explore the stability
of the B- and y-phases during the heating process, the
XRD patterns of different high-entropy pyrosilicates
were tested at different temperatures. Figure 7 shows

(3) 105 1.5
— TG (%)
HE'2 —— DTA (UVimg)
1.0
100 —
0.5 ‘é;
g s
~ 95 Z
e <
= =
TR g R %a
90 4
-05
85 1.0

T T T T T T T T
0 200 400 600 800 1000 1200 1400

Temperature (C)

the XRD patterns of HE-2 (B-phase) and HE-5
(y-phase) at different temperatures. In Fig. 7, both
HE-2 and HE-5 retain their original B-phase or y-phase
stably throughout the temperature range (from room
temperature to 1400 C).

Figure 8 shows the curves of thermal expansion
rates (dL/Ly) and CTEs of HE-1-HE-9 for the
temperature range from 200 to 1300 °C obtained by the
thermal dilatometer. Figure 8(c) shows the CTEs of
B-type pyrosilicates (HE-1-HE-4), which are similar.
Figure 8(d) shows the CTEs of y-type pyrosilicates
(HE-5 and HE-7-HE-9), which fluctuate within a
certain range. In Table 7, the CTEs of HE-1-HE-9 are
shown from 200 to 1300 C.

As shown in Figs. 9(a) and 9(b), the cell parameters
of HE-2 (B-type) and HE-5 (y-type) were obtained at
different temperatures by processing the XRD patterns
at different temperatures (Fig. 7) by using Jade 6.5
software. a, b, ¢, and V steadily increased from 27 to
1400 ‘C. The volumetric CTE (¢, ) is calculated by Eq.

(3) [27]:

(b) ™ =il

HE-5

—— DTA (UVimg)

100-‘

@

. Los E
£ 95 2
o /_\ / Z
= =
R CDC]
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- -0.5

85

T T T T T T T T
0 200 400 600 800 1000 1200 1400

Temperature ('C)

Fig. 6 TG/DTA curves of (a) HE-2 (B-phase) and (b) HE-5 (y-phase).
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Table 7 CTEs of HE-1-HE-9 from 200 to 1300 'C
Compound HE-1 HE-2 HE-3 HE-4 HE-5 HE-6 HE-7 HE-8 HE-9

CTE (10°K™) 3.28-4.21 3.17-4.08 2.98-4.28 3.15-4.48 3.19-4.51 2.75-4.07 2.43-3.32 3.34-4.28 3.60-4.56
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In [i] , In [iJ , and In [LJ ) and T -7, were
o by o

(5)
or ),
V(T) = Voexp(jaV (T)dT)

where V| is the volume at 27 C, and o, (T) is a
temperature-dependent CTE. When the temperature
was higher than the Debye temperature, oy, (1) =« ,
and the equation can be simplified by Eq. (4) [27]:

1n[V1] —ay (T-Ty)

0
The axial, volumetric, and linear CTEs of HE-2
(B-type) and HE-5 (y-type) (Figs. 9(c) and 9(d),
respectively) are calculated by a, b, and ¢ at different
temperatures. HE-2 (B-type) and HE-5 (y-type) possess

“)

anisotropic CTEs. The axial CTEs of a-axis («, ) were
the highest among the of PB-type
pyrosilicates, while the highest anisotropic CTEs of

three axes

v-type pyrosilicates were the axial CTEs of the b-axis
(ap). The linear CTEs were one-third of «) . The
linear CTE of HE-2 (B-type) was slightly higher than
that of HE-5 (y-type).

The data in the plot of ln(VKJ (as well as
0

linearly fitted, and the o), a,, o, and «, of
HE-2 (B-type) were determined to be 10.67x10°°,
4.77%10°°,3.47x10°°, and 2.52x10° K™', respectively.
Similarly, the calculated «;, «,, «,, and «a, of
HE-5 (y-type) were 10.18x107°, 1.84x10°°, 4.47x10°,
and 3.98x10°° K, respectively. To demonstrate the
anisotropic thermal expansion, the variation of CTE as
a function of crystal orientation was considered.

To demonstrate the anisotropic CTEs of the - and
v-type pyrosilicates, the change in CTE as a function
of crystal orientation was considered. The x-axis,
y-axis, and z-axis were chosen as the coordinate axes.
The CTE in an arbitrary direction (') is expressed by
Eq. (5) [28]:

r_ 2 2 L2 2 2
a'=a,cos”gsin”0 + o sin“gsin“6 + o, cos”0

®)

where a,, «,, and «, are the CTEs along the
principal axes, and ¢ and @ are the azimuth and
elevation angles of spherical coordinates, respectively.

