
ORKL-3385 

Contract lo. ¥-7ii-05-eng-26 

CHIMICAL TECHNOLOGY DIVISION 
METALS AID CERAMICS DIVISION 

STATUS AID PROGEESS IMPORT FOR THORUM FUEL CICtE DEVEMPMEHT 
FOR PERIOD ENDING DECHffiER 3I, 1^2 

CoB^iled by 
D. E. Ferguson 

DATE ISSUED 

OAK RmjE lATIONAL LABORATORI 
Oak Ridge^ Tennessee 

operated by 
lOTION CATOIDE CORPORATION 

fo r t h e 
U. S. ATOMIC ElERGI COBftHSSIOI 



f 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



- i i i -

COITEITS 

EBm 

Abstract . . . . . . . . . . . . . . . . . . . . 1 

Introduction and SuniBary . . . . . . . . . . . . . . . . . . . . 4 

2 . 1 Solvent Extraction . . . . . . . . . . . . . . . . . . . . 4 

2.2 Sol-Gel Process . . . . . . . . . 5 

2 .3 Rod Fabricat ion . . . . . . . . . . . . . . 5 

2.4 Radiation-Monitoring Program . . . . . . . . . . 5 

Sol-Gel Process Develop^nt . . . . . . . . . . . . . . . . . . 6 

3 .1 Description of the Process . . . . . . . . . . . . . . . . 6 

3.2 Engineering Developn^nt . . . . . . . . . . . . . . . . . . 8 

3 .2 .1 Denitrat ion of Thorium l i t r a t e . . . . . . . . . . . 10 

3.2.2 Sol Preparation . . . . . . . . . . . 2 0 

3.2.3 Procedure for Preparing the Sol . 22 

3.2.4 Evaporation of the Sol . . . . . . . . . . . . . . . 27 

3.2.5 Calcination of the Dried Sol (Gel) . . . . . . . . . 2? 

3.3 Studies of Dispersion of T3ioria . . . . . . . . . . . . . . 30 

3.4 Properties of the Prc^uct . . . . . . . . . . . . 4 l 

3 .4 .1 Gases Evolved from Sol-Gel Uranium-Thorium 
teide Fuels . . . . . . . . . . . . . . . . . . . 42 

3.4.2 Bie Effect of Size of Batch and Calcining Furnace 
on the Gas Content of the P r ^ u c t . . . . . . . . 42 

3.4.3 The Effects of Pa r t i c l e Size on Gases in Calcined 
Sol-Gel ttcides . . . . . . . . . . . . . . . . . . 45 

3.4.4 The K f e c t s of Calcination aM Cooling Atmospheres 
on Gases in Calcined Sol-Gel Uranium-Biorixim 
ttcides . . . . . . . . . . . . . . . . . . . . . . 45 

3.4.5 tte Effects of Grindii^ Sol-Gel-Prepared Ocides 
on Gas Evolution . . . . . . . . . . . . . . . . . 50 



- i v -

COfflSmS (Continued) 

Page 

3.4.6 Effects of Excess Cfcygen on O/lfetal Ratio and 
Gas VoluflKS Inside of Fuel Elements F i l l ed 
with Sol-Gel-Prepared Ckides 52 

3.4.T Estiimted Total ar^ P a r t i a l Pressures of Evolved 
Gases ¥ i th in Fuel Elements a t Pressurized-Water-
Reactor Ten^eratures 54 

3.5 San^ling ^ t h o d s 54 

Fabricat ion and Ifcterial Developirent 73 

4 . 1 Kilorod Program . . . . . . . . . . . 73 

4 .1 .1 The Process 75 

4.1.2 F a c i l i t y . . 7 7 

4 .1 .3 EquipnEnt 79 

4.1.4 Vibratory-Con^action Apparatus . . . . . . . . . . . 83 

4.1.5 End-Cap Welding Ifechine 85 

4.1.6 Decontamination Equipnent 85 

4.1.7 Helium-leak Checking System 87 

4 .1 .8 Density Scanner . . . . . . . . . . . . . . . . . . 87 

4.1.9 Shipping Cask . . . . . . . . . . . . . . 87 

4.1.10 Summry 89 

4.2 Welding Research 89 

4.3 Vibratory-Coi^action Research and DevelopiMnt . . . . . . . 9I 

4.3.1 Particle-Size Distribution 95 

4.3.2 Yibrators . . . . . . . . . . . . . . . . 99 

4.3.3 BIL Kilorod Support . . . . . . . . . 99 

4.4 Irradiation Studies of Mixed Ckides of Thoria and Urania .!(& 

4.4.1 General Scope of the Study . . . . . . . . . . . . . .102 

4.4.2 Irradiation Behavior and feamination . . . . . . . .111 



COIMfflB (Continued) 

4 .4 .3 Fission-Gas-Release Studies . . . . . . . . . . . . 121 

4.4.4 Other ExperinKnts to be Conducted . . . . . . . . . 126 

5 Thoria Pe l le t DevelopnKnt . . . . . . . . . . . . . . . . 128 

4 . 5 . 1 Fabrication . . . . . . . . . . . . . . . . . . . . 129 

4.5.2 Characterization of Pe l l e t s . . . . . . . 13I 

4 .5 .3 Evaluation of Coated ThOg Spheroids 1 ^ 

6 Thorium Ifetal DeTelopuKnt 136 





..1> 

1.0 mSTMCT 

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

preparation of thoria or uraniiira oxide--thorium oxide particles suitable 

for filling nuclear reactor fuel elements by vibratory con^action^ has been 

successf\illy scaled up to the preparation of 15 kg per batch. Starting 

with the products of the Thorex process (uraiyl nitrate and thorium nitrate), 

the process produces the dense oxides in fcur single steps that can be 

readily carried out behind shielding. In engineering and cheniical devel­

opment, the optimization of procedures and equipment for the preparation 

of oxide (3/97 U/Th wei^t ratio) at the rate of 10 kg/day for the Kilorod 

Project was eâ jhasized. Each unit operation required for the sol-gel 

process was demonstrated at fijll scale. In the course of these studies^ 

materials were made available for fuel element fabrication development 

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

In the rotary denitrator, batches of thorium nitrate containing I5 kg 

of ThOp were dehydrated in heated air as the tenjjerature was increased to 

180 C,and then denltrated in si^erheated steam as the ten^erature was 

increased to 475°C and held for 1 hr. "Hie design and operation of the 

calciner was unusually successfiiL and trouble-free. More than 400 kg of 

highly dispersible BiOg that had a reproducible residual lO^'/lhOg mole 

ratio of from 0.025 to 0.03 was prepared. 

Uranium oxide--thorium oxide sol was prepared in a specially-designed 

and developed critically safe slab tank. A precisely measured volume of 

urar^l nitrate solution^ analyzed for uranium and nitrate content, was 

added to water and circulated through the tank and a heater. VJhile heating 

to 85 C, the nitrate content of the solution is adjusted to give an 

llOS'/ThO^ mole ratio of O.O77 for the finished sol. A weighed batch (10 

kg) of ThOp was flushed slowly into the tank with the correct amount of 

water to give a 2 M ThOp sol. After digestion at 90°C with recirculation 

for 1 hr, sufficient IHĵ OH ims added to give a O.OI7 111̂ 011/1310. mole ratio. 

The nitrate adjustment ensures con^lete dispersion, and the MhOH adjust­

ment fixes uranium on the surface of the thoria. IJhis optiniized procedure 

gives sols that lead to homogeneous oxide products whose particles vary 

in U/Th wei^t ratio by less than if. The oxides from these sols likewise 
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consistently have particles of naximum density (9-9+ g/cc), and are easily 

packed to densities of 9-0 g/cc in fuel rods. 

Bie adjusted sol was pijiiiped to the top of a series of sol-dryer trays 

arranged in cascade and connected by overflow tubes so that the sol, con­

taining 10 to 15 kg of oxide, was distributed equally among them. The sol 

was dried to gel at 85 to 90*̂ 0 in a stream of heated air. In 48 hr of 

djrying time, gel particles ranging in size from 1 cm doi«i to about 100 

U.S. mesh size (about 90^ of particles larger than I6 mesh) were produced, 

and they had 4 to 6$ volatile natter 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 

ten^erature (lOO°C/hr) up to 500OC, and then at 500°C/hr up to 1150°C. 

After 1 hr in air, the atmosphere \ja.s changed to nonconibustible k^o H2--Ar 

and calcination continued at 1150°C for 4 hr. Kie furnace and charge were 

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

laboratory experiments showed that calcinations and cooldoicns conducted 

entirely in argon or nitrogen produced oxide products that had a density of 

as high as 9.9+ g/cc, an O/U ratio of 2.05OO or less, and a residual gas 

content of O.OO5 cc/g or less, coniparable with the results of calcinations 

in h$ Hp—Ar. However, in a larger furnace, where the atmospheres and the 

ten^eratures were cycled, good results were not achieved with inert gases 

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

In testing calcined oxides to determine the quantities and species of 

gases contained in them, they were heated to li:00°C in vacuum. These 

quantities and species of gases were shovm 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 obtain optimum particle size distribution. ISie evolution of 

hydrogen and carbon monoxide were strongly indicated to be due to a 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 o/u ratios were high. The bulk of water and carbon dioxide adsorbed 

by the oxide during grinding was evolved in vacuum at tei^eratures below 

400°C. 
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Fabrication and Ifaterial DevelopnBnt. — Research and development on 

this program in the Metals and Ceramics Division has been carried out in 

three general areas. One effort has been the development of process 

schemes and equipment for the remote fabrication of fuel elements con­

taining mixtures of thorium and uranium oxides. 

During the past year, eqmpment for crushing, classifying, and vibra­

tory con^action of oxides, plus equipment for welding, cleaning, and 

Inspection of fuel rods have been developed and Installed in a lightly 

shielded facility. Approximately 1100 fuel rods containing U^^^ will be 

fabricated for criticality, zero power experiments at Brookhaven lational 

Laboratory. 

The prime developmental work centered around the solution of the 

proper particle-size distribution to be fed to the fuel rods during vibra-

tory cosj^action, and the establishment of optimxam welding conditions. 

The second area of najor concern has been the irradiation performance 

of mixed oxides of thorium and uranium produced by the sol-gel process. 

Over 30 caps-ules containing various versions of sol-gel-prepared oxides 

were irradiated. Most of these were conducted at process-water ten^era-

tures and with rather modest heat ratings. In con^arison with mixed 

oxides obtained by standard methods, the sol-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 observed. 

Thoria pellet development irork ims originally undertaken, with the 

goal of achieving a dense spherical particle having a h i ^ attrition re­

sistance. The ultimate purpose was to use these pellets in a fluldized 

blanket system of a breeder reactor. Fabrication methods were developed 

whereby density and grain size could be controlled. The use of coatings 

were investigated and then evaluated by attrition tests. Encouraging 

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

Efforts to iniprove the resistance of thorium metal to irradiation-

induced swelling involve the use of dispersion hardening. The dispersoid 

selected is thoria in the submlcron-particle-size range. The problem in­

volves the development of fabrication procedures to achieve the fine particle 

size of metal and oxide and to fabricate shapes containing an optlmiBi dis­

persion of oxide in the metal. 
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2.0 IMrRODUCTIOl AMD SUMMARI 

The ORIL Fuel Cycle Program has been directed toward process develop­

ment of the sol-gel process for preparing ThOp-UOp reactor fuels, and 

evaluation of the product obtained. Process development has included 

studies of the variables in̂ jortant to sol preparation and gel formation, 

gel calcination, and gas retention by the product. A preliminaiy com­

parative evaluation of radiation stability of sol-gel process ThOp-UO^ 

and of Th02-U02 mixed oxides prepared by other methods has also been Bade. 

