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Abstract
Environmental barrier coatings are necessary to protect SiC based ceramics and composites from water vapor degradation in harsh engine environments. Currently, rare earth (RE) silicates are the most promising systems to protect SiC based ceramics and composites. This protection is largely based on reduced silica activity in these rare earth silicates which results in a lowered reactivity with water vapor. To that end, previous Knudsen effusion mass spectrometry (KEMS) studies have explored RE = Yb, Y silicates to measure the reduced silica activity and subsequent water vapor reactivity. Similarly, this work employs the KEMS technique to measure the SiO(g) vapor pressure in Lu containing RE silicates to calculate the activity of silica within the monosilicate [log(a(SiO2)) = -2351.1*1/T-1.6731] and the disilicate (log(a(SiO2)) = -4884.0*1/T + 2.2208) as a function of temperature. The enthalpies of formation for Lu monosilicate from the oxides and the elements were calculated to be -45±3 kJ/mol at 1550 K and -2831.1±12 kJ/mol at 298 K, respectively. The measured enthalpy of formation and those found in literature are compared to modeled values from density functional theory and those estimated using electronegativity.
Introduction
SiC ceramics and composites are desired for use in high temperature applications because they allow for higher engine temperatures and therefore greater engine efficiency.[1] However, they are still susceptible to water vapor induced degradation. To protect against the harsh engine environment, an environmental barrier coating (EBC) is employed.[1] The EBC must meet a host of criteria, namely: a coefficient of thermal expansion of ~4-6*10-6/K, good adhesion while remaining chemically compatible with the substrate, limit Ca-Mg-Al-Silicate (CMAS) glass infiltration and reactivity, and reduce water vapor induced volatilization all while usually at a density at or below 80-90%.[1–4] Currently, the rare earth silicate (RES) materials have been identified as the most successful candidates for the protection of high temperature engine components due to matching most of the criteria described. As a note, the RE disilicates (REDS) match the criteria better than the RE monosilicates (REMS), but there is still sufficient interest in the REMS as possible candidate materials. As detailed by Opila et al., SiO2 volatility/reactivity is connected to activity and is incredibly important in these high temperature systems largely due to the chemical reaction in shown in Eq. (1).[5,6]

The RES volatilize silica due to water vapor in a similar way, but at a rate largely reduced by the activity of the silica in the material. Because of this, experimental work abounds in literature on the water vapor induced volatility of the RES materials.[2,7–12] Opila and Jacobson have shown that the flux of Si(OH)4 away from the material as described by a boundary layer limited gaseous diffusion model in a laminar flow situation can be represented Eq. (2).[5,13]


where  is the free stream velocity, is the free stream gas density, L is a characteristic dimension,  is the viscosity, R is the gas constant, T is the absolute temperature, and  is the gas phase diffusivity of Si(OH)4, K is the equilibrium constant,  is the activity of SiO2, and is the partial pressure of H2O. In this formulation, the flux shows a clear dependence on the velocity (v0.5), partial pressure of H2O ([P(H2O)]2), and the activity of silica [a(SiO2)] in the material. In a steam exposure experiment, the velocity and partial pressure of H2O can be set and controlled. It is therefore necessary to measure the silica activity to complete the flux equation. In addition to this, some silicate materials, such as Lu silicate and Y silicate, experience both weight loss from volatilization and weight gain from contamination (i.e. Al2O3) when tested in a steam environment due to the test setup itself. [8] This complicates verification of the material as a potential protective coating. Therefore, understanding the activity of the silicate material can help deconvolute the effects on weight change from multiple sources. To that end, silica activities will be obtained for both region (1) Lu2O3 + Lu2SiO5 and region (2) Lu2SiO5 + Lu2Si2O7 shown in Fig 1. The activities will be compared to previous mass spectrometry experiments performed by Jacobson and Costa for Y2O3 and Yb2O3 containing silicates, respectively.[14,15] 
In addition to calculating the activity, it is also of interest to determine the enthalpy of formation from the elements (ΔfHel). In general, ΔfHel tends to become more negative with an increasing number of oxygen anions (NA) in the composition as shown in Fig. 2. This means that, for example, the ΔfHel of Mg2SiO4 (-2172 kJ/mol, NA = 4) is more negative than the ΔfHel of MgSiO3 (-1549 kJ/mol, NA = 3) which are both more negative than the ΔfHel of MgO (-601.6 kJ/mol, NA = 1) or SiO2 (-908.3 kJ/mol, NA = 2). It should also be noted that similar graphs could be drawn for other anions (i.e. carbon, fluorine, etc.), however, they would have a different slope. The data in Fig. 2 is taken from multiple sources and comprises binary, ternary, and quaternary oxides.[16–18] However, there is still spread in the ΔfHel data at each anion number indicating a reliance on other factors. Numerous studies have attempted to correlate thermodynamic properties to various parameters such as band gap, electronegativity, chemical hardness, and optical basicity to varying degrees of success.[15,19–21] This is indicative of an underlying connection between the crystal and electronic structures to both the activity and the ΔfHel as well as other thermodynamic properties.
As shown previously for Y and Yb monosilicate, the measured ΔfHel indicates greater stability vs their constituent oxides.[14,15] The ΔfHel of Lu monosilicate will be calculated in the same way. Subsequently, comparisons will be made between the measured ΔfHel of the Y, Yb, and Lu monosilicates and two theoretical determination methods. The first method provides modeled values from density functional theory (DFT). DFT provides a theoretical method for calculating the electronic structure of materials by solving the Kohn-Sham equation. Plane-wave DFT has successfully been used to calculate the thermal and mechanical properties for a variety of rare-earth silicates.[22–25] The second method proposed by Zhuang estimates the ΔfHel using the electronegativities of the atoms involved.[21]
Experimental
Knudsen Effusion Mass Spectrometry system
[bookmark: _Hlk65836663][bookmark: _Hlk68532072]The modified Nuclide type 12-HT-90 Knudsen effusion mass spectrometry (KEMS) system used in this work has been described in detail in previous articles, so only a brief description of the method used is provided here.[26] Similar to the previous studies, the KEMS setup used a three cell configuration with X-Y translation as shown in Fig. 3a that allowed for measurements of the vapor pressure of the effusates without the need for breaking vacuum between each sample. The orifice size of each Knudsen cell used is the same at 1.5 mm in diameter. Similarly, the inner diameter of each cell is the same at 1 cm in diameter. The amount of powder used in each cell is ~0.2-0.25 g. The powders have a particle size in the range of 1-2 µm. Therefore, near equilibrium can be reached between the condensed and vapor phases within the cell due to the sufficient ratio between the orifice size of the Knudsen cell and the high surface area of the loosely packed powder. Additionally, the concern of the orifice size of the Knudsen cell is mitigated by using collimating apertures (i.e. source and field apertures, Fig. 3a) to restrict the molecular beam which has been described in more detail by Chatillon and Copland.[26,27] Essentially, by using apertures with a size smaller than the Knudsen cell orifice size, only a well-defined angular range of molecules are permitted to enter the ion source to be ionized, allowing the ion source to effectively “see” into the Knudsen cell. This also limits errant molecules that did not originate from the Knudsen cell from entering the ionizer. The calibration of the instrument used in this work is described more fully by Copland.[26] The cells used to hold each mixture corresponded to the reducing agent used in the mixture which is described in Table 1, Figs. 3b & c, and the following paragraphs. 
In this study, the partial pressures of the vapor species in the 1500 to 1750 K temperature range were measured with the KEMS system. The partial vapor pressure is calculated from the intensity of the effusate from the following equation:

