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Abstract

A review on the calorimetric studies of nuclear materials at high
temperatures carried out recently in our laboratory is given. The
apparatus used in this study are as follows; an adiabatic scanning calori-
meter, a direct heating pulse calorimeter, an apparatus for measuring
thermal conductivity by means of a scanning temperature method, a twin
microcalorimeter of Tian-Calvet type, a time-of-flight mass-spectro-
meter with a Knudsen-cell, efc. Heat capacities of U;04-,, UzO04_,,
Mn,Fes 04, Cr,Fe;-,04, VO,, NbO, and doped NbO, with various
compositions have been measured and the mechanisms of phase transi-
tions are discussed from the entropy changes due to the transitions as
a function of composition. Thermal conductivities of U,04-y, U304,
and Mn,Fe;_,0, have been measured and discussed as a function of
composition. Heats of formation of NbQO, with various x have been
measured and the stability of the compounds is discussed in comparison
with VO, and Ta,0;. Vaporization of the niobium-oxygen system,
Nb,Os_z, NbOj., NbO;.,, and Nb-O solid solution phases has been
measured with emphasis on their nonstoichiometry. The congruently
vaporizing phase in the niobium-oxygen system is determined to be
NbO;. The enthalpy of ormationf and dissociation energy for NbO, (&)
and NbO(g), enthalpy and entropy of fusion for NbO,(s) and Nb,O;(s)
and the partial molar enthalpy and entropy of oxygen in solid phases
are determined from the vapor pressure data. The defect structure
of Nb-O solid solution and NbO,..(s) is discussed from the partial
molar enthalpy and entropy of oxygen and the phase diagram of the
niobium-oxygen system at high temperatures is presented.
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1. Introduction

The knowledge of thermal properties, such as heat capacity, vapor pressure,
heat of formation, thermal conductivity, efc. at high temperatures is one of the
most important informations for the research and development of refractory
materials, since the physical and chemical integrities of the materials at high
temperatures are mainly determined by these thermal properties.

Calorimetric study, as a part of our study in high temperature chemistry, on
nuclear reactor materials has been carried out extensively in our laboratory,
Department of Nuclear Engineering, Faculty of Engineering, Nagoya University,
since 1968, and the provision of a new equipment, which consists of an adiabatic
scanning type calorimeter, a Tian-Calvet type twin microcalorimeter and a mass
spectrometer with a Knudsen vaporization cell, has been granted by the Ministry
of Education, Science and Culture of Japan in 1977. Since then, the calorimetric
studies on nuclear reactor materials have been still continued in our laboratory,
making use of this equipment as well as some other apparatus we have developed
(a direct heating pulse calorimeter, an apparatus for measuring therma! conductivity
by means of scanning temperature method, efc.). The accumulation of results thus
obtained has reached the point where a summary of these studies should be opportune.

The present review will cover the outline of apparatus we used, some of which
have been designed in our laboratory, the heat capacity and thermal conductivity
of uranium oxides, the heat capacity and thermal conductivity of ferrites, the
calorimetric study of niobium oxides and vanadium oxides and the vaporization of
the niobium-oxygen system, of which studies have been carried out mainly in recent
five vears since the provision of the equipment.

1. Apparatus

2. 1. Measurement of heat capacity

2. 1. 1. Adiabatic scanning calovimeter

Calorimetry at high temperatures has become important in the development of
high temperature materials. Although drop calorimetry has been extensively used
at high temperatures, this method requires a large number of drop measurements
and it is furthermore not suitable to apply to the systems in which phase transi-
tions or chemical reactions occur on heating. On the other hand, adiabatic calori-
metry can determine directly the heat capacity at each temperature and can use
for the study of phase transitions, but this method has been mainly used at low
temperatures because of the increase of the heat exchange between the sample and
the surroundings with increasing temperature.

Two methods of adiabatic calorimetry are known; one is the continuous (or
dynamic) method and the other is the intermittent (or Nernst) method. The former
is applicable not only for continuous measurement of heat capacity but also for
measurement of reaction heat, but the correction for the heat leakage during
measurement is difficult. The latter is tedious and takes a long time for the
measurement and the use for chemical reaction systems is difficuilt, but the correc-
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tion for the heat leakage during the measurement can be made precisely.
A precise absolute calorimetry at high temperatures is very difficult because
the heat leakage between the sample and the surroundings increases rapidly with

increasing temperature mainly due to
radiation. In order to clarify the heat
leakage in the dynamic calorimeter, we
have measured the heat leakage at
various conditions!’: The heat leakage
in a calorimeter with the two heating
methods of the sample (internal heating
and external heating) has heen measured
at various temperatures with various
heating rates, and a result obtained at
773 K ander vacuum (~0.1Pa) is shown
in Fig. 1. It is seen from the figure
that the heat leakage is proportional to
heating rate and that the heat leakage
with the internal heating is larger than
that with the external heating. It is
therefore concluded that the heat leakage
is dependent on the heating rate and
the external heating method is preferable
in the view point of the heat leakage.
In the continuous heating method, 2
constant power is usually supplied to
the sample, so that the heating rate
hence the heat leakage depends on the
heat capacity of the sample, especially
when the sample has phase transitions.
In order to make a precise absolute
measurement regardless of the amount
or kind of sample, we have daveloped
an adizbatic scanning calorimeter as
shown in Fig. 2%, where the heating
rate of the sample is controlled to be
constant. The constant heating rate of
the calorimeter can be achieved by using
an electronic programmer: the difference
between the voltage of the programmer
and the electromotive force of a ther-
mocouple in the sample vessel is brought
to zero by controlling the power of an
internal heater (external heating method)
using a PID transistor driver type con-
troller. Heating rate is usually chosen
as 2K min~! and the error of the con-
trol is within +0.01 K min-1. The
voltage and current of the internal
heater at each temperature are converted
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into digital signals and stored in a disk using an on-line minicomputer OKITAC
50/40. The adiabatic control is made by using the two external heaters. The tem-
perature difference between the inner vessel and the outer shield is detected by a
differential thermocouple, and the difference is reduced to zero by controllng the
power of the external heater, using a PID thyristor type controller. The adiabatic
control is usually within +0.01 K. The sample is sealed in a clean quartz cylindrical
vessel, about 20 mm in diameter and 28 mm in height. The quartz sample vessel is
filled with helium gas at a reduced pressure of about 2x10¢ Pa. Thermocouples
used are inconel sheathed chromel-alumel, 0.5mm in diameter. The measurement
is made in an inert gas atmosphere at reduced pressure (400~1300 Pa). Measurement
can also be made below room temperature: the system is cooled by filling it with
about two liters of liquid nitrogen and evacuated before the measurement begins.

As a standard sample, alumina of 13.102 g provided by U. S. National Bureau of
Standard is used and the results are shown in Fig. 3,2) where the data by Furukawa
et al.® are also shown in a solid line for comparison. The imprecision of the
measurement is within 4+1% and inaccuracy is seen from Fig. 3 to be within +2%.
This imprecision and inaccuracy is considered to be satisfactory for the absolute
measurement of heat capacity at high temperatures. The systematic error in the
measurement with other samples can be corrected by the measurement with a
standard sample as shown in Fig. 3.

The dehydration reaction of hydrated cupric sulphate (CuSO,. 5H,O) has been
studied?> as a typical example of a sample in which chemical reaction occurs.
CuSOy,. 5H;0 of chemically pure grade was sifted by a 200 mesh, and 100 mg of the
powder was uniformly mixed with about 3.8 g of alumina powder. The measure-
ments were made in a nitrogen atmosphere at about 1 kpa and at heating rates of
1, 2, 4 and 8 K min~*. The results are shown in Fig. 4. The dehydration reaction
of CuSOy. 5H,0 is believed to be as follows:
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CuSO,-5H,0 (¢) —> CuS0-3H,0 (¢) + 2H,0 (g) D
CuS0,-3H,0 (¢) —> CuSO,-H,O (¢) + 2H,0 (2) (2)
CuS0,-H,O (¢) —> CuSO,- (¢) + H,0(8)- 3

Peak(a) in Fig. 4 is caused by the reaction (1), peak (&) by reaction (2) and peak
(¢) by reaction (3). It is noted that the separation between peaks (&) and (b) at
low heating rates, say 1 K min-%, is very clear compared with the usual data
obtained by differential thermal analysis.

2. 1. 2. Direct heating pulse calovimeter

As has been descrided in the preceding section, heat leak increases rapidly as
temperature rises and the absolute measurement of specific heat capacity above
1000 K becomes extremely difficult by means of adiabatic calorimetry. For the
measurement at temperatures higher than 1000 K, a direct heating pulse calorimeter
has been constructed for semiconducting materials®). In this calorimeter, the
energy for heating the sample @ is supplied directly by electrical power source and
a temperature rise of sample 47 is measured:

_ Q
= T @

where C, is the specific heat capacity and m is the mass of the sample. Since the
temperature of the sample in this method rises rapidiy and homogeneously, the
time period for the measurement can be very short, giving the heat leakage small.
For semiconducting samples, however, it is difficult to make the heating rate very
rapid because of poor electrical conductivity, which would cause a larger error
compared with highly conductive samples. In order to avoid this difficulty, the
sample is surrounded by a molybdenum shield and both the sample and the shield
are heated simultaneously and individually by electrical pulses from f, to #; so as
to obtain the same temperature rises for the purpose of keeping an adiabatic
condition, as shown in Fig. 59. The changes of the sample temperature 47 and
the shield temperature Ty, are shown schematically in Fig. 64. In practice, during
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Fig. 5. Block diagram of the direct heat- Fig. 6. Temperature changes of the sample
ing pulse calorimeter with an (4T) and shield (T's,) during me-
adiabatic control.$ asurement.t
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the pulse heating and for a short time afterwards, temperature measurement is not
possible because of voltanic noise on the thermocouple, hence, the measurement of
temperature is started at #, in Fig. 6 and only a decreasing curve is obtained.
Then, 4T can be obtained by extrapolation as shown by a broken line.
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Two examples measured by this calorimeter are shown in Figs. 7 and 8%.
Figure 7 shows the heat capacity of graphite which is commercially available of
99.9 9 purity, 150 mm long, 3.85 mm in diameter and 27.52 % porosity. In this
figure, the solid and broken lines indicate the data compiled by Butland and
Madison5> with a good agreement with our results. The imprecision of this calo-
rimeter is within +0.59%. The electrical condutivity of the sample can also be
obtained simultaneously within an imprecision of +0.5%. Figure 8 shows the heat
capacity of silicon carbide which is commercially available a-type silicon carbide of
99.99 % purity, 100 mm long, 9.9 mm in diameter and 25.88 ¢ porosity. The
results are obtained with an imprecision within 0.5% as seen from the figure,
where other authors data®:7) obtained by the drop method are also shown.

2. 1. 8. Heal leakage in calovimetry at high temperatures

The error of calorimeter is mainly caused by the heat leakage between the
sample and the surroundings, which usually cannot be measured directly. Since the
most part of the heat exchange at high temperatures is due to radiation, the
quantity of the heat exchange W is nearly proportional to the surface area of
sample S, its emissivity ¢ and the average temperature difference between the
sample surface and the surroundings 47s:

WoceSAT 5

If the time required for measurment of temperature rise is ¢, and the heat leakage
@’ during ¢, is

Q’zSZdet oc eSSZmATSdt

= aSZfTJm, (6)
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where 47T is the average of 4T during the time f,. Since the energy absorbed
by sample is a product of heat capacity of sample C and the temperature rise 47T,
the relative error due to heat exchange J is

Y eSATT_Jm
0= T AT - @)

In the case of adiabatic calorimeter, the value of C/S becomes rather large
when the sample is contained in a vessel, but ¢ can be taken as a small value by
selecting a proper metal as a vessel material. Since heater, sample, sample vessel
and thermometer are in the metal vessel enclosing the sample and thermal contact
among them is not sufficient, relatively long time is required for thermal equilib-
rium, resulting in large f,, while the ratio 47s/47 can be kept to be small by a
precise adiabatic control. The error of adisbatic control is about +0.001 K at
1000 K in the best of calorimeter at present, but 47s may become larger than it,
because there are temperature distributions on the sample surface. Hence the value
of 4T determines the limit of the precision of the adiabatic calorimeter. In order
to reduce temperature distribution in the sample surface, a double platinum sphere
has been used and inert gas of reduced pressure has been introduced in the adia-
batic scanning calorimeter. In the intermittent heating method of the adiabatic
calorimeter, the heat leakage can be corrected to some extent from the measurement
of temperature drift in steady states before and after heating and the deviation of
adiabatic control. Grgnvold® has used this method and obtained an imprecision of
+0.3% up to 1050 K using a standard sample of alumina. In the cases of flash
calorimetry, direct heating pulse calorimetry and AC calorimetry, they intend to
keep I, to be small, although 47 /4T becomes large. In the direct heating calori-
meter, the sample temperature rises instantaneously when the electric current is led
to the sample and f, is very small, and futhermore an adiabatic control by heating
a shield simultaneously has been made in order to decrease 47s/47 in our apparatus.
In the flash calorimeter, the temperature of a surface of sample, on which a high-
intensity light pulse is impinged, rises rapidly and gradually approaches to the
thermal equilibrium. f, is proportional to the square of thickness and inversely
proportional to the thermal diffusivity of sample. Using this type of calorimeter
Takahashi ef /.9 have obtained an imprecision within 1% and an inaccuracy within
2% up to 1100 K.

2. 2. Measurement of heat of formation

A twin microcalorimeter of Tian-Calvet type is useful for measurements of
heat of formation, partial molar enthalpy, heat of mixing or heat of solution and
heat of gas adsorption on solids. It measures the heat flux g, which flows to a
heat reservoir at a constant temperature through a conductive medium, by measur-
ing the temperature difference 47 between the sample vessel and the heat reservoir:

e=C 2D par, (8)

where C is heat capacity of the calorimeter and /i is a general thermal conductivity
coefficient. After a long period of time, the quantity of heat @ emitted from or
absorbed in the sample, can be obtained by integrating Eq. (8) to infinite time,
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ouples) (A), (B), (C) show the posi-
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AT is regarded as zero before the heat absorption or emissin ({=0) and after a
long period of heat event ({—o0). Therefore the first term of Eq. (9) is neglected
and @ can be obtained solely by integrating 47, where the apparatus constant % in
the second term of Eq. (9) can be determined from the calibration using a known
heat event. The main part of the calorimeter is shown schematically in Fig. 9.10
It consists of two calorimeter units located in two wells of an alumina block main-
tained at a constant temperature, of which diameter is 18 cm and height is 15 cm.
The temperature difference between the calorimeter block and the surrounding
block is measured by means of 120 junctions of Pt/Pt Rh 13 % thermocouple of
0.3 mm in diameter. The two thermopiles of the two calorimeters are connected
in series but in opposition to each other in order to detect the heat absorbed by
or emitted from the sample in one side of the two calorimeters. The output of
the thermopiles is supplied to an integrater and a recorder through a d. c. ampli-
fier.

