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OXYGEN DIFFUSION IN HYPOSTOICHIOMETRIC URANIUM DIOXIDE

Kee Chul Kim
Materials and Molecular Research Division
Department of Nuclear Engineering
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

AZSTRACT

Tne tracer oxygen diffusivity in UOZ-x has been measu-~ed along
tne lower two phase poundary. The diffusion couple consisted of two
natched nypostoichiometric uranium dioxide wafers, one enriched witn
ts) and tne otner normal. These two were pressed together with a
sond of liguid uranium in between. After a diffusion annezal the 15O
concentration profile was determined by ion microprobe mass analysis,
fram which diffusion coefficients were obtained. The results showed
nucn nigner diffusion coefficients than those of stoichiometric UOZ'
This directly proved that the major defect species in UOZ_X is tne
31131 vacanCy. Activation energy of anion vacancy migration was
soqsarad to oe Li.7 £ 3.0 <cal/mole. A diffusion model astablished for
P, ang Joay showed that in stgicniometric UOZ sotn interstitials
110 vataniies ¢ontrioute signifticantly to oxygen diffusion and neithner
san pe neglected; at 140072 tneir contributions are about equal. Tnis
nodel w3s extended to nearly stoichiometric UOZt‘ to predict oxygen
Nnrffusion coefficiants in tnese stoichiometry ranges. Also deduced

from tne model were tne “ren<el defect energy and entropy of 35.6 £ 9.2

<cal/mole and 13.2 ¢ 7.3 2.4., respectively. Using these values, the
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contribution of Frenkel disorder to the excess enthalpy of UO2 was
evaluated. Calculation showed that frenkel disorder accounts for

37 percent of the excess enthalpy at 3000°K. A <imple two band model
for electronic excitation, with a band gap of 2.0 ev and effective
electron mass of 7.6 me, accounted for the remainder of the excess

entnalpy.
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1. INTRODUCTION

.1 Statement of the Topic

fransport phenomena in uranium dicxide are of importance in under-
standing the behavior of fuel elements during reactor operation, (MF3R
fuel pins are designed to be operited at nighe temperatures and mucn
steeper temperature gradients than conventional tnermal reactor fuels.
40r)ss tna 3 am radius of a fuel pin, tne temperature varies from aoout
2500°C at tne center to apout 700°C at the cladding. Tnese extreme
canditions cause a variety of phenomena, including grain growth,
fission product migration, oxygen rediscribution, and actinide
~2d1stripution.

Jxygen diffusion 15 of special interest oeciuse of many different
santrinutiong of the oxygen-uranium ratio and o2 oxygen potential to
tne runaamental praparties of tne oxide. Tor exampie, tne tnermal
T fuCtiyity A tne axide Inanqes «&itn D/ ratio s3 taat tne iacal J/J
~301)5 3F€att e tamperituca arafile 4itnin tne 2] element.  Taas
TanDeralyee 5ryTala s Jivazliy ralated Uy fuel r2structuring, dore

ST, et L, A 2l otaasa groderties and Jnanomena jre
RMETEERIELE N N

)

TS @0 2OUANL Il 21080 D1avys 37 1ADJriant c2ie2 19 Many 3$3ecTs

veotme ax ge Tuel, fream fuel TaDr1zation L) dxygen redistridution and

cLaL21311310 tedltiin.g Tn2 Jxygen potentiail of tna fuel daterniaes
nolarge Jirt wnetn2r o7 0t tae Tu2 0 Ian larrode tne metallilc cliaduing.
Inojrdes 1) MifImIze 1ats ~2altion ind acoomodate tne 1ncreise of tna

Sae28n 20tenliai v T18330Nn DraCassas, tne nitial composition of tne

34 0y 32813n2l 1o 22 wonstaicniometric,



There nave been many studies, both theoretical and experimental,
of oxycen diffusion in stoichiometric UG2 and hyperstoichiometric
JO,+X {1-11]. However, similar measurements in nypostoichiometric

J nave never oeen attempted mainly becuase of U02_x is a defect

OZ—x
structure stanle only at high temperatures {(sse Fig. 1) so that its
1cygen dirfusion coefficient is most likely large enough to render
sonventional metnods unworkaole. For example, in the gas-so’id
15073pic 2xcnange method, the gas phase mass transfer step or tne
surface isotopic excnange stes may be rate-controlling. Also, since
tn2 2qurlibrium oxygen potential of nypostoichiometric uranium dioxide
15 axcremely low, 't would ne very difficult, if not impossiole, to
Zontrol tne gas stream to maintain stoichiometry during the diffusion
inneal. Zven if this could pe acnieved, it is doubtful that this small
yxygen potential could pe successfully isotopically monitored for
1*€usion measurements.
Tagetner witn tnermodynamic information, transport data contribute
raatiy to tne understanding or the defect structure of uranium
Yo be, o Navertneless, consideraple uncertainty remains as to the
T indaaentad gsoects Jof tne defect oroperties and transport mechanisms
notat ooxige,  Jne of tne difficulties lies in tne fact tnat there are
N Traasp)et Jata an JOZ-x‘ wnicn 1s anotner reason wny measurement
T ooxvgen 31ffusion an ‘JOZ_K is urgently ne=ded.

.. 42yiew Of drevious Worg

o2 27 tme 2arliest experiments raported was by Auskern et al. (2].

T~ . Zidnearing wore, the oxygen self-diffusion coefficient in uo,

., ~2$ neasurad usiIng tne isotopic exchange reaction Detween
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Figure 1. Oxygen-uranium shase-equilibrium _ystem [18].



uranium dioxide powders and 180 enriched carbon dioxide gas. They
reported that for essentially stoichiometric UOZ’ the oxygen diffusion
coefficient in the temperature range 550-780°C could be represented by
D=1.2x 102 exp{-65300/RT). The activation energy was verified in
later studies {1,7]. However, the pre-exponential factor was
apnormally hign compared to later studies, both experimental [1] and
theoretical {9]. Systematic error due tc the large variation in the
average particle diameter is a possible reason. Alsc reported was the
activation eneargy of 29.7 xcal/mole for hyperstoichiometric UO2+X
From these two activation energies Auskern et ai. {2] calculated the
Frenkel defect formation energy of 70 kcal/mole, assuming that the
interstitialcy mechanism of oxygen diffusion applies to both UO2 and
U02+x.
In an unpublished work, Roberts et al. {7] made a more systematic
attempt to obtain diffusion coefficients as a function of stoichiometry.
Using single crystal UOZ’ they measured activation energies of
23 «xcal/mole, 30 kcalf/mole and 69 kcalf/mole for stoirhiometries of
2.03, 2.c¢l, and 2.001, respectively in the temperature range of
1200-1600°C. These values are in fair agreement witn those of Auskern
and Belle {2].

The two studies used the indirect gas-solid isotopic exchange
method, which possesses some inherent probiems {1,4]. By performing a
direct diffusion couple experiment Marin et al. [1] attempted to over-
come the pitfalls of the gas exchange method. They employed massive

samples of normal UO2 which were coated with a thin layer of UO2 powder



highly enriched in 18O. Then the couples were annealed, sectioned,
and analyzed for 18O penetration. The results were fitted by
D=0.26exp(-59300/RT). The activation energy compares reasonably well
with that found by Auskern et al. [2].

Using the same method, Contamin et al. [3] investigated the
diffusion of oxygen in hyperstoichiometric U02+x' In the temperature
range of 400-900°C an activation energy of 21 kcal/mole, independent
of stoichiometry, was obtained. They systematically investigated the
dependence of diffusion coefficient on stoichiometry as well as temper-
ature, and they observed a sharp increase in diffusion coefficient
with x of UO2+x in the vicinity of x=0. An activation energy of
21 kcal/mole was obtained for x > 0.006. Also an attempt was made to
correlate the D with x at various temperatures.

Similar work was reported by Murch et al. [6] for U02+x‘ For
UOZ.OB they reported D=6.25 x 10'4 exp(-23100/RT) over the temperature
range of 560-800°C. The pre-exponential factor and the activation
energy were in good agreement with those of Contamin et al. [3].

Over the years it was thougnht that the anion vacancy migration
energy might not be so high that the vacancy mechanism to be neglected
as a contributor in stoichiometric and near-stoichiometric UOZ'

This theory is supported largely by the experimental results on anion
diffusion in other isostructural anion-deficient oxides such as

Ced, (12,13] and Pud,_, [14,15]. In these studies the anion migra-
tion energy was measured in substantially hypostoichiometric specimen
so that the diffusion process was controlled by the vacancy mechanism;

alsd the aciivation energy would not cowntain the defect farmation



energy. All of the results showed thal the vacancy migration energies
were within the range of 4-12 kcal/mole, which was compared with

21-30 kcal/mole for interstitial migration energy in UO2+x mentioned
earlier. In addition, Catlow et al. [16] substantiated these values
witn a theoretically determined value of 5.8 xcal/moie for vacancy

migration in U0 From this standpoint, Murch et al. [9]

2-x"°
attempted a theoretical calculation of diffusion coefficient of oxygen

in UOZix’ assuming that diffusion in UO2 and UOth is controlled

not only by interstitials but also by vacancies at the same time.
Their predictions are reasonably close to the experimental values at
nign temperature stoichiometric UO2 and to thz data of Contamin

et al. [3] for UO Similar attempts were made by Breitung [8]

2+x"

using a simpler model.




2. THEORY

2.1 Methods of Diffusior Experiment

It was indicated in the previous chapter that conventional methods
are ¢ifficult to apply in hypostoichiometric UOZ—x' In this chapter
these methods will be reviewed and the theoretical basis of the present
experiment will be introduced.

2.1.1. Gas-Solid Isotopic Lxchange Method

As applied in the works of Aus<ern et al. [2] and Rober®s

et al. [7], tne diffusion anneal is followed by a mass spectrometiic

18,,16

0/°70 ratio of the gas phase, one of the two

18

analysis of tne
constituents (gas nr solid) being tagged with ~~0. For this indirect
methnd to pe worlable in uranium dioxide, several experimzntal
conditions must be satified:

(1) Gas-solid surface exchange stes should not be the rate con-
trolling step.

{2) Gas phase mass transfer - .ould not be the rate controlling
step.

(3) The partial pressure of oxygen in the gas should be matcned to
the equilibrium oxygen potertial of the so’id urania in order
tc maintain the origiral stoichiometry thcoughout tne experi-
ment

tmploying this method in nypostoichiometric UO2 might violate

-X
tne first and seccnd conditions pecause the UO2 , phase exists only
at nign temperaturss and therefore t1e diffusion in sclid phase is
arobanly extremely fast. [n regard to the third condition, since tne

oxide snould pe in the form of paowder in order to provide large surface
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area, the stoichiometry of the samples would be extremely vulnerable
10 tne surrounding gas especially at the nigh temperatures.

