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1.0 ABSTRACT

Sol-Gel Process Development. -- The sol-gel process, developed for the

preparation of thoria or uranium oxide--thorium oxide particles suitable
for £illing nuclear reactor fuel elements by vibratory compaction, has been
successfully scaled up to the preparstion of 15 kg per batch. Starting
with the products of the Thorex process (uranyl nitrate and thorium nitrate),
the process produces the dense oxides in four simple steps that can be
readily carried oub behind shielding. In engineering and chemical devel-
opment, the optimization of procedures and equipment for the preparation
of oxide (3/97 U/Th weight ratio) at the rate of 10 kg/day for the Kilorod
Project was emphasized. Each unit operation required for the sol-gel
process was demonstrated at full scale. In the course of these studies,
materials were mede available for fuel element fabrication development

and for in-pile testing of sol-gel-prepsred materials.

In the rotary denitrator, batches of thorium nitrete containing 15 kg
of Tho2 were dehydrated in heated alr as the temperature was incressed to
lBOOC,and then denitrated in superhested steam as the temperature was
increased to MYSOC and held for 1 hr. The design and operation of the
calciner was unusually successful and trouble-free. More than 400 kg of
highly dispersible Th02 that had a reproducible residual NOB-/ThO2 mole
ratio of from 0.0z5 to 0.03 was prepared.

Uranium oxide--thorium oxide sol wes prepared in a specially-designed
and developed critically safe slab tank. A precisely nmeasured volume of
uranyl nitrate solution, snalyzed for uranium and nitrate content, was
added to water and circulated through the tank and a heater. While heating
to 85°C, the nitrate content of the solution is adjusted to give an
NO5"/ThO2 mole ratio of 0.077 for the finished sol. A weighed batch (10
kg) of ThO, was flushed slowly into the tenk with the correct amount of
water to give a 2 M Tho2 sol. After digestion at 90°C with recirculation
for 1 hr, sufficient NHAOH was added to give a 0.0L7 NHh_OH/ThO2 mole ratio.
The nitrate adjustument ensures complete dispersion, and the NHAOH adjust~-
ment fixes wuranium on the surface of the thoria. This opbimized procedure
gives sols that lead to homogeneous oxide products whose particles vary
in U/Th weight retio by less than 1%. The oxides from these sols likewise
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consistently have particles of maximum density (9.9%+ g/cc), and are easily

packed to densities of 9.0 g/cc in fuel rods.

The adjusted sol was pumped to the top of a series of sol-dryer trays
arranged in cascade and connected by overflow tubes so that the sol, cone
taining 10 to 15 kg of oxide, was distributed equally among them. The sol
was dried to gel at 85 to 90°C in a stream of heated air. In 48 hr of
drying time, gel particles ranging in size from 1 cm down to about 100
U.S. mesh size (about 90% of particles larger than 16 mesh) were produced,
and they had 4 to 6% volatile matter and a density of 6 to 7 g/cc. Lab-
oratory experiments indicated that particle size may be controlled by

specifying conditions of sol-drying.

Gels were calcined in air at a relatively slow rate of increase in
temperature (100°C/hr) up to 500°C, and then at 300°C/hr up to 1150°C.
After 1 hr in air, the atmosphere was changed to noncombustible L% Ho=-Ar
and calcination continued at llSOOC for 4 hr. The furnasce and charge were

cooled under argon to about 200°C before being removed from the furnace.

Leboratory experiments showed that calcinations and cooldowns conducted
entirely in argon or nitrogen produced oxide products that had a density of
as high as 9.0+ g/cc, an O/U ratio of 2.0500 or less, and o residual gas
content of 0.005 cc/g or less, comparable with the results of calcinations
in 49 Hy--Ar. However, in a larger furnace, where the atmospheres and the
temperatures were cycled, good results were not achieved with inert gases @

because good control of atmosphere in contact with the charge was impossible. .

In testing calcined oxides to determine the quantities and species of
gases contained in them, they were heated to 1200°C in vacuum. These
guantities and species of gases were shown to depend on the furnace atmos-
pheres used during the calcination and cooling steps, on size of the oxide
particles, and on blanket gases in contact with the oxide during comminu-
tion to cbtain opbimum particle size distribution. The evolution of
hydrogen and carbon monoxide were strongly indicated to be due to & reac-
tion between carbon in the oxide and the water adsorbed during grinding.
Water and carbon dioxide were the major gases released from oxides in which
the 0/U ratios were high. The bulk of water and carbon dioxide adsorbed
by the oxide during grinding was evolved in vacuum at temperatures below ]
Loo°c. s
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Fabrication and Material Development. -- Research and development on

this program in the Metals and Ceramics Division hes been carried out in
three general areas. One effort has been the development of process
schemes and equipment for the remote fabricstion of fuel elements con-

taining mizxtures of thorium and uranium oxides.

During the past year, equipment for crushing, classifying, and vibra-
tory 9ompaction of oxides, plus equipment for welding, cleaning, and
inspection of fuel rods have been developed and instelled in & lightly
shielded facility. Approximstely 1100 fuel rods containing U255 will be
fabricated for criticality, zerc power experiments at Broockhaven Nabtional

Laboratory.

The prime Jdevelopmental work centered around the solution of the
proper particle-size distribution to be fed to the fuel rods during vibra-

tory compaction, and the establishment of opbimum welding conditions.

The second area of major concern has been the irradiation performsnce
of mixed oxides of thorium and uranium produced by the sol-gel process.
Over 30 cepsules containing various versions of sol-gel-prepared oxides
were irradiated. Most of these were conducted at process-water tempera-
tures and with rather modest heal ratings. In comparison with mixed
oxides obtained by standard methods, the scl-gel-derived fuel proved to
be at least as good and, in some cases, slightly better in retaining
fission gases. Because of the modest heat ratings, no sintering of the

loose fuel particles has been cbserved.

Thoria pellet development work was originally undertaken, with the
goal of achieving a dense spherical particle having a high attrition re-
sistance. The ultimate purpose was to use these pellets in a fluidized
blanket system of & breeder reactor. Febrication methods were developed
whereby density and grain size could be controlled. The use of coatings
were investigeted and then evaluated by attrition tests. Encouraging

results were obtained just prior to the termination of the project.

Efforts to improve the resistance of thorium metal to irradiation-
induced swelling involve the use of dispersion hardening. The dispersoid

selected is thoria in the submicron-pasrticle-size range. The problem in-

volves the development of fabrication procedures to achieve the fine particle

size of mebtal and oxide and to fabricate shapes containing an optimum dis-

persion of oxide in the metal.
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2.0 INTRODUCTION AND SUMMARY

The ORNL Fuel Cycle Program has been directed toward process develop-
ment of the sol-gel process for preparing ThOQ-UOE reactor fuels, and
evaluation of the product obtained. Process development has included
studies of the variables importent to sol preparation and gel Tormstion,
gel calcination, and gas retention by the product. A preliminsry com-
parative evaluastion of radiation stability of sol-gel process ThOZ-UO2

and of ThOe-U‘O2 mixed oxides prepared by other methods has also been made.

A request to ORNL to prepare about a thousand tubes filled with oxide \d
containing 3 wt % U23302--97 wt § ThO2 has provided an opportunity to
demonstrate a sol-gel--vibratory=-compaction procedure for preparing reactor
fuels with U255 at the 10 kg of fuel per day scale. The fuel prepared by
this procedure will be used in zero power criticality experiments at
Brockhaven National Laboratory. This program has been dubbed the Kilorod
Program, and has required the construction of a shielded, completely con=
tained facility which has been named the Kilorod Facility.

The construction of the structural components in the Kilorod Facility
were completed during this report period. All operations involved in
manufacture of the reactor fuel will be done in Building 3019, the chem=-
ical engineering pilot plant building at ORNL. They consist of (1) a
solvent extraction cycle employing 2.5% di-sec-butylphenyl phosphonate -
for the removal of the daughter activities of U255 and U252; (2) prepar-
ation of reactor grade UO,~ThO, (3 wt % 0?32, using the ORNL sol-gel
process; (3) sizing and classification of the resultant solids; and (k)

compaction of the solids by vibratory compaction in Zircsloy-2 tubes.

2.1 BSolvent Extraction

The solvent extraction pilot plant is now in a condition suitsble
for operation, but is untested under the conditions required by the process
flowsheet. All equipment modificstions have been completed, and additional
equipment has been installed. The status of this part of the program may

be summarized as follows:
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1. All equipment and piping has been leak tested with water.
2. All vessels and instruments have been calculated.

3. The flowsheet to be used for the purification of the U"Z33 has
been validated.

Lh. A bazards review has been prepared, setting out the process
hazards and methods of control. Operation epproval for criticelity con-
trol methods has been received from the Criticslity Review Committee.

5. Run sheets, dats sheets, and operations mesnuals have been prepared.
6. A program of operator training by means of lectures and in-plant

training involving the unit operations has been completed.

2.2 BSol-Gel Process

All equipment has been located within the sol-gel cubicle in cell L
of Building 3019 and installation is underwsy. Piping within the cubicle
is about 10% complete. Electrical work, including installation of the
west control panel, has been completed. The estimasted completion date for
this facility is December 30, 1963. Following the equipment-installation
phase, 20 kg of 3 wt % natural urania-thoria will be prepared to provide
material for vibratory compaction studies and to gain in-plant opersbility

informetion.

2.3 Rod Fabrication

The installation of the manipulator ports and windows has been com-
pleted and the structural steel racks to he uged for the equipacnt have
becn placed. All equipuent items tested in the mockup have been cleaned

and avalt installation.

2. Radiation-Monitoring Program

In addition to the preparation of the fuel elements, an additionsal
objective of the Kilorod Program is to gain practicsl radiation hazards
information connected with the handling of recycled U‘35.

An ipherent problem of thorium fuel cycles is the radiocactivity

associated with the recycled fuel. The radioactive substances include
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the U233 and U252, any recycled thorium, and fission products. However,
the U‘53 to be used in the Kilorod Program is free of fission products
and contains only 38 ppm of Ud3¢. Solvent extraction purification just

prior to use will remove thorium and the U252

daughter products, which
will grow back during the process. Since; in the absence of fission
products, these daughters are the major geamms sources, it is desirable

to obtain data on both the actual garmwe dose rates and the cumdlative
doses to workers at each operation in the Kilorod Facility. As a result,
a series of calculations of dose rates received by operators of the
equipment to be used in the solids-handling cubicles were made., With
some assumptions as to exposure times, a probable cumulstive dose to an
operator's hands and arms has been estimated. Calculated dose rates and
total exposures will be greatest for the operations in the chemical cubl-
cle, that is, for the sol-gel-process lines. Ten sol-gel batches will
be made from each lot of decontaminated uranyl nitrate hexshydrate (UNH),
the first only a few hours after solvent extractlon, the second about ten
days later. The results of the calculations for the first and tenth of
these batches are summarized in Flg. 2.1. Here the bars show the dose
rates, while the solid lines show the accumulated dose at each operation.
The solid bar and lower line are for the first sol-gel batch, the open
bar and upper line for the tenth batch.

On the basis of the calculations, a progream has been prepared for
alphs and gamme spectrometric measurements on samples of UNH product,
sol, gel, and fired solids, and for direct monitoring of the gamma dose
rates from the same materials in-process. Cumilative doses to personnel
at each station will be measured by use of film badges and pocket dosime-
ters. The data obtained should facilitate the estimstion of activity in
and dose rates from unshielded sol-gel lines that transport UNH with higher
Uz52 concentrations.

3.0 SOL~GEL PROCESS DEVELOEMENT
(0. C. Dean, A. T. Kleinsteuber, J. W. Snider, C. C. Haws, P. A. Haas)
3.1 Description of the Process

The sol-gel process was developed to convert uranyl and thorium
nitrates to dense ThO2 or U’Qz-ThO2 particles suitable for the filling
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of fuel tubes by vibratory compaction. It consists of four simple steps
(Fig. 3.1): thorium nitrate, a product of the Thorex process,l is heated
to about 200°C in a stream of air and then is denitrated with superheated
steam to produce Tho2 that contains a closely controllable 2-to-3 mole %
of residual nitrate. This 'l‘hO2 igs dispersed to a stable oxide sol by
agitation in dilute uranyl nitrate solution at 80°%. After dispersion
and adjustment to a pH of 3.9, the sol is evaporated at 85 to 90°C to
produce a gel that on drying breaks up into pieces approximately 1/2 in.
across. This gel contains about 5 wt % of residual water and has a
density of about 5 g/cc. The gel is calcined in air, the temperature
being increased BOOOC/hr to 115000 and held for 1 hr. The blanket gas

is then changed to argon containing 4% H, for 4 hr te reduce the uranium
oxide to UOZ' The optimized product then is a completely homogeneous
solid solution of UO2 in ThOE, practically free from pores. The particle
density of the product is greater than 9.9 g/ec, or 99% of theoretical
density.

The process has good flexibility. Thorium nitrate crystals or solu-
tion can be denitrated with equal ease to & dispersible oxide. Mixed
thorium and uranium nitrates have been co-denitrated to a dispersible
mixed oxide powder. The uranium content of the sol can be varied from
0 to 10 at. %. A flowsheet similar to the one shown in Fig. 3.1 was used
to prepare 4 wt % plutonium-thorium oxide that had a particle density of
98% of theoretical. This material was packed into irradiation capsules

which are now being irradisted in the NRX reactor.

3.2 Engineering Development

The primary purpose of this part of the progrem was to develop equip-~
ment and operating procedures for the Kilorod Program. This development
has culminated in & full-scale demonstration of each unit operation re-
quired for the process. In the course of these studies, materials were
made svailable for programs to develop vibratory compaction and for in-

pile tests of oxides prepared by the sol-gel process.

;F. R. Bruce, "The Thorex Process,” Symposium on the Reprocessing of
Irradiated Fuels, Brussels, Belgium, May 20-25, 1957, TID-T534, Book I,
p 180,
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3.2.1 Denitration of Thorium Nitrate

A lh-in.-diam rotary denitrator was designed, built, and operated at
the capacity required for the Kilorod Program. The denitrator was operated
in two phases. The first consisted of s series of runs in which operating
variables were studied to find those which produced denitrated products
with good sol-producing characteristics. The second phase was a series
of runs to demonstrate consistent and dependable operation. About 400 kg
of ThO, powder with good sol-producing characteristics was prepared.
Results and conditions for all runs are tabulated in the Appendix (Tables
A.l, A.2, and A.3).

Description of Equipment. -~ A diagram of the rotary denitrator and

auxiliary equipment is shown in Fig. 3.2, and the rotary denitrator in
the unloading position is shown in Pig. 3.3. Electrical heaters on a
stationary shell around the drum, the rotation of the drum, and the gas
anmulus between the drum and the heaters ensures uniform temperstures for
the charge. The rotary drum is 14 in. in diameter and 31 in. long, with
e 60° tapered inlet end and a 22.5° tapered exit end. The overall length
is 45 in.

Seven thermocouples (l/l6-in.-OD stainless steel sheath with Mg0
filling) were installed on the drum to measure the skin temperature. One
was also placed inside the steam-supply line. Short-circuiting of the
thermocouples to the stainless steel sheath was a frequent problem, and
was abtributed to vibration at the end of the commutator. In all 32 runs,

et least one of the drum thermocouples performed satisfactorily.

An inlet steam baffle, L in. in diameter, was installed and used for
most of the runs. The baffle is locsted in the enlarging inlet section
such that about 1 in. of clearance exists between the baffle and conical
section of the drum. A smaller 2-in.-diam baffle is located about k in.
from the steam-exit point. The purpose of the baffles was to deflect the
steam and prevent chamneling at the low flow rates.

Denitrations were also made in an agitated trough (of the type used
for the denitration of uranyl nitrate) and in smaller laboratory apparatus.
The results of the rotary denitrator runs were more reproducible due to
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more uniform heat fluxes and temperatures; therefore, discussions of
results refer principally to the runs in this large unit. The ranges of
scceptable operating conditions were determined by earlier experiments
in the smaller units.

The Effects of Operating Conditions. -- The Thoz products from the
rotary denitrator runs may be grouped into those that have good sol-pro-

ducing characteristics and those that do not. The first type was char-
acterized by slmost complete dispersion into a stable sol that had a
characteristic blue color when observed by transmitted light. The second
was characterized by incomplete dispersion and had a white appearance
when observed by transmitted light. The difference between the two types

was not evident from chemical analyses {Appendix, Table A.3).

For most of the denitration runs, 30 kg of thorium nitrate crystals
were charged to the discharge end of the drum, which was tilted upward.
Aoout 14.5 kg of Tho2 product was obtained from this size charge. However,
charges of up to 45 kg were denitrated to yield about 21.5 kg of Th02.
Operation of the denitrator in a manner that provided good sol-producing
products required heating the thorium nitrate crystals to drum tempera-
tures of about 200°C under an air purge prior to steam contact. Partial
dehydration occurred during this interval. Superhested steasm was then
introduced to effect denitration. The temperature continued to increase
from heat added as superheated steam and through the heated drum walls.
At about 250 to 3009C, the crystals melted into a syrup and remained
syrupy until, at about 55000, solid ThO2 was formed. The steam flow was
continued for an additional 3 to 4 hr, during which the temperature in-
creased to 450 to 475°C. When this procedure was used, the variations in
product anslyses were small and dispersion into good thoria sols was
achieved. One run vas made with a Th(NO5)“ solution instead of thorium
aitrate crystals as feed. The solution was cvaporsgted without difficulty.
After 180°C vas reached, procedures, temperatures, nitrate evolution, and
the product properties were indistinguishable from those for runs with

thorium nitrate crystals.

The temperature profiles and condensate volumes for two representative

runs (one, RDB=-1L, which gave a good product, and the other, RDB-16, which
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gave an undesireble product) are shown in Fig. 3.4. There are two sig-
nificant differences in the heating profiles of these runs. The temperg-
ture profile for run RDB-1l4 shows a hold, indicating an endothermic
regction at about 290°C, whereas that for RDB-16 does not. Also, run
RDB-14 shows a more endothermic reaction at 525°C than did run RDB-16.

In Fig. 3.5 the nitrate evolution rate vs run time for a good and
poor run are compared. The run that gave undesirsble sol-producing
properties had a nitrate evolution rate which was higher for the first
1-1/2 hr of denitration and decreased for the remainder of the run. The
run that gave desirable sol-producing properties had a lower nitrate
evolution rate for the first 1-1/2 hr of denitration, and two extremely
high nitrate evolution rates for short time intervals corresponding to
the 29000 hold and the 5&500 hold. The off-gas condensate collected for
the good run up to the time corresponding to the £50°C hold period was

less than for the poor run.

Uniformity of the Product. -- Thirty to 50 wt ¢ of the product from

the first five runs was not dispersible by the usual method nor by a

vigorous fune-down method. This fraction was thought to be produced by
conbamination of the charge or the steanm by a component which sorbed on

the ThO, surface so strongly that nitrate could not displace 1t.

The products from the rotary denitrator were remarkadbly reproducible

in nitrogen content for a given run time (Teble 3.1). The effect of run

Table 3.1. Product Uniformity of Denitrated Thorium Nitrate

Rotary denitrator: 14 in. in dismeter and 36 in. long
Steam: 350°C and 1 atm
Temperature: increasing to 475°C

Total o
No. Run Time Above 450°°C Product
of Time Stean Air W NOz~/Th
Runs (hr) (hr) (hr) (ke) Molé Ratio
11 6 3 0 1k 0.027 = 0.009
L 0 1 1k 0.059 + 0.005

N

6.5 2.5 0 oz 0.050 + 0.007
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time on the N/Th mole ratio is showm in Fig. 3.6. The run time to be used
for the Kilorod Program, compatible with plant throughput and an 8-hr shift,
should be: 5-1/2 hr in steam; no air at h75°C. This will give & product
containing about 0.03 mole of nitrogen per mole of thorium. Products from
the rotary denltrator are so uniform in sol-producing characteristics from
batch to batch that the residual nitrate may be ignored in sol prepara-
tions. The uniformity will be further increased by blending several
denitrator batches together for ThO2 feed to the plant.

Several products from a variety of run times and conditions were dis-
persed and allowed to stand 24 hr in a sol column not exceeding 5 in. of
height, at a concentration of about 2 M ThOE. A1l products with good sol
properties left heels upon decantation which showed that more than 99.5%
dispersion was achieved at an added nitrate-to-thoris mole ratio of 0.07.
Lbove this nitrate level very little additional dispersion was achieved
(Fig. 3.7). Fun ATC-58, which was made in the agitated trough calciner,
is included to emphasize the superiority of the products of the rotary
denitrator. PBoth methods of denitration give products that disperse at
an added NOB'/Th mole ratio of about 0.07; however, the rotary denitrator
products are more completely dispersible.

Results of Co-denitrating Thorium and Uranyl Nitrates. -- Three runs

were made in the sglteted trough to study the co=-denitration of thorium
and uranyl nitrates [3 to 15 mole % UOZ(NO5)2] (Teble 3.2). The first

Table 3.2. Run Conditions and Analyses of Co-denitration Runs

TU-1 TU-2 TU=3

Time in steam, min to go from 180 180 180 180
to 350°C

Time in air, min above 350°C 180 180 180
Percent thorium by weight 82.34 76.95 72.00
U/Th mole ratio 0.0292 0.0948 0.176
Percent nitrogen by weight 0.32 0.27 0.25
N/Th mole ratio 2.064kL 0.0582 0.0575
Crystallite size, A 58 55 55

Surface area (BET, ), n°/g 41.8 48.8 52,4
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run, TU-1, was & nominal 3% urania--97% thoria preparstion. This product
dispersed easily and produced s fired product that had the characteristics
of fired particles produced from a thoria sol with a high nitrate content.
Run TU-2 product, 9% urania--91% thoria, was not completely dispersible;
the product of run TU-3, a 15% uranium-thorium oxide, was dispersed very

little by normsl sol-gel dispersion metheods.

