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A B S T R A C T
Rare-earth silicates are the current standard material for use as environmental barrier coatings for SiC-basedceramic matrix composites as hot-section components in gas-turbine engines. Expanding the design space toall available rare-earth elements to facilitate optimizing functionality requires an understanding of systematictrends in RE2Si2O7 properties. In this work, we combine first-principles calculations with experimentalmeasurements of Young’s modulus, coefficient of thermal expansion, and thermal conductivity for a rangeof different RE2Si2O7 compositions and phases. Clear trends are observed in these properties as a function ofthe radius of the rare-earth cation. In the case of Young’s modulus and thermal expansion, these trends alsohold for multi-component systems; while the thermal conductivity of multi-component systems is noticeablylower, indicating the potential of such materials to also act as thermal barriers. These results provide designrules for developing new thermal and environmental barrier coatings with stiffness and thermal expansionengineered to match that of the substrate, while simultaneously having reduced thermal conductivity.

1. Introduction
Increased efficiency in gas turbine engines, used in aviation andpower generation applications, requires components to operate athigher temperatures where the Ni-based superalloys used for turbineblades and static components are no longer able to resist creep anddeformation [1,2]. Therefore, new materials based on silicon carbidefiber reinforced SiC ceramic matrix composites (CMCs) are being de-veloped for use in gas turbine engine hot-section components [3–8].However, SiC is vulnerable to corrosion by hot gases in the combustionchamber: O2 reacts with SiC to produce SiO2, which then reacts withH2O combustion products to form Si(OH)4 [3,9,10]. Environmentalbarrier coatings are hence required to protect SiC components fromcorrosion [11,12].In addition to being corrosion resistant, environmental barrier ma-terials need to be thermodynamically stable, and have thermal and me-chanical properties commensurate with the underlying substrate [13].It is particularly important that the elastic moduli and coefficient of
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thermal expansion (CTE) of any coating match that of the substrate,to prevent expansion mismatches that could cause cracking and de-lamination [13]. Low thermal conductivity is also advantageous —enabling materials to be used as both thermal and environmentalbarrier coatings [2].Rare-earth disilicates (��2Si2O7) represent the current standard forenvironmental barrier coating (EBC) materials [11,14–16] for use withSiC CMCs [2]. The � phase ��2Si2O7 do not display polymorph tran-sitions in the temperature ranges of interest to EBC materials [17,18],and additionally have thermal expansion coefficients that match thatof SiC [13]. Yet, only Sc2Si2O7, Lu2Si2O7, Yb2Si2O7 and Tm2Si2O7 arenaturally stable in the � phase [17,18] for the temperature range ofinterest to turbine applications (up to 1704◦C [19]). Expanding EBCdesign space to all available rare-earth (��) elements requires anunderstanding of systematic trends in ��2Si2O7 properties.High-entropy compositions can stabilize phases that would oth-erwise not be expected to exist [20–25]. Configurational disorder
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also suppresses thermal conductivity without compromising mechan-ical stiffness [26] — useful for thermal protection barriers [15,16].For disilicates, undesirable high-temperature polymorphs have beenavoided through phase stabilization of the low-CTE � phase in bothmulti-component and high entropy ��2Si2O7 solutions [16,27,28]. Theproperties of multi-component phases often follow a rule of mixtures, soknowledge of the thermal and mechanical properties of the componentscan be used to formulate design rules for high-entropy materials [21–23,29]. However, the thermomechanical and thermochemical proper-ties of all ��2Si2O7 for all 16 useable rare-earth elements (excludingradioactive Pm, including Sc and Y) are not fully known. Therefore,design rules based on easily obtained or estimated quantities, such asionic radius, are useful for predicting the properties of multi-componentmaterials when some of the components are unstable in the corre-sponding structure. In this work, we combine density functional theory(DFT) with experimental methods to investigate trends in propertiesfor rare-earth disilicates across the multiple available polymorphs.The DFT calculations enable investigations of the thermo-mechanicalproperties of phases that are thermodynamically unstable as single-components, but which could form part of a high-entropy material. Thepresented trends will inform materials design for next-generation multi-component rare-earth disilicate thermal and environmental barriercoatings.
2. Methods
2.1. Computational procedures

