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WORKSHOP DAY 1, WEDNESDAY, JUNE 8TH  

 
0815 – 0900:  Coffee, check in 
 
0900 – 0910: Workshop overview and logistics 

P.E. Hopkins1,2,3, K. Boboridis2 
1University of Virginia, Charlottesville VA, 22904, USA 
2European Commission, Joint Research Centre (JRC), Karlsruhe, 
Germany 
3Laser Thermal, Inc., Charlottesville, VA 22904, USA 

 
0910 – 0930:  Welcome, introductory remarks and nuclear related materials 

research at the European Commission’s JRC in Karlsruhe 
R.J.M. Konings1,2 
1European Commission, Joint Research Centre (JRC), Karlsruhe, 
Germany 
2Delft University of Technology, Faculty of Applied Sciences, 
Mekelweg 15, 2629 JB Delft, The Netherlands 

  



 

Session 1: Nuclear Materials 
 

Session Chair:  Rudy Konings, European Commission, Joint Research Centre 
(JRC), Karlsruhe, Germany 

 
 
0930 – 0955:  Melting behaviour of (U,Pu)O2 fuels 
 L. Vlahovic1, D. Robba1, P. Fouquet-Métivier2 

1European Commission, Joint Research Centre (JRC), Karlsruhe, 
Germany 
2CEA, DES, ISEC, DMRC, Université Montpellier, Marcoule, France 

 
0955 – 1020:  High temperature fast aerosolization of nuclear material and 

aerosols characterization: Fresh MOx Fuel 
 J.-Y. Colle1, S. Stohr1, B. Cremer1, S. Van Winckel1, G. 

Rasmussen1, O. Dieste Blanco1, T. Wiss1, R.J.M. Konings1,2 
1European Commission, Joint Research Centre (JRC), Karlsruhe, 
Germany 
2Delft University of Technology, Faculty of Applied Sciences, 
Mekelweg 15, 2629 JB Delft, The Netherlands 

 
1020 – 1045:  Investigation of high temperature U-Zr-Fe-O liquids by a laser 

heating approach 
A. Brunel1,2, A. Quaini1, T. Alpettaz1, C. Bonnet1, L. Cormier2 
1Université Paris-Saclay, CEA, Service de la Corrosion et du 
Comportement des Matériaux dans leur Environnement, 91191, 
Gif-sur-Yvette, France 
2Sorbonne Université, CNRS UMR7590, MNHN, IRD, Institut de 
minéralogie, de physique des matériaux et de la cosmochimie 
(IMPMC), 4 place Jussieu, F-75005 Paris, France 

 
1045 – 1110: FEM heat transfer modelling with tomography-based SiCf/SiC 

unit cell 
 A. Cavaliere, F. Marone, C. Cozzo, M. Pouchon 

Paul Scherrer Institut (PSI), Villigen, Switzerland 
 
 
1110 – 1135: Break 
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Melting behaviour of (U,Pu)O2 nuclear fuels 

L. Vlahovic1, D. Robba1,P. Fouquet-Métivier2 

1European Commission, Joint Research Centre (JRC), Karlsruhe, Germany 
2CEA, DES, ISEC, DMRC, Université Montpellier, Marcoule, France 

 
 

Mixed oxide (U,Pu)O2±x fuels with a plutonium content between 20 and 40 mol.% are currently 
considered for Sodium Fast neutron Reactor systems. The fuel will contain a few at.% of 241Am, 
generated by 241Pu decay. Furthermore, the oxygen to metal ratio (O/M) of SFR fuels ranges from 
1.95 to 1.99 to minimize the cladding corrosion and to avoid fuel melting. In order to predict the fuel 
behaviour under operation, an accurate knowledge of its thermodynamic and structural properties, 
especially at high temperature, is mandatory.  

Among the properties of interest, the melting temperature of various (U,Pu)O2±x nuclear fuels is 
currently measured at the JRC-Karlsruhe hot lab facility. Fuels with five compositions (0.005 < x(Am) 
< 0.03 and 0.235 < x(Pu) < 0.44) are investigated. A laser heating technique is used. The latter 
experimental set-up is suitable to investigate high temperature properties thanks to its rapidity and 
its self-crucible setup, limiting the chemical interaction between the sample and its surroundings.  

In this framework, we will also describe in detail the Laser Heating and Spectral Analysis facility of 
JRC Karlsruhe4, and its latest improvements, in particular the oxygen control and measurement.  

 
 

 

Corresponding author: luka.vlahovic@ec.europa.eu 
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High temperature fast aerosolisation of nuclear material and aerosols 
characterisation: Fresh MOX Fuel. 

 
 Jean-Yves Colle, Sarah Stohr, Bert Cremer, Stefaan Van Winckel, Gert Rasmussen, Oliver 

Dieste Blanco, Thierry Wiss, Rudy J.M. Konings 

European Commission, Joint Research Centre (JRC), Karlsruhe, Germany 

 
Fast exposure to very high temperatures of nuclear fuel (here in particular MOX Fuel), at which the 
vapour pressure is significant, can lead to vapour non equilibrium condition. In addition, if this 
transient is applied under atmospheric condition, also the chemical potentials of the various species 
may not be at equilibrium. This may lead to an unexpected composition of the aerosols produced 
during the transient. The composition of the aerosols is of importance in the following fields: Health 
risk, dispersion modelling, remediation and forensic. To assess the potential effects on the formation 
of aerosols in this situation, aerosols were produced from a MOX (Mixed Oxide of uranium and 
plutonium) sample by fast laser heating up to 4000 K under atmospheric conditions. They were 
collected with a cascade impactor as function of their aerodynamic size, and studied by SEM, EDS, 
TEM, EELS, SAED and ICPMS. The uranium and plutonium concentrations were related to the 
aerosol morphology, size and formation temperature. A clear decrease of the Plutonium 
concentration was observed as function of the Aerodynamic Equivalent Diameter (AED). Some 
bigger aerosols enriched in Plutonium were found which originated from solidification of ejected 
droplets of the liquid phase at the surface of the sample. 

Corresponding author: jean-yves.colle@ec.europa.eu 
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Investigation of high temperature U-Zr-Fe-O liquids by a laser heating 
approach 

A. BRUNEL 1,2, A. QUAINI 1, T. ALPETTAZ 1, C. BONNET 1, L. CORMIER 2 

1 Université Paris-Saclay, CEA, Service de la Corrosion et du Comportement des Matériaux dans 
leur Environnement, 91191, Gif-sur-Yvette, France 

  2 Sorbonne Université, CNRS UMR7590, MNHN, IRD, Institut de minéralogie, de physique des 
matériaux et de la cosmochimie (IMPMC), 4 place Jussieu, F-75005 Paris, France 

 
During a severe accident involving the core meltdown in a pressurized water reactor, the 

nuclear fuel can react with the zircalloy cladding and structural materials to form a complex mixture 
of solid and liquid phases called corium. The knowledge of its thermophysical properties, such as its 
density, viscosity or surface tension, is of paramount importance to correctly model and predict the 
accident proceeding. To get information on this corium, the study of the U-Zr-Fe-O system and its 
sub-systems is essential. 

 
New experimental data on the liquidus/solidus transitions in the O-rich side of the Zr-O binary 

system were obtained by laser heating and fast pyrometry with the ATTILHA setup and a thermal 
arrest analysis. This setup allow the investigation of high temperature liquids up to 3000 °C under a 
controlled atmosphere in a closed chamber. This work provided liquidus and eutectic transition 
temperatures were provided for oxygen molar fractions from 0.28 to 0.667. These data were used to 
validate the Zr-O thermodynamic model in the TAF-ID database. The current study confirms the 
eutectic transition temperatures and its domain of existence. However, our measures for x(O)>0.6 
suggests the existence of a congruent melting lying between x(O)=0.65 and pure ZrO2, with an 
estimated value lower than the current calculation outcome from the TAF-ID. 

 
Thermophysical properties of liquid zirconium and liquid Zr-rich Zr-Fe2O3 and Zr-UO2 mixture 

were investigated by implementing an aerodynamic levitation device to ATTILHA setup. A selected 
gas is blown through a nozzle to induce levitation to a laser-melted sample. A high-speed camera 
monitored the sample levitation to estimate its thermophysical properties, such as its density or 
viscosity. This configuration avoid the potential sample contamination by a crucible and allow working 
with radioactive liquids thanks to in confining chamber. Liquid zirconium density was confirmed and 
influences of the temperature and the composition were established in this study. These results will 
be implemented in the TAF-ID to better take into account thermofluidic phenomena that may occur 
during an accident. 

 
 

Corresponding author: Andrea.quaini@cea.fr 
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FEM heat transfer modelling with tomography-based SiCf/SiC unit cell 

A. Cavaliere1, F. Marone1, C. Cozzo1, M. Pouchon1 

1Paul Scherrer Institut (PSI), Villigen, Switzerland 

 
Modern industry has become increasingly reliant on composite materials for a variety of 

applications, and the nuclear industry is no exception to this. Among the materials being researched 
as Accident Tolerant Fuels, ceramic matrix composites such as SiC-fiber-reinforced SiC (SiCf/SiC) 
figure as some prime candidates. However, the strict licensing process for nuclear materials requires 
in-depth knowledge of their physical properties. 

