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Highlights

Heat Capacity of Liquid Transition Metals Obtained with Aerodynamic Levitation
Yifan Sun, Hiroaki Muta, Yuji Ohishi

This study utilizes the newly developed “multiple-gas cooling” method
The method is used in conjunction with aerodynamic levitation
The approach can measure the heat capacity of transition metals up to 3000 K

This study also compares and reviews the heat capacity of various transition metals
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Heat Capacity of Liquid Transition Metals Obtained with
Aerodynamic Levitation

Yifan Sun®*, Hiroaki Muta?, Yuji Ohishi®

“Graduate School of Engineering, Osaka University, Yamadaoka 2-1, Suita, 565-0871, Osaka, Japan

Abstract

The development of contactless measurement methods has allowed investigating the properties
of molten materials at high temperatures in a controlled environment. As the sample is not in
contact with any container walls while being heated, levitation techniques have an edge over tra-
ditional contact methods at elevated temperatures. Among the various thermophysical properties
of interest, it has been challenging to measure heat capacity with levitation techniques because
it is directly related to the emissivity of the sample. Previous studies on heat capacity measure-
ment with various levitation techniques have produced results with large deviations, especially
at elevated temperatures. In addition, there is a general lack of information on the heat capac-
ity of liquid transition metals at temperatures exceeding 2000 K, especially using conventional
calorimetry methods. In this study, we successfully obtained the isobaric heat capacity of liquid
transition metals such as Co, Hf, Ir, Mo, Nb, Rh, Ru, Ti, V, and Zr with aerodynamic levitation
using the newly developed “multiple-gas cooling” method. A comparison between our reported
values and reference data enabled us to assess the accuracy of previous experiments and provide
much needed heat capacity data for high-temperature liquid metals. This study highlights the
applicability and reliability of the multiple-gas cooling method for measuring the heat capacity
of liquid non-noble metals at temperatures approaching 3000 K.

Keywords: Liquid metals, Transition metals, High-temperature, Heat capacity, Aerodynamic
levitation

1. Introduction

Heat capacity is a key parameter in the study of thermodynamics because it is connected to
a system’s internal energy, enthalpy, entropy, and Gibbs free energy [1]. From the second law of
thermodynamics, we know that heat transfer occurs when there is a temperature difference, and
heat capacity is involved in this process. In metalworking, the solidification time is directly re-
lated to the heat capacity of the cast metal according to Chvorinov’s rule [2]. In heat storage/heat
shielding designs, heat capacity determines how much energy the system can store or release
within the allowed temperature range [3, 4].

Various methods for measuring the heat capacity of liquid materials at high temperatures have
been developed over the decades. Drop calorimetry methods have been used to determine the heat

*Corresponding author
Email address: yifansun2016@ms.see.eng.osaka-u.ac. jp (Yifan Sun)
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capacity of both solids and liquids [5, 6, 7, 8], and J. A. Treverton & J. L. Margrave incorporated
electromagnetic levitation (EML) with drop calorimetry into levitation calorimetry [9, 10, 11].
To prevent sample contamination, the pulse heating method was used by J. L. Margrave [11]
and Pottlacher et al. [12, 13, 14, 15, 16] to obtain various thermophysical properties such as
the density, enthalpy, and heat capacity of liquid metals. Paradis et al. [17, 18, 19, 20, 21,
22, 23] used electrostatic levitation (ESL) to analyze the cooling curve of a levitated molten
sample to derive the ratio of heat capacity to emissivity. By assuming wavelength-independent
emissivity values, Paradis et al. converted the ratio into heat capacity. More recently, to correct
for the uncertainty in assuming a constant emissivity across all wavelengths, Ishikawa et al.
[24, 25, 26, 27, 28, 29] used a blackbody furnace (BBF) setup to determine the emissivity of the
sample for use in heat capacity calculations. A BBF was also used with EML by Kobatake et
al. [30, 31], and Watanabe et al. [32, 33] to determine the heat capacity with laser modulation
calorimetry. Among these methods used in heat capacity measurements, ESL + BBF is one of
the more accurate methods because this approach includes few sources of error. The contactless
vacuum environment prevents the high-temperatures reactive liquid metals from reacting with
the measurement apparatus or gases. The heat loss analysis of the levitated spherical sample is
straightforward, as only radiative heat loss occurs under high vacuum.