Elastic and thermal properties were calculated using the AutomaticElasticity Library (AEL [30]) and Automatic GIBBS Library (AGL [31,32]) modules implemented within the Automatic FLOW (AFLOW [33–36]) framework for computational materials design. In AEL, 1% and0.5% compressive and tensile normal and shear strains are applied tothe structure in each independent direction, and the stress tensor foreach strained structure is calculated using density functional theory(DFT) with the Perdew–Burke–Enzerhof (PBE) exchange–correlationfunctional [37] as implemented in VASP [38]. While other exchange–correlation functionals such as HSE [39] or SCAN [40] can give moreaccurate results, PBE has the advantage of being compatible withexisting data sets in repositories such as AFLOW [36,41], enabling theidentification of more general trends in materials properties. The stress–strain data are fitted to extract the elastic stiffness tensor, and theelastic constants are used to calculate the bulk and shear moduli inthe Voigt and Reuss approximations and the Voigt–Reuss–Hill (VRH)average [42]. The Young’s modulus � is calculated from the VRH bulkand shear moduli (�VRH and �VRH) as � = 9�VRH�VRH∕(3�VRH+�VRH).In AGL, the energies for a set of isotropically compressed andexpanded structures are calculated with VASP, and the energy–volumedata is fitted to obtain the bulk modulus as a function of volume,and thus the Debye temperature and Grüneisen parameter. The Debye–Grüneisen model is then used to calculate the vibrational contributionto the free energy, and this is combined with the DFT energies andthe pressure–volume term to obtain the Gibbs free energy as a functionof pressure, temperature and volume. For each pressure–temperaturepoint, the equilibrium volume is calculated by minimizing the Gibbsfree energy. Other thermodynamic quantities such as the heat capacityand thermal expansion are then calculated using the bulk modulus,Debye temperature and Grüneisen parameter for the equilibrium vol-umes. Lattice thermal conductivity is estimated using the Liebfried–Schlömann model [43–45] as implemented within AGL [30,31]: itshould be noted that this model is generally only valid for materialswith cubic symmetry and tends to underestimate thermal conductivi-ties, but has been shown to be useful for estimating general trends [30,31].DFT calculations are carried out using the AFLOW standard pa-rameters [41], with 8,000 to 10,000 k-points per reciprocal atom, a

basis set cut-off at least 1.4 times that recommended in the potentialfiles, and the projector-augmented wave (PAW) potentials as listed inRef. [41]. Calculations are performed using both PBE and PBE+� :while the PBE+� calculations for some systems are already available inthe AFLOW database and the results often give better agreement withexperiment, reliable � values are not always readily available for all ofthe elements used here. Therefore, to enable a comparison at the samelevel of theory so that trends can be observed, elasticity calculationsare also performed without � corrections to the extent possible.
2.2. Experimental procedures

High-purity pre-reacted ��2Si2O7 powders (Praxair: Danbury, CT)were used to construct single and multi-component disilicate samples.Powders were first heated in air at 900 ◦C to burn off organic impu-rities, followed by ball milling for 24 h to promote powder mixing.Powders were loaded into a 20 mm diameter graphite die and sinteredvia spark plasma sintering (SPS, DCS 25-10, Thermal Technologies,Santa Rosa, CA) in argon at 65 MPa and a maximum temperaturebetween 1515 – 1620 ◦C. Samples were then heat treated in a boxfurnace (CM Rapid Furnace, Bloomsfield NJ) in lab air at 1500 ◦C for24 h to restore oxygen stoichiometry.Sample surfaces were polished with sub-micron polishing mediaprior to characterization and experimentation. Structural phases werecharacterized using X-ray diffraction (Malvern Panalytical, Westbor-ough, MA). Material coefficients of thermal expansion (CTEs) weremeasured via dilatometry (Netzsch dil402c, Burlington, MA) up to1250 ◦C in flowing argon. Young’s modulus was measured via nanoin-dentation with an MTS Nano XP (MTS Systems Corporation, EdenPrairie, MN) at room temperature. Nanoindentations were taken 100 μmapart with 20–60 indents per sample at a constant strain rate of 0.1s−1. A Poisson’s ratio of 0.3 was assumed for all materials, which wasin general agreement with the literature [13]. Young’s modulus wasaveraged for each sample indentation with data from 100–200 nm in-dentation depths to minimize interaction with any underlying porosityin the material.Thermal conductivity was measured via steady-state thermo-reflectance (SSTR) laser technique [46], where a split-beam laser actsas both a steady state heat source for the sample and as a subse-quent probing laser to discern changes in the sample reflectance.The thermoreflectance signal was then correlated to intrinsic thermalconductivity. All experimental data will be presented alongside com-putational results to discuss general trends in properties across therare-earth series for ��2Si2O7.
2.3. Rare-earth ionic radii