3.2.2 BSol Preparation

Apparatus. -- The prototype sol mixing tank, designed with a slab
configuration to be critically safe (Fig. 3.8), is a full-size model of
the one to be installed in the Kilorod Facility. The glass front (absent
in the actual Kilorod tank) allowed observation of dispersion and sol
adjustment as conditions end design were varied during development of
equipment and process. The total capacity of the tank is about 30 liters,
and the effective capacity for a sol batch is 20 liters of 2 M ThO2 (about
10 or 11 kg of Thog). Optimum operation requires that the sol level be
below the inlet pipe (pump discharge) at the upper right. In operation,
the sol is circulated from the bottom of the tank through the centrifugsl
punp and s shell-and-tube steam-heated heat exchanger in the discharge
line of the loop and returned to the tank sbove the sol surface. Four
spray nozzles near the top admit water to wash down any solids adhering
to the tank walls. The funnel (top right) is fitted with an interior
stopper that permits charging with water with thoria product from the
denitrator. After the powder is wetted, the stopper is lifted, permitting
the slurry to flow by gravity into the hot circulating uranyl nitrate
solution in the tank. No mechanical difficulties were encountered with
this apparatus in more than 25 preparations. One modification in eguip-
ment was the substitution of a centrifugal recirculating pump for the
Vanton peristaltic pump whose Neoprene and Hypalon liners were eroded
badly by the sol. Centrifugal pumps gave excellent dispersion and intro-
duced only negligible problems. In another modificetion, ammonis was
added at the pump intake rather than at the top of the tank to prevent
the formation of curds, which tended to collect on the wall of the tank
at the sol level.
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3.2.3 Procedure for Preparing the Sol ‘

The procedure discussed below was the preferred one of two developed
for the preparation of the 2 M, 3 at. % uranium-thorium oxide sol required
for the Kilorod Program, and is known as the slurry addition method. In
the alternative procedure, preferred for the preparation of 4 to 10 at. %
oxide containing more than about 5% uranium~thorium oxide sols, Th02 is
dispersed in HNOB, then ammonium diuranste or U‘O5 is blended in. The
slurry addition method is preferred because in it the control of the

NO{/ThOE mole ratio is relatively easy. ]

In preparing sol for the Kilorod Program by the slurry addition
method, the amounts of U255, Thoe, and nitrate charged to the tank must
be accurately known. The nitrate-to-thoria mole ratio of the steam de-
nitrator product is so controlleble and uwniform that it may be assumed
to be 0.03 without analysis, and the Tho2 content is determined by igni-
tion at 900°C for 2 hr. Since the maximum permissible total NO{/ThO2
mole ratio is 0.107 for 3% uranium-thorium oxide sols where the average
ThO2 crystallite size is 70 A (see Section 3.3), and since a 0.03 mole
ratio exists in the denitrated product, the ma.ximumNOB-/ThO2 mole ratio
which may be added is 0.077. The dilute uranyl nitrate solution is made
up in a calibrated, critically safe metering vessel and analyzed for
wanium and nitrate content. An accurately measured volume of the uranyl
nitrate solution containing about 265 g of U253 is charged to the sol
make-up tank. The metering vessel, connecting lines, and the walls of
the sol meke-up tank are flushed with deionized water sufficient to make
the volume of solution about 6 liters; the pump is then started, and the
steam is admitted to the heat exchangsr. When the solution temperature
reaches 90°C, & water slurry of about 10.5 kg of previously analyzed and
weighed ThO,(2 denitrator product is added slowly from the funnel. Suffi-
cient flush water is then added to bring the total sol volume to sbout
20 liters. Recirculation is continued until dispersion of the ThO2 is
complete, as determined by a settling test on & sample. The impeller of
the centrifugal pump was an effective device for dispersing the ThOE.
For most denitrator products the dispersing time is 1 hr.

After complete dispersion, 0.015 to 0.02 mole of NH3 per mole of

thoria is added at the intake of the pump to bring the pH of the sol to
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gbout 3.9. Recirculation is then continued for about 1 hr tc homogenize

the sol, especially with respect to uranium distribution.

With the compesition of the product for the Kilorod Program fixed
at 2 M ThO2 and with a U/U + Th atom ratic of 0.03 + 0.0003, the remain-
ing independent variables for control of compactablility and uniformity of
U/Th atom ratic over the entire particle-size range of the fired and sized

oxide are: NO;/ThO2 mole ratio, ZNHB/ThQ2 mole ratic, and pH.

The sources of nitrate ion in the sol are the residual nitrate in
the steam denitrator product, nitrate associated with the ursuyl nitrate,
and any nitric acid added to adjust the NOE)'/‘I‘hG2 ratio. The variation
in nitrate in the Th02 powder was small, and there was some evidence that
this nitrate was not readily available for stabilizing the sol. The
nitrate demand for the optimum dispersion of steanm denitrator products
as determined by conductimetric titration corrssponded to an NO5'/ThO2
mole ratio of 0.07 + 0.002. Most of the nitrabe was supplied by the
uwranyl nitrate solution, a product of solvent extraction in which the
nitrate/uranium ratio was ebove 2. With a permissible over-run of 10%
of the optimum NOB'/ThO2 mole ratio, the maximunm allowable NO5'/U ratic

is 2.56 for sol-gel products contalning 3 at. % uranium.

Twenty-five batches (3 to 5 kg each) of gbout 3% uranium-thorium
oxide were prepared for studying vibravory compaction. Data for these
batches are fully tebulated in Table A.L of the Appendix. In preparing
these batches, the final sol-gel procedure was developed. An upper limit
on the alloweble nitrate/thorium mole ratio was set by the appearance of
8 high viscosity which mede mixing and transfer of the sol very difficult.
When an added NOB"/ThOQ mole ratio of sbout 0.1 was exceeded, an instan-
taneous incresse in viscosity was noted. The addition of NHAOH did not
reverse the increased viscosity, but led to a thixotropic sol. One such
thixotropic sol, which had a setting time of about 3 min, was made by
adding a NO5'/ThO2 mole ratio of 0.12 followed by neutralizing a third
of the added nitrate with ammonia. The variables, added NG{/ThO2 mole
ratic and added NH-D,/‘I‘hO2 mole ratio, were carefully optimized in order
to prepare calcined oxides of meximum particle density and compactability.
Table 3.3 contains data for seven typical betches selected to show the



Table 3.3. Effect of Sol-Preparation Conditions on Density of Sol-Gel Oxides
3-7 kg batches; 3 at. $ U--ThO

2
Sol Conditions Density
Batch Moles Nitrate Added Moles NH» Added® Adjusted (% of Theoretical)
No. per Mole ThOo per Mold ThO, pHP ParticleC  Vibrated Bulk
20-5M 0.067 0 3.31 99.3 90.6
21 0.086 0 2.90 99.9 89.6
22 0.093 0 2.90 9.5 86.0
8a 0.170 0.0k1 2.72 97.9 83.4
8C 0.170 0.093 3.45 97.5 87.8
31 0.080 0.020 3.80 98.6 87.8
28 0.077 0.015 3.48 99.5 89.4

®pdded after dispersion of Thog.

b‘I‘aken Just prior to evaporation of sol.

“Determined by toluene immersion.

—1—‘8 oa
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effect of these varisbles on density and compactsbility. Batches 20-5,
21, 22, and 28 show that the optimum added NOB'/ThO2 ratic is probably
somevhere between 0.067 and 0.086. Higher nitrate concentration decreased
particle density, snd in addition gave particles of lrreguler shape with
rough, cracked surfaces. All these particle properties are unfavorable
for high compactability. Neubralization of high nitrate with amonia
improved pariicle shape and surface character, but when used in emounts
greater than 0.015 mole per mole of thoria, produced particles of low
density. Ammonia alsc imparted added toughness to the particles, so that
in vibration, points and edges did not bresk off as readily; some degra-
dation is desirable to allow increased bulk density of the compacted
material. The optimum conditions for the preparation of 3 at. % uranium-
thorium oxide sols are represented in batch 28, where about 10¢% excess
nitrate is used to hasten dispersion of the Thog, and the excess nitrate

is neutralized by a minimum of ammonia.

Sol-preparation conditions mist also be optimized for a uniform
uwranium=-to=thorium ratio in all particles of the product. For the Kilored
Program, the maximum sllowable deviation in ursnium percentage for any
perticle sample is only 1% of the 3% overall uranium content. Table 3.4
contains & set of selected batches to show the variability of uranium
distribution under various conditions. Similar data for the remaining
batches are in Tables A.5 and A.6 of the Appendix. High nitrate-to-thoria
mole ratios favored concentration of uranium in the fine-particle fraction.
The use of smmonie to neubrelize excess nitrate improved the uranium
distribution. As mentloned earlier, the apparent pH of the sol at the
optimum adjustment was 3.8 to 4.0. Batch 28 represents optimized vari-
ables for uniform distribution, and since these conditions also produce
a compactable oxide, they are the conditions reccmmended for the Kilorod

preparation.

Two sol preparations (batches 19-4M and 20-5M) were made in which
the Tho2 concentrations were 4 and 5 M, respectively. As shown in Tables
3.3 and 3.4, batch 20-5M was satisfactory with respect to compactability
and uranium distribution. No mechanical problems were encountered in the

preparations.



Table 3.4. Sol Preparation Conditions and Uranium Distribution in Sol-Gel Oxides
Typical batches of 3-7 kg oxide, 3 at. % U

Uranium Distribution
in Product,

Sol Conditions % Deviation from Mean U/Th

Batch Moles Nitrate Added Moles NH Added® Adjusted Coarse Medium Fine

No. per Mole ThO, per Mblg ThOo pH FractionP Fraction® Fraction®

28 0.077 0.015 3.92 +0.03 +1.18 ~0.03%

31 0.080 0.020 3.80 -0.40 +1.09 +1.56 :
9-AB 0.096 0 2.82 b, 37 +6.58 +6.58 %ﬁ
20~5M 0.067 0 3.31 ~1.62 +3.76 +1.75

1h-H 0.086 0.01h 4,18 =0.70 +1.92 +0.46

®pdded after dispersion of ThO,.
®6/16 mesh, 60 wt %.

¢50/140 mesh, 15 wt %.

4 _200 mesh, 25 wt %.
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3.2.4 Evaporation of the Sol

The digested, pH-adjusted sol is batch-evaporated to gel in trays
under a stream of heated air at 85 to 9OOC. The trays are arranged in
cascade so that sol from the top tray overflows to the one immediately
under it. Twenty liters of sol, containing 10 kg of oxide, are pumped
into the top tray. The optimum depth of sol in the trays is 5/4 to 1 in.
A drying time of 48 hr is used to prevent the Pormation of bubbles in the
gel product and to remove all except 4 to 6% of the volatile matter. The
particle-size ranges from more than 1/2 in. down to sbout 35 mesh, about
90% of which is larger then 16 mesh. The density of the gel is about
5 g/cc, giving a concentration factor during drying of about 3.5. The
particle size is affected by the drying rate, which in turn is dependent
on alr temperature, flow rate, and humidity. These factors are being

studied for their possible use in the control of particle size.

3.2.5 Calcination of the Dried Sol (Gel)

The dried gel from s single batch (10 kg of oxides) is dumped from
the trays into s fummel that directs the charge to two crucibles, each
of 6 kg capacity. The volatile material is removed, and the oxide is
densified in alr by increasing the furnace temperature 300°C/hr to 1150°C
and holding 1 hr. After flushing the furnace for 10 min with argon, the
charge is reduced in an atmosphere of argon containing 4% hydrogen at
1150°C for 4 hr. At this composition, the blanket gas is noncombustible.
After cooling to below 100°C in argon, the product is dumped to a hopper
that feeds the sizing equipment.

In a leboratory study using 55-g samples of 3% uranium--thorium
oxide, the densification, reduction, and degassing of the oxide were
nearly complete with 20 min of heating at 1150°C in air (Table 3.5).
Densification and degassing were complete with an additional 3-1/2 hr
of heating in nitrogen or argon--if hydrogen. The highest possible
tempersture of withdrawal of the cooled charge without serious reoxids-
tion was 200°C (Tsble 3.6). Although the data from small-scale firings
show that a blanket of nitrogen is as effective for eliminating sorbed
gases from the products as one of argon--4f) hydrogen, Table 3.7 shows

that firing large batches in a blanket of argon or nitrogen in a large
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Table 3.5. Effects of Calcination Atmosphere on Particle Density
and Residual Gas Content

Samples: 55 g 3% U--ThO,,

Firings BOOOC/hr to llSOOC; at llSOOC, 20 min in air;
then in indicated gases for the indicated times

Cooling: in indicated atmospheres to <200°C

Gas Release

Calcination Particle at 1200°C

Calcination Time Cooling Density in Vacuum
Atmosphere (hr) Atmosphere (g/cc) (std cc/g)

Air 0.5 Argon 9.91 0.14

Air 0.5 Nitrogen - 0.037 >
Argon 0.5 Argon 9.92 0.02k

Argon 1.5 Argon 9.9 0.01k

Witrogen 3.5 Witrogen 9.95 0.00L

Argon=~-k% H, 3.5 Argon 9.95 0.001

Table 3.6. Effect of Temperature of Exposure to Air
on Residual Gas Content

Samples: 55 g, 3 at. % U--ThO,

Firing: air, 300°/hr to 1150°C; 20 min at 1150°C,
air; 3 hr at llSOOC, argon; cooled +to
indicated temperature; exposed to air

Temperature of Lxposure Residual Gas Released at 1200°C
to Alr in Vacuum
(°c) (cc/g)
500 0.036
oo 0.02k4
315 0.017

< 200 0.005




Table 3.7. Oxygen:Uranium Ratlio and Residual Gas Content of Calcined Product
Batch size: 5-T kg
Composition: 3 at. % U--ThO,,

Firing procedure: 300°C/hr to 1150° and held for 1 hr in air;
calcined in indicated gases 4 hr; cooled in
same gas to <100°C

Calcination 0/U Ratio Gas Release at 1200°C in Vacuum (std cc/g)
Atmosphere +16 mesh® 16/35 meshd =35 mesh® +16 mesh® 16/35 mesh® -35 mesh®
Argon--4% Ho 2.026 2.027 2,019 0.004 0.00k4 0.067
Witrogen 2.099 2.087 2. 157 0.018 0.055 0.120
Argon £, 020 2,967 2.308 0.030 0.0l7 0.050

a

Represents about 92 wt % of product.

o’

Represents about 5 wt ¢ of product.

¢l

Represents about 3 wt % of product.

o

Cooled in argon containing no hydrogen.
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furnace gave products of higher residual gas content than in argon--=L%

hydrogen. The fines had more residual gas than the coarse particles,
which indicated that gases were resbsorbed subsequent to calcination.
This would be possible and probable in the cooling step if the blanket
gas contained absorbable gases, if the furnace were not well sealed, or
if the furnace refractories supplied gases during the cooling cycle.

More detalled gas-release date are presented in Tebles A.7 to A.1O of

the Appendix. The O/U ratios shown in Table 3.7 also show that nitrogen
and argon are not as effective as argon--U% hydrogen in reducing the
ratio under the calcination conditions used. These data also show higher
oxygen content for the smaller-size particles, suggesting oxygen reab- "
sorption during cooling. Thus, the use of hydrogen in the calcination

blanket gas appears to be Jjustified at present for the Kilorod flowsheet.

3.3 Studies of Dispersion of Thorie

Studies were made in order to determine optimum conditions for the
complete dispersion of ThO, in dilute HNO3 and UOQ(NO3)2 solutions. ©Sol-
gel prepared uwranium-thorium oxide products were previously observed to
have good compactebility, optimum shape (blocky and smooth), and uniformity
in wraniwm-~to~-thorium retio when the nitrate-to-Th02 mole ratio used in
sol preparation was at some optimum value which depended on the surface
ares of the powder. Complete and stable dispersion of ThOE in dilute
nitric acid was also obtained only at about the same NOB-/ThOQ mole ratio.
The surface ares of Th02 powder prepared by steam denitration of thorium
nitrate (Curve B, Fig. 3.9) as measured by the BET (nitrogen adsorption)
method was from 50 to 67% that of gels prepared from it by dispersion with
dilute nitric acid and eveporation at 90°C (see also Table 3.8). The
measured surface areas of the gels approasched the values calculated from
sverage crystallite sizes (see Curve A, Fig. 3.9), using the 6/fd rela-
tionship. This suggests that the thoris powder particles are aggregates
of crystallites bonded in a mamner that does not permit access of all of
their surface to nitrogen. When dispersed with nitric acid the aggregates
are broken up, rendering nearly all of the crystallite surface available
to nitrogen adsorption.

The surface areas of gels obtained from eveporation of thoria sols

(Fig. 3.10) prepared with sdded increments of nitric acid, increased to
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Zable 5.9, Jurlece fren and Crystsllite Size of ThO,, Used

in the Preparation of ThO, 3ols
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line-broadcening.

c s . . A R
Before dispersion, powder, as calcined, ¥ adsorption.

Upispersed in diluse HHO. at 90°C, cvaporated to gel at 90°C.
P 3

Foximuan Time of specific Jurface Area
Terpirature Teoperature Crysvallite (m=/g)

Casple Preparasion (“2) {hr) Size Before Ltoer

_ o, lLhod® Jocam ALl Soean  ALr (&) Caleuiatbed® Dispersion® Dispersion®
=19 D 330 - 1.5 - 5. 115 75 -
D3 D Ly 500 1 1 70 86 50 77
D-.7 2D L7 - 3 - TG 36 50.8 8o
=33 D L7s - f~ - 67 90 . 8. b
D-10 3D b5 700 3 1 100 60 52 L3
D=7 y e TOU 3 L e e 3.1 L
LD~35 3D L5 700 2 L 133 43,5 16.7 33.4
oD~ 0 D hre 700 .5 L 135 Li.s £0.3 h3,1
Do-78 Cx - 1000 - h 70 8.6 7.1 1%.3

a

5D = steam denlirated in rotory caleciner; Ox = oxalate-precipitated, then air-calcined.

Calculabved from crysvall’lue size, 6f Pd. Crystallite size determined by x-ray diffraction
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maxime, and then decreased. One curve represents Th02 produced by the
rotary celciner in a routine run (see Section 3.1). The other curve is
for the same Tho2 powder that had been previocusly dispersed in dilute
nitric, evaporated, then fired at SOOOC for 2t hr. The residual nitrate
contents of the powders were not taken into account in the plots because
of the scatter of anslytical resulis. This scatter was thought to be due
to a time-dependent release of bound nitrate to the solution during diges-
tion. If the highest nitrate value determined for the originsl thoris is
added, the surface ares maxima occur at aboubt 5 x 10'6 mole of nitrate per

3

square meter. The Spaepen-Winmber-Wadsworth estimate

6

of chemisorption sites
on thoria surfaces is 10.6 x 10~ mole/m?. The meximum surface measured -
approached the value calculated from average x-ray crystallite size (from

6/Pd), indicated by the dashed lines of the plots, and appears to occur

when about half the chemisorption sites are occupied by nitrate lons.

Meximum surface area was assumed to be evidence of meximum dispersion of

Th02 e

The N’O{/Tho2 mole ratio used in sol preparation strongly influenced
the quality of fired oxide product, and it had a sharp optimum. Conducti-
metric titration of a water slurry of ThO2 appeared to be a convenient and
accurate method for determining the N’O{/Tho2 mole ratio optimum for com-
plete dispersion of any stesm-denitrated product. A typical plot of con-
ductivity vs nitric acld added is shown in Fig. 3.11 along with a typical
plot of surface ares vs added nitrate. As nitric acid is added in incre-
ments to the ThOE slurry, the electrical conductivity at first increased -
only slowly up to & critical N‘O{/Tho2 mole ratio. Beyond this ratio the
conductivity increased rapidly as though nitric scid were being added in
the sbsence of Thog. The breek in the conductivity curve coincides closely
with the meximm in relstive surfece erea. TFor ordinary products of steam

denitration runs the "nitrate demand"

value is very close to 0.07 mole/mole
Thoz. When uranium was present in the sol, the break occurred at e lower
NO{/ThO2 mole ratio, and was not as sharp. The nitrate demand, however,
sppears to be the same for complete dispersion in the presence or gbsence

of uranium.

5G. J. Spaepen, R. T. Winber, and M. E. Wadsworth, Adsorption of Silicie
Acid on Thoris Determined by Infrared Spectroscopy, Technical Report No. V,
Univ. of Utah (June 30, 1959).
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The scattering of light by sol particles is a directly observable
criterion of degree of dispersion. A brief study was made of the extent
of light-scattering by thoria sols. The intensity of transmitted light
at 6700 A was measured in a Beckman DU spectrophotometer for sols of
varying ThO, concentrations and NOB‘/ThO2 mole ratios. Typical Beer's
law plots are shown in Fig. 3.12 for the thoris samples of two average
crystallite sizes. Slopes (indicating degree of dispersion) vary with
NO{/ThO2 mole ratios and show a broad minimum. Figure 3.13 is a plot
of optical density vs the nitrate/surface area ratio for a sol of ThO,,
product of steam denitration which had been fired 4 hr at YOOOC. A
typical minimum is shown at about 5 micromoles of nitrate per square
meter of Th02 surface, giving support to the indication of complete
dispersion of ThO2 when half the chemisorption sites are occupied by
nitrate. The minimum, however, is probably not sharp enough to be useful

in a routine determination of nitrate demand.

Thorie slurry samples, when titrated slowly with dilute nitric acid
at 90°C showed equivalence points at spparent pH values of 3.1 to 3.35.
The NOB"/ThO2 ratios at the equivaelence point varied with the surface
area (see Fig. 3.1k). A sol, stable at the end point, flocculated and
settled at a pH of about 2. When back-titrated with NH5 the sol again
became stable, but the I\IOB-/ThO2 ratio at equivalence for the back titra-
tion was greater, though at the same pH as for the initial acid titration.
It is thought that the N’O{/Tho2 mole ratio equivalence inflection shown
by the ammonia back titration is more nearly characteristic of the nitrate
demand of the Th.o2 powder for complete dispersion than that of the initial
acid titration. The addition of excess acid and the allowance of more
digestion time spparently caused further dispersion. Rates of dispersion

are apparently dependent on acid concentration.

Well-digested sols of ThO2 or ThO2 containing up to 5 at. % uranium
appear to change in pH with dilution. The magnitude and direction of
change in apparent pH depends on the N‘O{/Tho2 mole ratio and the ThO,
molar concentration (Fig. 3.15). For sols in which the NOB'/ThO2 mole
ratio is less than equivalent to half occupancy of active surface sites
by nitrate, the apparent pH is decreased by dilution with water, and the

rate of decrease with dilution increases with dilution. If the nitrate-
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to-thoria mole ratio is greater than half-occupancy equivalency, the pH
increases with dilution, which is expected. If NOB—/ThOE is at equiva-
lency, the pH appears to be relatively unchenged by dilution. This effect
of dilution on spparent pH is useful in adjusting the sol so that floccu=~
lation or uranium segregation will not occcur during evaporation of the
sol. Sols having a small excess NO{/’I‘hO2 mole ratio can be adjusted by
the addition of smmonia. An spparent pH of 3.9 for a sol which shows
little change on dilution indicates that the net nitrate is at or is

close to equivalence. Sols of 3 at. % uranium=-thorium oxide having this

property can be eveporated without flocculation or segregation.