The most convenient way of achieving 2 desired oxygen potentials
is ov a mixture of COZ-CJ or HZO-HZ. ror example, the equilibrium
oxygen potential of Y0, jo at 1700°C is -170 «cal/mole, which is
equivalent to COZ/COO = 4x10'13 and HZO/HZ = 10‘6 at tnis temperature.
Tna 00,/C0 ratio is so low that it would pe extremely difficult to
achieve. The HZOIH2 ratio could be.cont.olled in this range fairiy well,
put no* easily. However, since the HZO is the only oxygen-carrying
specias, it would be difficult to detect minute changes in the 180
fraction in such a small amount.

rrom these standpoints, this method does not seem to be appropriate
for UOZ—x’

2.1.2 Diffusion Couple (layer-solid) Method

In this method two UO2 pellets, one enriched with 18O and Lhe
other normal, are placed in contact. 18O and 16O interdiffuse when
the couple is neated. Unlike the gas-solid isotopic exchange method,
tnis 15 a diract surement of diffusion and there are none of the
mmerent systematic errors or difficulties in v<cing gases. However,
accomplisning a truly good contact between two solids is difficult.
contamin et a'. (21 overcame this difficulty by depositing a tnin layer

1307 (10-20 um) by decanting a suspensicn of UBO2 in ethyl

of U
siconol, Pairs of samples with enriched layers in contact were

annealed in vacuum {gr several hours under pressure at low temperature



in order to promote good contact. They were then diffusion annealed
in hydrogen and argon, and then sectionea to determine 18O profile
Jsing spark mass spectrometry and ion mass analysis.

Murch et al. [6] used a technique that differed only in tnat a
thicker deposit (~150 um) of 180-enriched U0z+x was used.

There are numerous ways to investigate the concentration profile
otner than by .parx mass spectrometry and ion mass analysis, which are
described elsewhere {11].

2.2 Experimental Technique of the Present Study (Solid-Solid Method)

In order to eliminate the experimental difficulties and
uncertainties of a layer-bulk diffusion couple, a bulk-bulk coupie was
utilized instead. Tne diffusion coup’e consisted of two U02—x wafers,

180. As mentioned previously, this

one of which was enriched with
technique has the difficulty in achieving good contact between two
wafers. Calculation showed that the vapor pressure of UO2 is too low
for sufficient oxygen transport from one side to anotner through a
vacuum gap.

To avoid this interfacial resistance, the wafers were bonded
togetner by liquid uranium. Liquid uranium is delieved to nave a suf-
ficiently nigh solubility [17-20] so that tne liquid metal bond snould
transport oxygen from one wafer tc the other quite efficiently. This
technique is eguivalent to reduction of the neat transfer resistance
in tne fuel-cladding gap of carbide fuel pins by sodium ponding.

However, since the diffusion coefficient ia liquid uranium is

differant from that in solid urania, the problem had to be analyzed

with tnis effect included.
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In order not to perturo the stoichiometry of the wafers by the
orasance of liguid uranium, the experiments were performed only 1n

N0 two-phase region. In this system, the stoicnhiometries to

2-x
oe studied were fixed automatically by the temperatures and therefore
tne diffusion measurements would be only on O/U ratios along the lower

nnase boundary (fig. l).

2.3 incoretical Analysis

in order tc measure tne diffusion coefficient, tne ldO profile

nas to o2 fitted to an analytic solution of the diffusion equation,
anicr should include the effect of the ligquid uranium layer at tue
interface. Thdis can be obtained by solving the diffusion egquation witn
joorapriate poundary conditions. The diffusion equation can be written

in dimensionless form:

2 2% 1
EE W
n
yoy 13
ara = ’ 0 = 18‘ i i i = ﬂ
anara ¢ = Yy , ¥ = 70 isotopic ratic = ng;rga

13

= 1nitial isotopic ratio of 70 in 13U—enrichred wafer

L

13

i = initial isotopic ratio of 0 in nurmal wafer.

7 . . . . . . . .
- = O/, b is diffusion coefficient, t is time, ? is the thicx-
- z . .
ness of one wafer, n = F s 2 15 the distance measured from

the surface of tne enriched wafer.
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The geometry of the diffusion couple is depicted in Fig. 2. The

inftial condition can be written as:

[
—
-

1.C. #(n,0) = Q<n<l

i

i}
—
-
—
~
2
A
~

8(1,2)

since botn 2nds are insulated;

C.
<
—
|
W
o
w
-
3
1]
[w)

ﬂ:Oatn=2
an

Tnroughout the caiculation it is assumed that the ligquid uranium thick-
ness § is very smail, i.e., 6<<2 and that the wafers are infinite

siabs.

At tne interface, the 180 flux is continuous:

3l 3C
4 - 13 4 -"18 .
3= )57 - -0 ) * 4
wnere 713 is tne concentration of 13O i o, .

:lj A :oiya*‘yl'ya’a} o)

~ynere :3 is tne total oxygen concentration in UJ,_X.
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Fiqure 2. Geometry of the diffusion counle
bonded by liquid uranium.
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Trnus, from Zgs. {6) and (10}, we nave:

12y

anere 3 =

Tne parameter 3 represents tne overall conductance of the liquid
Jranian jayer for oxygen., The nigner tne vaiue 3, tne less resistance
15 ot cared oy tne liquig uranium layer to oxygen Lransport across the
interface. This parameter depends mainly ipon tne solubility of oxygen
11 1y3uid daranium, wnicn 15 not very well estanliisnag experimentaliy
and snows 31 ldrge Jisagreement among different 1nvestigators _17-20].
sowevaer 2ven Jase of Lne most pessimistic data yields 3 values that
D2rmrt modast Mffusion rates. Tne oniy factor in 3 tnat can de con-
soyit21 s 5. Tnerefore, 1t 1S important to Minimize tne tnickness o7

tne 113uid aranium layer.

TromoZgs. Cly, {23, {31, and {12;, ¢ can 2oe solved to yielg .21

? N I? 2 Vocing . -
5. - J—Dant ‘I(. 3! 3 } ISELE W4 Sln\;n,) )
7 i .- 7 :
n=] P2 + 37 - d} :n?




15
2, 's are positive roots of [ai)tan(af)-B8=0. The pest values of D anu
3oare sougnt to fit tre date pornts from tne diffusion experiments to

Ta. L3y,



'6

3. ZAPERIMENTAL - SAMPLE PREPARATION

wafers are needed:

345 was inaicated previously, lwo reduced UOZ_x

3 )
e 2nricned in L 0 and tng otner normal. The overall procedure for

,anp 12 preparation can oe described as follows:

NE]

‘11 Preparation of U )7

. 13
42 lLLTon 0T Jd, o and JL 1y

Jatarrination af stoicmiometry of tne reduced sample.

pon sted s desIrned 1n datall below.

i.. “2reparation gt U¥?27

L neory

Y95 gtoms in 1)U, were replaced by 18y using 185 enriched

sater 32.0 percent lBO-enmcned water was ootained from Mound

Janourltoryr, at nigh temperature:
13

-t (14)

) 13
J )2 A PRRVEE S ?

13177 50, 1t 43S necessary to maintain the original stoicniometry,
“91s was acnieveg py mixing HZ and Hiao in tne ratio tnat
=072 2gqata07am oxygen sotential of stoichiometric JO,. This

v 2 “yrmulatad in tne following way:

> .
R, 133 {19)
2
4.7
2 A, .
= 7 = XD -G iRT, {16}
P



. n . - _
P's are partial pressures and aG~ is standard frae energy of
reaction (16).

nus,

~

L=
oo
n
O
(0]
=
©
[
G
~—~
A
-

“neoaxygen potentias s defined as:

a&u = R’T In PO) (13

From Zgs. (17) and {13),

aG” , in cal‘mole, is vary well <nown _221:

PO S LI DR U S Pie :
N2 tng axygen potentral of 2, s 205> well <nawn J3-030, e

T HLQIHS Can De o J9teemined o9 I, i,
Ixvgen opotantial or 10::x 1S SNOwWn Qradn Caiiv in Trol 3.0 A
32 s2en, the oxygen potential Clanges varv snardly an the viZinits of
SLarImion2tey T Jd . 2og., from =137 ot ST (At mote gt lAagT . N
Ty viTtuall.oany Onygen d2teniial wILNS oS civle wdaid
N2 catisfactory Tor Taintaining staizniomeira - 40,0 DJue to ims

T, vI1vtaally 3nv 0xvg@en D0Tanlidd i1 INIS Cange wouil ae

LATINTASTON, PO MaatartIng StarIaan2irac U
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Figure 3. Variatisn of oxygen pctential with temperature and 0/U
ratio [54]. The two-phase boundary is based on Ref. [38].
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To promote a fast reaction, nigh temperature and high ratic of
H%BO/H2 were preferred, yet the temperature had to be low enough
to prevent a significant evaporation. To satisfy these requirements,
the conditions of HéSOIH2 =107 and T = 1500°C were chosen, which
would yield 3569 = -103 «cal/mole.

The desired_HésolHZ ratio could be obtained by saturating s
witn Hégo. Tne saturation was acnieved by flowing H2 gas at 1 atm
througn HéBO the temperature of which was controlled so that it would
yield the predetermined HéBO/H2 ratio. Altaough tne H2 flowed

through the Héa

0 in the form of tiny pubbles, the exit gas might nave
been sligntly undersaturated. However, due tu tne wide range of
equilibrium oxygen potential of stoichiometric UOZ’ this slignt
ancertainty was acceptable.

3.1.2 ~pparatus

Figure 4 depicts the overall system which was used for all aspects
of sample preparation.

The gas lines were made from 1/4 in. 0.3. stainless steel tube.
To minimize contamination, hign purity gas valves were used exclusively
and only stainless steel Swagelok-type fittings were used for connec-
tions. The use of 0-ring type fittings and valves was avoided. This
design was particularly important for the UO2 ~eduction step, because
even a trace of HZO in H2 would innitit or limit the capability of
reduction (see Fig. 3}.

To prevent a back-diffusion of air into the system the gas was

ve~ted througn diffusion pump 0il which separated the system from tne

atmosphere.
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3.1.2.1 rurnace

Shown in Fig. 5 is a detailed view of the furnace. The UO2
specimen was placed inside a molybdenum crucible, which was 1 in. 0.0.
and 6 in. long, and electron beam welded to a 3.5 in. wide molybdenum
flange.

A tungsten mesh etement, 3 in. diameter and 6 in. long, was used
to heat the furace. The temperature was controlled by the voltage
applied to the heating element which was surrounded by a series of
tungsten radiation shields to minimize the heat loss and to protect
the outer shell of the furance, which was cooled by water.

The gas was fed into the bottom of the crucible by a 1/8 in.
molybdenum tube and flowed upward from then on. A rhenium rig was
designed to hold several UO2 wafers in an upright position,

The entire furnace was contained in a belljar which was under a
vacuum for operation. A pressure of lO'6 torr could be obtained
using a 6 in. diffusion puma. During furnace operation 5—9x10'6 torr
could be maintained.

