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Abstract 

Using fluorite oxides as an example, this study broadens high-entropy ceramics (HECs) to 

compositionally-complex ceramics (CCCs) or multi-principal cation ceramics (MPCCs) to 

include medium-entropy and/or non-equimolar compositions. Nine compositions of 

compositionally-complex fluorite oxides (CCFOs) with the general formula of (Hf1/3Zr1/3Ce1/3)1-

x(Y1/2X1/2)xO2-δ (X = Yb, Ca, and Gd; x = 0.4, 0.148, and 0.058) are fabricated. The phase 

stability, mechanical properties, and thermal conductivities are measured. Compared with yttria-

stabilized zirconia, these CCFOs exhibit increased cubic phase stability and reduced thermal 

conductivity, while retaining high Young’s modulus (~210 GPa) and nanohardness (~18 GPa). 

Moreover, the temperature-dependent thermal conductivity in the non-equimolar CCFOs shows 

an amorphous-like behavior. In comparison with their equimolar high-entropy counterparts, the 

medium-entropy non-equimolar CCFOs exhibit even lower thermal conductivity (k) while 

maintaining high modulus (E), thereby achieving higher E/k ratios. These results suggest a new 

direction to achieve thermally-insulative yet stiff CCCs (MPCCs) via exploring non-equimolar 

and/or medium-entropy compositions.  

 

Keywords: high-entropy ceramics (HECs); compositionally-complex ceramics (CCCs); multi-

principal cation ceramics (MPCCs); thermal conductivity; thermal barrier coatings 
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Summary of Novel Conclusions:  

This study broadens “high-entropy ceramics” to “compositionally-complex ceramics”. Using 

fluorite oxides as an example, we show that lower thermal conductivity and higher stiffness-to-

conductivity ratios are achieved in medium-entropy non-equimolar compositions. 

Highlights:  

• Nine compositionally-complex fluorite oxides (CCFOs) are made and investigated. 

• CCFOs exhibit reduced thermal conductivity and increased cubic phase stability. 

• Lower thermal conductivity is achieved in medium-entropy non-equimolar CCFOs. 

• High modulus and hardness retain in CCFOs with reduced thermal conductivity. 

• Non-equimolar CCFOs exhibit amorphous-like T-dependent thermal conductivity.  
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1 Introduction 

High-entropy alloys (HEAs) have been developed since 2004 with the seminal works of Yeh 

et al. [1] and Cantor et al. [2]. A key advantage of HEAs is a vast compositional space to enable 

improved and tailorable properties. The initial focus is on equiatomic compositions, where the 

configurational entropy is maximized as ∆𝑆𝑐𝑜𝑛𝑓 = 𝑅𝑙𝑛𝑁 per mole, where N (typically  5) is the 

number of elements and R is gas constant. In the physical metallurgy community, HEAs have 

been expanded to multi-principal element alloys (MPEAs) and complex-concentrated or 

compositionally-complex alloys (CCAs) to include medium-entropy and non-equiatomic 

compositions, which display excellent strength and ductility that can outperform their equiatomic 

counterparts [3–5].  

Since 2015, high-entropy ceramics (HECs) have been made in bulk form, including various 

high-entropy oxides [6–10], borides [11,12], carbides [13–15], nitrides [16], and silicides 

[17,18]. Unlike metallic HEAs of simple FCC, BCC or HCP structures, HECs typically only 

have high-entropy mixing at one (or multiple) cation sublattice(s). Interestingly, single-phase 

high-entropy aluminides (intermetallic compounds with high-entropy mixing in only one of the 

two metal sublattices, albeit substantial anti-site defects and disorder in the other Al-rich 

sublattice) have also been made [19], thereby bridging the gap between HEAs and HECs. The 

HECs have been demonstrated on multiple occasions to exhibit lower thermal conductivities than 

their constituents because of stronger phonon scattering [9,20,21]. In some sense, HECs exhibit 

amorphous-like thermal conductivity or “phonon glass” behavior.  

Yttria-stabilized zirconia (YSZ) with different yttria contents has been widely used [22,23] 

because of its superior properties, such as ionic conductivity [24] and fracture toughness [23]. 

Particularly, YSZ has been used as thermal barrier coatings (TBCs) for gas-turbine engines due 

to low thermal conductivity [25]. In general, there are great interests to search for new materials 

with low thermal conductivity and high stiffness for potential applications as thermally-

insulating protective coatings. In this regard, it is natural to explore “high-entropy” versions of 

YSZ, which can offer further reduced thermal conductivities. High-entropy fluorite oxides 

(HEFOs) have been made on three occasions. Djenadic et al. synthesized single-phase high-

entropy rare earth oxide powders such as (Ce0.2La0.2Pr0.2Sm0.2Y0.2)O2 [7]. Gild et al. first reported 

the fabrication of a series of eight densified bulk YSZ-like HEFOs, e.g., 
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(Zr0.2Ce0.2Hf0.2)(Y0.2Gd0.2)O2, with equimolar HfO2-ZrO2-CeO2 as the matrix plus one or two 

stabilizers (selected from Y2O3, Yb2O3, Gd2O3, and CaO) [9]. Chen et al. also reported a high-

entropy (Zr0.2Hf0.2Ce0.2Sn0.2Ti0.2)O2 (albeit some compositional inhomogeneity indicated by EDS 

mapping, particularly for Ce) with low thermal conductivity [26]. Moreover, Gild et al. showed 

25 – 50 % reductions in the thermal conductivity of the YSZ-like HEFOs in comparison with 

YSZ. To date, all studies of HECs (including all HEFOs) only explored equimolar or near 

equimolar compositions.  

In this study, we further expand the work to non-equimolar compositions to achieve better 

performance such as lower thermal conductivity for TBCs, which represent a new direction to 

further broaden the compositional space. A somewhat surprising (but fully explainable) and 

scientifically interesting result is that the thermal conductivity can be reduced further by 

exploring non-equimolar compositions.  

2 From High-Entropy Ceramics (HECs) to Compositionally-Complex Ceramics (CCCs) 

HEAs were initially defined as alloys containing five or more elements in equimolar ratios by 

Jien-Wei Yeh in 2004 [1]. This definition has been broadened to MPEAs or CCAs to include 

alloys containing multiple principal elements of 5 at. % to 35 at. % [27,28]. Alternatively, Yeh et 

al. propose to classify alloys based on their ideal molar mixing entropies as low-entropy 

(∆𝑆𝑐𝑜𝑛𝑓 < 0.69𝑅), medium-entropy (0.69𝑅 ≤ ∆𝑆𝑐𝑜𝑛𝑓 < 1.61𝑅), and high-entropy (∆𝑆𝑐𝑜𝑛𝑓 ≥

1.61𝑅) alloys [29]. Others proposed medium-entropy alloys to have 𝑅 < ∆𝑆𝑐𝑜𝑛𝑓 < 1.5𝑅 (so that 

∆𝑆𝑐𝑜𝑛𝑓 ≥ 1.5𝑅 per mole for HEAs) [30]. The latter seems to be a more realistic classification of 

medium- and high-entropy compositions that we adopt. Note that here ∆𝑆𝑐𝑜𝑛𝑓 is calculated 

assuming ideal random mixing, albeit clustering and local ordering in the real solid solutions can 

reduce the actual mixing entropy.  

Moreover, the concept of entropy-stabilized phases was proposed [31]. A system is said to be 

entropy stabilized if the mixing entropy alone can overcome the positive enthalpic barrier to 

stabilize the solid-solution phase. In 2015, Rost et al. reported an entropy-stabilized oxide, 

(Mg1/5Ni1/5Co1/5Cu1/5Zn1/5)O, of the rocksalt structure [6]. The entropy-stabilized ceramics are 

generally a subset of HECs, but entropy stabilization can also occur in cases that are not 

officially “high entropy” based on the above definitions, as schematically shown in Figure 1.     
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It is worth noting that (medium-entropy) multi-cation ceramics have already been studied by 

the ceramic community, e.g., BaZr0.1Ce0.7Y0.2-xYbxO3-δ for solid oxide fuel cell applications [32], 

albeit that they are typically not near equimolar compositions.  However, efforts to develop 

HECs have so far been focused on equimolar or near equimolar compositions.  Similar to the 

expansion from HEAs to MEPAs and CCAs in the physical metallurgy community, there is a 

potential benefit to broaden the realm of HECs to explore non-equimolar and/or medium-entropy 

compositions, which represent an even larger compositional space.  

Following the definitions of metallic HEAs, HECs typically refer to equimolar or near-

equimolar compositions of five or more principal cations, which usually produce >1.5 R per mol. 

ideal configuration entropy ∆𝑆𝑐𝑜𝑛𝑓, on at least one sublattice. However, like in the metallic 

HEAs, some researchers [13] also consider equimolar, four-cation compositions (with 1.39 R per 

mol. ∆𝑆𝑐𝑜𝑛𝑓) as HECs.   

