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Normal Spectral Emissivity at a Wavelength
of 684.5 nm and Thermophysical Properties of Solid
and Liquid Molybdenum1

C. Cagran,2 B. Wilthan,2 and G. Pottlacher 2,3

Polarimetric emissivity measurements adapted for a rapid pulse heating setup
and recent results of normal spectral emissivity at 684.5 nm for molybdenum
at melting and in the liquid phase are presented. Also reported is a complete
set of thermophysical data (specific enthalpy, isobaric heat capacity, electri-
cal resistivity, thermal conductivity, and thermal diffusivity) for molybdenum
for both solid and liquid states. The results for all mentioned thermophysical
properties are discussed and furthermore compared to literature values. The
normal spectral emissivity and the electrical resistivity of molybdenum show
opposite trends in the liquid phase, leading to the conclusion that a predic-
tion of normal spectral emissivity at the given wavelength of 684.5 nm based
on the Hagen–Rubens-relation and electrical resistivity measurements is not
applicable.

KEY WORDS: ellipsometry; Hagen–Rubens-relation; molybdenum; normal
spectral emissivity; pulse-heating; thermal conductivity; thermal diffusivity;
thermophysical properties.

1. INTRODUCTION

Thermophysical properties of pure metals and alloys have been widely
studied to support, on one hand, the metal working industry by using
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them as input for computer simulations, and on the other hand, for a bet-
ter scientific understanding of different physical processes. Casting simu-
lations have become a very powerful and almost essential tool in process
design and preproduction modeling of new parts, i.e., for the automo-
bile industry. Therefore, a need for ever more and more accurate ther-
mophysical data arises for known materials, and there is always a strong
need for data for new materials such as Ti-aluminides or magnesium-based
alloys. Our research group has been measuring such thermophysical prop-
erties for a long period of time and has always tried to enhance data for
already measured materials (even our own measurements) as well as to
have a focus on new alloys like Ti-Al-Nb-B [1] and, up to now, unspecified
metals.

The data presented in this paper belong to the first category, since
thermophysical properties of solid and liquid molybdenum have already
been published [2], but are now expanded to cover thermal conductivity
and thermal diffusivity, which we have not published before. The latest and
probably most innovative addition in our range of measured properties
is the normal spectral emissivity at a wavelength of 684.5 nm, because its
determination into the liquid state has always been a difficult task. There-
fore, literature data are not easily available and a need exists for those
measurements, in particular for computer simulations.

The thermophysical properties presented in this paper have been
determined using a resistive pulse-heating technique, which has been dem-
onstrated to produce reproducible and accurate measurements from the
solid state (some hundred kelvin below the melting point) up into the liq-
uid phase. Additionally, we have incorporated DSC (differential-scanning
calorimetry) measurements into our set of data by obtaining enthalpy ver-
sus temperature results starting from almost room temperature (∼ 500 K)
up to a maximum temperature of about 1500 K. The values obtained with
this technique can not only be used to supplement our enthalpy and heat
capacity measurements but also can be used to expand our temperature
range down into the solid state [3].

Normal spectral emissivity measurements have been performed with a
laser polarimetry technique (µs-DOAP [division-of-amplitude photopola-
rimeter]), which is one of the few available techniques able to obtain emis-
sivity data in the liquid state under pulse-heating conditions. Due to the
use of a laser as the light source, our emissivity measurements are lim-
ited to the initial wavelength (684.5 nm) of the laser. Although it would be
generally possible to change the measurement wavelength of the DOAP by
using different lasers and optical elements for the detection, this modifica-
tion would be expensive and time-consuming.
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Fig. 1. Schematic diagram of the pulse-heating setup including the DOAP experiment.

