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Abstract: Rare-earth phosphates (REPO4) are regarded as one of the promising thermal/environmental 
barrier coating (T/EBC) materials for SiCf/SiC ceramic matrix composites (SiC-CMCs) owing to their 
excellent resistance to water vapor and CaO–MgO–Al2O3–SiO2 (CMAS). Nevertheless, a relatively 
high thermal conductivity (κ) of the REPO4 becomes the bottleneck for their practical applications. In 
this work, novel xenotime-type high-entropy (Dy1/7Ho1/7Er1/7Tm1/7Yb1/7Lu1/7Y1/7)PO4 (HE (7RE1/7)PO4) 
has been designed and synthesized for the first time to solve this issue. HE (7RE1/7)PO4 with a 
homogeneous rare-earth element distribution exhibits high thermal stability up to 1750 ℃ and good 
chemical compatibility with SiO2 up to 1400 ℃. In addition, the thermal expansion coefficient (TEC) 
of HE (7RE1/7)PO4 (5.96×10−6 ℃−1 from room temperature (RT) to 900 ℃) is close to that of the 
SiC-CMCs. What is more, the thermal conductivities of HE (7RE1/7)PO4 (from 4.38 W·m−1·K−1 at 
100 ℃ to 2.25 W·m−1·K−1 at 1300 ℃) are significantly decreased compared to those of single- 
component REPO4 with the minimum value ranging from 9.90 to 4.76 W·m−1·K−1. These results 
suggest that HE (7RE1/7)PO4 has the potential to be applied as the T/EBC materials for the SiC-CMCs 
in the future. 
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1  Introduction 

Benefiting from the combination of excellent properties 
including high strength, superior corrosion resistance, 
high-temperature resistance, and high toughness together 
with low density, SiCf/SiC ceramic matrix composites 
(SiC-CMCs) have been regarded as the most promising 
thermal-part candidate to replace Ni-based superalloys 
for the future aero-engine application [1–4]. However, 
when served in a high-velocity combustion environment 
at high temperatures, the protective SiO2 film on the 
SiC-CMCs will be degraded. This is owing to a 
simultaneous reaction with water vapor and a low- 
melting-point oxide mixture of CaO–MgO–Al2O3– 
SiO2 (CMAS), which can result in the recession of the 
SiC-CMCs in a long-term process [5–9]. Therefore, 
there is an urgent demand for advanced thermal/ 
environmental barrier coatings (T/EBCs) to increase 
high-temperature tolerance and service life of the 
SiC-CMCs in harsh working conditions [9–15]. 

Up to now, rare-earth silicates (RE2Si2O7 or 
RE2SiO5) have been developed as the most 
advantageous third-generation T/EBCs. They display 
superior high-temperature durability and corrosion 
resistance in comparison to the first-generation mullite 
and yttria-stabilized zirconia and the second- 
generation ((1−x)BaO·xSrO·Al2O3·2SiO2, 0 ≤ x ≤1) 
T/EBCs [12,14,16–18]. In addition, the rare-earth 
silicates possess the double advantage of chemical 
stability together with rather low thermal 
conductivities (κ) [7,19–22]. Nevertheless, they are 
still confronted with the issue of water vapor corrosion 
owing to the formation of volatile Si(OH)4. In addition, 
it is difficult to obtain single-phase, dense, and crack- 
free rare-earth silicate T/EBCs using the conventional 
atmospheric plasma spraying (APS) method due to 
silica evaporation [23–27]. Meanwhile, the CMAS 
deposited on the surface of the rare-earth silicates can 
further react to form new phases possessing 
unfavorable properties such as high thermal expansion 
coefficients (TECs) and low mechanical strength. In 
this context, discovering new non-silicate T/EBCs with 
improved comprehensive properties is well concerned. 
Recently, xenotime-type rare-earth phosphates (REPO4) 
have gained more attention because of their excellent 
resistance to the water vapor corrosion owing to the 
absence of Si–O bonds [28]. References [28–33] 

confirm that REPO4 (YPO4, YbPO4, LuPO4, ErPO4, 
and ScPO4) possesses excellent high-temperature 
phase stability and resistance to the CMAS. However, 
the relatively high thermal conductivity (9.50– 
12.02 W·m−1·K−1 at room temperature (RT)) is still a 
notable disadvantage of single-component REPO4 for 
their T/EBC applications [23,28,34–36]. 

