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revelant to UOQ. As the rate of heat transfer from a reactor core is determined
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phase having a high thermal conductivity have been found to increase the net

conductivity. Such systems were two phase and had poor sintering characteristics.

Considering U0, as a potential oxidic semiconductor there is a possibility

Thermal conduction

by intrinsic carriers has been treated experimentally -and theoretically and the }

conductivity values of the two cases do not presently agree; i.e., the .
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Wiedemann-Franz law is not obeyed. The extrinsic case such'aé»a doped oxide
has not been treated theoretically. Recent measurements indiéat; that doping
U0, with Y*3 and Nb*5 increases the thermal conductivity. This data is
sparce, the magnitude of the increase aﬁd its dependence upon impurity con- f
centration and temperature have not been determined.

Introeduction -

The past few years hﬁve witnessed great strides iﬁ.reacfér‘technology.

N The core temperéﬁﬁ;éé 6£ ﬁower reactors have steadii&rbéeﬁ iﬁcreased to the
point where their'a&vaﬁcément is limited primarily by the physical properties
of the materials constituting the core. In general, reactor efficiency |
'{increases as & function of the temperature differential between the core and its
enviromment, hence the importance of high core temperatures is evident.

This striving for higher operating temperatures has led to the use of
ceramic cores. One of the first ceramics investigated for this ‘@pplieation
was sintered U02.and it is presently being used as the fuel‘ﬁétérial‘in some
reactors in the form of canned cylihdrical pellets. One of thé”ﬁajor dis-
advantages of U02 as a core‘material is its low thermal conductivity. Since a
low conductivity limits the rate at which heat can be removed“from the core it
is obvious that this property of the ceramic is one of the major limitations
on the Operéting temperature and subséquently the efficiency~of & reactor
installation.

This survey was made to elucidate the present theories ofi “tHermal
conduction in solids, primarily the class including U0, . Thermal conduction
in insulators is discussed in detail since UO2 might be classed”in this group
of solids. Thermsl conduction in semiconductors is also considered since wiéh'

the proper impurity additions; U02 becomes an extrinsic semicond.uétor°




Summary _ N
Considering U0, as an insulator, there is no theoretical reeson to expect
either moderate or small additions of oxides or other compounds to increase the
thermal conductivity of sintered U0y, The improvement noted by McCreight(29)
with 1arge additions of BeO were-undoubtedly due to a continuous Beo phase being
present although no Xoray analyses vere made of the resulting bodies° If small
amounts of foreign ions enter the UO2 lattice they would act*asﬂécattering |
centers and decrease the conductivity. On the other hand, if theisdditions
would not react with the U0, at the sintering temperature they would be present
on the grain boundaries as a second phase and inhibit the thermal flow by a more
macroscopic process., The formation of a solid solution would also decrease the
phonon- conductivity by disrupting the periodicity of the lattice, -+
. Considering UO, as & potential semiconductor there is a possibility that
the thermal conductivity could he increased particularly at elefétéd temperatures.
No indication was found in the literature that an electronicfcomﬁonent of thermal
conductivity has been induced in an oxide, but it is the author‘s‘helief that |
this effect has not previously been looked for in sintered'oxideéfwhich have
been doped. Recent work has indicated that-tentatively an imcrease in the
thermal conductivity of U0y occurs at 5009C with yttrium (Y+3) ‘additions.
The theory of heat transport in semiconductors does not presetitly descrihe
satisfactorily the behavior of such thoroughly studied materialS“sﬁfsilicon
and germanium, hence no qualitative estimates of the reqnired imﬁufity density
or expected magnitude of the electronic thermal conductivity comﬁonént can be

made for an oxide such as UO,. This could be verified only by physical

measurements of the conductivity of doped samples at elevated temperatures.
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Theory of Heat Transfer in Solids

As noted in the introduction a survey of the literature was made to review
the theories of heat transfer in crystalline solids.and an effort‘made‘to
determine whether the possibility exists of increasing the thermal'cbnductivity
of an essentially ﬁure insulator.

A -theory of the thermél conductivity of insulators was‘develqped in 1914
by Debye(l); as in his theory of the specific¢ heat (1912), he assumed that the

lattice vibrations may be described by a model in which elastic-waves are

‘-propagated through a continuum. Since solids expand upon heating; ' these waves

cannot be purely harmomic but must be anharmonic. This'anharmdﬁféity was
according to Debye, the séurce of coupling between the lattice wavés, so that
muﬁual scattering of the waves becomes possible. (He pointed*dutithaﬁ mutual
scattering is not possible for pureiy harmonic waves). As & méasure of the
coupling, Debye introduced a mean free path Q, wﬁichvmeasuréé?theéaistance of

travel of a wave required to attenuaste its intensity by a factof e. The thermal
‘ %

s

conductivity, k, is then given by the equation,
k = 1/% evl . (1)
where ¢ is the specific heat per unit voclume and v is the waveé ¥élocity.

These ideés were extended by Peierls and translated in-térms*“of phonon-
phonon interaction(e), In Peierls' theory a crystal is treated'as a lattice of
atoms rather than a continuum. The coupling between normal modes™of vibration
is ascribed to anharmonicities arising from third and higher order terms in
the potential energy of a displaced atbmo. The part played by theése terms is :

analogous to that of collisions in the théory of a perfect gas; though in£r0=

~ducing bnly a small perturbatiog of the motion they are resbdnsibié for the

coupling between the normal modes which is essential in produciné-thermal
equilibrium. In Peierls' theory the normasl modes of vibration are quantized

(58 504
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and, by analogy with the photons of radiation theory, these quanta are now
called phonons. For & phonon associated with an angular frequencyc;)and wave
number K,jﬁa)gives the energy whileﬂU(behaves rather like a momentum.

