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ABSTRACT

Thls work is the final part of a three year proaect to
investigate theithermal.conductlvmty of uranium dioxide. Thé
first part contained in a previoﬁs*thesiS‘(1) covered the -
initial specimen preparation and characterisation. -
| Thefmél conductivity values ha#e beeh thained_for the
temperature range 500 - 2500°K using the laser - flash tech-
‘nigue snd specimen dises j.016 cm. in diasmeter by 0.0686 cm.
thick. Results are quotedrfor stoichiometric specimens wi£h~
densities in'the range 90 - 96% T. D., for noa—st01chlometric
specimens of densities 95.89% T. D. and 93, 16% T.D. with oxygen/
uranium ratios of 2.006, 2,030 and 2.060, and»finally'fpr a
siﬁgle crystal of me asured density 99.88%‘T.D. The valuegzshow
good agreement with published &ata, normalised and unnormalised,
~although the wvalues in this work are in most cases élightly' .
higher. | ’

In the process of this investigation a ﬁew SPécific
heat curve was obtained qging the heat conteﬁt'data of several
authors, sincé'the existing published data on the specific heat -
of U0, showed wide disbrépancies. Also, owing to the iack.of
published data, it was necessary to obtain specific heat
curves For the hy@erstoiéhiom&tricAspecimens by exﬁrapoiating‘
from existing date. | |

The variation of thermal conductivity with pore’ volume

fréction (p) was related using :

and a value of P= 2. LL6 ~ 0,70 x 1072 T was observed. An

explaination for this temperature dependence of g is offered:.




At hlgh temperatures another hesat transfer mechanism
(electronic in. nature) was. found to be operating and the full
conduct1v1ty equation for 500 -~ 2500 K was given by

k’@’: (' + Br)"! & ce™VT
with n.= (1.8 % o, 5) x 10‘* : (OK)-
This mechanlsm has been dlscussed in the light of publlshed
theories, .
| From ﬁhe results, it was also possible to calculate such
factors as: the average phonon scattevlng cross sectlon for ‘
. excess oxygen ions (g ) and for other impurity atoms (G, )j
a phohon ﬁave length for Umklapp processes ( Aw); and & Debye
temperature (QD). Where poséible, these values have been come

pared with the results of other workers, and in -all cases

good agreement was found.

Tabulake d expgnmenttd \“esu&g LLS@.cL n Uus H\QS(S
can be o‘akmneol from 1 —
- R Taylos | Metallurgy Dgpav)cme_n,l: unwo.vgxhj
%C \\'anc\ws{’a\“ |ns’[-_b¢e og Saence and Tedmctoﬂ Yy,
Sackulle. Skreet Manc\we,s\:er T
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I.

INTRODUGTION

The development of nuclear power stations in the United
Kingdom has lead to the cholce of uranium dioxidé~as the fuel
for the Advanced Gas Cooled Reactor (A.G.R.). This choipe,of
U0, was made from considerations of its chemical and physical
properties: it possesses a high uranium density; it haé a high
melting point‘GvQBOOOC); it shows no low temperature phase
cﬁanges, and it exhibits'ggod high temperature strength. These
factors underline its suitaﬁility for use in an'A.G.R.uWhefe
the temperatﬁres are of the order of 700 - I300°C. Thé one draw—
back is that U0, has a low therm?l conductivity, and this can
create problems. |
| ‘Heat is generated in the fuel element by collisions
between atoms and slow movihg neutrons. This heat of fission
is withdrawn from the system by the coolapt gas, and by a
combination of heat exchangefs énd turbines electricity is pro—
duced. If the fuel has a low thermal coﬁductiﬁity, then this
ﬁill affeét the rate of heat removal from'the fuel and thus
will reduce ithe effiéiency of the réactor. Another aspect of
using a fuel with‘a low condu?t;vity_is that it has the effect
of increasing thé temperature-gradient across the fuel. In some
cases the centre cf the fuel may reach a temperaturerof the
order of Iu50°C, which may cause the fuel to crack and may lead
to a build up of the fission product‘géses krypton and xenon.
These gases can exert sufficient préssure on the fuel cladding
that the c¢ladding will fall and release radioactive material
.1nto the atmosphere. Thus a dangerous sitiation can arise, which
will necessitate the removal of the fuel elément at much less
than its expected lifetime and the possible shut down of~thé

reactore.




- II.

ﬁrom a knoﬁledge of the‘thermal,eonductivity it is possible
to simulate in — pile cdnditioné in out ~ df~— pile experimenﬁs.
This can.lead'to some improvemeﬁf in the fuel uéed in the |
reacfor. Aléo the rate of grain gfowth, the creep rate and the‘
melting point can be calculated from. a kndwledge of the conduct—
ivity, and from these factors‘one can calcuiatevthe rate of |
release of fission gases., Thus it is important to.chéracterisé
the thermal conductivity in. order that cneECan predict” and |
therefore_anticipate, possible‘haZafds arising out of the use
of UQ, as the fuel. » _

A large smount of work has been published on the thermal
éonductivity of UQy , most of which has already been revieéed (1).
The data_show a considerable amouﬁt of scatter especlially at

high temperatures. Any correlation of this data is complicated

' by‘the lack of charaéterisation of the various variables that

can effect the thermal conduqtivity, These variables includei
pore size, shape and distfiﬁution; stpichiometry; grain sigze;
impurity concentration and fabricétién route.‘lt was, therefore,
félt that an investigation Which eontrolléd or characterised

these variables would help to resolve some of the discrepancies

‘in the data and perhaps enable. a better fuel to be mamifactured.

0f these variable parameters pdrosity and stoichiomeﬁry appear
ta have the most effectvon the thermal'conduqtivity.

The initial investigation was to consider the effect of
porosity on the thermal conductivity.afiUOﬁa-To manufacture

specimens of varying pore volume fraction, the author preﬁared,

- : 1] .
. from a single batch of powder, pellets 0.6 long and Q.4 in

diameter in whiceh the poré volume fraction varied whilst all

other parame::ters remained constant. The spscimens prepared

‘had densiﬁieé_ranging”from 90 -~ 96%or thevtheeretical density

(T.D). This range was chosen since not only did it include the.




III;

values of density most often used in the reactor (~96%T.DJ.
but also if would enable‘a comparison with the results of otherﬂ
wqfkers whose densities spanngd ﬁhis range. The lower limit
of 90%T.D. was set since few authors.had.measured conductivity
on-fuellWith'déﬁsities 1ess‘thaﬁ 90%T.D. and since such densities
have little technological significance, What»scientifié interest
there may‘ﬁe in producing such~fue1.i§ affset by the difficultieé 
of conirolling tﬁe grain size during fabrication. Also,flowv
density specimens densify on subsequent heating. Theréfore,
no specimens with densities less thanl-90%T.D; were manufactured,
The actual values of density produced were 95,89%T.D. (nomenclature
96), 93.I16¢T.De( 93*) and 90.9747.D.(91%). Since the copper
content was: above an.arbitrarif& imposg&}‘tOIerance level of-
100p.p.m. in both the 93I'and‘§11,-néﬁ‘batches were prepared
"as follows: 94.89%T.D.(947) and 94.42%7.D.(91%). To complete

the investigation into the effect of‘porerolums fraction,
-values weré to be obtained from two small single crystals.

These vealues for nominally. 100%T.D. material could then be com-
péred with those obtalned on the prepared'specimeﬁs. |

~- To investigate the(effect of pdre-diétribution specimens ‘
‘with densities close to 93%T.D. and»9j%ToD. were produced from
some.of thet96~specimené. The process involved the rédiétribﬁtion
of the pores and the inecrease in the pore volumé fraction of

the 9B speciméns. These specimens had densities of 9L L34 D

( nomenclature 9694) and‘92‘.15%&‘.D.(96.9‘1“)o The effect of pore
distribution could thus be investigated by éomparing the
values for the 969L snd 9691 wWith those of the 9L, 93%, 9%, 917
and 96. However, an unfortunate side effect of this process

of redistribution was thét the grain sizes increased fhrée fold,

and it was also necessary to hold the specimens for 41 hour at
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TGOOQC in;hydrggeﬁ to effect}some reduction.ﬁack to stoich~
iometry; The effect of pore shape on the thermal conductivity
could only he invéStigated by anaiysis.of the resulis, since
there was no method of éoﬁtrolling, and. ‘thus varying,'the_
shape o0f the pores. | | _

Subsequently, the investigatioﬁﬂwas widened to inciude
the effect of_non-sﬁoichiométryAon;the thermal'conduétivity.
The oxygen/uraniﬁm.ratios of some 6f thé 96 and 93 were altered
to give values oﬂ'2.0Q6, 2,030 and 2,060¢ These values were.
chaosen in an attempt to eiplain some of the discrepancles in
the data_and because the value of 2.006 lay close to that
observed in the reactors.

The investigation was carried out using & "flash' technique
(2), which measured thermal diffuéivity (g) over the témperaturé.<
range 500 - 2500°K.,The heat éource was a pulse laser, and
in&uction‘heating'Was used 1o oﬁtain the required specimen
temperature. The resulﬁs‘were converted intc thermal éonduct¥
ivity (k) values using thekeqﬁgtion »

K =«sCoDe - (0.01) -

whepg @ is the specific heat and D is the density of the '
gpecimen, During the course of this investigation it was felt
necessary to obtain new specific heét &alues using the avail-
able heat content data of othef workers,(i), since there were
large discrepancies in the publishe&'specific heat data. For the
hyperstoichiometric specimens, extrapolated specific heat
valueé were'abtainedtusing the only a§ailable data (4).

This investigation should;.therefore,.cover ﬁhe tech~—
nologicalAaspecfs of the thermal conductivity of uranium
diloxide, since it involves the use of density and stoich-

lometric values which are most often found in the fuel in-a
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reactor. From this it is hoped that a new and improved fuel
may be maanactured, and that there.will be a better control
over the conditions in the reactor that may arise from the
use af UOQ.)The field of investigation has been widened,
however, to include those density and stoichiometry values
which will make poésible a fuller ﬁnderstanding of the

- important mechanisms goverhihg thectranéfer of heat iﬁ*UOﬂ.
It is hoped that this Wili, also resolve some‘of the discrep-

ancies in the published thermal coﬂducti&ity results.:




1o
CHAPTER T

'A. THEORY OF THERMAL CONDUGTION IN SOLID MATERIALS

There are four basié_mechanisms by which heat may be’
transported through a sdiid materialf conduction by phonons
(kp); by electrons ( kel); by radiation.(kr); and by excitations
‘(kex). These contributions to heat transport are additive so
the total conductivity ig given by:-

Kyopal = ky o+ kgy vk ek (1.01)

The characteristics qf'each of these four contributions
to the total conductivity will now be summarised. Special
emphasis is‘Iaid on;the'variation.with temperature of eacﬁ
contribution because this feature can be used to decompose

the total msasured conductivity into‘its.constituent parts.

1) Phomon.or Lattice OoﬁductiohAﬁkpl

VWhen heat is applied td one Tace of a solid the iniensity
and QMpIitude of vibratiom of the atoms near that face qre'
increasedp Since these atoms are in a regular iattice and are
bound by sﬁrong-interatomic forces, some of this extra energy
is passed on to their neighbours. If the soiid were thermally
isolated from its surroundings, it should gradually attain a
uniform temperature by\this.transfef of vibrational energy.

In initial calculations this transfer of energy was viewed as
changes in. vibrational energy of the individual atoms |
(or oscillators). Binstein Ffoundthe average energy (E) of an

oscillator of frequency (w) at temperature T to be equated as

followss




_ nw | BT (1.02)
| ~ exp hw/KT =~ 1 o A ‘ S
where B = h/2T, h is Planck's constant and k is Boltzmann's

constant. The number of quanta (n) each of energy -hw is

n = E/’ﬁw = (.GXP % -1 )-1 o . (1-03)
However, this approach led to theoretical values for specific
heat (Gv) |

where G, =g : (1.04)

which did nat fit the observed values; especially the rate at
‘which Cv approached zero at T = 0K,
It is necessary therefore tO;view this transfer af energy
~not as a change in the ﬁibrationai energy of the individual
atoms but as a collective change in the vibrational energy of
the whole assembly: of atomé; This means that the forces bind-
ing each atom to its neighbour would have to be considered if
a more sbphisticated-analysis;were to be evolved. In. this in-
stance it is:sufficient\to‘consider the conduction of heat
by these elastically connected oscillators as heat transfer
in the form of systematicélly coupled waves fepresenting the
simple harmonic displacement of .the individual Qseillatars.
The tﬁermal conducﬁidn,(kp) is, therefore, a‘measure_bﬁ the
propagafion of energy»thfqugh the crystal by these waﬁes,*
and by analogy with photons in electromagnetism these waves
are éélled;ghonons~ heat being transfemed by a phonon lgast,
In the ideal case of a simple harmonic oscillator, i.e.
~a defect free lattice of infinité length, nothing shoﬁld stop
the propagation of this phonoﬁ '‘gas', and the thermal conduct-—
_ivity would be infinite. That it is not infinite reflects the
fact that'the?e exists some mechanism for scattering, which

does not depend on the presence of defects. The propagation




~of a phohan'thrdugh the‘érystal lattide‘wili cause a local Y

pefiodic elastic strain in the lattice, and this strain will

modulate in space and‘time the local density and elastic con=

stants of the lattice. Peilerls (5) suggested that these

flucfuations wefe themselves phonon modes, thus creating a

mechanism by which phonon - phonon,interactions could océur;
Howéver, the model so‘faf is only simple, and in order

to accéunt for these interactions itliéjnecéssary_tojconsider

higher order (anharmonic) terms. The most important interactions

are ﬁhe threé'pﬁonon processes, where either one phonon is

annihilated to yileld two Others or two phonons combine to form‘

a third., There are two types of three phonon'intéfactions;

The first type is a normal or N - prdcess where the three wave:.

vectoré add in a simple manner, Fér N - proceﬂses‘mpmentum.

aﬁd‘energy ére conserved, and if aiIAinteractiohs were of ﬁhis

type the conductivity would be infinite. However, Peierls (5)

described a second proéess:in-WHich the resultant phonon-ﬁad

its wave‘véctor in the opposite senée to that ofl the initial

two. This he called an Umklapp or T - pracess, and in this -

proééss momehtum is not qonserved. Tor the U.-~ processto oaccur

one phonaon must have its wavelength shorter tham twice the

interatomic distancé (d)ekExamples of thesé two types of

process are given im fig. 1.01 (after Ziman (6) ). OF the

 two, only the U'»-process@s contribute diréctly to the thermal

resistivity. However, N'mfprocesses contribute indifectiy in.

so far as the& are responéible for maintaiﬁing an energy dilgtribe -

utionm over a wide range of frequeﬂcies, thus creating short

wavelength phonons which may then prbduce U?w-pracessesg A%




© b). U= process
- F1G.101. (aft@rZ:mqn {6))




.

low temperatures the dominant phonon wavelengths are too
large for U — processes 10 occur. _

Iﬁ a perfect crystél lattice the thermal resistance
would be accounted for solely by‘ﬁhese U - proceésesg bﬁt in
a real crystal other mechanism may cause scattering of phonons
and hence reducé the conductivity. Any_lattige imperfections.
such as grain boundaries, dislocations, impurities, vacancies
and the cryétal boundary - all af whiqh affect the periodicityi
of the lattice by creating Iocal denéity‘cﬁanges - ¢an scatter
phondns. The magnitude of their effect will depend'on their,A
concentration, distribution and size. In anlélectrical conductor
phonons will also interact with‘free electrons,. All these pro-
cesses add to the thermal r631stance, and the conductivity w111
'depend on the mean free paths of these scatmerxng processes.

It can be deduced theoretlcally that the conduct1v1ty of .
a phonon gas can he represented by

= % [o (w).%(w).2 o(w).aw ; | (1.05)

where G (w) ig the specific heat/unit volume as some functlon.
of' frequency, v(w) is the. ve1001ﬁy as a function.of frequency
and lp(w) is the mean free path as o function o£ frequencys,
This equation is usually approximated to:
kp;'= fo w1, | ‘ . (1.06)
Now each phonon is characterised by three parameters; a) the
wave vector % g which defines the wavelength (\)

)\izizn/q | | S (1.07)
and whose sign defines the propagation diréction; b) the
angular frequency (w), and c¢)} the poiarisation vectoréiwﬁich

defines the direction of atom displacement. Thesefgive rise
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to & spectrum of latfice vibratioﬁs'which can be very complex
for most solids. Since the parameteré such as interatomic .
binding“f0rces are_not_alwéys accurately known, this makes an
accufate solution to such equations as equation 1.05 very
difficult. waever,‘tﬁe theory of the vibrational speqtrum
has.béen simplified by using Déhye's tﬁeory,‘in which certéin
assumptions are méde regabdiﬁg the behaviour of the solid.

The solid iS'assumeQ t0 be isotropic and the velocity of ﬁave
propagation (v) assumed constant for all frequencies. The
energy'of the difféfent phonon modes is assumed to be quantised;
each having a particular wavelength, wave vector and frequency.

The vibratianal spectrum is then eut.cff at some characteristic -

frequency Vi where
ﬁweD = ko B (1_.08)
where eb‘is the Debye temperature of the solid and k is

Bbltzmann's‘conétant. Thig.equation‘definés Oy » and'maﬁy{
properties of a spiid are expfessed in terms of GD’
- It can be shown that for temperatures above eﬁ s that
Cv approaches‘a value of 3Nk (where ﬁ is Ajogadro's number);_
This.is Duiong and Petit's Iaw°~ At low temperatures T<<@p,
Ov is proportional ta Tg, and this is T>law of specific héatb
Thus fhis‘aﬁproach gives #alues for Cv whichlfit the observed

data much more accurately thanicv values«obtained at low
temberatures from Einstein's aﬁalysié.

| To discuss the depgndence of oonductivity on. temperature,
it is necessary to understand the dspendencé‘of phonon. mean
free path on temperature, since both Cv(w) and v(w) have

been well defined in.équations (1UO5) and (1.06). In fact it

is simplified if one considers the frequency dependence 6f‘l ,'

and thus arrive. at i1ts temperature dependence, since




1ot wy," | L g (4.09) .

Equation’..f.dz‘
Aw
exp. hw/KkT - 1
has a maximum at ‘ ' ,
W - KT o L  (1.10)

max = A

If ane considers this value of frequency to be the dominant

one at temperature T , l.e. Wy =W

max' ‘
then Wi & T o o ‘ (1._11),"
and Sole® (1.12)

This analysis assumes the Debye model such that in the range
w to w+dw the number of modes g(w)dw is proportional to widw.
Using equation (1.06)

i.e. k = %C vl

D v P
for T% 6Oy ,v and G are constant o
kw1 wT « T (1 1;)‘
and for T << GD > Vv is constant and G o '1‘3 ‘
n+3 o ‘ - _—
kpoeT L, T : | . (1a14)

Thus the conductivity is proportlonal to pf for T> 6 and to

:f;‘or T«SD

‘The value of 'n' can be deduced from a study of the
thermal r831stiv1ty (R ) where

R, =R, + R + Rpi | | (1.15)

ds.es the total resistivity is expressed as the sum of the

resistivity due to U -~ process (Ru), phonon-electbon
interactions (Rpe) and phonon dmpurity interactions (Rpi).
A similar relationship can be given relating the mean free
paths due to these scattsring-proceséesl‘
1.4 .1 .4 o '

- je) u pe :
The relatlve contrlbutlon of the separate resistl'\rl ty compo-




Te

nents Wili now be examined for the two temperature ranges

‘I‘>6D

S m n
8. '-T 7 8 wherg kp o« T

a‘né; T L GD

4 Ryt the scattering due to. U - processes depends on
th; square of the atomic amplitude (a) , and since do‘c Jr
then ky, dI_oC‘\/T | ’ S (1e17)
The full derivatlon of this equatlon given by Lelbfried/

Schlomann (7) is

e o 24 1 (k3 Mde - : '
¥'T
where M is the average mass/atom, Ja is the average volume/

atom, and ¥ is. Gruneisen's constant. Qther derivations have
been::given-: by different authors (8,9,10,11). |

il R‘pe : in metals and semiconductors, free electrons _
scatter phonons, Ziman '(12)’ has re‘l’ated the mathématic expre-~ .'
ssions for thermail resistivity (R» }J from electroﬁ, scattering‘-
of phonons and electrical resistivity (‘ﬁ_} from phonon
scattering of electrons as follows.

e ¢ @) g & b (4.19)

where n, is.t‘he number of free egectrons/atom, Nv is' 'tt}e nufnber

of atoms/volume, e is the electronic charge, and k is Boltzmann's

constant. It can be seen from this equation that for T > o »

ovj—:’» 3m‘vk and since P x T 't'hen:» R‘pe is constan‘lj...
iii Rpi ¢ the scattering of phonons by impurity atoms will

ﬂdepend'on their _conce-r_}tration'. Far T> 0 the'_wavelength of the

D
phonons will be predominan.t_ly' short. Therefore, assuming that




the impurity concentration does not alter with temperature,

Log should be independent of temperature and frequency. It is

then to be expected that Rbi is essehtially independent of
tempefature;-j o _
For T>6p ., therefore, only Rﬁ is dependent on temperature
and the phonon‘contributionrto total conductieity may be expre-
ssed 88k = (aD)™ -  (1.20)
h. T« O where kpoc’. T3+n :

i R, ! in general U - processes are scarcer than at T>>e

i Ry D

owing to the Iack of snort wavelength phonons, since U - processes
cannot occur of the wavelength 1s too long (i.e. if the fre-“

quency is oo low). The number of phonons (nu) is propor~
.'/ ’ . -
tional to eT s thus as the temperature falle~the number of

interactions will decrease. If there is a minimum frequency

(w_..) for U - processes then from equation 1.03
min
n, =eD/or ¢ - (1.21)

where h~_.w min/ QD
The ratio is found to be about 2.

SRy e™pr  (1.22)
ii 'Rbe :a;temperature‘depehdence for RE can be obtained
by using equatlon 1419 and the identities \pd 50 LT3,
This yields R‘Pe ALY L , | (1.23)

Under conditions.where the phonon - electron intefaetion
- might be important, e.é; in a metal or eemicenductor; the
number of free electrons/atom (na) will be ﬁeg;igible for the
semiconductor except where~tﬁe impurity content is et such &

level that impurity bands are Pormed.
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iii’RPi\: Por long wavelengths the scattering crass-section

'df an impurity is invefsely propertional  to Xf, l.ee
\ & | E |
1P1 0C>\ : . | . (10211-)
Since we T and by invoking'the relevant proportionalities, it
can be shown that
k. al/m . w1, e (1.25)
pi pi pi- °
For T116D + therefore, the confribution.to the total con-
ductivity by phonon conduction is'gi#en as:

~

ko= At L B'et s c'e™Opser - (1.26)

P
where A', B'and ¢' are constants of pboportionality.
‘These two equations (1.20) and (1.26) are the ones generally
used to deseribe thermal conductiop.by phonons. In practice
the one most‘frequentiy used 1s the former
lees k= (a:pT)"t | |
since for the.majority‘of metals and ceramics @D is invariably

below room temperature.

