Measuring the density, viscosity, and surface tension of molten titanates using electrostatic levitation in microgravity
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Rare earth and barium titanates are useful as ferroelectric, dielectric, and optical materials. Measurements of their thermophysical properties in the liquid state can help guide melt processing technologies for their manufacture and advance understanding of fragile liquids’ behavior and glass formation. Here, we report the density, thermal expansion, viscosity, and surface tension of molten BaTi2O5, BaTi4O9, and 83TiO2-17RE2O3 (RE = La or Nd). Measurements were made using electrostatic levitation and droplet oscillation techniques in microgravity, which provide access to quiescent liquid droplets and deep supercooling of 510-815 K below the equilibrium melting points. Densities were measured over 900-2400 K. Viscosities were similar for all four compositions, increasing from ~10 mPa s near 2100 K to ~30 mPa s near 1750 K. Surface tensions were 450-490 dyn cm-1 for the rare earth titanates, 383-395 dyn cm-1 for the barium titanates, and all compositions’ surface tensions had small or negligible temperature dependence over 1700-2200 K. For solids recovered after melt quenching, X-ray microtomography revealed the fracture mechanics in crystalline products and minimal internal porosity in glass products, likely arising from entrapped gas bubbles. Internal microstructures were generally similar for products processed either in microgravity or in a terrestrial aerodynamic levitator.


	Binary titanates containing either barium or rare earth (RE) elements are useful materials for a wide range of technologies, including ferroelectrics such as BaTiO31,2 and BaTi2O53–5, microwave dielectrics like RE2TiO5,6 and RE titanate glasses with high refractive indices (n > 2.2)7,8 and near-infrared transmission out to 6 μm.9 Titanate network glasses are also interesting for fundamental studies on glass formation, since their atomic structure comprises mostly 6-coordinated Ti-O polyhedra,10 which is atypical compared to the tetrahedral coordination found in conventional glass forming oxides such as silicates and borates.
	Understanding the thermophysical properties of molten titanates is helpful for both technological applications and fundamental study. For example, knowledge of melt density, viscosity, and surface tension help design and control liquid phase processes, including additive manufacturing techniques11–13 that may be beneficial for space-based manufacturing.14–17 These properties also help validate computational models of atomic structure in the liquids, which are useful for advancing theories of glass formation and crystallization from nonequilibrium conditions.18–20 Measuring oxide melt thermophysical properties is challenging, however, due to the high temperatures required (typically Tm > 1600 K) and deleterious reactions between liquid samples and crucible materials. To overcome these experimental complications, containerless processing techniques like levitation have been employed because they circumvent sample-container interactions.21–25 Paired with laser beam heating, levitation is a powerful tool for assessing thermophysical properties for equilibrium liquids, as well as the supercooled state since container-induced nucleation is avoided. In this study, we use electrostatic levitation to measure the density, thermal expansion, viscosity, and surface tension of four molten titanates: 83TiO2-17La2O3 (“LT”), 83TiO2-17Nd2O3 (“NT”), BaTi2O5 (“BT2”), and BaTi4O9 (“BT4”).
	Thermophysical property measurements were performed with the Electrostatic Levitation Furnace (ELF) operated onboard the International Space Station by the Japanese Aerospace Exploration Agency.26 In ELF, three orthogonal pairs of high-voltage transducers are used to apply electrostatic force on spheroid samples ca. 2 mm in diameter, resulting in stable levitation. Samples are then heated with four 980 nm lasers, and sample surface temperature is measured with an optical pyrometer. A video of the sample silhouette is recorded using a camera and ultraviolet backlight positioned on opposite sides of the levitation position. For density analysis, individual frames are extracted from the video of each sample during cooling (i.e., after the heating lasers were turned off), and the perimeter of the silhouette is fitted with a 6th order Legendre polynomial, from which the spheroid sample’s volume is calculated.27 Density and thermal expansion are then calculated based on the sample volume and mass, which was measured on Earth before and after the experiments in microgravity. This technique has been applied for several materials including Al2O3,26 Y2O3,28 lanthanoid sesquioxides,29 Ga2O3,30 Zr,31 and Au.32 Samples recovered after melt processing were also assessed with X-ray tomography to quantify internal porosity, so corrections could be applied to the volume measurements if internal pores (e.g., gas bubbles) were present.
	At least two replicate samples of each RE and barium titanate were heated, melted, and cooled in ELF. Liquid densities are shown in Fig. 1(a-b). Density was measured over a wide temperature range, up to 2400 K (for LT) and as low as 900 K (for BT2). This wide range includes ~510 K of supercooling for the RE titanates and ~815 K of supercooling for the barium titanates. See Table 1 for the materials’ melting temperatures, Tm. LT, BT2, and BT4 all crystallized from their deeply supercooled states, evidenced by strong recalescence in the cooling curves (Fig. S1 of the Supplementary Material). NT did not recalesce, and it formed a glass. NT glass formation and atomic structure have been reported elsewhere,10,33 so only the liquid properties are discussed here. LT and BT2 have been vitrified by levitation techniques previously, though they crystallized in this study. For BT2, the ~2 mm sample in ELF is likely too large to obtain the critical cooling rate for vitrification.34 It is surprising that LT did not vitrify, since its glass forming ability and atomic network structure are similar to NT.10,35
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FIG. 1. Density of molten and supercooled titanates. (a) Rare earth titanates 83TiO2-17RE2O3 with RE = La (“LT”) or Nd (“NT”); (b) barium titanates BaTi2O5 (“BT2”) and BaTi4O9 (“BT4”). For each composition, two replicate measurements are shown with dark/light circle markers. Least-squares fits are shown with black dashed curves, with formulae given in Table 1. Melting temperatures (Tm) marked with vertical black lines. In (b), prior data shown for BaTiO3,36 BaTi2O5,34 and barium titanate containing 24 or 35 mol. % BaO.37