2. EXPERIMENT SETUP AND DATA REDUCTION

2.1. Pulse-Heating Setup

The basic principle behind this technique is to pass a large current
pulse through a wire-shaped specimen (typically 0.5 mm diameter), which
causes a rapid increase in the temperature due to the resistance of the
material under investigation. In our case, we obtain heating rates of about
108 K·s−1, which results in an average experimental duration of about
30–60 µs per single measurement. See Ref. 4 for more details of the pulse-
heating system. (A schematic overview of the experiment is presented in
Fig. 1.) The time(t)-dependent quantities measured during such a pulse-
heating experiment consist of the current, I(t), through the specimen wire
measured with a calibrated induction coil (Pearson Electronics, Inc.), the
voltage drop, U(t), across the specimen determined by means of two
knife-edge probes, and the surface radiation of the wire, J(t), obtained
by means of a fast optical pyrometer. Starting with these three measured
quantities, all other thermophysical data can be calculated as shown in
Fig. 2.

2.1.1. Temperature

The temperature is calculated based on the pyrometrically determined
surface radiation of the sample by using Planck’s radiation law. To mini-
mize the uncertainty arising from the wavelength in Planck’s law, narrow
interference (IF) filters (in our case: 37 nm FWHM at a center wavelength
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Fig. 2. Schematic drawing of directly measured and calculated
quantities. U: voltage; I: current; r: specimen radius; J: surface
radiation; t: time; s0 − s3: Stokes parameters; ε : emissivity; H:
enthalpy; ρIG: electrical resistivity (initial geometry); V/V0: vol-
ume expansion; T: temperature; ρ: electrical resistivity (referred
to in text as ρVol); cp: specific heat capacity; a: thermal diffusiv-
ity; and λ : thermal conductivity.

of 650 nm) must be used in the pyrometers. Therefore, each pyrometer is
only designed for a specific temperature range (based on the IF-filter and
the photodiode used) and is generally not sensitive to temperatures below
1200–1500 K [3]. The radiation temperature of the sample at the effective
wavelength λ of the pyrometer, TRad, is obtained using the voltage output
S of a calibrated pyrometer as

TRad = c2

λ ln
(

K
S

+1
) , (1)

where K is the calibration factor of the pyrometer system and c2 is the
second radiation constant. The true sample temperature T can be obtained
with the help of Planck’s law by the following equation:

T = c2

λ

1

ln
[
ε

(
e

c2
λTRad −1

)
+1

] , (2)

where ε is the normal spectral emissivity at the wavelength λ. As one can
see, the actual value of the normal spectral emissivity at the wavelength of
the pyrometer is needed for this procedure. If the temperature dependence
of the normal spectral emissivity is not explicitly known, a constant emis-
sivity value in the liquid phase has to be assumed for temperature evalu-
ations, see, i.e., Ref. 5.
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2.1.2. Enthalpy and Resistivity

The voltage used in the calculations is the measured value corrected
for inductive contributions. The specific enthalpy, H(t), is calculated from
U(t) and I(t), starting at room temperature (although the temperature
measurement starts at higher temperatures):

H(t)= 1
m

∫
I (t)U(t) dt, (3)

where m is the mass of the sample (between the voltage probes).
The electrical resistivity ρIG for the initial geometry may be calculated by

ρIG(t)= U(t)πr2

I (t)�
, (4)

where r is the sample radius at room temperature and � is the length of
the specimen. For further evaluation the change in volume has to be taken
into consideration for the electrical resistivity, ρVol, as the specimen wire
expands during the heating process. ρVol is basically obtained by multiply-
ing ρIG by V/V0(T ).

2.1.3. Thermal Conductivity and Thermal Diffusivity

The thermal conductivity λ may be estimated from the temperature-
dependent electrical resistivity ρVol by using the Wiedemann–Franz - law
(W-F-L) in its well known form:

λ(T )= LT

ρVol(T )
, (5)

where T is the temperature and L is the Lorentz number, L =
2.45×10−8 V2·K−2, assuming that the Lorentz number is invariant in the
region of interest. Based on a knowledge of the thermal conductivity, the
thermal diffusivity a may be estimated from

a(T )= λ(T )

cp(T )d(T )
, (6)

where cp is the isobaric heat capacity and d(T) is the density.