2) Electro§ic Conduction(kell

In an electrical conductor thermal energy can also be %
carried hy any charge carriers such as free electrons. This
contribution. to the observed thermal conductivity is.expressed
by the modified:Wiedemann/Fbanz—lawr‘

k/ &, & ,K y 2 .
Ky =2(e) 0 (o +2‘€€r§_‘6p (2}3{% ,2) % (1.27)

where k

i

Boltzmann's constant.

e = electrical charge of carrier.




10.

o, and U§ = electrical conductivities due to electrons_and
holes respéctively. |
U'=Uﬁ*dp \
Eg a:activationzengrgy for exeiting an electrqn into
the conduction band.
For metals o <K.tfn and this equation reduces to the classical.
Wiedemann/Franz form of
k= o ePr | | (1.28)
&bwever, the last term of equation 1.27 represents the principle
contribution to heat transfer in.an-intrinéic semiconductor,
because each charge carriérvcarries‘wiﬁh it the recomhination
energy Eg « In this case heét transfer may be by some fbrm
of aibipolar mechanism, and this is discussed separately in
sectién L. For extrinsic sémiconductdrs; fhé last term again
effectively vgniéhes as db > U&ifbr p ~ type or o > srp
for n - type. ‘ | .
At high témperatures in me;als and sémiconductdrs the ~
free electrons are scattered by phononsz~1attice defects or
any impérfection which disturbs fhe poféntial field. The |
resuiting decfease iﬁ.tﬁé contribution by eiectrons to the
ohserved‘thermal oonductivify is sighificant for a semif
conduetor but is more proﬁdunced.for a metal, since the
electrons in a SSmiconducﬁor have larger wavelengths.
Christensen (13) says that defects ~18 wili scatter electrons
in a metal, whereas the defect has to be ~20% to scatter them

in a semiconductor.

In pure metals kél>b-,kp_and the number of free electron
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carriers increases with temperature. Howe&er,.in general, the
observed thermal cenduétivity deéreases-with inereasing ‘tem-
perature owing %o incréaséd scaftériﬂg within the metal. In a
semiconductor, the imprbved_mobilities of positive holes and
electrans tenas to make thg electrical contributioﬁ.to:kt0£a1
iﬁdrease with temperature inspite of the. increase in scattér—
ing. However, the overall valué of this kel remains small
compared to kp except at yery high temperatures, i.ee. near théw
mélting point, when the band gap may have ﬁarrowed quite
significantly. Fig. 1,02 (after Christenson (13) ) ‘gives the
temperature dependence of the electronic contribution to the
thermal conductivity forlufanium dioxide of several stoichio*
metries. k , for UO,,y is larger than k_ , for U0, since uqa&
has & larger electrical.conductivity.‘ﬁowevér, s

“total
is less than Kiotgy TOT U0y owing to increased phonon and

for. U‘Oﬁo—x\

photonlscattering by the électroﬁs,in U02+x.

¢ -

3) Radiation Conduction (le'

A small fraction of the energy transferred results from
the transmissiénAof.absorption,and rervadiation of electromagnetic
energy of high freqﬁencyg that is by photons. This is anaiogous
to heat transfer by molecules in a gas except that photons can
propagate in a vacuum. The contribution to the total conduct=—
ivity due to radiant energy transmission through a solid of
infinite thickness can be derived from kinetic theory ﬁsing

equation 1.06

<
=

— A -
- 3C’V'”Vu‘lR"

e
o

- 3.3 , - '
_ g7 n7, . : ' " -
where C, = & (1.29)
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with 1lp = 1/ex / ‘ (1.30a)
and v = %n o | : (1.30b)
2,3 : .

& 1s the Stefan -—Boltzmann radiation constant; n is the refract-
ive index; T is in OK; o< is the absorption coeffiéient; 1, is
the mean free path of the photons, and C is the velocity of
light.*If is a convenient way of expréssing the process although‘
it does not take into account the dependence of the refractive
index (n) and mean free path (1R) on temperature (T) and wave-
length ()\). In general, n can be taken as being independent of
N and T; however 1R;varies as & funcfionfof‘A, T and <. ?ince
heat transport by this mechanism is smallicompared to that by
phonons (Kp), its effect will depend critically on 1R: J

There are three poséibie ranges for 1,:

i It 1R is larger than the sample dimension, then heat
transfer will occur Without any interaction with the interven-—
ing material, and the material will only alter the velocity . .
and hence the rate off heat flow. In transparent and single
cryétals (where there are no grainAboundarieé to-affeqt 1Rj
there will be a significant contribution’ tg the total

conductivity (kT) by k, at high temperatures.

ii If IR is ~ sample diﬁensions then transfer of heat will
occur as an exchange bétwéen the boundaries and the material, .
and the rate of energy exchange will'be determiped by the
temperature'qf the boundaries and the temperatﬁre gradient in
the material. This mecﬁénism will predominate in some ceramics

whére 1R--O.1 to 100cm.




iii if'lR'is smallef than -the sample dimension, then transfer
wiil occur by phoﬁon.processes wiﬁhin thelmaterial, and will
thus be a material property‘debending on absorption and
scattering usually in the visiblerar neer infrared regione of
the spectrum. AbSorption‘is,ﬁeceesary for photon'trensfeb
since it is am energy convereion;process, and it is intrineid
heing the same forqulycrystals and'single erystals of the eame
material., However, it does Ilimit the transfer. Scattering, on
the.ether hand, is noi necessary but also limits the transfer.
There are two mechanisms ceusing scattering: fluctuation in
ﬁhe density of the materiel due te'eound waves, and structural.
scattering. The latter is found to be the more predominant,
wifh_scattering by pofes es;its maineseurce - oniy a few
percent can,alter,the traneﬁission draetically see fig; 1.03
after Lee/Kingery (1&3.

From equation 1.31 it‘can hehseenlthat for materials with
a low absorptionAcoefficient kR is importent at only a few
hundred'degrees; and that for ohes with a higﬁo&or substantial
scattering, kR is not siénificénﬁ until very.high tempepatures;
In eingle4ery3tals_and transparéent materials, where ;R.is‘of |
the order of a few centimeters, kR 1s appreciable at medium
temperaturee,AIR increases with increesing_temperature awing
to higher trahsmissionniﬁ‘wave—lengthsrv1~3y, since in general
single crystals are transparent in the visible, opaque in the
ultrav1olet (due to electron,excitatlon) and have absorptiomn
~bands in the 1nfrared (due to atomlc vjbrations)o In poly=
crystalline materials 1R ig smaller due to scattering, and the

total mean free path can he expressed asse
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= e 4 | | C (1.32)
The mean frée path due tb-absorption"(lab) incrééses with .
température, whilst that due to scattering (15) decreases.
1T should, therefore, pass through a maximum which will occcur
at higher temperatures for the material ﬁith the smallest
pbre size én@_volume. Most ceramics are more transﬁarent in"
.the visible and near‘infréred than at longer wavelengths,
therefore Ky will be important.only at high temperatures |
( ~1500°C) when the maximum black body radiation energy will
have moved to the lower Waveiéngths. | |
Whén galculating the contribution from radiant heat
transfer to the conducﬁivity of U0,, equation 1.31 is

usually used in the following form:

3 _ o '
kp = OT , (1e33)

where'c_ié a constant of proportionality.

L) Excitation Conductién (kéxl
| Whereas the thermal conductivities of metals have been
adeguately described by using'kp, kel and.kr, se&eral anomalies |
4 have‘béen observed at high temperatures for several semi-
conductoré.kAttempts have been made to account for this anom~
aloué'ihcrease in‘the conducti#ity.by refefringAto an excita-
tion conduction contfibutiqn, énd several mecﬁanisms have heen
postulated including elecéronmhoie pairs (15, 16), internal
radiation (17, 18) and other excitation ﬁeghaﬁisms (19, 20).
. If'n'is the number of excitation states and B is the
t

energy between the ground state and the 17" excited states of

“the systém-and_assuming_E/kT3§ 1, then according to Krumhansl (21)
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kex is given by

Koy = k1.7, ( 3F) .o exp ( = (1e34)
where k is Boltzmann's. constant “is the characteristic

Alength for damping out temperature differences, v is the
velocity of transport of the excited states. Similar equations
have been obtaxned by Pikus (19) and by Price (16)

T Ef one exam:nes the relatlonshlp given by

.equation 127

il.€, kel =-'2(k/ ) T (U + 2 5‘ B‘JE (_E& + 2 21 )
. : T - 2kT

one observés that this equation reduces td‘thé classical
Wiedémann Franz form.k &< Ty ' for metals (& $>5’) and for
extrin51c~semiconducﬁors (6‘n$bojp ortfpﬁbtfn). However, fof
iﬁtrinsie semicdnductors where‘w“n =1Yb there will be a large
contribution from the second term in equation 1627, sinee both
chérge carriers (hoies and. electrons) will carry the recombina~
tion’energy Egﬁ These carriers are formed when sufficient energy:
is absorhed to form an electron and a hole which can then

drift down the temperature'gradient to'the.céol region, where
they may recombine. Thus heat is tréﬁsferred‘by an ambipolar
mechanism,; and the electron and hole may move independently

or togethér. o _

Sevefal‘authors (19, 20, 22, 23) have proposed an exclta-
tion éqnduction in which the electron and hole move togethef
aslé stable'bdund state called an exéiton. An exciton (2L) is
formed when a photon of enefgy"Eg is ebsorbed by the crystal
lattice to create an electron and hole. The attractive Coloumb

intéraction between the electron and hole enables them to form
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a stable bound pair, This pair transports:. excitation '
energy but not charge.LIf the valency band is full; thehzthe 
energy of the photon requifed to préduce an exciton will be:'_
Iess-than'the g£ap energy Eg. Another mechanism‘sﬁggested for
this excitation heat transfer is that of polarons (25 - 28);.
When an electron in the crystal lattice interaots with: the
atoms in that lattice, local deformation of the‘iattice occurs.
This defbrmation can follow the electron and the-combin&tion
of the electron and its strainfield is called a polaron (2L).
Thus the electron hga a larger effective mass, and in this
case both charge and exéitation energy are transporﬁedo
Herring stated (29) that unless exciton transport had a
lower activéticn energy than ambipolar ﬁransport then excitons
would nat make & comparable contribution to that of ambipolar |
heat transport, since there are a smaller number of momentum
'states accessible to excitons. Whitmore (22) found this to be
the case for'T'LO2 where the adtivation.enéfgy for ambipolar -
transport was much too large,ahd so he attributed his ohserved
~increase to exciton heat transfer,

There has been considerable‘ﬁork dﬁne on measuring
électrical conductivity and Hall coefficlents in an attempt
10 determine the exéct excltation mechanism operating.
However, since most measurementsAof mohilities have bheen
obtained at low temperatures (T<:1200°K), the position at
high temperatures is still uncertain, and some discrepancies
are observed. For exemple, Devyatkova(17) suggested thét
exclton transfer was causing the thermal conductivity of lead

telluride (Pb Te) to deviate from the form linear form of
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FIG.1-04. (after Bates (34)).
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K o 1/ T‘.‘ Kaneii/mi (30)_ found no such deviation. For U0, the |
pésitioﬁ.is uncertain.since some aufhorsi(25 - 28) have accountf
ed-for the excitation mechanism by polaron transport whilst
others (31 - 33) show UO, to obey the band theory. Fig. 1.04
shows the contribution by excitatidn process predicted by
Bates (3L) for single crystal ﬂol . ' |

From the literature, therefore, it appéars that there is
an excitation contribﬁtién ﬁdmthe théfmal conductivity of
intrinsic éemiconduetors. However, discrepancies arise over
the~m¢chanism by which this contribution is,made, and more work

is required in this field.
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CHAFTER 1

B. THERMAL CONDUCTIVITY OF UOq

Most of the publishéd data and theories concerning the -
thermal donductivity of U0, have already been summarised in
another thesis (1). The variation in this data has been depicted
in fig. 1.05, where the values used apply to sp801mens with
densmtles 90% T.D. The dotted line represents the values of
Nishijima et al (35) for 95% T.D. which differ gfeatly from
any other published data, therefore they have nét béen‘included
in this analysis. The scatter about a mean k value is of thé
order of % 7% -at 200°C rising to 15% at 1200°C. At high
temperature the picture is confused since very few measuremﬁnts
have been made and some authors show an enhancement in the
conducti#ity. However, from fig. 1.05 it caﬁ be seen that the‘
scatter above 1200°C is stiIl of the order of + 20%. Such a
scatter in the results will..obviously make the design of a
reactor more difficult, since some valid Judgement regarding
the conductivity of the fuel must be made if the actual condi-
tions in the reactor are to be described. The choice of a
value on‘the low side at high tempefatures may result in an
underestimation of the conductivity by‘ﬁpto LO%. This could
lead to there being insufficiént coolant flow to remove such
heat, with the resultant failure of the fuel. Simllavly, the
choice of too high a conductivity value will lead to an - aver- _
estimation af the conductivity with the consequence that the
efficiency of the reaétor will be reduce@. |

The scatter in the data can be rationalised i€ it is
fealised that the wide variation in the results reflects the

wide variation in such parameters as specimen density, stoichio-
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mstry,*graih:size, impurity content ahd fabrication route.-
some of Which4are discuésed later in this chaptér. The standard-
isation of these variables should enable more definéd thermal
candﬁctivity data'toAbe ébtained. Some of the scatter in the
data also reflects the uﬁcertaihty inherent 1n the various |
‘methods of measureménﬁ, ééch of which will entail certain
errors; For ekample the cqnductivity values obtained by a
'fhermalldiffusivity method ﬁill.depend‘on.the épecific heat
~values used, and, since there are wide discrepancies in the
specific heat values of 302 (see Chapter Lb), this will
‘account for some of the scatter in the calculated k values.
However the actual published diffusivity values as shown in
fig. 1.06 are in good égreemenﬁ.‘The scatter ghout a mean
- value is i;TB% over ﬁhe whole temperature fange, and this
reflects the differencés in the specimen parameters.
In discussing the thermal conductivity of UQ, it is

'usual.to gseparate the values'into two temgérature ranges (T

< 1600°K and T > 1600°K), since the low temperatﬁre values

have heen well defined.

Low‘temperature (L4LOO - ?GOOQK)
| From fig. 1.05, thé'scattér in the values at low tem~
pefatﬁres,is fairly small. In this range, conduction is pre-q
dominantlﬁ by phonons and thus can he described by equation
1,20 R

1/£ = A + BT
The values of 'A' refleet the contributions to the thermal
reSisﬁivity Lrom such factofs as porosity content, grain size,
stoichiometry and impurity concentration, whereas the 'B':

-values should refleect only that contribution from Umklapp
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processes. Most of the published deta give values of 'A'
lying in the range 3 to 5 (w/em®K)™! and values of 'B' of
0,020 to 0,02l (w/em)™ ", |

High temperature (T > 1600°K) ,
At high temperatures_the puhlished thermal conductivity
data for UOl show a deviation from the‘low temperature linear
relationship of k d1/T, and some authors have even observed
enhancement of the conductivify. There is wide disagfeementb
over the heat transfer mechanism said fo'be producing the
obserﬁed deviation, l.e. whe ther there is a radiation or an
elecfronic'centribution, There is even greater disagreement4
concerning the observation of enhancement of the conducti#ity
although it is widelykbelieved to be & possibility if there
is a significant contribution from radiation or electronic.
heat traﬁsfef. Most of the published data has been covered
already (1), and therefore the follqwing discugsion concerning
the pessiﬁle heat transfer mechanisms wil£ deal mostly with
the mofe‘recently published data. The following mechanisms

have been postulated:

i Radiastion heat transfer:

Solving equation 1.31

k. =16 v.n2 17>
’x‘ ———e-
3t

depends.on the values of 'n' and '«' chosen. If the values
are consildered to be independent of~£emperature, then it is
possible to'ealeulate'@he_possible radiation contribution
usiﬁg rodm temperature data‘extrapolated to high temperatures.
Several authors have done this and found kr to have a small

but significant effect. Bates (3L) showed a k, for single
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crystal U0, bf ha1 x 10712 ¢ w/om.°K. Mogard et al (36)
calcﬁlated k, to be 2 x 10~ w/cm.%C at 500°C rising to 1.5 x
1.0"3 w/cm.9C at 2750°C using Myers and Gyllander's (37) room
Atempefature value of o\ waever, since there is no published
data relating 'n' or 'a' to temperatufe at high temperatures,
these valﬁes’can.onlynbe rough approximatidns. It is believed
that‘as temperature increases,the_nﬁmber of free cbérge carriers
increases (il.e. the electrical conductivity increases), and
these act as scalttering centres for photons. Thus‘fhe optical
ébsorptiqn increases with increasing temperature, and the |
contribution by photons to the conductivity is decreased. This
absorption will alsé be large in small grained- specimens, impure
oxides and in hypersfoichiometric oxides. BEven stolchiometric
U0, is believed to be opaque to infrared radiation at highi
températures;awing tq theéttenﬁatid&;of photons by free charge
carriers (13, 38) - a fact that contradicts the knowledge that.
mosd sémiconductors are opaQue in the visible.region and trans-
parent in ﬁost of the infrared. Both Chfistensen (13) and De

- Halas (39) show a maximum for kf,qf‘00016 w/cm. °K around 1006°K
thus supborting this theory. Kubota et al (MO) postulated that
kr was an lmportant factor céuSing thair condugtivity‘jalues

to level off around 1200°C, However, a lack of high temperature
data on the electrical conductivity of an~mékes calculafions
using '«' suépeét.

ii Electronic/Excitation heat transfer

- Upto 110000 UO, behaves as an extrinsic semiconductor, :
and any conduction due to electronic heat transfer (kel) is .
very small. Above 1200°¢ U0, is intrinsic (13), and since the

electrical conductivity is increasing there is ample justifica-
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tlon for exnectlng a contribution to the total thermal
conductlvnty from excltatlon heat transfer. Observmng equation
127

k/ - B 4 2\2
gel o (¥/e ), (w*zwgwlg(_é_}% )

Most authors take 'Eg' to be constant and assume gp =,y i.e.
the case for an intrinsic semiséonductor with equal hole and
._electron~mgbilities. Both éssumptions are unjustified owing“
to the lack of high temperature data. However, since each
charge carriér carries with it a recombination energy Eg(the
band7g§p for intrinsic conduction), the analysis gives a _
useful pqinter to the maximum value of kel‘ Christensen (13)
gave maximum values of ~14 x 10”5 w/cm.OC at 50000 rising ta
~ 9 x 10fzw/cm.00 at 2000°C. Godfrey et al (L1) gave 0.55 x
1qf3 ta 2 k 10"3 w/cm;oc hetwéen 900 - 1100%. »

There is a need fbr g‘much;fuller investigation using éalc~
Tated. mobility values for ’ﬁ ' and 'w”, and for more data
on the varlation of the electrical conductlvity uoto the
meltlng pomnt. Also, since E (the band gap) decreases with
1ncreasxng temperature, one would expect bhe'pQSSlble kel to
incfeaée as the temperature-increased. |

Summary of high temperature mechanisms

The band theory predicté that kal is important at high
‘ temperatures aﬁd that kr is insignificant. However, is the
band théqry applicable to U0, , which is not a true semi~-
conductor. (i.e. contains free charge carriers ) but is a
polay conductor (i,e.>polarons: electrons or holes Jjumping
from one cation to a neighbouring cation (3€) ). Recent high

temperature thovmal conductivity determinations have not
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clarified the situatioﬁ. Springer et alA(uZ) found ﬁo\en— )
hancemeht upto n»1800°0; whilst Eates'(QB) found an upswing
in ktotal'around 1800°¢. Conway/Flagella.(uu) got similar if
éomewhat lower curves to Bates (MB), and Van Craeynest et al

(45) found enhencemeut above 1700°C. Stoddard/M° Cormick (a6)

- recently showed ke1-to be more'imporﬁhnt than kr abave 2000°%C

but they felt that béth kel and kr would play significant

roles in the thermal conductivity.

Effect of Variables

Most of the vériableé that affect the thermal conductivity
of U0, have been discussed in a previous. thesis (1). Of tﬁese
variables, porosity énd*stuichiométry appéar 0 have ﬁossibly
the largest effect, and it is felt useful.fo,mention_them
hereAtbgether with any data published since 1969.

i Porosity ‘ |

If a radiation contribution to the total thermal con-

 ductivity"is important, then pores may wéll play an<important

role in the transfer of*heat, At low temperatures they'will

mérely act as écattering centres for phonons, thus reducing

- the conductivity. The amount of reduction will depend on the.

shape, size, distribution and concentration of the pores. At
higher tsmperatures, enhancement of the conductivity may well
occur due to radiation across the pores and to conduction bj
the media within the pores. The latter may well be significant
in low densitj specimené where the gas Qélume will be large
and the pores may be large and irregular. However, in high
density specimens the pores are usually small and spherical,

and therefore the gas volume will be very small and any pore
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conduction,shouldﬂbe negligibie.
Several’equations for the conducti#ity 6f a two phase
medla containing one discontinuous phasé;have been obtained,
-Eucken (47) and Russell (48) derived éxpressions using
Maxwell’é (hs) relation:for conductors and resistors”"and'
both workers treaf isometric'(spheriéal and cubical) pores

with equal’dimensions in all three axes. Eucken gave

k= k(1—p+p(_~.§____?,)‘ | (1.35)

where p 1is the volume fraction of ﬁhe_diéconﬁinuaﬁs phase

(pores) af conductivity kg, kg 1s the conductivity of the

composite, and k ,that of the continuous Phase. Russell gave

' 24 L 3y § N
fn = Ko gg*U‘ - PQS1G(ﬂp— piﬁ)+ p)- ) ' (1.36)

where Q?is-the ratio of kc to_the conductivity of the air
(ka) in the pores. | . |

Loeb (50) derived an equation assuming that any pore
conduction.was due\td radiationfaéfdss fhe pores, He tookAinto ;'

account the distribution of pores, and obtained

k=X, ( (1 =p,) + P, D (1.37)
- pk, (U =p )} |
. - kd
- where P and p,_ are the pore veolume fractions in planes
that are perpendicular and longitudinal to the dlrectlon of .

heat flow respectlvely,
k, = &veda L o | (1.38)

¢ is Stefan's radiation.éonstant, e is the emissivity of the
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pores, d*is'ﬁhe.dimension‘of the pore in the direction of
heat flqwu‘éis a geometfiéal pore factor, and Tm is the mean.
absolute temperature. 7- -
All of these equations agree well upbo 30% porosities
according to Francl/Kingery (51), however they preferred to
use that of Loeb since 1t described fheir results from .
several ceramics mére accuratély. A
Since the equations of Loeb and Eucken ére those most often
quoted,for correcting theiconducti?ity data orf U0, , a com=
‘parisoﬁ of them would be useful. By assuming that the pore
conduction_(kd) is ﬁegligible coﬁpared.to that of_the solid
(kg s the following approximations can be made:
Loeb's equation reduces to _ |
Ky =k, (1 =p) o (1.39)
and Fucken's to
Kk =k, (1-1p) | (1440

: (1 + O, 5 )] :
Expanding equation 1.40 for p<0a.1 and ignoring all terms

greater than p in the'binomial expansion of (1 + O.SP) ~1 then,
the follow approximation is obtained

Ky =k (1= 1a55) - (1.041)
Thus there is an obvious discrepancy between the two approx-~ .
imations (eqe 139 and eqs. 1.41), where Loeb predichts a porosity
bcorreétion factor of unity whilsth Eucken‘predicts one of 1.5,
Both of these values are maximums, and sny significant
contribution from pore conduction (kd) will reduce these values,
Therefore, in normallsing the vesults, the pore correction

faector should be 1ess than or equal to 1. 5 and may even be 1ess

ithan unity.
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Since the equations given sbove are approximations,
more general forms are usually used. An empirical form of o

Loeb's equation thét is used most often for U0, is given as ' E
k., =%k, (1 -Bp) o * (1e42)
where g.is'some material constant depending on the geo-—

netry of the porosity,and_pis~unity for small, spherical

pores with p<0.1. The general Fform of RBucken's equation is

k, =k, (1-0p) - (1.u3)v
(1 + ot D) .

