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Abstract

The slightly hyperstoichiometric uranium dioxide, i.e. UQs.g05 and UQ;.q: within a range of the
requirement for the use of a nuclear fuel, were sintered directly in an atmosphere of CO./CO
mixture without any succeeding reduction process. The kinetics of sintering in the late stage were
investigated for various O/U ratios. A sintering diagram, which show the relation of Temperature-
Time-Density-Grain size, was established for each O/U ratio. Only by controlling the oxygen
partial pressure in the sintering atmosphere, UQ, pellet could be sintered very casily at low
temperature 1050°~1200°C with a density above 95% T.D. and average grain size above Tum.
It was found that the rate of grain growth follows D= (Kt)1/* in the late stage of sintering. And
the activation energies for grain growth in the final sintering stage were found to be 75, 64 and
62kcal/mol for UOs.05, UOzo1 and UQgio, respectively. Although no significant differences are
obtained between the activation energies for different O/U ratios, the sinterability is enhanced

considerably with increasing the oxygen partial pressure in the sintering atmosphere.
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1. Introduction

The conventional technique of sintering UO,
holds some techno-economic handicaps raising
from the use of high temperature and prolonged
sintering time, Hence many attempts have been
made to reduce the temperature and time for
sintering without affecting the qualities of
sintered pellet;

Small additions of TiO, ™% or Nd,0,®
accerelated the sinterability and lowered the
sintering temperature to obtain a given density
of pellet. However, it remains unknown whether
the additives would cause a hazardous effect on
irradion.

Introductioﬂ of water vapor into the furnace
atmosphere enhanced significantly the rate of
sintering. %»® . Unfortunately, this method led
the sintered ipellets to the high O/U ratio
and seperate reduction process must be follo-
wed subsequént to sintering. Moreover, the
life time of lfefractory materials was shortened
by thermal shock caused from the contact with
cold steam.

W. Dérr aﬂd H. A. Assmann® used the CO,
gas of the technical purity as sintering atmosp-
here, and could lower the sintering temperature
500°~600°C below
temperature. Most of the disadvantages of the

the conventional sintering

steam sintering could be eliminated by introd-
ucing CO, as sintering atmosphere, except the
subsequent rdducing process.

Many atterhpts have been carried out to verify
the sintering = kinetics of UQ, and UO,,, by

measuring the activation energy and the results

revealed wide variation. Since most of the works
were studied at the initial sintering stage, 7~11
this variation would be induced from the initial
powder characteritics, green density, sintering
atmosphere and temperature. Especially, the
initial sintering stage would be greatly affected
by the surface condition, shape and O/U ratio
of the powder and the sintering atmosphere.
Furthermore, all of the sintering mechanism,

#2-1%9) je. surface diffusion,

grain boundary
diffusion, volume diffusion etc., could be oper-
ative at a time during initial sintering stage.

The present work was intended to obtain UO,
pellets, satisfying the nuclear specification, by
a single-step-sintering at low temperature in a
CO./CO mixed gas atmosphere, and to study
the sintering kinetics and the activation energies
for the oxidative sintering. To focus the problem
of the study on the effects of excess oxygen in
UQ,, most of the complex effects of initial
sintering were eliminated by analyzing the rate

of grain growth in the final sintering stage.

2. Experimental Procedure

The UO, powders used in this study were
prepared from different processes: Powder A,
prepared from ammonium uranyl carbonate, ®
Powder B, prepared from ammonium diurana-
te.®” The important physical and chemical
properties of these powders were listed in table
1. The particle of powder A revealed round and
smooth surface, powder B, however, revealed
fine irregular shape, as illustrated in SEM
micrographs of fig. 1.

To eliminate the subsidiary effect of lubricant
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'Powder A

Powder B

Fig, 1. Scanning Electron Micrographs of Particle Shape.

Table. 1. Physical and Chemical Properties of

U0, Powder
Property WP?wder T?peipowder A{Pz?wdir B
Enrichment U-235 0.33% 0.21%
0O/U Ratio 2.15 2.05
Moisture Content (ppm) 1001 1200
Powder Size (pm) 7.3 0. 68
Pour Density (Mg/m?) 2.67 1.78
Tap Density (Mg/m?%) 2.87 2.61
Surface Rree (m?/g) 5.939 2.34
Powder Shape Sphere | Irregular

during sintering, each powder was directly
pressed at 3.1 ton/cm?, without the addition of
binder or lubric ant, to the green pellets of
15mm ¢ and 20mm H. Powder A could be
pressed to sound green pellets without any
additional step, since it has excellent flowability.
Power B, hardly be made into sound green
pellets because of its poor flowability.