 
Among other factors, the thermal behavior of a material directly determines whether it is usable 

as a nuclear fuel cladding, i.e. the first barrier encapsulating the fuel. However, many factors 
determine the resulting properties of composite materials, such as matrix and reinforcement 
properties and orientation, void fraction, and pore morphology.  In this study, a FEM model is used 
to characterize the thermal properties of a fundamental element of SiCf/SiC, referred WR�DV�D�³XQLW�
FHOO´��7KH�XQLW�FHOO�LV�EXLOW�EDVHG�RQ�GDWD�DFTXLUHG�ZLWK�KLJK-resolution tomography performed at the 
TOMCAT beamline of the Swiss Light Source. 

 
By using phase-retrieval prior to tomographic reconstruction, the pores, fibers and matrix that 

compose the material can be distinguished in the data analysis1. The separated information is 
processed to obtain geometrical information about the individual pores and fibers, which is then used 
to parametrize them as cylindrical objects. This allows constructing an FEM model of a material cubic 
unit cell that is used to extract the effective thermal properties of SiCf/SiC. The analysis scheme 
includes steady-state and dynamic thermal transport simulations, which yield directional effective 
thermal conductivity and diffusivity values, respectively2. 

 
Combining these results with the data on the larger structural features of the material will lead 

to realistic results on the macroscopic thermal properties.  

References 
1 Gao, Y., Wang, Y., Yang, X., Liu, M., Xia, H., Huai, P., Zhou, X. (2016) Ceramics International 42, 17137±
17147.  
2 Farooqi, J.K., Sheikh, M.A. (2006) Computational Materials Science 37, 361±373 

Corresponding author: andrea.cavaliere@psi.ch 
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Session 2: Levitation 1 
 
Session Chairs:  Markus Mohr, Institute of Functional Nanosystems, Albert-Einstein-

Allee 47, 89081 Ulm, Germany 
Michael SanSoucie, NASA Marshall Space Flight Center 

 
 
1135 – 1200:  Density and excess volume of the liquid Ti-V system measured 

in electromagnetic levitation 
B. Reiplinger, J. Brillo 
Institut für Materialphysik im Weltraum, Deutsches Zentrum für Luft- 
und Raumfahrt (DLR), 51170 Köln, Germany 

 
1200 – 1225:  Excitation Pulse Effects on Fluid Flow During Small Amplitude 

Deformation in Electromagnetic Levitation Experiments 
G.P. Bracker, R.W. Hyers 
University of Massachusetts, Amherst, MA 01003, USA 

 
1225 – 1250:  Turbulent Transition in Electromagnetic Levitation: CFD 

Calculations and Feasible Parameters 
A.K. Pauls1,2, G. Bracker1, R.W. Hyers1 
1University of Massachusetts, Amherst, MA 01003, USA 
2University of Colorado, Boulder, CO 80309, USA 

 
 
1250 – 1430: Lunch 
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Density and excess volume of the liquid Ti-V system measured in 
electromagnetic levitation 

Benedikt Reiplinger1 and Jürgen Brillo1 
1Institut f. Materialphysik im Weltraum, Deutsches Zentrum für Luft- und Raumfahrt (DLR), 

51170 Köln, Germany 

 
Due to their light weight, high strength, increased ductility, large corrosion resistance, and bio-

compatibility, Ti-based alloys have raised significant interest in recent years. They are ideal 
candidates for operation under extreme conditions, such as high temperature or aggressive chemical 
environment. ! + # titanium alloys in particular are of high interest for aerospace applications as well 
as for medical applications, with vanadium being one of the most prominent # stabilisers. The 
addition of vanadium can elevate the thermal as well as the corrosive stability of Ti-Al alloys, 
especially those of lower aluminum content.  

 
The fast-growing interest in these alloys requires precise knowledge of thermophysical 

properties of the liquid phase as input for process optimization, phase calculation and atomic 
modelling. Density and the molar volume are two of the most fundamental thermophysical properties. 
The rather high melting temperatures of titanium and vanadium of 1941K (1668°C) and 2183K 
(1910°C), respectively greatly complicate their measurement using conventional container-based 
methods. Due to the highly reactive nature of the liquid Ti-V system, a container-less measurement 
needs to be implemented in order to avoid any reactions of the investigated liquid with existing 
container walls. In this work the already established optical dilatometry method is used for the density 
and molar volume determination of the liquid Ti-V system in electromagnetic levitation [1]. 

 
So far, there is not yet any model or rule of thumb in order to predict the molar volume of any 

liquid alloy, its density, its excess volume, or even the sign of the latter. Titanium alloys generally 
show a strongly non-ideal behavior with regard to their mixing properties, depending on the alloying 
element [2]. However, it has been shown that liquid alloys consisting of elements with similar 
electronic configuration, which is the case for titanium and vanadium, seem to exhibit almost ideal 
behavior with respect to the molar volume [3]. It is therefore especially interesting to investigate, how 
Ti-V behaves with respect to the molar volume and density. 

 
The present work uses electromagnetic levitation in order to containerlessly measure density 

and thermal expansion of Ti-V as function of both, temperature and composition. Thereupon, the 
molar volume of the Ti-V system is discussed in relation to existing trends predicting the excess 
volume of metallic alloys. First data is presented. 

References 
1 J. Brillo, G. Lohofer, F. Schmidt-Hohagen, S. Schneider and I. Egry, International Journal of Materials and 
Product Technology, 26, 247-73, (2006). 
2J. J. Wessing and J. Brillo, The Minerals, Metals & Materials Society and ASM International, 48, 898-882, 
(2016) 
3J. Brillo and I. Egry, Japanese Journal of Applied Physics, 50, 1-4, (2011). 
 

Corresponding author: benedikt.reiplinger@dlr.de 
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Excitation Pulse Effects on Fluid Flow During Small Amplitude 
Deformation in Electromagnetic Levitation Experiments  

G.P. Bracker, R.W. Hyers1 

1University of Massachusetts, Amherst, US 
 
Electromagnetic levitation provides a unique processing environment to study the 

fundamental behaviour and thermophysical properties of metallic melts. By isolating the 
sample from its environment, it is possible to process the highly reactive melts at high 
temperature. Additionally, containerless processing reduces the available heterogeneous 
nucleation sites and provides greater access to the undercooled region of the melt. In 
oscillating drop experiments, is one such technique used to study the surface tension and 
viscosity of a melt. During these experiments, a brief excitation pulse is used to squeeze 
the sample and induce surface oscillations. The frequency and damping of these 
oscillations are then used to determine the surface tension and viscosity, respectively, of 
the melt.  

One of the requirements of this method is that the flow within the drop not provide 
additional damping to the oscillations [1]. The magnetohydrodynamic flow is calculated by 
linking a magnetic model, the properties of the flow and computational fluid dynamics. 
During quasi-static magnetic conditions, the electromagnetic field drives a constant flow 
within the sample and has been well studied #more?[1]–[3]. However, determining the flow 
effects as a result of changing magnetic fields has not been thoroughly investigated.  

A transient model has been developed to further study the flow effects of the excitation 
pulse.  These effects have been explored as a function the various sample properties 
including the size, conductivity, and viscosity of the melt. The effects of the excitation pulse 
have also been explored as a function of the height and width of the excitation pulse.  

References 
[1] G. Bracker et al., “The effect of flow regime on surface oscillations during electromagnetic 

levitation experiments,” High Temp.-High Press., vol. 49, no. 1–2, pp. 49–60, Aug. 2019. 
[2] R. W. Hyers, D. M. Matson, K. F. Kelton, and J. R. Rogers, “Convection in Containerless 

Processing,” Ann. N. Y. Acad. Sci., vol. 1027, no. 1, pp. 474–494, Nov. 2004, doi: 
10.1196/annals.1324.038. 

[3] R. W. Hyers, G. Trapaga, and B. Abedian, “Laminar-turbulent transition in an electromagnetically 
levitated droplet,” Metall. Mater. Trans. B, vol. 34, no. 1, pp. 29–36, Feb. 2003, doi: 
10.1007/s11663-003-0052-7. 

 

Corresponding author: gbracker@umass.edu 

 



13th International Workshop on Subsecond Thermophysics 

IWSSTP-13, June 8 – 10, 2022, Karlsruhe, Germany 

1 

Turbulent Transition in Electromagnetic Levitation:  
CFD Calculations and Feasible Parameters 

A.K. Pauls1,2, G. Bracker1, R.W. Hyers1 

1University of Massachusetts, Amherst, MA 01003 USA 

2University of Colorado, Boulder, CO USA 

 

Electromagnetic Levitation in reduced gravity has demonstrated great utility in the 

measurement of thermophysical properties and the study of solidification of metallic melts.  Internal 

flow in the liquid metal samples is a critical parameter in many of these experiments.  In the 

measurement of properties, turbulent flow in the sample prevents measurement of viscosity, as the 

measured damping of oscillations is a property of the flow and not of the fluid.  In solidification, 

Matson, et al.1, have demonstrated that internal flow changes the lifetime of the metastable phase in 

stainless steels by almost two orders of magnitude over the experimentally accessible range.  For 

these experiments, the flow was quantified by CFD models; however, these models require as an 

experimental input whether the flow is laminar or turbulent. 

 

To date, the only study of the transition to turbulence in EML comes from experiments on the 

Space Shuttle in 1997 on MSL-1 TEMPUS.  On each melting cycle, tracer particles reveal the laminar 

or turbulent nature of the flow.  However, this phenomenon was only noticed and examined after the 

flight, so observations are available only for a very narrow range of conditions.  As these results were 

the only ones available, they have been boldly extrapolated to conditions far from the original 

experiment.  Furthermore, while we have evidence from measurements on germanium that the 

positioner alone can drive turbulent flow, there are no available measurements of the turbulent 

transition in positioner-dominated flows. 