However, although the measurement methods mentioned above are frequently used to study
liquid metals and alloys, they are not generally used for liquid oxides. This is because EML-
related methods and the pulse heating technique require samples that are good conductors. For
ESL, levitation of liquid oxides is also challenging under 1-G conditions, and microgravity is
currently used to help study liquid oxides [34]. Because of this lack of heat capacity mea-
surement methods for liquid oxides, we introduced the “multiple-gas cooling” method [35] for
aerodynamic levitation (ADL). ADL uses gas to levitate samples and can stably levitate liquid
oxides under 1-G conditions. However, the heat loss of a sample levitated with ADL is more
complicated than that in the case of ESL because convective heat loss is present. To calibrate
our heat loss model for ADL, we utilized the heat capacity and emissivity values reported using
ESL + BBF by Ishikawa et al [28]. The reported heat capacity values for Au, Cu, Fe, Ni, and
Pd measured with the multiple-gas cooling method agreed well with the reference values. How-
ever, these metals are rather stable, do not readily form oxides at high temperatures based on the
Ellingham diagram, and have melting points lower than 2000 K. In order to use the multiple-gas
cooling method to measure the heat capacity of most liquid metal oxides, such as Al,O3, ZrO;,
and lanthanide oxides, with melting points exceeding 2000 K, the accuracy of the multiple-gas
cooling method at higher temperatures must be determined.

Thus, the focus of this study was to assess the multiple-gas cooling method’s accuracy at
higher temperatures by comparing the obtained data with those provided by ESL + BBF. Liquid
transition metals are ideal targets for this study according to the previous findings of Ishikawa
et al., who reported the heat capacity of several transition metals [24, 25, 26, 27, 28, 29] with
melting points over 2000 K. In addition, the reported heat capacity values in the present study
can fill the gaps in existing literature. There is still no consensus on the heat capacities of various
transition metals because their high melting points have resulted in either a lack of reported values
or noticeable scattering in reference data. Transition metals are some of the most industrially
important materials because of their excellent physical properties, such as high tensile strength,
high corrosion resistance, and high melting temperatures. Accurate information on the heat
capacity of pure transition metals will contribute to not only future discussions on the mixing
behaviors of these metals but also controlling the casting process as well as designing new alloys.

In this article, we first discuss the aerodynamic levitation setup used in our experiments. The
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heat loss models used to calculate the radiative and convection heat loss are then introduced.
To correct for the levitation nozzle’s conical shape, a calibration process using a material, in
this case platinum, with known emissivity and heat capacity is conducted. The measured heat
capacity data of liquid transition metals, Co, Hf, Ir, Mo, Nb, Rh, Ru, Ti, V, and Zr, are presented
in the results and discussion section and compared with previously published results.

2. Experiment method

2.1. Experiment setup

The ADL setup used in this study was based on the designs of Langstaff et al. [36] and Kargl
et al. [37]. A detailed description of the current ADL setup has been presented in our previously
published articles [35, 38]; thus, only a brief description of the key components is provided here.
The 3D renderings of the overall ADL setup and the levitation nozzle used in this study are shown
in Figs.1,2. Some components of the aerodynamic levitator were omitted to make the figure more
comprehensible. As shown in Fig.1, two 976 nm fiber lasers (pearl, nLight) were used to heat the
sample from the top and bottom. A sapphire window and a 1400 nm longpass filter (FEL1400,
Thorlabs) were placed in front of the pyrometer (1.55 um, CHINO) to block unwanted reflection
from the fiber lasers. Another set of sapphire windows and a 550 nm short pass filter (FESH550,
Thorlabs) was placed in front of the CCD camera for sample observations at high temperatures.
The 3D rendering of the 1.4-mm-diameter conical nozzle used for levitation is shown in Fig.2.
During the experiment, cooling water was constantly circulated around the copper nozzle to
keep it between 25°C and 27°C. Levitation gas was introduced into the nozzle through a 3-mm-
diameter hole on the nozzle wall. In this study, high-purity argon (5N, Air Liquide) and krypton
(5N, Tokyo Gas Chemicals) gases were used for heat capacity measurements, and an Ar-4%H,
mixture (Air Liquide) was used to make and reduce the samples. In this study, oxidation was
minimized by placing a sapphire top cover over the nozzle.