Rare-earth (��) ionic radii data were compiled from Shannondatabase for each respective cation charge and coordination num-ber [47,48]. The coordination numbers of the �� cation for differentstructure types are listed in Table 1. In the case of phases where ��cations on different sites have different coordinations, the ionic radiiare calculated as the weighted average of the radii for each respective
�� cation site.
2.4. Data analysis

The relationship between the �� ionic radii and thermoelasticproperties was quantified using the Pearson (linear) correlation. ThePearson correlation � between two variables, � and � , is calculatedas:
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Table 1Structural information including space group and coordination numbers for different ��2Si2O7 structure types used todetermine rare-earth ionic radii.
Structure type Felsche Ref. [17] Space group AFLOW prototype label Coordination number

A 76 8
� B 2 A2B7C2_aP44_2_4i_14i_4i 7.5
� C 12 A7B2C2_mC22_12_aij_h_i 6
� D 14 6
� E 62 A7B2C2_oP44_62_3c2d_2c_d 7G 11 8

Fig. 1. X-ray diffraction spectra for the multi-component rare-earth disilicates inves-tigated in this work. Secondary phases are present for (ScNdErYbLu)2Si2O7, while theother compositions form homogeneous �-phases. The reference disilicate �-phase is forYb2Si2O7; peak shifting relative to this reference is related to changes in the rare earthcationic radii.

where � and � are the mean values of � and � . Large magnitudes(close to 1) indicate a strong correlation, whereas values close to zeroindicate a weak correlation. A negative correlation indicates that onevariable increases when the other decreases.The discrepancy between quantities that should have the same value(e.g. rule of mixtures compared to measured values) are also quantifiedusing the normalized root-mean-square relative deviation (RMSrD):
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Lower values of the RMSrD indicate better agreement between the datasets being compared.
3. Results
3.1. Structural characterization

X-ray diffraction spectra for the multi-component disilicates investi-gated in this work are shown in Fig. 1. The compositions (Sc0.33Yb0.67)2Si2O7, (ScYYb)2Si2O7, (ErYbLu)2Si2O7 and (YErYbLu)2Si2O7 were allfound to form in the �-phase, with no secondary phases observed.(ScNdErYbLu)2Si2O7 was observed to form a secondary phase [49]. Thedisilicate �-phase shown for reference in Fig. 1 is for Yb2Si2O7; peakshifting relative to this reference is related to changes in the rare earthcation radii.
3.2. Elastic modulus

Results for elastic moduli obtained from both DFT calculations andnanoindentation measurements as a function of �� cation radius are

