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ABSTRACT

Thermal conductivity, electrical resistivity, and thermoelectric
pover measurements were made on thorium nitride (ThN), (Th-2% U)N, and
(Th-5% U)N; electrical resistivity and thermoelectric power measurements
were made on uranium nitride (UN). Results from the experiments
indicated that ThN behaves very nearly as a pure metal in its transport
properties. Thermal conductivities, A, were high, electrical
resistivities, P, were low, and thermoelectric power, S, measurements
were nearly zero. Uranium nitride, which antiferromagnetic below
50K and has a lower thermal conductivity, had a much higher electrical
resistivity and a large positive thermoelectric power.

The thermal conductivity of ThN is much higher than nuclear fuels
currently being considered for use in liquid metal fast breeder reactors.
At nuclear reactor operating temperatures of interest, A for ThN is
approximately 20 times that of UOsz. Even when alloyed with UN, ThN
retained a thermal conductivity greater than any other ceramic fuel
currently being considered., Calculations were presented which
illustrate_the potential of ThN alloyed with UN or plutonium nitride
(PuN) as fuels in proposed reactor concepts. The results suggested
ThN would have a significant economic advantage and a predicted fuel
performance which exceeds other fuels being considered.

The electrical resistivity measurements showed ThN and the (Th-U)N
alloys to have a linear dependence with temperature above about 100 K.
Below 100°K, the slope changed to near zero at O0°%. Small additions
of UN to ThN of 2 and 5% caused a very large increase in p.

'



vi
This probably resulted because the antiferromagnetic UN exhibits a large
P. In addition to changing the residual resistivity at 4.2°K, dp/dT was
reduced by alloying.

The thermoelectric power of ThN is very small. However, alloying
with UN, which has a large value for S, caused a significant change in
the S of (Th-U)N alloys.

The data treatment permitted a separation of A into a lattice
conductivity, XL’ and an electronic contribution to the thermal
conductivity, he. The results showed both of these contributions to
be significant over the temperature range studied. The ability to
separate the components accurately allowed a prediction of A at
temperatures greatly exceeding the range of actual experimental
measurements. The data treatment also resulted in a calculation for
the Lorenz function which was found to be very near the Sommerfeld
value at temperatures of 300°K and above.

A significant aspect of the study was the development of a
technique to make high quality samples. None of the standard fabrication
techniques were satisfactory, so a zone melting technique was developed
which converted the metal directly into the nitride. This technique
produced high-purity, high-density samples approximately 100 times as
fast as any of the other more conventional techniques. The fabricated
samples were nearly 100% dense with very large grains of approximately
0.3 cm diameter. High-density, large-grained samples would be expected
to show superior in-reactor performance to either small-grained or
low-density samples.

Another important aspect of the study was the use of the PDP-8

computer to take and analyze some of the data. By using the computer
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system, the data were taken approximately 1000 times faster in the case
of high temperature p measurements. This is very important for a
material such as UN which has a large value for S and exhibits
significant Peltier heating on reversing the electrical current. In
the case of UN, this was the only way accurate data could be obtained

above 1200 K.
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CHAPTER I
INTRODUCTION AND THEORETICAL BACKGROUND
I. BACKGROUND AND PRACTICAL IMPORTANCE OF STUDY

One of the most important physical properties of a nuclear fuel is
its thermal conductivity. The thermal conductivity, A\, largely
determines the temperature at which the fuel will operate, the maximum
obtainable heat flux from a fuel pin, and, consequently, dictates
almost the entire design of the reactor. Most current electrical power
producing reactors are designed and run using UOz as the fuel. This is
a severe economic limitation because UOz is a poor thermal conductor
which results in a maximum linear heat rating per fuel pin of about
0.7 kW/cm. At this heat flux the centerline temperature of the fuel
approaches 3000 °K, which is very near the melting temperature of 3125,
which is the allowable upper limit of fuel operation. The importance of
this can be seen from Equation (1) which relates the heat output, or
linear heat rating, of a solid right circular cylinder fuel pin from

which the heat flows radially and the heat generation/volume is

constant.
T2
H = bx s AGT , (1)
T1
where H = linear heat rating

Ti1i = surface temperature of fuel

Tz = center temperature of fuel

A = thermal conductivity of fuel.

1
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Note that the dimensions of the fuel do not enter into this equation.
Thus, the linear heat rating of a fuel pin is determined by the area
under a A versus T curve such as those drawn in Figure 1 for several
potential nuclear fuels. Consequently, the operating temperature of
the fuel for a given heat rating is determined only by the thermal
conductivity and the surface temperature of the fuel. From this, one
can see that an increase in A would result in increased capability for
generating heat in a fuel pin, assuming the allowable maxXimum operating
temperature is the same. A fuel with a much higher A could show a
significant reduction in power operating costs and consequently cheaper
electrical power.

The search for a fuel with a high thermal conductivity led to an
examination of a class of high-melting compounds with metallic

* These materials

characteristics known as refractory hard metals .’
are compounds of transition metal atoms with comparatively smaller
nonmetal atoms such as carbon, nitrogen, boron, and silicon. These
compounds: (1) show metallic 1u$ter, (2) have thermal and electrical
conductivities near pure metals, (3) have a positive temperature
coefficient of electrical resistivity, (4) have high hardness values,
(5) have a high modulus of elasticity, (6) have high melting points,
and (7) have correspondingly high strengths at elevated temperatures.

The main interest centers around the refractory hard metal alloys
resulting from combinations of the elements, uranium, thorium, plutonium,

nitrogen, and carbon because of their potential use as fuels for liquid

metal fast breeder reactor systems and for space reactors. Their

¥Denotes reference. See page 148.
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attractiveness stems from the following properties: (1) high thermal
conductivity, (2) high metal density, (3) high melting point, (4) good
compatibility with most cladding materials, and (5) good compatibility
with most liquid metals.

