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A B S T R A C T   

Opportunities are described for developing coatings for refractory alloys beyond the current state-of-the-art 
silicide coatings, which are inadequate for long-term application in combustion environments due to silica 
volatility. It is proposed that multicomponent rare earth oxides provide an ideal material system to tailor all 
necessary properties for environmental/thermal barrier coatings in a single layer, differing from current trends to 
adopt multi-layer systems that are prone to thermochemical-mechanical interface failure mechanisms. The 
article discusses opportunities, proof-of-concept, and challenges to accomplish these single-layer rare earth oxide 
coatings. Properties of interest include isotropic phase stability, processability, thermal expansion, thermal 
conductivity, ability to perform as a radiation barrier, stability in combustion environments, CMAS resistance, 
and ability to act as an oxygen diffusion barrier. Both experimental and computational approaches for property 
optimization are described.   

Introduction 

Brayton cycle aeroturbine engines increase in efficiency as the 
operating temperatures are increased. Ni-base superalloys with thermal 
barrier coatings (TBCs) have enabled high temperature efficient aero
turbine engines, however, the superalloy/TBC system has reached its 
upper use temperature limit. Yttria-stabilized zirconia (YSZ) and gado
linium zirconate (GZO) TBCs have been engineered through micro
structural control during processing to incorporate porosity and 
boundaries. In combination with the low intrinsic thermal conductivity 
of the coating materials and backside cooling of the metallic component, 
these systems can achieve significant temperature drops from the hot gas 
surface to the underlying metallic bond coat, reducing metallic surface 
temperatures. However, further significant improvements in the super
alloy/TBC systems are unlikely. Rare earth silicate environmental bar
rier coatings (EBCs) on SiC-based ceramic matrix composites (CMCs) 

offer opportunities to achieve higher engine operating temperatures and 
reduced use of backside cooling air, but current EBC/CMC systems are 
limited by the melting temperature of the silicon bond coat (1414 ◦C). 
Refractory metal alloys (RMAs) offer a third materials option to increase 
operating temperatures of aeroturbine engines, however, these alloys 
based on group IV, V, and VI metals suffer from rapid degradation in 
oxidizing environments. Thus, prime reliant environmental barrier 
coatings must be used for refractory alloy implementation in aero
turbine engines. State-of-the-art coatings for Nb-base alloys are metal 
silicides that react in oxidizing environments to form silica [1,2], which 
may or may not have an oxide topcoat. However, thermally grown silica 
has been shown to be inadequate for long-term hot section turbine en
gine applications [3]. The proposed oxide topcoats (YSZ, Gd2Zr2O7) are 
not oxygen barriers and require NiCrAlY or silicide bond coats [4,5]. 
Furthermore, coating system validation in high temperature water vapor 
is critical for barriers based on SiO2 since it is known to be volatile in 
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water vapor [6,7]. 
Further performance gains for refractory alloy hot section turbine 

components can be enabled if the EBCs are also thermal barriers, i.e. T/ 
EBCs, assuming backside component cooling. In this work we illustrate 
that multicomponent rare-earth oxides (MRO) enable the design of 
coating properties to meet multiple requirements for optimization of the 
RMA/coating system performance. Rare earth oxides, RE2O3, have been 
considered for Al2O3-based ceramic composites [8], yet they have not 
yet been considered for RMA applications. Furthermore, the sixteen rare 
earths (the lanthanides plus scandium and yttrium, minus the unstable 
promethium) as sesquioxides offer promise for co-optimization of 
coating phase stability, thermal expansion match to RMAs, chemical 
stability of the RMA/MRO interface, coating thermochemical stability in 
combustion gases, resistance to molten deposit degradation, reduced 
oxidant permeability to mitigate poor oxidation resistance of RMAs, 
reduced coating thermal conductivity, and the potential for reduced 
radiation heat fluxes through the coating. MRO coatings can be fabri
cated by standard atmospheric plasma spray and slurry coating pro
cessing methods, demonstrating manufacturability. We describe the 
promise of using MROs for each property and identify challenges to 
implement single layer MRO coatings on commercially available C-103 
Nb-base alloys as proof of concept for further development on other 
more oxidation resistant RMAs. A schematic of the MRO coating concept 
for RMAs can be seen in Fig. 1. 