shown in Fig. 2. Values for single-component systems are listed inTable 2, while those for multi-component systems are in Table 3.Elasticity calculations were performed for rare-earth disilicates inthe �, �, and � phases (corresponding to the AFLOW prototypes A2B7C2_aP44_2_4i_14i_4i, A7B2C2_mC22_12_aij_h_i, and A7B2C2_oP44_62_3c2d_2c_d [50–52]), as well as the Type A and G structures describedby Felsche [17]. Not all of these compositions are stable in all ofthese phases; in particular, the calculations indicate that Nd2Si2O7 iselastically unstable in the �-phase (the experimentally observed stablephases for Nd2Si2O7 are Types A and G [17]), with the 3rd eigenvalueof the elastic tensor being negative. Nevertheless, it has been shownthat high-entropy ceramics can incorporate components that would notbe stable in the corresponding structure [20–23]. Since high-entropydisilicates frequently form in the �-phase, it is useful to know the behav-ior of the components in that structure, as properties of high-entropysystems often follow the rule-of-mixtures [21–23,29]. Computationalapproaches enable access to the properties of compositions that wouldbe unstable in a given phase.The elastic moduli are expected to decrease with increasing ��ionic radius: the rare-earth metal-oxide bond strength decreases withincreasing ionic radius for a given ionic charge state and coordinationnumber, and the dependence of elastic properties on volume per atomis well-known [62]. This appears to be the case here for both thecalculations and the experiment: the elastic moduli generally decreasewith increasing radii of the rare-earth cations, with Pearson correlationvalues of −0.47 for the calculations (lowest magnitude for the �-phaseat −0.002, with larger values of −0.69 and −0.75 for the � and �phases). If only the preferred stable ground states are considered, thecorrelation is −0.6 (−0.63 and −0.14 for the � and � phases), while forthe unstable phases the value is −0.41 (−0.79 and −0.75 for the � and
� phases). The particularly large deviation from the trend for Nd2Si2O7could be explained by its elastic instability in the �-phase, as discussedabove, resulting in a relatively low elastic modulus of 68 GPa. Elasticmoduli for the other materials range from 95 GPa for La2Si2O7 in theType G structure up to 212 GPa for �-phase Ho2Si2O7; for other �-phasematerials, elastic moduli range from 109 GPa for La2Si2O7 to 198 GPafor Y2Si2O7. The linear fit between the elastic moduli � and the ionicradii �i for all systems calculated with PBE is given by the equation
� = 346 − 199�i, with a relative RMS deviation in the fit of 0.13.For the experimental results, a large Pearson correlation of −0.749 isobserved between � and �i for the single-component materials, increas-ing to −0.982 when just the � phase results are considered. Nd2Si2O7 isagain an outlier: it has a significantly larger cation radius than any ofthe other materials, and is the only stable material here with the TypeA structure [17]. The correlation for the multi-component materials is
−0.621, while the correlations for all of the experimental elastic moduliis −0.747. The linear fit between the experimentally measured elasticmoduli � and the �� ionic radii �i for all single-component systems isgiven by the equation � = 362 − 198�i, with a relative RMS deviationin the fit of 0.07.The elastic moduli of the multi-component systems are generallysimilar to what would be expected from the rule of mixtures, as listedin Table 3. In Fig. 2(b), the values for the multi-component systems arein the same region of the plot as the values for the single-component
� phases. The correlation between the measured values and thosepredicted from the rule of mixtures is 0.629, while the RMSrD is 0.036.
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Fig. 2. Young’s modulus as a function of rare-earth (��) cation radius for rare-earth disilicates obtained from (a) DFT calculations and (b) experimental measurements.
Table 2Young’s modulus, coefficient of thermal expansion and thermal conductivity for rare-earth disilicates from DFT calculations and experiment. Types A and G are indicated as A andG for brevity.
Compos. Str.type Ionicradii Young’s modulus (GPA) CTE (10−6 K−1) Thermal conductivity (W/m K)

DFT Experiment DFT Experiment DFT Experiment
PBE PBE+� This work lit. PBE PBE+� This work lit. PBE PBE+� This work lit.