High-entropy ceramics (HECs) are drawing increasing 
attention owing to their excellent intriguing properties, 
such as high hardness, low thermal conductivity, slow 
grain growth rate, and good resistance to corrosion 
[20,37–40]. Especially benefiting from the enhanced 
phonon scattering due to lattice distortion, the HECs 
usually possess lower thermal conductivities compared 
to single-component compounds [13,41–45]. The 
representative study reported by Zhao et al. [46] 
demonstrated that high-entropy (HE) monazite-type 
(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)PO4 with a lower thermal 
conductivity exhibits a great potential for the T/EBC of 
Al2O3f/Al2O3 CMCs. This implies that an HE strategy 
is a feasible approach to reducing the thermal 
conductivity of the single-component REPO4. Considering 
significantly different requirements for the Al2O3f/ 
Al2O3 CMCs and SiC-CMCs, further investigations on 
the validity of the HE REPO4 for the SiC-CMCs 
remains to be implemented. 

In this work, novel xenotime-type high-entropy 
(Dy1/7Ho1/7Er1/7Tm1/7Yb1/7Lu1/7Y1/7)PO4 (HE (7RE1/7)PO4) 
powders and the corresponding bulk have been 
designed and synthesized by the co-precipitation and 
pressure-less calcination method. The main criteria to 
determine rare-earth element composition are crystal 
structures and atomic radii. Firstly, the corresponding 
REPO4 of selected elements should crystallize in the 
same xenotime structure, possessing the TEC similar to 
those of SiCf/SiC CMCs. Secondly, the selected 
elements are required to have a similar ionic radius. 
Based on these, the elements Dy, Ho, Er, Tm, Yb, Lu, 
Y, and Sc are identified as potential candidates for HE 
(7RE1/7)PO4. Considering that the Sc element is much 
more expensive, Dy, Ho, Er, Tm, Yb, Lu, and Y 
elements are selected herein. Phase composition, 
mechanical and thermal properties, as well as chemical 
compatibility were comprehensively investigated using 
various techniques. The results indicate that HE 
(7RE1/7)PO4 can be a promising T/EBC material for 
the SiC-CMCs. 
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2  Experimental 

2. 1  Preparation and characterization of  
HE (7RE1/7)PO4 

HE (7RE1/7)PO4 powders were synthesized by the 
co-precipitation method, and a schematic diagram is 
shown in Fig. 1. Firstly, seven rare-earth nitrate 
(RE(NO3)3·6H2O) powders (99.9% purity, Shanghai 
Aladdin Biochemical Technology Co., Ltd., China) 
were mixed in an equal molar ratio, and then dissolved 
in distilled water to form clear solution, in which the 
solution concentration is 0.03 mol·L−1 for RE(NO3)3·6H2O. 
H3PO4 (analytical reagent (AR), 85 wt%, Sinopharm 
Chemical Reagent Beijing Co., Ltd., China) dissolved 
in distilled water with 0.03 mol·L−1 was slowly added 
into the above solution and stirred thoroughly to obtain 
precursors of HE (7RE1/7)PO4. The molar ratio of P to 
RE total was controlled to be 1.1∶1. Subsequently, the 
mixture was centrifuged and washed with deionized 
water at 3500 r·min−1 for 10 min until the pH value 
reached 6.0 or higher after several times. The obtained 
precursor of the HE (7RE1/7)PO4 powders was 
re-suspended in alcoholic solution, and then dried in an 
oven (DZF-6050-L, Shanghai Binglin Electronic 
Technology Co., Ltd., China) at 80 ℃ for 24 h. Finally, 
the HE (7RE1/7)PO4 powders were synthesized by 
calcining the precipitate at 1300 ℃  for 2 h. 
Single-component REPO4 powders herein were also 
synthesized using the same way with one kind of 
specific RE(NO3)3·6H2O as raw materials. The 
resulting powders were ball milled in ethyl alcohol 
with zirconia balls for 5 h by a planetary ball mill 
(XQM-2, Changsha MITR Instrument and Equipment 
Co., Ltd., China), and the slurry was dried, and then 