2.2. Differential Scanning Calorimetry (DSC)

The DSC is primarily used to measure the temperature dependence
of the specific heat capacity (under constant ambient pressure) cp(T ). By
integrating the specific heat capacity values, the enthalpy can be directly
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calculated (with reference to the value H298 at room temperature). There-
fore, H(T) for the solid state starting at the DSC onset temperature at
about 500–1500 K can be obtained. This dependence can be used to assign
a temperature scale to the electrical measured quantities during a pulse-
heating experiment (i.e., enthalpy, resistivity) below the pyrometer onset
temperature. More details are given in Ref. 3.

2.3. µs-Division-Of-Amplitude Photopolarimeter (µs-DOAP)

The normal spectral emissivity at 684.5 nm is measured by using a
so-called division-of-amplitude photopolarimeter. The DOAP uses an el-
lipsometric measurement approach but without any rotating devices with
regard to the time scale used for a pulse-heating experiment. This tech-
nique has first been described by Azzam [6] and uses the Stokes formal-
ism for polarized light. Basically, a polarized laser beam is focused on the
surface of the sample wire and the change in polarization of the reflected
beam is analyzed. For more details see Refs. 7 and 8.

The detected signals are split into four intensities (hence, the name
division-of-amplitude) from which the complex refractive index n and the
extinction coefficient κ for the sample material are calculated. These two
quantities are used to determine the normal spectral reflectivity R at the
given wavelength by the following equation:

R = (n−n0)
2 +κ2

(n+n0)
2 +κ2

, (7)

where n0 is the refractive index of the ambient medium. Finally, the nor-
mal spectral emissivity ε(λ) can be calculated for opaque materials by
using Kirchoff’s law:

ε (λ)=1−R (λ) . (8)

Further details on µs-DOAP emissivity measurements are given in Ref. 8.

3. MEASUREMENTS AND RESULTS

All measurements in this study have been performed on wire-shaped
molybdenum specimens with a diameter Ø = 0.5 mm and an average length
of about 70 mm total (50 mm active length). The material was purchased
from Goodfellow Cambridge Limited with the following specifications:
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purity: 99.95%, hardness: annealed. Additionally, for emissivity measure-
ments a molybdenum wire from Plansee (purity: n/a, surface: electropol-
ished) was used for comparisons.

3.1. Results

All results given within this section represent averages of different
measurements. For thermophysical properties, six independent measure-
ments (the deviation between each of the single experiments was better
than 1%) have been used to obtain the averaged results. For the normal
spectral emissivity eight independent measurements have been used due to
weaker signal-to-noise levels. Following Ref. 9, a melting temperature of
Tm =2895 K was used for all evaluations.

3.1.1. Normal Spectral Emissivity

Figure 3 shows the normal spectral emissivity of molybdenum in the
liquid state. The linear least-squares fit for the liquid phase is
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Fig. 3. Normal spectral emissivity of molybdenum at 684.5 nm
as a function of radiance temperature at 650 nm. Open circles:
emissivity (average of eight measurements); vertical dotted line:
radiance temperature at melting (2520 K); open triangle: literature
value of Ref. 10; filled square: reference value taken from Ref. 11.
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Fig. 4. Specific enthalpy of molybdenum as a function of
temperature. Open circles: values obtained by pulse-heating; open
triangles: values obtained with DSC; solid lines: linear least-
squares fits to the end of the solid and the begin of the liquid
phase; dashed line: fit to the temperature region from 400 to
2460 K; vertically dotted line: melting temperature; filled squares:
literature values from Ref. 12; open stars: values from Ref. 13.