Sc2Si2O7 � 0.745 187 224 229 ± 14 200 [53] 28.54 27.36 5.4 ± 0.7 5.4 [54] 11.049 13.704 9.3 ± 0.5 9.4 [13]202 [13]Sc2Si2O7 � 0.83875 148 27.58 5.904Y2Si2O7 � 0.9 198 188 ± 12 170 [55] 29.54 5.2 ± 0.8 4.1 [56] 11.931 6.3 ± 0.5 5.2 [13]5.4 [55]Y2Si2O7 � 0.98925 206 30.05 4.862Y2Si2O7 � 0.96 188 31.15 4.052Y2Si2O7 G 1.019 196 30.17 6.483La2Si2O7 � 1.032 109 34.05 4.609La2Si2O7 G 1.16 95 143 34.16 33.32 6.4 [54] 2.584 3.354La2Si2O7 A 1.16 109 127 33.21 33.64 14.0 [54] 2.248 2.001Pr2Si2O7 G 1.126 6.8 [54]Pr2Si2O7 A 1.126 11.8 [54]Nd2Si2O7 � 0.983 68 30.07 8.406Nd2Si2O7 A 1.109 153 ± 10 162 [57,58] 12.5 ± 0.5 10.5 [54] 1.2 ± 0.2Nd2Si2O7 G 1.109 6.6 [54]Eu2Si2O7 � 0.947 117 40.15 4.948Eu2Si2O7 � 1.01 119 46.29 1.084Gd2Si2O7 � 0.938 143 33.04 6.707Gd2Si2O7 � 1.02425 131 204 33.94 31.78 8.3 [54] 2.587 4.540Gd2Si2O7 � 1.0 145 183 33.13 32.7 7.3 [54] 3.620 3.857Gd2Si2O7 G 1.053 113 179 33.37 31.53 3.351 5.121Tb2Si2O7 � 0.923 152 32.47 7.063Tb2Si2O7 � 1.01075 132 33.44 2.697Tb2Si2O7 � 0.98 159 32.32 4.140Dy2Si2O7 � 0.912 160 32.29 7.353Dy2Si2O7 � 0.99825 139 210 33.21 31.24 8.5 [54] 2.948 5.025Dy2Si2O7 � 0.97 161 32.23 7.7 [54] 4.301Ho2Si2O7 � 0.901 165 32.13 7.635Ho2Si2O7 � 0.9865 212 31.83 4.445Ho2Si2O7 � 0.958 188 31.67 4.949Ho2Si2O7 � 0.901 4.2 [54]Er2Si2O7 � 0.89 197 182 ± 6 184 [58,59] 31.63 4.3 ± 0.8 3.9 [54] 8.077 4.6 ± 0.4Er2Si2O7 � 0.9755 158 32.68 3.425Er2Si2O7 � 0.89 144 ± 19Er2Si2O7 � 0.945 169 190 [57,58] 32.18 4.326Yb2Si2O7 � 0.868 142 198 195 ± 11 205 [53] 39.10 45.96 4.9 ± 0.4 4.0 [54] 5.088 1.532 5.5 ± 0.5 4.3 [13]162 [55] 4.45 [55]Lu2Si2O7 � 0.861 198 ± 10 178 [55] 5.4 ± 0.8 4.2 [54] 8.7 ± 0.7 4.3 [13]4.4 [55]

3.3. Thermal expansion
Silicate materials display varied CTE, despite containing rigid Si-O bonds with a thermal expansion coefficient near zero [63]. It canbe assumed that the Si-O tetrahedra do not contribute significantlyto thermal expansion in rare-earth disilicate materials and that the

rare-earth metal–oxygen bonding should govern thermal expansionbehavior [64]. The �� metal-oxide bond strength decreases with in-creasing ionic radius for a given charged ion and coordination number,leading to the thermal expansion of disilicates increasing with the ��cation radius. This trend can be observed in the CTE results from bothDFT calculations and experimental measurements, along with CTE data
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Table 3Young’s modulus, coefficient of thermal expansion and thermal conductivity for multi-component rare-earth disilicates from experiment.
Composition Structure type Ionic radii Young’s modulus (GPA) CTE (10−6 K−1) Thermal conductivity (W/m K)

Measured ROM Measured ROM Measured ROM
(Sc0.33Yb0.67)2Si2O7 � 0.827 206 ± 10 206 4.7 ± 0.6 5.1 3 ± 0.3 6.8(ScYYb)2Si2O7 � 0.838 196 ± 15 204 4.5 ± 0.6 5.2 2.2 ± 0.3 7(ErYbLu)2Si2O7 � 0.873 191 ± 15 192 5.6 ± 0.7 4.9 6.3 ± 0.5 6.3(YErYbLu)2Si2O7 � 0.880 185 ± 15 191 4.9 ± 0.6 4.95 4.3 ± 0.4 6.3(Sc0.15Y0.4Er0.5Yb0.5Lu0.45)Si2O7 � 0.869 204 ± 17 194 4.1 ± 0.4 4.96 2.5 ± 0.3 6.4(ScNdErYbLu)2Si2O7 Multi-phase 0.869 179 ± 16 4.8 ± 0.3(YYb)2Si2O2 � 0.884 3.5 [60] 4.2 [60]3.6 [61](Y0.1Yb0.9)2Si2O2 � 0.8712 4.2 [61](YYbEr)2Si2O2 � 0.886 3.3 [60] 4.2 [60](YYbErSc)2Si2O2 � 0.85075 3.2 [60] 3.9 [60](YYbErScGd)2Si2O2 � 0.8682 3.2 [60] 3.1 [60](YYbErScGdEu)2Si2O2 � 0.8133 3 [60] 2.3 [60](YYbScGdLu)2Si2O2 � 0.867 2.2 [60]