MRO composition selection and phase stability 

The criteria for MRO composition selection has three main compo
nents: First, multiple RE cations of varying size and mass in RE2O3 are 
desired to increase phonon scattering and reduce the coating thermal 
conductivity [9–11]. Second, a cubic phase is desired to reduce stresses 
due to anisotropic thermal expansion upon cooling. Third, we choose 
Y2O3 as the cubic phase base material due to its lower cost and mass 
relative to the other RE2O3. Additional RE2O3 components are selected 
to optimize coating properties as described throughout the paper. Fig. 2 
(a) shows that the smaller RE cations form cubic polymorphs of RE2O3, 
whereas monoclinic and hexagonal polymorphs are formed for the 
larger RE cations. Fig. 2(b) shows the solubility of RE2O3 in Y2O3 as 
determined by CALPHAD modeling, demonstrating that as RE cation 
size increases, the solubility in the cubic Y2O3 decreases. The solubility 
limits are determined from the phase boundaries between cubic Y2O3 
with other phases, where the solubility for La is from Chen et al. [12] 
and the rest are calculated using the thermodynamic data from 

Zinkevich [13]. Nevertheless, significant solubility of even La2O3 (La 
being the largest cation) exists, allowing selection of an assemblage of 
RE cations to optimize sometimes competing properties. Challenges to 
identify the optimum mix are being addressed via machine learning 
models [14], which so far have focused on equimolar compositions. 
Optimization can likely be obtained via off-equimolar compositions 
resulting in cost savings by usage of more abundant RE2O3 [15] such as 
Y2O3. However, no work has yet addressed this challenge. 

The MRO coating must be stable with underlying alloys, i.e. the alloy 
cannot have a more stable oxide than RE2O3. According to Zinkevich 
[13], the standard enthalpy of formation of RE2O3 range between 
− 1288 kJ/mol for Y2O3 and − 1110 kJ/mol O2 for Eu2O3. In contrast, 
the enthalpy of formation of Nb2O5 is -760 kJ/mol O2. Thus, any RE2O3 
should be stable in contact with Nb, and many are even stable in contact 
with Hf, with an enthalpy of formation of HfO2 of − 1145 kJ/mol O2. 
This is further borne out by the Nb-Y-O ternary phase diagram [16], 
showing no intermediate phase formation on the tie line between Nb and 
Y2O3. A critical assessment of the RMA/MRO interface stability is 
needed for other RMAs that contain group IV metals more likely to getter 
oxygen. 

Synthesis and application of free-standing and multicomponent RE2O3 
coatings 

Free-standing MRO compositions were synthesized to demonstrate 
our ability to tailor multiple properties of this class of materials. Pow
ders of single component RE2O3 (RE =Nd, Yb, Y, Er, Ho) (Linde Advance 
Material Technologies, Indianapolis, IN) La2O3 (Elemental Metals, 
Randolph, NJ) and a pre-reacted ternary (Y0.33Yb0.33Er0.33)2O3 (Oerli
kon Metco, Westbury, NY) were utilized for both free-standing coupons 
and coated Nb-base alloy substrates. Selected mixtures were fabricated 
into coupons via spark plasma sintering (SPS) (65 MPa, 1700 ◦C) to 
achieve a homogenous solid solution by thermal diffusion. SPS coupons 
of MRO mixtures were used for linear coefficient of thermal expansion 
(CTE) characterization, thermal conductivity testing, and thermo
chemical analysis. 

Coating fabricability is a clear need for any new material system. 
Two manufacturing approaches for MRO coatings were demonstrated: i) 
atmospheric plasma spraying (APS), the current industrial standard 
technology for ceramic coatings; and ii)slurry coating, an approach for 
tailoring coating properties, enabling microstructure control, and 
allowing for potential cost reduction and repairability. 

Although there is a body of scientific work for both routes in the 

Fig. 1. Single layer T/EBC multicomponent RE2O3 coating for RMAs.  
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literature for oxide ceramic materials in terms of potential parameter 
values, mechanism of deposition, and role of microstructure in perfor
mance [17–26], there are no data available for multicomponent rare 
earth oxides. A side-by-side comparison between both manufacturing 
technologies was implemented to explore the role of processing in the 
microstructure and properties of the MRO coatings and to advance the 
science behind manufacturing coatings with these materials and for
mulations. Multiple three-component MRO materials were evaluated 
with increasing amounts of least costly Y2O3 to investigate property 
trade-off with unit affordability, as shown in Table 1. 