Interest in refractory hard metal fuels for both fast breeder and
space reactors is increasing as more information becomes known about
these systems. Those alloys being investigated most vigorously include
uranium nitride (UN), (U-Pu)N alloys, U(N-C) alloys, and (U-Pu) (N-C)
alloys. Uranium nitride and U(N-C) alloys are being investigated for
liquid metal cooled space reactor systems, while (U-Pu)N alloys and
(U-Pu) (NC) alloys are being investigated for liquid metal fast breeder
reactor systems. These alloys afford the potential of operating at
linear heat ratings of 2 kW/cm and for the plutonium-bearing fuels of
attaining fuel doubling times of less than 10 years.

Unfortunately, none of the materials mentioned above take
advantage of the other potentially large source of nuclear fuel, thorium.
With this in mind, the investigation of (U-Th)N alloys was initiated.

Because thorium nitride (ThN) and (Th-U)N alloys have high thermal
conductiwii‘bies, they are interesting from the standpoint of using
(Th-U)N or (Th-Pu)N as possible reactor fuels. A high thermal
conductivity allows the fuel to run cooler for a given heat output
from a fuel rod. Lower operating temperatures reduce fission-gas
mobilitya in the fuel which is of prime importance since fuel swelling
caused by fission-gas bubbles is the major limitation on fuel
performance.

Figure 2 shows linear heat ratings, H, versus fuel centerline

temperature, which assumes an average thermal conductivity of
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0.%0 W/em-K for (Th-U)N, 0.19 W/em-°K for (U-Pu)N, and 0.02 W/cm- %K
for (U-Pu)0,. The curve for (Th-U)N can also be used for (Th-Pu)N,
as the thermal conductivities should not be much different.

Using the assumed thermal conductivities of (U-Pu)N and (Th-U)N
at high temperature, it becomes apparent that if (U-Pu)N alloys have
the potential of operating at 1.5 kW/cm, (Th-U)N alloys should be able
to operate at nearly 3.0 kW/cm with the same radial temperature
distribution. Although high linear heat ratings such as 3.0 kW/cm are
precluded in near-term reactors because of the present state of the
art of heat removal capabilities, such high linear heat ratings are
not necessary for economical operation. The possibility of attaining
such high heat ratings shows that the operation of such a reactor would
not be limited by the capabilities of the fuel but only by the external
capacity for removing heat.

Some calculations performed by J. R. Ritts of the Reactor Division
of Oak Ridge National Laboratory illustrate the advantages of a Thil-
based fuel in more detail. These calculations were made using fuel pin
and reactor designs supplied by the author and using a value of kThN
shown in Figure 1 caleulated from electrical resistivity data of Auskern
and Aronson.®

A summary of some of the more important results of the calculations
is shown in Table 1. Calculations were made for 1000 MW electrical
systems utilizing the high thermal conductivities and high fuel densities
of the nitrides (L40% higher than the oxide). The linear heat ratings
assumed produce maximum fuel centerline temperatures no greater than

1875ﬂ{, so that current technology should be sufficient to utilize the



TABLE 1

RESULTS OF CAICULATIONS ON PROPOSED REACTOR CONCEPTS USING
VARIOUS COMBINATIONS OF NITRIDE FUELS

Case T Case IT Case III Case IV
Fuel (U-Pu)N (U-Pu)N (Th-U)N (Th-Pu)N
Core Configuration Square cylinder Pancake Square cylinder Square cylinder
Dimensions, cm 132 193 X 61 155 155
Fuel Pin
Diameter, cm 1.27 1.27 1.27 1.27
Cladding Nb-1% Zr Nb—1% Zr 304k sS 304 S8
Bond Fe Fe Na Na
Cladding thickness, cm 0.038 0.038 0.056 0.056
Structure v v 304 S8 304 8S
Blanket )\ UN ThN UN
Coolant Natural Li Na Na Na
Conversion Ratio
Total reactor 1.321 1.400 1.185 1.403
Core 0.705 0.7754 0.887 1.049
Pu Enrichment, % 11.9 17.6 11.2 (323y) 12.3
Doubling Time, year 1.57 4. 92 19.4 8.38
Mean Fission Energy, Mev 0.237 0.323 0.1708 0.230
Peak to Average Fission Density
Radial
Center 1.246 1.44
Outside 0.466 0.28
Axial
Center 1.276
OQutside 0.512
Avg. Heat Rating, kW/cm 2.79 2.79 1.64 1.64
Coolant Volume, % 42 42 Lo 42




proposed fuels. Most of the fuel temperatures, such as those in
the (Th-U)N and (Th-Pu)N fuels, would be less than 1600 %K maximum.

In Case I the rather unusual combination of Nb—1% Zr cladding with
an iron soft metal bond was used with (U-Pu)N as the fuel. Normally
Nb—1% Zr is not considered for cladding materials because of its high
neutron absorption cross section. However, by increasing the linear
heat rating of the fuel pins and thereby reducing the size of the core,
the average neutron energy is increésed, which effectively decreases
the absorption cross section of the cladding. In addition, a thinner
cladding can be used because of the much higher strength of the
Nb—1% Zr compared with a stainless steel. Natural lithium was examined
as a coolant but a further improvement in reactor performance can be
obtained by using sodium as the coolant which would reduce neutron
captures with little loss in coolant effectiveness. This calculation
was made assuming an annular fuel with 40% of the fuel volume removed
from the center to permit the fuel to operate at a maximum temperature
of 1875°%. Another technique to increase the conversion ratio would be
to use UO; in the blanket region since the ey ﬁeutron cross section is
not negligible.

The results of the calculations show a very low requirement for
plutonium and a very rapid doubling time both of which represent very
economical fuel cycle costs. The smaller diameter core means that the
overall reactor size would be significantly reduced resulting in a
reduction in plant costs.