The O/U ratios of the sintered pellets were
controlled by the following equations where the
relationship of = in UO,,. versus Po, is given
by

log Po,=A--B log z+C (log z)2
A=—-33.602-+40. 812 1073T
—12.6156X10°¢ T?% (1-a)
B=—9.983+18.021x107® T--5.387x10°¢
T-2...(1-b)

(1) an

C=—-3.366+5.011x10"% T—1.478%x10°¢
T—Z...(l_c)
where T is in °C and Po, in atmosphere.
From the oxygen partial pressure, the ratio
of CO,/CO can be determined from the free
energy equation,

TCK)
log Po, (2) 49
Both CO, and CO gases were dried with
conc-H,80,, silicagel and CaCl, before mixing

log (CO,/CO)=

the gas streams. The mixed gas passed through
capillary flowmeters to the sintering furpace at
the rate of 200ml/min during the whole cycle.

The specimens initially placed at the central
heating zone of the furnace tube, and atmosp-
here was replaced with nitrogen before heating,
then the CO,/CO mixed gas was introduced
into the furnace before heating.

The specimens were heated at the rate of
7°C/min from the ambient temperature to the
sintering temperature which was measured and
controlled with the thermocouple located at the
central heating zone. Throughout the the heat-
ing cycle, the stoichiometry of the uranium oxide
was fixed by flowing the appropriate CO,/CO
gas mixture continuously over the specimen.

The progress of densification of the compacts
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of UOq.pp5, UQp.1, UOpp and UO,.,, was ent study, and the sintered results revealed as
studied in the temperature range of 1000°C to shown in fig. 2,
1200°C for 30 to 600 minutes. At the end of A value of over 96% T.D. was obtained by
the sintering period, the specimen was cooled sintering for 1 hour with the compacts of
by brining it slowly to the cold end zone of the powder A, however, powder B was reached only
furnace tube surrounded by a water jacket. 93% T.D. even being sintered longer than 4
The results of sintering were evaluated by hours. Microstructures and pore distributions
measuring the density of each specimen with sintered specimens of powder A and powder B
immersion met*md. The mean grain size was 0l Uoar
determined with the linear intercept method ~gql e
and the pore size was analyzed with OPTMAX :9 ol Pl
Image Analyzer from the metallograph of miec- 5;9 5l S »
rostructure. The O/U ratio of sintered pellet ;)94_ o |3§
was measured with the oxidation-reduction met- Ess- o P :( o
hod. 92l ] /“ ls o
c am- 17 2
3. Result and Discussion aemm T 150
~—— POWDER A o—o DENSITY 13 f":
3-1. Desification and grain growth | 7 POWDER B o= GRAIN SIZE|
In order to campare the sinterability of powder 60 120 180 240 300 2

SINTERING TIiME (min)
A and B, these powders were compacted and mn

sintered for UQ, ,, at 1200°C which was the
highest O/U ratio and tempe

il o v

Fig. 2. Sintered Density and Grain Size vs.

Sintering Time for Isothermal Sintering
rature of the pres-

50 um
}*—-—1 N

Fig. 3. Microstructual Grain and Pore of The Sintered Pellets of UQ.s5 Sintered at 1,200°C for
30min. (a.a’), 240min. (b,b’) Powder A, and 240min (¢,¢’) Powder B.
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for 240min.
are shown in fig. 3. A distinct grain and pore
growth of powder A were observed by sintering
at 1200°C withinerease of time for UOQ, g as
shown in a, a/, b and b/, of the figure. From
¢ and ¢’ of fig. 3, it is hardly to notice the
grain and pore growth of the sintered UO,
of powder B at 1200°C for 4 hours. The present
work, therefore, only dealt with powder A here
after.

The changes of the density, grain size and
pore size of sintered powder A compacts after
sintering for 240 minutes are shown in fig. 4
and 5 as a function of sintering temperature
and x of UQO,,,. The density and grain size of
sintered UQ,y, compact was increased with
increasing x and sintering temperature, but the
pore size did not change so much with increa-
sing sintering temperature. The sinterability of
the compacts enhanced suddenly with a small
increasing of x (x=0. 005~0. 04) in near hype-
rstoichiometric composition of UO, comparing
to the higher hyperstoichiometric composition
x>0, 04.
consistent densities above 95% T.D. can be

It is apparent from the curves that

reached very easily at relatively low temperature
for powder A of UO;, at 1000°C, UO,.q at
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Fig. 5. Density and Average Grain Size of
Sintered Pellets vs. X in UO.,,. after
Isothermal Sintering for 240min.

1100°C and UQ, g5 at 1150°C.