The APS and slurry manufacturing technologies described here 
require very distinct types of particle sizes and distributions: spherical 
larger granules for APS, and individual particles below 1 μm size for the 
slurry process, with narrow size distributions. The three-component 
compositions used in this study were sourced from Oerlikon-Metco 
(Westbury, NY) with the same chemical purity but in two distinctive 
size ranges, suitable for each of the manufacturing routes, in large 
batches of 5–10 kg for each composition. Each composition was 
confirmed by X-ray diffraction (XRD) analysis of the raw materials to be 
single phase cubic demonstrating feasibility of MRO powder production. 
Thick coatings (100–400 μm) of rare earth oxide blends containing 
yttrium, erbium, and ytterbium oxides were successfully applied to C- 
103 alloy substrates via APS. Average coating thicknesses measured at 
~400 μm and 170 μm were produced, showing good substrate adhesion 
and uniformly distributed porosity within the coating. However, 
depositing crack-free APS coatings at small radius features remains a 
challenge. 

MRO slurry suspensions were optimized for solid particle loading, 
use of a water solvent, dispersants, binders, pH and sintering schedule to 
achieve high-density coatings. Formulations containing 30 to 50 vol% 
solid content in deionized water with 1 wt.% dispersant at a pH of 10 
were utilized to enable a stable suspension via controlled interparticle 
forces and suitable viscosity to minimize drying stresses [27]. The 
equimolar 3-component RE2O3 powder has an isoelectric point (IEP) of 
4, that is slightly higher than reported in the literature for Y2O3, the 
major component of the formulation (IEP 2.5) [28] and a maximum zeta 
potential (ζ) around − 20 mV indicating that under these pH conditions, 
a stable suspension can be achieved. The suspensions were slip-cast into 
free-standing pellets and sintered at 1600 ◦C/2.5 h, rendering a sintered 

density of 97 %, confirming that the solid content and suspension 
formulation translates to a good green particle packing and sintered 
density. 

The advantages of the slurry synthesis routes relative to APS are 
possibilities for i) use of a binder to create a network that will “hold in 
place” the particulates in the coating; ii) higher particle packing that will 
translate into higher strength, more homogeneity and less defects; iii) 
minimization of cracking, delamination or defects that typically arise 
from the capillary pressures associated with drying and removal of 
solvent, especially when the thickness of the coating increases; iv) 
shorter consolidation times, v) suitability for coating repairs in complex 
shapes and difficult-to-access sections of the samples (non-line-of-sight) 
and; vi) possibility of developing mixed phases, multi-layer, porous and 
or compositionally graded coatings for higher thermal stability and 
control of the fracture toughness. 

Tailoring thermal properties 

Thermal Expansion: An excellent thermal expansion match be
tween the alloy substrate [29] and the coating is key to coating adher
ence. Fig. 3(a) displays an MRO composition plotted alongside CTE 
analysis of single component RE oxides included in the composition. 
Even with additions of hexagonal Nd2O3, an isotropic cubic CTE 
behavior is maintained. Fig. 3(b) displays the thermal expansion co
efficients of several MRO compositions compared to C-103. The differ
ence in CTE will result in stresses generated at the interface and 
throughout the coating. However, coating microstructure design is ex
pected to enable CTE differences up to about 2 ppm/ ◦C [30]. Further
more, the CTEs of other RMA, for example the Senkov alloy [31], are 
expected to be higher with group IV metal additions (~9 ppm/ ◦C for Hf 
and Zr) compared to that of Nb-base alloys (~7.5 ppm/ ◦C for C-103) 
[30]. Thus, the ability to tailor CTE of MRO to a variety of RMA com
positions is an example of property optimization via RE2O3 composi
tional selection. 

Thermal Conductivity: Thermal conductivity is a key design 
consideration for T/EBCs. Materials with a lower thermal conductivity 
when coupled with backside cooling enable lower RMA surface tem
peratures thereby limiting thermomechanical and thermochemical- 
driven failure mechanisms [32]. By design, high entropy and entropy 
stabilized oxides exhibit remarkably low thermal conductivities due to 
increased phonon scattering mechanisms arising from the relatively 
large solubility and distribution of different types of cations in the 
ceramic [33–38]. This variety of masses and atomic radii can result in 
ultralow thermal conductivities of multicomponent oxides [9], 
exceeding even those of their respective amorphous phases and theo
retical minimum limits [35,39]. These concepts have been previously 
identified as mechanisms to reduce thermal conductivity of environ
mental barrier coatings [40,41]. The key to achieving further reduction 

Fig. 2. (a) Polymorphs of RE2O3 (reproduced from Zinkevich); (b) Calculated solubility limits of RE2O3 in Y2O3.  

Table 1 
Selected three-component MRO formulations for processing study.   