3.4 Properties of the Product

Products containing 3 at. 9% uranium prepared by the flowsheet shown
in Fig. 2.2 had uniformity of uranium distribution in all size fractions
to within +1% of the mean; the particle density was more than 99% of
theoretical; the sized oxide vibratorily compacted consistently to 90%
of theoretical density; the gas released at 1200°C in vacuum was 0.10 cc/g
or less; and the O/U ratio was less than 2.03 (Table 3.9). One of the

Table 3.9. Properties of Batch-26 Sol-Gel Oxide
Total batch weight = 4.5 kg; uranium is 93% USI9

Batch prepared for febrication of irradiation test
specimens by vibratory compaction

Percent
Deviation Total Gas
Screen of U from  BET (No) Evolved
Size Mean Surface Particle  at 1200°C
U.s. Uranium U/U + Th Ares, Density Vacuum 0/u
Standard  (wt %) Atom Ratio (m=/g) (g/cc) (cc/g) Ratio
As Calcined
+16 5.50 -0.9h - 9.98 0,004 -
16/35 5.62 +4.35 - 9.98 0.00k4 -
=35 6.03 +11.1 - - 0.067 -
Sized
6/16 5.30 -1.81 0.015 - 0.012 2,026
50/140 5.53 +0.55 0.065 - 0.062 2.027
=200 5.51 +0.19 0.488 - 0.170 2.019
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large batches prepared for irradistion specimens was exhaustively analyzed,
and it had a total impurity content of 1050 ppm, of which 640 ppm were
gluminum, iron, and sodium. The mecroscopic neutron cross sections of the

total impurities was equivalent to that of 5 ppm of boron (Teble 3.10).

All evidences from x-ray diffrsction, metallography, petrography,
and electron microgrephy show the sol-gel product to be s single~phase
solid solution. At up to 500X megnification, etched sections show no
large grain structure (Fig. 3.16). At 69,000X magnification a fractured
surface showed grains ranging in size from 5000 to 7500 A, with the grains
fitted so that they suggested some zegree of ordering of sol particles

during evaporation and calcination.

3.4.1 Gases Evolved from Sol-Gel Uranium-Thorium Oxide Fuels

The evolution of gases from solid fuels in service affects the fuel
economy and operational safety of the reactor adversely because all gases
increase pressures within the cladding, and some promote corrosion of the
cladding material. Studies were made of the gases evolved from heated
semples of small end large batches of oxide products. The weighed samples
were evacuated at room temperature, then heated to 1200°C until there was
no further increasse in pressure. Gases were withdrawn, the volumes at
standard conditions were determined, and then the components were deter-
mined by mass spectrography. The quantities and species of gases trapped
in the oxides were shown to be related to atmospheres used in calcination,
to particle size, and to methods used in sizing the particles for vibra-
tory compaction.

3.4.2 The Effect of Size of Batch and Calcining Furnace on the Gas
Content of the Product

In laboratory-scale experiments where control of furnace atmosphere
was maintained, particles of high density and low gas content were pro-
duced equally well by hesting and cooling the charge in inert atmosphere
(argon or nitrogen) or in argon--4% hydrogen (see Section 3.2.5 and
Table 3.5). When larger batches (3 to 7 kg) were calcined in & larger
furnace with its much larger volume of porous insulstion, gases in contact
with the oxides could not be so well controlled. The change from air to

inert atmosphere could not be effected repidly. The gas contents and O/U
MD. E. Ferguson et al., Preparation and Fabrication of ThO, Fuels,
ORNL-3225 (1961).
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Table 3.10. Trace-Element Anslyses of Batch-26 Sol-Gel
Uranium-Thorium Oxides

Crushed and sized for vibratory compaction; uranium, 93% enriched;
batch prepared for irrsdiation test

Screen Fraction

Cross Section 6/16 50/140 =200

Element Barns® ppm ppm ppm
mP 2.3 x 107 13 he 110

BP 7.55 % 10° <0.5 <0.5 <0.5
BaP 1.20 <10 <10 <10

BeP 1.0 x 1072 <1072 <1072 <107¢
C 3.7 x 1072 30 30 70
CaP b3 x 107+ 30 52 49
ca® 2.5 x 107 <10 <10 <10
cl 3.k x 10 <5 <5 <5
Co® 3.7 x 10 <5 <5 <5
Cr 3.1 <5 <5 10
Cu 3.8 Wk 4o L3
F 9.0 % 1077 <20 <20 <20
Fe 2.6 118 340 363
K 2.1 =8 38 11k
Li 7.1 % 10 <5 <5 <5
Mg” 6.3 x 1072 43 80 9

Mo 2.7 6.9 7.6 6.9
N 1.9 16 11 6
Na. 5.3 % 107t 223 223% 283
Ni k.6 17 54 o7
P 2.0 % 107% 13 13 13
si 1.6 x 107% <25 < 25 < 25
Sn 6.3 x 107t <65 < 55 < 55
L.g <z <2 <2

BCross sections from Chart of the Nuclides, KAPL, 6th ed.,
Decenber 1951.

bSpectrographic analysis; all others by wet analysis.
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ratios of the products were unsultsebly high when calcined and cooled in

nitrogen or argon but satisfactory in 4% hydrogen--srgon.

In studies of gases from calcined sole-gel uranium-thorium oxides in
larger batches than 1 kg, the effects of particle size of oxide, calcining
and cooling atmospheres, and grinding on total gases and species evolved
at 1200°C in vacuum were estimated. Detailed data on gases evolved from

large batch preparations are given in Tables A.7 to A.1lO in the Appendix.

3.4.3 The Effects of Particle Size on Gases in Calcined Sol-Gel Oxides

As removed from the furnace, the oxides had particle sizes ranging
from larger than 4 mesh (sbout 3/8 in.) dowmward to about 100 mesh. Com-
parison of coarse with medium and fine fractions (Table 3.11l) of oxides
calcined under like conditions, as represented by ssmples 32C with 32F,
shows that particles of the fine fractions liberate sbout twice the volume
of gas as coerse ones, but that the quantities are not proportiocnal to
particle size or surface ares. Small particles evolved more CO and CO2
than large particles. The probable sources of carbon were 002 in furnace
gases or air and volatile carbon compounds in blanket gases. Smaller
particles, with their greater specific surface, would be expected to have
more capacity for adsorption of either CO& or HEO or for the deposition
of carbon. Calculetions showed that even for the smallest particles of
highest specific surface, complete monolayer coverage with CO, (ref 5)
could not account for more than (0% of the carbon present in the evolved
Co + COE' It was concluded that the decomposition of carbon compounds
during calcination was the mjor source of carbon.

3.4 The Effects of Calcination and Cooling Atmospheres on Gases
in Calcined Sol-=Gel Uranium-Thorium Oxides

Oxides calcined and cooled in argon and nitrogen evolved more total
gas when heated and had a higher residual O/U ratio (about .3 vs 2.02)
than those calcined in hydrogen or 4% H,-~argon (Table 3.11). Gases
evolved from oxides calcined in inert atmosphere contained only minor
amounts of water and carbon monoxide, and were composed mostly of carbon
dioxide and free oxygen. The smaller particles cevolved less free oxygen
and a correspondingly larger amount of CO + COQ. In cases of particularly

low free oxygen, less CO. and more CO were found.

5C. H. Pitt and M. E. Vadsworth, Carbon Dioxide Adsorption on Thorls,
Technical Report No. I, Univ. of Utah (1953).




Table 3.11. Effect of Particle Size and Calcination Atmosphere on Gas
Evolution from Sol-Gel Oxides

Calcination program: 1 hr in air at 1150005 4 hr in a specified
atmosphere; cool down to 2500 in atmosphere

Oxide samples evacuated at 25°C; heated to 1200°C and held there
until pressure became constant

Surface

Oxide Calcination o/u Area Gases Evolved at 1200°C and Under Vacwum (std ce/g)
Semple®  Atmosphere®  Ratio  (ml/g) Total H, H,0 O + Ny co,, 0.

32C A-N - 0.002 0.033 0 0. 0004 0.001 0.006 0.025

32F A-N - 0.014 0.067 0 0.0007 0.003 0.022 0.040

71C N-N 2,24l 0.002 0.023 0 0.0003 0.0007 0.003 0.019 L
1M N-N 2,285 0.005 0.033 0 0.0003  0.0009  0.005 0.027 o
TiF N-N 2. 304 0.014 0.0%9 0 0.0003 0.0020  0.029  0.008

26C hHE—A 2.026 0.015 0.004 - - - - -

26M AHQ-A 2.027 0.065 0.00k - - - - -

26F th—A 2.019 0.048 0.067 - - - - -

26 comp® 4H2—A 2.025 0.047 0.206 0.100 0.003 0.083 0.011 0.001

E comp Hy-A 2.020 0.015 0.027 0.009  0.0007 0.012 0.006 0.0

D-C Hy=A 2.01 0.008 0.012 0.004 0.0005 0.007 0.000L 0.0

8 = coarse, 4 to 16 mesh; M = medium, 50-140 mesh; F = fine, 35-100 mesh; comp = mixed sizes.

bA-N, calcined in argon, cooled in N,; N-N, calcined and cooled in Np; MH2~A, calcined in
L4, Hz-argon, cooled in argon; Ho=A, calcined in Hy, cooled in argon.

Csized by crushing and ballmilling, then blended.
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When calcined in a reducing atmosphere and cocled in inert gas
(Table 3.11, 26C to D-C), the major components of gases evolved were Ho,

H-0, and CO. There was little CO2 and, of course, no free oxygen.

The distribution of gases evolved by heating some hydrogen-calcined
oxides in vacuum to various temperatures was deftermined. The results for
two oxide samples are presented in Tsble 3.12. The gases were removed at
the end of each temperature interval and consequently could not interact
with those evolved at the next higher intervael. The results indicate that
up to 300°C the gases removed were mainly those physically adsorbed or
weakly chemisorbed. At 300 to lOOOOC, the likely sources of gases were
the CO and H, from the reactlon of carbon with water, and the strongly

chenisorbed Cog.

The conditions likely to be produced inside s fuel element upon heat-
ing may be estimated from the 0/U ratio. In Table 3.13, oxides which were
calcined in inert atmosphere and those calcined in reducing stmosphere are
compared. The excess oxygen indicated by the O/U ratio above 2.00 is
assumed to be a potential source of available oxygen. Oxides calcined in
inert atmosphere had O/U ratios of sbout 2.3 and generated oxidizing con=-
ditions (oxidizing gases greatly in excess) in the gases evolved by heat-
ing. Oxides calcined in hydrogen evolved reducing gases, including
hydrogen. Hydrogen and water are known to cause hydriding of Zircaloy,
while the presence of small excegses of free oxygen is known to inhibit
the reaction of Zircsloy with water.5 It is therefore desirsble to handle
the oxide product so that it will not absorb water. Further, excess
oxygen may be desirable in the fuel if it can be shown not to cause the
migration of uranium in the system or to adversely sffect fission-gas
retention. Tsble 3.1L4 shows that preparations having 0/U ratios up to
.43 evolve only a minor percentage of their potentisl oxygen excesses
(less than 15%) as free oxygen or carbon-oxide gases and that nonstoichio-
metric uranis mey act as a sink or source for oxygen. Properly controlled
conditions, produced by cslecination in inert atmosphere, promise to glve
a slight, regulated oxygen excess within the fuel cladding during service.

6F. H. Kreuz, Can Hydrogen Pickup in Zircaloy be Prevented? GRGM-1081
(October 1962).




Table 3.12. Fractions of Fach Gas Evolved from Sol-Gel-Prepared Uranium-Thorium
Oxides at Various Temperatures

Calcined in 100% Hp; cooled in argon; epproximately 4 at. % U, 93%
enriched; heated to various temperatures in vacuum

Gases Evolved, % of Total for Each® Total Gas,
Oxide Temperature Ho Ho0 HoCrpxe CO COx std cc/g
Sample (°c) A B A B A B A B Iy B A B
Sol-gel 25=300 0.8 1.6 59.1 55,5 None None k4.1 1.8 L41.5 31.h 17.6 17.2

300=500 10.7 20.0 334 3.8 69.1 56.7 3.6 20.0 51l.6 50.5 5.6 5.8
500-750 72.0 6k.3 6.4 8.3 30.0 Lz.7 33.2 58.3 5.2  16.3 L40.0 L43.7
750-1010 6.6 15.0 1.1 2.1 0.9 0.6 39.0 19.8 0.3 1.9 16.8 13.-

Solume of individual gas evolved at temperature divided by the total volume of that gas
evolved over the entire temperature range.

—8-'-‘-
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Table 3.1k. Effects of Excess Oxygen in Sol-Gel-Prepared Oxides on the
Evolution of Oxygen-Containing Gases upon Heating

Excess Oy Gases Evolved at 1200°C, Vacuum

Oxide 0/U  in UOp, Total Free Oxygen CO + CO.,
Number®  Ratio (cc?g& ce/g (% of excess 02) (% of excess 05)
71 C “ool 0.76 0.023 2.60 0.4

71 Cg Z.2h 0.76 0.061 7.70 0.2
70 Cg z.27 0.83 0.09k 10.60 0.6

70 C £.29 0.90 0.0k L.56 0.4
71 M 2.29 0.90 0.033 3.03 0.7

70 Mg .32 1.03 0.091 2.10 6.6

71 Mg 2.52 1.03 0.091 2.16 7.8
70 M 2.33 1.04 0.0k7 %.06 0.3

70 F 2.36 1.2k 0.0%9 1.53 1.5

70 Fg 2.3%6 1.2h 0.220 0.002 .7
101 F 2.43 1.97 0.160 5.62 2.5

8¢ = coarse particles wnground; Cg = coarse particles, crushed;

M = =16 +35 mesh particles unground; Mg = =50 +140 mesh, crushed;
P = =35 +100 mesh particles unground; Fg = ~200 mesh particles, ball
milled.

3.k.5 The Effects of Grinding Sol-Gel-Prepared Oxides on Gas
Evolution

After calcinetion, the sol-gel oxides are prepared for vibratory
compaction by crushing or ball milling to the desired size fractions.
Grinding, perticularly bvell milling, in ambient air increased the total
gas evolution more for the smaller particles than for the larger (Table
5.15). Water and carbon dioxide were the gases ebsorbed in the size-
reduction step. For oxide that had been calcined in inert atmosphere
and ball milled in sir, the evolution of water, carbon dioxide, and
carbon monoxide was greatly increased, but the evolution of free oxygen
was correspondingly decressed. For oxides calcined in reducing atmos-~
pheres, ball milled in sir, then heated, the evolubion of wabter and

carbon monoxide was increased and hydrogen and carbon dioxide decreased.




Table 3.15.

Calcination p

Bffect of Grinding on Gas Evolution from Sol-Gel-Prepared Oxides

Togran:

cool dowm wo LSQC in atmosphere

1 hr at 1150°C in air; 4 hr in atmospherc at 1150°C;

Calcination 0/ Surface o .

Oxide Atmosphere Grinding At. Particle Ares, gases Evolved at 1200°C in Vacuwn (std cc/g)
sample®  Talc  Cool  Method Ratio size (n-/g) Total H, -0 Co + N, €O, 0,
26 ¢ MH-A A None 2,026 6/16 0.015 0.00k - - - - -

6 comp Lu, -4 A Crush and ©.0.5 6/3.5 0.0k7 0.: 06 0.100 0.005 0.0830 0.011  0.00L
- Pball mill
A GH,-A A None =.019 35/100 0.067 0.067 - - - - -
A conp H A Crush and = . 005 16/:00 0.0 0.1.5 0.00.%  0.060 0.0080 0.051 0.0
ball mill
DC H A None L.0L k750 0,008 0.01. 0.0041  0.0005 0.0070 0.0001 0.0
71 ¢ N; N None 2.l 6/16 0.002 0.023 0.0 0.000% 0.0007 0.00.5 0.0195
71 Cg N; N Crush <. 308 6/16 0.00z 0.06L 0.0 0.0010 0.0020 0.0006 0.0573
1T n i Tone 2.30k 35/100 0.01k 0.039 0.0 0.0003 0.0015 0.0.9% 0.00758
70 Fg N, N Ball mill 2,307 e's! 0.077 0..20 0.0 0.0u7h 0.0183 0.173%  0.000.
AN A N; None - /16 0. 002 0,033 0.0 0.000k 0.0010 0.0064%  0.0u51
3L Cg A N Crush - 6/16 0.00L 0.019 0.0 0.0005% 0.0006 0.0030 0.0151
3. F A N: Kone - 35/100 0,01k 0.057 0.0 0.0007 0.00:6 0.0.k  0.0403
31 Pg A N- Ball mill - -.00 0.077 0,246 0.0 0.0039 0.0706 0.1616  0.0004

a . R . s . R
C, coarse fraction; F, fine fraction; Cg, coarse, crushed:; Fg, fine ground; comp, mixzture of sizes.
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In order to prevent the development of conditions in the oxides
detrimental to their service in Zircaloy, grinding in an atmosphere free
of water and carbon dloxide is recommended. Gas evolution from sol-gel-
prepared oxides would be minimized by sizing the dried gel prior to
calcination.

3.4.6 Effects of Excess Oxygen on O/Metal Ratio and Gas Volumes
Inside of Fuel Elements Filled with Sol-Gel-Prepared (Oxides

In urenium dioxide fuel technology, & rigid specification for the
0/U retio of less than 2.02 is imposed. The reason is that excess oxygen
beyond 0.0z causes excessive release of fission product gases, uranium
migration due to sublimation of UO3’ and resultant excessive pressures
in the fuel element. While the effects of excess oxygen in the UOE-ThO2
system on the above factors are not known from in-plle experience, evi-
dence from chemical properties of solid solutions of thoris and urania
indicates that a higher 0/U ratio may be tolerated. The thoria lattice
is larger than that of uranis; consequently, it mey behave as & "sink"
for gases, including fission products and excess oxygen. Since urania-
thoria systems mey form solid solutions in the 3 to 10 at. % uranium

range, the vapor pressure of U0, may be depressed from its normasl value

as & pure uranium oxide. Uranizm, therefore, would not migrate readily
in the presence of excess oxygen. Figure 3.17 (curve A) shows that for

8 3% uraniume-thorium oxide an O/U ratio as high as 2.3 (calculated
assuming O/Th = 2) would correspond to an O/U ratio of less than 2.02

in a fuel composed of pure UOE' Curve B in the same figure shows the
potential volume of excess oxygen vs the O/U ratio. Although this calcu-
lated volume per gram ls high, and would generate high pressures within
fuel pins at reactor operating temperatures if it were released from the
fuel, it appears that only a small percent is released, as shown by the
date of Table 3.1k4. 1In this table, amounts of gases actually released
at 12000C and under vacuum from oxides which contained 7 and 10 wt %
uranium and which were calcined in nitrogen in large batches are compared
with the amounts which the excess oxygen represents 1f it were completely
evolved. TIn all cases, less than 11% of the oxygen was released as free
oxygen, and less than 15% as carbon oxide gases. In these same oxides,

no hydrogen, and negligible water were evolved.
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3.4.7 Estimated Total and Partiasl Pressures of Evolved Gases Within
Fuel Elements at Pressurized-Weber-Reactor Temperatures

Estimates were made of total and partial pressures of evolved geses
from sol-gel oxides calcined in verious atmospheres within fuel elements
(pins) of the Kilorod element dimensions, loadings, and void spacings.
For the pin having an overall cavity length and diameter of 45-1/16 in.
and 0.43 in., respectively, and with two end spacers having a volume sum
of 1.95 cc and a meximum loaded length of 43 in., the total void space
for gas in each pin was 13.9 cc. The weight of fuel was teken to be
ol g per pin. The Indian Point Consolidated Edison PWR was taken as
representative of pressurized-water-reactor conditions. With a fuel
center-line temperature of 3600°F and & maximum clad temperature of
675°F, & meen operating temperature was calculated as 16T0°F. It was
assumed that the volumes of gases released in the pins would be the same
as those released in vecuum at 1200°C (probably too high) and that one
atmosphere (at STP) of helium was present in the pin. Total and partial
gas pressures were plotted vs the volumes of gases released for oxides
caleined in hydrogen, in 4% hydrogen--argon, snd in inert gases (argon
or nitrogen) in Figs. 3.18, 3.19, and 3.20.

For oxides calcined in hydrogen or hydrogen--argon, gases sttaining
the highest estimated internal pressures were hydrogen and carbon monoxide,
reaching 50 psi even at an acceptably low total gas volume., At volumes
of gases evolved by ball milled oxides, the partial pressures of hydrogen
and water approached 200 psi. Such pressures of hydrogen and HEO would

be certain to cause Zircaloy corrosion.

The major gases evolved from oxides calcined in nitrogen or argon
were CO2 and oxygen (Fig. 3.20). No hydrogen was present, but water had
partial pressures in the troublesome range at gas release volumes character-
istic of pall milled oxides.

5.5 Sampling Methods

The two feed streams (uranyl nitrate solution and thoris powder)
used for sol preparation can be anaslyzed easily and should provide

adequate basis for control of average batch composition. A study was
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undertaken to determine whether the standard method of anslysis of cal-
cined oxide product is capable of detecting deviations of 0.03% U, which
is the limit demsnded by the Kilorod Program. This deviation represents
1% of the specified uranium concentration of 3%. A series of three sols
was made up from a single ThO2 powder, in which the U/Th atom ratio was
increased progressively from sol to sol by 1%. Uranium analyses on the
sols readily detected the increases, with little difference between
results from analyses of starting materials and of sol products (Table

3.16). To detect differences in uranium uniformity to within the Kilorod -

Teble 3.16. Analysis of Sol-Gel Oxides

Preparations Analyzed
Analysis 104 10B 10C

U/Th atomic ratio

As charged in sol 0.02925 0.02954 0.02986
As analyzed in sol 0.02931 0.02959 0.02937
% difference 0.20 0.17 0.03

N/Th atomic ratio

As charged in sol 0.1209 0.1218 0.1l227
As anelyzed in sol 0.1201 0.1212 0.1215
% difference 0.66 0.49 0.98
Percent scatter in analysesa
U in sol 0.95 0.kl 0.18
Th in sol 0.14 0.03 0.2k
N in sol k.53 3,02 4.15
U in calcined coarse (+16) 1.09 2.75 2.38
U in caleined fines (-200) 3.85 1.k9 1.16
Th in calcined coarse (+16) 0.29 O.hh 0.91
Th in calcined fines (-200) 0.22 0.25 0.4l

(max difference

BBased on triplicate analyses of each preparation e

x 100).
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specification, the scatter in resulis hetween multiple samples should be
no greater than 2%. For triplicate samples of the same sol preparations,
all uranium results were within a scatter of less than 1%. However, in
analysis of the calcined solids the scatter was greater than the 2% limit
in three of six triplicates. An inspection of Tables A.5 and A.6 in the
Appendix reveals considerable discrepancy between deviations of uraniun
percent from the aversage based on sol composition and those based on the
welghted average of analyses of the solids. This suggests that either
an error in the material balance in the sol mekeup or in the analyses of
the solids was made, or that samples were not representative. TFor the
series shown in Teble 3.16, grinding all solids to -200 mesh and reansa-
lyzing greatly decreased the scatter, so that the U/Th ratio of the fired
solids was within 1.02% of that of the sol. For the Kilorod Program it
is recommended that samples for uranium analysis be taken of the calcined
product mixture Jjust prior to vibratory compaction and that the whole
sample be ground to -200 mesh for the esnelysis. For other projects using
the sol-gel process, the suggested sampling point is the dried gel, whose

samples can be readily made into a sol for anslysis.
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APPENDIX A

Table A.L presents complete data for the conditions of sol preparation
for all batches prepsred for development of the sol-gel process for the
Kilorod Program. Columns 1 through 10 (through the "Sol pH") refer to
conditions of the liquid sol. "Loss on Calcination (wt %)" refers to loss
of volatile matter on conversion of the dried gel to calcined oxide product.
Screen analyses and vibrated densities are properties of the final calcined

product.