In Case II, a (U-Pu)N pancake core was examined because of the

desired nuclear safety aspects of the large diameter to thickness ratio
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and because the pancake core reduced the coolant demands. Sodium was
chosen as the coolant, which eliminated the loss of neutrons from the
*L1 capture. This reactor showed a slightly higher conversion ratio
but had a more highly enriched core requiring 17.6% Pu. This, however,
is still less than the 20% Pu projected for use in the (U-Pu)Op reactors.
The projected doubling time of L.92 years is still very attractive.

Two cases were examined for using ThN based fuels, one a liquid
metal cooled thermal breeder using (Th-U)N, and the other a liquid
metal fast breeder utilizing (Th-Pu)N as fuel. The thermal breeder

utilized the Th-232

U cycle and had a respectable conversion ratio of
1.185, but because of the lower metal density of (Th-U)N compared with
(U-Pu)N, the doubling time for the reactor was 19.4 years. Thorium-
uranium nitride has a metal density about the same as (U-Pu)Oz. A
conservative average linear heat rating of 1.6 kW/cm was assumed which
could be improved on because of the high A of (Th-U)N compared with
(U-Pu)N. The use of vanadium instead of stainless steel in the structure
of the reactor would also improve the conversion ratio.

Case IV was a fast breeder reactor using as fuel (Th-Pu)N with
UN in the blanket. This reactor resulted in products of both 233y and
more plutonium and has the rather unusual property of a conversion
ratio in the core greater than 1.0. This would probably require some
modification since the reactivity of the core would increase with time
producing a potential safety hazard. This could be easily changed, of
course, by replacing some of the (Th-Pu)N pins with (U-Pu)N pins probably
at the periphery of the core where the heat output from the pins would

be smaller. The possibility of producing a core conversion ratio of 1.0
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is very significant since it means that the frequency of core reloads
would be reduced significantly so that the operating time of the
reactor could be increased from the normal average of 80% to 90% or
greater. This also means a reduction in the plutonium inventory
required. The plutonium inventory would be further reduced by the fact
that the equilibrium plutonium content is 12.3%.

Several cost calculations were made on these elements to determine
the effect of fabrication costs on fuel cycle costs. The net result in
each case varied approximately from 0.12 to 0.03 mills/kw-hr, depending
on the assumed plant capacity. These are very attractive fuel cycle
costs.

An important consideration in the use of (U-Pu)N fueled reactors
is the effect of using annular fuel pellets on the operating temperature
of the fuel. Equation (2) shows the relationship between the linear

heat rating, H, and the size of the central hole

by sTb A(T) dar

H - Ta , (2)

where, a = outer radius of fuel,

1

radius of central hole.

o'
I

Thus, H can be increased at a fixed.fx(T) dT by increasing the size of
the central hole. The increase in linear heat rating, g%“ as a function

of the volume of fuel removed by the central holes is shown in

Figure 3.
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To illustrate the effect of the central hole, the temperature
distribution across a UN fuel pin was calculated assuming a )“UN of
0.25 W/cm-"K, a sodium bond and a high thermal conductivity cladding
such as Nb-1% Zr. The temperature drops, AT, across the fuel pins

are

ATiotar = 2Tuw * ATya * 2Tc1adding (3)
where, ATtotal = total temperature drop, K
ATUI\T = temperature drop across fuel, K
ATNa = temperature drop across Na bond, °K
ATcladding = temperature drop across Nb-1% Zr cladding, %K.

Since the temperature drop across the sodium bond will be small, it is

neglected for the following calculations. Thus,

T
a 2
& (1n I’:Tb- )cladding H ey &
AT = + l - —~————1ln ~ 5 (%)
total 2 2
Qﬁ)\.c ladding lm)"UN a® —-b b

outside radius of cladding,

where, r
a

™

It

inside radius of cladding.

For these calculations a ratio of ;9— = 1.14 was assumed which corresponds
b .
to a 0.038 cm thick wall on a 0.635 cm diameter fuel pin or a 0.076 cm

wall on a 1.27 cm diameter fuel pin.

ATy ton = (1.13 + 10.4 F)H , (5)
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2
2b a
where, F = 1 — ln - ,
a® —p° b
1
F =

If a 900K cladding temperature is assumed, the maximum temperature,
Tm = 900K + (1.13 + 10.4 F)H.

A plot of the maximum fuel temperature as a function of H is shown
in Figure 4. Since the maximum temperature varies significantly with

F, four curves were plotted for values of F equal to 0.25, 0.50, 0.75,

He
Ho

curves illustrate the effectiveness of using the annular pellets. For

and 1.0. This corresponds to values of of 4, 2, 1.33, and 1.0. These

instance, using a value of g—g = 4, it is possible to run a fuel pin at
6.5 kW/cm with a central temperature of only-1600°%K. A value of

%%—: 4 can be achieved by removing 57% of the fuel volume from the
center of the pellets. Thus, it could be concluded that it is possible
to run UN fuel pins at 6.5 kW/cm with existing fuels technology.

A fundamental problem with making calculations of reactor operating
conditions is that high temperature A values are very difficult to
measure accurately. Because of this, high temperature A values are
often calculated from low temperature A and electrical resistivity (p)
measurements and high temperature p measurements. These calculations
are often more accurate than the high temperature experimental A
measurements if the low temperature data are accurate and if a good fit

of the data to existing theories are made. Another problem with

predicting A under reactor conditions is that fission products resulting
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from irradiation will cause a reduction in A. However, the effect
of fission products on A should be small at higher temperatures.

The technique of making good low temperature measurements of A
and p was chosen to be a reasonable approach to a systematic examination
of (U-Th)N alloys. Thermoelectric power, S, data was obtained in these
experiments primarily because they were straightforward to obtain while
taking A measurements. The dissertation goal thus became one of doing
a good mathematical analysis of the data to permit calculations of
values for A from P at any temperature. The most accurate data
separation can be obtained with an "alloy-separation" technique,
described later in the text, which had never been tried on ceramic
alloys before. The success of this analysis is one of the highlights
of this dissertation.