2.2. Temperature calibration

The pyrometer treats the sample as a blackbody (e=1), which requires the collected tempera-
ture data to be corrected using the material’s melting point and a derivation based on Wien’s law
[39]:

o1 (1)

Here, T is the corrected temperature, T'p is the temperature recorded by the pyrometer, 7 is
the melting point of the sample, and T'p, L is the as-recorded melting temperature of the sample.
Tp; can be identified by a sudden increase in the temperature after recalescence. A comparison
between the as-recorded and corrected temperature curves for liquid cobalt is shown in Fig.3.
During this temperature correction process, we assumed that the emissivity of the sample in
the liquid phase is constant and equal to that at the melting point of the sample, which is a
reasonable assumption for liquid metals [40]. However, to minimize the effect of temperature on
the emissivity of the sample, the reported heat capacity values are confined to + 50 K around the
melting point of the material. The cooling curves of each material cooled in argon and krypton
after correction based on their respective melting points are shown in Fig.A.5.
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2.3. Heat loss calculations

In ADL, a levitated spherical sample experiences a total heat loss comprising radiation heat
loss to the surrounding environment and forced convection heat loss to the levitation gas. The
contribution of radiation heat loss gr,s can be described by the Stefan—Boltzmann law:

qrad = A€o T" 2

where A is the sample’s surface area, € is the emissivity of the sample, o is the Stefan—Boltzmann
constant, and 7 is the temperature of the sample. The contribution of convection heat 10Ss gcony
can be expressed based on Newton’s law of cooling:

qconv = hA(T - Tgas) 3)

where £ is the heat transfer coefficient, A is the surface area of the sample, 7 is the temperature
of the sample, and T, is the temperature of the levitation gas, which is assumed to be constant
at 25°C.

The heat transfer coefficient / can be expressed using Ranz-Marshall’s equation [41], which
originally describes the convection heat loss of a falling droplet in an open environment. For
0.6 < Pr < 380,1 < Re < 10,

h= 2 X (2 + 0.6Re} Pr¥) (4)

Here, « is the thermal conductivity of the gas, Re is the Reynolds number, and Pr is the Prandtl
number. To calculate the Reynolds number, it is necessary to know the relative velocity of the
sample relative to the levitation gas. In this study, we assumed this velocity difference to be
the terminal velocity of the sample, which can be derived by considering the combined effect of
gravity, drag, and buoyancy,
y = 4 ps— Pf
3xCy p f

d 5)

Here, p; is the density of the sample, p; is the density of the levitation gas, and d is the diameter
of the levitated sample, and C, is the drag coefficient. The ranges of the Reynolds numbers for
each material used in this study are listed in Tab.1. For Reynolds numbers higher than 500, the
drag coefficient is approximately 0.44 [42].

C. Tackes [43] incorporated the unmodified Ranz-Marshall equation to describe the convec-
tive heat loss of a falling sample in levitation drop calorimetry measurements. In this study,
we modified the Ranz-Marshall equation (Eq.4) because the levitated sample is semi-confined
within a conical nozzle and not in an open environment. However, a detailed analysis of how
the Ranz-Marshall equation should be modified for a droplet in a conical nozzle at a low gas
flow rate is currently not available. Previous studies [44, 45, 46, 47, 48, 49, 50, 51] have mul-
tiplied additional terms with the Ranz-Marshall equation to correct for the steep temperature
gradient (plasma heating involved), but these modifications do not apply to the current situation.
In this study, we introduced an extra dimensionless coefficient @, and therefore, the modified
Ranz-Marshall equation is expressed as

h=ax ;1 X(2+O.6Re%Pr%) (6)

We assumed that @ should be related to the type of gas used as well as the diameter of the levitated
sample. Therefore, it is necessary to locate the diameter range of the sample that has the least
effect on the value of @. Under an ideal scenario, Eq.6 reverts back to Eq.4, where a = 1.

