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Thermophysical Properties of Solid Phase Hafnium
at High Temperatures
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The thermophysical properties of several hafnium samples with a content of
zirconium below 1% were experimentally studied over a wide temperature
range. The specific heat capacity and specific electrical resistivity were mea-
sured from 300 to 2340K, the hemispherical total emissivity from 1000 to
2130K, while the thermal diffusivity was measured in the range from 300
to 1470K. The thermal conductivity and Lorentz number were computed
from measured properties for the range from 300 to 1470 K. The specific heat
capacity, specific electrical resistivity, and hemispherical total emissivity were
measured by subsecond pulse calorimetry, and the thermal diffusivity using
the laser flash method. Samples in the form of a thin rod or wire, and in the
form of a thin disk were used in the first and second methods, respectively.
For data reduction and computation of relevant parameters, recent literature
values of the linear thermal expansion were used. The results are compared
with literature data and discussed.

KEY WORDS: electrical resistivity; hafnium; heat capacity; hemispherical
total emissivity; high temperatures; laser flash method; subsecond pulse
calorimetry; thermal diffusivity.

1. INTRODUCTION

Hafnium belongs to the group of transition metals and, in nature, it
is mostly present in zirconium minerals (1 to 5%). Hafnium is a supple
shiny metal, easily treatable, but with a relatively high melting temperature
(about 2504 K). Its properties are considerably influenced by the impurities
of zirconium, and, in production, zirconium and hafnium are very difficult
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to separate. Their chemistry is almost identical, but the density of hafnium
is twice that of zirconium.

Hafnium has several remarkable properties such as a good absorption
cross section for thermal neutrons (almost 600 times that of zirconium),
and extremely high corrosion resistance. It is often used for reactor con-
trol rods, such as in nuclear submarines. Hafnium is successfully alloyed
with iron, titanium, niobium, tantalum, and other metals, which makes it
attractive for high temperature applications. Hafnium-based ceramics (car-
bides, borides, and nitrides) have extremely high melting temperatures and
hardness, as well as high thermal and electrical conductivity and chemi-
cal stability; hafnium carbide is the most refractory binary composition
known, with a melting point (m.p.) of 4163 K, and the nitride is the most
refractory of all known metal nitrides with a m.p. of 3583 K. Hafnium is
resistant to concentrated alkalis, but at elevated temperatures reacts with
oxygen, nitrogen, carbon, boron, sulfur, and silicon. Being an efficient
"getter" for oxygen and nitrogen, hafnium is used for gas-filled and incan-
descent lamps and vacuum tubes.

Accurate characterization of this element is, therefore, very important.
In spite of that, there are few recent data of its thermophysical proper-
ties in the literature. Moreover, as zirconium is the most normal impu-
rity (usually 3% of mass), there is a need for studying samples with low
concentrations of this element. That is especially important for conductive
properties, such as thermal diffusivity and specific electrical resistivity.

The first author who published results of Hf investigations was
Zwikker [1] in 1926. By measuring the electrical resistivity, he observed
the allotropic transformation of this metal in a large temperature region,
however, with values underestimated in comparison to present ones, which
were probably due to important impurity contents. Shortly after his study,
DeBoer and Fast [2] mentioned that the presence of Zr might lower the
phase transition temperature of pure Hf. Subsequently, a series of research
was performed on the Hf transition temperature and some other proper-
ties and a relevant review of those studies until the 1960s was given by
Bedford [3].

This paper presents experimental results for the thermophysical prop-
erties of several hafnium samples of a relatively high purity, ranging from
about 99.0 to 99.6%. Using two transient state methods that have been
standard for many years in this laboratory, various thermophysical prop-
erties were measured. The temperature range of the specific heat capacity,
specific electrical resistivity, and hemispherical total emissivity measure-
ments covers the structural hcp-bce phase transition temperature (about
2000K), where some significant changes in the material properties were
detected.
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2. EXPERIMENTAL SETTINGS

Two experimental methods were used: subsecond pulse calorimetry
for specific heat capacity, specific electrical resistivity, and hemispherical
total emissivity and the laser flash method for thermal diffusivity mea-
surements. A general review of these techniques is given by Cezairliyan [4]
and Taylor and Magli¢ [5], while some particular features regarding the
applied data reduction can be found in Dobrosavljevic and Magli¢ [6] and
Milosevic et al. [7].

2.1. Samples

Six different hafnium samples were provided: three were made from
different hafnium wires and two from different hafnium block cylinders.
The dimensions of the samples were measured by using two calibrated
micrometers with the resolution of 10 and 20 um, depending whether it
was the wire diameter and the disk thickness or the wire length, respec-
tively. The mass was measured with the resolution of 0.1 mg. The mean
values and expanded uncertainties of physical parameters of each sample
were obtained statistically, by averaging the values of repeated measure-
ments, and they are given in Table I. The expanded uncertainties are given
with a coverage factor of 2.