In Tables A.5 and A.6, conditions of sol preparation are related to
uranium distribution in the final product for all batches of sol-gel pro-
duct prepared in development for the Kilorod Project. The bases used in
calculation of deviation of U/Th atom ratios from the average were (a) an
average U/Th atom ratio based on the analyses of the uranium-bearing stream
and the thoria product of the denitrator, and (b) a weighted average U/Th
atom ratio of all sizes based on the analyses of samples of the individual
size fractions. In the "as calcined" columns, the screened furnace product,
size distribution was approximetely 92% +6 mesh, 4-5% -6+35 mesh, and 3-4%
=35 mesh. In the "as crushed and sized" columns the size distribution
was 60% ~6+16 mesh, 15% -50+100 mesh, and 25% -200 mesh. Weighted averages
were calculated as a summation for all size fractions of U/Th atom ratios
multiplied by weight fraction of size.




Table A.l. Rotary Denitrator Run Conditions and Objective for Ten Initial Runs
Charge: 30 kg of Th(NOB)h-xHQO or as noted

Steam Program

Heater Program Flow Inlet Percent Nondispersible
Run  Termp No. of Rate Termp No. of Thorium Material
wo. (°c) Hours (1v/nr) (°c) Minutes Carryover Present Purpose of Run, Other Conditions and Remarks
1 k00 6.66 22 - 450 - Yes Purpose: Initial run with system
ks 3.50 Other Conditions: Air at 1.3% SCFM for 3.00 hr used at
end of run
2 Les 8.00 ko 350 480 9.75 Yes Purpose: To increase heat flux into drum, and time of
steam contact
3 hos 7.17 L8 350 130 0.94 Yes Purpose: To study the effect of pulverizing the powder
22 325 260 while in contact with steam
Other Conditions: 19 kg of 5/8-in.-diam 316 stainless
steel balls charged with Th(NOB)u'xﬁao
N 460 3.25 Q0 385 120 1.53 Yes Purpose: To study the effect of an increasing heat flux
L7s 0.58 22 350 70 into the drum
185 2.50 11 255 195
5 475 6.25 L8 385 105 1.75 Yes Purpose: To study the effect of a shorter run time
22 350 75
9 225 170
6 L5 5.75 L3 390 80 1.75 Yes Purpose: To study the effect of a small charge, and
22 350 60 higher denitrating rate
9 225 190 Other Conditions: Charge was 10.59 kg of Th(NO5)u‘XH20
T 500 6.00 45 375 120 L.77 Yes Purpose: To study the effect of increased heater temp-
22 350 60 erature with a similar steam program as run b
9 325 180
8 500 10.00 45 375 60 0.82 Yes Purpose: To study the effects of introducing air after
22 350 120 denitrating to a low nitrate content, and a modified
9 325 180 steam program's effect on the carryover
Other Conditions: Air at 1.33 SCFM for 4.00 hr used at
end of run
9 500 6.00 10-20 - 360 0.52 No Purpose: To study the effect of an inlet steam baffle
Other Conditions: Steam controlled manually due to
diaphragm rupture
10 500 6.00 30 400 85 0.98 No Purpose: Run 9 repeated to see if good product vas
16 340 275 reproducible

-'[9-



Table A.2.
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Rotary Denitrator Conditions for Runs to Demonstrate Consistent Operation

Charge: 30 kg of Th(Noj)h-xl{eo or as noted

Steam Program

Flow Inlet Percent Nondispersible
Run Rate Temp No. of Thorium Material
No. (1b/hr) (°c) Minutes Carryover Present Purpose of Run, Other Conditlons and Remarks
RDB-11 3 k1o 80 + 20% 0.78 Yes To duplicate good product of run 10
22 360 280
RDB-12 29 Loo 78 + 15 0.80 No To duplicate good product of run 10
17 3h0 285
RDB-13 28 Loo 112 + 15 0.7h Yes To maintain the 30 lb/hr steam rate until reaching the second
16 340 249 hold period
RDB-1% 4s - 23+ 5 1.06 No To test an ipitial steam rate of 40 lb/hr for a short time,
28 400 120 then hold the 30 lb/hr rate until after the second hold period
16 340 218
RDB-15 4 - 25+ 5 1.08 No To duplicate good product of run 14
28 400 113
16 340 225
RDB-16 %l Los 35 4+ 5 0.85 Yes To duplicate good product of runs 1k and 15
28 koo 112
16 340 215
RDB-17 16 340 60 + 5 0.71 Yes To utilize a low steam rate for the entire run
1 330 2ho
RDB-18 45 425 30 + 15 0.48 Yes To test an initial steam rate of 40 lb/hr for a short time,
1h 330 270 then a low steam rate for the remainder of the run
RDB-19 41 425 90 0.k6 Yes To use run 18 conditions with the high steam rate prevailing
17 340 125 until after the second hold period
RDB-20 19 350 330 0.63 No Steam contact delayed until 180°C skin temperature was reached
RDB-21 19 350 240 0.46 No To duplicate good product of run 20 and to shorten run time
RDB-22 19 350 240 0.60 No To duplicate good product of run 21
RDB-23 19 350 2ko 0.51 No To duplicate good products of runs 21 and 22
ROB-2h 37 i1s 103 1.43 No To test the effect of a high steam rate prevalling until after
19 350 137 the second hold period with the delayed steam contact time
RDB-25 19 350 2ho 1.03 No To repeat run 21 without the steam baffle in denitrator
RDB-26 30 Lo5 2 1.23 No To test the feasibility of a 45 kg ’l’h(Noj)h-xHQO charge, with
19 350 2k8 the steam contact time delayed
RD-27 19 350 360 1.04 No To extend the time of run 21
RDB-28 30 405 127 + 15 1.1k No To duplicate run 12 (for a shorter period) and thus confirm
19 350 158 effect of early steam contact in producing creamy fraction
RDB-29 L1 Loo Lo + 15 0.97 No To duplicate run 1b to confirm effect of early steam contact
28 Loo 103 in producing creamy fraction
19 350 202
RDB-30 30 405 120 0.9 No To determine the effect of a long run time
19 350 600
RDB-31 30 Los 120 1.38 No To duplicate run 26
19 350 270
RDB-32 30 hos 133 1.17 Yes To duplicate run 26
19 350 257

an " + + s
+ 10" refers to time prior to zero run time.
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Table A.3. Analysis of Products Produced in the 14 -~in.-diam Rotary Denltrator

Run No. RD-1 RD-2 RD-3 RD-b RD-5 RD-6 RD-T RD-8 RDB-~9 RDB-10
Time in steam, min Lks 465 420 335 360 330 360 360 360 360
Time in air, min 180 - - - - - - 240 - -
Product weight, kg 14,61 12.k7 1h.20 13.86 13.72 4.63 13.87 1h bk 14,02 13.65
Thorium carryover, % - 9.75 0.9 1.53 1.75 1.75 1.77 0.82 0.52 0.98
10T (300-1000°C), % 4.68 3.45 k.39 2.79 2.36 2.25 1.95 1.58 1.57 2.7k
Nitrogen, % 0.65 0.40 0.56 0.21 0.19 0.08 0.17 0.16 0.15 0.20
Thorium, % 84,73 8L.85 84.09 85.76 86.28 86.39 86.49 86.88 86.6% 86.29
/Th, mole ratio 0.127 0.078 0.110 0.0k 0.035 0.015 0.033 0.03L 0.029 0.038
Crystallite size, A 59 66 65 7 a7 78 78 80 70 73
Surface area, m2/g 23.2 k4.5 36.3 46.9 47.9 52.8 50.2 50.3 49.8 L6,z
Nondispersible material
present Yes Yes Yes Yes Yes Yes Yes Yes No No
Fe, ppm 215 5l 145 22 50 53 L5 - - -
Cr, ppm 25 30 35 35 50 50 50 - - -
Cu, ppm 50 70 75 5 50 50 50 - - -
RDB-11% RDB-12  RDB-13 RDB-14  RDB-15 RDB-16  RDB-17 RDB~18  RDB-19 RDB-20 RDB-2L
Time in steam, min 360 360 360 360 360 360 300 300 210 330 2ho
Time in air, min - - - - - - - - - 30 60
Product weight, kg 14,02 13.% 13.83 14,00 -¢ - 14.10 13.92 .13 13,59 13.92
Thorium carryover, % 0.78 0.80 0.7h 1.06 1.08¢ -c 0.71 0.48 0.46 0.63 0.46
10T (300-1000°C), % 1.63 1.98 2.16 2.20 2.08 2,14 1.9 1.97 2.5 1.92 2.27
Nitrogen, % 0.12 0.4 0.15 0.11 0.099 0.091 0.22 0.14 0.k1 0.159 0.29
Thorium, % 86.55 86.53 86.40 85.23 84.96 86.09 84.62 85.34 85.54 86.34 85.38
N/Th, mole ratio 0.023 0.027 0.029 0.021 0.019 0.018 0.043 0.027 0.079 0.031 0.056
Crystallite size, A 7 T 76 72 75 82 76 6 T2 69 69
Surface area, m2/g 53.8 48.8 49.8 48.3 47.1 51.0 50.0 53,1 50.9 he.2 b1k
Nondispersible material
present Yes o Yes No No Yes Yes Yes Yes No No
foB-22°  [0B-23 RoB-2h  RD-25  ROB-26® RD-27  RDB-28  ROB-29 ROB-30° EOB-31°  mOB-32°
Time in steam, min 2ko 2ko 240 240 390 360 300 360 600 390 390
Time in air, min 60 60 60 60 - - - - - - -
Product weight, kg 13.70 .06 13.80 13.54 20.76 13.64 13.88 13.80 13.46 20.77 21,2k
Thorium carryover, % 0.60 0.51 1.43 1.03 1.23 1.04 1.1k 0.97 0.9 1.38 1.17
10T (300-1000°C), % 2.54 2.95 - - - - - - - - _
Nitrogen, % 0.33 0.32 0.30 0.28 0.22 0.15 0.2k 0.1k 0.08 0.26 0.29
Thorium, % 84.98 84 .64 8k, ok 85.50 85,34 86.11 85.49 86.47 8,25 85.16 85.87
N/Th, mole ratio 0.06k4 0.063 0.059 0.054 0.043 0.028 0.046 0.027 0.016 0.051 0.056
Crystallite size, A 67 70 62 68 7 70 6h 68 13 66 6l
Surface area, me/g 39.8 51.1 4k5.0 45.3 46.0 50.8 h1.6 4ok 38.3 45.5 il 3
Nondispersible material
present No Neo No No No No No No No No Yes

Bupt gignifies baffled steam inlet.
bA 45 kg charge of Th(NO3)u'x.H20 crystals used for these runs.
SProduct discharged directly in dispersing tank.

‘15-1/2 hr of denitration first day; shutdown overnight; and 6-1/2 hr of denitration on second day, 2 hr required to

reach temperature on the second day not included in run time.



Table AL, Tobulated Soi-Gel Data for Uranium-Thovium Ozide Preparations

Thoy slurry added to uranyl nitrate solution except as noted

Vibrated
Patch ThO, Powder Th/U Ia'Og-/U Wiy 04/ Th Added NOS'/Th Sereen Analysis of Caleined Density 10s5 on

Rateh Lize Penitration Atonle Mo.e"Ratlio Mole Molgé Sal Product, U.5. Mesh Size of Produet Caleination
Ho. (g of To,) Time (hr) Ratio in UIH Ratio Ratio i +16 (%) 16/35 (%) -35 (%} (g/cc) (wt %)
T-4 3,000 12 30 300 - 0.0% 2,30 - - - 8.91 3.hk
7-B 3,000 5 30 3.00 0.0kl 0. 096 2.95 - - - &.0h 3.86
7-C 3,000 4@ 30 3.87 0.007 0,127 4,00 - - - 8.85 k.68
8-aP 3,000 6=1/2 30 3.00 0,081 0,170 2.72 - - - 8.37 5.58
8-pP 3,000 é-1/2 30 3.00 0,052 0,70 3.04 - - - 8.h2 5.77
8-cP 3,000 fulf2 30 3.00 0.693 G, L0 3.45 - - - 8.78 6.10
8-pP 1,9€5 6-1/2 20 2.4¢ 0.082 0,159 3.2 - - - 8.75 7.18
8-E? 1,965 6-1/2 28 2.00 0.066 0. 1hh 3.35 - - - 5,80 5.75
O=h 5,950 18 30 3.00 - 0,00 2.87 - - - - k.91
9B 5,490 12 50 3,00 - 0,096 2.78 - - - - 5.11
10-4 1,800 5 3 2,58 - 0.075 2.90 86.0 10.7 3.5 - k.36
101 1,800 5 3k 2.59 - 0,075 2.90 85.7 10.3 3.5 - 4,10
10- 1,860 5 33 2.60 - 0,075 2.82 91.8 5.1 3.1 - L.2g
11-3° 2,630 18 33 2.00 0.043 0,13k 2,95 - - - 8.02 5.89
12-4 3,000 I 33 3.00 0.035 . 000 3.15 - - - 8.80 5.2
123 3,000 48 33 3.00 0.019 0.090 3.20 - - - 8.80 5.13
13-4 &,050 [ 33 3.16 - 0.095 2.89 - - - - k.31
13-B 6,050 [ 33 3.00 - 0.090 3.02 - - - - b,75
FLISY Y L,21o 10 33 2.00 - G.060 .28 - - - - -
4B - 10 33 2,24 - 0.068 3.69 - - - - -
el - 10 33 2.5 - 0,075 3.52 - - - - -
1h-p - 10 33 2,78 - 0,00k 3.35 - - - - -
1heE - 10 33 3.05 - 0,092 3.22 - - - - -
ih-F - 10 33 3.32 - 00100 3.12 - - - - -
etz - 10 33 .32 0,013 0,100 342 - - - - -
g - 10 33 3.32 0.027 0,100 1.18 - - - 8.7k -
15-4 £,530 13 33 2.56 0,007 0,077 3.13 - - - 8.76 5.05
15-B 6,930 13 33 2,56 0.015 Q.077 3.48 - - - 8.0 5.72
15-C &,080 32 33 2.56 0,030 0,077 3.76 - - - 8.9h .62
15D 2,760 §® 33 2,56 0.051 0,077 5,32 - - - - -
15 9,190 33 2.40 0.072 [s 111 3.32 - - - - -
N &,6h0 5 33 2.23 - U067 3.32 - - - - 2,53
18 8,880 5 33 2.23 - G.067 3.28 - - - - 4,85
19-hy 3,025 5 33 2.23 - 0.067 3.18 G0.0 5.1 b8 8.95 3.97
20m5M k,5ho 5 33 2.23 - 0,067 3.31 %2.9 3.6 3.5 9.06 3,91
21 2,935 5 26 2,22 - 0.086 2.90 gk.5 3.1 2.3 8.96 k.30
22 2,935 [ 24 2,24 - 0.093 2.90 95.0 2.8 2.2 8,60 .32
23 €,160 [ 33 2.32 - 0,070 3.05 9k, 3 3.h 2.3 9,00 5.67
2h 2,040 5 33 2,32 - 0.070 2.97 93.9 3.5 2.6 9,10 k.89
25 7,000 - 33 2.33 - 0,070 - - - - - -
a7 5,000 ¢ 33 2.50 0.015 0.075 3.70 94,96 2,75 2.29 B,02
28 5,030 3 33 2.52 0,020 G077 3.92 93.62 3.87 2.5 8.9k k.22
29 5,000 5.5 33 2.71 0.025 0.033 L3 93.22 3.90 2.80 3.97
30 7,640 5.5 33 2.67 0.023 0,080 3.75 92,39 k.16 3,46 3.h7
31 4,750 & 33 2.47 0.023 0,080 3.80 93.90 3,86 2.2k 5.78 3.68
32 5,850 4 33 2.82 0,025 3,085 3.65 92,0k 4,30 2.96 -
26° b, hoo 5 15.6 - - 0.075 3.63 92,22 5.13 2.65 8,80 5,41
704 2,500 5 12,6 2.5A 0.017 .07 3.85 93.70 - - 8.82 -
e 2,500 5 12,6 2.56 Q.031 Q7T 3.80 90,55 5,79 3.65 8.77 -

%Followed by 1 hr in air at 475%C.
b’[‘hOL2 sol prepared by adding dilute EiNO3; uranyl nitrate solution added to sol.
C’J?]no2 sol prepared by adding I{“IO3; ADU added to sol.

hO, ¢larry added to uranyl nitrate solution to [ atom % U. Remalnder of U added as ADU.

e’[rno? churry added to wranyi niteate solution to 2 aton ¢ U. Remaivder of U cdded a5 UOS'ILJO.

-’-{9-
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Teble 4.5. Sol Preparation Conditions end Uniformity of Uranlum Distribution

ThC a’H¢O slurry added to dilute uranyl nabrate solution except as noted

Percent Deviation of U/Th Atom Ratio from Average

As Calcined

As Crughed and Sized

Basis, Basis, Basis, Basils,
taded Added Sereen Avg U/Th Velghted® Avg U/Th Weighted®
Batch N03/Th T, OF /Th Sol Size in Sol Avg U/Th in Sol Avg U/Th
No. Mole Ratio lole Ratio j93 (G otd) Preparation in Product Preparation in Product
8P 0.170 0.093 545 6/16 - - -0.67 2.9
3= =200 - - +12.1 +9.49
SwnP 0,159 nLoode 342 6/16 - - “3.30 “3,30
3=p —E - - +12.9 +12.9
8.£F 0.1k 0,085 2.35 6/16 - - -1.33 PRTS
G-k =200 - - +3,6h +3.65
G='B .09 0.0 2.3z 6116 - - -2, TL -4.37
DD 50/ 10 - - 4260 +5.58
= T ErteN) - - +5.{z +5. 5%
2C-h .05 .G &0 90 416 €.96 -0, 51 - -
10=% -35 ~zah +13.9 - -
104 =0 - - 1,02 -
ueB 0.07, 0.0 2. 90 16 1,35 ~1.12 Tk 23,06
10-B 16/35 - - +0.0 +3.90
10-p =35 +30.8 «“30.5 -1.18 -5.01
100 0.0¢3 0.0 z.82 +16 R -l Ze +h .90 +1.92
10-C 1£/35 - - +0. 1.7 w2, bk
10-C 35 +32.6 37,9 =0, 20 =3,09
Lemp” 2,095 0,038 3.15 -18 +0.36 - - -
Tamh -35 +3.45 - - -
1220 ©.09 5,019 %40 Yy -1, 58 - - -
1eB -35 +15. - - -
=G 0,073 0.0 5,52 +& +1,753 =0,35 - -
ez /35 +h, Ol +1.41 - -
RE ~35 +T. 46 4+, 7k - -
1heT 0.100 0.0 3.12 +6 .30 =5, 21 - -
2h-r 6/35 +1h b +15.6 - -
ey =35 +25.6 +25.0 - -
1..® £.100 G.0L5 3,42 -6 +1.66 -1.13 - -
le-: 6/35 +3.65 +0.50 - -
- 3 +10. 2 +7.13 - -
i -wP 0,100 007 k13 e +2.19 =0.0L -, 5% =0.70
LT 5/35 Ep +0.15 +2.) +1.92
14 -H =35 ey 3 +2.5C +03.05 +0,.465
Lo=h 0.027 a.C 3.3 +16 =013 - - -
13-4 35 +1.6 - - -
1o=h1z 0,087 0.0 3.18 414 i 65 -1, 34 0,25 2,27
13- 16/35 9,79 411,53 +5.55% <4, 35
19=411 -3 +le.2 +13.7 44,01 +2.76
20=5M J.06” 0.0 3.3L 216 =1.03 w0, 51 +0. 76 =1.62
20-511 16/35 +3,59 47,59 +6.,27 +3. 76
20-5M ~35 1.2 +12.1 +ho2l 41.75
21 C. 00 0.0 2,90 +16 -7.62 -1.93 - -
= 16/35 +27.3 +35.1 - -
al -35 27,0 5T - -
ze . 093 0.0 2.90 +16 -2,65 ~1,51 - -
az 16/35 +26.9 PECR - -
zZ 35 ~ 27 .b 25,7 - -
23 0.070 C.0 3.05 *16 +0.95 =0 be =060 =1.61
3 16/35 7,30 +5.41 +ho23 3.2
3 =35 +10.8 +3.90 .95 +1. 91
P 0.070 0.0 2.97 +16 +0, 53 =0,5% =0.,30 =2 10
o 16/35 #7450 +6.h1 +5.18 +5,7h
Pl -35 +12.0 +10.8 .02 2,66
816

S (U/Th anslssis for size x weight fraction of size).

