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SEM HOT STAGE SINTERING OF UO2

‘Daniel John Miller
Materiais and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
‘University.of Californig; Berkeley, California 94720
ABSTRACT

The sintering of hyperstoichiometric uranium dioxide powder
compacts, in the hot stage of the scanﬁing electrbﬁ-micriscope; was
continuously monitored using 16 mm time lapse movies. From alumina
microspheres placed on the surface of the compacté, shrinkage measure-
menﬁs were obtained. 'Converfing shrinkage measurements into densifica-
tion pfofiles indicates that a maximum densification rate is reached at
a critical density, independént éf the constant heating rates.

At temperatures above 1350°C, the movement of the reference
‘micréspheres made shriﬁkage measurements impossible. It is believed
ﬁhe evolution of UO3 gas from hyperstoicﬁiometric UOZ is the cause of
tﬁis liﬁitétion. '



INTRODUCTION‘

Uranium dioxide is a réfractory ceramic_material:of_vitél.impor;ance
to the nuclear energy inggstry. ‘Most commercial, thermal; niclear re-
actors'generate.power using rods of uranium dioxide as the fuel material.
-~ The charactéristics of hf%h_melting temperature (~2865°C), resistance
tovirradiation damage, and general stébility in the demanding reactor

environment outweigh the low thermal conductivity of UO, to make it'the

2
preferred uranium beariﬁg compound for'the fuel matrix.
Uranium okide is incorporated into reactors in the form of dense
(>90% TD), cylindrical pellets stacked in a mefallic éléddiﬁg, commonly
a zirconium alloy or st;inless steel. 'As with maﬁy cerémic materials,

the most economical method of'pfoducing dense ‘U0 pellets is by cold

2
pressing‘a fine powder of this material and sintering at elevated
femperatures; |

The microstructure which results from sintering is intimately
related with the.performance of the fuel element. Remnant porosity
reduces thermal conductivity and thergby decreases the available power:

,oﬁtput.' Fuel pellets containing.pores may fuftﬁer densify while in
éervice in a reactor. The rearrangement éf fuel material results in
nonuniform fuel elements and relatgd problems in controliing the fission

reaction. The grain size of the sintered UO, is known to influence

2
swelling and fission gas'reieasel'as well as strength and fracture char-
acteristics.2 ‘An understanding of the sintering processes of UOI, from
the initial, pressed density to the final developed microstructure is

important, therefore, in economically fabricating fuel elements of

maximum energy efficiency.

{
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The driQing force for the sintering'of powder compacts is the
elimination of excess surface free energy. In céramic systems that
sinter withéut the presence of a liquid phése, surface free energy is
reduced b& éblid state diffﬁsion mechanisms. The shrinkage of a parti-
culate compact will result fgom voiume diffusion ané grain boundary
diffusion. Due té the comflé#ities of the process, however, no general-
ly acceptéd'sintering theory éxists at ﬁhis time. |

Quantitative solutions for the reduction 6f;surface area in model
systems'consiéting of regular arrangements of spherihal ﬁarticleé have

3, 4, 5

been offered by a number of investigators; Comparison of shrink-

age equations wiﬁh experimental measurements ﬁas often been used to in-
terpret initial sintering data of powdé;_compacts neglecting the restric—
- tions inherent in the models. Thé investigatiqné of Exner et al.6 and
Shﬁmaker aﬁd Fulrath7 indiéate that initial solid state sintering cannot
' be so ‘simply treated due to non-uniform particle packings and ﬁarticle
reérrangeméhts,_‘ |

-~ The latter stages of Sintering, in which a contiﬁuOus pore phase
shrinks and forms isolated pores, was modeled by Coble8 wiﬁh the assump-
tiop-bf poreé.of uniformfsize,'shape and distribution. Agglomerations.bf
fine particles, grain growth, Ostwald ripening_of pores and many other
'processing and densification parameters.affecting kinetiés negate the
acce?tabiliﬁy of sﬁch model; to actual éeramic powder tompaéts. A
statistical approach'to éintéring has recently been sﬁggested'as an
alternative to models which assume well'defined’micrdstructuralgeometriés?

