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Abstract 

Thermodynamic parameters of the three fergusonite-related polymorphs M’, M and T of YTaO4 

and their phase stabilities were investigated experimentally.  The debate on the relative stability 

of the M and M’ phases was resolved, and it was shown that the compound does not transform 

to a cubic polymorph prior to melting.  The enthalpies of formation of M and M’ were 

determined using high temperature oxide melt solution calorimetry, and the heat capacities and 

heat contents were measured. The enthalpy of the M’ to T phase transition was measured by 

differential thermal analysis. The stability of the T phase up to its melting at 2090 °C was 

demonstrated using high temperature X-ray diffraction and thermal analysis. Its enthalpy of 

fusion was determined using drop-and-catch calorimetry. The thermodynamic properties of 

YTaO4 assessed in this study enable the thermodynamic modeling of its polymorphs and related 

materials systems of technological importance. 
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1. Introduction 

Compositions in the ZrO2-Y2O3-Ta2O5 system are of interest for applications as diverse as 

phosphors [1,2], microwave dielectrics [3], lasers [4], catalysis [5], fuel cells [6,7] and next 

generation thermal barrier coatings (TBCs) [8], which motivated recent investigations into the 

phase equilibria in this system [9,10]. Key features of the system are a ZrO2-rich tetragonal 

solid solution phase field that is stable to at least 1500 °C and is obtained by equimolar co-

doping of Y3+ and Ta5+, as well as a YTaO4 phase field that has substantial solubility for Zr4+ 

substituting equally in each cation lattice [8–13]. Compared to the state-of-the-art TBC material, 

yttria stabilized zirconia (8YSZ), YTaO4 has lower thermal conductivity [13,14] and a similar 

thermal expansion coefficient [15]. While YTaO4 is nominally phase stable below ~1450 °C, it 

undergoes a ferroelastic phase transition when cooled from above this temperature [16,17]. 

However, this transformation does not have a deleterious volume expansion like the tetragonal 

to monoclinic transformation in YSZ so it should not compromise the mechanical integrity of 

the coating [13,15,17]. 

YTaO4 has three fergusonite-related polymorphs: (i) the monoclinic M’ structure with 

space group P2/a that is reportedly stable from room-temperature to ~ 1450 °C [18], (ii) another 

monoclinic structure M with space group I2 that is isostructural with the mineral fergusonite 

[19,20] and it also appears stable at room temperature, and (iii) the high temperature tetragonal 

scheelite-type T structure with space group I41/a [19]. It is still under debate which of the two 

monoclinic phases is the thermodynamically stable room temperature phase. M’ YTaO4 can be 

synthesized at temperatures below the M’ to T transformation, which is reconstructive and 

relatively sluggish [18].  In consequence, the transformation temperatures reported in the 

literature differ depending on the measurement technique, heating rate, and sample synthesis. 

Reported transition temperatures include 1450-1460 °C [1] and 1425-1450 °C [21] based on X-

ray diffraction (XRD) after heat treatments, 1500 °C by differential thermal analysis (DTA), 

and 1438 °C by differential scanning calorimetry (DSC) [11]. Upon cooling from the tetragonal 

phase, YTaO4 resists transformation back to M’ but forms instead the monoclinic M phase by 

a displacive ferroelastic transformation proposed to be second-order [1,18,19] at 1426 ± 7 °C 

[17]. Therefore, M YTaO4 can only be synthesized via the tetragonal high temperature phase 

and by inference M’ should be the stable phase at room temperature [1]. Recent first principles 

computations tackled the question of phase stability and also proposed M’ YTaO4 to be the 

equilibrium low temperature phase [22,23]. However, the energies of M’ and M were very close 

and their difference was calculated to be less than 10 meV/atom (0.6 kJ/mol) at 0 K [22].  
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YTaO4 has been reported to melt congruently at 2044 ± 50 °C [24]. No other high 

temperature phase transitions above 1500 °C have been reported. However, Gurak et al. [12] 

suggested that a cubic fluorite-related phase is likely to be stable above 1700 °C due to the 

structural similarities of T YTaO4 and t ZrO2. 

Recent studies in the ZrO2-Y2O3-Ta2O5 system [9–12,22,25] focused on characterization 

of the phases, phase relations and properties such as thermal conductivity [13,14]. However, it 

is essential to have a complete thermodynamic description of the system for high temperature 

applications such as TBCs.  This would allow understanding of the energies of the stable and 

metastable phases and the driving forces to predict long term phase evolution and reactivity 

with other materials. Missing thermodynamic data for the YTaO4 phases and for other 

compounds in the ZrO2-Y2O3-Ta2O5 system severely limit the accuracy of the thermodynamic 

assessment of this system, e.g. that performed by Bhattacharya et al. [26]. In that assessment, 

the phase transitions of YTaO4 were not considered and a single phase was assumed to be stable 

from room temperature to the melting point with a heat capacity described as the sum of the 

heat capacities of the constituent oxides. These assumptions contributed to phase field shapes 

that are inconsistent with experimental observations [8,9,27].  A more recent study 

measured the low temperature heat capacity of M’ YTaO4 and subsequently derived the 

thermodynamic functions of this phase [28]. Based on this data, the investigation of the phase 

equilibria in the Y2O3-Ta2O5 quasibinary system by Fernandez et al. [25] and own additional 

DFT calculations, Zhang et al. modeled this system using the CALPHAD technique [23]. 

The purpose of this investigation is to experimentally determine the thermodynamic 

parameters (enthalpies of formation, phase equilibria, transition temperatures and enthalpies 

associated with the different polymorphs) of YTaO4. The energetics and phase stabilities of 

YTaO4 have been measured using high temperature oxide melt solution calorimetry, differential 

scanning calorimetry (DSC), differential thermal analysis (DTA), measurement of cooling 

traces using laser melting, drop calorimetry on laser heated aerodynamically levitated samples 

and X-ray diffraction, both in situ (high temperature) and after thermal exposure. 