Before experiments were initiated, all samples were annealed for
1 hour in vacuum at 900°C. Subsequent chemical analyses revealed the
presence of impurities as given in Table II. After experiments were com-
pleted, the samples were not chemically analyzed.

The surface of sample 1 had an unexpected grayish color, which
might have been attributed to carbon remaining from the wire drawing; so
before chemical analysis, it was subjected to a treatment consisting of sev-
eral heating cycles under high vacuum conditions, up to about 1100 K. As
a result, its surface became brighter, but not as bright as the surface of
the other samples. Subsequent chemical analysis showed that the carbon,
whose overall concentration did not exceed 0.01%, was found mainly on

Table I. Physical Parameters of Hafnium Samples

Sample No. Form  Length/Thickness (mm) Diameter (mm) Density (kg-m™)

1 Wire 185.954+0.02 2.410£0.006 13189 £33
2 Wire 181.0240.02 3.977+0.005 13222417
3 Wire 205.70£0.02 0.937+0.007 13157+£97
4 Disk 2.1134+0.008 9.40240.002 13239+ 50
5 Disk 1.948 £0.007 9.920+0.002 13225+£48
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Table II. Chemical Compositions (in mass%) of Hafnium Samples

Sample No.  Purity (minimum) Content of impurities

1 99.29 0.38 Zr, 0.01 C, 0.08 Ca, 0.065 Mo, 0.03 O,
0.023 Mg, 0.015 N, <0.01 Fe and Pb, <0.001 V

2 99.26 0.62 Zr, 0.056 Mo, 0.053 Ca, 0.008 Ni, 0.005 Fe,
<0.001 V

3 98.99 0.98 Zr, 0.02 Mo, 0.006 Nb, 0.002 Fe,

0.001 Al and Si, <0.001 Ni, Ti, and Ca,
0.0008 Cu, <0.0001 Cr, Mg, and Mn

4 99.56 0.39 Zr, 0.02 Fe, 0.01 C, 0.005 N,
0.003 Al and Cu, <0.003 Ca and Mo, 0.002 Si,
0.001 Ti, <0.001 Mg, Nb, and Ni, 0.0004 Cr,
<0.0001 Mn

5 99.41 0.55 Zr, 0.013 Ca and Fe, <0.005 Mo, 0.004 Y,
<0.001 V

the sample surface, while the sample interior was practically free of this
impurity. In order to preserve the sample diameter uniformity, it could not
be exposed to polishing as a technique of carbon removal; thus, the sam-
ple was not altered. Consequently, for sample 1, higher values of emissivity
were obtained compared with these from the literature.

The main impurity in all Hf samples was zirconium, with the mass
concentrations ranging from 0.38 to 0.98%. In the first sample, traces of
oxygen and nitrogen were found, and in the fourth, nitrogen. The low-
est overall impurity concentration was for samples 4 and 5, as shown in
Table II.

2.2. Measurement Description
2.2.1. Subsecond Pulse Calorimetry

General experimental procedure is described in detail in Ref. 6.
In this research, W-Re 5% and W-Re 26% leads (50 um in diameter) were
used for temperature and voltage drop measurements. A thermocouple was
welded intrinsically at the sample center, half-way between the power sup-
ply clamps. The intrinsic junction was used instead of the beaded one
in order to reduce the finite response time of the thermocouple and to
prevent possible perturbations at the point of temperature measurements.
From the other side, two potential drop leads were welded at distances
about 10mm from the thermocouple, so the effective distance between
them was always about 20mm. After each time the potential leads were
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fixed, this distance was established with repeated measurements using a
traveling microscope and with an expanded uncertainty (coverage factor of
2) of about 10 pm.

The samples were held between two tungsten clamps in a vacuum
chamber. The vacuum achieved by mechanical and oil diffusion pumps
in series was usually between 4 x 1073 and 9 x 1073 Pa. One or two 12V
high-capacity batteries served as a dc source. For current measurements, a
I mS2 standard resistor was used.

In total, three kinds of signals were measured simultaneously by a 16-
bit multi-channel data acquisition system and by an accurate 24-bit digi-
tal multimeter (thermocouple emf measurements). With a 12V dc source,
the heating rate was about 600K -s~!, while with a 24V dc source it was
about 2300 K -s~!. The initial temperature was always room temperature,
and the maximum temperatures of the “effective” portion of the sam-
ple varied in different experiments, ranging from about 900 to 2450K. In
order to minimize the influence of the Thomson effect, the current direc-
tion was reversed in each run. The total number of runs for all samples
(from 1 to 3) was 119.

