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THE PROCESSING OF ThO, AND UO, SOL-GEL MATERIALS

C.. F. Weaver, D. N. Hess, H. F. McDuffie,
W. T. Rainey, and B. A. Soldano

ABSTRACT

Research in the Reactor Chemistry Division' on the process-
ing of ThO, and U0, sol-gel materials, synthesized by personnel
of the Chemical Technology Division, provided part qf'the chemi-
cal support for programs devoted to the development aﬁd use of
sol-gel reactor fuels.

The ThO,-UO, (3 mole %) gels when heated gave off gases
fhe quantity and nature of which depended strongly on particle
size.

The reversible adsorption of CO, on finely divided gel was
studied over the temperature range 250-1000°. A method was
developed to reduce the surface’area of the gel and, thus,
reduce the amount of gas which it could release in service.

The-sol—gel ThO, microspheres were also found to yield
gases upon heating. The largest amdunt pf gas evolution
occurred in the following centigrade temperature intervals:
(240 - 260), (400 - 460), (700 - 760). Organics were essenti-
ally eliminated at 260°, and most of the gas was either CO,,
CO, or H,.

Attention‘was then turned to UOZ+x sol-gel microspheres.
It was found that H,0 vapor carried by an inert gas (He or A)
was very effective in the removal of the carbonaceous materials,

that their removal was essentially complete at 5507, and that
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this removal could be monitored with a Hydrocarbon Analyser.
Densification of the microspheres was achieved by sintering
with H,O0 + A in the temperature range 550° to 1000°. Two
hours at 850° was sufficient. Reduction of O/U ratio to two
was. accomplished with H, in the temperature range 550° to
1000°. One hour at 850° was found to be sufficient. Typical

products had the following range of analyses:

o/u .= 2.000 - 2.009
C, % = <0.001L - 0.013
d, g/cc = 10.5 -..10.9.
N, % = <0.001

S.A., m3/g = 0.006 - 0.033

It is not yet possible to routinely obtain the best

results which have occasionally occurred during these studies.

\
The best values for the listed parameters were:

o/U . = 2.000
C, % = < 0.001
Nz, % =

<P.00X
d, g/cc = 10.9:
S.A., m¥/g = 0.006
Although this work was brought to a close September 1,
1967, because of budget cuts, it is obvious that added sludies
along these lines could very well lead to significant improve-

ment improvement in the processing and monitoring techniques.

.



3
INTRODUCTION

Research in the Reactor Chemistry Division on the process-
ing of ThO, and UO, sol-gel materials provided part of the
chemical support for programs devoted to the development and
use of sol-gel reactor .fuels. Such materials, as originally
produced, contained large amounts of cérbonaceous and nitro-
genous substances. On heating, the interaction, pyrolysis and
catalytic cracking of these impurities produced gases which
could distort or rupture closed fuel containers and possibly
weaken the container walls by chemical reaction. In addition,
the density of such materials was far below the theoretical
value, frequently by more than a factor of two.. High density
is desirable to avoid dimensional changes of the fuel as well
as to retéin fission products.1 Also, when the material
contained uranium, its oxygen to uranium ratio was usually
higher than two. It is desirable that this ratio be as close
to two as possible to provide a high thermal conductivity.1

The processing of uranium-thorium sol-gel oxides must then
have as its goals the removal of carbonaceous and nitrogenous
materials, densification of the phrified prodﬁct, and (in
uranium containing gels) the reduction of the oxygen to uranium
ratiofto two. These events must occur, in the case of micro-

spheres, without destroying the geometry of the particles.
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The materials used in this work were synthesized by
personnel of the Chemical Technology Division.2 In addition,
considerable processing efforts were made there with parti-
cular emphasis on scaling up the handling procedures.3
Personnel of Metals and Ceramics Division also worked on the
processing of these materials with special emphasis on differ-
ential thermal analysis, hot-stage microscopy, and sintering.4
The relationship between shrinkage and weight loss for ThO,

gel up to 500° was investigated by Professor M. W. Wadsworth

at the University of Utah.

The efforts of the Reactor Chemistry Division involved
ThO, -UO, (3 mole %) Kilorod material, ThO, microspheres, and -
UO, microspheres. The work on the first two materials has
been reported elsewheresysAand i$ summarized here. Work on
the UO, microspheres constitutes the major subject of this
report.

ThO, -U0, (3 mole 7>

The ThQ,-U0, (3 mole %) gels used in these studies were
designated H-II, SC, and PL in the Chemical Technology Division.
In addition to the materials, they supplied the information
that these gels gave off gases upon heating and that the
quantity of gas evolved during heating was dependent on the
temperature. This factor was held constant at 1000°C in most
experiments to permit exploration of other factors that affect

both the nature and the amount of gas evolved from the gel.
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Effects of Particle Size

A Strong effect of particle size on the total gas evolved
at 1000°C from SC material is ‘indicated by Fig. 1; the results
are plotted on a séale of relative surface area, derived from
the arithmetic average particle diameters with an assumed value
of 1.0 for surface area of spherical particles of 1.0 mil dia-
meter. The linearity of the relationship and the extrapolation
to zero gas evolution at zero surface area suggest that the
evolved gas (essentially all CO,) was being released only fromv
the surface exposed by grinding and not from the interior of
the particles.

A strong effect of particle sjize was also found when the
H-II material was tested at 1000°C. Eight times as much gas
was released from -270 mesh material as from -20 +40 mesh
material. The maximum volumes of gas obtained were as high
as 1.0 std cm3®/g; this was six times as much as was released
from the SC material. The composition of the gas was substanti-
ally different; CO and H, were present as important constituents.
Particle sizc was found to have an important effect on the gas
composition as well as the total gas. Figure 2 shows the
relationship between surface area (measured by the BET method)
and the gas composition. Extrapolation of the relationship of
Fig. 2 to the very ldw.BET surface area of 0.1 mz)g suggests
that the gas evolved would be about 99% CO, - just what was
observed in tests of the SC material, which had such a low

surface area.
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Effect of Temperature

Measurements of the total gas evolved and the rafe of the
evolution were made on -270 mesh samples of the H-II material
at temperatures of 1000 and 1200°C. More gas was consistently
evolved from the samples at 1000 than at 12009C, and there
was some evidence that, at 1200°C, an initially higher gas
release was being followed by a slow removal or consumption
process. It is possible that the surface of the sol-gel mater=
ial at 1200°C was catalyzing the water-gas reaction H, + CO, =
CO + H,0, for which the value of the equilibrium constant is
around 2.7 at 1200°C. The gas analysis technique which was
used in the experiments did not provide values for H,0. As a
consequence, the reaction of H, and CO, to form CO and H,0
could have resulted in an apparent decrease in the total gas
evolved.