2. Experimental methods 

2.1. Sample Synthesis 

Powders of YTaO4 were synthesized using reverse co-precipitation [9]. Precursor 

solutions of yttrium nitrate hexahydrate (99.9 % rare earth oxide basis, Alfa Aesar) in deionized 

water and tantalum chloride (99.99 % trace metals basis, ACROS-organics) in ethanol, 

calibrated by gravimetric means, were mixed in a Y3+:Ta5+ cation ratio of 1:1. The mixed 
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solution was added dropwise into ammonium hydroxide, and the pH was maintained to be 

greater than 10 to ensure precipitation of all cations. The precipitates were filtered, washed with 

ethanol and dried overnight at 100 °C, followed by calcination at 900 °C for 4 h in a box furnace 

in air. Subsequently, the powders were heat treated for 100 h in air at 1250 °C or 1500 °C to 

yield M’ YTaO4 and M YTaO4, respectively.  A sample of M’ from a separate batch containing 

a minor amount of YTa3O9 was heat treated for 2 h at 1500 °C, cooled to 1210 °C and held for 

2h to convert it to M.  It was then heat treated at 1400 ± 5 °C for 100 h, together from an M’ 

sample of the same batch, to assess the relative stability of the two monoclinic phases. 

YTaO4 was also synthesized by solid-state reaction from the pure oxides. Y2O3 (99.9% 

purity Alfa Aesar) and Ta2O5 (99.5 % purity, Alfa Aesar) were ball milled in ethanol using YSZ 

milling media for 48 h. The resulting slurry was dried overnight and then heat treated at 1500 °C 

for 100 h in air. 

Laser melted beads of the ball milled powder were produced using a 400 W CO2 laser 

(Firestar i401, Synrad, Mukilteo, WA) as described in [29]. The powder was placed in a copper 

hearth cavity in air under the laser beam and the laser power was increased manually until the 

powder melted. When the laser was turned off, the melt solidified in a spherical shape 

surrounded by the residual powder, which did not melt during the process (so called self-

crucible conditions) [29]. These samples were laser-remelted in the aerodynamic levitator 

before analysis.  

2.2. Crystal structure, microstructure and microchemical characterization 

The phase composition of the samples was characterized using X-ray powder diffraction 

(XRD) and the Rietveld method. The XRD measurements were carried out on a STOE Stadi P 

diffractometer (linear PSD) with CuKα1 radiation (Ge monochromator, λ = 1.540598 Å) in 

transmission geometry in a 2θ range between 10° and 90°. The GSAS-II software [30] was used 

for the Rietveld analysis of the diffraction patterns. 

A laser-melted bead was polished to 0.01 μm embedded in conducting clay and then 

coated with a 5 nm Pt/Pd film to ensure electronic conductivity of the surface. The morphology 

was characterized using a BSD4 backscatter electron (BSE) detector in a Crossbeam 540 

Gemini II scanning electron microscope (SEM) (Carl Zeiss Microscopy GmbH, Germany).  

The crucibles from thermal analysis were cut in half and mounted in epoxy resin before 

they were ground and polished to 1 μm and coated with carbon to render the surfaces electrically 

conductive. The morphology was characterized using a XL40 SEM (Philips, Netherlands) 

equipped with BSE and an energy dispersive x-ray spectrometer (EDX) (EDAX, USA). 
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2.3. In situ high temperature synchrotron X-ray diffraction  

High temperature diffraction experiments on YTaO4 up to the melting temperature were 

performed on an aerodynamic levitator at the beamline 6-ID-D at the Advanced Photon Source 

(APS) as described earlier [31]. The laser-melted YTaO4 bead of approximately 2.5 mm in 

diameter was levitated in oxygen flow; the flow rate was adjusted to ensure rotation of the bead 

necessary to obtain powder like diffraction patterns. The diffraction images were collected with 

a wavelength of 0.1236 Å in a Debye-Scherrer geometry as a sum of 100 exposures of 0.1 s of 

a Perkin-Elmer XRD 1621 area detector. The sample to detector distance was calibrated using 

CeO2 powder glued to the surface of a ~ 2 mm Styrofoam sphere and with a Y2O3 bead prepared 

by laser melting. For the refinement of the high temperature XRD data from the YTaO4 bead, 

sample displacement parameters were refined for the bead levitated at room temperature by 

fixing the cell parameters to the known value and were kept constant during the refinements of 

the high temperature patterns (see section 2.2).  

Diffraction patterns were taken in 100 °C steps starting from 1000 °C as measured on top 

of the laser heated bead with a single-color pyrometer (IR-CAS3CS, Chino Co., Tokyo, Japan, 

emissivity set to 0.92). However, the emissivity is not known for the different phases of YTaO4 

at this temperature range, oscillations of the sample in the pyrometer field and a thermal gradient 

in the levitated sample heated by the laser from the top [32] impede an accurate temperature 

determination during the experiment. Thus, as in previous studies using this method [31,33,34], 

the temperature of diffracted volume is calibrated based on known temperatures of phase 

transformations. Therefore, for calculations of the thermal expansion, the largest lattice 

parameter of the tetragonal T YTaO4 phase coexisting with melt was assigned  to be the melting 

temperature (2090 °C), and the smallest lattice parameter coexisting with monoclinic phase was 

assigned  to be the M→T transition temperature (1426 °C [17]). 