An ideal twin calorimeter should be perfectly symmetrical with respect to the
two calorimeters; the sample and the reference sides. In practice, however, some
deviations from perfect symmetry such as difference in thermal contacts of the
thermocouples to the calorimeter block and the surrounding block and small
deviation from the symmetry in size of the calorimeter block, the surrounding
blocks, the wells of constant temperature block and the main heater, efc, cannot
be avoided especially when ceramic materials are used for the purpose of high
temperature operation. The presence of unsymmetry in the two calorimeters would
result in a baseline fluctuation through the fluctuation of the temperature of the
main heater and that of room temperature.

In order to know how the fluctuation of the temperature of the main heater
affects the baseline, three Pt/Pt Rh 13 9% thermocouples were set in the places
(A), (B) and (C) shown in Fig. 9. Temperature variation of four periods of a
sine curve with amplitude of 12.5 K and period of 660 sec was applied in the main
heater (the position (A) in Fig. 9) by adjusting current of the main heater
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Fig. 10. Temperature variation of the calori-
meter after giving temperature
oscillation of four cycles of a sine
curve with an amplitude of 12.5 K
and a period of 660 sec at the main
heater.l® B and C represent the

: positions of 1 and 3 cm inside from

ok " ] the main heater, respectively.

-——ohserved one; - calculated one.