4
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Reynolds numbers

Material Ar Kr
Co 1250- 1690 1620 -2210
Hf 1410 - 1810 1850 -2370
Ir 2060 — 2600 2690 — 3400
Mo 1270 - 1460 1660 — 1900
Nb 1190 - 1510 1560 — 1980
Rh 1390 - 1670 1820 -2190
Ru 1610-1720 2100 - 2250
Ti 930-1220 1220 - 1600
\" 1150 - 1410 1510- 1840
Zr 1040 -1310 1370-1720

Table 1: Calculated range of the Reynolds numbers for each material used in this study.

In summary, the total heat loss g at a specific temperature can be expressed as follows:
A
q=AecT* + %(2 +0.6Re? Pri)(T — Toay) %

A detailed discussion on the heat loss model used in this study can be found in our previous
publication [35].

2.4. Heat capacity calculation and calibration

The heat loss of the sample at a specific temperature T over an infinitesimal duration Af can
be expressed as
gAt = [AeaT* + AR(T — Tyu)lAt (8)

This can be further transformed by incorporating the sample mass m, heat capacity Cp, and
temperature change AT into

mCpAT = [AeoT* + Aah(T — Tyuy)1At )
dT

A 4
— = m_(jP[GO-T + a’h(T - Tgas)]

dt (19)

In this study, two types of levitation gas were used. Therefore, for the same sample, Eq.10 holds
true for each type of levitation gas:

dTin r A

— 7 = = le0 T, + anh(Tinar = Teao)] (11)
P

dTin r A

d—t" = ——leo T, + akh(Tingr = Teas)) (12)
P

Here, Ti,ar and T;,k, denote the temperatures of the sample in argon and krypton gas, respec-
tively. As mentioned previously, the introduced @ coefficient is assumed to be dependent on the
gas type; therefore, a4, and a, are used above. Ty, is the temperature of the levitation gas.
Each of the experimentally obtained cooling curves, %, is related to three unknown variables
(Cp, €, and @), and two sets of cooling curves are not sufficient to generate a unique solution.
Therefore, the values of a should be defined first.
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To determine ay4, and ak, in Eqgs.11,12, the % term (cooling curves), emissivity, and heat
capacity of a specific material must be known. In this study, platinum was used to calibrate the
a coefficients because platinum is inert, even at high temperatures. The cooling curves of lig-
uid platinum in argon and krypton gas were first obtained using ADL. For liquid platinum, an
emissivity value of 0.25 and a heat capacity value of 38.8+1.8 J/molK at the melting point, as
reported by Ishikawa et al. [29], were used for calibration. This specific study by Ishikawa et
al. was selected because ESL + BBF can produce highly reliable heat capacity data concern-
ing liquid metals. This is because the sample is measured under high-vacuum conditions with
electrostatic levitation; the only source of heat loss is radiation heat loss, which can be directly
calculated using the Stefan—Boltzmann law. The high-vacuum and contactless conditions also
ensure that the sample’s surface condition remains constant during the heat capacity measure-
ments. In addition, the use of a blackbody furnace for emissivity measurement is most suited for
ESL because the sample can be assumed to be perfectly spherical. @4, and ag, can be obtained
by performing least-squares fitting of the right-hand sides of Eqs.11,12 to the experimentally
obtained cooling curves.

As mentioned in our previous report [35], the @ coefficient is least sensitive to changes in
the sample diameter when the diameter is between 1.2 and 1.6 mm. No changes were made to
the nozzle; therefore, this range should still hold. In this study, three platinum samples with
diameters within this range were used at the melting point for calibration, and the obtained «
coefficients were a4, = 0.750 + 0.053, g, = 0.783 + 0.068. Compared to the « values used in
our previous experiment, the difference was less than 1%. Using these « values, we can evaluate
how well the heat loss model developed in this study can describe the cooling curve of a levitated
droplet around its melting point in ADL using Eqs.11,12. An example is presented in Fig.4 for
a liquid cobalt sample cooled in argon and krypton gas. The radiation heat loss contribution was
calculated using the Stefan—Boltzmann law, and the convective heat loss contribution was calcu-
lated using the modified Ranz-Marshall equation. As we can see, the experimental cooling curve
of liquid cobalt within 50 K of its melting point can be well described by the heat loss model
used in this study. Although the sample’s emissivities can also be obtained from Eqgs.11,12,
these values are not reported here because emissivity is highly sensitive to the sample’s surface
conditions. Heat capacity, on the other hand, is the sample’s bulk property. Therefore, the high-
vacuum condition used in ESL + BBF experiments is more suitable for measuring liquid metal’s
emissivity.