=200

bLow sol pH adjusted wpward by addition of ammonia and further agitation.
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Table A.G. Sol Preparation Conditions and Uniformity of Uranium Distribution
‘I‘hOE-HZO slurry added to uranyl nitrate solution except as noted

Percent Deviation of U/Th Atom Ratio from Average

As Calcined As Crushed and Sized
Basis, Basis Basis, Basis,
Added Added Sereen Avg U/Th Veighted® Sereen Avg U/Th Weighted®
Batch NO3/ThOp NH,OH/ThO,  Sol Gize in Sol Avg U/Th Size in Sol Avg U/Th
No. Molé Ratio Mole Ratio pH (U.3. 554) Preparation in Product (U.5. 5td) Preparation in Product
a7 0.075 0.015 3. (0 +16 +12.97 +0.09 6/16 +1.49 +0.20
27 16/35 <1177 -0.97 50/100 +1.71 +1.31
27 -35 +5. 74 -5.82 =200 ~0.92 -1.31
=8 0.077 0.017 3.92 +16 +0. 54 ~0.10 6/16 =L.0k +0.0%
28 16/35 +35.65 +2.26 50/100 ~1.28 +1.18
28 -35 +1.16 .0.49 =200 -1, 04 =0,03
29 0.083 0.086 4.10 +16 +5.88 +0.85 6/16 -1.08 ~0.10
29 16/35 -0.65 <. 08 50/1.00 +1.71 +1.81
2 -35 -2.51 -2,68 «200 =0.9 ~0.8z
30 0.80 0.023 3.75 416 +0.63 0.0 - - -
30 16/35 +1.72 +1.09 - - -
30 ~35 +2.02 -1.98 - -
31 0.080 0.023 3.80 +16 +3.28 +0.17 - - -
31 16/35 +0.07 -2.03 - - -
31 -35 42,02 ~1.09 - -
32 0.085 0.08 3,65 +16 +1.00 -0.07 6/16 =040 +0.69
32 16/55 +2.39 +1. 37 50/140 +1.09 +0.7h
32 -55 +0.30 -0.569 ~200 +1.56 +1.26
26° 0.075 - 3.63 116 a1 -0.43 6/16 ~0.28 -1.k5
26 16/35 +5.0L +1.81 50/140 +5.41 +e.19
26 -35 +13.5k +10.4 =200 +3.k2 +2.2l
0% 0.077 0.017 3.85 +16 1047 - 6/16 -2.43 -2.03
70 16/%5 +4.09 - 50/140 +e.61 43,02
70 =35 +11.57 - =200 +5. 6 +3.18
718 0.077 0.031 5.80 +16 -0.L3 -0.40 6/16 0.0k -1.19
TL 16/35 +3.96 +3.10 50/140 2. 96 +1.78
T1 -55 +6.15 +5,27 =200 +2.97 ~1.79
816
S (U/Th enalysis for size x weight fraction of size).
=200

b']'.'hog sol prepared by adding powder to dilute HNOs; 93% enriched U (6%) added as ADU.

cThOQ-HEO slurry added to uranyl nitrate solution to 3% U. Lh-l/2% U added as ADU.

Usame as o , except hel/2% U added as U05*HO.
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Table A.7. Sumary: Goses BEvolved from Sol-Gel Uranium-Thorium Oxilde by Heating

Jamples heated to 1:00°C in vacuum; held at 1:00°C until pressure became constant

Tases neleased, sbd cco/y and percent of total cas roleased
2 [

Hydrogen H.C Co « N, Oxygen CO,
Oxide Total ce/g Vol % ce/g Yol 7. ce/e Vol ¢ ce/g Vol ce/g Vol &
D 0,012 0. 00316 26.5 0.00077 6.0 0.00633 52.7 Bydrocarbon  Hydroecarbon 0.00163 13.5
0.00011 0.9
E .07 0.00869 51.8 0. 00006 2.h 0. 0120k Ls, g 0 0 0.00551 20.1
302 0.033 0 0 0. 000364 1.1 0. 0010 5.1 0.0251 76.3 0.00638 19.3
_F 0.067 0 0 0. 00067 1.0 0.00.61 2.9 0.0403 60.0 0.022h 33k
T0C 0.0kl 0 0 0.00051 1.16 C.00113 2.57 0,041z 95.5 0.00107 2.hh
TOM 0.0L7 0 0 0.00056k L.z 0.00111 2. 57 0.0kzh 90.¢ 0.00281 6.0
T0F 0.032 0 0 0.00061z 1.57 0.00267 6.3 0.0190 L8.7 0.0166 2.6
101F 0.160 0 0 0. 00134 0.83 0. 001 = 2.95 0.111 69.5 0.048 6.8
28Cg 0.0L7 0. 0000LT 0.1 0.000273 1.60 0. 0001 2.4 0,01370 80.6 0.00267 15.7
“BMe 0.0h1 0. 000kL 1.0 0.0060 15.5 0. 0007 1.7 0.00016 0.39 0.0330 81.8
TO0g 0.0%% 0 0 0.00L0E 1.3 0.00243 =60 0.088z 93,7 0.0021 2.2
TOMg 0.091 0 o] 0. 0010k 1.1% 0.00708 8.54 0.0216 23,7 0.0609 67.0
T0Fg 0.220 0 0 0.02757 12.4 0. 01350 8.3h 0.000% 0.11 0.1731 8.7
TiCe 0.061 0 0 0.00103 1.7 0.00196 3.2 0.05732 9k.0 0. 00064 1.1
ZTCg 0.003 0. 000072 2.h 0.00082 27,0 0. 00039 13.0 0 0 0.0016% sh.1
ZTMg 0.057 0.001858 3.3 0.00183 3.5 0.0156 PVaR S 0 o] 0. 0375 65.7
cTFe 0.210 0.0303 15.8 0.00L68 0.8 G.05k%3 30,7 8] 0 0.113h 5.0
B0Tg 0.320 O304 20k Q.0L70 5.5 0,113 37.0 O ] 0. 0917 «3.6
260 0.0Lz - - - - - - - - - -
26Mg 0.062 - - - - - - - - - -
26Fg 0.206°  0.100° 48,5¢ 0.003 1.5¢ 0.083° Lo, 2¢ 0.001¢ 0.4o% 0.011° 5.5°
Ag 0.125 0. 05023 ho.3 0.01363% k.0 0.03169 @5 Hydrocarbon  Hydrocarbon 0.02171 17.4
0.002E0 2.0
Bg 0.15% 0.05550 6.0 0.0709 17.5 0.0377z b Bydrocarbon  Hydrocarbon 0.03029 19.6
0.0053% 2.1
Cg 0.055 0.0188 2.z 0.00%24 5.9 0.05110 56.6 - - 0.00149 2.7
200 0.0e1 0 0 0.00031 1.5 0. 00061 2.9 0xyge§ 82.7 0. 00270 12.9
0.01740
7ic 0.023 O 0 0.000:9 1.3 0.00073 3.15 0.01550 8h.7 0.00eh5 10.7
T 0.05% 0 0 0.00030 0.91 0. 00091 2.76 0.02720 32,k 0.00M53 13.7
T 0.091. 0 0 0. 0010k 0.86 0. 00703 8.0h 0. 02160 27.9 0.06090 65.2
310g 0.019 0 0 0.00050 1.6 0.00063% 3.3 0.015L0 79.5 0.00500 15.5
31Fg 0.246 ¢ 0 0.0039% 1.6 0. 07060 28,7 0.00037 0.z 0.16160 65.7

8 N . o. A - - N . . .
Caps after numbers: C = coarse Craction, 90 wt $; M = medium frachion, & wt $; F = Tine Tracbion, Y wi ¢ all as fired;
Op = coarse sized Sraction, 60 wb $; Mg = medium, 15 wt 9; Pg = Tine, sized, 25 wi %.
B . . .
BET (Ng) measurerent. All others estimated from particle size.

“pata collected on blended sample combaining all sizes.
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Table A.7. (Continued)

llSOOC Firing Conditions Total Carbon Log Mean U.S. Sieve
Surface Calcining Cooling Content Particle Size
U 0/U Area Blanket Blanket (Analysis) Size Range,
oxide (wt $) Atom Ratio  (mZ/g) Gas Gas (ppm) (microns) Mesh
D 2.4% 2.01 0.008P 100% Hp Argon Lo - -10, +100
E h,21 2.02 0.015b 100% Ho Argon 130 - -10, +100
3208 3.0 - 0.002 100% ergon Nitrogen - 2100 -6, +16
32F 3.0 - 0.01k 100% argon Nitrogen - 290 -35, +100
70C 6.62 2.29 0.002 100% nitrogen  Nitrogen - 2100 -6, +16
7OM 6.85 2.325 0.005 100% nitrogen Nitrogen - 795 -16, +35
TO0F 7.29 2.360 0.01k4 100% nitrogen  Nitrogen - 290 -35, +100
101F 9.77 2.429 0.014 100% argon Argon - 290 -35, +100
28Cg 3.0 - 0.002P 100% nitrogen Nitrogen - 2100 -6, +16
28Mg 3.0 - 0.010P 100% nitrogen Nitrogen - 185 -50, +140
70Cg 6.62 2.266 0.002 100% nitrogen Nitrogen - 2100 -6, +16
TOMg 6.85 2.319 0.02z 1009 nitrogen  Nitrogen - 185 -50, +1L0
70Fg 7.29 2.360 0.077 100% nitrogen Nitrogen - sh -200, +325
TiCg 6.60 2.244 0.002 100% nitrogen Nitrogen - 2100 -6, 416
27Cg - 0.002 4% Ho-argon Argon - 2100 -6, +16
27Mg - 0.022 Le, Hy-argon Argon - 185 -50, +140
27Fg - 0.077 4% Ho-argon Argon - sh -200, +325
30Fg - 0.077 L4, Ho-argon Argon - sh -200, +325
26Cg 5.50 2.026 0.015° 4% Hp-argon Argon - 2100 -6, +16
26Mg 5.62 2.027 0.065P L4 Hy-argon Argon - 185 -50, +1L40
26Tg 6.65¢ 2.025¢ 0.0L7P 4% Hp-argon Argon - 5k -200, +325
Ag h.31 2.005 0.200 100% hydrogen  Argon 110 - -10, +325
Bg L. 39 2.005 0.26P 100% hydrogen  Argon 100 - -10, +325
Cg h.o1 2.035 0.03P 100% hydrogen  Argon 60 - -10, +16
29Cg - 0.002 100% argon Argon - - -6, +16
Tic 6.60 2.2Lh 0.002 100% nitrogen Nitrogen - - -6, +16
T1M 6.64 2.285 0.005 100% nitrogen Nitrogen - - -16, +35
T1Mg 6.64 2.319 0.022 100% nitrogen  Nitrogen - - -50, +1k0
31Cg - 0.002 100% argon Nitrogen - 2100 -6, +16
31Fg - 0.077 100% argon Nitrogen - Sk -200, +325

8Caps after numbers: C = coarse fraction, 90 wt %; M = medium fraction, 6 wt %; F = fine fraction, 4 wt %3
all as fired; Cg = coarse sized fraction, 60 wt %; Mg = medium, 15 wt %; Fg = fine,
sized, =5 wt %.

bBET (N.) measurement. All others estimated from particle size.

“Data collected on blended sample containing all sizes.
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Table A.7. (Continued)

Adsorbed COp Carbon from Excess Oxygen Evolved Volume Volume Excess Oxygen

Vol % Bulk of Oxide Evolved Evolved, CO + COp_ Ratio, Ratio, Avove U0o

of Total in Evolved Cco Fraction of Surface Area Oxidizing Gases Reducing Gases in UOs + x
Oxide ce/g CO + COp Evolved  Gases (ppm) CO + CO;  Available Excess (cc/m?) Total Gas Total Gas (ccig)
D 0.001085 13.6 3.68 0.795 0 1.00 0.135 0.865 0
E 0.00204 1.4 8.54 0.692 0 1.20 0.201 0.799 0
3208 0.000272 2.87 3.8 0.109 - 3.70 0.956 0.0kL -
32F 0.0019 7.6 2.k 0.104 - 1.79 0.9%4 0.066 -
70C 0.000272 22,7 1.0k 0.512 0.0456 1.10 0.959 0.041 0.903h4
TOM 0.00068 17.3 1.7k 0.283 0.0406 0.79 0.962 0.038 1.04k
TOF 0.0019 9.9 9.3 0.139 0.0153 1.38 0.913 0.087 1.235
101F 0.0019 k.0 2h.3 0.099 0.0562 341 0.963 0.037 1.972
28Cg 0.000272 8.8 15.0 0.132 - 1.54 0.963 0.037 -
28Mg 0.003 8.8 16.7 0.02 - 1.81 0.822 0.178 -
70Cg 0.000272 6.0 2.3 0.535 0.106 2.26 0.959 0.041 0.830
T0Mg 0.003 L.k3 3h.7 0.104 0.021 2.80 0.907 0.093 1.03
TOFg 0.0105 5.7 100 0.0956 0.00019 2.48 0.788 0.212 1.2k
Ticg 0.00027 10.4 1.5 0.755 0.077 1.30 0.951 0.049 0.758
27Cg 0.00027 13.k 0.93 0.193 - 1.01 0.541 0.459 -
2TMg 0.003 5.65 26.9 0.363 - 2.42 0.657 0.343 -
27Fg 0.0105 5.91 89.4 0.362 - 2.31 0.540 0.460 -
30Fg 0.0105 7.8 106.7 0.563 - 2.72 0.286 0.714 -
26Cg - - - - - - - - 0.0683
26Mg - - - - - - - - 0.072h4
26Fg 0.006k 6.8 50.4 0.882 0.0075 2.00 0.073 0.889 0.0547
Ag 0.02720 51.0 1.0 0.593 0 2.66 0.17k 0.826 0.0103
Bg 0.03540 61.0 17.5 0.55h 0 2.62 0.196 0.804 0.0105
cg 0.00408 1z.5 15.3 0.956 0 1.08 0.027 0.973 0.0300
29Cg 0.00027 8.1 1.6 0.225 - 1.65 0.956 0.04h -
71C 0.00027 8.5 1.6 0.220 0.026 1.59 0.954 0.046 0.758
71M 0.00027 5.0 2.8 0.167 0.0303 1.08 0.961 0.039 0.893
TiMg 0.003 L.h 3.7 0.10h4 0.0216 3.09 0.911 0.889 1.00
31Cg 0.00027 7.4 1.8 0.174 - 1.82 0.950 0.050 -
31Fg 0.0105 k.5 18.3 0.304 - 3.0L 0.659 0.341 -

a'Ce.ps after numbers: C = coarse fraction, 90 wt %; M = medium fraction, 6 wt %; F = fine fraction, 4 wt %; all as fired; Cg = coarse sized

fraction, 60 wt %; Mg = medium, 15 wt %; Fg = fine, sized, 25 wt %.




Table A.3.

Total
Batch size:

GaSes

-70=

Bvolved from Large Patches of Caleined Sol-3€l Products
a~7 kg

Composition: 3 at. U=ThO,
Firing procedure: air, 300%/hr to 1150%C, at 1150%C, 1 ur;

argon--ih Hg, b hr at 1150°C; cooled in

O,

argon to <100°C (except as noted)

Total Gases heleased ab 1200°C in Vacuum, st ce/g

Batch After Calecination After Grinding to Size

No. Unsereened +16 Mesh 16/35 Mesh =55 Mesh 6/16 Mesh 50/140 Mesh =200 Mesh Compogite®
101 - 3,02k - 0.13C - - - -
1hE - - - - 0,005 .0k ¢.150 0.0k3
174 0.005 - - - - - - -
L7F 0.004 - - - - - - .
184 0.160 - - - - - - -
19 0.005 - - - 0,005 0.16G ol RS'e] 3,075
20 G.003 - - - 0,507 0,091 e &7 0,08k
2L 0.002 - - - - - - -
2z 0.0 - - - - - - -
23 0.009 - - - 0,014 0,055 0.190 0.056
2 0.065 - - - 4.006 0,054 0.170 .05k
2540 0,08 - - - - - - -
25n° 0.07h - - - - - - -
&5 - G004 0.00% 0.057 0.01& e 3,176 2,059
=7 - 0.003 0.005 0,083 0.003 0.057 0. &30 3,063
=8¢ - 0.0L3 0.055 0.120 0.017 0. 0k4 3.320 0,055
a%b - 0,015 0.0k0 0.130 Q.01 3.0¢7 0.=10 0.07%
30 - 0.009 0.0k 0,043 - - - -
51492 - 0,030 0,057 0.050 - - - .

Somposite, caleulated with £0 wb % 6/15, 15 wh 4 50/140, and 25% of -200 mesh.

bFiring procedure;
cl«"iring procedure:
dI“iring procedure:

reduced with argon, nc ch N 1150 s 4 bhrj; cooled wnder argon to < 100%c.

reduced with nitrogen,

reduced with argon, no

no H 3 llEOOC, i hr; cooled under nitrogen to <100%C.

E-Ic, 115600 , % hr; cooled under nitrogen to <100,
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Table 4.9. Gases Evolved from Sol-Gel Uranium-Thorium Ozides at Various Temperatures
Calcined in air, then H2 at 11500C; cooled in argon
Camples heated in vacuum; gases collected, measured, analyzed
by mass spectrography

Properties A B c D i &6°
Surface area (BET, Na), md/g 0.20 G.26 G.03 G, 005 0.015 T.04T
O/U ratio 2,005 «.005 2.055 2.0G35 2.010 2,025
Total gases released, cc/g* 0.125 0.151 0. 055 .01z 0,027 0,206
Gases Released at ES-BOOOC, nases Released abt 25-750°C,
std cc/g ) std cc/z
Total g.022 0.026 - 0.0050 0.0210 0. 1400
Hydrogen 0.000k2  0.00085 0. 01852 0. 0004 0.00585 G.0750
Hydrocarbons - - - 0.C0011 - 2.005%3
Jater Q.01100  0.01500 0.00BE@a 0. 000857 0. 00051 0.001h
Ny + CO 0.00130 0.00066  0.0311% 0.00255  0.00806  0.0511
COQ + NeO 0.00900  0.00950 0.001h 3 0.00133 30,0050 55,0081
(ases Released at 500-5OOOC, 3ases Released at TiO—lCOOOC,
std ec/z s5d cefg
Total 0.03%2 0.039 - 0. 0050 .00k 0.0500
Hydrogen 0.00835  0.00522 - ¢.00L5L 0.00LT72 0.0200
Hydrocarbons 0.0017% 0.00187 - - - -
Uater 0.00622  0.00362 - C.O00LE €. 0001k 0.0007
Ng + CO 0.007h9 0.00755 - 0. 00309 0.02157 G.oz27L
COE + B O 0.0112 0.0153 - 2.00026 0.000258 02,0020
Gases Releamsed at 500-750°0, Gases Released at 1000-1200°C,
std ce/g sté ee/g
Total 0.050 0.066 - J. 002 0,002 0.0160
Hydrogen 0.031  0.0357 - 0.00121  C.001I0  O.005C
Hydrocarbons C.00075 0.001ks - - - -
Water 0.0012 0.00225 - 0. 00005 $.002011 0.000%
Ho + CO 0.0L05 0.0220 - 0. 0007 0. Q00T 0. 004G
NS0 + COy o.001ks  0.00bo1 - 0.0000% 0,000 0.0009
Gases Released at 750-1010°C,
std ce/s
Total 0.021 0.0=0 =
Hydrogen 0.00833 ©.0137 -
Hydrocarbons 0.00002  ©.00002 -
Water 0.00021  0.00056 -
N -4 CO 0.012k  0.007h3 -
N0 + COg 0.00006 0.00058 -

%oas relessed when heated 25-1200°C.

Calcined in 4% Ho-argon; cooled in argon.



Table A.10. Dffects of Particle Size, Calcination atmosphere, and Griading in Air on Amounts and Opecies
of Gases Evolved from Sol=Gel Oxides on Heating to 12009C in Vacuum

N N o py T
cxide P&?:;Z?’"e Calciﬁzg:;ﬁeigrnace A(é’é ;iic }Féi’zce [,dgggb ed sases Evolved on Deating to 1200°7, in Vacuw: (pmoles/g)
To.? U..3. Mesh falcination Cooling Rotio (r2/2) (nmoles/g) Total H, H,0 TO L W, €0y 0y

34C 6/16 Argon I, - 0.002 0.0121 147 0 0.016 0,046 0.284 1.128
31C-g 6/16 Argon i, - 0.00c 0.0L3 0.85 0 0.004 0.008 0.132 0.677
3 =35 Argon N, - 0.014 0.085 5,98 0 0.030 0.117 1.125 1.790
31F=g =200 ATEon N - 0.077 0.y 11.00 o 0,176 3.150 7,220 0.022
T0C 6/16 N, N, 2,290 0.002 0.0121 1.96 0 0.0k 0.051 0.0h7 1.855
T0Cg 6/16 n, N, 2,266 0.002 0.0121 h.oo ) 0.055 0.109 0.093 3,940
TOM 16/35 n, N, 2,325 0.005 0.030h 2,10 0 0,035 0,051 0.126 1.900
TOM~g 50/140 N N, £.319 0.022 0.154 L.o6 0 0.045 0.350 2,720 0,955
TOF =35 N, n, 2,360 0,01k 0.085 1.7 0 0.028 0.118 0.740 0.848
{OFwg =200 v, , £.507 0.077 047 9.83 0 1.220 0.515 7.680 0.0L0
i) 6/100 H, Argon 2.0z 0,015 0.091 1.20 0.583 0.029 0.548 0.210 0.0
A=g +10 to 325 H, Argon 2,01 0.20 1.71 5.58 2,255 0.835 1.h20 0.97k 0.0
268 -6 to =200 L, H,=A Argon .05 0,047 0.285 9,20 h.hé 0.134 3.T00 o.hoz 0.04s
27Ceg 6/16 Yl B -7 Argon - 0.002 0,01z 0.134 0.003 0.037 0,017 0,072 0.0
LTP-g =200 Lef H-A Argon - 0.077 0.47 9.38 1.552 0.075 2.87 5.070 0.0

Bletters after oxide numbers refer to coarse, medium, and fine fractions; subscript g indicates "ground."
b . . . a . .

Nunbers with asterisks are estimated surface areas from measured areas of similar preparations.

s} .

Based on surface aveas and M. E. Vadsvorth's work on adsorption of CO, on thorla..T

dSam_ple composite of sizes, all ground.

YC. H. Pitt and M. E. Wadsworth, "Carbon Dioxide Adsorption on Thoria," Technical Report No. 1, p. 1,
Univ. of Uteh (1958).

_aL..
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4.0 FABRICATION AND MATERTAL DEVELOPMENT

R -

(D. A, Douglés)

Work in the Metals and Ceramics Division can be broadly separated
into three categories. One area (Sections 4.1, 4.2, and 4.3) involves
the development of equipment and process schemes for the remote fabri-
cation of fuel elements contalning thorium, Much of this work in the
past year has been directed toward solving specific problems involved in
the production of fueled rods for the Brookhaven National Laeboratory
criticality experiments. A second area (Section 4.4) is the study of the
irraediation characteristics of thorium-base fuels produced through chemi-
cal extraction and separation of fissionable and fertile material from
irradiated fuels. DBxperiments to characterize mixed oxides of thorium
and uranium processed by the sol-gel technique have heen conducted in the
Materials Testing Reactor, MIR, Chalk River Reactor, NRX, and Osk Ridge
Research Reactor, ORR, test reactors. The third area (Section 4.5)
concerns the development of advanced thorium-base fuels both ceramic and
metallic in nature. Work on the development of thoria pellets suitable
for fluidized blanket systems was brought to a conclusion. Research to

improve the irradistion resistance of thorium metal is continuing.