 

We plan to close this gap by a combination of experiments and models that will quantify the 

turbulent transition over as wide a range of experimental conditions as possible in ISS-EML.  The 

modeling results will be presented here; experiments are planned for ISS-EML Batch 4 estimated for 

2024. 

 

References 
1 D.M. Matson, X. Xiao, J.E. Rodriguez, J. Lee, R.W. Hyers, O. Shuleshova, I. Kaban, S. Schneider, C. Karrasch, 
S. Burggraff, R. Wunderlich, H.-J. Fecht (2017) JOM, 69[8], 1311-1318. 
 

Corresponding author: hyers@umass.edu 

 



 

Session 3: Thermophysical properties of metals 1 
 
Session Chair: Thomas Leitner, voestalpine BÖHLER Edelstahl GmbH & Co KG, 

Kapfenberg, Austria and Institute of Experimental Physics, Graz 
University of Technology, NAWI Graz, Graz, Austria 

 
 
1430 – 1455:  Thermophysical properties of solid-phase TZM alloy (Mo-0.5Ti-

0.08Zr-0.02C) over a wide temperature range 
 N. Milošević, I. Nikolić, D. Radivojević 

Institute VINČA, Belgrade, Serbia 
 
1455 – 1520:  Thermal Conductivity in Comparison with Electrical Resistivity 

of Selected Alloys at Elevated Temperatures 
 E. Kaschnitz 

Österreichisches Gießerei-Institut, Leoben, Austria 
 
1520 – 1555: Online NIST/TRC resource for thermophysical property data of 

metal systems 
 B. Wilthan, S. Townsend 

National Institute of Standards and Technology (NIST), Boulder, 
CO, USA 

 
 
 
1555 – 1620: Break 
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Thermophysical properties of solid-phase TZM alloy (Mo-0.5Ti-0.08Zr-0.02C) 
over a wide temperature range 

N. Milošević, I. Nikolić, D. Radivojević 

Institute VINČA, Belgrade, Serbia 

 
This work presents experimental results of thermophysical properties measurements on a high 

temperature molybdenum alloy, commercially known as TZM, over a wide temperature range. The 
properties measured are specific heat and specific electrical resistivity in the temperature range from 
300 K to 2700 K, the total hemispherical emissivity and spectral normal emissivity from 1400 K to 
2700 K and the thermal diffusivity from 300 K to 1600 K. From the measured data, the thermal 
conductivity and Lorenz function were computed in the range from 300 to 1600 K. For necessary 
corrections, literature values on thermal linear expansion have been used. The specific heat, 
electrical resistivity and both emissivities were measured by the millisecond pulse calorimetry 
technique, while the thermal diffusivity was obtained by the laser flash method. In the first technique, 
the specimens used were in the form of a thin rod, 3 mm in diameter and 200 mm in length, and in 
the second, the specimens were in the form of a disk, 2 mm in thickness and 10 mm in diameter. 
The results are compared with corresponding literature data and discussed. 

 

References 
1 EMPIR 17IND11 “Hi-TRACE” project - https://www.hi-trace.eu  
2 N. Milošević (2021) J. Thermal Analys. Calorim., 147, 4935-4943. 
3 N. Milošević (2019) J. Thermophys. Heat Transfer, 33, 300-308. 
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Thermal Conductivity in Comparison with Electrical Resistivity of Selected 
Alloys at Elevated Temperatures 

E. Kaschnitz 

Österreichisches Gießerei-Institut, Leoben, Austria 

 
In contrast to pure metals, solid alloys at elevated temperature usually show significant 

deviations from the Wiedemann-Franz law (relating electrical resistivity to thermal conductivity) using 
the theoretical Lorenz number. This is due to the lattice component of the thermal conductivity and 
inelastic scattering by solute atoms, as well as other smaller contributions. Two experimentally 
determined constants can take into account these contributions (obtained by a Smith-Palmer-plot), 
re-establishing a well-defined relation between thermal and electrical conductivity. 

 
In this work, results of measurements of selected thermophysical properties of aluminum-, 

iron-, and nickel-alloys are reported. These are thermal diffusivity measured by the laser-flash 
method, heat capacity measured by differential scanning calorimetry, thermal expansion measured 
by push-rod dilatometry, and density at room temperature measured by an Archimedean balance. 
From these experimentally obtained data, thermal conductivity was calculated in a wide temperature 
range from room temperature to the melting region of each alloy. 

 
Electrical resistivity was measured in the same temperature range by a four-point probe 

resistivity measurement using a millisecond pulse-heating technique. The measurement results of 
electrical resistivity as a function of specific enthalpy were combined with results of specific heat 
capacity measurements to obtain the relation between resistivity and temperature. 

 
From the results of thermal conductivity and electrical resistivity, the individual Smith-Palmer 

plots for the different alloys are obtained. Fitting the results to a linear function, the two constants are 
determined; these results are compared to values reported in literature. 

 
 

Corresponding author: erhard.kaschnitz@ogi.at 
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Online NIST/TRC resource for  
thermophysical property data of metal systems 

B. Wilthan1, S. Townsend1 

1National Institute of Standards and Technology (NIST), Boulder, USA 

 
Research into new metallic materials is heavily based on a framework of integrated advanced 

modelling, computational and experimental tools, and quantitative data. This approach allows 
researchers to harness the power of experimental materials data, rapidly model properties needed 
for additive manufacturing processes, use them in support of the CALPHAD approach to 
computational material development or to address the challenges and the complex multiphysics in 
the development of theoretical and computational solutions they need to predict material properties 
in a wide spectrum of time and length scales. Very often parameters must be scaled to, or models 
relay on verification with original experimental thermophysical property data. This requires a 
comprehensive data infrastructure with improved data reliability and interoperability compared to 
what was available for historic data from various print formats. 

 
The presented NIST database from the Thermodynamics Research Center (TRC) provides 

such an online infrastructure for thermophysical property data (e.g. Enthalpy, viscosity, electrical 
resistivity, …) of mostly unary, binary, and ternary systems. It is publicly accessible at 
http://trc.nist.gov/metals_data (DOI: 10.18434/M32153) and free of charge for non-commercial 
users. All data is captured in a well-structured machine-readable format and includes metadata that 
makes it easy to find, for both, humans and computers. Due to its free nature, it can easily be 
integrated with other applications and can be queried via a web user interface or an Application 
Programming Interface (RESTful API). 

 
This presentation provides an update on the data coverage provided and how this effort 

improves the quality of published information and prevents the propagation of erroneous data. It 
highlights how to access the data programmatically for larger scale applications via our API and 
discusses the data format used in detail. 

 

Corresponding author: boris.wilthan@nist.gov 
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Session 4: Thermoreflectance tutorials 
 
Session Chairs: John T. Gaskins, Laser Thermal, Inc., Charlottesville, VA, USA 

Thomas Pfeifer, University of Virginia, Charlottesville, VA, USA 
 
 
1620 – 1645:  Tutorial: PicoTR and NanoTR: Unique Features to Get Reliable 

Results by the Pulsed Light Heating Thermoreflectance 
Method 
J. Hanss1, Y. Shinoda2, K. Ishikawa2 
1NETZSCH-Gerätebau GmbH, Germany 
2NETZSCH Japan K. K., Yokohama, Japan 

 
1645 – 1710:  Tutorial: Steady-state thermoreflectance in fiber (SSTR-F) for 

spatially resolved thermal conductivity measurements of 
materials from atomic to bulk scales 

 P.E. Hopkins1,2,3, J.T. Gaskins3 
 1University of Virginia, Charlottesville VA, 22904, USA 
 2European Commission, Joint Research Centre (JRC), Karlsruhe, 

Germany 
 3Laser Thermal, Inc., Charlottesville, VA 22904, USA 
 
 

END WORKSHOP DAY 1 
 
  



PicoTR and NanoTR:  
Unique Features to Get Reliable Results by  

the Pulsed Light Heating Thermoreflectance Method 
 

Dr. Jan Hanss1, Yoshio Shinoda2, Kazuko Ishikawa2 
NETZSCH-Gerätebau GmbH, Germany 

NETZSCH Japan K. K. 
 

 
 
Increasing development of electronics is changing the world rapidly, but has always been 
limited by the heat generated by the electronics itself. To control the heat, the thermal 
properties of thin films need to be determined. For this purpose, the pulsed light heating 
thermoreflectance method is one of the most suitable methods. 
 
In the present work, the first commercially available Picosecond Thermoreflectance 
apparatus (PicoTR) and Nanosecond apparatus (NanoTR) are presented. Originally, the 
National Metrology Institute of Japan (NMIJ) /AIST, Japan, developed this technique. 
 
Besides the measurement of thermal diffusivity, thermal effusivity, thermal conductivity 
and interfacial thermal resistance of films, the picosecond thermoreflectance apparatus 
(PicoTR) offers several unique and important features, e.g., an electrical delay control 
system which realizes significant longer observation time (typically 50 ns) compared to 
optical delay system (few ns), and eliminates any fluctuations of the focused point. In 
addition, the configuration type can be switched between FF mode (front heating and front 
detection) and RF mode (rear heating and front detection). 
 
RF configuration is a natural evolution of the laser flash method for measuring thin films. 
The reliability of the apparatus is proven by certified reference materials (CRM 5810-a for 
NanoTR, CRM 5808-a for PicoTR), which are in accordance with Japanese Industrial 
Standards. In addition, its one-dimension heat flow configuration through the sample is 
important to get reliable results.  
 