3. Results and Discussion

3.1. Sample preparation

Detailed information on the transition metals used in this study is presented in Tab.2. Hafnium
and zirconium have similar properties, and one is generally present in small amounts as impuri-
ties. Based on the Hf-Zr binary phase diagrams [52], after solidification, the Zr-Hf solid solution
(Hf-rich side) transforms from BCC to HCP, which can explain why the cooling curve of hafnium
in Fig.A.5 contains two recalescence regions. The same phase transformation takes place for the
Zr-rich side at a much lower temperature, which is why this transition is not visible in the cooling
curves of zirconium shown in Fig.A.5.

As mentioned previously, with the current setup, the introduced coefficients @4, and ak, that
modify the convection heat loss are the least sensitive to changes in the sample diameter when
the sample diameter is between 1.2 to 1.6 mm. To satisfy this condition, the mass of the sample

6
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Chemical Name Purity Source

Co 0.9997 Rare Metallic

Hf 0.999 (Zr<0.03wt)  Furuuchi Chemical
Ir 0.999 Nilaco
Mo 0.9995 Nilaco

Nb 0.999 Nilaco

Ti 0.999 Furuuchi Chemical
Rh 0.999 Nilaco

Ru 0.9995 Rare Metallic

\" 0.999 Furuuchi Chemical
Zr 0.999 (Hf<35ppm) Rare Metallic

Table 2: List of chemicals used in this study.

was controlled so that at the melting point, the sample diameter was within 1.2 and 1.6 mm.
The samples were prepared under an Ar-4%H; environment and then subjected to measurements
using argon gas. After cooling and before measurements with krypton gas, the sample was
cleaned with an Ar-4%H, mixture. This is to ensure that the surface conditions of the sample
before cooling in argon and krypton gas are the same.

The average changes in the sample mass are listed in Tab.3. An average mass change of
less than 1% was observed across all samples. From these negligible mass changes, we can
confirm that the added top sapphire window cover was effective in preventing sample oxidation.
As shown in Tab.3, rhodium has the greatest mass decrease because one of the rhodium samples
experienced a mass decrease of approximately -2% owing to sample evaporation.

Material ~ Average mass change (%)

Co -0.32
Hf +0.22
Ir -0.02
Mo -0.37
Nb +0.03
Ti +0.39
Rh -0.65
Ru -0.01
\" +0.37
Zr +0.23

Table 3: Average change in sample mass before and after measurement.

3.2. Heat capacity of liquid transition metals

The heat capacity data for various transition metals obtained using the multiple-gas cooling
method and the corresponding standard errors are listed in Tab.4. Five samples were measured
for each material, except for molybdenum. Molybdenum samples were difficult to prepare as it
has the highest melting point among the materials reported in this study. Therefore, only four
spherical molybdenum samples were successfully fabricated. Our data agree well with these

7



2 listed values from literature, except for liquid ruthenium, because of the scarcity of available
257 data [19, 53].

