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Four thermophysical properties of both solid and liquid niobium have been measured
using the vacuum version of the electrostatic levitation furnace developed by the National
Space Development Agency of Japan. These properties are the density, the thermal
expansion coefficient, the constant pressure heat capacity, and the hemispherical total
emissivity. For the first time, we report these thermophysical quantities of niobium in its
solid as well as in liquid state over a wide temperature range, including the undercooled
state. Over the 2340 K to 2900 K temperature span, the density of the liquid can be
expressed as p (T)=7.95 x 103 —0.23(T — T,»)(kg - m~3) with T, =2742 K, yielding a volume
expansion coefficient o (T) =2.89 x 10~° (K~"). Similarly, over the 1500 K to 2740 K
temperature range, the density of the solid can be expressed as

ps(T)=8.26 x 10° —0.14(T — T,,)(kg - m~3), giving a volume expansion coefficient
as(T)=1.69 x 10~% (K~"). The constant pressure heat capacity of the liquid phase could be
estimated as Cp (T)=40.6+1.45 x 10~3(T — T,,) (J- mol~"-K~") if the hemispherical total
emissivity of the liquid phase remains constant at 0.25 over the temperature range. Over
the 1500 K to 2740 K temperature span, the hemispherical total emissivity of the solid
phase could be rendered as e15(T) =0.23+5.81 x 10~%(T — T.,). The enthalpy of fusion has
also been calculated as 29.1 kJ -mol~'. © 2001 Kluwer Academic Publishers

1. Introduction

Niobium is used primarily to strengthen alloys used
in the aerospace (airframe) and automobile (exhaust
systems) industries, and in arc-welding rods for stabi-
lized grades of stainless steel. Also, due to its refractory
nature and his resistance to corrosion, it has been em-
ployed in the hot section of aircraft gas turbine engines.
Moreover, its superconductive properties make it at-
tractive to build magnets [1]. However, its high melting
temperature and the risk of contamination from a tem-
perature as low as 500 K [1] make it difficult to measure
the thermophysical properties of its solid phase at high
temperature and even more problematic for those of its
molten phase using traditional methods. This motivates
the use of containerless levitation and non-contact diag-
nostic techniques. The Electrostatic Levitation Furnace
(ELF) developed by the National Space Development
Agency of Japan (NASDA) circumvents the difficulties
associated with high temperature processing and allows
an accurate and quick determination of the thermophys-
ical properties of different materials [2—4]. High tem-
perature processing is achieved by using laser radiation
in vacuum, thus isolating the sample from contaminat-
ing walls as well as surrounding gases. The facility also
permits to attain a high level of undercooling because
of containerless conditions and fast radiative cooling.
Also, since the sample is free from any enclosure, it rep-
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resents an easy target for various diagnostics detectors
and probes. In addition, the processing is done without
inducing strong convection in the sample.

An accurate knowledge of thermophysical proper-
ties is of paramount importance for various fundamen-
tal studies on nucleation and phase transformations, as
well as industrial processes on metals, such as casting,
refining, and forming. Moreover, certain properties can
sometimes be used to determine other thermophysical
quantities. For example, enthalpy, entropy, and Gibbs
free energy can be derived from the heat capacity. The
present paper focuses on the thermophysical properties
of liquid and solid niobium at high temperature, namely,
density, thermal expansion coefficient, constant pres-
sure heat capacity, and hemispherical total emissivity.

2. Experimental set-up and procedures
2.1. Description of the electrostatic
levitation furnace (ELF)

The measurements reported in this paper have been
done using an electrostatic levitation furnace devel-
oped by NASDA [2-4]. The apparatus was based on
the design by Rhim e al. [5] but significantly im-
proved in areas of sample levitation initiation, han-
dling, and imaging, without which the described exper-
iments would have been difficult to perform. Details on
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Figure I Schematic view of NASDA's electrostatic levitation furnace.