Equation (6) should be satisfied.
ay=a,+a,+a, (6)
In a monoclinic crystal, a,, «,, and «a, were
approximated as follows: The b-axis was perpendicular
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to the g-axis and c-axis, ie., a,=q,. a, and a,
were approximated as follows: The x-axis direction
was assumed to coincide with the g-axis direction, and
we assumed that the angle between the z-axis and
c-axisis ' . Equations (7) and (8) are satisfied:
a, =a, —asng' @)
a, =a.cosf ®
Thus, the CTEs along the x-axis and z-axis are
obtained by Eq. (6). Using the calculated «,, «,,
and ¢, , the variation of CTE is obtained by Eq. (5).
The spatial contours of the coefficients of thermal
expansion coefficients of the two types of pyrosilicates
are shown in Fig. 10. The two types of pyrosilicates
exhibited different anisotropic thermal expansion
coefficients.

4 Discussion

4.1 Phase structure

Among the single-component pyrosilicates, only
Yb,Si,07, Lu,Si,05, and Sc,Si1,07 can maintain a stable
B-phase within the whole temperature range. The other
single-component pyrosilicates showed phase transformation
during the heating process [11,12], but the elements
other than Yb, Lu, and Sc (elements with larger ionic
radius, such as the Y element) can provide better
corrosion resistance for EBC [14,16]. Therefore, the
high-entropy design of RE pyrosilicates through the
introduction of RE*" ijons with larger radii on the basis
of suppressing the high-temperature phase transition
could be the key breakthrough direction of RE
pyrosilicates applied to EBCs. In the present study, the
crystal type of high-entropy pyrosilicate gradually
changes from P-type to y-type with an increase in

7(RE*"), but the continuous increase in 7(RE*")
after a certain limit produces other types of crystal with
incompatible thermal expansion coefficients, as shown
in Fig. 11. When 7(RE*")<1.0588 A, the high-
entropy pyrosilicate exhibits B-phase. When 1.0647 A
< 7(RE*)<1.0688 A, high-entropy pyrosilicates
show y-phase. The exception is HE-6, composed of the
elements with close ionic radii (Tm, Er, Ho, and Y). In
the case of HE-6, y-phase is formed as the main phase,
but a 28.55% pB-phase is also formed. On the other
hand, the B-phase is formed in HE-2, which is
composed of the four elements (Tm, Er, Ho, and Y)
along with Yb and Lu having smaller ionic radii. While
the y-phase is formed in HE-9, which is composed of
the four elements (Tm, Er, Ho, and Y) along with Dy
having a larger ionic radius, indicating the capability of
these four elements (Tm, Er, Ho, and Y) to form a
single phase. And the six-component HE-5 with the
smaller average radius RE*" jon forms a single y-phase.
The formation of a single y-phase is thought to be
caused by insufficient mixing entropy ( AS,,;, ) of HE-6.
AS,, of high-entropy compounds with different
numbers of components are calculated by Eq. (9):

AS iy = kpInQ =Nk Y xInx, = Nykglnn - (9)

i=1

AS,;, of HE-5 is 14.896 J/(mol-K), while that of
HE-6 is only 11.526 J/(mol-K). In the high-temperature
segments of Y,Si,07, Er,Si,07, and Ho,Si,07, the y-
phase exists at a higher temperature than the B-phase [13].
Although both the segments belong to the monoclinic
system, the y-phase has higher symmetry than the
B-phase [29]. The mixing enthalpy (AH,,;, ) required
for the y-phase transition is greater than that for the
B-phase transition. As shown in Eq. (10), high AS, .,
can provide a driving force for the high-temperature
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Fig. 10 Spatial contours of thermal expansion coefficients of (a) HE-2 (B-type) and (b) HE-5 (y-type).
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Fig. 11 7(RE*") and size differences of cations of 12
high-entropy pyrosilicates.

phase to move toward the low temperature (when the
mixing Gibbs free energy (AG

‘mix ) 18 less than zero),
so the high-temperature phase can exist stably at a low

temperature [30].
AG i =AH i —TAS, ;i <0 (10)

AS,.;, of four-component HE-6 is smaller than that
of six-component HE-5, and AS,;, of HE-6 may not
be enough to provide the driving force for the
transformation of the remaining 28.55% B-phase to
y-phase.