Here, we propose to loosely define a class of medium- to high-entropy compositionally-

complex ceramics (CCCs or C3), which can alternatively and equivalently be named as “multi-

principal cation ceramics (MPCCs),” as single-phase ceramic solid solutions with at least three 

principal (meaning typically 5%-35% on a sublattice) cations (mixing on at least one sublattice, 

if there are more than one cation sublattice), which should generally have > 𝑅  per mole of metal 

cations in the ideal ∆𝑆𝑐𝑜𝑛𝑓 (on at least one sublattice).  

Thus, HECs and entropy-stabilized ceramics [33,34] are subsets of CCCs or MPCCs, which 

also include three- or four-component medium-entropy ceramics and/or non-equimolar 

compositions (Figure 1). It is important to note that the definitions of high- and medium-entropy 

compositions are most subjective; thus, the respective boundaries are only loosely defined (so 

that different approaches based on the configuration entropy or the number and percentages of 

principal cations will lead to somewhat different cutoffs of the classifications). We should note 

that most non-equimolar and/or medium-entropy ceramics (based on the above definitions) also 

represent a largely unexplored compositional space.    

Pursuing along the line to broaden HECs to CCCs or MPCCs to include medium-entropy 

non-equimolar compositions using fluorite oxides as an exemplar, this study explores the 

fabrication, phase stability, mechanical properties, and thermal conductivities of nine 

compositions of compositionally-complex fluorite oxides (CCFOs). These CCFOs have the 
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general formula of (Hf1/3Zr1/3Ce1/3)1-x(Y1/2X1/2)xO2-δ where X = Yb, Ca, and Gd, respectively, and 

x = 0.4, 0.148, and 0.058, respectively. Notably, the medium-entropy non-equimolar CCFOs 

exhibit even lower thermal conductivity (k) and higher modulus-to thermal conductivity (E/k) 

ratios than their equimolar high-entropy counterparts. Thus, this study suggests a new direction 

to design, fabricate, and test stiff and insulative CCFOs (or explore CCCs or MPCCs in general) 

via exploring non-equimolar and/or medium-entropy compositions that also represent a largely 

unexplored, vast, compositional space (in addition to HECs).  

3 Experimental Procedures 

3.1 Materials and Synthesis 

Three variants of three different cation combinations (i.e., nine compositions) of CCFOs 

were explored in this study. The “H” variant represents high cubic stabilizer concentration and 

equimolar composition of the maximum configurational entropy, i.e., (Hf1/5Zr1/5Ce1/5Y1/5X1/5)xO2-

δ, where X = Yb for Cation Combination #4, Ca for Cation Combination #5, and Gd for Cation 

Combination #7 (based on the numerical series used in the prior report by Gild et al. [9]). The 

“M” and “L” variants represent medium and low stabilizer concentrations, and their total 

concentration of the two stabilizers (Y and X) matches those in 8 mol. % YSZ and 3 mol. % 

YSZ, respectively, with equimolar Hf, Zr, and Ce: i.e., (Hf1/3Zr1/3Ce1/3)1-x(Y1/2X1/2)xO2-δ, where x 

= 0.148 for the “M” variant and x = 0.058 for the “L” variant, respectively. Note that, e.g., 8YSZ  

represents (Y2O3)0.08 (ZrO2)0.92, which is equivalent to Y0.148Zr0.852O2-δ. The nine CCFO 

compositions, along with 3YSZ and 8YSZ, are shown in Table 1.  

Each CCFO was synthesized from commercially-purchased HfO2 (99.99 %, 61 – 80 nm, US 

Research Nanomaterials, Inc.), ZrO2 (99 %, 15 – 25 nm, Alfa Aesar), CeO2 (99.5 %, 15 – 30 nm, 

Alfa Aesar), Y2O3 (99.995 %, 25 – 50 nm, Alfa Aesar), Yb2O3 (99.9 %, < 50 nm, MTI 

Corporation), CaO (98 %, ≤ 160 nm, Sigma-Aldrich), and Gd2O3 (99.99 %, 20 – 40 nm, Alfa 

Aesar) nanopowders. The powders were weighed based on the targeted stoichiometries and 

placed inside a YSZ planetary mill jar with ethanol. YSZ grinding media was also added to the 

jar with the ball-to-powder mass ratio of approximately 10:1. The powders were then wet-milled 

in a planetary mill (Across International PQ-N04, NJ, USA) operating at 300 RPM for 24 hours. 

The milled slurry was transported to an 85°C drying oven to dry overnight. After drying, the 
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powders were lightly ground using a mortar and pestle to break up any agglomerates that formed 

during the drying process.  

The powders were consolidated into pellets by using a 10 mm diameter graphite die inside a 

spark plasma sintering (SPS) machine (Thermal Technologies, CA, USA) to sinter at 1650°C for 

5 min under 50 MPa, with a heating ramp rate of 100°C/min. The powder was loaded into a 10 

mm graphite die that was internally lined with 125 μm thick graphite foil. The die was then 

insulated by covering all surfaces with graphite felt. The chamber was pumped down to at least 

20 mTorr. The chamber was under this vacuum until approximately 700°C, when argon was 

filled into the chamber and remain for the rest of the sintering process. After the five-minute 

dwell at 1650°C, the pressure was immediately released, and power supply was turned off. 

Following cooling, the pellets were decarburized and homogenized at 1500°C for 24 hours and 

allowed to naturally cool in the furnace. Note that the 1500°C, 24 hours annealing in air is 

essential to oxidize the SPS specimens made in a reduced environment and homogenize the 

compositions to form single-high entropy oxide phases. The same fabrication procedure was 

used to sinter 3YSZ and 8YSZ as our benchmark specimens.  

3.2 Characterization 

3.2.1 Scanning Electron Microscopy (SEM) 

A scanning electron microscope (SEM, FEI Apreo, OR, USA) equipped with an energy 

dispersive X-ray spectroscopy (EDS) detector was used to investigate the microstructure and 

homogeneity of polished samples. Before SEM examination, the samples were mounted and 

polished down to 40 nm with colloidal silica suspension and then coated with a thin layer of 

iridium to minimize charging. 

3.2.2 X-ray Diffraction (XRD), Density, and Phase Stability 

Following the homogenization step, each sample was pulverized into a powder with a mortar 

and pestle. The crystal structure of the sample was examined through an XRD (Rigaku Miniflex 

II, Tokyo, Japan) operating at 30 kV and 15 mA with a scan step of 0.01° 2θ and a dwell time of 

3 s. The XRD was calibrated (peak position and breadth) with LaB6 purchased from NIST (SRM 

660b). XRD analysis was conducted through MDI Jade 6. It is assumed that the material exhibits 
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the stoichiometric amount of oxygen vacancies and that Ce is in 4+ oxidation state. The 

microstrain of each material was calculated by Williamson-Hall analysis [35].  

The bulk density was calculated by both the ASTM C373-18 Standard boiling method [36] 

and digital image threshold processing (ImageJ) of SEM micrographs, which were in close 

agreements.  

Phase stability was tested by long furnace annealing (for 24 h) followed by rapid air 

quenching. After air quenching to room temperature, the pellets were ground into a powder and 

examined by XRD. 

3.2.3 Raman Spectroscopy 

A confocal Raman microscope (Renishaw inVia, England, UK) equipped with a 40 mW, 488 

nm Ar+ laser, and a 1 μm spot size was used to characterize the tetragonality of the selected 

specimens. The power was kept below 2 mW to avoid local heating. The experiments were 

performed on compacted powder samples after decarburization. The data were collected for 10 

seconds and averaged over 10 scans.  

3.2.4 Mechanical Properties 

The Young’s modulus was determined through a pulse-echo sonic resonance setup by an 

oscilloscope (TDS 420A, Tektronix, USA) following the ASTM C1198-09 Standard [37]. The 

material’s longitudinal (𝑢𝐿) and transverse (𝑢𝑇) wave speeds were determined from the 

measurements and then were used to calculate Poisson’s ratio (𝜈) and Young’s Modulus (here 

we used “𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑” to represented the directly measured modulus with minor porosity) 

according to the following Eqs. (1) and (2) below:  

𝜈 =
𝑢𝐿
2 − 2𝑢𝑇

2

2(𝑢𝐿
2 − 𝑢𝑇

2)
 (1) 

𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 2𝑢𝑇
2𝜌(1 + 𝜈) (2) 

Subsequently, Young’s modulus was corrected for porosity by:  

𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐸(1 − 2.9𝑃), (3) 
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where E (i.e., E0 in the equations in Ref. [38]) is the corrected Young’s modulus for a fully-dense 

specimen [38] that we report in Table 1 and used for all discussion.  