Reversible Gas Adsorptioq

Iu sludies of particle size effects, the SC material had
released a gas which was essentially pure CO, . After these
tests, some of the samples were exposed to air to determine
whether CO, would be adsorbed and, if so, to what cxtent.
Reevacuation at 1000°C was used to remove any adsorhed gas,
and it was found that less than 10% of the origimal amount was
evolved. This suggested that, for the SC material, the origin-
ally evolved CO, had been present in the original material and
had not come from adventitious adsorption from the air during

a brief exposure during weighing. The small amount of gas



9
involved made it inadvisible to perform further studies of
reversible adsorption with this material.

A sample of -270 mesh H-II material was used for a series
of studies of the reversible adsorption of CO,; the desorption
was followed as a function of time at various temperatures,
while the adsorption was always achieved by exposing the sample
to 15 mm of dry CO, and permitting it to cool to room tempera-
ture in this environment. The samples were then evacuated at
room temperature before the test boat was re-inserted into the
preestablished temperature region of the furnace. Figure 3
shows the results of successive tests at 250, 500, 750, and
1000°C; the desorption was quite rapid, and temperatures of
500°C or higher were apparently adequate to remove all the
adsorbed gas in these tests. The reversibility of the CO,
-sorption—desorption is illustrated by Figure 4, showing how
the pressure in the apparatus (originally evacuated at room
teﬁperature after exposing the :sample: to 15 mm of:COy) changed
as the H-II sample was heated to 1000°C and then allowed to
cool down. A similar reversibility was found for SC material,
but the amounts of gas and pressures were negligible.

Reduction of Surface Area

These studies were directed toward the development of
treatments’which would reduce the surface area of the prepared
sol-gel and, thus, reduce the amount of gas which it could
release in service. .Batch eXposures at temperatures of 1000°C

.to CO, or H,0 alone did not give substantial changes in the
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surface area of the sol-gel or in its capacity for reversible
adsorption of CO,. Mixtures of the two gases, CO, and H,O0,
at 1000°C, on the other hand, were found to give approximately
50% decreases in the surface énd adsorption capacity of the sol-
gel for each treatment, although the duration of the treatment
did not appear to be important. Thus, two treatments would
reduce the surface area to 25% of the original -- three to
12.5% of the original. Tésts in which the sol-gel pellets
were grbund to successively smaller particle sizes between
successive batch treatments with mixtures of H,0 and CO, at
1000°C suggested that the e¢ffect of the treatment permeated
the entire material and was not localized at the surface ex-
posed by grinding. Table I'illustrates these results; a three-
fold reduction in BET surface area. was accompanied by a four-
fold reduction in CO, adsorption capacity, although the parti-
cle size reduction would have, in an untrcated sol-gel, caiised
a several-fold increase in both surface area and gas evolution
with an accompanying increase in CO, adsorption capacity.

Since batch treatménts are not convenient for larger scalc
concepts and since single hateh treatments, however exlended
in time, did not give more than 50% reduction in arca, the
cffect of Lrcotment in a [lowing streaﬁ of H,O0 + CO, at 1000°C
was studied. As shown in Figure 5, the flowing stream technique
was much more effective; the capacity of the sol-gel for gas
adsorption appeared to be a predictable function of treatment

time, regardless of whether the treatments were continuous or




Table I. Effect of Treatment with H,0-CO, on Sol-Gel Properties

Particle : . BET Surface Reversible CO,
Size Seq“?;szazieziSts and Area Absorptive Capacity
Mesh m?/gm ‘ std. cc/gm

:
40-80 Original material: degassed 2.57 0.20
1000°C
40-80 After first surface area 0.10
reduction
<140 Ground and sized to 80-140 1.58 0.10
mesh (otherwise untreated)
80-140 . After second surface area 0.08
reduction

<270 Ground and sized to 200-270 1.67 0.06

mesh (otherwise untreated) '

200-270 After third surface area ‘ 0.78 0.05

reduction

€T
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interrupted. A 16-hour treatment appeared appropriate for a
90% reduction in the original gas—adsorption.capacity of the
material. Corresponding reductions in the BET surface area
of the material were obtained. The linearity of the semi-
logarithmic plot in Figure 5 suggests that there may be a first
order process which is responsible for the surface area reduc-
tion. |

A 'different series of laboratory samples éf sol-gel mater-
ial, prepared with various furnace atmospheres during heating,
calcination, and cooling, and designated the PL series, was
evaluated with respect to gas evolution and reversible gas
adsorption. (Table II). All PL samples gave much less gas
evoluation upon being ground in the as-received condition and
heated to 1000°C in vacuo; about 0.30 std cc/gm gas was evolved
compared with 1.30 for the H-I1 samples previously‘studied° -An
even more striking reduction was noted in the capacity of the
PL series for reversible CO, adsorption; values of 0.02 std
cc/gm were obtained compared with 0.27 for the H-II material.

ThO; MICROSFHERES

The ThO, ﬁicrospheres (designated .PL=12-6+1600 in the.
Chemical Technology Division) possessed a uniduely defined
spherical particle size distribution, in contrast with the
randomly crushed sol-gel material previously studied. Since
fhe sol-gel microspheres as received from Chemical Technology
Division had not as yet been calcined, they were expected to

contain an excessive amount of gas. The study, therefore, was
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Table II. Gas Evolution Results on PL Series Oxides

Amount of Gas Evolved, cc/gm

Sample As-received Reversible
Haw's #2 1.30 0.27
PL-1 0.28 0.01
PL-2 0.30 0.02
PL-3 0.28 0.02
PL-4 0.32 0.02
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directed toward a definition of the composition and the amount -
of gas evolved from the sol-gel microspheres, as a function of
temperature.

