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The available experimental data for the density, thermal conductivity, and viscosity of liquid titanium, 

zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, and tungsten have been critically 

examined with the intention of establishing reference correlations. All experimental data have been categorized 

into primary and secondary data according to the quality of measurement, the technique employed, and the 

presentation of the data, as specified by a series of criteria. In the case of the density, new reference correlations 

are proposed for liquid titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, 

and tungsten, characterized by an expanded uncertainty (95 %) of 2.0 %, 2.1 %, 1.9 %, 2.2 %, 2.4 %, 2.6 %, 

3.2 %, 2.1 %, and 4.1 %, respectively. The thermal conductivity reference correlations for the aforementioned 

liquid metals, except liquid chromium, are characterized by an expanded uncertainty (95 %) of 14.3 %, 8.4 %, 

6.1 %, 11.4 %, 7.6 %, 4.0 %, 4.6 %, and 5.1 %, respectively. Finally, in the case of the viscosity, a review of 

the available literature shows very large deviations between data from authors for liquid titanium and 

zirconium, as well as a lack of measurements for the remaining melts. Hence, it is not justified to propose any 

kind of correlation for those cases. 
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1. Introduction 

There is a continual increase in the use of mathematical models to simulate a variety of processes involving 

liquid metals such as shape-casting, primary and secondary metal production, powder production by spray 

forming [1], and welding, but also in more specialized uses like self-repair of broken circuits that employ 

micro-capsules filled with liquid metals [2] and in the generation of extreme-ultraviolet light (EUV) for 

nanolithography [3, 4]. Depending on which aspect of the process is modeled, there is a need for density, 

thermal conductivity, and viscosity data for the relevant alloys. Historically, there are wide discrepancies in 

the thermal conductivity and viscosity data reported for the metallic elements and alloys [5]. For example, we 

found there is a spread of about 400 % in the reported values of the viscosity for molten aluminum and about 

100 % for molten iron [6]. For these reasons, in 2005, a project was initiated by the International Association 

for Transport Properties, IATP (former Subcommittee on Transport Properties of the International Union of 

Pure and Applied Chemistry, IUPAC) to critically evaluate the density, the viscosity, and the thermal 

conductivity of selected liquid metals. Thus  

- In 2006, we proposed reference correlations for the density and the viscosity of liquid aluminum and iron 

[6], as a result of a project partially financed by IUPAC. Following this, in 2010, we proposed reference 

correlations for the density and viscosity for liquid copper and tin [7]. The work continued and in 2012 

three sets of reference correlations for the density and viscosity were proposed. One set for liquid 

antimony, bismuth, nickel, lead, and silver was proposed [8], one for liquid cadmium, cobalt, gallium, 

mercury, indium, silicon, thallium, and zinc [9], and a third set for the liquid eutectic alloys Al+Si, Pb+Bi, 

and Pb+Sn [10]. 

- In 2017, the work was extended to reference correlations for the thermal conductivity of liquid copper, 

gallium, indium, iron, lead, nickel, and tin [11], and liquid bismuth, cobalt, germanium, and silicon [12]. 

- Finally, in 2018, we extended the work to molten salts, and proposed reference correlations for the thermal 

conductivity of 13 inorganic molten salts [13], and in 2019, for the viscosity of molten LiF-NaF-KF, LiF-

BeF2, and Li2CO3-Na2CO3-K2CO3 [14]. 

The current paper concludes the work on the density, thermal conductivity, and viscosity of pure liquid metals 

by presenting reference correlations for the liquid density and thermal conductivity of the group IV-VI 

elements titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, and tungsten. 

In the specific case of the viscosity however, we cannot justify the recommendation of any correlation, due to 

the present lack of low-uncertainty measurements.  

The analysis we use is based on the best available experimental data for the density, thermal conductivity, 

and viscosity. A prerequisite to the analysis is a critical assessment of the experimental data. Here we define 

two categories of experimental data: primary data, employed in the development of the correlation, and 

secondary data, used simply for comparison purposes. According to the recommendation adopted by the 

Subcommittee on Transport Properties of IUPAC, the primary data are identified by a well-established set of 

criteria [15]. These criteria have been successfully employed to establish standard reference values for the 

viscosity and thermal conductivity of fluids over wide ranges of conditions, with uncertainties in the range of 

1%. In the case of liquid metals, it was argued that these criteria needed to be relaxed slightly due to the larger 
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typical uncertainties in the relevant measurement methods. This is primarily due to (i) the difficulties associated 

with the techniques employed at such high temperatures and (ii) the purity of the liquid metal sample, which 

can be strongly affected by the surrounding atmosphere and the container used for the melt. 
 

2. Density 

2.1. Experimental techniques 

Among the experimental work identified for the density of molten materials, a variety of techniques have been 

employed to measure this property. Methods reported include electrostatic levitation, resistive wire heating, 

maximum bubble-pressure, sessile-drop, pendant-drop, and gamma absorption. Most of the methods have been 

presented in our previous compilation [6] and will only be discussed here very briefly.  

A large group of techniques for the measurement of the density of liquid metals at high temperature uses 

variations of the shadowgraph technique to determine the change of a specimen’s volume. The samples are 

generally illuminated with a light source, e.g., flash, UV, LED, laser, or X-ray, and the “shadow images” are 

recorded with the appropriate sensors – now often with fast CCD cameras when light sources are used. 

Assuming constant mass, measured before or after heating, the temperature-dependent density can easily be 

calculated. When combined with electromagnetic levitation (EML), a small drop of liquid metal is supported 

by electromagnetic forces using a high-frequency coil that also doubles as a heater. In the case of combined 

shadowgraph with electrostatic levitation (ESL), a small sample about 2 mm in diameter is levitated by a 

Coulomb force, which occurs by the interaction between the surface electronic charge in the sample and the 

electrical field. In the electrostatic levitation technique, the levitated sample is melted by the lasers (CO2, 

semiconductors, etc.) under a high vacuum or gas atmosphere. The only chemical interaction of the sample is 

with the surrounding atmosphere and not having contact with a crucible material is a major advantage of these 

levitation techniques. Processing the images under the assumption of rotational symmetry or using multiple 

images from orthogonal directions results in the needed volume change to calculate the temperature-dependent 

density. 

A different approach for heating a sample without crucible contact is realized in the fast resistive pulse 

heating technique (aka resistive wire heating, wire explosion, µs-pulse heating, isobaric expansion 

experiment). Here too a background light source illuminates the fast-expanding wire and the change in 

diameter is detected from the intensity profile. The recorded volume change is related to density in the liquid 

phase using a known or measured density at room temperature. 

The sessile-drop technique evaluates the volume change from the projected image of a liquid drop of 

known mass resting on a plate or substrate. Provided the shape of the drop is fully symmetrical, the volume of 

the drop and hence its density, can accurately be calculated.  

The maximum-bubble-pressure technique is based on the formation of a hemispherical bubble of an inert 

gas at the tip of a capillary tube immersed to a certain depth in the melt. The density can be determined by 

measuring the difference in the overpressure required to form a hemispherical bubble of the inert gas at the tip 
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of the capillary at different depths in the liquid. Alternatively, two identical capillaries at different depth can 

be used to cancel out depth-independent influencing factors like surface tension on the tip of the capillary.  

Finally, the gamma absorption, aka gamma radiation attenuation or gamma densimeter technique is based 

on the attenuation of a γ-ray beam passing through the liquid metal. The incident beam is attenuated 

proportional to the mass absorption coefficient, the sample thickness, and the density of the liquid metal 

sample. Under the assumption that the first two factors stay constant, the change in density of a heated 

specimen can be determined from the signal change of the gamma radiation detector. 