A request to ORNL to prepare about a thousand tubes filled with oxide 

containing 3 wt fo U^53o —97 i-rb fa ThOp has provided an opportunity to 

demonstrate a sol-gel--vibratory-coDipaction procedure for preparing reactor 

fuels with U ^^ at the 10 kg of fuel per day scale. The fuel prepared by 

this procedure will be used in zero power criticality experiments at 

Brookhaven National Laboratory. Hiis program has been dubbed the Kilorod 

Program, and has required the construction of a shielded, coiapletely con­

tained facility which has been najned the Kilorod Facility. 

Dae construction of the structural components in the Kilorod Facility 

were con̂ jleted during this report period. All operations involved in 

manufacture of the reactor fuel will be done In Building 3OI9, the chem­

ical engineering pilot plant building at ORHL. They consist of (l) a 

solvent extraction cycle en^loying 2.5^ dl-sec-butylpheny1 phosphonate 

for the removal of the daughter activities of JT^^ and IT^ j (2) prepar­

ation of reactor grade UOp-ThOg (3 wt ^ U^^^), using the ORH sol-gel 

process; (3) sizing and classification of the resultant solidsj and (4) 

conrpaction of the solids by vibratory con^actlon in Zircaloy-2 tubes. 

2.1 Solvent Extraction 

The solvent extraction pilot plant is now in a condition suitable 

for operation, but is untested xmder the conditions required by the process 

flowsheet. All equipment modifications have been con^leted, and additional 

equipment has been installed. The status of this part of the program may 

be sumnarized 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 IT^^ has 

been validated. 

4. A hazards review has been prepared, setting out the process 

hazards and methods of control. Operation approval for criticality con­

trol methods has been received from the Criticality Review Committee. 

5. Run sheets, data sheets, and operations manuals 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 Sol-Gel Process 

All equipment has been located within the sol-gel cubicle in cell 4 

of Building 3019 and installation is underway. Piping within the cubicle 

is about 10^ con^lete. Electrical work, including installation of the 

west control panel, has been coiî leted. Hie estimated completion date for 

this facility is Deceirfcer 30, I963. Following the equipment-installation 

phase, 20 kg of 5 '̂•rt ^ natural lorania-thoria will be prepared to provide 

material for vibratory con̂ saction studies and to gain in-plant operability 

information. 

2.3 Rod Fabrication 

The installation of the manipulator ports and windows has been com­

pleted and the structural steel racks to be used for the equip.ac-nt have 

been placed. All eqiiipment items tested in the raockup have been cleaned 

and a'.7ait installation. 

2.4 lladiatlon-Monitoring Program 

In addition to the preparation of the fuel elements, an additional 

objective of the Kilorod Program is to gain practical radiation hazards 

information connected with the handling of recycled W . 

An iialierent problem of thorium fuel cycles is the radioactivity 

associated with the recycled fuel. The radioactive substances Include 
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the \r^^ and u , any recycled thoritm, wid fission products. However, 

the Û '̂ ^ to be used in the Kilorod Program is free of fission products 

and contains only 38 PP™ of XF^^. Solvent extraction purification just 

prior to use will remove thorium and the U dat^hter products, which 

will grow back d-uring the process. Since, in the absence of fission 

products, these daughters are the major gamm sources, it is desirable 

to obtain data on both the actual gamma dose rates and the cumulative 

doses to workers at each operation in the Kilorod Facility. As a result, 

a series of calcixlations of dose rates received by operators of the 

equipment to be used in the solids-handling cubicles were imde. With 

some assiaBiptions as to exposure times, a probable cumulative dose to an 

operator's hands and arms has been estiimted. Calculated dose rates and 

total exposures will be greatest for the operations in the chemical cubi­

cle, that is, for the sol-gel-process lines. Ten sol-gel batches will 

be made from each lot of deeonteunlnated uranyl nitrate hexahydrate (iMl), 

the first only a few hours after solvent extraction, the second about ten 

days later. The results of the calculations for the first and tenth of 

these batches are sumimrized in Fig. 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 program has been prepared for 

alpha aiid gamma spectrometric measurements on saai5>les of 1JM. product, 

sol, gel, and fired solids, and for direct monitoring of the gamma dose 

rates from the same loaterials in-process. Ciamilative doses to personnel 

at each station will be measured by use of film badges and pocket dosime­

ters. The data obtained should facilitate the estiimtion of activity in 

and dose rates from tmshielded sol-gel lines that transport XMS. with higher 

IT concentrations. 

3.0 SOL-aa PROCESS DEVELOPIIEUr 

(0. C. Dean, A. T. Kleinsteuber, J. ¥. Snider, C. C. Haws, P. A. Haas) 

3.1 Description of the Process 

Die sol-gel process tms developed to convert uranyl and thorium 

nitrates to dense ThOp or UOp-ThOp particles suitable for the filling 
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of fuel tubes by vibratory coBfjaction. It consists of four simple steps 

(Fig. 3»l): thoriimi nitrate, a product of the Thorex process, is heated 

to about 200 C in a stream of air and then is denitrated with superheated 

steam to produce ThOp that contains a closely controllable 2-to-3 mole ^ 

of residual nitrate. This ThOg is dispersed to a stable oxide sol by 

agitation in dilute uranyl nitrate solution at 80°C. 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 approxiimtely 1/2 in. 

across. This gel contains about 5 '̂ ^ ̂  of residual irater and has a 

density of about 5 g/cc. The gel is calcined in air, the tei^erature 

being increased 300°C/hr to 1150°C and held for 1 hr. The blanket gas 

is then changed to argon containing kfo Hp for 4 hr to reduce the uranium 

oxide to UO,.,. The optimized product then is a completely homogeneous 

solid solution of UOp in ThO^^ practically free from pores. The particle 

density of the product is greater than 9.9 g/cc, or 9^^ of theoretical 

density. 

The process has good flexibility. Thorium nitrate crystals or solu­

tion can be denitrated with equal ease to a dispersible oxide. Mixed 

thorium and uranium nitrates Imve been co-denltrated to a dispersible 

mixed oxide powder. The -minium content of the sol can be varied from 

0 to 10 at. ̂ . A flowsheet similax to the one shown in Fig. 3.I was used 

to prepare 4 wt ^ plutonium-thorium oxide that had a particle density of 

^'fo of theoretical. This material was packed into irradiation capstxles 

which are now being irradiated in the HEX reactor. 

3.2 Engineering Development 

The primary purpose of this part of the program was to develop equip 

ment and operating procedures for the Kilorod Pro©:"am. Hiis develc^ment 

has culminated in a full-scale demonstration of each unit operation re­

quired for the process. In the course of these studies, imterials were 

Emde available for programs to develop vibratory conpaction and for in-

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

T*. R. Bruce, "The Thorex Process," Symposium on the Reprocessing of 
Irradiated Fuels, Brussels, Belgium, Ifey '^^%"1^, TID-755i^"BocS~l7~~" 
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3.2.1 Denitration of Thorium Mitrate 

A l4-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 a series of rtxns in which operating 

variables were studied to find those which produced denitrated products 

with good sol-producing characteristics. Hie second phase was a series 

of runs to demonstrate consistent and dependable operation. About 400 kg 

of a o ^ powder with good sol-producing characteristics was prepared. 

Resxilts 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 sho-vm in Fig. 3»2, and the rotary denitrator in 

the tmloading position is shown in Pig. 3'3« Electrical heaters on a 

stationary shell around the drum, the rotation of the drum, and the gas 

amiulus between the drum and the heaters enstires uniform temperatures for 

the charge. The rotary drum is l4 in. in diameter and 31 in» long, td.th 

a 60° tapered inlet end and a 22.5° tapered exit end. The overall length 

is 45 in. 

Seven thermocoijples (l/l6-in. -OD stainless steel sheath with tfeO 

filling) were installed on the drum to measure the skin ten^erature. One 

was also placed inside the steajn-simply line. Short-circuiting of the 

thermocouples to the stainless steel sheath was a frequent problem, and 

was attributed to vibration at the end of the commutator. In all 3£ runs, 

at least one of the drum thermocouples performed satisfactorily. 

An inlet steam baffle, 4 in. in dianeter, was installed and used for 

most of the runs. The baffle is located in the enlarging inlet section 

such that about 1 in. of clearance exists between the baffle and conical 

section of the drum. A simller 2-in.-diam baffle is located about 4 in. 

from the steam-exit point. Die purpose of the baffles was to deflect the 

steam and prevent channeling at the low flow rates. 

Denitrations were also made in an agitated trou^ (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 tei^eratuxesj therefore, discussions of 

results refer principally to the rims in this large unit. The ranges of 

acceptable operating conditions were determined by earlier experiments 

in the simller units. 

The Effects of Operating Conditions. — The ThO, products from the 

rotary denitrator runs nay be grouped into those that have good sol-pro­

ducing characteristics and those that do not. The first tj/pe >ias char­

acterized by almost coD^lete dispersion into a stable sol that had a 

characteristic blue color when observed by transmitted light. The second 

was characterized by incoE^lete dispersion and had a white appearance 

when observed by transmitted light. The difference between the two tĵ pes 

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

For most of the denitration runs, 30 kg of thoriiaa nitrate crystals 

were charged to the disclmrge end of the drum, which was tilted upward. 

About 14.5 kg of KiOg product was obtained from this size charge. However, 

charges of up to 45 kg were denitrated to yield about 21.5 kg of HaOg. 

Operation of the denitrator in a manner that provided good sol-producing 

products required heating the thorium nitrate ciystals to drum ten^era-

tures of about 200 C under an air purge prior to steam contact. Partial 

dehydration occurred during this interval. Superheated steam was then 

introduced to effect denitration. The temperature continued to increase 

from heat added as si^erheated steam and through the heated drum traUs. 

At about 250 to 300°C, the crystals melted into a syrup and reaained 

syrupy until, at about 350 C, solid KiO^ was formed. [Hie steam flow was 

continued for an additional 3 to 4 hr, during xAich the teuperature in­

creased to 450 to 475°C. I-Jhen this procedure was used, the variations in 

product analyses were small and dispersion into good thoria sols was 

achieved. One run was made with a Th(nO,)j solution instead of thoriusi 

niti'ate crystals as feed. The solution \ras evaporated irithout difficulty. 

/ifter 180 C was reached, procedures, ten^eratures, nitrate evolution, and 

the product properties were indistinguishable from those for runs with 

thorium nitrate crystals. 

The teH^erature profiles and condensate volimes for two representative 

runs (one, EDB-14, which gave a good product, and the other, RnB-l6, %-/hich 
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gave an undesirable product) are shown in Fig. 3«4. Kiere are two sig­

nificant differences in the heating profiles of these runs. The tei^era-

ture profile for run Era-l4 shows a hold, indicating an endothermic 

reaction at about 290^0, whereas that for KDB-I6 does not. Also, run 

H)B-l4 shows a more endothermic reaction at 325°C than did run RIB-I6. 