Experimentally, 4:04 grams of "as received" air-dried
microspheres were evacuated to lu at room temperature. The
sample was then heated through arbitrarily selected temperature
ranges, and the gases were collected. The results are listed
in Table III from which sevéral observafions can be made. The
amount of gas evolved from air-dried sol-gel microspheres was

greater than ~££E§§i
gram

~+05ccs
value of —gr—ém—-

- This estimate can be contraéted with the
of gas evolved from the previously studied PL
series. However, it must be emphasized that the microspheres_
had not, as yet, been calcinated at 1150°C. The largest amount
of gas evolution occurred in the following cenfignadé,témpéra;~
ture intervals (240;260),(400—460), (700-760). Above 760°C,
only a'small amount of gas remained and‘the volatile organics
‘were essentially eliminated at ~260°C. Most of the gas evolved
was either CO,, CO, or H,. This gas composition was similar

to that previoﬁsly found in ThO,-UO, Kilorod material.

Since this material was obtained in a wet,* unfired con-

dition, the amount of gas present far exceeded that associated
with the previous sol-gel material. The objectives of this

study, therefore, were:

%
that is, saturated with the organic mixture.used for -dehydra-

tion of the sol.



Table III.

Gas Evolution Data on Air-Dried ThO, Microspheres Over 25-1000°C Temperature Range

Temperature AT Quantity of Gas incipal Gases Colle "d ingl
Interval oc ce/g Intensive Trapping Conditions
oc
Room . : Liquid
Temperature Dry Ice Nitrogen
120-150 4
150-190% 70 1.2 Organic Co, NO, N,
190-240
240-260% 70 >3.7 Organic CO,, NO CO,N, ,H,
260-360 100 ~3.7 None CJ, CO, H,
360-400 » o
400-460%* 100 >3.7 Organic CO,. orgzanic CO,H, ,CH,
460-520 o
520-580% 120 ~3.0 CO,, organic CO, COo, H,
580-600
600-760% 180 >3.7 Co, Co, H,
760-1000 240 0.27 CO,, CO CO,H,,N,

*
In this range tkz macro-portion

of the gas was evolved.

81
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(1) Investigation of the factors that facilitate gas removal
from thé wet, uncalcined sol-gel microspheres without impairing
~ their structural integrity.
(2) Assessment of the factors affecting the subsequent readsorp-
tion of gas by the sol-gel microspheres after intial degassing.
Relative to the first, studies were undertaken to deter-
mine whether or not any carbonaceous material remained in the
microspheres after initia;ly heating to 1000°C in the presence
of O, and H,0. Previously, it had been noted that firing gave
rise to a blackening of the sol-gel beads, suggesting that the
discoloration might be due to the presence of embedded carbon.
To test for carbon, the microspheres were then ground up to
less than 270 mesh and reheated to 1000°C, and the residual
gases were removed. One cc/g of gas was released; this con-
trasted with 0.27 cc/g previously released at 1000°C from

microspheres. The composition of the gas was as foilows:

Gas Volume %
co, - : 50.1
co 13.2
H, 32,2
N, 4.5

Pure oxygen was then introduced at 1000°C for the purpose of
burning any carhonacenns material; the appearance of CO, in |
the collected gas would indicate the presence of contained
carbon. Analysis of the residual oxygen showed CO, to the

extent of 0.01 cc/g. The material was subsequently treated at
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1000°C four times more with oxygen and once with water. In
view of the lack of generation of additional CO,, it was
assumed that no further carbon remained in the material. The
black color of the calcined sol-gel microspheres should, there-
fore be attributed to structure defects in the material. It
was concluded that color changes do not serve as good indicators
for carbon.

At this time, the amount of CO, readsorbed after the s0l-
gel had been cleared of entrapped gas was determined. The
clean sol-gel material was treated with O, and fired at 1000°C
four times, followed by evacuation. - An excess of CO, was then
contacted with the sample at room temperature. After equili-
bration, the excess CO, was pumped off. The sample was then
fired to 1000°C, and the amount of CO, evolved was measured.
The magnitude of the '"reversible'" CO, adsorption, 0.14 cc/gram
can be contrasted (see Table II) with those of the Haw's II and
PL 1-4 series. One notes thaf the "reversible'" gas adsorption
of PL 12-6-1600 microspheres was considerably closer in magni-
tude to that of Haw's #II, than to that of the PL 1-4 sereis.

U0, ., MICROSPHERES

The chemistry of UO, +x microspheres is clearly more com- .
plex than that of ThO, microspheres. This, however, may be
turned to use. For example increasing the value of x in'UOz+x
strongly enhanced the rate of low temperature sintering and
made it unnecessary to exceed 1000°C, a distinct engineering

advantage. Our approach to the processing problem was first
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to make a series of probing experiments. The results along
with information from the literature, were used to design a
processing scheme which, while overly complex and time consum-
ing, did work well. Finally, emphasis was placed on monitoring
the removal of carbonaceous material, simplifying the sequence,
shortening the time, and reducing the maximum temperature.