The mechanical property of the CCFOs was also probed by nanoindentation by using a 

Hysitron TI 950 nanoindenter (MA, USA) based on the widely accepted Oliver-Pharr method 

[39,40]. A 150 nm diamond Berkovich tip was used. The max loading force for indentation was 

9 mN. The loading profile consisting of 10 s ramp to the maximum load, followed by a 5 s 

holding period, and lastly a 10 s unload. All measurements were performed at room temperature 

on polished surfaces. A 5  5 grid with 5 μm spacing between each point was used for the indent 

locations. This grid was selected for three nearby areas on the sample for a total of 75 indents. 

Obvious outliers (e.g., an indentation on pores or scratches) were removed from the analysis 

after inspection.  

3.2.5 Thermal Conductivity 

Thermal conductivity measured from room temperature to 1000°C was determined by the 

product of thermal diffusivity (𝛼), density (𝜌), and specific heat capacity (𝑐𝑝) based on the 

following equation: 

𝑘𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝛼𝜌𝑐𝑝 (4) 

The thermal diffusivity was measured by laser flash analysis (LFA 467 HT HyperFlash, 

NETZSCH, Germany). The heat capacity was estimated through Neumann-Kopp rule by the rule 

of mixtures of the constituent oxides [41]. Finally, the conductivity was corrected for porosity 

based on the following equation: 

𝑘𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑘(1 − 𝑃)
3
2⁄  (5) 

Here, k (i.e. 𝑘0 in equations in Ref. [42]) is the corrected thermal conductivity for a fully-dense 

specimen [42]. Again, here we adopt 𝑘𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 to represent the measured thermal conductivity 

of specimens with minor porosity and reserve k for the corrected value reported in Table 1 and 

discussed in all places.   



10 

 

4 Results and Discussion 

4.1 XRD 

XRD was performed on all 11 compositions and the results are shown in Figure 2. The 

CCFOs are compared to 8YSZ and 3YSZ that were fabricated by the same procedure.  

8YSZ shows the expected cubic fluorite structure. 3YSZ shows a mixture of the tetragonal, 

cubic, and monoclinic phases. After annealing at 1500°C for 24 hours, 3YSZ exhibits the 

metastable tetragonal phase; however, it is known that this phase can transform into tetragonal 

and cubic phases after prolonged high-temperature annealing [43]. The tetragonal phase could 

then transform into the monoclinic phase during cooling. Due to the presence of multiple phases, 

the properties of 3YSZ were not measured (because we are only interested in the intrinsic 

properties of the single-phase material).  

For the nine CCFOs annealed at 1500°C for 24 hours (furnace-cooled), all the “H” and “M” 

compositions, except for 5H, possess a single cubic fluorite phase (Fm3̅m, space group #225). 

Composition 5H still predominantly contains a fluorite phase; however, there is a secondary 

Ca(Hf/Zr)O3 perovskite phase.  

Among the “L” variants annealed at 1500°C for 24 hours, 4L and 7L show a single body-

centered tetragonal (BCT) phase, similar to the tetragonal YSZ (P42/nmc, space group #137). 

Composition 5L (with Y and Ca as the stabilizers) exhibits a single cubic fluorite phase. The 

addition of every Ca2+ cation generates an O2- oxygen vacancy, doubling that produced by 

adding a 3+ cation. Since it is known that the formation of the cubic fluorite structure strongly 

depends on the concentration of oxygen vacancies [44], the additional oxygen vacancies in 5L 

with Ca2+ stabilizers likely stabilize this cubic phase. 

On examination of the XRD spectra, the peaks widen as the stabilizer concentration 

decreases. In general, peak broadening can arise from small crystallite/domain size, residual 

strains, and inhomogeneity. The residual strains and small crystallite size effects can be excluded 

in this case based on the Williamson-Hall analysis and long annealing times. Furthermore, our 

samples are compositionally homogeneous (as shown by the EDS analysis later). Thus, we 

propose that the peak broadening observed here is likely resulted from partial/initial phase 

transformation. Specifically, an FCC to BCT transition will result in peak splitting when the c/a 
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ratio in the BCT cell deviates from the √2 of the cubic phase. However, due to XRD 

instrumental broadening, the initial small splitting looks similar to peak broadening.  

Here, the microstrain parameter (𝜀) extracted from the Williamson-Hall plot can be used as a 

proxy for the degree of broadening due to the presence of the tetragonal phase, in which the 

effects can be seen in variant “L”. As the stabilizer concentration increases, the broadening 

parameter decreases, suggesting that the tetragonality of the sample decreases.  

Table 1 summarizes the relevant data obtained from XRD. Compositions 5H and 3YSZ were 

not single-phase (so their properties were not further measured). Compositions 4L and 7L were 

classified as BCT. The c/a ratio for 4L and 7L are 1.423 and 1.421, respectively. When c/a = √2 

≈ 1.414, the phase is equivalent to FCC (fluorite). Thus, 4L and 7L only exhibit moderate 

tetragonality. The rest of the CCFOs exhibit the cubic fluorite structure according to XRD (albeit 

some trace tetragonality that results in peak broadening). The lattice parameter for each 

composition increases with the increasing stabilizer concentration due to the larger sizes of the 

stabilizer atoms compared to the host atoms. Assuming XRD peak broadening is due to the 

initial FCC to BCT phase transition, 𝜀 increases as the stabilizer concentration decreases. The 

tetragonality at lower stabilizer concentrations is expected, similar to that observed in YSZ [43]. 

4.2 Raman Spectroscopy 

Raman spectroscopy was used to investigate the presence of moderate tetragonality, which is 

more sensitive than XRD. This technique is susceptible to local short-range ordering. Figure 3 

shows the Raman spectra for 8YSZ, 4L, 4M, and 4H. A pure cubic specimen should exhibit a 

single sharp peak around 465 cm-1 [45–47]. In the specimens measured, there are six peaks 

which correspond to the tetragonal symmetry [48–50]. Although nearly all the XRD spectra 

show a strong cubic structure, the short-range order suggests some tetragonality in all specimens, 

which decreases as the stabilizer concentration increases. Some researchers have suggested that 

this tetragonality may arise from distorted C-type/pyrochlore micro/nanodomains within the 

system [51–53]. The broadened peaks are likely due to both the decreasing tetragonality and a 

highly disordered structure.  It is important to note that in this case (excluding the composition 

series 5), variants “H” and “M” are cubic, and “L” is tetragonal according to XRD. Although 

Raman spectra indicate some tetragonality in all nominally cubic phase, we used XRD as our 
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primary criterion to differentiate cubic and tetragonal phases (as the tetragonality revealed by 

Raman is small, yet universal).  

In summary, XRD suggested that 4L is tetragonal (in long-range order), while both 4M and 

4H are cubic (exhibits long-range cubic order) according to XRD, but Raman spectroscopy 

revealed some tetragonality or possible presence of some short-range tetragonal order. In fact, 

8YSZ is commonly known as a cubic phase. However, it is also known, and verified here, that 

the Raman spectra can reveal some tetragonality (short-range tetragonal order) even in the well-

known cubic 8YSZ [48–51]. 

4.3 Phase Stability 

The stability of 4L, 4M, and 4H (or (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ) was examined further 

by utilizing specimens quenched from different temperatures. Here, each sample was first 

annealed at 1500°C for approximately 24 h in air (that is essential to oxidize and homogenize the 

specimens made by SPS in a reduced environment), and then rapidly air quenched to preserve 

the crystal structure. XRD revealed that all variants exhibited sharp fluorite peaks, including 4L 

that exhibited tetragonal phase in the slow furnace cooled specimen (Figure 1 for slow furnace 

cooling vs. Figure 4 for air-quenched specimen). This indicates that 4L underwent a cubic to 

tetragonal phase change during furnace cooling.  

After quenching at 1500°C to form a single cubic phase, each sample was then annealed 

again at 1200°C – 1400°C for 24 h – 48 h. It was found that variants “H” and “M” remained 

cubic with sharp peaks for all temperatures examined and are shown in Figure S1 in Suppl. Data. 

Variant “L”, however, underwent a BCT to FCC phase transition around 1400°C – 1500°C. The 

XRD spectra for quenched 4L from all temperatures are shown in Figure 4(a). The expanded 

spectra in Figure 4(b) shows that at 1200°C, the sample is a single tetragonal phase.  As the 

temperature increases to 1300°C, the gap between the two tetragonal peaks decreases and the 

two peaks eventually merge at 1400°C. However, the presence of the tetragonal structure is still 

noticeable in the peak. It is not until 1500°C that the structure becomes a single cubic fluorite 

phase. The volume expansion from the fluorite phase to body-centered tetragonal is 

approximately 0.7 %. The transformation was not seen to be destructive to the specimen on the 

macroscale. 
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The phase stability of the CCFOs is now compared to YSZ. The phase transition temperature 

(~1400°C) of 4L (stabilizer concentration = 5.8 at. %) is significantly lower than its 3YSZ 

counterpart (~ 2200°C). Also, the tetragonal phase is stable in 8YSZ from 600°C to 1300°C. 