~where «is a geometrical ‘pore factor equal to (y - 1) for
P < 0.1. Bmancheria (52) derived the same equatlon using an
ellipsoidal pore mode;, and he gave a list of values of‘B_
depending on the poreishape. Bilancheria suggested that Loeb's
equation with g= 1 was only valid for very small poré cons-
centrations. Instead of usingwk (the conductivity of 100%T.D.
material) it is more common.tOAuse kqs (the conductivity of
95%T.D.) since it usually entails a smaller porosity carrection
{(p) and hence reduces the errof in p. In this case

P denslfy of 95%97,D, - density of porous materlal (1‘44)'
density.of 95%T.D.

Of the two equations (1.42 and 1.43), the one that-has
found preference is that of Loeb's, and values of\granging
from 1 to 4 have been reported for U0y by several authors
(35, 53~§6)° The I.A.BE.A, panel (38)»5uggested a pvalue of |
2.5 + 1.5 to»normalise the  conductivity values to 95%T&D.,
but they stated that at high tgmperatufes radiation across the'
pores would probably affect the value of . Ross (57) and

Mogard et al (36) used a4gvalue of 2, whereasijaerheim/.
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Rolstad (58).gavé-a higher value of ~3 For 0,96 and 0,98
dense rods. However, Kjaerheim/Rolstad prefefred,to use the
equation

: o . ‘
k= kioo(density) B 7(1vh5)

where (D is an empirical density correction factor. They
found this equation gave them mdre realigtic conduétivity
values for very low density Ffuel, and this equation was
identical to equation 1.42 for high density fuel. Van Crasynest
et al (45) used a value df;g:—ﬂ t0o normalise their results
to 1CO%T.D., and.Goldsmith/Douglas (59) found .g-to be constant
'and‘gave_a value of 2.8 i_O.& fbr stoichiometrie U0, and
1.5 + 0.7 for hyperstoichiometric oxide (Q/u1:'2.615)¢

' ‘Recently several authors have found{ato'be temperature
dependent. Van Craeynest/Stora (60) aobtained a temperature
dependent;éterm when measuring the thermal diffusivity of UQ,
from 50 - 1000°C for 72.3 to 100%T.D. They found g = 2.58 =
0.58,x 70734 (+°%C) put offered: no expl@ination for their
findings. Earlier, work by Asamoto et al (64) had found that
for low density.speciméns»the porosity correction factor de-
creased.withrincréasing temperature. This they attributed 4o
radiation'aoross and conduction ﬁy the pores., However, they
sald that.tﬁesévfactors were selfmlimiﬁing owing to dengifica-.
tion reducing the porosity at high temperatures. ﬁarino (62)
has recently studiéd the variation ofp‘with temperature and
yore shape, and he considéred both radiation across the pores
(kg) and conduction by the gas;cbntent of the pores (kg), The
ivariation offgwith temperature was found to be too small

between 300 - 490000 to be obtained from plots of 1/k sagainst
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T for pares contalning 20% H,/ 80% CO. However, from
mathematical considerations, it was found that temperature -
would have an increasing effec; on 8, and that for dise- |
shaped porosity this effect would be significant.

‘There appears to be a wide variation in the values
obtained'for{;; especially over whether it has a conétant
value of whether it varies with pore volume fraction and/or
temperature. Some authors have preferred to use the Eucken's.
equation 1.43 %o normalise their resultis. Gibby (63) used a
vélue of & = 0.5 to normalise their results to 96%$;D., whilst
Modré/MC Elray (64) used the same value to normalise to 100%T.D.
This value of « is of course équivalent to a pvalue 6f 15
for small §ore concentrations (p < 0.1). Hoﬁever,.Moore/Mc
Elroy pointed out thét their values could also be fitted by
uéing a @ value of 2. (Springer‘et al (L2) in:1968 selected o
values empirically té norﬁalise thelr values to 10047T.D. for
porosities,of 7 to 28%. .

It can be seen, therefore, that a difficulty has arisen

regaﬁding which normalising equétion.should.he used., 0f the

two ,that of Loeb's
iees k= kg (1 -pp)
seems to it the published data with values of 1<« B < e
Therefore, since this equation has found wide acceptance and

since some authors have observed a temperatureAdependent‘g

value, the results in this investigation will be normélisedA

by the above equatione.
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ii Stoichiometry

As stated in a previous thesis (1) several authors have
established that any alteration in the oxygén/ﬁranium fatio
from a value of 2.00 has a considerable effect on-the conduct-
ivity., The conductivity is seen to decrease with increasing
oxygen content, and thisjeffect has:beenAattributed to an |
increase in phonon and phoﬁon scattering by the excess. interstial
oxygen‘ions and the strain field associated with them. Also
at low temperatures the system will be a two phase one, i.e.

T < 350°G and Y4 < 2425 the system contains two phases UO,
énd U4Oqﬂ5.‘Therefore, any low te@perature me asurements will
reflect this change in the composition qf the system, This.
inerease in the conductivity with deereasing oxygen.ccntént
(i.ee o/ﬁ < 2,00) has been attributed to a significant
cgntribution from photon: heat transfer.

Very few authors have related the chénge in stoichiomeﬁry
to the measured conductivity in any quantitative way. For the
temperature 673°K and an o/ﬁ ratio change from 2,006 to 2.012,
Godfrey et al (441) géve a 5% reduction. in the conductivity,
whilst &éldsmith/Douglas (59) gave 7%. Obviously more work 1s

required in this field.
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CHAPTER 2
A. THEORY OF METHOD

The measufement of thermal diffusivity () needs a
- transient fIow method and. involves the applicatlon of a heat
pulse to one face of the specimen and the recording of the
time for this'pulse»to‘travel through the'speoimen. To min-
'imize errors the pulse mugt‘be'uniformly distributed over the
front face. af a"thin} parallel-sided specimen,. in.a time that .
is short compared to the rise time of the temperature of the
recar face, Under these conditions it is possible to assume
thgt there is one dimensiénal heat flow within the épecimen,
and, that i1f both faces are thermally insulated, that heat
losses are negligible.

The equation for.heat flow in three dimensions (x,y,z)
is the Fourier equation: |
AP = ¢t VT | ‘ (2,01)
b fr %r . Fr |

where VT = Sk * Sya2 f 32 o (2.02)
and T is temperature, t is time. This reduces for ane
dimensional heat flow to -
% - d-gi;ng | ‘ . (2.03)°
Assuming no heat losses and an initial temperature distrib-
ution of T(x,0), with both ends x=o0 and x =L thermally

1nsu1ated, equation (2 03) becomes

| o, | L o
T(x,t) = 1{_IT(X,O)dx + Lz (R 1_T:L‘xt) cos nzrxjo'l‘(x,o)cosmkdx'
' : °. n=l .

‘ (2.04)

Parker et al (65) in their analysis assume that a pulse

of radiant energy Q is uniformly distributed and instantaneously
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~absorbed to a small depth "g" at x =0. Then the temperature

distribution at O< x< g is T(x,0) = %E'g  (2.05)

and af g<x<i. is T(x,0) = ' o (2.,06)
Substitution into equatlon 2 Ou gives
‘l’(x t) = DCL [1+2 Zcos nﬂx .sin— “5 LeXp ( gl OCt) ] (2.07)
- | ng
/R

For opagque meterials' g 13 very small

sinAggg s ggg g “ | (2.08)

Then at x =L (the rear face)

T(L,t) = DCL (1 +2 E:( 1) exp (TE n'ﬂ 0c't) ) | | (2.,09)

n=1

To solve this equation, Parker et al (65) defined two

dimensionless;panameters

V{L,t) = _i.“;_). L (2l.1o)

where Tm is the maximum temperaturé rise of the rear face
. 2 . " )
and .. w =-I%%j ' (2.11)

Equation 2,09 then becomes , _ _
a .
V(L) =1 + 2 Z(~1)n (2.12)

This equatlon is plotited in flgure 2.01.

- If "w" is known, ”m" can; in theory, be obtained from
this graph for any value of'"Vﬂ. Tt can be seen that at V = 0.5,.l
W= 1.37 |

oL = (2.13)

.

*

\ N}
mlf!r‘;‘

‘where ty is the time for the rear face to reach half its
maximam temparatufe rise.
This analysis does not take into account the variation

of Mt with: temperature, and since the temperature transient




passés through the specimenfduring me asurement, an average diffu-
sivity value (&) ovef a tempefature range 1is oﬁviously»measurQ
ed. Parker et al (65) defined en effective temperature (Te)

for the‘specimenr

T, = 16T | o | (2.94)

, However,Aoné gehérally assumes that measurements are made at

ambient temperaﬁure” since‘Tﬁ rarely exceeds 2 ~‘5OC;>'

| The above analysis requires the enforcement of strict

‘ﬁoundary conditions, namely that ’

‘gf;the energy pulse is uniformly,distributed over the front

face ' '

il the measurement time is long compared with‘the heat
dissipation time; but short enoughvto enable'heat losses
to‘ﬁe-neglected

iii the temperaturé of-the specimen.is independent of heat
loss for a time comparable to- the ﬁransient time (66)

~iv heat iosses are sufficiently small so that energy trans-
fer is axially directed ' |

Under certaiﬁ circumstances these conditions may not he met,>

At low temperatures, thermal diffusivity increases, thus one

may be measuring a t% that is so small as té be comparable %o

the hegat pulse duration, and one must consider the use of

1oﬁger specimense.

At temperatures above 2000°C radiation heat losses are |
1iké1y to occur even‘in thin specimens. Heat will flow later-
allf'through the sides of +the speclmen and, depeﬁding on the
geometry of the specimén/specimen holder system used, one

may get heat losses through conduction at the points of contaét,
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Detailed analysis has been carried out of the effect of heat
losses: (67 - 71), both Parker/Jenkins  (67) and Cowan (68)‘
have 6btain¢d curves for differing degrees of heat loss, ahd
- an example of such a curve is giveﬁ in Pig. 2¢O1.'Parker/.
Jenkins (67) studied the effect of heat loss from one face of
the specimen, and CéwanA(68) extended this analysis to conSider)_:_
radiation lasses from two faces. | |

According to Cutler/Cheney (69) £he solution of Parker/
- Jenkins (67) can anly be applied accurately at lqﬁ ﬁempefatﬁrés'
where radiationzlossés.are almost zero. Cowan (68) considered.
the . case of'radiation losses from two faces of a thin dise,
‘where heat losses through the sidés of the specimen are
negligiblé compared to those from hoth faces. Then if heat
1osses.are.only from thermal radiation, Gowan~defineé two heat

logss parameters:
. 3. E ’ A
r = (T, /T, ) | v | 4 (2.15)

where T,- 1s the rear face temperature and T, the ambient

temperature‘in.on

and & = 2.3'x 10° (1/1000) (4 + %-) %?— s (2.16)

where £ is the leﬁgth:(cm), e is the emissiﬁity and 'k is the:
thermal conductivity (ergs/sec. ecm °K). As previously ﬁention»
ed, one can assume that T, = T, s thus for most prﬁctical
purposes r = 1. Cowan suggesﬁs the use of two experimental
ratios T(ﬂO‘t%)/ T(t%) and T(St%)/ T(t%), both of which

should equal 2 in the»ideal case, 1l.e., no heat losses. Cowan's
cur&es.éf W4flplotted against these ratios are.gi§en in fig.

2.02. a . , :
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Cape”aﬁd Lehman (TO)Iand Watt (71) have published more
detalled analyses, giving more complete general solutions.
' Whereas‘Watt gives only solutions for various step heating
functions, Cape and Lehmen give detailed numericalksolutions;

They define a heat loss parameter Y as follows:

- 2 ) ) , y
Y o= v (be) oy | | (2.17)
and Y, = hoe,. T kT L ‘(2018_)
. 3~ |
Y, = hoe,Tg.kK L1 | : (2.19) |

where c"1s the Steffan - Boltzmenn constant, e, and ¢ are
émissivities, and Y& and Yf are axial and radial parameters
_resp@ctively. T, is the temperature of measurement. By
determining an initialhéalue for "d“‘using w = 1,37, and using
this value of "' to calculate Y, one can obtain a correct
value of 'w" from fige. 2.01. From this one can recalculate a
true value for "e M. B -

Watt obtained anélytical solutions for différent shaped

heat pulses, such as for a Qquare pulse (correspondlng to a

laser pulse) of duratlon’r

V(L,t) = {1+ 2 S(- 1>“exp (= “)(ei <- -)-1) Je ;
. et el WU 4
o o (2.20)
L ' - | 3
where b, = w3, t/w ' | (2.21)

Taylor and Cape'(72) give an equatioﬁ similiar to équatioﬁ
2,21, They have also evaluated the change in " w " with the
ratio’ﬁ/tc.' |

. In calculating the results included ih this thesis,
the author has made use of Cowen's curves (as shown 1n fig.

2,02), Of the two curves shown, preference has been given %o
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the T (10t4)/ T (ty) and r = 1 curve. This can be seen to .
give a more accurate value than the T (5t%)/ T (t%) curve.
simply from the nature of the. two curves. The former is
flattef and thus allows a wider error in T (10t%)/ T (t%)_
without affecting the value of Wfﬁ*top much: -~ by éareful
measuremént one can measure t% to i.9.25~mm. therefore, for
T(10t%)' of 48.00 mm. to 48.50 mm., and T(t%) of 27.00 nm., the
“ratio is 1.78 to i.80. This gives an errorlin’wzﬁgof less than
3%. On the same figure 2,02, if T(5t%) lies between 53.00 mm.
“and 53.50 mm., with a T(t%) of 27,00 mm., the ratio is 1.96 to

1,98, This gives'an.error in.W/I'I'2 of 2%.

In recent yeérs thefe has been a movement towards the
measurement of thermal conductivity by thermal diffusivity
methbds, such as the Angstrom, laser - flash.and electron
beam methods, rather than by direétAmeasurement espegiglly
for high temperatures. Whereas in.ﬁhe direet method one is
measuring the quantity of heat flowing, in.the diffusivity -
method one is measﬁring the rate of heat flow. Thus the former
requires the accurate measufement-af temperatures at several
points, whereas the 1a£ter requires the measurement of the
duration of the heat fiow. Therefore, at high temperatﬁres,
measurement errors cam be large fdr direct methods” and such
errors are increased when one considers heat losses., Heal loss:
by radiation is proportional to (T~ 7 ), where T and T,
are tﬁe temperatures (°K) of the body and its enviroment.
‘This factor méy be larger for' the direct measurement method,
than for the diffusivity method since the measurement time of

the latter can be extremely small. Jain/Goel (73%) found large
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errors in some‘nuﬁlished conductivity data oﬁtained'using
direct methods. These errors were attributed to underestlma—'
tions of the heat losses. | |

Though the measurement of thefmalzconductivity at high
temperatures‘by the measurement of thermal diffusivity appeafs
t0 be prelferable to direét measurement, the former réquires
an accurate‘knOWledge of the specifiic heat of the body if
.accurate conductivity values are to be calculated. This can

be seen from the equation70.01.
k = CoD.

Most solid materials haﬁe their specific heat and its
variation with temperature well documented, and thus the
values of specific heat in yhe above -equation have been well
characterised. However, there is a wide vafiation in the avail-
sble specific heat data for a few materlals including uranium
dioxide ( see Chapter 4b ), and this detracts from the advant—
ages of using a diffusivity method. These advantages are
highlighted in Chapter 5 which deals with the. errors involved

in the laser - flash method used by the author.
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CHAPTER 2

B. EXPERIMENTAL TECHNIQUE

Description of the Equipment

A detailea descriptidn of the construction of the equip-
ment and, its use for meésurements:on;gfaphitg form part of
another Ph.D. thesis (2), and will, therefore, only be briefly
described here. The equipment has been designed to permit
meagsurements over the temﬁerature range 20 -»300000 using
gither vacuum or an inert gas atmosphere. The heat pulse source
is a ruby laser, and the specimen is raised to the meaSufement
temperature by induction heating. The tfansient is fecorded
by either a thermocouple (at 2006) or lead sulphide or indium
antimonide radiation detectors. A schematic'diagram is given
in fig. 2,03 and a picture in fig. 2.04. Details of the equip~
ment will be outlined under the following headings: |

1 Heating system. |
ii Detection. and measuring system.
1ii Vacuum/Pressure chamber.,
-and’the contributions made bj the author will be méntioned
under the section 'Comments'.

i Heating system

This cansisted of esgentially two things: a heat source.
providing the temperature fransient aﬁd induction heating the
sample to the desired température of measurement.

a) heat source:~ | _ ' ‘

A B diameter, solid state ruby laser (Bradley type 351)

supplied power in the range 5 - 400 Joules in a pulse of dis-
h

sipation'time 8 x 4107 sec. Temperature rises in the specimen
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of approximately 3°C were observed for 1 = 416 J heat inputs.
b) induction heatings-

The power to‘the induetion heating system wés supplied‘
by a‘fow impedance.valve operated generator (8tanelco - Thérm—
atron Type 20L). It was capable of delivering 25 kw, In order
to achieve dlose couplingAfor.high témperatures and fo.avoid '
containment problems, the heating coil was placed inside the

vacuum/pressure chamber.

1l Detection and messurement gsystem -

Since no one detector was capable of measuring temper-

‘ature transients over the whole range to be investigated, three

different‘detectors were used.

a) For room temperature>measurements a thermocouple was.
used with a modified. holder (see section L 'Commuents') and a
Fenlow AD&O3S operationa; amplifier to amplify its signal.’ A
This arrangement has the inherent difficulty that it introduces.
heat losses by conduction from the rear face, and it requires
good elecfrical contacf between the specimen and the thérmo-;

couple. It was, therefore, necessary to coat the rear faces

-of the specimens With a graphite pencil, as suggested b& R

Taylor (7L) and Iacobeili and Moretti (75). The problems
encountered im the use of this method are discussed In
section U 'Comments’ . |

b)° An indium antimonide photoconductive detector (Mullard.

ORP13) was used in the rangevﬁoﬂ'n AOOOGQ It must be cooled

by liquid nitrogen and was supplied mounted in a Dewar. Because

it had to be mounted vertically, it did affect the design of
the vacuum/pressure chamber., It had a maximum sensitivity to

radiation at wayelengths of 3Pto S}A, sq'it had to be used in
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conjunction with special caleium alumihate lenses and a
window which.transmit‘radiation.of these waveiengths. The de- -
tector had a dark cell resistance of 2kn and was used in a sim-
~ple Bridge circuit biased with a 9V supply. The outputs from
this bridge were in the fange 500 uv tdiemv and were fed
directly into the oscilloscope. ‘

¢) & lead sulphide photoconductive detector (Mullard 625V)
was used for the range 270O - 230000. It had optimum sensitivity'
to radiation of wavelength 3ps and so could be used in cone~
Junction with the quartz lenses éndaWindowo The detector had
a dark cell resistance of 2Mn and was used in a bridge circuit
biased with a 60V supply., However, since outputs from this.
bridge were only‘TQOmV -3mV depending on the temperature of.
.measurement , a small amplifier clircuit was incorporated intb
the system (see fig. 2;05). This had switched gains of X6,X12,
X148 - and XSd. It.was.foundfnecessary to. reduce the amount.-of
radiation falling on the detector by defocusaing, il.c. raisihg
the detector. Stray laser 1igh£ was prevented from reaching’ the
detector and_thus,possibly damaging it by the use of a silicon
filter pI&Qed on top of the right hahd window i the optical
system (fig. 2.0L). This filter cubts out all radiation below
i at temperatures above 100000. At even higher tempersatures
( ~ 1600°C) a neutral density filter was added ﬁo reduce the
radiation intensity to 10%. In +this way it was possible to
prevent the detector's resistaﬁce‘from falling so Tow an&
hence its current from rising to toc high a level that the
trace became sensitive to vibration and electrical interference.

The signals from these three SENSOrS were displayed on

one beam of a Tektronix 5024 dual beam oscilloscope; the other
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beam receiving<time pulses from a ""Tektronix fype 184 timef’
mark.generator. From the first beam t1 could be measured,
whilst the second beam was used to calibrate the flrsb. The
oscilloscope was. triggered from the laser unit,‘and a Polaroid :
land Camere was used to pﬁotograph the fwo beéms; An’example.
of a typical.photegraph ie.given later in fig. 2;10.

iii Vacuum/Pressure chamber .