 

2.2. Data compilation 

We surveyed the published literature, assisted by the NIST Alloy data web application [16], and present in 

Table 1 the data sets for the density of liquid titanium, zirconium, hafnium, vanadium, niobium, tantalum, 

chromium, molybdenum, and tungsten. In this table the publication year, the technique employed, the purity 

of the sample, and the uncertainty quoted by the author are presented. Melting temperatures, Tm (K), are also 

given [17]. Furthermore, the form in which the data are presented, and the temperature range covered, are 

noted too. As in our previous publications [6-9], the minimum temperature considered was the melting 

temperature. In the last two columns of Table 1, the average absolute percent deviation (AAD) and the bias 

percent (BIAS) are also given; these will be defined and discussed in detail later. Also note that Table 1 does 

not include publications [18-31] that were superseded by more recent ones from the same authors, unless the 

temperature range of measurements was different.  

The data sets have been classified into primary and secondary sets according to the criteria referenced 

earlier. In deriving the correlation, as in our previous publications, the primary data are weighted inversely 

proportional to their uncertainty squared. Hence investigators that did not quote the uncertainty of the 

measurements were not included in the primary data set. The only exception to this were the measurements of 

Tsu et al. [32] which were included in the primary set for chromium, as otherwise, there were only three data 

sets available. Since these investigators quoted no uncertainty, their measurements were included with an 

uncertainty of double the highest value in the group. When instead of measurements, an equation was given, 

the number of calculated values included in the table depended on the temperature range and the uncertainty 

quoted. We also note that the tungsten measurements of Berthault et al. [33] were not included in the primary 

dataset as they were consistently lower by about 9% from all the others, as will be shown later on.  
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TABLE 1  Data sets considered for the density of liquid titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, and tungsten. 
 

       Authors/Reference 
Publ. 

year 

Technique 

employeda 

Purity 

(mass %) 

Uncertainty 

quoted (%) 

No of 

data 

Form of 

datab 

Temperature 

range (K) 

  AAD 

  (%) 

BIAS 

(%) 

Titanium (Tm = 1941 K)   

Primary Data 0.89 0.45 

Reiplinger and Brillo [34] 2022 EML 99.999u 1.0 19 D 1949-2088 0.41 0.23 

Watanabe et al. [35] 2019 EML 99.9          2.5d 23 D 1946-2180 0.70 -0.14 

Zou et al. [36]  2018 ESL 99.999u 1.0 2 D 1942-1993 0.82 0.82 

Ozawa et al. [37] 2017 ESL 99.85 1.4d 34 D 1943-2091 0.39 -0.39 

Rausch [38] 2015 ESL 99.5 2.0 80 D 1941-2076 1.35 1.35 

Gathers et al. [39] 1983 RPHeat 99.9 3.0 19 D 1950-3520 0.46 -0.26 

Ivashchenko and Martsenyuk [40] 1973 PenDrop na 2.0 1 T 1941 2.18 -2.18 

Saito et al. [41] 1969 EML 99.8u 1.5 7 D 1989-2373 1.01 -0.98 

Secondary Data   

Lee et al. [42] 2013 ESL 99.995u na 6 D 1949-1974 1.58 -1.58 

Seydel and Kitzel [43] 1979 RPHeat na na 12 E 1941-2500 11.1 -11.1 

Elyutin et al. [44] 1970 PenDrop na na 1 T 1941 2.89 -2.89 

Maurakh [45] 1964 MaxBP2C na na 10 E 1958-2373 4.17 -4.17 

Elyutin and Maurakh [46] 1956 PenDrop 98.7u na 1 T 1941 2.66 -2.66 

Zirconium (Tm = 2128 K)   

Primary Data 0.80 0.24 

Nawer and Matson [47] 2023 ESL (ground) 99.9u 1.5 10 E 2128-2380 0.76 0.76 

Nawer and Matson [47] 2023 ESL (space) 99.9u 1.5 10 E 2128-2380 0.40 0.4 

Zhao [48] 2020 ESL 99.9 1.0 47 D 2130-2350 1.14 -1.11 

Yoo et al. [49] 2015 ESL 99.95 1.1 12 D 2130-2190 0.47 -0.03 

Ishikawa and Paradis [19] 2005 ESL na 2.0 45 D 2129-2739 1.75 1.75 

Korobenko and Savvatimskii [50] 2003 RPHeat 99.78 2.0 80 T 2128-4100 0.21 0.17 

Ivashchenko and Martsenyuk [40] 1973 PenDrop na 2.0 1 T 2128 0.16 -0.16 

Secondary Data   

Ohishi et al. [51] 2020 ESL na na 89 D 2126-2456 1.68 1.68 

Elyutin et al. [44] 1970 PenDrop na na 1 T 2128 8.20 -8.20 

Maurakh [45] 1964 MaxBP2C na na 1 T 2148 0.58 -0.58 

Hafnium (Tm = 2500 K)   

Primary Data 0.75 0.25 

Yoo et al. [49] 2015 ESL 99.5 1.0 9 D 2512-2590 1.24 1.24 

Cagran et al. [52] 2008 RPHeat 97.0   5.0d 12 T 2500-3500 3.32 3.32 
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Korobenko and Savvatimskii [53] 2007 RPHeat 99.3 1.5 90 D 2537-4981 0.33 -0.27 

Ishikawa et al. [20] 2005 ESL nac 2.0 5 E 2500-2700 0.60 -0.60 

Paradis et al. [54] b  2003 ESL 97.0 2.0 17 D 2527-2871 0.79 -0.79 

Arkhipkin et al. [55] 1976 PenDrop 99.0 4.0 1 T 2500 3.38 -3.38 

Ivashchenko and Martenyuk [40] 1973 PenDrop na 2.0 1 T 2500 0.57 0.57 

Secondary Data   

-          

Vanadium (Tm = 2183 K)   

Primary Data 0.90 -0.07 

Reiplinger and Brillo [34] 2022 EML 99.995 1.0 27 D 2186-2251 0.79 0.69 

Paradis et al. [56] 2002 ESL 99.7 2.0 16 D 2183-2244 0.86 -0.86 

Stankus [57] 1993 GamAbs 99.3 0.5 34 T 2190-2396 1.07 -1.07 

Gathers et al. [58] 1979 RPHeat na 3.0 17 T 2190-4500 0.56 0.56 

Ivashchenko and Martenyuk [40] 1973 PenDrop na 2.0 1 T 2183 2.30 -2.30 

Saito et al. [41] 1969 EML 99.8 2.2 7 D 2198-2467 2.01 -2.01 

Secondary Data   

Seydel and Kitzel [43] 1979 RPHeat na na 10 E 2183-6600 5.64 -1.14 

Elyutin et al. [44] 1970 PenDrop na na 1 T 2183 3.93 -3.93 

Maurakh [45] 1964 MaxBP2C na na 1 T 2203 4.15 4.15 

Niobium (Tm = 2742 K)   

Primary Data 0.94 -0.02 

Jeon et al. [59] 2022 ESL 99.95u 1.4d 10 D 2761-2841 0.37 -0.37 

Leitner and Pottlacher [60] 2019 RPHeat 99.9 1.3 44 T 2747-5848 0.95 0.35 

Yoo et al. [49] 2015 ESL 99.95 2.2 2 D 2749-2768 0.23 0.23 

Ishikawa and Paradis [19] 2005 ESL na 2.0 6 E 2742-3000 0.70 0.70 

Hixson and Winkler [61] 1992 RPHeat na 3.0 10 T 2750-4450 1.59 -1.30 

Shaner et al. [62] 1977 RPHeat 99.5 2.0 8 T 2742-4110 1.13 -0.43 

Ivashchenko and Martenyuk [40] 1973 PenDrop na 2.0 1 T 2742 1.23 -1.23 

Secondary Data   

Elyutin et al. [44] 1970 PenDrop na na 1 T 2742 0.84 -0.84 

Tantalum (Tm = 3293 K)   

Primary Data 1.11 -0.27 

Jeon et al. [59] 2022 ESL 99.95 1.3 3 D 3293-3332 1.37 -1.37 

Leitner et al. [63] 2018 RPHeat 99.9 1.4-2.3d 40 T         3299-6400 0.87 0.08 

Paradis et al. [54] 2003 ESL na 2.0 13 D 3317-3584 0.75 0.75 

Berthault et al. [33] 1986 RPHeat 99.9 2.0 13 T 3293-6180 2.19 -2.19 

Secondary Data   
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Dal et al. [64] 2019 SesDrop na na 20 D 3298-3524 2.13 2.13 