The atomic size difference (6 ) is one of the
important composition-weighted terms used in high-
entropy materials [31]. Typically, systems with low
size differences are more likely to form a single phase.
In the present study, RE elements exist in the form of
ions with +3 charge, and the cation size difference is
used to describe the deviation degree of the cation
radius of different RE elements. 6. is calculated by

Eq. (11): '

8, =D (1-5/7) (11)
where 7, and ¢; are the cationic radius and cation
fraction of an element i, respectively, and 7 is the
average cationic radius. In the present work, no clear
relationship has been observed between &, and the
formation of a single phase. HE-6 had the smallest &,
but did not form a single phase, while HE-2 and HE-7
had a larger ¢, but formed a single phase, as shown
in Fig. 11. Therefore, compared with the average
radius of the RE*" ion and the number of components,
o, may not be an important reference criterion for
obtaining single-phase high-entropy pyrosilicates.

4.2 Thermal expansion coefficient

References [32-34] show that the average thermal
expansion coefficient () of Si—O bonds is about
0.0 K™'. The average thermal expansion of the RE-O
bond can be estimated according to the Hazen and
Prewitt model [35]. They found the equation for the
determination of the o for metal-oxygen bonds, which
is valid for oxides and silicates, as shown in Eq. (12):

a=32.9[0.75—£j><106K1 (12)
p

where z is the cation charge number, and p is the
cation coordination number. The thermal expansion
coefficient of the RE-O bonds of both B-type and
y-type pyrosilicates is found to be equal to 8.2. The
RE;Si,05 crystal structure basically expands along the
[REO,] polyhedron chain [11]. Therefore, the thermal
expansion coefficient of pyrosilicate is mainly attributed
to the stretching vibration of the RE-O bond and has
little association with the Si—O bond.

The thermal expansion coefficient is proportional to
the spacing between atoms in the lattice and inversely
proportional to the lattice energy [36]. Figure 12 shows
the average RE—O bond lengths (the spacing of atoms)
for the four single-phase B-type pyrosilicates and
v-type pyrosilicates, as plotted from the data in Tables
5 and 6. The average length of RE-O bond in B-type
pyrosilicate varies only slightly with 7(RE*").
Moreover, the six RE—O bonds of the [REO6]9_
octahedron are similar in length, so the distortion rate
(Ad) of [REOg]’ octahedron is very small. This
could explain why the thermal expansion coefficients
of B-type pyrosilicates are comparable. This finding is
also consistent with that reported in Ref. [11], which
found that the thermal expansion coefficient of B-type
pyrosilicate is only related to the crystal type, and has
little to do with the RE element. However, compared
with that of B-type pyrosilicates, the average RE-O
bond length of y-type pyrosilicates varies significantly
with the average radius of the RE* ion, which may
result in the fluctuation of the thermal expansion
coefficient of y-type pyrosilicates within a certain
range, as shown in Fig. 8(d). The thermal expansion
coefficients of HE-7-HE-9 are correlated with the
average RE-O bond length, as shown in Fig. 13.
However, the y-phase HE-5 exhibits an abnormally
increased thermal expansion coefficient, which does
not match its average RE—-O bond. HE-5 had the
highest number of RE elements in the solid solution (6).
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The lattice distortion effect of the high-entropy
ceramics may be the reason for the Ad of the
[REOg]’" octahedron being as high as 27.5801%o. As a
result, the bond lengths of the six RE-O bonds of HE-5
vary greatly. The bond length of the No. 1 bond is the
longest of all the y-type pyrosilicates, as shown in Fig.
14. The vectors of the six bonds represented by the
a-axis, b-axis, and c-axis as unit vectors are shown in
Table 8. Among them, the longest No. 1 bond has the
largest projection on the b-axis among the three axes.
Also, the No. 1 bond has the largest projection on the
b-axis among all the bonds. The atomic arrangements
of the [RE06]9_ octahedron in the [001] direction are
shown in Fig. 14. The connection between RE and O
atoms by the No. 1 bond makes the chain of [REO¢]”
octahedrons extend in the b-axis direction. Therefore,
the increase of b-axis lattice parameters is closely
related to the elongation of the No. 1 bond. The
HTXRD results of HE-5 were refined by using
FuffProf software to obtain RE-O bond lengths and
Ad of [REO(,]Q_ octahedron wunits at different
temperatures, as shown in Table 9. The bond lengths
showed an overall elongation trend with the increasing
temperature, and the distortion was all maintained at a
high value. As shown in Fig. 10, B-type and y-type
pyrosilicates exhibit different anisotropic thermal expansion
phenomena. As shown in Fig. 9, the anisotropic CTEs
of the three axial B-type pyrosilicates are a-axis, b-axis,
and c-axis from large to small. While the anisotropic
CTE of b-axis is the largest among the three axes of
y-type pyrosilicates. As a result, the elongation of lattice
parameters along the b-axis contributes the most to the
thermal expansion coefficient of y-type pyrosilicates.
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Fig. 12 Average RE-O bond lengths of the eight single-
phase pyrosilicates.
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Fig. 14 Arrangements of [REOs]” octahedron of HE-5
along the [001] direction and six RE-O bonds of
[REOg]®” octahedron.