As long as maximum temperatures were below 2200 K for samples 1
and 2, the experiments were reproducible, and without undesired effects,
such as sample bending, etc. With an increase in temperature above
2200 K achieved by increasing pulse duration, an unexpected phenomenon
occurred. The central portion of the sample, where the thermocouple was
welded, suddenly became much brighter. When the maximum temperature
was set for about 2450 K, each sample melted at the point where the ther-
mocouple had been welded. An explanation was found for this phenome-
non since hafnium and tungsten form a eutectic at about 2200 K (Fortov
and Petukhov [8]). In fact, tungsten, from the welded thermocouple and
voltage leads, and hafnium, from the sample, made an alloy with a sur-
face brighter than that of the sample. Due to a significant reduction of the
total emissivity for the thermocouple and voltage lead positions, the sam-
ples suffered overheating, which caused a rise of the heating rate. From
that reason, with this combination of samples and materials for temper-
ature and voltage measurements, results above 2200 K were not generally
reliable due to the nonuniformity of the temperature distribution along the
“effective” sample. Nevertheless, some temperature and voltage signals for
temperatures up to 2340 K were feasible, which made possible application
of the data reduction procedures and determination of the properties.

Due to the small diameter of sample 3 (less than 1 mm, see Table I), it
could not tolerate extensive and prolonged heating as the first two samples
did. The increase of the maximum temperature led to sample deterioration
through bending and further thinning and resulted in premature melting.
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For this reason, the maximum temperature of the last run (before melting)
was only a few degrees below 2000 K, i.e., the phase transition was never
reached with this sample. Moreover, a consequence of such conditions was
that measurements of the specific heat capacity and specific electrical resis-
tivity were less reliable, so those results were rejected and not presented
in this work. On the other hand, the deterioration of sample 3 during the
experiments did not influence significantly the determination of the hemi-
spherical total emissivity. A decrease in the sample diameter at the thermo-
couple position was evaluated for each run, and accounted for in the final
data reduction. Results were considered sufficiently reliable to be presented.

2.2.2. Laser Flash Method

In this method, the disk-shaped sample was placed in a specially
designed graphite holder. In order to increase both thermal absorption and
also thermal radiation of the sample, a thin layer (< 10 um) of a black col-
loidal carbon was deposited on the front and rear sample sides. The air
pressure in the vacuum chamber was typically 0.3 x 1073 Pa, which was
achieved by mechanical and oil diffusion pumps in series.

The sample was heated to a desired temperature in a cylindrical tan-
talum foil furnace using a dc current. The sample reference temperature
was measured with a thin “thermocoax” K-type thermocouple set next to
the lateral side of the sample. A relation between the temperature detected
by the thermocouple and the real sample temperature was established
before thermal diffusivity measurements were initiated.

Temperature transients were obtained by energy pulses from a ruby
laser, with a maximum output of 30J and a typical pulse duration of
I ms. For detection of temperature transients in the range from 300 to
470K, a sensitive liquid nitrogen-cooled InSb infrared detector was used.
In the range above 470K, a water-cooled PbS IR photoresistor detector
was applied. Signals from both detectors were measured with an accurate
24-bit digital multimeter.

The experiment consisted of 157 measurements, 77 for sample 4
and 80 for sample 5. The sample temperature was varied from ambient
temperature up to 1485K, with an average step of 50K. Three signals
were recorded at each reference temperature. The samples were inspected
between each series of experiments, and no physical, including dimen-
sional, changes of the sample were detected. Due to the laser beam inter-
ference with the colloidal carbon layer at the front sample side, this layer
had to be renewed several times during the thermal diffusivity measure-
ment series. The characteristic time of the transient temperature response
was between 40 and 60 ms, while the average signal duration was about
a factor of § larger.
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2.3. Measurement Uncertainties

There were several sources of measurement uncertainties of the final
properties: the errors of temperature measurements, the errors from mea-
sured quantities, such as sample dimensions, distance between the voltage
leads, voltage drop over the effective sample, current through the sample,
etc., the errors from computed quantities and functions, such as the sam-
ple temperature and the heating rate, and those caused by certain assump-
tions in the mathematical modeling of the related physical system, like the
effect of a temperature gradient along and/or across the sample, etc.

In subsecond pulse calorimetry, which implies the use of thermocou-
ples for temperature measurements, all sources of error in the final results
are listed in Ref. 6. According to this reference, if one considers a num-
ber of experimental curves, the expanded uncertainties of the final spe-
cific heat capacity and specific electrical resistivity results were estimated
to be 3 and 1%, respectively. Besides, by applying S-type thermocouples,
the expanded uncertainty of temperature measurements was estimated to
be a maximum of 5K. In this research, however, due to the use of a W-Re
thermocouple with somewhat lower sensitivity, the temperature mea-
surements were estimated to have an expanded uncertainty of 5K for
temperatures up to 1300K and an expanded uncertainty of 8K for
temperatures above 1300 K. Consequently, the expanded uncertainties of
specific heat capacity and specific electrical resistivity became somewhat
higher for temperatures above 1300 K.

Regarding the expanded uncertainty of the hemispherical total emis-
sivity, it depends mainly on the error of temperature derivations and tem-
perature measurements. By using repeated measurements, it was usually in
the range from 3 to 8%, but could be significantly higher at temperatures
below 1000 K.