Due to the variety and limitations of experimental techniques,

descrepancies exist among the results of different sintering investigations.



Sintering‘is often studied through shrinkage measurements-obtaiqed
dﬁring isotﬁermal.conditions at various elevated températutes. The
inability of’éfudying the rapid initial shrinkage while isothermal
.conditions are being established'is a majof difficulty of this.technique.
The rapid heating of speciﬁens-té‘high teﬁperatures willialso cause
stresses in thé material‘which'ma§'have effects onvthe measured.shrink;
o agé. “Tﬁese problems can beveliminated Sy continuously measuring shrink—
age duriﬁgfa constaht rate of heating. . Such é#pe;iments also more nearly
vappfoach iﬁdustrial sihtering conditions.

.The intricacies of solid state'éintefing of ceramic powder.éompacﬁs

v , N
are further complicated for UO2

', higher oxide phases and resulting nonstoichiometry:,-Thé diffusivities

by the strong tendency for formation of

of both uranium ions and oxygen ions are greatly increased as oxygen
| 10,11
9

be given, therefore, to the effects of composition and changes in com~

enters_the flourite lattice of stoichiometric UO Attention must -

" position which may influence the sintering kinetics of UOZ'
' This report presents the initial work on the sintering of UO2

studied by hot stage scanning electron microscopy. Shrinkage was con-
tinuously monitored at various constant heating rates to avoid the
problems which accompany isothermal methods. The use of three constant

heating rates pfovided information on the densification of,UO2 without

the assumptions of model behavior.

* S o
- Throughout this report, UO, will refer to a hyperstoichiometric UOZ'

2



EXPERIMENTAL
A. APPARATUS
The mpdification of a commercial hot stage to give magnifications
from 50 to S,QOOX at temperatures ué to 1600°C and the operation of this
hot stage in the séanning elgctron microscbpe* hés been reported by |

Fulrath.12

' _ R o
Hdot stage scanning electron microscopy has proved to be an effective

14, 15

13 énd liquid phase sintering.

method of studying Both solid state
The increasedvstaﬁiStiéal capabilitiéé of studying the densificatiop of
a pafticulate compact from constaht visual inspection of iﬁs.surface at
high‘températures is the main advanfége of this technique when compared -
with other‘methodsf A limitation exiéts,'howéyer, in the necessity of

" a vacuum environment for operafioﬁ of the SEM. |

The sﬁecimen stége carrier used in this study is shéwn in Fig. 1.

v A:lS mil thoriated tungsten wire wqund on a high purity alumiﬁa tube
(99.82)Vjégkefed in an outer alumina sleeve forms'the‘heatiﬁg'élement;
Platinum crucibles used in this study were supported Within the héating
element byia molybdenum étand. A 5 mil, WSZ Re-W26%Re théfmocouple
wa$>5pot welded to thé bottom of the‘stand to proQide temper#ture
measurements. Tﬂe accuracy of temperéturé measurement was i15°C as

compact

determined by optical pyrometry. The deviation of the UO2

temperature from the measured value was essentially constant, however,
during a sintering run. Molybdenum radiation shields surrounding the

heating element and placed over the top prevented excessive radiant

% :
JEOL JSM-U3
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heat losses. Electrical coﬁnections of the specimen stage are isolated
from the ﬁefal frame biOCk by éluminavplates.
MATERIAL AND SAMPLE PREPARATION

‘ The-UO2 of this»study was obtained‘in thé form of cylindrical
pellets'ofzspeCified size for_hét stage work (~.18 inf dia. x lvin.j
height)*. The pellets wefe formed in a hardenéd tool steel‘die;
o liéhtiy.lubricated with a stearic acid solgtion, at 25,0001psi utilizing
uniaxial p?essing techniques. The pellets contained no binding additiods,

an important fact as organic binders have shown to be detrimental to the

16
2"

micrometer measurements and dry weights. Green pellets were 507 TD #

densification of UO As pressed densities were calculéted from

. 2% (TD = 10.97 g/cc). The 0/U ratio was 2.18 as determined by oxidation

of the material to U0 at .750°C in air. From micrographs of fractured

3

green.peilets, the particle size was obsérved-to range between 10003 and

5000A.

| Alumina microspheres (10-15um) , placed on.the surface of the
prepreséed'péllets served as reference.points fof shrinkage measurements.
By lightly tapping a glass SIide,'on whiéh'a~small amount_of alumina was
placed, oyer‘é.peilef within a ?t crucible, é réndoh'distribution of the
fine micrdéphereé was obtained. A metal rod was used to lightly press
the mic?ospheréé onto the surface to insure their stability. " The
crucible and pellet weré'placed iﬁ the‘sample stage'carrier.and inserted

into the SEM.