From the refined lattice parameters, the coefficients of thermal expansion  of the lattice 

parameters l of the high temperature phase T were calculated using the following equation 

 𝛼 =
𝑙2090°𝐶−𝑙1426°𝐶

𝑙1426°𝐶
∙

1

∆𝑇
 (1) 

where 𝑙2090°𝐶 and 𝑙1426°𝐶  are the lattice parameters of the tetragonal phase as defined above and 

∆𝑇 is the temperature difference. The isotropic coefficient of thermal expansion was derived 

using the refined Volume V applying the following equation 

 〈𝛼〉 =
1

3
∙

𝑉2090°𝐶−𝑉1426°𝐶

𝑉1426°𝐶
∙

1

∆𝑇
  (2) 



Lepple et al: Thermochemistry and Phase Stability of YTaO4 Page 

Journal of the European Ceramic Society, Submitted 08/25/2020 

6 

2.4. Drop-and-catch (DnC) calorimetry 

The fusion enthalpy was determined using drop-and-catch calorimetry (DnC).  The design 

of the instrument and calibration of the calorimeter are described in detail in [29,35,36]. 

Experiments were performed on YTaO4 beads, ~70 mg in weight, prepared by laser melting of 

the ball-milled powder. The beads were levitated in oxygen flow in a splittable-nozzle 

aerodynamic levitator, heated with a 400 W CO2 laser and then dropped into a heat flow 

calorimeter at 25 °C. The surface temperature of the bead before the drop was measured using 

a spectro-pyrometer (FAR Associates, Macedonia, OH, USA). The enthalpy of fusion was 

derived from the step in the enthalpy curve resulting from experiments on the samples caught 

in a molten and solid state. Due to the sample cooling during the ~100 ms drop time, it was 

necessary to heat the beads to more than 200 °C above the melting temperature of YTaO4 to 

catch the sample in the liquid state. The sample was weighed on a microbalance after each drop 

to detect possible sample loss from evaporation, which did not exceed 0.01 mg (< 0.02 %). 

2.5. Thermal analysis and differential scanning calorimetry 

High temperature differential thermal analysis (DTA) was performed using a SetSys 2400 

instrument (Setaram, Cailure, France) using W-WRe sensor and thermocouples. The 

measurements were conducted in W crucibles using Ar flow (purity 99.999, 40 ml/min) and 20 

°C/min heating and cooling rates. For the experiments above 1700 °C, the crucibles were sealed 

in Ar atmosphere using a tungsten inert gas (TIG) welding procedure to avoid carbon 

contamination from the vitreous carbon furnace protection tube. The phase transformation 

temperatures were determined with the method of first deviation from the baseline [37] and 

temperature and sensitivity calibrations were performed from fusion enthalpies and melting 

temperatures of Au, α-Al2O3 and Y2O3 standards as described elsewhere [35].  

DTA experiments were limited to a moderately reducing environment due to the use of 

W crucibles. Solidification of YTaO4 was also studied by recording cooling traces of laser 

melted samples levitated in oxygen flow. After melting the sample, the 400 W CO2 laser was 

turned off while the surface temperature of the sample was measured with the spectropyrometer. 

The solidification temperature was determined from the maximum temperature of the 

recalescence peak. 

Differential scanning calorimetry (DSC) was used to determine the heat capacities of M’ 

and M YTaO4 at 100 – 800 °C at a heating rate of 10 oC/min. The measurements were performed 

in an STA 449 F3 Jupiter instrument (Netzsch, Selb, Germany) using Pt/Rh crucibles in Ar 

atmosphere (purity 99.999, 50 ml/min). The measurements were conducted following the 



Lepple et al: Thermochemistry and Phase Stability of YTaO4 Page 

Journal of the European Ceramic Society, Submitted 08/25/2020 

7 

standard IUPAC protocol [38], starting with a baseline measurement, followed by a reference 

measurement using a sapphire disc with known mass and then the sample measurement with a 

pressed powder sample with a diameter of 5 mm and a similar thermal mass as the sapphire 

disc.  

2.6. High temperature oxide melt solution calorimetry 

High temperature calorimetry was performed at 701 °C using a custom-built Calvet 

calorimeter as described in [39,40]. Drop solution experiments were conducted to determine 

the standard enthalpies of formation of M’ and M YTaO4. Sodium molybdate melt 

(3Na2O·4MoO3) was used as a solvent, synthetic air (80%N2/20%O2) gas with a flow rate of 6 

ml/min was bubbled through the solvent to help dissolution of the gently pressed samples. 

Additionally, air was flushed over the melt with a rate of 35 ml/min. Approximately 5 – 8 mg 

samples were dropped into 20 g solvent. The measured heat effect, called the drop solution 

enthalpy, consists of the heat content of the compound from room temperature to 701 °C and 

the enthalpy of solution. 

Transposed temperature drop experiments measured the enthalpy increments of M’ and M 

YTaO4 between room temperature and calorimeter temperature. The samples in form of 8 – 10 

mg pellets were dropped from room temperature into an empty Pt crucible in the calorimeter at 

701 °C. 

3. Results 

3.1. Phase characterization at room temperature 

Samples from different synthesis routes were characterized using XRD and the refined 

unit cell parameters are given in Table 1. The sample synthesized using co-precipitation and 

heat treated at 1250 °C shows pure M’ phase, whereas both the co-precipitated and the solid-

state synthesized materials show pure M phase after heating at 1500 °C.  The additional M and 

M’ samples described in Section 2.1 were heat treated at 1400 ± 5 °C for 100 h to assess their 

relative stability just below their reported transformations to the T phase.  The M’ phase 

persisted during this treatment whereas the M phase transformed to M’, confirming the latter is 

the stable lower temperature polymorph of YTaO4.  The XRD patterns are given in Figure 1. 
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Table 1: Phases and refined unit cell parameters of the differently synthesized  

YTaO4 samples heat treated at different temperatures. 