500 1000 2500 2000 2500 3000

Fig. 11. The temperature drift of the %
baseline of the calorimeter.l0) =.
-— observed curve;
~~~~~~~ calculated curve. -1l

manually, and the temperatures of the positions (B) and (C) and the baseline of
the calorimeter were recorded as a function of time. The results are shown in
Figs. 10 and 11 in solid lines'®. As can be seen from the figures, the amplitude
of the sine curve decreases and the delay of phase of sine curve increases as the
position goes inside.

The temperature variation as functions of time and position can be compared
with the computer calculation: If we assume that the heat leak in upper and lower
directions can be neglected and the temperature can be determined solely by the
position in the radial direction, we have the following diffusion equation:

oT (r, t) _ [ 0*T(r,t) , 1 0T (v, t)
gt I T T or }’ (10)

where T'(7,t) is the temperature as a function of the distance from the center r
and time #, & is the thermal diffusivity and x=2/C,p, 4 is the thermal conductivity,
C, the specific heat capacity and ¢ the density. Eq. (10) is changed into a finite
difference form for computer calculation. The results by the computer calculation
are shown in broken lines in Fig. 10. Although the calculated values of the period
of temperature oscillation are in good agreement with the observed ones, the
calculated amplitudes are lower than the observed ones, which may be originated
from the uncertainty of the parameters used in the calculation, or from the heat
leak to upper and lower directions, neglected in the calculation. In order to
simulate the baseline fluctuation due to some unsymmetry existing in the calo-
rimeter, it is assumed that the calorimeter is displaced 0.25cm from the symmet-
rical position. The results of the calculation based on this assumption are shown
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in Fig. 1110,

The agreement between the observed and the calculated values is

fairly good in spite of a simple assumption for the calculation.

The calibration of the calorimeter was made by two methods:

One is the

measurement of enthalpy difference of alumina with various mass between the

T(t) = Aexp{~t/R)

0501

T/K

0251

%-CugO—i—%fOz:CuO,

Nb+%ng%Nb205.

temperature of the calorimeter, say 917
K, and room temperature by dropping
it into the calorimeter. A typical
thermogram of input energy 400] is
shown in Fig. 12. The other method
was the chemical calibration; the two
chemical reactions were used for cali-
bration :

Fig. 12. A typical thermogram of input

energy about 400 J.10

an

(12)

Niobium powder used was in 99.99 % purity with respect to the other metals. The
reaction was started by introducing oxygen gas into an evacuated reaction tube at

920 K. The results obtained by the two methods are shown in Fig. 13.

A fairly

good agreement between the two chemical calibrations is observed. Small difference
in the two methods is thought to be mainly due to the difference in the thermal
conductance of the reaction tubes, because an open tube is used in the dropping
method and an air tight tube with reduced gas pressure is used in the chemical

calibration.

Fig. 13. Results of the calibration of the
calorimeter.10)
@, drop method using enthalpy dif-
ference of alumina; O, chemical
calibration using the oxidation reac-
tion of Cuy0; A, chemical calibration
using the oxidation reaction of
niobium metal.
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2. 3. Measurement of thermal conductivity and thermal diffusivity

Many methods have been adopted for measuring the thermal conductivity of
solid materials, but few are applicable to the continuous measurement over a wide
range of temperature with small size of sample. We have developed a method for
simultanecus measurements of thermal conductivity and thermal diffusivity by
heating a small sample at a constant heating rate, which we called a scanning
temperature method!?, When a cylindrical specimen is heated on its base plane
without heat leakage in the radial direction, the differential equation for heat
conduction through the sample is expressed as follows,

AT Jdt =w(d°T Jde?), (13)

where T is the temperature, f the time, x the axial distance from the base plane,
and x the thermal diffusivity. If we assume that the heating rate 8 and the heat
flow @ per unit time through a cross section are constant, the boundary conditions
are given by

£>0, 5=0: dT/di=, (14)
£50, x=1: —Si(dT /dx)=0Q, (15)

where S is the cross section of the specimen, [ its length, and 4 is the thermal
conductivity. By solving Eq. (13) using these boundary conditions, the temperature
difference between the base and top surfaces is obtained under quasi-steady state:

AT = (I?B/21) + (Q1/15). (16)

When a conducting block is placed on the top of the specimen, it serves as heat
sink; heat flows through the specimen and passes into the sink from the top
surface. Then Eq. (16) becomes

AT = (1225 -+ C\ Myl /18) f= (A+CuMyB) B, (17

where A represents [2/2x, B is 1/AS, and Cy, My are the specific heat capacity and
the massof metal block. When 47/8 is plotted against CyM,, A is obtained by
extrapolation of CyMy to zero and B from the slope of the line. The thermal
conductivity 1 and the thermal diffusivity % of the specimen are then obtained
simultaneously from B and A, by measuring the temperature difference 47T at a
constant heating rate 8 for various heat capacities of heat sink Cy/My.

The apparatus is shown schematically in Fig. 14. The specimen is sandwiched
between silver blocks of 12mm in diameter. As a heating element for the specimen,
a nickel-chromium sheathed heater of I mm in diameter is sandwiched between a
ceramic disk and a silver disk. A thin hemispherical silver dome serves as an
adiabatic thermal shield, which is heated by an external heater. Chromel-alumel
sheathed thermocouples are placed at the points marked 1, 2 and 3 in Fig. 14. The
thermocouples at the points 1 and 2 are inserted into holes of 1 mm in diameter
drilled on the silver blocks, and fixed with silver paste. The heating rate § is set
by an electronic programmer, and the difference between the voltage from the
programmer and the electromotive force from the thermocouple at the point 1 is
brought to zero by controlling the power of the internal heater, using a PID
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Fig. 14. Apparatus for the thermal conduct
ivity and thermal diffusivity me-
asurements called a scanning tem-
perature method.11)

: heating element

: lower silver block

: specimen

: upper silver block

: silver adiabatic shield

: external heater
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: molybdenum wire
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Fig. 15. 4T/ vs. heat capacity of silver
block.11)
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thyristor-type controller. The temperature difference 47, between the top and
the base surfaces of alumina single crystal sample is measured at various heating
rates using various heat capacities of silver block. The results are shown in Fig.
15, where 4T/g at various temperatures is plotted against heat capacity of silver
block. From the results shown in Fig. 15, thermal conductivity of single crystal
alumina is obtained, which is in good agreement with the reference data!®.

2. 4. Measurement of vapor pressure

The vapor pressure at high temperatures is measured by means of a combina-
tion of mass-effusion (weight loss measurements) and mass-spectrometry.

The apparatus for the mass effusion is shown schematically in Fig. 16. The
total weight loss is measured to determine the total vapor pressures as a function
of time, and the sample is contained in a tungsten Knudsen-cell in a graphite
holder. The sample in a tungsten Knudsen-cell surrounded by tantalum radiation
shields is heated by an induction coil.

Mass-spectrometric measurements are carried out to identify the vapor species
and to measure the partial vapor pressures using a time-of -flight mass-spectrometer
(CVC model MA-2) equipped with a tungsten Knudsen-cell in a tungsten holder
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Fig. 16. Schematic drawing of the ap- Fig. 17. Schematic drawing of the ap-
paratus for the mass-effusion paratus for the mass-spectro-
measurements. metry.

heated by electron bombardment. The system for the time-of-flight analysis is
shown schematically in Fig. 17. The Knudsen-cell consists of a tungsten crucible
and a tungsten plate lid. The tungsten crucible is approximately 10 mm long and
10 mm outer diameter with 1.5 mm wall thickness. The tungsten lid is about 0.18
mm thick and provides an orifice of about 0.5 mm in diameter at the center. The
assembly of the crucible and the lid is tightly contacted with a tungsten holder
surrounding the assembly. The intensity of each vapor species originating from
the Knudsen-cell is determined from the difference in the ion currents with the
molecular beam shutter open and closed. The electron energy to ionize vapor
species is selected to be slightly higher (~2-3 eV) than the observed ionization
potential of vapor species. The absolute pressures are calculated by comparing the
intensities of the ionic current of the vapor species with those of silver metal used
as the internal standard. The isotopic abundance ratio and the vapor pressure of
silver are taken from the literaturel®1%, Atomic ionization cross-sections are
taken from the tabulation by Mann'® and the additivity principle suggested by
Otvos and Stevenson!® is used to calculate the molecular cross-sections of molecular
species such as NbO and NbO,. The relative multiplier gain is calculated by
assuming that it is to be inversely proportional to the square root of the masst7:18),
Temperature measurements are made with a Leeds and Northrup disappearing-
filament optical pyrometer, of which srror is determined to be 45K by comparing
with the melting point of platinum metal and the EMF of Pt-Pt 13% Rh thermo-
couple. Observation is made through an orifice of the Knudsen-cell.
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. Heat capacity and thermal conductivity of uranium oxides

Uranium dioxide, UO,,, has been used as a nuclear fuel for the nuclear reactor
and its thermophysical properties such as heat capacity and thermal conductivity
are very important for the design and operation of the nuclear reactor. The
thermophysical properties of higher oxidation compounds, UsOq4., and U;0;_, are
also important not only because of the comparison with UQO,,, but also because
of their characteristic properties in the relatively wide ranges of nonstoichiometry
originated from the different valence states of uranium. A phase diagram of
uranium oxides is shown in Fig. 1819. A considerable number of studies on the
phase relations and thermal properties in the uranium-oxygen system have been
carried out owing to the importance of UO,., as a nuclear fuel. Heat capacity
and thermal conductivity on uranium higher oxides U;04_, and U;Og_, have been
measured extensively in our laboratory in relation to the phase transitions, which
will be described below briefly.

U021 + Oy Lw

o3 3 e
O/U ratio
Fig. 18. Phase diagram of uranium oxides.19

3. 1. U409_y and dOPEd—U4OQ__y

3. 1. 1. Low temperature phase transition

A 2-type anomaly in heat capacity of U,O, was first observed by Gotoo and
Naito29, and independently by Westrum et @/.21, at slightly above room temperature.
The mechanism of this phase transition has been an object of the study carried
out in our laboratory for many years, and it is concluded that the transition is
originated from an order-disorder rearrangement of U4* and U5+ ions and succeeding
displacement of oxygen ions2?2). The measurement of heat capacities of U O,_,
with different O/U ratio is very useful to discuss the mechanism of the phase
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transition23,
Heat capacities of U;O4., with O/U ratio 2.228, 2.240 and 2.250 were measu
red2®> by means of the adiabatic scanning calorimeter and the results are shown

1 1 T

@ Observed
A Calculated
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°oU02250
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i i |
700 756 300 L P - 223 . 2.2%& 25
Tx O/U raitio
Fig. 19. Heat capacities of UsOg-5.29 Fig. 20. Observed and calculated entropy
change against O/U ratio of
U40g-5.27

Table 1. The compositions and entroy change of UsOg-y between the low- and
high-temperature phases2?.

Ratio of X-ray Composition of Composition of

superlattice lines | low-temperature phase high-temperature phase

UOz.228 2.0 UO02-0.0940"0 1620"0.162 U02-0.2280"0.2280"0.228
UO3.240 1.55 U02-0.1460"0.1930"0.193 UO2-0.2400"0.2400"0.240
UO0z.250 1.0 UO02-0.2500%.2500"0.250 UOz2-0.2500"0.2500"0.250
calculated observed
A4Sy 485 4S84 ASe AS g+ 4Se A4S
JK-imol-1 | JK-imol~t* | JK-tmol-! | JK-lmol-! | JK-1mol-! | JK-Imol-!
UOz2.223 2.80 -0.9 2.01 1.17 3.18 2.93
UOz2.240 1.76 —0.75 1.01 1.30 2.31 2.34
UOz.250 0 0 0 1.92 1.92 1.92
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in Fig. 19, where significant differences in the transition temperature and the
enthalpy change are seen between the two samples with slightly different O/U
ratios. From heat capacity data, the entropy change due to the phase transition
can be obtained, which is shown in Fig. 20 and the last column of Table 1. The
entropy change due to the transition 4S is expressed to be the sum of that due to
the displacement of oxygen atoms, 4S,, and that due to the order-disorder rearra-
ngement of U4* and US+ ions, 45,24 :

4S=AS,+4S, (18)

The entropy change due to the displacement of oxygen atoms can be calculated
using the data of the intensities of X-ray superlattice lines23 before and after the
phase transition as follows24), Taking the model proposed by Willis26> as the
crystal structure of U Oq.,, the formula for U,04_, are written as UO,_,0,0",,
where ¢ corresponds to the number of vacant oxygen lattice sites in the fluorite

lattice, & the number of O’ site located at a distance of 0. 85 A along the <110>
direction from the center of the large interstice and ¢ the number of the O site

located at a distance of 1. OSA along the <111> direction. The compositions of
the high- and low-temperature phases are calculated for different O/U ratios using
the data of the X-ray superlattice lines before and after the phase trasition, and
are given in Table 1, where the occupation numbers & and ¢ are assumed to be
equal for the sake of simplification. The entropy change due to the displacement
of oxygen ions consists of two terms: (i) the term due to the displacement of
oxygen ions in the normal fluorite sites, 45,, and (ii) the term due to the disp-
lacement of oxygen ions in the interstitial sites, 45,. In the case of UQO; 540, for
example, 45, and 45, are calculated as follows.

Asn:k(lnwcl.ﬂm_ZWZNcl.SMN):1~ 76JK 'mol™, (19)
A’Si:k(lno.%mco‘zm—517’30.2500.1931\7): —0.75]JK *mol™?, (20)

Hence, the total entropy change due to the displacement of oxygen iomns, 4S, for
UOgy. 540 I8 4S54=45,+4S,;=1.01 JK-mol-*. The results are also given in Table 1.
The entropy change due to the order-disorder rearrangement of U4+ and US* ions,
48, is calculated from the jump width, J, in the Z-type jump of the -electrical
conductivity shown in Fig. 2127. Assuming a hopping model, 4S, is obtained as2?

ASeOCZOgyh/Ve:J7 (21)

where v, and v, are hopping frequencies at high and low temperatures, respectively.
The relative jump widths for UOj; 35, UO;s.54, and UQ, 4,5 are obtained as 1.0,
0.68 and 0.60, respectively, where the jump width for UO, .5, is taken as unity.
Since it is known from the X-ray diffraction study2?® on superlattice lines of
U0y, that the entropy change due to the displacement of oxygen ioms, 4S54 is
zero for UO; ;5,, the entropy change 1.92 JK-lmol-! observed for UOQ, s, is
thought to represent the entropy change due to the order-disorder rearrangement
of U4+ and U+ ions. Therefore, 4S5, for substoichiometric samples can be calculated
from the jump width as shown in the eighth column in Table 1. The total entropy
change (4S.+4S,) thus calculated and the entropy change observed are compared
in Table 1 and Fig. 20, where a good agreement between the calculated and observed
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values is seen2?.

Heat capacity of U,Cy_, doped with Th and Nb has also been measured and
the results for Ug.goThg.0102.252 and Ug ggNbg 105,250 are shown in Fig 2228,
where the data for UQ, 450 are also shown for comparison. It is seen from the
figure that a A-type peak in the heat capacity curve becomes broader by doping,
and this tendency is more prominent in the sample doped by thorium than by
niobium. In the case of Uy 99Thg.0105.252, for example, uranium ions in the lattice
may be replaced by thorium ions. The valence of thorium ion is 4, while the
average valence of the surrounding cation lattice is about 4.5, then the anions and
cations adjacent to the Th** ion must rearrange to maintain the charge balance;
the valence of the uranium cations neighbouring Th#* ions would be likely to be
