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1. PROCESS DEMONSTRATION AND 233UDIS’I‘RIBUTION

J. R. Parrott

Storage and Distribution Facilities

With its high yield of 2.29 neutrons per thermal neutron absorbed,

233U is attractive as a breeder reactor fuel. Thorium is abundant in

nature, and because the use of the 233U produced from it avoids the
need for uranium isotope separation, there is a strong interest in the
thorium fuel cycle. During the past year the AEC increased by 114 kg

the amount of 233U available from the ORNL national storage facilities

for use by experimentalists and others. This 233U was made by irradi-
ating ThO2 to low burnup to produce material with a low 232U content
(less than 5 ppm), thus greatly reducing the handling problems ususlly
associated with 233U as a result of the high-energy gamma-emitting

daughters of 232U

The Building 3019 facilities for storage, dissolution, and puri-
1
fication were discussed in detail previously and will not be further

discussed here,
Distribution Activities Summary

During 1966, 41 shipments containing 128 kg of 233U were received
by ORNL.. During the same period, 54 shipments containing a total of 128
kg of 233U were made. The bulk of the material was received as freshly
purified nitrate solution and transferred to other sites without re-
purification. Approximately 73 kg of 233U was exchanged with Nuclear
Fuels Services, Erwin, Tennessee. Nuclear Fuels Services is the fuel
fabrication contractor for the Bettis Light-Water Breeder Reactor
program. The material originally allotted to this program was slightly
lower in isotopic enrichment than that returned to the ORNL pool.

Approximately 73 kg of 233U as uranyl nitrate was temporarily
transferred to the Neutron Physics Division for use in criticality ex-
periments.

During the year, four solvent extraction runs were made for the

purification of 40 kg of 233U.
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233 .
The activities of the U handling group for 1966 are compared
with previous years in Fig. l.l. The inventory of material at the end

of 1966 is shown in Table 1.1.
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Table 1.1. Inventory of 233U in Building 3019

Quantity Isotopic  232; o itent
(kg) Form Pug ity (ppm)
(% =770)
0.546 Nitrate 91 50
2.276 U02—Th02 91 50
98.013 UO2 91 250
19.312 Nitrate 97 ~4 2
2.179 Scrap (slag, o, etec.) 91-98 550
13.647 UO2 97 50
13.954 Nitrate 98 5
72.700 Nitrate (temporarily 98 5
assigned to Neutron
Physics)
23,79 U02 93-98 5
2.205 UO2 78 23
5.052  °27U metal 08 5

Total: 253.678

REFERENCE

lJ. R. Parrott, Status and Progress Report for Thorium Fuel Cycle
Development for Period Ending December 31, 1965, ORNL-4001, pp. 1-10.




2. THORIUM~URANIUM RECYCLE FACILITY

A. R. Irvine

The engineering-scale demonstration of processes developed on the
bench scale requires design decisions, prototype construction, drawings
for plant and equipment layout, and estimates of cost. A major design
effort is being devoted to the TURF.

The TURF is to afford adequate shielded space for development of

233U fuels of wvarious

remote processing and fabrication equipment for Th-
types. Sufficient shielding (5.5 ft of normal concrete) is being pro-
vided so that highly irradiated fuel assemblies can be accommodated
after a three-month decay period. The heavy shielding also avoids

limitations on 232 232

U content or decay time after removal of U decay
products and permits the fabrication of fuels from irradiated uranium
and thorium that have been only partially decontaminated from fission
products. The four operating cells in the facility are each 20 ft wide

and have a combined length of 106 ft.

TURF Construction
J. W. Anderson D. M. Shepherd J. P. Jarvis

A contract for the construction of the Thorium-Uranium Recycle
Facility was signed with Blount Brothers Construction Company of Mont-
gomery, Alabama, on May 6, 1965.

At the end of 1965, the facility was estimated to be 39.5% com-
plete. The exterior walls of concrete block were essentially complete,
and the roof was neariy complete. Cell F and the concrete for the fuel
storage basin had been completed. Underground piping and ductwork be-
low the cell floors had been nearly completed. Some of the processing
cell filoors were complete, and three of the cell E walls had been
poured up to elevation 851 ft even, just above the first floor level.
The first course of stainless steel liner plates had been placed on
the walls in cells C and G.

During 1966, facility construction work progressed to 93% comple-

tion. Figures 2.1 and 2.2 show the east cell operating area and the






cell roof area, respectively, with completion of the outside walls and
roof. Outside painting, with the exception of the usual touch-up work,
was completed. All cell concrete, except for the cell B roof, was
poured. All cell liners, with the exception of cells B, C, and D
floors, were completed. Cell A was erected and is now awaiting pro-
tective coating and installation of the windows.

Most of the equipment and materials furnished by the contractor
arrived on the Jjob during this period. Exceptions were certain equip-
ment for cell A and the airlock, the fuel element transfer port for
cell E, the fuel element conveyor, the Vogt valves for the CO

2
and valves for the filter pits. These items should arrive early in

system,

1967. Some delay in completion of the TURF may result from their late
delivery.

Except for certain small, floor-slab areas near cell B on the third
floor, the interior walls and floors were completed throughout the
building. Electrical work included the installation of panels, motors,
transformers, motor control centers, multiconductor cables and cable
trays, lighting, and the emergency generator set. Mechanical work in-
cluded major items such as fabrication of the qu fire-protection sys-
tem piping, installation of the waste tank pit, installation of heating
and ventilating units with associated ductwork, and miscellaneous me-
chanical services.

Protective coating was applied in certain areas of the building,
principally the mechanical and electrical equipment rooms, cell F and
cell ¥ corridor, the warm shop, and the chemical makeup room. Other
large areas of the building have been prepared for the application of
protective coating. The preparation work includes the installation of
transite enclosures on the trusses on the high bay and preparation of
the concrete walls of cell E to receive protective coating. Of the
areas that have been coated, only the waste tank pit and the walls and
ceiling of cell F have been completed with the final coat. The office
area has received its first painting and is being prepared for final

painting and installation of floor tile.



Shield doors 1, 2, and 3, furnished by ORNL rather than by the
contractor, were installed and tested. The doors were delivered at a
later date than had been scheduled, due to difficulties at the manu-
facturer's plant, resulting in a setback in construction completion
date and additional expense. Completion of the facility is now sched-
uled for the latter part of May 1967. Contract extensions to that time
were granted to the contractor because of delay in delivery of shield
doors and because of various work stoppages. All of the remaining
materials furnished by ORNL for installation by the fixed-price con-
tractor were delivered during 1966 and either have been given to the
contractor or are being held by ORNL until the contractor is ready to
install them.

A considerable number of other items that will be installed by the
local contractor or ORNL were also procured during this period. These
include the lead-glass viewing windows and the partial delivery of the
copper-lined, zinc bromide window tanks. There were problems with these
tanks — primarily with the copper material and welding — which now ap-
pear to be resolved; the tanks are now being fabricated without diffi-
culty.

Portions of the cell crane and manipulator system were completed,
tested, and delivered. These portions included the equipment for cells
F, E, and A, Tests of crane and manipulator systems for cells B, C,
and D in November indicated that certain modifications and corrective
work are required. Completion of these systems is expected early in
1967. A large quantity of motor control cable, assoclated with the
installation of the cell crane and manipulator systems, was ordered
because we anticipated that the copper shortage would delay delivery.
Approximately 75% of this cable has now been delivered.

Other items procured during this period include master-slave
manipulators, the waste tank sampling station, Raschig rings for in-
stallation in the waste tanks, cell service shield and seal plugs and
dust covers of 4-in, bent service sleeve, equipment mounting pads fab-

ricated from 17-4 PH stainless steel, and special in-cell filters.



Design of Sol-Gel Process Equipment
A. R. Irvine J. M. Chandler F. L. Hannon J. W. Snider

The design group is providing counsel on process alternatives and
assisting the development groups by designing test equipment. The

status of the various process steps is discussed below.

Uranyl Nitrate Solution Storage and Dispensing

We designed a system for the storing and dispensing of accurately
measured quantities of uranyl nitrate solution. It is now being con-
structed and will be installed in the TURF. The main reason for fabri-
cating this equipment now is to gain experience with the special design
features for remote handling and operability. The cost of fabricating
this equipment has been excessive, but we have discovered means to
materially reduce the difficulty of construction. We have designed
and partially tested with encouraging results a prototype device,
which consists of an "acid-egg," or blow-case, which can be emptied at
a controlled rate to provide a metered flow. More work is needed before

this is ready for plant use.

Uranium Reduction

Both methods for making a urania sol (i.e., precipitation-pepti-
zation and solvent extraction) require a feed of uranium(IV) solution.
The procedures now used in laboratory and engineering-scale equipment
for reduction of uranium(VI) to (IV) are undesirable for plant operation
because of either difficult separations of solids and liquids or the
many problems imposed by high-pressure operation. Preliminary tests
have indicated that a process operating at atmospheric pressure and
employing catalyst deposited on large particles can be developed to
avoid these problems. Present development and design work 1s directed
to attaining these goals.

Reduction of hexavalent uranium requires intimate contact between
gas, solid, and liguid. Methods being considered to achieve this are:
(1) a trickle colum in which uranyl nitrate solution would flow over

a bed of catalyst particles while in a hydrogen atmosphere, and



(2) several forms of a slurry reactor in which the liquid phase would be
continuous with catalyst particles in suspension and hydrogen gas

bubbled through the mixture.

Sol Preparation

We are considering two methods for use in the TURF for preparation
of urania-thoria sols having 0.1 to 0.25 mole fraction urania: (1)
blending separately prepared urania and thoria sols and (2) amine ex-
traction of nitrate from a solution of uranium and thorium nitrates.

Blended sols would be composed of urania sol — prepared by pre-
cipitation, washing of the precipitate, and peptization of the washed
solids — and thoria sol prepared by steam denitration of thorium nitrate
and dispersion of the resultant thoria in water. This procedure has
been used to make all the large quantities (i.e., kilogram batches) of
urania-thoria microspheres of high urania content prepared at ORNL to
date. We reported previouslyl the design of a system to substitute
fluid handling operations for the solids handling operations required
by filtration techniques used earlier in preparing urania sol by pre-
cipitation-peptization. Design personnel observed and assisted in the
operation of this equipment for precipitation-peptization and counter-
current decantation. It was redesigned several times in an eventually
successful effort to avoid problems with plugging of transfer lines
and difficulties in pumping a slurry of the precipitate. Success was
attained largely by changing from small tortuous tubes to much larger
straight tubes and by restricting pumping to only relatively dilute
(~0.2 M) slurries.

The design and construction of engineering-scale equipment for
development of the amine extraction process for sol preparation was
completed. This equipment, while performing quite well in cold service,
must be modified for remote in-cell operations. In particular, a more
compact design for the mixer-settlers is required.

Of the two preocesses for preparation of mixed sols, amine extraction
is preferred as an engineering operation. The apparent major advantages

are these:
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1. such sols have essentially no undispersed material;

2. there is less difficulty with controlling and measuring uranium-to-
thorium ratio in blending nitrate solutions, which are used as feed
to the extractors, than in blending sols;

3. mechanical and control problems are less difficult.

Sphere Forming

The process and equipment development for sphere forming is farther
advanced than any of the other aspects of microsphere preparation; hence,
the TURF equipment design for this aspect will be started first, in
January 1967. A single pump will circulate 2-ethyl-l-hexanol, and the
equipment will be arranged to permit use of a wide variety of drop
formers. Other than the drop former, the major remaining mechanical
problem is inspection of the spheres, either as they are formed or as
they leave the sphere-forming column. Optical and photoelectric
methods are being considered. The optical method may reveal flaws in
particle structure and size, whereas the photoelectric device can re-

port only the diameter of the particles.

Drying and Firing

Study of drying and firing techniques has led to the conclusion
that batch operation is preferable for the TURF. Both the dryer and
the furnace would use fluidized transfer of particles into and out of
the process vessels. A movable product-withdrawal tube may be needed
to assure removal of particles. We have designed and constructed a
unit that cannot contaminate the outside of the equipment and does not
have sliding seals. A dryer that can attain a temperature of 260°C and
dry up to 15 kg per batch was designed for use in engineering studies.
This unit employs an integral electrically driven steam generator to
supply heat at a known and controllable temperature. We have planned
a furnace consisting of an alumina vessel fitted with a number of noz-
zles, heated by molybdenum resistors, and housed in a gas-tight, in-
sulated metal container. A prototype ceramic vessel is on order; it

will be tested for leak rate and durability.
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Fueled-Graphite Refabrication Equipment
2

J. D. Sease S. E. Bolt

We began to develop and design a remote fabrication line that will
be installed in the TURF to demonstrate the refabrication technology of
High-Temperature Gas-Cooled Reactor (HTGR) fuel elements. Advanced
HTGR fuel elements consist of graphite blocks with fuel holes and holes
for the passage of the coolant gas. The fuel holes are filled with
pyrolytic-carbon~coated microspheres of thoria and urania in a carbona-
ceous matrix., For the design of the fabrication line, the reference
Tuel element is based on the proposed design of the Public Service of
Colorado Company Fort St. Vrain Reactor (PSC) fuel element and consists
of a 3.5-in.-diam hexagonal block modified to fit the existing Peach
Bottom core. A segment of the reference fuel element, including the
pertinent design features, is shown in Fig. 2.3. Even though the
modified Peach Bottom element will be the design reference, the process
equipment will be such that only minimum retooling will be required to
make the larger elements for PSC (14.5-in.-diam hexagonal block con-
taining 216 fuel holes). The design production rate for the fabrication
line has been established at 10 kg/day each of fissile and fertile ma-
terial. The flexibility of the design will permit handling and fabri-
235UO2, 236U02, and ThO2 that may be selected
for the optimum fuel cycle. The production capacity of the present

cating any combination of

design in a 24-hr day, with a 70% plant factor, is approximately 30
Peach Bottom segments 30 in. long or two PSC elements 29 in. long.

The process flow diagram for the TURF fueled-graphite refabrication
line is shown in Fig. 2.4. A general division of this process line in
the TURF hot cells based on contamination levels is represented by the
shading around segments of the flowsheet; the operations that involve
potential contamination or direct contact with fuel particles will be
carried on in cell D; the relatively clean operations of element as-
sembly and inspection will be carried on in cell E.

The refabrication process can be divided into three general op-
erations: particle selection and coating, fuel-stick fabrication, and

element assembly. Particle selection and coating will be done on a
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batch basis. First, bare sol-gel microspheres in the approximate size
range of 210 to 250 p in diameter will be culled to remove any irregu-
larly shaped or broken particles and classified to remove out-of-size
microspheres. A batch weight will next be taken for inventory, samples
will be taken to qualify the batch, and the batches will be stored.
The basic batch weight to this point will be 10 kg. For costing, micro-
spheres will be weighed out in approximately l-kg increments and first
transferred to the buffer coating furnace, where a pyrolytic carbon
coating of 1.0 g/cm3 and approximately 50 p thick will be deposited.
The quality of the buffer coating will be checked on a sample with an
in-cell particle analyzer. A high-density coating of approximately
2.0 g/cm3 and approximately 50 p thick will be applied over the low-
density buffer coating. The product will then be analyzed for quality
with an in-cell particle analyzer. The duplex-coated product will be
monitored for surface alpha contamination, shape separated, and classi-
fied to remove out-of-shape and out-of-size particles. Then all of the
coater batches from a given sol-gel batch will be collected, blended,
and sampled to qualify the composite coating properties for the batch.

In stick fabrication, the coated fissile particles made in the
TURF will be weighed out in batch gquantities for one fuel stick loading
and then blended with weighed quantities of coated particles containing
235U and thorium from an outside source to make up the loading for one
fuel stick. The fuel will be fed into a stick mold, and a paste con-
taining charcoal and a polymer will be injected into the interstices of
the packed bed of fuel particles. The compound in the paste will then
be polymerized to form a hard stick of fuel particles in a carbonaceous
matrix. After ejection from the mold, the stick, approximately 0.450
in. in diameter X 29 in. long, will be checked for surface contamination
with a direct-probe alpha monitor, inspected for homogeneity by a gamma
or x-ray attenuation system, and weighed.

In element assembly, the fuel sticks will be first inserted into
the fuel holes of a premachined graphite fuel element block. After
alpha monitoring for surface contamination, the element will be baked

at approximately 1000°C to carbonize the polymer in the fuel sticks.



1k

In the case of the modified Peach Bottom element, fuel element segments
will be assembled into a 12-ft-long fuel element that is compatible
with the existing Peach Bottom core and core-loading system.

We have developed a working flow diagram and have completed con-
ceptual designs for most of the process equipment. Most of the design
effort has been concentrated on a prototype remote coating system (see
Chap. 4), which is now being fabricated. A critical-path schedule has
been developed and will be used in the execution of this project. The
scheduled date for the equipment to be fabricated and installed in the
TURF, ready for "cold" shakedown runs, is late 1969. A detailed de-
scription of the development work in support of the TURF fueled graphite

fabrication line is contained in Chap. 4.

REFERENCES

1A, R. Irvine, J. W. Snider, and J. M. Chandler, Status and
Progress Report for Thorium Fuel Cycle Development for Period Ending
December 31, 1965, ORNL-4001l, pp. 14—18.

20n loan from Reactor Division.
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3. SOL-~-GEL PROCESS DEVELOPMENT
W. D. Bond P. A, Haas

The sol-gel process consists of three principal operations: (1)
preparing an agueous sol, (2) removing water from the sol to give gel
particles, and (3) drying and firing at controlled conditions and ac-
cording to a definite program to remove volatile compounds, sinter the
particles to a controlled density (usually to essentially the theoret-
lcally attainable density), and cause any necessary chemical reductions
or conversions. The development of the sol-gel process for the thorium
fuel cycle has recently emphasized production of microspheres of mixed

thoria-urania sols containing greater than 10% UO Such mixed sols

may be prepared either by mixing urania and thorii sols or directly
from a mixed solution of thorium and uranyl nitrates. Gelation of sol
drops by extraction of water to give small spherical particles (micro-
spheres) is the adaptation of the sol-gel process of greatest current
interest. Continuing development of equipment and process chemistry

studies are reported in this chapter.

Preparation of Urania Sols
by a Precipitation-Peptization Process

P. A. Haas J. P. McBride

The several precipitation-peptization flowsheets for preparation
of agueous urania sols consist of the same principal operations. The
differences are in the chemical conditions of individual operations
(the pH, the addition and concentration of formic acid, etc.) introduced
to simplify or improve the process steps. The principal operations are:
1. reduction of uranyl nitrate by hydrogen in the presence of a hydro-

genation catalyst, such as platinum on alumina, to yield a partially
hydrolyzed uranous nitrate;

2. Dprecipitation of uranous hydroxide by ammonia;

3. washing the precipitate to remove adsorbed and occluded salts such
as ammonium nitrate;

4. dispersion of the washed precipitate with NOB— as the peptizing ion
to form a concentrated sol.



16

Chemical development of urania sol preparation has proceeded in
two stages. The first was the development of a laboratory process for
preparing aqueous urania sols by a precipitation-peptization method and
the production by this method of kilogram gquantities of urania micro-

spheres, some containing fully enriched uranium.l’2 The second stage
has been modification of the laboratory process to make it amenable to

engineering scaleup.

Laboratory Preparation of Urania Sol

A flowsheet for the laboratory preparation of urania sol is given
in Fig. 3.1. It begins with the preparation of a uranous nitrate solu-
tion by the catalytic reduction of a uranyl nitrate solution containing
excess nitric acid. The solution is filtered to remove the catalyst.

In this flowsheet (the nitrate-formate flowsheet) formic acid is added
to the filtered solution, and the hydrous oxide is formed by precipi-
tating uranium(IV) with an agueous ammonia solution containing hydrazine.
The precipitate is collected by filtration and washed to remove excess
electrolytes. The washed filter cake is then heated at 60 to 65° to
produce a fluid, stable sol. Sufficient nitrate ion is left in the
washed cake to cause it to peptize to a sol upon heating. Precautions
are taken to protect the material from air oxidation by the use of a
blanket gas (argon) during all stages of the process following the re-
duction. Sol concentrations of 1.2 to 1.6 M U are achieved. Ammonia
must be added in the precipitation step until a pH between 7 and 8 is
reached if the washed filter cake is to be transformed to a sol by heat-
ing. The addition of formic acid to the uranium(IV) nitrate solution

is necessary to maintain a high uranium(IV) content (more than 85% of
the total uranium) in the precipitate and the subsequent sol. Both
formate and nitrate are present in the final sol (Table 3.1). In the
absence of formic acid, the uranium(IV) content of the hydrous oxide
would be down to about 80% of the total uranium, which is in contrast to
the more than 99% total uranium which is present in the original uran-
ium(IV) nitrate solution. In addition, the formic acid simplifies pH
control in the precipitation step and decreases the amount of water needed

for washing the filter cake.
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J
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Fig. 3.1. Flowsheet for the Laboratory Preparation of Urania
S0l by Precipitation-Peptization.

Table 3.1. Properties of Urania Sols Prepared
by the Laboratory Precipitation-Peptization Method

Congziiigﬁion ngfggi NO3T/U HCOOT/U §§Z$;£;C
(M) (% of U) Ratio Ratio (g/cm3)
1.23 87 0.13 0.44 1.317
1.27 85 0.07 0.38 1.319
1.48 86 0.45 1.369
1.49 84 0.14 0.45 1.373
1l.61 86 0.11 0.31 1.404

1.62 87 0.1 1.405
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Development of an Engineering-Scale Flowsheet

Development of a process for the continuous production of urania
sol (enriched in.235U) at the rate of several kilograms per day in
criticality-proof equipment required modification of the laboratory
process. The filtering and washing steps in the laboratory process
posed criticality and handling problems and made difficult the pro-
duction of sols having a prescribed nitrate-to-uranium ratio. Hence,
we directed attention to development of a process in which the hydrous
oxide was precipitated, washed completely free of electrolyte by de-
cantation, and peptized by the addition of a controlled amount of the
peptizing electrolyte, nitric acid.

The current flowsheet for the engineering-scale preparation of
urania sol is Fig. 3.2. A uranium(IV) solution is prepared by the
catalytic reduction with hydrogen of a 0.5 M U0, 2% solution containing

2
1 M NO,” and 0.25 M HCOO™. After reduction and catalyst removal, con-

centr;ied formic acid is added to the reduced solution to give a formate-
to-uranium ratio between 0.6 and 1.0 (this adjustment is necessary be-
cause part of the original formate is lost in the reduction step). The
hydrous oxide is then precipitated by the addition of 3.5 M NH OH or

A
3.0 M NH,08-0.5 M NZH4°H20 to about pH 9.0. The pH should not exceed

9, but m:& be as low as 8. The resulting precipitate is washed free
of electrolyte by decantation with either water or 0.0l M N2H4'H2O (see
below). The washed precipitate is resuspended, nitric and formic acids
are added, and the suspension is stirred at 60 to 65°C until peptized.
The use of a uranium(VI) feed solution containing a lower nitrate-
to-uranium ratio than that used in the laboratory process was prompted
by development studies showing that a stable uranium(IV) solution con-
taining a nitrate-to-uranium ratio of 2 could be prepared if a small
amount of formic acid were added before reduction.2 It should be noted
that when the uranium is completely reduced, the solution is acid-
deficient [the amount of nitrate ion present is less than that required
to be stoichiometrically equivalent to the uranium(IV)]. The use of
hydrazine in the precipitation and washing steps and the addition of

formic in addition to nitric acid in the peptization step are to control
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Fig. 3.2. Flowsheet for the Engineering-Scale Preparation of
Urania Sol by Precipitation-Peptization.
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aging in the precipitate and to increase sol yields. Laboratory studies
on the engineering flowsheet using ammonia as the precipitating reagent,
water as the wash solution, and decantation washing, where the period
between precipitation and peptization was as long as 48 hr, showed an
apparent aging in the precipitate such that peptization was not always
achieved and sol yields were not as high as desired (i.e., there was too
much undispersed precipitate). Out of ten preparation attempts, only
six produced good sols. The use of hydrazine in the precipitation and
washing steps and formic acid in the peptizing step has made the process
more reproducible and increased sol yields to greater than 90%.

Table 3.2 shows the effects of the precipitating reagent and wash
solution on sol yields and sol properties where the hydrous oxide pre-
cipitate was washed by decantation and peptized by the addition of
nitriec acid. Observe that with ammonia as the precipitating reagent
and either hydrazine formate or hydrazine as the wash solution we ob-
tained marked increases in sol yield. The use of ammonia and hydra-
zine mixtures as the precipitants also resulted in high yield. Highest
yields of sol were obtained with 3.5 M NH4OH solution as the precipitant
and 0.01 M NgHy-H 0 wash (UNR-5) and with 3.0 M WH OH-0.5 M NH, “H0
and 0.01 M N2H5COOH wash.,

The use of both formic and nitric acids in the peptizing step was
suggested by a series of laboratory experiments in which the hydrous
oxide was recovered by filtration and washed in place on a filter to
minimize the time required for washing, and in which the washed pre-
cipitate was peptized with various additions of electrolyte. In a
typical preparation, we reduced with hydrogen 300 g of uranium in a 0.5
M UO2(N03)2—O.25 M HCOOH solution, using a palladium-on-thoria catalyst.
Formic acid was added to increase its concentration; the reduced solu-
tion was divided into two portions and precipitated with either 3.5 M
NH4OH or 3.0 M NH4OH—O.5 M N2H4'H20. The resulting precipitate was
washed with 9 liters of distilled water on a Blichner funnel, using No.
42 Whatman paper. Nitric acid or nitric-formic acid solutions were
then added to the precipitate to form sol. (For most preparations, the

time between precipitation and peptization was less than 1 hr.)



Table 3.2, Effect of Precipitation Conditions on Urania Sol Preparation by Decantation Washing®

Precipitation Conditions

Sol Properties

Formate-to- Wash Sol
Preparation Uranium ) Yield Uranium Udv) Nitrate-to- Formate-to-
Mole Ratio Reagent Solution ) Concentration Content Uranium Uranium
i Feed M) (% of U)  Mole Ratio  Mole Ratio?
NUFD-13A 0.94 3.5 M NH4OH H,0 72°¢ 0.70 86 0.18 0.33
NUFD-13B 0.98 3.5 M NH4OH 0.05 M HCOOH 69 0.87 84 0.22 0.50
NUFD-14A 0.87 3.5M NH4OH 0.013 M HCOOH 79 0.75 87 0.17 0.40
NUFD-14B 0.53 3.5M NH4OH 0.007 M HCOOH 59 0.45 88 0.29 0.30
NUFD-16A 0.79 3.5M NH4OH 0.01 M NH4COOH 66 0.58 83 0.16
NUFD-16B 0.77 3.5 M NH4OH 0.01 M N,H_COOH 86 0.71 87 0.23 0.16
UNR-2 0.82 3.5M NH4OH 0.01 M N, H S’COOH 84 0.74 88 0.23 .19
UNR-5 0.59 3.5M NH4OH 0.0l MN,H,* H,0 95 0.65 85 0.16 0.06
UNR-7 0.61 3.5 M NH4OH, 0.01 M NZHSCOOH 92 0.85 87 0.16 0.13
0.2 MN2H4' HQO
UNR-9M 0.84 3.5 M NH4OH, 0.02 M NQHSCOOH 94 0.88 87 0.11 0.29
0.2 MN2H4' H2O
UNR-6 0.61 2.5M NH4OH, 0.01 MN 2HSCOOH >90 0.62 84 0.16 0.12
1.0 MN2H4' HZO
UNR-1 0.79 3.0M NH4OH, 0.01 MN 2HSCOOH 96 0.54 87 0.23 0.16

0.5 MN2H4'H

2

(o]

%S0l preparation conditions: 0.5 M U(IV) solution; NOS—/U mole ratio of 2.0; precipitate to pH 9, wash by decantation, peptize by addition of

HNO (NO, /U mole ratio = 0.14) and stirring at 60 to 65°C.

bAnalyzed as carbon.
“Peptized with HNO, and HCOOH; NO3_/U mole ratio = 0.14; HCOO™ /U mole ratio = 0.20.

