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Abstract: Rare-earth tantalates RETaO4 have been extensively investigated as thermal protective 

materials, but their applications as environmental barrier coatings (EBCs) for ceramic matrix 

composites (CMCs) are limited by their high thermal expansion coefficients (TECs≥9.0×10-6 K-1). The 

high-entropy design provides a feasible route to tailor the thermal properties of RETaO4; however, 

most reports focus on equimolar RETaO4 HECs. In this study, a series of non-equimolar monoclinic-

prime (m )́ RETaO4 HECs are designed and synthesized to clarify the composition-structure-property 

relationships. The non-equimolar design is used to regulate configurational complexity, polyhedral 

distortion, and lattice strain in m -́RETaO4 within the same m  ́phase. Atomic-scale TEM and GPA 

characterizations reveal the associated local distortion and lattice strain. These observations link non-

equimolar composition with local structural distortion and macroscopic thermal transport behavior.  

The lowest thermal conductivity reaches 1.52-2.68 W·m-1·K-1 at 25-900 °C, and is mainly associated 

with RE-site disorder, lattice strain, and polyhedral distortion. Polyhedral distortion also suppresses 

thermal expansion by restricting atomic anharmonic vibrations. Among the designed compositions, 

the optimized non-equimolar m -́RETaO4 HECs (Sc0.2Y0.2Tm0.2Ho0.2Dy0.1Gd0.1)TaO4 exhibits the 

lowest TECs of 6.2×10-6 K-1 at 1500 °C, closer to SiC-based CMCs than the other compositions, 

indicating its potential as candidate EBCs.  This work proposes that polyhedral distortion and lattice 

strain are important structural factors for tailoring the thermal properties of non-equimolar RETaO4 

HECs, providing guidance for the design of complex oxides. 

Keywords: non-equimolar design; high-entropy ceramics; lattice distortion; disorders; EBCs 
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1 Introduction 

SiC ceramic matrix composites (CMCs) are characterized by a low density, high-temperature 

stability, and oxidation resistance, which makes them suitable for hot-section components of gas 

turbine blades [1-3]. However, in combustion environments containing water vapor and molten salt 

impurities, CMCs suffer from severe recession and corrosion [4, 5]. To address these issues, 

environmental barrier coatings (EBCs) are applied to isolate CMCs from aggressive environments, 

thereby improving their stability and service life [6-9]. Rare-earth tantalates RETaO4 are considered 

as potential EBCs owing to their high melting points, excellent phase stability, and good corrosion 

resistance [10-14]. However, the mismatch in thermal expansion coefficients (TECs) between RETaO4 

and SiC-CMCs remains a critical limitation for their application. SiC-based CMCs generally exhibit 

TECs of approximately 3.9-5.6×10-6 K-1 [15-18] ; therefore, minimizing the TECs mismatch is 

essential to reduce thermal stresses and enhance coating durability. 

RETaO4 typically exists in three polymorphs: monoclinic-prime (m )́ [19], monoclinic (m) [20], 

and tetragonal (t) phases [21]. Among them, m -́RETaO4 exhibits the lowest TECs of 5.0-8.0 ×10-6·K-

1. High-entropy engineering provides an effective strategy to reduce the TECs of m -́RETaO4, thereby 

reducing interfacial stress between RETaO4 and CMCs. Furthermore, reducing thermal conductivity 

improves thermal insulation performance of EBCs, and it is important for the protection of CMCs [22, 

23].  

High-entropy ceramics (HECs), defined as solid solutions containing five or more principal 

cations, have emerged as an effective strategy for tailoring thermal properties of various ceramics [24-

27]. The high-entropy effect introduces severe lattice distortion and mass fluctuation, thereby reducing 

thermal conductivity and TECs [28-31]. Most existing studies on HECs focused on equimolar 

compositions to maximize configurational entropy (Sconf), but higher entropy does not necessarily 

guarantee better performance [32-35]. Equimolar designs often obscure the individual contributions of 

constituent elements, particularly the strain effects induced by ionic radius mismatch [36]. In contrast, 
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non-equimolar design allows the molar ratios of constituent elements to be adjusted, thereby providing 

a route to tune compositional disorder, lattice distortion, and thermophysical properties [37, 38]. This 

approach enables access to specific critical states of lattice distortion to minimize thermal conductivity 

and optimize TECs, but it remains largely unexplored in RETaO4 ceramics.  

Previous studies indicate that the phase stability and phase-transition behavior of RETaO4 are 

closely related to the RE3+ ionic radius, and the ionic-radius range around 0.100-0.102 nm can be 

regarded as a reference point for the phase transition of RETaO4 [39-41]. Moreover, the crystal 

structure of RETaO4 can also be influenced by processing conditions such as sintering temperature 

and cooling history. For example, YTaO4 has been reported to crystallize into both m and m  ́phases 

under different thermal treatment conditions [42]. In the present work, since each sample is 

synthesized under identical processing conditions, the average RE3+ ionic radius is considered to be 

the primary factor influencing the observed phase evolution. Therefore, selecting rare-earth elements 

with small ionic radii is important for promoting the formation of the m  ́phase to achieve low TECs. 

Accordingly, Sc, Y, Tm, Ho, Dy, and Gd are selected as the principal components in this study. For 

RE3+ with a coordination number of 8, the ionic radii of these elements are close to this reference 

region, as shown in Table 1 [43]. The calculations show that the designed compositions have weighted-

average RE3+ ionic radii lower than the reference region of approximately 0.100-0.102 nm, which 

favors the formation of m -́RETaO4 HECs under the present synthesis conditions. 

Therefore, a key question is whether non-equimolar compositional design can produce a more 

favorable local distortion state than conventional equimolar high-entropy design, thereby enabling the 

simultaneous optimization of TECs and thermal conductivity of m -́RETaO4. 