ε(Trad)=0.3047+1.0902×10−5Trad, 2520 K<Trad <5000 K (9)

where Trad is the radiance temperature at λ=650 nm. At the end of melt-
ing, the emissivity is ε(Trad,m)=0.332.

3.1.2. Enthalpy

Figure 4 presents the specific enthalpy obtained with the pulse-heating
system as well as with the DSC. The fit for the solid state (combination
of DSC and pulse-heating data; 3rd order) and the linear (least-squares)
fit for the high-temperature region of the solid state are (H in kJ·kg−1)

Hs(T ) = −98.7046+0.3183T −3.8103×10−5T 2 +1.5336×10−8T 3

480 K<T <2480 K, (10)

Hs(T )=−594.6586+0.5177T , 2480 K<T <2895 K, (11)
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Hl(T )=−133.7498+0.4916T , 2895 K<T <3600 K, (12)

for the liquid state. For the above fits as well as for all further fits within
this study, the subscripts are as follows. s: solid, l: liquid. At melting,
Hs(Tm) = 904.6 kJ·kg−1 and Hl(Tm) = 1289.9 kJ·kg−1, yielding a heat of
fusion of �H = 385.3 kJ·kg−1. The entropy of fusion calculated by �S =
�H/Tm is �S =133.05 J·kg−1·K−1.

The values for the specific heat capacity are obtained from the slopes
of the linear fits above. As is well known and confirmed by various mea-
surements [14–16], the isobaric heat capacity cp increases significantly in
the solid state just before melting. Based on the slope of the enthalpy mea-
surements performed in this study, only a constant heat capacity can be
obtained for the solid and liquid states. Therefore, the cp value for the
solid state represents the estimated value at the onset of melting only and
cannot be expected to be representativ e for a larger temperature range.

At the onset of melting (Tm = 2895 K), a mean value of cp,s =
517.7 J·kg−1·K−1 is obtained, and a constant value of cp,l = 491.6 J·kg−1·
K−1 was found for the liquid phase.

3.1.3. Electrical Resistivity

Results for the electrical resistivity based on the initial geometry as
well as values taking into account the volume expansion are presented in
Fig. 5. The volume expansion of pure molybdenum was taken from the lit-
erature for the solid state [17] and for the liquid state [12]. Note that the
resistivity values are shown in the solid state starting from 500 K.

The fits for the electrical resistivity with the initial geometry (ρIG in
µ�·m) are

ρIG,s(T ) = −0.0384+2.8436×10−4T −1.0970×10−8T 2+3.6622×10−12T 3

400 K<T <2895 K, (13)

ρIG,l(T )=0.9535−1.1498×10−5T , 2895 K<T <3600 K. (14)

The resistivity at the onset of melting is ρIG,s(Tm) = 0.782 µ�·m, and
ρIG,l(Tm) = 0.910µ�·m at the end of melting. Therefore, we obtain an
increase in resistivity during melting of �ρIG =0.128µ�·m.

The results taking into account the volume expansion (ρVol in µ�·m)
are represented by the following fits:

ρVol,s(T ) = −0.0342+2.6770×10−4T +6.7741×10−9T 2+9.6354×10−13T 3

400K <T <2895K, (15)
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Fig. 5. Electrical resistivity (with initial geometry and with con-
sideration of volume expansion) for molybdenum as a function
of temperature. Open circles: data (initial geometry) from pulse-
heating measurements; open triangles: pulse-heating data (initial
geometry) incorporating the temperature scale from DSC exper-
iments; solid line: volume corrected resistivity; vertically dotted
line: melting temperature; open squares: literature values from
Ref. 14; open stars: values from Ref. 12.

ρVol,l(T )=0.8483+4.8435×10−5T , 2895K <T <3600K. (16)

The resistivity at the onset of melting is ρVol,s(Tm) = 0.821µ�·m, at the
end of melting ρVol,l(Tm) = 0.989µ�·m. Therefore, we obtain an increase
in the resistivity during melting of �ρVol =0.168µ�·m.