Te
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Table 3.3 shows the effect of the precipitating reagent and peptizing
conditions on sol yield and sol properties.

The highest yields of sol were obtained by adding both nitric and
formic acids to the sol at ratiocs to the uranium of 0.15 and 0.20, re-
spectively, independent of the precipitation conditions. When the
ratio of nitrate to uranium was high in the reduced solution (prepara-
tion A-3403-ll5), the sol yield was acceptable but the uranium(IV) con-

tent of the final sol. was lower than in the other preparations.

Urania Sol Characteristics

Urania sols produced by the laboratory flowsheet are generally
very fluid and exhibit good stability on standing several months.

Those prepared by the engineering flowsheet, although fluid when pre-
pared, have shown various degrees of stability. While some have re-
mained fluid for as long as four months, others have thickened and
gelled on standing four days, even though they differ very little from
the fluid sols in their chemical properties. The thickened sols exhibit
a long-term thixotropy in that they may be shaken to restore fluidity
and do not thicken again until after standing several days. Studies

to relate sol properties and reproducibility to various process variables
and to delineate sol characteristics associated with the thickening
process are under way.

Studies on the x-ray crystallite sizes of sols produced by the
engineering flowsheet have shown that they are affected by the pre-
cipitation conditions. Those preparations in which 3.5 M NH4OH was
used as the precipitant have crystallite sizes varying between 62 and
84 A, regardless of whether hydrazine was used in the wash solution.
When 3.0 M NH, OB-0.5 M N H, *H O was used as the precipitating reagent,

4 - 24 2
the crystallite sizes varied between 90 and 96 A.

Equipment Development and Urania Sol Production

The laboratory flowsheets for urania sol preparation are used in
three ways: +to prepare sols for use in preparation of qu microspheres

for irradiation specimens; to prepare sol for use in development of the



Table 3.3. Effect of Precipitation Conditions on Urania So! Preparation Using Filtration-Washing®

Peptization Conditions Sol Properties
Sol
Preparation Precipitating Nitric Acid-to- Formic Acid-to- Yield Uranium uav) Nitrate-to- Formate-to-
Reagent Uranium Uranium ) Concentration Content Uranium Uranium
Adjustment Adjustment (0] (% of U) Mole Ratio Mole Ratio

A-3403-83°P 3.0 MNH4OH, 0.1 0 82° 1.13 84 0.13 0.05

0.5 MN2H4 - H,0
A-3403-85 3.0Mm NH ,OH, 0.1 0 59°¢ 0.95 86 0.12 0.01

0.5 MN2H4' H,0
A-3403-90 3.oM NH4OH, 0.1 0.2 96 1.60 89 0.14 0.30

0.5MNH," H,O
A-3403-96 3.5M NH4OH 0.1 0.2 72 1.26 88 0.13 0.24
A-3403-97 3.0M NH4OH, 0.15 0.2 98 1.62 88 0.17 0.24

0.s MN,H,"H,0
A-3403-100 3.0M NH4OH, 0.15 0.2 99 1.40 85 0.15 0.23

0.5 M N2H4' H,O
A-3403-107 3.5M NH4OH 0.15 0.2 99 1.27 82 0.21 0.24
A-3403-111 3.5 MNH4OH 0.19 od 92 1.19 82 0.17
A-3403-115% 3.5M NH4OH, 0.15 0.2 96 1.04 79 0.15 0.008

0.5 MN2H4' H,0

£

“Sol preparation conditions: 0.5 M U(IV) solution; NO3~ /U mole ratio = 2, HCOO™ /U mole ratio ™~ 0.5; precipitate to pH 9; filter and wash in place;
add HNOs or HNO3—HCOOH and peptize by heating and stirring at 60 to 65°C. Time between precipitation and peptization <1 hr.

5.5 M UQIV) solution; NOS—/U mole ratio = 4.6; HCOO™ /U mole ratio = 0.6.
€18 hr between precipitation and peptization.
90.01 M N,H ,COOH wash.



2L

process for forming UO2 microspheres; to provide a basis for develop-
ment of remotely operated equipment for preparation of urania sols in
the TURF. The flowsheets for these several applications have been
somewhat different, depending on the use intended and the scale of the
work.

The reduction of uranyl nitrate to uranous nitrate is a necessary
preliminary step and is relatively independent of the remalning pre-
cipitation-peptization flowsheet. Reduction at atmospheric pressure
with a finely divided catalyst was used for batch preparations in lab-
oratory apparatus. At present the larger scale reduction operations
are at 300 psig, using 0.5% Pt on l/8—in. alumina pellets. The reduc-
tion operation is continuous; uranyl nitrate is fed by a diaphragm pump.
This system is not entirely adequate, and we have work in progress to
develop an improved reduction flowsheet for remote operation.

The first reproducible sol-gel flowsheet for urania was applied to
preparation of microspheres for irradiation specimens, and over 10 kg
of enriched urania has been made into sols. Criticality was prevented
by limiting batch size to 300 g of uranium. Laboratory apparatus was
practical and convenient for this batch size; therefore, the enriched
urania microspheres presently in irradiation specimens were all made in
batch laboratory apparatus, using the flowsheet for precipitation to
PH of 7 to 7.5. This combination will not be used in the future: some
additional precipitations of enriched urania sols will be with the pH
9 flowsheet in the Dbatch laboratory apparatus.

Most of the natural urania sols formed into microspheres during
the year were prepared in a batch apparatus with a capacity of 1 kg of
U0 , using the pH 9 flowsheet. We did all the precipitation, washing,
and dispersion operations in a single vessel, which had a porous 1l2-in.-
diam stainless steel plate as the bottom and a slow-speed, paddle-type
agitator. The supernate was removed by filtration after precipitation
and after each of four washing steps. For each wash, we agitated 10
liters of water with 5 liters of slurry or cake remaining on the filter.
We peptized by a combination of agitation and heating after addition of

nitric and formic acids.
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We designed and fabricated a continuous urania sol preparation system
(Fig. 3.3) to meet the requirements for both remote operation and large-
scale, critically safe operation with enriched uranium. This system con-
sists of two continuous precipitators, six countercurrent mixer-decanter
stages, and two continuous peptizers. The wash water flows by gravity,
while the solids are transferred by gas-operated pumps. The initially in-
stalled precipitators, gas-operated pumps, and peptizers were inadequate
for transfer of precipitates and were replaced by units of modified design.
After two 70-hr runs with natural uranium we concluded the following.

1. The continuous precipitators are mechanically and chemically
acceptable,

2. Precipitation can be controlled by metered flow, but pH indi-
cators in the slurry are not dependable for indicating end point.

3. Washing is excellent if the proper flows of slurry and wash
liguid are maintained.

4. The transfer of slurry between stages is still a source of
trouble. The operation during the second 70-hr run was acceptable for
direct operation and visual observation, but would have been too diffi-
cult for remote operation.

5. The pump we are now using for transfer of settled, washed pre-
cipitate from the final washer to the continuous peptizers is not ac-
ceptable.

6. The continuous peptizers can probably produce adequately dis-
persed sols of acceptable compesitions 1f the slurry, nitric acid, and
formic acid flows can be controlled. (These requirements were not met
for any extended period of operation.) However, the as-produced sols
are too dilute for use in preparing microspheres.

7. Compaction of the washed precipitate to give a uranium concen-
tration greater than 0.7 M in the sol will be very difficult to achieve;
either a sol concentration step such as evaporation or dewatering
(squeezing) the precipitate on a filter will probably be necessary.

A 12-ft-high, 4-in.-ID column was tested as an alternative to the
decantation-settlers for countercurrent washing of the uranous hydroxide
precipitate. The wash column tests showed good mechanical operation and

adequately satisfied the chemical flowsheet requirements for either a






27

batch precipitator or continuous precipitators. The wash colurm has
the advantage of shorter residence time and less material holdup than

the equipment shown in Fig. 3.3.

Sol Preparation by Amine Extraction
J. G. Moore

We have developed and demonstrated on a laboratory scale a simple
solvent extraction process to extract nitrate from aqueous solutions of
thorium and uranyl nitrate mixtures by long-chain aliphatic amines, al-
lowing mixed therium-uranium oxide sols to be prepared directly from

aqueous solutions containing O to 68 mole % UOZ(NO Figure 3.4

3)2'
shows, as a typical example, the flowsheet conditions used in this amine
denitration proces53 to prepare a sol and subsequent oxide microspheres
with a thorium-to-uranium atom ratio of about 3.5, one of the compo-
sitions being studied for high-temperature gas-cooled reactor fuels.

One volume of an aqueous solution about 0.21 M in Th(NQ3)4 and
0.06 M in UO2(N03)2 is contacted for at least 2 min with about 1.9
volumes of 0.75 M Amberlite LA-2 (the highly branched secondary amine
g-lauryltrialkylmethylamine) in n-paraffin, the commercial equivalent
of n-dodecane. To ensure rapid phase separation, the extraction is
made at 50 to 60°C with the organic phase continuous. The elevated
temperature also decreases uranium losses by decreasing the amount of
uranium extracted by the amine. TIn the first stage, 80 to 90% of the
total nitrate is extracted. After the phases separate, the agueous
phase is heated at least 10 min at 95 to 100°C. This digestion changes
the aqueous phase from yellow-orange to dark red. Simultaneously, ni-
trate is released, which is then extracted by the amine in a second
stage. Greater than 91% of the total nitrate is removed in the two
stages, yilelding a sol with a nitrate-to-metal mole ratio of about O.2.
In this particular example, we evaporated the sol to give a final sol
that was 1.10 M in thorium, 0.32 M in uranium, 0.30 M in nitrate, and
0.01 M in carbon in an unspecified form.

The crystallite size according to x-ray analysis was 35 to 40 A.

Spheres were formed by injecting this sol into 2-ethyl-l-hexanol con-
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Fig. 3.4. Amine Denitration Process.

taining 0.5 vol % 0,0 and suitable surfactants. The gelled spheres

were dried overnighi at 100°C, held at 170 to 180°C for about 5 hr,

then calcined in air at 1150°C. Finally, the uranium was reduced by
firing in Ar—4% H, for 4 hr at 1150°C. The resulting spheres were shiny
black and had an oxygen-to-uranium ratio of 2.003. The density of the
product microspheres was greater than 95% of theoretical. Individual
spheres 150 to 350 p in diameter resisted crushing forces of 940 to

2000 g.

After the nitrate extraction is completed in the last stage, the
amine nitrate is converted back to free amine by contact with at least
1.05 moles of sodium carbonate per mole of amine nitrate. In this
example, the 1.9 volumes of organic phase would be contacted with about
1 volume of 1 M NaZCOB; this would be followed by a wash with 0.5 vol-
ume of H2O' The amine would then be ready for use agaln in the first

extraction stage.
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To date, the overall process has been demonstrated on a laboratory
scale with sols having 17 to 26 mole % U; however, the amine denitration
procedure has been used to prepare stable thorium-uranium sols with O
to 68 mole ¢ U (Table 3.4). A multiple contact procedure was used to
ensure that nitrate equilibrium had been reached. TFrom 98 to 99.6% of
the extractable nitrate was extracted in the first two extraction stages.
The amount of extractable nitrate ranged from 93 to 95% of the total
aqueous nitrate.

The nitrate-to-metal mole ratio after the first extraction de-
creased with increasing uranium content from O to 50 mole % U. The
equilibrium nitrate value also varied regularly with uranium, but only
up to about 25 mole % and then, under these conditions, remained at a
value of about 0.16 mole of nitrate per mole of total metal.

We have also prepared sols with such amines as Adogen 364, Di-
tridecyl P, l-nonyldecylamine, and Primine JM-T; however, most of our
development work used the Amberlite LA-Z2, an effective extractant,
which does not require any additive to the diluent and is commercially
available. An equimolar amount of the amine per initial nitrate would

be sufficient to extract the nitrate in a contactor with perfect ef-
ficiency; however, we used 1.2 to 1.5 moles of amine per mole of nitrate

to ensure nitrate equilibrium.

Several diluents were used: n-dodecane, n-paraffin, di-isopropyl-
benzene, diethylbenzene, and Amsco 125-82. Most of the development
work used 0.6 to 0.75 M amine in n-dodecane or n-paraffin, since these
solutions had slightly better phase separation characteristics and
handling properties than more concentrated solutions or other diluents.,
The control of concentration of the agueous phase 1s more critical; it
must be less than 0.6 M in total metal ions to prevent the formation of
solids during extraction. Although these solids will liquefy on heating,
they could become a source of trouble in a continuous process.

Equilibrium is achieved very rapidly in the extraction stages, and
1 min of thorough mixing is sufficient to compensate for possible mixing
variations; however, a minimum of 2 min contact time was used in all the
extraction steps. A 5-min contact at a temperature of 50 to 60°C re-
duced the thorium and uranium extraction losses to less than 0.02 and

0.01%, respectively.



Table 3.4. Solvent Extraction of Nitrate Ion from Thoria-Urania Solsa

U/(U + Th) First Extraction Second Extraction Third Extraction Fourth Extraction
(mole %) NO3™/metal pH NO3"/metal pH NO3'/metal pH NOS‘/metal pH
0 .73 4 46 0.21 4,33 0.28 4,99 0.28 4,31
2.5 0.68 ey 2 0.30 3.93 0.28 b T 0.26 4,47
5.3 0.67 5,00 0.28 4,09 0.24 4,57 0.25 4,65
9.4 0.62 4,71 0.25 4,61 0.24 4,84 0.23 4,88
18 0.55 4,84 0,21 5.02 0.20 4,38 0.19 4 46
26 0.45 4,13 0.19 4 .27 0.16 FAAS 0.16 4 .50
35 0.39 4,76 0.23 4,67 0.19 4,67 0.16 4,77
53 0.26 4,92 0.20 5.12 0.20 5,14 0.18 5.06
68 0.25 5.06 0.16 5.46 Gelled

*starting solution: 0.22 to 0.3 M Th(NO,),, with sufficient UO,(NO3)p to give the indicated
mole percentage of UO2 in the final product. ~Procedure: four 6-min contacts at 50 to 60°C
separated by 20-min digestions at about 100°C. Amine: 0.77 M Amberlite LA-2 in n-paraffin, 1.5
moles per mole nitrate ion, Cocurrent flow. - -

o€
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It is necessary to heat the aqueous phase after partial denitration
in the first extraction stage to form a sol and release more extractable
nitrate. For maximum effectiveness, a digestion period of & to 10 min
at 95 to 100°C is necessary. Shorter digestions yield sols that, after
a second amine extraction, have nitrate-to-metal mole ratios of about
0.3, compared to about 0.17 after 10 min or more. Similarly, a higher
nitrate value is obtained if the digestion temperature is lowered to
80 or 90°C.

Microspheres are formed by injecting the thoria-urania sols into
a dehydrating medium such as 2-ethyl-l-hexanol containing suitable
surfactants to prevent the droplets from coalescing or clustering. The
sols prepared by the amine denitration process were especially sensitive
to the type and concentration of surfactant used in the sphere-forming
column. For example,4 in the formation of microspheres from a ThO,-

U0, sol formed by blending thoria and urania sols in the ratio 3.5 to
1, we used 2-ethyl-l-hexanol containing 0.3 vol % Span 80 (sorbitan
monooleate) and 0.5 vol % Ethomeen $S-15 (a condensation product of a
primary fatbty amine with ethylene oxide). In contrast, as little as
0.1 vol % of either the Span 80 or Ethomeen S-15 caused severe cracking
or flaws in spheres formed from a sol of similar composition produced
by the amine denitration process. Surfactant concentrations of around
0.04 vol % produced excellent spheres. Other surfactants that produced
good spheres and were not quite as critical in their concentration
levels were Alkanol OE, a long-chain alcohol—ethylene oxide condensation
product, and bis(2-ethoxyethyl)phthalate.

The sphere-forming characteristics of the sols are dependent on
the temperature used before, during, and after evaporation of the sol
as well as on the rate of drying and the final nitrate-to-metal mole
ratio. TFor example, sols that were evaporated under vacuum at 30 to
38°C were much more sensitive to column conditions than sols that had
been evaporated slowly at atmospheric pressure and reflux temperature
(~100°C); however, the former became more ameneble to sphere formation
if digested at a temperature of 70 to 100°C after the evaporation
(Table 3.5). These spheres were made by use of 2-ethyl-l-hexanol con-

taining 1 vol % H,O and equal concentrations of Span 80 and Ethomeen

2
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8-15, The sol was evaporated under vacuum and then digested for 30 min
at either 70 to 80°C or 100°C. The effect of surfactant concentration
on the percentage yield of whole spheres after drying was used as a
measure of sensitivity. Only 0.08 vol % of each of the surfactants was
required to reduce the yield from undigested sol to 50%, but 0.15 vol %
was required for the same effect after the sol had been digested at

70 to 80°C. At this concentration the yield was still about 90% for
the refluxed sol. Similarly, less sensitivity was observed with sols
with lower nitrate-to-metal ratios. TFor example, sols with a ratio of
0.20 were less sensitive than those with a ratio of 0.29. However, the
sensitivity of the latter could be reduced by decreasing the rate of
dehydration of the spheres in the forming column by simply raising the
water content of the 2-ethyl-l-hexanol to 1.5 or even 1.8 vol %.

Table 3.5. Effect of Surfactant Concentration
and Sol Digestion on Microsphere Yield

Yield (%)°

Surfactant (vol %)a Digested at
Undigested
span 80 Ethomeen S-15 70~-80° 100°
0.04 0.04 o7 20 97
0.06 0.06 85 85 30
0.08 0.08 50 20 o8
0.10 0.10 25 20 95
0.15 0.15 50 90

aDehydrating medium: 2-ethyl-l-hexanol containing 1 vol %

H2O and the listed surfactants.

bApproximate.
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Preparation of Mixed Oxide Sols

A. B. Meservey

We have studied coprecipitation of thorium and uranium hydroxides
as an alternate approach to the sol-gel preparation of thoria-urania
fuels. This approach uses uranium(VI) and emphasizes attaining thorium-
to~uranium ratios of about 3 in the final oxide, since this is about
the value for what appear to be the most useful fuels for reactors that

256 is limited to

utilize thorium. The original ORNL sol-gel process
uranium concentrations less than about 10%. We also determined the
accuracy with which we could mix sols to make a desired composition

and characterized microspheres made with this method of sol preparation.

Sol-Gel Process Employing Mixed UOz-ThOp Sols

We have examined two approaches to the preparation of UOZ-ThO2 sols

for all compositions. One involves simply mixing UC, sols prepared by

the formate method (described above) with ThO

2
sols prepared from steam-

denitrated thoria.5 The other method involvei coprecipitating thorium-
uranium(IV) hydroxides and then peptizing them to a stable sol. Because
of the promise of the solvent-extraction process for U02—Th02 sol prep-
aration, no work beyond demonstration that sols could be prepared by
the coprecipitation approach was performed. We demonstrated the mixed
sol method through final product microsphere evaluation and prepared
irradiation test specimens from these materials.

We thought that one of the major problems with the sol mixing
method would be close control of the thorium-to-uranium ratio; however,
this was not the case. We demonstrated that fuel composition can be
controlled very closely (Table 3.6). The preparations were demonstrated
on the 150-g scale. The sols were mixed in calibrated glassware. To
obtain the different degrees of uranium enrichment required for some
applications, the UO, sols that were mixed with the thoria sol were

2
prepared by mixing a UO, sol of 93.18% enrichment with a natural UO.
&

2
sol. The UOZ-ThO2 sols were formed into gel microspheres in a typical
sphere-forming operation, and 40 to 60% of the microspheres were in the

desired 210- to 297-p-diam range (after calcination) and were of ex-



Table 3.6.

Properties of Fired ‘I'hO2—UO2 Microspheres Prepared from Mixed ThO

~U0, Sols™

2 772

. . Uranium Enrichment Density Gas Release
Prep. Th/U Weight Ratio 5 Suiizge c £o0 1200°C
Code , Desired Measured o % of 5 (ppm) in Vacuum
Desired Measured (%) (%) g/ Theoretical (me/g) (on /g)
OL-2 0.3333 0.3337 43,5 43.3 10.34 96.5 0.004 <20 0.02
0L-3 1.000 1.005 65.3 65.04 10.31 98.3 0.006 30 0.01
OL-4 1.857 1.886 93.18 10.08 97.5 0.005 20 0.011

Ar—4% i, at 1100°C for 4 hr.

®Dismeter: 250-297 p; firing conditions: Ar—4% H, to 650°C at 300°C/hr; co, to 1100°C at 200°C/hr;

7t
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cellent quality. High density and low carbon content of fuel particles
were achieved for each preparation; this is typical of this preparation
method.

We have demonstrated'7 the preparative method on the kilogram-scale
for U02-ThO2 microspheres in which thorium:uranium atom ratios were 4.8
and 3.4. These microspheres were prepared from highly enriched uranium
and are being used in coated-particle irradiation tests in the Dragon
Reactor. The spheres had very high density, good crushing strengths,
and essentially "geometric" surface area (Table 3.7). X-ray diffraction
measurements showed that sclid solution was achieved. The spheres pro-
duced by the 1400°C firing in hydrogen were amber colored and trans-
parent, unlike spheres fired at 1100°C in Ar—4% H2. Typical metallo-
graphic sections of the 1400°C-fired spheres are shown in Fig. 3.5.

A number of interesting color effects, which are not understood,
were noted throughout the firings. After the 1100°C firing, the micro-
spheres were not transparent and were pale green and black in about
equal numbers. The density was 97 to 98% of theoretical, and the
oxXygen-to-uranium ratio was less than 2.006. These values are accept-
able. However, we decided to refire the spheres in pure hydrogen in
case the color difference was caused by minor variations in the oxygen-
to~uranium ratio or degree of solid solution among the individual
spheres. A test sample was fired to 1150°C in hydrogen and held for
4 hr, and three different colors of spheres resulted. In addition to
the blacks and pale greens, half of the spheres were amber colored and
transparent. The material was then fired to 1400°C in hydrogen; all

of the spheres were converted to the amber-colored transparent type.

Sol-Gel Process Employing Coprecipitated U0>-ThO5 Sols

We developed a coprecipitation method for the preparation of UOZ—
ThO2 sols and demonstrated this process on a laboratory scale through
the final dense UOQ-ThO2 calcined microsphere product for a thorium-to-
uranium atom ratio of 3. Other precipitation approaches that we tried
included peptization of thorium hydroxide precipitates with uranyl
nitrate and addition of UO3 to sols prepared from precipitated thorium

hydroxide. Although sols could be readily formed by these methods,
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Table 3.7. Analyses of U02-ThO2 Microspheres (97.69% 235U) After Firing

First firing — fired to 1100°C and reduced for 2 hr in Ar—4% H2; cooled to 25°C in Ar
Second firing — the 210- to 297-y-diam fraction from the first firing was fired to 1400°C

and reduced 4 hr in HZ; cooled to 25°C in Ar

Sample No.?

3371-78-1400° 3371-80-1400 3371-82-1400
Sol preparation No, 47-27-97 47-27-97 47-49A-97
Th/U atom ratio® 3.41 3.41 4.79
U, % 10.95 10.95 8.18
Th, % 37.3 37.3 39.2
Hg porosimetry
Density, g/cm> 10.13 10.17 10.11
Density, % of theoretical 99.3 99.7 99.6
Porosity, % <1 <1 <1
Resistance to crushing, g 1152 1008 907
Surface area,d m2/g 0.004 0.003 0.004
X-ray crystallite size, A 1537 1280 1348
Lattice parameter 5.5679 5.5680 5.5679
Carbon, ppm <10 <10 <10
Aluminum, ppm 100 110 110
Gas release to 1200°C in vacuum
Total volume, cm®/g 0.011 0.007 0.007
Composition, vol %
H2 91.4 68.8 81.1
HZO 0.69 5.24 2.16
N2 + CO 7.92 13.4 16.2
Ar 0.26 0.27
CO2 12.0 0.27
O2 0.26
Weight of 210- to 297-u-diam fraction, g 439.2 539.3 1295.1
Screen analysis, € wt %
>297 u 20.6 9.2 15.5
249-297 65.9 74.9 69.0
210~249 pn 0.6 1.7 3.2
<210 p 12.9 14.2 12.2

2All analyses on 1400°C-fired material except as indicated.
bContained some ‘“cherry-pitted®’ spheres.

®Analysis on coated particles.

9Calculated geometric surface area of 210- to 297-y-diam spheres is 2.0-2.8 x 1073 m2/g.

€After 1100°C firing.






38

their nitrate-to-metal ratios were higher than those obtained by the
coprecipitation method, and difficulty was encountered in the sphere
forming process. This work is reported elsewhere.8

The coprecipitation method of sol preparation combines "reverse
strike" coprecipitating of the hydrous oxides in excess ammonia at
80 £ 5°C, washing hydrous oxide filter cake free of nitrate, boiling
the agqueous slurry of the filter cake to remove residual ammonia, and
then dispersing the cake with nitric acid to form a sol.

Typical laboratory-scale preparation of sols consisted of 0.5-
mole batches of the mixed oxides. A 0.5 M U02(N03 )Z—Th(N03 )4 solution
was added at a nearly constant rate over a 20-min period to a 75% ex-
cess of 3 M NE4OH, and the precipitation temperature was maintained at
80 £ 5°C. The precipitate was then washed essentially free of nitrate
with 10 cake volumes of about 0.08 M NH4OH at 80 * 5°C. The washing
procedure reduces the NOB"/(Th + U) mole ratio to about 0.003, and the
Nﬂ4+/(Th + U) mole ratio becomes 0.05. The remaining ammonium ion is
reduced to the range 10 to 30 ppm by boiling an aqueous slurry of the
filter cake until the pH of the condensed steam drops from its initial
value of approximately 10 to about 6. The hydrous oxides have an x-ray
crystallite size less than 30 A.

A three-step process is used to disperse the hydrous oxides to
sols to attain nitrate-to-metal ratios low enough for use of the sol in
our conventional sphere forming process. The three-step process gives
nitrate-to-metal oxide mole ratios of 0.13 to 0.14, whereas a single
step gives 0.19. The three-step dispersion process follows:

1. One-third of the hydroxide slurry is boiled with sufficient
nitric acid to give a nitrate-to-metal ratio of 0.40; a clear red sol
gquickly forms.

2. The second one-third of the hydroxide slurry is added to the
red sol and boiled for about 20 min; this peptizes all of the added
hydroxides, and a nitrate-to-metal ratio of 0.20 is obtained.

3. The remaining third of the hydroxides is then added, and
boiling is continued at reflux for about 8 hr or until the sol becomes

a clear dark red. The final nitrate-to-metal ratioc is 0.13 to 0.14.
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The sol may then be concentrated by evaporation to 1.5 M (Th + U).
The x-ray crystallite sizes of the dispersed particles of the sol are
40 to 45 A,

The sol is easily formed into microspheres by the standard method
(using 2-ethyl-l-hexanol containing 1.1% H,0, 0.3% Span 80, and 0.5%
Ethomeen S/l5). The gel spheres are converted to theoretically dense
ThOZ—-UO2 microspheres by firing in air to 1200°C and then reducing for
4 hr with Ar—4% H,. Temperature rise rates greater than about 20°C/hr
caused cracking during heating to 300°C, but cracking could be elimi-

nated entirely by using a slower rate., The crushing strength of 177-
to 250-pu~diam fired spheres was about 1700 g.

Microsphere Preparation Process Development

S. D. Clinton P. A. Haas

We have developed a process for converting sols into gel micro-
spheres of closely controlled size in the. range 50 to 700 u in diameter.
In this process, drops of sol are gelled by extraction of water into
an immiscible organic liquid such as 2-ethyl-l-hexanol. The following

five operations are required:

1. dispersion of the sol into droplets,

2. suspension in an immiscible liquid that will extract water to cause
gelation,

3. separation of the gel microspheres from the liquid,
4. recovery of the immiscible liquid for reuse,

5. drying of the gel microspheres.