In the laser flash method, the expanded uncertainty of the thermal
diffusivity depends mostly on the error of sample thickness, which is usu-
ally less than 0.5%, and on the nonlinear heat-loss effects at high tempera-
tures. By using a parameter estimation procedure (Milosevi¢ et al. [7]) and
repeated mesurements, the expanded uncertainty of the thermal diffusivity
was estimated to be in the range from 1 to 2%. Concerning the expanded
uncertainty of temperature measurements, it was estimated to be a maxi-
mum of 2K for the highest sample temperatures.

3. EXPERIMENTAL RESULTS AND DISCUSSION

For computing the thermophysical properties, the values of the linear
thermal expansion coefficient were taken from Fortov and Petukhov [8].
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These authors gave recommended values for polycrystalline hafnium with
0.66% Zr in the form of a quadratic polynomial,

ar =6.578 x 1070 —3.337 x 10710(T —293) + 5.754 x 10~ 13(T —293)* (1)

with an average expanded uncertainty of 2.3%. This equation is valid for
temperatures up to 2000 K, i.e., to the phase transition point. In this work,
however, because the error of the thermal expansion coefficient has a small
influence on the uncertainty of the final results, Eq. (1) was also used for
data reduction for the sample bcc phase.

3.1. Hemispherical Total Emissivity

For computing the specific heat capacity by subsecond calorimetry, it
is necessary to know the temperature function of the hemispherical total
emissivity of the investigated material. According to the procedure for
obtaining this property, computed values of the hemispherical total emis-
sivity are discrete, and very sensitive to errors introduced by fitting the
function derivatives. As the phase transition takes place gradually, i.e., not
instantly and uniformly along and across the sample, results for the hemi-
spherical total emissivity within and in the vicinity of the phase transition
region are not sufficiently reliable and accurate. Results obtained in this
range, therefore, will not be presented in this work.

The values of the hemispherical total emissivity outside the phase
transition region were obtained from experiments carried out on all three
wire samples. At least 6 runs, all ending at approximately the same tem-
perature (i.e., the temperature from which the sample cooling took place),
were used to compute the average value of the hemispherical total emis-
sivity at this temperature point.

Final results are shown in Fig. 1, together with available literature
data. Their average values and their expanded uncertainties (coverage fac-
tor of 2) are given in Table III.

Results obtained for samples 2 and 3 below 2100 K, and the liter-
ature data of Zhorov [9], Peletskii and Druzhinin [10], Arutyunov et al.
[11], Cezairliyan and McClure [12], and Paradis et al. [13] fall within a
range confined between, roughly, 0.28 and 0.34, following a gentle, nearly
linear increase. Results obtained for sample 1 lie much higher than all oth-
ers, including the literature values, which are consistent with expectations
based on the surface state discussed in Section 2.1. Since this sample had
visible carbon impurity deposits on its surface, higher values of the hemi-
spherical total emissivity were expected.
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Fig. 1. Hemispherical total emissivity of hafnium.

Table III. Final Values and Expanded Uncertainties (Coverage Factor of 2) of the
Hemispherical Total Emissivity of Hafnium

Sample 1 Sample 2 Sample 3

T (K)  en Uente (%) T (K)  ent Usnt (0) T (K)  ent Uene (%0)

935 0.459 7.0 1454 0315 52 1177 0.307 3.9
1604 0.501 3.2 2119 0.365 33 1509 0.320 3.8
1776 0.527 59 2134 0.368 5.6 1663 0.323 25
1980 0.562 7.1 1861 0.331 24

1927 0329 2.6

4Not shown in Fig. 1.

An explanation for the data dispersion within the above boundaries
could be found in the difference between the initial alloying impurities
present in the samples, as well as due to the absorption of oxygen and
nitrogen at their surfaces during sample heating. In spite of the fact that
our experiments last only a very short time, this might have influenced to
some extent two data points for sample 2 at about 2120 and 2134 K.
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The results of various authors shown in Fig. 1 suggest that the hemi-
spherical total emissivity of this metal slowly increases with temperature,
following an almost linear relationship. Such functions were fitted for all
our samples and used in later specific heat capacity calculations.

3.2. Specific Heat Capacity

According to the procedures described in Ref. 6, heat capacities as a
function of temperature function were obtained from the measured voltage
drop between potential leads, the electrical current through the sample, as
well as from thermophysical and other parameters of the sample including
its hemispherical total emissivity. Using the Kopp-Neumann rule, a cor-
rection for impurities was performed for zirconium and carbon (sample
1) and only zirconium for sample 2. Reference heat capacity data for zir-
conium and carbon were taken from Guillermet [14] and Touloukian and
Buyco [15], respectively. Final results (measured and corrected for major
impurities) with their expanded uncertainties (coverage factor of 2) for
each sample are presented in Table IV.

All uncertainties were computed from data reduction procedures,
where the influence of the error of each parameter was considered. For
example, at high temperatures due to its large value and influence, the
error of the hemispherical total emissivity plays the most important role.
On the other hand, at low temperatures, large uncertainties are associated
with the large scatter of measured data, which is typical for the experimen-
tal technique used here.