4,1 Kilorod Program (J. D. Sease, A, L. Iotts)

To extend thorium fuel cycle technology, a facility which provides
space and equipment for performing the chemical processing and febrication
operations involving U233 and thorium was designed and constructed.

Process equipment was constructed, and it is now being installed. Although
this facility, known as the Kilorod Facility, has sufficient flexibility
to accommodate a variety of work, it was specifically designed for meking
fuel rods that are to be used in criticslity, zero power experiments at
Brookhaven National Ieboratory, BNL

The design of the BNL fuel rod is shown in Fig. 4.1, Each of the
Zircaloy-2 tubes contains 890 g of oxide (3 wt % U233—97 wt % Th). The

U233 to be used contains nominally 40 ppm,U232. The cone-shaped bottom
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fitting serves to locate the rods in the critical lattice, and the top
end fitting supports the rods in the lattice and provides a lifting lug
by which the rods may be handled. The compression spring and ceramic
spacer, shown in the void volume at the top of the fuel column, prevents
fuel redistribution if the rods are inverted in handling. In sddition to
these 46-in, -long rods, 18-in. -long fuel rods, otherwise identical in
design, will be fabricated. In all, some 900 rods, each containing

890 g of oxide and sbout 200 rods containing 310 g of oxide will be
manufactured.

The Kilorod Program encompasses the solvent extraction purification
of U232 decay products fronm U233, production of bulk oxide by the sol-gel
process, and the Tabrication of rods using the bulk oxide. This section
describes the rod fabrication portion of the Kilorod Program and is
divided into three parts: a discussion of the process, the facility, and
the fabrication process equipment. Information pertaining to the sol-gel
and solvent extraction portions of the Kilorod Program may be reviewed

in another section.
4,1.1 The Process

The procedures employed to fabricate the BNL fuel rods include:
(1) sizing the U'Og-ThO2 received from the solids preparation facility
intc an optimum particle-size distribution for vibratory compactiong
(2) vibratory compaction; (3) welding of the final end closure; (4) fuel
rod decontamination; and (5) fuel rod inspection.

The optimum-size distribution for U0 —ThO2 produced by the sol-gel

process consists of a mixture of three siie fractions: =a coarse fraction,
8 fine fraction, and sn intermediaste fraction. As seen in the flow
diagram (Fig., 4.2), these fractions are produced from the as-received
oxide by a system of crushing, classifying, and ball milling. Following
comminution and classification of the bulk fuel into the three working
fractions, quantities of each fraction appropriste to one fuel rod

loading will be spportioned and blended together.
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In the vibratory-compaction operation, the blended aliquot of fuel
is loaded into a fuel tube, which contains one end plug, and vibrated to
the specified density. This loaded fuel tube is transferred to a welding
fixture where the final end-closure weld is made and visually inspected.

At this juncture, the losded and sealed fuel rod is decontaminated
by ultrasonic cleaning in water and smesred to check the level of surface
contamination. The integrity of the end-closure weld is evaluated by
helium leak checking, and the density of the fuel is determined with a
gamma-zbsorption scanning device. Finally, the hanger fitting is attached

prior to loading into a shipping cask.

4.1.2 Facility

The oxide preparation and rod febricstion steps will be accomplished
in shielded, alpha-tight cubicles which are shown in Fig., 4.3. The
cubicles were designed around the process and are installed in a
20-ft-long x 19-ft-wide x 27-ft-high chemical processing cell which is
being used for secondary containment of radicactivity which might escape
from the cubicle,

The cubicles for performing the rod fabrication occupy the first and
second levels of this cell. ILocated on one corner of the first level and
extending to the top of the second level is the 4- x 7-ft powder prepa-
retion shaft, Directly adjacent to this shaft on the Tirst level are
three fabrication cubicles that extend along two walls., The first of
these cubicles is used for vibratory compection and welding, the second
for decontamination, and the third for inspection. A glove repair box
is located on the second level adjacent to the powder preparabtion shaft
end directly sbove the vibratory-compaction welding cubicle and the de-
contamination cubicle., The box is egquipped with a large bag-ocut port
air lock and a monorall crane that will run the length of the glove hox
and will be used to 1ift and convey eguipment. Access to the powder
prepargtion shaft is through a door in the rear of the shaft, while access
to the Tabrication cubicles will be through shield-access ports in the

floor of the box
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Primary alpha containment for the cubicles is provided by an ll-gage
mild-steel liner. Camme shielding is provided by 4 l/#-in.-thick armor
plate placed on the top and opersting face of the cubicles. The facility
was designed to be constructed as an integral unit structurally inde-
pendent of the cell proper. Attachment to the chemical processing cell
and penetration of the cell wall were held to an absolute minimum due to
the health physics problem assoclated with spreading contamination that
is residually contained in the walls.

The fecility ventilation system is designed sc that cubicles will be
maintained at pressures below atmospheric, through the use of existing
ventilation systems in the vicinity of the cell, The cell will be main-
tained at -0, 3-in. water gage with respect to ambient, and the cubicles
will be maintained at -0.3~-in. water gage with respect toc the cell, AllL
air entering or leaving the cell and cubicles will be Tiltered with high
efficiency filters. Cubicle and cell pressures are controlled by menusally
operated dampers and safeguarded with backflow preventers and differential
pressure alarms and indicators.

The fabrication cublcles have a total of twenty windows, Thirty-one
ports are provided which will alliow cutfitting with either gloves or
manipulator tongs and allow interchange of gloves and tongs without loss
of containment of radicactive materisl, Plans are to operate the rod
fagbricabion procesg with nine tongs and two glove ports., The remaining

twenty will be used for maintenance.
4,1.3 Eguipment

As with any new type of equipment, the rod fabrication equipment, as
built, was not in a sufficient stage of development to be installed di-
rectly into the cell facility., It was necessary, therelore, to test and
evaluate the pieces of equipment under simulested conditions. The powder
preparstion equipment, due to its complexity, was tested in a mockup
using (Th—3 wt % U238)O2 produced by the sol-gel process. The other
pieces of equipment were evaluated under similar test conditions, but

without the use of the oxide. A number of flgws in the equipment were
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obviated by the mockup experiments, These were corrected, and the dis-
cusslon on equipment which follows is for the equipment as revised from
the mockup experience,

The powder preparation equipment was designed to afford maximum dust
confinement and to utilize gravity feed for transporting the fuel through
pipes from one equipment unit to the next, All of the equipment in the
powler preparation shaft (shown in Fig., 4.4) is remotely controlled
either electrically or by flexible shafts. Minor repairs to the equip-
ment can be made in place through glove access ports. For major repairs,
the equipment is mounted on movable racks in the front half of the shaft,
and the offending piece of equipment can be removed by pushing the equip-
ment rack to the resr and lifting the piece with a hoist to the glove
maintenance area.

Located on the top rack of the shaft is the jaw crusher and ball mill,
Directly asbove the jaw crusher is a feeder valve which is used to control
the rate of feed to the jaw crusher. The classifier, located directly
below the jaw crusher and ball mill, continuously classgifies the feed
material into dispensing hoppers. The rate of feed to the classifier
is controlled either by the feeder valve controlling the feed to the jaw
crusher or by another feeder valve controlling the feed rate from the
ball mill, BSix transparent glass storage hoppers, three for the working
fractions and three for the recycle fractions, are located around the base
of the clasgifier, The three recycle hoppers are connected directly to
a recycle manifold. The recycle manifold empties into a recycle hopper
which is used to convey material to the jaw crusher or the ball mill for
recycling.

Directly below the clagsifier 1s a remote welgher where exsct quanti-
ties of each of the working fractions are weighed out. As each fraction
is weighed, it is dumped directly into the blender located below the
weilgher,

Fach major plece of eguipment in the powder preparation shaft is

discugssed in the paragraphs that follow.
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Jaw Crusher, Sufficient crushing capacities and yields are obtained
by employing a standard laboratory-size jaw crusher. The crusher was
modified to allow continuous feeding and discharging and to effect maxi-
mum dust confinement., The major limitation to the jaw crushers use in
the remote facility is its tendency to jam under an excessive feed rate;
however, by closely controlling the feed rate, this drawback asppears to

be eliminsted,

Bell Mill, A ball mill was necessary for sizing the fine and inter-
mediste fractions for vibratory compaction. The mill, however, had to be
capable of performing the tasks of being filled, grinding, and being dis-
charged while maintaining a seal from the cubicle atmosphere. The mill
used in the facility incorporates a standard alumina grinding jar and a
gingle roll mill in a device that allows the grinding jar to be rotated
on two separate axes simultaneously. In the mill, the large outer ring
acts as a valve seat while the grinding jar opening is employed as the

valve stem.

Classifier. An 18-in,, five-deck, vibra-energy separator is employed
for classifying the crushed and ground material into its different size
fractions, The classifier used in the facility is essentially a commercial
unit that has been modified to minimize dust and material holdup. The
major limitation to the use of a classifier in the remote facility is the
tendency of screens to blind; however, this problem is prevslent with any
screen classification system. During trial runs, the blinding of the

screens did not appear to be of any consequence,

Recyecle Hopper. In order to lift material for recycling to the jaw

crusher or ball mill, the recycle hopper was designed. The apparatus
consists of a hopper that is mounted on a vertical track that runs the
height of the cubicle and a cam mechanism for swinging the hopper into

and out of position.
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Weigher. The remote weigher consists of one scale and three indi-
vidually controlled feeders contalning the three gize fractions. The

weigher uses a one-to-one ratio scale with an "over-under"

weight type

indicator, precision cut-cff controls, and an impect-Tree dumping mecha-
nism. The feeders are electrically linked to weights that correspond to
the desired weight distribution of the three fractions. The feeders and

scale pan are contalined in a Plexiglas cover to reduce dust gpread.

Blender. The blender is a 4-gt, twin-shell type that employs a cam
actuated seating mechanism for connecting and disconnecting the blender
from the powder lines while maintaining a dust-tight seal., After blending,
the powder is emptied into a bottle for transfer to the vibratory-

compaction apparstus.

4,1.4 Vibratory-Compaction Apparabtus

The uniformity with which a fuel tube is loaded and the rigidity with
which the tube is held during vibration are the two important considera-
tions in the degign of a vibratory-compaction rig. The vibratory-
compaction apparatus (shown in Fig. 4.5) consists of two mein components,
the tube-Filling assembly and the chuck assembly., The tube-filling
assembly is located in the powder preparation sheft at the upper right
corner of the vibratory-compacticn welder cubicle, but is separated
from 1t by a nylon iris valve. The fuel tube is inserted through the
iris and into the filler mechanism,

The tube-filling assembly consists of a hopper into which blended
fuel is received and a2 "Syntron" vibratory feeder which enables close
control of the fuel feeding. Also included in this assembly is a funnel
for directing the fuel into the tube without spread of dust, and a mecha-
nism for applying a stetic load to the fuel column during vibration. The
static load mechanism consists of a rack gear connected directly to =
load and disengagesble pinion gesr that enables the lowering of the static
load onto the fuel column. The rack gear also gerves ag a direct means

ol' measuring the height of the fuel column in the tube,
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The vibratory-chuck assembly consists of an anvil, to which the
chuck is attached and through which the vibrational energy is transmitted,
and a Branford Variasble Impact Vibrator. The chuck, which is the most
critical single piece of rod fabricatlon eguipment, employs the use of
cam actueted sliding tapered jaws., When the chuck is closed on the fuel
rod, the tepered jaws engage in the matching taper or the rod end plug
effecting a rigid connection. The chuck and anvil are placed ingide the
cubicle, and, to allow convenient servicing, the vibrator is located
outgide the cubicle. The vibrator is sealed from the cubicle by a

neoprene digphragm.

4,1.5 End-Cap Welding Machine

The vertical end-cap welding machine (Fig. 4.6) was specifically
designed to weld the top end plug onto the fuel rod by a fusion lip weld.
The unit is also equipped with a press Zor seating the top end plug on
the fuel rod immediately after the rod hag been evacuated and backfilled
with helium., The welding machine is composed of two main components,
en elevation mechanism and the welding chamber.

The elevation mechanism employs a synchronous drive motor and a
lead screw arrangement for inserting the fuel rod into the welding
charber, The elevator also actuates s vacuum seal arcund the fuel rod
as it is seated in the welding chember,

In the welding chamber are lccated the helium-src torch and the end
plug press. The press uses & lead screw and a,synchronous drive motor
for inserting the end plugs. The torch is positiconed by two high-ratic,
lead screw motor arrangements. During welding, the rod is rotated by

a constant speed drive motor.

4,1.6 Decontamination Egquipment

A 1-kw ultrasonic cleaner is used to decontaminate, one at a time,
the completed fuel rods, The cleaner 1s egquipped with a vemote cover vhich

embodies a mechanism for holding and rotating the rods during cleaning
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operetions, The cleaning cyele, which is meanuslly controlled, consists

of filling, cleaning, emptying, spray rinsing, and drying.

4,1,7 Helium-ILesgk Checking System

The welded and decontamingted rod will be checked for lesk-tightness
with a mass spectrometer helium-legk detector. The system inecludes a
chawber in which the end of the fuel rod is sealed, & standard leak, the
lesk detector, and a roughing vacuum pump station. Particle filters are
used to isolete the rod vacuum chamber from the pumping and detection

station.

4,1.8 Density Scamner

The density of each rod is determined by means o a gamma-gbsorption
device which is shown in Fig, 4.7, The scauner congists of a one-curie
0066 source, collimeted through a 1/8- x 3/8-in, longitudinal slot, and
a detecting crystal with its assoclabed power supply, smplifier, and
recorder. A trolley is provided to drive the fuel rod through the colli-

mated beam gt a constant rate,

4.1.9 Shipping Cask

The shipping cask, which is designed to hold 132 rods, is loaded in
the horizontsal position in the fecility, and digcharged vertically at BNL
For loading, the cask is held on a dolly in the horizontal position and
secured to the cubicle door with turnbuckles. The lattice structure
which is provided in the cask to posltion the rods 1s partially inserted
into the loading cubicles to facilitate loading by tongs., After loading,
the lattice is retracted into the cask, the top secured, and the cask
removed by means of an overhead cranme., During production, two casks are
to be shuttled between the facility and BNL
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4,1.10 Summary

The construction of the cell facility is complete, and equipment
is now being installed. Hot operation of the facility will begin early
in 1963.

The process eguipment has operated satisfactorily under mockup con-
ditions; however, the adaptability of the process and equipment can be
proved only by operation of the integrated Tacility. As the process
involves operations never before performed, a number of the features of
the facility, equipment, and procedure were selected by personal intulticn
and judgment. Operation of the faclility will test the design philosophy
and will give invelusble experience in determining the manner in which

future facilities and equipment for similar operations should be designed.

4,2 Welding Research (J. W. Tackett)

During 1963, the Remote Fabrication Group of the Metals and Ceramics
Division at the Osk Ridge National Laboratory will fabricate 1100 fuel
rods containing (U233-Th)02
cedures (described in detail in Section 4.1) consist essentially of the

for BNI. The proposed menufacturing pro-

following steps: (1) a Zircaloy-2 bottom end plug is attached to a
Zircaloy-2 tube (0O.500-in. o.d. x 0.035-in. wall x 45 1/2 in. long) by
a circumferential fusion weld, as shown in Fig. 4.1; (2) the oxide is
loaded into the tube and densified by vibratory compaction; and (3) the
second end of the fuel rod 1s then closed by a Zircaloy-2 top end plug,
also welded as shown in Fig., 4.1. The Welding and Brazing Group of the
Metels and Ceramics Division have sssisted the Remote Fabrication Group
in developing techniques and procedures for producing the high integrity
end-closure welds regquired for the BNL fuel rods.

Early in the development program, techniques and procedures were
worked out for producing such welds using short lengths of tubing
with conventional, vacuum-purged, inert-atmosphere dry box equipment

and sppropriste copper chill rings. Vacuum equipment is usually
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required to obtain an atmosphere suitable for welding Zircaloy-2. Massive

copper chill rings are usually positioned below the weld to provide a
"heat sink” for additional cooling of the tubing during welding., The
copper chill ring prevents significant temperszture buildup in the base
metal, reduces the time gt which the weld bead is at high temperature
(both very important in preventing undesirable surface oxidation and
weld contamination), and, in the case of the top end plug weld, minimizes
the problem of "rollover. "

Some difficulty was experienced in axially aligning the tungsten
electrode directly sbove the Joint between the tube end and the bottom
end plug. The alignment of the welding electrode in both radial (arc gap) ’
and axial directions is doubly complicated by (a) the limited visibility
imposed by the dry box and by (b) the obscuring of the visible interface
line between the tube end and end plug during precleaning of the joint
components by wire brushing (usual method). This situation is considered
very serious for three reasons: (1) & misalignment of only 0.030 in. in
the axisl direction can seriously affect the integrity of the welded
joint, (2) a misalignment of 0.010 in. in the radial direction can
seriously affect the weld width-to-penetration ratio, and (3) no satis-
factory nondestructive inspection method is aveilable to evaluate this
prarticular weld joint.

In view of the shock wave (the Branford Varisble Impact Vibrator is
rated at 20,000 to 100,000 g) which may be transmitted through the bottom
end plug weld during the fuel compaction step, the integrity requirement
for this weld Jjoint becomes doubly important. The Joint integrity of
the weld is measured in terms of (a) weld penetration — the penetration
should be at least equal to the thickness of the tube wall; (b) weld
imperfections — root cracks, for example, would be highly undesirable;

(¢) weld contamination — oxygen contamination of the weld might affect
the corrosion resistance and mechanical properties of the weld., It

is apparent that each of these parameters is determined by destructive
examination.

In view of the large number of fuel rods to be fgbricated (1100 total),

some consideration has been given to msking the bottom welds ocutside a
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dry box, concentrating on improved inert-gas shielding and joint area
chilling. Msking the welds cutside a dry box would not only grestly
reduce the total time required, but would alsoc help to eliminate the
electrode alignment problem (described sbove). Satisfactory welds have
been made outside the dry box (Fig. 4.8 is typical of a good weld), and
the technique is currently being refined guch that this particular fab-~
rication step can be performed by Engineering and Mechanical Division
shop personnel.

The top end plug will be installed and the closure weld will be made
remotely inside the contamination zone cubicle. The gpecial equipment
designed and constructed for this particular step in the fuel rod manu-
facturing sequence is described in Section 4.1.5 (Fig, 4.6). In the
design of this equipment, no provisions were made for weld chill rings,
and, in order to determine their importance, test welds were made using
a conventional "square” edge weld joint design (shown in Fig., 4.9a).
Welds made with & 1-T penetration resulted in excessive "rollover.," This
condition would make 1t difficult to remove the fuel rod from the welding
Jig and could prevent its insertion into the scanner for inspection. In
an effort to circumvent this problem, the edge weld Joint design was
changed from a "square"” edge to a "V groove" edge as illustrated in
Fig. 4.9. Test welds made using the new "V groove" configuration (made
without chill rings) resulted in adequate weld penetration without
"rollover. " Some visible surface oxidation occurred in the case of each
weld made without chill rings. Investigations are under way to determine
if this discoloration is undesirable. Figure 4,10 is typical of the

"V groove" edge welds made without chill rings.

4.3 Vibratory-Compaction Resesrch and Development (W, S. Ernst)

Some experimental studies in vibratory compaction of Th-U oxide made
by the sol-gel process were performed for general development of the art,
However, direct support of the BNL Kilorod Program and service support

for other phases of the Fuel Cycle Program demanded most of the effort.
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4,3,1 Particle-Size Distribution

Studies that relate bulk densgity with particle-gize distributions
were initisted to gain insight intoc packing phenomenon. Several systems
of the ternary and binary classes are belng investigated and some of the
results obtained are discussed below, In these experiments, vibration
energy generated by the Branford Variable Impact Vibrastor was used to
compact Th=U oxides into type 304 stainless steel tubes 45 in. long x 1/2-

in. o.d, x 0,035 in. wall,

The Particle-Size System (-6 +16, -50 +140, -200 mesh). This ternary

system is of considerable practical interest because a sufficient yield of

the coarse fraction (-6 +16) can be readily obtained from the crude sol-gel
Th-U oxides. In addition, this system also readily fits into a 1/2-in. -
diam tube. A trilinear plot (Fig. 4.11) shows the relationship between
particle-size distribution of this system and bulk density obtained for
UNOP Batches 20, 23, and 24 combined into one large one. Isorithms (lines
of constant density) have been drawn for 8.8 and 8.9 g/cmg. These
isorithms are based on the results obtained from 35 different distributions
in this genersl asrea. Distributions lying inside either of these lines
yielded bulk densities that are equal to or greater than the value of the
encloging line.

Because the degradstion characteristic of the coarse fraction has
an effect on the vibrated bulk density, a meaningful plot can be cobtained
only by requiring each distribution be made of material whose chemical
gnd physical histories are identical. Practically, this requirement
means the material can be vibratory compacted only once because other
gtudies have shown that degradstion of the coarse fraction is dependent
upon the total time that the meterial has been vibrsted. As = consequence
of this reguirement a large amount of meterial is needed to obtain a plot.
Because large batches of msterial have not been available, the isorithms
shown in Fig. 4.1l are to be regarded as only spproximste since the values
of bulk density are based on a single value for each distribution.

Furthermore, they can be expected to ghift or even disappear with changes
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in the chemical history of the oxides. For example, some of the oxides
made by the sol-gel process have yielded densities greater than 9.0 g/cm3
for a distribution that yielded only 8.9 g/cm3 in this experiment.

Figure 4.1l shows that there is a range of distributions with which
bulk densities of greaber than 8.9 g/cm? can be obtained and an even

larger range of distributions for &.8 g/cmB.

Other Ternary Systems. By increasing the range in size of the coarse

fraction to -4 +16 megh, another system of practicel interest is obtained
gince this size fraction can be obtained more readily than the -6 +16 mesh
gize fraction. Bulk densities greater than 9.0 g/cm3 have been obtained
for s distribution of 60 wt % -4 +16, 15 wt % -50 +140, and 25 wt %

-20C mesh., This gystem is not entirely satisfactory for l/Z-in.-diam
tubesg because the large particles occasionally bridge in the tube and
cauge a low density region to form., The small amounts of available
materiel have not permitted a trilinear plot such as Fig. 4.11 to be
obtained fTor this system,

The system -6 +10, =35 +50, -200 yielded bulk densities about 1%
higher than did the -6 +16, -50 +140, -200 system for the same msterisl.
For a distribution composed of 6C wt % -6 +1C, 15 wt 9 =35 +50, and
25 wt % -200 mesh bulk densities of 9.1 g/cm3 were obtained., This system
requires & laborious procedure for obtalining yilelds of the coarse fraction

in sufficient quantities that are useful.