filtered by 300-mesh sieves to obtain fine particles. 
HE (7RE1/7)PO4 bulk and single-component REPO4 

bulk were uniaxially compacted into cylinders      
(ϕ14 mm × 2 mm) at 200 MPa for 2 min and calcined 
at 1650 ℃ or 6 h in a muffle furnace (KSL-1800X, 
Zhengzhou Kejing Electric Furnace Co., Ltd., China). 
The bulk density (ρ) of the fired cylinder samples 
were tested through Archimedes method. The 
theoretical density (D) of HE (7RE1/7)PO4 is 
calculated by Eq. (1), where the rare-earth elements 
were assumed to distribute in sublattice sites 
uniformly. In Eq. (1), M denotes the molar mass of 
the crystalline substance, N is the number of the 
molecules in the unit cell, V is the unit cell volume, 
and NA represents Avogadro’s constant. 

 
A
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D
N V


 

(1) 

Phase compositions of the samples were identified 
using an X-ray diffractometer (D/max-2400, Rigaku, 
Japan) with Cu Kα radiation performed from 10° to 
60° at a scanning rate of 5 (°)·min−1. Rietveld 
refinements of X-ray diffraction (XRD) were analyzed 
using the General Structural Analysis System (GSAS) 
program for lattice constant analysis. Microstructural 
characterization and element distribution analysis were 
characterized using a field-emission scanning electron 
microscope (FE-SEM; GeminiSEM 300, ZEISS, 
Germany) equipped with an energy-dispersive X-ray 
spectrometer (EDS; Ultim Max 170, Oxford Instrument 
Technology (Shanghai) Co., Ltd., UK) and a transmission 
electron microscope (TEM; Talos F200X, FEI, USA). 
A grain size distribution was analyzed using the 
ImageJ software (National Institutes of Health, USA), 
where at least 300 grains were counted. In view of a 
fracture surface, the synthesized HE (7RE1/7)PO4 bulk 

 

 
 

Fig. 1  Schematic diagram of preparation process of HE (7RE1/7)PO4 powders. 
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was randomly broken into some small blocks using a 
hammer. A block with an appropriate size was then 
selected to observe with the aid of SEM analysis. 

2. 2  Mechanical properties of HE (7RE1/7)PO4 bulk 

A nanoindentation test was performed to measure 
nanohardness and reduced modulus using a nanoindenter 
(TMXP, MTS Systems Corp., USA) and a diamond 
Berkovich indenter (Guangzhou Zhi Cheng Technology 
Co., Ltd., China) with a tip radius of 20 nm [47]. 
During the test, the well-polished surface of the sample 
with a size of ϕ14 mm × 2 mm was performed at a space 
of 10 mm between the two adjacent points with a 
constant load of 8 mN held for 15 s. 

2. 3  Thermal properties of HE (7RE1/7)PO4 bulk 

The thermal conductivity was characterized by a laser 
flash analyzer (LFA457, NETZSCH, Germany) in an 
argon atmosphere within temperatures ranging from 
100 to 1300 ℃ The HE (7RE1/7)PO4 bulk with a size 
of ϕ12.7 mm × 2 mm was used and coated with 
platinum and graphite layers to prevent heat radiation. 

The κ can be calculated from the heat capacity (cp), 
ρ, and thermal diffusivity (Dth) by Eq. (2). Because the 
prepared bulks were not fully dense, the thermal 
conductivity (κ0) of fully dense materials is corrected 
by Eq. (3) to exclude the influence of residual 
micropores. In Eq. (3), ϕ is the porosity that can be 
determined by the equation: ϕ = 1 – ρ/D. Each 
measurement was repeated three times to acquire 
average values. 

 κ = Dthcp ρ (2) 

 0  = 
1 3 / 2




 (3) 

The average TEC from RT to 900 ℃ in air was 
investigated via an optical dilatometer (DIL 402 
Expedis Classic, NETZSCH, Germany). Testing bulks 
were rectangular bars with dimensions of 4 mm × 
3 mm × 15 mm. 