As one can see from Table 1V, differences in impurities and compo-
sition do not significantly influence the measured heat capacity values (in
the phase transition region, differences between the data were not assumed
to be a strong function of the impurity concentration). The same applies
to the sample geometry, although the diameters of the two samples dif-
fered by a factor of 2. For this reason, instead of discussing the results
obtained for each single sample, analysis will be focused on the mean
values of heat capacity, which are also presented in Table IV. They were
computed from corrected values for each of the samples, and their uncer-
tainties from the overall standard deviations that included standard devi-
ations of the corresponding values from each sample. Therefore, the mean
values and available literature data on the specific heat capacity of haf-
nium are presented in Fig. 2; values that correspond to temperatures from
1993 to 2021 K are not shown.

The maximum value of the specific heat capacity, which represents the
minimum value of the first derivative of the transient temperature, was
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Fig. 2. Specific heat capacity of hafnium.

obtained by averaging at about 2004 K for sample 1, and at 2008 K for
sample 2. As these points indicate the “middle” of the phase transition
region, they can be considered as the most probable values of the phase
transition temperature.

The expanded uncertainties of these temperatures (coverage factor of
2) were computed at the temperature corresponding to about a third of
the maximum heat capacity value. These uncertainties were 9 and 4K
for samples 1 and 2, respectively, which were obtained statistically from
numerous data curves and also considering the uncertainty of tempera-
ture measurements. Therefore, the final phase transition temperature could
be taken as an average value of the above two temperatures as 2006 K,
with a maximum expanded uncertainty of 5K. In comparison to the value
given by Touloukian and Buyco [16] (2023 £20K), it is about 17K less,
but within the uncertainty. Cezairliyan and McClure [12] reported 2012 K,
Fortov and Petukhov [8] reported 2015K, Gurvich et al. [17] quoted
2016 K, while that of Binkele and Brunen [18] was highest, at 2050 K. For-
tov and Petukhov [8] mentioned a large variation of this temperature, even
100K for the case with a significant absorption of oxygen and nitrogen by
the sample. However, DeBoer and Fast [2] noticed already in 1936 that the
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presence of zirconium lowered the value of the phase transition point and
that phenomenon was confirmed later by several authors.

Regarding heat capacity values, this research showed the appearance
of a remarkable variation of the heat capacity around the phase transition
point, i.e., within the phase transition region (Fig. 2). However, no other
authors reported such behavior of this property around the phase tran-
sition point. Cezairliyan and McClure [12], who also used the subsecond
calorimetry technique, did not report any values between 1850 and 2150 K,
while Katz et al. [19] did the same from 2001 to 2127 K. Gurvich et al.
[17] presented the data just up to, and above the phase transition point
(2016 K), without mentioning the phase transition region. The reason for
such differences between the present and literature data may be found in
the nature of the dynamic method used, where one measures the variation
of temperature as a function of time. As the structural phase transition
takes place in a finite time period, temperature measurements, and thus
the heat capacity values, are sensitive to that transformation.

In the hafnium hcp phase, up to the beginning of the phase transition
region (at about 1975K), the present values are generally in good agree-
ment with literature results. At the lowest temperatures, the present results
agree well with all literature data, especially with those given by Westrum
and McClaine [20] (Hf 99.95 mass %) and Hawkins et al. [21]. At moder-
ate temperatures, results from this research differ from those reported by
Katz et al. [19] by about 3% (at 1320 K), but agree well with other data.
More significant discrepancies appear at high temperatures, where the val-
ues of Arutyunov et al. [11] and Peletskii and Druzhinin [10] lie above
and below, respectively, the present results, by about 7 and 4%, which
exceeds the present estimated uncertainty limits. In the same temperature
range our values agree very well with data published by Cezairliyan and
McClure [12] and Gurvich et al. [17].

In the bcc phase, the present values lie about 2% above most other
data, but within the estimated uncertainty limits. According to the data
of Katz et al. [18], Paradis et al. [13], and Fortov and Petukhov [§], the
specific heat capacity hardly varies with temperature in the bcc phase.
Cezairliyan and McClure [12] and Gurvich et al. [17] indicated a more
or less pronounced rise on approaching the melting point, which could
be explained by the appearance of sample point defects at very high
temperatures (Kraftmakher [22]).