54, while that at a distance from a Th** jon would be likely to be 4+. With U**
and US* jons distributed in this way, the thermal energy required to cause the
phase transition namely disordering of the ordered arrangement of U4t and USs*
ijons with corresponding rearrangement of oxygen ions is different at different
locations within the crystal. Accordingly, the transition temperature also varies
with position in the crystal so that the peak in the heat capacity curve becomes
broader. This effect is more prominent in the sample doped with thorium than
with niobium presumably because niobium can exhibit a valence of 44 besides 5+,
as indicated by the existence of the compound NbQO, as well as NbyOs. The entropy
change of the transition for both doped and undoped U,Q4_, is plotted in Fig. 2328
against the average valence of the uranium. The valances of thorium and niobium
are taken as 4+ and 5+, respectively. The entropy change is seen to vary linearly
with the average valence of the uranium for both doped and undoped samples,
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suggesting that the order-disorder rearrangement of U4* and U5* would be a main
factor of this phase transition.

The thermal conductivity of Uy Oy_, with various O/U ratios (2.227, 2.234,
2.254) has been measured by means of the scanning temperature method?%. The
results are shown in Fig. 24, where the transition temperatures obtained by the
heat capacity measurement?® are marked by arrows. The thermal conductivity of
U,Oy_, is much smaller than that of UQO, probably due to the increase of the
scattering of phonons by the interstitial oxygen atoms in U,O4.,. If the electronic
contribution to thermal conductivity is neglected in U,Q4_,, the thermal conductivity
is expressed as

x:%cvuLlL, (22)

where Cy is the heat capacity per unit volume at constant volume, #; the average
velocity of phonons and /;, the phonon mean free path. From Eq. (22), the phonon
mean free path is calculated for each O/U composition and plotted against 1/7 as
shown in Fig. 25.29 It is observed from the figure that the phonon mean free
path in U,O4_, is very small, and is comparable with the nearest neighbor spacing
of atoms in the U,O4_, lattice. The mean free path decreases as the O/U ratio
increases. It is also noted that a small change in the slope is observed in the
transition range in Fig. 25. Considering the facts that the nearest neighbour

distances U-U and O-O in the stoichiometric U;0, are about 3.8 and anout 2 j&,
respectively, and th average O-O spacing becomes larger as the O/U ratio decreases,
it is suggested that the mean free path of phonons in U,O,_, phase is determined
mainly by the nearest neighbour O-O distance. The change in the phonon mean free
path in the transition range shown in Fig. 25 is considered to be due to the change
in scattering of phonons caused by the order-disorder rearrangement of U4+ and
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3. 1. 2. High temperature phase transition

Heat capacity and electrical conductivity of U,;O4-, with various ratios in a
high temperature region have been measured by the direct heating pulse calorimeter.
The results of heat capacity measurement are shown in Fig. 262%. The second
and the third peaks in the heat capacity curve as well as the first peak around 350
K discussed in the preceding section are observed around 1000 and 1100 K, respect-
ively. These two peaks are considered to be due to the -y transition related to
the order-disorder rearrangement of Ut* and US™ ions3V. The excess heat capacity
4C, due to phase transition for stoichiometric U;O, is obtained by adopting the
following relation23):

4C,=1c,0,0) -1 ¢,W0,). (23)

with the reference data3®) of C,(U0,),4C, is obtained as shown in Fig. 27, where
the results obtained by adiabatic calorimetry by Grgnvold et «l.3® and those by

.
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drop calorimetry by MacLeod33 are also shown. 4C, shows up around 800 K and
increases as temperature increases.

The excess heat capacity 4C, consists of two contributions. One is the con-
tribution increasing monotonically with temperature, which is considered to be
caused by the onset of the 7-U;0,-UO,,, transition. As seen from the broken
line in Fig. 27, the results by MacLeod?®?3> show that 4C, increases linearly up to 1400
K where the y-Us0,-UO,,, first-order transition occurs. Thus 4C, due to the
onset of the y~U 04-UQO,,, transition can be extrapolated linearly up to 1400 K as
an approximation, as shown by the solid line in Fig. 27. In the onset of the 7-
U,0,4-UQ;,.,, transition, the disordering of clusters of oxygen atoms may take place
with increasing temperature, and the long-range ordering of the clusters disappears
at 1400 K to give the UQO;., phase. It is noted that 4C, does not become zero
above 1400 K as it is seen in Fig. 27, indicating that the short-range ordering of
the clusters of oxygen atoms still exists and contributes to the excess heat capa-
city. The other contribution to 4C, is an anomalous term in addition to the linear
term, as it is seen in Fig. 26. This anomalous term is considered to be due to the
B-7 transition.

10- ° this workjo) J
32) -7
4 Grgnvold et al. -

--= Macleod *¥

26/ 1K mol™
Ul

0%%«»@ L -
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Fig. 27. Excess heat capacity of stoichio-
metric Us0930
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The excess entropy 4S, for U,O, sample due to the S—7y transition is
calculated from the shaded region shown in Fig. 27, and the excess entropy 45, for
stoichiometric U40, due to the onset of the 7-U 0,4-UO;,., transition is also
calculated from the linear extrapolation up to 1400 K as shown in Fig. 27. The
total entropy change 4S,,:,; due to the phase transition from a-U O, to UO,,, is
obtained as shown in Table 2 where those for a-f8 and y-U,0,-UQO,. . transitions
are taken from the results by the authors24’ and by MacLeod3?, respectively.

The entropy change for UO;,,50 due to the order-disorder rearrangement of

Table 2. Entropy change due to three phase transitions of stoichiometric UQg, 25030.

a-f B-r 7-U409-UO2+2 Total Calculated

48 451 483 4S5y 4S#* AStotar A4S, 454

JK-1mol-1] 1.93+0.04 | 0.28+0.20 | 2.07+0.37 | 1.67 5.95 5.76 2.88
(=RIn2)| (=T Rint)

* Due to the latent heat of first-order transition, from ref.33).
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U4* and US* ions, 4S,, is evaluated to be R In 2 (5.76 JK-*mol-*). This calcula-
ted value seems to be in good agreement with the experimental value 4S;,:q; (5.95
JK-*mol~*), but this may not be correct with the following two reasons: 4S, may
be less than R In 2 because of the presence of the residual entropy at 0 K, as
the case of Fe;O4 In fact, using the jump width of the electrical conductivity
and the relation given in Eq. (21), 45, from a-U,O, to UO,_, is calculated as 3.78
JK-*mol-*: about two thirds of the value R [z 2. Although 4S, from «-U,O4 to
UO;.4, is evaluated to be 1/4 R In 4~2.88J, the existence of residual entropy at
0 K due to disordering of the clusters of oxygen atoms and the short range
ordering of the clusters of oxygen atoms at high temperatures would give a value
less than the evaluated value of 4S5,. Hence, the difference between the calculated
4S4+4S, ((2.88+3.78) JK-tmol-') and the observed 4S.:0; (5.95 JK-*mol-1)
may be ascribed to these causes.

3. 2. U304,

The occurrende of phase transitions of U;Og have been reported at different
temperatures mainly by X-ray diffraction, but only one A-type heat capacity
anomaly has been known at 482.7 K by Girdhar and Westrum34. Discrepancy in
the different temperatures of the phase transition reported previously is thought
to be due to the differencies in O/U ratio and the thermal history of sample used
as well as the difference in the methods of measurement. We have measured heat
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UOz.663 and UOz2.44¢.
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capacities of UsQOs_, with various O/U ratios, using the samples well annealed at
1273 K and cooled to room temperature over a period of 300 /2 by means of adiabatic
scanning calorimetry and the results for UO;.567, UOz. 662 and UQ, 440 are shown

in Fig. 2835,36),

For the stoichiometric sample (UQO;.67)%%, the two additional

heat capacity anomalies are seen at 568 and 850 K as well as the known anomaly
at 483 K. For the substoichiometric samples, UQj. 663, UOs.656 and UO;.640%%,
the heat capacity anomalies of UQ;.463 and UO; 55 are similar to the stoichiometric
sample, but an additional heat capacity anomaly is seen at 618 K for UOj.640 in

Fig. 28.
higher as O/U ratio increases.
peaks are plotted as a function of O/U
ratio in Fig, 29. The transition tempe-
ratures and entropy changes increase
with decreasing O/U ration as in the
case of o-f transition of U,0s_,. The
phase transitions of U;Os.-, possess such
behaviors similar to those of U,O0q-,
that these transitions are assumed to
be due to the order-disorder rearrange-
ment of US* and US* ions.

The structure of UgOg has been
reported3” to be orthorhombic and the
two kinds of uranium atoms are Surro-
unded by six oxygen atoms in close

contact at distances between 2.07 and
2.23 !?\, with a seventh oxygen atom at

2.44 A for the U(I) atom and at 2.71

A for the U(2) atom, and the U(I) and
U(2) atoms are suggested to correspond

to Us*+ and Us+ ions, respectively. At
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and heat capacity of U3Os in comparison with U409-5.30
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631 K, the structure becomes almost hexagonal3?”) and the two kinds of uranium
atoms, U(Z) and U(2), can hardly be distinguished any longer by occupying single
threefold position. The thermal expansion of U;O; has been measured by high
temperature X-ray diffraction2®), and the cell volume of U;O; has a maximum
around 483 K and a minimum around 623 K, as shown in Fig. 30, where the thermal
expansion and contraction behaviors of U O, lattice are also shown togsther with
the heat capacity data. It is seen from the figure that the expansion and contraction
curves are quite similar between the two samples and the maximum and the
minimum points of the cell volume correspond to the temperatures at which the
A-type heat capacity anomaly rises and ends off, respectively, for both samples.
The only difference between the two samples is that there are two heat capacity
anomalies between the temperatures of the maximum and the minimum cell volumes
in U304, while only one anomaly occurs in U,04-,. This would probably indicate
that the second peak is due to some subsequent process of the phase transition
corresponding to the first peak in U;Oz. Accordingly, from the analogy with
U,04-y, the lattice expansion and contraction behaviors can be understood as the
result of an order-disorder process of U+ and Us+,

The thermal conductivity of U3zO,_, has been measured®® by means of the
scanning temperature method and the reciprocal mean free path of phonons in
U305, is obtained as a function of temperature as shown in Fig. 31. A break in
the line of the reciprocal mean free path of phonons in U;O; is seen around 470
K, but no detectable change is observed around the temperature corresponding to
the heat capacity anomaly, peak 2, as seen in the figure. This would show that
the subsequent process of the phase tramsition corresponding to peak 2 results only
in little change in the mean free path of phonons.

T T Y T

[ & Sample 1
o Sample 2 &

Fig. 31. The reciprocal phonon mean free
b path 1/1;, for U3035.39

3. 3. Heat capacily and thermal conductivity of uranium oxides

The heat capacity and thermal conductivity of uranium oxides, especially those
of UO, have been measured by many investigators at high temperatures, since
these are of great importance as basic properties of nuclear fuel at high tempera-
tures. A brief review on the heat capacity and thermal conductivity of uranium
oxides is to be given in the following section.

3. 3. 1. Heat capacity of wranium oxides at high temperatures
The heat capacity data of UQO, at high temperatures so far reported are shown
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Fig. 32. Heat capacity of UO; at high temperatures measured by various authors.
1, Gronvold et al32); 2, Fredrickson and Chasanov41);
3, Ogard and Learyt4); 4, Hein et al.42:43);
5, Affortit and Marcon4%; 6, Szwarc46)
7, Kerrisk and Clifton40; A, B, C, D, E show the resolved heat capacities
evaluated by Browning5®. A: Cp; B: Cp+Cuan; C: Cp+Can+Ca;
D: Cp+Can+Cat+Cs; E: Cp+Can+Cat+Cosp+Coepe

in Fig. 32. Grg¢gnvold et al.®2> measured the heat capacity of UO, up to 1000 K
means of adiabatic calorimetry and resolved the heat capacity into three terms: a
lattice vibrational, a dilational and an electronic excitation (Schottky) terms. The
electronic excited levels were obtained to be 900, 1600 and 2900 cm~!. The heat
capacity data above 1000 K shown in Fig. 32 are obtained by means of drop calori-
metry49~44 except the results by Affortit and Marcon*®, which are obtained by
means of direct heating pulse calorimetry. As seen in Fig. 32, the heat capacity
curve of UO, rises markedly above 2000 K.

Szwarc4®) analized this excess term as a contribution of formation of oxygen
Frenkel defects with a formation energy of 1.55 eV/defect:

10

C,/TK - mol ™ = 17. 78.+ 2, 04 1027 + - 241 10 exp(— ) e
Kerrisk and Clifton4® made a similar analysis based on their own data and obtain-
ed the formation energy of the Frenkel defect as 1.64 eV/defect. Although these
analysis fitted well to the experimental heat capacity curve, this interpretation has
become doubtful, because the value of defect formation energy obtained by a com-
puter calculationt”> showed to be a much higher value of about 5 eV/defect.
Catlow4® and Thorn ef @/.%9 have suggested that a contribution of electron-hole
disorder in UQO, is important as the excess heat capacity at high temperatures:

U —> U0, (25)

The formation energy for electron-hole disorder is obtained to be 1.64 ~ 1.74
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eV/defect by the computer calculation*”. The heat capacity of UO, has recently
been reevaluated by Browning5® and it is expressed as

Cp:Ch+ Can+Cu+C,,+C, (26)

where C, is the harmonic lattice contribution, C,; the anharmonic lattice contri-
bution, C, the dilational contribution, C,, the schottky contribution and C., the
contribution due to the electron-hole disorder. The analysis according to Eq. (26)
is shown in Fig. 32. From the analysis, he has obtained the value 1.71 eV/defect
for the formation energy of the electron-hole disorder, which is in good agreement
with the computer calculation*?).

High temperature heat capacities of uranium oxides with higher O/U ratios
are shown in Fig. 33. The heat capacities, excluding the heat capacity anomalies,
of these compounds can roughly be expressed by the following relation?3):

C,(UO.) :i:gi.cpwoz), @n

1ie

I
@

—
-
.-

® UQaser ) r

309 B
(8 U02220 B U025
> @ U0 ear a @002.25032?’/ @uozs

t .

e e

100+

80 ?7 )
i
i g
i -
[

70 F

400 600 0 1600 1200 1400
I

Fig. 33. Heat capacities of UO2:2, UsOg-y and U3Osz-_..
8. -+ UOs.25¢ calculated by using Eq. (27) and the data of UOy41).
9. - UOgs.6s7 calculated by using Eq. (27) and the data of UQz41,

where % is the O/U ratio of the compound (x>>2). No anomalies in the heat
capacity are seen in the UOQO, phase, but many anomalies in U,O¢-;, and Uz04_,
phases are found. The order-disorder rearrangement between U™ and U5* ions
(U,04-;) and that between US* and Us* ions (U3O;-,) have been suggested as the
main origin of the phase transitions as described in the preceding section.

As seen in the cases of UQy-,2¢9 and U;0,_.39, very small changes in non-
stoichiometric composition result in large differences in heat capacity anomalies.
It has been also shown that the entropy change of phase transition as a function
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of the O/U ratio is very valuable for the discussion of the mechanism of the
transition. The direct heat capacity measurement can find the heat capacity ano-
maly, while the enthalpy measurements sometimes miss to find the anomaly, as
seen in the heat capacity curve in Fig. 33, where is no anomaly between 900 and
1000 K in curve 3 obtained by drop calorimetry32, but anomaly is seen in curve 4
by direct heating pulse calorimetry3©),

3. 3. 2. Thermal conductivity of uranium oxides at high temperatures
The thermal conductivity of uranium
oxides at various temperatures against the

O/U ratio is shown in Fig. 34,51 based ) o Ross®? s

on the results obtained in our labora- 7 R 33ak g Hopsonet alHE00K)
tory2939 and by other workers.52~54 © Goldsmith et al°" ]
The thermal conductivity sharply decreases ?_cm,; .0 This work?%3%

with the O/U ratio in the UO ,,, and  'E,

U40y-, phases, but slightly increases with z

the O/U ratio in the U3;O0;_, phase. This « 004

strong O/U ratio dependence on the
thermal conductivity is thought to be 0o3p
caused by the scattering of phonon by the