Construction of the system.was to a large extent governed
by the use at low temperatures of an indium antimonide detector,
‘which had to be mounted veftically, The radiation from the rear
face of the specimen had to be bent through two right angles,
s0 the system was constructed in the form of an 'H' with the
lerft hand vertical arm, (the heating chamber)being larger thent
A‘the other. . w

The left hand arm was 12" internal diameter and 30"  high,
comprisang of & top vessel 21“ high which could be used for
maintenance and access purposes. This veusel.togethef with. the
tap‘flenge and the inductian flange at ﬁhe'rear Were a11 water
cooled. it contained three 4% dlameter portholes. one on the
l.hese for the entrance of the laser beam Whioh was deflected
down onto the specimen via a h5 glaes prism attached tq a
fixed shaft seal meuntea diametrieally opposite; one front
porthole to epable the temperature of the susceptor containing
the specimen to be measufed through the work coll using an '
optical pyrometer; aﬁd one spare porthole above at 900 to the
first for use should alternative measuring arrangements be
required. The internal flange on the‘base vegsel was only 7"

internal diameter to ensable the susceptor to be supported
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within the»induction colil on a simpie tripod arrangement; énd
ternable a ring support to be attachéd for the 8" focal 1engtﬁ
quartz or éalciuﬁ.aluminate lenses (see fig. 2.06). | w

| ééveral.systems were tried (see"commentsf)_ﬁéfore the
£final design of susceptor and support was evolved, fhe grapnite

suceptor was 13" diameter-by.é" long, and it contained the

gspecimen holder, which was initially " thick pyrolytié graphite
disc with a central hdle (reoessedﬁ1/32”) some 0,020" smaller
than the specimen.diameter.,A similar holder was madéTfrom
tungsten.for-use at high,temperatures'to eliminate the risk of
:.contaminationlof the specimen by the graphite holder. A -

graphite plug placed in the top of the susceptor cut off the

excess laser beam. The susceptor'was‘éupported inside thé:'
induction coil on a graphite cylihdef‘which.was\in‘turn mounted
on a 4" diameter base. This:wholé system of susceﬁtor éna base
“was supported on a tripod arraﬁgement, which itseIf~was support-
ed on the internal flange. The arrangement is shown.in fige2,06.>
| In the base of the l.h. vessel a.uiw by 3" elliptical, |
front alumlnlsed, silicon monoxide - coated mirror was mounted

at h5 « It was supported on four adgustabTe levelling SCrews,

and light eollectgd from the specimen rear face was_@cflebted
thrdugh a right ang;e via an iris diaphragm along the_horizdntaI 
tube to thé rgﬁ. chamber. Here the light was deflected through
a further right angle by'a similar mirror, and & quartz lens
(focal p01nt 1%) brought it to a focus. '

The induction coil was led into the rear of the l,h. _
chamher via a 6" diameter port, The coil.was 3/*|6"‘ nominal bore
copper tubing, and vacpum tight seals were made between: the

_copper tubing.and the port using elther a cast araldite plug
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or polytetrafluoroethylene (PeT.FoE. ) In both the coil was
rigidly supported. |
The temperatﬁre of the susceptof was‘measured using an

optical pyfometer sighted via the second Quartz-window ahove
onto a %”_diameter hole in the suséeptof. The measured values
(TE) were.cérrected for emissivity (e) and transmission through
“the window (tP) using_e = 0.95 for éarbonAand tr = 0.91 for
quartz. Fig;Z.O?‘shows the temperature correction-faétor for
each measured temperétufe (TB}; For temperatures less than
BOOQG.a chromel-alumel thermocouple was used, the leads for
which left‘tﬁe apparaﬁus via a broprietory coaxlial four-pin
lead through-mounted on a small flange at the front and bhase .
of ‘the 1.h. chamber. | “

_ An outlet inkthe horizontal arm was(donnected thréugh a
- baffle valve and liguid nitrogen trap ﬁo the vacuum system.
This consisted of an Edwards EOL diffusion pump backed by an?‘
E.S.15Q0 rotary pumn..The horizontal arm aiso supportevaifani
and Penning guages. An a2ir admission valve in the top flange
of‘the T.he chamber was used as the gas inlet when the system
was to be used under an inert . atmosphere, The Penning guage
waslthenrreplaced by a pressure guage. The whole assembly wa$

pressure tested ﬁo 10 atmospheres. of internal pressure. . .o

Comments, on_use of equipment

| The original high frequency set dld not provide a suff1~ 
clent temperature range, and initial measurements could only
be made in two stages¥ a) 800-1200° % using two phases and b)
1200~ 160000 using three phases. To achieve a wider range of

temperatures an asutotransformer was obtained so that, when it
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was coupled to the input side aof the H.F. set, the input volt-
age to the set could be varied from 0-LL4OV, It was then possible
to obtain.temperaturés from 500 to 2300%C in one‘operation;
’although ih:pracﬁice the range had to be covered in two stages -
since abave 860~900°C the therﬁpcoup}e that‘had heen used ta.
read the temperature of theAspecimen:had to be removed.

- It was hoped o obtain measuréments af room temperature-
_with the use of fhermécouples énd a speéial’graphite‘or Steel~ '
specimen*holder(?h). The thermocoup}e was scfewed tigﬁtly up
against the.rear faée of the Specimen, and when‘the holder was
‘inverted and placed in pdsition'tﬁe specimen was solely support~
ed by the thermocouple. Since it was also important to plaoe 
the thermocouple near the centre offthe specimen's rear face,
the difficulties in obtaining good electrical contact (between
the specimen»and the thermocouple) were considerable. However,
" the use of a graphite pencil to cover theArear Tace of the
specimen did improve the'eiectfical contact. Several sﬁecimens
were broken owing fo the thermbcouple‘beingAscrewed too tight-
ly in anAattembt to improve this contact and to hold the
specimen firmly. It was, therefore,‘decided not to pursue
measgrements at room temperature. A lower 1imit for measure-
ments was instead set by the specific heat curve to be used .
(lowest temperature ~ BOOQK see chapter Ub).

As mentioned previoﬁsly an autotransformer had been
purchaéed,in.an attempt to obtain temperatures in ekcess of
QOOOOK. However, the geﬁmetry_of the system (i.e. sﬁscéptor
and support design and coillsize) being used enabled only

ﬁemperaﬁures of the order of ZOOOUK‘to be reached. In order
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to get higher temperatures radiaﬁioniheat shields were tried;
using molybdenum or pyrolytic graphite foil. Howevef, these
shields tended to couple with the coil and thus prevented the
outer iayér of the susceptor from,coupling; Hence ﬁhe shields
became incandescent, whilst the susceptbr and specimen. remained
relati&ely cool. Consequentiy,‘sxots Ware cut in the shields
to prevenb them from coupllng, even s0 no sxgnlficant increase
in the maximum ﬁemperature was. observed. leferent susceptor/
support/coil geometries were tried until the finsl arrangement
(shown<previously in fig.2.06) was evolved. |

During this attempt td_obtéin.higher temperatures, prdﬁlems_A
arose due to the use of a vacuum. It was found neéeSsary fo |
.hold the vacuum at values,beloW' A~ 10-& Torr in order to preveﬁtA
sparking, and it was difficult . to malntaln such low pressures _
since the susceotors evolved occluded gases. and since at high
temperatures the vapour pressure of U0, is of the order of
TO-& Torr (see fig.2.08 affer Ackermann et al (76). The first
difficulty Was‘overéome by purging the suéceptors by sevéral
heating runs Prior to measuremént' the second (UOA #apour
pressure) proved more . difflcult ana it was ‘decided to use an.
argon. aﬁmosphere instead of a vacuum at hlgh temperatures.
‘waever, this proved unsuitable alnce gbove 1800 K sparking .
occurred between the coil: and the susceptor (‘the design of
which had not yet beenlfinaiised)é‘The alteration of the
geometry of t@e suSceptor4systeﬁ reduced the incildence of
‘sparking, but it was then foun& thaé at high temperatures th@
ogsellloscope trace fluctuated ifregulérlyo_Altefation of fhe

pressure of argon did not affect this observation, which was
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attrlbuted to convectlon currents whlch were causing a slight
temperature dlfference between the top and lower faces of the‘
specimen in the susceptor. Thus there was assumed to be &

small terniperature gradient aéross the spegimen with the rear . :
face being at the higher temperature. It waé, thereforé, decided
ﬁo alter the geometry of thé‘furnace for high temperature
measurements. | ‘

A new furnace was designed such that the coil could b@
wound around it and thus reduce the possibility of sparking
since the gas atmosphere would nat be in contact Wifh the coil.
It was. necessary to have this furnace held horizontally in’
order to eliminate the Yconvection' problem. This arrangemeﬁt
woﬁld also make alignment easier between the heat pulse source
at the front and the debection system at the rears It was
intended to'usé the existing susceptor (~ 2" dismeter) and
graphite felt as the insulating material. Since it was nec—
essary to get good coupling between the 0011 and the susceptor;.
they were to be as close together as possible therefore the
smallest>p0681bie tubing wés fo bé used. An alumina tube 2W
diamieter was 6btaihedAand water cOOledibrass-flanges were
designed to £it this tubé at eiﬁher eﬁd. A schematic diagram
is given in £ig.2.,09. No arrangement for?hﬁldiﬁg;ihe:speéimeﬁ
vertically had been finaliséd at tﬁis time.

_ While this furnace was being_made, the problems of spark-—
ing, fluctuating trace and high.temperatures were solved when
a helium atmésphere and the new susceptor design were itried.
Helium has a highef electrical strength than all other gases,

as can he seen from the Paschen curves givbn by Guseva (77)
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Also helium has one of the largest thermal conductivities of
the inert gases, second only to:hydrogen,énd it has a value
X9 that of argon. This should‘redupe the effect from conb.
vection since no large temperature difference should occur in
the helium in contact with the specimen. The addition of &
central tap from the‘H;F. se’ eoilwtd‘the furnace chamber
" reduced the vcltaée aﬁove’earth of the work coil insidé the
chamber, i.e. instead of having a voltage bhetween the‘work_
coill and the surroundings (susceptor) of V voits, one had a
voltage of‘i_v/z « This reduction in the voltage differencé
minimised still further the possibility of sparking, It there-
fore made future measurements under vacuum or argon poésible.
All high temperature measurements onlUOa were made ﬁsing‘anf
atmosphere of 2$~2h,peé.i. of high purity helium.

At all tempefatures Cawan's. correctlon for heat loss had
to be applied (see Chapter 2A). This,heat';ass correction
sometiméé;rose'as high as: hQ-H0% at very high temperatures.
The results with this correction:greater'than LO% were notv
used in this in&esﬁigatian;.Te=evéluateythé ccrfection.reduired
and to conserve Pqiarqid £ilm, two traces at different sweep
rates were taken on the same photcgraﬁh. Erom‘oneutrace t% was
measured and from the.other the ratio of TtTOt%) to T(t%) was
measured. The photograph was.maunteé an the rear-Of a printed
card, which also contalned the relevent information for the
calculation of the thermal conductivity. An example of a
typlcal trace and cardiis givenw In fig.2.10, These cards could

then.be.storedAfor future reference., =
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CHAPTER 3 |
SPECIMEN FPREPARATION

- For the purpose of this investigation it was necessary
to prepare specimens with varying pore volume fraoﬁionsAaﬁd
with varying stoichiomatries. The values of porosity and"
oxygen to uranium ratio were choseh such that théy not‘bnly_
encombassed those values.found~within.the reactor fuel bﬁt
also enabled sultable comparisons to be made with other authoﬁs.
In order to satisfy the last requirement the ranges,had t0. he
wldened to include values seldom found in the reactor, l.e.
oxygen to uranium rétios greater than 2,005 andipDEOSitieskbé&QW“
95-97% TuD. | |
AsInitiel Material

The initial investigétion was'fo~examine‘the effect of
porosity on.the'therﬁal conductivity, and considerable atten¥
tion has been devoted ﬁo the preparation of:the~spe¢imens:in
a previdus thesis (1). However, a review of this work may be
apprdpri&te here. -

To investigate the effect of pore leume fraction;
specimehsAwere 40 he prepared ﬁith densities in the range 90-
96% Te.D. A lower limit of arauh& 90%‘T.D, was: set since below
this value there is a tendency for exaggerated grain growth
to occur (78). A further drawback arises from the'tendency
for low density specimens to dénsify on subsequent heat treat-
ment (78)9From one batch of powder the specimens were prepared
by préssing»and sintering, and the folléwing‘densitieS'were
‘obtained: 95.89% T.D. (nomenclature 96), 93.16% T.D. (93°),
90,97% ToD. (91%). These specimens had ranQOmly‘distribuﬁed -

pores and their grain sizes lay in the range 4 t0 6 o
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Unfortunately, the specimens of 93I and 91I had too high an
impﬁriﬁy content of copper, for whiéh aﬁ-arbitrary tolsrance
level of 100 p.p.m. (ﬁarﬁs per million) had been set by the
U.K.AB.A, (78). It was necessary,Atherefore, o prepare new
batches in order that the effect of impurities could be dis-
regarded.‘Specimens were pfepared having dénsities of 94.89%
7.0, (94") and 91 . 112% T.D.»(91n), and they had grain sizes
around 8 j . . -

To Investigate the effect of effect of pore redistribution
én the thermal conductiviiy, specimens were prepared having
‘densities nominally 93% T.D. and 91% T.D. from the 96 (95.89%
T.D.) by holding some of thé;specj'.mens of 96 ai:‘1600°C in a
mixture of>9o vol.% carbon dioxide and 10_vol.% hydrogen.

The CO2 acts as an oxidiser with respect to the hydrogen, aﬁd-
thus oxygen diffuses. into the U0, lattice. This oxygen reacts
Withwthe~carbon'left_from the binder used during pressing,

and forms QO/CO; bubbles. Oﬁ”coolihg these bubbles form iso-
metric pores, and, siﬁce the carbon is finely dispersed aiong
the grain ﬁoundaries, théfpores‘form on grain boundaries and
at triple points. Also existing pores grow at the expense of
emaller ones thus intefgranular pores tend to disappeén, The
net effect is a reduction iﬁ fhe density of the original 96
material and a redistribution‘of the pores. By varying the
duration of thé procesé, aﬁy amount of reduction can be effected,
After 26 hours a density of 9&;&3% T.D. (nomenclature 969..)
was. obtained; after 90 hours 92.15% T.D. (nomsﬁclature 9691). .
A sidefeffeét of this process«was that the grain sizes

inereased by a factop of three to ~17 = 3O_P.‘It was also
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necessary to hold’tﬁe specimens in hydrogen at 1600°C for one
~hour, énd then at 1300°C for 2 - 6 hours iﬁvorderkfo effect
some réduction back to stoichiometry.‘ |
All the above saﬁple batches were made -in the form of
pellets 1.016cm. diameter 1.2?cm.(10ng. Initially specimens
0.152heme thick were sectioned from these discs-and used for
thermal diffuéivity determinations. At high temperatures t%
for these samples was about 0.5 sebonds. With this value éf
t1 ihordinately large heat losses occurred, necessitating’a"
heat correctlon of the order of 50% in the value of the constant
%th_ Moreover, the total sweep time was of the order of 5
seconds compared to. a more desirable time of €1 second, and
this meant that one had to wait 1qnger for equilibriunlcon&i-
tions, i._éb for when the trace would be stable enoﬁgh'for a
measurement to be taken. Therefore, to give more practicable
tf values (~ 0.05 = 0,10 seconds), further- specimens 0.0686cm,
long by 1.Q016cm, diameter were sectloned from the pellets.
Consilderations of thc optlcal arrangement of the system showed
that only radlatlcn_frcm the centre of the sample was collected
and focussed on the detector. Since the totsl heat loss from
the sample may include heat conducted into the samplé holder,
this should have a proportionately greater effect on the
‘conductiVity'measured ﬁsing a sample of smaller diameter.
(This is of special interést to the single crystal specimern,
see next section). Accordingiy samples 0.660lcm. diameter by
0.0686cm: long were preﬁared, and this represented a_uo%
reduction in the crossvsectibnal HPE &, betails of the specimens
and the sizes whichlwere-finally measufed are‘given in tables

31 and 3II.




Nomenclature Density|o/, Grain| Impurity Content (ppm. ) :
(g/cm"’g S U Igige
ratio (1) i

AH ipelsilor|¥i| Mg|calou |¢ X
96 10.51 2,001 4.6 |60|15|7 |2 | 15|17 |11 20|30
93* 10421 12.001|5.7 |65|25|7 |2 | 15|45|275 20|30
g4% 9.97 |2.001] 6 |60l25]7 |2 |15/48 (155 20|20
ou” 10,40 |2.001|8 9 |75/10(5 |3 [15]19| 35/20|20 |
91% 10.02 |2.,001| 8 80(3515 (2 {15[18 | 90|20|20 |
9694 10.35 - 117 '
9691 10,10 - |30

* above tolerance level of 100

TABLE 3.I.

ppm,.




SPECINEN SIZES

Type A - 1.016 cm. diameter by 0.1524 em. thick
Type B - 1,016 cm, diameter by 0.0686 cm. thick
Type C - 0.660hcm, diameter by 0.0686 cm. thick

Name . Type Tested
96 A,B,C
e . )
oL B
93% A,B,C
917 B
1 \
91 A,B,C
9694 A,B,C
9691 A,B,C
2006
96 2030 . B
2060
2006
I * -
93 2030 B
2060 |

TABLE 3. IT




B.‘Singie-cryStal _ ‘

Two single crystals'had been supplied (78), and it was
intended to cut sultable specimens for use in the laser —
flash apparatus. The thermal conductivity values obtained
£rom these specimens would be oP ééientific interest since
very 1iﬁtle work has been performed on single crystal Udé .
Hbﬁever, more‘:elevant to this investigation, the values would
‘provide a reference against which the poiycrystals could be
compared, i.e. the single crystal will have no resistivity
contribution from grain boundaries and porosity. An éttempt~
was made to cut a parallel-gided piece from one of thekcryétals
using & diamond cutting wheel. This was not successful, the
crystal breaking. It was decided, therefore, to use a microslicé:‘
annular saw which was known to be sble to cut discs of any -
thickness from the most brivtle oflmaterials,'Since this
machine was not available, the second single crystal was sent
to Metals Research to be cut into 0.0762em. and 0.1270cm.
thickAsliées on their annular.saw,’They managed to~6btain.two
discs each of these thicknesses plus one disc 0.025Lcm. thick.
Owidg to the irregular shape of the crystal, the cut discs were
of irrégular shape but were approximately 0.2cm. square. It
was: necessary to machine graphite holderé for them and graph;
ite lids for the susceptor. Then, using alfina file,. final
adjpstments;té the holders were made to ensure a betier Fit.
The discs used in the laser - flash apparatus were orientated
before and after measuremenfy and the results are given in
Chapfer;6,1. Any effect on the étructure caused elther during

cutting or durlng measurement would be observed from an exam~
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ination of the X-ray patterns.

C. Variation of °/u ratio

Subsequent to the investigaﬁion of the effect of porosit&,
it was decided to preparé specimens of higher oxygen content
and to investigate the effect of non-stoichiometry. Pellets
of 96 and 93# were sent to Springfields where they were cut
into discs 0.0686cm. thick and then held in a furnace at 1800°K
"Par L% hours in a carbqn,dioxide/carbon.monoxide atmosphere.

By varying the ratio of this gas mixture, the required amount

of oxidation was achieved:

a ratio of OQR/CO = 0.57 gave an.Q/u ratio of,2.006f
n b 1 = 1.198 » " H " 2,030
v " = 8,97 ¢ " " " 2.060

These values WBre fairly close to the ones required namely
2.0d5 - 2,05, This low value,5/2.065 was chosen since during
fisslon 1n a reactor the surplus oxygen must be shared between
the ﬁolybdenum and the uranium dioxilde, and one gets.UO2.003 % .
0.001 (thus 2.005 is a realistic value). The range 2.005 to
2,05 was chosen in order that the results could be used in a
comparison with results by other workers, il.e, one might bel
able to explain their results and the reason for the divergency
between them in terms of nonmétoichiometfy. It was felt that’
three dises of each.o/u ratio would be sufficient for measure-

%/u ratio, density and

‘ment of diffusivity and for post test
gréin size determinations. This proved to be a little optimistic
since £he sﬁecimeﬁ weight was less than 1gm. (the lower limit
for a stoichiometric analysis) and hence two specimens were

required for one stoichiometric analysis. This left one specimen
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fof density and grain size determinations. Thus, providing not
too many specimens were broken, and that all broken pieces

were collected, it was juét posgible to obtain all the informa-
“tion required to‘chapacterise the speciﬁens after'testing;
Unfortunately the bateh 96 with © ﬁ = 2,030 provided no
specimen for density or grain-size_deﬁerminations.

D. Tungsten coating

The final stage in the preparation of all the specimens
prior to their use in. the "flash™ apparatus required their
" being coated in tungsten on both front and rear faces. This
Qas done to ensure that all the heat from the laser was absorbed
in the surface layer, and that no heat was transmitted through
the specimen without belng first absorbed by it. This would
cause an incorrect higher diffusivity to be recorded. Other
research workers (L3, 79) ﬁaﬁe coated ﬁoa‘specimensAin tungsten
for this reason, however Bates (L43) noticed no difference in
his results on coated and uncoated polycrystalline specimens
upto 2500°C in argon. It was felt to be more important for
the single crystals which.would‘be more transparent by nature
than the polyérystals.(39).
A A schematic diasgram is given.in fig. 3.01. The specimens
were held in a vacuum of the order of fo““ Torr,. whilsf tungsﬁen
was.eyapofated onto them, By using a glass slide placed over
some of the holes in the holder, it was possible to determine
whether sufficient‘tungsten had been evaporated in order to
give an opaqué coating to the,specimeﬁs (a layerrJZOOOﬁ was
reqﬁired). The method of support left a region around the edée
of the discs which was not coated, however, this rim (< Ostom.)

was of the same order as that of the pyrolytic and tungsten




| e Uoszecimens;' o

L % v ~
; - | 3000°C.

electron ——____ .. . N\ L5

beam | T =red tungsten.

Y ] ﬂ‘ .
~ copper:

water- |1 A

cooled —— || <l — 7 kv,

hearth. = |

T_T

FIG.301Tungsten Coating.




53

holders iﬁ-the "flash"™ apparatus. USing-this method of support
upto six discs cauld he coated at any one time. The siﬁgle -
crystals were held onevat a time in a'vice - like holder, -
which enabled the whole face to be coated, i.af it left no
uncoated region. Initially, some of the high density discs
became very hot during the coéting operation, readhing about
EOOOC. Thﬁs the coating had to be performed in sﬁort bursts,
allowing the discs to cool sufficiently before applying anofher
layer of tungsten. There was a tendency for the tungsten
coating to flake off during measurement in the "flash" appara-
fﬁs. This occurred, however, only.amongst the early batches

of material to be coated, and no signs of any flaking were
found amongst subsequently coated specimens. Since the condi-
tions for coating did not alter, it was felt that the cause

of flaking lay in the purity of thertungsten. It may not have
been coating as a sufficiently fine vapour owing to impurities
such as occluded gases.

E. Metallography

Initial tests showed that the 'A' speéimens‘(see table
3II) had too large a t%_and this increased the possible
errors due to heat losses. The 'C'. specimens were too‘ﬂfagile
and most of them broke elther during measurement or during
handling. As a consequence only a few results were obtained
on 'C' specimens, and no complete runs were possible. Since
the 'B' specimens were producing consistent results and the
few results from the 'C! specimens were in very good agree-—
ment with these, it was decided to make use of the former
and disregard the‘latter, Also, the few values obtained

initially on 'A' specimens were slightly lower than those
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from the 'B' type, so these were disregarded as being less’
accurate. Consequently, post - test examinations were perform- .
ed only on ‘gt specimens.