Table 1 Ionic radii (r/nm) of RE3+ ions with an oxygen coordination number of 8 [43]. 

Element Sc3+ Y3+ Tm3+ Ho3+ Dy3+ Gd3+ 

r (nm) 0.0870 0.1019 0.0994 0.1015 0.1027 0.1053 
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In this work, a series of non-equimolar m -́RETaO4 HECs incorporating selected RE elements are 

designed and synthesized. The molar ratios are systematically varied to tune size mismatch and 

configurational entropy. In addition to standard characterization, physical descriptors, including lattice 

parameters (a, b, c), configuration entropy (Sconf), disorders in RE ionic radius (Dδ), atomic weight (Dw) 

and electronegativity (De), are introduced to clarify the underlying mechanisms. This study 

investigates the evolution of crystal structure, thermal expansion behavior, and thermal conductivity 

of non-equimolar RETaO4 ceramics as EBCs. 

2 Materials and methods 

2.1 Synthesis of materials 

The samples were fabricated via a conventional solid-state sintering route. First, RE2O3 (RE = Sc, 

Y, Tm, Ho, Dy, Gd) and Ta2O5 (purity ≥ 99.99 %, Macklin, China) were weighed according to the 

designed molar ratios and homogenized by ball milling at 300 r·min-1 for 12 h. The resulting slurry 

was dried at 70 °C for 24 h. The dried powders were sieved through a 300-mesh sieve and then pressed 

at 100 MPa for 3 min to obtain green compacts with a diameter of 15 mm and a thickness of 2 mm. 

The compacts were sintered at 1650 °C for 10 h. The six samples were denoted as 

(Sc0.1Y0.2Tm0.2Ho0.2Dy0.2Gd0.1)TaO4 (HE-1), (Sc0.2Y0.1Tm0.2Ho0.1Dy0.2Gd0.2)TaO4 (HE-2), 

(Sc0.2Y0.2Tm0.2Ho0.2Dy0.1Gd0.1)TaO4 (HE-3), (Sc0.3Y0.1Tm0.1Ho0.2Dy0.1Gd0.2)TaO4 (HE-4), 

(Sc0.3Y0.2Tm0.1Ho0.1Dy0.1Gd0.2)TaO4 (HE-5), and (Sc0.4Y0.1Tm0.1Ho0.1Dy0.2Gd0.1)TaO4 (HE-6).  

2.2 Structural identifications 

Phase structures were characterized by X-ray diffraction (XRD, Miniflex 600, Rigaku, Japan). 

XRD Rietveld refinement was performed using the General Structure Analysis System (GSAS-II) 

software. Grain morphology and elemental distribution were examined using a scanning electron 

microscope (SEM, JSM-7800F, JEOL, Japan) equipped with an energy-dispersive spectrometer (EDS, 

6751A-6UUS-SN, Thermo Scientific, US).  The HE-3 was prepared by the focused ion beam (FIB, 

Ju
st

 A
cc

ep
te

d



                                                                                    
Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

6 

FEI Scios 2, Gatan, USA) to conduct atomic characterizations within a transmission electron 

microscopy (TEM; Tecnai G2 F20, FEI, USA). 

2.3 Measurements of thermal and mechanical properties 

The samples used for thermal expansion measurements were cut into rectangular bars of 2 × 2 × 

10 mm. The TECs were measured by dilatometer (DIL 402, Netzsch, Germany). For thermal 

diffusivity measurements, the samples were cut into disks with a diameter of 6 mm. The thermal 

diffusivity (α) was measured using a laser flash apparatus (LFA 457, Netzsch, Germany), and the 

detailed experimental parameters were described in previous studies [44, 45]. The thermal 

conductivity (k) was calculated using Eq. (1) based on the measured thermal diffusivity, density (ρ), 

porosity (φ), and heat capacity (Cp). The effect of porosity on thermal conductivity was corrected using 

Eq. (2) [46]. The actual density of each sample was measured by the Archimedes drainage method, 

and the relative porosity was calculated by comparing the bulk density with the theoretical density 

obtained from the XRD Rietveld refinement results. The relative densities of the synthesized ceramics 

were higher than 95%, which helped reduce the influence of pores on the accuracy of the thermal-

property measurements. The Cp values used for calculating thermal conductivity were obtained from 

thermodynamic handbook [47]. 

𝑘 = 𝛼 ⋅ 𝜌 ⋅ 𝐶𝑝 (1) 

𝑘

𝑘0
= 1 −

4

3
𝜙 (2) 

Elastic properties were evaluated using an ultrasonic pulse-echo device (UMS-100, Teclab, 

France). The longitudinal (VL) and transverse (VT) sound velocities were measured to calculate the 

mean sound velocity (VM), Poisson’s ratio (v), Young’s modulus (E), Bulk modulus (B), Shear modulus 

(G) and Debye temperature (TD) according to Eqs. (3-7) [19, 48]: 

𝑉M = [
1

3
(
1

𝑉L
3 +

2

𝑉T
3)]

−
1
3

(3) 
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υ =
1− 2(𝑉T/𝑉L)

2

2 − 2(𝑉T/𝑉L)
2

(4) 

𝐸 =
𝜌𝑉T

2(3𝑉L
2 −4𝑉T

2)

(𝑉L
2 − 𝑉𝑇

2)
(5) 

𝐵 =
𝐸

3(1 − 2ν)
(6) 

𝐺 =
𝐸

2(1 + 𝜈)
(7) 

3 Results and discussion 

3.1 Configuration entropy and disorders of the designed HECs 

To quantify the degree of structural complexity, the configurational entropy (Sconf), disorders in 

ionic size (Dδ), atomic weight (Dw), and electronegativity (De) of HE-1~HE-6 are first calculated using 