The size of the product microspheres is determined in the first step.
In the second step, the extraction of water causes gelation and thus
converts the droplet of sol into a solid sphere. Interfacial tension
holds the drop in a spherical shape. The maximum droplet size is
limited, since very large drops (> 1000 p) will distort. Slow extrac-
tion of the water is essential. to obtaining a dense strong microsphere.
If the water is extracted too rapidly, the drop breaks into fragments
or forms a hollow particle. A surfactant must be dissolved in the

immiscible liquid to prevent coalescence of the sol drops, destruction
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of the sol drops on the vessel wall, and clustering of partially dried
drops. The remaining three operations are simple in principle. The
dried gel spheres may be calcined to give oxide spheres of near-theoret-

ical densities.

Sol Disperser Development

Many sphere-forming column operating difficulties would be mini-
mized 1f we produced even more uniform sol drop sizes; therefore, we
have tested a variety of sol dispersion devices. Drops can be formed
from a sol mass by applying one or more forces such as gravity, cen-
trifugal field, shear, inertia, interfacial tension, and electrostatic
repulsion. To obtain uniform drops and controlled diameters, both the
force and the configuration of the sol where the force 1s applied must
be uniform, and one or both must be controllable. For all dispersers
tested the sol is fed through orifices or capillaries 0.004 to 0.030 in.
in diameter. The two-fluid nozzles have been the most useful sol dis-
persion devices because they are reliable, they give good uniformity,
and droplet size i1s easily controlled over the whole sol drop size
range of interest (200 to 2000 p in diameter).

A new type of sol disperser is being developed in which a hypo-
dermic needle or capillary is mechanically connected to a loudspeaker
and vibrated by it. Power is supplied to the speaker in the form of a
sine wave at a controlled frequency and amplitude. The mechanical sup-
port from the speaker cone to the sol-feeding capillary must be either
rigid or supported vertically in such a manner as to minimize any
secondary vibrations that might be imposed on the vibrating sol stream.
In our work a piece of thin-walled steel tubing was fastened to a Lucite
disk, which was glued to the inner cone of the speaker. The capillary
was mounted on the end of the tubing, and the whole assembly was vibrated
by the speaker coil. The tubing support was bent at a 90° angle sc that
the end of the vibrating capillary would be submerged in 2-ethyl-1-
hexanol at the top of the tapered column. The sol droplet size was
controlled by fixing the sol flow rate and vibration frequency (see
Fig. 3.6). We adjusted the vibration amplitude to produce a stable sol

dispersion of either one or two equally sized drops per cycle and to
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Fig. 3.6. Single Capillary Vibrating at 60 Hz to Disperse
9.6 cm?® of U0, Sol per Minute into 1370-p-diam Droplets.
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eliminate satellite droplets. During certain conditions at increased
amplitudes, four drops per cycle of apparently uniform size could be
formed, but in general this mode of operation was not stable. The total
capillary displacement for forming two drops per cycle ranged from about
1/4 in. at 20 Hz down to 1/32 in. at 200 Hz.

We made initial speaker vibration tests using a Lucite orifice
plate to disperse the sol, but the vibrational energy seemed to have
little or no effect on the droplet formation. Subsequent tests with
a vibrating No. 22 hypodermic needle produced size distributions that
compared favorably with the best results from the two-fluid nozzle
(Table 3.8). During the first vibrating needle test, the predicted
mean particle size was the same as a 40 mesh-screen, and the screen
analysis indicated 94 wt % of the product was between 45 and 35 mesh.
Two more vibrating needle tests produced 98 wt % of the calcined oxide
spheres within two adjacent screen sizes, The amplitude of vibration
for these three tests ranged from 1.5 to 4.0 v. During the initial
vibrational runs, the amplitude or voltage was very dependent on the
mechanical coupling from the speaker and the method of holding the
rubber tubing connecting the sol pump to the vibrating needle.

The first attempt at scale-up of sol flow rate was to vibrate
four 15-mil-ID capillaries attached in parallel to a speaker and to
use one infusion pump for the sol feed (see Fig. 3.7). Four runs using
this approach produced size distributions of cancined spheres at least
comparable to past experiences with the two-fluid nozzle (Table 3.9).
Although the size uniformity for four vibrating capillaries was not as
good as for a single vibrating needle, the size distribution results
were encouraging, and no difficulty was encountered with plugging of
any of the four parallel capillaries. By comparing pressure drop—flow
rate characteristics through the capillaries with water, we determined
the apparent viscosity of the 3.0 M thoria feed sol to be 4 to 5 centi-
poises. With apparent viscosities of about 5 centipoises, the rheology
of the sol probably favors a Newbtonian behavior, which would produce
equal sol flow rates through equal parallel resistances. If the sol
has a tendency to be thixotropic, the vibrational energy in the capil-

laries could be beneficial in lowering the effective sol viscosity.
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Comparison of Product Sizes of Calcined
Thoria Microspheres from a Vibrating Hypodermic Needle
and from a Two-Fluid Nozzle

Conditions Single Vibrating Needle ng;zi:id

Sol feed rate,a cm3/min 1.2 1.2 4.8 1.2
Vibration frequency, Hz 20 40 70
Mode of sol dispersion, drops/cycle 2 2 1
Predicted mean size, u 420 330 550 270
Product distributions, wt %

—30 + 35° or 500 to 590 p 97.8

=35 + 40 or 420 to 500 p 49.0 2.2

—40 + 45 or 350 to 420 u 4504 0.2

—45 + 50 or 297 to 350 p 5.6 98.3 2.9

—50 + 60 or 250 to 297 u 1.5 92.0

—60 or < 250 p 5.3

“Thoria sol is 3.0 M Th.

bU.S. cieve mesh.

Table 3.9. Product Sizes of Calcined Thoria Microspheres
from Four Vibrating Capillaries in Parallel

Conditions Run T Run IT Run III Run IV

Sol feed rate,a cm3/min 4.8 9.6 9.6 19.2
Vibration frequency, Hz 50 50 50 200
Mode of sol dispersion, drops/cycle 2 2 2 2
Predicted mean size, p 310 390 390 310
Weight of product, g 266 346 720 314
Product distribution, wt %

—35 + 40° or 420 to 500 p 1.4 0.1

—40 + 45 or 350 to 420 p 0.8 70.1 61.9

—45 + 50 or 297 to 350 u 27.3 23.5 37.6 30.4

=50 + 60 or 250 to 297 u 68.9 4.9 0.4 62.6

—60 or < 250 u 2.9 7.0

aTotal to four capillaries.

bU.S. sieve mesh.
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With the multiple vibrating capillaries it was difficult to de-
termine the mode of sol dispersion through each capiliary. During the
four previously mentioned tests, we increased the vibrational amplitude
until all of the sol streams were producing two drops per cycle. Be-
cause of differences in mechanical coupling from the speaker or slight
differences in sol flow rates, the change from one to two drops per
cycle from each capillary did not always occur at exactly the same
amplitude. We determined the mode of sol dispersion visually with the
aid of a stroboscope. As the vibrational frequency was increased, the
number of sol droplet streams produced by the multiple capillaries be-
come more difficult to resolve.

We made a vibration test using a single needle with the 2-ethyl-~l-
hexanol in the tapered column at a temperature of 60°C instead of the
normal 25 to 30°C. The sol flow rate was 2.4 cm?/min, the vibration
frequency was 90 Hz, and the mode of sol dispersion was two drops per
cycle. The predicted mean product size was 325 u, and 93 wt % of the
fired spheres were between 297 and 350 u. There was essentially no
cracking of the calcined oxide, and the particle density was within
98% of theoretical. The gelation time for the thoria sol droplets in
the organic liquid at 60°C was about half that required at the normal
operating temperature. Since there was no evidence of increased par-
ticle cracking, the higher temperature could essentially double the
capacity of a given column. We attempted to make a 500-p-diam product
at 60°C, but we had to terminate the run because of increased droplet
coalescence and particle clustering.

The results certainly indicate that the effect of higher organic
temperature on the gelation of sol drops should be a subject for
further study. The residual carbon problem in urania gel spheres
could conceivably be minimized by shorter contact time between the sol
droplets and organic solvent.

Thoria and urania sols with apparent viscosities between 15 and 20
centipoises proved to be difficult to disperse into uniformly sized
droplets with the existing vibration system. The wvoice coils of three

12-in.-diam speekers were burned out in our attempts to disperse sols
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of higher viscosities. A recently acquired 8-in.-diam two-way diffax-
ial speaker seems to have more resistance to burnout with increasing
load on the speaker cone, but a more reliable source of vibration will
be required in the future to prove the effectiveness of vibrating capil-
laries as a sol dispersion method. An electronic shaking device de-
signed to vibrate under specified loads was ordered for these studieg.

We will continue tests of this type of sol disperser.

Preparation of Microspheres by Dispersion and Suspension Through Mechan-
ical Agitation

Sol-gel microspheres of relatively nonuniform diameter and less
than 80 p in mean diameter can be prepared easily and efficiently by
use of mechanical agitation to disperse and suspend the droplets into
2-ethyl-l-hexanol (2EH) during the extraction of water. The procedures
previously tested9 were applied to preparation of 2.5 kg of =325 mesh
(< 44=-p-diam) thoria microspheres.

The yields from three tests (Table 3.10) show the need for an im-
proved product collection system. In the first two tests, the mixer
discharged into the microsphere preparation column, which is 6 in. in
diameter at the top. The third test used a flat 11-3/4 X 13-3/4 in.
settler. The losses tabulated are nearly all from entrainment of fine
microspheres out of the settlers. The lost material was probably es-
sentially all —325 mesh, and the yields of the second and third tests
on this basis are consistent with the agitator speeds used. The much
larger area of the paddle agitator actually provided a higher average
agitation for the first test than for the other tests with smaller
paddles at higher speeds. However, the higher localized agitation for
the smaller paddles dispersed the sol into smaller drops.

Microsphere Preparation Without Fluidization — Concatenated Column

Operation of a continuous fluidized-bed column requires uniform
sol drop sizes and an accurate matching of the fluidizing flows to the
drop size. Also, the accumulation of sol or gel spheres in a fluidized
bed may increase the clustering or coalescence. We considered alter-

natives to the fluidized bed in a column for suspending sol drops during



Teble 3.10., Yields from Mechanical Agitator Systems for Preparing Thoria Microspheresa

Agitator

Number of paddles

Paddle dimensions

Speed, rpm
Settler
ZEH to mixer, cmB/min
Average mixer holdup time, min
2EH flow to column, cmz/min
‘I‘hO2 feed, g
ThO2 collected, g

% of feed
< 44 | collected, % of feed

< 44 u produced,® % of feed

4b=53 | collected, % of feed
5374 u collected, % of feed

> 74 p collected, % of feed

4
1-1/4 x 1 in. high
660

Column

390

5

400

1150

822

72

26

54

19

19

8

3

3/4 in, diam”

1250
Column
390

5

400
1200
644,

54

49

95

3
. . Db
3/4 in, diam
1250
11-3/4 X 13-3/4 in. pan
550
6

200
782
87
70
83
10

2
“Feed: 4.8 cm’/min of 2.5 M ThO, sol.

2

bThree round paddles attached to shaft at 120° with 2 in. maximum OD of assembly.

CAssuming all material not collected was spheres smaller than 44 p lost by entrainment.

Lt
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the extraction of water to cause gelation with the expectation of
avoiding one or both of these limitations. A "fall-through" column

that is long enough to give the required holdup time without fluidiza-
tion is practical and attractive for small microspheres,lo but is not
practical for gelation of the larger (2800 u) thoria or urania sol drops,
which are usually the preferred size.

Therefore, we tested apparatus with cocurrent flow of sol drops and
2EH for suspending larger sol drops for the longer times necessary for
gelation. Simple coils of small diameter tubing were not satisfactory.lo
Staged columns with cocurrent flow through both upflow and downflow
stages appear more practical for larger sol drops than simple “fall-

" columns without fluidization. Considering the stringent re-

throug
gquirements for uniform product and for flexibility with respect to
product diameter and composition, we find the regular fluidized bed type
of microsphere column more suitable for use in the TURF. The cocurrent
multistage columns will not be tested further at present.

One cocurrent multistage column tested was a “"concatenated" glass
colum with six 8-ft-high stages — three 2-in.-ID downflow stages and
three 3/4-in.—ID upflow stages. The stages were connected by 3/8—in.—ID
bends with 2-in.-long tapered sections for the diameter changes. A two-
fluid nozzle fed sol drops into the top of the first downflow stage along
with an added flow of 2EH to give the selected total flow of 2EH. The
sol drops or gel spheres moved through the downflow stages at a velocity
equal to the sum of their settling velocity and the 2EH velocity. In
the upflow stages, their velocity was the 2EH velocity minus their
settling velocity. The concatenated column produced good samples of
thoria microspheres.

We must select the design of the column and the operating conditions
to avoid the following difficulties:

1. discharge of incompletely gelled drops because of inadequate holdup
time,

2. accumulation of drops because of inadequate 2EH velocities and then
coalescence or clustering of the accumulated drops,

3. Dbreakup of drops because of excessive turbulence,

4, deposition of drops on the walls at regions of turbulence or im-
pingement.
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Smooth tapers without any sudden.diameter changes are necessary to avoid
the second and third difficulties. The dimensions described and a ZEH
flow rate of about 1 liter/min were adequate to avoid the accumulation
of gel spheres for thoria sol drops that yielded 300- or 400-p calcined
Th02 microspheres. The drops from the first top end sections tested
broke because of excessive turbulence at a sudden increase in tubing
dilameter from 3/8 in. to 2 in. Tapered enlargements eliminated the
breakup at this point. About 500-pu-diam ThO2 microspheres after calci-
nation (or 1100-p sol drops) were the maximum size possible with the
six stages described. To prepare larger products, longer holdup times
would be necessary to ensure gelaticn, and higher velocities would be
needed to avoid accumulation in the column. Thus many more or longer
stages would be required.

The concatenated column reduces the clustering, coalescence, and
deposition on walls, but it is not a complete solution to these problems.
In one test with a urania sol in the regular column, clustering and
deposition on the walls were very bad. These problems were insignificant
in the main sections of the concatenated column, but there were small
amounts of clustering or deposition in regions of turbulence or low
velocity. The urania sol drops (720 p initial diameter) were not ade-
quately dried when they left the column, and they coalesced in the
product collector. This is much slower drying than we found with thoria
sol drops of the same size. The slower drying of urania or mixed sols
as compared with thoria had been noticeable in other studies, but this
test was the clearest example of the slower drying.

In general, the potential advantages of the concatenated column are
realized only if the end sections are carefully designed to give smooth,
gradual tapers without any significant discontinuities or turbulence.
Since the cocurrent flow of 2EH must be rapid enough to avoid settling
out of drops at any location, the holdup time per stage will be much
less than the holdup time of a "fall-through" column of the same length.
Thus the total length of concatenated column stages must be much greater
than the length of a simple "fall-through" column before larger spheres

can be prepared.
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Drying of Thoria Gel Spheres

We investigated empirically conditions to avoid cracking of thoria
gel microspheres during firing. 1In general, the factors that minimize
cracking are those that minimize composition gradients within the gel
microspheres. The drying conditions were the important variables, and
the best conditions were superheated steam to a final drying temperature
of 200°C. The principal observations made during drying of gel spheres
prepared from regular thoria sols were as follows:

1. The sphere diameter is a principal variable; the tendency
toward cracking increases as the diameter increases. If the fired
products are larger than 500 p in diameter, the optimum drying conditions
(superheated steam to a final drying temperature of 200°C) are necessary
to minimize cracking. For calcined product diameters less than 250 ,
the optimum conditions are not necessary. The amount of cracking for
diameters of 250 to 500 p is variable; the best drying conditions can
usually be compromised without excessive cracking.

2. The amount of cracking in the fired spheres decreases as the
maximum drying temperature increases from 100°C to 200°C.

3. The presence of superheated steam in the drying atmosphere
promotes the removal of 2EH from the gel and reduces the amount of
cracking during firing. Drying in air may permit an exothermic oxidation
reaction while relatively large amounts of 2EH remain on the gel and thus
give very rapild temperature rises and excessive cracking. Inert atmos-
pheres (argon or nitrogen) without steam remove 2EH rapidly only at
temperatures exceeding 180°C, as compared with rapid stripping at 120
to 140°C by steam.

For thoria microspheres, the presently preferred drying and firing

conditions are:

Drying Argon atmosphere 25 to 110°C in 1 hr
Argon plus steam atmosphere 110 to 200°C in 6 hr

Firing Air atmosphere 100 to 500°C at 100°C/hr
Air atmosphere 500 to 1150°C at 300°C/nr

Air atmosphere At 1150°C for 4 hr
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Microsphere Preparation Column Chemistry

A. T. Kleinsteuberll

In the microsphere forming process, gel microspheres are formed by
dispersing sol droplets into the organic solvent 2-ethyl-l-hexanol,
which extracts water from the droplets to form the microspheres. To
stabilize the droplets during water extraction, we use small amounts of

surfactants. The current choice of surfactants is Span 80 and Ethomeen

S/lS. The organic solvent is recycled for column operation after re-
moval of water by continuous distillation at pot temperatures of 140 to
155°C.

We do not understand the chemical behavior of the various species
in the solvent, nor do we know the effects of the distillation process
on them. We have obtained control of the microsphere forming by em-
pirical methods, which have been very successful in most instances. We
began this investigation with the hope that it would provide information
for improvement of column operation and, in particular, that it would
lead to conditions permitting long-term operation with the same solvent.
Since surfactants are depleted both by adsorption on the microspheres
and by degradation during operation, and periodic addition of surfactants
is required, we examined the changes that occur during operation. We
examined analytical methods that might be used to measure surfactant
concentrations, changes that occur during solvent purification by dis-
tillation, and extraction of components from the organic medium into the

sol and gel spheres.

Analytical Methods

We examined measurements of surface tension and conductivity as pos-
sibilities to rapidly analyze surfactant concentration during operation.
These measurements, if meaningful, could be used routinely to determine
surfactant concentration and to ascertain when surfactant should be added.
Surface tension measurements were not sufficiently sensitive to surfactant
concentration to be useful, but the conductivity measurement was sufficient-
ly sensitive to be used to measure Ethomeen S/15 concentration.

There was essentially no change in the surface tension, as measured

against an air interface, of water-saturated 2-ethyl-l-hexanol containing
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either Span 80 or Ethomeen S/15 from O to 0.5 vol % of surfactant. In-
terfacial tension measurements were somewhat more sensitive (Fig. 3.8),
but were not sufficiently so. Ethomeen $/15 gave results similar to
those shown for Span 80 in Fig. 3.8. We measured with a ring tensiom-
eter-and observed visccelastic films at all surfactant concentrations,
which covered the range 0.05 to 2.0 vol %. With the du Nolly ring method,

the film deces not break sharply but stretches considerably before the
break. The measured values were not very reproducible, and the smoothed

curve is an averaging of points.

Conductance was a sensitive measure of Ethomeen S/15 concentration
(Table 3.11). Ethomeen S/15 in water-saturated 2-ethyl-l-hexanol is
essentially nonconductive, but when equilibrated with nitric acid,
which is extracted by the Ethomeen $/15, it is sufficiently conductive
to provide a useful measurement. A small amount of nitric acid is
always in equilibrium with the sols, and additional HNOB can be equili-

brated with a sample of the alcohol contalning surfactants if desirable.

Solvent Changes During Distillation

To simulate the distillation, dilute nitric acid (pH = 2.0) was
continuously infused into boiling 2EH that contained Span 80 and Etho-
meen S/15 surfactants. Nitric acid is known to be extracted into 2EH
to a slight extent.from the nitric-acid-stabilized sols. We then de-
termined the Span 80 concentration by infrared analysis for its carbonyl

group and determined the amine and nitrate contents chemically. The
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results showed that nitrate and amine disappeared (Table 3.12). The
Span 80 concentration apparently increased. We interpret this result
to show that some organic species, probably the ZEH, is oxidizing to
form carbonyl groups. Since some of the oxidation may have been a re-
sult of our failure to exclude air in this experiment, we performed a
second set of experiments. In one of the experiments, the ZEH contain-
ing only Ethomeen S/15 was boiled in air, and in another, the ZEH con-

taining nitric acid and Ethomeen S/l5 was bolled under argon. The re-

Table 3.11. Conductance of 2-Ethyl-l-hexanol
Solutions Containing Ethomeen®

Ethomeen S/15 Concentration

(vol %) Relative Conductance
0 0.714
0.3 2.71
0.4 3.56
0.6 4.98
1.6 8.13

aConditions: 20 volumes of HNO5 at pl = 2.00 equilibrated with 1
volume of alcohol before measurcment.

Table 3.12. Changes in Boilinga 2-Ethyl-1-hexanol
During Continuous Infusion of Nitric Acid

Bo%iizg HNO3 Addedb Content (millimoles)
(days) (millimoles) NO,~ Span 80 Ethomeen S/15
0 0.0 0.0 15.1 8.8
1 1.1 0.52 19.5 9.0
2 2.8 0.34 20.0 7.0
3 9.6 0.05 26.6 2.8
4 14.3 0.23 31.4 1.8
5 17.1 0.48 37.9 2.0

%501ution boiled in 140 to 160°C range.
b
pH = 2.0.
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sults show that both air and nitric acid cause oxidation (Table 3.13).
The Ethomeen $/15 in 2-ethyl-l-hexanol was stable in the absence of
nitric acid. Analysis of the organic phase throughout the course of a
continuous microsphere forming run shows the same general trends as in
our distillation experiments (Fig. 3.9). The implications of these re-
sults on long-term operation of a continuous sphere forming column are
not clear, but it may be necessary to have better knowledge as well as
control of the composition of the 2-ethyl-l-hexanol phase than we now

have.

Equilibration Studies with ThO, Sols and Gels

The object of several experiments was to determine if Span 80 or
Ethomeen S/15 were adsorbed on a ThO, surface. The results indicate
that only very small amounts, if any, are adsorbed. Span 80 in concen-
trations ranging from 0.13 to 2 vol % was equilibrated with sol and with
dried gel for periods of one day. Within the limits of accuracy of the
measurements, no Span 80 was adsorbed (Table 3.14). Infrared adsorption
of the carbonyl group at 1727 em™l was used as the analytical method for
Span 80. In similar equilibration experiments with Ethomeen S/15, simi-
lar results were obtained (Table 3.15). Extraction of residual nitric
acid from the ThO, gel is a very slow process, as indicated by the

nitrate-to-amine ratios.

Table 3.13. Oxidation of 2-Ethyl-l-hexanol

Boiling O3 Added Content (millimoles)

Time Atmosphere (millimoles)

(days) NO3~ Carbonyl Group Ethomeen S/15
0 Air 0.0 0.0 0.00 8.4

1.5 Air 0.0 0.0 0.00 8.4

2.5 Air 0.0 0.0 1.12 8.4

0 Argon 0.0 0.0 0.00 8.4

1.5 Argon 6.7 0.73 2.9 5.2

2.5 Argon 14.1 0.13 5.4 0.9
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Table 3.14. Equilibration of 2EH Containing Span 80
with Th02 Sols and Gels

Conditions: One-day equilibration with 2 M ThO2 sol
or 110°C dried gel

Span 80 Concentration

in 2EH, vol %

’I‘hO2

Initial Final
Sol 0.13 0.16

0.80 0.81

2.0 2.0
Gel 0.13 0.16

0.80 0.87

2.00 2.04
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Table 3.15. Composition of 2EH Containing Ethomeen S/15 After Equilibration with ThO2 Sols

Ethomeen Concentration

Eq.uilibration Molarity of (M NitraT:imine
Time (days) ThO2 — - )
Initial Final Ratio
3.5 2.0 0.018 0.016 0.30
0.019 0.019 0.18
0.035 0.031 0.30
10 7.3 0.0086 0.0086 0.86
8.6 0.0086 0.0085 0.61
9.6 0.0086 0.0085 0.94
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4. FUELED -GRAPHITE DEVELOPMENT
J. D. Sease

We are designing processing equipment for installation in the
Thorium-Uranium Recycle Facility (TURF) to demonstrate refabrication
technology of HTGR fuel elements. The design of the TURF refabrication
line requires a thorough understanding of the processing steps required
in fabricating fueled -graphite elements. Preliminary studies and the
critical-path schedule have indicated that before a large portion of
the detailed design of the line can be undertaken, a number of steps
in the process must be further delineated and developed. 1In some cases,
we must develop special processes to satisfy the requirement of remote
operation in the TURF. In developing processes for the fabrication
line, our main objective 1s to develop processes that will result in
the lowest possible fuel cycle cost for the remote fueled-graphite line.
This objective 1s being met by a comprehensive development program in
direct support of the TURF fueled-graphite design effort. The progress
of this work during the last year is reported in four main categories:
particle handling, particle coating, particle inspection, and particle
blending and bonding. No development work has been done on assembly and

inspection of the fuel element.

Particle Handling
J. T. Meador S. E. Boltl F. C. Davis

Bach day 10 kg or 108 particles of recycle fissile material must
be stored, weighed, transferred, coated, classified, shape-separated,
inspected, blended, and dispersed in passage through the fabrication
line. Fertile material is added at the blending and dispensing step.
We must design equipment and develop techniques that permit remote opera -
tion of the production line in a manner consistent with the very high
degree of quality control required to produce acceptable fuel elements.
Most of the commercially available equipment cannot satisfy our require-
ments; either it is designed to handle tonnage quantities or 1t is

laboratory equipment and thus not readily adaptable to remote or
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automatic operation. Also, conventional bulk-handling equipment would

impart too much mechanical damage to the coated particles.

Fuel Transfer System

We are developing a pneumatic system, using an air jet to transfer
particles in the TURF. In preliminary tests we developed a system that
can transfer microspheres 25 ft horizontally and 7 £t vertically. We
have developed a loop system and will use it to develop fully the transfer
and valving systems required for the design of the TURF fueled-graphite

line.

Shape Separation

A few imperfectly coated or out-of-round particles are invariably
produced in the sphere formation and coating processes. To reject
cupped, faceted, or ovate material and to minimize the amount of accept-
able kernels or coated fuel in the reject material, a shape separation
system is being developed. The first system that was investigated and
the system generally used for sphere shape separation employs a flat
plate mounted on a vibratory feeder slightly in line with, but opposite
in direction to, the feeding action of the vibrator. Particles are fed
onto the middle of the plate; nonspherical particles are moved up the
plate by the vibratory force, while spherical particles, which are
relatively unaffected by the vibratory feeding action, roll down the
plate. Since the spheres roll down the incline, interference with the
nonspheres is prevalent. At higher feed rates, the degree of inter-
ference increases.

We developed a new system that obtains separation when the incline
down which the spherical particles roll is oriented about 90O with
respect to the line of action of the vibration. The general arrange-
ment of this setup is shown in Fig. 4.l. With this arrangement, the
particles form a massed array at the point of feed onte the plate and
separate as the mass spreads out. Separation occurs in only 2 to 3 in.
of travel, and about 400 g/hr can be processed at the single feed point.
With multiple feed points the system can be easily scaled to several

kilograms per hour.
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Classification

Development of a main-line size classification system capable of
grading coated fuel microspheres within +5 ¢ 1s required tec eliminate
the badly oversize or undersize microspheres. Tests and study of com-
mercially available classification equipment indicated that inadequate
sizing is usually caused by inaccurate screen openings or by "blinding"
of the openings by the particles being processed. From a remote processing
standpoint, blinding of the screen openings is of great concern. A
system that will accurately classify shape -separated microspheres has
been developed, using a vibratory feeder and square-holed etched micro-
mesh sieves. This test assembly can virtually eliminate blinding for a
limited flow rate, but it has not yet been scaled up to the larger sieve
areas required for the TURF process equipment. The general arrangement
of the classification system is shown in Fig. 4.2.

The angle between the surface of the micro-mesh and the center line
of the magnet (B + 7) was set so that the mesh is pulled from under the
microspheres, and yet, on the upward or return stroke the mesh imparts
a minimum of impact as it hits the falling particle in midair. The upper
limit of the angle B + y was estimated with the displacement diagram
shown in Fig. 4.3. Experimentally, blinding was minimized with the ver-
tical component of the mesh displacement between 0.040 and 0.045 in.
With the angle used, the magnet literally jerks the micro-mesh from
under a stationary microsphere. With 7 at too steep an angle, bouncing
of the microspheres leads to poor classification. Data on the degree

of classification of coated fuel are now being taken.