3.1.4. Thermal Conductivity and Thermal Diffusivity

Thermal conductivity (λ in W·K−1·m−1) as shown in Fig. 6 in the
solid and liquid phases is represented by the following fits:

λs(T ) = 111.1349−0.0126T +1.4122×10−6T 2

1500K <T <2895K. (17)

λl(T )=11.4262+0.0208T , 2895 K<T <3600 K. (18)
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Fig. 6. Thermal conductivity of molybdenum as a function
of temperature. Open circles: measured data for the solid
state; open triangles: data for the liquid state; vertically dotted
line: melting temperature; filled squares: reference values from
Ref. 18.

The thermal conductivity at the onset of melting is λs(Tm) =
86.4 W·K−1· m−1, and λl(Tm) = 71.7 W·K−1· m−1 at the end of melting.
Therefore, we obtain an increase in thermal conductivity during melting of
�λ=14.7 W·K−1· m−1.

The thermal diffusivity of molybdenum is not given in a separate
figure, as its behavior is basically the same as for thermal conductivity
in Fig. 6. The values for the thermal diffusivity (in 10−5 m2· s−1) are given
by the following fits:

as(T ) = 2.1212×10−5 −2.5475×10−9T +4.2606×10−13T 2

2500 K<T <2895 K, (19)

al(T )=1.6210×10−6 +4.5065×10−9T , 2895 K<T <3600 K. (20)

The thermal diffusivity at the onset of melting is as(Tm) = 1.74 ×
10−5 m2· s−1, and al(Tm)=1.47×10−5 m2· s−1 at the end of melting. Thus,
we obtain an increase in thermal diffusivity during melting of �λ=0.27×
10−5 m2· s−1.
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A summary of the measured thermophysical properties from this
work and literature results is presented in Table I.

4. DISCUSSION

In the following section, specific details concerning each figure will be
discussed further. Generally, it can be seen from Figs. 3–6 and Table I,
that all of our measured values agree very well with the literature data.

4.1. Normal Spectral Emissivity

At the onset of melting, a strong decrease in emissivity can be seen in
Fig. 3. In the liquid phase, the normal spectral emissivity of molybdenum
at 684.5 nm shows an increase up to temperatures of 4500 K. This increase
is in contradiction to the liquid-phase behavior of the electrical resistiv-
ity with initial geometry if one assumes the validity of the Hagen–Rubens-
relation (ε∝f (ρ)) at this wavelength. We have observed such an opposite
behavior for different materials and thus strongly believe that the Hagen–
Rubens-relation is not applicable for measurements at 684.5 nm. At the
end of melting, a value of emissivity of ε =0.33 is obtained, which seems
to fit quite well with the available literature data, although the measure-
ment wavelengths are not identical. Finally, we used molybdenum wires
from two different manufacturers; although the values in the solid state
were different due to varying surface structures, the specimens from both
manufacturers did not only show the same behavior in the liquid phase
but also gave the same value at melting.

4.2. Specific Enthalpy

We measured the enthalpy values in the range from 400 to 1500 K by
DSC and from 1900 to 3600 K with the pulse-heating setup. Although the
heating rates are completely different, both data sets agree quite well with
each other, as can be seen in Fig. 4. This demonstrates that the pulse-heat-
ing experiment can be considered as quasi-static, as long as there are no
solid-state phase transitions. As a result, a combined fit in the temperature
range from 400 to 2460 K is given for molybdenum. The literature data
[12,13] agree quite well with our measured values.

4.3. Electrical Resistivity

Figure 5 depicts the electrical resistivity with initial geometry
conditions as well as the electrical resistivity values considering volume
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expansion. The temperatures obtained by DSC measurements of enthalpy
have been used to extend the electrical resistivity results measured with the
pulse-heating setup to lower temperature, ∼ 500 K. Although the volume
expansion is taken from literature data [12,17], the resistivity values show
excellent agreement with data reported by Refs. 12 and 14.