Within the CCFOs, no phase change was detected down to 1200°C. Thus, the cubic phase stable 

region is enlarged in CCFOs in comparison with YSZ.  

A proposed phase diagram of the (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ CCFOs is shown in 

Figure 5. An approximated curved tetragonal-cubic boundary is drawn, which resembles that in 

the YSZ (ZrO2-Y2O3) phase diagram [43]. Similar to YSZ, the increased stability of the cubic 

phase may be attributed to higher total fraction of cubic stabilizers that increases oxygen vacancy 

concentration, so that the tetragonal-cubic boundary is curved.  Interestingly, no two-phase 

region has been observed between the tetragonal and cubic single-phase regions in the 

(Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ CCFOs, which differs from a wide two-phase region in the 

YSZ system. It is possible that such a two-phase region is too narrow (to be detected by our 

experiments) in this CCFO system. 

In comparison with the YSZ phase diagram [43], it appears that the cubic fluorite phase is 

stabilized in (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ CCFOs to a significantly greater degree by 

pushing the tetragonal envelope inward by at least a few hundred degrees at all temperatures. It 

is also known that Ce may enhance the stability of the cubic phase [54,55]. However, the HfO2-

CeO2-ZrO2 ternary phase diagram shows the three-phase region (monoclinic + tetragonal + 

cubic) for the equimolar composition at 1500°C [56]. It appears that the cubic stabilizers in this 

system affects the phase stability to a more considerable degree in this CCFO system than yttria 

does in the zirconia system. We should note that entropy stabilization of higher symmetry phases 

is seen in other reports [57,58]. This is consistent with the enhanced stability of the high-

symmetry cubic phase in this CCFO system at lower stabilizer concentrations compared to YSZ. 

4.4 Microstructure 

Polished cross-sections were examined by SEM-EDS to investigate the microstructure and 

homogeneity on the microscale. All the compositions following the furnace anneal were solid 

compacts free of cracks with a random distribution of (low) porosity. All specimens are 

chemically homogeneous. SEM micrograph and the corresponding EDS maps on 4L, 4M, and 

4H were selected as an example and shown in Figure 6. SEM-EDS analysis results of other 



14 

 

compositions are shown in Figure S2 in Suppl. Data. All the CCFOs exhibited homogeneously 

distributed elements besides 5H (and 7L to a minor extent).  

4.5 Mechanical Properties 

The Young’s modulus (E) and nanohardness data are shown in Table 1. Our measurements 

of our 8YSZ system agree well with literature values on both properties [59,60]. The 

composition series 5 (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Ca1/2)xO2-δ specimens had significantly lower 

modulus while the rest of the CCFOs had similar values. Calcium is a large ion (ionic radius = 

1.12 Å) with a different charge (2+) than the rest of the cations investigated (3+/4+), which may 

result in the different modulus.  

Nanoindentation revealed similar nanohardness values of all compositions to be 16-20 GPa, 

on par with that of 8YSZ (17.3  1.5 GPa). Specimen 5M (Hf0.284Zr0.284Ce0.284Y0.074Ca0.074)xO2-δ 

is the hardest  (19.6  0.6 GPa), despite its lowest modulus. A representative load-displacement 

curve for each specimen is shown in Figure S3 in Suppl. Data.  

4.6 Thermal Conductivity 

One of the most attractive properties of YSZ is its low thermal conductivity (k). Thermal 

conductivity measurements were performed from room temperature to 1000°C and are shown in 

Figure 7, with the raw diffusivity and heat capacity data shown in Figures S4 and S5 in Suppl. 

Data. Noting that the measured room-temperature k values for 4H and 7H are greater than those 

previously reported [9]. The differences may arise from differences in measurement methods 

(laser flash analysis vs. time-domain thermoreflectance). The measured temperature-dependent 

thermal conductivity of 8YSZ is in an excellent agreement with literature [61]. For some 

specimens (e.g., 8YSZ, 4H and 7H), thermal conductivity initially decreases but then slightly 

increases with temperature above around 800°C. This increasing trend is presumably due to 

radiation heat transfer, as also observed and speculated in the literature [62–64]. If the radiation 

thermal conductivity is significant, the data reduction method used in the laser flash analysis is 

no longer fully valid. Therefore, the data shown in the high-temperature range (e.g., above 

~800°C) should be taken as an approximation only. Here, the electronic conduction to the 

thermal conductivity can be ignored, as YSZ and similar oxides are largely insulating [65,66]. 
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The temperature-dependent thermal conductivity values give insight into the thermal 

conduction mechanism. 8YSZ exhibits a constant k around 2 W m-1 K-1 but increases slightly at 

T ≥ 800°C due to radiation heat transfer. From room temperature to 1000°C, the reduction in k 

for the CCFOs compared to 8YSZ is about 20 %. This reduction of the thermal conductivity is 

likely originated from the increased phonon scattering. Both equimolar 4H and 7H show the 

classical 1/T relationship representative of Umklapp scattering at low temperatures, which then 

rise at higher temperatures from radiative effects (like 8YSZ).  

Notably, at lower stabilizer concentrations, the temperature dependency changes to an 

amorphous-like or disordered trend [67], where the thermal conductivity increases slowly with 

temperature or nearly temperature-independent. Disordered trends arise when the propagating 

phonon modes are severely suppressed, and the main heat conduction mode becomes non-

propagating diffusons [68,69]. It is interesting to note that the equimolar compositions, which 

have the most disorder on the cation sublattice, do not display this trend. Thus, this amorphous-

like behavior is probably a result of oxygen vacancies. Oxygen vacancies are known to cluster in 

the fluorite structure to form bi- and tri-vacancies when the oxygen vacancy concentration 

increases above 5 % [51,53,70,71]. The clustering of the vacancies may reduce phonon 

scattering of the system [72]. We should note that the effects of oxygen vacancies are coupled 

with mass disorder and lattice distortion (local strains) to influence thermal conductivity. 

Specifically, the presence of disordered vacancies may increase the distortion on the oxygen 

sublattice according to the point defect scattering theory [73–75]. Consistently, equimolar 4H 

and 7H display a crystalline-like conductivity that has a 1/T dependency with temperature, while 

other compositions exhibit amorphous-like behaviors.  

This also explains an important finding of this study that the non-equimolar medium-entropy 

CCFOs exhibit even lower (and temperature-independent) thermal conductivities than their 

equimolar high-entropy counterparts. This is clearly demonstrated, e.g., in Figure 8 for the 

Composition 4 series (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ as an example.     

The thermal conductivities of 5L and 5M (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Ca1/2)xO2-δ specimens are 

lower than those of the composition 7 series (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Gd1/2)xO2-δ specimens, which 

are slightly lower than that of the Composition 4 series (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ 

specimens. The introduction of Ca2+ reduced the conductivity of the system further. As shown in 
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Figure 7, Composition 5M approaches the minimum thermal conductivity limit (e.g., Cahill limit 

[76]) at high temperature but there is still room for further reduction. A factor may be the size 

disorder. Composition series 5, 7, and 4 contain Ca2+, Gd3+, and Yb3+, which have Shannon 

effective ionic radii of 1.12 Å, 1.053 Å, and 0.985 Å, respectively [77]. This suggests size 

disorder as a possible factor in controlling thermal conductivity. In this case, the different charge 

state of Ca2+ plays an indirect effect.  

4.7 Stiffness to Conductivity (E/k) Ratio 

Interestingly, the mechanical properties of the CCFOs are reasonably similar to YSZ, but the 

thermal conductivity is reduced. Traditionally, the modulus and conductivity are directly related 

because strong bonding increases both [21]. The room temperature k, E, and E/k for the 

Composition 4 series (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ are shown in Figure 8. Here, there is a 

clear improvement in the E/k ratio when we move from equimolar high-entropy 4H to non-

equimolar concentrations. A sharp drop in modulus in 4L and consequently E/k may be due to 

the relatively weaker tetragonal structure compared to cubic. Thus, the highest E/k ratio of 133.6 

 4.3 GPamKW-1 is achieved for 4M Hf0.284Zr0.284Ce0.284Y0.074Yb0.074)xO2-δ. 

The properties of all CCFOs are summarized in Table 1. The same trend stated above is seen 

in the other composition series as well, where the non-equimolar CCFOs (variant “M”) are 

generally more thermally-insulative (with lower thermal conductivity) compared to their 

equimolar high-entropy counterparts (variant “H”).  