oxygen interstitials or wvacancies in the
uranium oxides. The phonon mean path /;,
can be expressed by the terms of phonon-
phonon interaction (Umklapp-process) and D T Y T | T T NN T R T L
phonon-defect interaction: 0/U  Ratio
Fig. 34. Thermal conductivity of uranium
oxides as a fuction of O/U ratio.51)

opz-

(e

1/1,=1/1,+1/l,=T/D+E, (28)

where [y and /; are the phonon mean free path of Umklapp process and the
phonon-defect scattering, respectively, T the temperature, and D and E are the
constants depending on the lattice vibration and the defects, respectively. It is
expected from the O/U dependence of the thermal conductivity of uranium oxides
that £ is proportional to the defect concentration. Considering the presence of
different types of defects 7, 1//; is expressed as the sum of the reciprocal mean
free path due to the individual type of defects 1/;:

1/l1221/li: Z”iNi: (29)

where o; is the average phonon scattering cross section of the defect type i, and
N; the concentration of the defects. Although the defect structure of uranium
oxides is complex, oxygen interstitials for UO,,, and U,0,_, and oxygen vacancies
for U3Os., are thought to be the predominant defects for the phonon scattering.
With this assumption, the reciprocal phonon mean free path in U,Oq_, is plotted
against the defect concentration in Fig. 3550, The decrease in 1//; is explained
by the decrease in the concentration of oxygen interstitials. The phonon scattering
cross-section due to oxygen interstitials in U,Oy_, can be obtained to be 2. 26X
107*4/cm? from the slope in Fig. 35 using Eq. (29), where 1//y is negligibly small
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in UOy_y and 1/, is nearly equal to
1/l;.  Similarly, the phonon scattering 350 4
cross sections for UQ,., and (U,Pu)O,_,
are obtained to be 6.3x10*5/cm? and 6.5
% 10~*5/cm?2, respectively, using the data

of the thermal conductivity by Goldsmith ;‘E; sor i
et al.54 and Schmidt5%), respectively. The = °

phonon scattering cross section in UsOsg-, = 9

due to oxygen vacancies is also obtained 25k -

to be 1.05%10-*¢/cm? at the low tem-
perature range and 2.5x107*¢/cm? at the
low temperature range and 2.5x107*%/

cm? at the high temperature range using 20 B " " é_a )
the thermal condcitvity by the authors39. Ni/107em

The phonon scattering cross section of
oxygen interstitials in UO,,, and that of
vacancies in (U, Pu) O;., are the same
order of magnitude as the each unit lattice
size, and those for UsOy_, and UsOg-,
are about four times larger than those for UQO,., and (U, Pu)O,.,. This may
be caused by the complex defect structures of U,Oy_; and UsOg_;.

Fig. 35. The reciprocal phonon mean free
path against the defect concent-
ration in Us09-y at 400 K31

IV. Heat capacity and thermal conductivity of ferrites

As corrosion products in the coolant system of a nuclear water reactor, various
kinds of ferrites such as Mn,Fe;_,O4 Cr,Fe;_,0, and Co,Fe;_,0, are thought be
formed. Even if the amounts of these corrosion products in water are small, they
are activated in the core and form radioactive nuclides such as °*Mn, 58Co and
60Co. As basic data for the corrosion in water reactor, heat of formation, heat
capacity and thermal conductivity of these compounds with various compositions
would be needed. The compositional dependence of heat capacity are also of great
interest, because a ferri-magnetic transition is expected in these compounds.

4. 1. MYXIF93”$O4

Manganese ferrites, Mn,Fe;_,0,, have been known to possess a spinel structure,
in which the metal ions partially occupy the tetrahedral (A site) and octahedral
(B site) interstices of the close-packed oxygen lattice. The cation distribution of
Mn,Fe,-,04 can be expressed as®®

Mn2t,Fe [ Mn%, , ,Felr,Feir, 10, 0=x=1.0,
Me?,Fe¥ [Mny Mni_ Feir, .10, x=1.0, (30)

where the cations before the brackets occupy tetrahedral (A) sites, and those in
the brackets the octahedral (B) sites, and y denotes the degree of inversion.
Various physical properties of Mn,Fe;_,O, have been measured as a function of
composition ¥, and discussed in terms of cation distribution among these sites.
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Fig. 37. Magnetic heat capacity of Mn-

Fez0456): O, magnetic heat capa-
city obtained from Eq. (31); ---,
magnetic heat capacity calculated
by spin wave theory; — — extra-
polated magnetic heat capacity.

Since manganese ferrites, Mn,Fe;_,Oy,
have a ferri-paramagnetic transition, it
is expected that the heat capacity anomaly
due to the transition depends strongly on
the composition z.

The heat capacities of Mn,Fe;_,0,
with the composition £=1.0, 1.5, and 2.0
have been measured by means of adiabatic
scanning calorimetry, and the resultss®>
are shown in Fig. 36. As seen in the
figure, the 2i-type heat capacity anomaly
due to the ferri-paramagnetic transition
is largely dependent on the composition.

In order to estimate the entropy change
due to the transition of Mn,Fe;_,0,, the
observed heat capacity, Cp, is considered
to be the sums6 :

(31)

o

o
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Fig. 38. Entropy change due to ferri-para-
magnetic transition of Mn,yFe3_,04
against composition x56)

@, present experimental results
before subtracting the term due
to the exchange reaction;

O, results after subtracting the
term due to the exchange reaction:
A\, the result of Fe3Oy4 by Grénvold

and Sveen58); ——, calculated entropy

change from Eq. (32).
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magnetic contribution. The calculated C, based on the method proposed by Gri-
mes®? and C, are shown in Fig. 36. The magnetic contribution C,, is obtained by
subtracting Cy, and C, from the observed heat capacity C,. The resulting C,, for
MnFe,O, is shown in Fig. 3756 as an example, showing a usual A-type curve. In
Fig. 37, a broken line below 200K represents the magnetic heat capacity calculated
from the equation derived by Grimes5”), taking the acoustic and optical branchs of
spin wave into account. From Fig. 37, the entropy change due to the transision
48, (exp) is calculated numerically for MnFe,O,. The entropy changes of Mn,
Fe;_,O, with various x thus obtained are plotted against composition in Fig. 38,
where the results of Fe;O4 by Grgnvold and Sveen5%) are also shown.

The origin of the ferri-paramagnetic transition is thought to be the randomi-
zation of unpaired electron spins of each ion, and the entropy change due to the
transition can be described, assuming that the cation distribution is expressed by
Eq. (30) as follows36),

48, (cale)=R{(2n6+1n5) + (Inb—In5) %}, 0<x<1.0,
=R{(4Inb6—Ind) — (In6—Ind)x}, x=1.0, (32)

which are also shown a solid line in Fig. 38. As seen in the figure, the experi-
mental values are from 6 to 10 JK-*mol-* larger than the calculated ones. An
anomaly in the thermal expansion has been observed by Bravers5® at 400°C, besides
the anomay due to the magnetic transition in the sample of MnFe,O4 and the
anomaly is interpreted to be due to the cation exchange reaction. An additional
contribution to the observed entropy change 4S5, (¢xp.) may come from the cation
exchange reaction between the tetrahedral and octahedral sites of 2-3 spinel AB,-
Oy

AB,O, = A, ,B,[A,B,_,]0, (33)

where » and bracket have the same meaning as Eq. (30). According to Navrotsky
and Kleppa®®, the entropy change due to the exchange reaction is considered to be
mainly a configurational one, which is expressed by

AS(exchange)= —R[ylny+ (1 —)in(1—y)+3yln(y/2)

+@2=Nin2-y)/2], (34)

The configurational entropy has a maximum at y=3/2, which corresponds to the
random distribution of cations on both sites. The additional entropy change due
to cation exchange can be estimated by Eaq. (34) assuming that the reaction Eq.
(33) takes place until random distribution of the cations is attained. The resuits
obtained by subtracting the additional entropy change from the observed entropy
change 45,, (exp.) are shown in Fig. 3858 together with 4S5,(calc.) for compari-
son. As seen in the figure, 4S,(exp.)—4S(exchange) is roughly in agreement
with 4S8, (calc.).

Thermal conductivity of polycrystal Mn,Fe;_ .0, samples with various x (0
£<1.5) has been measured by means of the scanning temperature method and the
results are shown in Fig. 3961, where the results of Fe;O, by Kamilov ef al.62
and those of MnFe,O; by Shchelkotunov ef «/.6® are also shown for comparison.
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Fig. 39. Thermal conductivity of Mn,Fez.z-
046D
A Mno.25Fe2.7504; V Mno.sFez.504;
[0 Mno.sFez2.204; O MnFep04

E <> Mni.5Fe1,504

® Fe304 (polycrystal),

-+ FegOy4 (polycrystal)é2),

—+—+ FezOy (single crystal)s2),

--— MnFe304 by Shchelkotunov ef

1 ! 1 L L . al.83)

Although the thermal conductivity of the single crystal Fe;O, sample62 is obtained
to be higher than those of the polycrystal samples, the present results on the
polycrystal Fe,O, are in good agreement with the results of the polycrystal
samples by Kamilov ef @¢/.62. The thermal conductivities of Mn,Fe;_ .0, with
x-values 0.25, 0.5 and 1.5 are observed nearly independent of temperature and
lower than MnFe,0,, as seen in Fig. 3960, The peak temperature T'. observed by
the diffusivity measurement is indicated by an arrow in Fig. 39, where the anomaly
in thermal conductivity due to the magnetic transition is slightly seen in £=0.8
but no anomaly is seen in x=1.0 and 1.5. The thermal conductivity of ferrites
can be considered comsisting of the contributions of phonon and magnon, which is
expressed with the mean free path concept as follows,

A=Ay 44

m

= (CLuLZL"rCmumlm)/Sa (35>

where A, C, u# and / are thermal conduc-
tivity, heat capacity per unit volume, mean
velocity and mean free path of energy
carrier, respectively, and the suffix L and
m denote the contribution of phonon and
magnon, respectively In the magnetic
transition, the following two cases would
be considered; the one is that 1, increa-
ses due to A-type magnon heat capacity
Cn and the other is that A;, decreases due
to the scattering of phonon with magnon.
Since the little change in the thermal
conductivity of Mn,Fe;_,0,, is observed
at the magnetic transition as seen in Fig.
39, it is likely that the spin-lattice
relaxation time is relatively long and the
phonon contribution to the thermal con-
ductivity is dominant in the case of

Fig. 40. Composition dependence of ther-
Mn,Fe;-,04. mal conductivity of Mn,Fe3-;04.81
The composition dependence of thermal ----, calculated (400 K).
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conductivity of Mn,Fe;_,O, at each temperature is shown in Fig. 40®. Here, two
maxima are observed at the composition =0 and 1.0. According to the solid
solution model of thermal conductivity proposed by Abeles64), the scattering of
phonons in the mixed substances depends on a scattering cross section I", which is
expressed by

P= 3w [{M,—M)/M}*+e{(0—09)/0}"], (36)

where z; is the fractional concentration of the component i of solid solution, and
M and & are the average mass and radius per unit atom of solid solution, and M;
and §; are the atomic mass and radius when the host lattice is wholly occupied by
i-th atom, and ¢ is regarded as a phenomenological adjustable parameter depending
on the nature of bond in the lattice. Using cation radii of Mn2*, Mn3*, Fe?* and
Fe?* ions in Mn,Fe;_,0. given by Gorter®®, the cation distribution shown in Eaq.
(30) and y value reported by Rieck and Diessens®%), the scattering cross section I'
is calculated assuming ¢ as 40. With I” thus obtained and the method by Abelest4),
the composition dependence of thermal conductivity of Mn,Fe;_,0, is calculated.
The results at 400 K are shown in a broken line in Fig. 40, where a good agree-
ment between the observed and calculated is seen. The composition dependence of
thermal conductivity of Mn,Fe,_,O, is mainly explained by the cation distribution
in the tetrahedral site, since the difference in I” comes mainly from the difference
in the radius between Mn?* and Fe3* ions in the tetrahedral site.

4. 2. Cereg..IO4
Iron-chromium spinels, Cr,Fe;_,0, (0<<x<(2) also possess a spinel structure
with the cation distributiont? :

Felr,Fey [ Feir,Feit, . ,Cri 0y, (37)
y=0.3%, 0<x<0.3, (372a)
y=0.6(x—0.2), 0.3<x<0.7, (371)
y=x—0.4, 0.7<x<1.3, (37¢)

:%(x+5), 1. 4<x<2.0, (374d)

where the symbols ahead of the brackets denote the cations in tetrahedral (A)
site and those inside the brackets the cations in octahedral (B) sites, and y is the
degree of inversion.

Since Fes_,Cr,0, exhibits a ferri-paramagnetic transition, it is expected that
the heat capacity anomaly due to the transition should depend strongly on the
composition x. The heat capacities®” of Fe;-,Cr,0, with x=0.6, 0.8, and 1.0
measured by means of adiabatic scanning calorimetry are shown in Fig. 41. As
seen in the figure, the A-type heat capacity anomaly due to the ferri-paramagnetic
transition becomes small and broad as x in Fe,;_,Cr,0, increases. The difference
in heat capacities of the samples with various compositions is small except for the
temperature range of the transition, as the Kopp-Neumann law predicts.

The observed heat capacity of Cr,Fe;_,O, can also be expressed by Eaq. (31),
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and C, and C,; of Cr,Fe;.,0, are able ; , Y " .
to be calculated similarly as the case of 60 " 7
Mn,Fe,_,O,. The calculated C. and Cy a
+C,4 of CrFe,0,4 are shown in Fig. 41,
and the magnetic heat capacities calculated - L
by using Eq. (31) are shown in Fig. 4267 T e e Y
where the heat capacities below 200 K
are calculated using Grimes equation57).
Thus the entropy changes due to the
magnetic transition can be obtained by
integrating C, /7, and the results are shown
in Fig. 43 as a function of the compo-
sition x, where the results of Fe;Oy 10+ .
obtained by Grgnvold and Sveen’®) are
also shown for comparison. 0 L : 1 L L :
The origin of the ferri-paramagnetic 0 02 04 ¥ 06 08 Iy
transition is thought to be the randomi-
zation of unpaired electron spins of each
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Fig. 43. Entropy change due to transition
as a function of x in Fe3_.Crz0467.

ion. Hence, the entropy change due to the O observed: A result by Grénvold
transition is calculated by assuming that and Sveen:58) --- AS;pim accord-
the cation distribution is expressed by Eq. ing to Eq.(38); — 4Sspint+ 4Sors.

(37) as follows,
A4S i =R[In5-+ 2—x%)Inb+xlnd], 0<x<2. (38)

4Sspim i shown against composition as a broken line in Fig. 43. As seen in the
figure, the experimental values are 7 to 12 JK~*mol-* higher than the calculated
ones.

Gre¢nvold and Sveen5® explained the difference between the experimental and
the theoretical entropy changes for Fe;O, by taking into account the orbital con-
tribution to heat capacity due to Fe?" ion in octahedral site to give an additional
entropy change R [n 3 or 9.1 JK-'mol-t. As for Fe;_,Cr,0,, this kind of
orbital contribution to the heat capacity should be taken into account, since there
are octahedral Fe2?* ions. As seen in Eq. (37), tetrahedral Fe?* also exists in
Fe;_,Cr,0,, depending on the degree of inversion y. In the case of Fe?* ion in
the tetrahedral site, the E, ground level is split into two levels, and the additional
entropy of this term is calculated to be R In 2 or 5.8 JK~*mol-*. Since Fe3*
(3d3) and octahedral Cr3+(34%) have a nondegenerate ground state, the orbital
contribution of these ions is regarded as negligibly small. The total additional
entropy change by the orbital contributions is calculated using the cation distri-
bution expressed in Eq. (37) as follows,

48,.,=(1—0. 3%)RIn3+0. 3RIn2, 0<x<0.3, (392)
4S,,,= (1. 2—0. 65) Rin3+ (0. 65 —0. 12)Rin2, 0.3<x<0.7, (39b)
4S, = (1. A— ) RIn3+ (5 —0. HRIn2, 0.7<x<1.3, (39¢)

where 1 is the chromium content in Fe;_,Cr,04 and R is gas constant. (4S;p;,+
45,,3) are shown plotted against composition as a solid line in Fig. 43. The calcu-
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lated 4Ssp;a+4S,rp are in agreement with the observed values.

4. 3. Heat capacity of ferrites

A brief review on the heat capacity of several kinds of ferrites is to be given
below.

Heat capacities of ferrites: Fe;0,58), CrFe,0,67, MnFe, 0,58, CuFe,0,6%),
NiFe, 0,69, CoFe, 0,89 and ZnFe,0,%9 measured by different investigators are
shown in Fig. 44. It is seen that heat capacities of these ferrites show anomalies
at various temperatures from 500 to 900 K due to para- to ferri-magnetic transi-
tion. Heat capacity anomaly in FezO, is the largest and its Curie temperature is
the highest among the ferrites because of strong Fe3*-Fe3* (A site-B site) inte-
raction. The strength of Fe3™-Fe3™ (A-B) interaction, which is responsible for
increasing the Curie temperature of inverse spinels, depends on the cation distri-
bution in the spinel.

The site preference energies for some divalent and trivalent ions in spinels em-
pirically obtained by Navrotsky and Kleppa®® are shown in Fig. 45, where the ion
with a positive value prefers the octahedral (A) site and that with a negative
value prefers the octahedral (B) site. Since Zn2* strongly prefers the A site,