Y2O3 

(%mol) 
Er2O3 

(%mol) 
Yb2O3 

(%mol) 

Composition 1 60 20 20 
Composition 2 50 30 20 
Composition 3 34 33 33  
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in thermal conductivities is introducing additional phonon scattering 
mechanisms beyond mass scattering alone, such as local lattice distor
tions or nanoscale grain or phase boundaries, as discussed in our prior 
works [34,42]. 

The room temperature thermal conductivity of individual and 

multicomponent RE2O3 fabricated by SPS are shown in Table 2. First, 
the thermal conductivity of the Y2O3 sample is lower than that of a single 
crystal [43] due to polycrystallinity; this is not surprising since even the 
addition of even 1 mole% of Nd in Y2O3 can lead to a factor of two 
reduction in thermal conductivity [44]. Single component Nd2O3 has an 
anisotropic hexagonal crystal structure rendering its thermal conduc
tivity lower than isotropic cubic structures. The three- and five-cation 
solid solution cubic RE2O3 compositions have similar thermal conduc
tivities only slightly lower than that of the Nd2O3 sample. The 
(Y0.28Yb0.28Er0.28La0.16)2O3 composition has a La2O3 content above the 
solubility limit and thus forms two phases, shown in Fig. 3(c). This 
two-phase composition’s thermal conductivity is reduced as compared 
to all other samples, including the cubic MRO composition, which we 
attribute to the influence of the second phase introducing additional 
scattering mechanisms beyond phonon-phonon and phonon-mass im
purity scattering alone. Here we emphasize that the crystal structure and 
phase content are important contributors to reducing the thermal 

Fig. 3. CTE of five component MRO (Y0.2Yb0.2Er0.2Ho0.2Nd0.2)2O3 along-side CTE analysis of each RE2O3 within the composition; (b) CTE of C-103 compared to MRO 
compositions with 3, 4, and 5 components. All thermal expansion results for individual RE2O3 and MRO compositions were acquired via hot-stage X-ray diffraction of 
samples in powder form from lattice spacing analysis via Rietveld refinement (GSAS II) with a weighted profile R-factor (Rwp) of ~ 7%− 12%; (c) EDS maps for RE in 
(Y0.28Yb0.28Er0.28La0.16)2O3 sample phases; (c) Thermal conductivity maps of a different region in this sample; (d) Histogram of the measured thermal conductivities 
in (e). 

Table 2 
Room temperature thermal conductivity of the RE-oxides and selected MRO 
compositions.  

MRO composition Crystal Structure Thermal Conductivity 
(Wm− 1K− 1) 

Y2O3 cubic 10.0 ± 0.9 
Nd2O3 hexagonal 3.8 ± 0.5 
(Y0.33Yb0.33Er0.33)2O3 cubic 3.3 ± 0.4 
(Y0.2Yb0.2Er0.2Ho0.2 

Nd0.2)2O3 

cubic 3.2 ± 0.4 

(Y0.28Yb0.28Er0.28La0.16)2O3 cubic +
orthorhombic 

2.7 ± 0.4  
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conductivity in addition to multiple cations of varying mass and size. 
The thermal conductivities reported in Table 2 are at room temper

ature. In general, the thermal conductivities of complex oxides with 
multiple cations (including high entropy) remain relatively constant as a 
function of temperature. This is due to the fact that the multiple different 
atoms with different masses in the crystal lead to increased phonon 
scattering that is temperature independent [9]. In monatomic single 
crystals, the thermal conductivity decreases as a function of temperature 
due to anharmonic phonon scattering (i.e., Umklapp processes) [45]. 
When additional cations are included in mixed atom crystals or solid 
solutions, the lattice sites that are occupied by different atoms serve to 
scatter phonons based on changes in cation mass, radius and changes in 
the local bonding environment. This constant thermal conductivity with 
increased temperature has been shown for various multiple-component 
rare earth oxides and high entropy oxides [34]. Thus, we expect the 
reported room temperature thermal conductivities of the multi-cation 
rare earth oxides to be similar to their high temperature values. 