The high-temperature stability of HE (7RE1/7)PO4 in 
the temperature ranging from RT to 1450 ℃ with a 
heating rate of 5 ℃ ·min−1 and argon flow of 
25 mL·min−1 was identified by a thermogravimetric– 
differential thermal analyzer (STA 449 F1, NETZSCH, 
Germany). The phase stability was conducted via 
calcination at 1750 ℃ for 1 h, and was then evaluated 
by the XRD. 

2. 4  Chemical compatibility of HE (7RE1/7)PO4 

To characterize the chemical compatibility between  
HE (7RE1/7)PO4 and SiO2, the HE (7RE1/7)PO4 
powders and SiO2 powders (SiO2 ≥  99.9 wt%, 
Aladdin Biochemical Technology Co., Ltd., China) 
were mixed in an equal mass and milled by planetary 
ball-milling for 5 h in ethyl alcohol, and then dried in 
an oven. The mixed powders were compacted into 
cylinder shapes (ϕ12.7 mm × 5 mm) at a uniaxial 
pressure of 200 MPa, and then calcined in a furnace at 
1400 ℃ for 5 h. After that, the calcined samples were 
crushed and ground into powders in an agate mortar. 
The phase compositions and microstructures of the 
mixed powders before and after annealing at 1400 ℃ 
were analyzed by the XRD and SEM. 

3  Results and discussion 

3. 1  Phase compositions and microstructures of HE 
(7RE1/7)PO4 

3.1.1  HE (7RE1/7)PO4 powders 

Figures 2(a) and 2(b) present typical crystal structures 
of the single-component REPO4 and HE (7RE1/7)PO4, 
respectively. It can be seen that HE (7RE1/7)PO4 has 
the same crystal structure as those of the single- 
component REPO4, i.e., the tetragonal structure with 
the space group of I41/amd (Z = 4 where Z is the number 
of molecules in the unit cell). As for HE (7RE1/7)PO4, 
seven kinds of RE atoms occupy the RE sites randomly 
and form the tetragonal structure consisting of PO4 
tetrahedra and REO8 dodecahedra [28,48]. The REPO4 
can be regarded as accumulating vertex- connected 
PO4 tetrahedra and REO8 dodecahedra. In the PO4 
tetrahedra, a P atom is surrounded by four O atoms. As 
for the REO8 polyhedra, the RE atom is surrounded by 
eight O atoms. Each oxygen atom connects one P atom 
and two RE atoms, whereas each RE atom and P atom 
connect eight and four oxygen atoms, respectively. 

Figure 2(c) shows XRD patterns of the synthesized 
HE (7RE1/7)PO4 powders and the corresponding 
standard cards of the single-component REPO4. It can 
be seen that the single phase of HE (7RE1/7)PO4 
without other impurities is synthesized. As displayed in 
Fig. 2(d) and Fig. S1 in the Electronic Supplementary 
Material (ESM), the characteristic peaks corresponding 
to the single-component REPO4 shift toward higher  



J Adv Ceram 2023, 12(5): 1033–1045  1037  

 

 
 

Fig. 2  Crystal structure patterns of (a) single-component REPO4 and (b) HE (7RE1/7)PO4; (c, d) XRD patterns, (e) SEM image, 
and (f) particle size distribution of HE (7RE1/7)PO4 powders. 

 

diffraction angles with the increase of RE3+ ionic radii. 
The highest diffraction peak (200) of HE (7RE1/7)PO4 
is lying in the middle position among these single- 
component REPO4, suggesting that the lattice distortion 
is generated due to the equal proportional doping of 
multiple components in HE (7RE1/7)PO4. Figure 2(e) 
shows that the morphologies of the HE (7RE1/7)PO4 
powders consist of two typical morphologies, i.e., 
irregular and rod-like grains. The size of the irregular 
grains is below 1 μm, while the rod-like grains exhibit 
a height of 1–3 μm and a diameter of less than 1 μm. 
The particle size distribution analysis (Fig. 2(f)) 
displays that the mean grain size of the HE 
(7RE1/7)PO4 powders is 0.90±0.05 µm.  