In the presence of a temperature gradient the‘phonon distributién differs
from that corresponding to the equilibrium distribution at unifcfﬁwtemperature -
the Plsnck distribution. Collisions between phonons tend to restore the equilibrium
distribution and the rate of the restoring process determines the thermal con-
ductivity. Collisions are possible if the three valﬁesiofCL)and X obey the
equations: ‘ - i . <;=,Jé
C‘)1 +0)2 =(L)3 - (2) and

K +K =K | (3)

Equation (2) states that after.a collision the resulting wave of'éeves still
carry the same energy as before and (3) implies that this energ,f"'is;" still flowing
in the same direction. Such collisions do not in themselves giﬁeﬁrise to a
thermael resistance. Pelerls also.showed that, for a discrete lattice, collisions
- are possible in wgich equation (3) does not hold but“is replaced by

; K1 + Ké = Ky + Z?TTGE (W)

vhere "a" is the lattice constant and € is a unit vector,, the possible directions
of which depend on, the crystal symmetry. Equation (&), implies that the direction
of flow of the energy is changed after a collision and as € can take up one of
several directions (e.g., six directions parallel to the axes of a cubic crystal),
the result of such collisions is much the same as 1f the waves were scattered
at random. This type of collision, which Peierls called an "Umklapp ) gives
rise to thermal resistance ‘

It is convehiehf to use the concept of mean free’path, as‘iﬁ"bebye's theofy;'
but since waves have been replaced by phonons, equafiehi(l)”is‘rewfitten as,

k =1/3 cvl ' (5) |

In the case Just discussed "1" is the mean free path for U-processes.
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As a result of the treatment developed by Peierls the theory pfedicts

that the thermal conductivity varies as 1/T at high temperatures, i.e.,

T~ © but at low temperatures it leads to a relation of the form k = QTU

exp (© /2T), where Q is a constant,Uis of the order of unity and “6 is the Debye
specific heat parameter. Tt is this law which in most cases is appfoximated by
the thermal conductivity of the common ceramic oxides. As the processes
responsible for the form of this law are not widely understood, ¥t will be useful
to discuse them in some detail.

In a large pure crystal free from impurities, cracks and ‘stfains in its
structure, the scattering of thermal waves or phonons will_onlyfﬁewe%used by .
collisions between the waves themselves. In this'case the conditieﬁf described
by equations (2) and (4) exist. Peierls named the phonon collision en "UmklePp"
process, which can best be translated as & "flap-over' process; ab aucolliSion
the wave number vector "flaps-overh and takes up & new position. These U~
processes come about because of the possibility of interference effects between
the phonons and the lattice by which the lattice can transfer momentum between
itself and the phonons. It is as if the phonons can suffer Bragg reflections
from the lattice. If a U=process is to take place at all, we see"'ifrjém (4) that

Ky + KQ 2 ZTTE (6)
a8

This implies that phonons must have a certain minimum energy before they

“can "Umklapﬁ", and Peierls shows that, as a rough criterion, this minimum energy

may be taken as K6/2, where k'is Boltzmann's constant..
. The mean free path noted in equation (5) can be approximateu b&‘the
expression, )\u = A exp (6/oT) | (7 o
where A is a constant depending on the crystal and b has a value slightly
:greater then 2. Now the number of phonons with this energy is p;qportional
to 1/(exp ( Zﬁ_,_ -1). From this it can be deduced that the temperatime
dependencies of ,? or )\ is 1 and hence that of k is 1/T for T >& which is
the temperature range invogved in the proposed application of UOs.

LG8 ek
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There are processes involved in heat conduction other than Umklapp

collisions(h)° The phonons may be scattered by the crystal or grain boundaries(eh)

and by impurities and lattice imperfections. Some years ago; de Haas and
Biermasz(S) madeimeasurements on crystals of quartz,hpotassium chloride and
potassium bromide at low temperatures, and together with Casimir(6) demonstrated
that in the region where conductivity falls with temperature the flcw of thermal

energy is limited by its being scattered at the walls of the crysta1, This is

the so called "size effect” which results in the measired thermal conductivity

becoming proportional to the smallest dimension of the specimen and to the cube
of the absolute temperature. These two processes, ineo,,Umklapp scattering

and boundary scattering, one predominant at low and the other predominant at high

temperatures, lead to a maximum in the thermal conductivity in the temperature

region where they both contribute least to the thermal resistiVity;<l/k, i.e.;

~at temperatures in the vicinity of 9/20(7)° This meximum in the thérmal con-

ductivity exhibits values much higher than those possessed by any metals at room

temperature. For example, a crystal of sapphire, AlyO3, has a.maiim&m value of

15.5 cal,cm/ci®secoC at LOOK which is over 19 times that of coppen’ﬁt'25°c

vhose conductivity is approximately 0.8 c‘a.lrcm/crihzsecoco Diamond;athe best
thermal conductor of all materials at room temperature, has a niaximum value of
7.17 cal cm/cm®secoC, which extends from about 40° to 100%K. %6we§éf, the
thermal conductivity does not drop as rapidly with increasing tem@eégture as
it does in other known insulators and has a value.of about 2.2;cdl cﬁ/cmasecoc
at 100°C. This is 10 times higher than the thermal conductivity of most irons
and steels at this tempefature, i.e. 100°C, and is 63e£“3,§ times the thermal
conductivity of pdiycrystalline BeO which is the best oxidic thermal conductor
known(a). Unfortunately the position of this maximum of the condué¢tivity in
the absolute temperature scale is dictated by variables which carnot“be
controlledo Thus, there is essentially no possibility of displacing this