Fe3* cannot enter the A site in ZnFe,0,. Accordingly, Fe3*-Fe3*(A-B) interac-
tion does not occur in ZnFe,O, and no magnetic transition takes place as seen in
Fig. 44. Mn?* prefers the A site slightly stronger than Fe3+ and the cation distri-
bution of MnFe,O, is Mn2t, zFed*, ,[Mn2*, ,Fe3*; 330, in accordance with Eq.
(30). Since the fraction of Fe?* in the A site is small, the Fe3*-Fe3*(A-B)
interaction is weak in MnFe,O, and a small heat capacity anomaly is seen at a

1.Fe,0.5%
300F 2.Cr Fe,0f7 -
3.MnFe,07%

4.CuFe,08% [
5.NiFe,0f%
8.CoFe,08%
7. ZnFe,0f%

———
— .
—

o e e

) ) W) 800 760 500 55 1600
T/K

Fig. 44. Heat capacities of ferrites.
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lower temperature as shown in Fig. 44.

Since the site preference energies of -10or

Co?+, Cu?+ and Ni2* are between Fe’* and Ply
Cr3+ and hence the Fe3*-Fe3* (A-B) -eor ,’I‘§
interaction is fairly strong in CoFe,Oy, = / %
CuFe,0, and NiFe,0,, relatively large .g'GO' A 1=
heat capacity anomalies appear in these 7-5 d/d g
ferrites as seen in Fig. 44. In the case of  E40F - 12
CuFe,0,, two heat capacity anomalies Z ,’l §
are observed. A heat capacity anomaly at i'zg‘ /l b
about 740 K is due to the magnetic ,é’ T
transition and that at about 660 K is due 0 o2 —w
to the structural transition associated *0,,0/ l%’g
with the Jahn-Teller effect. Since the #2201 /9'_0‘ . %E}
trivalent Cr3* ion strongly prefers the ¢ ﬁ‘g
octahedral site, the number of Fe3* in z'r%*Mr%'F'é‘eécé‘w:gz‘x;ez‘c‘uz‘A‘P‘N‘sz’Mkr?’c?‘

the octahedral site decreases in CrFe,O, L. .. .

ich g h . i buti Fig. 45. Empirical site preference ener-
wmi leal s to t exca‘uon‘~ istri L}tlon as gies for some divalent and triva-
Fed*, (Fe?" 0.6 [Fe2*y, sFe?* Cr37] Oy lent ions in the spinel structure®9.
and the Curie temperature decreases be-
cause of the weak Fe3*-Fe3*(A-B) in-
teraction.

v. Calorimetric study of niobium oxides and vanadium oxides

As the first wall and structural materials of nuclear fusion reactor, refractory
metals (group 5A and 6A in the periodic table) seem to be promissing. But these
materials react easily with oxygen, nitrogen and carbon existing in the plasma and
coolant such as liquid alkali metals and helium gas. Niobium and vanadium, ones
of these potential materials as the first wall, are known to react most readily
with oxygen, so that it is important to determine precisely the thermodynamic
quantities of these oxides, which are formed by the reaction with oxygen.

5. 1. Heat capacity of NbO, and doped-NbO,

Niobium dioxide (NbO,) is known to have a distorted rutile structure with a
tetragonal (24/ 2@, 2+/2a, 2¢) superstructure. A second-order phase transition in
NbO, has been reported at about 1070 K with a structural change from distorted
rutile to rutile structure?® with a change in electrenic band structure?®.

The heat capacity and electrical conductivity have been simultaneously measured
by means of direct heating pulse calorimetry’? and the results of heat capacity
are shown in Fig. 46. A i-type heat capacity anomaly at 1074 K, as shown in the
figure, and a sharp increase in the electrical conductivity due to the transition
from semiconductor to semi-metal at 1086 K are observed.

The heat capacity is expressed as follows,

C,=C,+C,+4C, (40)

where C, is the lattice heat capacity, Cq the dilational contribution and 4C contains
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the terms due to the electronic heat capacity and that due to the phase transition.
C, and €, calculated using the reference data’s74> are shown in Fig. 46 and the
obtained excess heat capacity 4C and the excess entropy 4S are shown in Fig. 47,
where the excess entropy 45 at 1120 K is obtained to be 9.35+0.71 JK-1mol-1.
The excess entropy 4S consists of the two terms:

AS=4S,+4S,, (41)
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Fig. 47. Excess heat capacity 4C and excess entropy 4S of NbQy.72
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where 45, is the lattice vibrational term and 4S5, the electronic term. At the
structural phase transition, S; varies with change of vibrational mode as follows72),

48, =Sy~ Sy = Cucw/TAT ~{ Covty/TAT, (42)

where (H) and (L) represent the high- and low-temperature phases, respectively.
In the case of NbO,, “hard” distorted rutile phase changes to “soft” rutile phase
as temperature increases. C;(L) is obtained from the low temperature heat capa-
city of NbO,7% and C;(H) is estimated from the heat capacity of TiO,76> and
Raman spectroscopic data of Nby_,Ti0,77, which are isostructural with NbO, in
the high temperature phase. The vibrational excess entropy 45, thus calculated is
4.31 J-K-temol-'.  The electronic entropy 4S, is calculated as 5.71 JK-tmol-1,
based on a model of the band structure shown in Fig. 4872, The caiculated excess
entropy (4S5=485,44S.) is obtained to be 10.02 JK-lmol~!, which is in fairly
good agreement with the observed one 9.3540.71 JK-lmol-1,

antibonding
7 band
§ % bonding other o c;ti;er
Q £ nan 4d a
% band o 4d/l band band
i
. % (w*band ) %\ (T band)
0 &, M & 0 H Ep €

Fig. 48. Model of band structure for NbO3:72) (a) low-temperature phase Eg=77
kJmol~1, p=43.5 kJmol-! (b) high-temperature phase z=43.5 kJmol-1,

_[2/Ep if 0<e<Ep . _
D(e)’“{ 0 otherwiser £v=87 kJmol~1.

Heat capacities of NbO, doped with Zr and Mo are also measured and the
results”® are shown in Fig. 49. It is seen from the figure that the heat capacity
anomaly of NbO, doped with Zr becomes small and shifts to a lower temperature,
but that doped with Mo does not change significantly. The doping of Zr and V79
lowers the transition temperature 7', linearly with the concentration of the doping
component, but the doping of Mo gives little effect on the transition. In Nby_,-
V0., the valence of each cation is expressed as (Nb#¥, 5, Nb,57V,3%)79 while in
Nby-oZr;0p as (Nbf+;_,Zr,4*). In the low-temperature phase, the Nb4+-Np4+
pairs in Nb;_,V,0, and Nb;_,7r,0, are shown as ([2Nb** J(1 24y, 2 Nb,5+V 370,
and ((2Nb**71_y4y,oNb,47Z1,47)0,, respectively, as shown in Fig. 50, where [2
Nb#*] represents a Nb**-Nb¢* pair. It may be suggested that the content of
Nb**-Nb** pair in these compounds determines the transition temperature. In
Mo-doped NbO,, Mot*-Nb4* pairs are formed instead of Nh4+-Nhi+ pairs, as
suggested from the structure of MoO,, where Mo**-Mo** pairs are formed in the
distorted rutile structure. The excess entropy changes 4S for doped samples are
obtained similarly to that for pure NbO,, and the results are shown in Fig. 51
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against the jump width J of electrical N
conductivity. Figure 51 shows that 4S is N . , O
proportional to the jump width J as in the 0 s 1.0 15

cases of U,0,_,27 and VO,8®. Since
the jump in electrical conductivity shows
the change in electronic part of the phase
transition, the extrapolated excess entropy
to J=0 indicates the contribution due to
the change in lattice vibration 4S;. 4S5, thus obtained is 4.71 JK-!mol-! in good
agreement with the value calculated for pure NbO,, 4.24 JK-1mol-t.

Fig. 51. Dependence of excess entropy
change on the jump width of
electrical conductivity.78

5. 2. Heat of formation of niobium oxides
The heat of reaction®?:

Nb0w+%(5—x)02:é~szOs (43)

is measured at 920 K with a Tian-Calvet type twin microcalorimeter by introduc-
ing excess oxygen gas in order to determine the heats of formation of NbO, with
various x-values. Heats of formation at 298.15K, 4H,(s, 298.15K) for NbO and
NbO, are obtained as —426.245.1 and —792.7+4.2 kJmol-1, respectively, which
are in good agreement with the JANAF values8?, —419.7+12. 6 and —795.0+£8.4
kJmol-1, respectively. The heats of formation at 920 K for the samples with
x>>2.3 are shown in Fig. 52. It is seen from the figure that in the region NbO,-
NbOj 45, the values of 4H;(NbO,, s, 920 K) vary linearly with the O/Nb ratio.
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Assuming that the nonstoichiometric range of T phase (NbO, 4,) is very narrow,
AH(NbOj 49, 8, 820 K) and 4H;(NDbOj 49, s, 298.15 K) are obtained to be —922. 4
+1.4 and —930.2+1.4 kJmol-!, respectively, using an estimated heated capacity
of NbOy 4580, 4H(NbO; 40, 8, 298.15K) thus obtained is in good agreement with
the calculated value —930.5 kJmol-! from the partial molar enthalpy measured by
calorimetry in the NbO,-NbO, 4, region by Marucco®? and the value of heat of
formation of NbQO,82),

The values of 4H;(NbG,, s, 208. 15K) for the niobium oxides obtained in this
study are shown as a function of the oxygen to metal ratio in Fig. 53, where the
data on VO,82:8% and Ta,0582 are also shown for comparison. It is seen from
the figure that —4H; at 298.15 K is large in the order of TaQ, 5, NbO, 5 and
VO,.5, which indicates that the metal-oxygen bonding is stronger in the heavier
metal compounds. The heats of formation of the intermediate phases, V,Os,-1,
between VO; 5 and VO, can be compared with the dotted line which connects
—4H; (VOis, s, 298.15 K) and —4H; (VO,, s, 208.15 K)84, Most —4H, values
of these compounds lie above the dotted line, indicating that these intermediate
compounds are energetically more stable than the corresponding mixtures of VO s
and VO,. Similar discussion can be made on the intermediate compounds of nio-
bium oxides. As seen in Figs. 52 and 53, —4H; of NbO, 4,5, NbO, 4, and NbO, 445
are slightly above the broken line which connects —4H;(NbG,, s, 298,15 K) and
—d4Hy (NbO,5, s, 298.15 K). The most negative value is found in the NbO, ..
phase, about 6 kJ mol-* more negative than the corresponding mixture of NbO,
and NbO; ;. The negative value becomes smaller as the O/Nb ratio approache
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2.5. These intermediate compounds are known as the compounds with block struc-
tures, which are thought to be in highly ordered states as in the case of sheared
structures of V,0j,-1, and therefore the entropy of formation must be relatively
small in the niobium oxides NbO, with x>2. 4 except for the nonstoichiometric
region of NbO, 5_,. Hence, it is reasonable that the values of the heat of forma-
tion of the intermediate compounds between NbO, and Nb,Os except for NbG; -,
should have more negative than those of the mixture of NbO, and Nb,Os.

5. 3. Heat capacity of vanadium-oxygen alloy

Interstitial atoms like oxygen are known to distribute in octahedral sites in
vanadium metal with body-centered cubic structure and form long-range ordered
o’ and B’ phases for the O/V ratio less than 0.3%3%. In the o' phase, oxygen atoms
preferentially occupy octahedral O, and O, sites to give tetragonal symmetry and
form a superstructure with 4x4x6 metal subcells, where O, and O, sites have
their neighboring metal atoms along the axes x and y, respectively Similarly in
the P’ phase, oxygen atoms prefer to occupy the O, site, giving tetragonal sym-
metry, and form a superstructure with 4x4x2 metal subcells. In the g phase, the

Cp 1 3K mof”!

Fig. 54. Heat capacity of VOg.0834

701

60

o
<

40

60

50

400 500 600 700 800 800

and
VOy.1127.86)Theleft-handordinate,
the plots, and the resolution of
heat capacity shown on the lower
side are for VOg.0s34. The right-
hand ordinate, the plots, and the
resolution of heat capacity shown
on the upper side are for VOgq,1127.

701

601

4
Cp 1 K'mol

501

700 500 606 700 800 500

Fig. 55. Heat capacity of VOy.1245 and

V0Oi1296.88) The left-hand ordinate,
the plots, and the resolution of
heat capacity shown on the lower
side are for VOy.1245. The right-
hand ordinate, the plots, and the
resolution of heat capacity shown
on the upper side are for VOy.129s.
The dotted lines shown between
600 and 700K are the data for the
second run.



A Calorimetric Study on Nuclear Reactor Materials at High Temperatures 77

high-temperature form of both ' and ' phases, cxygen atoms preferentially occupy
octahedral O, site to give tetragonal symmetry without long-range ordering.

The heat capacities?® of VOg s34, VOo.1127, VOq 1245 and VOy, 1296 measured
by means of scanning calorimetry are shown in Figs. 54 and 55, where a heat
capacity anomaly due to order-disorder transition from the o’ to § phase is ob-
served around 780 K for each sample and another anomaly from the f’ to S phase
is observed around 660 K for VO 1545 and VOy.1596-

The heat capacity of VO,, Cp, is expressed by the sum?®® :

CP:Ch+Cd+Cah+ce+ACy (44>

where C, is the harmonic term of the lattice vibration, C, the dilational term,
Con the anharmonic term of the lattice vibration, C, the electronic term, and 4C
the excess heat capacity due to order-disorder transition. The harmonic term of
the lattice vibration C, for VO, is estimated from the data of elastic constants®?
and neutron inelastic scattering®®. The thermal expansion of VO, has been mea-
sured8®) using high temperature X-ray diffraction, from which the dilational heat
capacity C, is obtained. C, and C, obtained are shown in Figs. 54 and 55. Assum-
ing that at lower temperatures the excess heat capacity is negligibly small and the
sum of the electronic and anharmonic terms can be calculated as follows,

C,—C,—C=CACo=(G+0)T, (45)

where 7 is the coefficient of the high-temperature electronic heat capacity and b
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is the coefficient of anharmonic heat capacity. Using the observed values of Cjp
between 320 and 450 K and the calculated values of Cn and C,, the value of (y+5)
is determined with the condition that the term (Cp—Cy—C,) vanishes at 0 K.
The value of (y+5) obtained is shown in Fig. 56 as a function of O/V ratio. It
is seen from the figure that (7--5) gradually decreases with the decrease of o/vV
ratio, and the extrapolated value O/V=0 is in fairly good agreement with the
values of pure vanadium metal obtained from the high temperature heat capacity8?
$0,  The sums thus determined, Cr+Ca+Ce+Cqp, for various O/V ratios are
shown in Figs. 54 and 55. According to Eq. (44), 4C can be calculated and the
entropy change due to order-disorder transition is obtained. The results are shown
in Fig. 57, where the sum of the entropy changes for &’—g and p’—f is shown for
the samples with O/V values larger than 0. 12, and the results by Hiraga and Hira-
bayashi are also shown for comparison.

On the other hand, the entropy change due to the order-disorder transition is
calculated theoretically as follows. In the O/V=>0.0833 region, the transition a'—>
B occurs. Since oxygen atoms occupy only O, sites in the B phase, the number
of available oxygen sites is N and the entropy change 45 is

3 NI
As"kl”xNz(N_xNﬂ
= —R{xlnz+1A—x)in(1—x)}, (¥=0.0833) (46)

where perfect ordering in o phase is assumed. The value of 4S calculated by Eq.
(46) is shown as a solid line in Fig. 57. As seen in the figure, the calculated
value of 45 for VOy 1157 is in good agreement with the observed one, but the
observed values for other compositions are smaller by about 0.3~0.5 JK-*mol-*
than the calculated ones. The difference between the observed and the theoretical
entropy changes for VO, 4554 can be explained by the residual entropy at low tem-
peratures (see the dotted line in Fig. 57) and those for VOy.1245 and VO, 546 can
be explained by the entropy change due to §'—f, which has been reported®s> to be
smaller than the theoretical value, since the entropy changes obtained for VOg 1545
and VO, 1346 are the sum of the entropy changes due to B'—pB and a'—B.

5. 4. Heat capacity of niobium oxides and vanadium oxides

A brief review on the heat capacities of niobium oxides and vanadium oxides
is to be given in the following. Heat capacities of niobium oxides and vanadium
oxides are shown in Fig. 58. VO34 and VOg. 150639 show heat capacity ano-
malies due to order-disorder rearrangement of oxygen atoms, but no corresponding
interstitial alloys in an equilibrium state are reported for niobium oxides. VO9D
and NbO®2 show no heat capacity anomaly and heat capacity of VO is larger than
that of NbO, indicating the presence of a large excess heat capacity. The origin
of the excess heat capacity has not been reported vet, but it would probably be
due to the contributions of the anharmonic lattice vibration and conduction elect-
ron.

No anomaly in the heat capacity curve of V,0; is observed in the measure-
ment by the drop calorimetry,?® but a small anomaly is seen around 500 K by the
differential scanning calorimetry,®4 where an anomaly in the lattice constant,
electrical conductivity and magnetic suspectivity is also detected.
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V0,99 and Nb0,72 show a semiconductor-metal transition around 340 and
1070 K, respectively. The difference in the transition temperature between VO,
and NbO, is explained by that in the electronic band structure, especially the
energy level of the z* band, which is above the antibonding band in NbQ, whereas
it lies between the bonding and antibonding bands in VO72. The rather larger
heat capacity of NbO, above 600 K compared with VO, may be explained mainly
by the contribution of electronic excess heat capacity in NbO,72. No heat capa-
city anomaly until the melting point has been reported in Nb,0s°% and V,059%),