The temperature was measured by wW3%Re-W25%Re thermocouple which was
idjacent to the specimen inside the moiybdenum crucible.
3.1.2.2 H£80 - H2 Controlling System

The H2 was saturated with Hés

oubbles were generated in a HéSO by flowing H, through a porous

0 in a Pyrex tube where tiny

glass frit (see Fig. 7). The tube was immersed in a water bath which

was temperature controlled by Neslab PBC-2 bath cooler within +0.5°C.
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Since only a small portion of Hégo in the mixture reacted with

UOZ’ it was necessary to collect and recycle this valuable water from
tne outlet. rirst, the outlet from the furnace went through a cold

trap the temperature of which was maintainad sligntly above 0°C. Tne
temperature was cnosen to prevent blocking the tube py ice formation.

After this, the gas went tnrough a liguid nitrogen 2goled trap wnicn

collected the remaining d%ao.

Of course tnis recycled water was
13

sligntly less enriched than the original H;~0.

3.1.3 UO2 dafer Preparation

Jo,, pellats of 1.17 cm diameter, 1.5 cm nigh were provided by the
General clectric Co., Vallecitos.

dafers of approximately 1.4-1.1 mm thickness were cut from the
pellets and polished using silicon carpide abrasives and diamond paste.
Polishing promoted a good contact in the diffusion couple. It was
equally important that the tnickness of a wafer snould be uniform.
Otherwise tne contact of the two wafers would not pe paraliel.
Thicknesses of the two wafers were matched within J.02 mm for each

180‘

set, ane of wnich was later enriched with
Single crystal UO2 pellets of 1 in. diameter wer2 obtainea from

the Georgia lnstitute of Tecnnology. A single crystal portion, about

1.2 cm in the center, was cut out after slticing them into 1.1 mm thick

wafars, The same procedure employed for polycrystalline specimens was

Jsed for grinding and polishing.
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Taole 1. Impurities in 40, pellets

Ziement 204 £lement PPM £lement PPM
Mg <l Su <0.4 Sn <l
Si ] Fe 13 v <5
Zd <0.3 Pb <0.8 in <l.5
3 2.4 Mn <0.3 So <0.>
Al <5 Mo <5 8e <0.5
2a 1 4 </ 31 <0.2
or <2 Ag <.l Q <3.7
2o 2.7 KE! <3 Ti <0.3

3.1.4 Procedure for fnricnment of U0, in Oxygen-13

(e

(¢4

Measure the weight of the sample: Before placing in the
furnace, the weight was measured using a Mettler microbalance
to compare with the weignt after the exchange reaction.

Pump out the entire system: Before each run tne entire
system was pumped out wnile heating up the samples to 300°C
in order to degas them.

ool down to room temperature and fill the system witn helium.
Start flowing nelium at a rate of 10 cc/sec; with valves

No. L and No. 2 in fig. 4 closed and valves No. 3 and No. 4
open.

Turn on tne furnace and heat up to 800°C; To prevent the
samples from crac<ing by the tnermal stress, the furnace was
neated up slowly.

Snut off nelium flow.

Start flowing hydrogen.
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{3) Set tne hydrogen flow rate at 5 cc/sec.
(9} Heat up to 1500°C.

(10) Flow ngo-az For 38-48 nours; with valves Ho. 1 and

2
No. 2 open and No. 3 and No. 4 closed. The temperature of
H;SO was maintained at 7.5°C wnicn would yield

184, -2
HZ O/ri2 = 10

{11) Stop flowing H%BO/H2 and anneal for 5 agurs; Samples
~ere annealed in order to acnieve a uniform Ldo concentra-
tion in UOZ‘ Since they were t)> dDe reduced at nigner
temperature (~2000°7), where the aiffusion would pe very
fast, aven if thers aad oeen a stignt ngnuniformity at tnis
stage it was considerad to o2 17Material.
712) Zoal aown to 3007C.
13) Start flowing nelium,.
{14} Cool Jown to ronm temperaturs.
{1, Taxe Jut tne samplz and neasura tne Tinal weignt.
Ixactly the same orocedur2, except far using n0ormnai wdaler 1nstead of
4§ﬂ7, was applied to tne Zount2roart 2F tne matcned samole 1n arder
Ipose an 1dentiZzal nistory.  S1nce substantiil grain Jrowtn was
yosarved after 33 nours 37 ©23CLioNn, TN1S Dricess was considera2d to de
11 essoitial step, 2specially for tne poiyirystalline samples. 45 was

expectad, no s1gn1ficant weignt cnanges were Jpser/ed when 1grina; watar

was used. Tnerefor2, tne fallowing 2anllusions wer2 Jdrawn:
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The course of the reduction 2rdcess #as foliowed by a thermobalance.
1T nign temperatures, nowever, tne sample loses weignt not only by
ragucticn butl Oy vaparization. Therefore, in urder to study the
~zduction/evanoration orocess and to understand tne capability of the
system, il was necessary to conduct a systematic mass transfer study.

1.2.1 Apparatus

“w
-

201,10 Tn2rmopaiance

Tne furnace was nasitally tne same as tne ane used in the oxygen
2:2n4nge ~2action 2xcepl Tnat it was equipoed witn 2 Jann RG Zlectro-
1i2nz2.  fne nalanc2 consisted of a control unit 3and a W~eigning
issamply.  « d42atn dual pen chart reco-der adopted far | v signal was
;323 O tne r2zdou* of the palance. [t had a capacity of 2.5 gm,
~23dapr ity of D5 percent of | mv recarder ‘eguivalent to gltimate
~23dapritty of J.l ug).

"ne welgning unit was noused in a leax-tignt aluminum _hamber wnich
~3S d1natained it i 10nsint temperitfure dy coaling water. An aluminum
13n100wn tuDe wniZh was connected to a 3-1/2 1n. “lange was used to sus-
fens tne sampl2 2elow tne balance into tne furnace [see “igs. 3 and 10).

. rJer td ninimize tne radiation from tne Tirnace into the palance
L3720 12 nangcdown tude needed to 22 narrdw and lang.  Yet, at tne
,amg L17e tne tube should de wide enougn L0 <eep tne suspension wire
‘730 -+, 21y 23ainst tne wall wnicn would <Cause enormous noise in the
~2ag34t. A 3.4 ano 1.0., L2 an. 0000, o n. long aluminum tube was

ased © Was 2ssential t)y nave an ansoidtaly straignt wire to prevent

£22D:105 13aiNSat tne tubpe wall, yet very lignt 1n weignt. Therefore,



' ALITIISI
ITITIYTR




32

]— BALANCE BEAM

|

:
TARE \—BALANCE
CHAMBER

<—— ALUMINUM TUBE

QOO0!I" TUNGSTEN WIRE

GAS
OUTLET«———] [ — INLET

M
Il

F—

HEATING
ELEMENT

RHENIUM
HOLDER

I

I

|

0.005" | :
i

!

l

T4 SAMPLE
|

XBL 8010-6100
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from the balance beam to the end of the hangdown tube, a 0.00l in. thick
tungsten wire was used which was thin and flexiole enough to be
straightened by the weight of the sample. Then a 0.005 in. thick rhenium
wire was connected to it to nold the sample.

Since the continuous gas flow provided substantial noise to the
balance it was necessary tn use an extra stage noise filter. A second
stage filter essentially eliminated noise from the output.

3.2.1.2 Gas Purifier

To reduce UO2 the hydrogen had to be as free of H20 as possible.
For example at 1900°C, 10 pom of H%BO in Hy would Timit the
thermodynamic capability of reduction to 0/U=1.9375.

To remove HZO and otner contaminants from HZ’ the gas was passed
througn a liquid nitrogen cooled trap consisting of activated charcoal

and a molecular seive.

3.2.2 Procedures for Reduction/Evaporation Tests

UO2 specimens were essantially same in weight and shape as the
ones used in the previous experiments. ror the purpose of comparison,
ircn samples of similar geometry were tested, of which equilibrium vapor
oressures are wall known [29]. UO2 samples were tested in argon and
nydrogen, and for iron, helium and nydrogen were used. The balance was

caliprated for each run.
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3.2.2.1 UO2 in Ar

3.2.2.

(1)

(9)

Pump out the entire system; The sample was degassed at 300°C
for 2 hrs at the same time. During the degassing step the
typical weight loss was approximately 0.1 mg for 1 gm sample.
Fill the entire system with Ar and set the flow rate.

Heat up to the predetermined temperature; measure the rate of
weight loss for different flow rates and temperatures.

Cool down.

U0, in Hy
Pump out the entire system.

7111 the system with Ar and start flowing.

Heat up to the predetermined temperature; measure tne rate of
weight loss.

Maintain the temperature until the rate reaches a steady state.
Shut off Ar and switch to HZ; The temperature was changed

due to the difference in the properties of these two gases.

The voltage had to be lowered to maintain the temperature.

riow H2 until the weight loss rate reaches a steady state.

Cool down to L0O0’C.

Flush the system with Ar; It was necessary to cool down the

reduced U0 in an atmosphere free of hydrogen because the

2-X
precipitated uranium would react with H2 to form hydride,
which would result in a total destruction of urania.

Cool down.
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3.2.2.3 Iron Sampies

Iron samples were tested in the streams of He and H2. The same
procedure was taken as UO2 except that lower temperatures were
employed.

3.2.3 Results and Discussion

3.2.3.1 'JO2 Vaparization in Argon

Table 3 shows the weignt loss rates of UD, in argon streams at

three different temperatures and different flow rates.

Taole 3. U0p Vaporization in Ar

Flow Rate . ,

T°K ccstp)/sec v cm/sec W mg/min K Km
1340 20 13.8 =0 0 -
2173 3 3.9 0.009 £ 0.00L 4.4 4.2
2173 10 11.1 0.110 = 0.001 27.1 4.7
2173 20 22.2 0.014 = 0.002 39.0 5.0
2273 20 23.3 0.043 = 0.005 38.0 7.0
W= weignt loss rate

T = temperature

o= experimental mass transfer coefficient, defined by J=kaeq/RT
< = mass transfer coefficient calcutated from tneory
Sh = (mIID

] = diameter of sample
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D = diffusivity of U02(g) in Ar

Peq = equilibrium vapor pressure of 'JO2
J = mass flux

Re = vlfv

v = velocity

v = Kinematic viscosity

Sc = v/D

From the analogy between heat and mass transfer laminar boundary
layer theory for a flat plate, the mass transfer coefficient km is

predicted by:
Sh = 0.664 Scl/3rel/? X (23)

As can be seen in Fig. 11, mass transfer of UO2 vapor in argon was

as much as six times faster than predicted. Using least squares fit-
ting, the data at 2173°K are represented by: Sh = 3.91 Sc1/3Re
(0'47t0'01). The possible errors .nay be: (i) underestimation of
diffusivity of UOZ(g) in argon. (Tne transport properties estimated
from theory [30] are given in Table 4.) (ii) flat plate boundary
layer theory was not very accurate for a thick disk hung in a gas
stream. (The effect of decreasing flow path length from tne center
to the periphery was small.) Nevertneless, the data still seem to

follow the theoretical dependence on Reynolds number, as shown in

Fig. 11.
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Figure 11. Comparison of U0, vaporization in argon with
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number variations.
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Table 4, Diffusivity and Viscosity of Ar and H)

° 2 . VA .