Generally, as the concentration of oxygen vacancy concentration increases (from “L” to 

“H”), so does the thermal conductivity and modulus to an extent. The k appears to reach a 

minimum (and E/k reaches a maximum) around the composition of variant “M” which has a 

nominal oxygen vacancy percentage of 3.7 %. However, this trend is not upheld in Composition 

5 series (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Ca1/2)xO2-δ specimens because Ca2+ introduces more oxygen 

vacancies in comparison with Yb3+ and Gd3+.  Note that 5L Hf0.314Zr0.314Ce0.314Y0.029Ca0.029)xO2-δ 

has a nominal oxygen vacancy concentration of 2.2 %, while 5M 

Hf0.284Zr0.284Ce0.284Y0.074Ca0.074)xO2-δ has 5.6 %. Overall, an oxygen vacancy concentration 

around 3 % should display the most improved properties in terms of the E/k ratio. This shows the 

importance of oxygen vacancies to the thermal properties of this new class of CCFOs. 
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Notably, most CCFOs display a 5 – 30 % increase in E/k ratio compared to YSZ. This study 

further showed that one can explore medium non-equimolar CCFOs to reduce k (beyond their 

equimolar high-entropy counterparts) while retaining the modulus (at least to certain 

concentration) and hardness to achieve higher E/k ratio. This allows for a new direction to design 

stiff and insulative ceramics. It is important to note not only HECs represent a new 

compositional space, but also most medium-entropy and/or non-equimolar compositions are 

largely unexplored by any prior studies (i.e., in neither the traditional ceramic research nor in the 

most recent HEC studies); yet, they represent a vast unexplored compositional space.   

5 Conclusions 

This study broadens high-entropy ceramics (HECs) to compositionally-complex ceramics 

(CCCs), which can be alternatively and equivalently called “multi-principal cation ceramics 

(MPCCs),” to explore medium-entropy non-equimolar compositions using compositionally-

complex fluorite oxides (CCFOs) as an exemplar. Nine compositions CCFOs with the general 

formula of (Hf1/3Zr1/3Ce1/3)1-x(Y1/2X1/2)xO2-δ (where X = Yb, Ca, and Gd) have been fabricated 

and eight of exhibit single solid-solution phases at 1500 C.  

In comparison with YSZ, these CCFOs exhibit increased cubic stability and lower thermal 

conductivity, while retaining comparable modulus and hardness. Moreover, the temperature-

dependent thermal conductivity in the non-equimolar CCFOs shows an amorphous-like 

behavior.  

Most notably, the medium-entropy non-equimolar CCFOs exhibit even lower thermal 

conductivity (k) and higher E/k ratios than their equimolar high-entropy counterparts. Thus, these 

results suggest a new direction to design, fabricate, and test insulative yet stiff CCFOs 

specifically, as well as other high-performance CCCs or MPCCs in general, via exploring non-

equimolar and/or medium-entropy compositions beyond HECs.  

This study has also demonstrated the importance of oxygen vacancies, particularly their 

clustering, in influencing the thermal conductivity, which is the underlying reason that non-

equimolar medium-entropy CCFOs outperform their equimolar high-entropy counterparts.       
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Table 1. Summary of properties measured at room temperature for all single-phase specimens annealed at 
1500°C for 24 hours. Specimen 3YSZ and 5H have multiple phases, so their properties were not 
measured. Nanohardness was not measured for 4H due to an experimental issue. 

Identifier Composition ac (Å) at (Å) ct (Å) Microstrain 
(%) 

Theoretical 
Density 

(g/cm
3

) 

Relative 
Density 

(%) 

Nanohardness 

(𝑮𝑷𝒂) E (𝑮𝑷𝒂) k (
𝑾

𝒎∙𝑲
) E/k (

𝑮𝑷𝒂∙𝒎∙𝑲

𝑾
) 

3YSZ Zr0.942Y0.058O2-δ — — — — — — — — — — 

8YSZ Zr0.852Y0.148O2-δ 5.134 — — 0.15 5.97 97.3 ± 0.6 17.3 ± 1.5 219.2 ± 2.6 2.19 ± 0.07 100.3 ± 3.2 

4L Hf0.314Zr0.314Ce0.314Y0.029Yb0.029O2-δ — 3.682 5.238 0.19 7.85 96.9 ± 0.6 17.1 ± 1.8 201.2 ± 2.2 1.78 ± 0.05 113.0 ± 3.6 

4M Hf0.284Zr0.284Ce0.284Y0.074Yb0.074O2-δ 5.210 — — 0.16 7.83 97.5 ± 0.6 17.7 ± 1.7 232.8 ± 2.2 1.74 ± 0.05 133.6 ± 4.3 

4H Hf0.2Zr0.2Ce0.2Y0.2Yb0.2O2-δ 5.227 — — 0.08 7.59 98.2 ± 0.6 — 232.6 ± 2.4 2.23 ± 0.07 104.4 ± 3.3 

5L Hf0.314Zr0.314Ce0.314Y0.029Ca0.029O2-δ 5.214 — — 0.16 7.67 97.3 ± 0.6 18.4 ± 1.3 180.1 ± 4.8 1.65 ± 0.05 109.4 ± 4.4 

5M Hf0.284Zr0.284Ce0.284Y0.074Ca0.074O2-δ 5.218 — — 0.10 7.30 95.4 ± 0.6 19.6 ± 0.6 153.8 ± 2.3 1.54 ± 0.05 99.6 ± 3.4 

5H Hf0.2Zr0.2Ce0.2Y0.2Ca0.2O2-δ — — — — — — — — — — 

7L Hf0.314Zr0.314Ce0.314Y0.029Gd0.029O2-δ — 3.690 5.245 0.17 7.78 96.1 ± 0.6 18.5 ± 1.4 199.4 ± 2.0 1.74 ± 0.05 114.3 ± 3.6 

7M Hf0.284Zr0.284Ce0.284Y0.074Gd0.074O2-δ 5.225 — — 0.08 7.70 96.9 ± 0.6 18.2 ± 1.7 218.9 ± 2.3 1.70 ± 0.05 128.4 ± 4.2 

7H Hf0.2Zr0.2Ce0.2Y0.2Gd0.2O2-δ 5.265 — — 0.07 7.28 98.2 ± 0.6 16.3 ± 1.2 238.9 ± 2.7 2.19 ± 0.06 106.3 ± 3.3 
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Figure 1. Schematic of proposed compositionally-complex ceramics (CCCs or C3), which can 
alternatively and equivalently be named as “multi-principal cation ceramics (MPCCs).” CCCs 
include high-entropy ceramics (HECs) and entropy-stabilized ceramics as subsets; moreover, 
CCCs also include medium-entropy and/or non-equimolar compositions that are not qualified as 
HECs. Following the definitions of metallic high-entropy alloys (HEAs), HECs typically refer to 
equimolar or near-equimolar compositions of five or more principal cations (usually 
producing >1.5 R per mol. of cations ideal configuration entropy) on at least one sublattice. We 
propose to broaden HECs to CCCs to further include non-equimolar and/or medium-entropy 
compositions of three or four principal (typically 5%-35%) cations or generally 1-1.5 R per mol. 
ideal configuration entropy on at least one sublattice. Note that different (mostly subjective) 
criteria exist so that the boundaries of high- or medium-entropy compositions are only loosely 
defined.  We should further note that most non-equimolar and/or medium-entropy ceramics 
(based on the above definitions) also represent a largely unexplored compositional space (in 
addition to HECs).    
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Figure 2. XRD patterns of all 11 specimens (nine CCFOs, along with 8YSZ and 3YSZ) 
annealed at 1500°C for 24 hours and furnace cooled. All variants “M” and “H” specimens, 
except 5H, exhibit single solid-solution phases of the fluorite structure. In variant “L” specimens, 
both 4L and 7L exhibit the tetragonal structure, while 5L retains the cubic fluorite structure.  
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Figure 3. Raman spectra showing some degrees of tetragonality present in selected specimens 
annealed at 1500°C (albeit that some are shown as cubic fluorite by XRD). As the stabilizer 
concentration is increased, the degree of the tetragonality decreases.   
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Figure 4. (a) XRD spectra of four 4L (Hf0.314Zr0.314Ce0.314Y0.029Yb0.029O2-δ) specimens produced 
by 24-hour annealing at different temperatures (labeled in the figure) and subsequent quenching. 
A phase transformation occurs around 1400°C and completes at 1500°C. (b) Expanded views of 
the XRD spectra showing the transition from two tetragonal peaks to a single cubic peak.  
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Figure 5. Proposed phase diagram of specimens (Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ (4L, 4M, and 
4H).  Composition 4L undergoes a transformation from the tetragonal to cubic phase at ~1400°C 
– 1500°C while 4M and 4H remained in the cubic fluorite phase from 1200°C to 1500°C. All 
specimens were annealed at the respective temperatures for 24 h and subsequently quenched. 
The composition (Hf1/3Zr1/3Ce1/3)O2 exhibits three phases according to Andrievskaya et al.[56]. 
(Legends: ▲ = 3 phase; ● = tetragonal; ■ = cubic.)   
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Figure 6. SEM images and corresponding EDS elemental maps on the cross sections of 4H, 4M, 
and 4L annealed at 1500°C for 24 hours. The cation distributions are uniform in all specimens at 
the microscale. 
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Figure 7. Measured thermal conductivity vs. temperature curves for all single-phase specimens 
from room temperature to 1000°C. The calculated phonon limits for 4M and 5M by using the 
Cahill [76] model are shown by the dashed lines. All specimens were annealed at 1500°C for 24 
hours prior to the thermal conductivity measurements. 
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Figure 8. Room-temperature Young’s modulus (E), thermal conductivity (k), and E/k ratio for 
(Hf1/3Zr1/3Ce1/3)1-x(Y1/2Yb1/2)xO2-δ series of specimens 4L, 4M, and 4H. 4M exhibits the lowest 
thermal conductivity and the highest 𝐸/𝑘 ratio. All specimens were annealed at 1500°C for 24 
hours. 

