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SEM HOT STAGE SINTERING OF U0
2 

Daniel John Miller 

Materiais and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 
Universi ty. of Californi.a, Berkeley, California 94720 

ABSTRACT 

The sintering of hyperstoichiometric uranium dioxide powder 

compacts, in the hot stage of the scanning electronmicriscope, was 

continuously monitored using 16 mfl time lapse movies. From alumina 

microspheres placed on the surface of the compacts, shrinkage measure-

ments were obtained. 'Converting shrinkage measurements into densifica-

tion profiles indicates that a maximum densification rate is reached at 

a critical density, independent of the constant heating rates. 

At temperatures above l350°C, the movement of the reference 

microspheres made shrinkage measurements impossible. It is believed 

the evolution of U03 gas from hyperstoichiometric U02 is the cause of 

this lbrltation. 
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INTROiJUCTIOH 

Uranium dioxide is a refractory ceramic material of vital importance 

to the nuclear energy ind¥stry. Most commercial, thermal, nuclear re­
.~ .. 

actors generate power using rods of uranium dioxide as the fuel material. 

The characteristics of hPgh melting te'mperature (-2865°C), resistance 

to irradiation damage, and general stability in the demanding reactor 
. 

environment outweigh the low thermal conductivity of U0
2 

to make it the 

preferred uranium bearing compound for the fuel matrix. 

Uranium oxide is incorporated into reactors in the form of dense 

(>90% TD), cylindrical pellets stacked in a metallic cladding, commonly 

a zirconium alloy or stainless steel. As with many ceramic materials, 

the most economical method of producing dense U0
2 

pellets is by cold 

pressing a fine powder of this material and sintering at elevated 

temperatures. 

The microstructure which results from sintering is intimately 

related with the performance of the fuel element. Remnant porosity 

reduces thermal conductivity and thereby decreases the available power 

,output.' Fuel pellets containing pores may further densify while in 

service in a reactor. The rearrangement of fuel material results in 

nonuniform fuel elements and related problems in controlling the fission 

reaction. The grain size of the sintered U02 is known to influence 

swelling and fission gas release
l 

as well as strength and fracture char­

acteristics. 2 An understanding of the sintering processes of U0
2

, 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 driving force for the sintering 'of powder compacts is the 

elimination of excess surface free energy. In: ceramic systems that 
. . 

sinter without the presence of a liquid phase, surface free energy is 

reduced by solid state diffusion mechanisms. The shrinkage of a parti-

culate compact will result from volume diffusion and grain boundary 

diffusion. Due to the complexities of.the process, however, no general-

ly accepted sintering theory exists at this time. 

Quantitative solutions for the reduction of surface area in model 

systems consisting of regular arrarigements of spherical particles have 

been offered by a number of investigators. 3 , 4, 5 Comparison of shrink-

age equations with experimental measurements has often been used to in­
\-

terpret initial sintering data of powder compacts neglecting the restric-

. tions inherent in the models. 6 The investigations of Exner et al. and 

. . 7 
Shumaker and Fulrath indicate that initial solid state sintering cannot 

be so simply treated due to non-uniform particle packings and particle 

rearrangements. 

The latter stages of sintering, in l .. hich a continuous pore phase 

8 
shrinks and forms isolated pores, was modeled by Coble with the assump-

tion·of pores of uniformsize,shape and distribution. Agglomerations of 

fine particles, grain growth, Ostwald ripeniqg of pores and many other 

processing and clensification parameters affecting kinetics negate the 

acceptability of such models to actual ceramic powder compacts. A 

statistical approach to sintering has recently been suggested as an ' 

. 9 
alternative to models which assume well defined microstructural geometries. 

Due to the variety and limitations of experimental techniques, 

descrepancies exist among the results of different sintering investigations. 
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Sintering is often studied through shrinkage measurements obtained 

during isothermal conditions at various elevated temperatures. The 

inability of studying the rapid initial shrinkage while isothermal 

conditions are being established is a major difficulty of this technique. 

The rapid heating of specimens to high temperatures will also cause 

stresses in the material which may have effects on the measured shrink-

age. These problems can be eliminated by continuously measuring s!lrink-

age during a constant rate of heating. Such experiments also more nearly 

approach industrial sintering c6nditions. 