Synthesis Route Co-precipitation Ball Milling Laser Melting 

Condition 1250 °C/100 h/air 1500 °C/100 h/air Flowing O2 

Phase/Space Gr M’ / P2/a M / I2 

Unit cell – a (Å) 5.2952(2) 5.32564(5 5.32096(6) 5.3248(2) 

Unit cell – b (Å) 5.46047(9) 10.93061(6) 10.92164(7) 10.9229(2) 

Unit cell – c (Å) 5.1082(2) 5.05324(5) 5.04891(6) 5.0524(1) 

Unit cell –  (°) 96.329(2) 95.5251(4) 95.5160(5) 95.4502(8) 

UC Volume (Å3) 146.7997 292.7951 292.0517 292.5305 

Molar Vol (cm3) 44.20 44.08 43.97 44.04 

 

 

Figure 1.  XRD patterns of  (i) M’ sample heat treated for 2 h at 1500 °C, transforming to T, cooled to 

1210 °C and held for 2 h to transform essentially to M , (ii) the sample from (i) then heat treated for 

100 h at 1400 °C showing transformation to M’, and (iii) a separate sample from the same batch heat 

treated for 100 h at 1400 °C which remains as M’ with no transformation to M.  A minor fraction of 

YTa3O9 was present in all samples but should not affect significantly the nature of the equilibrium 

phase for YTaO4. 
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The YTaO4 sample quenched from melt (laser-melted bead) is M phase; however, its 

diffraction pattern shows very minor additional peaks. In the SEM-BSE image given in Figure 

2 a brighter thin layer can be observed at the grain boundaries of the M phase grains. Due to the 

low fraction of the impurity phase, neither the composition nor the structure could be 

determined conclusively.  However, the contrast in the BSE image indicates that it has a higher 

Ta content than YTaO4. The twinned grains visible in Figure 2 are characteristic of the M phase 

resulting from the displacive transformation of T YTaO4 upon cooling [9,17,41].  

 

Figure 2: SEM-BSE image of the polished YTaO4 laser melted bead showing the twinned grains 

characteristic for M YTaO4 and a thin segregated phase along the grain boundaries. 

 

3.2. Enthalpies of formation and heat capacities of the monoclinic YTaO4 phases 

The drop solution enthalpies ΔHds in sodium molybdate melt at 701 °C of M’ and M 

YTaO4 as well as the drop solution enthalpies of the constituent oxides are given in Table 2. 

The drop solution enthalpies of M’ und M YTaO4 are indistinguishable within experimental 

error. The enthalpies of formation from the constituent oxides of the two different polymorphs 

were calculated using the following thermodynamic cycle, where ‘sln’ indicates the material 

was dissolved in the sodium molybdate solvent. 

½ Y2O3 (25 oC) + ½ Ta2O5 (25 oC) → YTaO4 (25 oC) ΔHf,ox (3) 

Y2O3 (25 oC) → Y2O3 (sln, 701 oC) ΔHds(Y2O3) (4) 

Ta2O5 (25 oC) → Ta2O5 (sln, 701 oC) ΔHds(Ta2O5) (5) 
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YTaO4 (25 oC) → YTaO4 (sln, 701 oC) ΔHds(YTaO4) (6) 

ΔHf,ox = - ΔHds(YTaO4) + ½ ΔHds(Y2O3) + ½ ΔHds(Ta2O5)  (7) 

Table 2: Average drop solution enthalpies of M’ and M YTaO4 and their constituent binary 

oxides in sodium molybdate melt at 700 °C and the calculated enthalpies of formation from 

the oxides at room temperature. 

 ΔHds in kJ/mol ΔHf,ox in kJ/mol 

Y2O3 -120.74 ± 0.94a   

Ta2O5 95.8 ± 3.6b (7)  

M’ YTaO4 79.1 ± 2.0b (13) -91.6 ± 3.4 

M YTaO4 79.3 ± 2.0b (10) -91.8 ± 3.4 

T YTaO4 72.4 ± 2.2c -84.9 ± 3.5 

a taken from Ushakov et al. [51]. 
b uncertainties are two standard deviations of the mean, values in parentheses give 

number of calorimetric experiments performed in the present study. 
c calculated using the M’ to T transformation enthalpy ΔHtr = 6.7 ± 0.4 kJ/mol 

measured in this work by DTA. 

 

The measured heat capacities of the two monoclinic polymorphs are plotted in Figure 3(a). A 

Maier-Kelley function was fitted to the averaged experimental data using the least-squares 

method resulting in the following functions 

Cp(M’YTaO4)  (J mol-1 K-1)  

= (139.7 ± 0.2) + (0.0211 ± 0.0002) · T + (-2708250 ± 22650)·T-2 (8) 

Cp(MYTaO4)  (J mol-1 K-1)  

= (138.8 ± 0.2) + (0.0220 ± 0.0002) · T + (-2891810 ± 22182)·T-2. (9) 

From these data, the enthalpy increment was derived by integrating the Cp polynomials between 

room temperature and calorimeter temperature of 701 °C which resulted in 97.1 ± 0.3 kJ/mol 

and 96.4 ± 0.3 kJ/mol for M’ phase and M phase, respectively.  
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Figure 3: Heat capacity of the two monoclinic polymorphs M’ and M of YTaO4. a) Averaged 

experimental heat capacities of three measurements with two standard error and Maier-Kelly fit 

compared to the heat capacities calculated using the CALPHAD assessment [23], b) Maier-Kelly fit of 

M’ and M YTaO4 of this work compared to experimental low-temperature heat capacity values of M’ 

YTaO4 measured by Ryumin et al. [28].  