Eqs. (8-11) [49]: 

Δ𝑆conf = −𝑅∑  

𝑠

𝑚𝑠∑ 

𝑖

𝑥𝑖,𝑠 ln 𝑥𝑖,𝑠

= −𝑅 [(∑  

𝑛

𝑎=1

𝑥𝑎 ln 𝑥𝑎)

A−site

+ (∑  

𝑛

𝑏=1

𝑥𝑏 ln 𝑥𝑏)

B−site

+ 4(∑  

𝑛

𝑐=1

𝑥𝑐 ln 𝑥𝑐)

C−site

]

(8) 

𝐷𝛿 = √∑𝑐𝑖 (1 −
𝛿𝑖

𝛿̅
)
2𝑛

𝑖=1

(9) 

𝐷𝑊 = √∑𝑐𝑖 (1 −
𝑊𝑖

𝑊̅
)
2𝑛

𝑖=1

(10) 

𝐷𝑒 = √∑𝑐𝑖 (1 −
𝑒𝑖
𝑒̅
)
2

𝑛

𝑖=1

(11) 

where ms denotes the multiplicity of sublattice s, and xi,s denotes the fractional composition of element 

i within sublattice s; xa, xb, and xc denote the molar fractions of ions at the A-, B-, and O-site, 

respectively. The ci represents the molar fraction of the i-th component. The δi, Wi and ei denote the 
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ionic radius, atomic weight, and electronegativity of the i-th cation, respectively. The 𝛿̅, 𝑊̅ and 𝑒̅ are 

the weighted average ionic radius, atomic weight, and electronegativity, respectively. The calculated 

physical parameters are summarized in Table 2. 

Table 2 The configurational entropy (Sconf), disorders in ionic size (Dδ/%), atomic weight (Dw/%), 

and electronegativity (De/%) of the designed non-equimolar m -́RETaO4 HECs 

Sample Sconf Dδ Dw De 

HE-1 1.7481R 4.79 33.00 3.44 

HE-2 1.7481R 6.43 37.29 4.57 

HE-3 1.7481R 6.17 38.27 4.43 

HE-4 1.6957R 7.54 41.83 5.37 

HE-5 1.6957R 7.55 42.28 5.39 

HE-6 1.6094R 8.38 46.19 6.00 

Table 2 shows that HE-1~HE-3 exhibit the high Sconf of 1.7481R, and HE-4~HE-5 exhibit the 

comparatively low Sconf of 1.6957R. Each ceramic has the configuration entropy higher than 1.51R, 

proving that they are HECs. HE-1 exhibits the lowest Dδ of 4.79 %, Dw of 33.00 %, and De of 3.44 %, 

whereas HE-6 shows the highest Dδ of 8.38 %, Dw of 46.19 %, and De of 6.00 %. Considering that six 

HECs have the same RE elements, their disorders are controlled by the fraction of different RE 

elements. The high configurational entropy is beneficial for increasing the structural stability, and 

further promotes the formation of single-phase ceramics. Therefore, the present non-equimolar design 

is not based only on the average RE3+ ionic radius. Instead, Sconf, Dδ, Dw, and De are used as 

compositional descriptors to evaluate the configurational complexity, ionic-size mismatch, atomic-

mass fluctuation, and electronegativity disorder of the designed RETaO4 HECs [50]. These descriptors 

provide the basis for discussing the effects of non-equimolar compositional design on crystal structure 

and thermophysical properties. 

3.2 Crystal structures and detail lattice parameters 
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Fig. 1 Crystal structure characterizations of non-equimolar m -́RETaO4 HECs, and their structures are 

compared with the m -́YTaO4. (a) Comparisons of XRD patterns with the standard PDF card; (b) and 

(c) Comparisons of crystal structures between m -́YTaO4 and m -́HECs. 

Fig. 1(a) shows that the XRD patterns of the six non-equimolar RETaO4 HECs are consistent 

with the standard card of m -́YTaO4 (PDF#24-1425), indicating that they are crystallized into the m  ́

phase. The Ta-O coordination environments differ between the m and m  ́phases of RETaO4 ceramics. 

In the m  ́phase, the crystal structure is mainly composed of distorted [REO8] and [TaO6] polyhedra, 

whereas the m phase contains [TaO4] polyhedra. Therefore, the transition between the m and m  ́phases 

is accompanied by a rearrangement of Ta-O coordination polyhedra and a change in the local 

structure [51, 52]. In the present work, the synthesized non-equimolar RETaO4 HECs crystallize into 

the m  ́ phase, which is associated with their weighted average RE3+ ionic radii. Therefore, the 

subsequent structural analysis is focused on the distortion of [REO8] and [TaO6] polyhedra within the 

m  ́ phase. The XRD Rietveld refinement is conducted and shown in Fig. 2 to further confirm the 

detailed lattice parameters of each ceramic, which are listed in Table 3. Fig. 2 shows that the key 

indexes, i.e., sig and Rwp (%), of XRD Rietveld refinement are less than 2.00 and 9.00, respectively, 

indicating the high reliability of the refinement results. The good agreement between the experimental 
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and calculated XRD patterns, together with the small difference curves, confirms that the m -́YTaO4 

structural model can reasonably describe the average crystal structures of the designed non-equimolar 

RETaO4 HECs. The detailed lattice parameters prove that high-entropy effects and the high disorders 

in RE3+ ionic radius have greatly increased the distortion degree of polyhedra in the non-equimolar 

m -́RETaO4 HECs. 

 

Fig. 2 XRD Rietveld refinement of non-equimolar m -́RETaO4 HECs; (a)~(f) HE-1~HE-6, 

respectively. 