Presented in this dissertation are the following:

(1) A theoretical background of the properties measured (A, P, and S).

(2) Previously determined values of these properties on the materials
investigated.

(3) A description of the techniques used for sample preparation.

(4) The measurement techniques used in this investigation.

(5) Results of the study.

(6) A discussion of the results.

(7) Conclusions and recommendations for future study.

Some of the research goals were as follows:
(1) To develop a technique for fabricating (Th-U)N samples with a
theoretical density of 90% or greater so that accurate values

for A and P could be measured.
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(2) to obtain accurate experimental values for A, P, and S from 90 to
400 K.

(3) To obtain accurate experimental values for Pfrom 4.2 to 400 °K.
(4) To separate A\ into lattice and electronic components. This would
permit the calculation of high temperature values of A in a
temperature range where A measurements are very difficult.

(5) To determine whether (Th-U)N would have an attractive potential

as a nuclear fuel.
II. THEORIES OF THERMAL CONDUCTIVITY

The thermal conductivity, A, is a measure of the rate with which
thermal energy can be transferred through a material. In a solid, heat
is conducted by quanta of lattice vibrations known as phonons and by
electrons. Some materials can conduct heat by  photons but this is
rarely an important mechanism. Because transport of heat by electrons
is often the predominant mechanism, particularly in metals, much can be
learned about A by measuring the electrical conductivity of the metal.
In this seption some general equations for A are given; then details of
the lattice and electronic thermal conductivities are discussed.

The basic heat flow equation is given by

T

_ 2
Cat—)»VT,_ (6)
where, C = heat capacity per unit volume, J/%cm®,
T = temperature, %K,
A = thermal conductivity, W/em-°K,

t = time, seconds.
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The heat capacity, C, is defined as

C=CD,
P

where, CP = heat capacity at constant pressure,

w)
|l

density of material.

For a solid rod in which all of the heat flows axially through the rod

and at steady state, this equation is satisfied® by
Q=—-AVT (7)
or,

Q= -2 gg': (8)

where, Q, is the flux (i.e., the quantity of thermal energy

transmitted across a unit area per unit time). Thus,

A= zaégag' (9)

or,

where, P = pover,

cross -sectional area of the rod.

=g
]

The values for ) are usually expressed in terms of W/em-°K.
The form of Equation (7) implies that the transfer of heat is a

random diffusion process4 rather than proceeding directly from one
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end of the rod to the other. If the energy were propagated directly,
then the rate of energy transfer would be a function only 6f the
temperature difference between the ends of the rod. Such is the case
for heat transferred by direct photon radiation.

Thermal conductivity, A, of electrically conducting solids is
assumed to be made up of an electronic component, xe, and a lattice

component A (ref. 5). Thus,

M= hg A (11)

These two contributions are discussed below.

Lattice Thermal Conductivity

Heat is transferred by lattice vibrations which can be described
as traveling waves carrying energy. This moving packet of energy is
quantized, in analogy to the photon, and is called a phonon. Almost
all of the concepts such as the wave-particle duality, which apply to
photons, apply equally well to phonons. If nothing interferred with
the movement of these particles or waves, phonons would transfer heat
nearly instantaneously from hot regions to cold regions of a sample.
However, atoms within the solid are in continuous fluctuations so that
there are regions of higher and lower density distributed throughout
its volume. Because the heat -carrying phonon finds itself being
propagated through a medium whose propertieé vary irregularly from
point to point, they are deflected and scattered. The thermal

conductivity can be expressed by the equation4

A =1/3Cvl, (12)
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where, C = heat capacity per unit volume,

<
I

velocity,

=
Il

mean free path.

This equation is good for either lattice or electronic conduction

with the particles carrying heat being either phonons or electrons.

The phonon mean free path is thus limited, and by calculating the mean
free path we can roughly determine the thermal resistance. The lattice
thermal fluctuations are, in reality, other heat carrying phonons so that
what we wish to consider is what happens when two phonons collide.

In an ideal harmonic crystal where the lattice modes are dynamically
independent, no interaction occurs. In a real crystal, however, the
forces have anharmonic components and the waves interfere with each
other. When the phonons interfere, they may combine to form a new
wave whose frequency is the sum of the frequencies of the interacting
phonoﬂs. This obeys the conservation of energy and momentum laws
since the energy of a phonon is given by hv, where v is the frequency
of vibration and h is Planck's constant.

When two phonons combine, the effect is the same as if two phonons
have been destroyed and a new one created. By the same token, a single
phonon can split up into two new ones. If all phonon-phonon interactions
were of this type, so called N type processes (or normal processes),
thermal conductivity of a crystal would be nearly infinite. However,
Peierls showed that in addition to N processes there exists a thermal
resistance resulting from Umklapp processes (U processes), which is
the German word for "flopover." These result when two phonons of very

short wave length traveling in nearly the same direction combine. In
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a normal combination (N process) the resultant wave has an even shorter
wavelength (higher frequency) and continues to move in the éame direction.
However, if the new wavelength is shorter than twice the lattice
spacing, the motions of the atoms no longer determine which way the
new wave is traveling. In fact, the motion is consistent with a wave
of much longer wavelength traveling in the opposite direction. This
results in the conclusion that momentum is not conserved in all phonon-
phonon interactions.

Umklapp processes reduce the mean free path of phonons quite
effectively since they occur at a rate proportional to the absolute
temperature. Debye and Peierls both showed that the mean free path
of a phonon is proportional to 1/T at higher temperatures® (T >@, where
@ is the Debye temperature) in agreement with many experimental results.
This is because the number of excited phonons is proportional to T,
consequently, the mean free path 1 for each phonon is inversely
proportional to the number of phonons with which it can collide, thus
101/T.