To obtain detailed information regarding lattice 
parameters of HE (7RE1/7)PO4, Rietveld refinement is 
carried out, and the results are shown in Fig. 3. The 
values of fitting parameters consisting of Rp = 3.77% 
and Rwp = 5.83% (Fig. 3) suggest good reliability of 
Rietveld refinement where Rwp is the weighted sum of 
the squared differences between the observed and 
computed intensity values, and Rp is profile residual 
(unweighted). Table 1 summarizes the refined lattice 
parameters of HE (7RE1/7)PO4 and other single-component 
REPO4 obtained from JCPDS cards. Except for YPO4, 
the lattice parameters of the single-component REPO4 
decrease continuously with the increasing atomic 
number of the rare-earth elements. The lattice 
parameters of HE (7RE1/7)PO4 are calculated to be a = 
6.8581 Å, b = 6.8581 Å, and c = 6.0064 Å, which are 
nearly equivalent to the average values of seven 
single-component REPO4. Based on the above results, 
D of HE (7RE1/7)PO4 is calculated to be 5.93 g·cm−3. 

To further clarify the crystal structures and elemental 
homogeneity of the HE (7RE1/7)PO4 powders on the 
nanoscale, the TEM analysis is characterized, as shown 
in Fig. 4. In Figs. 4(a)–4(c), high-resolution TEM 
(HRTEM) and selected area electron diffraction (SAED)  

 

 
 

Fig. 3  XRD refinement pattern of HE (7RE1/7)PO4 powders. 
 

Table 1  Refined lattice parameters and corresponding 
D of HE (7RE1/7)PO4 together with data of single- 
component REPO4 obtained from JCPDS cards 

Compound a (Å) b (Å) c (Å) D (g·cm−3)
JCPDS 

Card No.

YPO4 6.8817 6.8817 6.0177 4.28 98-002-8554

DyPO4 6.9070 6.9070 6.0460 5.93 98-004-7193

HoPO4 6.8820 6.8820 6.0250 6.05 98-003-5706

ErPO4 6.8600 6.8600 6.0030 6.21 98-016-7090

TmPO4 6.8290 6.8290 5.9800 6.28 98-007-9759

YbPO4 6.8010 6.8010 5.9650 6.44 96-900-1661

LuPO4 6.7830 6.7830 5.9470 6.55 96-900-1662

HE (7RE1/7)PO4 6.8581 6.8581 6.0064 5.93 — 
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Fig. 4  TEM analysis of HE (7RE1/7)PO4 powders: (a) TEM image, (b) HRTEM image, (c) SAED image, (d) high-angle 
annular dark field (HAADF) image, (e) EDS elemental mappings, and (f) atomic fractions of HE (7RE1/7)PO4 powders. 

 

images show that the HE (7RE1/7)PO4 powders exhibit 
excellent crystallinity and sharp lattice fringes without 
defect, confirming the single phase of synthesized HE 
(7RE1/7)PO4. Meanwhile, the measured interplanar 
spacing (d) is 0.2657 nm, corresponding to the 
d-spacing of the (112) plane of HE (7RE1/7)PO4, which 
is consistent with the XRD results (Fig. 2(c)). Figures 
4(d) and 4(e) display that the distribution of seven rare- 
earth elements within the grains are homogeneous with 
no element segregation according to energy-dispersive 
X-ray spectroscopy (EDS) elemental mappings. Atomic 
fractions (Fig. 4(f)) and X-ray fluorescence (XRF) 
characterization (Table S1 in the ESM) further verify 
that only single solid-solution phase is presented in the HE 
(7RE1/7)PO4 powders with equimolar rare-earth elements. 