G807
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maximum by some means to the temperature region in the vieinity of the Debye
temperature, 1.e., 870% for UO,. The low temperature conductivity of uo,
hasn't been measured, hence the value at the maximun isn"t,knownof However, it
is safe to say that if such a displacement could be accomplished the thermal
conductivity problem.of Uob would be solved;

Most of the common oxides do not obey Debye's or Peierls’ équations
implicitly but the general trend is for the thermal conductivityﬁtofaecrease
as a function of l/T at high temperaturesb Uranium dicxide eihibits’this
behavior between 600°C and 1400°C. From considerations of Ucproceseésy impurity
scattering and the isotopic scattering predicted by Klemen$(9) in 1955 and found
experimentally by Berman(lo) in 1956 it is evident that anything disturbing the
periodicity of the lattice will loner the thermal conductiv&ty from the
theoretical maximum which at present cannot be quantitatively -caléulated. From:
Klemen's work on isotopic scattering we might expect the enrichment “of Uo, with
U235 to decrease the thermal conductivity from the ralues found bY*Kingery(zs)
and Hedgé(gl) This isotopic scattering might explain the anamolous ‘behavior
of enriched fuel pellets noted by Elchenberg(38) et al. It was foind that

fuel pellets of 19. 5% enriched U0, had to have abnormelly low thérmal cone

. ductivities to explain the center melting which occurred in the ‘péliéts during

in-pile operation. No detailed study has been made on the efféct of<enrichment
of U0y on its thermal conductivity. This anomaly might also have" been due in
part to the greater rate of bond disruption and generation of lattice’ distortion
caused by the higher population of U235 and its resulting fission‘products in
the enriched specimens° |

Therefore, treating UO2 ag an insulator it is evident thefe”ié“épparently
no possible way to improve the thermal conductivity of very dense U0y ceramics
without introducing a considerable quantity of another phase which™has a high

thermal conductivity. This approach leads to the formulation of U02 cermets or

wi8 508
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the use of metal grids and the resulting problem of dilution. A great deal of
work has already been done inAthis direction in the AEC program.

- However, UGy is not what might be considered a good insulatortﬁsince less
than 1 eV separates the conduction band from the vaience,band._,Theﬂeiectrical -
cqnductivities of the oxides of uranium have been studied by many investigators
_and*their work has been summarized by Meyer(ll) and by Katz and Raoinowtich(lg)°
The :oxides UO; and U308‘are reported to be metal»excess‘semiconduétdfs. The
conductivity of UO3.at room temperature is very low; the reported values range )
from_10°7ito less than 10 Cflecm)°l, hence this oxide might ne”thongﬁt;of as an |
insnlator: Part of theiconductivity of U308 is ionic in nature. :Thefreported
values, which include both the ionic and electronic contributions tO‘the con=
ductivity, vary from 2 x 1074 to0 1 x 10-7 (Jj‘wcm)°l.; In UO2 conductivity values
ranging from 3 x 10"‘l to h x 10-8 (fl=cm)’l have been measured at"27% .  The
variation.of conductivities is, of course, caused by variations in %he composition,
purity, apparent density, and crystalline perfection of the specinmens™ studied(13)
Prigent(lh) studied the electrical resistivity of U02 pellets and found they were
unacceptable for‘thermistor applications due to the mide variationssié resistance
'from sampie t0 sample. However, he did find that the conductance”was‘an ex-
ponential’ function of témperature. Even thoughpalycrystalline U0, exhibits
relatively high electrical resistivities it can proﬁerly 5e cléssedﬁén oxidic
semiconductor, an energy of about 0.4 eV being requireditoﬁfree a-positive carrier
from the interstitial oxygen in UOs,y. |

~ The theory of heat conduction in semiconductors ﬁas'laréely‘originated.in
the past six years. A semiconductor is unique in that in & thérmal sense it is
a combination of an insulator and‘a metal. In elemental metals the lattice
conductiyity is usually negligible compared to the thermal conductivity component

due to the conduction electrons whereas the opposite is the case in insulators.
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Most of the work in this area has beenidone on the elemental'semiconductors

germanium and silicon and recent work has been published on some intermetallic

compounds. In nearly all these casesconly‘intrinsic~conduction mechanisms are

considered, i.e. tne charge carriers are raised from the walence bandgto the
conduction band solely .by thermal excitation and the forbidden band‘\ 'is'(?‘;devoid
of occupied acceptor or donor levels. Price(15) gerived an expression for the
electronic thermal conductivity component in such a model. He proposed that a
temperature gradient in a semiconductor leads to gradients of the- carrier concen=
trations, and hence to carrier diffusion currents N, | oL
where A 1s the energy gap between the bands and the thermal diffusion factors
Xl’ andzé are each 1/2 for pure lattice scattering. Price assumed nondegeneracy
in the electron and hole distributions and neglected any impurity band- transport
effects. Each electron-hole pair transports annihilation energy A, as well as
band energy of order kT, and-hence the carrier flow contributes to the‘thermal
conduction, ‘ ) : . o
kflow = 0’3.0’_ (k )(jAa + QA+ BkT]“; (9)
014Gz 1402 KT

where o and B depend on the scattering processes.’ For-silicon and germanium
the term A% in (9) could attain asbout 0.3 watt units at their melting points.
Thus the possibility of.a“thermal conductivity minimum-at high:temperatures is
demonstrated in this type of solid.