Particle Singularizer

The successful operation of an in-line particle counter and size
analyzer (see next subsection) requires that the particles be fed to the
optical window of the instrument in single file and spaced at discrete
intervals without coincidence of more than one particle in the window.
We have developed a device that can feed 417- to 500-p-diam glass beads
in single file at a rate of lE0,000/min. High-speed photographs of the

particles as they emerge from the feeder showed that the spacing between
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particles 1s at least O.l in., which is adequate to prevent coincidence
in the instrument. The device, which is quite simple (Fig. L.k4), con-
sists of a controlled air jet in the bottom of a hopper and directed

toward a restricted discharge port.

Particle Coating

R. B. Pratt S. E. Bolth

The coating of nuclear fuel particles with pyrolytic carbon is
probably the most expensive step in fabricating HTGR fuel elements.
The principal requirement for these coatings in the tentative specifica-
tions for the Peach Bottom hex-block fuel element is that the particles
should have duplex pyrolytic carbon coatings. The interior layer is
less dense than 1.2 g/cm3 and the outer layer is to be isotropic and
denser than 2.0 g/cm3. We are directing our developmental work toward
describing the best combinations of processing parameters, gases, and
equipment required for remotely coating fuel particles to these specifi-
cations. We have investigated three coating systems: fluidized bed,
entrained bed, and a rotary drum. Since July we have concentrated our

efforts on the fluidized-bed system and the design of a remote prototype.

Fluidized -Bed Coating Development

The fluidized-bed coating system appears to be the most suitable
system for remote application and is the system we intend to install in
the TURF. Our major progress this year in direct support of the engineer-
ing of the TURF remote fueled-graphite line was the development of oper-
ating parameters and techniques for making the low-density buffer coatings
with acetylene in a 5-in. fluidized-bed coating system. We demonstrated
the deposition of buffer coatings with controlled densities from 0.5 to
1.3 g/cm3 at processing rates of about 10 kg/day in our laboratory-type
equipment on 230-y-diam fuel particles. In addition, we made cursory
runs to produce high-density isotropic coatings from methane, propane,

and propylene, using both single- and multiorifice gas nozzles.
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Equipment and Procedures. — The fluidized-bed particle coating

work has been done in the Coated-Particle Development ILaboratory (CPDL),2

which is equipped with hood-type enclosures for control of alpha contam-
ination. Within the CPDL, prepared thoria-urania sols are converted into
microspheres by the sol-gel microsphere process, calcined for densifica-
tion, and then coated with pyrolytic carbon in a fluidized-bed furnace.
The last of these is our concern here. The high-temperature graphite-
element resistance furnace is the principal component of the coating
systems. The coating furnace in its current configuration is shown in
Fig. 4.5. A single-inlet nozzle has replaced the previously used multi-
orifice nozzle because it allows bottom unloading and 1s comparatively
more simple. This figure also illustrates a top unloading system, which
mechanically thrusts a suction tube into the fluidized bed and evacuates
the particles to a cooling chamber. Although the top unloading system
functions as intended, we prefer bottom unloading.

We made a number of modifications and additions to coating systems
during the past year. A bag filter system for soot removal was installed
and has given very satisfactory service. There has been no down time
because of filter blockage in over 200 coating runs. A water-cooled
bvaffle and heat exchanger were installed above the hydrogen burnoff flame
to cool the exhaust gases to permit high hydrocarbon gas flows. A
furnace -top component consisting of a 15-in.-diam water-cooled metal
chamber was installed to facilitate maintenance and to support the coater
internals. This system uses an existing Jjackscrew system for component
disassembly to minimize handling of components during cleanup. A me-
chanical drive system for the suction sampling and unloading tube and
bed thermocouple is mounted on top of the water-cooled chamber. We in-
stalled a new gas flow control panel, which enables us to adjust coating
gas flow rates while venting it to the exhaust burner and levitate the
particles with an inert carrier gas while the fluidized bed 1s being
stabilized at the desired temperature. A timer-controlled, three-way
valve controls the hydrocarbon gas and carrier gas. Multiple flow paths
and ranges for six gases provide flexibility.

The first step in coating in the fluidized bed 1s to load the

desired charge of sol-gel microspheres pneumatically into the reaction
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cone of the furnace, in which they are levitated by an appropriate
carrier gas flow. We then establish temperature equilibrium and
introduce the coating gas. The gases enter the reaction cone through

a nozzle, which controls the degree of bed fluidization and particle
motion within the system. When the system is at temperatures above
1000°C, the hydrocarbon cracks and deposits pyrolytic carbon on the sol-
gel microspheres. The process also produces soot and hydrogen, which
are removed from the furnace as waste. A graphite sleeve above the
reaction cone accommodates the increase in charge volume as the coating
progresses. Above the sleeve is a deentrainment region, where lower
gas velocities allow entrained particles to fall back into the reaction
cone.

We control coating temperatures by controlling the wall temperature
of the reaction cone, which is measured by a thermocouple and an optical
pyrometer. We select the control point from a calibration curve that
establishes the relationship between the bed and wall temperatures for
the charge size and flow rate of interest. In general, the reaction
cone wall temperature under stabilized conditions is 100 to 120°C higher
than the bed temperature.

For acetylene coating runs of short duration, we maintain the
furnace power at a constant setting because temperature adjustments are
impractical for the short run times. TFor other hydrocarbons, the endo-
thermic reaction requires that input power be adjusted to maintain a
constant reaction cone wall temperature.

In all of our experiments, the mean diameter of the charge material,
sol-gel ThO, microspheres, was 230 . This material was obtained by
classifying the incoming material into 10-u increments with precision
micro-mesh screens3 and blending controlled proportions to give a constant
mean particle diameter. Analytical techniques used for evaluating coatings
include microradiography for determination of kernel diameter and coating
thickness, mercury displacement for determination of coating volumes,
and weights before and after burning off the carbon for determination
of coating weights. Coating densities are calculated from these welghts
and volumes. A more detailed description of particle inspection is

contained later in this chapter.
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Coating Results. — OQur investigation of coating processes included

L

work with the previously described” multiorifice nozzle systems and
single-inlet nozzle systems and the investigation of coating properties
on coatings deposited from methane, propane, and acetylene.

Initially, we employed a multiorifice dual-flow nozzle system,
the design of which was based upon previous room-temperature model
studies. In our initial efforts, we established the effect of tempera-
ture on coating density for coatings deposited from methane in the 5-in.
coating furnace. The results are shown in Fig. 4.6. To deposit coatings
at temperatures above 2150°C, we had to deposit a seal coating of 1.6 to
1.8 g/cm3 for the ThOo microspheres to prevent conversion to ThCo. High-
density pyrolytic carbon coatings can be deposited from methane in the
5-in. coating furnace on charges as large as 2000 g. Coating densities
as high as 1.96 g/cm3 can be deposited at temperatures near 2300°C.

The object of cursory experiments using propane as the hydrocarbon
gas in the multiorifice nozzle system was to find a process that could
deposit high-density coatings at lower temperatures. The effect of
temperature on propane coating properties is shown in Fig. 4.7. Coating
densities near 2.0 g/cm3 were achieved, and the coating density was
relatively insensitive to temperature and gas flux variations in the
range investigated. Coating rate and deposition efficiency are increased
by increasing the gas flux and temperature. Although the figure dces
not show it, the coating thickness variation within a batch characterized
by the unit standard deviation is very small. It ranges from 5 to 8% of
the coating thickness.

Low-density coatings are of interest for use as an inner buffer
coating placed adjacent to the nuclear fuel kernel. The purpose of this
coating is to provide void volume for fission gases and to protect the
outer high-density coating from fission product recoil damage.

Low-density coatings in the range of interest, less than 1.2 g/cm3,
are deposited from acetylene. In experiments using the multiorifice
nozzle system we demonstrated that acetylene coatings can be deposited
in a 5-in. coater wilthout excessive temperature problems because of the
exothermic reaction of acetylene. The heat of reaction of acetylene is

represented by
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02H2 - 2C + H2 + QR s

where
TR

o = 4 _l/T ac, at,
0
QR = heat of reaction at TR,

TR = reaction temperature,

QO = heat of reaction at TO’

Qy 8t 25% = 3747 Btu/1b,

Qg at 1100°C = 2140 Btu/lb.

In general, during coating with acetylene the excthermic reaction
heat represented by QR causes the mean bed temperature to increase if
the power input is kept constant. During the course of the runs, observed
wall temperature increases ranged from 20 to 3OOC. The heat input of
the acetylene is not significant in comparison to the total furnace power
input. The experimental conditions were as follows: +the bed temperature
was stabilized at 1100°C before acetylene was introduced; the acetylene
flow was 39 liters/min. For these conditions the power input to the
furnace was 2300 Btu/min and the heat supplied by the acetylene reaction
was 220 Btu/min. Qther furnace conditions would produce somewhat dif -
ferent results.

We obtained additional data using a single-inlet nozzle system.
Coatings produced by the multiorifice system showed no significant
advantages over the single-inlet nozzle systems, which have the capa-
bility of bottom unloading. In addition, the single-inlet systems are
easier to construct and operate. All of the following results were
obtained with the single-inlet system.

The effect of temperature on the density of coatings produced from
acetylene is shown in Fig. 4.8. Results are shown for three gas flow
conditions, two of which use pure acetylene and one CEH2_33 mole % He.
The charge size and kernel diameter remain constant for each flow con-
dition. Flow rates are expressed in terms of gas flux, which is ex-

pressed in cubic centimeters of gas per minute per square centimeter of
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kernel surface area. Gas fluxes of 2.0 and 3.0 cm3 min-l cm-e represent
the latitude of flows with 230 kernels and 500-g charges in this system.

3 min_l cm'g, particles are entralned

With gas fluxes greater than 3.0 cm
and blown out of the system. Below a gas flux of 2.0 cm3 min~t em™ the
particles are incompletely fluidized.

The density in all cases increases with temperature. The difference
in densities obtained from undiluted acetylene with gas fluxes of 2.0
and 3.0 and those from helium dilution is most probably caused by dif -
ferences in the rate of hydrogen evolution during polymerization-carboni -
zation of the acetylene. For these runs, the coating efficiency (ratio
of amount of carbon deposited to carbon supplied) increased gradually
from 50 to 60% as the temperature was increased from 900 to lEOOOC, with
no particular differences noted among the three flow conditions.

A more detailed study on the effect of helium dilution on the
acetylene coating density is shown in Fig. 4.9. Variation of the helium
dilution from O to 50 mole % can produce coating densities from 0.5 to
1.3 g/cm3. The coating efficiency remains essentially constant at
approximately 55% throughout the temperature range. Since the deposi-
tion efficiency remains constant, an increase in coating density is
reflected by a decrease in coating rate as the amount of dilution is
increased.

As shown in Fig. 4.10, increasing the charge weight has little
effect on the coating properties. The coating density increased slightly
and the average coating rate decreased slightly while the coating effi-
ciency remained essentially constant. The slight density increase with
charge size is probably a result of increased excess heat from the
acetylene decomposition. The coating thickness variation within a batch,
as represented by unit standard deviation, improves with increased charge
size. A desirable characteristic of large charge sizes is an increase
in gas inlet velocity, which results in significantly less pyrolytic
carbon bulldup on the reaction cone and its parts. Charges greater than
1500 g would require equipment modification.

The sphericity of all the acetylene-derived coatings has been

exceptionally good. A typical microradiograph of particles coated from
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acetylene is shown in Fig. 4.11. Photomicrographs of typical
low-density-coated particles taken in bright field and polarized
light are seen in Fig. 4.12. The pore size, as determined by mercury

porosimetry, is approximately 0.2 u.

Drum Coater

p)

We designed the drum coater” to coat very large particles and to
handle large charge sizes. The process consists in passing a hydro-
carbon gas over a charge of nuclear fuel particles in a heated cylin-
drical drum rotating about a horizontal axis. Thus, mechanical motion
is imparted to the particles in a manner that is not greatly affected
by particle size or charge size.

Most of our effort was shakedown operation of the equipment. We
conducted preliminary runs with very irregular silicon carbide particles
in the 800- to 1400~ size range. The 1hk exploratory runs conducted
did point out the limitations and deficiencies of the equipment as
designed. Some of the mechanical deficiencies were eliminated by minor
modifications. Evaluation of the results of these runs was gualitative
rather than quantitative because of the irregularity in shape and the
composition (SiC) of the substrate.

Four runs were made with sol-gel thoria microspheres in the 500-
to 700- -diam size range. None was successful in meeting the objective
of depositing a substantial layer of pyrolytic carbon on the particles.
The mechanism for transferring the heat from the drum wall to the
particles and thence to the coating gas to cause pyrolysis was inade-
quate. Most of the gas passed through the apparatus undecomposed. The
coating deposition rate and efficiency with methane and propane were
very low, as seen in Table 4.l.

Further effort with the rotary drum coater was avandoned. The

conclusions drawn from this effort are:

1. The scale of the experiment (charge size 5 to 10 kg) was
much too great to embark upon without the advantage cf controlled
laboratory-scale studies of the process and development of the basic

equipment.
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Table 4.1. Summary of Rotary Drum Coating Runs

Coating Coating
Temperature Applied Rate Efficiency
Gas (°c) (1) (u/hr) (%)
CH), 1700 b4 0.8 5
CHA 1700 11 4.9 15
CH), 1350 8 2.1 10
C4Hg 1350 5 1.7 3

2. Development of an efficient pyrolytic carbon coating process
in a horizontal rotary drum does not appear practical.

3. It is most difficult to prevent the large accumulation of
pyrolytic carbon deposits on the surfaces of the drum and in the gas -

flow passages.

Entrained Bed

The entrained bed5 system was developed as an alternate technique
for coating nuclear fuel particles. It is operated in an electrically
heated furnace. Particles are entrained by the coating gas and carried
up through the insert, providing a rich gas-to-solids contact during
this portion of their cycle. Above the insert they are deentrained by
the sudden enlargement of flow area. They fall into the packed bed and
start their downward path to the area of entrainment to begin anocther
cycle. By proper adjustment of insert height with respect to charge
size and gas flow, very little, if any, of the coating gas will bypass
the insert and travel up through the packed bed.

We conducted 34 coating experiments in the entrained bed apparatus.
Operational limits of the system as well as coating parameters were
determined. The results of the coating runs were not too different from
those obtained in the fluidized or spouting bed.

The entrained bed does appear to have the capability of satis-

factorily coating slightly larger charge sizes than the fluidized bed.
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However, this increase in charge capacity is gained at the expense of
an additional piece of hardwatre (the imsert) within the bed. The insert
and its supporting structure are quite susceptible to the deposition of
carbon upon them, requiring frequent maintenance. Thus, any charge size
advantage is negated if this problem cannot be overcome.

The entrained -bed experiments were conducted in the same furnace
as the fluidized-bed experiments. The conflict over use of the furnace
and auxiliary supporting facilities began to become a real hindrance
to the evaluation of the coating process in either system. Accordingly,
the entrained bed effort was terminated without prejudice in favor of
the simpler fluidized or spouting bed system. A report describing this
work has been written.

The conclusions drawn from the entrained bed coating experiments
were:

1. Satisfactory high-density pyrolytic carbon coatings can be
obtained by use of methane or propane as the coating gas.

2. The insert required within the bed is quite susceptible to
carbon buildup, which interferes with proper movement of the coating
gas. We doubt that product quality control can be ensured without

frequent maintenance or replacement of the insert.

Prototype Remote Fluidized-Bed Coater

We completed the design of a remote prototype coater. This unit
will permit development of operational and maintenance techniques that
are directly applicable to the fueled graphite line to be installed in
the TURF.

The coating system consists of a 5-in.-diam fluidized-bed coater
and its furnace, services, loading and unloading system, and instrumenta -
tion to monitor and control the process. The design is based on the low-
temperature coating process in which propane or propylene is used for
the high-density coating and acetylene for the low-density coating.
However, the coater will accommodate the high-temperature process using
methane 1f this should be necessary.

The design of the coater, its furnace, and service disconnects is

shown in Fig. 4.13. The assembly consists of the following functional
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modules: the base; the subbase, including disconnect blocks; the
water-cooled shell and the furnace internals, including the coating
chamber; the gas-injector manifold; and the heating element. The design
of these modules reflects our thinking that the coater will require more
maintenance than other pieces of equipment in the production line. TFor
example, the coating chamber may have to be replaced frequently. To
permit this, air-operated clamps release the top head, and the head is
lifted off by the in-cell manipulator withdrawing with it the deentrain-
ment chamber and the coating chamber. This operation is shown as the
first separation in Fig. 4.14. A replacement assembly is inserted, and
the clamps are closed to complete the operation. The replaced sub-
assembly is moved into the decontamination cell for cleanup and then
into the glove -maintenance area for repair or renovation. With the
coating chamber and furnace shell removed from the base at the second
separation line, the gas inJjector can be simply pulled up out of its
socket and replaced with another unit. Recause of the fragile construction
of the heating element we plan to move the furnace shell, including in-
ternals, to the glove-box facility for normal replacement of this item.
However, the heating element can be replaced without moving the furnace
shell.

All services enter the furnace through the service block and subbase.
The release of three tie bolts and two service block bolts with an impact
wrench will permit removal of the furnace and internals from the subbase
assembly. The replacement of the subbase or base will reguire more
effort, but these units are expected to require only infrequent main-
tenance. In summary, the coating system design reflects a maintenance
philosophy of in-cell modular replacement coupled with renovation in
the glove-maintenance area of the TURF.

We are now designing an effluent disposal system amenable for
remote application for the prototype coater. The effluents from the
coating operations will have a wide range of composition of uncracked
hydrocarbons, as well as hydrogen and soot. The system being designed
will remove the particulate matter in roughing and absolute filters and

pass the gaseous products into the atmosphere above the building.
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Continuous monitoring of the system and its environment for hazardous
mixtures of gases coupled with a system of interlocks that automatically
initiate emergency actions to eliminate the hazard make up a major part
of this design. The instrumentation of the prototype coater and effluent
disposal system is being designed for automatic and remote operation.

The instruments will be compatible with the data logging and handling
system planned for the TURF.

Particle Inspection

W. H. Pechin B. E. Foster S. D. Snyder S. E. Bolt7

In the present concept of particle inspection, the batch-to-batch
control of the coating process will be based on samples fed to an on-
stream sensor for determination of particle size distribution and number
of particles per unit weight. Just before the fuel element filling
step, another sample will be taken and transferred to an analytical
glove box, in which various inspections necessary for quality control,
such as determination of coating densities and particle size and shape,

will be made. We have ordered equipment for on-stream inspection.

Low-Density Coatings

One of the difficulties in determining the characteristics of the
process for applying low-density coatings was the lack of a scheme for
measuring the densities of these coatings. Because of the porous nature
of the coating, gas displacement and most liquid displacement methods of
measuring volume produced values that were nearer to the volume of the
matrix than to the bulk volume of the coating. We attempted to calculate
the coating volume from coating thicknesses measured from microradiographs
of the coated particles. However, since the calculations inveolve cubing
the linear measurements and thus magnifying the errors, this method
produced too great a scatter in the data to properly evaluate the coating
conditions.

The method now being used successfully consists in determining the
volume of the coated particle with a mercury porosimeter and determining

the weight of the coating by burning off the carbon. These data can also
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be used to calculate the coating thickness, but determining the
standard deviation of the coating thickness still requires measurement

from a microradiograph.

High-Density Coatings

The required properties of the high-density coating are the
density, the anisotropy, and the crystallite size. We presently deter-
mine the density by an extension of the method for low-density coatings.
This will require some modification to correct for infiltration of the
low-density coating with carbon during the application of the outer
coating.

In the past, the anisotropy of the high-density coating has been
measured on cocatings stripped from carbon disks placed in the bed during
the coating run. We started to determine the feasibility of measuring

anisotropy and crystallite size directly from the coated particles.

Carbon Coating Thickness Determination

We are developing an x-ray attenuation technique and associated
equipment for use as an in-line process monitor for determining the
average carbon coating thickness on a small batch of ThO2 microspheres.
The developmental equipment and accessories, shown in Fig. 4.15, consist
of a 2-curie 2ulAm radiation source, NaeI(TL) photomultiplier-detector
combination, mechanical scanner, high-voltage power supply, digital
voltmeter, signal processing instrumentation, and microsphere hopper or
containment cell.

The microspheres are placed in the trough-shaped hopper shown in
the center of Fig. L4.15 and are directed into the vertically oriented
containment cell. The cell is 1/16 in. thick, 1 in. high, and 2 in.
long with 0.020-in. beryllium side windows. The radiation from the
source is collimated to 3/8 in. in diameter at the surface of the beryl-
lium window. The microsphere kernel transmits very little of the 60-
kev gamma radiation. Most of the radiation passes through the carbon
coating, which effectively separates the kernels in the containment cell.
As the coating thickness increases, the kernels are farther apart; there-

fore, the quantity of radiation transmitted through the cell of microspheres
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is a function of the carbon coating thickness. The detector monitors
the transmitied radiation, and the digital voltmeter displays the
resultant signal.

We obtained a calibration curve of voltmeter readout vs coating
thickness for microspheres with a nominal kernel diameter of 230 py and
coating thickness ranging from 13 to 172 u. The precision of this
measuring technique is about +2 u throughout the full range.

We are presently developing calibration curves for kernel diameters

of 223 and 250 p with coating thicknesses ranging from 10 to 170 u.

Size Analysis and Counting

Determination of particle size and of the number of particles in
a given weight of material is necessary in the fabrication line for
process and quality control and for material balance. Rapid determina-
tion and evaluation of this information at several steps in the process
are Important. We are procuring a particle counting and measuring
system consisting of (1) an optical sensing unit, (2) amplification
assembly, (3) ten counter-display units, (4) range selectors, and
(5) scanner and printer assembly. It will be able to count particles
at a rate of 3000/sec, determine the size, register each count in the
proper size range, and give a printed record of the analysis. The
counter-display units provide ten minor size ranges at 10-u-diam intervals;
four major ranges available will be 200, 300, k0O, and 500 . The system
will permit us to quickly determine the number and size distribution of

particles in very large samples.

Blending and Bonding Fuel Particles
J. M. Robbins R. L. Hamner

We are developing techniques for loading the fuel holes according
to the tentative specifications set for the PSC initial core. These
require that the coated fissile and fertile fuel particles be of two
different sizes (approx L0O and 600 y in diameter), be homogeneously
blended and loaded in the fuel holes to a packing density of 60 to 6L
vol %, and be bonded together so that they will not spill freely into
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the reactor in case a fuel element is broken. Also, as much carbon as

possible should be provided in the bonding material for cesium absorption.
Our main problems for study, based on the specificaticns for fuel

loading, have been the bonding and the blending of fuel particles. These

have been approached separately since neither depends upon the other.

Blending Studies

We evaluate blends of two size fractions of fuel particles by
screening samples to their original size fractions, weighing the screened
fractions, and calculating the weight ratio of screened fractions from
each sample. In our blending studies, we used batches of pyrolytic-
carbon-~coated 'I‘hO2 microspheres having average diameters of LOO and
600 . These were blended in a weight ratio, large-to-small, of 1.5.

We employed various conventional means of blending, such as tumbling
in a cylindrical container or in a "V" blender, without success. The
particles are extremely free-flowing and segregate readily during such
blending operations. We improved the results of conventional blending
by applying a film of resin to the particles to make them slightly
sticky and thereby reduce thelr freeness of flow. This proved to be
impractical because of the difficulty in controlling the application of
the resin film.

Our most encouraging approach to the blending problem has been to
blend the particles by feed control. This method requires that given
welghts of particles of two different sizes by fed simultaneously in
some manner into a common collector. We demonstrated the feasibility
of this method by adjusting the orifices of two feed hoppers, one con-
taining 40 g of LOO--diam particles and the other containing 60 g of
600—p-diam particles, so that the feed times of the particles from the
hoppers into a collector tube were coincident. In blends obtained by
this technique, the largest deviation from the ideal blend was 8% in
the samples taken at l-in. intervals from a 15-in.-long collector tube;
95% of the deviation values obtained were below 5%. We attributed
these deviations primarily to the orifice shape. We observed that

particles flowing from hoppers with round orifices sometimes bridged for
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a fraction of a second. This caused a layer of particles from one
hopper to form in the collector tube during the time of bridging in
the other hopper. This is illustrated in Fig. 4.16, which shows a
radiographed section of a fuel stick. During loading of this stick,
the large particles fed from one hopper bridged at intervals during the
feed, resulting in a deposit of small particles from the other hopper
during the time of bridging.

We are currently experimenting with feed control of particles through
rectangular orifices. These show little tendency to permit bridging
provided the orifice opening in the smaller dimension is at least three

particle diameters.

Bonding Studies

In most of our bonding experiments, we used pyrolytic-carbon-coated
(Th,U)C2 particles having an average diameter of LOO . Approximately
0.5-in.-ID graphite tubes were used as simulated fuel holes in preliminary
experiments.

In our initial studies, we demonstrated that a liquid phenolic
resin8 surrounding the particles provides a satisfactory bond after car-
bonizing at 1000°C in a helium atmosphere. However, the residual carbon
provided by the bond resin alone, approximately 0.55 g/cm3, may not be

sufficient to meet the requirements for cesium absorption.

PHOTO 88302

Fig. h.16. Radiograph of Fuel Stick Section Containing 40O- and
600-p Coated Fuel Particles Blended by Feed Control. Dark bands show
layers of the smaller particles deposited during bridging of the larger
particles in the feed hopper. 3X.
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To provide matrix carbon in the fuel bed in addition to that
provided by the resin, we attempted to vibrate various forms cof powdered
carbon into the interstices of the fuel particles before addition of the
resin. This approach was not successful because the low-density powders
packed at the top of the fuel bed and penetrated the bed only slightly.

We attempted to form a high-carbon-content bond from a polyacenapthy-
lene pitch, which has & low melting point (110°C) and a high coking value
(60%). The pitch was introduced in solid form as a coating on the parti-
cles. We applied this coating by tumbling the fuel particles with pitch
ground to a —80-mesh powder and consistently obtained about 9 wt
% of pitch on the fuel particles. Pouring the pitch-coated particles
into the fuel holes and heating at 1000°C for carbonization formed an
excellent bond; however, the pitch when added in this manner expanded
the fuel bed and decreased the fuel loading from 64 to 53 vol %.

A better approach to the bonding problem was to pour the fuel
particles into a graphite tube and inject a mixture of liquid phenolic
resin and 15 wt % charcoal powder into the fuel bed with a conventional
grease gun. By this method, we obtained good bonding of particles in
fuel beds up to 15 in. long, with a 64 vol % fuel loading, and O.Y-g/cm3
matrix carbon content. Figure L4.17 is a polished section from a fuel
bed showing the nature of the bond formed in this manuner. The bonding
carbon obviously shrinks during carbonization, but the shrinkage ap-
parently does not damage the methane-deposited coatings on the fuel
particles.

The direct loading and bonding of fuel particles into a graphite
fuel block by the injection technique described poses at least three
major problems: (1) mistakes made during the course of loading the fuel
block could not be easily rectified, and the fuel block would probably
have to be rejected; (2) we foresee no satisfactory means of inspecting
individual fuel holes in a multihole fuel block for fuel loading and
homogeneity; (3) the graphite fuel block absorbs resin during injection,
and either it must be saturated with resin before fuel loading, or the
walls of the fuel holes must be sealed in some manner to prevent resin

absorption.
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5. IRRADIATION OF COATED-PARTICLE FUELS

A. R. Olsen J. H. Coobs J. W. Prados™

Coated -particle fuels for use in high-temperature gas-cooled
reactors have been irradiation tested for a number of years. Recently
the ability of pyrolytic-carbon-coated (Th,U)C, and (Th,U)0O, micro-
spheres to meet the performance requirements of several demonstration
reactors has been demonstrated.2—8 As part of a cooperative effort
with the Gas Cooled Reactor Program at ORNL, we have been testing the
performance of sol-gel-derived UOp and (Th,U)02 microspheres. In these
experiments, the results are compared with the results of tests on
similar coated particles having sintered fuel kernels. All tests are
compared with predicted performance based on our mathematical model of

9,10

coated -particle behavior. Some early results on the irradiation

performance of sol-gel-derived microspheres were reported previously.ll
The program has been expanded to investigate fuel kernel variations,
such as diameter and composition, to improve our estimates of model
parameters.