levitation initiation and imaging will be discussed in a
forthcoming article. Fig. 1 illustrates schematically the
electrostatic levitation furnace. The facility consisted
of a stainless steel chamber which was typically evac-
uated to ~1073 Pa before the sample processing was
initiated. The chamber houses the sample which was
levitated between two parallel disk electrodes (verti-
cal position sample control), typically 10 mm apart. In
addition, four spherical electrodes distributed around
the bottom electrode were used for horizontal control.
The lower electrode was also surrounded by four coils
that generated a rotating magnetic field, used for ro-
tation control [6]. The top electrode was gimbaled by
four micrometer screws, allowing electrode balancing
and separation control. The bottom electrode had a cen-
tral hole which permitted sample handling. A cartridge,
with a 10-sample capacity, contained individual molyb-
denum stems, thus circumventing any cross contami-
nation problems between distinct samples. For these
experiments, specimens were prepared by arc melting
a wire into spheres with diameters close to 1.5 mm.
The material, niobium with a mass fraction 0.99, came
from the Nilaco Corporation, Tokyo, Japan. A conical
catcher was used to retrieve an unsuccessfully levitated
sample. As for the positioning system, it relied on a
set of orthogonally disposed He-Ne lasers and the as-
sociated position detectors [3, 4]. The sample position
information was fed to a computer that imputed new
values of x, y, and z to high voltage amplifiers (Trek,
Model 10/10B and PO621) at a rate close to 720 Hz
(z direction) so that a prefixed position could be main-
tained.

Observation of the sample was achieved by three
CCD cameras. One camera rendered a general view
of both the electrode assembly and the sample while a
second one looked along the same path as a pyrometer
to ensure that it was always well aligned. This configu-
ration also helps to control the sample in the horizontal
plane and to align the heating laser so that laser-assisted
sample rotation could be performed [7]. A third, high
resolution CCD camera, equipped with a telephoto ob-
jective in conjunction with a high intensity background
light, gave a close look at the sample, allowing sample
perimeter and surface features to be analyzed. However,
since the sample attained very high temperatures during
these experiments, care had to be taken to insure that
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Figure 2 Blackbody radiation versus wavelength as a function of sample
temperature.

the background lighting efficiency did not change dur-
ing the cooling process as it could induce some errors.
Although the technique described by Chung et al. [8]
yielded good results for lower melting point materials
such as zirconium and titanium [9, 10], careful experi-
ments with molten Nb yielded inaccurate density data
due to a substantial difference in luminosity between
the sample in its molten phase and the solid sample at
low temperature. Therefore a quick analysis was per-
formed to optimize the contrast between the sample and
the background over the whole temperature range over
which data were gathered. In this analysis, the spectral
response of the camera and the spectral characteristics
of both the sample emission and those of the light-
ing source were considered. Assuming that the sample
was behaving like a blackbody, the Wien wavelength at
3500 K was found to be 827 nm whereas it droped to
2898 nm when the sample cooled to 1500 K (Fig. 2).
A quick look at Fig. 2 shows that the UV range around
450 nm was a good compromise since the blackbody
radiation from the sample did not vary much with tem-
perature, yet, the camera response was still very good.
Since the CCD camera had a natural cutoff at around
1000 nm, it was then decided to use a UV lamp in con-
junction with a high-pass filter at 450 nm. By doing so,
the spectral characteristics of the sample, as seen by the
camera, was rather constant over temperature, yielding
a very sharp image. Alignment, collimation, and inten-
sity of the UV lamp were carefully chosen as not to
induce any electron avalanche from the electrodes.
Initial charging of a levitated sample was achieved
through photoelectric effect by UV photons from ei-
ther a 7.2 mW laser (Laser Science Inc. VSL-337ND-S,
337 nm) or a UV lamp (Hoya-Shott EX200W). The use
of the laser allowed only the sample to be UV irradi-
ated avoiding electron avalanche from the electrodes.
The UV intensity coming from the lamp was adjusted
using a mechanical circular iris that was added to the
lamp output. A charge loss problem was encountered in
the first stage of sample heating when using either one
of the UV sources. Although this lengthened the pro-
cessing time, gradual heating together with careful UV
irradiation allowed the sample to maintain sufficient
charge and position stability so that the temperature at



which the thermionic emission dominated other charg-
ing mechanisms (1500 K) could be attained. Once this
temperature was reached, heating the sample to tem-
peratures in excess of the melting temperature did not
present any difficulties, thus permitting the measure-
ments of the thermophysical properties.