3.3. Specific Electrical Resistivity

The values of the specific electrical resistivity of samples 1 and 2 were
computed directly from the measured data of the voltage drop over the
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Table V. Final Values and Expanded Uncertainties (Coverage Factor of 2) of the Specific
Electrical Resistivity of Hafnium

Sample 1 Sample 2

T (K) p (1078 m) U, (%) p (1078 -m) U, (%)
293 46.1 3.4 38.6 2.6
323 50.1 3.2 42.8 2.4
373 58.1 2.8 49.5 22
423 64.0 2.6 56.2 2.0
473 71.0 2.5 63.0 1.8
523 78.2 23 69.7 1.7
573 85.3 22 76.4 1.6
623 92.2 2.0 82.9 1.5
673 99.0 2.0 89.5 1.4
723 105.6 1.9 95.7 1.4
773 112.1 1.8 101.9 1.3
823 118.4 1.7 107.9 13
873 124.4 1.7 113.7 1.2
923 130.1 1.7 119.7 1.2
973 135.4 1.6 125.1 1.1
1023 140.3 1.6 130.2 1.1
1073 145.3 1.6 134.9 1.1
1123 149.4 1.5 139.3 1.1
1173 153.3 1.5 143.3 1.1
1223 156.7 1.5 147.0 1.0
1273 160.0 1.5 150.1 1.0
1323 162.8 1.5 153.1 1.0
1373 165.1 1.4 155.8 1.0
1423 167.2 1.4 157.8 1.0
1473 168.8 1.4 159.7 1.0
1523 170.2 1.4 161.3 1.0
1573 171.5 1.4 162.5 1.0
1623 172.1 1.4 163.5 1.0
1673 173.0 1.4 164.5 1.0
1723 173.7 1.4 165.1 1.0
1773 173.9 1.4 165.7 1.0
1823 174.3 1.4 165.9 1.0
1873 174.5 1.4 166.3 1.0
1923 174.5 14 166.3 1.0
1973 174.5 1.4 166.3 1.0
1983 174.1 14 166.2 1.0
1993 173.8 1.4 166.0 1.0
1998 173.0 1.4 166.0 1.0
2003 171.9 1.4 165.4 1.0
2013 169.4 1.4 158.6 1.0
2023 168.3 1.4 157.3 1.0

2073 166.0 1.4 156.0 1.0
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Table V. (Continued)
Sample 1 Sample 2
2123 165.6 1.4 155.8 1.0
2173 164.6 1.5 155.8 1.0
2223 164.6 1.5 156.0 1.0
2273 164.8 1.5 156.5¢ 1.0
2323 165.5 1.4 157.2¢ 1.0
2336 165.9 14 157.4¢ 1.0
¢ Interpolated value.
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Fig. 3. Specific electrical resistivity of hafnium.

effective sample volume and the current through the sample, taking into
account the thermal expansion of the sample. The final results were obtained
by filtering raw data with a fast Fourier transformation. Final values are
given in Table V and presented in Fig. 3 together with literature data.
In comparisons with literature data reported by Wessel [23], Zhorov
[9], Peletskii and Druzhinin [10], Arutyunov et al. [11], Cezairliyan and
McClure [12], Zinovyev [24], and Binkele and Brunen [18], results that
correspond to sample 1 are higher from about 30% at room temperature
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to 5.8% at 1373 K. The data of Adenstedt [25] for their first sample fall
below the rest from about 700 K. However, his results for the second sam-
ple virtually coincide with our values. The main difference between two
hafnium samples tested by Adenstedt [25] was in the content of the impu-
rities: while the first sample did not include oxygen at all, another one had
about 0.037 mass% of this element. Other impurities in Adenstedt’s sam-
ples had similar concentrations, including those of Zr (between 0.7 and
0.8 mass%). The highest data in the high temperature region were pub-
lished by Bedford [3]. He reported impurities of 2.4 mass% of Zr, 0.032
of mass% of oxygen, and 0.01 mass% of nitrogen in his hatnium sample.
In addition, his values showed a systematic increase of the electrical resis-
tivity with the number of experiments, probably indicating further sam-
ple oxidation. Binkele and Brunen [18] used a sample with 1.2 mass% of
Zr, and their results match well those from Zinovyev [24] and Cezairliyan
and McClure [12] who used samples with 3 mass% of Zr. Considering
the above, it may be that the zirconium impurity does not influence the
electrical resistivity as much as do other impurities, e.g., oxygen. Present
results could confirm this statement, because, while no traces of oxygen or
other gaseous elements, such as N and H were detected in sample 2 (see
Table II), 0.03 mass% of oxygen was found in sample 1 and, probably, the
content of this element increased during the experiments. In addition, the
presence of carbon in sample 1 could further contribute to the increase of
its specific electrical resistivity.

The specific electrical resistivity results for sample 2 are in more or
less good agreement with other literature data as shown in Fig. 3. At the
lowest temperatures, the present values agree very well with those from
Wessel [23], but are about 13% higher than values from Zinovyev [24].
As the temperature increases, the agreement between the present and lit-
erature data becomes better; thus, in the middle temperature range from
about 800 to 1500 K, the present values agree well with data from Refs. 9-
11, 18, and 24. From 1500K to the transition point, current results agree
best with these of Arutyunov et al. [11] and Cezairliyan and McClure
[12]. Above the transition point, the present data agree also with those
of Zinovyev [24]. The values of Adenstedt [25] (first sample) lie about 8%
below all other data in the middle temperature range, however, no obvious
reason is known for this behavior.