	The densities in Fig. 1 were calculated using the sample masses after melt processing. Mass loss was generally small, 0.2-3.5% (Table 1), so potential compositional shifts arising from incongruent evaporation should be negligible. Densities have also been corrected for any internal porosity found in the recovered solid samples, which was small, <0.3% (Table 1). The two replicates of each composition exhibited nearly identical density measurements, reproducible to within 1.0%. The density dependence on temperature is fitted well by a linear relationship for NT and by quadratic relationships for LT, BT2, and BT4. These empirical fits and their uncertainties are given in Table 1. No previously published data on RE titanate melt density are available for comparison here. However, the ratio of NT/LT melt densities (1.033-1.045) is close to the density ratio of the compositionally similar crystalline phases, RE4Ti9O24 (5.178/4.97 = 1.042).38,39 For barium titanates, Fig. 1(b) shows melt density for BaTiO3 measured with a terrestrial electrostatic levitator,36 for BT2 measured using aerodynamic levitation,34 and barium titanate with either 24 or 35 mol. % BaO measured with a maximum bubble pressure method.37 For BT2, the current measurements are within 3.5% or 2.4% of the two prior reports (excluding one outlier near 1850 K), which is near or within the previously reported uncertainties of 5% and 2.3%, respectively.34,37 For the current measurements in ELF, the uncertainties are expected to match those described in previous studies that focused specifically on benchmarking the ELF experimental capabilities: temperature uncertainty for the melts is ± 30 K (also see Supplementary Material),33 and density uncertainty is typically ca. 1.7%.32 



TABLE 1. Summary of melting and glass transition temperatures, mass loss from melt processing, and internal porosity that was likely present during melt density measurements. Uncertainties in the density fit parameters represent a 95% confidence interval.
	Material
	Tm (K)
	Tg (K)
	Ref.
	Mass loss (%)
	Porosity (%)
	Density fit equation
	Fit Range (K)

	LT
	1720
	1082
	35
	1.4, 1.9
	0.11, 0.26
	

 
	1180-2460

	NT
	1740
	1059
	10
	0.3, 1.0
	0, 0.29
	
 
	1240-2200

	BT2
	1660
	960
	34
	0.4, n/a
	0*, n/a
	


	830-2170

	BT4
	1798
	n/a
	40
	0.2, 3.5
	0, 0*
	


	990-2190


* These samples contained a cylindrically shaped pore after melt processing, which was not present prior to solidification. 

	Viscosity and surface tension were measured using a droplet oscillation technique in ELF.41 While a molten sample was held isothermally, the voltage amplitude for one pair of electrostatic transducers was sinusoidally modulated. Meanwhile, changes in sample silhouette shape were monitored with a power meter and He-Ne laser backlight positioned on opposite sides of the sample. The frequency of the modulation was varied by trial-and-error until the driving force coupled with the natural resonance of the liquid sphere, which induces predominantly mode-2 oscillations.42 Once resonance was found, several measurements were collected for the decay of sample oscillations upon termination of the modulation driving force. For each decay, the amplitude was fit to an exponentially damped sine wave, 
	
	(1)


[bookmark: _Hlk167023942]yielding the mode-2 resonance frequency, f2, and characteristic decay time, τ. (The derivative  was included as an independent parameter in the fit to account for small shifts in the frequency over the duration of the decay period, and  was always equal to or nearly zero.) The fitted parameters were then used to calculate the surface tension, 
	
	(2)


and viscosity,22
	
	(3)