3.1.2  HE (7RE1/7)PO4 bulk 

The phase compositions and microstructure analysis of  

the HE (7RE1/7)PO4 bulk are carried out, as shown in 
Fig. 5. In Fig. 5(a), no impurity phase except HE 
(7RE1/7)PO4 can be detected, indicating high phase 
purity of the HE (7RE1/7)PO4 bulk. Figure 5(b) 
illustrates that the grains on the surface are nearly 
equiaxial, and the average grain size (the inset of   
Fig. 5(b)) is 5.24±0.17 µm. Compared with that of the 
HE (7RE1/7)PO4 powders, the reason for the variation 
of grain morphology is inferred to be attributed to the 
space limitation on growth direction and welding effect 
of neighboring grains [49]. A similar behavior has been 
found in the morphological development of calcium 
hexaluminate [49,50]. The ρ of the HE (7RE1/7)PO4 
bulk is determined to be 5.57 g·cm−3. Combined with 
D of the HE (7RE1/7)PO4 powders (Table 1), the 
relative density is calculated to be 93.93%, suggesting 
a relatively high density of the HE (7RE1/7)PO4 bulk 
via the pressure-less calcination method. Figures 5(c)  
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Fig. 5  (a) XRD pattern, (b) surface SEM image and particle size distribution, (c) EDS elemental mappings, and (d) atomic 
fractions of HE (7RE1/7)PO4 bulk. 

 

and 5(d) show that seven rare-earth elements exhibit a 
uniform distribution in the HE (7RE1/7)PO4 bulk, 
which can verify high phase stability of the HE 
(7RE1/7)PO4 powders during the calcination process. 

3. 2  Mechanical properties of HE (7RE1/7)PO4 bulk 

Good mechanical properties and damage tolerance are 
basic requirements for the T/EBC materials. To 
evaluate the mechanical properties of the HE 
(7RE1/7)PO4 bulk, the nanohardness and reduced 
modulus are measured with the single-component 
REPO4 included for comparison, as listed in Table 2. 
In Table 2, the measured nanohardness value of the HE 
(7RE1/7)PO4 bulk (10.42±0.81 GPa) is significantly 
higher than the “rule of mixture” value (7.48±1.11 GPa) 
from the average of the seven single-component 
REPO4, which should be ascribed to solid-solution  

strengthening [49]. In view of the reduced modulus, 
the measured value of the HE (7RE1/7)PO4 bulk  

 
Table 2  Nanohardness, reduced moduli, and apparent 
porosity of HE (7RE1/7)PO4 bulk and single-component 
REPO4 bulks 

Compound 
Nanohardness  

(GPa) 
Reduced  

modulus (GPa) 
Apparent 

porosity (%)

DyPO4 5.38±0.70 106.13±11.11 7.9 

HoPO4 6.29±1.27 132.30±9.11 6.15 

ErPO4 9.84±0.44 167.78±7.96 5.56 

TmPO4 8.65±1.19 180.86±8.55 6.65 

YbPO4 10.25±0.95 174.14±8.98 5.79 

LuPO4 7.99±1.94 136.76±9.17 6.75 

YPO4 3.93±1.25 97.26±28.17 8.58 

Average value 7.48±1.11 142.17±11.86 — 
HE (7RE1/7)PO4 10.42±0.81 149.15±7.48 6.07 
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(149.15±7.48 GPa) is slightly higher than the “rule of 
mixture” value (142.17±11.86 GPa). By comparison, 
the reduced modulus of HE (7RE1/7)PO4 is higher than 
those of DyPO4, HoPO4, YbPO4, and LuPO4 but is 
lower than those of ErPO4, TmPO4, and YbPO4. This 
phenomenon may be caused by a combination of 
intrinsic quality and certain porosity of the 
corresponding bulks (Table 2). The similar results have 
been reported in HE (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C [51], 
HE (Y1/4Ho1/4Er1/4Yb1/4)2SiO5 [20], and medium- 
entropy (Zr1/3Nb1/3Ti1/3)C [52]. 

Figure 6 illustrates a fracture surface of the HE 
(7RE1/7)PO4 bulk after a fracture test at RT. It can be 
noticed that the fracture surface exhibits an 
intragranular fracture. The cleavage steps indicated by 
the white dotted box and river line patterns (RLPs) can 
be observed in the whole fracture surface, which is due 
to the cracks initiated from surface defects and 
extended inside the bulk. The formation of the 
cleavage steps is beneficial for promoting the 
dissipation of fracture energy, which is well associated 
with the relatively high nanohardness (Table 2). 