In general one can say that the thermal conductivity k of a semiconductor
may be written as the sum of two components: ké the lattice conduction and
ko, the electronic conduction, thus | | |

k = kg + kg ‘ ' . (0)

For sufficiently high temperatures k decreases as l/T as noted in the'dis-
cussion on insulators. At the same time ke is expected to increase very rapidly

\ wu@ . _;_1;.0



‘minimm in"k at 1009C and just below the melting point of the compound k -

; 11 ;
with temperature owing to the increasing number of free charge carriers in the
semiconductor. The total heat conductivity would therefore be exﬁécfed to éﬁow
& minimm at intermediate temperatures. A calculation of'ke based on the

assumptions .currently made in calculating thermoelectric forces leads to the

wWell known Wiedemann-Franz law,

. 2 ’ ’
k, = 2(.:_) T T o (1)
k = Boltzmann constant
e = electronic charge
J = electrical conductivity

The introduction of experimental values of into equation (11) for a giVen
semiconductor gives values of k., far toorsmall to be observed. Measurements of
the thermal conductivity of the intermetallic compound Mg,Sn show that tﬁere is
no indication of & minimum end that the total heat conductivity decreases as
l/T appr;pximat_ely° Busch and Schneider(16) feported an anomalous,bghaviér-in
the thermallcopductivit& of InSb. Accurate measurements revealed gipfqﬁéﬁhced

3

attained a value of one fourth that of copper, i.e. at 400°C. A plot of k-as

a function of 1/T yielded a straight line at low temperatures which permi%fed

an extrapolation of kg for higher values of T. It was found that theieieétronic

conduction k, determined in this manner could be represented by thg‘expression,
k, = const. exp. (-AEy/2kT) (12)

From this data it was concluded that the experimentally determined ko of InSb

was larger than what one would expect according to equation (11) by apﬁgoximately

"a factor of 100.

Frohlich and Kitte1(17) point ou%;that in the theory of the electronié
fart of the thermal conductivity of semiconductors in the intrinsic rahgéfit;is
imporiant to take into account the transport of ionization energy, E. iﬁ the
case where the electron and hole mobilities are equal tﬁe electronic contribution

can be understood in terms of the expression,

B58 51
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where ko is the electronic thermal conductivity, Ce 1s the carriler heat
capacity pér unit volume, p is thé carrier velocity and l'is the mean free
pathf The number of carriers, N, excited for E >>kT is proportional to.

exp (-E/2kT) so that very roughly ;

c, ¥ W(E/wr)? : | (14)
vhich is larger fhah the usual tfanslational heat capacity by a factor”bf'
the order of (E/KT)?, This factor at room temperature may be of the order of

HQ, 100 or mor¢¥in representative’semiconductors, so that it is important to take
it into account. However, since equalﬁelectron and hole mobilities'in:a'semi-
conductor are unusual, a more general theory is still required.

J. M. Thullier(laa presented a compréhensive theory for thermal conduction
in intrinsic seﬁicon&ubtors'in 1955 and specifically attempted to explain the
anomaly observed in InSb. Thullier's'calcuiations involve an attempted”ﬁﬁaifi-
cation of the Wiedemann-Franz ratio by taking into account both the Kinétié:
and ionization energies transported by the charge carriers. However, his ‘Fesults
differ markedly from equation (11) only when Dy = Pup where n and p are the
electron and hole concénfrations and puyx their respective mobilities. THiS -
condition would Ve very uniquefand would not be eépected to exist in anfbxide
and certainly would nbt'apply in the extrinsic case of a doped oxide. : -

Jorge(19) has summarized certain rules on thermal conductivity:

(1) For substances with similar structures Kpohonon decreases as K

increases, where K is the mean atomic weight of the elements comprising “the

sample.

o ‘ (2) The phonon conductivity decreases with increaée in the proportiéq*bf
the ionic part of the chemical bond; in fact kphonon decreases along the
'following sequence: .the eiements of Group IV, compounds of elements of. Groups

III and V, then II with VI, and finally I with VII.

eu8 712
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(3) Ionic crystals with ions of equal masses have higher conduéﬁivities
than crystals with ions of different masses. This rule was stated by Eucken
some years ago. | N

From (2) we see that UO, would be expected to possess & low thermal
condﬁctivity since its cation is of Group VI and its cation and anion differ
greatly in mass.

Joffe also investigated the effect of impurity additions on the thermal
conductivity of a semiconductor. All of the imfurities investigated;had}%he
same coordination number as the host they were replacing so the data illustrates
the effe;t on the lattice conductivity only; the number of charge carriers |
remsining essentially tﬁe same.d The considerations here are the same ds ‘those
enumerated for impurity scattering in insulators. The effect of substituting
ée for Te in PbTe is illustrated in Figure 1.