Gathers [65] 1983 RPHeat 99.9u na 14 T 3293-7250 7.51 -7.04 

Chromium (Tm = 2180 K)   

Primary Data 1.66 1.00 

Stankus [57] 1993 RPHeat 99.3 0.5 3 T 2200-2400 0.76 0.76 

Makeev and Popel [66] 1990 GamAbs 99.97 0.2 14 D 2186-2246 0.92 -0.92 

Tsu et al. [32] 1978 ESL 99.79 na 10 D 2206-2363 2.26 2.26 

Saito et al. [41] 1969 EML 99.79 2.2 5 D 2275-2503 2.38 2.38 

Secondary Data   

-          

Molybdenum (Tm = 2896 K)   

Primary Data 0.73 0.15 

Jeon et al. [59] 2022 ESL 99.95 1.3 8 D 2898-2984 0.32 -0.32 

Paradis et al. [56] 2002 ESL na 2.0 12 D 2918-3007 0.34 0.25 

Hixson and Winkler [61] 1992 RPHeat 99.97 4.0 11 T         2896-5033 1.62 1.51 

Pottlacher et al. [67] 1991 RPHeat 99.99 6.0 16 D 2896-5914 0.63 -0.60 

Shaner et al. [28] 1976 RPHeat na 4.0 1 T 2896 0.23 -0.23 

Secondary Data   

Seydel & Kitzel [43] 1979 RPHeat na na 16 E 2896-7000 6.83 -6.78 

Elyutin et al. [44] 1970 PenDrop na na 1 T 2896 0.41 0.41 

Tungsten (Tm = 3695 K)   

Primary Data 1.40 -0.35 

Leitner and Pottlacher [60] 2019 RPHeat 99.95 1.3d 24 T 3698-5631 0.96 0.07 

Paradis et al. [68] 2006 ESL 99.95 2.0 3 D         3696-3699 4.51 -4.51 

Koval et al. [69] 1997 RPHeat na 3.0 8 D 3728-5818 0.98 0.62 

Shaner et al. [28] 1976 RPHeat na 4.0 1 T 3695 5.17 -5.17 

Secondary Data   

Dal et al. [64] 2019 PenDrop na na 30 D 4016-4100 8.55 8.55 

Hess et al. [70] 1999 RPHeat na na 9 D 4162-5895 5.16 -4.87 

Berthault et al. [33] 1986 RPHeat 98.0 2.0 11 T 3695-5340 8.55 -8.55 

Seydel and Kitzel [43] 1979 RPHeat na na 12 E 3695-5800 8.92 -8.92 
a   EML, Electromagnetic Levitation; ESL, Electrostatic Levitation; GamAbs, Gamma Absorption; MaxBP2C Maximum Bubble Pressure with 2 Capillaries; 
  PenDrop, Pendant Drop; RPHeat, Resistive Pulse Heating; SesDrop, Sessile Drop.   
b D. Diagram; E, Equation; T, Table values 
c Includes 3% Zr 
d 95% confidence level 
u Unspecified purity (mass or molar)  
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2.3.  Density reference correlation 

The primary density data for liquid metals, shown in Table 1, were employed in a linear regression analysis to 

represent the density at 0.1 MPa as a function of the temperature. The data were weighted inversely 

proportional to their uncertainty squared (uncertainties quoted at the 95 % confidence level were reduced by a 

factor of 2). The following equations were obtained for the density, ρ (kg·m-3), as a function of the absolute 

temperature, T (K): 

 m1 2 ( )c c T T = + −  (1) 

and the coefficients c1 (kg·m-3), c2 (kg·m-3·K-1), as well as the melting temperature Tm (K), are shown for each 

liquid metal, in Table 2. In the same table the expanded uncertainty (95 %), denoted as 2σ (95%), of each 

equation is also shown.  

 We define the percent deviation as PCTDEV = 100(ρ − ρfit)/ρfit, where ρ is the experimental value of the 

density and ρfit is the value calculated from Eq. 1 – with equivalent relations for the thermal conductivity. The 

average absolute percent deviation (AAD) is found with the expression AAD = (∑│PCTDEV│)/n, where the 

summation is over all n points, the bias percent is found with the expression BIAS = (∑PCTDEV)/n. The AAD 

and BIAS of the data of each investigator are shown in Table 1. The final parameters of the correlation fits, 

Eq. 1, are presented in Table 2. Figures 1-9 show the primary data and the correlation fit from the above 

equation for each liquid metal, with the vertical line indicating the melting point.  

 

TABLE 2  Normal melting temperature, temperature range, coefficients and expanded uncertainty (95 %) for Eq. 1 

 

 Tm  [17] 

(K) 

Trange 

(K) 

c1 

(kg·m- 3) 

c2 

(kg·m-3·K-1) 

2σ (95%) 

(%) 

Titanium 1941 1941 – 3520 4222.1 -0.3952 2.0 

Zirconium 2128 2128 – 4100 6100.0 -0.2420 2.1 

Hafnium 2500 2500 – 4981 11902.6 -0.6704 1.9 

Vanadium 2183 2183 – 4500 5517.0 -0.5895 2.2 

Niobium 2742 2742 – 5848 7664.0 -0.2943 2.4 

Tantalum 3293 3293 – 6400 14977.5 -0.6802 2.6 

Chromium 2180 2186 – 2503 6097.1 -0.6536 3.2 

Molybdenum 2896 2896 – 5914 9062.6 -0.3947 2.1 

Tungsten 3695 3695 – 5818 17146.4 -0.6769 4.1 
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Fig. 1  Primary density data and Eq. 1 for liquid titanium as a function of temperature. Reiplinger and Brillo 

[34] ( ), Watanabe et al. [35] (+), Zou et al. [36] (x), Ozawa et al. [37] ( ), Rausch [38] ( ), Gathers et al. 

[39] ( ), Ivashchenko and Martsenyuk [40] ( ), Saito et al. [41] (▲). Also shown, the melting temperature 

(--) and values calculated by Eq. 1 (__). 

 

 

Fig. 2  Primary density data and Eq. 1 for liquid zirconium as a function of temperature. Nawer and Matson 

[47]: Ground data (- -) Space data (…), Zhao [48] ( ), Yoo et al. [49] ( ), Ishikawa and Paradis [19] ( ), 

Korobenko and Savvatimskii [50] ( ), Ivashchenko and Martsenyuk [40] ( ). Also shown, the melting 

temperature (--) and values calculated by Eq. 1 (__). 
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Fig. 3  Primary density data and Eq. 1 for liquid hafnium as a function of temperature. Yoo et al. [49] (+), 

Cagran et al. [52] ( ), Korobenko and Savvatimskii [53] ( ), Ishikawa et al. [20] (__), Paradis et al. [54]  (

), Arkhipkin et al. [55] ( ), Ivashchenko and Martenyuk [40] (▲). Also shown, the melting temperature (--) 

and values calculated by Eq. 1 (__). 

 

 

Fig. 4  Primary density data and Eq. 1 for liquid vanadium as a function of temperature. Reiplinger and Brillo 

[34] ( ), Paradis et al. [56] (▲), Stankus [57] ( ),  Gathers et al. [58] ( ), Ivashchenko and Martenyuk [40] 

(x), Saito et al. [41] ( ). Also shown, the melting temperature (--) and values calculated by Eq. 1 (__). 
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Fig. 5  Primary density data and Eq. 1 for liquid niobium as a function of temperature. Jeon et al. [59] ( ), 

Leitner and Pottlacher [60] ( ), Yoo et al. [49] (+), Ishikawa and Paradis [19] (…), Hixson and Winkler [61] (

), Shaner et al. [62] (▲), Ivashchenko and Martenyuk [40] ( ). Also shown, the melting temperature (--) 

and values calculated by Eq. 1 (__). 