In Fig. 3.5 the nitrate evolution rate vs run time for a good and 

poor rim are coâ jared. The run that gave undesirable sol-producing 

properties had a nitrate evolution rate which was hi^er for the first 

I-I/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 I-I/2 hr of denitration, and two extremely 

high nitrate evolution rates for short time intervals corresponding to 

the k90°C hold and the 3c:5°C hold. The off-gas condensate collected for 

the good run up to the time corresponding to the c50°C hold period was 

less than for the poor run. 

Uniformity of the Product. -- Thirty to 50 \-rt $ of the product from 

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

vigorous fû ae-doira. method. This fraction was thought to be produced by 

contamination of the charge or the steam by a co2i)onent which sorbed on 

the Th02 surface so strongly that nitrate could not displace it. 

The products from the rotary denitrator were renarkably reproducible 

in nitrogen content for a given run tine (Table 3.I). The effect of run 

Table 3.1. Product Uniformity of Denitrated Thorium Nitrate 

Rotary denitrator; l4 in. in diameter and 36 in. long 
Steaiai 350°C and 1 atm 
Ten^erature; increasing to 475°C 

_ _ _ 

lo. Run Time Above 450°C Product 
of Time Steam Air 1 ^ lO^'/Th 
Buns (hr) (to) (hr) (kg) Mole Ratio 

11 6 3 0 14 0.027 ± 0.009 

5 4 0 1 14 0.059 ± 0.005 

3 6.5 2.5 0 22 0 .050+0 .007 
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time on the l/Th mole ratio is sho'vm in Fig. 3«6. Bie r\m time to be used 

for the Kilorod Program, con^atible with plant throti^put and an 8-hr shift, 

should bet 5-1/2 hr in steam; no air at 475°G. Eiis will give a product 

containing about 0.03 nole of nitrogen per mole of thorium. Products from 

the rotary denitrator are so uniform in sol-producing characteristics from 

batch to batch that the residtml nitrate nmy be ignored in sol prepara­

tions. Bie uniformity will be further increased by blending several 

denitrator batches together for ThOp 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 colujma not exceeding 5 in- of 

bei^t, at a concentration of about 2 M ThO^. All products with good sol 

properties left heels \^on decantation which showed tlmt iJ»re than 99-5^ 

dispersion was achieved at an added nitrate-to-thoria mole ratio of 0»07« 

Above this nitrate level very little additional dispersion was achieved 

(Fig. 5.7). Run ATC-58, which was Bade in the agitated troti#i calciner, 

is included to enphasize the si^eriority of the products of the rotary 

denitrator. Both methods of denitration give products that disperse at 

an added 10,"/Th B3ole ratio of about 0.07; however, the rotary denitrator 

products are more coa^letely dispersible. 

Results of Co-denitrating Thorium and Uranyl litrates. — Three runs 

were made in the agitated trou^ to study the co-denitration of thorium 

and uranyl nitrates ̂ 3 to I5 B»le $ ¥02(lO,)23 (Table 3.2). The first 

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

Time in steam, min to go ftom I80 
to 350°C 

Time in air, min above 350°C 

Percent thoritm by weight 

U/Th mole ratio 

Percent nitrogen by weight 

N/Th mole ratio 

Crystallite size, A 

Surface area (BET, Ig), m /g 

TU-1 

180 

180 

82.34 

0.0292 

0.32 

2.0644 

58 
41.8 

TU-2 

180 

180 

76.95 

0.0948 

0.27 

0.0582 

55 
48.8 

TU-3 

180 

180 

72.00 

0.176 

0.25 

0.0575 

55 
52.4 
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run, TU-1, was a nominal jf tirania--^^ thoria preparation. This product 

dispersed easily and produced a 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, ims not con^letely dispersible; 

the product of run 'YU-'i, a 15^ uranitJm-thorium oxide, was dispersed very 

little "by noriml sol-gel dispersion methods. 

5.2»2 Sol Prepara.tion 

Apparatus. — The prototype sol mixing taidi, desigaed with a slab 

configuration to be critically safe (Fig. 3.8), is a full-size msdel of 

the one to be installed in the Kilorod Facility. The glass front (absent 

in the actual Kilorod tank) allowed observation of diversion and sol 

adjustment as conditions and desi^ were varied during developuBnt of 

equipaent and process. The total capacity of the tank is about 50 liters, 

and the effective capacity for a sol batch is 20 liters of 2 M ThOg (about 

10 or 11 kg of ThOp). Optimum operation requires tlmt the sol level be 

below the inlet pipe (pump dischar^) at the i^per ri^t. In operation, 

the sol is circulated from the bottom of the tank throi^h the centrifugal 

pui^ and a shell-and-tube steam-heated heat exchanger in the discharge 

line of the loop and returned to the tank above the sol surface. Pour 

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 sl̂ Jrry to flow by gravity into the hot circulating tiranyl nitrate 

solution in the tank. Ho mechanical difficulties were encountered with 

this apparatus in n»re than 25 preparations. One modification in equip­

ment was the substitution of a centrifu^l recirculating p u ^ for the 

Yanton peristaltic pun^ whose leoprene and I^alon liners were eroded 

badly by the sol. Centrifu^l pimps gave excellent dispersion and intro­

duced only negligible problems. In another modification, amajnia was 

added at the pun?) intake rather than at the top of the tank to prevent 

the formation of curds, which tended to collect on the wall of the taidi 

at the sol level. 
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5.2.3 Procedtxre for Preparing the Sol 

The procedure discussed below iras the preferred one of two developed 

for the preparation of the 2 M, 3 at. ̂  uranium-thorium oxide sol reqmred 

for the Kilorod Program, and is known as the slurry addition method. In 

the alterimtive procedure, preferred for the pr^aration of k to 10 at. fa 

oxide containing more than about 5^ uranium-thorium oxide sols, ThOp is 

dispersed in OTO^, then amnonium diuranate or UO^ is blended in. The 

slurry addition method is preferred because in it the control of the 

lÔ V'̂ liOp ™̂-'-® ratio is relatively easy. 

In preparing sol for the Kilorod Program by the slurry addition 

method, the amounts of Ij •̂•̂, ThOp, and nitrate charged to the tank must 

be accurately known. The nitrate-to-thoria sale ratio of the steam de­

nitrator product is so controllable and uniform that it nay be assumed 

to be 0.05 without analysis, and the ThOp content is determined by igni­

tion at 900°C for 2 hr. Since the m-ximum permissible total llO^'/ThO^ 

mole ratio is 0.107 for 3^ uranium-thorium oxide sols where the average 

ThOp crystallite size is 70 A (see Section 3.3), and since a 0.03 ^xile 

ratio exists in the denitrated product, the naximuja HO^ /ThÔ , mole ratio 

which nay be added is O.O77. The dilute uranyl nitrate solution is made 

up in a calibrated, critically safe metering vessel and analyzed for 

uranium and nitrate content. An accurately measured voltame of the uranyl 

nitrate solution containing about 265 g of Ij •̂•̂  is charged to the sol 

make-up tank. The metering vessel, connecting lines, and the walls of 

the sol make-up tank are flushed with deionized water sufficient to naJie 

the volume of solution about 6 liters; the pun̂ ) is then started, and the 

steam is admitted to the heat exchanger. VJhen the solution ten^erature 

reaches 90°C, a water sl\irry of about 10.5 kg of previously analyzed and 

weighed ThOp denitrator product is added slowly from the funnel. Suffi­

cient flush water is then added to bring the total sol volume to about 

20 liters. Recirculation is continued until dispersion of the ThOp is 

coHplete, as determined by a settling test on a sample. The in^eller of 

the centrifugal punp was an effective device for dispersing the ThOp. 

For most denitrator products the dispersing time is 1 hr. 

After coB^lete dispersion, O.OI5 to 0.02 mole of M ^ per mole of 

thoria is added at the intake of the pun^ to bring the pH of the sol to 
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about 5'9" Kecirculation is then continued for about 1 hr to homogenize 

the sol, especially with respect to tiranium distribution. 

IJith the coH^osition of the product for the Kilorod Program fixed 

at 2 M ThOo and with a U/U + Th atom ratio of 0.03 + 0.0003, the reimin-

ing independent variables for control of cou^actability and -uniformity of 

U/Th atom ratio over the entire particle-size range of the fired and sized 

oxide are: lO^'/ThOg mole ratio, M^/ThOg mole ratio, and pH. 

The sources of nitrate ion in the sol are the residus.1 nitrate in 

the steam denitrator product, nitrate associated with the uranyl nitrate, 

and any nitric acid added to adjust the lÔ '/'DiOg ratio. The variation 

in nitrate in the BiOp powder was snail, and there was some evidence that 

this nitrate was not readily available for stabilizing the sol. The 

nitrate deimnd for the optimum dispersion of steam denitrator products 

as determined by conductimetric titration corresponded to an 103"/Th02 

mole ratio of 0.07 + 0.002. B-fost of the nitrate was supplied by the 

uranj/1 nitrate solution, a product of solvent extraction in which the 

nitrate/uranium ratio was above 2. With a permissible over-rim of lÔ J 

of the optimum H0,"/Th02 mole ratio, the imximun allowable HO,"/!! ratio 

is 2.56 for sol-gel products containing 5 at. f« tiraaium. 

IVenty-five batches (3 to 5 Jsg each) of about 3^ uranima-thorium 

oxide were prepared for studying vibrat;ory con^acbion. Data for these 

batches are fully tabiilated in Table A.̂i- of the Appendix. In preparing 

these batches, the final sol-gel procedure was developed. An upper limit 

on the allowable nitrate/thoriiHa mole ratio ims set by the appearance of 

a high viscosity which imde mixing and transfer of the sol very difficult. 

I'Jhen an added MOS/ThOr^ mole ratio of about 0.12 iras exceeded, an instan­

taneous increase in viscosity was noted. The addition of M^OH did not 

reverse the increased viscosity, but led to a thixotropic sol. One such 

thixotropic sol, which had a setting time of about 3 Jalxif \ra,s aade by 

adding a lÔ '/lliOg mole ratio of 0.12 followed by neutralizing a third 

of the added nitrate with annaonia. The variables, added lO^'/ThOp mole 

ratio and added HH^/lhOo mole ratio, were carefully optimized in order 

to prepare calcined oxides of imximum particle density and coH^actability. 

Table 3.3 contains data for seven tj'pical batches 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—ThOg 

Batch 
l o . 

20-5M 

21 

22 

8A 

8c 
31 

28 

Moles 
per 

Sol 
Ni t ra te Added 
• Mole tt02 

0.067 

0.086 

0.093 

0.170 

0.170 

0.080 

0.077 

Condi t ions 
Moles IH3 Added" 

p e r Mole Th02 

0 

0 

0 

0 .041 

0.093 

0.020 

0.015 

Adjusted 
p # 

3.31 

2.90 

2.90 

2.72 

5.^5 

5.80 

3.48 

(fa of 
P a r t i c l e " 

99.3 

99.9 

^ . 5 

97.9 

97.5 

98.6 

99.5 

Densi ty 
Theoretical) 

Vibrated Bulk 

90.6 

89.6 

86.0 

83.4 

87.8 

87.8 

89.4 

Added after dispersion of ThOp. 

Taken just prior to evaporation of sol. 