  



28 

 

References 

[1] J.W. Yeh, S.K. Chen, S.J. Lin, J.Y. Gan, T.S. Chin, T.T. Shun, C.H. Tsau, S.Y. Chang, 
Nanostructured high-entropy alloys with multiple principal elements: novel alloy design 
concepts and outcomes, Adv. Eng. Mater. 6 (2004) 299–303. 
doi:10.1002/adem.200300567. 

[2] B. Cantor, I.T.H. Chang, P. Knight, A.J.B. Vincent, Microstructural development in 
equiatomic multicomponent alloys, Mater. Sci. Eng. A. 375 (2004) 213–218. 
doi:10.1016/j.msea.2003.10.257. 

[3] A. Gali, E.P. George, Tensile properties of high- and medium-entropy alloys, 
Intermetallics. 39 (2013) 74–78. doi:10.1016/j.intermet.2013.03.018. 

[4] B. Gludovatz, A. Hohenwarter, K.V.S. Thurston, H. Bei, Z. Wu, E.P. George, R.O. 
Ritchie, Exceptional damage-tolerance of a medium-entropy alloy CrCoNi at cryogenic 
temperatures, Nat. Commun. 7 (2016) 10602. doi:10.1038/ncomms10602. 

[5] Z. Li, K.G. Pradeep, Y. Deng, D. Raabe, C.C. Tasan, Metastable high-entropy dual-phase 
alloys overcome the strength-ductility trade-off, Nature. 534 (2016) 227–230. 
doi:10.1038/nature17981. 

[6] C.M. Rost, E. Sachet, T. Borman, A. Moballegh, E.C. Dickey, D. Hou, J.L. Jones, S. 
Curtarolo, J.P. Maria, Entropy-stabilized oxides, Nat. Commun. 6 (2015) 8485. 
doi:10.1038/ncomms9485. 

[7] R. Djenadic, A. Sarkar, O. Clemens, C. Loho, M. Botros, V.S.K. Chakravadhanula, C. 
Kübel, S.S. Bhattacharya, A.S. Gandhi, H. Hahn, Multicomponent equiatomic rare earth 
oxides, Mater. Res. Lett. 5 (2017) 102–109. doi:10.1080/21663831.2016.1220433. 

[8] S. Jiang, T. Hu, J. Gild, N. Zhou, J. Nie, M. Qin, T. Harrington, K. Vecchio, J. Luo, A 
new class of high-entropy perovskite oxides, Scr. Mater. 142 (2018) 116–120. 
doi:10.1016/j.scriptamat.2017.08.040. 

[9] J. Gild, M. Samiee, J.L. Braun, T. Harrington, H. Vega, P.E. Hopkins, K. Vecchio, J. Luo, 
High-entropy fluorite oxides, J. Eur. Ceram. Soc. 38 (2018) 3578–3584. 
doi:10.1016/j.jeurceramsoc.2018.04.010. 

[10] M.R. Chellali, A. Sarkar, S.H. Nandam, S.S. Bhattacharya, B. Breitung, H. Hahn, L. 
Velasco, On the homogeneity of high entropy oxides: An investigation at the atomic scale, 
Scr. Mater. 166 (2019) 58–63. doi:10.1016/j.scriptamat.2019.02.039. 

[11] J. Gild, Y. Zhang, T. Harrington, S. Jiang, T. Hu, M.C. Quinn, W.M. Mellor, N. Zhou, K. 
Vecchio, J. Luo, High-Entropy Metal Diborides: A New Class of High-Entropy Materials 
and a New Type of Ultrahigh Temperature Ceramics, Sci. Rep. 6 (2016) 37946. 
doi:10.1038/srep37946. 

[12] Y. Zhang, W.M. Guo, Z. Bin Jiang, Q.Q. Zhu, S.K. Sun, Y. You, K. Plucknett, H.T. Lin, 
Dense high-entropy boride ceramics with ultra-high hardness, Scr. Mater. 164 (2019) 
135–139. doi:10.1016/j.scriptamat.2019.01.021. 

[13] P. Sarker, T. Harrington, C. Toher, C. Oses, M. Samiee, J.P. Maria, D.W. Brenner, K.S. 
Vecchio, S. Curtarolo, High-entropy high-hardness metal carbides discovered by entropy 



29 

 

descriptors, Nat. Commun. 9 (2018) 1–10. doi:10.1038/s41467-018-07160-7. 
[14] T.J. Harrington, J. Gild, P. Sarker, C. Toher, C.M. Rost, O.F. Dippo, C. McElfresh, K. 

Kaufmann, E. Marin, L. Borowski, P.E. Hopkins, J. Luo, S. Curtarolo, D.W. Brenner, 
K.S. Vecchio, Phase stability and mechanical properties of novel high entropy transition 
metal carbides, Acta Mater. 166 (2019) 271–280. doi:10.1016/j.actamat.2018.12.054. 

[15] X. Yan, L. Constantin, Y. Lu, J.F. Silvain, M. Nastasi, B. Cui, 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C high-entropy ceramics with low thermal conductivity, J. 
Am. Ceram. Soc. 101 (2018) 4486–4491. doi:10.1111/jace.15779. 

[16] T.K. Chen, T.T. Shun, J.W. Yeh, M.S. Wong, Nanostructured nitride films of multi-
element high-entropy alloys by reactive DC sputtering, Surf. Coatings Technol. 188 
(2004) 193–200. doi:10.1016/j.surfcoat.2004.08.023. 

[17] J. Gild, J. Braun, K. Kaufmann, E. Marin, T. Harrington, P. Hopkins, K. Vecchio, J. Luo, 
A high-entropy silicide: (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2, J. Mater. (2019). 
doi:10.1016/j.jmat.2019.03.002. 

[18] Y. Qin, J.X. Liu, F. Li, X. Wei, H. Wu, G.J. Zhang, A high entropy silicide by reactive 
spark plasma sintering, J. Adv. Ceram. 8 (2019) 148–152. doi:10.1007/s40145-019-0319-
3. 

[19] N. Zhou, S. Jiang, T. Huang, M. Qin, T. Hu, J. Luo, Single-phase high-entropy 
intermetallic compounds (HEICs): bridging high-entropy alloys and ceramics, Sci. Bull. 
64 (2019) 856–864. doi:10.1016/j.scib.2019.05.007. 

[20] A. Giri, J.L. Braun, P.E. Hopkins, Reduced dependence of thermal conductivity on 
temperature and pressure of multi-atom component crystalline solid solutions, J. Appl. 
Phys. 123 (2018) 015106. doi:10.1063/1.5010337. 

[21] J.L. Braun, C.M. Rost, M. Lim, A. Giri, D.H. Olson, G.N. Kotsonis, G. Stan, D.W. 
Brenner, J.P. Maria, P.E. Hopkins, Charge-Induced Disorder Controls the Thermal 
Conductivity of Entropy-Stabilized Oxides, Adv. Mater. 30 (2018) 1805004. 
doi:10.1002/adma.201805004. 

[22] R.C. Garvie, R.H. Hannink, R.T. Pascoe, Ceramic steel?, Nature. 258 (1975) 703–704. 
doi:10.1038/258704a0. 

[23] T.K. Gupta, F.F. Lange, J.H. Bechtold, Effect of stress-induced phase transformation on 
the properties of polycrystalline zirconia containing metastable tetragonal phase, J. Mater. 
Sci. 13 (1978) 1464–1470. doi:10.1007/BF00553200. 

[24] J.A. Kilner, Ionic conductors: Feel the strain, Nat. Mater. 7 (2008) 838–839. 
doi:10.1038/nmat2314. 

[25] W. Pan, S.R. Phillpot, C. Wan, A. Chernatynskiy, Z. Qu, Low thermal conductivity 
oxides, MRS Bull. 37 (2012) 917–922. doi:10.1557/mrs.2012.234. 