 

Fig. 6  Primary density data and Eq. 1 for liquid tantalum as a function of temperature. Jeon et al. [59] ( ), 

Leitner et al. [63] ( ), Paradis et al. [54] ( ), Berthault et al. [33] ( ). Also shown, the melting temperature 

(--) and values calculated by Eq.1 (__). 
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Fig. 7  Primary density data and Eq. 1 for liquid chromium as a function of temperature. Stankus [57] ( ), 

Makeev and Popel [66] (▲), Tsu et al. [32] ( ), Saito et al. [41] ( ). Also shown, the melting temperature (-

-) and values calculated by Eq. 1 (__). 

 
 

Fig. 8  Primary density data and Eq. 1 for liquid molybdenum as a function of temperature. Jeon et al. [59] (

), Paradis et al. [56] ( ), Hixson and Winkler [61] ( ), Pottlacher et al. [67] ( ), Shaner et al. [28] ( ). 

Also shown, the melting temperature (--) and values calculated by Eq. 1 (__). 
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Fig. 9  Primary density data and Eq. 1 for liquid tungsten as a function of temperature. Leitner and Pottlacher 

[60] ( ), Paradis et al. [68] ( ), Koval et al. [69] ( ), Shaner et al. [28] ( ). Also shown, the melting 

temperature (--) and values calculated by Eq. 1 (__). 

 

 

Examining Figures 1 to 9, it can be seen that some correlations, at higher temperatures, are based on 

measurements of only one investigator. This approach was also adopted in our previous correlations on molten 

metals and salts [6-15]. In such cases, the reader is advised to show caution. In more detail, looking at Figures 

1-9 together with the uncertainties quoted in Table 1 by the primary investigators, and the AAD of the fit, we 

note the following: 

a) Titanium, zirconium, hafnium, vanadium, niobium, tantalum 

There is excellent agreement, i.e., the AAD of the measurements of each investigator in the fit of Eq. 1 for 

each liquid melt agree very well with the quoted uncertainty.   

b) Chromium 

In this case, the data of Makeev and Popel [66] were linearly corrected as they employed a value for the 

melting temperature 90 K lower than the one employed here [17]. Furthermore, as already mentioned, the 

values of Tsu et al. [32] were included as the fourth set of primary data, with an estimated uncertainty of 

4 %, reasonable for the measurement method used, but ultimately still arbitrary, as no uncertainty was 

specified by the author. Keeping this discussion in mind, in the case of chromium, the AAD of the 

measurements of each investigator in the fit of Eq. 1 for each liquid melt agree relatively well with the 

quoted uncertainties. 

c) Molybdenum 
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In the case of molybdenum, we note that the values of Hixson and Winkler [61] are up to 3 % higher than 

all the others. Nevertheless, the deviations from the straight line are within the mutual uncertainties. 

d) Tungsten 

Finally, in the case of tungsten, as already mentioned, the 1986 data of Berthault et al. [33] were not 

considered in the primary data set as they were consistently lower than the other primary sets by about 9 % 

(see BIAS in Table 1) – although in the case of tantalum they were about 3 % lower.  

 

In conclusion, the reference correlations for the density of the nine liquid metals considered are 

characterized by an expanded uncertainty (95%) of less than 3 %, except for chromium (3.2 %) and tungsten 

(4.1 %), and cover a wide temperature range (except for chromium). As already stated, in the ranges where the 

correlation is based on the measurements of a single investigator, the reader should be more careful. Finally, 

values calculated from Eq. 1 with coefficients from Table 2 are presented in Section 5.  

 

 

3.  Thermal Conductivity 

So far, there have been a few compilations of the thermal conductivity of the Group IV-VI liquid metals. In 

1966, Powell et al. [71], and in 1971, Touloukian et al. [72] (also in part published as a journal article by Ho 

et al. [73]), published such compilations but with very few data in the liquid phase of these metals. Following 

the publication of more measurements in the literature, in 1996 Mills et al. [74] published a very comprehensive 

compilation. For the nine liquid metals considered here, Mills et al. [74] proposed a single thermal conductivity 

value at the melting point (with the exception of Cr). Since then, very few recommendations have been 

published for individual liquid metals, covering a wide temperature range. In this work, new recommendations 

for the thermal conductivity of these liquid metals are presented. 

 

3.1. Experimental techniques 

In the case of the thermal conductivity of liquid metals, very few investigators directly measured the thermal 

conductivity, most measured electrical resistivity, as described later. Direct thermal conductivity measurements 

include Watanabe et al. [75, 76], who employed the laser modulation calorimetry (ModCal) technique that uses 

a superconducting magnet to generate a static magnetic field that suppresses surface oscillation, translational 

motion of the droplet, and convection flow in the droplet. The top of the levitated sample is periodically heated 

by laser irradiation, and the temperature response at the bottom of the droplet is detected by a pyrometer. The 

value of the thermal conductivity is obtained by analyzing the temperature variation with the modulation 

frequency and the phase shift between laser power and temperature response.  

In order to measure the thermal diffusivity of liquid metals, Zinovyev and his collaborators [77-84] 

employed the plane temperature wave (PTW) technique. In this case, a plane temperature wave is created by 

the electronic bombardment of a small area of the sample, resulting in a mean temperature increase at a rate of 

500 K/sec.  Oscillations of the surface temperature of the specimen, as well as the values of the phase shift 
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after each modulation period, were registered. To register the point at which the specimen melts, as well as the 

diffusivity, the signal increase was measured and the melting process was recorded on a magnetic video sound 

recorder. 

However, many investigators go the path of measuring electrical conductivity, or electrical resistivity, 

instead of thermal conductivity. Heat transport and thus thermal conductivity through a metal needs carriers. 

One has to distinguish between the component of the thermal conductivity due to electrons and that due to 

thermal vibration of atoms. Assuming that for liquid metals thermal conductivity, λ, is dominated by the 

electronic contribution, the electronic component of the thermal conductivity can be calculated by the 

Wiedemann-Franz law [85], from the following equation 

 

 
e( )

T
L

T



= , (2) 

where ρe(T) is the temperature-dependent electrical resistivity and L (= 2.45×10-8 W·Ω·Κ-1) is the Loren 

number [85]. As will be shown in the following section, most of the thermal conductivity values quoted are 

based on the measurement of electrical conductivity and the use of Eq. 2. 

Electrical resistivity for liquid metals is most often obtained by a four-point probe technique in a resistive 

pulse heating (RPHeat) setup [26, 52, 67, 86-92]. The technique consists of passing a large current pulse (with 

the energy being pre-stored in a suitable device like a capacitor) through the material under investigation, 

shaped as a wire, which is mounted in series of a discharge circuit. Due to its Ohmic resistivity, the sample can 

be self-heated from room temperature far into the liquid phase within several microseconds. Experiments are 

typically performed in an inert atmosphere or vacuum. In such experiments, the electrical resistivity, ρe, is 

usually obtained from the equation [52] 

 e

2( )
( )

( )

U T r
T

I T l


 = , (3) 

where U(T) is the voltage drop across the sample, I(T) is the current through the setup, l is the active length of 

the wire, and r is the initial radius of the wire at room temperature. To be absolutely correct, the radius in Eq. 

3 should be the expanded-with-temperature radius, and not the initial one. This however can easily be corrected 

from the volume expansion of the wire, obtained from the change in density with temperature.  

In Table 3, measurements of the thermal conductivity are categorized by a superscript as  

- RES  :  electrical resistivity measurements where the volume expansion is included by the authors. 

- RES,IG : resistivity measurements at initial geometry (based on the initial volume of the wire). These 

measurements are not adjusted for the volume expansion by the authors. Hence, we have corrected 

them employing a) the density equations proposed in this work – extrapolated to higher 

temperature if necessary, as it is a linear regression, and b) the density at 298.15 K values of 4,506 

kg·m-3 (Ti), 8,570 kg·m-3 (Nb), 16,400 kg·m-3 (Ta), and 19,300 kg·m-3 (W) [17]. 