T K DUOZ—Ar’ cm~/sec uAr,POISe DUGZ_HZ,cm /sec uH?,POISE
2073 2.31 7.7 x 10-4 12.53 3.2 x 104
2173 2.48 7.8 x 10-4 13.59 3.2 x 10
2273 2.71 7.9 x 10-4 14.54 3.4 x 10~

The effect of temperature on UO2 vaporization can pe estimated from
the data in Table 3 at 2173°K and 2273°K. from Eq. (23) and
J = (mPeq/RT and W = JA where A = surface area of sample,

vap -

W peq
3= “n RT (24)

WT
or ———1—3——1— a P (25)
DSc / Re Iz €q

In Fig. 12, the temperature dependence of WT/DSC“3Rel/2

is compared
with equilibrium vapo: pressure curve. Least squares fitting yields a
slope corresponding to a heat of vaproization AHVap = 123.3 £ 4.5 xcal/
mole whicn is in fair agreement with AHvap = 143.1 <cal/mole obtained
from the equilibrium vapor pressure curve _31].

3.2.3.2 U0, Reduction in Hydrogen

Table 5 snows the resultc in H, streanms.
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Figqure 12. Temperzture dependence of the UO2 vaporization rate.
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Taple 5. UOp reduction in hydrogen.

“low Rate | . Expected W
T’k cc(STP)/sec W in Hp, mg/min W in Ar, mg/min  in Hp, mg/min

2173 10 0.011 # 0.0005 0.
Q

0 = 0.001 0.021
2173 20 0.050 + 0.0025 4 =

0
01 7.002 J.029

.

rig. 13 is a typical weight loss curve from tnermoobalance output in
which ane can see the snarp cnange of the slope after tne argon stream
was replaced by hydrogen.

Also snown in Table 5 are the weight loss rate in Ar for
comparison. Using £q. (23), the ratio of <m n H2 to n in Ar is
estimated to be ~2.1 at the same temperature and flow rate, and the
weight loss rates due to pure evaporation are listed as "Expected W in
HZ" in the table. However, the date at a flow rate of 10 cc/sec show
a slower rate tnan expected, especially considering the contribution
of reduction. This is believed to be experimental error. Angtner
possipility is that the rate 0.011 mg/min was measured defore steady
state was reached. For a flow rate of 20 cc/sec, the weignt loss rate
3.050 - 0.029 = 0.021 mg/min could be attributed to the reduction of

JO, by H At this rate, UOZ could have been reducad to JO

2" 1.977
in an hour, assuming that tne vapor preisure was independent of
stoichiometry witnin this range. This rate of reduction was signif-

icant and may nave peen mass transfer-limited {ratner than limited ny

a surface chemical -eaction ar solid state diffusion of oxygen in the

2-x)'
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3.2.3.3 lron vaporization

Iron 2vaporation resglts are snown in Tapie 7. “i1g. 14 snows tnat
mass iransfer was 2-3 times nigher tnan expectad from tne tnaory.
Js11g least squares fitting, tne experimental 3Jata can de representad

: . - 1/3QeiJ.115*0.3).

Dy:  Sn = J.3 5C Nffusivities of 2 in 4, ang

42 zalzulated 2y tneors 30 are taouiataa 22 i04:

Tanle 5. Onffusaivity and Jiscosity of 4e and +)

, ) . 2 :

T J:e_m),CW /sac SENT /sec Jﬁ),301se qu.Po1se
1533 14.43 13.75 2.7 x 107% 5.3 x 1070
1773 15.75 14.38 2.9 « 107 5.5 x 10-9

Tna dependgence Jf the 3nerwodd numper Jdn tne Reynolds numder do=s
130 agrae watn tne galue of J.5 oradyzted oy iamanar flat olate
d>oundary layer tnedry. Tnis 11sCrenancy Tmay 02 due t) tne sensitivity
3T Tne nydradynamics to s1ignt misalignment of tne nanging specimen
from tne vertizal axis. Note also tnat tne magnitude of tne
diszrepancy datween tnedrv 31nd 2xDariaent 1s 3 factor of ~2 instead of
-5 far JJ,.

Tag n2at 3f s31D0r1zatIIN A*vaa = 31,2 £ 32,1 <cal/mole was odtained

2. .2, wn1Zn 1S 1n 3o0od agra2ement witn Aﬂvao = 90.1 <cal/

-1
4
Q
3
"
£

a2l from tng 2QquliiDrlum vapar dressura carve _250.

:4
<3
v
“
o
b
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Figure 15. Temperature dependence of iron vanorization.



Table /.

Fe Vaporization n 1y and Hg

Conditians Hy Ha
Fiow v . i ‘:;n ) “n x‘;]
T°K Pegoatm cclsec cm/ sec W mg/min cmf sec cnf sec W, mg/min cnfsec  cclsec
1486 ~ 20 13.96 =0 - - - - -
1693 1.2t x 10-2 10 7.95 - - - 0.012 + 0.003 22.9 9.1
1693 1.21 < 10-2 2 15.90 0.013 * 0.004 24.8 13.63 0.013 £ 0.092 23.8 12.9
1773 4,12 x 1075 5 4.16 0.033 + 0.003 22.2 3.64 - - -
1773 4.12 x 10-° 10 8.33 0.038 + 0.007 22.2 7.30 0.030 £ 0.005 i7.5 9.3
1773 4,12 x 10-° 20 16.65 0.041 * 0.005 23.6 14,59 0.039 = 0.002 22.8 13.6
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3.3 Reduction of U0,

Uranium oxide at elevated temperature exists as a singie phase
over a broad range of stoichiometry (see Fig. 1). In the oxygen
deficient region, this extends down to 0/U ratio of about 1.46 at a
monotectic temperature of 2425°C.

As was mentioned earlier, nypostoichiometric urania can be prepared
by reduction of UO2 in hydrogen. In this technique the purity of
hydrogen is essential. The ultimate stoichiometry is limited by the
oxygen potential of the stream (see Fig. 3).

3.3. Apparatus

The thermobalance was not needed in the UO2 reduction step.
From the previous experience a standard procedure was established.

Since hydrogen free of oxygen and water is essential to the
capabilitv of reduction, in addition to the activated charcoal fil.ed
liquid nitrogen trap, H2 was passed through an oxygen getter con-
sisting of copper turnings at 650°C. This served to remove any oxygen
in the aydrogen stream by oxidation of copper. Copper turnings were
contained in a 1-1/4 in. 0.D., 10 in. long stainless steei tube which
was heated from outside. On some occasions fused titanium Tumps were
used as tn= getter instead of copper.

3.3.2 Procedure for Reducing UO2

One set of matched UO2 wafers (one ul°02 and the other U1802)
that had gone through the oxygen excnange steps was placed in the
furnace together. The rhenium rig used in the oxygen exchange step was

used nere. The two wafers were separated as far as possible in order

to prevent (or minimize) premature isotope exchange via vapor pnase
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transport. Also present was another identical UO, wafer, which was

to serve the purpose of stoicriometry determination after tne

reduction. Tnis was necessary because a nondestructive method of

stoichiometry determination was not availaole.

(1)

Pump out the entire system; samples were simultaneously
degassed at 300°C. This time all tubing was paced as were the
molecular seive and tne activated cnaracoal-filled Iiquid
nit.ogen moisture trap. This step was to remove any HZO
inside the tuping. [t was most essential when the system had
peen previously exposed to HZO-H2 mixture.

Fill the system with helium; oxygen-free helium was used.
~lush the system for 30 mins.

Heat up the copper getter to 650 C.

Start heating up the furnace to 1000°C; Again, slow heatup was
assential to prevent cracking of the UOZ' Approximately

30 mins. were requied,

Shut off helium.

flow hydrogen at 20 cc/sec; Hydrogen was passed throuan the
liquid nitrogen trap and the copper getter.

Raise the temperature to 1900 ~ 2000°C; Normally 2-4 hrs. were
required to substantially reduce UOZ'

Stop flowing hydrogen and anneal the samples for 2 hrs.; this
was to eiiminate any oxygen concentration gradient in the
samples.

Cool down the temperature to 1000°C.
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(10) Pump out the entire system; Before cooling down to room
temperature the system had to be absolutely free of hydrejen
to avoid hydriding the precipitated uranium which would lead
to a complete destruction of the samples.

(11) Fill the system with helium and flow.

(12) Cool down to room temperature.

3.3.3 Results
Shown in Table 8 are several results of reduction. The degree of

reduction was controlled by the reaction time and temperature.

Table 8. Typical Results of Reduction in Hp Flow.

Final Q/U

T°C Hp cc/sec time, nhrs poly. crystal single crystal
1850 20 1 1.972 -
1850 10 1 1.970 -
1850 20 2 1.954 1.974
1950 20 2 1.951 -
1950 20 4 1.955 -
1950 20 4 1.954 -
2000 20 4 1.950 1.953
2000 20 4 1.955 1.950
2020 20 4 1.948 -
2040 20 4 1.945 1.944
2040 20 4 1.951 -

Tne stoichiometries were measured by a thermogravimetric method

whicn will be described in the next cnhapter.
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Apparentiy tne stoicniometry approacned 1.93 ratner rapidly and
r2ached a plateiu. It looks, nowever, as if nigher temperatures may
lead to lower stoichiometries, wnich is consistant with the fact that
at higner temperature tne equiliprium oxygen potential is nigher (see
“ig. 3).

However, temperatures anove 2050°C were not imposed oecause of a
severa distortion of the snhape of the sample due to the extremzly nign
vaporization rates. The reduced samples wer2 not (0o pe ground cr
poiished again because of the possibilities of contamination and change
in stoicniometry. Therefore, a severe distortion in the snape of the
samples could not be tolerated.

doth single crystal and polycrstalline samples showed similar
stoichiometries after the reduction in similar conditions. At this
stage this was interpreted as (1)} cxygen diffusion in UO2 was not
rate controlling or (2) reaction had reached equilibrium.

At tne conditinns of T=2000°C and H2 flow of 20 cc/sec for 4 nrs,
ipproximate stoichiometries of 1.95 could be consistently obtained.

Shown in Fig. 16 is a photomicrograpnh of a reduced sample. The
sranium setal precipitates are immediately visible (bright areas); many
af tnem associated with voids. Using EDAX (Energy Dispersive X-ray
Analysis), the brignt areas were confirmed to be uranium metal.

Figure 17 snows one of the uranium precipitates under SEM.
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The reduced wafers that were to be used in diffusion experiment
already had gone through oxygen exchange steps described previously.
This process, which took ~40 hrs., combined with 4 hrs. reduction at
nhigh temperature, yielded very large grains, approximately
200 microns. Figures 18 and 19 show the morphologies of U1602_x
and ULBOZ_x specimens, respectively. As expected tnhey show
approximately same grain size.