4.4. Thermal Conductivity and Thermal Diffusivity

By using the W-F-L, we calculated the thermal conductivity of molyb-
denum in the temperature range from 1500 to 3600 K. Comprehensive
literature comparisons were not possible, since there are only few data
for thermal conductivity available in this temperature range. Touloukian
[25] presents reference data, but they are very dispersed over the entire
range. As there is no recommendation given, the values are not used
for comparison. Nevertheless, the National Physical Laboratory (NPL),
United Kingdom gives recommended values for the thermal conductivity
of molybdenum at the melting transition and our measured data show an
almost exact match with them [18].

The thermal diffusivity is calculated based on our thermal conduc-
tivity values. A separate plot is not presented, since it shows almost the
same behavior as for the thermal conductivity. Other than thermal con-
ductivity, no literature data were available for comparisons in the temper-
ature region of interest. The fit in the solid state ranges only from 2500 to
2895 K as the thermal diffusivity calculations use the specific heat capac-
ity at the given temperature, which can only be obtained at the end of the
solid state by pulse-heating measurements.

5. ESTIMATION OF UNCERTAINTIES

According to Ref. 26 uncertainties reported here are expanded relative
uncertainties with a coverage factor of k = 2. Two lists of final evaluated
sets of uncertainties are given, first for directly measured variables such
as current, I, 2%, voltage drop, U, 2%, temperature, T, 4%, and mass, m,
2%. For the calculated thermophysical properties one obtains the following
uncertainties: enthalpy, H, 4%; enthalpy of melting �H , 8%; specific heat
capacity cp, 8%; specific electrical resistivity with initial geometry, ρIG,
4%; resistivity considering volume expansion, ρVol, 6%; thermal conductiv-
ity, λ, 12%; and thermal diffusivity, a, 16%.

An estimation of uncertainty for the normal spectral emissivity, ε, is
performed by determining the signal-to-noise ratio of different individual
measurements and by analyzing the reproducibility of different measure-
ments. For investigations on liquid molybdenum the signal-to-noise ratio
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of a single experiment does not exceed 6%. By averaging several different
measurements to minimize the noise of the emissivity signals and apply-
ing a linear least-squares fit to the liquid-phase behavior of the normal
spectral emissivity, the uncertainty can be reduced by up to a factor of 2,
thus yielding an uncertainty of ±3%. By including the coverage factor of
k =2, one obtains an uncertainty for the normal spectral emissivity for liq-
uid molybdenum of ±6%, respectively.

6. CONCLUSION

We have measured a complete set of thermophysical properties of
molybdenum in the solid and liquid states. Our measurements are in excel-
lent agreement with those appearing in the literature. In addition to the
past studies on the thermophysical properties of molybdenum, we also
present values for the thermal conductivity as well as the thermal diffu-
sivity at the melting transition and in the liquid phase. Additionally, mea-
surements of the normal spectral emissivity for liquid molybdenum at
684.5 nm are presented in the current work. As we discovered in previ-
ous measurements, the liquid phase behavior of the normal spectral emis-
sivity at 684.5 nm can be categorized as (a) decreasing, (b) constant, or
(c) increasing [27]. Molybdenum seamlessly fits into category (c) of this
classification, as the normal spectral emissivity shows a slight increasing
trend throughout the liquid phase. Furthermore, the results of the nor-
mal spectral emissivity and the electrical resistivity (with initial geometry)
of liquid molybdenum show opposite behaviors. Thus, the Hagen–Rubens-
relation is not applicable to predict the liquid-phase behavior of the emis-
sivity at 684.5 nm with a knowledge of the electrical resistivity behavior
with initial geometry.

Since the change in emissivity during the liquid phase is small, all
measurements from other authors, without consideration of the actual
behavior of emissivity, are not expected to differ significantly from values
of this work.
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