Sample heating was performed using a 100 W CO,
laser (Synrad, Evolution 100, 10.6 xm) whose power
was controlled by a computer. The control software
allowed a quick radiative cooling initiation by simply
turning off the laser power. Temperature data were ob-
tained over a 1070 to 3800 K range using two commer-
cially available pyrometers (Chino Corp, model IR-CS
2S CG, operating at 0.90 um and Chino Corp, model
IR-AP, operating at 0.96 um) before a fast, homebuilt
optical pyrometer was operational.

2.2. Thermophysical properties
determination
Thermophysical properties such as density and the ra-
tio of constant pressure heat capacity and hemispheri-
cal total emissivity could be measured using the vacu-
um version of the NASDA-ELF. Details about these
techniques were described in the literature and are sum-
marized below [8, 11].

Once a levitated sample was molten, it assumed a
spherical shape, as illustrated for Nb in Fig. 3, due
to surface tension. Moreover, since the electrostatic
scheme did not input any heat to the sample, a heated
sample experienced pure radiative cooling when the
beam of the heating laser was blocked. The result-
ing energy equation governing the cooling process is
given as:

(mCp/M) dT /dt = erAc (T* —Tpp) (D)
where m is the sample mass, M the molar mass, Cp
the constant pressure molar heat capacity, et the hemi-
spherical total emissivity, A the sample surface area,
o the Stefan-Boltzmann constant, and 7 and Ty, are
respectively the sample and the ambient temperatures.
The radiance temperature was measured by the two
pyrometers and was calibrated to true temperature us-
ing the known melting temperature (T, =2742 K) of

Figure 3 Side view of a levitated molten niobium sample.
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Figure 4 Radiative cooling curve showing undercooling and recales-
cence for niobium; (mass: 14.23 mg).

the sample. Calibration to true temperature was per-
formed using a custom-made Code Warrior® software.
A typical cooling curve for Nb showing a 400 K un-
dercooling and the recalescence is shown on Fig. 4.
The undercooling level achieved was, within the exper-
imental errors, similar to that obtained by Hofmeister
et al. with a drop tube [12], and in agreement with the
classical nucleation theory proposed by Turnbull [13].
After the sample started to cool, both the sample image
data and the cooling curve data could be used to mea-
sure simultaneously the density and the ratio of con-
stant pressure heat capacity and the hemispherical total
emissivity. For the density measurements, the recorded
video images (Fig. 3) were digitalized and matched to
the cooling curve. Then, a NASDA developed software
extracted the area from each image. Since the sample
was axi-symmetric and the mass was known, the den-
sity could be found for each temperature. The spherical
shape, illustrated in Fig. 3, was very important for these
properties measurements as it simplifies the analysis.

The ratio of constant pressure heat capacity and
hemispherical total emissivity could be found by Equa-
tion 1 since all parameters were known. The surface
area was found from the images and d7/d¢ was ob-
tained from the cooling curve.

3. Experimental results

3.1. Density

The results of our density measurements for liquid nio-
bium are shown in Fig. 5. The measurements were taken
over the 2340 K to 2900 K range and covering the un-
dercooled region by more than 400 K. The density of
liquid niobium, as that of other pure metals, exhibited
a linear nature as a function of temperature and could
be fitted by the following equation:

oL (T) =7.95 x 10° — 0.23(T — Tp)(kg - m~)
x (2340 — 2900 K) (2
where Ty, is the melting temperature (2742 K). In this

experiment, the accuracy of the measurements was
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TABLE I Literature values for density of liquid niobium at the melting
temperature

Density (kg-m~3)  Reference Method
7950 Present study Electrostatic levitation
7830 Allen [14] Calculation
7680 Shaner et al. [15] Isobaric expansion
7570 Ivaschenko et al. [16] Pendant drop
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Figure 5 Density of niobium versus the temperature.

estimated to be &1 per cent. To our knowledge, these
measurements are the first to be reported that include
such a large temperature span over the undercooling re-
gion. Few values that appear in the literature are given at
the melting temperature and are summarized in Table 1.
Our value agrees within 1.5 percent with that calculated
by Allen [14], to within 3.5 percent with that obtained
by Shaner et al. [15] using the isobaric expansion tech-
nique, and to within 5 percent with that reported by
Ivaschenko et al. [16] using the pendant drop method.
Our temperature coefficient is close to 43 percent higher
than that calculated by Steinberg [17].