In addition, the enthalpy increments (heat contents) from room temperature to the 

calorimeter temperature (25 to 701 oC) were determined using the same calorimeter setup as for 

the determination of the drop solution enthalpies without the solvent (transposed temperature 

experiment). The enthalpy increments of M’ YTaO4 and of M YTaO4 were 97.8 ± 0.5 kJ/mol 

and 97.4 ± 1.2 kJ/mol, respectively. Thus, the heat contents determined by the two approaches 

described are in good agreement with each other and reveal there is no significant difference 

between the values for the M’ and M phase, in agreement with earlier DFT calculations [22,23]. 

 

3.3. Melting and phase transformations of YTaO4 

To determine the transition temperature and enthalpy of M’ YTaO4 to T YTaO4, the co-

precipitated sample heat treated at 1250 °C was then heated in the DTA to 1700 °C. A small 

endothermic peak with onset at 1519 ± 5 °C was observed on first heating, as shown in Figure 

4. However, heat treatments at 1500 °C show complete transformation of M’ to T in two hours. 

This would imply that the actual equilibrium M’→T transformation temperature is between 

1500 °C and 1426 °C (temperature of T→M transformation). The enthalpy change at this 

temperature was assigned to the M’→T transition and was 6.7 ± 0.4 kJ/mol. No corresponding 

heat effect could be distinguished on cooling or on second heating.  
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Figure 4: Heat flow on first and second heating of M’ YTaO4 sample (baseline subtracted). An 

endothermic heat effect (6.7 ±0.4 kJ/mol) observed on first heating cycle corresponds to M'-T phase 

transformation.  No peaks in heat flow were distinguished on T-M and M-T transitions on cooling and 

the second heating cycle, indicating its second order nature.  

The melting temperature of YTaO4 was determined as 2090 ± 9 °C by melting two 

samples, two to three times each. The heat flow curves of the first heating and cooling are given 

in Figure 5. The onset of solidification on cooling was at 1969 ± 9 °C, indicating a typical 

undercooling of 120 °C to initiate crystallization. In both studied samples, the changes in heat 

effect on melting was observed on melting-crystallization cycling in DTA Figure 6(a). The first 

melting produced largest values of fusion enthalpy with an average of the two samples of 165 

± 24 kJ/mol. The heat effects from integration of the peaks from second and third melting and 

all crystallization peaks were lower with an average of 110 ± 7 kJ/mol. Characterization of the 

samples after thermal analysis using SEM showed that the sample segregated into several 

phases during the experiment, as shown in Figure 6(b). The matrix phase remained YTaO4, 

however, Ta-rich phases (brighter segregates) as well as a Ta-lean phase (darker segregates) 

were clearly evident. EDX measurements suggested that the bright Ta-rich regions are YTa3O9 

(a perovskite) with precipitates of minor phase somewhat richer in Ta, most likely YTa7O19 

(hexagonal), whereas the Ta-lean phase is approximately Y3TaO7 (orthorhombic). No reaction 

product of the sample with the W crucible could be detected.   
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Figure 5: Heat flow traces for the first melting and solidification event of YTaO4 in the DTA (baseline 

subtracted).  

To complement the DTA measurements, cooling traces were recorded to estimate melting 

temperatures and the enthalpy of fusion was determined using drop-and-catch (DnC) 

calorimetry on YTaO4 laser-melted beads. The starting samples were confirmed by XRD to be 

in M phase at room temperature. On cooling from melt, YTaO4 sample showed recalescence 

peak as shown in Figure 7. No additional thermal arrests were observed in cooling traces. Due 

to undercooling, the solidification temperature determined from cooling traces on levitated 

samples is expected to be lower than the melting temperature measured on heating. In our 

experiments, YTaO4 solidification in oxygen produced the maximum observed recalesecence 

temperature 2075 ± 8 °C, which is within uncertainty of melting temperature determined in 

DTA on heating in Ar in tungsten crucibles (2090 ± 9 °C). This result render confidence in 

melting temperature determination by DTA and negates possibility of strong dependence of 

melting temperature on atmosphere.  

The results of DnC calorimetry in oxygen are shown in Figure 8. From the enthalpy 

difference of the drops of solid samples and liquid samples, the fusion enthalpy was evaluated 

to be 164 ± 15 kJ/mol. The uncertainty of ± 10 % is ascribed to temperature differences within 

the sample [36].  The fusion enthalpies from DnC and from the first melting in DTA (165 ± 24 

kJ/mol) are in good agreement. The unusually large uncertainty from DTA measurements is 

related to phase separation observed after melting in tungsten crucibles.  
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Figure 6: a) Heat flow traces of first, second and third melting of YTaO4 in the DTA (baseline 

subtracted). Repeated melting of the sample led to substantial variation in the fusion enthalpy; b) 

SEM-BSE image of a polished DTA sample after the experiment. The sample segregated into several 

Ta-rich (bright) and –lean (dark) phases, the matrix phase remained YTaO4. No reaction of the sample 

with the W crucible could be detected. 
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Figure 7: Representative spectropyrometer cooling trace of a YTaO4 bead levitated in O2 gas. The 

solidification temperature was determined from a thermal arrest or from the maximum temperature of 

a recalescence peak and the average of five measurements was calculated. 