Initial Experiments

9-11

The gases H,, H,0, CO and CO, may be used to control

the value of x in UO, . by reactions (1) and (2).
0
[ ]U02+x + H, = H,0 (1)

[o] o, + CO = CO, (2)
Stronger oxidants, like 0O,, would tend to cause phase changes
and, hence, endanger the geometric integrity of the micro-
spheres. We have observed that UO,-ThO, ss (Kilorod material)
as well as UOz+x microspheres frequently, but not always,
reacted with H,O0 vapor to produce H,. This reaction has been
reported in the literature, and its thermodynamics well
described.11 From this paper it is clear fhat whether or not
reaction (1) proceeds to a measurable extent depends on the
value of x. This explains why on occasion the UOé+x micro-
spheres will not reduce Hzo'or COz: To confirm that UOZ+x
from a sol-gel éource behaves as the UO, ‘described in the
literature,Aa sample from Batch P-6-3-1600, F-10 was ground
to <270 mesh and reduced with CO at 1200°C until no further

reaction occurred. This product was readily oxidized by either
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H,O0 or CO, producing H, or CO respectively. Once the oxidiz-
ing reaction had proceeded to its limit the solid product
could again be easily reduced with CO, producing CO,. These
reactions occured without changing the total pressure in the
system. This is‘consistent with equations (1) and (2) above
and indicates that higher oxides were not produced in the
oxidation, a result consistent with the 1iterature.11

Since CO was one of the products formed during the out-
gassing of UO,_+x microspheres, the possibility of the reaction
2CO0 —CO, + C was of interest. This reaction has been shown12
to be kinetically inhibited by small amounts of CO, which also
occur during outgassing. Thus cafbon deposits, formed by
this mechaniSm, were not expected. This is consiétent with
our experience in applying the processing scheme recommended
later.

The reactions of water with carbon to form Cd, CO,, and
Hzloccur in the temperature range of the proposed UO, ﬁicro-
sphere processing scheme. The reéétion of H,0 at 1000°C with
charcoal produced CO,, CO, and H? at rates comparable to those
observed during UO, microsphere processing and was therefore
definitely part of carbon removal chémistfy providing part of
the cxplanation tor Lhe faVvorable effect of excess H,0 vapor
in carbon removal. |

The wet UO, microspheres yielded CO?, CO, H;, N, O, NO
and organics when heated with steam and evacuated. The tempera-

ture intervals of maximum gas evolution were 150 to 250°C and
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400 to 650°C. The principal organic gas evolved (primarﬂly
in the 300 to 350°C range) was CH,. This was in direct con-
trast with the produétion of higher molecular weight organic
products previously noted in the case of dry ThO, microspheres.
A posSible.explanation13 for the difference is that steam
changes the cracking pattern, yielding almost exclusively
methane with a trace of ethane, in contrast'to the yield of
larger organic fragments when these materials are simply
heated ﬁnder—vacuum. These Would be more easily removéd from
the microspheres, thus, providing another part of the reason
why water vapor enhances the removal of carboﬁaceous materials.
Previous work on "as received" ThO, microspheres indicated
that direct heating of the unfired sol-gel beads resulted in
the entrapment of the organic impurities in the sol-gel thereby
precluding further removal of this potential source of gas in
the reactor fuel. 1If, on the other‘hand, the unfired sol-gel
was first treated with an excess of water vapor at room tem-
perature priorto heating, a significant amount of 'the ogganié
contaminants could be removed with a commensurate reduction in
the poséibility of carbon entrapment.

Consequeptly, the technique first applied to UO, micro-
spheres was to subject them to an excess of water vapor at
room temperature. Upon completion of water sorption, the excess
water vapor was removed by vacuum pumping. The sample was then
heated to the particular temperature under investigation. At

this temperature, both the total voluﬁe of gas as well as those
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gases which were uncondensible in liquid nitrogen, were col-
lected. The temperature range from 500 to 600°C was the most
effective with respect to removal of gases by this method.

Next an attempt was made to combine the effects of steam,
cpntinuous flow, and mixtures of H,0 and CO,, treatments pre-

- viously found useful ‘in the reduction of the surface area of
Kilorod material.

A 1:1 mixture of CO, and H,0 was passed over U03+x*micro—
spheres at 550° for several hours. This treatment reduced the
reversible sorptive capacities to 0.18 cc/g and 0.05 cc/g for
H,O0 and CO, respectively.

Two additional experiments with floWing CO, and H,0 mix-
tures were made to determine the change in O/U ratio and the
reduction of carbon content. In both cases the H,0 to CO,
ratio was.3:1 and the flow rate was 8 cc/min. The samples
were treated as shown in Table 1V.

After the 506°C flow treatment, each sample was inserted
in a vacuum line for evaluation which consisted of heating the
sample at 500°C and determining the amount and composition of
the gases remaining in the sample (or sorbed by the sample in
the process of transfer from flow to vacuum system). Thaen, ‘the
sample was heated above 500°C in 100°C intervals‘with intermed-
iate pump-downs at temperature, and similar determinations made
as shown in Table V.

The second procedure gave a product with less residual gas.

Nevertheless, the final products (after the gas removal at
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Table IV. Gas Flow Treatment of UOZ+x Microspheres

First Sémple

Temperature, °C : IEEEL_EEL §EEEB_§§§
125 - 16 cp,, H,0
250 2 ~ CO,, H,0
350 : l 1 COo;, H,O
450 .3 ' CO,, H,0
500 | 2 | CO,, H,0
Cooled and flushed 16 - N,

Second Sample

Temperature, °C Time, hr. Sweep Gas
125 16 ~ CO,, H,0

250 | 12 CO,, H,0
250 - 500 1-1/2 CO,, H,0

500 C 6 - CO,, H,0

Cooled and flushed 16 ' CO,, H,0



Table V. Aralysis of Product Gases

Temperature To-al Gas NotOCondensible Composition, Volumé 7,
oC at -78°C co Co H N
cc gas/gm sample 2 2 2
Sample 1:
5G0 0.51 93.7 5.4
600 ‘ 0.26 .93.5 5.6
700 0.01 89.3 9.8
800 ) 0.03 |
800-1000 - 0.03 43.6 14.1 2.1 36.1
Sample 2:
500 - 0.69 89.5 2.7 0.2 4.9
60D 0.00

600-1000 0.07 92.7 6.5

9¢
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1000°C) were identical in carbon content (0.013%) and almost
identical in oxygen:uranium ratio (2.124 vs 2.153). ‘It is clear. .
that flowing mixtures of Cdz and Hzo.will reduce considerably

" the reversible sorptive capacities, the residual gases, the
carbon content and the O/U ratio of the U02+x microspheres.