3. 3  High-temperature stability of HE (7RE1/7)PO4 
bulk 

High-temperature stability is a significant property to 
judge the reliability of the T/EBCs. To evaluate the 
high-temperature stability of the HE (7RE1/7)PO4 bulk, 
both thermogravimetric–differential thermal analysis 
(TG–DTA) curves from RT to 1450 ℃ and calcination 
test at 1750 ℃ for 1 h are conducted, and the results 
are shown in Fig. 7. In Fig. 7(a), there is no apparent 
exothermic/endothermic peaks in the DTA curve and 
mass fluctuation in the TG curve, indicating that no 
decomposition or phase transition occurs during the  

non-isothermal process. The XRD pattern (Fig. 7(b)) 
displays that all the detected peaks can be indexed to 
the diffraction data of HE (7RE1/7)PO4, which suggests 
that no polycrystalline transformation and new phases 
are formed during the calcination process. These 
results validate excellent high-temperature stability of 
the obtained HE (7RE1/7)PO4 bulk. 

3. 4  Chemical compatibility of HE (7RE1/7)PO4 

Chemical compatibility is a crucial requirement for the 
T/EBCs. The chemical  compatibil i ty of HE 
(7RE1/7)PO4 with SiO2 is investigated at 1400 ℃ for 
5 h. Figure 8(a) displays the phase compositions of the 
HE (7RE1/7)PO4/SiO2 mixture before and after calcination. 
By comparison, it can be seen that no new phases 
besides the quartz crystallized from SiO2 are generated 
in the HE (7RE1/7)PO4/SiO2 mixture. These results 
manifest that HE (7RE1/7)PO4 possesses good chemical 
compatibility with SiO2 during the calcination process. 
To further prove this, a HE (7RE1/7)PO4/SiO2 interface 
is analyzed, as presented in Fig. 8(b). It can be seen 
that dark gray-appearing phases of SiO2 disperse  

 

 
 

Fig. 6  Fracture surface of HE (7RE1/7)PO4 bulk. 
 

 
 

Fig. 7  (a) TG–DTA curves of HE (7RE1/7)PO4 measured from RT to 1450 ℃ and (b) XRD patterns of the sample after 

calcination at 1750 ℃ for 1 h. 
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Fig. 8  (a) XRD patterns of HE (7RE1/7)PO4/SiO2 mixture before and after calcination at 1400 ℃ for 5 h, (b) backscattered 

electron (BSE) micrographs of HE (7RE1/7)PO4/SiO2 interface after calcination at 1400 ℃, and (c) corresponding EDS 
elemental mappings. 

 

among bright white agglomerates of HE (7RE1/7)PO4. 
The EDS elemental mappings (Fig. 8(c)) performed on 
this interface show that there is no element diffusion at 
the interface of the HE (7RE1/7)PO4/SiO2 mixture. The 
formation of two prominent black areas of circles in 
the EDS mapping of the element Y should be attributed 
to the difference in the depth of field, which may cause 
an error in the EDS analysis. This phenomenon also 
exists in other RE elements with different degrees. The 
above observations further confirm that the synthesized 
HE (7RE1/7)PO4 can be compatible with the silicon 
oxide generated from the SiC-CMCs in the course of 
service. 

3. 5  Thermal properties of HE (7RE1/7)PO4 bulk 

The thermal properties, including the thermal conductivity 
and TEC, are important parameters to determine the  

validity of the T/EBCs. Figure 9 plots the thermal 
conductivities of HE (7RE1/7)PO4 and single- 
component REPO4 measured from 100 to 1300 ℃. It 
can be seen that the changing trend for the HE 
(7RE1/7)PO4 bulk is similar to that for the single- 
component REPO4, i.e., the thermal conductivities 
monotonically decrease with the temperature. By 
comparison, the HE (7RE1/7)PO4 bulk exhibits 
significantly lower thermal conductivities (from 
4.38 W·m−1·K−1 at 100 ℃ to 2.25 W·m−1·K−1 at 
1300 ℃) compared to all the single-component REPO4. 
The lower thermal conductivity of the HE (7RE1/7)PO4 
bulk should be attributed to the lattice distortion and 
mass difference originating from multicomponent 
rare-earth doping. Based on this, the anharmonic 
phonon scattering is enhanced, and thus the lattice 
thermal conductivity is decreased by Eq. (4). Herein,  
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Fig. 9  Thermal conductivities of HE (7RE1/7)PO4 bulk 
and single-component REPO4 bulk [28] measured from 
100 to 1300 ℃. 