The temperature range of the furnace for PicoTR is -100…500°C and RT…500°C for 
NanoTR. A large sample compartment accommodates for future upgrades, e.g., external 
fields. Both systems allow for X-Y scanning of the sample surface in FF mode – even at 
elevated temperatures up to 500°C. 
 
For analysis of the measurement, not only single layer (thin film on substrate) analysis, 
multi-layered analysis with determination of the interfacial thermal resistance is presented. 
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Steady-state thermoreflectance in fiber (SSTR-F) for spatially resolved 
thermal conductivity measurements of materials from atomic to bulk scales 

P.E. Hopkins1,2, J.T. Gaskins1 

1Laser Thermal, Inc., Charlottesville, VA, USA, https://laserthermal.com/  
2University of Virginia, Dept. of Mechanical and Aerospace Engineering, Charlottesville, VA, USA 

Measuring and understanding the thermal conductivity of materials is a critical need in a wide array 
of materials design and technologies.  The thermal conductivity of materials is strongly governed by 
both intrinsic material parameters and extrinsic properties that are commonly dictated by the 
application.  We present a new commercial instrument for thermal conductivity measurements of 
materials from nano to bulk scales: Steady-State Thermoreflectance in Fiber, or SSTR-F, developed 
and manufactured by Laser Thermal, Inc (LT). 
 
The SSTR technique is a laser-based pump-probe metrology.  The principle of operation of SSTR is 
to heat a sample long enough to achieve steady state temperature gradients, and measure the 
temperature response of the sample to a given heat flux in this steady state regime.  The 
measurement of thermal conductivity using SSTR has been validated using a range of samples of 
varying thermal conductivities. 
 
A major innovation of LT’s SSTR-F platform is that all of the optics of SSTR are integrated into an “all 
in fiber”, closed box apparatus that can enable a true turn-key, rapid screening, non-contact thermal 
conductivity measurement system.  In general, thermoreflectance systems require the use and 
maintenance of open table optics and daily maintenance of optical components.  This therefore 
necessitates expert users to continuously maintain the experimental systems, which is not conducive 
for a commercial tool; our proposed SSTR tool will alleviate this through our innovative, patented “all 
in fiber” design.  Further, as described below, thermoreflectance techniques generally measure 
thermal diffusivity or thermal effusivity of materials.  Our recent development of SSTR is a direct 
measure of the thermal conductivity of materials due to its operation in the steady-state regime.  Thus, 
unlike SSTR’s close measurement “cousins”, time-domain and frequency-domain thermoreflectance, 
where the transient or high frequency nature of the response by definition leads to measurement of 
thermal effusivity or diffusivity, SSTR gives a direct measure of thermal conductivity without needing 
a priori knowledge of the heat capacity. 
 
Our SSTR-F systems also offer the unique opportunity for high throughput thermal property 
measurements due to their non-contact nature and use of focused laser spot sizes, enabling rapid 
thermal equilibration and temperature measurements.  With LT’s real time data analysis, SSTR-F 
offers the ability to measure the thermal conductivity of a material in under 10 seconds, and its 
patented fiber optic design that permits automated sample testing, SSTR-F offers the opportunity to 
measure large batches of samples to provide big data sets that can facilitate materials discovery.   
 
The points above, combined with the unique power of thermoreflectance to measure thermal 
conductivity with micrometer scale areal resolution on thin films to bulk materials based on the laser 
spot sizes, offers a unique and significant opportunity for our proposed fiber-based SSTR tool to 
provide a disruptive commercial tool for the materials measurements community.  The opportunity to 
enable a turn-key, high throughput, spatially-resolved measurement of thermal conductivity that is 
widely accessible and useable by technical non-specialists will provide crucial needs for rapid, high 
throughput, fast turn-around of critical data needs for an array of industries.   

Corresponding author: patrick@laserthermal.com  
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Residual fluid flow in liquid metallic droplets processed in the space station 
electromagnetic levitation facility ISS-EML 

G. Lohöfer, X. Xiao 

Institut für Materialphysik im Weltraum, Deutsches Zentrum für Luft- und Raumfahrt (DLR), 
 51170 Köln, Germany 

 
The electromagnetic levitation facility “ISS-EML” on board the “International Space Station” 

is used to investigate contactlessly and undisturbed of gravity-induced convection thermophysical 
properties and microstructure formations of hot, highly reactive metallic liquids. Despite the widely 
forceless microgravity environment, the small remaining electromagnetic levitation forces still drive 
residual convective fluid flows inside the levitated droplet, which may disturb the measurements. 
Thus, the knowledge of the flow velocities is critical to interpret and evaluate the measurement 
results.  

 
In previous investigations of Xiao and co-workers a great amount of numerical magneto 

hydrodynamics calculations were performed with many different material properties and source 
force terms [1]. For practical applications it would however be convenient to have an analytical 
presentation of these numerical results. 

 
The present talk presents such an analytical description. Derived on the basis of physical 

relations it provides a simple and physically illustrative presentation for the maximum flow velocities 
an the corresponding Reynolds numbers of the residual convective fluid flows inside a liquid droplet 
levitated in the ISS-EML electromagnetic levitation facility on board the International Space Station. 

 

References 
[1] X. Xiao, J. Lee, R.W. Hyers, D.M. Matson (2019) npj Microgravity, 5, 7. 
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Measurements of thermophysical properties of molten alloys using the 
Electromagnetic Levitator on the International Space Station 

M. Mohr1, Y. Dong1, H.-J. Fecht1 

1Institute of Functional Nanosystems, Albert-Einstein-Allee 47, 89081 Ulm, Germany 

 
A materials properties and possible applications are defined by its chemical composition and 

microstructure. The solidification step from the liquid phase is the most important step in defining a 
materials final microstructure. In order to obtain a desired microstructure, the solidification pathway, 
e.g. the cooling rate, must be controlled. Simulations of the solidification process, e.g. casting 
simulations, 3D-printing simulations are the method of choice for the optimization of the solidification 
conditions and microstructure formation. 

However, the models for such simulations require precise knowledge of the relevant 
thermophysical material properties in the liquid and solid phases. The most important parameters 
are related to the transport of mass and heat in the liquid. E.g. mass density ρ, specific heat capacity 
cp, thermal conductivity λ, viscosity η, and surface tension σ. 

Measurement of these thermophysical quantities in the liquid phase are difficult or even 
impossible in conventional ground based measurement equipment due to the melts high reactivity. 
Hence, we use electromagnetic levitation, a container-less method where the sample is levitated, 
without contact with foreign material. In order to obtain a spherical droplet, and to gain control over 
the fluid flow in the droplet (laminar/turbulent flow), the experiment must be performed under 
microgravity conditions. Some measurements, such as the measurement of specific heat, require a 
thermodynamic equilibrium, which can only be reached in the long experiment durations in 
microgravity, only possible on board the International Space Station (ISS). 

In this contribution, we will present thermophysical properties of several generic and industrial 
alloys, measured on board the ISS within the last years. This includes alloys for high-temperature 
applications, as well as steel, and metallic glass formers. 
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Oxygen partial pressure can considerably influence the surface tension of liquid metals.  

 

dŚĞ�E�^��DĂƌƐŚĂůů�^ƉĂĐĞ�&ůŝŐŚƚ��ĞŶƚĞƌ͛Ɛ�ĞůĞĐƚƌŽƐƚĂƚŝĐ�ůĞǀŝƚĂƚŝŽŶ�;�^>Ϳ�ůĂďŽƌĂƚŽƌǇ�ŚĂƐ�ĂŶ�ŽǆǇŐĞŶ�ƉĂƌƚŝĂů�
pressure control system that allows the oxygen partial pressure within the vacuum chamber to be 

measured and controlled in the range from 10-26 to 10-9 bar. 

 

The MSFC ESL lab's oxygen control system consists of an oxygen sensor, oxygen pump, and a control 

unit.  The oxygen sensor is a potentiometric device that determines the difference in oxygen activity in 

two gas compartments separated by an yttria-stabilized zirconia electrolyte.  The pump utilizes 

coulometric titration to either add or remove oxygen. 

 

The surface tension of molten Inconel 718 was measured at different oxygen partial pressures using the 

oscillating drop method, and the results will be presented.  



 

Session 7: Thermophysical properties of metals 2 
 
Session Chairs: Erhard Kaschnitz, Österreichisches Gießerei-Institut, Leoben, 

Austria 
Nenad Milosevic, VINCA, Belgrade, Serbia 

 
 
1345 – 1410:  A steady-state laser heating technique to measure the thermal 

conductivity of materials at ultrahigh temperatures and in their 
molten state 
P. E. Hopkins1,2,3, M. Milich2, K. Aryana2, T. Pfeifer2, D. Robba1, 
J.T. Gaskins3, L. Vlahovic1, K. Boboridis1, R.J.M. Konings1,4 
1European Commission, Joint Research Centre (JRC), Karlsruhe, 
Germany 
2University of Virginia, Charlottesville, VA, USA 
3Laser Thermal, Inc., Charlottesville, VA, USA 
4Delft University of Technology, Faculty of Applied Sciences, 
Mekelweg 15, 2629 JB Delft, The Netherlands 

 
1410 – 1435: Thermodiffusion in liquid alloys measured by X-radiography 
 E. Sondermann, A. Krüger, A. Meyer 

Institut für Materialphysik im Weltraum, Deutsches Zentrum für Luft- 
und Raumfahrt (DLR), 51170 Köln, Germany 

 
1435 – 1500:  Controlled pulse-heating for investigation of solid state phase 

transformations 
 S. Lippmann 

Friedrich Schiller University Jena, Otto Schott Institute of Materials 
Research, Löbdergraben 32, 07743 Jena, Germany 

 
1500 – 1525:  Laser-based experiments to study the recrystallization kinetics 

of tungsten at high temperature 
 M. Lemetais1,2,3, M. Minissale4, A. Durif3, M. Richou3, M. Lenci2, G. 