When the tested specimens were examined under the\micro—
gcope, some cracking was found in. those which had bheen
mounted by hot pressing. Since cracks were not observed in
other specimens of the same category which had been cold
mounted, it was assumed that the method of mounting had caused
the éfacking, A few specimens did crack across their diameter
whilst being removed from the apﬁaratus after being tested,
but no cracks were found in these .specimens when the two
halves were ekamined. As a consequence of loss of specimens
due to cracking (during uahdling or in the room temperature
holder (see chapter 2B) ) and the need to send some away for
analysis, there were no épeéimens,of’9ﬂ1 or 96,2030 left for
metallography.

The remaining post test specimens were Polished on emery
paper and then 6y_and 1p diamond paste. Finally an attack
polish waé.performed usiné a sﬁspension.of alumina in hydrogen
peroxide (10%.by vol., HQOQ/QO%‘ﬁQO ) on a selvyt cloth. They
were etched in 95% vol. H,0,/5% vols H,SQ, at 60°C for’
approximately 10 to 15 seconds.

waensity measurements werekperformed prior to etching
using the quantimet. Since there was good contrast between
pores and matrix, consistentrresults were obhtained for each_‘
“specimen (i.e, ﬁithin 1% of éach other). It was not possiblé
to measure grain sizes using the quantimet, sinée the in-

strument relied on being able to differentiéte between the
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light intensities of the grain boundaries and the grains. In
these specimens considerable etch.pitting (and some grain tear-
out ) occurred causing the quantimet to register the pitting
as possible grain boundaries. Aﬁy attempt fo compensate for
this intergranular "grass'" led to results which could differ
by as»much as 300% (i.e. 5p to 15J&). For this reason grain
sizes were obitained by counting using a Vieckers microscope
‘and a magnification of X300, This technique was used in ref.t,.

Specimens were sent %o Springfields for stoichiometric
analysis, where the U6*‘ion concentration was measured by a
polarographié method. This method had the disadvantage that
it could not detect whether the specimens had gone hypo-
stoichiometric (°/u< 2.00), although it could state the oxygen/
uranium ratic to less than 2.001. i

Since the single crystals were too few in number and too
small, no stoichiometric or impurity content determinations
were possible. Therefore, no values have been quoted for
these parameters for the single crystals. However, in an
attempt to further characterise the crystals, X-ray patterns
were taken before and after measurement., Laue's back refleé—
tion method was used together. with white radiation. The
tungsten coating was removed from the single crystals by fine
emery papef priér to,theApost test Xfray analysis. The crystal
was then aligned on & goniometer so that one of thé two
pafallel-sided faces was ﬁerpendicular.to the X-ray beam and
3Cme from tﬁe anay £ilm. Values: of hOkv and 16ma were applied
across & tungsten tube in order to produce white radiation,
and suitable negatives were obtained after an exposure of.

.approximately 45 minutes. By using a Greninger chart and a
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Wulff neﬁ,‘the angles between the spots on the negatives
could be measured. The spots could then be brientated using
the anglé valueé given.by Mirkin (80). It was assumed that'
the»épot coinciding with the centre of the negative, or the
spot closest to the centre, was the spot caused by X-rays
being reflected from the front faee of the crystal An. example
of a typical negative and the crystal orientation are given
in fig. 6,01 Chapter 6.1, |
The results from the stoichlometric and metallographlc

analyses are given in Chapter 6 Table 6T.

| Further to this”mefallography, photomicrographs were
taken at a magnification of X300 using a Reichert microscope
and. these are given intchapﬁgf 6. For micrographs at large
magnifications (X1000 to X1500), the électron microscope‘and

secondary carbon replicas were used. The mounted specimens had

.their surfaces covered in a plastic layer, which on removal

was coated. in a fine layer of germanium and then in a thicker
1ayér of carbon. The layer of carbon and germanium (i.e;‘the
replica) was,saparated from the plastic by dissolving the

plastic in acetone. The releca ‘was then put onto a grld for

use in the electron mlcroscope. Uicrographs obtained from

~ these carbon replicas are shown in chapter 6.
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- CHAPIER
VARIABLES
The equations.béing used to calculate "o« ' and 'k' values
have already been gi{ren as o = (W/TTQ /t%) L*

r'.

and k = o.C.D

Qf the Variahles within these equations only C and L '
couldvnot be measufed diﬁectly in this thesis, every other
variable could be measured, (L in this context is not the
actual length measured but refers to the coefficient of linear
expansion required to correct the measured [ at 300 °k to L at
T K) These two variables must be Obtained from publisheﬁ data,
and the choloes and factors influéncing them are dlscussed

below.

Lha) Coefrficient of Linear Expansion

%%1 and by are easily obtained by direct me asure—
ment of the trace, and they have already been mentioned in
Chapters 3A and B. For an accurate determination,of the length
(L) it is necessary to know the coefficient of linear expan-—
éion of’UOQ .« Values quated in-the literature give values that

agree quite well:

Rough/Dickerson (81) 12.6 x 10“6 / % 800 - 125000
Krikorianm (82) 12.19 x 107° / % 25 - 1200%
Bradshaw/Mathews(83) 11.15 x 1'0'-6 / % 25 - 4750%
" Warde (8L) 11.2 x 10 / c 27 - 1260%
Baker/Baldock  (85) 9.4 x 10~% / % 20 - 2000%

A comparison of the values glven by Conway et al (86),
Burdick and Parker (87) and MéTEwan (88) are given in fig L.01.
This is not g true comparison since each guthor took their |
unit length ap different temperstures: Conway et al used L

at 2500, Bﬁrdick/Parker used L at 2700, and M® Ewan used L
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at 20°C. The vélue chosen for use iﬁ‘this thesié was that of.‘:
M Ewan, a cholce thét Was‘arbitrary.

The‘coefficient of linear expansion decrecases with in-
creasing O/ﬁ ratio, Murray/Thackray (89) show the difference
in this cOefficient-betweénzo/ufs of 2.00 and 2.13 to be 1%
at 500°K rising to 2% at 1200%K. The difference, therefore,
is very small, i.e. 8t the most of the order of 2%, and so
the abdve coefficlent was used for the non-stoichiometric

specimens as welle

Lb) Specific Heat

In order to caiculate thermaiwconductiVity (k) from the
measured thermal diffusivity values («), equation(ﬂniszused:

e, K(T) = o (T).C,(T). D
The density (D) is well described and is assumed to be cénstant
witﬁ~t¢mperature. Therefore, the computed cbnductivity values
will Dbe strongly influenced~by the specific heat values (Cp)
chosen. A large number of invegtigations have been carried |
out to determine the specific»heat of uranium dioxide.‘ﬁéwe#er,
- the results ténd to show quite é wide variation.

The most quoted déta is that of Moore/Kelley (90)'wha
used a drop method and Ffound Cplto increase steadilly with
temperature. Conway et al (86) a150=uséd a drop method, and
Conway/Hein © = (91) analysing the results found a more rapid

increase in CP with temperature than Moore/Kelley. Godfrey

‘ p’
and this equation fitted the values calculated from the data

et al (92) used published data 4o obtain an equation for C

of Popov et al (93), but was higher than that calculated

using Moore and Kelley's data, Ogard/Leary (9l) used drop
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calorimetry to get G U0, between 1338 - 2303°K. They applied
a least squares analysis to their enthalpy results, and chosé
the most suitable Cp equation. This equation agreed better with
the data of Moore/Kelley~than‘with that of Conway/Hein, so
they used the former and their 6wn equation to derive a final
enthalpy equation. Hein/Flagella (95) and Hein et. al (96)
used the drop technique (1200 - 3260°%K) plus a leaéﬁ sqﬁarés
analysis. They agreed well with Moore/Kelley and with Conway/
Hein but not with Qgard/Leary. More recently Affortit (97):
Leibowitz et al (98); Engel (99); Grgnvold et al (400); Hach
(101); Fredrickson/Chasanov (102) have all tried to define Gp;
U0, o Engel (99) and Affortit (97) both used thermal analysis
rather than drop calorimetry, and both, measured heat capacity
directly. Engel agrees well with‘Moore/Kelley. Afforﬁit gives -
values that differ greatly from those of other workers, being -
lower over the whole temperature range. The results. of Gregnvold
et al (100) and Fredrickson/Chasanov (402) agree fairly well -
the latter making the point that the results of Moore/Kelley
(96} and Hein/Flagella (95) were ohtained using'hypo ~ gnd
hyperstoiéhiometric specimens respectively.

Some of the results of the above workers are given in fig,.
L .02 alaong with the values-used. in’ this work, It can be seen
fromuthisAgrapn that the values show wide variation and diff-
erent trends and, the scatter is of the order of 8% at 1300°K,
rising to 26% at 2300°K. Shaw (103) observed that, though the
_Cp data of other workers"show?d wide variation, thelr heat
content measurements:were in good agreement. Since specific
heét is obtained by differentiating heat content with feSpect

to temperature:
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d(HT -
aT ,
(where HT is the enthalpy at TOK, H298 is the enthalpy at

298°K), the variation must lie in the form of the mathematical
expression chosen to‘deséribe the heat coﬁtent valﬁes. It can
‘be éeen, therefore, that there is é grealt need for direct
measurement of speeific heat, and the TAEA Panel (10L)
stressed the importance of obtaining high temperature-cp values.
hy'adiabaﬁic techni@ues rather than by enthalpy increment
determinations. Several authors have since obtained Gp by _
direct measurement (L, 97, 99). 7

Since.the wide variation in‘existing.cp data appearslto
be .eccasioned by selection of curve used for enﬁhalpy, it
was dqeided to collate all a&ailﬁble data. Accordingly éll 3
available enthalpy data for Uoi'was assembled in order to bhe
fitted ., using a‘computer'programme, t0o a polynomial expre=-
ssidn.frém whiéh,a new Gp curve could he obtained. A fourth.

order polynomial was adopted (Ainscaﬁgh (3) )t

(B = Hygg,p) = -h802.30 + 14.299T + 6.3679 x 407372 o

3.3357 x 107010 + 7.6990 x 107 1%%  (4.02)

(T°K)
which*on,differentiation gavest—- -
Cp = The299 + 142736 x 10707 - 10.0671 x 10~0p2 + 3.0776 %
107913 cal/mole®x o ' (14203)

This expression gave Cp to increase with temperature,.
whereas the Bth order polynomial gave a.élight decrease in.Cp
of the order of 0.66% between the temperatures 1000 - 1L00%K.
There is no theoretical reason for such a decrease in OD

except the choiee of the wrong polynomial, therefore the 5th
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\ .
- arder or aﬁove wefe.not used. Only the uth ofdér.curve is given .
in fig. h.bz (it is interesting to nqte7£hat the curve of-
Godfrey‘et‘al (92) shows a similar drop between 900 - 1300°K).

This O curve is in good agreement wmth bhe curves of >j
other authors, except those of Conway/ﬂeln (91) below 1700 K
Affortit (97) and Voore/helley (90) both of which are much
lower at high temperahures. It agrees Well with. FTagella/Helnj
'(95) and Godfrey et al. (92) at high temperatures. Thug it was
decided to use thxs calculated data to convert the d1f1u51vity
data 1nto conduot1v1ty values, ratherq£han to attempt any
direct measurement of SDGlelC heat of the uebt specimens. Th1s
‘would have rcqulred the use of a SpeclalISLd picce ol equlpment
and would have taken the author 1nto an area which, though ,
important, was felt to be outside the range of-thls 1nvest1gation.
Similarl&, since the‘cur§e obtained by Ainscough was in good
agreemeﬁt with other workers and since most’éf_the existing'
heat COnteﬁtidata on UO2 were'in'good:agréemént, it was felt
unneCQessary to use’faéilities.which:were available elsewhere.
Sucﬁ facilities may have‘confuséd the matter further by
prcducing contrasting specific heat data, and. it was felt that
Alnscough's curve would, describe the smec1f10 heat adequately.
,Obvmously if it had been oossjb1e, Jt ‘would have been in~
terestlng‘ho Qbhaln dlrect u9801flc heat measurements-on.hesﬁ.
specimens o see howAthey compared with fpose calculated by
Ainscough. | | 7

-Although this curve - was thought satlsfactovy for 3101Lh10~

- metric UOQ 5 1t can not be considered suitable fov use with

and. UO

the hyperstoichiom@tric samples (U02;060’ U0 2,006){

2,030
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since it has been shown that the specific heat increases with_r
increasing oxygen/uranium ratid due to an electronic contfibu-
" tion (ref. Hoch (101) ). Very little work has: been performed

to relate /4 ratio to G, s however Affortit/Marcon (4) and -
Gra#nveld et al (100) have supplied some Cprresults for selected
o/ﬁ fatios. Affortit/Marcon used a dynamic method to measure
directly the specific ﬁeat of several hyperstoichiometrie
semples between 1600°K and their melting point. Grgnvold et

al measured the specific heat of UO |

and U0 between

2,017 225U
300 -~ 1000° K u31ng adiabatie calorimetry. Both gave graphs of
speciflc heat agalnst temperature, but as yet no one has
equated Gp to /ﬁ ratioc. The values of Afiortit/Marcon were
considered very low (about 12% Iow at 2500 °K), therefore they
could nof_be used, bﬁt aS‘they were the only workers to give -
concerted dafa‘for hyperstoichiometric U0, their values have

: been used for comparison PUrpPoOsSES. |

It was decided to extrapolate thelr results to 500°Kvand

to use them to obtgin the ratios ? U02,O6O , C U02 030 and
Cp Ws,00  Op 092,00
c_ U0 .
62“302 - 006 +« These ratios could be used in conjunction with
P " 72600 .

the Cp U%% 00 vaiues of Ainscough (3) to arrive at the~requiréd

Cp UO2 060’ C UOz 030 and. cp 0029006valueso’ln.order ta do

this a graph of Affortit/Marcon's velues had to he plotted (Ffig.

h°03a) from which the ratios G U0, X/C vo coﬁld be

P 2,00
" calculated (using five temperature values and their three “x”
values, namely 2.10, 2.04 and 2.03). These ratios were plotted

as percentages against 0/u ratio (fig. L.03b), and consequently
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the ratio 5 U02+x/cp U0y oo for x = 2,060, 2.030 and 2.006
could be read off aﬁ_the five temperatures. These ratios, when
nmultiplied by the corresponding CP U‘O2 00 value of Ainscough

at each of the five temperatures, gave the absolute values of
Cp U02.060’ GIJ U02.030 and CP U02.006' These values are plotted
in fig. L.OL. Since the difference between the Values;of'cp
UOZ.OO of Ainscough and the calculated values of Cp UOZ.OOG

was only of the order of one percent, it was decided to use

the values of Ainscough for GP.UO2 00 when calculating the

thermal conductivity of the UOZ’OOG spécimens.
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CHAPTER 5
ERROR ANALYSIS

In examining‘ the errors in the eélculated Mee " and " kM
values,. it is important to separate those errors which are due
to direct measurement and those due to the use of unknown var—
iables (such as Cp and L,-éee chapter 5)., It is possible to
view these separately under the headings:

i gbsolute error in measurement of diffusivity

ii error in calculated conductivity

i Brror in <

Since the diffusivity is calculated from .

2
2= (Vi) N ey ~ C (5.01)
we get ; o
. In % = 1n W/TTZ + 21!\,1'1," 1!11,% (5,02
giving gst = 9 W/ﬁz)' + 20L - )t (5.03)
N Ry f
. 2
a) Jta t

Measurements carefully taken hy‘different ahservers
show that 't_‘li can be measured to- 4 0.2'5 mm. and since t%_ I.ay
in the range 10-20 mm., the error was given as lying 'be;tween
( + 1425 10 3 2.50)%.

b) }j_[___ 2 |
- The speclimen length of Q,.,70mm. could be measured to
& 0,005 mn@, thus giving ‘an‘ error of i O..‘/%. This length was .
corrected for different temperatures using M® Ewan's (88)
coefficient of linear expansion (chapter L4 figs L.01). The

error in reading from this curve is <« 1%, but the actual error
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~due to the use of this curve 1s indeterminate.
‘c) ("2 )

‘ The error in Géwén’s correction is rﬁore difficult
to calculaste. It depends on such factors as acf.ual value of
ty and the rate of heat loss, both of which will affect the
magnitude of A '}?(1017%)',_ i.e. the larger ti@ and the rate of
heat loss; the smaller AT(10’G1Z) and hence the larger the error
in measuring A‘T'('mt%)‘. Two traces were always measured, one A
from which 'Eja__ was. ohtained and another at Q.l or Q.5 times. the
sweep rate from which AT('I‘Ot%) wag ohtained. One feature ‘was-
“that as heat losses increase »tlhen t% may be lavger, I'ememb'ering

that in the ideal case (7

max) > 51;% but with increasing hegt

- losses t('l‘max) & 5’5_}5. Tvv9 cases are illustrated: |
case I At a temperature of 1300.°K gsome of the typical wvalues

measured were: ti ~ 8mm. &+ 0.1425 ,
2 -
AT, ~ L2 & 0.25mm, (1o AT(t,)~2% & Ou’125mm, )
a N

A T(Totji_) o~ (37925 to 36050) ., | = 0.25 mme
J. Brror in AT(TOtii)f = + 0.6% A

H

S Brror in AT(t4) 4 0. 5%
. L '+ 5%

.S Error in AT(*LO'&;%)/AT(t%) = & fel%
Paking this retio T /T - 1.75
then 173 < T /e < 477
From Cowan's curve this'givesf

290 < AT2< 4300

i.es Error in "T* = 4 0.4%

(It can he seen that this justifies the use of Tio /T, rather

than '*[755- '/T, as an error of 1% in Tio /T gives an error in w/ﬂz
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of + O.L4%, whereas an error of 1% in Ts,/'l‘ would give an
error of + 0.8% (taking Ty /‘i‘ ~ 1493 as a typical value).)

case II At a temperature of 2000°K some of the typical

values measured were : ti ~ 5¢25 + 0.125,
= .

’ | Toax ~ 39mm. £ O0.25mm. (ieee T = 19.5 &
O« $25mm. ) and T), = (1575 t0 13.50) + O25mm.
. Error in T, = & 1.9%
S, Error in T = & 0.6%
V. Error in Tio /T = + 2.3%

Teking T /7 = 0.7%

0.73 T/ < 0u77

From Cowan's curve this gives

. 1025 <W/Tr1 £ «1035
il.26 EPI'OI‘ in W/ﬂn = v 005%0

§ 0 TR Uhmeats SE San TEah aetayes WE St wzaa st
[P RS ELI AT B VG RIS S O G S

', Total error in of = 0.5 + 2(0.7) + (25) %
| = 4 L% (for by ~f0mm. )
Thls error im « is the error in each. measurement however
"che actual error im the curve fitting the « values over the :

whole temperature range will be less than &+ L%,

11 Error in k

k = C o‘me

D
a) c_):
RICN _ |
The error in Gp is, difficult to assess sinee the
values quoted by other abservers shiow a wide variation. As

stated in chapter 5, the curve chosen used the enthalpy results
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of other workers, thus ithe error is even harder to assesé.‘
waever,‘the-curve used éan be read to--i__0.0001 % E%E;/gOK,
thus giving a reading error of ~ 0.14% at BOOGK'and < 0.1
at T > 500%K. -
b) (3D )z |
The error in the density is of the orderlof 1%

for values between 9.9 to 10.5 g/ch‘

Y

Sy Error ink = (L + 0.1 + 1 )%
= x 5 %

The error in the best fit curve to all the k values

should be less than thls value.
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CHMPTER~6.

RESULTS

As was stéted in éhapter 3 only the results frbm the_'B'
specimens have been used,<since compﬂete_sets of resulfs.we?é
not obtained using the 'A' or '¢° specimens. Several specimens
were tested in each category in.ordef firstly:to ensﬁre
reproducibility of results and seoondly because it was. ne-
cessary ow1ng t0 specimens being broken on removal from.the
‘apparatuse. ‘ 'l~c

The results from post test metallagraphic aﬁd stoich~ |
iometric analyses are glven in table 6I. The densities were
checked using the quantimet and results were obtalned which
~ were within 1-2% of the pretest values. For this reason it
-Was»assﬁmed that the densitieévhad ﬁot altered during testing.
The densities for the non-stoichiometric specimens lay within
1-2% of the densities of the parent materials, i.e. 96 and 93 ’
so the densities of the parent materials were used for each
specimen. For the single crystal it was necessary to take
the average of several measurements all of which lay within
1% of each other.

The measurement of grain sizes showed that in nearly
every case there had been an increase of at least 106%_on.the
rretest values. Slince no pfetestlgrﬁin siée determinations had
been performed for the nonnst01ch10metrlc spec1mans, the values
for the parent materials of 4. 6ka0r 96 and 507}~f0r 93 had

been taken as the pretest grain 51zes for all non-stoichio=
‘metric specimens. The post test grain sizes for the non-
stoichiometric specimens showed an increase of 300—&00% on
these values. However, it was expected that the assumed pretest

values would be too small, since the grain sizes of the non=-




¥ Assumed values taken same as parent material

- no specimen

TABTE 6.1

NAME | DENSITY | pTt o/, RATIO GRAIN SIZE()| TOTAL |No. of
. ( g/cm3 ) IMPURITY| spe~

: (ppm.) |cimens

BEFORE AFTER | BEFORE AFTER tested

96 10.51  [.009L |2,001 {<2,001| 4.6 9.1 177 2

gl” 10,40 © | .0042 (2,001 [<2,001(8 9 [20.1 [202 2

93%  |10.21 L0194 2,001 {<2.001|5.7 8.9 |48l 2 4+ 1

. o A argon

91 10.02 .0377 |2,001 |<2.,001| & = |28s IE

91% 9.97 Lolh2l |2,004 l<2,001| 6 10 300 2

e 3 - * ’

9694 |10.35 2,001 |<2.001|17 17 177 o

9691 {10410 2.001%|<2,001{30 |30 [177% |3

S.X. 110.95 — - - - — 13
10.51°% 2.006 |<2.004|4.6% | 16.9 |177% )

96 10.54* 2,030 |<2.,002] * ¥ - " 2
10,51 2,060 |<2.,002| vF | 43,0 | 2
10.21% 2,006 {<2.004|5.7% | 16.0 [u8yu™ 5

93%  110.21% 5,030 |<2.001]| 16,0 4
10.,21% 2,060 |<2.001]| *® 20,0 2

4 P = \PSIS"’ \Px

Yas
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stoichiometric specimens would have altered by at least x2
during the 'non~stoichiometric' process. In this process the .
- parent materials of 96 and 931_had-been_held at 1800°K for

L% hours in order to obtain 0/u ratios of 2.006, 2.030 and

2.060, Thus it can be seen that the resal increase in grain size

during'testing was probably ~100-200%.