Next, the combination of steam stripping with continuous
flow in the absence of CO, wés applied to the miérospheres.

The sweep rate and gas ratio were 8 cc/min and 1:3 He:H,O.

The time-temperature cycle was 20 hours at 125°C, 4 hours at
300°C, and 4 hours at 500°C;' After this treament, the revers-
ible CO, adsorption of the‘samp1e4between room temperature and
500° was found to be 0.03 cc/g. .After the reversible CO, test,
the sample was heated to 1000°C in vacuo and alternatively
treated with water vapor and evacuated at 1000°C. The release
of gas was negligible, and there was no evidence for CO,
readsorption. Finally, the sample was analyzed for O/U ratio
and percent carbon. An O/U ratio of 2.071 and a carbon coﬁtent
of 0.006% were found.

Additional tests were performed on‘the microspheres with
mixtures of H,0 and He. The treatment schedules are indicated
in Table VI. The ratio of H,0 to He was 3:1 with a flow rate
of 8 cc/min. When He alone was uséd, the flow rate was 2 cc/min.
After the intermediate treatment at 400 or 500°, each~materiél
was calcined in He at 1000° for one hour and subsequently codled

in He.



Table VI. Gas Flow Treatment of U02+x.Microspheres

- 125°C 400°C 500°C Product
Time Sweep Time Sweed Time Sweep 0/U Carbon Physical
hrs. Gas hrs. Gas hrs. Gas To Appearance

4 H, O-He

15 He

2 H,O-He 4 H, O-He 2.022 0.014 good

16 H, O-He 2 H, O-He 2.026 0.017 good

16 H, O-He 6 H, O-He 2.025 0.012 good

16 H,; O-He 2 H, O-He 2.027 0.014 good

16  H,0-He 6 H,0-He 2.034  0.014 good

16 H, O-He 6 He 2.003 0.017 Partially

disintegrated
16 He 6 He 2.018 0.273 Partially

disintegrated

8¢
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The .carbon content of sample 7 was very high, émphati-
cally demonstrating the necessity of H,0 for satisfactory
carbon remova1; The O/U ratio of sample 6 was anomalously low
for a sample processed without H, reduction and is probably
erroneous. Thus, the flowing mixture of He and H,0 reduced
the carbon content to about the same extent found with CO, and
H,0 mixturéé. The O/U ratio, however, was considerably lower
in the absence of CO,. This seems to explain the observation
that mixtures of CO, and H,0 cause faster sintering than H;0
alone, since it is generally acéepted1 that higher 0/U ratios
result in faster sintering.

The previous studies were made with batch P-1-24-1226,
UF-2. As received, it had an O/U ratio of 2.265 and a carbon
content of about 8%. The processing experimepts with flowing
H,O0 with an inert carrier gas (A or He) were continued with a
new batch, P-6-15-1607, F-19. As received it had é 0/U ratio
of 2.571 and a carbon content of greater thaﬁ'é%. The effect
of H, on the O/U ratio was also investigated. Tables VII and
VIII summarize the treatment schedules and results.

Expefiments 1-6 and 9 were made with a constant pre-treat-
ment time and temperature (16 hrs at 125°C) and a constant
calcination (1 hr at 1000°C in helium). The variations
studied were in the temperafuré and duration of exposure to a
helium-water mixture at intermediate temperatures. All seven
of the treatment combinations gave products with low carbon

content. Experiments 7, 8, and 10-18 involved H, as well as



Table VIIa. Conditioning of UO, Microspheres

Fime (hrs) and Atnosphere at Temperature

5500

No. 125°C 200°¢ 250° 300° 350° 4cce £500 1000°
1 16; 6
He-H,0 He-H,0 1 - He
2 l6; 2
He-H,0 He-H,0 1 - He
3 16; 6;
He—Hzo He—Hzo 1 - He
4 16; 2;
He-H,0 He-K,D 1 - He
5 l6; (run interrupted and cooled 5.
He-H,0 to roox temperature) He-H, D 1 - He
6 16; He 2.5; 3; 1.25;
He-H,0 He-H,0 He-H,0- 1l - He 1 - He
7 ' 2; A-H,0 2; 2; 2;
A-H,0 A-H,0 A-H,0 2 - H, 1 - H,
8 125 1.5 1.5 1.5
He HZ—Hzo HZ—HZO Ez—Hzo 1l - Hz 1l - HZ

0¢
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Table VIIb. Conditioning of UO, Microspheres

Product Quality

No. o/U % C Chafzgiésiétics

1 | 2.040 0.002 much broken

2 2.039 0.003 perfect

3 2.168 <0.001 (~10%) broken

4 2.036 <0.002 (~10%) fragments
5 2.050 0.004 (~30%) fragments
6 2.109 0.002 many broken

7 2.001 <0.002 perfect

8 <2.000 n.0NR "perfect



No.

10

11

12

13

14

15

16

17

18

Table VIIIa.

- Experimental Conditions

Time
(hrs)

14

RN

Conditioning of UO, Microspheres

Temperature
125°C 300°C
He-H, 0

He-H,0
He—Hz 0
A-1I, =11, 0
He-H, 0
He—HZ O
A-H,-H,0
He—Hz (0]
He-H, O
HC—HZ 0]
He-—Hz (o)
He-HZ 0o
He—Hz 0
He-H, 0
A-H,-H,;0
He-H,0
- A-H,-H,0

400°C

He-H, 0

A-H,-H,0

A-H, -H,0

1000°C

He




No.

10

11

12

13
14

15

16

17

18
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Table VIIIb. . Conditioning of UO, Microspheres

o/U
2.035
<2.001
2.001
<2.001

2.002

<2.001

2.001

2.001

- <2.001

2.002

Product Quality

<0

0.

0.

<0

. <0.
<0.

. <0.

. <0

<0.