If one considers the uncertainty limits of published data (not reported
in some papers), the overall agreement between the present results obtained
for sample 2 and most other literature values is good. It should be added
that, except for this work and that of Zinovyev [24], no other experimen-
tal studies of the electrical resistivity of solid hafnium over such a wide
temperature range is found in the literature.
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3.4. Thermal Diffusivity

Hafnium samples 4 and 5 in the form of thin disks, and with impu-
rity contents given in Table II, were used for the thermal diffusivity mea-
surements. Experimental data, obtained by the laser flash method were
analyzed by the parameter estimation procedure. Correction of the sample
thickness due to the linear thermal expansion was carried out according to
Eq. (1). Final results for both samples, mean values, and their expanded
uncertainties (coverage factor 2) are given in Table VI. Mean values are
presented in Fig. 4, along with literature data.

As one can see in Table VI, thermal diffusivity values of the two sam-
ples agree in the temperature region from room temperature up to about

Table VI. Final Values and Expanded Uncertainties (Coverage Factor of 2) of the Thermal
Diffusivity of Hafnium

Sample 4 Sample 5 Mean values

a U, a U, a U,
TE) 10°m2.s7h) %) T (K) (10°m?.s7) %) T (K) (10°°m?.-s7!) (%)

293 13.81 1.0 285 13.63 1.9 289 13.72 1.1
326 13.15 1.0 321 13.19 1.1 324 13.17 0.8
375 12.45 0.3 386 12.17 1.1 381 12.31 0.6
423 11.85 0.5 433 11.74 23 428 11.80 1.2
459 11.49 0.8 492 11.18 2.1 475 11.34 1.1
521 10.81 2.8 530 10.84 0.6 525 10.82 1.4
568 10.47 1.4 579 10.57 1.3 574 10.52 0.9
615 10.24 1.4 618 10.40 0.9 617 10.32 0.8
664 10.03 0.9 664 10.17 2.8 664 10.10 1.5
714 9.91 0.7 715 9.92 1.6 714 9.91 0.9
767 9.72 0.4 760 9.79 1.8 764 9.76 0.9
817 9.57 0.3 825 9.67 1.6 821 9.62 0.8
862 9.46 0.3 874 9.59 0.8 868 9.53 0.4
914 9.36 1.5 919 9.54 1.6 917 9.45 1.1
962 9.32 0.2 965 9.54 0.9 964 9.43 0.5
1012 9.29 04 1017 9.54 1.7 1015 9.41 0.9
1065 9.26 0.3 1065 9.53 1.5 1065 9.40 0.8
1113 9.27 0.1 1118 9.59 1.6 1115 9.43 0.8
1162 9.40 21 1174 9.60 1.2 1168 9.50 1.2
1215 9.45 1.0 1222 9.65 1.0 1219 9.55 0.7
1262 9.43 34 1277 9.81 1.9 1269 9.62 1.9
1314 9.50 1.5 1332 9.85 1.6 1323 9.67 1.1
1362 9.70 1.6 1370 10.01 1.8 1366 9.85 1.2
1417 9.96 2.8 1430 10.21 1.5 1424 10.08 1.6

1463 10.02 1.9 1472 10.54 1.9 1468 10.28 1.3
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Fig. 4. Thermal diffusivity of hafnium.

900 K. Above that temperature, however, differences become more signifi-
cant. At high temperatures, the thermal diffusivity of sample 5 is greater
than that of sample 4 and this difference reaches 5% at about 1465K.
The reasons for such a discrepancy could lie either in the impurity level
(according to Table II, sample 4 had some nitrogen and carbon impuri-
ties), or in the possible oxidation of sample surfaces during the experi-
ments at high temperatures.

Only four sets of relevant data on the thermal diffusivity of hafnium
were found in the literature: three of them were experimentally measured
and one was provisional. Touloukian et al. [26] gave a theoretical esti-
mation of the thermal diffusivity for pure hafnium, with 15% uncertainty
below 900K and 25% uncertainty above this temperature. According to
this prediction (see Fig. 4), the thermal diffusivity follows an exponential
fall in the temperature range of consideration. On the experimental side,
Montague et al. [27] tested several hafnium samples in the range from 300
to 800K (with no impurity information). Their data started just below
the provisional values, and were about 10% lower at 750 K, when they
experienced formation of an oxide layer on the sample surface, which lim-
ited their measurement range. On the other hand, Arutyunov et al. [11]
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measured the thermal diffusivity of hafnium (with 0.65 mass% of Zr) only
at high temperatures, from 1100 to 2050 K, while Zinovyev [24] measured
this property over a large temperature range, from ambient temperature to
the melting point. For the sake of comparisons, only data up to 1600 K
are presented in Fig. 4.

In contrast to the estimated values of Touloukian et al. [26], Arutyunov
et al. [11] reported a rise of thermal diffusivity values from 1100 K, and
the same behavior was detected by Zinovyev [24]. The data from the lat-
ter are in excellent agreement up to 1000 K with those from Touloukian
et al. [26], but diverge from them at higher temperatures. Our results fol-
low the same trend as those of Zinovyev [24]. The thermal diffusivity
decreases above the ambient temperature, and at 1065K, is about one
third of its room temperature value. After that point, the thermal diffu-
sivity gradually increases. The maximum difference between the present
results and those of Zinovyev [24] is at ambient temperature, where the
difference is about 7%, decreasing to about 1% at 1100 K.