Deterndned by toluene inmersion. 
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effect of these variables on density and con^actability. Batches 20-5, 

21, 22, and 28 show that the optimum added lO^'/ThOg ratio is probably 

somewhere between O.067 and O.O86. Higher nitrate concentration decreased 

particle density, and in addition gave particles of irregulsx shape with 

rough, cracked surfaces. All these particle properties are unfavorable 

for h l ^ coi^actabillty. Heutralization of h i ^ nitrate with ammonia 

ii^roved particle shape and surface character, but when used in amounts 

greater than O.OI5 mole per mole of thoria, produced particles of low 

density. Anmonia also in̂ jarted added tou#mess to the particles, so that 

in vibration, points and edges did not break off as readily; some degra­

dation is desirable to allow increased bulk density of the cou^acted 

HBterial. 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 ThOo^ and the excess nitrate 

is neutralized by a minimum of ami»nia. 

Sol-preparation conditions mast also be optimized for a tmiform 

ia*anium-to-thorium ratio in all particles of the product. For the Kilorod 

Pro-am, the imximum allowable deviation in uranium percentage for any 

particle sanple is only ifo of the 3f» overall uranium content. Table 5.4 

contains a set of selected batches to show the variability of uranium 

distribution under ira,rious conditions. Similar data for the renaining 

batches are in Tables A. 5 and A.6 of the Appendix. High nitrate-to-thoria 

mole ratios favored concentration of m-aniuia in the fine-particle fraction. 

The use of ammoaia to neutralize excess nitrate io^roved the uranium 

distribution. As mentioned 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 recomaended for the Kilorod 

preparation. 

Tiro sol pi«parations (batches 19-4M and 20-5M) were aade in which 

the ThOp concentrations were 4 and 5 M, respectively. As shown in Tables 

5.3 and 3'^f batch 20-5M was satisfactoiy with respect to coE^actability 

and uranium distribution, lo 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 

Batch 
lo. 

28 

31 
9-AB 

20-5M 

14-H 

Moles 
per 

Sol 

litrate Added 
' Mole Th02 

0.077 

0.080 

0.096 

0.067 

0.086 

Conditions 

Moles IH5 Addeda-
per M0I6 Th02 

0.015 

0.020 

0 

0 

0.014 

Adjusted 
pH 

3.92 

3.80 

2.82 

5.31 

4.18 

Uranium Distribution 
in Product, 

4) Deviation from Mean U/Th 
Coarse 
Fraction"̂  

-fO.03 

-0.40 

-4.37 
-1.62 

-0.70 

Medltjm 
Fraction*̂  

+1.18 

+1.09 

+6.58 

+3.76 

+1.92 

Pine 
Fraction"-

-0.03 

-rl.56 

+6.58 

+1.75 

+0.46 

Added after dispersion of Th02. 

^6/16 mesh, 60 wt ̂ . 

'50/l40 mesh, I5 wt /«. 

^-200 mesh, 25 wt fa. 

I 
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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 90 C. The trays are arranged in 

cascade so that sol from the top tray overflows to the one iinaedlately 

under it. Twenty liters of sol, containing 10 kg of oxide, are pui^ed 

into the top tray. The optimum depth of sol in the trays is 3/4 to 1 in. 

A drying time of 48 hr is used to prevent the fornation of bubbles in the 

gel product and to remove all except 4 to 6^ of the volatile nmtter. The 

particle-size ranges from more than l/2 in. down to about 35 mesh, about 

90^ of which is larger tlmn I6 mesh. The density of the gel is about 

5 g/cc, giving a concentration factor during drying of about 3«5« Tlie 

particle size is affected by the drying rate, which in turn is dependent 

on air tenperature, 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 a sisogle batch (lO kg of oxides) is dunked from 

the trays into a funnel that directs the charge to two crucibles, each 

of 6 kg capacity, fbe volatile imterlal is removed, and the oxide is 

densified in air by increasing the furnace ten^erature 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 kfo hydrogen at 

1150°C for 4 hr. At this coEiposition, the blanket gas is noncombustible. 

After cooling to below 100°C in argon, the product is duiiped to a hopper 

that feeds the sizing equipment. 

In a laboratory study using 55-g sauries of 3^ uranium—thorium 

oxide, the densification, reduction, and degassing of the oxide were 

nearly coinplete with 20 min of heating at 1150°C in air (Table 3,5). 

Densification and degassing were cou^lete with an additional 3-I/2 hr 

of heating in nitrogen or argon--4^ hydrogen. The highest possible 

teKperature of withdravra.1 of the cooled charge without serious reoxida-

tion ims 200°C (Table 3.6). Althou^ the data from snail-scale firings 

show that a blanket of nitrogen is as effective for eliminating sorbed 

gases from the products as one of argon--45j 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 

Saoplesi 55 g % U—ThO^ 

FiringI 300°C/hr to 1150°C| at 1150°C, 20 min in airj 
then in indicated gases for the indicated times 

Cooling: in indicated atmospheres to<200°C 

Calcination 
Atmosphere 

Air 

Air 

Argon 

Argon 

litrogen 

Argon—4^ Hg 

Calcination 
Time 
(hr) 

0.5 
0.5 

0.5 
1.5 
3.5 
3.5 

Cooling 
Atmosphere 

Argon 

litrogen 

Argon 

Argon 

Nitrogen 

Argon 

Particle 
Density 
(g/cc) 

9.91 
-

9.^ 
9.^ 

9̂ 95 

9.95 

Gas Release 
at 1200°C 
in Tacutm 
(std cc/g) 

0.14 

0.037 

0.024 

0.014 

0.001 

0.001 

Table 3.6. Effect of Ten^erature of Ej^osure to Air 
on Residual Gas Content 

Sauries; 55 ĝ  3 at. $ U—Th02 

Firing! air, 300°/hr to 1150°C| 20 min at 1150°C, 
airI 3 hr at 1150°C, argonj cooled to 
Indicated teraperaturej exposed to air 

Ten^erature of Exposure 
to Air 

(°C) 

'Residual Gas Rele^ased a t 1200°C 
in Vacuum 

(cc/g) 

500 

400 

515 
<200 

0.056 

0.024 

0.017 

0.005 



Table 5.7. OjQrgen:Uranium Ratio and Residual Gas Content of Calcined Product 

Batch sizet 5-7 l̂g 

Con^osition: 3 at. ̂  U--Th02 

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 <C100°C 

Calciimtion 
Atmosphere 

Argon--4^ H2 

l i t rogen 

Argon 

+16" mesh^ 

2.026 

2.099 

2.220 

O/U Ratio 
16/35 meshP 

2.027 

2.087 

2.267 

-35 mesh° 

2.019 

2.157 

2.308 

Gas Release a t 
+16 mesh^ 

0.004 

0.018 

0.030 

1200°C in Tacuum 
16/35 UK si? 

0.004 

0.055 

0.047 

(s td cc/g) 
•'33''^'^^ 

0.067 

0.120 

0.050 

^Represents about 92 vt fo of product. 

Represents about 5 '̂•'t ̂  of product. 

Represents about 3 wt fo of product. 
d Cooled in argon containing no hydrogen. 
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furnace ^ve products of higher residual ̂ s content than in argon—4^ 

hydrogen. The fines had more resld\ml gas than the coarse particles, 

which indicated that gases were reabsorbed subsequent to calcination. 

This would be possible and probable in the cooling step if the blanket 

^ s contained absorbable gases, if the furnace were not well sealed, or 

if the furnace refractories stxpplled gases during the cooling cycle. 

More detailed gas-release data are presented in Tables A.7 to A.10 of 

the Appendix. The o/U ratios shown in Table 3.7 also show that nitrogen 

and argon are not as effective as aTgon-—hfo hydrogen in reducing the 

ratio under the calcination conditions used. These data also show higher 

oxygen content for the simller-slze particles, suggesting ojQ̂ gen reab-

soarption during cooling. Thus, the use of hydrc^en in the calcination 

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

3.3 Studies of Dispersion of Thoria 

Studies were imde in order to determine optimum conditions for the 

coB^lete dispersion of ThOg in dilute M O , and UO2(10^)2 solutions. Sol-

gel prepared uranium-thorixnH oxide products were previously observed to 

have good conipactability, optimum shape (blocky and smooth), and uniformity 

in uranium-to-thorium ratio when the nitrate-to-ThO^ mole ratio used in 

sol preparation was at some optimum value which depended on the surface 

area of the powder. Coi^lete and stable dispersion of ThOp in dilute 

nitric acid ims also obtained only at about the same W,°'/Th02 mole ratio. 

The surface area of ThOg powder prepared by steam denitratlon of thorium 

nitrate (Ctxrve B, Fig. 3»9) as measured by the BET (nitrogen adsorption) 

DBthod was from 50 to 67^ that of gels prepared from it by dispersion with 

dilute nitric acid and evaporation at 90°C (see also Table 3-8). The 

measured surface areas of the gels approached the -values calculated from 

average crystallite sizes (see Curve A, Fig. 3*9)^ using the 6/pd rela­

tionship. This suggests that the thoria powder particles are aggregates 

of crystallites bonded in a manner that does not permit access of all of 

their surface to nitrogen. T-Jhen 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 evaporation of thoria sols 

(Fig. 3'10) prepared with added Increments of nitric acid, increased to 
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2ab.le ,5.3. ."'urface M^ea and Crystallite oize of IhO,, Used in the Preparation of TliO,, ools 

. ' a : iple 
IIo. 

? . - l9 

•D-._5 

ra3-.„7 

rD-55 

703-10 

[33-L7 

133-53 

:TD-; 0 

re-73 

P r e p a r a o : o i i 
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oaxina and then decreased. One curve represents ThOp produced by the 

rotary calclner in a routine run (see Section 3.1). The other curve is 

for the same "HiOp powder that had been previously dispersed in dilute 

nitric^ evaporated, then fired at 500°C for 2k- hr. The residual nitrate 

contents of the powders were not taken into accoxmt in the plots because 

of the scatter of analytical results. This scatter TIT&S thought to be due 

to a time-dependent release of bound nitrate to the solution dtiring diges­

tion. If the hi^est nitrate value determined for the original thoria is 
-6 

added, the surface area imxima occur at about 5 x 10 mole of nitrate per 

square meter. The Spaepen-Wimber-Wadsworth estiimte^ of chemisoiption sites 
-6 2 

on thoria surfaces is 10.6 x lO" niDle/m . The BBximum siarface measured 

approached the value calculated from average x-ray ciystallite size (from 

6/fd)^ indicated by the dashed lines of the plots^ and appears to occur 

when about half the chemisoiption sites are occupied by nitrate ions. 

tfaximum surface area was assumed to be evidence of EBximum dispersion of 

ThOg. 

The NO,"/ThOp nole ratio used in sol preparation strongly influenced 

the quality of fired oxide product^ and it had a sharp optimuiii. Conducti­

metric titration of a water slurry of ThO^ appeared to be a convenient and 

accurate method for determining the lO^'/ThOo sole ratio optimum for com­

plete dispersion of ary steam-denitrated product. A typical plot of con­

ductivity vs nitric acid added is shown in Fig. 3.11 along with a typical 

plot of surface area vs added nitrate. As nitric acid is added in incre­

ments to the ThOp slurry, the electrical conductivity at first increased 

only slowly up to a critical lO^'/ThOo cole ratio. Beyond this ratio the 

conductivity Increased rapidly as though nitric acid were being added in 

the absence of ThOg. The break in the conductivity curve coincides closely 

with the KaxiiHum in relative surface area. For ordinary products of steam 

denitration runs the "nitrate denand" value is very close to 0,07 mole/iKJle 

ThOr-. Vlhen uranium was present in the sol| the break occuired at a lower 

H0,''/lli0p nole ratio, and \ms not as sharp. The nitrate deimnd, however, 

appears to be the same for conjjlete dispersion in the presence or absence 

of iffanium. 