Table 3 The lattice parameters (a, b, c/Å), beta angle (β/º), unit cell volume (V/Å3), weighted 

average ionic radius (𝜸𝑨/nm), bulk density (ρ/g·cm-3) and porosity (φ/%) of the non-equimolar m -́

RETaO4 HECs. 

Sample a b c β V 𝛾̅𝐴  ρ φ 

HE-1 5.26 5.53 5.07 95.64 146.763 0.1003 8.30 4.3 

HE-2 5.24 5.57 5.04 95.03 146.495 0.0992 8.30 2.7 

HE-3 5.28 5.49 5.09 96.05 146.428 0.0988 8.15 3.2 

HE-4 5.24 5.57 5.03 95.06 146.391 0.0979 7.92 4.3 
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HE-5 5.25 5.53 5.06 95.59 146.214 0.0979 7.87 2.9 

HE-6 5.22 5.60 4.99 94.44 145.493 0.0962 7.85 2.7 

Figs. 1(b) and (c) present the crystal structures and corresponding bond lengths in [REO8] 

polyhedra of m -́YTaO4 and the non-equimolar m -́RETaO4 HECs, respectively. When the A-site is 

occupied by multiple RE3+ cations, the local coordination environment is altered, and the changes in 

distortion degree of [REO8] and [TaO6] polyhedra are calculated and compared, as summarized in 

Table 4. [19, 53]. 

∆𝑑 =
1

𝑛
∑ [

𝑙𝑛 − 𝐿

𝐿
]

2𝑁

𝑛=1

(12) 

where ln is the length of the nth chemical bond, and 𝐿 is the average bond length of the polyhedron.  

Compared with m ‑́YTaO4, the non-equimolar m -́RETaO4 HECs exhibit greater distortion 

degree (Δd) of polyhedral, and the Δd is increased from 5.98 ‰ of [YO8] to 14.50 ‰ of [REO8]. 

Notably, the highest distortion degree of [REO8] polyhedral is observed in HE-3 (Δd=14.502 ‰), 

which is significantly higher than those of HE-1 (Δd=5.544 ‰) and HE-6 (Δd=12.920 ‰). This result 

indicates that the actual local structural distortion does not increase monotonically with Sconf or the 

theoretical disorder descriptors alone. Instead, the maximized distortion in HE-3 is more likely 

associated with a balanced interplay between configurational complexity and cationic mismatch, 

allowing the resulting local strain to be more fully accommodated within the crystal structure. 

Therefore, the experimentally observed high distortion degree of polyhedra in HE-1~HE-6 is not 

determined solely by any single compositional descriptor in current study. 

The XRD Rietveld refinement provides average crystallographic information, including lattice 

parameters, average bond lengths, and average polyhedral distortion parameters. These refined 

structural parameters are used to compare the average structural evolution among the designed 

compositions, whereas the local structural disorder and lattice strain are further examined by TEM and 

GPA analyses in the following sections. 
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Table 4 The bond lengths (l/Å), average bond length (𝑳̅/Å), distortion degree (Δd/‰) and polyhedral 

volume (Vp/Å3) of [REO8] and [TaO6] polyhedra derived from the XRD Rietveld refinement.  

Sample Bond Polyhedron l 𝐿̅ Δd Vp 

m -́YTaO4 Ta-O [TaO6] 1.850 1.959 2.228  2.015 5.975 9.879 

 Y-O [YO8] 2.290 2.324 2.347 2.522 2.372 1.394 22.887 

HE-1 Ta-O [TaO6] 1.934 2.054 2.260  2.083 4.178 10.695 

 RE-O [REO8] 2.160 2.190 2.400 2.590 2.335 5.544 20.819 

HE-2 Ta-O [TaO6] 1.822 2.065 2.114  2.000 4.074 10.081 

 RE-O [REO8] 2.200 2.200 2.300 2.600 2.325 4.971 21.236 

HE-3 Ta-O [TaO6] 1.961 2.020 2.341  2.108 6.270 11.924 

 RE-O [REO8] 2.065 2.121 2.354 2.777 2.323 14.502 21.237 

HE-4 Ta-O [TaO6] 1.873 2.017 2.075  1.989 1.824 9.441 

 RE-O [REO8] 2.100 2.300 2.400 2.700 2.375 8.310 22.557 

HE-5 Ta-O [TaO6] 1.895 2.201 2.331  2.142 7.278 8.974 

 RE-O [REO8] 2.142 2.323 2.332 2.826 2.406 11.164 23.048 

HE-6 Ta-O [TaO6] 1.799 1.806 2.105  1.903 5.615 8.630 

 RE-O [REO8] 2.178 2.255 2.455 2.894 2.446 12.920 23.247 

3.3 Microstructures and elemental distributions 
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Fig. 2 Microstructures and EDS mappings of the non-equimolar m -́RETaO4 HECs: (a-f) HE-1~HE-

6, respectively. 

Figs. 3(a)-(f) show the microstructures and corresponding EDS mappings of HE-1~HE-6, 

respectively. Each sample exhibits a dense microstructure with well-developed grains, without obvious 

secondary phases. The corresponding EDS mappings show uniform distributions of Sc, Y, Tm, Ho, 

Dy, Gd, Ta, and O within the observed regions, without obvious elemental segregation. These results 
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demonstrate the dense and compositionally homogeneous microstructures of the prepared non-

equimolar RETaO4 HECs.  

 

Fig. 3 Nanoscale microstructures and elemental distributions of HE-3: (a) HAADF; (b) FFT; (c) HR-

TEM; (d) Atomic positions; (e)-(l) Nanoscale atomic distributions of each element. 