- TCC  :  thermal conductivity values directly proposed by the authors, irrespective of the method 

employed. These values are used unchanged for the correlation. 
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- DIF : diffusivity measurements. For the conversion of thermal diffusivity to thermal conductivity, we 

employed a) the density equations proposed in this work – extrapolated in temperature, if 

necessary, as it is a linear regression, and b) the heat capacity constant values for the liquid melts 

of 33.51 J·mol-1·K-1 (Ti), and 47.28 J·mol-1·K-1 (V) [5]. We do note that in this case the uncertainty 

given refers to the diffusivity, hence the actual thermal conductivity uncertainty should be about 

2-3 % higher. 

 

Finally, it should be noted that techniques that measure directly the thermal conductivity or the thermal 

diffusivity are expected to produce more accurate results than those that calculate the thermal conductivity 

from the measurement of the electrical conductivity assuming the validity of the Wiedemann-Franz Law in the 

liquid phase.   

 

 

3.2.  Data compilation 

Table 3 presents the data sets found in the published literature for the thermal conductivity of liquid titanium, 

zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, and tungsten. Similar to Table 1, 

the publication year, the technique employed, the purity of the sample, and the uncertainty quoted by the author 

are presented. Melting temperatures are also given [17]. Furthermore, the form in which the data are presented, 

and the temperature range covered, are also noted. As already discussed, the minimum temperature considered 

was the melting temperature. In the last two columns of Table 3, the average absolute percent deviation (AAD) 

and the bias percent (BIAS) are also given. We also note that Table 3 does not include publications ([28, 69, 

93-103]) that were superseded by more recent ones from the same authors, unless the range of measurements 

was different. The data sets have been classified into primary and secondary according to the criteria presented 

earlier.  

 



17 

 

TABLE 3  Data sets considered for the thermal conductivity of liquid titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, molybdenum, and tungsten. 
 

       Authors/Reference 
Publ. 

year 

Technique 

employeda 

Purity 

(mass %) 

Uncertainty 

quoted (%) 

No of 

data 

Form of 

datab 

Temperature 

range (K) 

  AAD 

  (%) 

BIAS 

(%) 

Titanium (Tm = 1941 K)   

Primary Data 7.11 -3.13 

Watanabe et al. [75] TCC 2020 ModCal 99.9 6.0* 9 E 1943-2096 11.58 11.58 

Wilthan et al. [90] RES,IG 2005 RPHeat 99.6 4.0 12 E 1943-2500 10.46 -10.46 

Zinovyev et al. [84] TCC 1986 PTW 99.95u   7.0 9 D 1943-2060 2.58 -0.71 

Polev [78] DIF 1985 PTW 99.5 4.0 2 D 1950-1960 7.12 7.12 

Geld et al. [77] TCC 1982 PTW 99.9u 7.0 11 D 1971-2050 5.93 -5.93 

Seydel and Fucke [91] RES 1980 RPHeat 99.9u 6.0 17 E 1947-5000 5.99 -5.99 

Secondary Data      

-          

Zirconium (Tm = 2128 K)   

Primary Data 5.72 -4.43 

Brunner et al. [86] TCC 2003 RPHeat 99.2u 12.0 7 D 2130-2301 4.87 -4.87 

Korobenko and Savvatimsky [50] RES 2003 RPHeat 99.78u 3.0 79 T 2150-4100 5.39 -5.39 

Zinovyev et al. [81] TCC 1985 PTW 99.5 na 5 D 2139-2239 13.40 13.40 

Gathers [39] RES,C 1983 RPHeat 99.8 na 12 D 2189-4275 5.40 -5.40 

Martynyuk et al. [104] RES 1975 RPHeat 99.76u 2.0 1 T 2128 3.48 -3.48 

Secondary Data   

-          

Hafnium (Tm = 2500 K)   

Primary Data 2.58 -0.18 

Cagran et al. [52] TCC 2008 RPHeat 97.0   5.0 12 E 2500-3500 2.28 -2.28 

Zinovyev et al. [81] TCC 1985 PTW 99.5 na 5 D 2528-2615 4.17 4.17 

Martynyuk et al. [104] RES 1975 RPHeat 99.0u 2.0 1 T 2500 3.18 3.18 

Secondary Data   

-          

Vanadium (Tm = 2183 K)   

Primary Data 5.77 -2.63 

Watanabe et al. [76] DIF 2023 ModCal 99.90 6.9* 7 D 2185-2247 9.45 9.45 

Pottlacher et al. [89] TCC 2007 RPHeat 99.8 6.0 15 D 2199-2900 5.32 -5.32 

Taluts et al. [79] TCC 1988 PTW na na 1 T 2250 1.23 1.23 

Zinovyev et al. [84] TCC 1986 PTW 99.95u 7.0 3 D 2220-2255 8.40 -8.40 
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Seydel and Fucke [91] RES 1980 RPHeat 99.9u 6.0 18 D     2184-6600d 2.89 -1.75 

Gathers et al. [58] RES 1979 RPHeat na na 15 T 2190-4200d 5.39 -5.39 

Secondary Data   

-          

Niobium (Tm = 2742 K)   

Primary Data 3.80 -1.71 

Wilthan et al. [90] RES,IG 2005 RPHeat 99.9 4.0 11 E 2745-3700 2.04 -2.04 

Hixson and Winkler [61] RES 1990 RPHeat na na 9 T 2750-4450 3.38 -3.38 

Taluts et al. [79] TCC 1988 PTW na na 2 T 2750-2800 4.72 4.72 

Cezairliyan and McClure [105] RES,IG 1987 RPHeat na 3.0 5 E 2800-3200 5.00 -5.00 

Zinovyev et al. [82] TCC 1986 PTW 99.7 8.0 4 D 2743-2839 3.04 1.59 

Gallob et al. [27] RES 1985 RPHeat 99.9u 5.0 19 D 2904-6482e 4.27 4.27 

Shaner et al. [62] RES 1977 RPHeat 99.5 na 8 T 2742-4110 5.04 5.04 

Martynyuk et al. [104] RES 1975 RPHeat 99.94u 2.0 1 T 2742 3.94 3.94 

Secondary Data   

-          

Tantalum (Tm = 3293 K)   

Primary Data 1.64 -0.94 

Jäger et al. [26] RES 1992 RPHeat 99.97 9-13 22 T 3350-7400 1.33 0.25 

Berthault et al. [33] RES 1986 RPHeat 99.98 4.0 12 T 3630-6180 1.19 -0.67 

Zinovyev et al. [82] TCC 1986 PTW 99.90u 8.0 3 D 3296-3309 3.63 -3.63 

Gathers et al. [65] RES 1983 RPHeat na na 13 T 3616-7250 0.32 0.04 

Shaner et  al. [92] RES 1977 RPHeat 99.9 na 14 T 3520-6900 3.10 -3.10 

Lebedev et  al. [103] RES,IG 1971 RPHeat 98.8 2.0 1 T 3293 6.25 -6.25 

Secondary Data   

-          

Chromium (Tm = 2180 K)   

Primary Data   

Levin et al. [106] RES 1964 RMagnF 99.98u 7.0 2 D 2186-2198 - - 

Secondary Data   

-          

Molybdenum (Tm = 2896 K)   

Primary Data 2.00 -0.62 

Cagran et al. [87] TCC 2004 RPHeat 99.95 12.0 17 D 2896-3662 1.15 -1.15 

Pottlacher [88] TCC 1999 RPHeat na 15.0 6 E 2896-5000f 2.72 2.72 

Hixson and Winkler [107] RES 1992 RPHeat 99.97u na 11 T 2896-5033f 1.51 -1.51 
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Taluts et al. [79] TCC 1988 PTW na na 2 T     2900,3000 1.73 -0.79 