Material (Ty,) Cp (J/mol K) Reference Comment
44.3+0.9 This study ADL
40.6 Wang et al. [54] Levitation drop calorimetry
41.2 Watanabe et al. [32] Levitation laser modulation
Co (1768 K) 459 Hess et al. [55] Pulse heating
48.5+0.8 J. A. Treverton and J. L. Margrave [10] Levitation drop calorimetry
50.2 J. L. Margrave [11] Levitation drop calorimetry
38.1+0.8 This study ADL
33.5 Paradis et al. [18] ESL
Hf (2506 K) 41.9 Korobenko et al. [56] Pulse heating
44.8 Kang et al. [57] ESL + solid Hf emissivity
60.32 Kang et al. [57] ESL
45.1+1.4 This study ADL
30.1 J. L. Margrave [11] Pulse heating
Ir (2719 K) 343 Paradis et al. [19] ESL
44.2 C. Cagran and G. Pottlacher [58] Pulse heating
59.4 J. L. Margrave [11] Levitation drop calorimetry
41.5+0.7 This study ADL
34.2 Paradis et al. [20] ESL
37.7 J. L. Margrave [11] Levitation drop calorimetry
Mo (2896 K) 40.7 Minakov et al. [59] Simulation
47.2 Cagran et al. [60] Pulse heating
53.7 Pottlacher et al. [13] Pulse heating
42.3+1.8 This study ADL
38.9 K. Boboridis [61] Pulse heating
40.6 J. L. Margrave [11] Levitation drop calorimetry
Nb (2750 K) 40.6 Paradis et al. [21] ESL
40.8 A. Cezairliyan and J. L. McClure [62] Pulse heating
41.9 Ishikawa et al. [26] ESL + blackbody furnace
45.7 Kang et al. [57] ESL
39.8+1.1 This study ADL
322 Paradis et al. [19] ESL
Rh (2237 K) 34.8 Kang et al. [57] ESL
41.8 Ishikawa et al. [27] ESL + blackbody furnace
46.1 Hupf et al [14]. Pulse heating
46.4£0.9 This study ADL
Ru (2607 K) 359 Paradis et al. [19] ESL
41.9 Barin et al. [53] Recommended value
44.4+0.7 This study ADL
353 K. Boboridis [61] Pulse heating
42.7 Kang et al. [57] ESL
Ti (1941 K) 434 J. L. Margrave [11] Levitation drop calorimetry
44.9 Ishikawa et al. [25] ESL + blackbody furnace
455 P-F. Paradis and W-K. Rhim [22] ESL
48.9 Watanabe et al. [33] Levitation laser modulation
49.9 Wilthan et al. [63] Pulse heating
48.0+1.4 This study ADL
46.9 J. L. Margrave [11] Levitation drop calorimetry
47.3 J. L. Margrave [11] Pulse heating
V@QIIK) 485 Ishikawa et al. [24] ESL + blackbody furnace
48.8 Paradis et al. [17] ESL
49.1 Pottlacher et al. [12] Pulse heating
38.9+0.7 This study ADL
39.1 Kang et al. [57] ESL
39.7 P-E. Paradis and W-K. Rhim [23] ESL
Zr 2128 K) 40.6 J. L. Margrave [11] Levitation drop calorimetry
40.9 Ishikawa et al. [28] ESL + blackbody furnace
453 Brunner et al. [64] Pulse heating

Table 4: Heat capacity values of liquid transition metals obtained with aerodynamic levitation and a summary of values
from literature.

238 The heat capacity values of various molten metals have been reported by Paradis et al.
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[17, 18, 19, 20, 21, 22, 23] through analyzing the samples’ cooling curves obtained with ESL.
However, because the hemispherical emissivity of most liquid metals was not known at that time,
when calculating the heat capacity, Paradis et al. assumed a wavelength-independent emissivity
value [17, 18, 19, 20, 21, 22, 23]. T. Ishikawa, who worked closely with P-F. Paradis on the
development of ESL in the Japan Aerospace Exploration Agency (JAXA), solved the unknown
emissivity issue by using a blackbody furnace to aid in the measurement of the hemispherical
emissivity of the levitated sample [28]. Although the values reported by these two researchers
are, for most liquid metals, in good agreement, Ishikawa et al. [24, 25, 26, 27, 28, 29] could
provide heat capacity data with greater accuracy by incorporating the measured hemispherical
emissivity in radiative heat loss analysis instead of assuming emissivity to be wavelength inde-
pendent. Because the multiple-gas cooling method is calibrated based on the results of the ESL
+ BBF method, we expect good agreement between the calculated heat capacity values obtained
with these two methods. By comparing our reported heat capacity values with those by Ishikawa
et al. [24, 25, 26, 27, 28] on liquid V, Ti, Nb, Rh, and Zr, we calculated the maximum deviation
in the average heat capacity value to be approximately 5%, for both liquid Rh and Zr. For the
heat capacities of liquid Nb, Ti, and V, the deviations are approximately 1% between the two
methods. As compared with the degree of deviations in case of other references, results obtained
in this study are generally in accord with the results by Ishikawa et al. This agreement shows
that the accuracy of the multiple-gas cooling method is not lost when applied to measurements at
much higher temperatures. Therefore, we reckon that our reported heat capacity data for liquid
transition metals that have not previously had data reported using ESL + BBF, such as Co, Hf,
and so on, are reliable.