Kermouche2, Y. Pontillon5, L. Gallais1 
1Aix Marseille Université, CNRS, Centrale Marseille, Institut 
Fresnel, Marseille, France 
2Ecole Nationale Supérieure des Mines de Saint-Etienne, LGF, 
CNRS UMR 5307, Saint-Etienne, France 
3CEA, IRFM, Saint-Paul-Lez-Durance, France 
4Aix Marseille Université, CNRS, PIIM, Marseille, France 5CEA, 
DES, IRESNE, DEC, Saint-Paul-Lez-Durance, France 
5CEA, DES, IRESNE, DEC, Cadarache F-13108 Saint-Paul-Lez-
Durance, France  

 
1525 – 1545: Break  



13th International Workshop on Subsecond Thermophysics 

IWSSTP-13, June 8 – 10, 2022, Karlsruhe, Germany 

1 

A steady-state laser heating technique to measure the thermal conductivity 
of materials at ultrahigh temperatures and in their molten state 

P. Hopkins1,2, M. Milich,2 K. Aryana,2 T. Pheifer,2 D. Robba,1 
J.T. Gaskins,3 L. Valhovic,1 K. Boboridis1, R.J.M. Konings1,4 

1European Commission, Joint Research Centre (JRC), Karlsruhe, Germany 

2University of Virginia, Dept. of Mechanical and Aerospace Engineering, Charlottesville, VA, USA 

3Laser Thermal, Inc., Charlottesville, VA, USA 

4Delft University of Technology, Faculty of Applied Sciences, Mekelweg 15, 2629 JB Delft, The 

Netherlands 

 

 

The measurement of the thermal conductivity of materials in extreme environments and in 

molten states is a continued challenge.  Contact based approaches can suffer from junction 

degradation or morphological changes in sample geometry and instabilities when melting.  Typical 

transient approaches are applied in a heat front/probe back geometry which can also suffer from the 

sample instabilities when molten as mentioned above.  However, focused laser-based pump-probe 

techniques, which interrogate a relatively small, localized volume of heated material on the same 

side in which the laser induces the heating presents a novel avenue for measurements of thermal 

properties.  These techniques are well suited and proven for accurate measurements of the thermal 

conductivity of materials at moderate temperatures.  In particular, the recently developed Steady-

state thermoreflectance (SSTR) method is promising for a direct measurement of thermal 

conductivity independent of the materials’ heat capacity.1  

 

Here, we present a new method to measure thermal conductivity of materials based on laser 

heating, in which a continuous wave beam rapidly heats the sample surface to the desired 

temperature, then the amplitude of the laser beam is perturbed to induce a steady state temperature 

profile on the sample surface.  The temperature of the canter of the laser heated spot is monitored 

with radiative pyrometry as a function of perturbed laser power, thus providing the change in 

temperature of the material as a function of change in laser power in steady state.  While the entire 

sample is heated due to conductive effects, the primary temperature excursions are in the center of 

the sample localized to the area of the laser spot.  This allows us to induce localized melting on a 

material while the remainder of the material remains in its solid state.  We analyse the temperature 

vs. laser power data and extract the thermal conductivity of a variety of materials, including W, Mo, 

TZM, which show good agreement with the literature.  We then demonstrate this technique on 

selected high entropy caribes and borides.2 Through both analytical and numerical approaches, we 

study the various assumptions of this laser heating steady state thermometry approach, and discuss 

ranges of applicability of this technique for measuring the thermal conductivity of materials up to and 

into their molten phases. 

 

 

References 
1 Braun et al., “A steady-state thermoreflectance method to measure thermal conductivity,” Review of Scientific 
Instruments 90, 024905 (2019). 
1 Qin et al., “Dual-phase high-entropy ultra-high temperature ceramics,” Journal of the European Ceramic 
Society 40, 5037-5050 (2020). 
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Thermodiffusion in liquid alloys measured by X-radiography 
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Thermodiffusion (or Soret effect) describes the formation of a concentration gradient induced 

by a temperature gradient in binary or multicomponent mixtures. This cross-coupling effect of heat 
and mass transfer influences the homogeneity of doped semiconductors and grown crystals as well 
as the microstructure formation in alloys. The calculation of thermodiffusion by molecular dynamic 
simulation can be very sensitive to the specific potential1. Recently improved theories were proposed 
but the database to validate models for thermodiffusion in liquid alloys is scarce.  

 
For several organic mixtures the Soret coefficients have been measured with high accuracy2. 

However, for liquid alloys only very few Soret coefficients are known due to experimental challenges 
at the required high temperatures. We use X-radiography in combination with a high temperature 
furnace for space- and time-resolved measurements of the concentration distribution in the sample3. 
This offers increased process control and makes the simultaneous measurement of interdiffusion 
possible.  

 
We present measurements of the Soret coefficient in aluminium-rich Al-Ag alloys at different 

concentrations. This alloy was chosen because of the high contrast between the two components in 
the X-ray spectrum used and because interdiffusion coefficients are known from independent 
measurements. The obtained interdiffusion coefficient are compared to literature values on the same 
system which corroborates the measured Soret coefficients. Silver is observed to migrate to the cold 
side. 
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Controlled pulse-heating for investigation solid state phase transformations 

S. Lippmann 
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The mechanism of a phase transformation depends on undercooling, diffusion kinetics and the 
nature of the interface. For the bcc/fcc transformation in Cu-Zn based systems, the competition 
between different mechanism is high, mainly due to parallel solvus lines and the fast diffusion of Zn 
in Cu. Experimental investigations of the various mechanisms require a significant level of fine-
tuning.  

Employing one- and multidimensional multicomponent concentration gradients and controlled pulse 
heating, the conditions for different mechanisms are accessible. For pulse heating, a new device was 
developed and built that uses high current and low voltage and allows controlled heating of low-
resistance (i.e. relatively large), chemically homogeneous samples while simultaneously measuring 
local temperatures with highest temporal and spatial resolution1. The spectrum of transformation 
ranging from purely diffusion controlled, coupled growth, massive transformation to solely interface 
controlled martensitic transformation is observed2-4. 
 
 
 
1 T. Kaaden, V. Tympel, M. Kober, F. Schmidl, M. Rettenmayr, S. Lippmann (2021) Review of Scientific  
   Instruments, 92, 074703. 
2 T. Kaaden, M. Rettenmayr, S. Lippmann (2021) Practical Metallography, 58, 1-13. 
3 T. Kaaden, P. Wutzler, S. Lippmann (2020) Metallurgical and Materials Transaction, A 51, 3403-3409. 
4 S. Lippmann, T. Kaaden, P. Wutzler, M. Rettenmayr (2019) Materialia, 7, 100367/1-7. 
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The knowledge of material properties and their behaviour at high temperatures is of crucial 

importance in many fields. In thermonuclear fusion devices such as ITER (International 
Thermonuclear Experimental Reactor), tungsten, implemented as armour material of components, 
is in direct contact with the plasma. Due to high heat flux (20 MW/m²), this armour material 
recrystallizes, leading to possible premature cracking of the material with a direct impact on the 
component lifetime. Understanding the loss of tungsten mechanical properties during thermal heat 
loads is consequently a key concern to predict and optimize tungsten armoured component lifetime.  

During annealing, the loss of tungsten mechanical properties results from two competing 
processes: recovery and recrystallization that needs to be analysed and understood with dedicated 
experiments and models. Different methods are currently used to study annealing phenomena and 
submit metals to heat loads. In the case of tungsten for fusion application, it is required to conduct 
studies at temperature above 1800 K, which is difficult to reach with classical furnace annealing, 
particularly if one wants to be free from the effects of heating and cooling ramps that have an impact 
on recrystallization.  

In this contribution, we present the application of a laser-based facility, developed in 
collaboration between ECM/Institut Fresnel and CEA-Cadarache, to conduct annealing tests to study 
the recrystallization kinetics of tungsten. The experimental setup, based on a high power Ytterbium 
fiber laser, enables studies at the laboratory scale with great flexibility to submit samples to various 
spatial and temporal heating profiles. Due to the possibility of having optical access to the sample, 
laser heating can be combined with several non-contact diagnostics such as infrared imaging to 
control and analyze the temperature gradients. We demonstrate that samples can be heated linearly 
with heating rate up to 2000 K/s, at temperatures above 2000 K, for seconds or hours, with typical 
errors in the temperature measurement of around 1% that depend mainly on the determination of 
sample emissivity.  

As an application, we present the experimental results obtained on the recrystallization kinetics 
of different batches of tungsten and their interpretation obtained through different models that take 
into account recovery and recrystallization process. 