* ' N . 3 .
UO2 provided by G. E. Co., Nuclear qurgy Division, Vallicitos, CA.
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SHRINKAGE MEASUREMENTS

The U0, pellets were heated to 500°C in the SEM and held at

2
temperature. An area suitable for shrinkage measurements was located
and the insfrument focused. .A low magnification of approximately 100 X
at which shrinkage.was measu?ed was also fixed at this time. Low magni-
fication was uéed‘tp obtain a:good statistical’éhrinkage measurement
over a large surface area. Higher‘magnification was used to keép‘the
area of s;udy centered during densifiéatioﬁ; vThé pellet was kept in
focus during dimensional changes by raising and lowering the épécimen
Stagé within thé‘SEM. . This technique eliminated‘any magnification
changes'acgompanyihg focal adjustments.,

Constant héating rates of 2, 4 and 86C/min were used from 500°C to
- temperatures of 1600°C. A 16 ﬁm ﬁovie cémeravwasAused to record the TV
scanning iﬁage at 20;C iﬁtervals during teﬁperature rise. Continuous
. shrinkage was determihed‘by projecting the time'lapse'films on a wall
and meaéufihg aisténces'between specific microspheres. At leaét five
measuremen;é at each 20°C interval provided an average shrinkage of the
specimén."Figure 2 illustrates how the-dimensionai changés between
miqroSpheres proﬁide-a ﬁeasure'of compact shrinkage.

Shrinkage values were converted into density values from:

2-%20 3
Lo

relativefdéhsiﬁy of sample

p =

where p

relative green_density.(.SO used in all caiculations)

O
nh

fo = Length between two spheres Eefore shrinkage

o
n

Length between spheres at temperature



RESULTS AND DISCUSSION

‘The shrinkage and-corresponding déhsificatibn ﬁrofilés of t;he'UO2
compacts as functions éf heating rat¢ and témperature afe shown in Figs.
3 and 4. Shriﬁkage commences between 650°C and 750°C, depending upon
 heating rates. .Shrinkage measurements above 1340°C were not possible
. due to movements of the A1203 microspheres;. An explanatién:of this.
phenoménon will be offered later. The'S;shaped éurves of figs. 3 and 4
indicate that a maximum densificati6n rate is reached before 1340°C |
dqfing all three constant rates of heating. The densification rate Jas

calculated using measurements of the slope of the relétiye density ver-

sus temperature curve at 20°C intervals from:

dp _do
dt dt
where do . densification rate
dt .
do _ measured slope
dt
a = constant heating rate

Densification rate as a function of temperature'and constant heating
rate is shown'in Fig. 5. The densification rate is a maximum at approx-
imately 1000°C, 1060°C, and 1110°C for conmstant heating rates of 2, 4,
an& 8°C/min respeétively. Referring back to Fig. 4, it can be seen that
at these épp;oximate temperatures the samples are Qf equivalent denéi— |
ties. A plot of demsification rate vs. relative density clearly cor-
relates these parameters. Figure 6 indicateé that, the UO2 of this
study undergoes a ma#imum”densification rate at a density‘of éppfdxi—

mately 65% TD, independent of heating rate. The occurrence of this
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‘maximum at a critiéalAdenSity stresseé the importance of the developing
microstructure on sintering kinetics.
Studies of both uranium and oxygen diffusion have been reviewed by
10 s . .
Belle. . The diffusivity of oxygen is many orders of magnitude greater
than the diffusivity of uranium in the oxide of stoichiometric composi-