<0

% C

.002
003
003
.002
002
002
002
.002

002

.002

Physical
Characteristics

Perfect

Very goéd
Many chips-
Many chips
Very few chips
Perfect

Considerable yellow
powder -and thin shells

Very few chips

Perfect, except for gold
sheen on spheres

Many chips
Yellow dust and gold
sheen on spheres
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the previous H,O-inert gas mixtures. The O/U ratio was
reduced to very nearly 2, and the carbon content remained low
(<10 to 80 ppm).

Attention was now turned to the production of high density
without adversely effecting the final O/U ratio and carbon
content. Experiments were performed on the U02+x microspheres
from batches P-6-3-1600, F-10; P-9-12-1153, SG-11 and P-6-2-
1445, F-9. These were received in a steém dried condition3
and were poorly formed.

Tables IX and X show the processing treaments and the
results. In three of the four cases the final densities were
undesirably low. These results suggested as does the litera-
ture1 that a longer sintering time in the temperature range
450 - 1000° was necessary. Subsequent experiments (Tables XI -
XVIII) confirm this conclusion.

Process Development

Having recognized the importance of sinfering at Qigher
temperatures, we tested two procedures designed to produce a
material satisfactory with respect to O0/U ratio, carbon content
and density. Tables XI and XII show the processing schemes and
the very acceptable results. The product shown in Table XII
was a slightly better one, and thie scheme wae sgelected at this
point in the research as our standard procedure.

The lower temperature portion of the processing scheme
removed copious amounts of hydrocarbons and nitrogenous mater-

ial. Since it was very difficult, if not impossible, to remove
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Table IX. Flow Treatment of Steam—Dried UO, Microspheres

. Weight Time Temperature : -
Material (2) (hr) (°C) Sweep Gas
F-10 7.21 16 125 He-H,0

2 300 A-4% H,-H,0
1000 A-4% H,
cool A-4% H,
F-10 9.64 16 150 ' He-H,0
' 2 250 A-49 H, -H,0
2 350 , ~A-49% H,-H,0
2 450 A—4O/O Hz —Hzo
1 1000 A-4% H,
cool A-4% H,
SG-11 7.22 C 16 150 . A-H,0
: 2 _ 250 (A-4% H,)-H,0
1-25 350 (A—4(70 Hz )—HzO'
' 2 450 (A-4% H,)-H,0
1 1000 (A-4% H,)-H,0
cool (A-4% H,)-H,0
. F-9 9.33 16 150 He-H, 0
' 2 250 (A-4% H, )-H,0
2 350 (A-49% H,)-H,0
2 450 (A-4% H,)-H,0
1 1000 (A-4% H, )-H,0
)~-H,0

cool (A-4% H,
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Table X. Product Quality After Flow Treatment of
UO, Microspheres
Material 0/U % C Density Appearance
F-10 2.006 0.006 9.6 No fines
No chips
Twins
Conglomerates
F-10 2.004 0.0006 . 9.14 Same as 'above
S8G-11 2.001 0.017 10.54 Nonuniform size
F-9 2.020 0.006 9.20 Nonuniform size

Conglomerates
Nonspherical
Some dull black
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Table XIa. Flow Treatment of UO, Microspheres

Weight . Time Temperature

Material (2) (hr) °c) - Sweep Gas .
SG-11 11.20 16 170 ' A-H,0
: 1 250 A-H,0
1 350 C0O,-H,0
1 450 CO,-H,0
1 550 CO,-H,;0
1 650 CO,-H,0
1 750 : CO,-H,0
0.67 850 CO,-H,0
cool . CO,
1.17 25 -850 - CO0,-H,0
- 3.50 - 850 H,
1.67 : 1000 H;
‘ cool ’ H,

Table XIb. Produdt Quality After Flow Treatment of
‘ UO, Microspheres '

Material : . SG-11
o/ . 2.006
% C | | 0.012
Density 4 . 10.82

Appearance : Nonuniform size
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Table XII. Gas Flow> Conditioning Scheme for Sol-Gel

UO, Microspheres

Batch P-9-12-1153,

Treatment Schedule:

SG-11
16 hr
2

2
2

16 hr

NN

16 hr

1 2/3
2

1/2
3/4

Physical Data; Analytical Data

O/U % C

2.001

0.008

170°C
250

350

450

cool
store

25 — 550
550

650

750

cool
store

25 — 850
850

850

850

1000

Density with
210 psi Hg

10.82

A-H,0

A-4%
A-4%
A-4%
"A-av,
He
A-4%
A-4%
A-4%
A-4%
A-4%
He
A-4%
A-4%

b

H, -H,C
H,-H,0
Hy-H, 0
Hg =Hg ()

H, -H, 0
H, -H,0
H, -H,0
H,-H,0
H,-H,0

H, -H,0
H, -H,0

COZ —75(70 Hzo

H,
H,

Appearance

Bhiny black
No finecs

Nonuniform size

ATotal pressure = 1 atmosphere.

bA = Argon,

€3 to 1 mixture of H,O with A - 4% H,.
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" these materials after the sintering step and since the samples
varied considerably, it was thougﬁt desirable to have an
immediate monitor of the off gas in addition to the final
analyses to assure that their,reméval was complete before
processing with the sintering step. For this purpose a Beckman
Hydrocarbon Analyser was added'to the system. The suppliers
of this dinstrument claimed that it was sensitive to all
organic compounds, but insensitive to CO,, CO, H,0, H,, N,,

He and A. We also found the equipment insensitive to the
gases which we tested:which were CO,, CO, H,0 and H,.

During the processing tests: it was assumed that the
removal of cafbonaceous materiﬁl could always be followed by
observing the production of hydrocarbons. This 1is not neces~
sarilyAtrue,‘since carbon can also be removed by thé formatibn
of CO and CO, which cause no response iﬁ the hydrocarbon
analyser. Consequently, a sample of charcoal was oxidized
with A-H,0 at 1000°C and the off gases passed through the
hydrocarbon analyser. While the products were primarily CO
and H,, sufficient quantities of hydrocarbons were always
produced to cause a response in the hydrocarbon anélyser. Thus,
the assumed correspondence between the cessation of response
of the hydrocarbon analyser and the completion of carbon
removal was apparently justified. Of course, the carbon
analysis of the fully processed UO, microspheres provided
an additional and independent check of satisfactory carbon

removal, This instrument was particularly useful in determining



40
the minimum time required for the removal of organic materials
and considerably shortened the treatment time as shown in the
following sections.