3.5. Thermal Conductivity and Lorentz Number

These two properties were computed by using the above experimen-
tally measured values. The thermal conductivity was computed from the
simple relation k= pycpa, where py is the density of the sample, while the
Lorentz number was calculated from the ratio L = kp/T. Corresponding
mean values were taken for c¢,, a, and py (13219 20 kg -m~3 at ambi-
ent temperature), while data obtained from sample 2 were considered for
p. Corrections for the linear thermal expansion were applied to the mean
values of py, using Eq. (1) for the thermal expansion coefficient.

The computed thermal conductivities of hafnium are presented in
Fig. 5, together with available literature data. The maximum expanded
uncertainties (coverage factor of 2) range from 5.5% (at 289K) to 3.4%
(at 868 K). It can be seen that in the temperature range of investigation
the values from the current study are generally in good agreement with
previous results. As the uncertainty of the computed thermal conductiv-
ity depends strongly on the uncertainty of the measured heat capacity and
thermal diffusivity, this could indicate accurate and reliable measurements
of the latter two properties.

While the recommended values of the thermal conductivity of
Touloukian et al. [28] suggested small variations of the thermal conduc-
tivity before and after the minimum at about 900 K, Binkele and Brunen
[18] reported a significant variation of this property both before and after
this temperature and Zinovyev [24] showed a significant increase above
this temperature. Timrot et al. [29] and Arutyunov et al. [11] measured
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Fig. 5. Thermal conductivity of hafnium.

the thermal conductivity only at high temperatures, while Deem [30] per-
formed measurements only in the region up to 820K. In the correspond-
ing temperature range, values from Arutyunov et al. [11] are higher than
all other data by about 20%. Fieldhouse and Lang [31] were the only
authors who reported a decrease of the thermal conductivity in the entire
range from ambient to 1530 K.

The results from this work agree well with the data of Binkele and
Brunen [18] and Zinovyev [24] over the entire temperature range. As Binkele
and Brunen [18] used samples with 1.2 mass% Zr, Deem [30] with 2 mass%
Zr, Fieldhouse and Lang [31] with 1 mass% Zr, and Arutyunov et al. [11]
with 0.65 mass% Zr, it can be concluded that a small amount of the Zr
impurity does not influence significantly the thermal conductivity, so the
differences between data sets are probably a consequence of different exper-
imental methods, data reduction procedures, and/or sample preparation.

For the Lorentz number, computed values and available literature
data are presented in Fig. 6. At the lowest temperatures, the present
results are much higher than the theoretical value for metals (2.45 x
1073 W.Q-K~?), but this difference decreases with temperature. In the
region from about 800 to 1400 K the Lorentz number has an approxi-
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Fig. 6. Lorentz number for hafnium.

mately constant value of about 2.8 x 1078 W . - K~2. Similar values in the
temperature region of consideration were observed by Zinovyev [24] and
Binkele and Brunen [18]. At the highest temperatures, the Lorentz number
of Arutyunov et al. [11] differs considerably from all other data, which is a
consequence of discrepancies between corresponding thermal conductivity
values.

According to the present results, the influence of electronic scattering
due to the imperfections of the sample structure (especially in the first two
samples, which consisted of many impurities, such as C, Ca, Mo, and gas-
eous elements) decreases with temperature.

4. CONCLUSIONS

In this study five different samples whose purity varied from 99.0 to
99.6 mass% were used for determination of the properties of hafnium.
Based on this work, the following conclusions could be stated.

o In the range from 1150 to 2150 K, the hemispherical total emissiv-
ity of hafnium lies between 0.30 and 0.38, with a virtually linear
increase with temperature.
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The presence of carbon impurity on the surface of one hafnium
sample resulted in a significantly higher emissivity, while no obvi-
ous effect of different zirconium content on that parameter was
detected.

The specific heat capacity, specific electrical resistivity, phase tran-
sition temperature, and thermal diffusivity of hafnium in the tem-
perature range of consideration are generally in good agreement
with the majority of previous available literature data.

The specific heat capacity varies abruptly around the phase transi-
tion point, in a way typical of the applied experimental method.

The specific electrical resistivity of hafnium seems to depend more
on nonmetallic and gaseous impurities than on metallic ones, e.g.,
on the zirconium impurity.

The thermal diffusivity of hafnium shows a parabolic behavior in
the temperature range from 300 to 1470 K.

The computed thermal conductivity and Lorentz number of haf-
nium in the temperature range of consideration agree, in general,
with literature data, which may indicate the accuracy and reliabil-
ity of the experimental methods and procedures applied in measur-
ing the above properties.

Measurements of the thermal diffusivity at temperatures above 1500 K,
and in the region of the phase transition point will be the subject of future
research.
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