3.4 Stoichiometry Determination

3.4.1 Survey of Methods

There are a number of different methods for measuring the
stoichiometry of urania. Methods commonly used are:

1. X-ray diffraction [32]: The lattice parameters are correlated

with the 0/U ratic. By measuring this parameter the stoichiometry is
obtained.

2. Solid State Electrolytic Cell {33]: High temperature galvanic

cells using Ni-NiQ0 mixture and heavy metal oxides (TnOZ, UOZ’ etc.)
are utilized. The equilibrium oxygen potential can be measured by the
emf generated between the two electrodes.

3. Gas Equilibrium Method {34]: Using appropriate gas mixture of

CO-CO2 ar HZO—H2 the specimen is brougnt o stoichiometric U0, and
the total accumulated change in the ratio of the CO/CO2 or HZO/H2
during this process is recorded to calculate the original stoichiometry.

4. Thermogravimetric Method [35]: By measuring the weignt change

of the specimens when they are brought to a known, standard stoichi-

ometry (UO2 or U30q), the original stoichiometries can be

obtained.
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Figure 16. Photomicrograph of the reduced urania. Bright spots
are the uranium metal precipitates.
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XBB 800 13489

Figure 17. Photomicrograph nf the uranium nrecipitates under SE'.
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Figure 18. Photomicrograph of the UISO surface.

2-x

XBB 800 13462

Fioure 19. Photomicrooraph of the U]SO x surface.
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0f all these methods, the thermogravimetric method is tne most
convenient and reliable for routine experiments. Also it was readily
availaple since the system was equipped with thermopalance.

Since there was a substantial amount of vaporization at nignh
temperature, the degree of reduction could be measured directly by the
total weight cnange during the reduction step. Tnis problem was over-
come simply by naving another piece of UO2 present during the process
and supsegquently oxidizing it back to U02 at low temperature whilz2
measuring the weight gain, from which the stoichiometry can bpe

calculated by:

where wi and Nf are weignt of the sample before and after the
reaction, respectively.

3.4.2 Procedure for Stoicniometry Measurement

The atmospheric conditions for this oxidation were almost tne same
a3 the gnes used in the oxygen exchange step descrioed previogusly.
Here, normal water was used and in order to minimize tne chance of
vaparization, lower temperatures were employea {~1300°C ratner than
1500°C). At these temperatures the amount of evaporation was negli-
gible, yet reaction was fast enougn. As in the oxygen exchange
procedure, the watar was <ept at 7.5 C, wnicnh would yield an oxygen

potential of -1J5 <cal/mole at 1300°C.
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Sometimes tne specimen surface spalied due to a sudden violent
~23action between uranium arecipitation and HZO, wnicn caused a large
weignt cnange. Therefore, tne specimen nad to be contained in a
rnenium nas<et so tnat tne small particles were not lost from tne
w#2ignl measurement. Tnis Das<et in turn was suspended fram tne tnermo-
salance to follow tne weignt cnange continudusly tnrougnout tne
2xperiments.  4dlthougn spallation ¢id noL napoen very often, tne
oracautions were taken eacn time.

32fore and after tne reaction, the specimen was weignad outside tne
system using tne Mettler microbalance to compare witn tne output of tne
tnermonalanca.  Most of tne time tnose two readings were 1n good agree-
nent.  -However, tne calioration of the tnermovalance seemed rasy to
J15tu"0 when a sudden large force was exerted, for example a sudden
Z1ange 1n fiow rate. Thus, wnenever tnpre werz significant discrepan-
sies detween tnese two readings, tne Mettlar's reading overruled that
5f the tnermobalance. Tne main function of the thnermobalance was to
orovide tn2 indication that the reaction was completed ny showing a

31230y wergnt.  Tne foiiowing 15 tne detailed procadure:

LY Measar. weignt af tne specimen befare laading.
2.0 2umo t i “vstem and degas tne specimen.

31 Fili tne sy Yium,

4 “low netiy ccisec.

5) +eat uo to 1000°C; Tne reduced samples snould not oe exposed
3 nydrogen at low temoerature.

9 Sndt of f nelium,



{7) *“low nydrogen 10 cc/sec.

(3) Heat up to 1300°C.

(3) Start liowing H.ZO-H2 5 cc/sec.

{10) Opserve the weight reaches a steady srtate.

{11} 7low aydrogen 10 cc/sec

{12) ool down to 1000°%.

{13) Snut >ff nydrogen.

(13) 7low helium 13 cc/sec.

{15) Zool down to room temperature.

‘1) Snut off nelium.

.17) Tak2 out the specimen and measure tne final weignt.

Since tne halance was extremely sensitive, the valve gperations and
flow rate cnhanges gave consideranle perturbations. Also for dif-
ferent conditions (temperature, gas species, fluw rate), tne readout
~as different even tnough the weight of the sample remainad unchanged.
Zhanges occurred pecause (1)} for different gas species and/or flow
~ates the ajuoyancy and s<in friction forces are different and (2) for
Nnffarent temperatures the drizntness in the palance crnamoer changes
fue to tne =iJiation and tmis contributes to a cnange in tne readout
Jezause tne nilance nas a pnotoelectriz tube tne current OF wnicnh is
Jirectly proportional to the rz2adout. Therefore, it was e:isential to
Zomg e~ tne readout at identical conditions (i.e., at th2 same temper-
ature, same Jas species, and same flow rate), to 2dtain a true weignt
cnangs of tne specimen. It was also essential to take tne reading

after tne system reached a steady state following each perturbation.
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", satisfy tnese requirements tne weight increase was ca'culated
5y Iomparing the weignts at steps (9, ano (10), {1ll) and (8), (l2) and
217y, (14) ang (i5;, and (15) and (4). These points are depicted in
“19. 20. In most cases these values were in agreement to witnin
£3.005 mg. An average of tnese values represented tne tnermobalance
measurement.

In order to make sure tnabt tne rnenium w~ire ana cas<et holding tne
specimen drd 20t redct with HZO—H2 during the process, a dummy
zxperiment was pecformed wilinout any sample in tne pas<et. In the
nas<et was a piece of rnenium foil of approximately the same weight as
the JoZ-x specimen. The test consisted of exactly the same steps as
tne actual stoichiometry determination, except that the temperature was
raised from 1300°C to 1500°C gradually 1in the Ha0-H, stream. No
weignt cnange was opserved through 1500°C. This proved that the con-
Jitions for the stoichiometry determination were inert to rhenium and
111 tne weignt cnange observed could be attributed to the reaction of
}J?—x specimen w~itn HZO.

Sngwn 1n Tig. 20 i5 a tyoical output of the thermobalance during
tn2 axperiment. Zacn step of tnhe procedure was marked by a numbered
ir-)w.  5ta2p 3 snows a sudden huge perturbation when the pre-evacuated
system is filled with helium. Similar, but smaller, spikes are seen
Jn many otnar occasions whenever there were valve operations or changes
in tn2 flow rate. Also observed is a differzice of ~0.4 mg in readout
327are and after filling the system with helium, althougih the weight
37 =ne specimen snould have remained unchanged. This change was due

t) tn2 pbudyancy force exerted to the whole balance system by helium gas.
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Also, as the temperature increased from room temperature to 1000°C the
readout decreased by ~0.15 mg due to the radiation into the balance
chamber.

Before feeding HZO-HZ, it was verified that the weight remained
constant under steady H2 flow. This test was necessary to make sure
that (i) evaporation of the sample was negliginle and (ii) all tne
weight increase in tne HZO-H2 atmosphere could be attributed to
the reaction of HZO and UOZ-x'

In the example of Fig. 20 it took 1.5 hrs to complete the reaction.
The time required for the reaction varied from 1.5 hrs to 3 hrs in most
cases. [t is very likely that this range was due to the different
geometries of the samples.

Table 9 shows the weight increase measured at different conditions.

As mentioned earlier, for each measurement the conagitions of comparison

were identical.

Table 9. MWeight increase measurements at different condtions.

Condition: .
A j~Wy gas flow cc/sec TC aW mg
W1 0-Wg H20-H» 5 1250 0.475
W11-Wg Hp 10 1250 0.475
W12-W7 Hp 10 1000 0.48
W14-Wsg He 10 1000 0.48
W15-Wa He 10 room temp. 0.475
We-Wy air 0 room temp. 0.485

Weights wi = 0.178370 gm and wf = 0.178855 gm were measured by

the Mettler microbalance for this example. The measured weight



increases in Table 9 are in good agreement with the measurement oy
Mettler micropalance. Using a 0.485 mg increase, the initial

stoichiometry was calculated from Eq. (26) to be 1.954.



4. DIFFUSION E£XPERIMENT

4.1 Apparatus and Procedure

rol.owing the preceding steps, two identical nypostoicniometric

18

Jyo wafers {one with ~~0 and tne other normal) were prepared for

2-X
each diffusion experiment. These two matched wafers were put togetner
with a uranium foil 0.003 in. thick in oetween. Shown in Fig. 21 is
tne experimental setup. txperiments were performed in a glass pelljar
filled with nigh purity helium. Tnroughout the experiment the nelium
flowed continuously from underneath the sample to «<eep the surrounding
atmospnere as clean as possible.

Tne furnace was heated by a tungsSten mesn heating element of 3 in.
diameter and & in. nigh. The diffusion couple was positioned in the
center of the neating element to establish as uniform a temperature as
possible in the diffusion couple. Since the samples were approximately
1 mm thick, which is very small compared to the size of the heater, it
~as assumed that the temperature was uniform thnroughout the diffusion
Zouple.

The diffusion couple was enclosed by & molybdenum cruciple of
J.5 in. 1.D. (see Fig. 22). [t was necessary to make the crucible wide
enough to accommodate the thermal expansion of urania.

In order to promote good contact between the two wafers and to
minimize the thickness of the liguid uranium layer, the diffusion
couple was put under compression. This was achieved by a weight on

top of the molybdenum crucible.
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Figure 21. Diffusion experiment setup.
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Temperature was measured Dy a W3iRe-d25%iRe tnermocouple tne not
junction of wnich was placed in tne center of the molypdenum crucioie
{see Fig. 22). The distance between tne junction and tne end of UOZ—x
~afer was less tnan 1/16 in. The tnermocouple was connected to a
digital indicater from wnicn tne temperatures were read directiy. In
order for tne tnermocouple to respond gquic<ly to tne temperature
cnanges, unsheatned pare wira tnermocoupie was used.

Prepared samples were stored in an inert gas or vacuum until Tney
wer2 ysed in tne diffusion experiment.

Tne following steps were ta<en for eacn run:

(Lly 2ump out tne entire system.

{?) Heat up to 400°C to degass the system for Jne nour.

{3V 7ill tne system witn nign purity oxygen-free nelium.

(4) Flow nelium at 20 cc/sec.