The next several experiments (Tables XIII - XVI) were
made to investigate the usefulness of the Hydrocarbon Analyser
and to determine if a chemically simpler, shorter, and lower
temperature procedure could be found. A sample from batch
P-11-9-1301, F-22 was treated according to the process shown
in Table XIII. The results were:’

0/U = <2.001
% C = 0.007
ng at 210 psi* = 11.01, 10.3

% N, = 0.003

*Two measurements on apparently identical samples.

Conséedquently, the use of H, in the processing schomc
shovn in Table XII prior to the CO,-H,0 step may be avoided
as well as the lé-hour step at 125°. In addition the maximum
temperature may be reduced to at least 850°C. Another sample
of batch P-11-9-1301, F-22 was subjected to the treatment

shown in Table XIV. Analysis of the final product yielded:

o/U 2.0085
T C 0.004
% N, <0.01

ng at 210 psi '10.8

. Earlier work had shown that the combination, CO, + H,O0,

enchanced the rate of sintering of UO, more than either gas

e e e i e e e e e = e e oo



Table XIII.

1"
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"
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Gas Flow Conditioning Scheme for Sol-Gel

hr

Table XIV.

Time
2

’

[ NS IR GUREEN SR oS BN AV N AV oY)

hr

2/3

UO, Microspheres

250
350

°c

450 -

550
650
750
850

850

850

A-H,0

"
"

1"

Gas Flow Cpnditioning Scheme for

'U02+x,Microspheres

Tem

L

P.,
250
350
450
550
650
750
850
850

°C Gas¥*

*
Gas flow rate was ca. 2 ml/sec.
A water bath at ca. 94°C was

aspirated to provide the H,O.
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separately. However, theltreatment with H,O in argon has

produced densification to at least 10.8. Thus, a chemically

simplified process using only H,0, H,, and A seems satisfactory.

The hydrocarbon analyser was used to follow the evolution
of carbonaceous material qualitatively during several process-
ing runs. The results indicated that:

(1) Details of the pattern of hydrocarbon generation varied
from run to run, even though the samples were selected from
the same batch of microspheres. Generally bursts of hydro-
carbons occurred near 250, 350, 450, and 550°C with a maximum
at 450°C.

(2) Very little, if any, hydrocarbon was evolved at 170, 650,
750, or 850°C. This reconfirmed the belief that the 16 hour
treatment of Table XII was unnecessary and indicated that the
H,0-A treatment at 650, 750, and 850°C did not trap carbon in
the process of sintering.

The capability of the hydrocarbon analyser to monitor the
removal of carbonaceous material, the absence of hydrocarbon
production above 550°C, and the results obtained by applying
the treatments in Tables XIII and XIV suggested the use of a
drastically shortened treatment. Therefore a sample of batch
P-11-9-1301, F-22 was treated according to Table XV.

In the course of heating the sample from 100 to 550°C a
number of bursts of hydrocarbons were observed as follows:

a. At ~190°C evolution commenced at a rapid rate.

b. Peaks were observed at ~300°, ~340°, and 450°C.
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Table XV. Gas Flow Conditioning Scheme for

U02+x Microspheres

Time, hrs Temp., °C Gas*
11/2 , 100 - 550 A-H,0
2% 550 ' "
3/4 550 - 850 "

2 850 "
2 ' 850 H,

*The argon and hydrogen flow rates
were ca. 2 ml/sec. The argon was
aspirated through a water bath at
ca. 93-97°C.

**This was the time required for
complete loss of hydrocarbons,
as indicated by Analyzer.

Table XVI. Gas Flow Conditioning Scheme for

UOZ+x Microspheres

Time, hrs Temp., °C Gas "
1 1/2 100 - 550 A-H,0
2 550 "o
3/4 550 - 850 "

2 850 "

1 850 H,
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c. No hydrocarbons were observed above 550°C.
Thus, the continuous temperature increase to 550° produced
essentially the same hydrocarbon removal pattern observed

with the stepwise temperature profile. Analysis of the product

yielded:
o/U 2.0091
% C 0.005
T N, <0.01
d

Hg at 210 psi 10.8
S.A., m?/g 0.013 - . -

These results suggested that the processing of UO,
microspheres may be satisfactorily completed in about eight
hours. |

An additional sample of Batch P-11-9-1301, F-22 was
processed according to the shortened scheme, except that’ the
time of H, treatment at 850° was reduced to one hour. The
results were:

o/U

= <2.001
T C = 0.004
% N, = <0,001
S.A, m?/g = 0.007 -
ng at 210 psi = 10.9

Thus, a processing time as shown in Table XVI of approximately
seven hours seems satisfactory.
Several processing attempts were unintentionally terminated

by equipment failure. Analyses of samples from these runs
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provide some inforﬁation on the characteristics of the UOZ+x
microspheres at different stages of the processing scheme.
Table XVII gives typical ranges for these results. Numbers
for which no range is given represent one datum only.