To supplement the static and purged instrumented capsules used for
irradiation tests in the past, we began a series of irradiations using
a static noninstrumented capsule designed for simultaneous high- and
low-temperature testing of annular arrays of loose coated particles in
individual containers within the capsule. The basic design of the
capsule used with the first two tests in this series is shown in Fig. 5.1.
The desired operating fuel temperatures of 400 and 1400°C are obtained
by varying the dimensions of a helium-filled gap between the graphite
sleeves and the metal tube. We include a series of melt wires to provide

an estimate of the temperatures achieved. A stainless steel tape, which

extends the full length of the capsule, monitors the neutron flux.

Comparison of Test Results with Model Predictions

The first capsule in this series of tests, designated ORNL 43-89,
contained two different batches of coated particles prepared at ORNL with
two-layer coatings on highly enriched fuel kernels of sintered UO, and

melted UCE’ Coating density, anisotropy, crystallite size, and
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microstructure were systematically varied by controlling the deposition

conditions.lg’13

Inner coatings, nominally 50 u thick, were low-density
isotropic, porous, low-density laminar, or high-density laminar pyrolytic
carbon deposits. The outer coatings, nominally 7O u thick, were high-
density isotropic or granular pyrolytic carbon deposits. The capsule

was irradiated in an ETR X-basket facility for three reactor cycles at

a peak thermal flux of 1 x lOlu neutrons cm—2 sec'l and accumulated a
peak unperturbed dose of 5.92 x 1020 neutrons/cmg.

We evaluated the performance of the various coated particles by
visual and metallographic examination. Details of the preirradiation
and postirradiation examinations have been reported elsewhere.lu—i?
Based on an examination of the melt wires and the fuel burnup levels,
the temperature regimes during irradiation were approximately 1000°C in
the high-temperature containers and L400°C in the low-temperature containers.
Fuel burnup in the experiment ranged from 11 to 23% FIMA (fissions per
initial heavy metal atom). Figure 5.2 graphically compares the observed
results with those predicted by our mathematical model.

If the model assumptions were comprehensive, the parameters were
known accurately, and there were no variations in coated-particle
properties in a given batch, all symbols above the shaded boundary
should be filled, and all below the boundary should be open. Only three
batches of coated particles, as represented by four points on the plot,
showed failures (<10%) at burnup levels significantly below the pre-
dicted values. The one oxlde batch had a low-density laminar inner layer
that was severely damaged and failed to protect the outer layer from
fission-fragment damage. In the case of the two UC, batches, apparently
a combination of fuel migration ard an inadequate inner-layer thickness
(<30 p) on some particles led to fission-fragment damage of the outer
coating and premature failure.

The model includes a number of poorly known parameters, such as fuel
swelling, fission-gas release, pyrolytic-carbon densification, pyrolytic-
carbon mechanical properties, and the effects of fast neutron damage as
manifested in stress-inducing dimensional changes from anisotropic growth
and irradiation-induced creep. If one considers the uncertainties in

these parameters, together with the known particle-to-particle variation
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in properties of pyrolytic carbon deposits within a single coating batch,
the observed agreement between predictions and experimental results is

highly gratifying.

Comparison of Sol-Gel-Derived Microspheres with Sintered
Spheroidal Fuel Kernels

Tdeal kernels for coated-particle fuels are spherical ceramic
bodies of controlled density and composition. The sol-gel process will
produce nearly perfect microspheres of UO2 and (Th,U)O2 with controlled
size and composition. During the past year, two tests with sol-gel UO,
coated with carefully characterized pyrolytic carbon deposits were con-
ducted to burnup levels of approximately 25 and 50% FIMA.

Enriched UO, microspheres used in these tests had an average
diameter of 220 p and were prepared in two batches having densities 90
and 94% of theoretical. The lower burnup experiment was essentially a
duplicate of the noninstrumented irradiation capsule test described
above. A variety of twc-layer coatings similar to those used on the
sintered fuel kernels was used. The inner layers were laminar, isotropic,
or porous deposits of various thicknesses and densities, while the outer
layers were all high-density granular or isotropic deposits also of
varying thickness. The particles irradiated to the higher burnup were
coated with three layers: L9 p of porous, 20 p of high-density laminar,
and 60 p of high-density granular pyrolytic carbon.

Particles with the two-layer coatings on sol-gel microspheres were
irradiated in the ETR as experiment ORNL L3-97 for three reactor cycles

at a peak thermal flux of 1 x lOlu neutrons cm'2 sec'l; they accumulated

=0 neutrons/cmg. The particles

a peak unperturbed dose of 5.75 x 10
coated with three layers were irradiated in a specially designed in-
strumented sweep capsulel8 in a lattice position in the ORR. The fuel
temperature in this experiment gradually changed from 1350 to 1100°C in
achieving approximately 50% FIMA. The fission-gas release measurements
and detailed irradiation history for this experiment have been reported
1921

elsewhere. Performance of the various coated-particle samples was

evaluated by macroscopic and metallographic examination. We compared
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the results with previous experiments and with the predicted behavior
based on our mathematical model.

The examination and evaluation of experiment 43-97 (the non-
instrumented capsule) is not complete in that the final burnup analyses
are not available. The available data indicate a burnup range from
approximately 11 to 27% FIMA, which is comparable to experiment L43-89
with sintered fuel kernels. Evidence that the intended operating
temperatures of 400 and 14LO0CC were achieved is derived from the melt
wires and the distinct plasticity of the UO2 fuel kernels. The sol-
gel-derived particles performed as well as the previous sintered fuels
with similar coatings. Based on the preliminary burnup data, the
particles in the noninstrumented capsule reaffirmed the model predictions,
with 1little or no damage seen for those samples predicted to survive,
while the samples designed to fracture showed failure percentages rang-
ing from 10 to 100%.

The three-layer coated particles showed no failures; and only 1 of
100 particles examined metallographically showed detectable damage. None
of the sol-gel UO2 fuel particles in either experiment developed any
grain structure, but all contained the shiny metallic inclusions and
pores typical of UOp after appreciable burnup. This can be seen in
Figure 5.3, which compares the pre- and postirradiation microstructures
for the sol-gel fuel kernels in this experiment.

The results of evaluations of all the tests completed to date lead
to the following conclusions:

1. Coated particles must incorporate at least three features to
ensure adequate irradiation stability: provision for shielding the
outer coating from direct fission recoil damage, adequate volume in or
adjacent to the fuel kernel, and mechanical decoupling (a distinct
physical separation) between inner and outer coating layers.

2. Properly designed two-layer pyrolytic carbon coatings on
oxide and dicarbide fuel kernels will provide excellent performance at
burnup levels in excess of 25% FIMA.

3. Dense sol-gelderived UO2 microspheres will perform as well as
sintered UOp or bed-melted UCo fuel kernels when coated with properly

designed pyrolytic carbon coatings.
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The effects of fast-neutron damage on coating performance, as
manifested in stress-inducing dimensional changes, could not be tested
in the experiments completed to date because the fast-neutron (>0.2 Mev)

doses attained were all less than 1020 neutrons/cmg.

Summary of Irradiation Tests on Sol-Gel-Derived
Fuels as Coated Particles

In the irradiation tests completed, we have established the use-
fulness of the mathematical model for predicting behavior of coated
particles with sol-gel-derived fuel kernels. 1In an operating high-
temperature gas-cooled reactor, both the fuel composition and the
irradiation conditions will vary with core position. We have analyzed
the various parameters included in the mathematical model and developed
a critlcal-path schedule for timely irradiation tests required to
evaluate these parameters. The experiments in this program involving
sol-gel derived fuels are listed in Table 5.1.

We are using the mathematical model in designing all of our
irradiation experiments and are using the experimental results to
refine the model parameters. The specific performance predictions
from the mathematical model will be used together with the process develop-
ment results to establish optimum economic specifications for coated-

particle fuels for a variety of specific reactor requirements.



Table 5.1. Summary of Irradiation Tests on Coated-Particle Sol-Gel Fuels
Fuel Fuel
Kernel Coated Type Irradiation Fission Peak
Size Particle of [ Temperature Gas Release Burnup
Experiment Fuel Varieties (w) Variations® Experiment (°c) Rate® (% road) Status Objective
L3-89 Sintered UOp 220 12 1 400, 1000 25 Examined Compare coated particle
and bed- model performance char-
melted UCp acteristics with fuel
performance
43-97 Sol-gel and 210 13 1 Loo, 1400 27 Being examined Compare sol-gel micro-
sintered UO2 sphere performance with
sintered spheroids
43-98 Sol-gel 280 15 1 Loo, 1400 20 In-reactor Test fuel particles pre-
(U,'I'h)o2 pared for irradiation in
Dragon; investigate coat-
ing optimization and fast-
flux effects on particle
performance
Lh3-10h Sol-gel 230 10 1 400, 1400 25 In-reactor Determine the effects of
(U, Th)0p the Th/U ratio on fuels
and sol-gel with a constant fissile
U0, content
43-105 Sol-gel 450 11 1 400, 1400 25 In preparation Evaluate the performance
(Th,U)0, of fertile fuels and fast-
flux effects, including
radiation creep on coated-
particle behavior
Loop l-1h Sol-gel ThOp 240, 210 2 i 1350, 675 b2 x 107 2.7 Examined Evaluate the performance
and (U, Tr)0, of large beds of loose
coated particles and the
performance and fission-
gas retention of coated
sol-gel oxide kernels
Loop 1-15 Sol-gel ThOo 230, 340
and (U,Th)0, s mn
Bed-melted UCp 380, 180 I i 1koo, 675 2 x 10 to 2 x 10 12 Being examined Same as Loop 1-lk, with
and (U,Th)Cp controlled coolant purity
and a preliminary test of
a lightly bonded bed of
coated particles
B 9-19 Sol-gel 210 1 3 1200 2 x lO"6 0.7 Examined Test stability of sol-gel
(Th,U)O oxide as a coated particle

2

g6



Table 5.1. (continued)

Fuel Fuel
Kernel Ceated Type Irradiation Fission Peak
Size Particle of’ Temperature Gas Release Burnup
Experiment Fuel Varieties (u) Variations® Experiment (°c) Rate® (% rmad) Status Objective
018 Sol-gel 210 1 2 1130 0.03 Examined Test fueled graphite sphere
(Th,U)O2 and containing loose coated
bed -melted particles within an array
(Th, U)C, of machined holes
F -9 HIBUP Sol-gel U0y 150 2 3 1400 to 1100 lO'b to 107 50 Being examined  Evaluate the fission-product
Bed -melted UCE 125 retention and irradiation
stability of coated particles
at extended burnup levels
F-O HIBUP-2 Sol-gel U0y 265-150 9 3 1400 2 x lO—A 2 In-reactor Same as F -9 HIBUP including
Bed -melted UCo 190 some SiC coatings
% R
B 9-31 Sol-gel U02 210 1 3 1400 10 to 6 x 10 23 Being examined Test of mathematical model
failure predictions under
monitored gas-release
conditions
B 9-32 Sol-gel UO, 280 1 3 1400 1x lo-h 25 In-reactor Evaluate low-temperature
performance of pyrolytic
carbon coatings
A 98 Sol-gel U0, 270 2 3 1400 1x107 15 In-reactor Same as B 9-32
A 9-9 Sol-gel UO 240 8 3 1000 In preparation Test retention of solid
Bed-melted UCp 210 fission products
Dragon Sol-gel 280 2 5 700 to 1100 In-reactor Evaluate sol-gel oxide fuels
('I‘h,U)O2 Dec. 1966 to as coated particles in a
May 1968 fuel element of an operating

High-Temperature Gas-Cooled
Test Reactor

aCoated particle variations include both coating parameter and Tuel composition variables to meke up the different types of coated particles in a test.

b

CRelease -to-birth rate ratic for S%kr.

1. DNoninstrumented static-atmosphere capsules. 2.
circulated gas loop experiments. 5.

dFissions per initial metal atom.

Instrumented static-atmosphere capsules.
Test reactor fuel rods.

Instrumented sweep-gas capsules.

L. Instrumented
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6. BULK OXIDE PROCESS DEVELOPMENT
R. B. Fitts

Bulk oxides in the form of pellets are the predominant fuel
employed in today's power reactors. They are also the leading fuel
candidates for some of the most promising advanced reactor concepts.

This 1s due principally to their excellent in-reactor performance.

Since they may be operated to high burnup and fuel pellets cost relatively
little to produce, the fuel fabrication cost per unit of power generated
is low. There is, however, always an incentive to develop a more eco-
nomical fuel fabrication process, and this becomes a necessity for the
advanced reactors for which fuel fabrication is a more significant part

of the total power cost.

Development of new methods, such as vibratory compaction of powders,
has been attempted in the past for the fabrication of bulk oxides for
use in present power reactors. None have been adopted commercially
because they offered little, if any, economic advantage over the standard
pelletization technique. However, two factors provide renewed incentive
to search for better ways of fabricating these materials.

The sol-gel process is one new factor. It permits fabrication of
oxide fuels by at least two new routes (compaction of microspheres and
extrusion), and it may produce a better pelletization process. The
other factor is the new set of physical requirements for oxide fuel to
be used in advanced reactors. For instance, liquid-metal-coocled fast
breeder reactors require oxide having lower density and fabricated to
much smeller diameter than present fuels. In addition, their recycled
fuels must be fabricated remotely because of high radiocactivity. These
changes in fuel preparation and specifications can have significant
effects on the economics of fuel fabrication.

We are therefore investigating various new methods of fabricating
bulk oxides, and the most promising of these techniques are discussed

below.
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Pelletizing
J. G. Stradley J. M. Robbins

Our study of the use of sol-gel-derived oxide fuel powders has
continued.l’2 Sol-gel-derived materials are of interest for pelletizing
because of the relatively low-temperature sintering required to attain
moderate densities, the homogeneous nature of the mixtures of fertile
and fissile materials, and the suitability of the sol-gel process to the
recycle of fuels.

This year, we emphasized the fabrication of small specimens for the
determination of mechanical properties and large specimens for studies
of thermal conductivity. We made all of these specimens from conventional
sol -gel material. Chemical analyses of the as-received materials are

shown in Table 6.1.

Table 6.1. Chemical Analyses of Sol-Gel-Derived Materials
Used for Fabricating Test Specimens

Uranium Thorium Oxygen -to -Uranium
Batch (wt %) (wt %) Ratio
TU -2 5.5 78.9 2.99
TU -k 6.5 77-3 3.00

We fabricated 18 large specimens (approximately 2.6 in. in diameter
x 0.5 in. long) for conductivity measurements as shown in Table 6.2. A
typical specimen is shown in Fig. 6.1. The general fabrication scheme

for all specimens consisted of:

grinding the dried sol to —200 mesh,

calcining the —200 mesh powder,

., adding water as a lubricant,
cold forming in a steel die,
. isostatically pressing at 20,000 psi,

sintering in air at 1450°C,

-~ O ow

. reducing in hydrogen at 1450°C.



Table 6.2. Fabrication History and Results on (Th,U)0, Sol-Gel
Thermal Conductivity Specimens

CgiZizing Water Bulk Density (g/cm3)
Temperature Added Isostatically Hydrogen -
Specimen Batch (°c) (vt %) Pressed Air-Sintered®  Reduced

A TU 2 300 6 5.03 9.29 9.33
F TU -2 300 6 5.04 9.19 9.15
E TU -2 300 6 5.02 9.12 9.11
C TU 2 400 9 4.79 8.71 8.76
s¢ TU -2 L0oo 6 4.87 8.70 8.67
uc TU -2 400 6 L.87 8.71 8.68
¢ U -2 400 6 4.87 8.71 8.67
ve TU 2 400 6 L.87 8.70 8.72
No number U -2 650 6 L.62 8.55 8.53
L'C TU 2 650 6 L.82 8.60 8.59
N'e U -2 650 6 L.88 8.61 8.61
M’ TU -2 650 6 4.83 8.63 8.55
K' TU -2 650 6 4.88 8.58 8.57
2 TU-L Not calcined Dry 4.9k 8.79 8.85
3 TU -l 200 3 5.26 9.17 9.20
5 TU -4 200 5 5.08 9.17 9.13
6 TU-U4 200 5 5.08 9.16 9.13
7 TU -4 200 6 5.18 9.21 9.21

#1450, 1 hr.
©14500¢, 40 min.

“selected for thermal conductivity measurements

TOT
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Six pellets are required for measuring thermal conductivity at a
given density. An adequate number of the specimens fabricated fell into
the proper density range to be used for measurements at 8.65 g/cmS. The
remaining specimens will be used as spacers to provide the proper stack
height. Ultimately we will supply six specimens each at a lower and a
higher density. Thus, the conductivity at three densities can be measured
to establish the variation of thermal conductivity of sol-gel-derived
(Th,U)O2 with density.

We fabricated 24 small pellets (approximately 0.2 in. in diameter
x 0.3 in. long) from sol -gel-derived (Th,U)O2 and ThO,. We mixed ap-
proximately 6 wt % water with —200 mesh powder and cold formed the
mixture in a steel die. We then isostatically pressed the uniaxially
formed pellets at 60,000 psi and sintered them in two steps. First we
heated them to thOOC in air to take advantage of the higher density
obtainablel by sintering in air. Then we heated the ThO2 to 1750°C and
the (Th,U)0s to 1L50°C in hydrogen. In this manner we reduced the oxygen-
to-uranium ratio to stoichiometric in the urania -bearing pellets and

further densified the pure ThO2 pellets. Typical fabrication details

are shown in Table 6.3.

Table 6.3. Fabrication History and Results on ThO, and
(Th,U)o2 Sol-Gel Thermal Creep Specimens

Powder Bulk Density (g/cm3)
Calcining
Temperature Isostatically
Material Batch (°c) Pressed Sintered
Tho,, TU -5 400 5.05% 8.8
(Th, U)0, TU b None 5,76 9.57°

aAverage for 2 pellets.
bAverage for 3 pellets.
gAverage for 6 pellets.
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A comparison of Tables 6.2 and 6.3 shows that the small pellets of
(Th,U)02 sintered to a higher density than the large specimens. However,
the larger specimens were isostatically pressed at a lower pressure than
the small pellets because of equipment limitation. Also, the large pellets
tend to crack during sintering when they are fabricated to high densities.

The ThO2 sol-gel specimens reached only 88% of theoretical density,
even though they were isostatically pressed at 60,000 psi. However, Daniels

and Wadsworth3

have reported similar results for sol-gel Thog. Their
procedure was to crush, screen, press, and sinter specimens that were
only 84% of theoretical density. They found that the individual gel
particles sintered to nearly theoretical density, but they were too large

to sinter together to eliminate the bulk porosity.

Sol Gel Extrusion

We are developing extrusion as a fabrication technique for sol-gel -

derived materials such as ThO,, (Th,U)OE, U0, and (U,Pu)Og. The extrusion

02
process is a low-cost, high-rate-of -production method for forming ceramics,
even in complex shapes. This fabrication technique offers advantages

for the production of long small -diameter fuel pieces with good control

of the diameter. Distinct reductions in grinding, inspection, and handling
costs are possible. Sol-gel materials, 1in addition to their low sinter-
ing temperature and inherent homogeneity, are attractive for extrusion
because of the plastic properties of the "sol -gel clay" that allow fabri-
cation by a novel extrusion technigue without the addition of extraneous
organic binders or plasticizers. Thus, we are forming essentially pure
fuel. This process readily incorporates direct recycle of scrap materials

and allows the fabrication of fuels having a wide range of density.

Preparation of Thoria Sol-Gel "Clay" (A. B. Meservey)

The material that is fundamental to the sol-gel extrusion process
and that makes it a unique process, is the sol-gel clay. In the thoria
system, this clay is produced by the aqueous digestion of steam-denitrated
thoria powder with a slight excess of nitric acid over that required to
form & sol. The thoria goes through a sol stage and then, as evaporation
proceeds, coagulates to a Tinely divided precipitate. This precipitate,

when separated by filtration, is the sol-gel clay.
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The material exhibits most of the physical and mechanical

characteristics of a natural clay. It differs from the material used

in ordinary ceramic extrusion, as applied to high-purity oxides, in that
the particles are held together by complex bonds between water, acid,
and the particles. In other techniques, organic plasticizers are added
to powders of much larger particle size to produce a plastic mass. The
utilization of sol-gel clay as the extrusion mass permits the extrusion
of what is essentially a pure oxide material containing only a dilute

acid.

Thoria Sol -Gel Extrusion (R. B. Fitts)

The working material in the initial development work on the sol-gel
extrusion process was thoria. The advanced state of thoria sol-gel
work in general, as compared to other materials such as urania, meant
that substantial quantities could be made available for the work.

Extrusion is used extensively in commercial fabrication and consists
in pressing a plastic mass through a die. The flow sheet, Fig. 6.2,
illustrates the general technique of forming ceramic bodies from sol-gel
clay. If we follow the process route given by the left-hand side of this
figure, the clay is extruded and air dried at room temperature and then
calcined at 1150°C to yield 99%-dense ThO,. This density has been ob-
tained for solid rods up to 0.080 in. in diameter and cored rods with
wall thickness up to 0.050 in. Thicknesses greater than 0.050 to 0.080
in. made from pure clay yield excessively cracked finished products.

An alternate approach to the direct extrusion of clay material,
which is indicated on the right-hand side of Fig. 6.2, is to mix the
clay with various powders. Powders that we have studied include fired
material, such as recycled scrap, and lightly calcined material, such
as dried scrap that has been heated to 600°C for 1 hr. These povwders
may also be obtained directly from dried sol-gel material by grinding and
an appropriate heat treatment. A mixture of one or both types of powder
with the clay when processed (extruded, air dried, and calcined at llSOOC)
will yield compacts having from 70 to 98% of theoretical density. We

have fabricated thoria extrusions up to 0.3 in. in diameter over this
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entire density range, and we have produced 0.430-in.-diam pieces at 95%
of theoretical density by this route.

We conducted all of our experiments to date, with the exception of
the 0.430-in.-diam pieces mentioned above, with the simplest type of
laboratory extrusion apparatus. This consisted of a small laboratory
press, a l-in. powder die that was adapted for extrusion, and a laboratory-
scale sigma mixer. Most of this work has used 10 to 12 I\_d_ThO2 clay as
the working material. Some testing of 10 M_Th02—5% UO2 clays indicates
no difference in the handling properties of the two materials.

Initial results from tests on extrusion of pure as-received clays
revealed 16% diametral shrinkage on drying and a similar amount of firing
shrinkage. These samples showed high sintered density (99% of theoretical)
and good mechanical strength; however, in diameters over about 0.080 in.
these specimens contain a network of fine cracks, as shown in Fig. 6.3.
We have attempted to reduce or eliminate this cracking by adjusting the
moisture content of the pure clay, by isostatic pressing of the dried
extrusion, by trying various drying techniques, and by adding powders to
the clay. Adjustment of water content from 14.9 to 22.6% by weight by
either addition of water or evaporation appeared to have little effect
on the final fired structure. Isostatic pressing following extrusion
also appeared to have little if any effect.

We made several preliminary attempts to reduce cracking of extrusions
by varying the conditions of drying. Samples are normally dried lying
on a cotton pad in normal room air. We varied the moisture content of
the drying air, the temperature of drying, and the method of sample
support during drying. Sample bowing was markedly reduced where drying
was uniform, but none of the things we tried had a significant effect
on internal cracking. Samples dried in a low-moisture atmosphere broke
apart rather violently when exposed to ambient room air before firing.
They completely disintegrated in 1 to 2 min. We attribute this behavior
to rehydration of the gel.

Qur experience indicates that addition of powders to the clay before
extrusion is the best method for reduction of sample cracking. We have

investigated the effects of powder particle size, morphology, and heat
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treatment on the effectiveness of powder additions to the clay. Particle
sizes greater than 325 mesh (44 1) lead to some surface roughening and

a reduction in the green strength of the extrusions. For this reason,
most of our work has been with particle sizes less than 325 mesh (smaller
than b ).

We have added powders (1) in the as-dried and crushed condition,

(2) after a 600°C 1l-hr calcining heat treatment, and (3) in the fully
sintered condition. Addition of over 5 to 10% of the as-dried powder
leads to a clay-powder mixture that is too dry to extrude. Lightly
calcined (600°C) powder additions in the amounts of 15 to 30% by weight
of the clay-powder mixture yield an extrusion mass with much greater
plasticity than in any of the other mixtures. This plasticity greatly
assists the production of crack-free extrusions, possibly because of

the enhanced ability of the stresses to relax in the extruded body during
drying.

Fully sintered powder fired at 1150°C for 1 hr may be used in the
as-crushed condition or may be ball-milled before use. The addition of
crushed powder to the clay caused the greatest reduction in drying and
firing shrinkage and also yielded extrusions of lower density and with
more angular porosity, as shown in Fig. 6.4. The addition of ball-milled
powder, wet-milled to a "stable" particle size distribution, reduced
shrinkage but not as markedly as did addition of the angular crushed
particles. This material stabilizes the extrusions with respect to
cracking almost as well as does the angular powder. It also yields a
denser product with more rounded porosity, but with lower strength.
Examples of results of various mixtures with the shrinkage and density
obtained are shown in Table 6.L.

From a process standpoint, powder additions to the clays offer
several advantages. They provide a means to control the final fired
density, reduce the amount of drying and firing shrinkage and thus in-
crease the dimensional control, and improve the economy of the fuel
cycle by utilizing scrap materials for the powder additions.

We made useful extrusions of two types by this process for use in
irradiation capsules. TFirst, we made ThO2 buckets to hold wires (of

various compositions) that melt to indicate central temperature in a






Table 6.4. Sol-Gel Thoria Clay and Powder Extrusion Mixture

Starting Composition (%)

600°¢ Fired Fired Fired Drying Green Firing Fired Total
Calcined Crushed Ball-Milled Diam Shrinkage Density Shrinkage Density Shrinkage
Clay Powder Powder® Powder® (%) (%)b (g/cm3) (%)b (g/cm3) (%)b
100 0.117¢  16.0° d 16¢ 9.92 32.0
95 5 0.182 1h.4 5.63 12.8 8.34 27.2
90 10 0.188 14,0 5.72 10.8 7.85 24.8
80 20 0.1965 1k.0 5.85 7.4 6.97 21.h
95 5 0.1735 a 5.54 a 9.90 30.6
90 10 0.175 a 5.41 a 9.94 30.0
75 25 0.176 d 5.17 a 9.80 29.6
95 5 0.1745 a 5.70 d 9.87 30.2
90 10 0.1775 a 5.78 a 9.89 29.0
75 25 0.186 a 6.195 a 9.60 25.6
71 ol 5 0.125°% d da d 9.65 27.3
U5 15 4o 0.230f  11.1F 6.5LL 3.7F 7.20 14.8

aAll powders =325 mesh.

bShrinKage in percent of extruded diameter. Extruded diameter is 0.250 in. unless noted otherwise.
“Extruded diameter of 0.172 in.

dNot determined.

gExtruded diameter of 0.172 in., final extrusion has 60-mil-diam hole down the center.

fExtruded diameter of 0.270 in.

O0TT
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coated -particle irradiation experiment. These buckets were 96.5%
dense and 3/8 in. tall x 0.125 in. OD x 0.060 in. ID. The structure
may be seen in Fig. 6.5.

We also made T2%-dense ThO, insulators for use at the end of the
fuel column in irradiation tests of vibratorily compacted microsphere
fuel. These were made l/h in. tall x 0.229 + 0.001 in. in diameter.
They were made by cutting the extruded rod to length after it had dried,
smoothing the ends, and then firing. These extrusions, although low in
density, are very hard and show no tendency to spall or 'chalk." Their
structure is shown in Fig. 6.6.