The volume variation Vi (T') of the molten state, nor-
malized with the volume at the melting temperature
Vi, can be derived from Equation 2, and fitted with the
following equation:

VI(T)/ Vi = 142.89x 107(T — Thn) (2340—2900K)
(3)

where 2.89 x 107 represents the volume expansion co-
efficient o (T).

The observed discrepancies between our results and
those of Shaner et al. [15] and Ivaschenko et al. [16]
could be attributed to the difference in processing tech-
niques and to evaporative losses. Although the data was
immediately taken after the sample was molten and the
mass sample measured after processing, slight under-
estimation of the overheated portion of data might be
possible due to evaporation. We used a containerless
approach in vacuum, isolating our samples from con-
tainer walls and gases, whereas the above authors used
methods for which possible chemical reactions between
the highly reactive molten niobium and residual gases
could have altered the final density values.
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Fig. 5 also illustrates the density measurements for
the solid phase over the 1500 K to 2740 K temperature
range. Again, a linear behavior is observed and the data
can be fitted by the following equation:

ps(T) = 8.26 x 10° — 0.14(T — Ty)(kg - m™)
x (1500 — 2740 K) 4)

where Ty, is the melting temperature (2742 K). To our
knowledge, these are the first data to be reported on the
density of solid niobium over a wide range of high
temperatures. Our value for the density of the solid at
the melting temperature compares within 3.6 percent to
that found in the literature [1].

From Equation 4, the volume variation Vi (T) of
the solid phase, normalized with respect to the vol-
ume at the melting temperature V;,,, can be derived and
expressed as:

Vo(T)/ V= 1+1.69 x 107°(T — T;,,)(1500—2740 K)
o)

where 1.69 x 107 represents the volume expansion co-
efficient a5(T). To our knowledge, this is the first time
that this value is being reported.

As can be seen in Fig. 5, there is a discontinuity in
density at the melting temperature, characteristic of a
first-order transition. The figure also reveals a conver-
gence between the liquid and solid trends. The point at
convergence may correspond to the undercooling limit
before the homogeneous nucleation comes into effect.
To investigate this question, further experiments with
much smaller samples are planned to further reduce
heterogeneous nucleation.

3.2. Constant-pressure heat capacity

The ratio between the constant-pressure heat capac-
ity and the hemispherical total emissivity as a function
of the temperature is shown in Fig. 6 for both solid
and liquid niobium. As mentioned earlier, this quantity
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Figure 6 Ratio between the constant-pressure heat capacity and the
hemispherical total emissivity of niobium versus the temperature.



was found by imputing the area and the d¢/dT data
obtained from the video images and the cooling curve in
Equation 1. For the liquid portion of the cooling curve,
dr/dT was obtained readily by taking the derivative of a
third-order polynomial that fitted precisely the cooling
curve. However, as no polynomials could adequately
fit the solid section of the curve, Equation 1 was re-
arranged in such a way that direct integration could be
performed, which lead to a smoothed 1/ T3 dependence
of the d¢/dT data. This is why the data of the solid and
those of the liquid exhibit a different noise level (Fig. 6).
To our knowledge this is the first time that these data are
reported in the undercooled region. For the liquid state,
CpL(T)/etL(T) was nearly constant over temperature
and could be fitted as:

Coo(T)/eti(T) = 160.99 + 5.76 x 1073(T — Ty)
x (J - mol~! - K~1)(2340 — 2900 K). (6)

If the value of Cpr, given by Bonnell at the melting tem-
perature is used (40.6 J-mol~! - K1) [18], et could
be determined from Equation 6 and it was equal to
0.25. Then, assuming that e (T') remained constant at
a value of 0.25 over the temperature range, the temper-
ature dependency of Cp(T) could be determined from
Equation 6 by simply multiplying by er.(T') =0.25.
The heat capacity so obtained (Fig. 7) could be ex-
pressed by the following equation:

Cp(T) = 40.6 + 1.45 x 1073(T — Ty)
x (J-mol~! - K~1)(2340 — 2900 K). (7)

Fig. 6 also shows the ratio between constant-pressure
heat capacity and the hemispherical total emissivity as
a function of the temperature for solid niobium. As
for the liquid state, the trend is nearly constant over
temperature and can be fitted as:

Cps(T)/ers(T) = 177.86 + 1.35 x 1073(T — Ty)
x (J-mol™" - K~1) (1500 — 2740 K) (8)
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Figure 7 Heat capacity of liquid niobium versus the temperature, cal-

culated using the data from Fig. 6 and e71,(T) =0.25.
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Figure 8 Hemispherical total emissivity of solid niobium against the
temperature, calculated using the data from Figure 6 and Cpy.(T') from
Ref. [19].

Similarly, by using the values of Cps(T) given by
Cezairliyan [19], it was possible to obtain ers(T),
which was expressed as (Fig. 8):

ers(T) = 023 +5.81 x 107(T — Ty)
x (1500 — 2740 K). 9)

Compared to the results given by Zhorov [20], our value
of erg at the extrapolated melting temperature is 27%
smaller and our temperature coefficient value is 38%
smaller. We believe that two main reasons might ex-
plain such discrepancies. Because our sample solidified
from a deeply undercooled state, it is possible that its
surface structure might be finer than that of Zhorov’s
samples, which could have led to a different emissivity
value. In addition, the slow reading characteristics of
our pyrometer might have induced a slight shift in the
temperature dependence of the emissivity.

In addition, the enthalpy of fusion was determined by
adding the enthalpy contributions of the undercooled
liquid and that of the isothermal region following the
recalescence (see Fig. 4). The contribution of the under-
cooled portion was found by integrating Cp.(T) over
temperature from T;, to the lowest temperature of un-
dercooling, whereas that of the isothermal solid was
obtained by integrating ers Ao (T* — Ta‘:nb) over time at
which the solid stays at T,,. The enthalpy of fusion was
found to be equal to 29.1kJ - mol~!, and compared well
with other values found in the literature (Table II). Our
value is, within experimental errors, identical to that re-
ported by Kubaschewski et al. [21], 4.6% smaller than

TABLE II Literature values for the enthalpy of fusion for niobium

Enthalpy of fusion

(J-mol~' . K™ Reference Method

29.1 Present study Electrostatic levitation
29.3 Kubaschewski et al. [21]  Drop calorimetry

27.6 Sheindlin et al. [23] Drop calorimetry

30.5 Betz et al.[22] Drop calorimetry

34.5 Bonnell [18] Drop calorimetry
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that given by Betz and Frohberg [22], 5.5% higher than
that obtained by Sheindlin et al. [23], and nearly 15%
smaller than the one given by Bonnell [18]. Uncertain-
ties in Cpr (T') or ets might account for the difference.
Discrepancy could also be attributed to the slow re-
sponse of our pyrometer, which lagged the recalescence
phenomenon, thus inducing errors in time.

4. Conclusions

We have presented several thermophysical properties
of solid and liquid niobium which were measured us-
ing the electrostatic levitation furnace developed by
NASDA. For the first time, we reported the density
and the thermal expansion coefficient of liquid niobium
over a wide temperature range that included the under-
cooled state. Also reported are the density and the ther-
mal expansion coefficient of solid niobium over a large
temperature span. First results for the ratio of constant-
pressure heat capacity over hemispherical total emissiv-
ity of liquid and solid niobium are also rendered in this
paper. Efforts are now being focused on the measure-
ments of surface tension and viscosity. To that effect,
the use of a controlled hydrogen leak valve is planned to
further decrease the oxidation occurring on the sample
surface.

All the thermophysical data presented in this work
were obtained from the radiative cooling curves and
the acquired sample images. Therefore, to improve our
data, efforts should be focused towards ways to in-
crease image sharpness, resolution, and contrast. Em-
phasis should also be directed to devise better numerical
techniques to get dT'/dt from the cooling curves to di-
minish numerically induced errors. Current efforts are
also devoted in designing a custom-made, fast-response
pyrometer to capture more precisely the recalescence
phenomenon.
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