We performed spatially resolved thermal conductivity measurements 
of the (Y0.28Yb0.28Er0.28La0.16)2O3 composition with areal resolution on 
the order of ~2 micrometers using time domain thermoreflectance 
(TDTR) [46–48], the same method used to acquire average results re
ported in Table 2. Details of this technique have been previously 
described [49–52], including a recent review [53]. A thermal conduc
tivity map of the (Y0.28Yb0.28Er0.28La0.16)2O3 sample is shown in Fig. 3 
(d). Two distinct thermal conductivities are observed, the higher of 
which we attribute to the cubic solution phase and the lower of which is 
due to the second La2O3-rich phase. A histogram of the thermal con
ductivity values in the thermal conductivity map is shown in Fig. 3(e). 
The modes of these thermal conductivity distributions correspond to the 
average thermal conductivities of (Y0.28Yb0.28Er0.28La0.16)2O3 reported 
in Table 2 collected from TDTR measurements on this sample with larger 
pump and probe spot sizes and thus coarser spatial resolution. Impor
tantly, the La2O3-rich phase has ultralow thermal conductivity with 
values similar to the predicted lower limit to thermal conductivity [39] 
of cubic RE oxides, ~1.3 W m− 1 K− 1 for Y2O3. Nanoscopic phonon 
scattering mechanisms that lead to these ultralow thermal conductivities 
in the presence of RE oxide second phases, the role that these second 
phases and their length scale have on phonon scattering and thermal 
conductivity of composites are important scientific questions to further 
pursue to enable additional reductions in thermal conductivity of MRO 
coatings. 

While the low thermal conductivities of these MRO coatings offer 
promise as thermally protective coatings by reducing heat conduction, 
at engine relevant temperatures black body emission at 1 – 4 μm from 
the hot gas and surfaces can lead to radiative heating of the turbine 
blade [54]. This radiative energy transmits through most oxides of in
terest as T/EBCs. In 2019, Flament and Clarke [54] proposed the 
concept of a radiative barrier coating by utilizing the strong near-IR 
absorption bands of rare earth oxides, which have peaks in their ab
sorption spectrum in this spectral range of interest [55]. Thus, a po
tential added benefit of our MRO coatings is the ability to serve as 
radiation barriers. The high temperature optical and radiative properties 
of these systems are yet to be critically assessed and are an active area of 
research. 

Tailoring thermochemical stability in reactive environments 

High Temperature Steam Exposure Stability: Environmental 
barrier coatings must withstand high temperature combustion gases, 
specifically high-velocity water vapor – a product of combustion, as well 
as molten deposits resulting from siliceous debris ingested into engines. 
RE2O3 are a class of oxides that are relatively impervious to reaction 
with high temperature high-velocity steam. Y2O3 exposed to 1 atm 
steam at 1400 ◦C for 60 h, with a steam velocity of 225 m/s showed no 
recession within a sensitivity of 2 μm [56]. For comparison, Al2O3 un
dergoes 80 μm recession due to Al(OH)3(g) formation at 1400 ◦C after 48 

h under the same high-velocity steam conditions [57]. 
Siliceous Debris Exposure Stability: RE2O3 are also comparatively 

stable to dissolution in molten siliceous debris (CaO⋅MgO⋅Al2O3⋅SiO2 – 
CMAS) relative to RE2Si2O7 EBCs for SiC-based composite substrates 
[58]. Few studies exist for RE2O3 – CMAS interactions [59,60], and only 
at temperatures of 1350 ◦C and lower, for times of 10 h or less. Fig. 4(a) 
shows a scanning electron microscopy (SEM) cross-sectional image and 
Fig. 4(b) the energy dispersive spectroscopy (EDS) elemental maps of a 
five component MRO material (Y0.2Yb0.2Er0.2Ho0.2Nd0.2)2O3 after re
action with CMAS at 1500 ◦C, for 100 h in air, much more severe con
ditions than typically studied. The CMAS viscosity at 1500 ◦C was 
sufficiently low that the CMAS wet and spread over the coupon surface 
uniformly reacting to form a protective barrier layer of reaction product 
composed of Ca-stabilized apatite Ca2RE8(SiO4)6O2 and cuspidine (Ca, 
RE)4(Al,Si)2O9 the mineral name for Ca and Si-substituted YAM (Yttrium 
Aluminum Monoclinic). The reaction product layer shown at high 
magnification in Fig. 4(a) was uniform across the underlying MRO, 
showing an initial transient of product formation and 20 μm of substrate 
recession in 1 h, followed by minimal additional recession as measured 
up to 24 h. Here, the selection of RE components in the MRO compo
sition is critical to control the barrier product phase, demonstrating the 
possibility of optimizing CMAS resistance through a selection of 
appropriate RE2O3. Large RE cations, such as Nd, are strongly favored in 
the apatite phase [61]. Furthermore, multiple cations were added into a 
single solution for thermochemical stability and succeeded without 
losing other desirable MRO properties (i.e., isotropic crystallographic 
structure), as seen in Fig. 4(c),(d). 