 

Figure 8: Enthalpy-temperature data from DnC experiments of YTaO4 laser-melted beads. The 

uncertainties in temperature come from the spectropyrometer measuring the surface temperature of the 

YTaO4 bead, the uncertainties in enthalpy were calculated from the uncertainty in calibration factor 

reported in [22]. 
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3.4. Thermal expansion of the tetragonal YTaO4 phase in oxygen to the melting point 

To gain insight into the high temperature phase stabilities and thermal expansion 

coefficient of the high temperature phase of YTaO4, in situ diffraction experiments were 

performed on laser-melted YTaO4 beads levitated in oxygen flow. Since laser melted YTaO4 

crystallizes in T phase and transforms to M phase upon cooling, the thermal expansion of M’ 

could not be investigated using the same approach. The surface temperature measured with a 

pyrometer (Tp) while the laser is on deviates from the average temperature of the diffracting 

volume and was therefore corrected as described in section 2.3. The background at 2200 and 

2300 °C indicates that the sample is partially melted. The melting temperature of YTaO4 was 

determined to be 2090 ± 9 °C, which means that the temperature of the diffracted volume is 

about 110 °C lower than the pyrometer temperature, TP, close to melting. This difference is in 

agreement with previous observations by Pavlik et al. [31]. The measured temperatures TP 

obtained around the M→T transformation were corrected to fit the respective transition 

temperature given in the literature [17]. Figure 9 shows the synchrotron X-ray diffraction 

patterns as a function of the corrected temperature, Tcorr.  

 

Figure 9: Synchrotron X-ray diffraction patterns of a laser heated YTaO4 bead levitated in O2 gas flow 

as a function of the corrected temperature Tcorr. The minor additional peak which does not belong to 

one of the polymorphs of YTaO4 is marked with *. 

 

The evaluated lattice parameters, with a conservative uncertainty of ± 0.01 Å, are plotted 

against the corrected temperature Tcorr in Figure 10. The temperature difference of the measured 

temperature from the temperature of the diffracted volume for Y2O3 was evaluated to be within 
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100 °C in a previous study [42]. Therefore, an uncertainty of ± 50 °C was included to the 

corrected temperature in Figure 10. It is evident from the diffraction patterns that the tetragonal 

high temperature phase, T, persists until melting. 

From these measurements, the anisotropic coefficients of thermal expansion of the 

tetragonal phase can be derived from the lattice parameters obtained by Rietveld refinement. 

According to equation 1, the linear thermal expansion coefficients for a and c direction as (8.5 

± 0.6)·10-6 K-1 and (13.7 ± 0.3)·10-6 K-1, respectively. The average coefficient of thermal 

expansion was derived using equation 2 and was determined to be 〈𝛼〉 = 10.4·10-6 K-1
. These 

thermal expansion coefficients are of the same range as reported values of tetragonal t and yttria 

stabilized t’-ZrO2, but are slightly lower and show thermal expansion anisotropy as well [43,44].   

 

Figure 10: Lattice parameter as a function of the temperature (solid symbols) compared to the 

previously reported in situ high temperature XRD by Shian et al. [17] (open symbols). Lattice 

parameter of M phase are described with squares for aM, circles for bM/2, and triangles for cM and of T 

phase with hexagons for aT and reverse triangles for cT/2. 

 

4. Discussion. 

This work elucidated the phase stability of the different YTaO4 polymorphs and determined 

their transition temperatures, standard enthalpies of formation, enthalpies and heat capacities 
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that are essential data for developing an accurate thermodynamic description of systems 

involving these phases.  The binary YO1.5-TaO2.5 phase diagram incorporating the relevant 

results from this study is provided in Figure 11 to provide context for some of the topics in the 

discussion.   

 

Figure 11.  Phase diagram for the YO1.5-TaO2.5 incorporating critical temperatures for the melting 

point of T YTaO4 and the transformation from M’ to T.  Adapted from [25].   

 

4.1. Stability of the YTaO4 polymorphs. 

A key outstanding question regarding YTaO4 is the relative stability of the two known 

monoclinic polymorphs as a function of temperature.  This is demonstrably resolved in this 

work, where M’ remains stable after 100 h at 1400 °C, just below the M→T transformation 

temperature (1426 °C [17]), but M transforms to M’ after the same treatment. Coupled with 

earlier work [1,21,41], it is then concluded that M’ is the stable phase at low temperatures.  

Because the M phase is metastable, the M→T transformation temperature must be lower than 

the M’→T and since it has been shown that the latter is viable kinetically at 1500 °C its 
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equilibrium value should be between 1426 and 1500 °C.  This is consistent with the report from 

Brixner et al. [1] that the transformation is in the range 1450 - 1460 °C, which is reflected in 

the phase diagram in Figure 11.  The experimental evidence that M’ is the stable phase is in line 

with results from first principles calculations, wherein M’ was found to be slightly more stable 

than M at 0 K [22,23]. It is instructive, however, to examine the possible sources for the 

confusion in the literature.   

The enthalpies of drop solution and therefore the enthalpies of formation of M’ and M 

YTaO4 were measured for the first time and found to be indistinguishable within experimental 

error (see Tables 2 and 3). Hence no conclusion on thermodynamic stability can be drawn from 

this data to further support the statement made above, however, the similarity of the enthalpies 

is in line with ab initio calculations [22,23]. One may then consider the entropy of both phases 

to derive the Gibbs energy of the monoclinic polymorphs.  A standard molar entropy for M’ 

S°(M’) = 115.6 ± 0.4 J/(mol K) has been derived based on cryogenic heat capacity 

measurements [28], but values for the other phases are not known.  Results from this study 

reveal that the Cp difference between M and M’ is small. From the enthalpy and heat capacity 

data in this work and additional data from the literature [22,23,28,45] it can be concluded that 

the energy difference M' and M YTaO4, and thus the driving force from a possible MM’ 

transformation, is small.  Nevertheless, the M→ M’ transformation does occur at ~1400°C, as 

shown in this work.  

Table 3: Thermochemical data for the different polymorphs of YTaO4 at 25 °C. 