Fig. 3. Coefficient of thermal expansion as a function of rare-earth (��) cation radius for rare-earth disilicates obtained from (a) DFT calculations and (b) experimentalmeasurements, including data extracted from the literature [54,60].
extracted from the literature from dilatometry and high-temperatureXRD techniques for ��2Si2O7 [54,60,65,66], listed in Tables 2 and 3,and plotted against the average �� cation radius in Fig. 3.For the calculated values, the Pearson correlation between the CTEand �� ionic radii is 0.26 (lowest magnitude for the �-phase at 0.27,with higher values of 0.88 and 0.71 for the � and � phases). If only thepreferred stable ground states are considered, the correlation is 0.29(0.82 and 0.4 for the � and � phases), while for the unstable phasesthe value is 0.29 (0.1 and 0.71 for the � and � phases). The linear fitbetween the CTE for all systems calculated with PBE and the �� ionicradii �i is given by the equation CTE = 2.472 + 0.803�i, with a relativeRMS deviation in the fit of 0.081.For the experimental values for the single-component systems mea-sured in this work, the Pearson correlation between the CTE and
�� ionic radii is 0.843, although this might be skewed by the largedifference between the Nd2Si2O7 Type A value and the results for the �phase materials; for just the � phase systems, the correlation is −0.504.The correlation for the multi-component materials measured in thiswork is 0.298, while the correlations for all of the experimental CTEis 0.969. When the values from Ref. [54] are included, the correlationbetween the CTE and �� ionic radii is 0.821, dropping to 0.73 whenjust single-component materials are considered. The correlation forjust the results from Ref. [54] is 0.697, with correlations of 0.999for Type A, −0.996 for the � phase, and −0.655 for Type G. Thecorrelation of the CTE with the ionic radius for the multi-componentmaterials from Ref. [60] is 0.876; when included with the rest of theexperimental results the correlation is 0.777. The linear fit between theexperimentally measured CTE and the �� ionic radii �i for all single-component systems is given by the equation CTE = −13.3 + 21.85�i,with a relative RMS deviation in the fit of 0.068; changing to CTE =

−8.9 + 16.36�i with an RMS deviation of 0.1 when the results from Ref.[54] are included.Similar to the elastic moduli, the CTE of the multi-componentsystems are generally similar to what would be expected from the ruleof mixtures, as listed in Table 3. In Fig. 3(b), the values for the multi-component systems are in the same region of the plot as the values forthe single-component � phases. The correlation between the measuredvalues and those predicted from the rule of mixtures is −0.445, whilethe RMSrD is 0.143.
3.4. Thermal conductivity

Fig. 4 shows the thermal conductivity for rare-earth disilicates fromDFT calculations and SSTR measurements at room temperature. Forthe calculated values, the Pearson correlation between the thermalconductivity and �� ionic radii is −0.72 (lowest magnitude for the �-phase at −0.6, with higher values of −0.82 and −0.68 for the � and �phases). If only the preferred stable ground states are considered, thecorrelation is −0.8 (−0.72 and −0.19 for the � and � phases), whilefor the unstable phases the value is −0.63 (−0.52 and −0.68 for the �and � phases). The linear fit between the thermal conductivity � for allsystems calculated with PBE and the �� ionic radii �i is given by theequation � = 25.66 − 20.98�i, with a relative RMS deviation in the fit of0.068.The correlation between the experimental thermal conductivity and
�� ionic radii for the single-component materials is −0.911, althoughonce again this value might be skewed by the very different results forType A Nd2Si2O7 compared to the � phase; for just the � phase systems,the correlation is −0.746. The correlation for the multi-componentmaterials measured in this work is 0.576, while the correlations for
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Fig. 4. Room temperature thermal conductivity as a function of rare-earth (��) cation radius for rare-earth disilicates obtained from (a) DFT calculations and (b) experimentalmeasurements, including data extracted from the literature [60,61].