The intricacies o£ solid state sintering of ceramic powder compacts 

* a:re further complicated for U0
2 

by the strong tendency for formationof 

higher oxide phases and resulting nonstoichiometry~ The diffusivities 

of both uranium: ions and oxygen ions are greatly increased as .oxygen 

. . 10 11 enters the flourite lattice of stoichiometr1c U0
2
.' Attention must 

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

position which may influence the sintering. kinetics of U0
2

. 

This report presents the initial work on the sintering of U0
2 

studiedby 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 provided information on the densificationofU0
2 

without 

the assumptions ·of model behavior. 

* Throughout this report, U0
2 

·,.,ill refer to a hyperstoichiometric U02 . 
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EXPERIHENTAL 

A. APP ARATUS 

The modification of a commercial hot stage to give magnifications 

from SO to 5,000X at temperatures up to 1600°C and the operation of this 

* hot stage in the scanning electron microscope has been reported by 

12 Fu,lrath. 
\ 

Hot stage scanning electron microscopy has proved to be an effective 

'h d f d" b' I" d 7,13 d I" "d h "'" 14, 15 met.o 0 stu y1ng otn so 1 state an 1qU1 p ase s1nter1ng. 

The increased statistical capabilities of studying the densification of 

a particulate compact from constant visual inspection'of its surface at 

high'temperatures is the main advantage of this technique when compared 

lnth other methods. A limitation exists, however, in the necessity of 

a vacuum environment for operation of the SEH. 

The specimen stage carrier used in this study is shown in Fig. 1. 

A 15 mil thoriated tungsten wire ,-round on a high purity alumina tube 

(99.8%) jacketed in an outer alumina sleeve forms the heating element.' 

Pla,tinum crucibles used in this study were supported within the heating 

element by a molybdenum stand. A 5 mil, W5% Re-W26%Re thermocouple 

was spot welded to the bottom of the stand to provide temperature 

measurements. The accuracy of temperature measurement was ±l5°C as 

determined by optical pyrometry. The deviation of the U0
2 

compact 

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 connections of the specimen stage are isolated 

,from the metal frame block by alumina plates. 

MATERIAL ANJ SAMPLE PREPARATION 

TheU02 of this study was obtained in the form of cylindrical 

pe1let~ofspe~ified size for_hot stage work (-.18 in. dia. x 1 in. 

* height) • The pellets were formed'in a hardened tool steel die, 

lightly lubricated with a stearic acid solution, at 2S,000,psi utilizing 

uniaxial pressing techniques. The pellets contained no binding additions, 

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

densification of U02•
16 

As pressed densities were calculated from 

micrometer measurements and dry weights. Green pellets were SO% TD ± 

2% (TO = 10.97 g/cc). The o/u ratio was 2.18 as determined by oxidation 

of the material toU
3
0S at 7S0°C, in air. From micrographs of fractured 

o 
green ,pellets, the particle size was observed to range between 1000A and 

o 
SOOOA. 

Alumina microspheres (lO-lSVm), placed on the s~rface of the 

prepressed pellets served as reference points for shrinkage measurements. 

By lightly tapping a glass slide, on which a-small amount of alumina was 

placed, over a pellet within aPt crucible, a random distribution of the 

fine microspheres was obtained. A metal rod was used to lightly press 

the microspheres onto the surface to insure their stability. 'The 

crucible and pellet were placed in the sample stage carrier and inserted 

into the SEM. 

* U02 p,rovided by G. E. Co., Nuclear Energy Division, Vallicitos, GA. 
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SHRINKAGE MEASUREMENTS 

The U0
2 

pellets were heated to 500°C in the SEM and held at 
. 

temperature. An area suitable for shrinkage measurements was located 

and the instrument focused·. A low magnification of approximately 100 X 

at which shririkage was measured was also fixed at this time. Lou magni-

fication was used to obtain a good statistical shrinkage measurement 

over a large surface area. Higher magnification was used to keep the 

area of study centered during densification. The pellet was kept in 

focus during dimensional changes by raising and lowering the specimen 

stage within the SEM •. This technique eliminated any magnification 

changes accompanying focal adjustments. 