A major challenge for predicting CMAS reactions with MRO com
positions based on CALPHAD approach is the lack of thermodynamic 
data of the apatite and cuspidine phases for various REs. To analyze the 
equilibrium reaction products and their compositions, a thermodynamic 
database was developed for apatite (Ca2RE8(SiO4)6O2), cuspidine (or 
YAM, (Ca,RE)4(Al,Si)2O9) and monosilicates (RE2SiO5) as oxide solution 
phases with multiple relevant REs. The formation energies of the end
members are from published experiments or current calculations density 
functional theory (DFT) [62,63]. The mixing energies of REs on the 
cation sublattices were calculated by DFT with the disordered structures 
mimicked by the special quasi-random structures [64]. For the reaction 
between the five component MRO and CMAS, the calculated equilibrium 
phases and their compositions with the developed CALPHAD database 
generally agree with the experiment (Fig. 4(a), (b)), with the apatite 
being Nd-rich while the cuspidine being Yb-rich. 

Oxygen and RE diffusion in MRO compositions 

The prime function of a MRO coating is to limit oxidant access from 
the combustion gases to the underlying refractory alloy. Relatively few 
data exist for oxygen self-diffusion in RE2O3 to enable evaluation of the 
intrinsic barrier capabilities of these materials. In one study, an oxygen 
diffusivity of 10− 11 cm2/s (1400 ◦C) is reported for single crystal cubic 
Y2O3 obtained over the temperature range 1100–1500 ◦C via the tracer 
method [65]. RE cation diffusion is also important for densification of 
coatings deposited by atmospheric plasma spray or slurry processing. 
Since little to no experimental data exist, a computational assessment of 
periodic trends was undertaken to examine the rates of diffusion, the 
migration barriers of O2− anion and RE3+ cations in cubic RE2O3 using 
DFT in combination with the climbing image nudged elastic band 
method [66]. The magnetic states of the RE ions cause difficulties in 
structural relaxations with DFT, which will be described in a separate 
publication. As shown in Fig. 5, both the migration barriers for O2− (a) 
and RE3+ (b) in RE2O3 with lanthanides generally decrease with 
increasing effective ionic radius. Therefore, REs with smaller radii 
should be prioritized to mitigate oxygen diffusion, while REs with larger 
radii should be prioritized for better densification. The major challenge 
for implementing MRO coatings as oxygen diffusion barriers for RMAs in 
aeroturbine engines is the necessity for full density, defect free coatings 
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in the as-synthesized state, as well as an understanding of transport in 
grain or splat boundaries. This is an unexplored area for applications 
where dense coatings are desired. 

Outlook 

Refractory metals suffer from poor oxidation resistance in high 
temperature reactive environments such as hot sections of turbine 

Fig. 4. (a) SEM cross-sectional image of five component MRO (Y0.2Yb0.2Er0.2Ho0.2Nd0.2)2O3 after exposure to 20 mg/cm2 of CMAS (33 CaO–9 MgO–13AlO1.5–45SiO2 
mol%) at 1500 ◦C for 100 h in air with (b) corresponding EDS maps. Note the preferential inclusion of Nd in the apatite phase and Yb in the cuspidine phase;(c) Single 
component Y2O3 cubic crystal structure with no strong CMAS reaction layer formers; (d) Five component MRO composition (Y0.2Yb0.2Er0.2Ho0.2Nd0.2)2O3 cubic 
crystal structure with Nd apatite former and Yb cuspidine/garnet former. 

Fig. 5. The migration barrier of O2− (a) and RE3+ (b) in cubic RE2O3 from DFT calculations as functions of the effective ionic radii.  
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engines. Here we propose that compositional control of multicomponent 
rare earth oxides (MROs) enables co-optimization of multiple required 
coating properties including thermal expansion, thermal conductivity, 
radiative absorption, stability in high temperature steam-containing 
combustion environments, stability toward molten deposits, and tai
lorability of both cation and anion diffusivities. Computational ther
modynamics (DFT and CALPHAD) and machine learning are needed to 
explore compositional space in the absence of significant experimental 
data. Proof-of-concept niobium alloy (C-103)/MRO coating systems 
have demonstrated feasibility of coating synthesis by atmospheric 
plasma spray and hybrid slurry coating fabrication approaches. Chal
lenges and remaining unexplored issues for success of refractory metal/ 
MRO high temperature material systems have been identified. 
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