10,11

ion and in oxides containing excess: oxygen. It is generally

accepted, therefofe, that the sinfering éf UO2 is kinetically 1imi£ed
by the diffusionvof the caﬁion,'altﬁough plastic flowvhas,aiso-been'con—
sidered a mecﬁaniém of dengification.l7

'Diffusibn ﬁechanisms ahd activation eﬁergigs for the sintering of
UO2 have been proposed in a numbervof Studies by fittiné initial sinter-
ing data to model equatiohé. The results of somé of these studies are
presented in Table T.
| The :énge of activgtion energies in béth diffusion and sintering
‘studies haye‘been;incéﬁsistent with changes in 0/U ratio. A rational-
ization‘of'the discrepancies‘is_a difficult task. The poor agreement of(
those studies is an inéication of the dependence of the findings upon
mgterial Characteristics, éxperimental technidue and ;nalytical method.

An apparent activation energy for the sintering of the

hyperstoichicmetric UO2 of this study was determined from:

dp _ k éxp-(’Q/RT)
‘_dt T

where dp

at densification rate

k = constant related to properties of the UO2

T - Temperature °K
R = Gas constant
Q = Apparent activation energy



TABLE 1. Results of UO, Sintering Studies

Activation ,
) ' ~ Energy Proposed .
Material . Atmosphere ' (kcal/mole) Mechanism Reference
: U02+y' -Flowing 65.8%6.2 - Uranium Amato et al.
o Ar Volume (18)
Diffusiodn :
U0, & Flowing 107+11- Uranium Lay and Carter
I H, and o Volume (19)
bo2+X 2 Diffusion '
co,/co .
UO2 08  Flowing 55 Uranium Lay
- COz/CO' Volume (20)
Diffusion
uo, Flowing 86+8 Uranium Woolfrey
' HZ Grain Boundary (21)

Diffusion
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Inherént in_thisiequétion is thg iﬁdépendence of densification rate

from heating réte.. In other words, the rate'éf densification is depend-
ent upon te@perature but ﬁot &ensity. In Fig. 5, this is seen to be
true for'compacts_aenéifying at cdnstant heating rates of 2°C/min. and
4°C/min. Before the cfiticai‘dénsity is reachéd, the’densification

rates for both heating.rates,follow the same curve. The denéification
rates for the fastésﬁ,heating %ate, however, éfe dalways higher thén
those for thgvslowet ﬁeating rates. |

An'Arrehnius plot of densification:rate versué reciprocal temperature
was made to obtain thé'apparent actiVation epergy'of-the sintering pro-
cess; Tﬁis plbt, sthn in Fig. 7, shows a constant eprnential'de—
pendence of denéification,raté.upon témperature untilvthe critical den-
sity iS'appraached. ‘A value of 23 kcal/mole for the apparent activation
energy was calculated for all three heating rates. Since tﬁe temperature
dependence pf thé densifiéation rate_is indepen&ent ofvheating rate, it
used iﬁ this studyvoccurs

2

by the same diffusional processes under the three constant heating rates

can be concluded that the sintering of the UO

employed.
.'  The maxima of the cﬁryes 6f-Fig.f7 correspond.to the.maximum

‘densification.rates which occur during the thfeé'constant rates of
heating at 65% relative density. The changes in siope of thesé curves

indicates that after the U0, compacts have reached this critical density,

2
densification rate is dependent upon density. A change in the rate
controlling mechanism for the sintering process, i.e. a change in the

.activation énergy for sintering might also contribute to the changes

in the slopes of the curves of Fig. 7. A change in.sihtering mechanism
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alone, hoﬁever, could not explain the reversal in the sign éf these
slopes.

The 23 ké¢al/mole value is much lower than values previously’
répdrted for the activationvepergy for uraﬁium diffuéion in hypérstoich—
iometric UO2 (see Table I).v This value ié in good agreement with the
activation energy for oxygen diffusion in-hyperstoichiometric U02.23’24
. It should be noted, howevef, that the apparent activation energy of the
sintering process in which fine particlesvmaj densify by various diffu-
siohal mecﬁanisms in_cénceft.is’not uanest;onably comparable with
acti?étioﬁ«energies determined on single crystai or dense polycryStal—'
line samples used iﬁ'diffusioﬁ studies.