The results to date indicate that pure thoria and thoria-urania
sol clays can be extruded without additions to produce high-density
fuels containing some fine internal cracking. These same clays with
powder additions will produce high- or low-density fuels with no intermnal
cracking. Although we have made little effort to control diameter and
bow, we have produced 3-in.-long, 80%~dense, 0.230-1in.-diam extrusions
that varied less than 0.0005 in. in diameter from end to end. The
outward appearance and microstructure of this type of extrusion are
shown in Fig. 6.7. The dark area in the center of the pellet micro-
structure is caused by the lack of penetration of mounting material to
this region. Nearly all of the porosity in these extrusions, either

high or low density, 1s surface connected.

Urania Sol-Gel Clay (XK. H. McCorkle, J. P. McBride)

Practical reactor application of the sol-gel extrusion process
requires its extention to the urania system. We expect that the most
difficult part of this work will be the preparation of a satisfactory
sol-gel clay. Once such a material is obtained, the general type of
process employed in the thoria-base work (see above) should yield
satisfactory results.

Our initial work with urania indicates that pastes prepared from
chloride -stabilized systems will form sol-gel clay satisfactory for
extrusion, whereas those prepared from nitrate-stabllized systems will

not. One can prepare chloride sols that are 4 to 5 times as concentrated
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as the nitrate sols: 6 to 9 M as compared with 1.5 to 2 M. In addition,
the chloride sols may be dried directly to give concentrated clays
(a2pproximately 9.8 M), while the nitrate systems thicken and gel at about
2 M. Using a modified sol-gel process, we prepared nitrate -stabllized
pastes containing uranium concentrations of 4.6 and 4.8 M, but the results
of extrusion tests were not encouraging. A chloride-stabilized clay
containing approximately 9.75 M U was made by concentrating a chloride

sol prepared by a method similar to that in the laboratory preparation
flowsheet for urania (see Fig. 3.1), but with chloride substituted for
nitrate. This clay when blended with a sol-gel -prepared UO2 powder that
had been calcined at L400°C formed a material having the kind of plasticity
and smoothness that characterized the thoria sol-gel clay and most con-
ventlonal extrusion materials.

The first nitrate-stabilized paste (NP-1) was made by precipitating,
with 3.5 M NH)OH to pH T, 300 g of uranium from a uranium(IV) solution
containing 0.51 M U, 1.0 M Nos', and 0.2 M HCO,
oxide by filtration, and washing the filter cake in place with 9 liters
of distilled waber and 2 liters of acetone. The cake was heated at 62°C

H, recovering the hydrous

for 2.5 hr under an argon flush, which carried out about 250 ml of liquid.
We then added 100 ml of water, stirred and heated the mixture, and allowed
the resultant sol or fine suspension to stand. After 60 hr, all the
urania had settled to a sludge containing 51 wt % U (approximately L.6 M)
with nitrate-to-uranium and carbon-to-uranium mole ratios of 0.06 and
1.14 respectively. The recovered urania sludge was a stiff paste, show-
ing a slight dilatancy and considered suitable for extrusion testing.

We initiated the preparation of the second paste (NP-2) by precip-
itating the hydrous urania as described above and washing the filter
cake with 9 liters of water and 2 liters of methanol. The filter cake
wae heated and stirred in argon for 1 hr at 60°C and 4 hr at 70°C. The
experiment produced a runny "jelly" containing 3.54 M U [87% U(IV)] with
nitrate-to-uranium and carbon-to-uranium mole ratios of 0.04 and 0.55
respectively; and the Jjelly showed an x-ray crystallite size of 80 A.
To stiffen the Jjelly, a urania powder was prepared and added at a ratio
of about 1 to 3 of the original jelly. The resulting paste was moved
easily with a spatula, showed no dilatancy, and held its shape. The
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paste contained 58 wt % U (approximately L4.84 M), had a uranium(IV)
content of 81% of the total uranium, and nitrate-to-uranium and carbon-
to-uranium mole ratios of 0.09 and 0.0k respectively. The carbon analy-
ses appear to be in error.

The urania powder was prepared by precipitating the hydrous urania
from a uranium(IV) solution containing 0.5 M U-1.0 M o, "=0.25 M HCO,H-
0.66 M urea with 3.5 M_NHMOH to pH 9. The hydrous oxide was recovered
by filtration and washed in place with 9 liters of 0.01 M.NQHA.HQO and
2 liters of methanol. The wet cake was dried under argon at 100°C for
28 hr to give a lumpy, black powder. The powder contained Th wt % U
[87% U(IV)], had nitrate-to-uranium and carbon-to-uranium mole ratios
of 0.02 and 0.16, respectively, and had an Xx-ray crystallite size of 33 A.

For the preparation of the chloride-stabilized paste or clay (CP-1),
the hydrous urania was precipitated from a uranium(IV) chloride solution
containing 0.51 M U[99.1% U(IV)]—=.21 M C1™ by the addition of 3.5 M NH, OH
to pH 7.5. The precipitate, containing 300 g of uranium, was recovered
by filtration on a 2Lk-in. Blchner funnel and washed with 8 liters of
water (in 1l-liter increments) until incipient peptization occurred. The
washed filter cake contained 13.78% U and had a uranium(IV) content 98%
of the total uranium and a chloride-to-uranium ratio of 0.395. This cake
was heated at 61°C for 1 hr and allowed to settle 6L hr. About half the
total volume was heel. The sol was heated to 67°C for 1 hr and allowed
to settle for 20 hr. This time there was no heel.

The analysis for this sol was U, 0.667 M; U(IV), 99% of total
uranium; C1~/U mole ratio, 0.375; density, 1.073 g/liter; x-ray crystal-
lite size, 31 A.

The sol was evaporated from 0.667 M to 2.4 M under vacuum, at which
point it began to thicken. Uranium trioxide was added to this sol at a
mole ratio of 0.03 to the total uranium to restore fluidity (a peculiar
phenomenon observed with chloride-stabilized sols), and evaporation
continued under 29 in. of vacuum at 60 to 65°C.

Analysis of the resulting material was U, 67.82 wt % (R9.75 M);
U(Iv), 88.9% of total uranium; €17, 3.6 wt %; C17/U mole ratio, 0.358.
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Tnitial extrusion tests with the above clay were very encouraging,
and, for the present, preparation work will concentrate on chloride-
dispersed systems. Insofar as possible, the paste preparation methods
investigated will be those most easily adapted to the urania sol-gel

processes under current investigation.

Urania Sol-Gel Extrusion (J. M. Robbins, J. G. Stradley, R. L. Hamner)

We are investigating the feasibility of extruding UO2 clays with
the anticipation that this work can be extended to UOQ—PuO2 materials
for fast-reactor fuel studies. Our extrusion operations were essentially
the same as those for the extrusion of conventional materials; that is,
the clays were placed in a steel die case fitted with an extrusion die,
evacuated to remove air, then forced through the die opening under pres-
sure with a steel punch. Most of the materials were extruded vertically
through die openings of 1/16 or 1/8 in. in diameter.

The materials for extrusion were stored under an argon atmosphere
until ready for use to prevent excessive oxidation by alr. The extrusion
operations, which require only a short time (approximately 15 min), were
performed in air.

The materials for experimental extrusions were of four different
types: (1) a U0, sol approximately 0.7 M, (2) a hydrous Uo, filter cake
(NP-1) approximately h.6 M, formed by interrupting the usual nitrate-
formate flowsheet for sol preparation before a sol was formed, (3) a
hydrous UO2 filter cake containing approximately 30 wt % of the same
material dried and powdered (NP-2), and (4) a Uo, clay (CP-1) approxi-
mately 9.75 M, prepared from chloride.

We failed to form a clay from the 0.7 M urania sol by evaporation
in vacuum; as the material approached the consistency for extrusion
(approximately 15 wt % liquids), large gel fragments began to form and
the materials could not be extruded. The preparation of the last three
materials is described above.

The first extrusions from the hydrous U0, filter cake (NP-l), as-

2
received, cracked rapidly during drying, probably because of rapid and

excessive shrinkage. We dried, powdered (to 325 mesh), and calcined
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some of this material at L0O°C in Ar-L% H, for addition to the batch to
reduce shrinkage. We blended 30 wt % of the calcined powder with the as-
recelved batch in a Waring Blendor, using 3 cm3 of acetone per gram of
solids as the vehicle. Since we found that the oxygen-to-uranium ratio
of this material increased only from 2.201 to 2.267 during a two-day
exposure to alr at room temperature, the operations of blending and
evaporation to extrusion consistency were done in ailr. The extrusions
from this material did not crack during drying, but they had rough sur-
faces and deformed readily. After a sintering treatment at 1000°C for
1 hr in Ar-4% Hy»
the extruded state. The final density was 6.2 g/cmd (56.2% of theoretical).
We could not extrude the hydrous UO

the extrusions exhibited a linear shrinkage of 41% from

> filter cake containing dried,
powdered material (NP-2). The solids and liquids in this material sepa-
rated under pressure and the liquid was forced from the die, leaving a
compacted mass of solids behind.

Our most encouraging results were obtained from the chloride-
prepared clay (CP-1). Extrusions of this material, as-received, were
unsatisfactory; they broke into sections during extrusion and developed
shrinkage and drying cracks very quickly. Self-loading of the weak,
heavy extrusions as they came from the vertically positioned die probably
contributed to the breaking phenomenon. We blended 30 wt % of sol-gel
urania powder (325 mesh) calcined at 4OO°C with the concentrated sol in
methyl alcohol, evaporated the mixture to a 13 wt % liquid content, and
extruded the material in a horizontal position. This eliminated both
the breaking and cracking of the extrusions. The extrusions were sin-
tered at 1000°C for 1 hr in Ar-4% Hg. A soak period of 2 hr at 325°C
during heating was employed to suppress a strong exotherm beginning at
350°C as shown by differential thermal analysis. Characterization of

the extrusions i1s given below.

Density, g/cm3, % of theoretical

Green, after drying at room temperature 5.5, 50.1
Sintered 6.94, 63
Linear shrinkage, after sintering, from the
as-extruded state, % 27
Residual chlorine content after sintering, % 0.1k
Oxygen-to-uranium ratic after sintering 2.086
Visual examination after sintering Some micro-

cracking observed
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The chloride material was the only clay prepared for extrusion
that approached plasticity; the other clays were nonplastic and had a
"gluelike" quality, which made them extremely difficult to handle. Also,
the extrusions from the chloride sol were the only ones to have smooth
surfaces and to exhibit the property of "toughness" that is observed in
most conventional oxide extrusiocns.

The extrusion of sol-derived urania, at present, must be considered
to be in the preliminary stage of development. The preparation of suitable
clays is complex, and the extrusion of such materials 1s very much in the
"art" stage. We conclude from our preliminary experiments:

1. Clay preparation directly from nitrate-derived sols is unsatis-
factory because of the gelling problem encountered during sol concentra-
tion.

2. Hydrous UO,. filter cakes are nonplastic and the extrusions from

such materials havegrough surfaces and consistencies resembling tooth-
paste.

3. A chloride-scl-derived clay appears to be sulitable for extrusion
because it exhibits a characteristic approaching plasticity, which is a
basic requirement for good extrusions. However, the high residual
chlorine content in the extrusions after sintering at 1000°C cannot be

tolerated, and developmental studies must be made to obtain a chlorine-

free product.

Vibratory Compaction of Microspheres
by the Sphere-Pac Technique

A. R. Olsen

The feasibility of utilizing high-energy vibratory compaction with
sol-gel -derived dense fuel fragments to fabricate fuel rods has been
established.u Preliminary economic evaluations have shown that this
process 1s cheaper than standard pellet processes, particularly for
remote fabrication. It does, however, require complicated remote equip-
ment for crushing, grinding, and sizing operations. The use of sol-gel
microspheres with low-energy vibratory compaction, Sphere Pac, offers an
alternate process. Elimination of the powder preparation equipment with
its attendant dusting problems would improve inventory control and reduce
equipment maintenance problems. The disadvantages of this process are

the need for a two-step loading procedure, the limit on practical loading
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densities, and uncertainties about in-reactor performance characteristics,
particularly the thermal conductivity of a packed bed.

During the past year, we conducted limited laboratory experiments
using available sol-gel microspheres to investigate loading procedures,
equipment requirements, time cycles, and attainable packing densities.
This investigation of sphere packing in cylindrical containers was based

5,6

on reported work of others, and was aimed at providing fuel rods for
irradistion testing of the performance characteristics.

In the work, we used spheres in two size fractions. The coarse size
fraction has been —35 +40 mesh (500- to 4201 -diam) microspheres produced
!

by the sol-gel column-forming technique,’ while the fine fraction was

—325 mesh (< Ll -diam) microspheres produced by the sol-gel "stirred-pot"
forming technique.8

We have found that sequential loading in which the coarse fraction
is first loaded into the tube and the fine fraction then infiltrated from
the top produces the highest density and most uniform packing. We tested
a variety of energy inputs and vibrational frequencies. TFrequency had
little effect on density, but 60 Hz provides the highest loading rate.
Energy input with less than 15g acceleration is adequate. The vibrational
modes that included lateral components provided more rapid and denser
packing than purely axial vibration. A light follower rod on top of the
fine-particle bed during infiltration will prevent expansion of the
coarse-particle bed and the attendant segregation; but to minimize con-
tamination of the upper part of the tube, we use a funnel with a screen
in the bottom to restrain the coarse bed. We have not optimized all of
the variables. However, by using the two size fractions, we routinely
attain packed densities from 83 to 85% using a coarse-to-fine size
fraction volume ratio of 2.7. Higher volume packing densities are
attainable with ternary loadings, and we shall investigate these.

The current target density for high-burnup oxide fuels for ligquid-
metal fast breeder reactor fuel elements is 85%; so we are fabricating
and testing fuel rods containing packed beds of microspheres of (Th,Pu)0
and (U,Pu)0

2

o These tests are discussed in Chapter 7.
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In addition to the irradiation tests, we have begun to determine
the thermal conductivity of packed beds of microspheres. Initial tests
were made on 98%-dense ThO,

of 82.2% of theoretical in a helium atmosphere. Thermal conductivity

microspheres with a packed bed fuel density

has been measured up to 900°C in a radial heat flow apparatus. Although
there were some anomalies in the first test, the bed conductivity

ranged between 0.0135 w cm™t (OC)—l at 300°C and 0.0118 w et (OC)_l

at 200°C. These measurements are being repeated and extended to 1100°C
to investigate an apparent increase in conductivity at the higher tem-
peratures. We also plan to measure the conductivity of packed beds of

microspheres of U0, and (U,Pu)Og.

2
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7. IRRADIATION OF BUILK OXIDE FUELS
A. R. Olsen R. B. Fitts

As part of the evaluation of processes under development for pre-
paring nuclear fuels and fabricating the fuel elements, a continuing
program for testing the irradiation performance is essential. In the
Thorium Fuel Cycle Program we have been testing coated-particle fuels
as reported in Chap. 5 and continuing the irradiation of bulk thoria-
base fuels as pellets or particles vibratorily compacted into tubes.l’2
During the past year, we started an irradiation program to characterize

gsol-gel-derived fuels that show promise for fast reactors.
Trradiation of Thorium-Bearing Bulk Oxide Fuels

We continued the irradiation testing of powder-compacted sol-gel
oxide and pelletized fuels. We also began the irradiation of low-energy
vibratorily compacted sol-gel oxide microspheres. The tests currently

in-reactor or under examination are outlined in Table 7.1l.

Effects of Extended Burnup

Three rods containing pellets of Thoé—h.M% U0, fuel attained an
estimated burnup of 150,000 Mwd/MI Th + U. The rods are similar to those
3

reported earlier. They were removed from the reactor in December, and
postirradiation examination is scheduled for early 1967.

We examined the last rod of the MIR-1 group containing vibratorily
compacted sol-gel ThOE—M.S% U0,. This test group was started in 1961
to compare sol-gel-derived powder fuels with similar arc-cast powder
fuels and pelletized fuels., Burnup values and fission-gas release data
are compared in Table 7.2.

The irradiation performance of all three fuel types 1s comparable
according to the results of these tests. There are some variations in
the fission-gas release rates. These may be associated with variations
in the test conditions over the prolonged exposure periods. The
similarity in performance and the effects of extended burnup have been

2,6

discussed previocusly.



Table 7.1. Thorium Fuel Cycle Program Powder-Packed Rods Currently Being Irradiated or Being Examined?

Density Fuel Rod Linear Peak Burnup
Designation Number of Type of Oxide (% of Dimensions (cm) Heat (Mwd per tonne of Objective Status
Rods Theoretical) Length OD Wall Rating metal)
& a (w/cm)
MTR-II 2 Sol-Gel S 88 to 89 57 0.8 0.06 600 100,000 Obtain higher heat Being examined
Th02—4.5% UO2 rating by increasing
Vi-Pac enrichment
MTR-III 6 Sol-Gel 35 86 to 89 30 1.1 0.06 820 100,000 Compare oxide calcining In reactor
’1‘1102—-4.5% uo, atmospheres and higher
Vi-Pac heat ratings obtained by
increasing diameter
ETR-II 6 BNL Sol-Gel 390 48 1.3 0.09 630 30,000 to Study effects of remote 1 Being examined
Tho 4% ***v0, 100,000 fabrication and oxide 5 In reactor
Vi-Pac recalcining
ETR-III 7 Sol-Gel ThO,, 88 48 1.3 0.09 770 10,000 to Study ThO, blanket material 3 Rods in process
70,000 with gradually increasing 4 Rods in reactor
heat rating and provide high-
protactinium low-fission-
product material for chemical
processing
ETR-IV 6 Sol Gel 84 24 1.3 0.09 650 to 20,000 to Study sol-gel ThOz-PuOZ In reactor
7000 100,000 microsphere performance as
vibratorily compacted beds
at various heat ratings and
burnup levels
Sphere-Pac 4 Sol-Gel ThOZ—S% PuO2 84 19 0.64 0.025 650 to 10,000 Test sol-gel ThOz-F'uO2 Being examined
Sphere-Pac 1000 microspheres with high
cladding temperatures
Pellet Rods 3 Th02—4.5% UO2 91 11.4 0.79 0.06 400 150,000 Investigate swelling and Being examined

gas release of T‘hOz-baSe
fuels at very high bumup

“ETR-II, ETR-III, and ETR-IV rods are clad with Zircaloy-2; all other fuel rods are clad with type 304 stainless steel.

AR



Table 7.2, Comparative Operating Conditions for

Various ThOQ—UO2 Fuels (MTR-I Group)

Irradiation . Time-Averaged T 8
Fuel Fuel Time Maximum Burnup Peak Linear [p° ka6 Reigse
Form (Reactor Full (fissions/em®) (% FIMA) Heat Rating o %)
Power Days) Lssions/em (w/cm) (w/cm) (
N x 1020
Arc-fused Vi-Pac 110 2.5 1.2 299 33.8 2.4
ThOs~4.5% UO> Vi-Pac 376 8.6 4.2 297 33.7 7.2
Vi-Pac 707 14.4 7.1 267 31.6 6.4
Sol-gel Vi-Pac 110 2.9 1.4 341 37.8 0.5
ThO,—%.5% U0, Vi-Pac 375 8.2 4.0 286 32.8 13.2
Vi-Pac 691 16.5 8.1 311 34.6 17.0
Vi-Pac 1107 26.4 12.5 303 34.2 2.6
Pressed and sintered Pelletb 905 26.4 12.0 420 44,8 22.8
ThO2—%.5% U0, Pellet 660 21.1 9.6 461 48.2 12.4
Pellet 497 8.1 3.7 270 31.5 c
Pellet 406 11.0 5.0 39% 42.6 c

&ibratorily compacted to a density 85 to 87% of theoretical.
bPellets pressed from coprecipitated powders and sintered to 93% of theoretical density.

cas samples diluted with air in sampling and partially lost.

XAl
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One striking feature has been a macrostructural phenocmenon. At
the operating conditions of these tests the fuel temperatures are such
that sintering and grain growth occur initially in the center. Under
the cyclic operating conditions, this leads to the formation and gradual
migration of a circumferentially oriented crack in the fuel. At low
burnup this crack is near the fuel center, and it moves out toward the
cladding as burnup progresses. In the latest test examined, the com-
pacted powder sol-gel fuel had sintered all the way out to the cladding.
This can be seen in the macroscopic views shown in Fig. 7.1. This
condition exists throughout the length of the fuel column from the peak
burnup section at 126,000 Mwd/MI of metal (26.4 x 1020 fissions/cm3) to
the low burnup end at only 24,000 Mmd/MT of metal. This suggests that
the sintering is not strongly influenced by burnup but that it is
strongly dependent on the time at operating temperatures.

A composite photomicrograph of the fuel from the high-burnup end
of this rod is shown in Fig. 7.2. This shows not only the sintering
but also the more or less uniform distribution of porosity from the
surface to the center of the fuel. Previous tests with this fuel mate-
rial had indicated a growth of equiaxed grains in the fuel center area.
We did not observe an equiaxed grain growth region in the fuel of this
very-high-burnup rod. Although no clear explanation of this difference
is available, the widespread internal porosity in the fuel and the low
gas release values indicate that low central fuel temperatures prevailed
during the later stages of irradiation. Lower temperatures would not
only reduce the rate of grain growth, but would also allow trapped
fission-gas bubbles to disrupt any previously established grain struc-
ture. A similar distribution of porosity and lack of grain growth was
seen 1in the highest burnup pelletized fuel rods examined to date, but
the gas release was an order of magnitude higher. Examination of some
of the sol-gel powder-packed rods and the very-high-burnup pellet rods

should provide a better understanding of these structural changes.
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Effects of Higher Heat Ratings and Calcining Atmospheres

The effects of higher heat ratings during irradiation and the
influence of processing varilables such as fuel firing atmospheres are
being studied in a series of tests. The results of very high heat
ratings from EIR group I tests at 1000 w/cm were discussed previously.7
Two rods, constituting the MIR-II group, were operated at intermediate
linear heat ratings of 600 w/cm to a burnup of 100,000 de/MT of heavy
element. These rods were removed from the reactor in December 1966
and are scheduled for examination early in 1967.

None of the fuel rods from MIR group III, which contain sol-gel
powder-packed fuels fired in air, nitrogen, or Ar—5% H2 have attained
the scheduled burnup levels. These rods will provide information on
the effects of the calcining atmosphere used in the sol-gel-process
firing stage. All rods in this group have attained burnup levels in

excess of 60,000 de/MT of metal and are functioning without incident.

Performance of Remotely Fabricated Fuel Rods

At the end of the Kilorod Program, to demonstrate semiremote
fabrication of vibratorily compacted (233U',Th)o2 fuel rods,8’9 we
fabricated a group of irradiation test rods in the Kilorod facility.

We inserted six of these rods in the Engineering Test Reactor as
irradiation test group ETR II. The details of the fabrication procedures
and preirradiation examinations have been reported elsewhere.lo

We are currently examining one of these rods — experiment 43-83.
This experiment failed in the reactor after a peak unperturbed dose of
20 x lO20 neutrons/cmg. The peak burnup in this rod, which operated at
a time-averaged linear heat rating of 690 w/cm, was 21,000 Mwd/MT of
metal, about 70% of the scheduled exposure. The failure apparently
occurred in the gas plenum region about 1 in. below the top weld and
approximately 2 in. above the fuel column. We probably cannot precisely
determine the cause of failure, since the rod was severely damaged in
postirradiation handling at the reactor site. The top end plug weld
was sheared, and the plug was forced down into the gas plenum region,

causing additional fracture of the tube wall. The microstructure of the
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Zircaloy-2 at the failure area shows a normal hydride content. The only
unusual feature seems to be a relatively high concentration of twinning
in localized regions, indicating possibly a postanneal straightening
operation during tube fabrication. Examination of other tubing from

the same lot of material showed similar areas, although somewhat reduced
in extent.

Macroscopic examination of sections through the fueled portion of
the rod showed no unusual features that might have caused the fallure.
However, in preparing one of these sections for metallographic examina-
tion we discovered a crack in the Zircaloy-2 cladding. When first noted,
it was located only midway through the cladding. Subsequent polishing
revealed a crack extending from the inside surface 90% of the way through
the cladding. There is no evidence of reaction products or other
peculiarities in the fuel adjacent to the crack. This cladding failure
may be a result of the severe mechanical stressing during postirradiation
handling.

Although the examination of this rod is not complete, it now appears
that the fallure resulted from a spot in the cladding with undetected
poor corrosion resistance. The fact that the other five rods in this
group are still in the reactor and performing without incident at peak
unperturbed exposure levels in excess of 33 x 1020 neutrons/cm2 tends

to support this preliminary conclusion.

Tests of (Th,Pu)O. Sol-Gel-Derived Fuels

The use of plutonium from current power reactor fuels has been
proposed for the fissile enrichment in thorium-base fuels. The advantages
offered are potentially both economical and technological. Pending the
development of fast breeder reactors, plutonium may be less expensive

235U. In addition, bred 233
236

than highly enriched U can be separated from

the plutonium during reprocessing; thus the U contamination associated
with 235U fissile enrichment is avoided.

We have previouslyll tested, with some success, sol-gel-derived
thoria shards mixed with Pu02 powder in vibratorily compacted fuel rods.
The development of a sol-gel process for Pu0

gel-derived (Th,Pu)OE fuel.

5 has made possible a sol-
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We are currently completing the fabrication of six irradiation
test rods, ETR group IV, in which sol-gel Thoé—S% Puog microspheres are
being loaded by the Sphere-Pac process (Chap. 6). These rods will be
0.500~in.~diam x 0.035-in.,-wall Zircaloy-2 tubes containing a 6.75-in.
fuel column. These tests are scheduled for insertion in the ETR early

in 1967 under conditions outlined in Table 7.3.
Irradiation Testing of Sol-Gel-Derived Urania-Base Fuels

The versatility of the sol-gel process in producing a variety of
different forms for fuel rod fabrication and the resultant intimate
mixtures of components make it a potential process for producing (U,Pu)O2
fuels for fast reactors.

We began a series of noninstrumented screening irradiation tests
on sol-gel-derived (U,Pu)o2 fuels. Although our program will eventually
include all of the fabrication processes discussed in Chap. 6, the
initial tests will investigate the performance limitations of scl-gel
microspheres fabricated into test rods by the Sphere-Pac process. The
first two capsules in this series of tests, identified as 43-99 and
43-100, contained both (Th,Pu)o2 and (U,Pu)o2 fuels.

The new capsule design shown in ¥Fig. 7.3 permits operation with

low cladding restraint and surface temperatures on the cladding between

Table 7.3. Irradiation Conditions Planned for Sol-Gel-Derived
Thoé—h% Pu0,, Test Group EIR-IV

Pegk Linear Peak Target
Experiment Heat Rating Burnup
(w/cm) (Mwd/MT of metal)
106 650 20,000
107 1000 20,000
108 850 50,000
109 1000 100,000
110 850 100,000

111 650 100,000
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Fig. 7.3. Capsule for Irradiation Tests.