where Pi is the partial pressure of species i, k is the instrument constant, Ii is the measured ion intensity for species i, T is the absolute temperature, and  is the cross section of species i at a particular ionizing electron energy, E, which in this case is 26. Before a measurement, the temperature is allowed enough time to equilibrate, usually on the order of 30 min to 60 min. Additionally, 6 consecutive measurements are taken at each temperature to allow for calculation of the error in the measurement which is found to be less than 1%. The “measurements” presented throughout the work represent the averaged value of the 6 consecutive measurements.
	Powder Preparation, Characterization, & Loading for Mass Spectrometry
The powders used in this study are described in Table 2. Lu2SiO5 was purchased from Alfa Aesar and Lu2Si2O7 was prepared by conventional solid state processing. The disilicate composition was prepared as follows. Powders of Lu2O3 and SiO2 were mixed in the stoichiometric amounts to produce Lu2Si2O7. The powders were milled in ethanol for 24 h. After drying on a hot plate at 363 K, the powder was pressed into a 1” diameter x ½” thick disc. This disc was then placed in a Pt crucible and reactively sintered at 1853 K for 10 h in air. The pellet was subsequently crushed for use in mass spectrometry. X-ray diffraction (D8-Advance, Bruker) was used to determine phase purity in both the as-received and processed powders. XRD was also performed after the mass spectrometric measurement to understand any phase evolution that occurred due to possible reactions at elevated temperature. Subsequent analysis for phase identification was performed using High Score (Panalytical, Malvern) equipped with the International Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF+, 2019).
The phase pure powders were then mixed and dry milled for 24 h in the stoichiometric amounts shown in Table 1 which correspond to the phase regions in the Lu2O3 - SiO2 phase diagram shown in Fig 1.[28]  Fig 3b shows the setup in the KEMS for when measuring in region (1) and Fig 3c shows the setup for measuring in region (2). The gold (Au) standard material is used for both temperature calibration from the melting point and vapor pressure calibration in both setups and contained in an Al2O3 cell. The Au calibration is used to calculate the instrument constant used in Eq. 3. Tantalum and molybdenum are used as reducing agents to effectively increase the SiO(g) signal without forming additional solid phases.[29] This method was developed for other systems, namely MnO-SiO2, and allows for measurements at lower temperatures, closer to the regions of interest.[29] Further, the tantalum and molybdenum additions mean the cells can be made of these materials, simplifying the system and removing the concerns about sample/cell interactions. The chemical reactions with the respective reducing agents are listed in Table 1 for each region. The underline for the compound (comp) indicates a less than unit activity.  
[bookmark: _Hlk65764502][bookmark: _Hlk65764668]For region (1), the vapor pressures of TaO(g) and TaO2(g) are calculated to be very small and hence neglected. Thus the method used in region (1) is to simply measure a vapor pressure of SiO(g) and determine the activity of SiO2 (in solution) that would generate such a vapor pressure.[14,15,29] Essentially, the activity of SiO2 in solution can be calculated by comparing the PSiO calculated from the measured data using Eq. (3) to calibration curves of PSiO determined from Ta-SiO2,pure in Factsage at each temperature. It should be noted that these activities are only approximate with large error bands due primarily to the conversion of ion intensity to vapor pressure and reliance on auxiliary calculations. In particular, in a much cited work on the study of inorganic systems with mass spectrometry, Drowart explains the importance of the cross section to the associated error in calculating the partial pressure.[30] Due to the difficulty in estimating the cross section, Drowart assumes the error to be between 5 to 20%, therefore 20% will be used in this work.In region (2), a more rigorous method was used which gives a better accuracy than the method used in region (1).  Essentially, by using the two Knudsen cell setup (Mo:LDS:LMS & Mo:SiO2) as shown in Fig. 3c, ratios can be taken of the intensities which negates the need to estimate cross sections of the ionizing species. To allow for measurement of the high silica activity system at these temperatures and limit unwanted reaction products, molybdenum is used as the reducing agent even though it is less effective than tantalum.  From the chemical equations for Mo(s) + SiO2(s)pure or comp and Eq. (3) one can show that the equilibrium constants are equal such that:

For Mo-SiO2,pure the SiO2 activity is taken as 1, which when rearranged, results in:

DFT Computational Details 
Plane-wave DFT using the projector-augmented wave (PAW) method as implemented in the Vienna Ab-initio Simulation Package (VASP) code was used to calculate the optimized structures and electronic energies.[31–34] The 2s22p4, 3s23p2, and 4s24p65s14d2 electrons were treated as valence electrons for O, Si, and Y, respectively. Lu and Yb were considered to have a 3+ oxidation state with 5p66s25d1 electrons treated as valence electrons; their 4f electrons were treated as core electrons. While the 4f electrons can be treated using more sophisticated methods such as GW0 and DFT+U for electronic and optical property calculations, the structural and vibrational properties are adequately represented by the Lu3+, and Yb3+ potentials.[35–37] For reference, the GW0 approximation is used to calculate the self-energy of a many-body system using an expansion of the single-particle Green's function, G, and the screened coulomb interaction, W. Electronic exchange-correlation effects were treated using the Perdew-Burke-Ernzerhof revised for solids (PBEsol) functional form within the generalized gradient approximation (GGA).[38,39] In all DFT calculations, the plane-wave cutoff energy was 520 eV and the Brillouin zones were sampled using Γ-centered Monkhorst-Pack k-point meshes with a density of 1500 k-points per reciprocal atom.[40] Gaussian smearing with a smearing width of 0.05 eV was used. Electronic structures were converged to a total energy tolerance of 1*10-8 eV and ionic structures were converged to a maximum ionic Hellmann-Feynman force tolerance of 1*10-4 eV/﻿Å. 
Phonon vibrational frequencies, free energies, and entropies were calculated as functions of temperature using the Phonopy package.[41] The second-order interatomic force constants were calculated using the finite-displacement method with 2x2x2 supercells.[42,43] Higher-order force constants were not calculated in this work due to their high computational expense. Phonon frequencies were calculated by iterating over the sampling q-mesh until the maximum difference in the corresponding calculated free energies between successive iterations at all temperature points was converged to less than 1*10-5 eV. Enthalpies were calculated as a function of temperature using H ≈ U = F + TS, where F is the Helmholtz Free Energy, T is the temperature, and S is the entropy and the enthalpy, H, is approximated by the internal energy, U. 
Results & Discussion
	Region (1) – Lu2O3 + Lu2SiO5 + Ta 
As expected from previous studies, region (1) had a low activity of silica.[14,15] However, unlike previous studies, appreciable tantalates were seen to form as shown in the XRD spectra in Fig. 4. Multiple runs were performed with fresh powder to understand the effect of the time on the tantalate formation. To illustrate this, Fig 5 shows a moving R2 (linearity coefficient) as each new measurement is added to the set for a single run. From this representation, we can limit the data used for the determination of the activity and the enthalpy of formation to that taken before the tantalate formation begins to skew the measurement. Interestingly, this behavior lies in contrast to the Yb-Si-O-Ta system studied by Costa, where it was necessary to react the powders for 24 h beforehand to achieve equilibrium, but no secondary phases were formed.[15] Therefore, though Ta can still be used as a reducing agent, one must take care and approach each system differently.
The raw data for the Au temperature calibration and the SiO in region (1) are shown in the Van’t Hoff plot in Fig. 6 as well as in supplemental table 1. From the slope of the ln(IT) Au plot, the heat of vaporization can be determined as -346.7 kJ/mol which is close to the literature value of (-345.6 kJ/mol).[44] This indicates that the temperature calibration is correct, and that the measured vapor pressure of SiO can be considered correct as well with regards to temperature. From previous experiments, it was determined that total experimental error was within ~±5%.[14,15]
From Eq. (3) and the cross section of SiO using 4.42, the equilibrium pressure can be calculated.[45] It should be noted that Mann only provides atomic cross sections. The cross section of SiO was determined by an additive rule and the sum modified by a correction factor as has been done previously.[14,15] The equilibrium pressure is shown normalized to P° (1 bar) such that P = Pmeas/P° vs 1/T in Fig. 7. As described earlier, it is possible to correlate the measured pressure to one calculated in Factsage for SiO as a function of temperature.[29] As expected the a(SiO)meas for Lu monosilicate (0.0006 at 1550K) is rather low in comparison to silica and is comparable to the other REMS (e.g. 0.0028 for YbMS at 1600K and 0.0005 for YMS at 1562K).[14,15] The log[a(SiO)meas] is shown in Fig. 7 as a function of 1/T. Finally, from the slope of the log(a), the partial molar enthalpy of formation (ΔfHox) at 1550 K can be determined of the oxide reaction in Eq. (6).