and the jump in the heat capacity curve of V,O; at 963 K shown in the figure
indicates the occurrence of melting.

Vi. Vaporization of the niobium-oxygen system

The loss of matter owing to vaporization reactions may be the most severe
limiting factor in the use of nuclear materials as the nuclear fuels for the nuclear
fission reactor and also in the use of the materials as the first wall for the
nuclear fusion reactor. In addition to providing the vapor pressure data necessary
for the calculation of vaporization loss, the study of vaporization process gives the
free energy and enthalpy differences between the products and reactants, from
which the nature of high temperature reactions, the energies of chemical bonding
in gaseous species, the thermodynamic properties of solids and liquids concerned
(the formation energy, the partial molar enthalpy and entropy and defect structure),
and phase relation at high temperature can be determined.

As mentioned in the preceding section, refractory metals (group 5A and 6A in
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the periodic table) are promising as first wall and structural materials of nuclear
fusion reactor. Hence, the study on vaporization of niobium oxides has been
carried out in our laboratory in a recent few years. Although some studies on
the NbO, NbO, and Nb,O; phases have been done by several investigators®?~101)
the enthalpies of formation of NbO;(g) and NbO(g) calculated from the previous
studies are not in good agreement and vary from —162.3 to —223.0 kJ.mol-! and
from 152.0 to 211.4 kJ-mol-1, respectively. The vaporization study of NbO, (s, D)
by mass-effusion method (weight loss measurements) and the studies of Nb-O
solid solution and Nb,O; by mass-spectrometric method have not yet been under-
taken.

The purpose of the present study is (1) to clarify the congruently vaporizing
phase and composition in the Nb-O system; (2) to measure the partial vapor press-
ures of NbO, (¢) and NbO (g) as a function of composition, from which the
thermodynamic quantities such as enthalpy of formation and dissociation energy for
NbO;(g) and NbO(g) are determined ; (3) to determine the partial molar enthalpy
and entropy of oxygen, from which the defect structure is to be estimated; (4) to
establish the phase relation for the Nb-O system at high temperature.

The apparatus and experimental procedures used for the vaporization study are

described in section 2. 4. Sample preparation and analysis are shown in the previous
papersl 02~1 05)‘

6. 1. Congruence of the vaporization

6. 1. 1. Congruently vaporizing phase

Vaporization of the four phases, NhO, NbO,, Nby30,, and Nb,Os, was studied
in the temperature range from 1655 to 2132 K to determine the congruently vapori
zing phase by mass-effusion and Langmuir free vaporization methods!92. The
results are shown in Tables 3 and 4.

For the NbO phase, Shchukarev ef /.11 have suggested that the vaporization
is incongruent and the reactions are expressed as NbO(s)=NbO(g) and 2NbO(s)=
Nb(s) +NbO;(g) by mass-spectrometric method. We have found the presence of
Nb and/or NbO phases as the residue after vaporization, which indicates that NbO
(s) is the incongruently vaporizing phasel02,

For the NbO, phase, the results by mass-effusion method192 confirmed that
NbO, (s) vaporizes congruently, although the congruent vaporization of NbO, (s)
was suggested by Shchukarev ef al. by the mass-spectrometric study?0D),

For the Nby,0,, phase, the vaporization study has not been reported previously.
Although it is suggested by our study192 that the vapor over Nb, 20,4 is oxygen
rich, the identification of vapor species by mass-spectrometry is to be called for.

For the Nb,0Os phase, Golubtsov ef «l.9") have suggested by mass-effusion
method that the vaporization process may be expressed as Nb,O5(s) =2NbO, (g) +
1/203(g) in the temperature range from 1432 to 1756 K. The results obtained in
our study!®® in the temperatures range from 1803 to 1893 K above the melting
point of Nb,Os (m. p.~1769 K) indicated that the vapor species over Nb,Oj; is
oxygen rich, hence, Nb,O; vaporizes incongruently and the residue approaches the
NbO, phase.

It is concluded from these results that the NbO, Nb;;0,, and Nb,O. phases

vaporize incongruently and the NbQO, phase is the only phase to vaporize con-
gruently.
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Table 3. Vaporization characteristics: mass-effusion method!02.

Vaporization conditions

Phases of the

Initial phase® .
T(K) Time(h) Vap. frac.b residue®
NbO 2032 13.0 0.02 NbO
NbO 2053 13.0 0.02 NbO
NbO 2073 24.0 0.02 NbO
NbO 2086 21.0 0.02 NbO
NbO 2092 13.0 0.02 NbO
NbO 2114 14.5 0.08 Nb+NbO
NbO 2125 32.0 0.23 Nb-+NbO
NbO: 1953 22.0 0.03 NbOg
NbOg, 1990 14.5 0.03 NbOg
NbOy 2013 12.0 0.03 NbOg
NbO;, 2042 12.0 0.04 NbO2
NbO, 2052 5.7 0.03 NbOs
NbO4 2103 5.0 0.07 NbO3
NbO, 2132 8.0 0.03 NbO3
Nb12029 1655 4.5 <0.01 NbO3
Nb12029 1698 6.0 <0.01 NbOg
Nb12029 1729 8.0 <0.01 NbO:2
Nb12029 1366 7.3 0.03 NbO,
Nb3Os 1803 2.5 | 0.02 several phases®)
Nb20s 1823 30.0 ‘ 0.46 NbO2

a) Phase analysis was carried out by X-ray diffraction.

b) Fraction of the samples vaporized. Vaporized fraction is defined as the ratio of
weight loss of samples after vaporization to the initial weight.

¢) Residue phases are consisting of several phases including the Nb12029 phase
between NbyOs and NbO, which are identified by using the X-ray data obtained
by the authorsli4),

Table 4. Vaporization characteristics: Langmuir free vaporization method102.

Initial phases®

Vaporization conditions

Phase of the

T(K) Time(h) Vap. frac.® residue®
NbO 2053 14.0 0.56 NbO
NbO. 2073 6.0 0.35 NbO4
Nb2Os 1823 10.0 0.06 several phases®
Nb2Os 1893 3.0 2 several phases®
Nb0s5 1893 5.0 e NbO2

a) Phase analysis was carried out by X-ray diffraction.
b) Fraction of the samples vaporized.

¢) Not measured.

d) Residue phases are consisting of several phases between NbyO5 and NbO3y which
are identified by using the X-ray data obtained by the authors!t4).
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6. 1. 2. Congruently vaporizing composition

The composition at which the NbO,
phase vaporizes congruently can be dete- T T T T T T T
rmined from the compositional dependence
of the total vapor pressures. Since the o5k _
main vapor species over the NbO, (s, /)
phase are NbO; (g) and NbO(g) as will
be discussed in section 6. 2. 1., the total
vapor pressure is determined mainly by
the sum of the vapor pressures of NbO,
(g) and NbO (g). As shown in Fig. 59,
the congruently vaporizing composition
determined at 2000 K is to be stoichi- ~ |o——o—o—"" .
ometric NbO, 44,103,

The partial vapor pressures of O (g) 02
and O, (g) can be calculated from the w
partial vapor pressures of NbO; (g) and |
NbO (g) over NbO; (s) which vaporizes
congruently, on the basis of the following -35 T
gas reactions103):
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Fig. 59. Total vapor pressures and partial
vapor pressures of NbOjz(g), NbO
(g), O(g) and O3(g) as a function
of the O/Nb ratio at 2000 K.103)

NbO, (&) =NbO(g)+0(g), (47)
0(g)=1/20,(g). (48)

The gas equilibrium constant for the reaction (47) used for the calculation was
derived from the partial vapor pressures of NbO,(g), NbO(g) and O(g) over the
stoichiometric NbO, g¢,10%103,  The partial vapor pressure of O(g) over the
stoichiometric NbGj 400(s, /) was calculated from the equation:

Po :PNbO (MO/MNbo> 1/2, (49)

where Myywo and M, are the molecular weights of NbO and O, respectively, since
the NbO, 400(s, [) vaporizes congruently according to the reaction:

NbO. (s, H=NbO(2)+0(2). (50)

The gas equilibrium constant for the reaction (48) was taken from JANAT tables1 07,
The partial vapor pressures of O(g) and O,(g) thus calculated at 2000 K are also
shown in Fig. 59. The total vapor pressures at various temperatures are shown as
a function of the O/Nb ratio in Fig. 60193, As shown in these figures, the con-
gruently vaporizing composition was observed to be O/Nb=2.000 independent of
temperature in the range between 1900 and 2025 K103,
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Fig. 60. Total vapor pressures as a function
of the O/Nb ratio at various tem-

peratures.103)

6. 2. Vapor pressures

6. 2. 1. NbO, (s, 1)
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The partial vapor pressures of NbO,{(g), NbO(g) and O(g) over NbO;(s)
calculated from the total weight loss measurements with use of mass-spectrometric
data are shown as a function of temperature in Fig. 61, where the partial vapor
pressures of NbQO,(g) and NbO(g) over NbO,;(s) and NbO,(/) obtained solely by
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Fig. 61. The equibrium partial vapor press-
ures of NbO3z(g) and NbO(g) over
NbOg2.00(s) as a function of the
reciprocal temperatures.102)

the mass-spectrometric method are also
shown!92), The partial vapor pressures
of NbO, (g) and NbO (g) measured by
mass-effusion method are in good agree-
ment with those obtained by mass-spect-
rometric method. The partial wvapor
pressures of NbO,(g) measured by Shc-
hukarev ef «l.191) are considerably (about
a factor of 10) higher than our results!®2),
as seen in Fig. 61, and those of NbO (g)
by Shchukarev ef @/.1%D are approximately
a factor of 5 lower than ours. X-ray
analysis of the residue after vaporization
in our study indicated the existence of a
single NbO, phase and the G/Nb composi-
tions were not changed from those of the
starting sample (2.00040.003) within ex-
perimental error. The sample powder
used for the vaporization experiment by
Shchukarev ef «l.1°1 was reported to be
single phase of NbU, with an O/Nb com-
position of 2.008. The disagreement bet-
ween our results and the results by
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Shchukarev et al. may be caused by the difference of the oxygen content of the
NbO, samples.

As seen in Fig. 61, a change of slope in the plot of vapor pressures vs. recipro-
cal temperature is observed at 2188410 K corresponding to the melting point of
NbO,192, The melting point of NbQ, has been reported previously to be 2191 K
by the metallographic method!!# and also 2173 K by vapor pressure measure-
ments®. The enthalpy and entropy of fusion of NbO, estimated from our va-

porization datal? are summarized in Table 5 together with the results of Nb,
05104,108),

Table 5. Enthalpy and entropy of fusion.

Melting | 4Hn/ A4S/ .
Phase Temp./K | kJ-mol-! | J-mol-1K-1 Method Investigators
NbO 21838+10 | 99.6+11.7 | 45.54+5.4 | mass-spectr. Matsui and Naitol0®
2 o173 92 42 mass-spectr. | Shchukarey ef al.101)
Nb,O 177245 108.44-19.8 60.7411.1 | mass-spectr. Matsui and Naitol04
275 1785 102.5 57.6 heat capacity | Orrlo®,

6. 2. 2. NbOy,,(s)

The partial vapor pressures obtained for hyperstoichiometric NbO,,,(s) and
for hypostoichiometric NbO,_,(s) are shown as a function of the reciprocal tem-
perature in Figs. 62 and 63, respectively?®®. At two temperatures shown as Tr;
and Tr, in Fig. 62, the changes of slope in the plot of partial vapor pressures vs.
reciprocal temperature are observed for each hyperstoichiometric NbO,.,(s).
From the results of the X-ray analysis and the observation of state of the resi-
dues, it is concluded that the change at temperatures Tr,; corresponds to the
transition from NbO,,,(s) to the mixture of NbO,,,(s) and liquidus solution,
and the change at temperatures Tr, around 2188 K corresponds to the transition
from the mixture of liquidus solution and NbO,,,(s) to the liquidus solution.

It is noted that the discontinuities in the plot of partial vapor pressure vs.
reciprocal temperature observed for the hyperstoichiometric NbO,,, are not usually
compatible with the thermodynamic principles. However, the vapor pressure data
were obtained reproducibly on heating and cooling, and no change in O/Nb compo-
sition and temperature during the measurements were observed. Accordingly these
discontinuities in the vapor pressure data can be used as an indication of the phase
change. The abnormal changes in the vapor pressure-temperatre curves at the
phase transitions from the thermodynamic point of view, have been also observed
in some previous works!°9~111), though a clear explanation for these observations
has not been given.

The change of slope in the vapor pressure-temperature curve is also observed
at two temperatures (Tr; and Tr;) for hypostoichiometric NbO,_,(s) as shown in
Fig. 6310%. In this figure, it is considered that the transition temperature Try
(21035 K) corresponds to the solidus temperature, that is, the transition tem-
peratue from the mixture of NbO(s) and NbO,_.(s) to the mixture of liquidus
solution and NbO,_,(s), and the transition temperature Tr, (2183410 K) corres
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Fig. 62-a Partial vapor pressures of NbO;
(g) over hyperstoichiometric

NbO2.(s) as a function of the
reciprocal temperatures.10®)

ponds to the transition from the mixture
of liquidus solution and NbO,_, (s) to
liquidus solution. The change of slope of
the partial vapor pressure curve is also
observed for NbG; 44, at two tempera-
tures 206345 and 2183+10 K. From the
X-ray analysis and the observation of the
residue after vaporization, it is estimated
that the phase existing between 2063 and
2188 K is the NbO,_,(s) phase and that
above 2188 K is liquidus solution and the
phase below 2063 K is the mixture of
NbO(s) and NbO,_,(s).

Fig. 63 Partial wvapor pressures of NbOz(g)
and NbO(g) over NbOq,972(s), NbO1,932
(s) and NbOi,901(s) samples.103
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6. 2. 3. NbO(s)

The incongruency of the vaporization process of NbO(s) was observed from
the change of the partial vapor pressures of NbO,;(g) and NbO(g) with time in
our study,1%%) in accordance with the compositional change during the vaporization
at high temperatures above 2100 K near the melting point. To keep the compo-
sitional change of the NbO phase as small as possible during the vaporization
experiment, all measurements of the vapor pressures over NbO(s) reported were
carried out within 2h in a relatively low temperature range from 1948 to 2085 K.

The partial vapor pressures of NbO,(g) and NbO(g) over nearly stoichio-
metric NbOj g43(s) thus obtained!®®, are shown in Fig. 64 as a function of the
reciprocal temperature together with the results by Shchukarev et ¢l.1°1 As seen

in the figure, the vapor pressure ratio of
Puvo./Prvo over NbO; ;,3(s) observed
T/ K in our study is considerably small com-
2000 pared with that over NbQ, 44(s) measured
by Shchukarev ef «l., similar to the case
of NbO,(s)192, The vapor pressures
obtained by Shchukarev ef al. are thought
to be those over the samples reduced
during the vaporization, since they reported
that the residue after wvaporization was
the mixture of Nb and Nb{, different
from the starting NbGO, 40(s). But the
vapor pressure ratio of Pyyo./Prno reported
by Shchukarev et al. is considered to be
too high even though it is for the two
phase mixture of NbO(s) and Nb(s).

._05.

log { #/ Pa}

Fig. 64. Vapor pressures of NbO2(g) and NbO
(g) over NbO(s), @: Pxvos O: Poox
over NbOj.g03(s) by Matsui and Nai-
t0105)’ - PNbOm —. PNbo over
NbOg.99(s) by Shchukarev et al.10D

10°K/T

6. 2. 4. Two-phase mixture of Nb(s) and NbG(s)

The partial vapor pressure of NbO; (g) and NbO(g) over the two-phase
mixture of Nb(s) and NbO(s) measured in the temperature range 1971~2i75 K
are shown as a function of the reciprocal temperature in Fig. 65195, As seen
from the figure, the main gaseous species are NbO,(g) and NbO(g) similar to
those over NbO(s), but the vapor pressure ratio ¢f Pyyo.,/Puvo is different. Over
the mixture of Nb(s) and NbO(s), the partial vapor pressures of NbO(g) are
considerably (about a factor of 3 to 4) higher than those of NbO,(g), while the
partial vapor pressures of NbO(g) over single-phase NbO(s) are approximately a
factor of 1.3 lower than those of NbO,(g).
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As seen in Fig. 65, the change of slope
in the plot of the vapor pressures over
the mixture NbO(s) and Nb(s) vs. the
reciprocal temperatue was observed at
2178 +10 K corresponding to the transition
temperature from the mixture of Nb(s)
and NbO(s) to the mixture of the liguidus
solution and Nb(s), which is in good
agreement with the transition temperature
2188 K reported by Elliott previously with
the metallographic method!12.

TFig. 65. Vapor pressures of NbOz(g) and NbO
(g) over the two-phase NbO(s) +Nb(s)

mixture.105

6. 2. 5. NbgOs(S, [)
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T
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The partial vapor pressurs of NbO,(g) over Nb,Os(s, I) were measured by
the authorsl9¥, but those of NbO(g) and O,(g) could not be measured due to the
lower vapor pressures than the detection limit of the mass spectrometer used and
to the non-condensable gas, respectively. The results are shown in Fig. 66 together

T/K

55
10K/ T
Partial vaper pressures of NbO, over NoyOs (s.1)

Fig. 66. Vapor pressure of NbOz(g) over NbeOs5(s,7).108
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with the previous results by Golubtsov ef ¢l.97), whose results are about two times