Denoting by )h;he free path of phonons in a non-disturbed lattice ‘and by
"a" the lattice constant, the ratio of the undisturbed lattice's conductivity
to that of'the disturbed lattice is:

Ko = 1+ N ,>\ ’
K N, 5 =° : .(15?-»

where S = So/a2 stands for the cross‘section of an atom expressed in lattice
units.  This expression takes into account both the quantity of impurities and
the kind of distortion they produce. Experiments on various semiconductors
revealed some cases of interstitial impurities with S >1 up to S = 10, " The
iﬁtroduction of Te atoms.in ﬁhe lattice of GaSb lead to S = T7; while in the

' same substance Se gave S = 3. Apparently in some cases S must be taken at

S < 1. For instance, a clustering in groups 6f n atoms leads to S = n‘l/3.

For n % 10, S = 0,46, For most of the semiconductors investigated equation=(15)

holds good on the condition that S = 1 for substitutiongl impurities; for

instance Si in Ge, Sn in S5i, Se in PbTe.

I
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.In accordance with (15) the influence of impurities is more pronounced- -
the larger is the free path )\, A contamination of Si (with ), = 40) or
Ge (with >w a = 30)‘is alread§ noticeable at N/No = 1072 (i% o; impurities),
while in PbTe (with >¢%,= 3) only 10% of impurities prodﬁce an equal effect.-

‘For semiconductors with a large phonon free path, l/k ri%és duickly‘with"
the introductidn of impurities. For Ge with )o /a %35, 1% of impurities
increases the thérmal resistivity by 35%, while for PbTe with _2&2-@5 3 the
fesistivity would increase by snly 3%. -Unfortunately, the phongn free path as
a function of temperatﬁre isn't known for UQO,. -

Another important consideration in semiconductors is the way phononé and
electrons combinejiglfﬁe heat transport. The assumption is made that they sct
* independently, and this is reasonable up to a Eoncentration of electrons*of
1620/6m+3° A check was made by Joffe on this assumption by introducing impurity
atoms and in this way changing to a large degree the electrical conductivity™"
without affecting the phonon conductivity markedly. ‘

Figure 2 illustrates. the dependence of the thermal conductivity on CT;ﬁthe
electrical co‘nductivity in PbTe. Between J = 1000 and J = 2500 (ohm-=cm)‘?l,{-;hé~
electrons must be considered as nondegenerate, i.e. they obey the ideal gas law.
From Figure 2 we see.that in thié case an increase in the electrical conductivity
definitely incfeases the ;hermal“conduct{vity of PbTe.

Another importaﬁt mechanism'of thermel transfer is that of radiation through
the solid. This additional mechanism of energy transport would attain significance
only at high temperatures. Genzel'hgs computed the corresponding Ak:

tk=16QE T (16)
3 k o

where € is the electronic part of the dielectric constant and "a" is the factor
in Stefan's law. This;effect.has been observed by MbQuarrie(eo) iﬁ MgO, BeO
and A1203.'AApparently an oxide must be translucent before this efféct is
appreciable. Hence it was not observed by Kingery in U02 up tovl500°C or by

Hedge and Fieldhouse(?1) at 1680°C.

N
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From this discussion we can difaw some conclusions about the feasibility of
improving the thermal conductivity. of uo,.

(1) The oxide must be as close tortheoretical density as possible as gas
filled voids in the solid act as thermal insulators.

(2) As noted previously, the effect of the introduction of any foreign
ions into the UG lattice will be to decrease the phonon conductivity. The
magnitude of this depression cannot be computed as the phonon free path as a
function of temperature isn't known for UO2° W. D, Kingery(35) has‘pointed out
. that in single-phase ceramics, lattice thermal conductivity may, under suitable
conditions of elevated temperature or lattice disturbance by irradiatibn, be
reduéed to & minimum value set by phonon scattefing at mean free paths of thg
order of the lattice spacing; in the case of U0y, such a mipimum vélue would
be approximately 0.0173 watt cm/cm® OC. Using this value for the phonon
free path at elevated temperatures the value S in (15) could be determined by
- experimentally measuring k and ko ét high temperatures fof samfles with
controlled impurity concentrations.

A In conjunction with tﬁe theoretical considerations jusﬁ &iscussed there

gs a possibility of increaéing the thermal conductivity of polycrystalline U02,
This might be accomplished by 1ntr6ducing an ion into the'lattice whose size
would permit it to isomorphously reflace U+h and whose valence aas preferably
either 45 or +3. In the case of a +3 ion the lattice would gain one-half a
positive hole per substituted ion whereas a’}s ion would result in the release -
of a free electron to the lattice. These chargezparriers may then be able to
transport enough heat in the presence of a thermal gfadient fo result in a
sizeable electronic conduction component. Since uth ig easily oxidized to uté
(this occurs in UO, at room temperature with the absorption of oxygen) the;

advantage of adding a +5 ion may be counterbalanced by. the ability of its

[P
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urahium near peighbors to alter their valence so as to reduce.théflattice

strain. The substitution of a +3 ion for U*h on fhe eﬁﬁer:hand has beeq found to
stabilize the oxidizing tendency of U0y at high concentrat;ons° The atomic
species selected for substitution int§ the 002 must be chosén such that iﬁs size
will not drastically distort the lattice. Ions Qhose mgsées differ markedly

from fhat of UM wi11 act as scattering centers and may reduce the alfeady low
phonon conductivity. The CGoldschmidt rule which states that an ion whoée radius
is .+ 15% of that of thé host ion can be substituted into a lattice without severe A
laﬁtice distortion would limit the ionicvradius selection to the range 0.8245

to 1.1155 X using 0.9700 X as the radius of the U"‘l+ ion. The species chosen
should also have only one stable?ﬁaleﬁce state. The +3 ions of the rare earths
all fall within this range. Unfortunately the high neutron crossisgctions of
some would prohibit théir use in a. fuel élemento If the rgquired impurity
Eoncentration was low then some of the higher cross section members of thé family
‘mgy be acceptang!,g° The rare earths having the lowest cross sections and

their ionic radii are listed:

Ton : Cross Section Jonic Radius
_ in Barns in Angstroms
1a*3 8.6  1los
cet3 | 0.7 1.03k
Pr+3 11.0 1.013
Pb+3 44,0 | 0.923
Ho*3 6k.0 0.894
Er+3 166.0 0.881
T3 120.0 .. 0.869
Yo+3 36.0 0.858

Iut3 108,60 0.848

PITT 6 "31~
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Samarium has an ionie radius very close to that of U+h but its cross
section of 10,000 barns excludes its consideration as a possibility.

Otper ions ﬁhich.@hould fit into the U02 lattice are:

Ion Cross Section Ionic Radius
in Barns in Angstroms
Cat2 0.h2 0,99
' _
y+3 1.k : : 0.93
o

Surprisingly Sylvania Corning reports ;ﬁat Nb+5, 1.1, 0.70 A increases
the thermal conductivity.of Uo, even though its radius is below the 0.82L45 X
limit. .

The suﬁstitution of a +3 ion into the lattice would markedly alter the

electronic structure of the solid since the substitution of a X+3 ion for U+h

would result in the following:

| uth + 2072 by x*3 4 1,502 4 0.5 (17)
We see that the addition of the X*3 results in the creation of one-half a
hole per substituted ion which in turn éan act as a charge éarrier(ga).
| Since-all the theories discussed have-been concerned primarily with

elemental and intermetallic semiconductors we cannot extend then directly to

oxides. However, the principles cited should certainly be valid. If the number

. of charge carriers in the UOp could be increased sufficiently and if their

mobility was great enough phen the thermal conductivity of the oxide would be

expected to increase as a function of temperature. -The effect of an in-pile

enviromment on these properties may be ?rastic and would héve to be'measured°
Hartmann(23) pointed out that thé.incregse of electrical conductivity

with the addition of oxygen makes U02 & positive hble conductor, He made

Hallocoeffiéient measurements and obtained a mobility value of 10 cm? per V;sec«

for the charge carriers which is a rather low mobility. No data was found on

prre
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measurements ‘of these prOperties of U02 which contained +3 impurities° The
.addition of +3 ions to the UOo. lattice will result in unsatisfied oxygen bonds
:and p«type conduction. The effect on the:thermal conductivity of non=stoichiometry
in the oxide is unknown,A Since the excess oxygen fits into interstices in the
fluorite lattice of the U0, and subsequently oxidizes some of the U*Y to U6
%the oxygen mey suppress the conduct1v1ty by two processes° By occupying a
| non»permitted lattice 51te the oxygen acts as an 1mpur1ty scattering center.. The
U+6 resultingnfrom the oxidation distorts the crystalline electric field and
hence &8lso actsfas.an impurity . scattering centera This suppression of the
" phonon conductivity would probably mask any inérease in the electronic thermal
) conductivity component due“to the decreasedrresistivity which accompanies
oxidation. - - A

_ From theoretical considerations itzfollows that the logarithm'of the
density of carriers plotted versus the reciprocalAtemperature should yield a
straight line of slope - AE/ékAwhere AE is the donor ionization energy.: As
) the temperature is increased to such values\that the intrinsic excitation |
'becomes.important, the siope changeslgradually to =E gap/Qk. The heat carried
by the intrinisically encited carrierstis apparently small in U0, as is
evidenced hy the horizontal nature of the curves,in the high temperature region
of Figure 3.‘-Therefore, if the'impurity carriers are able to transmit a
significant'amount'of thermal energy'in this case;, one vould expect'that at
high temperatures the electronic cqmponent of the thermal conductiVity would
.—approach a constant value as the condition of complete ionization of the impurity
centers is approached ) Since the phonon conductivity would continue to decrease
with temperature until the mean free path approached the lattice constant the
thermal conductiv1ty may again decrease at extremely high’ temperatures provided

no significant radiation component appeared,

fﬁ
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Review of Thermal Conductivity Measurements on U

Snyder and Kamm at Princeton(25) determined the thermal conductivity of
uranium dioxide powders, but these values are low 5ecause of the low dénsities
of the pamples that were tested. Weeks at Argonne(26) reported a thermél cone
ductivity of 0.023 cal cm/cm®sec®C at 709C for a sample with a density of 10.23
gm/ce aslcompared to 0.00034 cal cm/cm?sec®C at 100°C for the Princeton value.
Week's value is approximately 68ltimes larger than the Princeton value; clearly
illustrating the importance of high density for good thermal conduction.
Englander(27)Ain France reports an average value of 0.0l cal cm/cm?secoc for
material at approximately 70°C having a density of 9.2 g/cm3,. Kingery at MIT
has made more recent measurements on UOs. Kingery and'Vasilos(28) reported
data on U0, having 73% of theoretical density. The measurément was méde utilizing
a linear flow comﬁarisdn method. Kingery(es) has also measured the thermal cone-
ductivity of U02 having 95% theoretical density by this method and this is the
only measurement that has been made on high density material over an extended
temperature range. He gives aﬁ empirical equation for the thermal conductivity
as é fugctioﬁ of temperature: X