Fig. 4 further reveals the nanoscale atomic positions and elemental distributions of HE-3, and the 

zone axis is confirmed as [011] as shown in Fig. 4(b). The interplanar spacing of (-200) and (01-1) is 

confirmed and marked as shown in Fig. 4(c), which are 0.266 and 0.388 nm, respectively. The 

aforementioned atomic structures are consistent with the lattice parameters obtained from the XRD 

Rietveld refinement. Fig. 4(d) shows the atomic position of RE and Ta atoms, and they occupy the 

same sites viewed from the [011] zone axis. Figs. 4(e)~(l) further reveal that each element is distributed 

uniformly at the nano scale, and no obvious segregation is found. The above situation indicates that 

the high polyhedral distortion degree is triggered by the high disorders in RE ionic radii and atomic 

weight, which may also lead to high lattice strains. It is well known that lattice strains can effectively 
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scatter phonons to reduce thermal conductivity, and their effects will be further confirmed and 

discussed in the following parts [11, 54]. 

3.4 Elastic properties 

 

Fig. 4 Elastic properties of non-equimolar m -́RETaO4 HECs compared with other m -́RETaO4 [11, 

19]: (a) Young ś modulus; (b) Bulk modulus; (c) Shear modulus. 

Fig. 5 presents a comparative analysis of the elastic moduli between the non-

equimolar RETaO4 HECs and other m -́RETaO4, including ScTaO4, YTaO4, and LuTaO4 [11, 

19]. m -́ScTaO4 serves as the upper limit of the reference modulus range, while m -́LuTaO4 serves as 

the lower limit. The prepared non-equimolar m -́RETaO4 HECs have lower modulus than that of 

ScTaO4, and have modulus higher than that of LuTaO4. Among the synthesized samples, HE-2 and 

HE-6 exhibit relatively high elastic moduli.  
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The elastic moduli provide information on the average bonding stiffness of the designed non-

equimolar RETaO4 HECs. In these compositions, multiple RE3+ cations with different ionic radii 

occupy the same A-site, which can change the average RE-O bond lengths and introduce 

heterogeneous local bonding environments around the [REO8] polyhedra [19, 55]. Therefore, the 

elastic properties of the present HECs should not be simply interpreted by the content of a single cation, 

such as Sc3+, but should be considered as the combined result of average RE3+ ionic radius, RE-O 

bond-length variation, polyhedral distortion, and local bonding heterogeneity. The reported equimolar 

RETaO4 HECs exhibit Young’s moduli ranging from 119.1 to 201.1 GPa [56]. The elastic moduli of 

the non-equimolar RETaO4 HECs fall within this range but vary markedly among the six compositions, 

indicating that adjustment of the RE-site molar fractions enables composition-dependent regulation of 

elastic properties. 

HE-2 and HE-6 exhibit relatively high elastic moduli among the synthesized compositions, which 

may be related to their relatively high contents of small-radius Sc3+ and the corresponding decrease in 

average RE-O bond length. However, the elastic moduli do not vary monotonically with Sc3+ content 

or the calculated disorder descriptors, indicating that non-equimolar compositional design affects 

elastic properties through coupled structural effects rather than a single compositional parameter. This 

trend is consistent with the XRD Rietveld refinement results, which show composition-dependent 

changes in [REO8] and [TaO6] polyhedral distortion. Therefore, the elastic modulus results further 

support that non-equimolar design modifies the average lattice stiffness and local bonding environment 

of m -́RETaO4 HECs. The measured acoustic velocities and derived elastic parameters are 

subsequently used in the point-defect scattering analysis. 

3.5 Thermal expansion performance 
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Fig. 5 Temperature-dependent TECs of non-equimolar m -́RETaO4 HECs [15-19, 55, 57, 58]: (a) 

Comparison of TECs of HE-1~HE-6 with SiC, C/SiC, and SiCf/SiC CMCs; (b) Comparison of TECs 

among HE-3, HE-5, and other RETaO4 ceramics. 

Fig. 6(a) compares the TECs of the HE-1~HE-6 at 200~1500 °C with those of SiC, C/SiC, and 

SiCf/SiC composites [15-18, 58]. The TECs of HE-1~HE-6 increase monotonically with increasing 

temperature without abrupt changes, indicating that no phase transition occurs within the tested 

temperature, and confirming the excellent high-temperature phase stability. However, clear 

composition-dependent differences are observed among the six HECs. Among them, HE-3 exhibits 

the lowest TECs (1.3-6.2×10-6 K-1, 200~1500 °C), whereas HE-4~HE-6 exhibit relatively high TECs 

(4.7-8.2×10-6 K-1, 200~1500 °C), particularly at elevated temperatures. Compared with previously 

reported RETaO4 HECs (approximately 6.2-10.48×10-6 K-1, 100~1400 °C) and RENbO4 HECs 

(approximately 8.3-10.8×10-6 K-1, 200~1200 °C) [56, 59] , the TECs of HE-3 are lower and closer to 

those of SiC (3.9-5.6×10-6 K-1, 200~1500 °C). Fig. 6(b) further compares the TECs of HE-3, HE-5, 

and other RETaO4 ceramics [19, 55, 57]. HE-3 exhibits lower TECs at 200~1500 °C than other 

RETaO4 ceramics, except ScTaO4, demonstrating that HE-3 is a potential EBCs material for CMCs. 