Seydel and Fucke [91] RES 1980 RPHeat 99.96u 6.0 18 E 2896-7000f 1.97 -1.50 

Shaner et al. [92] RES  1977 RPHeat 99.9 na 10 T 3100-4450 2.75 -2.48 

Martynyuk et  al. [104] RES 1975 RPHeat 99.96u 2.0 1 T 2896 1.47 1.47 

Secondary Data   

Dikhter and Lebedev. [108] RES 1971 RPHeat na 5.0 68 D 2892-3663 10.68 -10.68 

Tungsten (Tm = 3695 K)   

Primary Data 1.79 -0.23 

Wilthan et al. [90] RES 2005 RPHeat 99.95 4.0 15 D         3737-5367 0.85 -0.85 

      Hess et al. [70] TCC  1999 RPHeat na         na 22 D 3920-10492g 1.83 -0.10 

Kuskova et al. [109] RES 1998 RPHeat na 8.0 9 D 3816-5822 1.13 -0.10 

McClure and Cezairliyan [110] RES,IG 1993 RPHeat 99.9 na 1 T 3695 1.43 1.43 

Hixson and Winkler [111] RES 1990 RPHeat 99.99u na 11 T 3790-5699 3.45 -3.29 

Taluts et al. [79] TCC 1988 PTW na na 1 T 3700 2.99 -2.99 

Berthault et al. [33] RES 1986 RPHeat 99.97 4.0 11 T 3840-5340 1.56 1.56 

Zinovyev and Taluts [83] TCC 1985 PTW na na 2 D 3697-3712 3.96 -3.96 

Seydel and Fucke [91] RES 1980 RPHeat 99.97u 6.0 15 E 3695-7500g 3.10 2.85 

Shaner et  al. [28] RES 1976 RPHeat na na 1 T 3695 4.66 4.66 

Dikhter and Lebedev [108] RES,IG 1971 RPHeat na 5.0 24 D 3698-4518 1.10 -0.29 

Secondary Data   

Martynyuk et  al. [104] RES 1975 RPHeat 99.9u 2.0 1 T 3698 10.45 10.45 

a  ModCal, Modulated Calorimetry; PTW, Plane Temperature Wave; RMagnF, Rotating Magnetic Field; RPHeat, Resistive Pulse Heating. 
b  D. Diagram; E, Equation; T, Table values,  
d restricted to 3900 K as after this temperature data from different sources deviated a lot from each other 
e restricted to 4500 K as after this temperature the data started to curve considerably 
f restricted to 4500 K as after this temperature data from different sources deviated a lot from each other 
g restricted to 6000 K as after this temperature data from different sources deviated a lot from each other 
DIF      Data from diffusivity measurements 
RES      Data from electrical resistivity corrected for volume expansion 
RES,IG   Data from electrical resistivity at initial geometry 
TCC Thermal conductivity measurements 
*   95% confidence level 
u  Unspecified purity (mass or molar)  
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3.3.  Thermal conductivity reference correlation 

The primary thermal data for liquid titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, 

molybdenum, and tungsten, shown in Table 3, were employed in a regression analysis as a function of  

temperature. The data were weighted inversely proportional to their uncertainty squared (uncertainties quoted 

at the 95 % confidence level were reduced by a factor of 2). When investigators quoted no uncertainty, their 

measurements were included with an uncertainty of double the highest value in the group. The following 

equation was chosen for the thermal conductivity, λ (W·m-1·K-1), as a function of the absolute temperature, T 

(K): 

 m m  2
0 1 2( ) ( )d d T T d T T = + − + − , (4) 

 

and the coefficients d0 (W·m-1·K-1), d1 (W·m-1·K-2), and d2 (W·m-1 K-3), as well as the melting temperature Tm 

(K), are shown for each liquid metal in Table 4. In the same table, the expanded uncertainty (95 %), denoted 

as 2σ (95 %), of each equation is also shown. The AAD and BIAS (defined in Section 2.3) of the data of each 

investigator from Eq. 4, as well as the whole fit for each liquid metal, are shown in Table 3. Figures 10-17 

show the primary data for each liquid metal with the melting point indicated by the dashed vertical line.  

 

 

 

TABLE 4  Normal melting temperature, temperature range, coefficients and expanded uncertainty (95 %) for Eq. 4 

 

 Tm  [17] 

(K) 

Trange 

(K) 

d0 

(W·m-1·K-1) 

d1 

(W·m-1·K-2) 

d2 

(W·m-1·K-3) 

2σ (95%) 

(%) 

Titanium 1941 1941 – 5000 30.693 12.294×10-3 -11.982×10-7 14.3 

Zirconium 2128 2128 – 4275 38.151 15.074×10-3 -13.172×10-7 8.4 

Hafnium 2500 2500 – 3500 37.891 14.080×10-3 0 6.1 

Vanadium 2183 2183 – 3900 42.045 14.007×10-3 -26.085×10-7 11.4 

Niobium 2742 2742 – 4450 62.680 19.386×10-3 -30.596×10-7 7.6 

Tantalum 3293 3293 – 6900 62.201 16.493×10-3 -13.040×10-7 4.0 

Chromium 2180 2186 – 2198 - - - - 

Molybdenum 2896 2896 – 4500 71.832 23.872×10-3 -34.946×10-7 4.6 

Tungsten 3695 3695 – 5800 65.260 18.595×10-3 -20.217×10-7 5.1 
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Fig. 10  Primary thermal-conductivity data and Eq. 4 for liquid titanium as a function of temperature. Watanabe 

et al. [75] (…), Wilthan et al. [90] (▬), Zinovyev et al. [84] ( ), Polev [78] (▲), Geld et al. [77] ( ), Seydel 

and Fucke [91] (- .). Also shown, the melting temperature (--) and values calculated by Eq. 4 (__). 
 

 

Fig. 11  Primary thermal-conductivity data and Eq. 4 for liquid zirconium as a function of temperature. Brunner 

et al. [86] ( ), Korobenko and Savvatimsky [50] ( ), Zinovyev et al. [81] ( ), Gathers [39] ( ), Martynyuk 

et al. [104] (x). Also shown, the melting temperature (--) and values calculated by Eq. 4 (__). 
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Fig. 12  Primary thermal-conductivity data and Eq. 4 for liquid hafnium as a function of temperature. Cagran 

et al. [52] ( ), Zinovyev et al. [81] ( ), Martynyuk et al. [104] (x). Also shown, the melting temperature (--

) and values calculated by Eq. 4 (__). 

 

Fig. 13  Primary thermal-conductivity data and Eq. 4 for liquid vanadium as a function of temperature. 

Watanabe et al. [76] ( ), Pottlacher et al. [89] ( ), Taluts et al. [79] ( ), Zinovyev et al. [84] (▲), Seydel 

and Fucke [91] ( ), Gathers et al. [58] (x). Also shown, the melting temperature (--) and values calculated by 

Eq. 4 (__). 
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Fig. 14  Primary thermal-conductivity data and Eq. 4 for liquid niobium as a function of temperature. 

Wilthan et al. [90] (…), Hixson and Winkler [61] ( ), Taluts et al. [79] ( ), Cezairliyan and McClure [105] 

(▲), Zinovyev et al. [82] ( ), Gallob et al. [27] ( ), Shaner et al. [62] ( ), Martynyuk et al. [104] (x).  

Also shown, the melting temperature (--) and values calculated by Eq. 4 (__). 

 

Fig. 15  Primary thermal-conductivity data and Eq. 4 for liquid tantalum as a function of temperature. Jäger 

et al. [26] ( ), Berthault et al. [33] ( ), Zinovyev et al. [82] ( ), Gathers et al. [65] ( ), Shaner et  al. [92] 

(▲), Lebedev et  al. [103] ( ). Also shown, the melting temperature (--) and values calculated by Eq. 4 (__). 
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Fig. 16  Primary thermal-conductivity data and Eq. 4 for liquid molybdenum as a function of temperature. 

Cagran et al. [87] ( ), Pottlacher [88] (…), Hixson and Winkler [107] ( ), Taluts et al. [79] ( ), Seydel and 

Fucke [91] (- .), Shaner et al. [92] (▲), Martynyuk et  al. [104] (×). Also shown, the melting temperature (--) 

and values calculated by Eq. 4 (__). 