5 
•̂ G. J. Spaepen, R. T. Winiber, and M. E. Wadsworth^ Adsorption of Silicic 

Acid on Thoria Determined by Inft'ared Spectroscopy, Technical Report Ho. ¥, 
Univ. of Utah (June 30, 1959). 
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The scattering of li^t by sol particles is a directly observable 

criterion of degree of dispersion, A brief study was made of the extent 

of li^t-scattering by thoria sols. The intensity of transmitted light 

at 6700 A ims measured in a Becloran DU spectrophotoiKter for sols of 

varying ThOp concentrations and H0,"/̂ 1̂ 0p mole ratios. Typical Beer's 

law plots are shown in Fig» 3'12 for the thoria sai^les of two average 

crystallite sizes. Slopes (indicating degree of dispersion) vaiy with 

H0,""/'̂ 0p mole ratios and show a broad mninium. Figure 3•15 is a plot 

of optical density vs the nitrate/surface area ratio for a sol of ThOp 

product of steam denitration which had been fired 4̂- hr at 700°C. A 

typical minimum is shown at about 5 micromoles of nitrate per square 

meter of "HiOp surface, giving support to the indication of coEplete 

dispersion of ThOp when half the chemlsorption sites are occupied by 

nitrate. The mlninium, however, is probably not sharp enough to be useful 

in a routine determination of nitrate demand. 

Thoria sltirry samples, when titrated slowly with dilute nitric acid 

at 90°C showed equivalence points at apparent pH values of 5.I to 5«55« 

The H0,~/Th02 ratios at the equi-valence point varied with the surface 

area (see Fig. 3'1^)' A sol, stable at the end point, flocculated and 

settled at a pH of about 2. l-ftxen back-titrated mth M , the sol again 

became stable, but the N0̂ ""/Th0p ratio at equivalence for the back titra­

tion WB.S greater, tho\igh at the same pH as for the initial acid titration. 

It is thou^t that the N0z"/Th0p sole ratio equivalence inflection shoim, 

by the ammonia back titration is more nearly characteristic of the nitrate 

denand of the ThOp powder for couplete dispersion than that of the initial 

acid titration. The addition of excess acid and the allowance of more 

digestion time apparently caused further dispersion. Rates of dispersion 

are apparently dependent on acid concentration. 

Well-digested sols of ThOp or ThOp containing up to 5 at. fo uranium 

appear to change in pH with dilution. The magnitude and direction of 

change in apparent pH depends on the RO^'/ThOg nole ratio and the Th02 

molar concentration (Fig, 3.I5). For sols in which the NO^"/ThOp nole 

ratio is less than equivalent to half occupancy of active surface sites 

by nitrate, the apparent pH is decreased by dilution with tmter, 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, vfhich is es^ected. If lO^'/ThOg is at equiva­

lency, the pH appears to be relatively imchanged hy dilution. This effect 

of dilution on apparent pH is useful in adjusting the sol so that floccu-

lation or uranium segregation will not occxir during evaporation of the 

sol. Sols having a snail excess 10̂ "'/Th02 mole ratio can he adjusted by 

the addition of aamonia. M apparent pH of 5-9 for a sol which shows 

little change on dilution indicates that the net nitrate is at or is 

close to equiira,lence. Sols of 3 at. ya uranium-thorium oxide having this 

property can be evaporated without flocculation or se^egation. 

^.k Properties of the Product 

Products containing 5 at. ̂  uranium prepared hy the flowsheet shoTm 

in Fig. 2.2 had uniformity of uranium distribution in all size fractions 

to ifithln 4lfa of the mean; the particle density "was more than 99^ of 

theoretical! the sized oxide vlbratorily con̂ iacted consistently to 90^ 

of theoretical density; the gas released at 1200°C in vacuum ims 0.10 cc/g 

or less; and the O/U ratio vns less than 2.03 (Table 3.9). One of the 

Table 5.9. Properties of Batch-26 Sol-Gel Oxide 

Total batch wei^t = 4.5 kg; uranium is 95^ U^55 

Batch prepared for fabrication of irradiation test 
specimens by vibratory contaction 

Uranium 

izHL 

Total Gas 
Evolved 
at 1200°C 
Yacu-um o/U 

Screen 
Size 
U.S. 

Standard 

+16 

16/35 

-35 

6/16 

50/ll̂ 0 

-200 

5.50 

5.62 

6.05 

5.30 

5.55 

5»51 

Percent 
Deviation 
of U from 
Mean 

U/U + Th 
Atom Ratio 

- 0 . ^ 

+4.35 

+11.1 

-1.81 

+0.55 

+0.19 

BET (I2) 
Surface 
Area 

As Calcined 

Sized 

0.015 

0.065 

0.488 

Particle 
^nsity 

9 . ^ 
9 . ^ 

0.004 

0.004 

0.067 

0.012 

0.062 

0.170 

2.026 

2.027 

2.019 
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large batches prepared for irradiation speclEtens was esdmustively analyzed^ 

and it had a total iB^urity content of IO5O ppm, of which 640 ppm were 

aluminum, iron, and sodium. The nacroscopic neutron cross sections of the 

total iHtpurlties was equivalent to that of 5 PP™ of boron (Table 3«10). 

All evidences from x-ray diffraction^ metallography^ petrography, 

and electron micrography show the sol-gel product to be a single-phase 

solid solution. At up to 5OOX magnification, etched sections show no 

large grain structure (Fig. 3«l6). At 69^000X nagnification a fractured 

surface showed grains ranging in size from 5OOO to 7500 A, with the grains 

fitted so that they suggested some degree of ordering of sol particles 

during evaporation and calciimtion. 

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

The evolution of ̂ ses from solid fuels in service affects the fuel 

econon^ and operational safety of the reactor adversely because all gases 

increase pressures within the cladding, and some promote corrosion of the 

cladding naterial. Studies were nade of the ^ses evolved from heated 

san^les of simll and large batches of oxide products. The weired samples 

were evac\mted at room ten^erature, then heated to 1200 C tmtil there was 

no f-urther increase in pressure. Gases were withdrawn, the volumes at 

standard conditions were determined, and then the coniponents were deter­

mined by BBSS spectrograply. The quantities and species of ̂ ses trapped 

in the oxides were shown to be related to atimspheres used in calcination, 

to particle size, and to methods used in sizing the particles for vibra­

tory coi^action. 

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

In laboratory-scale eŝ jeriiifints where control of furnace atmosphere 

was imintained, particles of h i ^ density and low ^ s content were pro­

duced equally well by heating and cooling the charge in inert at^sphere 

(argon or nitrogen) or in argon—4^ hydrogen (see Section 3-2.5 and 

Table 3* 5)' '̂'Jhen larger batches (5 to J kg) were calcined in a larger 

furnace with its nmch larger volume of porous insulation, ̂ ses in contact 

with the oxides could not be so well controlled. The change from air to 

inert atmosphere could not be effected rapidly. The gas contents and o/U 
• 5 — 

D. 1. Ferguson et al., Preparation and Fabrication of ThO^ Fuels, 
OfflL-5225 (1^1). 
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Table 5.10. Trace-ElcBBnt Analyses of Batch-26 Sol-Gel 
Uranium-Thorium Oxides 

Crushed and sized for vibratory eo^action; laraniuBi, 93^ enriched; 
batch prepared for irradiation test 

Element 

Al^ 

B^ 

C 

Ca^ 

Cd^ 

CI 

Co^ 

Cr 

Cu 

F 

Fe 

E 

Li 

1%^ 

Mo 

1 

Ha 

l i 

P 

Si 

3n 

V 

Cross Sec t ion 
Barns®" 

2 .3 X 10^1 

7 .55 X 10^ 

1.20 

1.0 X 

3.7 X 

4 . 3 X 

2 .5 X 

3.4 X 

5.7 X 

3 . 1 

3.8 
9.0 X 

2.6 

2 . 1 

7 . 1 X 

6 .3 X 

2 .7 

1.9 

5 .3 X 

4.6 
2 .0 X 

1.6 X 

6 .3 X 

4.9 

10""^ 
10^5 

10""^ 

105 

10 

10 

10^5 

10 
10-^2 

10="^ 

10^^ 

10^1 

10=^1 

S7K— 
_ pp"i 

13 

< 0 . 5 

< 1 0 
^ 1 0 - 2 

30 

30 

< 1 0 

<5 
< 5 
^ 5 
44 

< 2 0 

118 

38 

<5 
43 

6.9 
16 

223 

17 

15 

< 2 5 

<65 
< 2 

50/140 

42 

< 0 . 5 

<-io 
<10^2 

30 

52 

< 1 0 

<5 
<5 
< 5 
40 

< 2 0 

54o 

38 

< 5 
80 

7.6 
11 

223 

5^ 

13 

< 2 5 

<55 

< 2 

-200 

no 
<o.5 

< 1 0 

<io""2 

70 

49 
< 1 0 

<̂ 5 
<5 

10 

43 
< 2 0 

363 
114 

<5 
90 

6.9 
6 

283 

27 

13 

< 2 5 

<55 
< 2 

Cross sections from Chart of the luclides, KAPL, 6th ed., 
December 1^1. 

Spectrographic a^lysis; all others by wet analysis. 
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ratios of the products were unsuitably h i ^ when calcined and cooled in 

nitrogen or argon. Taut satisfactoiy in kfo hydrogen—argon. 

In studies of ^ses from calcined sol-gel uraniim-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 estiimted. Detailed data on gases evolved from 

large "batch preparations are given in Tables A.7 to A,10 in the Appendix. 

3A.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 h mesh (ahout 3/S in.) doi-mward to ahout 100 mesh. Com­

parison of coarse with medium and fine fractions (Tahle 3.11) of oxides 

calcined tmder like conditions, as represented "by sables 32C with 32F, 

shows that particles of the fine fractions liberate about twice the volume 

of gas as coarse ones, but that the quantities are not proportional to 

particle size or surface area. Snail particles evolved more CO and COg 

than large particles. The probable sources of carbon irere COg in furnace 

^ses or air and volatile carbon confounds in blanket gases. Saialler 

particles, with their greater specific surface, would be expected to have 

EDre capacity for adsorption of either CO^ or Erfl or for the deposition 

of carbon. Calculations showed that even for the S33allest particles of 

highest specific surface, coi^lete monolayer coverage with CO, (ref 5) 

could not account for more than LO^ of the carbon present in the evolved 

CO + COp. It was concluded that the decoB^osition of carbon coĤ jOunds 

during calcination "tras the imjor source of carbon. 