The variation of oxygen partial pressure and
sintering temperature generated microstructual
changes of sintered pellets as shown in fig. G.
From (a), (b) and (c) of the figure, a distinct
difference of grain size and its distribution was
observed due to only small variation of the O/U
ratio at a constant sintering temperature and
period. A discontinuous grain growth was reve-
aled at the higher O/U ratio and temperature
as shown in fig. 6—(c) and—(d). Consequently
most of the pores, which located initially at the
grain boundary, were entraped to the disconti-
nuously grown grains. This discontinuous grain
growth started from when the average grain
size became 8§ pgm. The temperature and time
for sintering, which yields discontinuous grain
growth, decreased with increasing O/U ratio
and a reciprocal relationship is revealed between
the temperature and time as shown in fig. 7.
This discontinuous growing phenomena could
not be explained definitely at present work, it,
however, might be attributed to the same cause
as secondary recrystallization process.

The values of densification parameter of pow-

der A are illustrated as a function of time for
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Fig. 6. Metallographs of The Sintered Pellets of a) UOQs.005, b) UQ:; and ¢) UO:.;0 at 1100°C and

d) U045 at 1200°C for 4 hr.
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the various temperature and O/U ratios in fig. 8.
The desification parameter, o is defined as

__sintesréd density —green density
" theoretical density —green density

The linear time dependence of densification
shows that the |densification is a simple reactions
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Fig. 8. Densification Parameter vs. Sintering
Time for Different O/U Ratios.

involving a single atomic process. The slope of
densification parameter vs. log(time) decreased
with increasing the O/U ratio from 2.005 to
2.10 at constant temperature and increasing
the sintering temperature at the constant O/U

ratio. The relatively rapid decrease of slope of
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the densification parameter versus log (time)
curve at 1200°C and 1050°C in UOQ; , reveals
the decreasing of the densification effects at the
stage of discontinuous grain growth.

As shown in fig. 9, the grain size of sintered
pellet increased with sintering time, however
the increasing tendency of the average pore size
slowed down, and at last no increase of pore
size was revealed at 1200°C after 180 minutes
of isothermal sintering.

3-2. Sintering Diagram
The sintering rate of pure stoichiometric UQO,

U0z2.005
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Fig. 10. Sintering Diagram for UO;. .

is usually controlled by sintering temperature
and time in the case of using the same powder
and atmosphere. However, in the present study,
the stoichiometry of UO, was changed by intr-
oducing a slightly oxidative gas atmosphere pro-
duced by changing mixing ratic of CO,/CO,
and the sinterability of uranium dioxide revealed
quite different results depending on the oxygen
partial pressure in the atmosphere then on the
0/U ratio of the pellet.

In the practical point of view, it is necessary
to establish a diagram showing the relation of
the temperature-time-density-grain size for the
sintering of nonstoichiometric uranium dioxide
pellets. Using the data of present study, such
a diagram was established for each O/U ratio
as fig. 10 and fig. 11.

For example, in the case of the O/U ratio of
2.01, density of 96% T'D. and grain size of
7pm could be obtained after sintering at 1200°C
for 30 minutes, at 1150°C for 180 minutes and
at 1100°C for 360 minutes, respectively, as
shown in fig. 11. From these diagrams and
equation (2), the important nuclear specifications
of the pellet; i.e. density 95% T.D., 0O/U<L
2.01, grain size=5-—25um could be achieved
with oxidative sintering which carried out in an

atomosphere of controlled CO,/CO ratio and at

97 / T
- /‘/ &

e cme—— ek T<==T7 um

x
‘/ 6 pum

[<od
(o2}
T

©
o
—
;
|
!
!
H
i
'
'
.
\
.
\
\
l
\
!
i
:
;
1
\\,
\
1
1
*®

‘7’-3—~- Sum

[$J
H
T

®-—¢ 050 °C
¥=——x% 1100 °C

DENSITY (% T.D.)

4—1 |j50 °C
o-—o 200 °C
——— DENSITY
------- GRAIN SIZE

w
[eY

o2

20 100 180 260 340 420 500
SINTERING TIME{min.)

Fig. 11. Sintering Diagram for UO:.q1.
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Fig. 12. Grain ;Size vs. Sintering Time of Iso-

thermally Sintered UQ.-os Pellet.

temperature lower 500~600°C than conventional
sintering process.
3-3. Activation energy at the final stage
sintering

In order to examine whether grain growth
during the sintering of UQ, could be expressed
by an empirical equation, the average grain size
of sintered pellet was plotted with sintering
time on logarithmic scales at different tempera-
tures as shown in fig. 12 and 13.

The plots of the data for UQ; s for the
respective isotherms constituted nearly the same
slopes of 0. 25 in the sintering temperature range
of 1050°C to 1200°C. In the case of U, also
exhibited the same value of (.25 as the slope
below 1150°C, however, at 1200°C the slope
declined to 0.19 as shown in fig. 13.