K = 0,143 e-1.207T x 10-3 vatt cm/cﬁébc
where T = %k . T 1473%

Calculation of conductivities at various temperatures gives the following

values:
7 K .
¢ watt cm/em®OC cal cm/cmPsec
100 | .0912 , 0218
300 .0T15 : 0171
500 . L0563 .0135
600 L0500 +0120
800 - .0392 009k

1000 . 0307 ' .0073
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McCreight(29) reported thermal conductivity vaelues for several compositions
including U0é=Mg0, U0y -=BeO, and,U02=Zr°' He found—that a2 wt% addition of BeQ
to U0y increased the thermal conductivity by neariy é factor of four over éhat of
vo, at 4509, This large addition probably resulted in the presence of two
phaseé and the BeO phase conducted the additioﬁal heat.

Bowers, et a1(30) reporfed that BeO additions of up to 15 wt % to U’O2 improved

the thermal shock resistance of the bedy whereas Zro, and CeO2 did not affect this

property.

‘A recent meaéurément of the thermal conductivity of U02 was madelby Hedge
and Fieldhouse at Armour. Using a stacked disk methéd which Will be described
_in some detail later .they obtained values of the thermal conductivity to 1670°C.,
" Unfortunately their UO, samples had & density of 8.17 g/cc, 75%'the6retical
density. This probably explains why their values are é;nsiderably iowep than
'KingeéY's, Due. to severe cracking of the samples the measurements were not
extended to higher temperatures. A comparison of Hedge'and Fieldhouse's values
with those of Kingery for material with 95% theoretical density is shown in
Figure 3. The dashed section of the curve is extrapalated dsta. |

The qnly;measurements on U0y with small impufity additions that were
encountered are those preséntly being made by Sylvaﬁia«=Corning° Their equipmeﬁt
is a modificgtion of the linear flow comparison method of Kingery. The maximum
temperature limit of the apparatus is 550°C. Yttrium and. other +3 ions are
being substituted for U*h in U'O2 and the additions examined thus far appear
to improve the thermsl conductivity of the oxide although only a small amount
of data has been obtained thus far. If these measurements are accurate then
the data.is conclusive proof that an electronic thermal conduction compoqent

can be induced in polycrystalline UO2 with a sﬁbsequent increase in the thermal

conduetivity. .
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Since phe theory of heat transfer in semiconductors ﬁill ﬁot presently
permif the quentitative calculapion of the magnitude of the electronic component,
ke, its presence and magnitude can only be deduced by physical measurements.

Flinta(36)°has recently reported the effect of relatively low fluxes
(1.8 x 101° neutrons/cm®) on the in-pile thermal conductivity of UO,, The
measurements, which were made in Sweden, were performed on annular UO2 pellets’
hgving 91% theoretical density. The thermal conducﬁivity was determined with
data obtained from a thermocouple near the center of the U02 together with a
thermocouple located near the 0.D. of the pellets. The method was essentially
a stacked disk method; the samples being 15 mm in diameter and 20 mm in length.
Flve, disks were stacked together with a tungsten rod pasging through-the central
"l‘holeAand serving as a heat source in addition to that caused by the fissioning.
With the outer surface of the pellets cooled to 50°C by water, thermal cycling
‘_Ngf the cehter ﬁo 1800°C, out of pile, resulted in a marked decrease in the
ﬁeasured K, presumably due to shock failure of the pellets. The thermal con-

ductivity was found to be erratic with neutron irradiation, and dropped to

0.007 watt cm/cm2°C after three heating cycles. At about 350°C and high neutron

fluxes (lO18 n/cma) K increased from a minimum of 0.005 to 0,007 watt cm/cm?oCe
This behavior could not be explained.

The latest measurement of k for U0, was made by Eichenberg(37) in the
Materials Testing Reactor. The samples consisted of PWR pellets 0.3535=in.
in diameter and they were stacked in a stainless .steel capsule. The central
tempgrature of the U0, was measured with a thermocouple in the central hole of *
the pellets. Thermocouples located in the interior of the capsule wall
provided data from which the heat generation in the Ubg was calculated. The
pellets had an estimated exposure of 0.7 x 1020 nvt thermal. The thermsal cén,
ductivity was determined up to 480°C and the values wére about 50% of the Armour

data shown in Figure 3.
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Methods of Measuring Thermal Conductivity
of Insulators and Semiconductors

In general the methods employed for measuring the thefmal conductiﬁity of
semiconducfors and insulators are the same. Some methods which utilize certain
unique properties of metals, i.e. high electrical conductivity, are applicable
only to good conductors while others can be used for metals or non-metals.

Thermael conductivity may be measured by either static or dynamic methods.
In dynamic methods the temperature is varied suddenly or periodically for one
portion of the sample and the temperature change with time is measured to
determine the thermsl diffusivity, k/clo° In static methods, the sample is allowed
to come to a steady state and the temperature distribution measured to determine
the thermal conductivity k, by an integrated form of

Q = kA %g. | (18).

where Q = amount of heat flowiﬁg per unit time through an area A and the
temperature gradient in a direction perpendicular to A is dt/dx, This expres-
sion also serves to define k, the thermal conductivity. -

Present experimental evidence indicates that the conductivity is not a
function of the heat flowing, and (18) may be said to be verified by experimental
evidence. ‘ -

The dyneamic or non-steady state methods are usuaily not utilized for the
determination of the thermal conductivity at high'températures since they |
require a periodic heat source and knowledge of the heét capacity at the temperature
of measurement. | | A

A steady state method often utilized'for ceramics 1is one'using a long bar
specimen. - One-end is heated while the other is connected thermally to a heat
gink. Thermocouples are inserted at selected distances along'the par and these

temperatures plus the known amount of heat flowing along the bar permit the
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calculatioﬁ of k. Theoretically this is a gooa method but practically it has
serious‘disadvantages. One of the main disadvantages, which is the one which
plagues all thermal conductivity determinations, is that the radial heat flow
from the bar must either be neglected or decreased by means of thermal guard
rings. Any radial heat flow is a violation of the boundary conditions assumed
in (18) and the accuracy of the measurement is seriously affected.