Although HE-5 exhibits the highest TECs among the synthesized HECs, its TECs remains lower than 

those of m-RETaO4 ceramics, which suggests that the non-equimolar high-entropy design effectively 

tailors thermal expansion behavior of RETaO4. 
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The synthesized non-equimolar RETaO4 HECs crystallize into the same m  ́phase. Therefore, the 

composition-dependent TECs can be compared within the same m  ́structural framework without the 

influence of phase-dependent differences in Ta-O coordination [56, 60]. The reduced TECs of HE-3 

are closely associated with the maximized polyhedral distortion parameter (Δd), indicating that the 

enhanced distortion of the [REO8] polyhedra is an important structural factor affecting macroscopic 

thermal expansion behavior. As revealed by the XRD Rietveld refinement results, the maximized  

[REO8] distortion of HE-3 is accompanied by pronounced variations in its refined RE-O bond lengths, 

reflecting changes in the average [REO8] coordination environment. These structural features may 

alter the response of the [REO8] framework to thermally activated atomic displacements and thereby 

contribute to the reduced TECs. The observed correlation between the [REO8] distortion parameters 

and TECs further supports that polyhedral distortion is an important structural factor contributing to 

the thermal expansion behavior of the present RETaO4 HECs. Non-equimolar design of RE cations 

induces pronounced polyhedral distortion in m -́RETaO4 HECs, which is primarily accommodated by 

the [REO8] polyhedra, whereas the [TaO6] polyhedra form a relatively rigid structural framework [19, 

57]. 

Although HE-1 exhibits the high Sconf, and HE-6 exhibits the high disorder descriptors (Dδ, Dw, 

and De), HE-3 exhibits the most severe actual polyhedral distortion (Δd). Due to the interplay between 

Sconf and the theoretical disorder descriptors, HE-3 exhibits the most pronounced distortion degree of 

[REO8] polyhedra, which is associated with enhanced local structural flexibility at the atomic 

scale [61-63]. This result indicates that the TECs of the present non-equimolar RETaO4 HECs are not 

controlled only by the average RE3+ ionic radius. Different from RETaO4 ceramics, the designed HECs 

contain the same set of RE cations, and their structural evolution is mainly regulated by the varied 

molar fractions of these cations. Therefore, the composition-dependent TECs are more closely 

associated with the actual [REO8] polyhedral distortion and local structural accommodation than with 

the average RE3+ ionic radius alone. 
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With increasing temperature, atomic thermal vibrations become more pronounced, and the TECs 

increase accordingly. A plausible explanation is that the strongly distorted local coordination 

environment in HE-3 provides greater structural flexibility, which partially accommodates thermally 

activated atomic displacements and thereby suppressing macroscopic thermal expansion behavior. 

When the aforementioned local accommodation becomes insufficient, the thermal activation will 

translate into lattice expansion, and lead to an increment in TECs [64, 65]. Herein, the high distortion 

degree of [REO8] in the non-equimolar m -́RETaO4 HECs is considered to contribute to the reduced 

TECs by affecting local structure and lattice distortion. Therefore, tailoring polyhedral distortion 

through non-equimolar compositional design provides a feasible strategy for regulating the TECs of 

complex oxides. 

3.6 thermal conductivity performance 

 

Fig. 6 Thermal transport properties of non-equimolar RETaO4 HECs [19, 55-57, 59, 66, 67]. (a) 

Thermal diffusivities at 25~900 °C; (b) Thermal conductivities at 25~900 °C; (c) Comparisons of 
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thermal conductivities among HE-3, HE-6, and other RETaO4 ceramics; (d) Comparisons of thermal 

conductivities between HE-3 and other HECs. 

Figs. 7(a)-(b) show the thermal diffusivities and conductivities decrease with increasing 

temperature from 25 to 700 °C, while they increase slightly from 700 to 900 °C. The decrease in k at 

25-700 °C is mainly governed by the anharmonicity of lattice vibrations, i.e., the Umklapp phonon 

scattering processes [59, 68-70]. With increasing temperature, the phonon mean free path is 

significantly reduced, leading to a decrease in k. The slight increase in thermal conductivity at 700-

900 °C is attributed to radiative heat transfer, which partially compensates for the reduction in k caused 

by phonon scattering. Among the studied HECs, HE-3 exhibits the lowest k of 1.52-2.68 W·m-1·K-1, 

while HE-6 exhibits the highest k of 2.16-3.46 W·m-1·K-1 at 25~900 °C. Fig. 7(c) compares the k of 

HE-3 and HE-6 with those of other RETaO4 ceramics [19, 55, 57]. Because no m-m  ́phase transition 

or mixed Ta-O coordination framework is observed in the present HECs, the differences in thermal 

conductivity are associated with the combined effects of local lattice strain, polyhedral distortion, RE-

site disorder, and RE-O bonding heterogeneity within the m  ́phase. HE‑3 exhibits a markedly lower k 

than most RETaO4 ceramics. Although HE-6 shows the highest k among the studied HECs, its thermal 

conductivity is still lower than many other RETaO4 ceramics, proving the excellent thermal insulation 

performance of non-equimolar RETaO4 HECs. Fig. 7(d) compares the k of HE-3 with those of other 

HECs as EBCs candidate [56, 59, 71-74]. Overall, HE-3 exhibits lower k than most of the compared 

RETaO4 HECs, RENbO4 HECs, and other HECs. Although some high-entropy zirconates and hafnates 

exhibit lower k, HE-3 still shows competitive thermal insulation performance among these oxides. 