 ΔHf,ox in kJ/mol ΔHf,el in kJ/mola S° in J/(mol K) 

M’ YTaO4 -91.6 ± 3.4 (this work) 

-67.83 [23] 

-2067.2 ± 5.5 143.2 [23] 

115.6 ± 0.4 [28] 

M YTaO4 -91.8 ± 3.4 (this work) -2067.4 ± 5.5  

T YTaO4 -84.9 ± 3.5 (this work) -2060.5 ± 5.5  

a calculated from the enthalpies of formation from the constituent oxides of this work and ΔfH of 

the binary oxides Y2O3 and Ta2O5, taken from [52] and [53], respectively. 

 

The kinetic preference for the formation of M upon cooling from the T field is ascribed 

to the close similarity of their structures [22], which allows for preserving the nearest neighbor 

arrangement during the displacive transformation [18,22].  In contrast, the T→M’ 

transformation is reconstructive and thus less favorable kinetically, leading to the selection of 

M [22]. Conversely, the transformation of M’ to T or M is reconstructive, but arguably feasible 

mechanistically since M’→T does occur within reasonable times at temperatures even below 
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1500 °C (Figure 1).  Similarly, the M→M’ transformation should be mechanistically feasible if 

there is a favorable driving force, albeit small. 

It has also been suggested elsewhere that T may transform to a fluorite phase prior to 

melting based on the similarities with the ZrO2 rich end of the ZrO2-YTaO4 quasibinary [12]. 

This is at variance with the high temperature in situ XRD results here, showing that T YTaO4 

does not transform to another phase before melting.  The absence of a fluorite field in YTaO4 

is further supported by the fact that additions of YTaO4 to ZrO2 stabilize the tetragonal field at 

the expense of the cubic phase [9,27,46].  The addition of YTaO4 to ZrO2 does not add anion 

vacancies, which would tend to stabilize the fluorite phase.  Moreover, the average cation size 

of Y3+ (101.9 pm) and Ta5+ (74 pm) in 8-fold coordination is 87.95 pm, not significantly larger 

than Zr4+ (84 pm) and still undersized relative to the oxygen cubic cage in fluorite. Therefore, 

it is expected that the tetragonal distortion would not be significantly alleviated by the addition 

of YTaO4.  It is also known from studies in the ZrO2-YO1.5-TaO2.5 system [9] that the fluorite 

field emerging from the ZrO2 -YO1.5 binary is gradually destabilized by the addition of Ta5+. In 

both cases the limit of stability at 1500 °C is dictated by the appearance of equilibria with the 

T YTaO4 phase.  

4.2. Phase transformations 

The transformation temperatures of the YTaO4 polymorphs have been studied in literature 

but the transition enthalpies are not known and were determined in this paper for the first time. 

The discrepancy between the M’→T transformation temperature measured by DTA (1519 ± 5 

°C) and those reported in the literature [1,11,21] is likely due to the sluggish nature of this 

transition and the difference in heating rates used (20 oC/min in this work v. 10 oC/min in 

[11,21]). It is also possible that differences in microstructure, e.g. crystallite size, could have an 

influence on the transformation kinetics and therefore on the temperatures determined by 

dynamic measurements.  

Based on the similarity of the structures of the YTaO4 polymorphs [1,22], the heat 

capacity and the heat content of M’ and T are expected to be close. Therefore, it is anticipated 

that the phase transition enthalpy will not have a strong temperature dependence and the 

measured latent heat of the M’→T transformation (6.7 ± 0.4 kJ/mol) is reliable despite the 

moderate uncertainty in the transition temperature. The M’ to T transformation could only be 

detected on the first heating cycle, consistent with the alternate transformation to M during 

cooling [1,18]. The T→M transition is not detected in DTA, and neither is the reverse M→T 

transformation on heating, in agreement with the proposed second-order nature of that transition 
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[1,18]. It should be pointed out, that the enthalpies of formation of the different polymorphs are 

given in Tables 2 and 3 are enthalpies of formation at room temperature. Therefore, there is no 

contradiction that the formation enthalpies at room temperature of M and T YTaO4 differ. 

The agreement between the melting temperature of T YTaO4 measured by DTA (2090 ± 

9 °C) and from cooling traces after laser melting (2075 ± 8 °C) is reasonable. These values are 

in line with the report of Yokogawa and Yoshimura [24], where a value of 2044 ± 50 °C was 

found also using cooling traces. Both studies showed recalescence and an associated maximum 

temperature lower than the equilibrium melting temperature due to undercooling associated 

with growth and effects of heat dissipation to the experimental setup. 

To the best of the authors’ knowledge, the fusion enthalpy of YTaO4 has not been reported 

before. Two complementary methods were used in this study to ensure reliability of the data. 

DTA measurements revealed inconsistencies in the measured fusion enthalpies on repeated 

melting-crystallization cycles (Figure 6(a)). Post measurement characterization of the samples 

using SEM showed that the nominally single-phase sample contained several minor segregated 

phases (Figure 6(b)) within the YTaO4 matrix.  One of the segregated phases is Ta-rich (P) 

whereas the other is Ta-lean (o), while the second (and least abundant) Ta-rich phase (h) results 

from solid state precipitation from P, as inferred from the phase diagram (Figure 11).  Formation 

of a Ta-rich or a Ta-lean segregate would be generally consistent with the melt being slightly 

off-stoichiometry, whereupon solidification would occur with Ta enrichment or depletion in the 

liquid, terminating at the eutectics with the perovskite (P) or fluorite (F) phases, respectively.  

However, the presence of segregates on both sides of the congruent-melting YTaO4 cannot be 

readily explained unless the melt were inhomogeneous.  One might expect that if there were 

some volatilization of TaO2.5 from the surface there might be different melt compositions on 

the surface and bulk of the DTA sample, which would result in different solidification paths.  