Binary Systems. The binary systems -6 +16, -200 and -4 +16, -200

are psrticularly interesting becsuse the troublesome medium size fraction
is eliminated. The relstionship between bulk density and the smount of
coarse material in a distribution is shown in Fig. 4.12. The data for
these plots were obtained with s mixture of materials from UNOP Batches
20, 23, and 24, and, therefore, these data apply for this mixture only.
However, similar relationships can be expected, in general, to hold for
other Th-U oxides with slightly different chemical histories although
the maximum density can be expected to shilt in value and with respect

to the distribution.
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Screen analyses of the distributions after completing the compaction
process were obtained for these binary systems. In general, it appears
that a ternary system is generated from the -4 +16, -200 system and that
the -6 +16, -200 system remains nearly a binary. This may explain why
a slightly higher density is obtained with sbout 10 wt % more coarse
material in the -4 +16, -200 system than is the case for the -6 +16,
=200 gystem,

4%,3.2 Vibrators

The Branford Variable Impact Vibrator with an externsl mechanical
wave guide ghown in Fig., 4.13 has been used for mogt of the experimental
studies in support of the BHL Program. The use of mechanical wave guide
mekes an effective slpha seal practicable for remote operation. This
system produces acceleration pulses having peak values between 20,000
to 100,000 times that due to gravity. The pulse width is about 15 usec.
Because of the very high acceleration levels, measurements have been
very difficult and unreliszble but the order of magnitude is believed to
be sccurate, For compacting fuel, a rabte of about six pulses per second
has usually been employed.

Although the NAVCO Bin Hopper Type vibrsbtors are satisfactory for
compacting fuels, they are not entirely satisfactory, from an operation
point of view, for remote operstion. Additional engineering design is
needed to solve the alpha seal problem and the fatigue problem associated

with the relatively large amplitudes and fregquencies.

4.3.3 BHNL Kilorod Support

Those experiments deemed necessary were performed to determine the
types of equipment suitable for meeting the requirements of this program,
Furthermore, experiments were also performed to determine the overall
process and materials preparstion methods. From these experiments, the
basic guides for engineering a remote operating system were obtained.

Among the important guildes determined were:
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A Jaw crusher would be suitable for crude comminution.

2. A ball mill would be necessary for generating both the medium

size fraction and the fine fraction,

3. A means to recycle oversize materlal through either the jaw

crusher or ball mill should be provided.
Bach size fraction for each fuel rod would have to be weighed,

5. The blended material should be loaded in such a fashion that

the particle-size distribution is distributed uniformly in the
tube,

6. The Branford Variasble Impact Vibrator with a mechanical wave

guide was the preferred system

Although a particle-size distribution (60 wt % -6 +16, 15 wt %
=50 +140, and 25 wt % -200 mesh) was selected as a reference for engi-
neering design and development studies, the process flow path and equip-
ment were selected guch that a flexible system was obtained. This will
pernit a range of other ternary systems or binary systems to be used.
The final selections will be made on the basls of meeting the density
requirement and the yield requirement.

The results of many fuel rods fabricated for determining the axial
fuel distribution are questionasble. To date, it is not known if the
axial fuel distribution meets the requirements for the BNL Kilorod
Program because the measuring device has not been absolutely nor accu-
rately calibrated. A study of the axial fuel digtribution was carried
out by cutting fuel rods into several sections. The data obtained sug-
gested that the fuel distribution might be directly dependent upon the
initial distribution as loaded into the tube. Experiments have shown
that a vibrating trough will, in fact, uniformly transport the blended
materials. Tubes loaded by means of such systems appear to be better
in this respect. Work is still in progress to resolve this problem.

A congiderable portion of the effort during the past year fallg in
the category of performing service for others. Over 50 different batches
of sol-gel oxide were crushed, screened, and vibratorily compacted into

tubes for the Chemical Technology Division., The sztudy of bulk density
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as affected by the chemical history of the oxide is discussed in their
portion of this report. In addition, most of the capsules for the

irradiation program were prepared in this group.

4.4 TIrradiation Studies of Mixed Oxides of Thoria and Urania (S. A. Rabin)

In support of the Thorium Fuel Cycle Program, irradiation experiments

are being conducted to evaluate the in-pile behavior of thoria-base fuels.

4.4.1 General Scope of the Study

The materials currently under investigation include oxide powders
made by elther the arc-fusion or sol-gel routes. Properties of the
oxides incorporated in the irradiation specimens are summarized in
Table 4.1, Representative photomicrographs are depicted in Figs. 4.14
and 4,15, The most widely used particle-size distribution was 60 wt %
-10 +16, 15 wt % =70 +100, and 25 wt % =200 mesh,

A1l of the Th02-U'O2 bearing rods were fabricated by vibratory
compaction, as described in the previous section of this report. The
rods containing ThOZ—Pu.O2 were simply tamp packed. End closures were
made using conventional technigues.

Irrgdiations of fuel material prepared in the manner described sbove
have been completed or are in progress in the NRX, MIR, and ORR., A
summary of these tests 1s presented in Table 4.2, The more salient
features of this program are as follows:

l. A comparison is being made between oxides produced by the sol-gel

and arc~fusion routes (MIR Group I and NRX Group IT capsules).

2. Type 304 stainless ghbeel Tuel tubes, 0.312-in., o.d x 0,025-1in,

wall, are specified as the cladding for the MIR and NEX experi-
ments., This epproximates the 0. 304-1n, -o.d, x 0, 0205-in, -wall
geometry of the fuel pins for the Consolidated Edison Thorium
Reactor, CEIR, at Indian Point, New York., The capsule design
is schematically illustrated in Fig. 4.16. Fuel rod lengths




Table 4.1, Summary of Properties of Uranium-Thorium Oxides Used

in Fabrication of Irradiation Specimens

Sol-gel  Sol-gel Sol-gel Sol-gel  Sol-gel Are

Sol-gel  Sol-gel

A B ce pa ES Fused S Batch 26
Total uranium, wt % 4,31 4, 39 4,01 2.50 4.0 3.96 5.21 5.35
Uranium enrichment, % 93 93 93 93 93 93 93 93
Carbon, ppm 110 100 60 40 130 120 80 40
Nitrogen, ppm 22 21 55 29 31 1130 30 13
Iron, ppm 100 50 265 140 160 130 300 215
Silicon, ppm 600 500 <20 <10 <0 20 20 <25
BET surface area (N,), 0.20 Q.26 0.03 0. 008 G. 011 0.11 0.17 Q. 047
n?/g .
0/U ratio 2.0 2.0 2.03 2.02 2.02 2.01 2.01 2.02
Volatile matter released 0. 125 0.151 0. 055 0.012 0. 027 0. 24 0. 284 0. 244
in vacuum at 1200°C, cc/g
Iattice parameter, A 5. 591 5.592 5. 593 -- 5. 593 5. 594 5.594  --
Crystalline size, A 2400 1700 2200 -- -- -- 1800 --
Particle density, g/cc® 9.94 9.92 9.76 9,97 9.92 10,11 10.0 -
Packed density, g/cc® 8. 69 8. 69 8. 36 8. 74 8. 74 8.6 8.8 --

aCooled in pure argon after calcination in hydrogen.
Toluene intrusion, pycnometric method. Theoretical density: 10.04 g/cc.

“NAVCO air vibrator, 1/25-in. piston; 5/16-in.-o.d. x 1l-in. stainless steel tube.

-Cot-
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Fig. 4.14. Spencer Arc-Fused Th02—4.5 Wt % U02 Powder. The white
second-phase precipitate, found in varying percentages in the particles,
is probably uranium. The particles exhibit both transgranular and inter-
granular cracking. (a) As-polished. (b) No microstructural change was
obgerved after etching for U0, (7 parts H, O, 1 part HNO3, 2 parts 30%

) 2 2 3
H,0, for 2-1/2 min). Reduced 18%.




=105=

UNCLASSIFIED
Y¥.44252

B E]

< o
S O
e

T 77
INCHES
| . E

l

o
=

LRI

=
>
3

1]

o
0
ty

[ 5ox]

{a)

l

UNCLASSIFIED
~e45168

ﬁ_
INCHES
i

©
&
ra

o3

204,

208

(b)

Fig. 4.15, ORNL (Chemical Technology Division) Sol-Gel E ThOE—M.S
Wt % UO, Powder. No impurities were found in this material. Small
surrace cracks may be seen in the particles. (a) 150X. As-polished.
(v) 500X. Etchant: boiling HNO,-HF. At higher magnification the
particles show a very fine naturgl porosity and extremely fine crystal-
lites (spheroidal white particles) may be observed. No large grain
boundaries are evident. Reduced 19%.
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Table 4,2. Summary of Fuel Cycle Irradiaitions®
Vibrated Average Fuel Rod Linear Estimated
Density Clad External Dimensions (in.) Heat Burnup
Experimental No. of Type of (% theo~ Temp Pressure Outside Rating (de/MT
Facility Capsules Oxide retical) (°F) (psia) Length Diameter Wall (Btu/hr-ft) metal) Status
ORR Poolgide 2 Sol-gel D 8586 1000, 315 7 0.625 0.020 40,000 7,000 Out
1300 9-23-62
NRX 8 Sol-gel A, 8486 ~200 130 11 0.312 0.025 24,000 20,000 Out
(Group T) Sol-gel B 5-22-62
NRX 4 Arc-fused, 8486  ~200 130 22.5 0.312 0.025 20,000 3,500  Out
(Group IT) . Sol-gel C 2-16-62
MTR 7 Arc-fused, 86-87  ~200 40 11 0.312 0.025 41,800 12,300- 5 in-
(Group I) Sol-gel E 47,600 100,000 pile
2 out
4-2-62
NRX 6 Sol-gel S 88-89 ~200 130 39 0.312 0.025 28,000 23,000 In
(Group III) 5-24-62
NRX 3 Sol-gel 74—76b ~200 130 11 0.312 0.025 27,000 22,000 In
(Group III) ThOz—PuO2 52462
ORR Loop 3-rod Sol-gel 26 84-85 ~500 1750 21.5 0.460 0.015 43,000~ 2,500~ Out
(L-1) cluster 52,300 3,000 10-31-62
fyel = 'I‘hOz—UO2 except for three (NRX Group III) ThOz—PuO2 bearing capsules.

Clad = Type 304 stainless steel except for experiment L-1 (one clad with type 304 stainless steel and

two with Zircaloy-2).
bTamp packed.

-0t~
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were 11, 22 1/2, and 39 in. The longer 39-in. rods were

helically wire wrapped to preclude bowing.

3., The experimental peak linear heat ratings of 47,600 Btu/hr-ft
(ref 8 ) for the sol-gel oxide may be compared with
37,000 Btu/hr ft in the CETR.

4. Maximum burpups of 100,000 Mwd/MT metal (2.06 x lO21 fissions/cc)
are anticipated in the ORNL progrem, as compared to 60,000 MWd/MT
metal expected in the CETR.

5., Two instrumented capsules were irradisted in the ORR Poolside
Facility (06=5 and 03-5) to investigate the suitability of
sol-gel oxide for advanced gas-cooled reactors with high surface
temperatures. Bach capsule (Fig. 4.17) had an axial molybdenum
thermowell containing a tungsten-rhenium thermocouple to con-
tinuously measure the center-line temperature. Nominal clad
temperatures were 1000°F (540°C) and 1300°F (700°C). The
externsl pressure was 300 psi. This experimental asrrangement
furnished some indicstion of the effective in-pile thermal con-
ductivity of the sol-gel fuel material.

6. The 'I'hOZ-IPuO2 fuel-bearing capsules were placed in-pile in May,
1962, For expediency, these powders were simply tamp packed in
the rods, This powder also had been made by the sol-gel process.

7. A trefoil cluster (Fig. 4.18) was irradiated in an ORR pressurized-
water loop operating at 500°F (260°C) and 175C psi with a pre-
dicted thermal neutron flux of 2,67-3.26 x 1013 neutrons cm_2 sec-l.

The estimated pesk heat flux was 330,000-400,000 Btu/hr-ftg.

The mechanically assembled bundle contained two rods that were

clad with 0.460-in, -o,d. x 0.015-in, ~wall Zircaloy-2 tubes, and

the other was clad with type 304 stainless steel of the same
gecmetry. The thickness of the elad is such that collapse

onto the fuel would occur at a coolant pressure of 1750 psi,

8'This corresponds to a heat gegeration rate of 1350 w/cc and a sur-
face heat flux of 590,000 Btu/hr. ft° for 0.312-in. -diam x 0.025-in, -wall
clad pins,
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’ thereby assuring intimate contact. Bach rod was spirally wrepped
with a wire of the same msterial to assure that the rods did not
bow together. The primary cbjective of the test was to examine
fuel-clad and clad-coolant interactions st elevated terperatures.
This element has since been removed from the reactor due to a

fuel rod failure.

4. d,2 Irredistion Behavior and Examination

Pogtirradistion examination of the first two MIR irrsdiasted rods has
virtually been completed. Work on the twelve NRX irrelisted rods is
complete except for metallographic examinsbtions and burnup determinetion.
These examinations included dimensional measurements, gamme radicactivity
scans, fission-gas analysis, burnup measurement of the fuel, and metal-
lographic exsminstlion of the fuel and clad.

The two MIR cspsules (U-l, Z-5) behaved without 'incident and were

removed according to schedule. Burmup analyses are shown in Tsble 4.3,

Table 4,3, Burnup Analyses for Capsules U-1 and Z-5

Neutron Burnup (Mwd/MT Th+U) Specific
Capsule  Type of Dose 137 144 Mass Power
No. Oxide (nvt) Cs” "  Ce Spectrograph  (kw/kg)
U-1  Are-fused 6.0 x 10°0 9,380 8,200 12,300 112
20

Z=5 Sol-gel ® 7.0 x 10 14,800 12,900 14,000 127

Radiochemical and mass spectrometric burnup measurements on the fuel
agreed Tairly well with the neutron dose received by the stainless steel
ciad, which was determined by measurement of the cobglt activation.

Wo significant changes in the dimensions of the rods were found.

Rod bowing was sbout the same as that before irradiation. Most of the
obgerved dlameter changes were increases, the maximum being three mils.
Gamme scans reflected the neutron flux gradients along the rods, but did

not indicate any significant shifting of the fuel.
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Bach rod was pierced for collection and anslysis of the contained gases,
The fission-gas-release [raction was determined by comparlison of the Kr85
counting date with total Kr85 generation based on measured fuel burnup.
Gas-relesse data are shown in Table 4.4. These data show that sol-gel
batches A, B, and C are comparable to arc-{fused material in retaining
fission gases and that batch E is clearly superior. This effect is tenta-
tively attributed to the structural differences between the two materials

(see Figs. 4.14 and 4.15) but requires further experimental validation.

Table 4.4, TFuel Cycle Experiment Gas Data

Per Cent of Kr8>

Capsule HNo. Type of Oxide Atoms Relesased
MIR-I (U-1) Arc-Fused 2.4

MIR-I (Z-5) Sol-gel E 0. 50
NRX~TI Sol-gel A 2, 06%
NRX-T Sol-gel B 2.76%
NRX-II Sol-gel C 4, 07
NRX-IT Arc-Fused 3.43%

& »
Average of two samples.

There was ro evidence of sintering, grain growth, or central void
formation in either rod, as attested in Figs. 4.19 and 4.20. Structurally,
the oxide is characterized by a tightly packed fine powder surrounding
the coarser fuel particles, The aforementioned metallic inclusions also
were found in the irradisted msterisl. There were more large granules
of fuel in Z-5 than in U-=1 and, consequently, less fine powder. The
fuel had a speckled sppearance due to uniformly distributed fine
porosity; however, this phenomenon has been observed in unirrsdisted
sol-gel oxide (Fig. 4.15b) and sppears to be a characteristic of the
material rather than the irradiation. There were no indications of

reaction at the fuel-clad interfaces.
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(a) U-1 ~ 4X

R-10478

(b) Z-5 ~ 4X

Fig. 4.19. (2) Transverse Cut 3/5 in. from Bottom of Capsule U-1.
(b) Transverse Cut 1 in. from Top End of Capsule Z-5.
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Pig. 4.20. Composite Photomicrographs Showing Typical Transverse Sections of Capsules
U-1 and Z-5. Reduced 9%.
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The eight NRX Group I capsules, which were irradiated in tandem,
also performed satisfactorily in-pile. No deterioration was evident
from visual examination. Dimensional measurements showed negligible
changes as a result of irradistion.

Gamma scans of the rods did revesl an anomaly. The three capsules
contalning sole-gel A gave a normal scan with very few peaks and valleys.
However, the five capsules containing sol-gel B exhiblted an extremely
erratlic activity profile. This phenomenon is depicted in Fig., 4.21.
Since all eight capsules were in one holder, these unusual effects
spparently are related to the fuel itself., However, the cause of this
snomaly is presently unknown and further examination is in progress.

Wo microstructural changes in the fuel and clad were apparent as
a result of the irradiastion, and there is no evidence of sintering or
void formation.

The four NRX Group IT specimensg were premgturely discharged due %o
legkage of fission products Tfrom the holder that contained these rods.
Since there were also 100 pellet fuel pins for the power reactor fuel
reprocessing program in the same holder, it was not known whether a com-
pacted rod was responsible. Capsule C-3 was suspect because it presumably
was stuck to the wall of the holder, apparently having bowed and created
2 hot spot on the cladding. However, subsequent visual, legk-test, and
Zyglo dye-penetrant examinations showed no indications of failure in any
of the wvibratory-compacted rods.

The resgults of the vacuum-legk-testing experiments conducted are
summarized in Table 4.5. As a result of these tests, a rather Interesting
phenomenon was observed. The original hole made in each capsule gt CRNL
to measure fission-gas release was sealed with an epoxy resin and cured
for a suitaeble length of time, Fach rod was then punctured at the oppo-
site end and the system pressure allowed to come to equilibrium. The
lesk rate was then measured and diffusion of ges into the vacuum system
was found to be insignificant (Teble 4.5). This indicates that no lesk
was present that would permit diffusion of gas into or out of the capsules

at room temperature,
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Teble 4.5, Ieak Detection on NRX-IT Capsules

Iesk Rate®™ Diffusioﬁb
Through 85 Rate Through Megsured
Cladding Kr™7 Activity Capsule Volume of Gas
Rod (u/min) Atoms Total (1/min) at STP (cc)
A-1 0.2 4.3 x 107 1.6 2.52
A-2 1.0 9.5 x 107 1.0 2.43
c-3 0.9 2.2 x 100 0.9 2,24
0ty 0.9 1.5 x 1074 o 7. 57

Safter gystem reached egquilibrium,

bBoth ends pierced.

“Rose to gtmospheric pressure in 2 hr,

A gas sample was then removed from each rod and anslyzed for Kr85
activity to determine whether the fission gases had been removed after

the initial puncture. Degpite the fact that the capsules had been
punctured and exposed to the atmosphere for several months, & measurable
guentity of Kr85 remained (Tsble 4.5). The rods were then repunchured

at the original end and the diffusion rate of air along the length of

each rod was meagured. As shown in Table 4.5, diffusion was unexpectedly
slow except for capsule C-4, From these data, it would appear that gas
diffusion was poor through these vibratory-compacted rods. This situation
warrants further investigation as the practical implications in terms of
fuel element design may be profound.

As was the case with other rods examined, there was no evidence of
sintering or vold formation, The sppearance of the fuel material was
similar in esch rod.

Preliminary effective thermal conductivity values for the Thog-U02
fuel in the two CRR poolside capsules were calculated on the basis of
the measured parameters given in Teble 4.6 and the nominal capsule

dimensions (Fig. 4.17).
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Table 4.6. Data on (RR Poclslide Capsules

Fuel Bulk Neutron Flux Power
Cepsule Density (neutrons em™? secf}) Density Temperature (°F)
No. (g/ce) Design Actual (w/ee) Clad Center Av Core
06-5 8.5,  3.0x10° 2.5x10° 192 1000 2600 1815

3 3

03-5 8.60 3.0 x lOl 3.2 x lOl 253 1300 3500 2415

Two problems were encountered in the tempersture measurements. First,
in capsule 03-5, the thermocouple indicated a downward drift which pre-
sumably is a result of fuel sintering or a gradusl change in thermocouple
regponse. Second, occasional cladding temperature oscillations of *150°F
and *100°F occurred for 03-5 and 06-5, respectively. These oscillations
have been sttributed to sporadic convective movement of the NsK sur-
rounding the capsule.9

These conductivities include the gradient at the fuel-sheath inter=-
face and are averaged over the temperabture gradient across the fuel., In
performing the calculations, the following asssumptions were made:

1. Uniform heat generation occurred in the fuel (neglect flux

depression).

2. The internal thermocouple was in contsct with the wall of the

thermowell.

3. There wag no temperature change across the wall of the thermowell,

The thermal conductivity of stainless steel was not significantly
affected by the irradiastion.

5. Energy release was 185 Mev/fission deposited locally, with no

additional gamma heating,.

The results are listed in Table 4.7 together with some comparatbive
values from the literature for pressed and sintered bodies of ThO. and

2

ThOg—lO% U02+x . It is notable that the conductivities compare Tavorably.

o7 k. Me@Quilkin, V. A, DeCarlo, R. L Senn, "GCR Quar. Prog. Rep.
March 31, 1962," ORNL-3302, pp 59-61.
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' However, until burnup analyses are obtained and the flux more accurately

determined, these conductivities must be regarded as estimates.

Table 4.7. Thermal Conductivity of Thoria-Base Fuels

Average .
Temperature Thermal Conductivity
Source Composition (°c) (°F) (w/em-°C) (Btu/hr.t.°F)

ORNL (06-5) ThO,—2, 9% o, 990 1815 0. 025° 1. 44
ORNL (03-5) Th02—2.9% o, 1325 2415 0. 024° 1.38
Kingery® ThO, 600 1112 0. 046 2. 66
Kingery" ThO, 800 1472 0.036 2.08
Kingery" Tho, 1000 1832  0.033 1.91
Kingery" ThO,~10% U0,, 600 1112  0.032 1.87
Kingery® ThO,~10% U0, 800 1472  0.029 1. 66
Kingery Th0,~10% W0,, 1000 1832  0.025 1. 44

®Data corrected to same density as vibrated Th02—2.9% UO2 uging
the relationship ky = ky (1-P) where P = pore volume fraction, kpy is
the measured conductivity, and ki is the value corrected to theoretical
density.

bBased on Tlux messurement during test.