ActiVation energies calculated for thevsintering process are
dependént upon the sintefing-rate equation as derived from empirical
data Qr'as aséﬁmed from nodel experiments.y Woalfréy and Bannister
modified the general;_model equétion for iéothermal initial stage sin~
tering for application tb éonstant heating rate experiments.22 Using

: . . N

nonisothermal techniques, these investigators calculated an activation

energy of 85t8 kcal/mole for the initial stage sintering of U0 From

9
the data they'ﬁreéeﬁt, it is evident this activation energy was obtained
by multipiyipg an effective value of approximately 24 kcal/mole by_a_
critical exponeﬁtiallvalue correlating shriﬁkage rate with‘shrinkage'in
the.sintering rafe equation. The close agreement éf the activaﬁion
ene:gy'for this study with the efféctive activation energy determined
from Woolfrey and Banniéter;s reéults supports the vaiidity of the

‘shrinkage measurements obtained using the hot stage technique. - The

deviation of the highest heating rate data from the”empirical formula’
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used to calculate the apparent activation energy suggests further study
to more precisely determine the dependence of densification rate upon

changes in density.‘vThe 23 kgal/mole value of this study is presented,
therefore, as an effectivevactivatipn energy for the éinﬁering of UOZf

at temperatures

Shrinkage measurements of hyperstoichiometric UO2

above 1350°C were  not possibie using hot stage scanning electron
hicroscopy due to movement of the reference aiumina microspheres. This
effect isbbelieyed'toﬂbe a result of‘theAchemical instability of UO2
at these témpefatures and the resulting evolution of a gaseous uranium
bearing species.

During sintering of the UO, pellets, at temperatures of

2
approximately 1400°C, a decrease in resolution of the SEM picture was
‘noted; possibly due to the evolution of a gas phase. In analyzing the
sintering films, it was also noticed that at these same temperatures

the Al 03'micrbspheres moved from their initial positions in a haphazard

2
manner. After constant heating to‘temperatures of 1500°C, a gray deposit
‘ was‘pbservea on fhe molybdenum radiation shields. .X—ray diffraction of-
thershields revealea-peaks forburanium oxides. The low intensity of
: thesg_peaks and the overlap of idenfifiable pgaks for uranium oxides,
howéver, prevented the exact_detérminétion»of the phase present.

The volatility of hyperstoichiometric U0, at high temperatureé‘in
the SEM is supported by the in§estigation of Chapman and Meadows.25
Using thermogravimetry they studied the volatility of pressed, unsintered

pellets of UO, with 0/U ratios ranging from 2.10 to 2.18 at system

2

pressures of 10—5 to 10_6 torr. The hot stage is operated in the SEM

s . =5 '
in a vacuum of approximately 3 X 10 ~ torr. At temperatures as low as
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1125°C,’Chapﬁan and Meadows observed a measurable loss of uranium. As
temperature was increased to 1500°C, the rate of height_lpss increased
until the samples neared stoighiometric compositions;

The inCongruent Qaporization of hyperstoichiometri_c_UO2 will yie}d
oxygen and a.gasequ trioxide.26 The evolution of.UO gas‘from hyper—

3

stoichiometric UOz_was an observation in the vacuum sintering study of

Williams, et al.l
The question must be asked if the densification behavior reported
in this study was possibly influenced by compositional changes of the
UQZ. |
.The influence of hyperstoichiometry on the diffusivities of oxygen

10,11

and uranium in UO, has been reported. These studies indicéte that

2
_a small increase in interstitial oxygen content over the stoichiometric’
composition profoundly enhances both uraniﬁm and oxygen diffusion. Thé
sensitivity of the ionic diffusivities to excess oxygen decreases as the
degree of.hypers;oichiometry increéées.' These results support the find- -
ings of siﬁﬁeiiﬁg studies in which slight departure from stoichiometry
greatly increases thesinterability of a material. In the inv?stigatidn‘
of Wiiliamé; et al., no further.beneficial effect was observed with in-
créases of oxygen content beyond U02.63.