Results from the stoichiometric analysis showed that in
all cases the q/u ratio of the non~stoichiometric specimens
had decreased to values below 2,002, This fact had‘beén |
indicated during testing since; when éelected me asurements
were made an the cooling cycle for the specimens with D'/u =
2,060, higher diffusivity values had been abserved.

The measured values of thermal conductivity (k) were

fitted where possible by a regression analysis to the equations -

| Vg = a7 (6.008)
for T <1673%K |

3

and k = X(A+BT)"1 + OT (6.00Db)

where X is a coefficient ~ 1, for 5oo°1c<"r<z5oo°1{.

Thé firsé equation applied to that range of the results.’
where it could ﬁe assuméd that phonon conduction was tﬁe pre-
dominant conduction mechanism, The range‘was obtained by
observing the curve of 1/k’égainst T ahd-seledting the {tem-
perature at whiéh the 1/k values began to deviate Lrom the
linear form ?(kctT. This temperature was found to be <1673°K
for the sﬁecimens 96,9&“,931,913,911,969u.and 9691, but
varied'for the nonmstoichiénwtric ones, The second'equation
(6,00b)‘assuméd.that the deviation;from Iinearity was due

solely to conduction by radiation, and hence the results
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3 term. This will be shown to. be inappro-

were fitted using a CT
priate as the calculated curve did not fit the results very
well (see chapter 7).
The results are presented under the following headings:
1 Single Crystal |

2 Effect of Porosity B

3 Effect of non-stoichiometry
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6. 1 Single Crystal

Td‘characterise the crystal more fully X-ray péttérns
were teken before and éfter testing using Laue's back reflec—
tion:techniéue (see chapter 3d). These patterns gave useful .
information concerning thé orientatign'of the front faée and
indicated whether any strain had beén produced in the crystal
durihg diffusivity measurement. An example of a typicalkx—ray
pattern is given in fig. 6.01a. By indexing the X-ray points
iﬁ was,poséihle to orientate the crystal (see fig. 6.01b),
and the front face is shown to be close to (519). By comparing
patterns before and after it couldrbe-éeen‘that there had
been no change within the crystal during testing.

Two specimens of different thicknesses 030"  and 050"
were tested, and thé-results were in'completekagreement with
each other. |

Tig. 6.02a, shows the plot ofcqagéinst T and includes fhe‘
values quoted for Montgomery (105). | .
Fig. 6.0éb.«shows the plots of k and j/k against T where

the broken line represents

1% = =(1.36 £ 1.20) + (2.26°% 0.10) x 40727 _(w/cm"k:)‘-‘*
| " (6.01)
for T < 1673°K
.?he SDIid iines represent the k and 1/k values giveﬁ by
the full equation for 600 -~ 2000°K. of:

k = V(21,39 + 2430 x 10721) + 3.68 x 10~° 7% w/em’K
(6.02)

where 1 = 2,258 x 1077 w/cmOK
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6. 2 Effect of Porosity

The results afe presented in order of decreasing density;
and they will consist of a characterisation of the épecimen .
on one page facing photomicrographs on the other. The folioﬁ—
ing page holds bofh the thérmal diffﬁsivity and‘thermal conduct-~
ivity curves‘platted against temperature., Unfértunately,‘there

were no specimens of 94" for metallography, hence there is no

photomicerograph of this density.
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Density = 10.51 g/cma»
O/u ratio before = 2,001
w W apter = <2,001
Grain size before = M’GJA
W t after = 910
Total impurity level = 5779Pm
The microgfaphs in fig. 6.03 shows that the porosity is
mostly spherical and véry small.(<? jﬂ-in diameter). Fig. 6.03b
is a secondary carbon replica,. ‘ |

A regression analyéis_an'the‘results below 1673°K gave
1/k = (5.57 & 0;35) + (2.02 & 0.03) x 1072 ¢ (w/cmOK)"1

(6.03)
The complete equation. for LOO - EEOOOK Was

k = 1/(5,58 + 2,02 X 107°T) + 1497 x 107" 1?  w/em®k
| (6.04)
with 1o = 1.09 x 107° w/en®K |
Fige. 6.04a shows the plot of ¢/ against T, and f£ig. 6.04b
gshows the plots of k and 1/k against T. The broken line

represents equation 6;03, and the solid lines represent the

k and 1/ values given by equation 6.0l
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b) o
Density = 10.40 gfem’
o/ﬁ'ratiorbefore = 2,001
S " after = <2,001

Grain size before =48.9JA
B o after = 20.?..1. d*‘
Total impurity level = 202 ppm.

The micrographs in fig. 6.05 show: that the porosity is
evenly dlstributed and moétly spherical (5 - 15, in diameter),
There is some large porosity which is irregular with dismeters
of the order of QQ}\. Some of this porosity could:be dué to

grain tear out which may have occurred during polishing.

A regression analysis on the results below 16730K gave
the equation |
Ve = (6,15 £ 0.23) + (2015  0,02) x 107" ¢ (w/en®x)™!
- | (6.05)
The full equation for 500 — 2200°K was |
x = V(621 « 2019 x 10~ T) + 3.52 x f07 07 w/en®K
‘ (6.06)
with 10 = 0,73 x 107" w/onK. |
Fig. 6.006a shows the plot of "' against T. In fig. 6.06Db

the broken line represents equation 6.05, and the solid lines

represent the values of k and 1/k given by equation 6,06.
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Density = 10.21 g/em’
o/u ratio béfore = 2,001

"’ " after

i

< 2,001 -
Grain size hefore =’5Q7JA
oW after = 8.9 .
Total impurity level =:h8u‘ppm%%
“(* This high impurity level reflects the high copper content
(275 ppm) ). | |
The micrographs.in.fig. 6.07 show:. that the porosity is
spherical and mostly less than 1qr.in.diameﬁér. The porosity

is evenly distributed.

" Fig. 6,088 shows the plot of « against T.
" A regression analysis was applied to the results as follows:
for T < 1673°K ‘
e, ‘ -2 ' -
1/1«: = (716 % 0422) + (211 % 0.02) x 1077 T  (w/em®K) L

(6.07)
for 500<T < 2400°K

K = V(7216 % 2041 £ 1077 0) + 0,73 x 10-°107  w/en®K
(6.08)
with 1o = 0,61 x 1077 w/en®kc
These equations are plotted in fig. 6.08b, with the

broken line representing equation 6.07, and the solid lines

representing k and 1/k giﬁeﬁ by equation 6,08,
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a) 91"
Density = 10,02 g/em’ '
o/u ratio before' = 2,001
w o after = < 2,001
Gréin size before = 8 ju

w *  after = —
Total impurity level = 285 ppm (90 ppm of copper)
There was no specimen for post test grain size- or dehsity

measurements, therefore no porosity assessments could be made.

Fig. 6.09a shows the plot of ol agalnst T, and fig. 6. O9b
shows the. Plots of hoth k and 1/k against T, The broken line

in flg. 6.09b represents the equation
ﬁ/k (769 + 0.54) + (2.10 +-0 05) x 10 2 (w/émcK)“T
(6.09)
for T < 1673°K.
The solid lines represent the full equation for k and 1/k
between 500 - 2500%K given by
k= (7,76 + 2012 x 107 1) & 3.55 x 107" 1% w/en’x
. (6.10)
with 1 @ = 1.26 x 10> w/em®K. |
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' T
e 94
Density = 9.97 g/em’
9/4 ratio before = 2.001

o™ affer = < 2,001
Grain size before = 6 A
i . after = 10,.

Total impurity level = 322ppm (155 ppm of copper).
The micrographs in fig. 6.10 show that the pores are spherical

and of the order of QQF»in diameter,

Fig. 6.11a shows the plot of oL against T . ‘
Fig. 6.11b shows the plot of both k and 1/k against T where

the broken line represents the equation.

Vi o (7.02 & 0418) # (2416 & 0.02) x 107" T (w/cmk)™"
(6.11)
ror T <1673°K.
The solid lines represent the full eguation for k and ﬂ/k
between 500 ~ 2L00°K given by
k = 1/(7606=+ 2417 ?C.'IAO'—2 T) +»1.93 x 10”23 w/em®K
’ - (6412)
. . -3 :
with 13 = 0.62 x 10 w/emn’K.




x300.

xIOOO.

FIG.610. 911



g) -
~Br ‘!
™
O
Lt
X L .
o .
o 12 *
€ .
}_{ .
T .ﬂ.
X o
t
8r )
4 i 1 __ A 1 L 1 A i 1 ’
T 600 1000 1400 1800 2200
' : 4]
Q). «IT. Temperature K
70k 148
60k
140
™ -
Q ol 1 F
% _ —
“ 2
o S
g 4132 g
=~ 40 ?
s
30r 124
201 . :
1 1 1, l 1 1 1 1 16
300 600 . 1000 1800 2200 25:00

53) K/ T Temperature °K.

FIG. 6’11 o1 .




78

£y ,969
Density = 10.35 g/cm3
°/u ratio before = 2.00x
w M after = < 2,004
Gréin size before = 17JA
" aPter = 1?\P;

Total impurity le#el = 177 ppm
This material was originally 96 which had had its pore
volume fractioﬁ increased and its pbrosity redistributed to
lie moétly at triple points and on grain boundaries. The
micrographs in fig. 6,12‘show this redistribution, and the

pores are spherical with diameters 5 = 1Q}~.

Fig. 6.13a shows the plot of &« against T .
Fig. 6;13b shows the plots of both k and 1/k against T. The

broken line represents the equationifof T <116730K gliven as

Vi = (6066 £ 0.37) + (1.97 £ 0,03) x 10722 (w/en®k)™"

| © (6.13)
The solid llne in flga 6.13b represents the full equaulon for
1/k and k betwesen 500 - 23OOOK given by

133

i = (6,74 % 4,98 x 1072 T) & 2,01 x 10720 w/ cm K

(6°1u)

-

with 10 = 1.00 x 1077 w/en’K,
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Density = 10.10 g/cm3
o/u ratio before = 2.001

1l after =< 2.001
Grain size before = 307

Ry i} after = 30 ;jI»
Total impurity level = 177 ppm

This material was originally 96 which had had its porosity
increased and redistributed mostly at triple points and on
grain boundaries. The porosity was mostly spherical and less
than 20j>in diameter as is shown in the micrographs in fig.

6.1U.

Fig. 6.15a shows the plot of against T.
Fig. 6.15b shows the plot of k and against T, where the

broken line represents the equation for T < 1673°K given as:

1/k = (7.39 +0.27) + (1.93 +0.02) x 10-1 X (w/cm°K)-1

(6.15)

The solid line represents the full equation for k and k

between 500 - 2300°K given by
k = 7/(7.t.1 + 1.93 x10 T)+1.hh.x10- T3 w/cm°K

(6.16)
with 1tr = 0.98 x 10"3 w/cm°K.
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6. 3 Effect of Non-Stoichiometry

The results are presented in the following order:

8.) 96 . O/u = 2.006‘
b)Y /% = 2.030
¢ w o 7y = 2,060

a) 935 % = 2,006
e) o/ = 2.030
£) n Q/u = 2,060
Fach section contains a history of the material, micrographs
and two graphs as in the preceeding section 6.2, ALl of the
specimens lost nearly all of their excess oxygen during testing
as can»be>seén from the.post test analysis. This was confirmed

by selective measurements taken on the 2.060 specimens duringA

cooling.
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2) 96 /4 = 2,006

Thevo‘u ratio altered from 2.006 to =< 2,001 during
teéting.vThe micrograph in‘fig. 6.16~shows‘ﬁhaﬁ some of the
porosity is irregular in shape ( ~ 30y in diameter), but
most of the pores are spherical and ~453;in diémeter'oﬁ grain

bdundaries and at triple points..

Fig. 6.172 shows the plot of « against Tj and fig, 6.1?b
shows. X and 1/k'against T. The broken line in fig.’6.1?b

represents the equation for T-<:1573°K given by -
1/ -2 [ ‘ OT -1
k = (8,80 1 0.40) + (1,99 + 0, Ou) x 107" 7  (w/em’K).

(6.17)
The solid 11H8b in fig. 6. 17b represent the full equatlon fov ‘
-k and 1/k between 500 ~ 2350 K given ‘Tbys

k= /(8,90 + 2,01 x 1072 ) + 477 x 107707 w/en’k

: . (6.18)
with 10 = 0,97 x 10™°  w/en’x |
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b) 96 /1 = 2,030

The Q/ﬁ ratio altered from 2, 030 to << 2,002 durlng
testing. There was no specimen Lor post test density or grain
slze determinations, and consequently the values for the |
original 96 material were used where necessarye.

Fig. 6. 18a shows the plot of o .against T, and fig° 6.18b
shows those of X and 1/k against T. It can be seen that a
.definite change in slope occurs between 700 - 750 K, which is
more noticeable in the plot of 1/k against T, This is due to
a phase change which is discussed in the next chapter.

In fig. 6.18b the broken line represents the equationf‘
V = (13.50 &+ 2.46) + (1.83 i_o,zu) X‘10~% T (w/cmoK)—1
o (6.19)

for 753K < T < 1373%K |
The solid line represents ﬁhe full equation Tor k and 1/k
between 753 - 21403°K given by:

k = ‘/(13 8l ¢ 1o 88 x 107 T) + 6. 13 x 10”7 ? w/en’K

' (6.20)
with 1o = 1.3k x 1077 w/em’K.
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| ¢) 96 %y - 2.060
The Q/Q ratio had altered frdm 2;060 to £ 2,002 during
-testing. The micrograph in fig. 6.19 shows that the porosity
is,mosfly spherical (dismeter of <15JA) lying at triple points
and on grain boundaries. There are a few large sphefical pores

of ~ 2Q”_in diameter.

Fig. 6.20a shows the plot ofo against T, and it includes;
the values obtained on thé cooling cyéle. These values show
an increase in the thermal diffusivity at lower temperatures,
the values approach those given in the prece-ding section
6.20a for stoichiometric 96, This inerease can, therefore,
be associated with a reduction in the ™u ratio, and further
fproof iSbfound in the post test stoichiometric analysis.

. Pig, 6,20ﬁ shows the plots of k (dots) and 1/£ (crosses)
against T, Both curves show a gradient éhange<between 700 -
BOOOK, and this is due to a phase'change which will be dis-—
cuséédxin'chapter 7. Since the shape of the curves is so
irregular, it was impossible to apply a regression analysis
to any section of the results with any certainty. Instead a
best-L£1it curve was drawn for use in the discussion chapter,
where a curve comparing the 'k' values for the non-stoichio~.

metric specimens was required,
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a). 93" % - 2,006

The %u ratio had altered from 2,006 to < 2,001 during
testing.. From the micrograph in fig. 6.21 it can be seen that
the porosity is spherical ( ~ ZQH,ln diameter) and 1y1ng

'mostly at triple points and on,graln boundaries.

Fig. 6.22a shows a plot of o against T, and fig. 6.22b
‘shows the plots of hoth k and 1/k against T. The broken line

represents the equation for T <:1573°K

7 = (11619 # 0439) + (2,04 % 0.38) x 107" (w/em®k) ™

| (6.21)
The_solid line represents the full equation for k and 1/k
between 526 -2&50°K_given by

k= (11235 4 2,07 x 1077 1) & Lali0 x 1670 w/em®K

A , (6.22)
with 1o = 0.80 x 1077 w/en’K,
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e) 93° 9y . 2,0%0

Thelo/ﬁ ratio had altered from 2.030 to <2.001 during 
testing. From the micrograph in fig. 6.23.it can be seen that-

| the porosity is large and spherical,

Fig. 6.2Lha shows the plot of « against T, and fig.'6.éub
shows the plots of kX and i/k against T.-The plot of 1/k againét
T'shéws a siight change in the curve around TOOOK, and this
will be discussed later. | |

The broken line in fig. 6.24b represents the equation

1/k = 12,98 + 2,02 x 10”7 (w/cm°K)”' _ (6.23)
for 753 - 1373°K. | '
‘The solid lines represent the full equation for k and 1Vk
between 753 ~ 2&23°K given by A |
! - -3 .
k=1 42,98 + 2.02 x 1077 T 4 8,70 x 107 77 w/em®K
(6.24)
These equations (6423 and 6.2)1) were obtained using a best-~

'fit curve since there was insufficient time to perform a

regression analysis on the recalculated values of "w' and "k'.
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) 93% °4 - 2,060

Tﬁe %y ratio had altered from 2,060 to < 24001 during
tésting. From the micrograph in fig. 6.25 it can bé seen that
the porosity is large and spherical with diameters of thé
order“cf_2ojk. It lies mqstly on grain boundaries and at triple

.points.

Pig. 6.26a shows the plot of « against T and includeé
values taken during the cooling eycle. These values sﬁow an
enhanged diffuéiyiﬁy at lower temperatures, approaching the
values for stoichiometric 9_3:E » This enhancement can be
attributed to a reduction in the 0/u ratio.

Fig. 6.26b shows the plots of k and 1/k against T, and
both curves show a significant change in slope around 725°K.
This willhbe discussed in the next chapter. Since the curves
are sd irregular, it was impossible to appiy a regression
analysis to the values, and so a best-fit curve was used in

the discussion when a comparison of the 'k' curves was required.
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- CHAPTER 7
DISCUSSION

+) Effect of Porosity

a) Variation of k with pore distribution

The two batches 9694 and 9691, which were manufactured
from 96, gave thermal conductivity values that were higher than
those of the specimens with similar densities, i.e. the 93T,
©91%, 94" and 91%. In both cases the values of the 969l and
9691 lay very close to the values of théir parent material
(96); there being a difference of ~ 5.5% at 7500K and 2% at
2000°K. This indicates that, since the major portion of the
porosity in the 9694 and 9691 lay at triple points and on
graln boundaries, such porosity has less thermsl resistance
than porosity randomly. distributed - this=being the pnly
difference‘beiWeen the 9694 and 9691 and the other specimens,
In faet,lwhen~considering only the intérgranular porosit&,
the 9694 and 9691 may have densities‘very close to that of
the ofiginal 96 material from which they were manufaétured.

It is seen, therefore, that pore distribution has an
important effect on the thermal conductivity, with pores on
grain boundaries and at triple points havihg very little
effect.on'theAconductivity. For this reason the 9694 and
9691 values‘héve beeﬁ ignored in the subsequent analysis on
the effect of pore volume‘fraﬁtion. I% is important to note
that-in this analysis'wheh using the YA' and ‘B’:valﬂes.for
all specimens (except 9694 and 9691) the effect of any Aiff-
evences in distribution has been disregardéd, i.e. 1t has been
assumed that the porosity distribuﬁion in each specimen is

the same,
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b) Variation of ¥k with pore volume fraction

A1l of the data given in the. prece-ding chapter were

fitted upﬁo:1673°K’to the equation
,1/1.‘m = &y + BT | (7.01)
Assuming a relationship of the form '
ky =kgg(1 =pp) - (7.02)

where p =(density of 95% T.D. = density of specimen)
' density of 95% TeDe

(7.03)
it can be seen that |
Kk, = _(1=~8p) = 1 (7.04)
Ags * Bgg® Ay Byl
i.e. Ay = Agg /(1 =p2) | (7.05a)
By = Bgs /(1 -8 p) | ~ "~ (7.05D)

I+ would be expected that the value of 'A& should reflect
contributions to the ﬁhermal registivity from such features
as point defects, grain‘boundaries, impurities é& well as
porositys. Since there is very little variation except in the
pore volume fraction and only slightly in the impurity levels
~of the apeciméns, it would be ekpeéted that the 'A' values
should reflect the differences in porosity, and fhﬁs the:
equation for 'A ' should be significant. The vealues of 'B'
‘should reflect thé contribution to tﬁe resistivity sclelj due
ﬁo.Umklépp-proceSSes (see Chapter 1. A), and thus the values
of 'B' should be unigue. | |

Before this analysis'éould be'pursued; 1t was hecessary
to assume that all the pores within each specimen behave in

a similar manner with regard to any effect they may have on
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the thermal eonduétivityQ‘For this reasdn the values obtained
on the 969L and 9691 specimens were excluded from the analysis
and from any comparisoné made later witﬁ other publishedkdata.
Similarly the single érystal values were not included in this
enalysis since nelther their stoichiometry nor their impurity
concentration had been determined, Aisd the single crystal
values>wou1dvnot contain a contribution to the resistivity
from grain boundaries, and this would exclude the use of these -
values from any direct comparison with . the values-of\thémother
specimens.,

To test the equations in 7.05a and'ﬁ; plots of 'A' and
_'B’ against pore voiume fraction were made, using the data
given in table 7 I. These ﬁlots are given in figs; 7.01a and
701D, Ey‘least squares analysis,Astraight line fits were

obtained as follows:

A, = 6416 + 30,5Up (w/en®k )T (7.06a)
B, = 0.0208 +0,0140p  (w/cm)™" (7.06D)

These equations reduce to
A =6.16 (1 + 1.96D) ’ (7.07a)

B =0.0208 (1 + 0.67p) (7.07b) B

where A95 = 6,16 (w/cm?K)&1 . 895 =0,0208 (w/cm)"ﬂ

These equations 7.07a and 7.07b can be equated to équatiéns-
7.05a and 7.05b respectively, and this ylelds values of_g =
496 for 'AT and § = 0,67 Tor 'B"(neglecting all third order
terms in the expansion of (4A~:9p)m1). These values seem to
indicate that there d1s a fault in the above analysis, as one

would have expected the values of 'A' and 'BY to give the same




NAME A .(W/CITIOK)_1 B (w/cm)-'1

96 5057 % 0433 »0202 + 0003

9y | 6415 & 0.23 +0215 + ,0002
93+ 7.16 & 0.22 | .0211 + .0002
91 7.69 4 0.54 | L0210 + +0005
91+ 7,02 4 0,18 .0216 3 0002
SX -‘f.36 4 1420 | 0226 1+ 0010
95 | 6.074 .| .0208 A

100 h.65 D | 201 &

2.006 | 8.80 & 040 | .0199 + .0004 |
96 2,030 | 13.50 & 2.46 | .0183 + 0024 |

2,060 | 33.50%F —

2,006 | 11.19 & 0.39 | 0204 % .000L
93T 2.030 | 12.98%* L0202 %%

" 2,060 10.80%

Values taken. from k = (A + B‘I‘)-1 equation
#* extrapolated value at T = 0°K from single phase region
A Caloulated values |

¥ ¥ Recalculated values.'. no scatter band
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value of%f. In equation 7.04

Ags + Bg
(1 -43p§

'#? may be temperature dependent, aﬁd this would mean that -

A, + BT = T

'A' and 'B' would vary in a more complex way with pore volume
fraction.
Substituting the values obtained Tfor 'Am' and 'Bm', equation

7.0l yields

I . 1
“m = E BT . B.16 % 30.50p + T(0208 +.0140p)
= 1 , 4 _ ~¢30.5L +,01L0T
T 6e16 4,0208T (] P( 6@'16 b .0208T) ) (7008)
_ 30.5L +.01L0T
£ = “6.156 +.02087 _ (7.09)

This seems toa confirm.that B is temperature dependent ifl
the values obtained in equations 7.07a.and b. are correét and
if 'Am':and ‘Bm’ vary linearly with pore volume fraction.

| An attempt was made to determine{g'using the metho&
employed~by'Vaﬁ Craeynest/Stora (60) namely plotting k against
pore volume fraction for the selected»temperatures of ?BOOK,
A1OOO°K, 1250°K and 1500?K. Fig. 7.02 shows this plot. Assuﬁingf'
the relaﬁionship given in equation 7,02 fo held at for T <
1673°%K

lees Ky = koo (1~ pp)

and using least squares analysis, afg‘value was calculated
for each of the four temperatures stated., The analysis gave
a decreasingig‘with iﬁcreasigg temperature, as shown in f£ig.
7.03 slong with the value obltained by Van Craeynest/Stora (60)'

Applying a least squéres analysis to these values
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gave _33 = 2,46 -« 0.70 x 10"3 T (T°K) (7.10)
This value offg\is in good agreement with that given by
equation 7.09 over the temperatufe range 700°K to.18000K, as
shown by fig. 7.04 although there is a maximum difference<at
1200°K of the order of 63%. Such & discrepancy could have
arisen iﬁ the use of least squares analysis.
‘The only other workers to indicate a temperature dependent
i,p\term have been Asamoto et al (64) and Van Cragynest/Stora

(60). The latter gave

£ =2.7h - 0.58 x 1077 - (%K) C(7.11)
hut they gave no reason for this temperature dependency. More
recently Marino (62) has studied %he possible factors involved
aﬁd attempted‘to relate a temperature dependent’p’to radiation
acrass the pores or to conduction of the gas within the pores.