Kang et al. [57] also used ESL, but with a different approach to heat capacity analysis.
Because the heterogeneous nucleation of the sample can be prevented in a high-vacuum contain-
erless environment, they first obtained the hypercooling limit (7%;,) of various metals. Then,
using the literature heat of fusion values (AHy), they calculated the heat capacity based on
AH; = Ty,,Cp. Therefore, the accuracy of the obtained heat capacity depends on that of the
determined hypercooling limits and the reported heat of fusion data. While the values reported
by Kang et al. are generally in good agreement with those reported in this study and by Ishikawa
et al., the heat capacity of liquid hafnium showed a significant deviation (~20 J/mol K). The
authors attributed this deviation to the use of inaccurate heat of fusion [65] and attempted calcu-
lations with the emissivity of solid hafnium [65]. Although this provided a more reasonable value
of 44.8 J/mol K, the uncertainty introduced when using the emissivity of the solid is unknown.

For all the heat capacity measurement methods shown in Tab.4, developments in image
recording, temperature calibration, and data processing all affect the obtained results to some
extent. Perhaps the impact is most significant for pulse heating experiments because the mea-
surement is completed in less than 100 us; therefore, ultra-fast data recording systems are essen-
tial for providing accurate results. This could be seen in how some of the earlier data reported
by Margrave et al. (e.g., liquid Ir [11]) and Pottlacher et al. (e.g., liquid Mo [13]) differ from
other values from literature. Finally, our data agree well with the levitation drop calorimetry
results obtained by J. A. Treverton and J. L. Margrave [10, 11], except for liquid iridium. The
heat capacity of liquid iridium reported by J. L. Margrave is much higher than those reported in
the literature, which could have resulted from difficulties in obtaining accurate temperature data
at high temperatures, one of the major sources of error, as mentioned by the author [11].
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4. Conclusion

In this study, we used a novel multiple-gas cooling method developed for ADL to measure
the heat capacity of various liquid transition metals (Co, Hf, Ir, Mo, Nb, Rh, Ru, Ti, V, and
Zr) around their melting points. As this measurement method is based on aerodynamic levita-
tion, it is difficult to perform experiments on materials with high vapor pressure or high oxygen
affinity. Additionally, the sapphire top cover is not completely transparent to the heating laser,
thus limiting the current measurement to liquid metals with melting points lower than 3000 K
(Re, Ta, and W are therefore not included in this study). A comparison and review of the heat
capacity of liquid transition metals is also provided. The results obtained in this study generally
agree well with published data, which further confirms the reliability of the multiple-gas cooling
method for heat capacity measurements and its applicability at temperatures approaching 3000
K. The current maximum temperature of 3000 K allows for heat capacity measurements for a
majority of liquid metal alloys and, more importantly, liquid oxides. For measurements of liquid
metals, pure Ar and Kr levitation gases can be used to provide an inert atmosphere. However, for
measurements of liquid oxides, gas mixtures containing oxygen must be used to prevent sample
reduction. Expressing the thermophysical properties (thermal conductivity, heat capacity, and
viscosity) of binary gas mixtures in our ADL setup, which will allow us to correctly model the
convection heat loss of the sample, remains a topic for future studies.
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Figure 1: 3D rendering of the ADL setup used in this study. Some parts (e.g., laser units, cooling water, and levitation gas
tubes) are not included for simplicity. @ pyrometer, @ upper and bottom heating lasers, @ CCD camera, @ sample
chamber top cover plate with five slots for optical filters, @ semi-sealed sample chamber, @ location of levitation
nozzle.
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Figure 2: 3D rendering of the 1.4-mm-diameter conical nozzle used in this study. @ cooling water channel, @ levitation
gas inlet, @ top cover with sapphire window.
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Figure 3: Comparison between an as-recorded and a corrected temperature curve for liquid cobalt cooled in argon gas.
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Figure 4: Comparison between the experiment cooling curve and modeled heat loss behavior for a liquid cobalt sample
cooled in (a) Ar and (b) Kr gas. The shaded regions represent the cumulative temperature decrease from the initial
temperature through either the radiation heat loss or convection heat loss.
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Figure A.5: Cooling curves of various transition metals (Co, Hf, Ir, Mo, Nb, Ti, Rh, Ru, V, and Zr) in argon (black) and
krypton (red) gas. Two recalescence valleys were observed in Hf owing to Zr impurities.
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