The ΔfHox at 1550 K can be combined with the integrated heat capacities (Cp) of SiO2, Lu2O3, and Lu2O3∙SiO2 from 298 K to 1550 K and the ΔfHel at 298 K of SiO2 and Lu2O3 to determine the ΔfHel at 298 K of Lu2O3∙SiO2.[14,15] This is shown in equations (7) and (8) and in Table 3. An ΔfHox for LuMS is found to be -45.0 ± 3 kJ/mol which compares to -99.6 ± 5 kJ/mol and -27 ± 2 kJ/mol for YMS and YbMS, respectively.[14,15] The thermodynamic cycle for the series of equations shown in Table 3 ultimately produces a value of -2831.1 kJ/mol for the ΔfHel of LuMS. This is a reasonable value given that, from previous studies by Jacobson and Costa using this technique, it was found that YMS has a ΔfHel of -2907 kJ/mol and YbMS has a ΔfHel of -2774.1 kJ/mol.[14,15]
Region (2) – LuMS + LuDS + Mo
In region (2), since the silica activity is greater, Mo is used as the reducing agent instead of Ta in an attempt to avoid forming silicides and tantalates. Therefore, a Mo-SiO2 reference cell can be used to determine the activity of silica similar to how data from Factsage was used for comparison in region (1) as described by Eqs. 4 and 5 in the experimental procedure. An Au containing Al2O3 cell is again used to determine the temperature during the measurements. The XRD spectra of the before and after of the powders are shown in Fig. 8 which show that no appreciable molybdates or silicides have formed.
The raw data, ln(IT) for the 3 cells is shown as a function of 1/T in Fig 9 as well as supplemental table 3. By applying Eq. (5) at each temperature, the activity of silica can be calculated using Eq. (5). This activity as a function of 1/T is shown in Fig. 10. The silica activity (~0.28) at 1760 K is similar to the activities for the previous systems studied.[14,15]
DFT Modeling of the Enthalpy of Formation
A comparison between the measured values and the modeled DFT is shown in Table 3. There is good agreement between the ΔfH of the REMS from the elements at 298.15 K calculated from DFT (Lu: -2841.0, Yb: -2780.8, and Y: -2874.8) kJ/mol and the measured values (Lu: -2831.0, Yb: -2774.8, -2774.1 and Y: -2.868.5, -2907.1) kJ/mol.[14,15,46] However, deviations exist between the DFT and measured values for the ΔfHox at high temperature (~13-64 kJ/mol) and the integrated heat capacities (~5-75 kJ/mol). These deviations could be due to the lack of higher order terms in the interatomic force constants, which are likely to deviate from quadratic behavior at high temperature.[47] However, these terms were not calculated in this work due to their high computational expense and the good agreement at 298.15 K with the simpler quadratic model. A quasi-harmonic approach incorporating anharmonicity is likely necessary to increase accuracy at high temperature as thermal expansion makes a purely harmonic model insufficient.
	Zhuang estimation of the Enthalpy of Formation
Zhuang et al. provides a method to predict the enthalpy of formation at 298.15K for double oxides from the elements from a combination of the enthalpies of formation () for the base oxides and the electronegativity of the elements which itself is an extension of work by Pauling.[21,48] The relevant equations for the ΔfHel and ΔrH are reproduced here:


where, N1 and N2 are the number of moles for AmOn and BxOy, respectively, x1 and x2 are the mole fractions, F is Faraday’s constant(96.5 kJ/mol), Z is the sum (n+y) of the Oxygen in the two oxides irrespective of mol%, and βA and βB are the electronegativities of the elements A and B, respectively. The formulation of Eq. (9) is the same as that shown in Eq. (7) where the ΔrH is the difference between the ΔfHel of the products and the reactants. The electronegativity of Si is taken as 1.9 with the REs having a range from 1.1 to 1.27.[49] For the lanthanide series, the electronegativity trends upwards with the decreasing ionic cation radii indicating that, from Eq. (10), the ΔrH increases with either increasing cation radii or decreasing electronegativity as seen in Table 5. Ultimately, the trend in the ΔrH for the lanthanide contraction is similar to that observed for other RE-containing oxide systems studied by Kanke & Navrotsky.[50] 
The experimental and theoretical enthalpies of formation for the REMS are shown in Table 5. The predictions largely agree with work by Liang, Jacobson, Costa, and this study as seen in Table 5 where the % difference (%diff) between the modeled and the measured data is rather low. Therefore, it may then be possible to use the method provided by Zhuang to allow for prediction of the ΔfHel of other REMS, and by extension, the REDS.
Volatilization in the Presence of Water Vapor
Jacobson, Costa, and Opila among others have shown previously that the volatilization of silica is highly reliant on the a(SiO2) as described in Eq. (2). Unfortunately, LuMS and LuDS tend to form aluminates in steam environments due to the presence of volatile species from the alumina tube. Therefore, it is difficult to decouple the weight gain from the aluminate and the weight loss from the volatilization of SiO.[8] However, using the activities determined with mass spectrometry it is still possible to calculate the flux of Si(OH)4 away from the sample. The activities of the Lu, Yb, and Y monosilicates and disilicates and the calculated fluxes of Si(OH)4 are shown in Table 4. The activities of the silicates are similar in scale and therefore, the resulting volatilization should be considered realistic. 
	Influence of Crystal structure
As one might expect, the crystal structure likely plays a role in the activity and consequently, the water vapor reactivity of the silica in the REMS, REDS and other silicate systems. Representative crystal structures are presented in Fig. 11. It is known that the water vapor volatilization proceeds along the path: REDS  REMS  RE2O3, where the silica is selectively volatilized.[51] The silica is arranged as tetrahedra in different configurations for the REDS and REMS structures. The REDS structure has a double island configuration of silica tetrahedra connected at one corner by a bridging oxygen, whereas in the REMS structure, the silica tetrahedra are arranged in an island configuration (i.e. completely isolated from each other.) As has been shown previously, the bridging oxygen is the first point of attack for forming Si(OH)4 in the presence of water vapor for the double island configuration.[52] Therefore, it follows that the REMS structure would be less susceptible to water vapor attack due to the absence of the bridging oxygen. 
The importance of an isolated silica tetrahedra is corroborated by Velbel on a study of the relative weathering rates of simple orthosilicates.[53] In this context, weathering is referring to the chemical and mechanical processes that can wear down materials which is analogous to the deleterious effect of water vapor. In the review, it was observed that the materials with the best weathering rates all had isolated silica tetrahedra. Velbel presented a persistence series for materials with isolated silica tetrahedra wherein Zircon had the best weathering rate and Olivine had the worst. However, all the materials in the persistence series have a greater silica volatilization rate than REMS or REDS. 
The edge sharing between the silica tetrahedra and the non-Si cation polyhedra likely accounts for the increased volatilization in Zircon, Olivine, etc.[53] From Pauling’s rules, stability from polyhedral interaction decreases along the following path: corner sharing  edge sharing  face sharing.[48] The instability, which can lead to structural distortions, is due to the central atoms in each polyhedra attempting to compensate for the increased electrostatic repulsions caused by the closer proximity. Therefore, it also likely that the arrangement of the silica and non-Si cation polyhedra play a role in the water vapor reactivity. Consequently, the REMS with smaller cation sizes like those that have been studied (e.g. Lu, Yb, Y, etc.) tend to have much more corner sharing than edge sharing of the silica tetrahedra to the RE polyhedra. Hence, in the search for better EBCs, it seems prudent to identify materials with crystal structures that have both isolated tetrahedra and corner sharing between the polyhedra, but with CTE’s that are a more reasonable match for SiC.
Conclusions
EBC materials are needed to protect engine components for high temperature applications. The water vapor reactivity has been shown to be related to the thermodynamic activity of silica within in the material. To that end, this study measured the thermodynamic activity of SiO2 in the two phase regions of the Lu2O3-SiO2 system. The activities were calculated for the monosilicate (log(a(SiO2)) = -2351.1*1/T-1.6731) and the disilicate (log(a(SiO2)) = -4884.0*1/T + 2.2208) as a function of temperature. The activities were similar to previous studies on RE silicates. The ΔfHox and ΔfHel of Lu monosilicate were calculated to be -45±3 kJ/mol at 1550 K and -2831.1±12 kJ/mol at 298 K, respectively. The experimental values for the enthalpy of formation for the RE monosilicates were compared to modeling by DFT and estimation by Zhuang. For DFT, there is good agreement for the ΔfHel, but deviations exist for the ΔfHox and the heat capacities. This was attributed to the lack of higher order terms in the interatomic force constants, which are likely to deviate from quadratic behavior at high temperature. Finally, there is likely a link between the crystal structure and the resulting silica activity. This was attributed to the arrangement and linkage between the polyhedra in the silicate materials.
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	Table 1: Mixtures describing phase regions in phase diagram for mass spectrometry. 

	Regions in phase diagram
	Chemical reactions at temperature

	(1) Lu2O3 + Lu2SiO5
	
	3Ta: 1Lu2O3: 1Lu2SiO5
	2Ta(s) + 3SiO2(s)comp*
	=
	3SiO(g) + TaO + TaO2(g)

	(2) Lu2SiO5 + Lu2Si2O7
	
	3Mo: 1Lu2SiO5: 1Lu2Si2O7
	Mo(s) + 3SiO2(s)pure or comp*
	=
	3SiO(g) + MoO3(g)

	*Underline for compound (comp) indicates less than unit activity



	Table 2: Starting materials

	Powder
	Source
	Purity (wt%)*

	Lu2O3
	Alfa Aesar, Ward Hill, MA
	99.9

	SiO2
	Alfa Aesar, Ward Hill, MA
	99.9

	Lu2SiO5
	Alfa Aesar, Ward Hill, MA
	99.99

	Ta
	Alfa Aesar, Ward Hill, MA
	99.97

	Mo
	Gallard Schlesinger, Carle Place, NY
	99.95

	Au
	Alfa Aesar
	99.99

	Lu2Si2O7
	Synthesized in lab for this work
	99

	[bookmark: _Hlk65245474]*Purity as stated by supplier except for Lu2Si2O7 which was determined by X-ray Diffraction and XRD detection limits. 