3.^.^ "Hie Effects of Calcination and Cooling Atmospheres on Gases 
in Calcined Sol-Gel Uraniiuii~Thoriuia Oxideŝ  

Oxides calcined and cooled in argon and nitrogen evolved more total 

gas when heated and had a hi^er residual O/U ratio (about L.5 vs 2,02) 

tlian those calcined in lydrogen or kfo Ho—argon (Table 3 = ll)« Gases 

evolved from oxides calcined in inert atmosphere contained only minor 

amounts of water and carbon monoxide, and were coi^osed mostly of carbon 

dioxide and free ojygen. The simller particles evolved less free ojqrgen 

and a correspondingly larger amount of CO + CO,.. In cases of particularly 

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

''c. H. Pitt and M. E. Uadsworth, Carbon Dioxide Adsorption on Thoria, 
Technical Eeport lo. 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 II50 C| i|- hr in a specified 
atmosphere; cool doim to 25°C in atmosphere 

Oxide sauries evac-uated at 25°C| heated to 1200°C and held there 
\mtil pressure became constant 

Oxide 
San^le* 

32c 

32F 

71c 

7IM 

7IF 

26c 

26M 

26F 

26 COB^° 

E coni) 

D-C 

Ca l c ina t i on 
Atmosphere"^ 

A-N 

A-H 

N-N 

N-H 

N-N 

ifflg-A 

ifflg-A 

teg-A 

ifflg-A 

Hg-A 

Hg-A 

o/u 
Itotio 

_ 

-

2.2^i|-

2.285 

2.30if 

2.026 

2.027 

2.019 

2.025 

2.020 

2 .01 

Surface 
Area 

(Bi2/g) 

0.002 

O.Oli^ 

0.002 

0.005 

0.014 

0.015 

0.065 

0.048 

0.0^7 

0.015 

0.008 

Gases 
To ta l 

0,033 

0.067 

0.023 

0.033 

0.059 

0.004 

0.004 

0.067 

0.206 

0.027 

0.012 

Evolved a t 

H2 

0 

0 

0 

0 

0 

_ 

-

-

0.100 

0.009 

0.004 

1200°C and Under Vacuum ( s t d 
H2O 

0.0004 

0.0007 

0.0003 

0.0003 

0.0003 

-

-

-

0.005 

0.0007 

0.0005 

CO + N2 

0.001 

0.003 

0.0007 

0.0009 

0.0020 

-

> 

» 

0 . ( ^ 3 

0.012 

0.007 

COp 

0.006 

0.022 

0.003 

0.005 

0.029 

-

» 

-

0 .011 

0.006 

0.0001 

cc /g ) 

O2 

0,025 

0.040 

0.019 

0.027 

0,008 

-

™ 

-

0.001 

0 .0 

0 .0 

C = coarse, 4 to I6 mesh; M = meditxm, 50-l40 mesh; F = fine, 35-IOO mesh; coi^ = nixed sizes. 

A-H, calcined in argon, cooled in Ng^ ^'^^ calcined and cooled in N2J 4H2-A, calcined in 
4^ Hg-argon, cooled in argon; Hg-A, calcined in H2^ cooled in argon. 

c 
Sized by crushing and ballmilling, then blended. 

file:///mtil
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I'Jhen calcined in a reducing atmosphere and cooled in inert gas 

(Table 3.11, 26C to D-C), the major con^onents of gases evolved were Hg, 

HgO, and CO. There was little COg and, of course, no free osqrgen. 

The distribution of gases evolved by heating some hydrogen-calcined 

oxides in vacuum to various ten^eratures was determined. The results for 

two oxide saa^les are presented in Table 3 = 12. The gases were removed at 

the end of each tenperature interval and consequently could not interact 

with those evolved at the next higher interval. The results indicate that 

up to 300°C the gases removed were nainly those plysically adsorbed or 

weakly cheiaisorbed. At 30O to 1000 C, the likely sources of gases were 

the CO and Hg from the reaction of carbon with water, and the strongly 

cheniisorbed COg. 

The conditions likely to be produced inside a fuel eleraent upon heat­

ing imy be estimated from the O/U ratio. In Table 3'13^ oxides which were 

calcined in inert atmosphere and those calcined in reducing atmosphere are 

conpared. The excess oxygen indicated by the O/U ratio above 2.00 is 

assumed to be a potential source of available o3̂ ''gen. Oxides calcined in 

inert atmosphere had O/U ratios of about 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 

hj.'̂ dTogen, I^drogen and water are knOTm to cause hydridlng of Zircaloy, 

while the presence of snail excesses of free o^gen is knoi-m to inhibit 

the reaction of Sircaloy with water.° It is therefore desirable to handle 

the oxide product so that it will not absorb water. Further, excess 

oxygen imy be desirable in the fuel if it can be sho-tm not to cause the 

migration of uranium in the system or to adversely affect fission-gas 

retention. Table 3'14 shows tlmt preparations having O/U ratios up to 

2.43 evolve only a minor percentage of their potential ojQrgen excesses 

(less than 15^) as free o^gen or carbon-oxide ^ses and that nonstoichio-

metric urania amy act as a sink or source for ojQrgen. Properly controlled 

conditions, produced by calcination in inert atmosphere, promise to give 

a sli^t, regulated oxygen excess within the fuel cladding during service. 



Table 3.12. Inactions of Each Gas Evolved from Sol-Gel-Prepared Uranium-Thoriim 
Oxides at Yarious Te^eratures 

Calcined in 100^ H2; cooled in argon; approximately 4 at, fo JJ, 93^ 
enrichedj heated to various teî erat-ures in vacuum 

Oxide 
San5>le 

Tenroerature H2 
A B 

Gases Evolved, io c 
H2O H„C„, 

A B A 

3f To ta l for Each^ 
hx CO 

B A B 
COp 

A B 

T o t a l Gas, 
s t d cc /g 
A B 

Sol-gel 25-300 0.8 1.6 59.1 55»5 Hone lone 4.1 1.8 4l.5 51.4 17.6 I7.2 

300-500 10.7 20.0 33.4 31>8 69.1 56.7 23.6 20.0 51.6 50.5 25.6 25.8 

500-750 72.0 64.3 6.4 8.3 50.0 42.7 33.2 58.3 5.2 16.5 40.0 45.7 

750-1010 16.6 15.0 1.1 2.1 0.9 0.6 39.0 19.8 0.3 1.9 16.8 13.2 

volume of individual gas evolved at ten̂ erattare divided by the total volume of that ^ s 
evolved over the entire teB^erature range. 
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Table 3.l4. Effects of Excess Os^gen in Sol-Gel-Prepared Oxides on the 
Evolution of Oxygen-Containing Gases upon Heating 

Oxide 
lu^er®' 

o/u 
Eatio 

"Excess O2 Gases"~EyoiYed at i"g00Oc7~^cuum 
in U024X Total Free O^gen CO + CO^ 

(cc/gj cc/g {$ of excess O2) (̂  of excess O2) 

0.4 

0,2 

0.6 

0.4 

0.7 

6.6 
7.8 

0.3 

1.5 

14.7 

2.5 

71 c 

71 Cg 

70 Cg 

70 c 

71 M 

70 Mg 

71 Mg 

70 M 

70 P 

70 Fg 

101 F 

2.24 

2.24 

2.27 

2.29 

2.29 

2.32 

2.32 

2.33 

2.36 

2.36 

2,43 

0.76 

0.76 

0.83 

0.^ 

0,90 

1.03 

1.03 

l.o4 

1.24 

1.24 

1 . ^ 

0.023 

0.061 

0.0^ 

0,044 

0.033 

0.091 

0,091 

0.047 

0.039 
0.220 

0.160 

2.60 

1.10 

10.60 

4.56 

3.03 

2,10 

2.16 

4.06 

1.53 

0.002 

5.62 

C = coarse particles unground; Cg = coarse particles, crushed; 
M = -16 +35 HEsh particles ungroundj Mg = -50 +l40 mesh, crushed; 
F = -35 +100 mesh particles unground; Fg = -200 mesh particles, ball 
milled. 

3.4.5 The Effects of Grinding Sol-Gel-Prepared Oxides on Gas 
Evolution 

After calcination, the sol-gel oxifcs are prepared for vibratory 

coD^action by crushing or ball milling to the desired size fractions. 

Grinding, particularly ball milling, in ambient air Increased the total 

gas evolution n»re for the simller particles than for the larger (Table 

3.15), Water and carbon dioxide were the g9,ses absorbed in the size-

reduction step. For oxide that had been calcined in inert atEosphere 

and ball milled in air, the evolution of water, carbon dioxide, and 

carbon aonoxide was greatly increased, but the evolution of free oj^gen 

was correspondingly decreased. For oxides calcined in reducing atmos­

pheres, ball milled in air, then heated, the evolution of ira,ter and 

carbon monoxide was increased and hydrogen and carbon dioxide decreased. 



Table 3.I5. Effect of Grinding on Gas Evolution from Sol-Gel-Prepared Oxides 

Calcination program: 1 hr at 1150°C in air; 4 hr in atmosphere at 1150°Cj 
cool do"s-m zo t5°G in atniosphere 

Oxide 
Saii^le^ 

26 C 

. 6 coiap 

16 F 

A CODip 

DC 

71 C 

71 Cg 

71 F 

70 Fg 

^•^ C 

31 Cg 

3 - F 

31 Fg 

C a l c i n a t i o n 
Atmosphere 

Calc Cool 

kn^^-A 

11.H.-A 

ifflg-A 

H^ 

H 

Ĥ  

H 

L̂ 

A 

A 

A 

A 

A 

A 

A 

A 

A 

E 

N 

H 

IJ 

1^ 

II 

H 

IJ-

Grinding 
Method 

None 

Crush and 
b a l l m i l l 

Ifone 

Crush and 
b a l l mj.ll 

Ifone 

None 

Crush 

Hone 

Bfin l a l l l 

Hone 

Crush 

None 

B a n m i l l 

o/u 
At. 

fetio 

1.0^6 

i.a.5 

1.019 

. . 0 0 5 

1.01 

Z.'Ak 

1.308 

2 .30^ 

2.307 

-

-

-

-

P a r t i c l e 
S ize 

6/16 

6/3^5 

35/100 

10/^00 

V 5 0 

6/16 

6/16 

35/100 

- c - 0 0 

h/16 

6/16 

35/100 

-,.00 

Surface 
Area 

(m-/g) 

0.015 

0.011-7 

0.067 

0.^0 

0.008 

0 .00^ 

0.00£ 

O.OlJi-

0.077 

0.002 

0 .001 

0.014 

0.077 

Gases 
T o t a l 

0.004 

0.;.o6 

0.067 

O.1..5 

0 .011 

0.023 

0 .061 

0 .039 

0..120 

0.033 

0.019 

O.O07 

O.gllD 

Evolved a t 1200*^0 
E.. 

-

0.100 

-

0.00.-1+ 

0 . 0 0 ' a 

0 .0 

0 .0 

0 .0 

0 .0 

0 .0 

0 .0 

0 .0 

0 .0 

II^O 

-

0 .003 

_ 

O.ObL 

0.0005 

0.0003 

0.0010 

0.0005 

0.0274 

0.0004 

0.0003 

0.0007 

0.0039 

i n Vacuum 
CO + n^ 

_ 

0.0830 

_ 

0.0080 

0,0070 

0.0007 

0.0020 

0.0015 

0.0183 

0.0010 

0.0006 

0 .00 i6 

0.0706 

( s t d c c / g ) 

CO2 

_ 

0 .011 

_ 

0 .051 

0.0001 

0.0015 

0.0006 

0.0L93 

0 .1731 

0.0064 

0.0030 

0.0^14 

0.1616 

O2 

0 .001 

-

0 .0 

0 .0 

0.0195 

0.0573 

0.0078 

0.000^ 

0.01:51 

0.0151 

0.0403 

0.0004 

I 

i 

C, coarse f ract ion! F, fine fract lonj Cg, coarsBj crushedj Fg, fine groundj coiiip, niixtm-e of s izes . 
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In order to prevent the developnent of conditions in the oxides 

detrimental to their seinrice in Zircaloy, grinding in an atmosphere tree 

of •̂ra.ter and carbon dioxide is reconnKnded. Gas evolution from sol-gel-

prepared oxides would be minimized by sizing the dried gel prior to 

calcination. 