Resonance frequencies were 134-140 Hz for LT, 132-138 Hz for NT, 120-124 Hz for BT2, and 123-130 for BT4. Characteristic decay times ranged 0.02-0.12 s. This approach with ELF has been used previously for measurements of Al2O341 and Au.32 
	Droplet oscillation techniques have been explored in terrestrial levitators (e.g., acoustic43 and aerodynamic44). However, these levitation techniques often have aspherical droplets and substantial fluid motion within the droplets, arising from interfacial forces between gas and sample45–47 or thermal gradients within samples.48 These issues complicate the analytical expressions that relate droplet dynamics and thermophysical properties, which are based on assumptions of fluid quiescence.22 In contrast, electrostatic levitation avoids forced fluid motion, and operating in microgravity eliminates buoyancy-related convection, making the ELF a superb instrument for studying oscillations in quiescent droplets.
	The viscosities of RE and barium titanates are given in Fig. 2(a-b). Droplet oscillations were collected over 1700-2200 K. This temperature range was limited on the low end by the magnitude of viscosities that can be accessed with the droplet oscillation technique, typically 10-40 mPa s depending on sample density, size, and surface tension.49 All four titanate compositions exhibit similar viscosities: ~10 mPa s near 2100 K and increasing to ~30 mPa s as temperature decreases to 1750 K. The results in Fig. 2 show significant scatter but are generally within the 30% relative uncertainty reported for ELF viscosity measurements (see Ishikawa et al.41 for an analysis of various contributions to the overall uncertainty). One challenge for this technique is that the amplitude of droplet oscillations is small (<1% of the sample diameter), so the data must be bandpass filtered before it can be analyzed (see Supplementary Material, including Fig. S2-S4).32,41 Also, the droplet oscillations may not be purely mode-2, as assumed by the analytical theory. Because of the data scatter in Fig. 2, empirical fitting for the viscosity-temperature relationship was not attempted. Qualitatively, the samples’ viscosities increase with decreasing temperature at a more than linear rate. Viscosities for BT2 and BT4 agree within relative uncertainties with prior measurements of BaTiO3 in a terrestrial electrostatic levitator,49 shown in Fig. 2(b) with gray triangle markers.
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FIG. 2. Viscosity of (a) rare earth titanates LT and NT, and (b) barium titanates BT2 and BT4. Relative uncertainty is ± 30% based on prior studies.41 Marker shapes (circle, square, star, plus) indicate different replicate samples. Prior data shown for BaTiO3.49

	Despite the 30% relative uncertainty in viscosity results, these data are useful because the range of viscosities pertinent to melt processing typically span several orders of magnitude. During vitrification by melt quenching of oxides, viscosity increases ~12 orders of magnitude.50 For context, Fig. 3 shows the titanates’ viscosity data overlaid on an Angell plot,51 which shows the viscosity-temperature relationships for a variety of liquids, classified on a continuum of strong-to-fragile. Strong liquids like SiO2 have viscosities with an Arrhenius relationship and lie on a straight diagonal in Fig. 3. Fragile liquids’ viscosities are highly non-Arrhenian. The RE and barium titanate liquids are quite fragile, based on the measurements reported here. This is consistent with their poor glass forming ability and unusual atomic structure for network glasses, characterized by a mean Ti-O coordination number of 5.3-5.7.10,34,35
	The Angell plot also helps illustrate why the ELF droplet oscillation technique is well suited for fragile oxide melts, in particular. A requirement for droplet oscillation is that the sample must be inviscid, with an Ohnesorge number less than 0.1:43
	
	(4)


For BT2 near 2000 K, η = 12 mPa s, ρ = 4.0 g cm-3, σ = 385 dyn cm-1, and R = 1 mm, which yields Oh = 0.0097. Similar Oh numbers are obtained for the other compositions, which confirm they are sufficiently inviscid for the analytical assumptions to be valid. More generally, the 2 mm diameter sample size used in ELF results in a maximum measurable viscosity of ~100 mPa s for typical oxide densities and surface tensions. For strong liquids, much higher temperatures relative to their glass transition would be required to reach this inviscid regime (i.e., smaller Tg/T in Fig. 3), and at such temperatures, sample volatilization may likely make measurements infeasible.
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FIG. 3. Angell plot, showing the dependence of log10(η) vs. inverse temperature after normalization to the glass transition, Tg. The plot is reproduced from Angell51 (reprinted with permission from AAAS) with the current work’s measurements shown with colored markers.