One result of Peierl's theory is that it predicts an exponential

increase in thermal conductivity at low temperatures which is
experimentally observed. This is because Umklapp processes occur only
for interactions of short wavelength phonons, but thermal excitation

of high frequency lattice modes is not possible at low temperatures.
Consequently, cooling a solid to low temperatures effectively '"freezes"
out the Umklapp processes, resulting in an exponential increase in the
phonon mean free path and hence the thermal conductivity.

An important mechanism for scattering phonons at low temperatures

i " ; i s 4y .
is by inelastic collisions with electrons. In materials where a
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significant quantity of heat is transferred by electrons, this
scattering mechanism may be dominant at low temperatures (T<<9) where
it is proportional to =, Interaction between electrons and the
lattice vibration at frequency, v, occurs only if a quantum of energy,
hy, is exchanged between the lattice and conducting electron.

Scattering of phonons also occurs from impurities, dislocations,
and atoms with different isotopic numbers (called "isotopic atoms").*™®
Scattering by impurities and isotopic atoms occur mainly for short
wavelength phonons with long wavelengths being little affected. Isotopic
atoms and impurities are not important contributions to the thermal
resistivity at high temperatures, because the effect is small compared
to the Umklapp processes. However, at low temperatures the thermal
resistance of impurities and isotopic atoms can be quite significant.
Because phonon interaction occurs only for short wavelengths, the low
temperature effect must be caused by long wavelength phonons which
combine to make short wavelength phonons in N processes and the short
wavelength phonons subsequently interact with the impurities and
isotopic atoms. According to Ziman,é the scattering effect should be
proportional to the square of the difference in the isotopic masses
and proportional to the inverse fourth power of the phonon wavelength.
Scattering by impurity atoms is caused by lattice strain in which case
the atomic size difference is more important than the mass difference.
In some solids, however, such as beryllium oxide (BeO), where the mass
and strain size difference are often both important, the impurity
resistivity can be significant at high temperatures.

Scattering of phonons by dislocations is important for short

wavelength phonons.6 While it can be argued that the elastic strain
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around a dislocation creates a local change in density which would
interact with the phonon, the observed effect on thermal conductivity
is larger than calculations based on density changes would lead one to
believe. Most of the scattering appears to occur at the core of the
dislocation where the arrangement of the atoms is very far from the
perfect lattice. OSomehow the phonons are so affected by the differences
in the relative positions of the atoms at the dislocation core that
they are strongly scattered.

Perhaps-the easiest way to examine lattice thermal conductivity
is to represent it as lattice thermal resistivity, WL, so that the
various mechanisms which make up the resistivity are additive. This
is illustrated schematically in Figure 5 (ref. 5), which shows five
scattering mechanisms which can contribute to W : (1) phonon-electron
resistivity, (2) phonon-boundary resistivity, (3) phonon-impurity
resistivity, (4) three-phonon Umklapp resistivity, and (5) higher order
Umklapp resistivity. At low temperatures Wi gets larger and larger
eventually becoming infinite at absolute zero. The phonon-phonon
resistance decreases exponentially to zero as Umklapp scattering is
frozen out and impurity scattering goes to zero. Phonon-electron
and phonon-boundary scattering both increase, becoming infinite at
absolute zero so that the lattice thermal resistance goes to infinity
and therefore the lattice thermal conductivity approaches zero at O K.
The summation of these curves produces a minimum in the total WL,
which conversely causes a characteristic peak in XL' At high temperature
a higher order Umklapp resistance occurs causing a further increase in
Wi. The peak in XL will be shifted based on the amount of phonon-

impurity scattering, which is related to the purity of the material.



23

\ / pd
L/ 7
‘ 5/ .
//
. 6 7
2 . ' /
6 rd ik /
= L v
C
> / /
g
s / /
5 ' / THEORETICAL TEMPERATURE DEPENDENCE
v \ Low HIGH 1
™ CURVE  TEMPERATURE  TEMPERATURE
¢ r2 CONSTANT
| /) 2 . T , CONSTANT |
3 T CONSTANT
4 EXPONENTIAL T
5! = Tt
\ i
72
. 3
2
J— .

Figure 5. Schematic Representation of the Lattice Thermal Resis-
tivity of a Nommagnetic Metal. (1) Phonon-electron resistance.
(2) Phonon-boundary resistance. (3) Phonon-impurity resistance.
(4) Three-phonon Umklapp resistance. (5) Higher order Umklapp resis-
tance. (6) Summation curve.

Source: R. K. Williams and W. Fulkerson, "Separation of the
Electrical and Lattice Contribution to the Thermal Conductivity of
Metals and Alloys," Proceedings of the Eighth Conference on Thermal

Conductivity, October 1960C.
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Electronic Thermal Conductivity

In some solids, the electronic portion of the thermal conductivity
can be extremely important from the standpoint that it may be the
dominant mechanism for transporting heat.*™® At room temperature most
pure metals have A values 10 to 100 times that of dielectric solids,
which leads to the conclusion that the metals must carry most of their

heat by electronic conduction.*’® Some examples from Kittel* are:

Al: 2.26 W/em-K
Cu: 3.93 W/em-K
Na: 1.38 W/em-%
Ag: 4.18 W/em-K
NaCl: 0.07 W/em-K

KC1: 0.07 W/em-K

These solids all have relatively low Debye temperatures (<300°%) so that
the peak in the lattice thermal conductivity occurs at low temperatures.
Beryllium oxide which has a high Debye temperature (~1000°K) still has
a high lattice thermal conductivity at room temperature.