3.4.6 Effects of Excess Oygen on O/Metal Itetio and Gas Yolimgs 
Inside of Fuel Elengnts Filled mth Sol-Gel-Prepared Oxides 

In "uranium dioxide fuel technolo^, a rigid specification for the 

o/u i«.tio of less than 2.02 is inrposed. The reason is that excess osygen 

beyond 0.02 causes excessive release of fission product ^ses, ixranium 

migration due to subllnation of UO,, and resultant excessive pressures 

in the fuel element. While the effects of excess oxygen in the UO^-ThOp 

system on the above factors are not known from in-pile es^erience, evi­

dence from chemical properties of solid solutions of thoria and urania 

indicates that a higher O/U ratio Eay be tolerated. The thoria lattice 

is larger than that of xiraniaj consequently, it imy behave as a "sink" 

for gases, including fission products and excess 03Qrgen. Since urania-

thoria systems umy form solid solutions in the 3 to 10 at. fo uranium 

range, the vapor pressure of UO, nay be depressed from its noriml value 

as a pure \iraniuin oxide. Uranium, therefore, wotild not migrate readily 

in the presence of excess o^^gen. Figure 3'IT (carve A) shows that for 

a 3^ uraniim—thori-um oxide an O/U ratio as high as 2.5 (calculated 

assximing O/Th = 2) would correspond to an O/U ratio of less than 2.02 

in a fuel con̂ josed of pure UOp. Curve B in the sane figure shows the 

potential vol\xme of excess osqrgen vs the o/U ratio. Although this calcu­

lated voluiK per gram is high, and would generate h i ^ pressures within 

fuel pins at reactor operating tec^eratures if it were released from the 

fuel, it appears that only a snail percent is released, as shown by the 

data of Table 3,l4. In this table, amounts of gases actually released 

at 1200 C and under vacuum from oxides which contained 7 and 10 irfc $ 

urani-um and which were calcined in nitrogen in large batches are coEpared 

with the amotmts which the excess 02Qrgen represents if it were completely 

evolved. In all cases, less than 11^ of the ojqrgen was released as free 

ojQTgen, and less than 13fo as carbon oxide ^ses. In these SOBB oxides, 

no hydrogen, and negligible -viater were evolved. 

file:///iraniuin
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Fig. 3.17- Oxygen/Uranium Ratio in 3 at. fa U-ThOgj Effect on Oxygen/Metal Ratio and Excess 

Oxygen Yolume. Gases released at 1200 C, vacuum. 
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3.4.7 Estiimted Total and Partial Pressures of Evolved Gases Within 
Fuel Elements at Pressurized-Water-Reactor Ten^eratures 

Estinmtes were nade of total and partial pressijres of evolved gases 

from sol-^1 oxides calcined in various atmospheres within fuel elements 

(pins) of the Kilorod element dimensions, loadings, and void spacings. 

For the pin having an overall cavity length and diajKter of 45-I/16 in. 

and 0.43 in., respectively, and with two end spacers having a volume sum 

of 1.95 cc and a maximum loaded length of 43 in., the total void space 

for gas in each pin irns 13^9 cc. "Hie weight of fuel was taken to be 

944 g per pin. The Indian Point Consolidated Edison PWR was taken as 

representative of pressurized-'tra.ter-reactor conditions. With a fuel 

center-line temperature of 36OO F and a imximum clad tenperature of 

675°F, a mean operating tenperature was calculated as l670°F. It was 

assumed that the VOIIHKS of gases released in the pins would be the same 

as those released in vacuum at 1200°C (probably too hi^) and that one 

atnosphere (at STP) of helitm was present in the pin. Total and partial 

gas pressures were plotted vs the volumes of gases released for oxides 

calcined in hydrogen, in hfo hydrogen—argon, and in inert ^ses (argon 

or nitrogen) in Figs. 3.I8, 3.19, and 3.20. 

For oxides calcined in hydrogen or hydrogen--argon, gases attaining 

the hi^est estimated internal pressures were hydrogen and carbon monoxide, 

reaching 50 psi even at an acceptably low total ̂ s volume. At volumes 

of ̂ ses evolved by ball milled oxides, the partial presstjres of hydrogen 

and water approached 200 psi. Such pressures of hydrogen and H^O would 

be certain to cause Zircaloy corrosion. 

The EBjor gases evolved from oxides calcined in nitrogen or argon 

were COp and oj^gen (Fig. 3.20). No hydrogen was present, but water had 

partial press\ires in the troublesome range at gas release volumes clmracter 

istic of ball miUed oxides. 

3.5 Sailing Methods 

'The two feed streams (iiranyl nitrate solution and thoria powder) 

used for sol preparation can be analyzed easily and shotild provide 

adequate basis for control of average batch coB^osition. A study was 
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Fig. 3.18. Ejected Gas Pressures Inside Kilorod Fuel Elements at 

1670^ Mean Temperature, for Hp-Calcined Sol-Gel Oxides. 
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Pig. 3.19. Expected Gas Pressures Inside laiorod Fuel Elements at 

1670^ Mean Temperature, for Sol-Gel Oxides Calcined in 4^ Hp—Ar. 
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Fig. 3.20. Expected Gas Pressures Inside Kilorod Fuel Elements at 

l670°F Mean Temperature, for Sol-Gel Oxides Calcined in Inert Atmosphere. 
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undertaken to detemxine whether the standard method of aimlysis of cal­

cined oxide product is capable of detecting deviations of 0.03^ U, which 

is the limit denanded by the Kilorod Program. This deviation represents 

±fo of the specified -uranium concentration of 3f9« A series of three sols 

was BBde up from a single HiOp powder, in which the U/!ni 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 naterials and of sol products (Table 

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

Table 3.16. Analysis of Sol-Gel Oxides 

Analysis 

U/Th atomic ratio 

As charged in sol 

As analyzed in sol 

fa difference 

l/Th atomic ratio 

As charged in sol 

As analyzed in sol 

$ difference 

Percent scatter in analyses^ 

U in sol 

Th in sol 

H in sol 

U in calcined coarse 

U in calcined fines ( 

Th in calcined coarse 

Th in calcined fines 

Tlftsed on t-ri-nllc.ate 

(+16) 

;-2oo) 
^ (+16) 

(-200) 

anal.vseB 

Preparations Analyzed 
lOA 

0.02925 

0.02951 

0.20 

0.1209 

0.1201 

0.66 

0.95 

0.l4 

4.53 

1.09 

3.85 

0.29 

0.22 

of each -nre-n 

lOB 

0.02954 

0.02959 

0.17 

0.i?i8 

0.1P12 

0.49 

0.41 

0.03 

3.02 

2.75 

1.49 

0.44 

0,25 

la-patlon f^=. 

IOC 

0.02^6 

0.02^7 

0.03 

0.1227 

0.1215 

0.^ 

0.18 

0.24 

4.15 

2.38 

1.16 

0.91 

0.41 

difference 

X 100). nBan 
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specification, the scatter in results between multiple sanijles should be 

no greater than 2fo, For triplicate sai^les of the saas sol preparations, 

all uranitam results were within a scatter of less than 1^. However, in 

analysis of the calcined solids the scatter -vas 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 uranium 

percent from the average based on sol coi^osition and those based on the 

wei^ted average of analyses of the solids. This suggests that either 

an error in the nmterial balance in the sol imkei^ or in the analyses of 

the solids was Dmde, or that sanples were not representative. For the 

series shown in Table 3«l6, grinding all solids to -200 mesh and reana­

lyzing greatly decreased the scatter, so that the U/Ki ratio of the fired 

solids was within 1.02^ of that of the sol. For the Kilorod Program it 

is recommended that saa^les for urani-um analysis be taien of the calcined 

product mixture just prior to vibratory coiii>action and that the whole 

sai^le be groimd to -200 DKsh for the aimlysis. For other projects using 

the sol-gel process, the s-uggested san^ling point is the dried gel, whose 

samples can be readily nade into a sol for analysis. 
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APPEIDIX A 

Table A.4 presents coni)lete data for the conditions of sol preparation 

for all batches prepared for development of the sol-gel process for the 

Kilorod Program. Columns 1 through 10 (throu^ the "Sol pH") refer to 

conditions of the liquid sol. "Loss on Calcination (wt fo)" 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 frora 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 wei^ted average U/Th 

atom ratio of all sizes based on the analyses of san^les of the individual 

size fractions. In the "as calcined" colimins, the screened furnace product, 

size distribution was approxinately 92^ +6 mesh, 4-5^ -6+35 mesh, and 3-4^ 

-35 mesh. In the "as crushed and sized" columns the size distribution 

was 60fo -6+l6 mesh, 15^ -50+100 mesh, and 25^ -200 mesh. Weighted averages 

were calculated as a sunjBiation for all size fractions of U/Th atom ratios 

multiplied by weight fraction of size. 



Run 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

) l 

Heater Program 
TeJ:IP No. of 
(

0 c) Hours 

4oo 
425 

425 

425 

460 
475 
1>85 

475 

1>75 

500 

500 

500 

500 

6.66 
3.50 

8.00 

7·17 

3·25 
0.58 
2.50 

6.25 

5· 75 

6.00 

10.00 

6.00 

6.00 

Flmr 
Rate 

(lb/hr) 

22 

4o 

48 
22 

4o 
22 
11 

48 
22 
9 

48 
22 
9 

45 
22 
9 

45 
22 
9 

10-20 

30 
16 

Table A.l. Rotary Denitrator Run Conditions and Objective for Ten Initial Runs 

Charge: 30 kg of Th(No
3

)4 ·xH2o or as noted 

Steam Program 
Inlet 
Temp No. of 
( 0 c) Minutes 

350 

350 
325 

385 
350 
255 

385 
350 
225 

390 
350 
225 

375 
350 
325 

375 
350 
325 

4oo 
340 

450 

480 

130 
260 

120 
70 

195 

105 
75 

170 

80 
60 

190 

120 
60 

180 

60 
120 
180 

360 

85 
275 

Percent 
Thorium 

Carryover 

9·75 

0.94 

1. 53 

1. 75 

1.75 

1.77 

0.82 

0.52 

0.98 

Nondispersible 
:Material 
Present 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Purpose of Run, Other Conditions and Remarks 

Purpose: Initial run with system 
Other Conditions: Air at 1.33 SCFM for 3.00 hr used at 

end of run 

Purpose: To increase heat flux into drum, and time of 
steam contact 

Purpose: To study the effect of pulverizing the powder 
while in contact with steam 

Other Conditions: 19 kg of 5/8-in.-diam 316 stainless 
steel balls charged with Th(No

3
)4 ·xH2o 

Purpose: To study the effect of an increasing heat flux 
into the drum 

~~ose: To study the effect of a shorter run time 

Purpose: To study the effect of a small charge, and 
higher denitrating rate 

Other Conditions: Charge was 10.59 kg of Th(No
3

)4·xH2o 

Purpose: To study the effect of increased heater temp­
erature with a similar steam program as run 4 

Purpose: To study the effects of introducing air after 
denitrating to a low nitrate content, and a modified 
steam program's effect on the carryover 

Other Conditions: Air at 1.33 SCFM for 4.00 hr used at 
end of run 

Purpose: To study the effect of an inlet steam baffle 
Other Conditions: Steam controlled manually due to 

diaphragm rupture 

Purpose: Run 9 repeated to see if good product ''as 
reproducible 

I 
0\ 
1-' 
I 
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Rotary Denitrator Conditions for Runs to Demonstrate Consistent Operation

Charge: 30 kg of Th(NO,V-xHgO or as noted

Run

No.