References 
1 M. Minissale et al (2020) Rev. Sci. Instrum., 91, 035102. 
2M. Richou et al (2020) J. Nuc. Mat., 542, 152418. 
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High entropy ceramics are a promising new category of material receiving attention from the 

hypersonics community due to their high strength and hardness, and stability at high temperatures. 
Although the properties of these materials have been studied extensively at room temperature, 
measurements at the ultra-high temperatures these materials are intended to operate at is 
challenging and has been rather limited in previous works. Using laser heating and radiation 
pyrometry, we conduct contactless measurements of thermal conductivity and melting temperature 
on a variety of high entropy carbides, borides, and two-phase carbide-boride mixtures.1 The 
experimental setup has been previously demonstrated to accurately measure the melting point of 
TaC and HfC systems.2 We build on this concept by incorporating the principles of steady-state 
thermoreflectance (SSTR), an optical pump-probe technique used to measure thermal conductivity 
independent of heat capacity3, and a transient thermal model relating changes in surface temperature 
to thermal diffusivity. This approach offers the unique ability to measure thermal conductivity of 
molten materials. We demonstrate the validity of the technique with a tungsten standard. 

 
In these experiments, we use a high-powered, continuous wave IR laser to heat the sample in 

an inert gas environment before inducing a series of heating pulses by modulating the laser power. 
A radiation pyrometer measures the resultant heating and cooling that occurs at the center of the 
heated region. We then fit an analytical model to the temperature profiles generated for a range of 
pulse powers in order to solve for the thermal diffusivity of the material. The long term, near steady-
state response to the heating pulse is dominated by thermal conductivity, while the initial temperature 
rise is determined by specific heat. This combined analysis process allows us to distinguish between 
the two. We further characterize the materials after heating with energy dispersive spectroscopy 
(EDS) and perform electron energy loss spectroscopy (EELS) on TEM samples taken from the melt 
region, to study the effects of high temperature and extreme thermal gradients on the solid solution. 
We compare the compositional gradients induced by fast-pulsed heating versus slow melting to study 
the effect of thermal shock and limited diffusion, as well as topological effects such as dendrite 
formation.  
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Ultra-High-Temperature Ceramics (UHTC) are a family of materials that can maintain their 

structural stability at very high temperatures. They are specifically interesting for the development of 
extreme application including next generation space vehicles, high-temperature engines or nuclear 
reactor. Indeed, such materials are able to withstand extreme conditions due to their unique 
properties including high hardness and high melting temperature (> 3000K)1. 

Among UHTC’s family, some carbides are of particular interest due to their high melting 
temperatures (>3500K), especially tantalum carbide (TaC) and hafnium carbide (HfC)2, which are for 
nearly a century the highest reported among all materials. Recently, a modelling work mentioned a 
sub-stoichiometric hafnium carbo-nitride (HfC0.56N0.38) as the compound with the highest melting 
temperature, well beyond 4000K3. The uncertain results on the melting points reported and the 
development of new models to explore the materials composition suggest that further experimental 
investigation is needed, covering a broader spectrum of possibly ultra-high temperature compounds 
and using novel experimental techniques.  

In this framework, we decided to investigate experimentally the hafnium and/or tantalum based 
carbo-nitride systems. The samples were prepared from stoichiometric to non-stoichiometric close 
to the targeted composition of HfC0.56N0.38. A ball-milling step followed by Spark Plasma Sintering 
(SPS) sintering was used to prepare dense carbo-nitride pellets. The whole synthesis procedure was 
carry out under argon atmosphere to avoid any oxidation of the initial powders that are very sensitive. 
Then, the final composition, morphology and structure of carbo-nitride samples were analysed by 
various characterization techniques (XRD, SEM, C/N analysers…). The mechanical properties 
including hardness and Young modulus were determined with a nano-indenter. Finally, the melting 
temperature of such UHTC was obtained using the Laser Heating and Spectral Analysis facility of 
JRC Karlsruhe4.  
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In the field of nuclear fission research, laser-heating constitutes a very powerful technique for 

submitting various materials to thermal stresses at a laboratory scale and analysing their response 
in situ. For several years, CEA in collaboration with Institut Fresnel has developed multi-objective 
laser heating platforms (CHAUCOLASE – Chauffage Contrôlé par Laser – in Institut Fresnel and 
CHARTREUSE - CHAuffage laseR pour Traitement Expérimentaux sur Uranium en Situations 
Extrêmes - in CEA Cadarache). They are based on high power lasers to address various research 
topics: study of nuclear fuels at very high temperature, characterization of the thermo-physical 
properties and sample preparation. 

These experimental devices rely on high-power Ytterbium fibre lasers, dedicated experimental 
chambers, specific sample holders, optical systems to generate laser beams of variable shapes and 
intensities, and lastly the associated instrumentation (pyrometers, high-speed and high-resolution 
infrared cameras, in-situ microscopes, temperature control systems, etc.). These experimental 
developments are coupled with theoretical approaches regarding laser/material interactions thanks 
to COMSOL multiphysics modelling.  

This paper provides an overview of the three main R&D axes that have been developed thanks 
to these very modular platforms, in order to access to many experimental configurations and studies. 
1. Thermal properties of nuclear fuels. The knowledge of material properties at high temperature 

is critical in the context of the evaluation and understanding of irradiated fuel performances. We 
have therefore developed two techniques that involve laser/material interactions to evaluate 
thermal properties of nuclear fuel and their evolution as a function of temperature (up to 3100K). 
We will present two techniques developed to evaluate thermal conductivity (through thermal 
diffusivity measurements) of nuclear fuel and its evolution as a function of temperature (up to 
3000 K): (1) The classical laser flash method, which is a non-contact measurement of the thermal 
response of a studied sample at a millimeter scale; (2). The infrared microscopy technique, which 
presents a spatial resolution of a few tens of microns which is based on the detection of the 
surface sample temperature rise distribution induced by the absorption of an intensity-modulated 
focused laser beam. 

2. Nuclear fuel behaviour under thermal transients. These studies are in line with a general 
continuous improvement of nuclear power reactors safety. The challenges relate to quantifying 
the impact of specific thermal transients at extremely high temperatures on the materials used 
in fuel elements to understand/quantify the mechanisms involved in their behaviours and validate 
the corresponding fuel performance codes developed at CEA with separate effect approaches.  
Various types of thermal transients can be reproduced in our facilities: temporal dynamics (from 
ms to h) and spatial distributions (from few µm to cm) representative of hypothetical accident 
conditions encountered in reactors. 

3. Laser micro/macro-machining of nuclear fuels. A better-detailed modelling of the nuclear fuel 
under thermal transient requires having samples of different sizes, from the order of a few 
hundred of microns to millimeters. Except laser micromachining, few techniques allowing 
handling such a range and even fewer are applicable to nuclear fuels. We will present 
experimental, numerical studies carried out in our platforms. 

 
This work is also supported by EDF and Framatome in the frame of the Tripartite Institute 
(CEA/EDF/FRA). 
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ABSTRACT 
 
Dynamic control over heat flow in solid-state materials has a wide range of applications from nanoscale, 
where enhanced temperature stabilization in electronic devices and boosted efficiency of thermoelectric 
generators have been demonstrated, to macroscale, where thermal control systems are mandatory for 
many space-exploration technologies. The ability to change the thermal conductivity (k) of a material 
“on-demand” has gained significant traction in recent years, with research efforts focused on materials 
and mechanisms that enable large on/off switching ratios (khigh/klow), fast modulation between the two 
states (< seconds), and trigger mechanisms that can be easily accessed in solid-state architectures (e.g., no 
moving parts). With developments in materials science and thermometry techniques, several material 
systems have been discovered with thermal-switching behavior under different stimuli such as electrical, 
thermal, electrochemical, optical, magnetic, strain, and even hydration. Although some of these materials 
provide large switching ratios (up to an order of magnitude), their complicated trigger mechanisms and 
the associated switching timescale limit their applications. For instance, most recently Lu et al. 
demonstrated the thermal conductivity of SrCoO2:5 can be bidirectionally tuned by nearly 10 4-fold via 
electrochemically oxygenating and hydrogenating the film. Although their reported switching ratio is 
significant, it occurs over a time span of several minutes and degrades over multiple switching cycles. In 
addition, the use of a liquid/gel electrolyte for enforcing the electrochemical reaction adds further 
complication to integrating the thermal switch into many device architectures.  
 



In this work, we experimentally demonstrate that manipulating phonon scattering rate can switch thermal 
conductivity of antiferroelectric PbZrO3 bidirectionally by -10% and +25% upon applying electrical and 
thermal excitation, respectively. Our approach takes advantage of two separate phase transformations in 
PbZrO3 that alter the phonon scattering rate in different manners. In this material, a sufficient electric field will 
transition the antiferroelectric phase (orthorhombic space group Pbam) to a ferroelectric phase (rhombhohedal 
space group R3m), where there is a volume expansion, reduction in the unit-cell size from 8 formula units to 6, 
and the possibility of altering the populations of ferroelastic domains. Furthermore, these ferroelastic domains 
within antiferroelectric PZO may directly impact phonon scattering rates. In addition to the AFE-to-FE phase 
transition, PZO undergoes another phase transition upon heating, transitioning from antiferroelectric to 
paraelectric (PE), where the lattice structure goes from 8 formula units to 1 (cubic space group Pm3m), and 
thus may be expected to reduce the phonon scattering rate and lead to higher thermal conductivities. In this 
study, we demonstrate that PbZrO3 can serve as a fast (<1 second), repeatable, simple trigger, and reliable 
thermal switch with a net switching ratio of nearly 38% from 1.20 to 1.65 W/m K. 
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Explosive welding (EXW) is a modern and beneficial joining method, particularly appropriate 

in the case of large-size components that are characterized by completely different chemical or 
physical properties such as melting point e.g., Ti/Al, Al/Cu, Ti/steel, Cu/steel, or Al/steel [1-5]. The 
standard parallel set-up consists of two plates separated by spacer, ensuring appropriate distance 
between the welded top plate (flyer plate, fp) and the bottom one (base plate, bp). Due to the 
explosion of explosive charge, localized on the top of such set-up, fp is accelerated toward the bp 
and collides with it, creating stable bond within the extremely short time of microseconds. An 
important advantage of the EXW is a formation of the bond between pure metallic surfaces due to 
the dynamic gas streaming phenomenon at the collision point, which removes impurities and oxide 
layers. Explosive welding is a nonequilibrium joining process, during which many factors such as 
high pressure and locally temperature, limited heat transfer, fast cooling and large plastic 
deformations work simultaneously. Therefore, the welded interface zones in the form of waves with 
different shape, height and frequently decorated with the melting regions reveal strongly 
inhomogeneous chemical composition, and even amorphous structure. The overall appearance and 
mechanical properties of the welds depend on the welding process conditions. 