Chapman and Meadows. suggest from their results that compositional

' changes of hyperstoichiometrié U0, below 1125°C, in a system similar

2
to the one used in this study, result from the slow loss of oxygen.
They state that at lOdO°C virtually no reaction takes place. ‘The effec-

tive activation energy for sintering reported in this study was calcu-

" lated from shrinkage measurements in the temperature range 780°C to



—14-

1060°C. .Due to the high degree of nonstoichiometry of the U02 (0/0=2.18)
and the short period of time at tempefatures where compositional changes
are repofted as being kinepicelly slo&, it is believed the activation
energy of this study was not affected by compositional changes.

The occurrence of the maximum densification ratebat a eritical
density might also be suspeceed of being a spurious result due to com-

positional changes of the UO,. A similar dependence of densification

2
rate upon density has been found, however, for Linde-A alumina powder
compacts. This fact lends support to the findings of this study and to

the criticality of microstructural effects of sintering kinetics in

particle compaces.
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CONCLUSIONS . -

The hyperstoichiometric UO, of this study was found to undergo a

2 .
maximum densification rate at a density of GSZ'T;D; ihdepeﬁdent of
thfee constant heating rates employed. The equivalent exponehtial
dependence of.den§ification rate upbn temperature up to the critical -
density suggest ﬁhe mechanisﬁs of sintering are unchanged by.constant
heating rates.

From observatiqnslof this study and-a review of-resulté of studies
on similar'systems, it is concluded that the Study of sintering ovaO2
bj hot stage scanning electron microscopy is limited by éompésitional

changes at high temperatures in the vacuum of tﬁe SEM. To confirm the

results of this study, shrinkage must be monitored with careful control

of -the 0/U ratio of the material.



-16-

ACKNOWLEDGMENT

I wish.terxpress,my sincere thanks to mylresearch advisor,
Professor kichérd M. Fulrath,.for hisvguidance in this work. The
technical assistance of Riphard Lindberg and Gay Braéil was greatly
appreciated. |

-Special thanks are eiteﬁded to David N. K. Wang for his assistance
and suggestions which were of‘great benefit_inithe course of this study.

This report &as done with support ffom the United States Energy
Research apd Development Administration. Any conclusions or opinions
expréssed in fhis repo;t represent solely those of the author(s) and.not
necessarily those of The Regents of the University of California, the
Lawfende Befkeley'Laboratory or the Uﬁited States»Energy Research and

Development Administration.



J. A. Turnbull, "The Effect of Grain Size on the Swelling and Gas

Release Propérties of UO2 During Irradiation", J. Nucl. Mat. 50,

62268 (1974).

A. G. Evans and R. W. Davidge; "The Strength and Fracture of
Stoichiometric Polycrystalline UO,", J. Nucl. Mat. 33, 249-260
(1969) .

D. L. Johnson, "New Method for Obtaining Volume, Grain Boundary

~ and Surface Diffusion Coefficients  from Sintering Data", J. App.

Phys. 40 [1], 192-200 (1969).

R. L. Coble, "Initial Sintering of Alumina and Hematite"; J. Am.

Ceram. Soc. 41 [2], 55 (1958).

. D. L. Johnson and I. B.<Cutler, "Diffusion Sintering I, Initial

Stage Sintering Methods and Their Application to Shrinkage of

Powder'Compacts"; J. Am. Ceram. Soc. 46 [11], 541-545 (1963).
H. E. Exner, C. Petzow and P. Wellnef, "Problems in the Extension

of Sintering Theories to Real Systems', Materials Science Research

volume 6, "Sintering and Related Phenomena, 351-362, Plenum Press,
NY  (1973). | | |
C. B. Shuma%er and R. M. Fulrath, "Initial Stages of Sinteriﬁg of
Copper and.Nickel", ibid. 191-199. | |

R. L. Coble, "Sintering Crystalline Solids.. I. Intermediate and

- Final State Diffusion Models", J. App. Phys. 32 [5], 787-792 (1961).