450 and 600°C. TFour fuel rods are in each capsule, separated by stain-
less steel spacers. Capsules 43-99 and 43-100 were loaded identically,
as shown in Table 7.4. The sol-gel fuel characteristics are shown in
Table 7.5. Both capsules were inserted in separate X-basket positions
in the ETR at the start of cycle 85. The maximum linear heat rating,
which occurs in the 93%-enriched U—EO% Pu fuel, was calculated to be
650 w/cm. On December 13, 1966, near the end of ETR cycle 85, capsule
43-99 failed. The reactor history just before the failure included 16
continuous days of full-power operation, interrupted by a short zero-
power cycle and a return to full power for 2 hr. The reactor operators
report that the failure was abrupt. Cooling water analyses indicated
essentially total loss of NaK and failure of a rod containing (Th,Pu)O2
but no (U,Pu)OQ. A limited preliminary examination of the capsule in
the Tdaho hot cells revealed a l/8—in.-diam hole in the Zircaloy capsule
wall some 16 in. from the bottom of the capsule. This would place the
failure near the middle spacer between fuel rods 2 and 3. The rest of

the capsule appeared to be in excellent condition. TFurther examination



Table T.4t. Vibratorily Compacted Fuel Rods for Irradiation Capsules 43-99 and 43-100

Irradiation Fuel Average Fuel Density
Rod Capsule and Fuel Height Fuel Density Variation®
Position® Material (in.) (g/cm3) (%, +)
2 43-99-2 (Th~5% Pu)o2 3.15 8.40 2
3 k3-99-4 (Te=5% Pu)O, 3.16 8.38 1
L 43-100-2 (Th~5% Pu)o2 3.13 8.45 1
5 43-100-2 (Th—5% Pu)o2 3.15 8.39 1.5
7 43-99-3 (U—20% Pu)o2 3.14 8.38 1
8 43-99-1 (U—20% Pu)02 3.13 8.41 L
9 43-100-1 (U—20% Pu)o2 3.1k 8.39 1
10 43-100-3 (U~20% Pu)o2 3.13 8.39 1

®last number indicates position in capsule numbered from bottom up.
bCalculated from height, weight, and inside dilameter of cladding.

cDetermined by transmission gamma scan along fuel rod.

TET



Table 7.5. Characteristics of Sol-Gel Fuel for Capsules 43-99 and 43-100

Surface Gas Release
Material Sphere Size Density Area Carbon at 1200°C
(1) (g/cmj) (% of theoretical) (mg/g) (ppm) (cm3/g)
Th02—5% PuO,, 420-590 9.8k 97.7 0.015 < 10 0.0k
ThO_—5% PuO, < bk a 0.17 a 0.2L
er—eo% PuO,, ugo—59ob 10.54 95.3 0.02 < 10 0.15
U02—eo% PuO,, < Lk 8.99 81.3 0.03 < 10 0.kh2

aData not available.

PRod 10 contained a coarse size fraction of 85.5% of L420- to 590-p spheres and 14.5% of

290- to 420-p spheres.

cET
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at the Idaho hot cells could not be performed because they are not
equipped for safe plutonium handling. The capsule has been placed in
a sealed heavy-walled aluminum pipe, and arrangements are being made to
ship it to ORNL as soon as possible for detailed examination.

Since no plausible explanation for the failure is immediately
apparent, continued irradiation of the duplicate capsule 43-100 has
been deferred, even though it appears to have performed well and there
is no indication of an incipient failure.

Additional capsules in this series will have outer tubes of type
304 stainless steel. Although this aggravates the flux perturbation,
the problems associated with autoclave testing of Zircaloy-2 with this
capsule design and the unexplained failures of experiments 43-83 and
43-99 justify the use of a material less sensitive to contamination-

induced water corrosion.
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8. ADVANCED SOL-CFL STUDIES
K. J. Notz R. L. Hamner W. D. Bond

Preparation of Thorium and Uranium Carbides

Thorium dicarbide can be prepared by the reaction
Th02 + 4C — Tth + 2C0,

which is thermodynamically possiblel above 1430°C at a carbon monoxide
pressure below 1 torr. Sol-gel processes under study this past year
utilize the above reaction in two ways. 1In one, dense thoria micro-
spheres are prepared by the usual sol-gel procedure, and then reacted
with graphite in a rotating kiln. In the other, thoria and carbon black
are combined at the sol stage, then converted to microspheres, and
finally caused to react in a suitable furnace. The former method yields
a dense product at reaction temperatures near 2150°C, provided the initial
carbon content (picked up during sphere formation) is low enough.2 The
high temperature is required for kinetic reasons, since the process is
limited by the rate of diffusion through the dense thoria core and through
a dense layer of carbide product. The second method will obviously be
far more favorable kinetically, since the carbon and thoria are intimately

blended. Both methods are discussed below.

Preparation of ThC,_ Microspheres by Thoria-Carbon Sol Route
3

Initial work by Kelly, Kleinsteuber, Clinton, and Dean~ showed

that carbon black could be incorporated in thoria and thoria-urania sols
and the resulting mixed sols formed into microspheres and converted to
Th02 or (Th,U)C2 by firing at 1600 to 1750°C under vacuum or in flowing
argon. Their feasibility study suggested that the major problems in-
volved in perfecting this process would include minimizing the free
carbon content, decreasing the porosity, and attaining a high density.
The present work was begun late in 1965, and the early results have been
summarized.u This early work affirmed that although reasonably pure ThC2

could be made by this process, serious problems would be encountered in

minimizing free carbon content, residual oxygen, and porosity.



136

The principal result this past year was the development of a
technique that yielded ThC2 microspheres denser than 90% of theoretical
by starting with a gel of an oxide and carbon black. The two critical
factors are the use of small microspheres and slow chemical conversion
at a critical sintering temperature. To achieve the proper balance be-
tween conversion rate and sintering, the reaction is carried out at
1950 to 2000°C under argon until nearly complete and then finished under
vacuumn. With large spheres and especially with shards the shrinkage
pattern is disrupted and large voids appear in the product. Likewise,
conversion under vacuum, which occurs at about 1600°C, yields a very
porous carbide. Thus, the major potential advantage of the mixed sol
route, namely, a much lower reaction temperature, cannot be fully real-
ized in practice. However, a temperature reduction of about 200° can
still be realized over the reaction of sintered oxide with graphite,
if 7 to 9% porosity (most of it closed) can be tolerated.

Preparation of Carbon-Thoria Sols. — As explained in a later section

of this chapter, thoria sols act both as dispersant and stabilizer for
carbon blacks. Although both acidic and alkaline carbons are dispersed
equally well by thoria, the former yield a more permanent mixed sol;
some of the older preparations have been on hand for over a year and are
still stable, whereas the alkaline carbons give mixed sols that tend to
gel and become lumpy within a week or so. The surface area of the carbon
black is not important except for extremes in both directions: 1if the
surface area is very high (>1000 mg/g), the mixed sol is too wviscous; if
very low (<30 mg/g), the mixed sol is difficult to prepare. For handling
convenlence, pelletized carbon black is much preferred over the fiuffy
form. A very suiltable carbon black for the present purpose is Spheron 9
(Cabot Corp.). This is a channel black with a specific surface area of
105 mg/g, a nominal volatile content of 5%, and an aqueous pH of L.5.
During the blending process the carbon black pellets must be broken
up to the surface area aggregates (see Chap. 9). After the carbon is
separated to this degree, the thoria sol acts as a dispersing agent,
promoting further separation of the carbon into individual crystallites.
Three blending methods have been tested: recirculation through a centri-

fugal pump recycle loop, ball milling, and ultrasonic agitation. Ultra-
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Tt should be noted that incorporation of carbon in thoria sol-gel
practically guarantees a porosity problem. As little as several parts
per million of carbon present in dense thoria causes objectionable porosity
in carbide made from the sintered oxide and graphite.2 Also, in a study
related to the oxide—carbon black—gel process, up to 65% porosity was
deliberately introduced in sintered thoria through the use of carbon
(see later section of this chapter). Therefore, a more reasonable goal

for the production of ThC, by the oxide—carbon black—gel process is to

minimize and control porogity, rather than to eliminate it completely.

Even though shards give a physically unacceptable carbide because
of gross porosity, we obtained useful data from shards. Minimum conversion
temperatures for both argon atmosphere and vacuum were determined, as
shown in Table 8.1. "Soluble Thorium" is a measure of the degree of
conversion, since the carbides dissolve in nitric acid but ThO2 does not.
Under argon, complete reaction requires a temperature of at least 1950°C;
at 2050°C or above sintering becomes objectionable. Thus, 2000°C is the
optimum temperature under argon. At 1550°C no significant reaction had
occurred, even after 4 hr. The chemical analyses on the vacuum runs
appear to be questionable; however, it seems clear that a minimum tempera-
ture of about 1600°C is required. The superior conversion on the 1570°C
sample suggests that temperature cycling may be beneficial. Pore volume
and pore size distribution measurements (by mercury intrusion) on the
vacuum series samples show two interesting trends. The total pore volume
remains more or less constant during conversion to carbide, the values
being 23, 16, 24, 27, and 16%, respectively, at 1480, 1570, 1680, 1780,
and 1900°C; but the size distribution shifts drastically from 100-1000 A
to 1-20 W between 1480 and 1570° (i.e., as conversion nears completion).
Conversion under vacuum also seems to encourage retention of more free
carbon than conversion under argon, which in turn causes a higher pro-
portion of monocarbide in the final product.

On 11 other carbide conversions of shards, complete chemical
analyses (thorium, oxygen, total carbon, and free carbon) of the products
were obtained. Single-phase ‘I'hC2 structure (by x-ray diffraction) was
achieved when the ratio of thorium to combined carbon was 1.85 or greater;

the maximum thorium-to-carbon ratio found was 1.87. These values are
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slightly lower than the lower phase limit of 1.88 to 1.91 reported by
Bradley and Ferris,6 but this may be caused by the relative insensitivity
of x-ray diffraction for detecting minor phases. We encountered problems
in getting reliable free-carbon determinations, but in general the free-
carbon content was about 400 ppm when ThC was also present and higher than
that (up to 7000 ppm) in the single-carbide-phase products. The residual
oxygen contents ranged between 200 and 1100 ppm.

Table 8.1. Conversion of ThO2 Shards to Carbide

Reaction Chemical Analyses (%) X-Ray Diffraction”
Temperature Time Free Carbon Soluble Th ThO ThC ThC
(°c) (nr) § ¢

Under Argon

1550 L 11.8 0.05 P

1750 3 10.2 8.62 P Wk

1850 2.5 5.4 Lk, 65 P wk

1950 1 0.10 83.69 wk P

2050b 1 0.11 89.59 wk

2150° 1 1.8 87.02 P
In Vacuum

1480 6 3.25 53.1 P P

1570% 3.5 0.21 4.3 P P P

1680 3 1.28 63.3 P P

1780 2 1.10 69.8 P P

1900 2 1.07 71.2 P p

%P indicates phase present; wk indicates phase was only weakly
observed.

bProduct was lightly sintered.

cProduct was partially fused. The high free-carbon content is due
to reaction with the crucible.

dDue to power failure, this run was cooled and then reheated.
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Since thoria sols contalin nitrate, the reaction between carbon and
nitrate is of interest because it will influence the effective carbon-
to-thoria ratio. Preliminary experiments, which simulated the reaction
conditions existing in carbon-thoria gels, showed that the stoichiometry
of the carbon-nitrate reaction is a function of the manner in which the

nitrate is present. Nitrate in three forms [NHANO HNOS’ and Th(NO3)h]

3}
was added to carbon-thoria sols, which were then dried to gels and heated
to LO0O°C under argon. The residues were analyzed for their remaining
carbon, from which the carbon-to-nitrate reaction ratio was calculated.

For nitrate present as NHuNO no carbon was consumed; the ammonium

nitrate simply decomposed to3water and nitrous oxide. With nitric acid,
about one-third carbon atom was consumed per nitrate ion, and with
thorium nitrate about 1 1/3. The lower reaction ratio with HNO3 than
with Th(NO3)4 is probably caused by the volatility of the acid at

lower temperatures. Work on these reactions is continuing.

Conversion of Microspheres to Carbide. — Microspheres can be formed

from mixed carbon-thoria sols in 2-ethyl-1l-hexanol in a manner analogous
to pure thoria sols, except that the choice of surfactant is more criti-
cal and, even under the most favorable conditions, some carbon "shedding"
(loss of carbon to the organic phase) occurs. After testing a variety
of surfactants, we found the optimum combination was 0.2 vol % Span &0
and 0.2 vol % Ethomeen S/15. The Span 80 controls clustering in the
column but causes a rough surface on the spheres., Addition of the
Ethomeen S/15 smooths the surfaces. Ethomeen S/15 alone partially controls
clustering but not as well as Span 80. Typical spheres are shown in
Fig. 8.2.

Once the gel beads have been formed and allowed to harden enough
to handle (about 1 hr), further exposure to 2-ethyl-l-hexanol has no
effect on either size or carbon-to-thoria ratio. Fresh beads were
compared with some that had remained in contact with the solvent for
three days. For two different sols, the respective carbon-to-thoria
ratios were 4.19 vs 4.2k, and 3.79 vs 3.79. The above sols were formed
into beads of three sizes: 200, 300, and 400 p. Aging in solvent for
three days caused no detectable change in size. Drying at 110°C caused

all three to shrink about 10 vol %. Firing at 1L00°C caused a total
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essentially complete in all cases, but the products were fine-grained
and porous, with porosities ranging from 19 to 49%. These products were
obviously under-sintered, since they "pop-corned" on exposure to air
(due to high internal surface area) and showed a very fine-grained
structure on the metallograph.

The above observations suggested the use of a higher temperature to
promote sintering and the use of an argon atmosphere to retard the reac-
tion rate. An infrared in-line CO analyzer (Beckman, model 315) was
used to monitor the reaction, which took 1 to 4 hr at 1850 to 2050°C.
Near the end of the reaction the CO concentration in the argon sweep
gas dropped, and a vacuum was then applied to complete the conversion.
The equilibri$m CO pressure over ThCE - ThO2 1s about 1 atm at these

temperatures. Under the conditions used for these runs, the argon sweep
gas contained about 4000 ppm CO at steady state, which is controlled in
this case by diffusion of CO out of the sample crucible.

From six such runs, products denser than 90% of theoretical were
obtained. Results are summarized in Table 8.2. Taking8 9.60 g/cm3 as
the density of Tth, the observed particulate densities are 91 and 93%
of theoretical. Since the open porosities are about l%, closed porosi-
ties are about 6 to 8%. This is evident in cross sections (Fig. 8.3).
(Since helium and mercury intrusion densities are the same within ex-
perimental error, there are no open pores in the range 5 to 120 A either.)
The crushing strength of these spheres is adequate for most purposes,
although less than sometimes obtained with other sol-gel microspheres.
The external appearance is not as uniform as would be desired (Fig. 8.4)
and might be significant in terms of surface fine structure. Both oxygen
and free carbon contents are reasonably low, and it may be difficult to
decrease them much further. Considering only the five runs in Table 8.2
conducted at 1950°C or above, the free carbon ranged between 700 and

1900 ppm and oxygen between 300 and 1100 ppm. This aspect of the

problem is currently under study.

In general terms, the explanation for the success of the firing
method finally adopted must revolve about a critical balance between

grain growth, sintering, and chemical conversion. TFirst of all, the
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Table 8.2. Properties of Thorium Carbide Microspheres

Run TI-146 TI-148 II-150 III-1h TIII-16 III-18
Mex. Temp., °C 2050 1950 1850 1975 1975 2030
Time at temp., hr 1 2.5 L 2.5 2.5 I

X-ray diffraction™

ThO,, ? 0 ? 0 0 0

ThC v wk 0 wk v wk v Wk v wk

ThC, P P P P P P
Thorium, % 90.93 91.25 90.88 91.23 91.23  9l.k5
Total C, % 9.09 8.7k 8.85 8.57 8.52 8.65
Oxygen, % 0.096 0.045 0.360 0.033 0.032 0.106
Material balance 100.12 100.04 100.09 99.83 99.78 100.21
Free C, % 0.12 0.12 0.k47 0.066 0.106 0.186
Value of x in ThC 1.92 1.83 1.83 1.81 1.79 1.80

X

Density, g/cm3

Particulate > 8.75 8.83 8.75 >8.91 > 8.76 > 8.97

Hg Intrusion 8.84 8.95 8.87 9.00 8.84 9.06

Helium 9.0k4 8.77 9.10
Open porosity, %° <1 1.3 1. <1 <1 <1
Crushing strength, gd 700 790 9Lo 800 700

%P indicates phase present; v wk, very weak; wk, weak; 7, may be
present; O, not detected.

b”Particulate" density means the bulk density of single spheres;
"Hg intrusion" density is the density after subtracting the volume occupled
by mercury at 15,000 psi. The difference between these two values give
the "open porosity" for pores larger than 120 A. The helium density sub-
tracts all pore volumes down to about 5 A.

CDefined in note b.

dCorrected to 240 p diameter, by assuming that crushing strength is
proportional to the square of the diameter.

eTemperature was gradually increased from 1700 to 2030°C during the
4 nr.
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continues to be favorable from the standpoint of chemical and radiation
stability. However, we must still consider the possibilities of dicar-
bide fuels for this application and the simplest method for remotely
preparing these fuels.

9

We showed in previous studies” that dense ThC,. and (Th,U)C2

microspheres could be prepared by heating dense soi—gel ThO2 and
(Th,U)o2 microspheres with equal weights of carbon at 2150 * 50°C;
this was accomplished in a graphite crucible rotating at 40 rpm under
a flowing argon atmosphere. We prepared hypostoichiometric UC2 micro-
spheres (UC1.5) in the same manner at a lower temperature (2000°C),
but these were porous because of the residual carbon (0.6 wt %) in the
starting material.

In our continuing process studies, we were concerned primarily
with further simplification of the conversion process. Also, we ex-
tended our studies to the preparation of UC microspheres from sol-gel

UO2 microspheres.

The sol-gel microspheres used as starting materials in our previous
studies were calcined at 1150°C in air or argon for the removal of
volatiles and for densification before conversion. A more efficient
process would evolve if the sol-gel microspheres, after drying at 120°C,
could be calcined to dense oxide particles and converted to dicarbide
particles in the same environment in one operation.

We demonstrated that the combined calcination-conversion approach
was feasible, using 600-1 ThO2 sol-gel microspheres, provided the heat-
ing rate did not exceed 230°C/hr below a temperature of T700°C and the
crucible did not rotate more than about one revolution per hour below
a temperature of 1100°C. Excessive heating rates during calcining
resulted in cracking of the particles. Excessive rotation of the
crucible during the time required for calcination caused packing of
carbon against the crucible walls; this reduced oxide-to-carbon contact
and the amount of carbon available for particle separation, which, in
turn, resulted in sintering of particles together and incomplete con-
version of the particles to the dicarbilde.

In the combined calcination-conversion process, carbon contained

in the starting material is not removed during calcination in the argon
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atmosphere and therefore will be present during conversion. We previous-
ly noted9 that appreciable quantities of residual carbon in UO2 micro-
spheres resulted in a porous product after conversion to carbide. To
study further the effects of residual carbon on the final product, we
converted 600-p-diam sol-gel Thog microspheres containing 1.5 wt %
residual carbon to Tth by the combined-operations process; for compari-
son, the carbon content of oxide particles from the same batch of start-
ing material was reduced to 100 ppm by air calcination at 1000°C before
conversion to carbide under the same conditions of time and temperature
(6 hr at 2200°C). Metallographic examination (Fig. 8.5) of the products
showed the high-carbon-content oxide particles to have much greater

porosity after conversion than the low-carbon-content particles.

Conversion of UO_ to UC
[

Uranium monocarbide microspheres are of interest for use in metal-
clad fuel elements. Harder, Read, and Sowden:LO prepared stoichiometric
UC by low-temperature (850°C) hydrogen treatment of hyperstoichiometric
UC powder. We are investigating the feasibility of preparing UC micro-
spheres similarly from hypostoichiometric UCQ.

We prepared UCl.5 microspheres containing platelets of UC by heating
U02 sol-gel microspheres with carbon at 2000°C. These particles were
then heated in hydrogen for 24 hr at the prescribed temperaturelo of
850°C. The treated particles had a dark gray crust of material that
was badly cracked and tended to spall. We were unable to identify this
material metallographically or by a Debye-Scherer x-ray diffraction
pattern. The unreacted cores of the particles were apparently unchanged
by the hydrogen treatment.

Results from heating the UC microspheres in a tungsten crucible

in hydrogen at 1900°C for 1 to 21£§ were encouraging. Metallographic
examination showed the material treated under these conditions to be a
UC matrix containing thin platelets of UCQ. Apparently the UC2 concen-
tration was low, since only UC was detected in a Debye-Scherer x-ray
diffraction pattern. These results appear to be inconsistent with the
findings of Harder, Read and Sowden,lo who reported that 850°C was the

optimum temperature and that above 1100°C very little reduction occurred.
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To determine whether our results of heating in hydrogen at 1900°C may
have been influenced more by the "gettering' of carbon by the tungsten
crucible than by the hydrogen treatment, we heated the UCl.5 microspheres
at 1900°C for 2 hr in a tungsten crucible in an argon atmosphere. Al-
though some increase in UC content was evident by metallographic examina-
tion after this treatment, it was not as extensive as that obtained by

hydrogen treatment of the UC microspheres. Turthermore, the carbon

1.5

reduction obtained by hydrogen treatment of UC particles buried in

tungsten powder appeared to be insignificant, iﬁg we observed in the
microstructure of the particles unidentified phases that had not been
observed in the previous experiments.

We concluded that the presence of tungsten influenced the carbon
reduction in the UC particles but that the hydrogen treatment was

1.5
the most important factor.

Porous Oxides

K. J. Notz

laboratory studies are being carried out on methods by which con-
trolled porosity can be bullt into sol-gel uranium and thorium oxide
microspheres. We are presently investigating methods whereby the
material to be volatilized is introduced at the sol preparation step
and then volatilized in the gel-firing step. We have examined the
preparation of porous thoria by the volatilization of carbon by oxida-
tion from thoria-carbon gels, porous UO2 by chloride volatilization,
and porous Thog, UOQ, and ThOQ—UO2 by volatilization of Moo3 introduced

as molybdic acid in the oxide sol.

Preparation of Porous UO., ThO_., and ThO_-UO_ by Incorporation of
< < [an [

Chloride or MO, (T. A, Gens ™)

Urania microspheres with porosities between 1 and Lh% (see Fig.
8.6) were made by firing gel spheres prepared from UClu. The amount of
chloride in the gel spheres, and thus the porosity of the products, could
be controlled by varying the volume of ammonium hydroxide solution used
as a leachant. Most of the pores were about 1 p in diameter at porosities
above 25%. At lower porosities the pore sizes were distributed over a

range from 0.01 to 10 p.
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Properties of Carbon—Metal Oxide Sols
K. J. Notz

To better understand the problems associated with the preparation
of carbon-thoria sols, which are subsequently used to make ThC2 micro-
spheres, we studied the properties of these sols and also of other metal
oxide-carbon sols. Electron microscopy, "viscosity titrations”, elec-
trophoretic measurements, and other physicochemical methods were employed.
So far only urania sols have interacted with carbon blacks in a manner
analogous to thoria sols. The other sols that we examined — silica,

boehmite (ALOOH), zirconia, and europium hydroxide — behaved differently.
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The thoria sols we prepare by steam-stripping of the tetranitrate
have a crystallite size of about 70 A and are acid-stabilized (i.e.,
positively charged). These sols can disperse and stabilize carbon
blacks, thereby forming very stable, very fluid, and relatively concen-
trated thoria-carbon sols. The rather dramatic effect of a thoria sol
on an 8 M carbon black paste is shown in Fig. 8.9. As the thoria con-
centration is increased, the viscosity decreases greatly, attaining a
minimum at a carbon-to-thoria mole ratio of sbout 8. At higher ThO2
concentrations the viscosity increases slightly because of the additional
thoria. A curve of this type, in which viscosity is used to determine an
end point, may be termed a viscosity titration. Similar titrations at
other initial concentrations and also in the opposite direction (i.e.,
adding carbon black to a thoria sol) gave similar curves and end points
at carbon-to-thoria mole ratios of about 8. This we conclude that there

is a fixed carbon-thoria interaction ratio. This ratio is a function of
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Fig. 8.9. Viscosity Titration of an 8 M Suspension of Spheron
9 (a Carbon Black) by a Thoria Sol.
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the specific surface area (or, equivalently, of particle size, since the
two are inversely related). When a precipitated thoria with a crystallite
size of 35 A - only half as large as the steam-stripped thoria — 1is

used, the end point in a viscosity titration occurs at a carbon-to-

thoria mole ratio of about 15. The end point also varied with the
particle size of the carbon. Thus the thoria-carbon interaction mole
ratio is dependent on the particle size of the carbon as well as the
crystallite size of the thoria.

Electron micrographs suggest that the ThO2 particles act as a
protective colloid, attaching to the carbon surfaces. This is alsc borne
out by measurements of the zeta potential: the thoria sols have a zeta
potential of +67 mv compared to +55 mv for the mixed carbon-thoria sol,
whereas conventional aqueous carbon black sols have a negative zeta
potential.

The interaction between thoria and carbon black must be fairly
strong, since attempts to separate and recover both ThO2 and carbon
from blended sols have not been successful. However, refluxing the mixed
sol with approximately L M HC1 converted the thoria to a soluble chloride,
leaving a carbon residue. This residue was then examined under the
electron microscope and its specific surface areas was also measured.

The recovered carbon, which amounted to 81% of the original amount,
was virtually unchanged.

Urania sols behaved in a similar manner toward carbon black. In
fact, about the same stabilizing and dispersing effect was noted as for
thoria. In viscosity titrations with U'O2 sols, the end point occurred
at about the same carbon-to-metal ratio as with thoria after a particle
size correction was applied. The urania sols were very much like the
thoria sols: the crystallite size of the former was 50 A, and both oxide
sols were positively charged.

The other oxide sols tested for their dispersing ability toward
carbon black gave negative results., The silica sol had small crystal-
lites (75 A) but was negatively charged. The other sols were positive
but had large particle sizes: Eu(OH)3, 300 x 2000 A; Zr0O,, 50 x 300 A;
and A1OOH, 100 x 1000 A. From these data one would conclude that an
oxide sol suitable for dispersing and stabilizing carbon black must
consist of small (<100 A in the longest dimension) positively charged

particles.
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9. DRYING, SINTERING, AND GAS EVOLUTION STUDIES
ON SOL-GEL UO2 MICROSPHERES

W. D. Bond

Drying and sintering studies are being made on sol-gel UO2 micro-
spheres to establish firing conditions that yield products having low
carbon content (< 100 ppm) and near-theoretical density. The major
problem in firing UO2 gel microspheres resides in the removal of carbon,
which is introduced by the microsphere-forming step as sorbed 2-ethyl-1-
hexanol and surfactant. Low-temperature drying methods, such as steam
drying to 200°C or washing at room temperature with acetone or methanol,
did not remove carbon to acceptable levels. We find a mild oxidizing
gaseous atmosphere 1is required to remove carbon and achieve high density
during the firing. It appears that chemical reaction with either steam
or carbon dioxide 1s required to remove the final traces of carbon com-
pounds. Reducing atmospheres, such as hydrogen, or neutral atmospheres,
such as argon, do not achieve the desired carbon levels. Firing in an
atmosphere containing Egggmwhas been far more successful than in one
containing carbon dioxide, although in many cases carbon dioxide has
yielded adequate results. The difficulty in removing carbon with these
atmospheres resides in the fact that the maximum shrinkage rate and pore
closure occur in the temperature interval LOO to 600°C, where carbon is
oxidized. Carbon dioxide is more effective in promoting sintering and
pore closure than is steam, and we consider this to be a disadvantage in
that it leads to trapping of the carbon compounds and hence tends to
block densification. The enhancement of sintering may be due to oxida-
tion of the U02+x by carbon dioxide or steam. Studies by thermogravi-
metric analysis (TGA) show that the UO2+X is oxidilzed by carbon dioxide
or steam at temperatures below which the carbon is oxidized. This result
is in agreement with thermodynamic calculations.

The most effective atmosphere that we have used for attaining low
carbon and high density is AT_HE_HEO' We have been using Ar-U4% H2
saturated with water vapor at 90°C (~L4O moles HQO/mole H2> and have
found it to be effective in small-scale Tirings. We have not as yet

investigated other proportions of Ar-L4% H2 and steam. Thermodynamic
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calculations show that the composition presently used reduces UO2+X up
to 1000°C at all values of x from 0.05 or greater (x in our UO2+X gels
ranges from 0.1 to 0.35), but it oxidizes carbon or hydrocarbons. On
the other hand, argon-steam or carbon dioxide atmospheres are oxidizing
to the U02+x under the same conditions.