This study is dedicated to the explosively welded two types of the interfaces. In the case of 
Ni/Al weld the presence of a continuous melted layer in the form of asymmetric waves has been 
observed, with the waviness dependent on the detonation velocity. In contrast, the second type Ni/Ti 
interface of more flat morphology exhibited also much less remelted areas. This can be justified by 
significantly smaller difference in the melting points of Ni vs. Ti than Ni vs. Al. The extreme conditions 
of pressure and locally higher temperature allowed forming of Al3Ni, Al3Ni2 and AlNi intermetallic 
phases and metastable monoclinic Al9Ni2 phase inside the remelting zones of Ni/Al clads. The Ni/Ti 
interface was sharp, i.e., it did not contain clear, large areas of remelting and chemical composition 
of local remelting can be assigned to the Ti and Ti2Ni two-phase field on the equilibrium phase 
diagram. Additional annealing procedure caused the formation of parallel layers of Al3Ni and Al3Ni2 
intermetallic phases at the Ni/Al interfaces, while for Ni/Ti clad the following sequence was 
determined: Ti/Ti2Ni/TiNi/TiNi3/Ni. 

 
 

1D. M. Fronczek et al. (2016) Mater. Design, 91, 80-89. 
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Quantifying facility performance during surface tension and viscosity 

measurement of liquid Zr  

J. Nawer1, T. Ishikawa2, H. Oda2, C. Koyama2, and D. M. Matson1 

1Mechanical Engineering Department, Tufts University, Medford, MA, USA, 02155; 

2Human Spaceflight Technology, JAXA, Sengen, Tsukuba, Ibaraki, Japan, 305-8505. 

 
          Surface tension and viscosity of liquid Zr at high temperatures were measured by oscillating 
droplet method in two Electrostatic Levitation (ESL) facilities. The ground-based tests at NASA 
MSFC ESL were conducted in vacuum and the space-based tests at JAXA ELF were conducted in 
Argon atmosphere with both results reported as a function of temperature. The accuracy and 
precision of the measurement techniques have been reported using a detailed uncertainty analysis 
for both facilities. The uncertainties associated with each measurement were used to quantify the 
two ESL facility performance. Zr samples processed in microgravity showed heavy influence of 
oxidation which lowered the natural frequency and thus significantly affecting the accuracy of surface 
tension measurement. The ground-based results are comparable to the literature values. 
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CuTi-based glass forming alloys feature a large undercooled liquid region and a high glass-

forming ability, which makes them interesting materials particularly for biomedical and lightweight 
applications.1,2 However, for the development of alloy compositions with optimized glass-forming 
abilities, the relevant mechanisms on the atomic scale are still to be explored.  

 
For a fundamental understanding of the glass formation processes, regarding the 

thermophysical properties, atomic structures, and short-range orders in the undercooled melt, binary 
CuTi serves as a less complex reference system. We studied composition-dependent 
thermophysical properties such as the melt viscosity and density of the binary CuTi liquids in the 
range of 33 to 76 at%. Due to the high chemical reactivity of Ti-based melts, the CuTi samples have 
been containerlessly processed using electrostatic levitation. This technique enables access to the 
metastable regime of an undercooled melt.  

 
Our experiments reveal an unexpected trend: For compositions with intermediate Ti contents 

the highest viscosity, but lowest packing fraction is found. Apparently, chemical interactions play a 
significant role in this binary system.3 To elaborate further, we correlate the thermophysical 
properties, with results from neutron and x-ray diffraction experiments. Due to the different scattering 
contrast of the CuTi system, the scattering data from neutron scattering and diffraction with 
synchrotron radiation provide information on topological as well as chemical short-range orders. By 
this means, the dynamic behavior of the CuTi system, which is reflected by the viscosity can be put 
into context with a microscopic atomic structure.   
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The surface tension of liquid steels and alloys is one of many thermophysical properties that 

are important for today’s metalworking industry, yet difficult to obtain experimentally. These data are 
key input parameters for simulations of various production processes in this field, but since certain 
properties lack models to calculate said properties ab-initio, experimental data are demanded. 
Especially novel manufacturing technologies like additive manufacturing and the ongoing research 
and development in this field renewed and increased the interest in experimental thermophysical 
property data.   

 
But high temperatures and high chemical reactivity of the melt pose serious experimental 

challenges and depending on the material to investigate, contact-based surface tension 
measurement methods are consequently doomed to fail. Therefore, a contact- and container-less 
processing of the (molten) sample is to favour which is achieved by using the oscillating drop (OD) 
method in combination with an electromagnetic levitation (EML) setup. Using EML, the sample is 
levitated freely in space and is only environed by an inert gas atmosphere while contactless surface 
tension measurement is performed by applying the OD method to relate the frequency of the 
observed sample oscillations to the surface tension of the melt.  

 
Such an EML setup was used within a recently finished research project at the Institute of 

Experimental Physics (IEP) of Graz University of Technology (TU Graz) to measure surface tension 
as a function of temperature of various industrial steels and alloys. In this talk, we present 
measurement results of N701 (X5CrNiCu15-5) steel by the project partner voestalpine BÖHLER 
Edelstahl GmbH & Co KG, a special steel producer located in Styria, Austria. Moreover, we will 
present how we modified the setup and the experiment procedure in the last years to face the 
problem of evaporation and efficiently process industrial steels and alloys with EML. 
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The sessile drop method was applied to investigate wetting and spreading behaviour of liquid 

Mg drop on different metal (Me –Ni, Ti-based) substrates. To avoid the effects of heating history of 
the Mg/Me couples and the presence of native oxide films on the Mg samples, the capillary 
purification (CP) procedure was used since it allows (1) non-contact heating of the Mg/Me couple to 
the test temperature and (2) mechanical cleaning of the Mg drop from its native oxide film directly in 
a high-temperature chamber by squeezing the liquid metal from a graphite capillary placed above 
the substrate. The comparative sessile drop tests were performed under isothermal conditions 
(700°C) using two atmospheres: pure Ar and Ar+5%H2. For comparison, the tests were also made 
by: (1) CP procedure with Mg drop subjected to secondary oxidation and (2) a classical contact 
heating (CH) of the Mg/Me couple. During high-temperature tests, the images of the Mg/Me couples 
were recorded by CCD cameras (60 fps) from two directions of observation. The solidified couples 
were subjected to detailed structural characterization by scanning electron microscopy (SEM) 
coupled with energy dispersive X-ray spectroscopy (EDS). 

It was noted that for the Mg/Ni couple with CP procedure, immediately after contact with the 
Ni substrate, liquid Mg drop free of native oxide film showed complete wetting and spreading over 
the substrate, i.e., the contact angle reached a value of q <5° in a time of less than 1 s. The drop 
after secondary oxidation also formed a very low contact angle in about 1 s, however, its spreading 
started with a small delay. Dissimilar wetting behaviour of the Mg/Ni couple was observed with the 
CH procedure. SEM/EDS analysis of cross-sectioned couples evidenced that the fast spreading of 
liquid Mg over Ni substrate is related to reactive wetting accompanied by substrate dissolution in the 
drop, contact melting, and the formation of intermetallic phases at the Mg/Ni interface. Structural 
observations were analysed considering the following factors affecting high-temperature interaction 
in the Mg/Ni couple: testing procedure, primary/secondary oxidation of Mg and/or Ni, as well as 
thermodynamic aspects of Mg-Ni and MgO-NiO phase diagrams.  

The results were compared with those obtained on Ti-based substrates under similar testing 
conditions and using the same experimental facility. Contrary to reactive Mg/Ni couples, the Mg/Ti-
based couples showed dissimilar wetting behaviour due to less reactive character of Ti-based alloy 
and immiscible character of the Mg-Ti system. 
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The OXYTHERM ESA-MAP Project aims at developing/improving physico-chemical models 

for better understanding the basic mass transport phenomena and interaction mechanisms between 
oxygen and liquid alloys, as well as to examine the influence of such interactions on their 
thermophysical properties (i.e. surface tension, viscosity, and density). It exploits measurements 
performed on board of the ISS by using MSL-EML facility equipped with the Oxygen Sensing and 
Control device (OSC), in order to obtain information will serve as a benchmark for the quality of 
ground based experiments. 

 
In this work, the interactions between Bi-X (X = Pb, Sn) molten alloys and an oxidizing 

atmosphere are theoretically approached by applying different models: a thermodynamic Belton’s 
like model [1], by evaluating the adsorption isotherms and a fluid dynamic model [2], which allows to 
determine the threshold limit between oxidation/de-oxidation regimes, for the liquid alloys surface. 