[26] K. Chen, X. Pei, L. Tang, H. Cheng, Z. Li, C. Li, X. Zhang, L. An, A five-component 
entropy-stabilized fluorite oxide, J. Eur. Ceram. Soc. 38 (2018) 4161–4164. 
doi:10.1016/j.jeurceramsoc.2018.04.063. 

[27] D.B. Miracle, Critical Assessment: Critical Assessment 14: High entropy alloys and their 



30 

 

development as structural materials, Mater. Sci. Technol. (United Kingdom). 31 (2015) 
1142–1147. doi:10.1179/1743284714Y.0000000749. 

[28] D.B. Miracle, O.N. Senkov, A critical review of high entropy alloys and related concepts, 
Acta Mater. 122 (2017) 448–511. doi:10.1016/j.actamat.2016.08.081. 

[29] J.W. Yeh, Y.L. Chen, S.J. Lin, S.K. Chen, High-entropy alloys - A new era of 
exploitation, Mater. Sci. Forum. 560 (2007) 1–9. 
doi:10.4028/www.scientific.net/MSF.560.1. 

[30] D. Miracle, J. Miller, O. Senkov, C. Woodward, M. Uchic, J. Tiley, Exploration and 
Development of High Entropy Alloys for Structural Applications, Entropy. 16 (2014) 
494–525. doi:10.3390/e16010494. 

[31] X. Yang, Y. Zhang, Prediction of high-entropy stabilized solid-solution in multi-
component alloys, Mater. Chem. Phys. 132 (2012) 233–238. 
doi:10.1016/j.matchemphys.2011.11.021. 

[32] M. Liu, L. Yang, S. Wang, K. Blinn, M. Liu, Z. Liu, Z. Cheng, Enhanced sulfur and 
coking tolerance of a mixed ion conductor for SOFCs: BaZr 0.1 Ce 0.7 y 0.2 - X Yb x O 3 
-δ, Science (80-. ). 326 (2009) 126–129. doi:10.1126/science.1174811. 

[33] R.-Z. Zhang, M.J. Reece, Review of high entropy ceramics: design, synthesis, structure 
and properties, J. Mater. Chem. A. 7 (2019) 22148–22162. doi:10.1039/C9TA05698J. 

[34] A. Sarkar, Q. Wang, A. Schiele, M.R. Chellali, S.S. Bhattacharya, D. Wang, T. 
Brezesinski, H. Hahn, L. Velasco, B. Breitung, High-Entropy Oxides: Fundamental 
Aspects and Electrochemical Properties, Adv. Mater. 31 (2019) 1806236. 
doi:10.1002/adma.201806236. 

[35] G.K. Williamson, W.H. Hall, X-ray line broadening from filed aluminium and wolfram, 
Acta Metall. 1 (1953) 22–31. doi:10.1016/0001-6160(53)90006-6. 

[36] ASTM International, ASTM C373-18: Standard Test Methods for Determination of Water 
Absorption and Associated Properties by Vacuum Method for Pressed Ceramic Tiles and 
Glass Tiles and Boil Method for Extruded Ceramic Tiles and Non-tile Fired Ceramic 
Whiteware Products, Annu. B. ASTM Stand. (2018) 7. doi:10.1520/C0373-16.2. 

[37] ASTM International, ASTM C1198-09 Standard Test Method for Dynamic Young’s 
Modulus, Shear Modulus, and Poisson’s Ratio for Advanced Ceramics by Sonic 
Resonance, Annu. B. ASTM Stand. 09 (2013) 1–11. doi:10.1520/C1198-09R13.2. 

[38] E.A. Dean, J.A. Lopez, Empirical dependence of elastic moduli on porosity for ceramic 
materials, J. Am. Ceram. Soc. 66 (1983) 366–370. doi:10.1111/j.1151-
2916.1983.tb10051.x. 

[39] W.C. Oliver, F.R. Brotzen, On the generality of the relationship among contact stiffness, 
contact area, and elastic modulus during indentation, J. Mater. Res. 7 (1992) 613–617. 
doi:10.1557/JMR.1992.0613. 

[40] W.C. Oliver, G.M. Pharr, Measurement of hardness and elastic modulus by instrumented 
indentation: Advances in understanding and refinements to methodology, J. Mater. Res. 
19 (2004) 3–20. doi:10.1557/jmr.2004.19.1.3. 



31 

 

[41] I. Barin, Thermochemical data of pure substances, VCH, Weinheim, 1995. 
doi:10.1016/s0165-2427(96)05632-2. 

[42] R.W. Rice, Porosity of Ceramics : properties and applications, CRC Press, Boca Raton, 
FL, 1998. doi:10.1017/CBO9781107415324.004. 

[43] H.G. Scott, Phase relationships in the zirconia-yttria system, J. Mater. Sci. 10 (1975) 
1527–1535. doi:10.1007/BF01031853. 

[44] K. Matsui, H. Yoshida, Y. Ikuhara, Review: microstructure-development mechanism 
during sintering in polycrystalline zirconia, Int. Mater. Rev. 63 (2018) 375–406. 
doi:10.1080/09506608.2017.1402424. 

[45] J.R. McBride, K.C. Hass, B.D. Poindexter, W.H. Weber, Raman and x-ray studies of Ce1-
xRExO2-y, where RE=La, Pr, Nd, Eu, Gd, and Tb, J. Appl. Phys. 76 (1994) 2435–2441. 
doi:10.1063/1.357593. 

[46] M. Guo, J. Lu, Y. Wu, Y. Wang, M. Luo, UV and visible Raman studies of oxygen 
vacancies in rare-earth-doped ceria, Langmuir. 27 (2011) 3872–3877. 
doi:10.1021/la200292f. 

[47] B. Choudhury, A. Choudhury, Ce 3+ and oxygen vacancy mediated tuning of structural 
and optical properties of CeO 2 nanoparticles, Mater. Chem. Phys. 131 (2012) 666–671. 
doi:10.1016/j.matchemphys.2011.10.032. 

[48] C. Mercer, J.R. Williams, D.R. Clarke, A.G. Evans, On a ferroelastic mechanism 
governing the toughness of metastable tetragonal-prime (t′) yttria-stabilized zirconia, Proc. 
R. Soc. A Math. Phys. Eng. Sci. 463 (2007) 1393–1408. doi:10.1098/rspa.2007.1829. 

[49] A.M. Limarga, D.R. Clarke, Piezo-spectroscopic coefficients of tetragonal-prime yttria-
stabilized zirconia, J. Am. Ceram. Soc. 90 (2007) 1272–1275. doi:10.1111/j.1551-
2916.2007.01622.x. 

[50] C. Viazzi, J.P. Bonino, F. Ansart, A. Barnabé, Structural study of metastable tetragonal 
YSZ powders produced via a sol-gel route, J. Alloys Compd. 452 (2008) 377–383. 
doi:10.1016/j.jallcom.2006.10.155. 

[51] J.T.S. Irvine, A.J. Feighery, D.P. Fagg, S. García-Martín, Structural studies on the 
optimization of fast oxide ion transport, Solid State Ionics. 136–137 (2000) 879–885. 
doi:10.1016/S0167-2738(00)00568-3. 

[52] L. Lõpez-Conesa, J.M. Rebled, M.H. Chambrier, K. Boulahya, J.M. González-Calbet, 
M.D. Braida, G. Dezanneau, S. Estradé, F. Peirõ, Local structure of rare earth niobates 
(RE3NbO7, RE = Y, Er, Yb, Lu) for proton conduction applications, Fuel Cells. 13 (2013) 
29–33. doi:10.1002/fuce.201200136. 

[53] K.N. Clausen, W. Hayes, Defect structure of yttria-stabilized zirconia and its influence on 
the ionic conductivity at elevated temperatures, Phys. Rev. B - Condens. Matter Mater. 
Phys. 59 (1999) 14202–14219. doi:10.1103/PhysRevB.59.14202. 

[54] E. Tani, M. Yoshimura, S. Somiya, Revised Phase Diagram of the System ZrO2‐CeO2 
Below 1400°C, J. Am. Ceram. Soc. 66 (1983) 506–510. doi:10.1111/j.1151-
2916.1983.tb10591.x. 



32 

 

[55] P. Duran, M. Gonzalez, C. Moure, J.R. Jurado, C. Pascual, A new tentative phase 
equilibrium diagram for the ZrO2-CeO2 system in air, J. Mater. Sci. 25 (1990) 5001–
5006. doi:10.1007/BF00580121. 

[56] E.R. Andrievskaya, G.I. Gerasimyuk, O.A. Kornienko, A. V. Samelyuk, L.M. Lopato, 
V.P. Red’ko, Phase equilibria in the system HfO 2-ZrO 2-CeO 2 at 1500°C, Powder 
Metall. Met. Ceram. 45 (2006) 448–456. doi:10.1007/s11106-006-0105-y. 