In the transport of heat by electrons, higher energy electrons in
the hot region of a sample éiffuse to the cooler region while the lower
energy electrons from the cool portion diffuse to the hot end. The
result is a buildup of electrons at the cool end giving rise to the
thermoelectric effect;8 but after steady state has been reached, no net
flow of current is observed. Resistance to the flow of electrons
occurs because of interference of impurities, boundaries, magnons,

phonons, etc.
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The electronic portion of the thermal conductivity, Xe’ is usually

expressed in terms of a Lorenz function,?’®’? 1(T)
L(T) T
), =MD T (13)

e p 2

where, T = temperature,

©
]

electrical resistivity,

which was derived from the empirically observed Wiedemann-Franz -Lorenz

6,10

AP

= constant . (1u)

This relationship is approximately obeyed by many metals at high
temperature. From a theoretical treatment assuming (a) M to be
negligible, (b) elastic-electron scattering, and (c) the electron gas
is completely degenerate, therefore obeying Fermi-Dirac statistics,
Sommerfeld'’ calculated the Lorenz function, Lb’ to be

Mo © [k >2
T = Llh=3\¢& ’ (15)

O e

2
N ef V
where, L = 2.443 x 10 C§§§> ,

I

Boltzmann's constant, and

()
1

electronic charge.

A degenerate electron gas is one in which the Fermi energy is
located in the conduction band many kT away from the top or bottom of

the band. In the case of overlapping bands such as in UN, this requires
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that the Fermi energy be far away from any band edge. Equation (15)
is the first term in.the series solution of the Boltzmann transport
equation for elastic electron scattering in a one-band metal. Although
the series is usually truncated after the first term, it is possible
that higher order terms should be considered. Most authors who discuss
their data with respect to the two components usually separate the
electronic thermal conductivity from A by assuming L to be the Sommerfeld
value. This is not really satisfactory, however, because L should vary
significantly from Lo at low temperatures and does not always equal LO
even at the high temperature limit.°

Even in the simple, degenerate single band models, the actual value
of the Lorenz function is expected to deviate from the Sommerfeld value
because (a) L, is only the first term in the solution to the Boltzmann
transport equation and (b) becauée the electron-phonon scattering
process which produces most of the electrical resistivity is inherently
an inelastic process. The elastic scattering formula for L carried

to the third term is as follows

1 7 7 L0’ 2 8x* (x1)* o
L= — (1) - |— (@) — | ¢ ——— — ., (16)
e®*r® |3 3 o 45 o

where, o = electronic conductivity,

o' = first derivative of electronic conductivity with
respect to energy,
o" = second derivative of electronic conductivity with
respect to energy,
8 = Fermi energy,
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if the higher derivative terms such as ¢"'(E) and o' ¢" are ignored.
The value of the electrical conductivity is given by o(E) if the Fermi
level, 6, is at E and E is the energy of the conduction electrons.

The second term is related to the thermoelectric power, S, since

2 ¥®1 o' (B
S=[§"?°“o“(('ﬁ)7]E=6- )

Thus the first two terms in the equation are

L=1 —82. (18)

The third term in Equation (16) is the most difficult to calculate
and as yet no good calculation of this term has been accomplished. In
‘a pure, defect-free solid the inelastic scattering in the electron-
phonon collision causes L to deviate significantly from Lo (Figure 6),
particularly at low temperatures where the phonon energies are
significant with respect to kT. This is because the Sommerfeld value
for 1. is calculated assuming the electron gas to be completely
degenerate and the electron-phonon scattering to be elastic. At high
temperatﬁres where the energy given up by & phonon in an electron-
phonon collision is small relative to the energy of the electron, the
assumption of elastic scattering is a good approximation in spite of
the fact that all electron-phonon interac¢tions are inherently inelastic.
At low temperatures where the energy given up by a phonon to an electron
is significant with respect to the energy of the electron, the
assumption that the interaction is elastic is no longer valid. The

Lorenz function should go to zero at 0°% since the product of A and p
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Figure 6. Schematic Representation of the Lorenz Function Showing
Deviations from L. (1) Pure, defect-free metal with no electron-
electron scattering. (2)(3) Effects of increasing impurity content.

(4) Effect of electron-electron inelastic scattering at high temperatures.
(5) Effect of ambipolar enhancement.

; Source: R. K. Williams and W. Fulkerson, "Separation of the
Electronic and Lattice Contribution to the Thermal Conductivity of
Metals and Alloys," Proceedings of the Eighth Conference on Thermal
Conductivity, October 1968.
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goes to zero at 0K faster than T because near 0°%K A is proportional

to T2

and p is proportional to 7°. In real crystals, of course, L
approaches Lo at low temperatures because impurity scattering is still
present and this scattering is elastic.

For the case of materials where several bands overlap at the Fermi
surface, other phenomena may cause deviations from Lo' Some
possibilities summarized by Williams and Fulkerson® are (1) ambipolar
energy transport, (2) the presence of a narrow, high density of states
band which overlaps the conduction band near the Fermi surface, and
(3) inelastic electron-electron scattering. Awbipolar energy transport,
originally postulated for band-gap semiconductors, can occur if more
than one of the overlapping bands contribute significantly to the
electrical and thermal conductivity. Gallo*® made calculations based
on a simplified two-band model which predicts that the increase in
value of L is small at low temperatures and approaches a constant value
at high temperatures. For ambipolar effects to be significant, three
conditions must be met: (1) the electrical conductivities of the two
bands must be nearly equal, (2) the thermoelectric power of the two
bands must be large and opposite in sign, and (3) the temperature must
be high. In the second case where a narrow, high density of states
overlaps the conduction band, slow convergence of the series solution
to the Boltzmann equation can cause deviations in L. Inelastic
scattering of electrons should result in a negative nearly linear
deviation of L from LO at high temperatures.5

Examination of the various possible contributions to L shows
that theoretical calculations of L would be unreliable. Consequently,

values for I are generally calculated from experimental data of A and p.