In that case, however, the segregates would be in different regions of the sample, but Figure 

6(b) clearly shows they are coexisting in the same region and across the entire sample.  It is 

feasible that one of the segregate phases, most likely F/o-Y3TaO7, be retained upon remelting 

leading to a Ta-enriched melt that would then solidify following the path that terminates in the 

T+P eutectic, but one would expect the morphology of the F/o phase to be different from that 

of an interdendritic segregate.  The shape of the heating curves in Figure 6(a) suggest some of 

the F phase might be retained if the heating is sufficiently rapid, but since the microstructure in 

Figure 6(b) went through three consecutive cycles of melting it is not possible to corroborate 

this hypothesis.  One may also consider that Ta5+ may be partially reduced to Ta4+, whereupon 

the solidification path would be in the ternary TaO2-TaO2.5-YO1.5 but there is no available 
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information to assess this scenario.  Indeed, whereas the Nb-O system includes stable oxides 

with lower oxygen content than NbO2.5
 [47], the Ta-O system shows only a two-phase field 

between Ta and TaO2.5 below the solidus, although it does show a miscibility gap in the liquid 

phase at low pO2, with each liquid following a different solidification path [48,49].  There is no 

evidence, however, that such miscibility gap exists in the liquid upon melting of YTaO4.  This 

issue remains to be resolved by future research, but it does highlight the importance of 

understanding the microstructure evolution during thermodynamic measurements in systems 

where segregate phases evolve during solidification.  The broader implication is that multiple 

melting cycles of a slightly off-stoichiometric oxide could lead to differences in the temperature 

and the enthalpy content of the transformation.  Therefore, only the value measured during the 

first melting process is considered reliable as it is consistent with the value determined by DnC 

calorimetry.  

The samples from DnC experiments showed less segregation (Figure 2) and only the P 

phase, with no evidence of a Ta lean phase, presumably because they were performed under 

oxygen flow.  In addition, the DnC fusion enthalpy of 164 ± 15 kJ/mol has a lower uncertainty 

than the average from the first DTA cycle on several samples.  

4.3. Experimental thermochemical data for CALPHAD modeling 

The relevance of experimental thermodynamic data for thermodynamic modelling is self-

evident and manifested in the difficulties that previous assessments of the quasi-binary YO1.5-

TaO2.5 [23] and quasi-ternary ZrO2-YO1.5-TaO2.5 [26] systems. In addition to phase equilibria, 

thermochemical data are of great importance to correctly model the Gibbs energy of each phase 

and to set up a self-consistent database.  

Comparing the experimental data determined in this work with calculated data from 

thermodynamic modeling [23], reveals differences in the enthalpies of formation from the 

constituent oxides of the YTaO4 polymorphs as well as in the heat capacities and transformation 

enthalpies as depicted in Tables 3 and 4. Experimentally, it was found that the heat capacities 

of the two monoclinic phases do not differ much in the temperature range investigated and can 

be described in a first approximation with a Neumann-Kopp approach [50]. Therefore, the heat 

capacity of the M' phase derived from the thermodynamic description fits well since Zhang et 

al. [23] used the Neumann-Kopp rule to describe the heat capacities of M’ and T, but for the M 

phase another temperature dependent term has been introduced into the Gibbs energy function 

of the thermodynamic model  [23], resulting in deviations of the calculated heat capacity 

compared to the measured heat capacity as shown in Figure 3(b). Furthermore, the measured 
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enthalpies of formation from the constituent oxides are more negative than those calculated 

from the thermodynamic description [23], as experimental data were not yet available at the 

time of modelling.  Therefore, even if CALPHAD assessment is combined with ab-initio 

calculations the accuracy of the results is sometimes not sufficient and experimental data is 

essential to build a trustworthy database. The experimental data presented in this work are 

essential to re-assess this quasibinary system and all other systems containing the compound 

YTaO4. 

Table 4: Comparison of transition enthalpies of this work with the thermodynamic assessment [23]. 

 This work Thermodynamic assessment [23] 

ΔHtr(M’→T) in kJ/mol 6.7 ± 0.4 10.6 

ΔHmelt in kJ/mol 164 ± 15 81.6 

 

5. Conclusions 

Complementary high temperature analysis methods provided a deeper understanding of the 

thermochemistry and phase stabilities of the different polymorphs of YTaO4, and made the 

reliable determination of their thermodynamic parameters possible. A key question of this work 

was the determination of the thermodynamic stable low temperature phase. While the standard 

enthalpies of formation, which generally give a good indication of the stability, of M' and M 

YTaO4 were indistinguishable within experimental error (ΔHf,ox(M’) = -91.6 ± 3.4 kJ/mol and 

ΔHf,ox(M) = -91.8 ± 3.4 kJ/mol), heat treatments just below the M’→T transformation 

temperature resolved the question. Due to the well selected heat treatment temperatures, it was 

found that M' is the thermodynamically stable room temperature phase and M is a metastable 

phase. Furthermore, the transformation enthalpy of M’ to T, measured using DTA, of  

ΔHtr(M’→T) = 6.7 ± 0.4 kJ/mol was reported for the first time. With further heating, the high 

temperature T phase does not transform to a fluorite-related phase but melts congruently, with 

an enthalpy of fusion of 164 ± 15 kJ/mol. The phase transformation temperatures found in this 

work are generally in agreement with earlier reported values. These findings all contribute to a 

better understanding of the phase equilibria of YTaO4 and the ZrO2-Y2O3-Ta2O5 system in 

general. The thermodynamic parameters are valuable input for thermodynamic modeling of the 

materials systems of interest for next generation TBC applications. 
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