 
The models have been previously validated by surface tension data measured on Ag-Cu 

system as a function of oxygen partial pressure in two different apparatuses by using a containerless- 
and a container-based technique, respectively [3]. For Bi-X systems, both the theoretical approaches 
have been validated by dynamic surface tension measurements [2], namely by the large drop method 
in order to study the evolution of the molten alloys surface in the presence of traces amount of oxygen 
under two different diffusional regimes: under a vacuum (Knudsen) and under a flowing atmosphere 
(Fick) [4]. It worth to highlight that such measurements are out of equilibrium but they can provide 
“instantaneous” information about the kinetics and the mechanisms of O-transfer to and through the 
alloy surface. The influence of O-tensioactive effect on the Bi-X surface tension, has been estimated 
by comparing the behaviors observed as a function of oxygen partial pressure with the results 
obtained by measurements carried out under equilibrium and under oxygen-free conditions [5, 6]   
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In this work we use two optical pump-probe techniques to ³PDS´�spatially variations in the 

thermal conductivity of SiC/SiC, SiC/C, and C/C systems across grain boundaries with micrometer 
resolution.1 Time-domain thermoreflectance (TDTR) is a technique that uses a sub-picosecond 
pulsed laser to provide instantaneous heating to a sample surface, while a secondary beam monitors 
FKDQJHV�LQ�UHIOHFWLYLW\��7KH�UHVXOW�LV�D�³FRROLQJ�FXUYH´�WKDW�FDQ�EH�ILW�ZLWK�D�PDWKHPDWLFDO�PRGHO�WR�
solve for a variety of thermal properties.2 Similarly, the newly developed technique, steady-state 
thermoreflectance (SSTR), uses a modulated continuous wave laser with varying pulse powers to 
heat the sample, while a secondary beam monitors steady-state changes in reflectivity as a function 
of pump power. ASSO\LQJ�)RXULHU¶V�/DZ��ZH�FDQ�WKHQ�FDOFXODWH�WKHUPDO�FRQGXFWLYLW\�LQGHSHQGHQW�RI�
heat capacity.3 By adding a motorized stage to each of these techniques we are able to capture 
spatial changes in thermal conductivity. The resultant maps demonstrate the extreme anisotropy 
present in these composites between fiber orientations, and help illuminate the dominant local heat 
transfer mechanisms as well as possible sources of thermally induced failure.  
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The knowledge of the heat capacity and thermal conductivity of nuclear fuel is extremely 

important not only to predict the fuel performance during in-reactor irradiation, but also to understand 
the heat dissipation process during interim storage and after disposal of the Spent Nuclear Fuel 
(SNF) in the final repository. In interim dry storage, the engineering measures must ensure that the 
temperature does not exceed maximum specified limits, in order to limit the occurrence of potentially 
degrading phenomena, such as corrosion1. 

The purpose of the present work is the use of high-frequency acoustic microscopy for the 
determination of heat capacity and of the B parameter of thermal conductivity O��expressed in the 
form O�= (A+BT)-1, in uranium dioxide and chemical analogues of irradiated uranium dioxide having 
simulated burnup in the range 30-���*:GÂW--1HM. The high-frequency acoustic microscope is installed 
in one of the hot-cells of the Joint Research Centre Karlsruhe and allows direct examination of 
irradiated fuel pellet sections. The measurements are performed at room temperature. 

Heat capacity at constant pressure (Cp) is derived by using the relations existing between the 
longitudinal/transverse acoustic waves and the Rayleigh surface wave velocities; the single 
parameter model developed by Debye is successively applied2. 

The obtained values of Cp are compared with those obtained by Lucuta et al. with a standard 
differential calorimeter3 and show good agreement; in both works, a trend in the heat capacity 
variation as a function of the burnup is not observed. 

The B parameter of the thermal conductivity is calculated by using the model developed by 
Liebfried and Schlömann and reviewed by Slack4. The results are successively compared with the 
values obtained by Lucuta et al.3 by using both laser flash technique and modulated electron beam 
methods.  

A moderate decrease of B parameter as a function of the simulated burnup is obtained in 
both cases. 
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The surface and transport properties playing the key role in the solidification and therefore, in 

the microstructural evolution of liquid Al-Ni and Ni-Al based industrial alloys have been investigated. 
The surface tension and viscosity over the whole concentration range has been determined in the 
frameworks of a few international research projects1-3. Namely, the surface tension and viscosity 
measurements have been carried out by both traditional container-based and as an alternative, 
containerless methods. The daasets obtained by different experimental methods were compared 
and analysed by theoretical models indicating the most appropriate models. A strong exothermic 
mixing characterises the Al-Ni system and the presence of a few intermetallic compounds in the solid 
state leads to the formation of short range ordered elements or complexes in the liquid phase, at 
least near the melting temperature, which significantly affects both the surface and transport 
properties of binary and multicomponent alloy melts. The effects of short range ordering on these 
properties, are properly described by the Compound Formation Model (CFM) and Terzieff’s model, 
respectively. 
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We present developments on the Square Pulse Thermoreflectance (SPTR) measurement 
technique, wherein periodic square-wave heating is applied to the surface of a sample, and the 
resulting transient temperature response is monitored. Similar experiments have been performed in 
the past, simply fitting an exponential decay to the temperature response, and only recently has a fully 
analytical model for the temperature response been applied. In this study, we make robust 
advancements in the uncertainty quantification for measurements made using this technique, and we 
apply the technique to the measurement of bulk metals and high-entropy materials for various high 
temperature applications. 

SPTR has several advantages over related techniques such as Time Domain, Frequency 
Domain, or Steady State Thermoreflectance (TDTR, FDTR, SSTR, respectively). All are optical pump / 
probe techniques in which a pump beam heats the sample, while a probe beam measures the pump-
induced changes in reflectivity (related to the temperature changes within the sample). All typically 
require the use of a metal film to serve as a transducer, which 1) provides an extremely small optical 
heating depth (10s of nanometers), 2) is a surface with known reflective properties so as to measure 
the temperature rise and 3) ensures the timescale of electronic effects are sufficiently short so to not 
affect significantly affect the measurement at high modulation frequencies. Thermochemical and 
thermomechanical effects often yield poor film adhesion at high temperatures, limiting the temperature 
ranges at which these established techniques can be used. Similarly, the requirement in SSTR for a 
reference sample with an optically-identical surface means that even if the above concerns are 
mitigated, the technique is still impossible without the use of a transducer.

By monitoring the shape of the temperature response waveform as opposed to the magnitude 
of the thermoreflectance signal however, we can eliminate the use of a transducer entirely, along with 
the need for a reference sample in steady state operation. Elimination of the transducer thus enables 
measurements at high temperatures, while also limiting uncertainty of measured parameters that 
would result from the propagation of uncertainty of the transducer properties. We also highlight the 
opposing sensitivities to parameters such as thermal conductivity and heat capacity, suggesting that a 
combination of SPTR with existing techniques could serve as a means for the simultaneous 
measurement of both, which has historically been a challenge. 
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Plasmas are an indispensable materials engineering tool due to their unique 

ability to deliver a flux of species and energy to a surface. This energy flux serves 
to heat the surface out of thermal equilibrium with bulk material, thus enabling local 
physicochemical processes that can be harnessed for material manipulation. 
However, to-date, there have been no reports on the direct measurement of the 
localized, transient thermal response of a material surface exposed to a plasma. 
Here, we use time-resolved optical thermometry in-situ to show that the energy flux 
from a pulsed plasma serves to both heat and transiently cool the material surface. 
To identify potential mechanisms for this ‘plasma cooling,’ we employ time-resolved 
plasma diagnostics to correlate the photon and charged particle flux with the thermal 
response of the material. The results indicate photon-stimulated desorption of 
adsorbates from the surface is the most likely mechanism responsible for this 
plasma cooling. 
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Thermal and environmental barrier coatings for jet turbine engines must possess the ability 
to thermally insulate the underlying coatings and turbine blades from the hot environments.  
Current and next generation coatings rely on zirconate and silicates with additional rare 
earth oxides that help to drive down the thermal conductivity, among other pertinent 
properties such as CTE matching, environmental stability, etc.  However, one down side of 
these materials in their current manifestation is their transparency to the radiance emitted 
from hot areas of the engine environment, which can transmit directly through the 
thermal/environmental barrier coating and absorb directly with the underlying layers, thus 
providing heating via radiation.  However, with proper selection of rare earth elements in 
the zirconate or silicate coatings, the strong visible and near IR absorption bands from 
selected rare earth oxides can act as additional radiation barriers, thus creating a “radiation 
barrier coating”. 
 
IN this work, we present a series of works in which we measure the thermal conductivity, 
melting temperature and spectral radiance of rare earth silicate and zirconate crystals.  We 
show that silicates with multiple rare earth cations can lead to exceptionally low thermal 
conductivity, but this in turn can suppress the melting temperature.  We use a novel pump-
probe thermoreflectance-based measurement approach to create thermal conductivity 
maps of thermally cycled rare earth silicate two phase coatings, providing spatial resolution 
of thermal conductivity changes during defect formation and phase perciptitation after 
thermal cycling. Finally, we measure the spectral radiance in the visible for rare earth 
zirconia close to its melting temperature by using a high power continuous wave laser 
source for heating, and a spectro-pyrometer to monitor the role that rare earth cations have 
on blackbody emission to evaluate these materials as positional radiative barrier coatings. 
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