In the past year, we performed basic studies on the effects of
various atmospheres on the sintering of UO2+X gels in an attempt to
understand both carbon removal and UO2 densification. Fundamental studies
of the variables of isothermal shrinkage rate, crystallite growth, and
surface area decrease were made. Data on differential thermal analysis
(DTA), thermogravimetric analysis (TGA), and gases evolved on heating
were used also to study reactions and phenomena occurring during the
firing of U'O2 gels in various atmospheres. Based on the fundamental
studies, we specified a drying and firing schedule, which on a laboratory
(5- to 10-g) scale yielded microspheres of low carbon content and high
density. Firing procedures involving a variety of semiempirically chosen
atmospheres and soaking conditions were evaluated for their effectiveness
in carbon removal and densification in 10- to 300-g firings. Low-
temperature drying conditions were again examined for their effectiveness

in carbon removal.

Isothermal Shrinkage of Sol-Gel Urania Microspheres

H. Beutlerl R. L. Hamner

Individual urania gel microspheres were held at carefully controlled
temperatures in a hot-stage microscope, and the process of shrinkage was
followed by sequence photography. We determined isothermal shrinkage on
six spheres in dry hydrogen in the temperature range 680 to 1000°C. To
differentiate between dimensional changes due to drying and sintering
we soaked the spheres for 12 hr at 400°C before each determination.
During this scaking treatment, in which the volatiles were removed, we
observed consistently a linear shrinkage of 8 to 10%. Results of our
experiments are shown in Fig. 9.1. As in the case of thoria particles,
the shrinkage followed a law of the form AL/Ib « t" at constant tempera-

ture. The isctherms differ, however, from those expected from simple
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Fig. 9.1. Isothermal Shrinkage of Sol-Gel U'O2 Microspheres in
Hydrogen.

sintering theory in that log-log plots of the fracticnal shrinkage vs
time are not linear but decrease in slope with increasing shrinkage.

The slope of the shrinkage isotherms decreases from 0.20 to 0.1 as.AL/LO
values increase from 0.04 to around O.1. Maximum linear shrinkage ob-
served was 24% after 1 hr at 990°C, compared to 26% predicted for

theoretical density.

Changes of Crystallite Size, BET Surface Area, and Bulk
Density During Drying and Sintering of Urania Microspheres

H. Beutlerl R. L. Hamner

We carried out two series of isothermal heat treatments on sol-gel
er microspheres to investigate the effects of time and temperature on
crystallite size, BET surface area, and bulk density. We selected
temperatures of 300, 500, 700, and 900°C and heat treatment times of
1 to 24k hr. The sintering atmosphere for the first series was dry
Ar-L49% Hg‘ In the second series the argon-hydrogen mixture was saturated
with water at room temperature. The microspheres were contained in

fused silica boats and heat treated inside a silica carrier tube 1n a
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laboratory muffle furnace. All the samples heat treated at one tempera-
ture were initially charged together into the cold furnace. The tempera-
ture was raised to the required level and controlled to +10°C. After
intervals of 1, 2, 5, and 24 hr, the samples were moved into the cold
end of the carrier tube. By this means all the samples heat treated at
one temperature were exposed to the same heatup cycle. For each heat
treated sample we determined the x-ray crystallite size (from the broad-
ening of 111, 220, 311 reflections), the BET surface area, and the bulk
density by mercury porosimetry. Experimental results are summarized in

Fig. 9.2. In dry Ar—h% H2 we did not observe crystallite growth or
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change in surface area at heat treatments for 24 hr at 500°C and below.
Above 500°C the crystallite size increased and the BET surface area
decreased with both time and temperature.

When the materials were heated for 24 hr at 900°C the average
crystallite size increased from 69 A (crystallite size of original gel)
to 247 A, and the surface area decreased from 69.7 m2/g (BET surface
area of original gel) to 1.03 mg/g, which 1s approximately 500 times
larger than the geometrical surface area of the microspheres used. The
bulk density increased even after heat treatments at 300°C, although
crystallite size and BET surface area did not change. As previously
discussed, the density increase at low temperature is associated with
the removal of volatiles and subsequent reordering of crystallites and
agglomerates thereof to a closer packing. The change in bulk density
with both time and temperature is in good agreement with our previously
discussed shrinkage data obtained by hot-stage microscopy on single
microspheres.

The relationship between fractional shrinkage, crystallite growth,
and surface area decrease is shown in Fig. 9.3. Data previously2 ob-
tained for the densification of thoria are shown for comparison. The
relationships between shrinkage, crystallite growth, and surface area
decrease for both thoria and urania are remarkably similar and appear
independent of temperature. This suggests a similar activation energy
for both densification and crystallite growth.

The presence of water vapor lowered the temperature at which
crystallite growth and surface area reduction started and enhanced the
process of densification over the whole range of conditions investigated.

After a heat treatment for 24 hr at 900°C in wet Ar-4% H,., the density

’
increased to 10.1k g/cm3, the crystallite size increasedgto 620 A, ard
the surface area decreased toc 0.008 mg/g, a value only U4 times higher
than the geometrical surface area of the spheres used.

The increase in densification rate due to the addition of water
vapor — which we observed either directly in changes of bulk density
or indirectly in changes of crystallite growth and surface area reduction
with time — corresponds to a temperature increase of 100 to 150°C in

treatments in a dry atmosphere.
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Differential Thermal Analyses of Sol-Gel Urania
H. Beutlerl R. L. Hamner

We employed differential thermal analyses (DTA) as additional means
of investigating the drying and sintering behavior of sol-gel urania.
A typical DTA pattern, which we obtained during the heating of crushed
UO2 microspheres in Ar-L% H2 at a uniform rate of 10°C/min, is shown in
Fig. 9.4. Two pronounced energy-absorption peaks at 170 and 470°C are
interrupted by a strong energy-release peak at 220°C. A release of
surface energy is detected at 730°C and peaks at 870°C. We attribute
the endothermic peaks to the evaporation of residual volatiles. The

sharp exotherm starting at 220°C is typical of both thoria and urania
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Fig. 9.4. Differential Thermal Analysis Pattern of Sol-Gel
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microspheres. Since this exotherm is observed only for gels that contain
residual organic solvents and surfactants, we attribute this energy re-
lease to the oxidation of organic compounds by nitrate. This reaction
has caused severe cracking of Thog microspheres heat treated in bulk
charges. We have demonstrated by DTA that the organic-nitrate reaction
can be successfully suppressed by exposing the microspheres to super-
heated steam at 150°C for 8 hr before the critical temperature region
(200 to 250°C) is passed.

On the basis of our previously discussed study of changes in BET
surface area and crystallite growth, we expected the energy release
peak due to sintering to start at a lower temperature. We suspected
that concurrent removal of residual volatiles during the initial states
of sintering resulted in an apparent shift of the surface energy release
peak. We subsequently investigated the surface energy release pattern
of urania gel fragments that did not contain residual organics. In
addition we precalcined the sample in the DTA apparatus for 4 hr at 400°C
before final heatup to remove residual volatiles. The release of sur-
face energy started at 600°C and peaked at T700°C, in agreement with

crystallite growth and surface area decrease measurements.
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We investigated the effect of steam—Ar-L4% H, and carbon dioxide
atmospheres on the surface energy release pattern. The addition of
water vapor shifted the surface energy release peak approximately 100°C
downward in temperature, but the intensity and general pattern of the
peak remained remarkably similar to the one obtained in dry Ar-4% H2.
The carbon dioxide atmosphere caused a drastic lowering of the tempera-
ture where surface energy release started (see Fig. 9.5). The release
occurred within a very narrow temperature range and was completed at
650°C. An isothermal heat treatment of microspheres at 650°C for 24 hr
in carbon dioxide confirmed that both sintering and crystallite growth
were greatly enhanced. As measured by both mercury porosimetry and
helium pycnometer, the bulk density of the microspheres after this

3

treatment was 10 g/cm , indicating complete closure of surface pores.
X-ray diffraction revealed preferential crystallite alignment in the
[220] direction. So far we have not been able to demonstrate whether

these effects are associated with oxidation of urania during sintering

ORNL-DWG 67-10920

: ARGLN + l%,:’DROlN /x
/N

=

2

- o

g /7

= _ N 1
3" S —
wi

g—z

S 5 ]

(8]

o]

2 .l oo |
8]

T

AN |

o 3

<

[

22__1

w

o

[¥5)

o

=]

v

-2

o] {00 200 300 400 500 600 700 800 900 1000
TEMPERATURE {°C)

Fig. 9.5. Compariscn of Differential Thermal Analysis Patterns
of S0l-Gel UOp Fragments Heated at 10°C/min in Two Atmospheres.
Semples had been precalcined U4 hr at 400°C in Ar—i% Hy.



165

in COQ. We consider the drastic acceleration of the sintering process
due to CO2 a disadvantage. Removal of carbon by CO2 before sintering
(below L40O°C) is extremely slow, and removal during sintering appears
to lead sometimes to low densities (see previous section).

We conclude that the study of the surface energy release by DTA is
a convenient means to characterize the sinterability of sol-gel materials.
It enables the determination of upper temperature limits for removal of
residues before sintering. For the particular UO2 sol-gel material in-

vestigated, these temperature limits are:

Drying Atmosphere Maximum Drying Temperature
Dry Ar-4% H, 550°C
Steam—-Ar-4% Hg us0°C
Carbon dioxide Loo°C

UO2 Oxidation Studies by Thermogravimetric Analysis

W. D. Bond

Additional thermogravimetric analysis experiments were performed

beyond those previously reported.3 We showed that the UO < gels are

2+
readily oxidized by carbon dioxide or argon-steam mixtures in the range
hoo°C and up, but carbon oxidation is not very rapid until the tempera-
ture reaches 500°C. The weight change pattern at constant temperatures

above 500°C indicated that the U02+x and the sorbed carbon-bearing

species were simultaneously oxidizing. In the initial stages the rate
of U02+x oxidation apparently exceeded the rate of carbon oxidation, but

after 2 to 5 min the carbon oxidized faster. After oxidation in CO2 to

650°C, the U0, samples had lost AN% of their BET surface areas. The

oxidation of UO2+X with carbon dioxide or steam is in agreement with

b5

thermodynamic calculations.

>

The thermodynamic calculations also
indicate” that the oxidation of U02+x can be prevented during the carbon
removal step by using as little as 0.1% CO in the carbon dioxide or

0.1% H2 in steam. Future TGA studies will seek the effect of the hydrogen-

steam atmosphere.
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Firing in Various Atmospheres

W. D. Bond

In the firing of UO2 gel microspheres, we heat up and soak the gel
in atmospheres that can potentially react with and remove the carbon and
then densify the gel. The final sintering is then done in Ar-4% H2 to
reduce the U02+x to UOE.OO'
previously reported for CO2 and Ar—h% H2 atmospheres. In addition we

We performed additional studies beyond those

studied Ar-HEO, Ar-HE-HQO, and room-temperature exposure to air followed
by firing in an Ar-L4% HE atmosphere. We observed effects with carbon
dioxide firings that we did not encounter in our earlier work. In the
present work with carbon dioxide, we nearly always obtain a mixture of
brown and black spheres, and the particle density of this mixture is
frequently less than the minimum desired 95% of theoretical. We never
observed this in our earlier work, where the fired spheres were always

a uniform black. The brown spheres appear to be less dense than the
black ones and generally contained fine, closed porosity. We are at
present attempting to determine what causes this previously unobserved

phenomenon. We also observe this effect in Ar-4% H2—H O atmospheres when

2
we fire in large batches (>100° g) but not in small batches (<10 g).

Typical Firing Results

Some typical results of the firings using various atmospheres are
shown in Table 9.1. The exact time schedules of firings are given in
Table 9.2. It is evident from the data that firing in Ar-4% H2 is only
effective for gels having oxygen-to-uranium ratios greater than 2.3,
and even this may depend on the amount of excess oxygen in UQ2+X rela-
tive to the amount of sorbed carbon compounds. Apparently, the excess
oxygen can react with the sorbed organic materials. Exposure of the gels
to air at room temperature before firing in Ar-4% HE was also effective
only for the gels with the higher oxygen-to-uranium ratios. Firing in
argon rather than in Ar-4% H2 does not improve the carbon removal. We
thought that argon would be more effective than Ar-L% H2, because excess
oxygen is retained to higher temperatures in the argon atmospheres. With
the Ar-3% HQO, excellent density was always attained, but the carbon con-

tent was most often 100 to 200 ppm. With argon-hydrogen-steam mixture,
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Table 9.1. Firing of U02 Gel Microspheres in Various Atmospheresa

Final Product Analysis®

Microsphere Gel Analysis o Firingc Carbon Densitye (g cms)
Preparation 0/U Net C (ppm) Code (ppm) Hg at 210 psi Hg at 15,000 psi Helium
11-15-1550 2.37 0.50 Ar-Lg H, 70 10.83 10.83 10.94
Air(Ar-u%Hz) 30 10.90
Ar < 20 10.80
o -1 < 20 10.84
Co,-B < 20 10.37 10.59
11-10-1215 2.34 1.02 Ar-hg H, 50 10.81
Ar 0 10.77
€0,-1 < 20 10.70
Ar-h%Hg-HEO €0 10.6 10.8
10-20-1600 2.27 1.94 Ar-49 H, 5500 10.4 10.6 10.6
002-1 120 10.70 10.81
Ar-3% H,0 110 10.72 10.90
11-7-1545 2.23 1.75 001 160 10.90 10.9k4
C0,-B 50 10.79 11.02
10-19-2310 2.20 0.93 Ar-Lg H, 2340 10.5 10.5
11-4-1530 2.19 1.52 Ar-L49 H, 2320 10.3
Ar 3100 10.7
Co,-1 0 10.71
Ar-3% H 0 18 10.70
11-2-1504 2.18 2.26 Arﬁ%Hg 5700 10.5
Air-Ar-u%H2 3900 10.4
CO-1 & 10.07 10.45
COQ-B < 20 10. 4k
Ar-3% B0 < 20 10.58
L7-56-93 2.18 Ar-4% H, 8000 10.1
o -1 810 9.93 9.93 10.01

aMicrospheres were ~600 K in diameter.

atmospheres and were 10 to 25 g for firings in Ar-L4% H2

bFormate-derived carbon is subtracted from the total carbon.

“Firing conditions defined in Table 9.2.

deygen-to—uranium ratios on final material were 2.002 or less.

®Theoretical density is 10.07 g/cm .

Samples were 100 to 300 g for firings in CO2 or HEO
or Ar atmospheres.
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Table 9.2. Firing Schedules for Table 9.1.

Heating Conditions Hold Conditions

Firing Code Temperature

Atmosphere Rise Rate Range Atmosphere Temperature Time

(°C/ur) (°c) (°c) (br)

Ar-4% HE Ar-U% H2 300 25-1200 Ar-h H, 1200 L
Air-Ar-L9 H, Air o5 ol

Ar-h% H, 300 25-1200 Ar-hg H, 1200 i
Ar Ar 300 £5-1000 Ar-L4% H, 1000 b
Co,-1 Ar-U% H, 450 25-450 Ar-149 H, 450 0.5

Co2 300 450-850 002 850 1.5

Ar-19 H, 200 850-1100 Ar-L9 L 1100 ok
COQ—B 002 50 25-400

Cog 25 Loo-600

co, 50 600-950

Ar-h% H2 300 950-1200 Ar-49 H, 1200 o-k
Ar-4% Hg-Hgoa Ar-1% E, 300 £5-150 Ar-Ld, E,-H,0 150 2

Ar-4% HE—HEO 200 150-450 Ar-49 H-H,0 450 20

Ax-h% H-H,0 300 450- 1000 Ar-49, H, 1000 2
Ar-3% HEOb Ar-3% HEO 50 25-400 Ar-3% H,0 iTele) 20

Ar-3% H,0 25 400- 1000 Ar-4% H, 1000 2-h

aAr—M% H, saturated at Q°C.

bArgon saturated at room temperature.

the P-11-10-1215 product was multicolored like the products fired in
carbon dioxide. This was not observed in smaller-scale firings.

The firings in carbon dioxide almost invariably produced mixtures
of black and brown spheres, and only with the 11-7-1545 gel did we ob-
tain a uniform black product. In general, the greater the percentage of
the brown spheres, the lower was the density. The firings in carbon
dioxide atmospheres appear to be reproducible within a given batch
preparation but not on different batches of practically the same O/U
ratio. Occasionally, we obtain very low-density material, in which the
pores are closed, with firing in carbon dioxide. Refiring these low-
density spheres to 1500°C in Ar-L% H, produces practically no increase
in density. We do not understand this variability in the carbon dioxide

firings, but we suspect it may have to do with the nature of the excess
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oxygen in the UO2+X and variations in the degree of sorption of organic
compounds in different microsphere preparations. The excess oxygen in
some cases could possibly be mainly on the surface of the 50- %o 100-A
U02 crystallites, whereas in other cases it may be uniformly distributed
through the U02+x crystalline lattice.

Since excellent results have been obtained on small-scale firings
with Ar-L4% HQ_HQO atmospheres, this work will be extended to the 300-
to 500-g scale in the coming year. We believe that the chemical varia-
tion kinetics, mass transfer kinetics, or both can be adjusted for
larger-scale preparations. Some of the other atmospheres such as carbon
dioxide, argon, or argon-steam might well work if the proper sozking
conditions are used. However, we do not plan to investigate them thor-
oughly unless the Ar-h% HE—HQO atmosphere requires unusually long

soaking periods.

Low-Temperature Drying Studies (W. D. Bond)

Studies of low-temperature drying in argon or steam show that
carbon is not effectively removed by these atmospheres (Table 9.3).
Even after drying to 350 or L400°C the gels still contained about O.S%
net carbon. The drying results show that steam is slightly more effec-
tive than argon. The measured nitrate-to-uranium ratios show that
nitrate removal is nearly complete at 180 to 200°C. The ratio in the
original sols is about 0.15. For gels treated below 200°C, the amount
of steam used did not appear to be critical, as long as at least 2 g
of steam was used for each gram of UO2 gel. The rate of removal became
very slow when more steam was used. The drying results indicated that

the carbon-bearing substances are very strongly sorbed.

Drying and Sintering Schedule for Sol-Gel Urania Microspheres
R. L. Hamner H. Beutler

Based on our preliminary characterization studies of sol-gel urania
microspheres by differential thermal analyses (DTA), hot stage microscopy,
crystallite size determinations, and BET surface area measurements, we
sought to establish a drying and sintering schedule designed to obtain

high-density low-carbon-content uranis microspheres. QOur approach was



Table 9.3.

Drying of UO2 Gel Microspheresa

Drying Conditions

I3)

Gel Analysis

Gel Microsphere Total Steam Bulk Density Carbon (wt %)
Preparation Atmosphere Time T Max Time by Hg 0/U No, /U  Total  Net®
(br)  (°C (nr) (g/cm3) 3
10-19-2340 Argon 16.0 195 0 L.65 2.20 0.002 1.92 0.93
10-20-1600 Argon 6.5 180 0 L.34 2.27 0.008 2.73 1.94
11-2-1504 Argon 5.5 188 0 3.90 2.18 0.004 2.75 2.26
11-4-1530 Steam 22 180 b 4.03 2.19 0.001 2.22 1.52
11-7-15L45 Steam o2 160 L L.khs 2.23 0.00k4 1.92 1.75
11-8-1400 Steam 22 157 L L.6h 2.34 0.01 1.51 144
11-9-1301 Steam 2P 152 b 2.30 0.005 1.60 1.45
11-10-1215 Steam ol 160 L .72 2.34 0.009 1.4 1.02
11-10-1520 Steam ol 140 2.5 5.09 2,36 0.016 1.1k
11-15-1550 Steam L8 154 2.7 4.63 2.37 0.02 1.08 0.56
3-3-1515 Steam 20 105 L 2.18 2.90 2.00
3-3-1515 Steam 20 350 L 1.05 0.62
b7-2h-97 Argon 21.5 ele) 0 1.20 0.50

#ested in 100- to 300-g batches at flow rates of Ar, 1 liter/min; steam, 2 to 3 g/min.
bSamples reported dried in steam were first heated to 120°C in argon; then steam was introduced.

CFormate—derived carbon is subtracted from total carbon.

Work on dried gel fragments shows that

formate does not contribute carbon to a product fired at 1100°C.

0LT
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to remove as large a quantity of residuals (nitrates, organics, carbon)
as possible during the drying step, before the beginning of sintering.
The atmosphere and the heating schedule were the major variables con-
sidered.

In the past, carbon dioxide has been used extensively as the atmos-
phere for sintering urania microspheres, mainly because it is effective
in removing carbon. However, microspheres sintered in a carbon dioxide

atmosphere often have low densities (<95% of theoretical). Our hypothesis

regarding these low densities is that the residuals in urania microspheres
are not removed to an appreciable degree in carbon dioxide before the
beginning of sintering at a temperature just above 400°C; consequently,
they become trapped during the early stages of sintering and cause low
densities.,

Sintering of urania microspheres in steam-Ar-4% H_ begins just above

450°C. However, in preliminary experiments on one batih of UO2 gel the
nitrate content was reduced from 0.26% (2600 ppm) to 40 ppm and the car-
bon content from 1.6% to 40O ppm by soaking urania microspheres for 16
to 24 hr at 450°C (before sintering began) in this atmosphere. For this
reason, we selected steam~Ar-U4% H2 as the atmosphere for our drying and
sintering schedule for urania microspheres.

Another important point to be considered in drying urania micro-
spheres during the heating schedule is the exothermic reaction (we
believe between organic material and nitrate) shown by differential
thermal analysis (Fig. 9.5) to occur at 220°C. This reaction might lead
to a temperature excursion in which the temperature of sintering may be
reached quickly before the residuals are removed. We demonstrated by
differential thermal analysis that this exotherm could be suppressed by
soaking in steam-Ar-L4% H2 at 150°C, just below the temperature at which
the exotherm begins.

Based on these considerations, we designed a tentative schedule for
drying and sintering urania microspheres as follows:

1. As a precaution against oxidation of urania, the residual or-
ganics, or both, deoxygenate the water in the steam generator for 16 hr

by passing Ar-4% H, through the water heated at Q0°cC.
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are shown in Table 9.4. These results show that for small samples,
sound high-density low-carbon-content urania microspheres can be obtained
by drying and sintering in steam-Ar-L49% H,.

We are now studying the rate of carbon and nitrate removal from the
microspheres as a function of time and temperature to optimize the

sintering schedule.

7

Gas Evolution from Sol-Gel Microspheres

D. N. Hess C. F. Weaver B. A. Soldano H. F. McDuffie

Sol-gel microspheres of ThO2 and UO2 evolved gases when heated, as

did the Th02-3% UO_. sol-gel materials previously reported.8’9 We tried

to remove these gaies and carbon, which are generated by interaction and
pyrolysis of the water, nitrates, organic solvents, and surfactants in-
cluded in the sol-gel materials during their preparation. Such removal
is considered desirable because excess gas pressure or reactions between
the gas and metal might occur in sealed fuel elements and cause rupture

during reactor operation.

Table 9.4, Results of Heating Urania Sol-Gel Microspheres
to 1000°C in Steam-Ar-L4% H,

0/U Ratio Carbon Content (%) N
Initial Final Initial Final Density
(g/cm3)
b 2.003 b 0.00L 10.45
2.303 2.001 1.60 0.003 11.0
2.354 <2.001 1.51 <0.002 10.93
2.326 2.002 0.72 <0.002 10.87

%As determined by mercury porosimetry. Theoretical density is

10.97 g/cm3.

bNot determined.
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The following conditioning scheme, comprising a sequence of exposures
to Tlowing gases at atmospheric pressure, successfully produced a low

carbon content, a low oxygen-to-uranium ratio, and a high density:

Treatment Time Temperature Gas
(nr) (°c)
16 170 Ar-H,0
250 Ar-49 H,-H,0
350 Ar-4% H-H,0
450 Ar-49 H,-H,0
Cool Ar-149 H-H_0
16 Store He
25 — 550 Ar-49 H_-H,0
550 Ar-149% HE—HEO
650 Ar-49 H,-H.0
Cool Ar-h9 H,-H,0
16 Store He
25 — 850 Ar-4% H,-H,0
12/3 850 Ar-L49 H-H,0
2 850 c02-75% H,0
1/2 850 H,
3/4 1000 E

The wet gas used was prepared by saturation with water at about 95°C,
giving about 3 moles HEO to 1 mole Ar-4% Hg. The flow of water vapor
was necessary to remove carbonaceous material and thus produce a low
final concentration of carbon in the U02 microspheres. The initial 16
hr at 170°C was a convenient (overnight) period but probably can be
reduced to as little as 2 hr. The water vapor also seems to prevent
fragmentation of the spheres. The 9.976-g sample lost 15% of its weight.
Tts final oxygen-to-uranium ratio was 2.001, its carbon content 0.008%,
and its density 10.82 g/cm3 (measured with 210 psi Hg). The product was
shiny and black with no fines but of nonuniform size.

The mixture of carbon dioxide and steam was superior to either

compound used alone for increasing the rate of sintering. Carbon removal
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had to be complete before the mixture was added, since the densification
trapped any remaining carbonaceous material either mechanically or by

carbide formation.lo’ll

The final use of pure hydrogen to counter the
cxidizing effect of the mixture of carbon dioxide and steam produced the
low oxygen-to-uranium ratios.

We expect that the same processing scheme would be applicable to

microspheres consisting of any ThO —UO2 solid solution, although no

2
experimental information is available for such materials. For the pure

ThO the hydrogen in the processing scheme is both unnecessary and

2
hariless. Since excess oxygen in U02+x aids sintering,12 longer densi-
fication times would be required for Thog—rich samples.

Experiments have been performed to help understand the complex
chemistry of the conditioning scheme described previously. Primary
attention was given to identification of off-gases and to oxidation-
reduction reactions involving the processing gases HQO, 002, and HE'

The air-dried ThO2 microspheres yielded COE’ Co, Hg’ NO, Né, and
organics upon heating in vacuum. The first three predominated. The
largest amount of gas evolution occurred at the following temperature
intervals: 240 to 260, LOO to 460, and 700 to 760°C. Above T60°C,
only a negligible amount of gas remained.

2’ Né’ 2°
organics when heated with steam and evacuated. The temperature intervals

The wet UO2 microspheres yielded COE’ Co, H 0,, NO, and

of maximum gas evolution appeared to be 150 to 250 and 400 to 650°C.
The principal organic gas evolved (primarily in the 300 to 350°C range)
was CHM' This is in contrast to the production of higher-molecular-
welght organic products previously noted with ThO2 microspheres.

A possible explanation13 for the difference is that in dry ThO2
thermal cracking of the organics occurs, while in the wet U'O2 matrix
catalytic cracking is dominant. The latter case is expected to produce
lower-molecular-weight products. That the lighter products would be
more easlly removed from the microspheres provides a partial explanation
of why water vapor enhances the removal of carbonaceous materials.

The oxidation-reduction reactions

[o]UO + Hy == HJ0, (1)
o] + CO =C0 (2)

s
UO2+ 2

X
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are intimately involved in the processing chemistry. We have observed
that UO,-ThO, (Kilorod material) as well as U0, microspheres usually,
but not always, react with water vapor to produce hydrogen. This reac-
tion has recently been reported in the literature, and its thermcdynamics
are well described.lu Tt is clear that whether or not reaction (1)
proceeds to a measurable extent depends on the value of x. This explains
why on occasion the UO2+X microspheres will not reduce water vapor or
carbon dioxide. An experiment was carried out to confirm that UO2+

from a sol-gel source is not prevented kinetically from reacting accord-
ing to Egs. (1) and (2) by its chemical impurities. A sample was ground
to -270 mesh and reacted with carbon monoxide at 1200°C until no further
reduction occurred. This product was readily oxidized by either water
vapor or carbon dioxide producing hydrogen or carbon monoxide respectively.
Once the oxidizing reaction had proceeded to its 1limit the solid product
could again easily be reduced with carbon monoxide. These results and
those in the literature indicate that there are probably no kinetic
barriers associated with using these reactions, so we have a Tirm base
for studying their rates and optimizing the processing scheme for the

sol-gel UO2 microspheres.
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