	Table 3: Thermochemical steps to calculate ΔfHel of RE2SiO5 at 298 K for both the measured and DFT modeled data. The values for (5) and (6) in the DFT columns come from reference [17], otherwise if there is no reference next to the values, the data was measured or generated in this work. Uncertainty reported as one confidence interval.

	
	
	
	
	RE = Lu @ T = 1550K
	RE = Yb @ T = 1562K
	RE = Y @ T = 1600K

	
	
	
	
	ΔH [kJ mol-1], showing experimental data (Exp.) and modeled data (DFT)

	
	Reactants
	
	Products
	Exp.
	Ref.
	DFT
	Exp. 
	Ref.
	DFT
	Exp. 
	Ref.
	DFT

	(1)
	SiO2(s, T) + RE2O3(s,T)
	
	RE2O3•(SiO2)(s, T)
	-45.0 ± 3
	
	-74.0
	
	-27.0 ± 2
	[15]
	-91.7
	
	-99.6 ± 5
	[14]
	-86.5
	

	(2)
	RE2O3•(SiO2)(s, T)
	
	RE2O3•(SiO2)(s, 298K)
	-251.2 ± 4
	[28]
	-214.1
	
	-283.0 ± 3
	[15]
	-208.5
	
	-253.4 ± 5
	[14]
	-229.2
	

	(3)
	RE2O3(s, 298K)
	
	RE2O3(s, T)
	162.4 ± 5 
	[54]
	149.3
	
	165.2 ± 0.5
	[15]
	153.7
	
	171.6 ± 4
	[14]
	143.1
	

	(4)
	SiO2(s, 298K)
	
	SiO2(s, T)
	87.7 ± 4
	[55]
	82.7
	
	87.9 ± 0.5
	[15]
	82.7
	
	87.6 ± 4
	[14]
	82.7
	

	(5)
	2RE(s, 298K) + 3/2O2(g, 298K)
	
	RE2O3(s, 298K)
	-1877.0 ± 8
	[17]
	-1877.0
	
	-1809.0 ± 10
	[17]
	-1809.0
	
	-1905.3 ± 10
	[17]
	-1905.3
	

	(6)
	Si(s, 298) + O2(g, 298K)
	
	SiO2(s, 298K)
	-908.0 ± 2
	[17]
	-908.0
	
	-908.0 ± 2
	[17]
	-908.0
	
	-905.2 ± 10
	[17]
	-908.0
	

	(1) + (2) + (3) + (4) + (5) + (6) = (7)

	(7)
	Si(s, 298K) +2RE(s, 298K) + 5/2O2(g, 298K) 
	
	RE2O3•(SiO2)(s, 298K)
	-2831.1 ± 12 
	
	-2841.0
	
	-2774.1 ± 11
	[15]
	-2780.8
	
	-2907.0 ± 16
	[14]
	-2874.8
	



	Table 4: Flux of Si(OH)4 at 1773 K for various systems.  Uncertainty reported as one confidence interval.

	System
	Ref.
	a(SiO2)
	Calculated
Flux of Si(OH)4
[mg∙cm-2∙hr-1]

	SiO2
	
	1
	1.1E-2 ± 1.1E-3

	Y2SiO5 + Y2O3
	[14]
	0.001 ± 1.8E-4
	1.5E-5 ± 3.8E-6

	Yb2SiO5 + Yb2O3
	[15]
	0.003 ± 5.4E-4
	3.8E-5 ± 9.5E-6

	Lu2SiO5 + Lu2O3
	
	0.001 ± 2.0E-4
	1.5E-5 ± 4.0E-6

	Y2SiO5 + Y2Si2O7
	[14]
	0.32 ± 1.7E-3
	3.1E-3 ± 7.8E-4

	Yb2SiO5 + Yb2Si2O7
	[15]
	0.36 ± 1.9E-3
	4.0E-3 ± 1.0E-3

	Lu2SiO5 + Lu2Si2O7
	
	0.29 ± 1.5E-3
	3.2E-3 ± 8.0E-4






	Table 5: RE2SiO5 ΔfHel: RE + Si + O based on Zhuang estimation [21]. Uncertainty reported as one confidence interval.

	RE2O3
	β*
	RE2O3 ΔfH
[kJ/mol] [17]
	
	SiO2 ΔfH
[kJ/mol] [17]
	
	ΔrH calc.
[kJ/mol]
	
	RE2SiO5 ΔfHel
est. [kJ/mol]
	RE2SiO5 ΔfHel
exp. [kJ/mol]
	%Diffest. vs meas.

	Y
	1.22
	-1905.0 ± 10
	+
	-908 ± 2
	+
	-55.8
	=
	-2868.8
	-2868.5 [25], -2907.1 [24]
	0.01, 1.3

	La
	1.1
	-1791.6 ± 1
	+
	-908 ± 2
	+
	-77.2
	=
	-2776.8
	
	

	Ce
	1.12
	-1799.8 ± 2
	+
	-908 ± 2
	+
	-73.4
	=
	-2781.2
	
	

	Pr
	1.13
	-1809.9 ± 3
	+
	-908 ± 2
	+
	-71.5
	=
	-2789.4
	
	

	Nd
	1.14
	-1806.9 ± 3
	+
	-908 ± 2
	+
	-69.7
	=
	-2784.6
	
	

	Pm†
	1.13
	-1811.0 ± 21
	+
	-908 ± 2
	+
	-71.5
	=
	-2790.5
	
	