G. C. Kucyﬁski, "Statistical Approach to the Theory of Sintering",

Materials Science Research, volume 10 "Sinteringvand Catalysis",

325-337, Plenum Press (1975).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

- o -18-

J. Belle, "Oxygen and Uranium Diffusion in Uranium Dioxide (A
keView)", J. Nucl. Mat. 30 [4], 3-15 (1969).

J. F. Marin and P. Contamin,‘"Ufanium and Oxygen Self-Diffusion

in UO,", ibid. 16-25. |

R. M. Fulrath, "Scanning Electron Microscopy to 1600°C", Proceediﬁgs
of . the Fifth Annual Scanning Electron Microscope Symposium (ITT
Research Institute,‘l972), p. 17. | |

D. N. K. Wang (persbnal communication).

L. Ffoshauef and R. M. Fulrath, "Direct Observation of Liquid-
Phaée Sintering in the System Iron-Copper', J. Mat. Séi._lg, 2146-
2155 (1975). .‘ |

L. Froshauer and R. M. Fulrath, "Direct Observation of LiquidfPhase
Sintering ip the System Tungsten Carbide—Cobalt“, J. Mat. Sci. 11,
142-149 (1976).

J. Williéms, "Sintering of Uranium Oxides", J. Nucl. Mat. 2, 92-93
(1960). - |

J. williams, E. Barnes, R. Scott and A.‘ﬁall, "Sintering of Uranium
Oxides of Coméosition U0. to U.0, in Various Atmospheres'", J. Nucl.

2 378

Mat. 1, 28-38 (1959). ,

I. Amato, R. L. Colombo, and A. M. Protti, "On the Activation

Energy of Sintering Non-Stoichiometric Uranium Oxide", J. Nucl.

Mat. 11 [2], 229-235 (1964).

K. W. Lay and R. E. Carter, "Role of the 0/U Ratio on the Sintering

of U0,", J. Nucl. Mat. 30, 74-87 (1969).



20.

21.

-19-

K. W. Llay, "Initial Sintering Kinetics of Hyperstoichiometric
Uranium Dioxide"; J. Amer. Cer. Soc. 54 [1], 18-21 (1971).

J. L. Woolfréy,-"Effect of Green Density on the Initial-Stage

27

’ .Sintering Kinetics of'UO.","J. Amer. Ceram. Soc..55 [8], 383—389

22.

23.

24;

. 25'

26.

(1972) .
J. L. Woolfrey and M. J. Bannister, "Nonisothermal'Techniqués for
Studying Initial Stage Sintering', ibid. p. 390-394.

P. Contamin, J. J. Bacmann and J. F. Marin, "Autodiffision de

-1'Oxygene dans le Dioxide d'Uranium Surstoechiometrique", J. Nucl.

Mat. 42, 54-64 (1972).
K. W. Lay, "Oxygen Chemical Diffusion Coefficient of Uranium
Dioxide", J. Amer. Ceram. Soc. 53, [7] 269-373 (1970).

A. T. Chapman and R. E.VMeadqws, "Vblatility of UO and Phase

2+X
Reiations in the System Uranium—Oxygen", J. Amer. Cer. Soc. 47 [12]
614-621 (1964).

'"Ihermodyﬁamic and Transport Properties of Uranium Dioxide and

Related Phases", IAEA Technical Repoft Series NWo. 39, Vienna'(1965).



-20-

. FIGURE CAPTIONS
Fig. 1. Hot Stage Specimen Carrier.

Fig. 2a. Alumina Microspheres on U0, Pellet at 650°C.

2

Fig. 2b. Alumina Microspheres on U0, Pellet at 1100°C.

2

Fig. 3. Shrinkage of UO, Powder Compacts at Various Constant

2

Heating Rates.

Fig. 4. Densification Profiles of UO, Powder Compacts at Various

2

Constant Heating Rates.

Fig. 5. Densification Rate of. UO ‘Powder Cdmpactsvas Function of

2

Temperature and Constant Heating Rates.

'Fig.-6,- Densification Rate vs. Density for UO_, Powder Compacts

2

Sintered During Various Constant Heating Rates.

Powder Compacts.

“Fig. 7. Plot of Qn(T)(%%) vs. 1/T for Sintering of UO2
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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