30

ITI. THEORIES OF ELECTRICAL RESISTIVITY

The electrical resistivity of a material is generally separated

. 6,13,14
into components by "7’

P=pp+ P+ P, (19)

where pP, pi, and pm correspond to the resistivities due to the
scattering of electrons by phonons, impurities, and spin disorder
(magnons). Equation (19) is a good assumption at medium and high
temperatures where a relaxation time can be assumed for lattice
scattering (i.e., that the electron-phonon scattering is elastic). As
long as the impurity content is small, pi is approximately independent
of temperature; this is a statement of Matthiessen's rule,E Thus only
the terms pP and pm vary with temperature.

Impurity scattering is effectively elastic at all temperatures
as negligible energy is transferred at any interaction. In the low
temperature region, however, where electron-phonon interactions cannot
be assumed to be elastic, a departure from Matthiessen's rule is
observed. Also, departures from Matthiessen's rule are observed in
multivalent metals. These may be déscribed by a two-band model since
each conduction band depends in a different way on scattering and
Matthiessen's rule applies differently to each band.'® The total
conductivity may then show a deviation. Some experimental observations
indicate that departures depend on the type of impurity atoms or other
defects present as well as their quantities; this is particularly true

with transition-metal and rare -earth impurities. Matthiessen's rule is
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to be taken as a first approximation only and is suspect where pi.~ fp «
Deviations from Matthiessen's rule are generally found to be positive
such that pi will be greater than the residual resistivity, po.

Since pi is assumed constant with temperature, it is usually
separated from the total electrical resistivity by extrapolating p
measurements to O °K because pP and %n go to zero as T - 0. The
extrapolated value is known as the residual resistivity and is assumed

Pzos
is known as the resistivity ratio and

equal to pi. The ratio of -
is an index of material perfe;tion. The ratio may range from a low on
the order of 2 to as high as ~10° depending on the purity of the
material.

An electron will only be scattered by the lattice vibrating at
frequency, v, if a quantum of energy, hv, is exchanged between the
lattice vibrations and the conduction electron. It follows that as
absolute zero is approached, the resistance due to thermal vibrations
must vanish since both electrons and lattice are settling into.their
lowest energy states. Thus, there will be no resistance arising from
the zero—poiﬁt vibrations of the lattice.

In the temperature range much less than the Debye temperature, 6,

where low angle phonon-electron scattering occurs, p_, is particularly

P
sensitive to the exact details of the scattering mechanism.®
Consequently, use cannot be made of the relaxation time for solution
to the Boltzmann transport equation because of the inelasticity of

the scattering process. Near 0°K, varies as Ts, this results from

Pp
a T° term calculated assuming a Debye spectrum, which says that the
number of scatterers is proportional to Ta, and a T term which results

from low angle scattering. The angle of scatter is of the order %—and
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P, is a function of the square of the scattered angle. The temperature

P

dependence changes from ® dependence at very low temperatures to a T
dependence at high temperatures.
The lattice or phonon contribution to p is frequently assumed to be

given by the Bloch-Gruneisen relation®’®71%,16,17

Hlo

Pp = Py 4.22 (%) ® e ( ) , (20)

where,

X 1)

Te(x) = S 2 dz , (21)

o (e —1)(1 —e7®)

which gives pe T for - T >> 9

pec T° for T << 6.

The constent P, is the phonon component of p (T) at 6 and can be
evaluated by p, = I where B is 9-Q-at high temperatures.
6 1.05% ° ar

The third contribution to the resistivity, %n’ comes from spin
disorder scattering of electrons, which is important if the material is
antiferromagnetic at low temperatures as is UN (ref. 17). At absolute
zero, the atoms and electrons occupy their ground states, allowing a
conduction electron to pass through the lattice without interacting
with the magnetic moments of the atoms. As the temperature is raised,
thermal energy is added such that spins are uncoupled. Because at low
temperatures the spin coupling covers long distances (infinite at

0°%K), the uncoupled spin will propagate through the lattice. The

propagation of this energy can be described as a wave and is termed
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a "spin wave" or "magnon." These spin waves represent packets of
disorder in an otherwise magnetically ordered lattice and electrons
may interact with these spin waves. The density of spin waves
increases with increasing temperature, effectively increasing the
disorder of the lattice until the Neél temperature, Tn, is reached.
Above the Neél temperature, the lattice is disordered with respect to
spin and material becomes paramagnetic. Consequently, the contribution
of pm to p increases with temperature up to the Ned1 temperature and
is almost constant above this temperature. The tests performed for
this work were primarily in the higher temperature region above the

T for UN.
n
IV. THEORIES OF THERMOELECTRIC POWER

The presence of an electric field in a sample subjected to a
temperature gradient arises from the buildup of electrons on the
cooler end of the sample with fewer electrons on the hot end.® The
higher energy electrons at the hotter end diffuse down the temperature
gradient transporting energy, while the lower energy electrons diffuse
from the.cool to the hot end. The strength of the resulting electric

field is given by
e=SVvVT , (22)

where, S is the absolute thermoelectric power (also known as the
absolute Seebeck coefficient).

It is difficult in practice to measure this directly because the
same temperature gradients exist in the measuring apparatus as exists

in the sample. Ziman' idealizes this to a circuit of two metals,
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A and B, whose junctions are at temperatures T, and T,, and we break
into metal B at some intermediate temperature, T_ (see Figure 7). The

voltage across this point will then be given by an integral around the

circuit:
e, =|E - & 2
= (23)
aT
_)
€ = S -—-dI‘ (2)4)
ol 2
€Ty T, TO
p = ..ST Sy dT —s 5, dT ——S Sy aT (25)
Ty T3
o)
T,
e =ST (85 —8,) 4T | (26)
o]

For most experiments it is convenient to calculate the absolute
value of S by takihg relative S measurements using a material for which
the absolute value of S versus T is known. The two materials generally
used as standards are lead (up to 400 %K) and platinum (up to 1300 K).