[57] R. Liu, H. Chen, K. Zhao, Y. Qin, B. Jiang, T. Zhang, G. Sha, X. Shi, C. Uher, W. Zhang, 
L. Chen, Entropy as a Gene-Like Performance Indicator Promoting Thermoelectric 
Materials, Adv. Mater. 29 (2017) 1702712. doi:10.1002/adma.201702712. 

[58] K. Zhao, P. Qiu, X. Shi, L. Chen, Recent Advances in Liquid‐Like Thermoelectric 
Materials, Adv. Funct. Mater. (2019) 1903867. doi:10.1002/adfm.201903867. 

[59] J.W. Adams, R. Ruh, K.S. Mazdiyasni, Young’s Modulus, Flexural Strength, and Fracture 
of Yttria-Stabilized Zirconia versus Temperature, J. Am. Ceram. Soc. 80 (2005) 903–908. 
doi:10.1111/j.1151-2916.1997.tb02920.x. 

[60] M. Fujikane, D. Setoyama, S. Nagao, R. Nowak, S. Yamanaka, Nanoindentation 
examination of yttria-stabilized zirconia (YSZ) crystal, J. Alloys Compd. 431 (2007) 250–
255. doi:10.1016/j.jallcom.2006.05.058. 

[61] K.W. Schlichting, N.P. Padture, P.G. Klemens, Thermal conductivity of dense and porous 
yttria-stabilized zirconia, J. Mater. Sci. 36 (2001) 3003–3010. 
doi:10.1023/A:1017970924312. 

[62] M.R. Winter, D.R. Clarke, Oxide materials with low thermal conductivity, J. Am. Ceram. 
Soc. 90 (2007) 533–540. doi:10.1111/j.1551-2916.2006.01410.x. 

[63] T. Li, Z. Ma, L. Liu, S.Z. Zhu, Thermal properties of Sm2Zr2O7-NiCr 2O4 composites, 
Ceram. Int. 40 (2014) 11423–11426. doi:10.1016/j.ceramint.2014.03.093. 

[64] S. Shin, Q. Wang, J. Luo, R. Chen, Advanced Materials for High‐Temperature Thermal 
Transport, Adv. Funct. Mater. (2019) 1904815. doi:10.1002/adfm.201904815. 

[65] L. Zhang, L. Zhu, A. V. Virkar, Electronic conductivity measurement of yttria-stabilized 
zirconia solid electrolytes by a transient technique, J. Power Sources. 302 (2016) 98–106. 
doi:10.1016/j.jpowsour.2015.10.026. 

[66] Y. Xiong, K. Yamaji, N. Sakai, H. Negishi, T. Horita, H. Yokokawa, Electronic 
Conductivity of ZrO2-CeO2-YO1.5 Solid Solutions, J. Electrochem. Soc. 148 (2001) 
237–240. doi:10.1149/1.1417977. 

[67] J. Yang, X. Qian, W. Pan, R. Yang, Z. Li, Y. Han, M. Zhao, M. Huang, C. Wan, Diffused 
Lattice Vibration and Ultralow Thermal Conductivity in the Binary Ln–Nb–O Oxide 
System, Adv. Mater. 31 (2019) 1808222. doi:10.1002/adma.201808222. 

[68] W. Zhou, Y. Cheng, K. Chen, G. Xie, T. Wang, G. Zhang, Thermal Conductivity of 
Amorphous Materials, Adv. Funct. Mater. (2019) 1903829. doi:10.1002/adfm.201903829. 

[69] F. DeAngelis, M.G. Muraleedharan, J. Moon, H.R. Seyf, A.J. Minnich, A.J.H. 
McGaughey, A. Henry, Thermal Transport in Disordered Materials, Nanoscale Microscale 
Thermophys. Eng. 23 (2019) 81–116. doi:10.1080/15567265.2018.1519004. 



33 

 

[70] A. Bogicevic, C. Wolverton, G.M. Crosbie, E.B. Stechel, Defect ordering in aliovalently 
doped cubic zirconia from first principles, Phys. Rev. B - Condens. Matter Mater. Phys. 
64 (2001). doi:10.1103/PhysRevB.64.014106. 

[71] E.D. Wachsman, Effect of oxygen sublattice order on conductivity in highly defective 
fluorite oxides, J. Eur. Ceram. Soc. 24 (2004) 1281–1285. doi:10.1016/S0955-
2219(03)00509-0. 

[72] J.-F. Bisson, D. Fournier, M. Poulain, O. Lavigne, R. Mévrel, Thermal Conductivity of 
Yttria-Zirconia Single Crystals, Determined with Spatially Resolved Infrared 
Thermography, J. Am. Ceram. Soc. 83 (2004) 1993–1998. doi:10.1111/j.1151-
2916.2000.tb01502.x. 

[73] M.C. Roufosse, Pressure Dependence of the Thermal Conductivity of Complex Dielectric 
Solids., (1976) 191–194. doi:10.1007/978-1-4899-3751-3_30. 

[74] Y. Wang, F. Yang, P. Xiao, Glass-like thermal conductivities in (La 1-x1 Y x1) 2 (Zr 1-x2 
Y x2) 2 O 7-x2 (x = x 1 + x 2, 0≤ x ≤ 1.0) solid solutions, Acta Mater. 60 (2012) 7024–
7033. doi:10.1016/j.actamat.2012.08.063. 

[75] Y. Wang, F. Yang, P. Xiao, Role and determining factor of substitutional defects on 
thermal conductivity: A study of La2(Zr1-xB x)2O7 (B = Hf, Ce, 0 ≤ x ≤ 0.5) pyrochlore 
solid solutions, Acta Mater. 68 (2014) 106–115. doi:10.1016/j.actamat.2014.01.011. 

[76] D.G. Cahill, S.K. Watson, R.O. Pohl, Lower limit to the thermal conductivity of 
disordered crystals, Phys. Rev. B. 46 (1992) 6131–6140. doi:10.1103/PhysRevB.46.6131. 

[77] R.D. Shannon, Revised effective ionic radii and systematic studies of interatomic 
distances in halides and chalcogenides, Acta Crystallogr. Sect. A. 32 (1976) 751–767. 
doi:10.1107/S0567739476001551. 

  



34 

 

Appendix A: 

Supplementary Data 

From High-Entropy Ceramics to Compositionally-Complex Ceramics: 

A Case Study of Fluorite Oxides 

Andrew J. Wrighta, Qingyang Wangb, Chuying Huanga, Andy Nietoc, Renkun Chenb, Jian Luoa,* 

aDepartment of NanoEngineering, University of California, San Diego, La Jolla, California, USA 

bDepartment of Mechanical & Aerospace Engineering, University of California, San Diego, La Jolla, 

California, USA 

cDepartment of Mechanical and Aerospace Engineering, Naval Postgraduate School, Monterey, 

California, USA 

*E-mail address: jluo@alum.mit.edu 

 

Figure S1 shows the XRD patterns of 4L, 4M and 4H air-quenched from 1200°C to 1500°C, 
along with those furnace-cooled from 1500°C. Composition 4L has a BCT to FCC phase 
transformation around 1400°C.  Both 4M and 4H remained cubic for all examined quenching 
temperatures.  

The microstructure and corresponding elemental distribution maps for 5H, 5M, 5L, 7H, 7M, 
and 7L specimens (furnace-cooled from 1500°C) are shown in Figure S2. There is a secondary 
Ca(Hf,Zr)O3 phase in 5H and slight Ce deficiencies in 7L. All other specimens show 
homogenously distributed elements.  

A representative load-displacement curve from nanoindentation for each specimen furnace-
cooled from 1500°C is displayed in Figure S3. 

The measured thermal diffusivities and calculated heat capacities from room temperature up 
to 1000°C for the eight single-phase specimens (including 8YSZ) are shown in Figures S3 and S4, 
which were used to calculate thermal conductivity vs. temperature curves in Figure 7 in the main 
text. 

mailto:jluo@alum.mit.edu
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Figure S1. XRD patterns of the specimens air-quenched from 1200°C - 1500°C for compositions 

(a) 4L, (b) 4M, and (c) 4H. (d) The XRD patterns of three specimens of 4L, 4M, and 4H furnace-
cooled from 1500°C as reference.  
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Figure S2. SEM images and EDS elemental maps of specimens (a) 5H, (b) 5M, (c) 5L, (d) 7H, 
(e) 7M, and (f) 7L (furnace-cooled from 1500°C). 
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Figure S3. Characteristic load-displacement curves for each specimen (furnace-cooled from 
1500°C).  
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Figure S4. Measured thermal diffusivity vs. temperatures curves for all furnace-cooled single-
phase specimens from room temperature to 1000°C. 
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Figure S5. Calculated temperature-dependent heat capacity based on Neumann-Kopp law using 
the heat capacities of the constituent oxides from I. Barin, Thermochemical Data of Pure 

Substances, VCH, Weinheim, 1995. 