	The surface tension for RE and barium titanates is shown in Fig. 4. LT and NT melts have surface tensions of ~470 dyn cm-1; BT2 and BT4 have surface tensions of ~390 dyn cm-1. Like for viscosity, Fig. 4 shows significant data scatter. Over the measured temperature range of 1700-2200 K, LT and NT surface tension measurements varied from 450-490 dyn cm-1 (8.5%). BT2 and BT4 varied mostly within 383-395 dyn cm-1 (3.1% variation). These variations are near or within the 6% overall relative uncertainty for ELF surface tension measurements.41 For comparison, the binary titanates’ surface tensions near Tm are larger than those of single component glass-forming oxides and smaller than that of the intermediate oxide Al2O3: using the linear relationships from Kingery,52 σ = 53, 55, 248, 304, and 690 dyn cm-1 at Tm for B2O3, P2O5, GeO2, SiO2, and Al2O3, respectively. 
	The average trend of surface tension with temperature is nearly flat for all four titanate compositions: least-squares fitting of a linear relationship for each composition yielded slopes of -73(64), +20(29), -44(45), and -27(64) *10-3 dyn cm-1 K-1 for LT, NT, BT2, and BT4, respectively. Thus, for all compositions except LT, a zero slope was within the 95% confidence interval. This indicates that surface tension has a small or negligible temperature dependence for these four titanate compositions. The small temperature dependence is similar to that for single component oxides (e.g., ranging -21*10-3 dyn cm-1 K-1 for P2O5 to +56 for GeO2).52 Again, comparisons to prior titanate studies are shown in Fig. 4 for BaTiO3 (σ = 349 dyn cm-1 at Tm with a small temperature dependence, -30*10-3 dyn cm-1 K-1)49 and barium titanates with either 24 or 35 mol. % BaO (σ = 415-420 dyn cm-1 at Tm).37
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FIG. 4. Surface tension of (a) rare earth titanates LT and NT, and (b) barium titanates BT2 and BT4. Relative uncertainty is ± 6% based on prior studies.41 Marker shapes (circle, square, star, plus) indicate different replicate samples. Prior data shown for BaTiO349 with gray diamond markers, and barium titanate containing 24 or 35 mol. % BaO37 with filled and open gray triangle markers, respectively.

[bookmark: _Hlk154134131]	X-ray tomography was performed on recovered solid samples primarily to quantify any internal porosity, but it also provides insight into the microstructures formed from melt quenching.53 Figure 5 compares cross-sections from tomography reconstructions for samples after melt processing in microgravity (in ELF) and terrestrially in an aerodynamic levitator.54 (Videos showing the three-dimensional reconstructions are provided in the Supplementary Material.) In several samples, gas bubbles resulted in nearly spherical internal pores (e.g., LT in microgravity and all NT images in Fig. 5). These bubbles contributed at most 0.3% porosity for the microgravity samples. Bubbles in terrestrial samples were often located near the outer surface of the sample because of buoyancy in the melt (e.g., terrestrial BT2 in Fig. 5), while this tendency was not observed in microgravity samples. 
	The melt quenched products for LT and NT exhibit similar, mostly featureless internal structure for both processing conditions. The LT samples contain constellations of small cracks, likely arising from volume changes during crystallization and thermal stresses during cooling. BT2 and BT4 exhibit more complex microstructures. For both of these compositions, one of the two replicate microgravity samples contained a cylindrically shaped pore that stretched from the sample core out to the surface. Based on replicate comparisons in the density analysis, we deduced that these pores were a result of solidification shrinkage and were not present in the melts. In BT2, one of the microgravity samples was fractured throughout (Fig. 5, BT2 left), and the other sample underwent dramatic morphological changes during solidification (Fig. 5, BT2 right; see also a video of the solidification in the Supplementary Materials), possibly due to preferred orientations of crystal growth in the supercooled liquid. In BT4, microgravity and terrestrial samples exhibited hierarchical crack structures.

[image: ]
FIG. 5. X-ray tomography of titanate samples after melt quenching. For each composition, two samples processed in microgravity are compared with one terrestrially prepared sample. NT samples are glass; all others are polycrystalline.

	In summary, we have measured the melt density, thermal expansion, viscosity, and surface tension for four compositions of RE and barium titanates. These thermophysical properties help design liquid phase processing technologies and for validating computational models of liquid structure and glass formation. The combination of electrostatic levitation, the microgravity environment, and droplet oscillation provide a powerful experimental approach for accessing these properties over a wide temperature range, including deeply supercooled states that are inaccessible by other techniques. This methodology is particularly well suited to fragile liquids such as these titanates, since they are difficult to supercool or vitrify by conventional means. X-ray tomography is a useful nondestructive probe of internal structure, which helps to correct density measurements for the presence of internal gas bubbles.

	See the supplementary material for (1) experimental methods and data analysis; (2) cooling curves for melt quenching in ELF; (3) video animations of the samples’ three-dimensional X-ray tomography reconstructions.
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