Accordingly, it can be seen that the non-equimolar high-entropy design can effectively reduce thermal 

conductivity of RETaO4, which is associated with the coupled effects of RE-site disorder, polyhedral 

distortion, and local lattice strain. Herein, the origins of low thermal conductivity of these non-

equimolar RETaO4 HECs may be related to the local structural heterogeneity introduced by the non-

equimolar compositional design. 
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3.7 Origins of the low thermal conductivity 

For the designed non-equimolar RETaO4 HECs, the high disorders in RE atomic weight and ionic 

radius can enhance the phonon scattering to reduce thermal conductivity, and we compare the 

experimentally measured thermal conductivity (kexp) with the theoretically predicted thermal 

conductivity (kcal) derived from the phonon point defect scattering theory. The theoretically predicted 

thermal conductivity is calculated using Eqs. (13-18) [75, 76]. At temperatures above the Debye 

temperature, the ratio of the lattice thermal conductivities of a material containing defects to that of 

the parent material without defects can be written as 

𝑘cal

𝑘
=
tan−1(𝑢)

𝑢
(13) 

here kcal and k are the thermal conductivities of the defect-containing material and the parent material, 

respectively. In the present calculation, m -́YbTaO4 is taken as the parent material for HE-1, HE-3, 

HE-4, and HE-5, while m -́ScTaO4 is taken as the parent material for HE-2 and HE-6. The parameter 

u is defined by 

𝑢 = (
π2𝑇𝐷𝑉

ℎν2
𝑘Γ𝑇𝑜𝑡𝑎𝑙)

1/2

(14) 

where h, v, TD, 𝑉 stand for the Planck constant, mean sound velocity, Debye temperature and the 

average volume per atom. The parameter TD is defined by 

𝑇𝐷 =
ℎ

𝑘𝐵
(
3𝑚

4π𝑉
)
1/3

𝑉𝑀 (15) 

where kB, m, V represented the Boltzmann constant, atomic mass and atomic volume, respectively. The 

imperfection scaling parameter ΓTotal, representing the strength of point defects phonon scattering, 

always has two components, the scattering parameter due to mass fluctuations ΓM, and the scattering 

parameter due to strain-field fluctuations ΓS. The point-defect scattering model primarily considers 

mass and strain-field fluctuations as the dominant scattering sources. The contribution of 

electronegativity disorder to phonon scattering has not yet been incorporated into a generally accepted 
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quantitative model, particularly for rare-earth multicomponent systems. Therefore, the present analysis 

focuses on the effects of mass and strain-field fluctuations on phonon scattering behavior. 

ΓTotal = ΓM + ΓS = ∑𝑐𝑖 (
𝑀𝑖 − 𝑀̅

𝑀̅
)

2

+ 𝜀∑𝑐𝑖 (
𝑟𝑖 − 𝑟̅

𝑟̅
)
2

(16) 

where 𝑀̅ represents the average mass of (Sc, Y, Tm, Ho, Dy, Gd), Mi represents the mass of the 

corresponding atom, ci represents the fractional concentration of the corresponding atom, and ε is the 

phenomenological fitting parameter governing the strain-field scattering strength. 

𝜀 =
2

9
(6.4

1 + 𝜈

1 − 𝜈
𝛾)

2

(17) 

where γ is the Grüneisen parameter calculated using Eq. (18).  

𝛾 =
3(1+ ν)

2 − 3ν
(18) 

In the present point-defect scattering model calculation of thermal conductivity, m -́YbTaO4 is 

used as the reference parent material for HE-1, HE-3, HE-4, and HE-5, while m -́ScTaO4 is used as 

the reference parent material for HE-2 and HE-6. This selection is made based on the structural and 

physical similarities between the parent materials and the corresponding RETaO4 HECs [19, 77, 78]. 

For HE-1, HE-3, HE-4, and HE-5, m -́YbTaO4 has the same m -́RETaO4 crystal structure as the 

prepared HECs, and its Yb3+ ionic radius, acoustic velocity, and relevant elastic parameters are 

comparable to those of these RETaO4 HECs. For HE-2 and HE-6, m -́ScTaO4 is selected because these 

two compositions exhibit relatively high elastic moduli, and HE-6 contains the highest Sc fraction and 

is compositionally close to ScTaO4. These structural and physical similarities are relevant to the point-

defect scattering model because the mean sound velocity, Debye temperature, average atomic volume, 

mass and radius fluctuation terms, Poisson’s ratio, and Grüneisen parameter are involved in Eqs. (13-

18). Therefore, these two reference parent materials provide a more appropriate benchmark for 

evaluating phonon scattering effects related to misfits in ionic radius and atomic weight. Accordingly, 
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the calculated thermal conductivities are used for comparisons with the experimental values as shown 

in Fig. 8. 

 

Fig. 7 Comparisons between kexp and kcal at 25 ºC of non-equimolar RETaO4 HECs. 

Fig. 8 shows that the kexp is lower than kcal of HE-1~HE-6. The point-defect scattering model 

mainly considers the average parameters related to point defects, whereas the additional reduction in 

k for HE-1~HE-6 is closely associated with local structural factors that are not fully described by the 

average point defect model, including the severe distortion degree of polyhedron, high lattice strain, 

RE-O bond-length disorder, and bonding-strength heterogeneity [79, 80]. Therefore, the comparison 

between kexp and kcal can serve as a reference for evaluating additional phonon scattering effects. The 

grains of the prepared ceramics are micrometer scale, which is much larger than the nanometer scale 

of phonon mean free path. Therefore, grain boundary scattering on phonons is omitted. In addition, 

the effect of porosity on thermal conductivity is corrected using Eq. (2) before the experimental and 

calculated values are compared. The SEM observations also show the dense microstructures without 

observable pores or microcracks for HE-1~HE-6. Therefore, grain boundaries, porosity, and 

microcracks are not considered as the primary origins of the discrepancy between kexp and kcal. 

The RE-O bond-length disorder originates from the occupation of the same A-site by multiple 

RE3+ cations with distinct ionic radii. In the present non-equimolar RETaO4 HECs, the ionic radius of 
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RE3+ varies from 0.0870 nm for Sc3+ to 0.1053 nm for Gd3+, which can produce heterogeneous local 

coordination environments around the [REO8] polyhedra. The XRD Rietveld refinement results show 

that the RE-O bond lengths within the [REO8] polyhedra are broadly distributed. For example, the RE-

O bond lengths in HE-3 range from 2.065 to 2.777 Å, indicating pronounced bond-length disorder 

within the local coordination structure. Such bond-length disorder can generate local strain fields and 

enhance phonon scattering, which is consistent with the strain-field scattering contribution considered 

in the point-defect scattering model.  