 

Гm, Гs, τ
−1, δ3, m , and ωD are the scattering parameters 

of mass fluctuation and strain field, thermal resistance, 
atomic volume, mean velocity, and Debye frequency, 
respectively [47,53]. 

 
1   = 

3 4
D
4
m4π

 


(Гm + Гs) (4) 

The formation of HE (7RE1/7)PO4 is a substitutional 
reaction among the seven single-component REPO4. 
Those seven kinds of rare atoms are expected to 
occupy the RE sites randomly. Accordingly, numerous 
defects produced by substitutional atoms can be 
introduced into the lattices, which can increase the 
thermal resistance of HE (7RE1/7)PO4. As we can see 
from Eq. (4), it is distinct that large-quantity mass and 
strain field fluctuations will be generated around 
substitutional atom defects, leading to the increase of 
Гm and Гs. This will in turn promote the thermal 
resistance and ultimately decrease the thermal 
conductivity of HE (7RE1/7)PO4. 

Figure 10 shows the TECs of HE (7RE1/7)PO4 bulk 
measured between RT and 900 ℃. It can be seen that 
the expansion increases linearly with temperature 
without excessive fluctuation, indicating no occurrence 
of phase transition or decomposition. Table 3 summarizes 
the TECs of bulk HE (7RE1/7)PO4 and single- 
component REPO4 as well as the SiC-CMCs. It can be 
seen that the average TEC of HE (7RE1/7)PO4 
(5.97×10−6 ℃−1) is slightly lower than those of the 
REPO4, such as YPO4 (6.2×10−6 ℃−1), HoPO4 
(6.0×10−6 ℃−1), YbPO4 (6.0×10−6 ℃−1), and LuPO4 
(6.2×10−6 ℃−1) [36], but close to that of the  

 
 

Fig. 10  (a) Linear thermal expansion curve and (b) TECs of 
HE (7RE1/7)PO4 bulk measured between RT and 900 ℃ 
where L0 is the length of the sample measured at room 
temperature, and dL is the difference between the length 
of the sample measured at different temperature and room 
temperature. 

 

Table 3  TECs of HE (7RE1/7)PO4 bulk and single- 
component REPO4 bulks as well as SiC-CMCs at 
temperatures between RT and 900 ℃ 

Compound TEC (10−6 ℃−1) Ref. 

YPO4 6.2 [36] 

DyPO4 — — 

HoPO4 — — 

ErPO4 6.0 [36] 

TmPO4 — — 

YbPO4 6.0 [36] 

LuPO4 6.2 [36] 

SiC-CMCs 4.5–5.5 [1,21,54] 

HE (7RE1/7)PO4 5.97 This work 

 

SiC-CMCs ((4.5–5.5)×10−6 ℃−1) [1,11,54]. Therefore, 
it is reasonable to conclude that HE (7RE1/7)PO4 is a 
good match for the T/EBCs applied in the SiC-CMCs. 

4  Conclusions 

In this work, a novel HE (7RE1/7)PO4 T/EBC material 
has been designed and synthesized for the SiC-CMCs 
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via the co-precipitation and pressure-less calcination 
method. This material has a tetragonal crystal structure 
with the space group of I41/amd (Z = 4). Its 
nanohardness and reduced modulus are measured to be 
10.42±0.81 and 149.15±7.48 GPa, respectively. In 
addition, HE (7RE1/7)PO4 has good chemical 
compatibility with SiO2 and thermal stability up to 
1400 and 1750 , respectively. The TEC of HE ℃

(7RE1/7)PO4 from RT to 900 ℃ is 5.96×10−6 ℃−1, 
which is close to that of the SiC-CMCs. It is worth 
highlighting that the thermal conductivities of      
HE (7RE1/7)PO4 are from 4.38 W·m−1·K−1 at 100 ℃ 
to 2.25 W·m−1·K−1 at 1300 ℃, which are much lower 
than those of the single-component REPO4. Therefore, 
HE (7RE1/7)PO4 is a promising candidate for an 
available T/EBC material for the SiC-CMCs in the 
future. 
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