Fig. 5. Thermal conductivity as a function of temperature for rare-earth disilicatesobtained from DFT calculations and experimental measurements.

all of the thermal conductivities experimentally measured in this workis −0.552. For the results in Ref. [60] the correlation is 0.849; whilethe correlation for the results in Ref. [61] is 0.45. When these data areincluded with the multicomponent materials measured in this work,the correlation is 0.53, while the correlation for all of the materialsis −0.42. The linear fit between the experimentally measured thermalconductivity � for single-component materials and the �� ionic radii �iis given by the equation � = 26.2−22.67�i, with a relative RMS deviationin the fit of 0.043.Thermal conductivity as a function of temperature up to 1100 ◦C areshown for (Sc0.15Y0.4Er0.5Yb0.5Lu0.45)Si2O7, (Sc0.33Yb0.67)2Si2O7 andYb2Si2O7 in Fig. 5. For the computational results for Yb2Si2O7, thetemperature dependence is obtained using the �(� ) ∼ 1∕� approx-imation [30,31,44,45]. It is notable that while the experimentally-obtained thermal conductivity for the single-component system reducesquite significantly with increasing temperature, the results for themulti-component systems are less affected by temperature.The strong dependence of the thermal conductivity on the �� ionicradii is to be expected for the following reasons: (i) as discussed above,bond strengths and thus elastic moduli in the material depend stronglyon the �� metal–oxygen bond length, which in turn affects phononpropagation speeds; (ii) the ionic radius depends strongly on the cationcoordination numbers, which in turn are known to correlate with theanharmonicity of the material [67]. Comparisons between the thermalconductivity and the �� cation mass were also performed, but the

trend was not as strong as for the ionic radii values, with correlationsof −0.426 for the calculations and −0.379 for the experiments.Note that in comparison to the elastic moduli and CTE, the thermalconductivity of the multi-component systems are generally significantlylower than what would be predicted by the rule of mixtures, as listedin Table 3: the correlation between the values measured in this workand those predicted by the rule of mixtures is −0.68, while the RM-SrD is high (indicating large differences) at 0.806. This result is inagreement with observations for other high entropy materials [26], andis likely due to the configurational disorder in the interatomic forceconstants leading to increased phonon scattering and lower thermalconductivity [26].
4. Discussion

The trends demonstrated in this work for thermal and elastic prop-erties with respect to ionic radii from both DFT calculations and experi-mental measurements facilitate the prediction of material properties fortypically unstable polymorphs, where the properties cannot be directlymeasured or reliably calculated. Design rules based on these trendswill be useful for optimizing environmental barrier coatings throughstabilization of rare-earth elements into typically unstable ��2Si2O7polymorphs, such as �� = La-Er stabilization into the low CTE �polymorph over the entire temperature range of interest for turbine hotsection components. While phase stabilization has been demonstratedin the literature [16,27,28], the impact of multi-component ��2Si2O7solutions on all pertinent EBC material properties is not yet fully under-stood. Property trends across all rare-earth elements should be analyzedto help predict properties when stabilizing thermodynamically unstablephases.While the elastic moduli and CTE for multi-component systems gen-erally follow the rule of mixtures, the thermal conductivity is generallysignificantly lower than what would be predicted, in accordance withprevious observations for oxides [26]. Therefore, the multi-componenthigh-entropy approach enables the design of rare-earth disilicate ETBCsthat combine high stiffness and low thermal conductivity, with a CTEengineered to match that of the SiC substrate.
5. Conclusion

A combination of first-principles calculations and experimentalmeasurements were used to identify trends in material properties forthe rare-earth disilicate systems. The results show that the Young’smodulus, coefficient of thermal expansion, and thermal conductivityall correlate with �� cation radius for ��2Si2O7 materials. The searchfor next-generation environmental barrier coating candidates shouldthus focus on rare-earth disilicates with smaller �� ionic radii, or
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a higher Pauling bond strength, as a method for maintaining a lowcoefficient of thermal expansion. From the viewpoint of crystal struc-ture, stabilization of ��2Si2O7 into the � phase should also decreasethe ��—O coordination number, where a lower coordination num-ber also correlates with a decreased coefficient of thermal expansionvalue. Based on the observed trends, multi-component disilicates rep-resent a promising avenue of future research for tailoring low thermalexpansion environmental barrier coatings.
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