	Sm
	1.17
	-1826.8 ± 4
	+
	-908 ± 2
	+
	-64.3
	=
	-2799.1
	
	

	Gd
	1.2
	-1819.7 ± 4
	+
	-908 ± 2
	+
	-59.1
	=
	-2786.8
	
	

	Tb
	1.22
	-1865.2 ± 6
	+
	-908 ± 2
	+
	-55.8
	=
	-2829.0
	
	

	Dy
	1.22
	-1863.4 ± 5
	+
	-908 ± 2
	+
	-55.8
	=
	-2827.2
	
	

	Ho
	1.23
	-1883.3 ± 8
	+
	-908 ± 2
	+
	-54.2
	=
	-2845.5
	
	

	Er
	1.24
	-1900.1 ± 7
	+
	-908 ± 2
	+
	-52.5
	=
	-2860.6
	
	

	Yb
	1.26
	-1814.5 ± 6
	+
	-908 ± 2
	+
	-49.4
	=
	-2771.9
	-2774.8 [25], -2774.1 [15]
	-0.1, -0.08

	Lu
	1.27
	-1877.0 ± 8
	+
	-908 ± 2
	+
	-47.9
	=
	-2832.9
	-2831.1
	0.06

	*β: Electronegativity, β(Yb) taken as the linear interpolation between β(Th) and β(Lu). †ΔfH of Pm2O3 found in Konings [56].


 

[image: ]
Figure 1: Phase diagram of Lu2SiO3 – SiO2. Lu2SiO5 and Lu2Si2O7 at 50 and 66 SiO2 mole fraction, respectively. Region (1) and Region (2) investigated in this study are marked. Phase diagram reproduced after Ye (2017)
[image: ]
Figure 2: Enthalpy of formation from the elements versus the number of anions (i.e. Oxygen) in the chemical formula. Linear relationship due to the additivity of the enthalpy.
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Figure 3: (a) Knudsen Effusion Mass Spectrometry system. (b) 3 cell setup for Region (1) and (c) 3 cell setup for Region (2)
[image: ]
Figure 4: X-ray diffraction spectra of Region (1) powder (a) as mixed and (b) after mass spectrometry measurements.
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Figure 5: Moving R2 (linearity coefficient) as each measurement is added to the set for Region (1). Measurements used for the calculation of the ΔfH are taken from the measurement 1 to the dashed line. 
[image: ]
Figure 6: Dependence of ln(IT) vs 1/T for SiO in Region (1) Ta-Lu2O3-LMS (squares) and Au calibration (circles).
[image: ]
Figure 7: Dependence of log(P) vs 1/T for SiO in Region (1) Ta-Lu2O3-LMS (filled squares), SiO from Factsage (filled triangles). Combining the measured data with the modeled Factsage data allows the plotting of the dependence of log(a[SiO2]) vs 1/T (empty diamonds). Arrows indicate the corresponding y-axis. 
[image: ]
Figure 8: X-ray diffraction spectra of SiO2 – Mo powder (a) as mixed and (b) after KEMS measurement. X-ray diffraction spectra of Region (2) LMS – LDS – Mo powder (c) as mixed and (d) after KEMS measurement.
[image: ]
Figure 9: Dependence of ln(IT) vs 1/T for SiO and MoO3 in both Region (2) LMS-LDS-Mo and SiO2-Mo. SiO and MoO3 are represented by squares and circles, respectively. Furthermore, LMS-LDS-Mo and SiO2 are represented by open and close shapes, respectively.
[image: ]
Figure 10: Dependence of log(a[SiO2]) vs 1/T for Region (2) LMS-LDS-Mo as calculated from the data in Fig. 8 and Eq. (5).
[image: ]
Figure 11: Crystal structures of a) Lu2Si2O7, b) Lu2SiO5 c) ZrSiO4. Images generated with VESTA
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	Supplemental Table 1: Ion intensities and related standard uncertainties for Region (1) and Au. A movable shutter is used to interrupt the molecular beam to measure the contents of the Knudsen cell (open) and the background (closed). The true SiO signal is the difference between the open and closed positions.u is 1 standard uncertainty.

	
	
	Region (1): Lu2O3 – Lu2SiO5 – Ta

	
	
	SiO open
	SiO closed

	T [K]
	u
	Avg. Ion intensity
	u
	Avg. Ion intensity
	u

	1503.2
	0.17
	2415.3
	
	16.0
	187.0
	
	10.5

	1503.2
	0.17
	2524.7
	
	16.6
	230.7
	
	5.4

	1529.8
	0.03
	5088.7
	
	23.2
	510.0
	
	9.0

	1529.8
	0.03
	5119.8
	
	25.3
	578.3
	
	14.1

	1535.4
	0.08
	5462.2
	
	46.4
	334.5
	
	12.7

	1535.4
	0.08
	5504.0
	
	26.5
	420.7
	
	14.2

	1562.7
	0.08
	10188.0
	
	103.4
	944.2
	
	12.7

	1562.7
	0.08
	9820.8
	
	37.2
	944.0
	
	8.4

	1590.8
	0.02
	15841.0
	
	100.4
	492.8
	
	21.7

	1590.8
	0.02
	15462.2
	
	113.0
	918.7
	
	38.6

	
	
	
	
	
	

	
	
	Au cell
	
	

	
	
	Au open
	

	T [K]
	u
	Avg. Ion intensity
	u
	
	

	1503.2
	0.17
	27150.3
	
	346.6
	
	