The usefulness of water vapor in the processing scheme has
been indicated earlier (see Table VI, experiment 7). This was
investigated again, since the procedure had been considerably
altered. A series of samples from batch P-11-9-1301, F-22
were processed according to the shortendd scheme (Table XVI,
control sample) except that H,0 was added at the end of the
550° period (run 1), at the beginning of 850° period (run 2),
and not at all (run 3). The results are shown in Table XVIII.
It can be seen that the carbon content progressively increases
as the H,0 is applied at higher temperatures and for shorter
times. The maximum carbon content, however, was only 150 ppm.
The complete removal of water appears (one experiment oﬁly,
run 3) to increase the final N, content by a factor of greater
than thirty and to double the final surface area per unit weight
without noticeably affecting the density. The results shéuld
be contrasted with those of Table VI, experiment 7, a dry run
that retained 0.273% carbon. Note that a 16 hour exposure to
dry He at 1256 was applied in that case; and H, reduction, a
water producing step, was not applied. ‘Thus. experiment. 7. of
Table VI was a far dryer proceduré than experiment 3 of Table
XVIII. We concluded that with the shortened procedure, as

with earlier ones, the H,O0 vapor was essential for the production



Starting -
Material

End Stripping
550°C

End Sintering
850°0C

End Reduction
850°C

Table XVII.

v

tv

to

.11-2.21

.992

.000-2.C09

C, %

1.8-8.0

0.0¢12.-0.217

0.092

<0.001-0.013

Density
g/cc

.70

10.8

10.5-10.9

Properties at Various Stages of Prccessing

Nitrogen
% '

0.09-0.19

<0.001

Surface
area
m?/g

50.8

0.006-0.033

9%
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Analyses of Processed UO,

Sol-Gel Microspheres

Run No.  Control 1 2 3 Starting
0/U 2.009 2.001 2.001 2.001 2.486
% C 0.005 0.008 0.015 0.014 1.83
% N, <0.001 <0.001 <0.001 0.036 0.090
S.A., m?/g 0.013 0.008 0.008 0.019 50.8
d 10.7  10.7 10.7 4.70

Hg at 210 psi 10.8
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of the highest purity UO, microspheres. A variety of addi-
tional batches of UO, microspheres were subjected to the
shortened procedure. The results in. Table XIX show variation
from sample to sample, but the products in general were satis-
factory.

Product Stability

It was of interest to learn whether processed samples
wére'inert to the constituents of the atmdsphere, since
sorption of gases could cause spurious.O/U ratios or carbon
contents in the analytical results. A freshly processed
sample%of'batch P-11-9-1301, F-22 was divided into three
bortions. One.was sent for analysis immediately. One of the

remaining samples was exposed to oxygen and one to carbon

dioxide. The pressure and time were one atmosphere and two
weeks. The results were:
% C o/U
Initial Q.OO4 <2.001
Exposed to O, 2.001

Exposed to CO, 0.001
Apparently neither gas caused a significant change in composi-
tion of the processed microspheres. This stability must be due
to low surface area since UQ, docs oxidize in ulir at room
temperature and the extent depends on surface area.14
It was reported15 that '"Dried gel microspheres prepared
from ThO, (20 to 25%) UO; sols . . . exhibited an unexpected

heating effect when exposed to air." This phenomenon may



Properties
o/U
C, %

Surface area
m?/g

d .

Hg at 210 psi

.NZ ’ %o

Table XIX. Properties of Processed Batches

P-6-12-1153 P-6-19-1408 P-6-16-1545

2.001 2.007 <2.002
0.013 <0.001 0.018
0.013 0.033 0.006

10.5 10.36 _ 10.78
0.001

P-6-14-1550
2.005
0.002

0.011

10.52

(34
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"result from the heat of adsorption of moisture on UO,-ThO,
‘samples possessing large surface areas. We have observed that
UO, microspheres outgassed with H,0 vapor to 450°C, evacuated,
cooled to ambient temperatures, and exposed to moisture caused
the manifold containing the sample to bécome extremely hot.

It was also noticed that ThOzipowder out-gassed by heating

to 1000° in a vacuum, cooled to room temperature, and exposed
to H,O vapor exhibited a large exothermic effect. Three
batches of UO, gel (P—6—19:1408, P-6-16-1545, and P-6-14-1550)
were conglomerations consisting of microspheres and finer
material. These batches also displayed heat effects when
exposed to air. These materials were sieved before process-
ing to obtain a sample of microspheres free of fine particles.
During the sieving procedufe, the samples became hot. Batch
P-6—14—1556 displayed the most intense heat effect, produced
fumes, and continued to break up during fhe initial part of

16-18 19

the sereening. C. H. Secoy, et al and others have

reported a very high initial heat of adsorption of H,0 vapor

[6-19

on ThO,. Data for the heats of immersion of ThO, are given

and may be converted to heats of adsorption of H;O gas by
adding the heat of coﬁdensation of water. These data depend

on both the surtace area and the temperature of out-gassing

of the samples. Kinetically the heat is released in an initial
burst followed by two, one or no slow processes depending on
the temperature at which the samples have been calcined.

Fully processed sol-gel microsphéres with their very low
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surface area, have not shown this ‘heat effect on ekposure to
moist air. These reports and observations suggest that
excessive heat effects are to be expected with UO,, UOZ—ThOzss‘
and ThO, microspheres out-gassed at elevated temperatures with-
out densification to reduce their surface area. Densification
" to near theoretical density and the consequent reduction in
surface area to the 10 2m?/g range before exposure to H,0
gas or moist air seems to avoid this difficulty.

RECOMMENDATIONS AND CONCLUSIONS

Experience has shown that the hydrocarbon analyser will
be most useful in the monitofing and control of processing
plants. This is especially so since the samples vary some-
what from each other and no fixed set of processing conditions
can handle them all without wasting time on batches that are
relatively easy to process.

Quantitative kinetic studies providing rate expressions
and activation energies for the sintering and reducing steps
of the processing scheme are badly needed. This information
would allow prediction of the effects of altering the process-
ing procedure and might indicate the nature of the rate limit-
ing steps.

There was considerable scatter in results for most of
the final anélyses. While the processed material was appar-
ently satisfactory as a reactor fuel, it should be noted that
the products of the short schemes, Tables XV, XVI and XIX, are

not quite as good as those from the longer procedures, -Tables
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XI and XII. Further, it is not yet possible to routinely
obtain the best results which have occasionally occured
during these studies. The best values obtained fqr the
listed parameters are shown in Table XX.

Although this work was brought to a close September 1,
1967, because of budget cuts, it is obvious that added studies
along these lines could very well lead to significant improve-

ment in the processing and monitoring techniques.
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Table XX. Best Results Obtained

o/u - 2.000

C, % | £0.001

N, % <0.001
dig at 210 psi 10.9

Surface Area
m?/g ~ - 0.006
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