higher than ours, although the slope in the plot of vapor pressures vs. reciprocal
temperature is observed to be fairly in good agreement with each other. As seen
in the figure, the change of slope is observed at 1772 K corresponding to the
melting temperature of NbyOs(s). The melting temperatures of Nb,O; reported
previously are inconsistent and exist between 1738 and 1785K108, 112,113) The
melting temperature 1772 K obtained in this study is close to 1768 K reported by
Elliott'1? and 1764 K by Holtzberg!1®. The enthalpy and entropy of fusion of
Nb,O;s calculated from our vaporization data are summarized in Table 5.

6. 2. 6. Two-phase mixture of NbQy,,(s) and liquid

The vapor pressures of NbO,(g)
and NbO(g) over two-phase mixture of
NbOj,.(s) and liquid (2.063<<O/Nb<C
2.386) measured by the authors are shown
in Fig. 67104,

In Fig. 67, the temperatures at which
the slopes in the plot of vapor pressures
vs. reciprocal temperature change or the
vapor pressures increase rapidly, are
observed. These temperatures are con-
sidered to correspond to the liquidus line,
that is, the transition temperatures {rom
the mixture of NbO,,,(s) and liquidus
solution to the single liquidus solution,
by the observation of the state of the
residues quenched from the temperatures
above and below the transition tempera-
ture.

log(£/Pa)

Fig. 67. Vapor pressures of NbO2(g) and NbO
(g) over NbO(s)+liquidlo4),

6. 2. 7. Nb-O solid solution

The partial vapor pressures of NbO(g) and NbO,(g) over the niobium-oxygen
solid solution are shown in Figs. 68 and 69, respectively, together with the results
over the mixture of Nb(s) and NbO(s)106),

The change of slope in the plot of partial vapor pressures of NbO(g) and
NbO,(g) vs. reciprocal temperature is observed at three temperatures shown as
Try, Trp, and Trs in Figs. 68 and 69 for the samples with O/Nb atomic ratio
between 0.059 and 0.066. On the other hand, the change of slope is observed at
only one temperature shown as Tr; for the samples with O/Nb atomic ratio less
than 0.058 and at Tr, for the mixture of Nb(s) and NbO(s). The change of
slope at Tr, corresponds to the transition from the mixture of Nb(s) and NbO(s)
to the mixture of the liquidus solution and Nb(s) as is discussed already. From
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Rig. 68. Partial vapor pressures of NbO(g) Fig. 69. Partial vapor pressures of NbO2(g)
over the niobium-oxygen solid over the niobium-oxygen solid
solution as a function of the reci- solution as a function of the reci-
procal temperatures.106) procal temperatures.196) The me-

anings of symbols used in this
figure are the same as those in
Fig. 68.

the X-ray results, it can be concluded that the deviation from linearity at Tr,
corresponds to the transition from the mixture of Nb(s) and NbO(s) to the single
Nb phase (niobium-oxygen solid solution), and the slope change at higher tempera-
ture at Trj corresponds to the transition from the solid solution to the mixture
of liquidus solution and Nb(s).

6. 3. Phase equilibria

Phase equilibria in the niobium-oxygen system have been studied by many
investigators and the existence of many oxide phases has been reported between
NbO, and Nb,Os**5, The phase relation and the existence region of several
oxides between NbO, and Nb,O; below 1700 K proposed recently by the authorstt®
are shown in Fig. 70. The phase relations at high temperature above 1700 K have
been investigated only by Elliott with metallographic technique!®®. Compared
with the methods usually adopted for the study of phase equilibria, such as me-
tallography, X-ray diffractometry, E. M. F. measurements and microcalorimetry,
the mass-spectrometric method may be the only method applicable for the study
on the phase relations at high temperature above 1700 K. Based on the vapor
pressure measurements by the authorsl02, 193,105,108  the homogeneity range of
nonstoichiometric NbQO,.,, liquidus and solidus line around NbOjs.,, NBO and Nb,
Os and solubility limit of oxygen in niobium metal and solidus line of the niobium-
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ratures.}14)

oxygen solid solution are determined as shown in Fig. 71, where the results by
Elliott!12) are also shown. ,
The oxygen partial pressures for the system between the niobium-oxygen solid
solution and NbO,., above 1900 K calculated from the partial pressures of NbO,
(g) and NbOQ (g)102, 103,105,106, 115) are plotted against reciprocal temperature in
Fig. 72.
The vapor pressures (total vapor pressure, NbO,(g), NbO(g), O(g) and O,(g))
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Fig. 72. Oxygen potential diagram for the Fig. 73. Pressure-composition diagram for
system between Nb and NbO: at the Nb-O system.104)

high temperature.104)
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for the Nb-O system at 2073 K are shown
as a function of composition in Fig. 73.
This pressure-composition diagram also
shows that NbO, is the only congruently
vaporizing phase and the congruently
vaporizing composition is stoichiometric
NbG3.000-

The relation between vapor pressures
including niobium species and oxygen
partial pressures for the Nb-O system at
2073 K is also shown in Fig. 74, which is
useful to show the existing solid phases
and the predominant vapor species as a
function of oxygen partial pressure at a
temperature.

6. 4. Thermodynamic properiies
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Fig. 74. Relation between vapor pressures
for the Nb-O system.

6. 4. 1, Enthalpies of formation for NbO,(g) and NbO(g)
By combining the enthalpies of vaporization obtained in the present study with
the following values taken from the JANAF tables: 4H3(NbO,, s, 298. 15K) =—
795.0 kJ.mol~1, 4H3(INbO,, [,298. I5K)=—"710.9 kJ.mol~-1, 4H%(NbO, s, 208. 15K)=

Table 6. Enthalpy of formation and dissociation energy for NbOs(g).

AH $,208(NbOy, £,298.15K)| D°(NbOg,g, 298. 15K)
Reactions used
kJ-mol-1 kJ-mol-1 Method| ref.
for calculation
2nd law 3rd law 2nd law 3rd law
ZNbO(s)=NbO3z(g)+Nb(s)| —223.0 —— (352.14+3.0))) ~— M. E.») 99
—220.9 —212.1 (347.2) (345.1) | M. S.» 101
—160.84+£23.4—163.141.7, 332.94£5.5 1333.4+0.5 M. S. | 105
2NbO(I)=NbO2(g)+Nb(s) —172.8 —~208.8 (335.7) (344.4) | M. S. | 101
NbO2(s)=NbOz(g) —~200.8 —195.0 (342. 4) (341.0) | M. S. | 107%
—210,94:41.4—167.34-2.1| 344.9--9.9 |334.5+0.5 M. E. | 102
—183.04£9.3 |—167.0+=1.4 339.6--2.3 334.3+0.2 M. S. 102
NbO3z(I)=NbO2:(g) —195.8 —193.7 (340.1) (340.8) | M. S. | 107
—191.04-12.4—164.9--0.9] 340. 1-3.0 333.8+0.2 M. S. | 102
a) The valus in parenthesis are calculated from the original data in the literature
by the present authors.
b) Mass-effusion (weight loss measurement) method.
c¢) Mass-spectrometric method.
d) The values in the JANAF Tables are calculated based on the original data

measured by Shchukarev et al.10D)
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Table 7. Enthalpy of formation and dissociation energy for NbO(g).

4H3,208(NbO,g,298.156K) | D°(NbO, g, 298.15K)
Reaction used
kJ+mol~1 kJ+-mo~1! Method|ref.
for calculation
2nd law 3rd law 2nd law | 3rd law
NbO(in NbO(s))=NbO(g)| 199.6 197.5 (187.3)» | (187.8) M. S. |107®
170.54+34.3 | 181.9+2.5 |(194.2+8.3)| 191.540.7 | M. S. 105
NbO(in NbO(7))=NbO(g)| 199.2 198.7 (187.3) (187.3) M. S. 107
2Nb0(s):Nb0(8}j§é§) 156.2--25.8 | 135.8:1.7 |(197.7£6.2)|(202.5::0.2) M. S. [105
NbO:(s)=NbO(g)+0(g) | (211.4) (165. 4) (184.3) (195. 4) M. S. [101
155.7441.7 | 134.62:4.7 [(197.7+9.9)| 202.8+1.15/ M. E. |102
129.04-16.2 | 131.6-:1.9 1(203.9+3.9)| 203.4::0.5 | M. S. |102
NbO2({)=NbO(g)+0(g) | (179.6) (152.0) (191.9) (198.6) M. S. 101
137.9424.9 | 127.14+2.9 |(201.8+6.0))(204.64+0.7)) M. S. 102
a) The values in parenthesis are calculated from the original data in the
literature by the present authors.
b) The values in the JANAF Tables are calculated from the original data

measured by Shchukarev ef al.101).

—419.7 kJ-mol-1, 4H3(Nb, g, 298.15K)=733.0 kJ-mol-1 and 4H$(0O, g,298. 15 K) =
249. 2 kJ-mol-1, both enthalpies of formation and dissociation energies for NbO,(g)
and NbO(g) are calculated. The results are summarized in Tables 6 and 7 together
with the previous results?8, 99,101,102, 105,107 some of which are calculated by
the authors based on the original data.

The enthalpies of formation and the dissociation energies of NbO,(g) and
NbO(g) determined from the enthalpies of vaporization of the stoichiometric
NbO, for the reactions (51) and (52) by means of a combination of mass-effusion
(weight loss measurement) and mass-spectrometric methods!92, 103 are in good
agreement with those determined from the reactions (53) and (54)1°% within the
experimental error, except the third law values determined from the reaction (55).

NbO, (s, 1) =NbO,(g) (51)
NbO, (s, 1) =NbO(g)+0(g) (52)
2NDbO(s) =NbO;(g) +Nb(s) (53)
2NbO(s) =NbO(g) +0(g) +Nb(s) (54)
NbO (inNbO(s)) =NbO(g) (55)

The difference between the values for NbO(g) calculated from the reaction (55)
and those calculated from the reaction (54) may be attributed to the assumption
of unit activity of NbO in the sample of NbO; 4,3(s). The data for NbO,(g) and
NbO(g) determined from the reactions (53) and (54) are thought to be more
reliable than those from the reactions (55), since the reactions (53) and (54) are
univariant systems containing three phases (2 solid+vapor).



A Calorimetric Study on Nuclear Reactor Materials at High Temperatures 93

6. 4. 2. The partial molar thermodynamic quantities of oxygen and
defect structures

From the oxygen partial pressures, the partial molar thermodynamic quantities
(the partial molar enthalpy of oxygen and the partial molar entropy of oxygen)
are determined. The results obtained by mass-spectrometry in our studyl03,104,
105,106, 115) gre summarized in Figs. 75 and 76 together with the previous results
determined by E.M.F. method 116~12D  thermogravimetry!1%, 83 gas equilibra-
tion12D) electrical conductivity measurements'?!;122) and micro-calorimetry!19
123)

The partial molar enthalpies and entropies of oxygen in the niobium-oxygen
solid solutions are fairly in good agreement with each other considering the diffe-
rences in the methods and the temperatures of the measurements. The partial

Fig. 75. Partial molar enthalpies of oxygen
in the niobium-oxygen system!15)
a: O123), h: @L06), cll6) d125) gl20)
f: @105 glzo hlze) jl27) j. @lo3),
k: A118), 1 (calorimetry)t!®, m (TGA,
EME)119), p1l?), 0128) pl2l) q: Nb-
02.42+Nb02.478%, r: Nby05-5129, s:
NbO3+Nb1302913D), s"; IV VIZD),
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Fig. 76. Partial molar entropies of oxygen in the niobium-oxygen system!15)
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molar enthalpies of oxygen determined by the authors196> and by Boureau et al.12®
are nearly constant independent of composition, indicating the presence of weak
interactions between interstitial oxygens. The compositional dependence of the
partial molar entropies of oxygen determined by the authors!?6> can be explained
by assuming the occupancy of octahedral sites by the interstitial oxygen in the
niobium-oxygen solid solutions. The relation between composition and oxygen
partial pressure determined by mass spectrometry at high temperatures 2091-2379
K198 was found to obey the Henry’s law at low oxygen compositions less than
about 4 a/o, which aiso indicates that the oxygen interstitial behaves ideally in the
solid solution.

The partial molar enthalpy and entropy of oxygen in NbQ; 45 are determined
to be —688+73 kJ-mol-! and —183+36 J-K-1.mol-1, respectively, by mass spect-
rometry105. The compositional dependence of NbQO;., has not been known yet
because of the narrow homogeneity range.

The partial molar enthalpies and entropies of oxygen in nonstoichiometric
NbO;,., have been reported by some investigatorsl®3,117~119) but there is still
some disagreement. The compositional dependence of these quantities determined
by the authors!®® shows a complicated change as shown in Figs. 75 and 76. A
similar dependence is seen from the results by Vasileva ef @/118). This irregular
dependence in the region of large departure from stoichiometric NbO, may indicate
the presence of a series of different kinds of short range ordering.

The relations between composition (x) and opygen partial pressure (Po,) of
NbO;., determined by E. M. F. measurements!!7, 118 thermogravimetry119 and
mass spectrometry?®® are summarized in Fig. 77, from which the wvalues of
n(log x cc 1/n log Po,) are observed to be —1 and +1 at 1273 K, for hypostoi-
chiometric NbO,_,11" and hyperstoichiometric NbO,, 118119 respectively.

Although it is difficult to discuss the defect structure of NbO,., which
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shows both metallic and semiconducting behaviori14, 183, 134)  the predominant de-
fects for NbO,_, and NbO,,, may be estimated to be interstitial niobium and
niobium vacancies, respectively, for either case of an intrinsic semiconductor or a
metallic conductor. As also seen in Fig. 77, the slopes for NbQO;,,117 118 become
larger than unity in the region of large departure from stoichiometric NbO,
except that at 1273 K117 and more larger slopes are obtained at higher tempera-
tures from 1900 to 2000 K103, These slope changes and large slopes suggest the
possibility of the coexistence of another type of defects such as niobium di-
vacancies and tri-vacancies.

The partial molar enthalpies and entropies of oxygen in the oxides between
NbO, and Nb,O; so far reported®s 119,122,129,131,122) are not in good agree-
ment. However, according to the classification of homologous phases based on the
recent results!l4), some of the previous values!30,131,132) can be classified into
those for the differnt phases!!®. As seen in Figs. 75 and 76, both values of
partial molar enthalpy and entropy of oxygen change considerably from phase to
phase, which reflects the presence of the different defect structure of each phase
in this system114, 115, 135~137)

6. 5. Vaporization studies on the V-O and Ta-O systems

Vanadium and tantalum are the same 5A group metals in the periodic table as
niobium. Vapor pressure measurements on the V-O and Ta-O systems have also
been carried out by several investigatorsl$8~146), The vapor pressures of V(g)
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20 . , 0) 1 1 ’ '
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over V(s)138, VO(g) over VO(s)139, VO,(g) and VO(g) over V,05(s)140),
VO (g) over VO, (s, )14, (VO,)4(g) and (V,05),(g) over V,05(s)141) are sum-
marized in Fig. 78. The vapor pressures of Ta(g) over Ta(s)142 and TaO(g) and
Ta0;(g) over two-phase Ta(s)+Ta,05(s) mixturel43~146) are also shown in Fig.
79. These figures show that the vapor pressures over metal are lower than those
over metal oxides in the V-O and Ta-O systems like Nb-O system as was already
described. These V, Nb, Ta metals can be purified during vaporization because of
higher oxygen content of gaseous phases than solid phase. Figure 78 also suggests
that V;04(s) is the congruently vaporizing phase in the V-O system. On the
other hand there seems to be no congruently vaporizing phase in the Ta-O system
as seen from Fig. 79. The recent results of the vapor pressure measurements on
the other refractory metal-oxygen systems (4A and 6A groups in the periodic
tables) have been reviewed elsewherel4?,

Vi. Concluding Remarks

As described above, the calorimetric study includes the measurements of heat
capacity and heat of formation by means of various methods.

The heat capacity data of a solid material are necessary for obtaining the free
energy function, and the free energy change of a reaction at any temperature can
be calculated with use of the free energy functions of the materials concerned
together with the data of heat of formation of the materials at a reference tem-
perature. It means that the data of heat capacity and heat of formation enable us
to calculate the free energy change of a reaction at any temperature, in other
words, the occurrence of any reaction can be predicted by these data. In this
sense, calorimetric study gives us the most basic data of the materials, especially
at high temperatures because the reaction is expected to be accelerated as the
temperature rises.

In addition, the calorimetric study on the materials gives us the informations
about the phase relation, the lattice dynamics, the defect structure, efc., which are
also very valuable to understand the behavior or stability of the materials as seen
in this review.

Although the calorimetric studies have been carried out extensively in our
laboratory in recent years, the measurement of heat capacity is limited up to about
1300 K and that of vapor pressure is about 2400 K. The needs for thermal data
at higher temperatures are increasing recently in relation to the research and
development of high temperature materials, especially in the field of energy or
space technology. The calorimetric studies at higher temperature are awaited as
well as the increase of precision of the measurement.
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