	1529.8
	0.03
	40870.0
	
	407.6
	
	

	1535.4
	0.08
	47842.0
	
	212.8
	
	

	1562.7
	0.08
	73290.2
	
	466.8
	
	

	1590.8
	0.02
	118671.8
	
	670.5
	
	





	Supplemental Table 2: Calculation of pressure and activity for Region (1) from the measured ion intensity and Factsage (FS) SiO pressures. SiO pressure calculated from  where k = 1.0E-14 ± 5E-16 and σ = 4.42 ± 0.8. u is 1 standard uncertainty. us for FS vapor pressure are derived from JANAF tables [Chase, JANAF Thermochemical tables, 1998]

	T [K]
	u
	Calc. SiO P [bar]
	u
	FS SiO P [bar]
	u
	Activity (a)
	u

	1503.2
	0.17
	7.58E-09
	1.42E-09
	1.41E-05
	2.82E-07
	5.36E-04
	1.02E-04

	1503.2
	0.17
	7.80E-09
	1.47E-09
	1.41E-05
	2.82E-07
	5.51E-04
	1.05E-04

	1529.8
	0.03
	1.58E-08
	2.98E-09
	2.45E-05
	4.90E-07
	6.47E-04
	1.22E-04

	1529.8
	0.03
	1.57E-08
	2.95E-09
	2.45E-05
	4.90E-07
	6.42E-04
	1.21E-04

	1535.4
	0.08
	1.78E-08
	3.35E-09
	2.74E-05
	5.48E-07
	6.50E-04
	1.23E-04

	1535.4
	0.08
	1.77E-08
	3.32E-09
	2.74E-05
	5.48E-07
	6.44E-04
	1.22E-04

	1562.7
	0.08
	3.27E-08
	6.15E-09
	4.69E-05
	9.38E-07
	6.96E-04
	1.32E-04

	1562.7
	0.08
	3.14E-08
	5.89E-09
	4.69E-05
	9.38E-07
	6.69E-04
	1.26E-04

	1590.8
	0.02
	5.52E-08
	1.04E-08
	8.01E-05
	1.60E-06
	6.90E-04
	1.30E-04

	1590.8
	0.02
	5.23E-08
	9.84E-09
	8.01E-05
	1.60E-06
	6.54E-04
	1.24E-04




	Supplemental Table 3: Ion intensities and related standard uncertainties for Region (2). A movable shutter is used to interrupt the molecular beam to measure the contents of the Knudsen cell (open) and the background (closed). The true SiO signal is the difference between the open and closed positions. u is 1 standard uncertainty.  Activity is calculated using the equation 

	
	
	Region (2): Lu2SiO5 – Lu2Si2O7 – Mo

	
	
	SiO open
	SiO closed
	MoO3 open

	T [K]
	u
	Avg. Ion intensity
	u
	Avg. Ion intensity
	u
	Avg. Ion intensity
	u

	1657.9
	0.18
	8023.0
	
	38.4
	2278.7
	30.8
	179.8
	
	3.8

	1683.4
	0.02
	13687.0
	
	46.4
	3513.5
	19.6
	273.8
	
	6.8

	1703.9
	0.05
	16769.7
	
	57.2
	4023.2
	40.0
	340.8
	
	11.0

	1716.4
	0.06
	20910.5
	
	61.8
	4632.0
	33.6
	500.5
	
	8.2

	1730.8
	0.10
	26900.7
	
	40.2
	5983.5
	31.2
	690.0
	
	9.5

	1754.2
	0.19
	37389.8
	
	64.4
	7928.7
	54.8
	1044.2
	
	9.9

	
	
	
	
	
	
	
	

	
	
	SiO2 – Mo reference cell

	
	
	SiO open
	SiO closed
	MoO3 open

	T [K]
	St.u
	Avg. Ion intensity
	u
	Avg. Ion intensity
	u
	Avg. Ion intensity
	u

	1657.9
	0.18
	20782.2
	
	46.4
	2256.8
	
	12.2
	760.7
	
	7.9

	1683.4
	0.02
	33255.7
	
	83.4
	3366.8
	
	28.2
	1289.3
	
	8.8

	1703.9
	0.05
	41328.3
	
	160.9
	4023.2
	
	40.0
	1697.5
	
	15.6

	1716.4
	0.06
	50970.5
	
	152.6
	4632.0
	
	33.6
	2390.5
	
	20.7

	1730.8
	0.10
	71177.0
	
	88.6
	5983.5
	
	31.2
	3265.8
	
	21.8

	1754.2
	0.19
	100479.5
	
	212.8
	7928.7
	
	54.8
	4836.7
	
	27.6

	
	
	
	
	
	
	
	
	
	
	

	Calculation of activity from ratios of ion intensities
	
	
	
	
	
	

	T [K]
	u
	Activity SiO2
	u
	
	
	
	
	
	

	1657.9
	0.18
	0.192
	2.28E-03
	
	
	
	
	
	

	1683.4
	0.02
	0.203
	2.10E-03
	
	
	
	
	
	

	1703.9
	0.05
	0.200
	2.65E-03
	
	
	
	
	
	

	1716.4
	0.06
	0.209
	2.22E-03
	
	
	
	
	
	

	1730.8
	0.10
	0.191
	1.57E-03
	
	
	
	
	
	

	1754.2
	0.19
	0.191
	1.34E-03
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