Constant heating rates of 2, 4 and SOC/min were used from 500°C to 

temperatures of 1600°C. A 16 mm movie camera was used to record the TV 

scanning image at 20°C intervals during temperature rise. Continuous 

shrinkage was dete~ined by projecting the time lapse films on a wall 

and measuring distances between specific microspheres. At least five 

measurements at each 20°C interval provided an average shrinkage of the 

specimen. Figure 2 illustrates how the dimensionai changes between 

micro'spheres provide a measure of compact shrinkage. 

Shrinkage values were converted into density values from: 

P = 

where p = relative density of sample 

P
g 

= relative green density (.50 used in all calculations) 

to = Length between two spheres before shrinkage 

t = Length between spheres at temperature 
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, . 
RESULTS A-~D DISCUSSION 

The shrinkage and corresponding densificadon profiles of the U02 

compacts as functions of heating rate and temperature are shown in. Figs. 

3 and 4. Shrinkage commences between 650°C and 750°C, depending upon 

heating rates. Shrinkage measurements above 1340°C were not possible 

due to movements of the Al
2
0

3 
microspheres. An explanation of this 

phenomenon will be offered later. The S-s!1aped curves of Figs. 3 and 4 

indicate that a maximum densification rate is reached before 1340°C 

during all three constant rates of heating. The densification rate was 

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

sus temperature curve at 20°C intervals from: 

where 

~ - dp x a 
dt - cit 

dp = densification rate 
dt 

~ = 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 appro~{-

imately lOOO°C, l060°C, and l110°C for constant heating rates of 2, 4, 

and BOC/min respectively. Referring back to Fig. 4, it can be seen that 

at these approximate temperatures the samples are of equivalent dens i-

ties. A plot of densification rate vs. relative density clearly cor-

relates these parameters.. Figure 6 indicates that, the U0
2 

of this 

study undergoes a maximum densification rate at a density of approxi-

mately 65% TD, independent of heating rate. The occurrence of this 
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maximum at a critical density stresses the importance of the developing 

microstructure on sintering kinetics. 

Studies of both uraniu:n and oxygen diffusion have been revie\<lcd by 

10 l3elle. The diffusivity of oxygen is many orders of magnitude greater 

than the diffusivity of uranium in the oxide of stoichiometric composi-

10 11 
tion and in oxides containing excess oxygen.' It is generally 

accepted, therefore, that the sintering of D02 is kinetically limited 

by the diffusion of the cation, although plastic flow has also been con­

sidered a mechanism of densification. 17 

Diffusion mechanisms and activation energies for the sintering of 

U0
2 

have been proposed in a number of studies by fitting initial sinter­

ing data to model equations. The results of some of these studies are 

presented in Table I. 

The range of activatio~ energies in both diffusion and sintering 

studies have been inconsistent with changes in olu ratio. A rational-

ization of the discrepancies is a difficult task. The poor agreement of 

those studies is an indication of the dependence of the findings upon 

material characteristics, experimental technique and analytical method. 

An apparent activation energy for the sintering of tIle 

hyperstoichicmetric VOZ of this study was determined from: 

where 

~ = k exp (-Q/RT) 
dt T 

~ = densification rate 

k = constant related to properties of the U0
2 

T - Temperature OK 

R = Gas constant 

Q = Apparent activation energy 



TABLE I. Results of U0
2 

Sintering Studies 

Activation 

Material. Atmosphere . Energy Proposed' 
(kcal/mole) Mechanism 

U02+X 
. Flowing 65.S±6.2 Uranium 

Ar Volume 
Diffusion 

U02 & Flowing lO7±1l- Uranium , 

U02+X 
H2 and Volume 

CO
2

/CO Diffusion 

U0 2•OS 
Flowing 55 Uranium 

Co
2

/CO Volume 
Diffusion 

U02 Flowing 86±S Uranium 
1;2 Grain Boundary 

Diffusion 

'. 

Reference 

Amato et al. 
(IS) 

-

~ay and Carter 
(19) 

Lay 
(20) 

Hoolfrey 
(21) 

1 

! 