In addition to the strain-field effect, the variation in RE-O bond lengths may also imply possible 

RE-O bonding heterogeneity. Such local bonding heterogeneity can create spatially different 

vibrational environments, which may disturb phonon propagation and further shorten the phonon mean 

free path. Therefore, local lattice distortion, strain fluctuation, RE-O bond-length disorder, polyhedral 

distortion, and possible RE-O bonding heterogeneity are considered as important structural factors 

contributing to enhanced phonon scattering in the present non-equimolar RETaO4 HECs [59, 64, 81]. 

Figs. 9(a)-(c) show the local lattice strain distribution in HE-3 visualized by geometric phase 

analysis (GPA). The GPA results of the representative HE-3 sample provide local structural evidence 

of high lattice strains, while the structural descriptors and thermophysical properties of HE-1~HE-6 

suggest that local distortion and strain-related effects are important across the non-equimolar series. In 

the present work, GPA is used as a qualitative method to reveal local strain fluctuations at the atomic 

scale, rather than to directly quantify the reduction in thermal conductivity or phonon scattering 

coefficients. The strain contrast in the GPA maps indicates the presence of pronounced local lattice 

distortion in HE-3. In addition, the atomic intensity profiles along lines 1-4 in Fig. 9(d) and (f), exhibit 

obvious fluctuations, suggesting heterogeneous atomic arrangements at different positions. These  

observations provide structural evidence that RE-site disorder and polyhedral distortion induce local 

lattice strain fluctuations. Based on the elastic modulus and Debye temperatures of different RETaO4 

ceramics and HECs [19, 57], different RE-O bonding environments are expected to exhibit different 
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bonding strengths. In particular, the large difference in ionic radius among RE3+ cations can introduce 

spatial variations in RE-O bond lengths and local bonding stiffness. Such bonding heterogeneity may 

enhance local lattice distortion and strain fluctuation, thereby contributing to stronger phonon 

scattering [56]. Fig. 9(f) shows the [REO8], [TaO6], and [TaO4] polyhedra in m -́YTaO4, m -́ScTaO4, 

and m-DyTaO4, which are reported in our previous studies [11, 19, 55]. The distortion degree of 

various polyhedra is different, thereby enhancing the lattice strains and leading to a low thermal 

conductivity in current studies. Accordingly, the reduced thermal conductivity of the studied non-

equimolar RETaO4 HECs is closely associated with enhanced phonon scattering induced by RE-site 

disorder, polyhedral distortion, RE-O bond-length fluctuations, bonding-strength variations, and the 

resulting local lattice strains. The GPA results provide structural visualization of these local strain 

characteristics, supporting the interpretation that lattice strain contributes to phonon scattering. 

However, GPA cannot quantitatively determine the phonon scattering coefficient or the exact 

contribution of lattice strain to thermal conductivity. Quantitative evaluation of these effects would 

require further theoretical calculations or dedicated phonon transport models [70, 81]. The deviation 

between the experimental and calculated thermal conductivities indicates that the point-defect 

scattering model does not fully capture the combined effects of local lattice strain, polyhedral distortion, 

RE-O bond-length fluctuations, possible bonding-strength heterogeneity, and model simplifications. 

Therefore, lattice strain is regarded as one important factor for reducing thermal conductivity of 

RETaO4 HECs in this work. Ju
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Fig. 9 The atomic structures and their atomic intensity along different directions in HE-3. (a)-(c) 

Atomic structures and the related GPA images used to identify the lattice strains; (d)-(e) The enlarged 

HAADF and corresponding atomic intensity; (f) The obvious differences in RE-O bond lengths and 

strengths, and the distortion degree of [REO8] and [REO6] polyhedra of different RETaO4 ceramics.  

4 Conclusions 

This study investigates the composition-structure-property relationships in non-equimolar m -́

RETaO4 HECs, and elucidates the key structural factors associated with thermal expansion behavior 

and thermal conductivity. The designed and synthesized non-equimolar RETaO4 HECs are crystallized  

into the m  ́ phase due to the weighted-average RE3+ ionic radii er than the reference region of 

approximately 0.100-0.102 nm. The non-equimolar design can boost the distortion degree of polyhedra 

and lattice complexity, which increases the lattice strains as indicated by GPA images. The high 

distortion degree of [REO8] polyhedra is closely associated with reduced TECs by affecting local 
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structural flexibility and thermally activated lattice response. Among the designed compositions, HE-

3, i.e., (Sc0.2Y0.2Tm0.2Ho0.2Dy0.1Gd0.1)TaO4, is considered as EBCs candidate for SiC-based CMCs 

owing to its relatively low TECs of 6.2×10-6 K-1 at 1500 °C, while the other compositions demonstrate 

the effectiveness of non-equimolar design in tailoring the thermal expansion behavior of RETaO4 

ceramics. The traditional point-defect scattering theory cannot effectively predict the thermal 

conductivity of the non-equimolar RETaO4 HECs because it only considers the effects of disorders in 

RE3+ ionic radius and atomic weights, while additional phonon scattering associated with local lattice 

strains, polyhedral distortion, RE-O bond-length fluctuation, and possible bonding-strength 

heterogeneity is not included. The non-equimolar design strategy can effectively reduce thermal 

conductivity (1.52-2.68 W·m-1·K-1 at 25~900 °C) of RETaO4 HECs, and the effects of high lattice 

strains should be considered in various HECs. This work proposes that polyhedral distortion, local 

lattice strains, and RE-O bonding heterogeneity are important structural factors for regulating the TECs 

and thermal conductivity of RETaO4 HECs, and more works can be done to tailor thermal properties 

of various ceramics. 
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