 

Fig. 17  Primary thermal-conductivity data and Eq. 4 for liquid tungsten as a function of temperature. 

Wilthan et al. [90] (- .), Hess et al. [70] ( ), Kuskova et al. [109] ( ), McClure and Cezairliyan [110] (+), 

Hixson and Winkler [111] ( ), Taluts et al. [79] ( ), Berthault et al. [33] ( ), Zinovyev and Taluts [83] 
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(▲), Seydel and Fucke [91] ( ), Shaner et  al. [28] ( ), Dikhter and Lebedev [108] (×). Also shown, the 

melting temperature (--) and values calculated by Eq. 4 (__). 

 

 

 

Examining Figures 10-17 together with the AAD quoted in Table 3 and the uncertainties shown in Table 

4, we note the following: 

 

a) Titanium, zirconium, hafnium, and vanadium 

Looking at Figure 10, it becomes apparent that the calculated values (Wilthan et al. [90], and Seydel and Fucke 

[91]) by the Wiedemann-Franz Law are lower than the experimentally measured ones. Watanabe et al. [75] 

attempted to explain this behavior by suggesting that  the contribution of atomic thermal vibration to thermal 

conductivity cannot be ignored for the titanium melts, and hence questioned the accuracy of the Wiedemann-

Franz law. Therefore, the proposed reference correlation up to 2100 K is a weight average of all values, and 

following this up to 5000 K, the temperature slope is obtained from the measurements of Seydel and Fucke 

[91]. This way, within its deviation of 12.8% (at the 95% confidence level), the correlation should be valid. 

A very similar behavior can be observed in zirconium, hafnium, and vanadium. In all these cases, the 

thermal conductivity values obtained directly by the modulation calorimetry technique or the plane 

temperature wave are higher than those calculated by the Wiedemann-Franz law. Hence, the recommended 

correlation is obtained in the fashion outlined above. In the case of zirconium, in order to obtain the values of 

resistivity of Gathers et al. [39] as a function of temperature (they were given as a function of enthalpy), the 

values of Korobenko and Savvatimsky [50] of enthalpy as a function of temperature were employed.   

Furthermore, we note that in the case of vanadium the correlation is restricted to 3900 K as over this 

temperature, the two sets of measurements (Seydel and Fucke [91] and Gathers et al. [58] ) start to diverge 

with no apparent reason. 

b) Niobium, tantalum 

In the case of niobium and tantalum, the agreement among the investigators is much better. We note that the 

correlation for niobium is restricted to 4500 K as after this temperature the data (Gallob et al. [27]) started to 

curve considerably.  

c) Chromium 

In the case of chromium, there is only one set of measurements (Levin et al. [106]), obtained in a 4-point probe 

method on a liquid sample in a crucible in a furnace heater, with a 7 %  quoted uncertainty. There are also two 

sets of measurements (Van Zytveld [112], Baum et al. [113]) near the melting point, but they refer to a much 

lower melting temperature, and thus they were not included in this analysis. Therefore, no correlation as a 

function of the temperature can be obtained in this case. 

d) Molybdenum, tungsten 
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In both these last two melts, the temperature had to be restricted, to 4500 K for molybdenum (measurements 

of Pottlacher [88], Hixson and Winkler [61], and Seydel and Fucke [91]), and 6000 K for tungsten (Hess et al. 

[70] and Seydel and Fucke [91]), as above this temperature the measurements started to deviate much more 

from each other than their mutual uncertainties. It should also be noted that in the case of tungsten, the 

measurements of Martynyuk et al. [104] were not included in the primary data set, as they were much lower 

than all the other measurements of the thermal conductivity of tungsten. 

 

In conclusion, it seems that the calculated thermal conductivity values by the Wiedemann-Franz Law are 

systematically lower than the experimentally measured ones. Therefore, the proposed reference correlations in 

such cases at low temperature is a weighted average of all values, while the temperature slope is obtained from 

the measurements calculated by the Wiedemann-Franz Law. The reference correlations for the thermal 

conductivity of the eight liquid metals (except chromium) considered are characterized by an expanded 

uncertainty (95%) of less than 8 % (except for titanium and vanadium), and cover a wide range of temperatures. 

As already stated in the case of the density, in the ranges where the correlation is based on the measurements 

of a single investigator, the reader should be more careful. Finally, thermal conductivity recommended values 

calculated from Eq. 4 with coefficients from Table 4 are presented in Section 5.  

 

 

4. Viscosity  

4.1. Experimental techniques 

There exist a large number of methods to measure the viscosity of liquids, but those suitable for liquid metals 

are limited by the low viscosities of metals (of the order of 1 – 10 mPa s), their chemical reactivity, and 

generally high melting points. Proposed methods include: capillary; oscillating cup; rotational bob; oscillating 

plate; draining vessel; levitated drop, and acoustic methods. These methods have been presented in our 

previous compilations [6, 7] and will not be discussed here.  

Most measurements use some form of oscillating-cup viscometer. A vessel containing the test liquid, 

normally a cylinder, is suspended by a torsion wire and is set in motion about the vertical axis. The oscillatory 

motion is damped by viscous friction within the liquid, and consequently the viscosity is determined from the 

decrement and time period of the motion. The electrostatic levitation technique employed for the measurement 

of the density of liquid metals is also employed for the measurement of the viscosity. In the electrostatic 

levitation methods, viscosity was determined by measuring the decay time of the surface oscillation of the 

levitated sample. When employed properly, it can produce very good results.  

In the case of the measurement of the viscosity of liquid metals, the techniques employed are very 

sensitive to the impurities of the samples, and in particular to surface impurities like sulfur or oxygen. 
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4.2. Data compilation 

Table 5 presents the data sets found in the published literature that include original experimental measurement 

results for the viscosity of liquid titanium, zirconium, hafnium, vanadium, niobium, tantalum, chromium, 

molybdenum, and tungsten. As in Tables 1 and 3, the publication year, the technique employed, the purity of 

the sample, and the uncertainty quoted by the author are presented. Melting temperatures are also given [17]. 

The form in which the data are presented and the temperature range covered are also noted. The minimum 

temperature considered was the melting temperature. Note that Table 5 does not include publications [114-

118] that were superseded by more recent ones from the same authors, unless the range of measurements was 

different. When kinematic viscosity is quoted, the density correlations proposed at Section 2 were employed 

to calculate the dynamic viscosity. 

 

 

TABLE 5  Data sets considered for the viscosity of liquid titanium, zirconium, hafnium, vanadium, niobium, 

tantalum, chromium, molybdenum, and tungsten. 
 

       Authors/Reference 
Publ. 

year 

Technique 

employeda 

Purity 

(mass %) 

Uncertainty 

quoted (%) 

No of 

data 

Form of 

datab 

Temperature 

range (K) 

Titanium (Tm = 1941 K) 

Primary Data 

Rausch [38] 2016 ESL >99.95u 15 2 D 1958 

Ishikawa et al. [119] 2012 ESL 99.9u        10.3 15 D 1954-2122 

Agaev et al. [120] k 1980 OscCyl na 7 1 T 1942 

Grigoriev et al. [121] k 1957 OscCyl 99.0u 6 3 D 2013-2189 

Zirconium (Tm = 2128 K) 

Primary Data 

Nawer and Matson [47] 2023 ESL (ground) 99.9u 4.5 5 D 2198-2430 

Nawer and Matson [47] 2023 ESL (space) 99.9u 14.2 4 D 2237-2298 

Xue et al. [122] 2021 ESL na na 1 T 2347 

Ohishi et al. [51] 2020 ESL na 5 3 T 2220-2369 

Zhao [48] 2020 ESL 99.95 15-35 11 D 2132-2247 

Ishikawa et al. [119] 2012 ESL 99.5        10.3 30 D 2157-2445 

Agaev et al. [120] k 1980 OscCyl na 7 1 T 2132 

Elyutin et al. [123] k 1965 OscCyl na 10 5 D 2128-2428 

Hafnium (Tm = 2500 K) 