Making comparisons of S for a material would not be too meaningful
if it were not possible to obtain absolute S measurements on at least
one material. Absolute S measurements can be made by using either
of two techniques:® (1) thermoelectric Power measurements using a
superconductor below the transition temperature, and (2) calorimetric
measurements of the Thompson heat at the junctions. Superconducting
materials below their transition temperature have values for S = O.
Thus by making up the qircuit in Figure 7 with one of the arms being

in the superconducting state, it is possible to directly measure the
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Figure 7. Schematic Diagram of Two Metals with Junctions
at Two Different Temperatures 'I‘l and T2 to Illustrate Thermoelectric
Effect, .
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thermoelectric property of the conductor of interest. The limitation
to this method, of course, is that it is valid only at very low
temperatures where materials can be made superconducting. To determine
high temperature absolute values of S experimentally, the relationship
developed by Thompson relating the Thompson heat, p, to S is used. The

Thompson relation is

T
b= g (27)
which reduces to
T
s(T) =S %d‘r , (28)
o

since S(0) is zero from the third law of thermodynamics. The Thompson
heat is determined calorimetrically from the relation by passing an
electric current through a conductor. The net heat produced in a

conductor per unit volume per second (Q) is given by

.5 ar
Q="—"U-Jx""7 (29)
o ax

where, Jx = current density,

electrical conductivity,

temperature gradient.

o
dr
dax

The second term in Equation (29) is a thermoelectric heat whose sign
depends on the direction of the current and the temperature gradient.
Thus accurate calorimetric measurements allow one to calculate a value

for S absolutely.



CHAPTER IT
REVIEW OF EXPERIMENTAL MEASUREMENTS
I. PROPERTIES OF THE URANIUM-THORIUM-NITROGEN SYSTEM

The author could find very little information on the ternary
system of uranium-thorium-nitrogen except as it exists in the three
binary systems which make up the ternary system. The three binary
phase systems are shown in Figures 8-10 (refs. 18-20). Since the
U-Th phase diagram is not important in this study except as it may
affect fabrication parameters, it will not be discussed further. A
more thorough background of the UN system is summarized in the author's
Master's Thesis.? Consequently, background information will be
restricted to information on ThN and that information which is
available on the (Th-U)N system.

Venard and Spruiellal studied part of the U-Th-N phase diagram
and together with existing literature, they established the partial
phase diagram shown in Figure 11. Using x-ray diffraction techniques
and metallography, they-- showed that ThN and UN exhibit complete solid
solubility and that the lattice parameters appeared to follow Vegard's
law (see Figure 12). The small amount of scatter in the data could
have easily been caused through the rather large quantity (1800 ppm) of
oxygen present. The terminal point of the three-phase region occurs
at 50.5 atomic percent Th, 3 atomic percent U, and 46.5 atomic percent N
which corresponds to the compound (Tho_944, Uo_oss)No_asg.

Some of the more important properties which are known about ThN

are tabulated in Table 2.
37
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TABLE 2

SUMMARY OF SOME PROPERTIES OF INTEREST IN ThN

Property Value Reference¥

Crystal Structure Face -Centered Cubic 23,24

Lattice Parameter 5.1619 A 23,24,26,
27,28

Melting Temperature 3090 °K (0.6 atm Nj) 22,25,26,
29

Decomposition Pressure exp <8.086 - 5—3-—%2—1-"- + 0.958 x 1077 T5>atm 25

AGfz73 -51.1 kecal/mole 23

AHgog ~90.6 kcal/mole 30

ASS o —23.5 cal/mole-X 30

Density™ 11.88 g/cm® ol

Thermal Coefficient of Expansion 7.39 X 107°/ % o7

*See page 148.

®alculated from lattice parameter of Venard and Spruiell.

€



Ll
II. ELECTRICAL RESISTIVITY

In the UN-ThN system electrical resistivity measurements have
been made previously on only UN (refs. 17, 32-36) and ThN (refs. 23,
24, 38). 1In addition, electrical resistivity measurements have been

made on the ThN-ThC system by Auskern and Aronson®°’3*

gnd on UN-PuN
by Van Craeynest et al.®® Only the data on ThN and UN will be
discussed.

The UN p datal”’ 32787

is presented in Figure 13. Measurements on
cold pressed and sintered samples and arc cast samples were corrected

to theoretical density using

l1—~P
frp = Pueas ['iTE'ET] ’ (30)
where, RPD = electrical resistivity of theoretically dense
material,

p = electrical resistivity as measured,
meas

P = fraction of volume as porosity,

B = constant.

A value of B = 0.5 was used Fnd all second phase oxide assumed to be
equivalent to porosity (thié is indicated in Figure 14 by horizontal
lines shifting the data to the right). This correction, though
approximate, is consistent as is illustrated in Figure 14. Below 87%
theoretical density, however, this correction does not appear valid.
Most of the reported work below room temperature is that of Moore

et al.’” with the lone exception being that of Omichi and Kikuchi.®”

In the temperature range of O to 150K, the values reported for UN are
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consistent, but above 150K there is a large spread in the reported
data among different experimenters. The values reported by Hayes and

DeCrescente®® and those of Battelle Memorial Institute®*?%°®

single
crystals appear to be most consistent with the low temperature data
reported by Moore EE.§1317 An unusual dip occurs in the data by

Hayes and DeCrescente at about 1400-1450°K. This dip is probably due
to experimental error since it is difficult to explain on the basis of
theory unless an unreported phase change in UN has occurred at that
temperature.

The electrical resistivity of ThN as measured by Auskern and
Aronson®® is shown in Figure 15. The.resistivity at room temperature
was 20 pohm-cm, @bout the same as thorium metal, with a residual
resistivity of 3 pohm-cm in their samples. The curve drawn through
the data is that caiculated from the Bloch-Gruneisen equation adjusted
for the resi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>