{5) Slawly neat up to 1100°C; Slow heatup was essential to prevent
the sampies from crac<ing. Since the uranium remained solid
Jp to tne meiting point of 1132°C, it acted as a parrier to
tne premature diffusion.
fo) Rapidly neat up to tne desired temperature; Once tne uranium
melted, diffusion tnrough it would occur. Tnerefore, it was
necassary to reach the temperiture as quickly as possiple. It
usually too< 40 sec.-2 2ains., which was short compared to tnhe
total annealing time.

(7) Maintain tne temperature for a predetermined time period; For
the first experiment, tne diffusion coefficient nad to be

guessed in prder to determine (re appropriate annealing time.



from the result of tnis first experiment, diffusion coef-
ficients at other temperatures could be estimated and the
annealing time wnicn would yield an appropriately developed
diffusion profile was determined. The criteria were that the
time should be long enougn for diffusion to penetrate at least
nalf of tne thic<ness, yet no more than 2/3 of the tnickness.
B8y naving a less tnan fully penetrated diffusion profile, the

180 concentration on both sides of the diffusion

original
couple could oe cnecked., This is discussed in greater detail
in the next section.

Turn of f the power supply to cooi the couple as quickly as

®

possinle; Since sintering of the two wafers couid occur in
some contact areas of tne sample, diffusion could take place
even pelow the melting point of uranium. Time required to
reacn 1100°C was measurad, wnicn was also short compared to
the overall operation time.
After eacn run, tne couple was taken out and was cut in half using
3 1ow speed diamond saw. Etacnh nalf was mounted 1n a copoer fiiled
Janduczive tnermosetting epoxy and polisned to 5 micron crade using
i1amona naste.

4.7 Sample Analysis and Results

‘99/(130+1°O) profiles were determined by Hanford Engineering
Jevelopment Lapboratory and Argonne National Laboratory using ion micro-
orase mass analyzer (IMMA). The pasic operating principles of IMMA are

descriped elsewnere [36,37]. Basically, an ion beam is accelerated to

an adjustanle focal spot on the sample surface and tne sputtering ions
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are analyzed by mass spectrometer. This technicue was used by Marin
et al. [1] and Contamin et al. 3] for urania and by Valencourt
et al. [37] for porous U02+x'

- ; 28,*
For the present analysis an

N2 primary peam was used in 15-20 <v
accelerating notential. The area analyzed was apout 5x6 microns for
each spot. FEach area was sputter cleaned for 30 seconds pefore
coliecting data to eliminate any surface effects.
Since HZO also nas mass 13, it is indistinguisnaole from lao
in the mass spectrometer. Therefore, water nad to oe avoided in
grinding and polisning the semples and they nad to de degassed in a
nign vacuum (leO'9 torr) for 2-3 days pefore each analysis. Also
samples were stored in vacuum after experiments and snipped in a small
lea<-tignt stainless steel containers filied witn sligntly pressurized
nelium,

xperiments were conducted at eight different temperatures in tne
range {257 - 139772, eacn of tnem corresponced to stdichiometries in
tne range of 1.393-1.955 following tne lower pnase ooundary. An
empirical =quation developed by Fryxell et al. [38] was employed to

Jetermine tne stoichion tri2s 3f tne oxide 0 tne twd pnase region:

Inx = 3.073 - 125875/T7°X (27)

Snown in Taple 10 are {O/J)O, tne stolcnidmetries of tne samples
used in each experiment, annealing temperatur2s, and {J/U), tne
stoicniometries of tne oxide pnase in tne two pnase region

corresponding to 2acn temperature.
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[n fig. 23 tne experimental poin.s are depicted in the pnase
diagram. in order to make sure that tne experimental points were in
the two pnase region, annealing temperatures were xept at least 30°¢C
oelow the tw¢ phas2 boundary.

Zalculation snowed tnat under tnese Ionditions tne effact Of
tiquid pnase on diffusion in the oxide is insignifizant,

snown in F1gs. 24-37 are normalized orofiies of liof(ldJ*Léd)
inalyzed oy [MMA. “oar normalization of tne ~aw dat: 1t was 1mperatiye
to nave Zorrect values of original 1sotonil Zancentrations Jn dotn
s1des of the diffusion couple. Althougn tne 150U3p17 enricnnent nad
228N Mmeasurad Trom wergnt ncraase after tne jeygen axihange step, 't
¥3S A5Senticr L2 ZonfIrm tnese MeAsurements 220Caase Ny 2ro)r 10 tnis
value was directly pass2ad 3tong Lo tn2 1FF 100 Zoeffiscent Zitzula-
T1ONS,  3InC2 the wafars 1ad 2one tNrougn 3 nign t2mperiture: C2ductlon
sted, 1T was susdectad tnat tne driginal 2nrmacnments ndav nale de2n
3lter=2a v vapar Jnas2 1s)tope transoort.

TS Z0uid D@ veritied Dy I2M0aTN3 N2 273013 15319010 20rcIne
20T 1T e TMMA 3312 Mear T2 2nd ot ' o R A A RAPTR T
<32 MU Vet aen2leal2l. fedm o tne ugnnoeTma e WML Tata, 1% aas
DMV OLS TNAT 1M 2vSTy 22T 1720t 211 T23ST OMe 1Tl 1T 1ng water i

MAT Desn afTtaciad ov MTTLS00. I sam2 0Tt sampias NO. A, 4, L,

Dl 10 o more than 3t of tme a3Ter W3S LMCNanNgRd. Avorage calues ot
TNAS2 JNINAng2d, Trat oroTrie T210ns ave laduiatey v Tadla2 10 ATse

X oami3inal aneinment caltues faila atad

SMOAT 1M TMe TADD are

Fram «21300 IaCTSase.



1800

1600

°

1400

100

70

Taperamerca’ rornis 'nonhase

T T T T T T T
InX=3678-12675/T"K |
- -
— p—

i | 1 1 i i L
92 194 196 1 98 200
oM
xB8.8010-6094

dranrar.



71

16

[MMA data near tne ends of U0 wafers showed substantially

2%
higher values of 18O concentration (1-5 percent) than natural

apundance {0.2 percent}), which is easily detectable oy IMMA (see

Taple 10). Yet, tne profiles were also flat at least up to on2 tnird
of tne thickness, i.e., the maximum deptn of diffusion penet  ition was
two tnirds of tne tnickness, i.e., the averall 130 arofiles were
symmetric in every experiment. Tnis implies tnat tne 13U meentra-
tions wer2 already nigher than natural apandance in uléo " wafers

even before the diffusion anneal. The immediate explan- ion 1s that
there nad been oxygen exchange between tne two wafers tnrougn tne vapor
pnase during the 4 nours of reduction 3t hign temper: .re. This inter-
pretation was strengthened by the fact that the sumt Hf average values
cf potn sides of the diffusion couple were close t- tne ariginal

18,

anrichment (see Taple 1J). 3ased on this interpretation, the two
fraction on the sides of the diffusion couple aw .~ from tne interface
obtained by [MMA were used for normalization o- tne data (see the
detinitian of p 1n Zq. (1)),

“xperiments 1J tnrougn 13 are on single cystals.

TnoMOSt 2xperaments two Jdifferant ling. DerpendiZular to the inter-
Tace wer2 ardjded in drder tQ averige Jut v Jdifference in the 130
arofrles,  They ware mar<ed 3s triangles ind sguares in tne ~igs. 24-37.
TIrst one was J4sually near the center 1:d tne other was near nalf way
10 tae adg2 rom tne lanter. facn 20sition Jf the lines was carefully
CNasen gnder tne MICrIsCOpe i Sucn i wiy tnat tne linme of probe would
ML ITOSS 2any wd1dS ar Sras<s anich ~ould cause IMMA to pic< up values

Trom J1fteraat planes. A5 £an D2 seen, the profiles of tne two

TeavRrSas were ¢2ry C10s2 T0 2ach otnmer in most experiments.
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There were basically tnree different types of bonds observed

between the two wafers.

(1)

Continuous thick uranium layer (5~30 um) across the entire
sample: As experted, samples of this type of bond yielded
discrepancies in l80 concentration across the interface.
Samples No. L, 2, 3, 10, 11 belong to this type. Shown in
Fig. 38 are the photomicrographs of the interface of samples
No. 2 and 1l. The uranium layer is distinctly visible as a
white band.

180

Sintered interface: Naturally this type showed no
discrepancies. Although two wafers were sintered togetnher,
the original interface was easily identifiable vecause a
number of uranium particles remained along the interface (see
Fig. 39). This type was observed in samples such as No. 8
and 12 which were annealed at high temperatures.

Combination of (1) and {2): This type of specimen snowed
some areas wnich were sintered and some which nad a uranium
layer (see Fig. 40). It is likely that this strucCture
occurred because the wafers were not truly parallel and
therefore the contact was not uniform. However, in cvery
case of this type, the urarnium layer was extremely thin

(2-3 microns). For this type of samples one of the probe
lines traversed the sintered area and the other crossed the
uranium layer for the purpose of comparisor.. Those two

profiles were always in good agreement and showed no



87

XBB 300 11800

Figure 38A. Thick vranium interface (sample #11).
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XBB 800 11801

Figure 38B. Thick uranium interface (sample #2).
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XBB 800 11798

Figure 39. Sintered interface (sample #8).



XBB 800 11799
Figure 40. Half-sintered interface (sample #5).
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significant discrepancies at the interface, most likely
because the uranium layer was extremely thin. Samples No. 4,
5, 6, 7, 9, 13 belong to this type..

In every sample, whenever the probe lihé crossed the uranium layer,
the 180 concentrations of the points imme&iately adjacent to both
sides of the uranium layer were measured in order to detect any
discontinuity in 180 concentration across the uranium layer.

The contact between liquid urénium and urania was excellent (see
Fig. 38a), which was essential to minimize the interfacial resistance.
No gap or voids were observed even when the surface was not smooth
(see Fig. 38b).

The normalized data were fitted to Eq. (13) using a computer code
MINUIT to find the best values of D and B. However, since time was
required to reach the operating temperature and to cool down after the
experiment, diffusion during tnese stages had to be taken into account.

Corrections were significant in higher temperature experiments
where the annealing time was relatively short and diffusion was fast.

As was indicated, the temperature could be raised slowly up to the
meiting point of uranium without causing aay premature diffusion. From
1100°C (near the melting point of uranium), the temperature was raised
rather rapidiy up to tne annealing temperature, which took at most
3 mins, Since this is a temperature range where urania is highly
plastic, this operation couid be carried out rapidly without cracking
the samples.

The times required to heat the couple from 1100°C to the annealing

temperature, t;  are shown in Table 1G. Also shown are the cocling
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times to 1100°C (tz). Usually 2-3 mins. were taken for cooling from
1100° to 500°C so that even for the sintered diffusion couples it was
assumed that below 1100°C diffusion annealing was negiigible.

The nominal annealing times, to' are also tabulated.