“w. D. Kingery, "Thermal Conductivity: XIV, Conductivity of
Multicomponent Systems,” J. Am. Ceram, Soc. 42(12): 617 (19591,

As previously mentioned, the trefoil cluster (IL-1) was removed from
the ORR pressurized-water loop when leskage of fission products was
detected. The fuel rods were blanketed by a dark deposit which was
loosely adherent and readily removed with steel wool and soap. After
disasgembling and scraping the rods, a failure was located on rod L1B
approximately 2 1/2 in. from the top end. This area is situsted midway
glong the length of the plenum, or about 1 1/4 in. above the top of the
fuel column. The appearance of this area (Fig. 4.22) indicates that
the failure occurred as a result of some corrosion reaction; also, a

circumferential crack propagated around the surface of the rod. Diametral
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Fig. 4.22. Defective Ares Approximately 2-1/2 in. from Top End of
Zircaloy-2 Clad Fuel Rod L1B.
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megsurements at this locstion in comparison with the surrounding regions
revealed that swelling up to 25 mils had occurred. Contrast dye-~
penetrant inspection of this area indicated a leak, An explanstion,
however, ol the location and csuses of this fallure awaits further

examination,

bh,4,3 Tission-Gas-Release Studies

In conjunction with in-pile irradistion studies, neutron-activation
(010, gindies are under wey to characterize fission-gas release from
gol-gel and arc-fuged oxide., Individual samples containing 0.2-0.6 mg
of U235 were irradiated in the graphite reasctor to an integrated dose of
6. 77 x 1017 nvt and then vacuum-induction annesled. Then the release of
Xe133 was continuously monitored in a charcogl-=filled bulb.

In the case where diffusion is the primery release mechanism, several
important relationships can be derived., After irradiation, the fraction
of & stable isotope released during annealing under iscothermal conditions

may be expressed by

(1)

where
F = fraction released,
D = diffusion coefficient (cm;/sec),
t = annealing time (sec),
a = radius of equivalent sphere (cm).
Tne sbove egquetion is correct for small values of F. Because of
uncertainties in measuring the equivalent radius, it is more convenient

to determine the quantity D' = (D/az) which 1s the release-rate parameter.

0, F. Toner and J. L Scott, "GCR Quar. Prog. Rep. Dec. 31, 1959,"
ORNL-2888, pp 68-72.

A, H Booth and G, T Rymer, "Determination of the Diffusion
Constant of Fission Xenon ia U0, Crystals and Sintered Compzcts,”
AECI~692 (August 1958).


http://siib.11

=128 e -

Bguation 1 then becomes

P =2 BT, (2)

For diffusion-controlled release, a plot of T vs tl/2 at & glven tempersa-
ture will be linear and D' can be readily determined from the slope of
the curve. Further, it is known that for a diffusion process the tempera-

ture dependence of release rate will be fiven by the Arrhenius relationship

o wp o7/

o
vhere
Dé = g constant,
Q = activation energy for process (cal/mole),
R = universal gas constant (1.987 cal/g mole.°C),
T = gbsclube temperature.

By determining D' at several bemperatures and plotting the log D va 1/T,
the activation energy can be determined from the slope of the plot.

Aveilable data for sol-gel Th02—5 wt % UO2, sol=gel Th02—5.9 wb % U@Z,

arc-fused Thoz—é.ﬁ wh % U02, and arc-fused U02 are compiled in

Table 4.8, 12~15
The fraction of Xe133 relesged as a function of temperature for the
sol-gel oxide iz shown in Fig. 4.23. Hobte that after an initial burst

of gas, which has also been cbserved for U0 ,16 the release mechanism

2

127, I. Scott and D. F. Toner, "GCR Quar. Prog. Rep. March 31, 1961,"
ORNI~3102, pp 92-7.

L5 Scott, D. F, Toner, R, E. Adams, "GCR Quar. Prog. Rep.
June 30, 1961," ORNL-3166, pp 89-91.

IEJ. I. Scott, D. F. Toner, R, E. Adams, "GCR Quar. Prog. Rep.
Dec., 31, 1961," ORNIL~-3254, pp 153-5.

lSR. B. Fitts, Ogk Ridge National Lsboratory, Private Comminication,
Novenber 1962,

16B. Iustman, "Irradiation Effects in Uranium Dioxide,” Uranium
Dioxide: Properties and Nuclear Applications, pp 431666, ed. J. Belle,
U. 8. Govermment Printing Office, Washingbon, D. C., 196L.




Table 4.8, Weubron-Activation Studies on Ceramic Fuel Powders

Total
Particle Test Total Fraction Test Releage-Rate
Sige Temperature xel33 Released Time Parameter D!
Material Preparation (mesh) (°c) (cumulative)  (hr) (sec—1)
Tho, ~5 wt % UO. Sol-gel Coarse 1440 4.43 x 1077 18.8 4.6l x 107%F
; ’ (similar to B) chunks 1640 9.3¢ x 107 22,7 7.32 x 107
1760 1.23 x 10°°  19.6  1.10 x 10~ °
2015 3.47 x 1077 48.0  L.27 x 1070
2200 2.06 x 1071 25.0 b
ThO,—5.9 w % Uo, Sol-gel § -10 +16 Irrad. © %81 % 1o’j --
1000 2.30 x 10 2.0
1200 2,40 x 107° 2.0
1400 2.56 x 107> 2.0
1800 1.29 x 1077 2.0 3 To be determined
2000 1.30 x 107° 2.0
225 Irrad. & 1.86 x 1072 -
1000 514 % 107° 2.0
1200 1.30 x 10T 2.0
ThO~4.5 wb % U0,  Arc-fusion 70 4100 1000 2.9 x 107 250 1.7 x107
h 1200 8.9 %107 250 6.1x 107
1400 3.2 x 1077 25.0 1.4 x 107t
1600 194 x 1077 250 3.5 x 1071

..Ea'[-



Table 4.8 (continued)

Total

Particle Test Total Fraction Test Releasge-Rate

Size Temperature Xel33 Released Time Parameter D'

Material Preparation (mesh) (°c) (cumulative)  (hr) (sec™)

- =14

ThO,,—4. 5 wt % uo, Arc~fusion -10 +16 1000 3.2 x 1074 25,0 5.5 x 107+
1200 8.6 x 107 250 15z10%

1400 2.3 %107 250 L4 x 10

-2 -
vo,, Are~fusion =70 +100 1400 591 x 1670 22.5  1.13 x 107F
1600 167 x 107° 24,5  2.66 x 1070

vo., Pellet fuel - 1900 Complete 25.0 b

b

®Release on puncture alter neutron ackivation.

bRelease not controlled by diffusion.

-hgl=
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4.23. Release of Xe from ThOQ—S Wt % U()2 Prepared by the

Scl-Gel Process. Results obtained by neutron-activation technique.
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was diffusion. Results for the arc-fused Th02-U02 were comparable,

Release was lower by a factor of ten for the coarse fraction than for

the medium size fraction. Increased release with decressing particle
size was also noted for sol-gel 8, which is the expected effect of
decreasing particle size, It is also notable that whereas 30.6% of the
%e™?? was released from the sol-gel Thog-UO2 at 2200°C after 25 hr,
Xe133 was completely released from.U02 at 1900°C for a comparable time
and the UO2 sample vaporized., This clesrly illustrates the greater
stbability of ThOZ—U'O2 compared to U02, which is to be expected, since
the melting point of Th02 is 3300°C compared to 2750°C for U02.

From the slope of the curve of log D' ve the reciprocsal of the
sbsolute temperature (Fig., 4.24), the activation energy for diffusion
=U0,, was calculated to be

2 772
75.9 keal/mole and 25 kcal/mole, respectively. These values corpare to

of XelB3 from sol-gel and arc-fused ThO

70~-80 keal/mole reported for diffusion of xenon from U02.17 The d4if-

ference in activation energy between sol-gel and arc-fused ThOQ-UO ney

be due to the structursl differences between the two matberials (Figs.
4,14 and 4,15),

Since the NRX and MIR capsules ran at relstively low centrzl tempera-
tures, it would be expected that a significant portion of the Tission-gas
release cccurred by a mechanism other than diffusion. This quantity can
be estimated from the neutron-activation data by adding the fraction
releagsed during the low-tempersture irradiation to the burst release
upon subsequent annealing. This is being done for sol-gel S and will be

conducted on other powders.

44,4 Other Experiments to be Conducted

The experiments currently or soon to be in-pile (Teble 4.2) provide

comparisons and assessments in the following areas: (1) type of oxide,

l7w. B, Cottrell, J., L Scott, H. N. Culver, M, M. Yarosh, "Fission

Products Release from,UOg," ORNIL-2935 (Sept. 13, 1960).
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(2) content of fissile material, (3) fuel rod length, (4) irradiation
temperature, (5) heat-generation rate, and (6) burnup. In addition to
concluding this work, it is necessary that the scope of the program be
broadened by embarking upon new areas of invegtigation.

Among the in-pile experiments under consideration are the following:
(1) exposure at higher heat ratings; (2) variations in fuel chemistry,
which include testing fuel with a higher uranium content and a cowmparison
of air-fired vs Hg—fired sol-gel oxides; (3) irradistion of larger di-
ameter specimens; (4) remote fabrication and irradistion of fuel rods
and a large fuel rod bundle containing U233; (5) constant power irradi-
ation tests; and (6) evaluation of new fuel systems. Finally, additional
out-of-pile studies appear warranted in such sreas as: (1) character-
istics of sol-gel powder particles and the relation to irradiation
performance; (2) sintering behavior of arc-fused and sol-gel oxide;
(3) thermsl conductivity; (4) neutron activation to evaluate fission-gas

release; and (5) waterlogging susceptibility.

4.5 Tnoria Pellet Development (R. A. Potter, A. J. Taylor)

Technigues were developed for preparing and cheracterizing costed
and uncoabed Th02 pellets suiteble for use in fluidized-blanket systems
where high attrition resistance is required, During this report period,
1/8-in. -diam pellets of two different geometries were considered:

(1) round-edged right-circular cylinders with a length~to-diameter ratio
(I/D) of 1, and (2) spheroids, both coated and uncoated.

The specifications for the pellets are that they be of such quality,
size, and geometry to exhibit minimum stirition losses during periodic
arrengement of the blanket in resctor operation. For coated pellets, the
permissible amount of coating material is determined by its poison
effect on neutrons and should not exceed O, Ol absorption per gbsorption
in thorium.

Fabrication methods were developed whereby pellet density and grain

size could be controlled. The effects of these properties on attrition
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resistance were investigated. Some considersation was given to the
properties of the ThO2 powder from which the pellets were made; however,
a complete evaluation and correlation of these properties were not
efTected. Coatings of AJ_203 and Zr metal were evaluated on the basis of
spouted bed tests.

though the pellet development project has been terminated, pro-
vigione are in effect for an orderly close-cut., Coabed sphercids are
presently being examined by metallographic techniques. The forthcoming
information will be used in conjunction with the dsta obtained during
gspouted bed tests for an evaluation of the cogtings. Additional datbta
concerning the effect of pellet grain size and dengity on attrition

resigtance also will be obtained.
4,5.1 Fabrication

Thoris Powder., The powder used for the Tabrication of pellets was

8 Chemical Technology Division Pilot Plant oxide,l8 designated DI-102,

which was made by precipitation of thorium oxalate from a nitrate solu-
tion followed by calcination at 800°C tc the oxide., The characteristics

of this powder asre given in Tables 4.9, 4,10, and 4,11,

Table 4.9. Some Physical Properties of Batch DT-102 ThO, Powder

2
Crystallite Size,® A 261
Surface Area,b n“/g 5.5
Mean Particle Size,® p 1.15

®Determined from x=ray line broadening.

bDetermined by BET method using NZ’
“Determined by sedimentation method,

1BA. Teboada et al., "HRP Prog. Rep. Wov. 30, 1960," ORNL-3061, p 101,
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Table 4.10. Particle-3Size Analysis for Batch DT-102 ThO, Powder

2
Apparent Stokes Amount of Material With
Diam, 4 Size Equal to or Iess Than

W) € That Given in First Column (wt %)
25,60 99.0

7. 10 99,0

5.11 99.0

4, 20 99,0

3. 66 99.0

3.00 99.0

2.60 98.1

2.03 91.5

1. 84 90, 3 )

1.65 81,7

1.50 76, 4

1.40 67,7

1.30 61. 8

1.20 52.5

1.10 41,8

1.00 33.6

Q.70 11. 4

Table 4.11. Chemical Analysis of Batch DT-102 ThO, Powder

2
Element Amount Present (%)
Th 87.45 -
Al 0. 0006
Ca 0, 00a2
CL <0, 001 >
CO5 0,15
Cr <0, 001
F <0, 001
Fe 0, 002
K 0. 001
Ii 0. 004
Mg 0. 0007
Na 0, 0025
Ni 0. 004
NO, 0. 003
Po <0, 001
POy, 0. 004
8i 0. 001
S0, 0. 006

Ioss on ignition 0.21
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Forming snd Sintering Technigues. During the initial stages of the

investigations, the procedures for cold forming the pellets were modified
to accommodate specific batches of powder. However, toward the end of
the program, the procedure as outlined below was adcopted as gbandard,
1. Prepress powder at 15,000 pei and granulate to pass 100 megh,
2. Cold press in steel dies to form either cubes or cylinders of
4.1 g/cmg density.
3. Isostatically press at some pressure in the range
12,500-35,000 psi, predetermined according to desired density.
4, Tumble pellets in a cylindrical jar mill. (In the case of
cubes, tumble until spheroids of the deslired size are formed.
In the case of cylinders, tumble until all edges are removed. )
5, Sinter at 1750°C in Hé for a predetermined time according to
desired grain size.
6. Polisgh sintered pellets by tumbling with A1203 grog.
Slight modifications of this procedure afford the flexibility necessary
when using different batches of oxide under different conditions. For
example, 1t was found in previous workl‘9 with s different batch of oxide
formed into cubes on an automatlc press that the addition of an organic
binder was necessary in order to produce a free flowing powder adaptable
to the automatic operation. The addition of thig binder then preceded
Step 1 cited in the general procedure.
Pellets were sintered in a hydrogen-atmosphere continuous furnace
at 1750°C., Grain size was systematically varied by varying the sintering
time. Sintering periods of 2/3, 16, and 65 hr resulted in grain sizes

of approximstely 35, 60, and 100 u, respectively.

4,5,2 Chsracterization of Pellets

A series of round-edged right-circular cylindrical pellets was pre=-

pared in asccordance with the standard preparation procedure which was

95, Tevoada et al., "HRP Prog. Rep. May 31, 1961," ORNL-3167, p 111,
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somewhat modified. Tunbling (Step 4) was changed to follow sintering
(Step 5) and 1/4-in. A1203 bells and water were adfled to the charge,
Density and grain size of these pellets were controlled by varying iso-
gstatic pressure and sintering time. TFabrication varisbles and properties
of these pellets sre given in Table 4.12. The results showed that grain
size is a major controlling factor with regard to attrition resistance
and that bulk density per se in the range 91 to 97% of theoretical is
much less important. This correlastion 1s consistent with the data
obtained from a previous set of pellets (Code P-82) of relatively small
grain size (10-15 u).go The attrition resistance as displayed by the
fine-grained Code P=-82 pellets was very good compared with other pellets

made during these investigations.

4.5.3 Evaluation of Coated ThO., Spheroids

Spheroids of 1/8-in, dlam with an average bulk density of 96,0% of
theoretical prepared by the standard procedure were coated with two dif-
ferent materials by Battelle Memorial Institute under a subcontract
arrengement., Some characteristics of the ag-coated spheroids are shown
in Teble 4.13 and the results of attrition tests are given in Teble 4,14,

As shown in Table 4,14, pellet attrition resistance may be increased
considerably with the proper spplication of a coating such as A1203.

Code P-171 pellets show particulsr promise; for these pellets the weight-
loss rate compared with the uncoated control sample (Code P-169) was

better by a factor of six., Furthermore, the Al coating of 80 u is

o
273
within the limits of coating specifications based on neutron sbscrption,

which allow an A1203 cogting of 84-u thickness on a l/8—in. sphere, The

lack of integrity displayed by some of the coeted pellets suggests that

close conbrol must be maintained during the costing process.

20). Taboads et al., "HRP Prog. Rep. May 31, 1961," ORNI~3167, p 8.




Table 4,12. BEffects of Graln Size and Density on Attrition Resgilstance of ThO, Pellets

2

Overall Welght Loss

Pregsing Sintering Time Approximate Rate During Spouted
Pressure at 1750°C in H, Bulk Density Grain Size Bed Test®
Code No. (psi) (hr) = (% of theoretical) (1) (%/hr)
P-165 12,500 2/3 91. 4 35 0.63
P-159 18,000 2/2 92.6 35 0. 65
P-162 35,000 2/3 94. 3 35 0. 61
P-166 12,500 16 95,3 60 0.95 |
'\.J
P-160 18,000 16 95,5 60 0.83 ot
3§
P-163 35,000 16 96. 8 60 0. 87
P-167 12,500 65 96. 6 100 1.3
P-161 18,000 65 96. 8 100 2
P-164 35,000 65 96.7 100 1.2

“Six-hour test conducted using 0.2 fps superticial velocity. Pellets in stabtic autoclave Tor
72 hr in 260°C H,O betw=zen sccond and third hour of spouted bed test. Attrition-resistance tests
were performed by 5. Reed, Reactor Chemistry Division, ORNI.



=134«

Table £,13. Characteristics of Coated Th02 Spheroids

Average
Coating Hardness KHN
Thickness® b 50-g Load
Batch No. Coating (n) Appearance Coating ThO2
19245-5 Al203 g0 Dense, void-free, 2750 875
smooth surfsace,
slightly translucent .
19245-6A Al,0, 130 Dense, vold-free, 2600 780
knobby surface, sev-
eral layers
19245-78 AL,0, 180 Dense, void-free, 2200 760
smooth surface, white-
opaque
19245-9 A1203 195 Dense, void=-free, 2550 860
smooth surlace, inner
layer white-opaque,
outer lgyer more
translucent
19245-10 A1203 100 Dense, void-free, 2300 915
smooth surace, white-
opague
15755-32 Zr 45 Porous, continuous 510 d
15755-35 Zr 75 Porous, continuous c c
15755-36 Zr 60 Inner 20 u, fairly e ¢ :
dense, balance porous
15755-328 Zr 10 Fairly dense coating C c

®Based on measurement of the coating thickness of one ball,
bBased on visual observation of sectloned spherolds.

cNot determined.
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Table 4,14. Weight-ILoss Data for Coated ThO, Pellets

During Spouted Bed Tests™

2

Overall Weight Loss
Superficial Rate During Spouted

Tdentilivavion Types Velocity Bed Tests

Code o, Costing (fps) (%/nr)
P-168 15755-36 Zr 0. 16 0.26
P-169° 257-11 None 0.18 0.22
P-170° 25712 None 0,16 0,20
P-171 19245-5 A1203 0,18 0. 033

P-172 19245=-64 A1203 (Two pelletstgg%%en alter autoclave
P-173 19245-78 A1203 0.18 0.28
P-1724 19245-9 A1203 (One pellet broken into two pieces

after first test)

P-175 19245-10 Al203 (Coating gone from one pellet after

first test)

SPests performed by S. Reed, Reactor Chemistry Division, ORNL

bTwo 1-hr tests, pellets in stabtic autoclave in 260°C H20 between
tests.

Coontrol samples,



=136~

4,6 Thorium Metal Development

Thorium metal has geveral characteristics which meke it an attractive
fuel material for converter or breeder reactor systems., Its value would
be considerably enhanced 1f it were more resistant to irradiation damage.

Increasing the elevated-temperature strength is one method by which im-

proved performance can be achieved. Two approaches are under study to

e’lect an increase in the strength of thorium metal. One technique is

to use alloying elements which provide solid-solution strengthening,. *
Zirconium, indium, and beryllium in conjunction with carbon have exhibited
promising results. A sgecond approach is to utilize dispersion hardening.
For geveral reasons this seems to offer more potential than solid-solution
alloying. For instance, a stable oxide disperscoid provides greafer creep
resistance at elevated temperatures. hese particles may also act as
nucleation sites and alleviate the tendency to form large bubbles with
attendant metal swelling. On the debit side, thorium alloys can readily
be produced, whereas, achieving the fine particle, uniform dispersion

of gtable oxide particles ig difficult. Much of the effort in the past
yvear has been directed towasrd developing fabrication technigues to obtain
the desgired structure.

Tne procedure which appesars most promising consists of blending and
milling powders of thorium hydride and thorium oxide., The mixed powders
are hot pressed under vacuum which simultanecusly compacts and reduces
the hydride to the metal. The compacts are then extruded. Hot-hardness
tests have been performed on compacts of several different mixtures. The
results on Th—10 vol % ALO(OH), Th—10 vol % Zr0,, and Th-ThO,

pared in Fig, 4.25 with that obtained for src-melted thorium metal. The

are com-

highest hardness values &t all temperatures were obtained from the com-

pact contalning A1O(CH). However, both the ALO(OH) and ZrO2 reacted with

thorium and formed large agglomerates of thoria. This instability and

coarsening of the particles will most certainly tend to reduce the effec-

tivenesg of the hard particle in increasing the creep strength of thorium.
In order to obtain a finer and more uniform dispersion of ThO, in

2
thorium, studies have been made of the effects of milling varisbles on the
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particle size of thorium hydride. Also, a source of ultrafine thoria

powder has been found which can supply powders having an average particle
gize of 0.05 y. The ball-milling results indicated that milling times

of one and twenty-four days produced a minimum particle gize of thorium
hydride of 1.8 |, as meagured by neubron activation-sedimentation analysis.
Proceeding Trom the milling studies a series of hot-pressed compacts has
been prepared containing 10 vol % of the ultrafine thoria. The powder
mixtures were ball milled lor times varying between one and twenty-four
days. Hot-hardness results on some as-pressed compacts indicate hardness .
values significantly greater than those obtained from the compact con-
taining A10(OH)at temperatures above 400°C. It is expected that extrusion
of the compacts will give even greater lmprovement in hot hardness because
of increased densification and better distribution of the oxide,

The performance of thorium as a fuel material may be improved by
introducing the fissile material as stable particles in the thorium
matrix, as in a dispersion-type fuel. Compatibility studies were made
to determine the degree of reaction bebween thorium and particles of UC,
UCZ’ and UOZ’ Algo, the effectiveness of coatings of pyrolytic carbon
and niobium to prevent reaction was investigated. The most stable
particles at temperatures to 1100°C were Ffound to be UC and UC2 coated
with pyrolytic carban. Nicbium coatings were ineffective and uncosted

U02 proved the least resistant to reaction.

=
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