This loss can be reduced by decreasing the length of .the bar so that the
.longitudinal surface‘area~is small with respect to the cross sectional area.
These conditions require the sample to assume the shape of a thin plate. When
dealing with samples of low conductivity the plate thickness can be quite small
and reliable values of 4T still be obtained. However, where ceramics are con=
cerned the forming of lgige flat plate samples is often not poséible° Guard
rings are still required and they are inevitably imperfeét.

A method of insuring correct heat flow without the use of heat guards is

‘to employ a specimen which completely surrounds the heat source. This may consist

of an infinite cylinder or slab, surrounding an infinite heat source, or it ﬁay
consist of a hollow sphere or spheroid. ©Shapes approximating an infinite
cylinder or slab are satisfgctory, if only the center sectioﬁ is employed (this
is equivalent to using hqat guards ), but they are difficult to formulate from
ceramic materials, particulariy dense oxides. A spherical shape is satisfactory,
but -the highly curved isothermals present a difficulty in temperature measuremeént.
Ioeb(31).has developed an expression for the case of a hollow e;lipsoid““
(prolate spheroid). The expression mskes possible the use of aﬁ envelope
sample of relatively small size which can pe formed from pure materials and which
has nearly flat isothermals in the central section. Kingery(32) et al, describes
this method and the other envelope methods in considerable detail. The |

ellipsoids are approximately 11 cm long, i.e. 2a = 11 cm and 4.2 cm thick,

Loer ) ;
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2b = 4.2 cm. They are heated internally either by a conductor wound on a
shaped core or by & susceptor shaped to fit the internal cavity of the
ellipsoid. ) |
| The ellipsoids were cast of selected refractory oxides, hence any oxide

whose structure is susceptible to change in the presence of the casting
envirorment could not easily be formed to a suitable shape. In the case of
MgO and Ca0 special casting procedures were necessary. These envelope methods
can be used at high températures, in the range of interest here and could be
utilized if ellipsoids of dense U02 can be forpqd, '

Another method improved upcn by Kingery is tﬁe comparative flow method
wherein sémples of known conductivity are placed in series with ﬁhe unknown
samples. This method'is the one ﬁresently being used by Sylvenia=Corning for
U0y and they 'are encountering great difficulty eliminating lateral heat flow,
The maximm temperature attained by Kingery in this measurement has been 900°C
and it is.not likely that guards would be satisfactory at higher temperatures.

As noted previously, one of the latest measurements of the thermal con-
ductivity of UO2 was made by Hedge and Fieldhouse at Armour. Rather than
utilizing the linear flow method of Kingery the radial heat flow method of
P0W911(33) was used. This method consists of measuring, under steady state
conditions, the radial heat flow and radial temperature dgep in a vertical étack
of disks composed of the material whose conductivity is to be measured. The
disks were in the form of annular rings and the heat which flowed through the
'diéks was supplied by an electric heater centered in the axial hole of the
stacked disks. In order to attéin high temperatures thé eptire column of disks

was placed in an electrically heated furnace in which a helium atmosphere was;

maintaingd°
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This method has some decided advantages over thé prolate spheroid or
other envelope‘méthods and the ;inear flow methods which deserve some
enumeration. First, the problem of guarding is lessened since the direction
in which flow is désired to be decreased is now the longitudinal rathér than
radial. The interfaces between the disks act as natural thermal barriers and
hence reduce this lqngitﬁdinal flow, The interfacial thermal resistaﬁce is
one of the most séfious disadvantages of the comparative method described -
previously. \ Thermal guards placedAQnﬂtﬁé top and{bottom of the column reduced
the longitudinal floﬁ to the poigévwhere it was negligible. Secondl&, the disk
samples which had an inside diameter 6f 0.50 inches and an outside diameter of -
3.0 inches could be formed by dr& process techniéues rather than by casting.
Hydrostatic pressing of the green samples may permit the formulation of high
density samples.

If high density U02 samples of this shape could be forﬁéd this method
appears to be the simplest for giving reliable data. It was checked using

Armco iron as a standard by Hedge and the results agreed with Powell's within

-experimental error to T90°C, the meximum temperature of the test.

‘A recent report by Paine and Stonehouse(3h) involves the measurement of

the thermal conductivity of intermetéllicnpompounds. Their measurement

- resembles that of Hedge and Fieldhouse, the main difference being that the

radial heat flow is inward rather than outward. Also all of the heat is
supplied by a molybdenum winding around the outside of the cylindrical _spéc:‘i.men°
The heat is conducted away by water- flowing through a tube in the center of the
golumn of disks. For high temperatures this type of heat sink would create
severe thermal stresses in a sample and would probably lead to cracking in a

brittle material having a low conductivity‘such as U02°
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