HE-5 with the longest No. 1 bond and the high Ad of
the [REOg]”~ octahedron may be responsible for obtaining
a higher thermal expansion coefficient. The thermal
expansion coefficients of various CMCs are similar,
but there is still a certain gap. The thermal expansion
coefficients of C¢/SiC, SizN4, and SiC¢/SiC are (2-3)%
10° K™ 23], 3-4)x10 ° K" [24], and (4.5-5.9)x10 ° K"
[22], respectively. As a result, the thermal expansion
coefficient of y-type pyrosilicate can be matched with
different CMCs via composition design.

Table 8 Vectors of six bonds represented by a-axis,
b-axis, and c-axis as unit vectors in HE-5

RE-O bond number a b ¢ Bond length (A)
No. 1 0.107 0.237 0.100 2.660
No. 2 0.269 —0.054 0.311 2.111
No. 3 0.269 -0.146 —-0.189 2.336
No. 4 -0.133  -0.161 0.182 2.140
No. 5 -0.133  —0.039 -0.319 1.864
No. 6 -0.335 0.063 0.092 1.832

Note: The bond numbers are derived from Fig. 14.
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Table 9 RE-O bond lengths and Ad of [REOg]*" octahedron units in HE-5 at different temperatures obtained using

FullProf refinement
Temperature (C) RE-O bond length (A) Average bond length (A) Ad (%o)
27 1.803 2.013 2.048 2.205 2.479 2.627 2.196 16.4456
200 1.780 1.999 2.093 2.237 2.397 2.670 2.196 16.9083
400 1.967 1.974 1.984 2.345 2.468 2.508 2.208 11.6057
600 1.861 2.013 2.028 2.338 2.426 2.680 2.224 16.0494
800 1.971 2.007 2.073 2.354 2.409 2.597 2.235 10.7889
1000 1.819 2.050 2.124 2.283 2.448 2.720 2.241 16.6749
1200 1.967 2.016 2.151 2.340 2.473 2.633 2.263 11.3254
1400 1.917 2.046 2.182 2.299 2.443 2.678 2.261 12.3665

5 Conclusions

(1) The high-entropy pyrosilicates transform gradually
from B-phase to y-phase with an increase in the
average radius of the RE®" jon. When 7(RE*")<C
1.0588 A, only the B-phase was formed in the high-
entropy pyrosilicates. When 1.0647 A< F(RE*") <
1.0688 A, only the y-phase was formed except in HE-6,
and it comprised both - and y-phases with an average
RE ionic radius of 1.0653 A . When the average
radius of the RE’" ion exceeds a certain range
(F(RE**)=1.0810 A), phases other than p-phase and
y-phase are generated.

(2) Both B-type and y-type high-entropy pyrosilicates
showed excellent phase stability with no phase
transition of the temperature range from room
temperature to 1400 C, which is the requirement for
pyrosilicates to serve as EBC.

(3) The thermal expansion coefficient of B-type
pyrosilicate is relatively constant, while the thermal
expansion coefficient of y-type pyrosilicate fluctuates
within a certain range due to the difference in RE-O
bond length and the high Ad of [REOg]’” octahedron.
exhibit different
anisotropic thermal expansion phenomena. Through

B-type and y-type pyrosilicate

composition design, the thermal expansion coefficient
of y-type high-entropy pyrosilicate can satisfy different
types of CMCs.
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