In his analysis he used the expressian

o m (-1 + oD |
He showed. that the contribution from radistion across the pores
(Kfope) had a maximum value of ~ 0.5 x 10™% w/em®K at 3000°K

for pores with a diameter (dp) of 200&&. This value aecfeasea”
with decreasing pore diameter and with decreasing tembqrature.
By applying Marino's analysis to the resulis in Chaptef Ts

it would appear that any radiation contribution should be |
negli@ible since the pores are spherical and have diametefs
less than'2OJA. For the contribution to the total thermal .
cpnductivity from conduction by the gas in the pores, he
calculated a maximum of ~ 7 x.10“3 w/émoK at BOQOOK for pores
containing helium or hydrogen. This contribution decreases

wlth decreasing temperature, and other gases (krypton and xenon)
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have values less than O.5~x*10_3 w/cmoK‘over all temperatures.
When appiied-to the specimens.used here, it would appear that
this!could account for the temperature dependent uaiterm
observed,. sincé the specimens were sintered inﬂhydrogen.-ﬂbw- |
ever, Ainscough (78) suggested that any hydfogen.present-
would diffuge out rapldly with time. This is born out by
Wheeler (106) who thought that, though as much as 1 to 2pg H,/
.gnU0, may remain after sintering, on being heated to ~ 500°C
in wvacuum or inerﬁratmosphere only about 20% would remain in
the U0, . This is due to the high diffusion rate and low |
-solubility of' hydrogen in\UO;. Thé.significanée of any contri-
bution from hydrogen conduction is further lessened by the
fact that the total pore volume &and the pore sizes of the
épecimens under investigation are small. Thus the small wvolume
of hydrogen remaining in the Specimen will be contained in ¥

small, spherjcal pores which are well distributed throughoutl

the sneczmen. It is, therefore, expecﬁed that the contrlbutlon'f‘

to the thermal conductivity from conduction across hydrogen=—
Tilled pores. in U0, would be negligible,

' . In hié analysis Marino (62) disregarded any results taken'
from eracked specimens and any data that showed more then *»2%
difference between the heating and cooling cyecles. In- the
1atuer case he agsumed mlurocracklng or evanoration of the
tungsten coating. However, Bates (hﬁ) stated thsat tungsten
coating had no effects oﬁ.his results, Thus Marino applied
very étrihgént controls over his analysisa'

Further to his work, Marino found“g‘ to be independent
of the pore volume fraction (p), but he made the assertion
that ény'change in 'p' would usually alter the pore shape 

factor (¢) which could in turn alter}fcdnsiderably. In +his
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investigation, the. porosity was mostly sphefical and less than
20 jA in dismeter, although the distribution may have differed
slightly between the specimens. It can be assumed, therefore,
that 'g' was constant and equal to unity (for spherical

porosity) for all specimens, and fhus that 'p'

is independént
of 'p'. |

Since ip' decreases with temperature, the thermal conduct-
ivity values of the different specimenévmust be é@nverging at
high temperatures, where the values need a smaller correction
factor to normalise them to say 95% T.D. Thié is indicated in
Tige 7.02 ﬁhich shows the k values tending to hecome uniform -
~as temperature increases. This observation'may-enable some
conclusiong to be drawn with regard to the temperature depen-
denﬁdﬁfterm. In the analysis,-'g' is é factor.depeﬁding on:
the geometry 6f~the pores, &and is obtained on the assumption
that the contribution. to the conductivity by heat transfer
across the pores is negligible compared td that of the body
. as a whole.‘lf; therefore,ig‘varies with temperature, éither
this assumption is wrong or the geometry of ﬁﬁekpbreé alters -
in some way ﬁith temperature., As pre#iously disoussed, pore
conduction ¢an be effectively ignored, which leads one to the
investiéation of the effect of teMperature on the specinmense
If there were to be any densification with temperature,, then
surely this would be more pronounced for the low density
specimens where_the concentration of.porosity is obviously
mich higher., This dens%fication would mean the absérptionzof
microporosity by larger pores and the possible migration of
~pores to grain boundaries. Aﬂ inérease in the conductivity

would thus be observed, although the reason for it may not be
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observed by metallographic éxamination. This>wou1d aécoﬁnt
fbr the convergence of ﬁhe conductivity data at high tem-
peratures, and consequently accéunt for a temperature dependent
{3' term. However, one must ask éneself if densification is ‘
possible over the tehperature range under investigation, i.e.
500 - 1600°K. The specimens were held in helium for about 2 hours
of whieh no more: than one hour would be spent abdve 1500°K.and
‘only about 20 minutes above ZOOOOK,.It is believed. (78) that
any densification will océur only at temperatures above 2000°K,
since experiments (78) have found that one must hold specimens
(90 - 96% T.D.) at 1500°X for at least four weeks to effect a
one-percent chaﬁge.in the density. Sincef@‘was calenlated
using,the values obtained ovér the range 500 - 16000K, one
would not expect any densification to have océurred” although
one may expect a density increase of upto 1¢ at temperatures
above 2000°K (78). Therefére, it must be assumed that the |
reason for a-température dependent'g‘term lies elsewhere.,

In a further attempt to»explain‘this dependency, one is
led fovan analysis Qf the equations and parameters used 1o
obtainfp‘. If one looks at the relaﬁioﬁship derived fof

given in equation 7.09

30,5l 4 044OT
P = g6+ 020870

i.e. p = AX eBYT o (7.13)
A+ BT o

where Am' = A(4 + Xp) - (7e1ba)

and B, = B(1 + Yp) ‘ ' (7-1lb)

For 'B'to be independent of T, the values of 'X' and 'Y’

should be equal in the above equation 7,13. If one now 1looks
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at the values obtained

e, A= 6.16(1 + 4.96p)

B =0.0208(1 + 0,67p)

1t can be seen that the values'of X = 4.96 and ¥ = 0.67 are
not equal. | '

. Whereas there is no reasdn'forvthe value of 'Y' to increase
from 0,67 to about L4.96, the value of 'X' could be reduced, |
by an indeterminate amount, if one.aséumes«that the 10@ density
specimens contain a lot of their porosity in the;form of micro-
pores. This microporosity would altér the porosity dilstribution |
and would contribute greatly as scattering centres to the
ﬁhermal resistivity. If this effect lncreases with decreasing
density, it Woﬁld be reflected in higher 'A' values with ~
inereasing pore volume fraction. Thus Lf it were rossible to
gquantify this effeet due to distribution'differences, one would
be able to obtain the dependencé of the 'A' values solely on
pore. volume fraction and these values of 'A' would be lower than
those given by equation 7.07a. Consequently, the valﬁe or'x'
would be smaller than L.96 and it may even be as low as -0,67.
In this case §§ would be equal {o 0.67, ie.e. very close to
.unity, and , as discussed in chapter 1.B, there are good
theoretical grounds for expecting ‘p'to-be <1 for small pore
volume fractions and for pores in.the'form of small spheres.
Therefofejsince the porosity in the specimens under investigaw»
tion ls small and spherical, a reduction in the value of X
from .96 to <1 may provide an explaination for:the observed
température dependence Gf}@.»' | |

In order %o obtain a’p‘valﬁe equal to unity, 1t would be

necegsary to. have the following types of relatiopships‘beﬁween,
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'A' and 'B' and the pore volume fraction
A o 6,16 (1 +7D) I (7.158)
B =« 0208 (1 +p) , (7.15b)

The values of 'B' would not reduire alteration by more‘than
a few percent, since there is negligible difference between
the calculated curve B = CL0208(1 + 0,67p) and equatlon T 1)b
:Using equatlon 7+15a together with the calculated.equation
7.07a, it can be seen that the following alterations to the
measured 'A' values would be required in order to give a
value of unity: A96 would have to be increased by 9%; Aghﬂ
would remain unaltered; A93x would have to be decreased by |
12%%; A91 decreased by 17%; and A91I decreased by 8%%. |
These percentages are only approx1mat10ns, and are the valuesk
required to fit the measured '"A' values on to the straight line
given by the equation 7.15a. However, there are a series of
parallel lines giving ai@’value of unity, and so thése
percentage,alterations may be either high for A96 and low for
93I, 391n and A91I9 or vicemvérsao $he guestion is then. '
raigsed regarding the validity Ffor such alterations to the 'A'
values.
During;the.preparation of the initial specimens, it was:

necessary to sinter and debond the pressed pellets in order

to produce solid pellets. These two ﬁrocesses.obviously
prdduce a large amount of.densificaﬁion. If some micfoporosity
remained af%er gintering, one would expect.ﬁhis mieroporosity
to act}as scattering centres and to contribute significantly
towthe thermal resistiviﬁy. The effect would be similar to that

_obserVed*for tbe poremredistributed épecimens (i.e., 969l and.
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9691), only the effect here would be an increase in the distrib-
ution rather than a reduction. One would expect mOrelmicro-
porosity in the low density specimens, since there is a greater
amount of porosity to be removed &uring»sinﬁgring and since
ail of the specimens were sintered for the same time. Therefore,
ane ﬁduld expect the 'A' values to increase with‘increasing
‘pore volume fraction, and for tﬁis increase to be related in
some undefined way to a size aﬁd diétributioh,factor. The draw-
back to this analysis is the absénce of any visuél evidence
of microporosity, although it could ﬁe assumed that such pofos~
ity is of the order'of hundreds of aﬁgst?omé.

Therefore, thé author beiieves that the reason For tﬁe |
temperature dependency of‘g‘lies in the complex fariation of
'A' with porosity, and that in order to relate conductivity to

pore volume fraction using

k, = k95(1 « 3D) ‘ |
one must take into consideration the etffect bf variations in
rore size and distribution beﬁween the aifferent pore(volume

fractions.

c) k959 K,00°

The value of B ; 2,46 - 0,70 x 107" 1 has been used to
‘normalise the results to 95% T.D. For thé nonwstoichiometric
specimens only two densities were used, namely 96 and 937* s
thus 1t was lmpossible to obtain a };fvalﬁe similar to that
gbove, These results coﬁl& not; thereflore, be normalised to
say 95% T.D.. It is of interest to note thab Gol.dsmi‘th/Dbuglas
(SQ) recently found '9' to decrease with increasing O/ﬁ ratio

and 'to.be invariant with temperature. They gave B = 2.8 4 Oolt
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for Q/u = 2,00 and B=1.5 5-0.7 for Q/u = 2,015, but they
could give'no regson for:this difference even after metalio;
graphic examination of pore structure aﬁd_crystal structure,
Using the ahove 'B’value,‘values for the conduetivity of |
95% T.D. (k95) and 100%‘T.D. (k100) were aobtalned upto 1600°K,
Fitting the values by leasﬁ squares analysis to the equation
k= (A+ BD)”

9

gave 1/k95 - 6;0? + 2,08 x 10~ T‘ (w/émoK)"f : (7.16&)
and 1/k100 = 1.65 + 2.01 x 1b*2'T» o (w/en®x)™! (7.16b)
The values fdr k95 have been compared égainst the results
of other workers given in the T.A E.A. report (38) which used
B = 2.5 to normalise them*fo 95% T.D. (see fig. 7;05), The
valués from equation 7.13 ave seen to be higher than most
especially Nishijima et al (35). They £it well with those of
Stora et al (107) to within 3%, and to within ~ 8% with the
results of_Vogt»eﬁ al (54), Godfrey et al (41) and Danlel et
al (56)., Actual values when compared with the calculated<k95
(from-equation 7.16a) show that the values in this thesis are
higher than the others. (see Flg. 7.06). . |
In any detalled comparison it must of course he fqmemberedk

that when using conductivity data the choice 6f gspeclific heat
data is very important (see chapter L), and the value of '5’
choséﬁ to normalise the values to 95% T.D. is a crucial Ffactor.
A more aﬁcurate comparison is obtained by comparing the diffu-
‘sivity valueé“bf previous workers with the values obtained for
3695 by reconverting k95 qsiné,Ainscough’s Cp data. Figa 7.07‘
shows that‘oc95 is still higher than most‘other workers by at
least 12% for the region 1250°K to 1600°K,
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'd) Comparison Qf‘A;OO'ande{dO with the Single Crystal Values:

The  values for ‘Aqoo‘and 'B;OO would be expectgd-to be
similar to the values of 'A' and 'B' éiven for the single
crystal table 7.I. One would expect the 'A' value of the single
crystal to be smali if not eqﬁal t0 zero since the only oontrib«
ution to the resistivity<should be from impurities. The value
of 'A' is negative, a factor which has been observed by other
workers (Taylor (108) for béryﬂia,'stuckes (109) for germanium).
and which has been indicated as .a prossibility for insulators
5y Godfrey et al (41) end Fulkerson et al (110)y

The 'B' value should be the same as for "Bl ggrbut this
is not so as can be seen From teble 7.1, The reason for.tﬁe
higher 'B} value of the single crystal is notb clear; but it
is thought to reflect the uncertainty in the experimental déﬁa:
of the single crystal, i.e. during measurement,difficulties
wefe encountered in aligning-ﬁhe optics so that the laser hit
the vefy:small singlé crystal and also so %hat the detector
focussedlon the rear face. The latter proved time consuming .
rather than difficultfsince it entalled opening‘up the vacuum/
pressure vessel each time any misalignment was observed.

A value for the Debye temperatufe (GD) can be obtained

using the equation giﬁen,by Godfrey et al'(u1)

LeCa’ RU. iy 'i“'—T 5 —_ 1
{o:“" D

(o3
H]

(BT ~ A') (7.47)

where Ru is the thermal“resistivity due to U-process.oniy,

ko  is the conductivity exﬁmﬁyblate&xwto:=zzk@ (GD), and '’

is an empirical constant.

By comparison with equation 7.01




100, -

R, + A . (7.18)

1/ - "
Ltotal = Rrotal = Ru
lees “ Riogar = (BT = A') + A _‘(7.19) |
where B = —-1ﬂﬁm; from eqﬁation;7.17 (7.20).
kg O :
D

Using B = .0226 (w/em)™1 for the slngle crystal a value of

e 212 K was obtalned using Lelbfried/Schlomann s (7) -

D
equation (see equation 7.2&).

Now from equation 7.17
| f BO

' >-' —— - . | ) A . 3
.. Using a maximum 'b' of 2 (vef. Ziman (6) )
them A' = 240 (w/cmoK)_1‘ l
But (A" + A) = =1.36 (w/em®k)”

oA =1.04 (W/cm k)"t B (7.22)

l.ee the thermal resmstance due to porosity and impurities,
ineluding sny deviation from stoichiometry, for the single
crystal is 1,04 (w/cmaﬁ)"1 . The difference between this value
and that calculated for 100% T.D. should be the resistivity
due to -grain boundariés-anq/or'impurities, les 3461 (w/cmOK)-T‘
| The actualkvalues for the single crystal are much higher
than those for the polycrystalline material, being mrsQ%'higher
than the 96 specimens at 700%K; ~10% higher at 1400°K and ~
9% at 1800°K. There is a tendency for the results tollavél
out éfound'1800 to 1900°K. This does. not agree with the resulté
obtained by Daniel et al (8586) who ohserved large enhancement
of the conduciivity ebove 1200°K. They gave

= (0.03203 —1%3 v 1.2 x 107°2%)  (w/em®k)  (7.23)
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Thelr values were w:25% higher than their polycrystalline
values at 700°K and ~ 160% higher at 1400°K.,

It was possible using the value of BﬁOO to calculate a
Debye temperature for UO, . Using the Leibfried/Schlomann (7)

-equation:for three phonon Umklapp processes:

%“ . .
B o= 305 x MQJ.GD?_” i : (7.24)

where X is Grineisen's counstant whieh for U0, equals 1;64 N
M is the average mass/atom which for U0, equals 1.494 x
‘ : ' 22 ‘
10 g/atom-,
53 is the average volume/atom which for UO. équals
1.37 x 10"2scm3/atom ,

BD is the Debye'temperature.
This equation reduces. 1o

B = o.2ig;3x 10 (em®K /W) (7.25)

Uslng B]OO = +0201 (w/cm) 1 for the calculaued va]ne ‘Lor . 4100%
\T D., a value or GD 221K was obtalned. This is in reason-—
able agreement with other workers: Ainscougb/ﬁheelev (1144)

obtained 213°K using B = .0227 (w/cm)w1

, and Godfrey et al (41)>
gave 216°K ﬁsing B = .02231(w/em) . The value obtained here
lies well within the range of oy values.quOued i.e. 160°K to
BOOOK althoﬁgh most workers tend to>give values aréund 180°K
to 190 K. |

Further io the abo%e analysis it was possible to ohtain

the meanfree path of Umklapp processes;(lu) using the relation-

ships:




% =R = A + BT = 6—%—(-}) h (7.26)

. | | v | | |
which yields BT = 5—%-(1/1u)~ - (7.27)

v ’ ’ ’

. 3 |

i Thus 11.1 = m ‘ (7.28)

Ainscough/Wheeler (111) give~

}11 =1,V I (7‘29)<
where Au is the  wavelength of the Umclapp process, and V-
is the molar volume = 2U.6 gmg/mole at 300°K.

DR - A | (7.30)

. Using the values of Godfrey et al (L1) of Cv = 85.6 wesec/

mole °K and v =l x 105 cm/sec., with B100 = 40201 (w/bm)-1

foir B{OO
. \ -5 o o
then o = 1125 x 10 em K . (7.31)
, S
“il.e. at 1000°K >\1==11;25 x-10—8 CM, _ (7.32)
at 2000°K Xu = 5.63 x 107" cm. o (7.33)

-Ainscougﬁ/Wheelen (111) gave 9.3 x 10™"cm ‘at 1000°K and L.l x
10" %em at 2000%K for U0,

From Ainscough's curve fig. h«éthapter u,bo an. average .
dp.value Of 0430 Wesec./g."K was taken for the range 800°K to
1800°K. Then using

. m
CV = Cp - -““Xm (7.30L)
where?&ais the linear expansion coefficient = 10.5 x 10"6 OK“1
andXis ﬁﬁe isothermal compressibility = 0.62 x 10"§cm?/wgsec.,
a value of C = 7647 wesec./mole K was obtained.
Sinece this value was.within 6% of Godfrey et al's quoted value

of 81.6 w.sec./mole OK, the latter was used for convenience

and to Pacilitate qulck comparisons with other authors who had‘
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used these values.

£) Variation of k with T at high temperatures

An inspection of the results shows thaﬁ Whereas the
equation kK = (A'+VBT)—1 seems to fit the résults very well
upto 1673°K, the full egquation

3

k= (A4 r)~ 1 4 or (7.35)
does not Fit the results at very high temperatures. This
equation assumes that any divergence from 1inearity in the ploit
of 1/k agéinst T is due to a radiatioﬁ contribution (i.e. the
0T? term). Sinee this did not £it at T > 1700%K, it indicated
thaﬁ_theioriginal'premise that conduction wasrsoleiy by phonons
and photons was wrong, énd that another conduction mechanism
must be operabing at.high temperatﬁres;'ﬂn attenpt ﬁas made

to caiculate & more reallstlc £it to the observed data at T >
14,00°K by observing the deviation (Ak) of the actual values

from those caloulated using (A } Br) "t
ivee Ak = Ik - (A +B0)7" - | (7.36)
Two relatiogshiﬁs were applied to these Ak wvalues as follaws{
i Ak = AT |  (7.578)
i1 Ak =0T | | (7-37D)

An examination of these equations gave the following empirical

results:
i Ak = A,Ta o ij’, < e 8£ag10

These values are much higher than the expected value of 3 for-

& radiation contribution, though Bates (34) suggested a T >~
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104,

term where X = 0.5 to 2,0 for his single crystal. Even so
these values are higher than one may expect theoretically.

ii Ak = e™T  n = (1.8 & 0.5) x 10* (°K)

There seems to be good theoreticai grounds for expecting an.

exponential témperature dépendencé at high temperatures (see

chapter 1.4). ' | -
The Ak values have been plotted in fig. 7.08 togetherA

n/T terme It

with the values given by a CT® term and by a (e
can be seen that a OT® term isAinadequate-whéreas the exponentialz
term deséribes~the results #ery well, It is felt, thereforé,
ﬁhat equation 7.37b should be used to describe all of the high
temperature thermal conductivity data.:

In an attempt to define‘ﬁhe'heat transfen\mechénism opefa-’
ting aﬁ high temperéfures, a value for an electronic conﬁrib— o
utioﬁ (kel) was calculated using the electrical conductivity\

equation of Bates et al (112)

lees 0= 30569 x 10° exp.(Agd) (7.38)

tagether with equation 1,27

i, = o (e | B
leea kg = 2(*e) T(o’+2a’nd (_,2__1_5% 352) )
" v

with By = 2,30 &V (ref. 113) and &', = 07

These calculated values of.ke]Ahave been plotted in flg. 7.08

and as can he seen they are about-X2% higher than the actual

- Ak values., This difference»cah ﬁa accounted for if instead

)
For this one must assume that there is an equal number of '

electrons (ne) and holes (np), and that the mobilities Q}Le and
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le) differ by a factor of lL,

il.e. n, =.np -
and \)Ae = uJAP or JAP = u\}&e |
where o = e(ne‘JAe o+ nP-}*p)‘ t;~ : ‘ (7.39) -

Thus the deviation observed in the thermal conductivity .
data at high temperatures can be attributéd to an elecltronic
conductivity contribution, the activation energy of which is

given by n = B/} | (7.40)

feee ' B = 1455 ¥ | (7.04)
Christensen (13) obtained E 2= 0,79 eV theoretically for 800 -
2000°¢, and Godfrey et al (i41) gave B = 045 oV for 900 -
1100%C. Both values are much lower than the value observed
here, . .