Primary Data 

Ishikawa et al. [119] 2012 ESL 99.9 10.3 14 D 2555-2778 

Agaev et al. [120] k 1980 OscCyl na 7.0 1 T 2503 

Vanadium (Tm = 2183 K) 

Primary Data 

Okada et al. [25] 2010 ESL 99.9 10.3 10 D 2234-2518 

Agaev et al. [120] k 1980 OscCyl na 7.0 1 T 2183 

Niobium (Tm = 2742 K) 

Primary Data 

Ishikawa et al. [119] 2012 ESL 99.9  10.3 5 D 2745-2861 

Tantalum (Tm = 3293 K) 

Primary Data 

Ishikawa et al. [124] 2013 ESL 99.95 10.3 8 D 3294-3513 

Chromium (Tm = 2180 K) 



28 

 

Primary Data 

Baum et al. [125] k 1967 OscCyl na na 8 D 2189-2214 

Molybdenum (Tm = 2896 K) 

Primary Data 

Ishikawa et al. [124] 2013 ESL 99.95 10.3 7 D 2917-3212 

Tungsten (Tm = 3695 K) 

Primary Data 

Paradis et al. [68] 2006 ESL 99.95u 15.0 2 D         3695 
a ESL, Electrostatic Levitation; OscCyl, Oscillating Cylinder 
b  D. Diagram; E, Equation; T, Table values 
u  Unspecified purity (mass or molar)  
k  Kinematic viscosity 

 

 

4.3.  Viscosity correlation 

 

Examining Table 5, we note that in the case of titanium and zirconium, there are measurements of various 

investigators. In the case of hafnium, there are only two sets of measurements, while in the case of vanadium, 

niobium, tantalum, chromium, and molybdenum there is only one set of measurements for each one. Finally 

in the case of tungsten only two viscosity values  (6111 μPa·s and 7500 μPa·s) at the melting point 3695 K, 

from the same investigator [68] were found.  

Figures 18 and 19 show the primary viscosity data for titanium and zirconium as a function of the 

temperature. The vertical line shows the melting point for each metal. Although various sets appear in the 

literature, the deviations between investigators by far exceed the mutual uncertainties – in the case of the 

viscosity of zirconium for example (see Fig. 19), around 2250 K, viscosity values range between 2500 μPa·s 

and 8500 μPa·s! Furthermore, the most recent values are the highest values. For the rest of the liquid metals, 

as it can be seen in Table 5, there are very few measurements in the literature. In conclusion, the very large 

spread of viscosity measurements for liquid titanium and zirconium, as well as the lack of measurements for 

the remaining melts, do not justify the proposition of any kind of correlation. 
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Fig. 18  Primary viscosity data for liquid titanium as a function of temperature. Rausch [38] ( ), Ishikawa et 

al. [119] ( ), Agaev et al. [120] ( ), Grigoriev et al. [121] ( ).  

 

 

Fig. 19  Primary viscosity data for liquid zirconium as a function of temperature. Nawer and Matson [47]: 

Ground ( ) Space ( ), Xue et al. [122] ( ), Ohishi et al. [51] ( ), Zhao [48] ( ), Ishikawa et al. [119] (

), Agaev et al. [120] (×), Elyutin et al. [123] ( ).  
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5.  Recommended values 

Table 6 presents recommended values, calculated from Eq. 1 and Eq. 4, for the density and thermal 

conductivity of the melts considered. 

 

TABLE 6.  Recommended values for the density and thermal conductivity for the nine liquid metals, based 

for the density on values calculated by Eq. 1, with coefficients and temperature ranges from Table 2, and for 

the thermal conductivity on values calculated by Eq. 4, with coefficients and temperature ranges from Table 

4, respectively. Below each metal, in brackets the expanded uncertainties (95 %) given in Tables 2 and 4, are 

also shown. 

T 
(K) 

ρ 
(kg·m-3) 

λ 
(W·m-1·K-1) 

 T 
(K) 

ρ 
(kg·m-3) 

λ 
(W·m-1·K-1) 

 T 
(K) 

ρ 
(kg·m-3) 

λ 
(W·m-1·K-1) 

Titanium  Zirconium  Hafnium 

 (2.0 %) (14.3 %)   (2.1 %) (8.4 %)   (1.9 %) (6.1 %) 

1941 4222 30.7  2128 6100 38.2  2500 11903 37.9 
2000 4199 31.4  2300 6058 40.7  2600 11836 39.3 
2300 4080 35.0  2600 5986 45.0  2900 11634 43.5 
2600 3962 38.3  2900 5913 49.0  3200 11433 47.7 
2900 3843 41.4  3200 5841 52.8  3500 11232 52.0 
3200 3725 44.3  3500 5768 56.4  3800 11031  
3500 3606 46.9  3800 5695 59.7  4100 10830  
3800  49.4  4100 5623 62.8  4400 10629  
4100  51.7  4275  64.4  4700 10428  
4400  53.7      4981 10239  
4700  55.5         
5000  57.1         

Vanadium  Niobium  Tantalum 

 (2.2 %) (11.4 %)   (2.4 %) (7.6 %)   (2.6 %) (4.0 %) 

2183 5517 42.0  2742 7664 62.7  3293 14978 62.2 
2300 5448 43.6  2900 7618 65.7  3700 14701 68.7 
2600 5271 47.4  3200 7529 70.9  4100 14429 74.7 
2900 5094 50.7  3500 7441 75.6  4500 14156 80.2 
3200 4917 53.6  3800 7353 79.8  4900 13884 85.3 
3500 4741 56.0  4100 7264 83.4  5300 13612 90.0 
3800 4564 57.9  4400 7176 86.4  5700 13340 94.3 
3900 4505 58.4  4500 7147 87.3  6100 13068 98.2 
4100 4387   4700 7088   6500 12796 101.7 
4400 4210   5000 6999   6900 12524 104.7 
4500 4151   5300 6911   7250 12286 107.0 

    5600 6823   7300  107.4 
    5848 6750   7400  107.9 

Chromium  Molybdenum  Tungsten 

 (3.2 %)    (2.1 %) (4.6 %)   (4.1 %) (5.1 %) 

2180 6097   2896 9063 71.8  3695 17146 65.3 
2200 6084   3200 8943 78.8  3800 17075 67.2 
2300 6019   3500 8824 85.0  4100 16872 72.5 
2400 5953   3800 8706 90.6  4400 16669 77.4 
2500 5888   4100 8587 95.5  4700 16466 81.9 

    4400 8469 99.8  5000 16263 86.1 
    4500 8430 101.1  5300 16060 89.9 
    4700 8351   5600 15857 93.3 
    5000 8232   5818 15709 95.6 
    5300 8114   5900  96.4 
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    5600 7995   6000  97.4 
    5900 7877      

 

 

6.  Conclusions 

In the case of the density, the proposed reference correlations for the nine liquid metals considered are 

characterized by an expanded uncertainty (95%) of less than 3 % (except for chromium and tungsten) and 

cover a wide range of temperatures (except for chromium). Furthermore, the reference correlations for the 

thermal conductivity for the eight liquid metals (except chromium) proposed are characterized by an expanded 

uncertainty (95%) of less than 8 % (except for titanium and vanadium), and also cover a wide range of 

temperatures. However, the very large spread of viscosity measurements for liquid titanium and zirconium, as 

well as the lack of measurements for the remaining melts, do not justify the proposition of any kind of 

correlation. 

A further interesting point that ought to be noted is that values of the thermal conductivity calculated by 

the Wiedemann-Franz Law a) for titanium, zirconium, and vanadium are lower than the experimental ones, b) 

for niobium and molybdenum are higher, while c) for the remaining metals agree with the experimental values. 

This observation may need to be further investigated. 

Finally, as already stated, in the ranges where the correlations are based on the measurements of a single 

investigator, the reader should be more careful.  
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