The relatioship between grain size and sinte-
ring time fitted to the form of an empirical
equation, D= (Kt)",19,20,21) where D is the
average grain size, K: rate constant, »: slope,
t: soaking time in minutes. A value of 0.25
could be taken as the parameter of z in the
relation of D= (Kt)"

Using Oswald ripening theory, Hillett propo-

SINTERING TIME {(min )

30 . 60 120 240 300 600
LOF  yoz.a
ey
O/ /A
09 2 L, 8
s A X/X
— % 7
g o g
o8 / N B
N 6 2
2 / e @
Z o7 ; y 5 M
% e £
© y/ / -~
Sos S { 4
e
-/ ¢——uv 1200 °C
05 / A4 1130 °C
x—Xx 1100 °C
oal s 1180 °C
15 2.0 25 30

LOG TIME (min.).

Fig. 13. Grain Size vs. Sintering Time Isothe-

rmally Sintered UOQ,., Pellet.
sed a relationship of D=t73(22) for sinter-
ing ceramics, which contains inclusion. The
grain growth of the present study obeyed
the relationship of D= (Kt)!“* in the range of
normal continuous grain growth of sintering
stage. When discontinuous grain growth happe-
ned, the average grain growth rate was suppr-
essed and the relation was changed and revealed
as D= (Kt)!5.

The rate constant, X, of the above relation
contains the factor of grain boundary mobility,
which depends on temperature by Arrhenius
equation, hence the rate constant may be
expressed as K=A exp (—Q/RT),"?) where,
Q is the activation energy in cal/mole, R, gas
constant, 7, absolute temperature. Thus, the
grain size-time relation is reformed in the
equation of log K=-—71; log D--log t:—~2.—3-Q(B—T
+log A.

In the present study, the progress of sintering
was measured by grain size. Consequently, to
see whether the sintering of final stage may be
regarded as a single rate process, it is necessary

to plot curves of constant grain size D on a
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Fig. 14. Relation between Sintering Time and

Reciprocal Temperature to Obtain an Ave-

rage Grain Size in U045, U0z 01, U0 1.
graph of log t vs. 1/T, if the above relation
is satisfied, the plot should be drawn in a stra-
ight line. The plot of constant D in fig. 14
established straight lines for UO, g5, UQOs. 1
and UO ;. The values of Q obtained from
fig. 14 are 7543, 6474 and 6243 kcal/mole
in O/U ratios of 2.005, 2.01 and 2,10 respec-
tively.

The initial stage sintering behavior of hype-
rstoichiometric UQ,,, has been studied by many
researchers. And the activation energies measu-
red from shrinkage kinetics were reported to be
the values of wide range, i.e. 40kcal™/mole
(in CO, atmosphere), 55®kcal/mole (UOs.408),
53%kcal/mole (2.003<0/U<2.14), 65.819
keal/mole (2.06<0/U< 2.49) and 107"Vkcal/
mole (UO,, ;). This variation could be caused
from the differences of powder properties,
sintering temperature and atmosphere and
experimental error ete, between each works.

For the activation energy of the final sintering
stage, a value of 120.3%" kcal/mole was repo-
rted by an experiment of isothermal grain

growth kinetics in high temperature sintering

of stoichiometric UQ,.

The values of the lower activation energies,
such as 40 kcal/mole,™ 55%® and 53 kcal/
mole, were attributed to the grain boundary
diffusion, and the higher values and later stage
of sintering were deduced to volume diffusion.

The activation energy of the present study
for sintering of hyperstoichiometric uranium
oxide is equivalent with the values of Alcock®
and Yajima.® Therefore, the volume diffusion
could be regarded as the controlling mechanism
of the final sintering stage of UO,,,.

while the activation energies of the present
study exhibited a little decrease, however, the
sinterability was remarkably enhanced with
increasing X in UQ,;.. Excess oxygen ion diffused
into the lattice would increase withxand then
increase the introduction of vacancies into the
uranium lattice, and the excess concentration of
vacancy would increase the frequency factor of
the diffusion coefficient of the uranium ions.
Therefore, the increased sinterability withxin
UO;4x could be mainly deduced to the increase
of the frequency factor of the uranium diffusion

coefficient.
Conclusions

1) Some of the requested specification for
nuclear fuel pellet; the density>>959; T.D., the
average grain size>7pm, and O/U<2, 01; were
obtained in a single step oxidative sintering by
adjusting CO,/CO ratio of the atmosphere in
the range of temperature 1100°C~1150°C.

2) The specification of the pellet could be
adjusted using the diagram showing the relation
of the temperature-time-density-grain size for
hyperstoichiometric uranium oxide sintering.

3) Continuous growth rate of the sintered
UO,,, followed the expirical equation of D=
(Kt)t when isothermally sintered under the
mixed gas atmosphere of CO,/CO.
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4) The activation energies for the grain gro-
wth in the final stage of sintering decreased a
little with increasing z; the values are 7543,
6474-4 and 62-+3 kcal/mol in O/U ratio of 2. 005,
2.01 and 2. 10 respectively. These values corr-
espond to the emergy for volume diffusion.
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