As discussed in an earlier chapter (1,4), several authors
refér to any!electfonié contrihution in an intrinsic»semi—
conductor as an excitation:conﬁuctién (kex)o Using equation
101

1.8, ktotal = kp & kel + kr * kex:

and the relationships

k, o Voo C(7ou2)
ko= 2(/) Ty, o (7.43)
) e, = 16/3 cgn; T | (7.4h)
k. ol "B/ e | - (7.45)
( o = Stefan Boltzmann's constant)‘

one can obtain & value for,kek. Since k . is(negligible(td QIKRPK ’
. -5 | ‘
ki’“ 10 w/cnnﬁoK), then this gives




406,

k - (k

ex

. (7.16)

L kr,)f =k
| (7.47)

total
ioeq Ak - 1{1’ = lcex .

3 and:6.00 x 1077

The values 6f‘Al{]j£ between 0,03 x 107
w/cnw.ok ovér;the temperature range 1600 - 21,00°K. The values.
of k, depend on the valués df.;«' and 'n' used, and consequently.
published Vélue§.0£ kr differ quite markedly. Thosezof’Mogard -

et al (36) and Bates (34) are much larger than the A k values,

- and oannot,'therefore, be used in this analysis. However, the

values quoted by Ghristenéen (jBJ,'being much lower abave
1400°K, aid enable kex'fo be obbained for 2000 - 24,00°K. A
pléﬁ-of in k. against 1/f should give the activation energy,
and an approximate value of B = 0,35 eV‘ﬁas 6btained, Bates

(3&) using this analysis end his k, values obtained a value

of B of 0,83 eV for single erystal U0. . Similarly, Whitmore

(22) gave values of E < 1 eV for Ti0, , Caf, and-ﬂlzoa,‘and
:he postulated that the excltation conduction was. by excitons,

The above analysis is only. a guide, and more work is

regquired, especially to obtaln more exact kr values from more

accurately defined 'o' and 'n' values. Even 50, it does indicate
that another heat transfer mechanism is cperating at highvtemQ
peratures whieh yields‘am electronic contribution.

To complete thls investigation into the cause for thia
exponential divergency, 1t is aeéessary to msnﬁian wheﬁher it
could be related to oxygen loss at highbtamperaturesg for as
will be.shmwh in the next-section (7.2) any decrease 1n the
O/u ratio increases the_conductivity considerably. If the

specimens had.lost oxygen then they would have gone hypostoichio-

metric - a fact that could not be detected by ﬁheio/u analysis

“but should be detected 1n subsequent low temperature neasure-

ments. The I.A.E.A. panel (104L) report that there has been some
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confusi§n~ovér the behaviour of U0, ahove 1800°C. For the
reaction: | |

<UQ> = <UO, >  + ix (0,)
there must beAé 10@ partial pressure of oxygen, and the vapor-—

isation of U0, must not be prédominant. It was felt by Rothwell
(113) that this reaction may occur below 1800°C but that the

metallic uranium inclusions would be too fine to be detected =

he had difficultyf detecting those inclusions above 1800°C
since they were less than gpi. He Suggested that for low partial
pressures of oxygen above the UO, and at T > 1800°C the UO,
would lose oxygen and become hypostoichiometric, On cooliné

it would revert to stoichiometric oxide with metsllic uranium -
nucleated at grain boundaries or by*impﬁritieso The conditions .

uader test in this thesis would suggest that vaporisation of

- U0, was the predomibant process (113), and that irf metallic

~uranium was detected then it could just be due to thé presence

of carbon either from ﬁhe surroundings (carbon susceptor) or
from the remains of any binder usedAprior to sintering. An exam-

ination of the specimens did not reveal any uranium inclusions,

‘although in a couple of specimens there were a few bright orange

inclusions }\fZJA. These were toa small Lo be accurately an—:

alysed using the electron probe, whose beam ~ T e
Therefore, in the absence of any observed free uranium

métal and of ény evidence of higher conductivities on subsequeﬁﬁ‘

measurement. at low temperatures, this exponentlal divergence

from tne 13near k cl1/é at high temperatures must be due to

some add;alonal heat transfer mechanism which is some electronic

mechanism involving excited electrons and holes. Further work

involving the use of a computer analysis would be required,
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before one éould draw any definite conclﬁsions as to the most
accurate curve form or the actual mechanism operating. A more
detailed analysis of the:exciton and ambipolar mechanisms
within polycrystalline uranium dioxide including sctivation

energies and temperature dependencies.would also be of use,




109.

2) Efféc£ of NOn-Stoiéhiometry -

a) Variation of k with /u ratio

Oomparlson graphs were drawn showing the effect of 0/
ratio on the conduct1v1ties of 96 and 93 sp601mens. Eoth
eurves are}given‘in Pige 7.09a and fig. 7.09b. These‘curves
‘tend to convérge and actually cross ovér with the 96 éhcwing
cross over at ~ 1800°K and the 93% at ~ 1600%K. This is dis-
‘cﬁssed in:the next sectian (b). | |

Any alteration in the oxygen content has avlarge effect
on the conductivity, and this fact has. been well documented

(ref. 1). A plot of conductivity-against axygen/uranium ratio
is‘given in fige 7.10 from which comparisons with other workers
have been made. Godfrey et al (L41) show a 5% decrease in conduct-
ivity at 673°K for a change in o/ﬁ.ratio of 2,006 to 2,012,
Wheréas Golasmith/Douglas (59) gave a 7% reduction for the same
- change. Fig. 7+10 shows that for this range at 750°K'a reduc=-
tion of 7% and 410% ocecur in conductivity values of the 96 and - .
the 93% respectively. For the change o/u = 2,00 to 2,060 at
7;00:& there is 100% reduction for both 96 and 93T compared %o

~ "60% observed by Gcldsmlth/bou01as, and at 1000°K a reduc-
tion of ~ 66% compared to ~ 54% for Goldsmlth/Douglas. The
latter show k to be independent of temperature for an D/ﬁ k
2413, similarly Howard/Gulvin ({1#4) found this to be so for
°/u = 2,18 and o/u = 2+13. No such conclusions are possible
frdm Lig. ?f1b.
b) Variation of Ik with T

The results show a similar tendency to those of the

specimens discussed in section 1, i.e. a decreasing conduct-
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ivity with increasing temperature., Both the k and 1/k curves -

‘fdr_96' and 957 with ®u ratios of 2.030 and 2.060 show changes
in slope befweén 700 - 800°K, and wheh'one‘examinés the phase
diagram (shown in £ig. 7.11)”for‘UO2 A it can be seen that
there is & phase change equivalent to the reaction .
UOsax  + U, 04§ —> UO,,,
is pccurring, '
. For an “u ratio of 2.030 this phage change occurs at about

700°K, and'for,O/u = 2,060 at about 750°K. It can be}tékenA

1200} o < ]
uo
- Sy
8OO} ]
TC

24X

4cx3;/f/e,f‘, | .. %-L£(29y

2.00 210

.

, | 220 O/
FI1G. 741, Phase Diagram
(after IAEA(04)).

that tﬁeAvaiueg of conductlivity obtained below 700éK‘are~vélues

obtained from a two phase material; i.c. a material with a U0, -

matrix containing interstial oxygen which is randomnly distrib-\&“

.', uted in some areas (UOs, x) and ordered in other areas (UsO0q-y)e -

The continued addition of.oxygen in the U0, matrix upto o/u =

2,25 leads to long range ordering. For a fuller analysis of
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the k values in thié region more resulté ét temperatures below
iTOOOK would be required. |
’ The results for the’témperature ranges qﬁotéd £it the

équatibn. Sk o= (A + B‘I‘)-1 quite well. However, above the lin-
earity region, the non-stoichiometric épecimens almost certainly
lose oxygen, and probably they lose all-of“their excess oxygen.
Evidence.df this logs of oxygen is found iﬁithe post-test
-stoichiometric analysis, and also in the ‘tendency for the cool-
ing c¢ycle for 96 2,060 and 93T 2,060 to approach the values

for 96 and 93T respectively.~

. At high tempefatures,thé curves in fig. 709a and fig. -
7090 show convergeney and cross over: the 96 show cross over
at  ~ 1800°K; the 93 at . 1600°K. Thus at high temperatures
the non-stoichiometric specimens show k values above those off
the original stoichiometric material with k 2.060 > k 2.030 >
k 2,066 >k 200, It is difficult to obtain an exact explaﬁ3~
ation for this, alithough the answer may lie in the use of the
wrong‘cp data, i;e..too hﬁgh a GP va}ue may be being uged when
in faet tne oxygen content of the specimen at a certain tem-
perature demands thé,use of‘lower.Cp data. Furthermore thefe
. is the uncertainty in the calculated Cp data used for the diff—
erent O/ﬁ ratlos. These two factors may be congplring 1o give
too high k valﬁes for the non-stoichiometric specimens, Bv-
idence for this may be found in the.féct that whereas the k
values cross over; the ’df vaiues tend to merge at high tem-
peratures. The position is further compiicgted if a photon or
: an‘electfonic contribution is just becoming significant as the

O/u ratio begins to decrease, Evidence of such a contribution
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may‘belfound‘in the fact that, thoggh the same Gp dgﬁa was
used for /4 ratios of 2,00 anad 2;006, k 2,06 > k 2,00 at -
high temperatures, ‘ |
To enable one to suggest the actuél mechanism(s) occurring
at high ﬁemperatures, one would need to observe the rate of |
loss of oiygen with temperature. A possible méthod for contin-
uous measurement of the oxygen conteﬁt.haé heen used by Bates.
- (43), who used a solid'eiectrolyte oxygen meter to continually
- measure the water and oxfgen content of his argon atmosphere,
H@ also determined the impurities‘with his'argonrspeetrogfaph~
ically. Thié-has the dfaw back that it would require a fldwing -
gas system, whereas the apparatus used in this invéstigationj
involved a closed systems
It is Pelt that the tendency for the conductivity cur&es
tovconvergeiat high.temperattres ig due. to ‘the loss of oxygen
and that an electronic contribution may also just becoming
significant at high temperatufea;

C) A; D-E'):,ﬁto

When one examines the relationship between the 'A' values .
for the non-stoichiometric specimens and their O/ﬁ ratio, it
ghaould be possible +0 caléulate a phonon. scattering cross
section for the excess oxygen ions (&;).»Several authors have
obtained a wvalue for vZ. including Goldsmith/Douglas (59) and
Godfrey et al (41). Before this can bé done, it is necessary
$0 obtain 'A' values for the 2,060 specimens, which were not
given a regfession;analysis*aé stated in chapter 6.3° In extra-
polating the 1/k results froh above 700°K to room temperaturé‘

the following-values were obtained



113.

i

'A' for 96 2.060 33450 (w/cmDK)*1 (7.48a)

14' for 93T 2,060 = 40,80 (w/cn®x) ™1  (7.48D)

and these have been quoted in table 7.T. It mﬁst'be remembered
that these extrapolated values will correspond to 'A' values -
for a single phase material (UO2+x)._These-values were used
along with a least squares analysislto obtain the relationships

between "A' and excess oxygen content given by

Agg = L6l + Lhéx - (w/cmOK)“1 (7.&9&)
AgzT = Helit + 526x (W/emOK)_1 (7+49n)
. where x = 0/u - 2,00

There is some ﬂoubt'as.tO’the validiﬁy of this analysis since
i there 1s conslderable uncertainity in the extrapolated values
as the region from which they are extrapélated is seen to be
very irregular (figs. 6.20b, 6,26b chapter 6.3)3and ii -it is
uncertain upto‘what concsntration off excess O = ions a 1ineér
relationsﬁip’is applicable, since this analysis assumes that
the excess O lons are acting as independent seattering centres
even upto a cbncenﬁration of 3% (i.e. Q/u = 2,060)., In fact
these excess ians may nét be acting independently, thus their
scattering pawer may be reduced as their comcentraﬁion increases
(ef. ather solid - éolutions where linear relationshi@s apply
only upte small concenﬁrations). Thus it may be more accurate
‘to apply a linear relationship only for the range Q/u = 2,00
to O/u = 2,006,

Howéver, it is felt that this anélysis will yield some
usefﬁl varameters for comparison with Goldsmith/Douglas (59).

who gave
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Agg = 1.9 + 351x (w/empK)—1 -(7.50).

This equation and equat;ons 7.48a and b have been plotted in
fige 7.12.

An increase in 'A' with %4 is to be expected, assuming_
all other factors to be the same, since the increase in the
number of oxygen lons will cause & corresponding increase in
_ the number of phonon - impurity interactions. Godfrey et al
(1) gave A = 5.1 (w/em®k)™1 as the average of their A values
for 0/u = 2,01; Goldsmith/Douglas gave A = 5.4 (\V/mrrﬁ‘()""I for
the same ratio, whereas FTig. 7.12 shows A = 8.8 (w/cmoK)”1.
The value in this.invesﬁigationAis:on:the high side therefore,
the difference between 'Aé6 and 'AéB will be due to the
differences: in porosity, grain size and impurity content
between them. From fig. 7,12\the thermal resistance due to
grain size, porosity and all impurities other than éxcess
oxygen ions will be the value of"A‘ ab Q/u = 2,00, i.e, zZerO
‘excess oxygen conesntration. These values aré L6l (w/t.nnOK)“'1
for 96 and 50“1-(W/CmoK)-1 for 93% , An average phonon scatler-
ing cross section can be calculated for the excess bxyggn lons

(SZJ, Using equatibn 7.26
k=Y o @aenm)t - to F1
ana /1 = P | (7.51)

where W.1s the average phonon scatiering cross sectlion due
to the TV type impurity)and N: is the concentration of that
impurity.

SoA = (e = o | 7.52)
-é:i{;-(\:;;, N + N, ) | | (7.52)

where excess oxygen and other impurities have been separated.
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Assuming N (impurity-concentratibn) to be constant, and»diff—

erentiating with respect to Ng: equation 7.52 ylelds:

A = 3. & - | (7.53)
an CV‘V s

Using the values quoted by Godfrey et al (I1) of G = 81.6 w.

sec/mole °R and v = L x 10° cm/sec., this equatioh reduces

aN
‘ BFrom fig. 70‘1‘2 _

to | g§  = 2.28 x 1d% E%£u (w/em’ OK)_1 (7.54)

A = 17.49 x 1072 Ew/cm" °1<:§:}: for 96_ €7.55a31
aN = 21.18 x 10 w/em* 9K for 93 7+55b)
_ Thus "&:z 7.67 x 107" em® for 96 \ ’ (7.56a)
= 9.29 x 1077 em® for 937 ‘ (7.560)

-

These can. be compared o :

Goldsmith/Douglas (59) & = 6.3 x 107 om?®

and Godfrey et al (L1) % = 6,02 x 1077 cm?

o=

Il

The agreement is, therefére,~§uite good; and could probably
have been improved deéending on thé extfapolated values for
the 2,060 specimens beingAmore accurately obtained, i.é. more =
k measurements above 700°K.

From eéﬁéﬁion T.52 a phonoh scattering cross segtion,for
impurities (%;) cen be calculated; i.e. by putting Ny = O
and using A96 = L6l (w/cmOK)'1, N; is 177ppm., which s

equivalent to 4.32 x 10'° impurities/cm?.
¢+ Ti = hobly (2.28)(h.32)(10') (7.57)
= 4o71 x 1077 em® for 96 |
(compared with o, = 7.67 x 107" em? )
- For 93I y Np = L8L4ppm = 1,18 x 101 imps./cm3 ’ A93m = 5ali1

(w/:::moK)”1 and ‘Gf = 2,01 x 10~ "3 cmé.
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This last analysis is not strictiy defined since no acéount

of scattefing by factors such as grain boundaries, porqsity:or‘

point defects has been cdnsidered, i.e. the 'A' values used

have been-said to be due solely to impurity scattering. HQWevef,
it is a usefulvguide in thét, although the scattefing due to

impurities has beeh overestimated, suéh scattebing is still

seen to beAIess effective than that due té the introduction |

of excess interstial oxygen lons. |

d) Veriation of B with o/u ratio

An examination of the 'E' values for the nén-stdichiomgtric
specimens‘(table 7,1), shows.them to decrease slightly with
increasing °/ ratio. Goldsmith/Douglas (59) obéerved this
effect and predicted B = 0 at %u = 2,13, a fact that makes |
k independent of temperature for specimens with %/ ratios of
this wvalue. No such extrapolsastions are possible from the data
in table 7.I, there being insuffigient data points and none
above anlo/u ratio of 2.030 (seg figs 7+13)e

The resason for fhese_‘B' values being lower than those
for the specimens of varied densities may be due to the use

of different specifié heat curves (chapter L.b),

iees BT = 3 (1) o © (7.58)
C. v u o

e (B0 (1) (0 )0 (VP ()0 = (B)o/y ()0, )0/,(W)o/ {1, )0/,

(7.59)
H ] - .
where the suffixes' °’u and 'p'represent the non~-stoichiometric -
and varied density specimens respeciively.dssuming v and lu to

be constant for all porosity 'and excess oxygen concentratiopa

shen  (C ) (B)p = (0y)o/y.(B)o/y (7.60)




M

0)

M

‘n/o/4

€ 'L

DId



117

The values used were

(cplo/y > (Cplo o (7.61)
and assuming C?lgucv - | (7.62)
" thus one would exbecﬁ (B)o/a_ <<'(B)p - ) (7.63)

Therefore, the difference in the B values may reflect the diff-

erence in the specific heat curves used,
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CONCLUSTIONS

- Thermal diffusivity me asurements were made between 5OO -
2500°K on specimens of varying pore volume fractions, varying
oxygen/uranium ratios and for a single erystal, using a laser -

flash method that has been well characterised.

The effect of porosity

1) At low temperafure eonductivity is described by the equation.

k = (A + B7)"]
fqr'T’<§1673°K, where conduction is predominantly by phonons.
‘The va1ues of "A' and '"B' are related to the éore volume'fracﬁion

(p) by the following equations

A = 6.46 + 30.54D (w/cmoK)-T
B =  0.,.0208 4+ 0.0140p (w/cm)“?

where P = density 95% T.D. - density of specimen
density of 95% TeDe

2) Above 1673°K, the k deviates from the linear form given
abéve, and an exponential term is required. Thus the complete

equation for 500 - 2500°K is given by
k (& + 3)"" & g™ VT

(1.8 £0.5) x 10* (&)

e

where n

i

This exponential term is related to an.electronic coﬁduction
process with an activation energy of ~ 1.55 eV |

3) The effect of pore distribution has an important effect on
Kk, i.e.«pores_on grain boundaries an@ at triple points have

" less thermel resistance than intergranular porese.

u).The thermal canductivity decréases.with incréasing pore

volume fraetion (p), and k and p are related by
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ky = kgg (1 - pp)
- where g = 2.46 - 0,70 x 1073 1 (7°K)
The temperature dependence.of g was attributed to an inecrease .
in the concentration of mieroporosity with increasing pore
volume fraction. _ _
5) Values for k95 and kg, wéfebcalculated using the above

value as follows @

kg = (6,07 + 2,08 x 107* 1)™  w/enlk

Kigo = (465 + 2,01 x 1072 ¢)~" w/em®K
for T <€ 16009%K, Theée values agree well wiﬁhfother authors
although they are slightly higher,
6) A Debye temperature &, of 212°K was caleculated for the
single crystal (B =.0226 (w/cm)"1), end O = 2219k for 100%
TeD. material (B = .0201 (w/cm)"1). Similarly the wavelength
of U ~ processes was calculated as 11,25 - 5.63 R for 1000 -
2000°K. ‘ |

The effect of non~stoichiometry

7) Enhancement of the thermal conductivity is @béerved at high
‘temperatﬁres for all nonwstoichiomefric specimens. This is

due to the specimens losing:oxygen and thus to the use of GP‘.
‘values which are .too high. It is felﬁ that some electronic
contribution may he occurring at the Same time as oxygen is
being lost. | |

8) In the equation k = (A + BT)Pq the following relationships

13 .
for 'A'were obtained

A = 4.6l & LLbx for the 96 batch
_and A = Bolit + 526x . for the 93" batch
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where X = Q/uAra'tio -2

9) Mean phonon scattering cross sections were calculated for
excess oxygen ioms (. ) and for other impurities (o)
as . follows

-5

Ui = 7.67 x 10 cm®  Ffor the 956 batch
-5 2

and 9.29 x 10 cm® for the 93T batch

i3

S =471 x 107" e for 96 (N, = 177ppm)
13

and 2.01 x 107 em?2 for 95$(Ni = 4 8Lpom)

Il

Thus scattering by excess oxygen ions is much largér than

scattering by other impurity atoms.




SUGGESTIONS FOR FUTURE WORK

1) A moré gquantitative analysis is required relating the thermal
resistivities'of pores. on grain boundaries and at triple points
to those of intergranular pores. |

2) More comprehensive cycling measuréments:should be made in
order that any changes occurring in the sgecimen at high tem- -
peratures may.be detected. A B | |

.3) A wider range of pore volume fractions would enable more
detailed analysis of the variation of ﬂB' with temperature.

1) A method Por measuring the specific heat values of test
‘specimens; especially the non-stoichiometric ones would enable
more reliablé conductivity data to be calculated. Qtherwise

a direct method for measuring the conductivity of the hyper-
stoichiometrié specimens should preferably be used.

5) More detailed characterisation of the hyperstoichiometric
specimens before and after testing would improve the subéequent
analyis of the data. To thils end more specimens should bg |
prepafed~for metallographic and polarographic analyses andv

also for more detalled cycling during testing to be performed.
6) QOme method of monitoring the éas conteht of the systém
during testing would enable the rate éf loss of oxygen by the ——_ —
hyperstolchiometric specimens at highktemperaﬁures o he
calculated. This would enable a better understanding of the
reason for the observed enhancement in their conductivity
values, |

7) More work is required for U0, to calculate such paramefers
as the absorption coefflecient («) and the fefractivé index

(n) in order that precise.k£-values can be obtained. Similarly

more high temperature work is required In determining electron
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and hole mobilities. This would ensble a mofe exact analysié:.

6f the high temperature heat transfer mechanism Within.UOQ .

to be made. ‘ ‘

8) On the analysis slde, the use of a method that can detect

whether the specimens have gone hypostoichiometric would be

advantageous.
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