To take these thermal transients into account, however, it is
apparent from the nature of the problem that only an approximation is
possible. Here, an effective teff was sought which would accommodate
the diffusion anneal during these transient periods. Since the degree
of diffusion anneal was a function of the product Dt, effort were
concentrated on the value Dt itself to deduce the approximate value of
t

eff"
The teff was defined as:

Todt -0, -t (28)
{r T " Ceff

0, is the diffusion coefficient at the annealing temperature and
= t1 + t2 + to, the total time for the experiment.

To calculate teff’ D{t) needs to be known. Therefore, teff and
J should pe obtained by an iterative process.

[t was assumed that the temperature T' changed linearly with time:

T = 1373 * (T-1373)(tft;) , Octety

. t—tl-t
T 2T - (T-1373) (—0), ¢ L Fostet; *totty (29)

and T is the annealing temperature in °K.
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As temperature changes, the corresponding stoichiometry of the two
phase boundary also changes. In near-stoichiometric material, the
following equation can be assumed for oxygen self-diffusion by the

vacancy mechanism [49].

D = Do, (1-0,)exp(-aH /RT) | (30)

9, is vacancy concentration {x/2 in UOZ—x)’ AHV is the activation
energy of vacancy migration, and D; is a constant. The equation
will be discussed in greater detail in the next chapter.

The iteration was started oy fitting £q. (13) to the normalized
data using t=to, the nominal annealing time. fitting vielded dif-
fusion coefficients for each experiment. This first diffusion coef-
ficient obtained is shown in Table 1l as D(l)’ The D; and AHV
of £q. (30) were calculated by nlott g 1n[D(l)/ ev(l-ev) ]
vs /T using linear fitting.

From £q. (27) and (30),

oy = o.so; ex0(3.678-12675/T )

{1

1-0.5exp(3.673-12675/T ) exp(-aHV/a% ) (31)

Combining Egqs. (31) and (29), D(l)(t) was obtained and from £q. (23)
taff was determined. Tne integration was done grapnically. Tne
R L} . L]
first Larf values are shown in Table 11 as Lapgee Using Lafes
rew diffusion coefficients were obtained (D(Z) in the taple) and

secand iteration started. After tne third iteration it was apparent



fable Lll. Effective times and diffusion coefficients during the iteration and the
final D values and effective times.

RUN r'c Lo Ins U(l)xlO/ cmdséc teff D(Z)xlo cmz/sec teff D x 107 cmzlsec
1 1190 340 0.25 341 0.249 341 0.249
2 1257 180 0.47 181 0.467 181 0.466
3 1330 20 0.86 20.8 0.828 20.8 0.82%
4 1400 45 1.45 46.8 1.398 46.6 1.400
5 1400 30 1.43 31.8 1.352 3l.6 1.357
(0 1490 50 2.43 52.1 2.237 51.8 2.346
7 1530 2 .65 36.5 2.526 36.4 2.551
) 1565 20 3.58 21.8 3.278 21.0 3.279
9 1597/ 20 4.48 21.9 4.087 21.7 4.129

10 1330 45 0.85 46.4 0.820 45.4 0.820

i1 1400 15 1.11 46.8 1.072 46.6 1.072

12 1490 28 1.93 30.4 1.791 30.3 1.799

13 1565 15 4.19 16.8 3.741 16.6 3.786

6
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that values had converged adequately to the teff and D figures shown
in the table.

Values of D were used to deduce D; and aH, of £€g. (30). In
Figs. 41 and 42, 1n[D/ev(l-ev)] vs 1/T is plotted for the poly-
crystalline samples and single crystal samples, respectively. Linear
least squares fitting yielded D; = 4.4x10_4 and AHJ = 11.7%#3.0 kcal/

mole for polycrystalliine samples;
5= 0.4 x 107 5 (1-a,) exp(-11700/RT) (32)

Similarly, for single crystals J; = 5.9)(10-4 and AHV = 13.0#10.2 «<cal’

mole were obtained;
D=5.9x 107 8,(1-8 ) exn(-13000/RT) (33)

It should pe noted that two separate experiments (No. 4 and No. 5
in Tanle 11) were conducted at 1400°C for different annealing time; one
for 30 mins. and the other for 45 mins. Tnis was to check tne
reproducinility. As can pe seen in Taple 11, tne values of D ootained
ire very close to eacn otner.

In order to clearly demonstrate tne difference petween single
crystal and polycrystalline samples, one of tne 1400°C polycrystalline
axperiments (No. 1) and single crystal experiment No. 1l were conducted
simultaneously. Tnis was acnieved oy simply stac<ing the single

crystai diffusion cousle on top of tne polycrystalline couple in a
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Figure 41. Plot of polycrystalline data to determine
D; and AHV.
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crucible deeper than ordinary ones (see Fig. 43). A 0.005 in. thick
riienium foil was used to separate the two couples. By this arrange-
ment, identical temperature history and all other conditions could be
imposed to the two couples. The results show clearly that diffusion
is slower in the single crystal (see No. 4 and No. 11 in Table L1).
The difference is not very large pecause of the unusually large grain
size (~200 um) of the polycrystalline samples.

Since tne single crystal correlation has fewer data points and is
not as good as the polycrystalline correlation, only Eq. (32) will be

used in subsequent analysis,
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Figure 43. Double diffusion couple arrangement.
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5. DISCUSSION

5.1 Comparison with Other Materials of Fluorite Structure

Due to the similarity in their crystal structure it has been widely
believed that UOZ—x has the same type of crystal defect (anion vacancy)
and diffusion mecnanism (vacancy) as CeOZ-x and Puoz_x. However, this
supposition has never been confirmed experimentally. On the contrary,
thermodynamic studies favor the excess uranium model [39].

Since the stoichiometry and temperature were changed simultaneously
in the present experiment, it is difficult to separate the stoichio-~
metry contribution to the enhanced diffusion at higher temperature.
However, comparing the present data for UOZ-x with existing data of
stoichiometric UO2 (1] at the same temperature, it is readily seen
that the present data are almost two orders of magnitude higher tnan
those of stoichiometric UOZ' This effect can only be attributed to
non-stoichiometry, thereby demonstrating the existence of defects in
the anion sublattice, i.e., oxvgen vacancies in UOZ-x' Based on
this fact the diffusion coefficient {s analyzed in terms of vacancy
contributicn and migration energy.

It is well «nown from the random walk theorv that for a vacancy

mechanism the diffusion coefficient can be expressed as [49]:

v N
DV = Dogv (l-ev) exp(—AHleT) (35)

where D; is the pre-exponential factor, AHv is the vacancy

migration energy, e, jis vacancy cencentration, and (l—ev) is

v |

diffusion path probability.
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In substantially hypostoichiometric UOZ—x’ the concentration of
oxygen interstitials is negligible compared to vacancies, and therefore
interstitial contribution to diffusion is also negligible. In
addition, thermally generated vacancies are negligible. The analysis
of the diffusion data in the previous chapter to yield Egs. (32) and
(33) was based on these two assumptions.

txperimental results on Ce02_x and Pu02_x are compared with the
present work at different stoichiometries in Table 12. For the present
work the result of polycrystalline samples were used. It is seen that
both the activation energies and pre-exponential factors are in
excellent agreement with those of CeOZ_x and Puoz_x.

The current model is based on random walk theory with no interac-
tions among defects, which is valid only for small nonstoichiometries.
Therefore, the disagreement in Table 12 between CeOl.80 and the
remaining values is attributed to the large deviation in the stoichio-
metry of the former and therefore should be explained in terms of
defect clustering or microdomains of ordered regions [.2].

5.2 0xygen Diffusion in Near-Stoichiometric UO”*x

5.2.1 Introduction

As indicated earlier, there have been several studies (1,2,4,7] of
oxygen diffusion in stoichiometric UO2 and they are in reasonably
good agreement. The diffusion mechanism, however, is not very well
established primarily due to the lack of experimental data on vacancy

migration.



Table 12. Comparison of oxygen diffusion in UOp_y with CeOp_y and PuOp_y.

X Ce0,_ [12,13] Pu0,_ [15] uo

2-x
0.005 0.2x10-%exp(~10900/RT) 0.11x10-9exp(-11700/RT)
0.01 0.5x10"9exp(~11100/RT) 0.22x.0- bexp( 11700/RT)
0.03 1.3x10-exp(~11300/RT) 0.65x10-%exp(-11700/RT)
0.05 1.6x10-5exp(~10800/RT) 1.07x10- bexp( 11700/RT)
0.08 1.51x10-9exp(-11900/RT) 1.68x10-%exp(-11700/RT)

0.2  6-16x10-6exp(-3600/RT)

201
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In their early study Aus<ern et al. [2] simply assumed the
applicability of the interstitialcy mechanism to -toichiometric U02
as well as to hyperstoichiometric UO2+x and calculated the energy to
form Frenxel defects to be 70 kcal/mole, which was later supported by
the heat capacity measurement of Szwarc [40]. More recently, Breitung [8]
and Murch et al. [9] attempted to include both interstitial and vacancy
contributions in the diffusion model. However, due to different
estimates of the vacancy migration energy, their results were quite
different, supporting interstitialcy and vacancy mechanisms,
respectively. By theoretical calculation, Catlow et al. (16] ootained
5.8 kcalfmole for tne energy of vacancy migration. Also calculated was
a Frenkel energy of 11.5 kcal/mole. Assuming a vacancy mechanism in
stsichiometric UO2 instead of an interstitialcy mechanism, these two
theoretical values yielded a diffusion activation energy of 65.6 kcal/
mole, which was in good agreement with the experimental result.

5 can ve seen, the disagreements arise from lack of reliable data
cn vacancy miaration energy c-.pied with uncertainty in rrenkel energy.
Since experimental results in U0,  are now availabie from the
present work, “t should de useful to look into this probliem in detail.

5.2.2 Diffusion Model

Throughout the work it 31s assumed that the dominant defect in UO2tx
is the anion Frenke! defeci; Schottky defects are neglected. The
defect model is based on the following relations:

(1) Defect rormation:
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QV 2]

Ke = T:5; T:%T = exp(ASF/R)exp(—AHF/RT)

where O0 = 0oxygen ion in regular lattice site

Vi = unoccupied interstitial site
Oi = oxygen in interstitial site
V0 = vacancy in regular lattice site

N

=

number of anion vacancies

<
—_

(#%]

[0
—

8y = Humber of anjon Tattice Sites - W; = 2N,

. - Number of interstitials - ﬁl (39)
i~ number of interstitial sites ~ uNU

NV = number of anion vacancies/cc

Ny = numper of cation sites/cc

N0 = number of anion sites/cc

aS. = entropy of rrenkel defect formation

AHF = entt 0y of “renkel defect formation.
Tne number of available anion interstitial sites of UO2 and UOZ—x is
aqual to number of uranium atoms. In U02+x’ however, as the numper of
interstitials increases, occupiable interstitial sites gradually oecome
selective. a is the parameter that accommodates this effect in U02+x’

for which Contamin et al. {3] developed the semi-empirical expression;
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2
a = (40)
(2+x) (1+10%%%) /2
For U02 and UOZ—x’ a=l.
(2) Electroneutrality:
X =a& - 28, {41)
Solving Egs. (37) and (41) for 9, and 8,
2 1/2
_-B + (B -4AC)
® = 2 (42)
and
o, = & (a0,-x) (43)
v =7 a ]-—X )
wherea
A= (1K)
B=x (L r5+3) -5 (44)
C=-KA(l*+3%)

Assuming that in Uoztx (1)} oxygen diffusion can aroceed by both
vacancy and interstitia! migration simultaneously, and (ii) the move-
ments of these two species are independent of each other, the total
oxygen difiusion coefficient can pe expressed as the sum of the two

terms:
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D=0, * Dy, (45}

In substantially hypostoichiometric UoZ—x’ D(i) = 0. Thus, from
Eq. (35)

D= D( = D;ev(l—ev) exp(—AHV/RT) (46)

v)

Similarly, in substantially hyperstoichiometric U02+x’ D(v) = 0,

and

~ - i M P -
D= J(i) = Do Qi(L ei) exp( AHi/RT) (47)
. v -4
From tne present experiment, Do = 4.4x107" and AHV =11.7
<cal/mole were obtained. D; and AHi were ootained by re-analyz-

ing the existing oxygen diffusion data of U0 Only the data of

2+x "
Contamin et al. 3] and Murch [6] were used because their experimental
metnods were considerad to be most accurate.