I 

I 

I 

I 

I 
\0 
I 

o 
c 

C;;;. 

..Jl;::.. 

Vi 

(""" ...... , 

c,;,:~ 

5., 
~ .... !' 

i'\,; 

CN 
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Inhereat in this equation is the independence of densification rate 

from heating rate. In other words, the rate of densification is depend­

ent upon temperature but not density. In Fig. 5, this is seen to be 

true for compacts densifying at constant heating rates of 2°e/min. arid 

4°C/min. Before ~he cr{tical density is reached, the densification 

rates for both heating rates follow the same curve. The densification 

rates for the fastest _heating rate, however, are always, higher than 

thos~ for the slowe~ heating rates. 

An Arrehnius plot of densification rate versus reciprocal temperature 

was made to obtain the apparent activation energy' of the sintering pro­

cess. This plot, shown in Fig. 7, shml1s a constant exponential de­

pendence of densification rate upon temperature until the critical den­

sity is approached. A value of 23 kcal/mole for the apparent activation 

energy vias calculated for all three heating rates. Since the temperature 

dependence of the densification rate is independent of heating rate, it 

can be concluded that the sintering -of the U0
2 

used in this study occurs 

by the same diffusional processes under t~'le three constant heating rates 

employed. 

The maxima of the curves of Fig. 7 correspond to the maximum 

'densificationrates which occur during the three constant rates of 

heating at 65~~ relative density. The changes in slope of these curves 

ind:icates that after the t;02 ~ol'!lpacts ~1ave reached this critical density, 

densification rate is dependent upon density. A change in the rate 

controlling mechanism for the sintering process, i.e. a change in the 

,activation~nergy for sintering might also contribute to the changes 

in the slopes of the curves of Fig. 7~ A change in sintering mechanism 
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alone, however, could not eXplain the reversal in the sign of these 

slopes. 

The 23 kcal/mole value is much lower than values previously 

reported for the activation energy for uranium diffusion in hyperstoich-

iometric U0 2 (see Table I). This value is in good agreement with the 

activation energy for oxygen diffusion in hyperstoichiometric uo
2

. 23 ,24 

It should be noted, however, that the apparent activation energy of the 

sintering process in '''hich fine particles may dens,ify by various diffu-' 

sional mechanisms in concert is not unquestionably comparable with 

activation energies determined on single crystal or dense polycrystal-

line samples used in diffusion studies. 

Activation energi~s calculated for the sintering process are 

dependent upon the sinteringrate equation as derived from empirical 

data or as assumed from model experiments. \-1oalfrey and Bannister 

modified the general, model equation for isothermal initial stage sin­

tering for application to constant heating rate experiments. 22 Using 

nonisotbermal'techniques, these investigators calculated an activation 

energy of 85±8 kcal/mole for the initial stage sintering of U0 2 . From 

the data they present, it is evident this activation energy was obtained 

by multiplying an effective value of approximately 24 kcallmole hy a 

critical exponential value correlating shrinkage rate with shrinkage in 

the sintering rate equation. The close agreement of the activation 

energy for this study with the effective activation energy determined 

from Woolfrey and Bannister's results supports the validity 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. The 23 kcal/mole value of this study is presented, 

therefore, as an effective activation energy for the sintering of U02 . 

Shrinkage measurements of hyperstoichiometric U0
2 

at temperatures 

above l350°C were not possible using hot stage scanning electron 

microscopy due to movement of the reference alumina microspheres. This 

effect is believed to.be a result of the chemical instability of U0
2 

at these temperatures and the resulting evolution of a gaseous uranium 

bearing species. 

During sintering of the U0
2 

pellets, at temperatures of 

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 A1
2

0
3 

microspheres moved from their initial positions in a haphazard 

manner. Mter constant heating to temperatures of l500°C, a gray deposit 

,,,as observed on the molybdenum radiation shields. X-ray diffraction of 

the shields revealed peaks for uranium oxides. The low intensity of 

these peaks and the overlap of identifiable peaks for uranium oxides, 

however, prevented .the exact determination of the phase present. 