In sudstantially nyperstoichiometric U02+x’ the thermally generated
interstitials are negliginle. Thus, from £q. (43), 8, = é. In

Sig. 14, .nLD(i)/ei(l—ei)] is plotted vs. 1/T. Least squares ritting

yielded D; = 4.7x]0'3 and 8Hy = 21.8 £ 13.0 xcal/mole. Thus,
1
D(i) = 3.7x107° ei(l-ei) exp(-21800/RT) (48)

Combining £gs. (32), (48), and (45),
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Figure 44. Re-analysis of the diffusion data of U02+x'
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0 = 4.4x107% (1-8) exp(-11700/RT) + 4.7x107%a (1-a,) exp(-21800/RT)
{49)

Using the computed code MINUIT, data for stoichiometric UO2 were
fitted to Eq. (49) combined with Egs. (42) and (43) with a=l and x=0
to obtain the Frenkel energy and entropy. Only the data of Marin
et al. 1] were used; Data of Auskern et al. (2] and Roberts et al. [7]
were excluded because of their unusually large pre-exponential factor
whicr propably resulted from other rate controlling processes affecting
tne gas-solid isotopic exchange method [1,6]. Also, the stoichio-
metries of their samples were not as close to 2.0 as those of Marin
et al. [1].

Figure 45 shows the data points of Marin et al. [1] and the fitted
curve (solid line) for AHF = 85.6 £ 9,2 xcal/mole and ASF = 18.2 £ 7.2 e.u.
These may be compared with Szwarc's calculation of AHF =71.3 £ 2.2
<cal/mole and aS; = 14.8 + 0.84 e.u. {40].

Also shown in rig. 45 are the contribution of interstitials and

vacancies, D(i) and D( At very low temperatures, vacancies are

v)*
the primary species that contributes to the total diffusion in UOZ'

In the temperature range of 300-1800°C, howaver, neither of the species
is completely predominant; and at 1400°C the contributions of tha two
species are approximately equal. Above this tamperature D(i)>D(v)’

and below this temperature D(i)<D(v)’ The fractional coatributians

of the two species are depicted in the upper portion of Fig. 45.

Since one of the two terms in Eq. (49) becomes negligible in a

substantially nonstoichiometric region, this equation provides a
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unified diffusion model in UQ for all stoichiometries. However,

2%x
it should be empnasized that the current model is valid only when the
point defects are independent of each other.

Using Eq. (49), diffusion coefficients in near-stoichiometric
JOz_X and qu*x were calculated and the results are snown in
~i1g. 16 and Fig. 47, respectively.

Compared to Fig. 46, Murch et al. {9] predict 2-3 orders of

magnitude nigner values of D in UO2 due to tne low 4H, and nigh

=X

pre-exponential factor they employed.

5.3 Excess Enthalpy and rrenkel Energy of UO2

[t is well known that the specific heat and the enthalpy of UO2
display unusually rapid increase from 1500°K to 3100°K {41-44], wnich
cannot be axplained by lattice vibrations. Szwarc _40] attributed all
af this excess enthalpy to Frenkel disorder to deduce the frenxel
energy and entropv. Supporting this interpretation was the oxygen

d1ffusion data in stoichiometric U0, with the assumption of an

2
interstitialcy mechanism (2]. However, in light of the present work,
tne diffusion model snould be altered, thereby undermining Szwarc's
interpreation of the axcess entnalpy.

Recently, a series of attempts were made to re-interpret the excess
antnalpy in terms of electronic excitation (46-48]. Altnough gquanti-
tative results could not be obtained because the electronic structure
af JQZ is not well estaolisned, it was demonstrated that the
alectronic contrioution to the enthalpy could pe significant.

In tne orevious section, the Frenxel energy of AHF = 85.6

<cal/mole and entropy of aS. = 18.2 e.u. were obtained oy fitting



m

20 | N |
0 I N N S {

- 5 4 10 15
0%/T (K)

X BL 8010-609|

Fiqure 16. Predicted oxygen diffusion coefficients i

ue,__-



.x+20n Ul JU3LIL44I0D UOLSN4LP UIDAXO P3IILPALG  “LP 34nbi 4

0609-0108 18X

M) 1/,01
Sl Ol S
L L L L L LA N CB-OI
|
B Ol
| (98s/5W0)
- o d




113

the oxygen diffusion data of stoichiometric UD2 to the present model,
This Frenkel energy is higher than Szwarc's calculation of 71.3 kcal/
mole [40]. This means that the population of Frenkel defects is less
than predicted by Szwarc's model and therefore their contribution to
the excess enthalpy is also smaller.

Her Sdnazsu oof e cacess entnalpy 1o sanled LO arise rrom ii=
electronic contribution. Tnerefore, the observed enthalpy, &H, of
U0, can be written as:

aH = aH o+ aHo o+ AHe] (30)

pn

wners AHD”, AHFr, AHe] are enthalpy due to the lattice vibration,
Fren<el disorder, and electronic exciation, respectively.

Zo.lecting data from various studies, Kerris< et al. [44] developed
equations for enthalipy and heat capacity of UO2 that represent the
data. Althougn they also attriouted al' of the excess enthaipy to

Frencel disorder, the pnonon terms in their equations still represent

tne low tempareture data very well:

) - . -1
sy = <peliexate/ =137 - Cexp(es298)-1)7t} +

(1% - 233%) (51)

2

snere N, = 19.1450 calfmole-"<
X, = 7.33733 x 107 calfmole-’¢

335.285°¢ .

-9
[}
(%]

Tng “renkel disorder term can de derivad as (30]:
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ASF AHF

. = V2 AHFexp(§§~) exp(- 7§T) (52)
where AHF = 85.6 kcal/mole

aS- = 18.2 2.u.

r

MaclInnes [46] calculated the electronic contripution by introducing
two models using two-band structure; valence band and conduction band,
witn a band gap of Eg. Using standard technique of the semiconductor
theory, the energy absorped by the band structure per unit volume at a

given temperature was obtained as:

N

1 ,2m*,3/2 ,'d\1/2 -,3, , +:5/2
E = ——7'(—;?) (ﬁ—) L(§) (xT) +
cm [¢]
Ly, 3/2 5
£y D T exp(-EgT) (53)
Nd = number of electrons per unit volume in the valence band
ng = 2(2amrcT/n?)3/2

h = Planck's constant

h=h/2x

m* = electronic eficctive mass

m, = electron mass.

Following Catlow [45], MacInnes assumed that the valence band was
comprised of 4f orbitals, and accordingly assigned 14 electrons to it.
However, as Thorn et al. (47] indicated, to use 5f orbitals as the

valence pand may be more plausible than 4f. Thorn et al. [47] found
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that two electrons couid be assigned to the 5f orpitals. Using 5f
orpitals for valence band in £q. (53), AHe](cal/mole) can be written

as:

3:7/4

* 3/4 - -
aH = (2 [1.789x10
el my

003 x 107% ag « T4 axp(-ac/2rT) (54)

o2

AE is the electronic activation energy in cal/mcle.

The reported enthalpy data (42,43] were fitted to £q. (50) using
£as. (51), (52), and (54).to obntain the optimum values of (m*/me) and
AE. In Fig. 43, the fitted aH curve and the data points are shown.
Also shown are Ath, and the excess enthalpy AHex (:AH—Ath). ritting
yielded (m*/me) = 7.620.1 and at = 45.0%0.3 xcal/mole, respectively.
The af value obtained is equivalent tc a band gap of 2.0 ev, which is
in good agreement with the reported values: 1.8~2.3 ev ootairzd from
electrical conductivity data vetween 1400°K and 3000°K [52] and 2.1 ev
obtained from reflectivity data [53].

Electronic contribution AHe] and Frenkel contribution AHg . are
calculated seperately and shown in Fig. 49. “Also snown on the same
temperature scale are the fractional contributions of the two effects;
AHe]/AHex and AHFr/AHex. As temperature incredses the fraction

of electronic excitation decreases; at 3000°K it accounts for approx-

imately 13 percent of the total excess entnalpy.
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CONCLUSIONS
. Much faster oxygen diffusion in UOZ—x than in UO2 was observed,

which proves that the primary defect in UO2 is the anion vacancy.

-X
. The measured migration activation energy of the anion vacancy,
11.7 xcal/mole, is lower than the migration energy of intersti-
tials. However, it is not as low as predicted by theoretical
caliulation [16]. The activation energy and the pre-exponential
factor of the oxygen diffusion coefficient are in good agreement
with those of other materials of fluorite structure, e.g., CeOZ—x’
PuOZ_x. This confirms the similar oxygen migration mechanisms

in these matertials.

. In stoichiometric UO2 and near-stoichiometric UOth’ hath
vacancies and interstitials contribute significantly to oxygen
diffusion. At 1400°C, contributions of the two species are
approximately equal in stoichiometric UOZ‘ Wwhen T > 1400°C, the
interstitial contribution is higher; when T < 1400°C, the vacancy
contribution is higher.

. The Frenkel energy and entropy deduced from measured diffusivities
in UOZ—x’ UOZ and U02+x are AHF = 85.6 kcal/mole and

ASF = 18.2 e.u. These vaiues yield lower anion Frenkel defect
concentration than predicted by Szwarc's model {40]. This devia-
tion is consistent with the theory that not all of the excess
enthalpy of UO2 can be attributed solely to the Frenkel disorder.
Use of the aHF and ASF values determined in this study shows

that at 3000°K electronic excitation can account for 13 percent of

the excess enthalpy.
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5. McInnes' {46] .wo-band model for electronic excitation is modified
to guantify the electronic enthalpy. Data fitting yields a band
gap of 2.0 ev, which is in good agreement witnh the reported

values 752,53], and effective mass of conduction bind electrons of
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