The volatility of hyperstoichiometiic U02 at high temperatures in 

25 
the SEM is supported by the investigation of Chapman and Meadows. 

Using thermogravimetry they studied the volatility of pressed, unsintered 

pellets of U0
2 

with O/U ratios ranging from 2.10 to 2.18 at system 

-5 -6 
pressures of 10 to 10 torr. The hot stage is operated in the SEM 

-5 
·in a vacuum of approximately 3 X 10 torr. At temperatures as low as 

'-
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l12S 0 C,Chapman and Meadows observed a me,asurable loss of uranium. As 

temperature \-.7as increased to lSOO°C, the rate of weight loss increased 

until the samples neared stoichiometric compositions. 

The intongruent vaporization of hyperstoichiometric U02 will yield 

oxygen and a gaseous trioxide. 26 The evolution of U0
3 

gas from hyper­

stoichiometric U02 was an observation in the vacuum sintering study of 

Williams, et al. 17 

The question must be asked if the densification behavior reported 

in this study was possibly influenced by compositional changes of the 

.The influence of hyperstoichiometry on the diffusivities of oxygen 

10 11 and uranium in U02 has been reported.' These studies indicate that 

a small in'crease in interstitial oxygen content over the stoichiometric' 

composition profoundly enhances both uranium and o~Jgen diffusion. The 

sensitivity of the ionic diffusivities to excess oxygen decreases as the 

degree of hyperstoichiometry increases. These results support the find-

ings of sintering studies in which slight departure from stoichiometry 

greatly increases the sinterability of a r.taterial. In the investigation 

of Williams, et a1., no further beneficial effect was observed with in-

creases of oxygen content beyond U0
2

•
03

. 

Chapman and Meadows suggest from their results that compositional 

changes of hyperstoichiometric U0
2 

below 112SoC, in a system similar 

to the one used in this study, result from the slow loss of oxygen. 

They state that at 1000°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 
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1060°C. Due to the high degree of nonstoichiometry of the U0
2 

(O/U=2.l8) 

and the short period of time at temperatures where compositional changes 

are reported as being kinetically slow, it is believed the activation 

energy of this study \.;ras not affected by corapositional changes. 

The occurrence of the maximum densification rate at a critical 

density might also be suspected of being a spurious result due to com-

positional changes of the U0
2

. A similar dependence of densification 

rate upon density has been found, however, for Linde-A alumina pm.;rder 

13 .. 
compacts. Tnl.s fact lends support to the findings of this study and to 

t~e criticality of microstructural effects of sintering kinetics in 

particle compaces. 
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2 

CONCLUSIONS 

6 

The hyperstoichiornetric U0
2 

of this study was found to undergo a 

maximum densification rate at ,a density of 65% T~D. fndependent of 

three constant heating rates employed. The equivalent exponential 

dependence of den sifi cation rate upon temperature up to the critical' 
I 

density suggest the mechanisms of sintering are unchanged by constant 

heating'rates. 

From observations of this study and a review of·results of studies 

on similar systems, it is concluded that the study of sintering of U02 

by hot stage scanning electron microscopy is limited by compositional 

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

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

of the olu ratio of the material. 
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FIGURE CAPTIONS 

Fig. 1- Hot Stage Specimen Carrier. 

Fig. 2a. Alumina Microspaere$ on U0
2 

Pellet at 650°C. 

Fig. 2b. Alumina Microspheres on U0
2 

Pellet at noo°c. 

Fig. 3. Shrinkage of U0
2 

Powder Corapacts at Var.ious Constant 

Heating Rates. 

Fig. 4. Densification Profiles of U0
2 

PowcierCompacts at Various 

Constant Heating Rates. 

Fig. S. Densification Rate of U0
2

Powder Compacts as Function of 

Temperature and Constant Heating Rates. 

Fig. 6. Densification Rate vs. Density for U0
2 

Powder Conpacts 

Sintered During Various Constant Heating Rates. 

Fig. 7. Plot of ~n(T)(~~) vs. 1fT for Sintering of U0
2 

Powder Compacts. 
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This report was prepared as an account of work sponsored by the 
United States Governmen t. 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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