Steam Program

Inlet

Temp

(°C)

Flow

Rate

,/hr)(H>A
No. of

Minutes

KDB-11 3>*
22

1*10

360
80 +

280
10"

RUB-12 29

17

1*00
51*0

78 +
285

15

RDB-13 28
16

1*00
3^0

112 +

21*9
15

RIB-ll* "*5
28
16

k 00
3>*0

23 +
120

218

5

RDB-15 1*1
28
16

i*oo
3>*0

25 +
113
225

5

RIB-16 1*1
28
16

1*25
1*00
31*0

35 +
112

215

5

RDB-17 16
Ik

3^0
330

60 +
2l*0

5

RDB-18 1*5
ll*

1(25
330

30 +
270

15

RHB-19 Ul

17

1*25
31*0

90
125

R0B-2O 19 350 330

KDB-21 19 350 21*0

RDB-22 19 350 21*0

RIB-23 19 350 21*0

RDB-2U 37
19

1*15
350

103
137

RIB-25 19 350 21*0

RHB-26 30

19

1*05
350

ll*2
21*8

RD-27 19 350 360

KDB-28 30

19

1*05
350

127 +
158

15

REB-29 1*1

28

19

1*20
1*00

350

1*0 +
103
202

15

RIB-30 30

3 9

1*05
350

120

600

RDB-31 30

19

1*05
350

120

270

RIB-32 30

19

H05
350

133

257

Percent

Thorium

Carryover

0.78

0.80

0.71*

1.06

0.85

0.71

0.1*8

0.1*6

0.63

0.1*6

0.60

0.51

1.1*3

1.03

1.23

l.oi*

l.li*

0.97

0.96

1.38

1.17

10" refers to time prior to zero run time.

Nondispersihle

Material

Present

Yes

No

Yes

No

Ho

No

No

No

No

No

No

No

Purpose of Run, Other Conditions and Remarks

To duplicate good product of run 10

To duplicate good product of run 10

To maintain the 30 lb/hr steam rate until reaching the second
hold period

To test an initial steam rate of 1*0 lb/hr for a short time,
then hold the 30 lb/hr rate until after the second hold period

To duplicate good product of run ll*

To duplicate good product of runs ll* and 15

To utilize a low steam rate for the entire run

To test an initial steam rate of **0 lb/hr for a short time,
then a low steam rate for the remainder of the run

To use run 18 conditions with the high steam rate prevailing
until after the second hold period

Steam contact delayed until 180°C skin temperature was reached

To duplicate good product of run 20 and to shorten run time

To duplicate good product of run 21

To duplicate good products of runs 21 and 22

To test the effect of a high steam rate prevailing until after
the second hold period with the delayed steam contact time

To repeat run 21 without the steam baffle in denitrator

To test the feasibility of a 1*5 kg ThfNOjJk'xI^O charge, with
the steam contact time delayed

To extend the time of run 21

To duplicate run 12 (for a shorter period) andthus confirm
effect of early steam contact in producing creamy fraction

To duplicate run ll* to confirm effect of early steam contact
in producing creamy fraction

No To determine the effect of a long run time

No To duplicate run 26

Yes To duplicate run 26
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Table A.3. Analysis of Products Produced in the ll*-in.-diam Rotary Denitrator

Run No. RD-1 RD-2 RD-3 RD-1* KD-5 RD-6 RD-7 RD-8 RDB-9a KDB-10

Time in steam, min 1*1*5 1*65 1*20 385 360 330 360 360 360 360

Time in air, min 180 - - - - - -
240

- -

Product weight, kg ll*.6l 12.1*7 ll*.20 13.86 13.72 lt.63 13.87 14.44 14.02 13.65

Thorium carryover, $ - 9-75 0.9I* 1.53 1-75 1-75 1.77 0.82 0.52 0.98

LOI (300-1000°C), % U.68 3.1*5 l*.39 2-79 2.36 2.2^ 1-95 1.58 1-57 2.74

Nitrogen, $ O.65 0.1*0 O.56 0.21 0.19 o.o£1 0.17 0.16 0.15 0.20

Thorium, $ 81*.73 81*.85 81*.09 85.76 86.28 86.39 86.49 86.88 86.63 86.29

N/Th, mole ratio 0.127 0.078 0.110 0.01*1 0.035 0.015 0.033 0.031 0.029 0.038

Crystallite size, A 59 66 65 77 67 78 78 80 70 T3

Surface area, m /g 23.2 1*1*. 5 36.3 1*6.9 1*7.9 52-Ei 50.2 50.3 49.8 46.2

Nondispersible material
present Yes Yes Yes Yes Yes Yes Yes Yes No No

Fe, ppm 215 ^ H*5 22 50 53 45 - - -

Cr, ppm 25 30 35 35 50 50 50
- - -

Cu, ppm 50 70 75 75 50 50 50
- - -

RDB-lla RDB-12 RDB-13 RUB-ii* KDB-15 RDB-16 RDB-17 RDB-18 RDB-19 KDB-20 KDB-21

Time in steam, min 360 360 360 360 360 360 300 300 210 330 240

Time in air, min - - - - - - - - -
30 60

Product weight, kg ll*.02 13.96 13.83 ll*.00 _c _c 14.10 13.92 14.13 13-59 13-92

Thorium carryover, $ O.78 0.80 0.71* 1.06 i.o8c _c 0.71 0.48 0.46 0.63 0.46

LOI (300-1000°C), 56 1.63 1.98 2.16 2.20 2.08 2.14 1.96 1-97 2.45 1.92 2.27

Nitrogen, f 0.12 O.ll* 0.15 0.11 0.099 0.091 0.22 0.14 0.41 0.159 0.29

Thorium, f> 86.55 86.53 86.1*0 85-23 81*.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 77 71* 76 72 75 82 76 76 72 69 69

Surface area, m2/g 53.8 1*8.8 1*9.8 1*8.3 1*7.1 51.0 50.0 53.1 50.9 42.2 41.4

Nondispersible material
present Yes No Yes No No Yes Yes Yes Yes No No

RDB-22a RDB-23 RDB-24 KD-25 RDB-26b RD-27 RDB-28: RDB-29 RDB-30d KDB-31b KDB-3213

Time in steam, min 21*0 21*0 21*0 21*0 390 360 300 360 600 390 390

Time in air, min 60 60 60 60 - - - - - - -

Product weight, kg 13.70 ll*.06 13.80 13.51* 20.76 13.61* 13.88 13.80 13.46 20.77 21.24

Thorium carryover, $ 0.60 0.51 1-1*3 1.03 1-23 1.04 1.14 0.97 0.96 1.38 1.17

LOI (300-1000°C), f 2.5I* 2.95 - - - - - - - - -

Nitrogen, $ 0.33 0.32 0.30 0.28 0.22 0.15 0.24 0.14 0.08 0.26 0.29

Thorium, $ 84.98 81*.61* 81*.94 85.50 85.34 86.11 85.49 86.47 84.25 85.I6 85.87

N/Th, mole ratio 0.061* 0.063 0.059 0.051* 0.01*3 0.028 0.046 0.027 0.016 0.051 O.O56

Crystallite size, A

Surface area, m /g

67

39-8

70

51.1

62

1*5.0

68

1*5.3

71

1*6.0

70

50.8

64

41.6

68

40.4

73

38.3

66

45-5

64

44.3

Nondispersible material
present No No No No No No No No No No Yes

"B" signifies baffled steam inlet.

bA 45 kg charge of Th(N0j)^•xH£0 crystals used for these runs.
cProduct discharged directly in dispersing tank.

d5-l/2 hr of denltration first day; shutdown overnight; and 6-1/2 hr of denltration on second day, 2hr required to
reach temperature on the second day not included in run time.



Table AJf. Tabulated Sol-Gel Data for UranJuip-Tliorlun, Oxide Prepara t ions 

ThO:, i;.lurry added t o u r any l n i t r a l . e s o l u t i o n except as noted 

7alch 
;io. 

7-A 
r-E 
7-C 
8-A^ 
8-B'= 
S-Cl̂  
S-D^ 
8-E^ 
9-A 
9-B 

10-A 
10-B 
lO-C 
U-.4* 
12-A 
i2-B 
13-A 
13-B 
lU-A 
A-B 
lU-c 
l!i-D 
As 
l l - F 
lU-G 
lU-H 
15-A 
i5-B 
15-C 
15-D 
I6l= 
17 
18 
19-itM 
20-5M 
21 
22 
23 
?h 
25 
27 
28 
29 
30 
31 
3?„ 
26'" 
70'! 

a« 

Batch 
81ze 

(e of TliOg) 

3,000 
3,000 
3jOOO 
3,000 
3,000 
3,000 
1,965 
1,965 
5,950 
5,!t90 
l,8f'o 
1,860 
1,860 
2,630 
3,000 
3,000 
6,050 
6,050 
1,210 

-
-
-
-
-
_ 
_ 8,530 

6,930 
!>,080 
2,760 
9,190 
8,640 
6,880 
3,025 
' t .S^o 
2,935 
2,935 
6,160 
2,940 
7,000 
5,000 
5,0 » 
5,000 
7,640 
6,750 
5,850 
4,400 
8,500 
'8,500 

IliOg Powder 
Deni t ra txon 

Time ( h r ) 

4^ 
k" 
4=' 
6-1/2 
6-1/2 
6-1/2 
6-1/2 
6-1/2 
I j S 

43 
5 
5 
5 
k" 
43 
4=> 
6 
6 

10 
10 
10 
10 
10 
10 
10 
10 
4« 
4« 
40 
i,a 

5 
5 
5 
5 
6 
6 
6 
5 

-6 
h 

5.5 
5.5 
6 
c 
5 
5 
5 

Th/U 
Atomic 
Kat io 

30 
30 
30 
30 
30 
30 
28 
28 
30 
30 
34 
34 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
26 
24 
33 
33 
33 
33 
33 
33 
33 
33 
33 
15.6 
18.6 
12.6 

KOj'/u 
Mo ê Rat io 

ill mm 

3-00 
3.00 
3.87 
3.00 
3.00 
3.00 
2 .40 
2.00 
3.00 
3.00 
2.58 
2.59 
2 .60 
2 .00 
3.00 
3.00 
3.16 
3.00 
2 .00 
2.24 
2 .51 
2.78 
3-05 
3.32 
3.32 
3.32 
2.56 
2.56 
2.56 
2.56 
2.40 
2 .23 
2 .23 
2 .23 
2 .23 
2.22 
2^24 
2.32 
2.32 
2 .33 
2.50 
2.52 
2 .71 
2.67 
2.67 
2.82 

-2.58 
2.56 

inifl.!/TR 
Xole 

Rat io 

. 
0 . 0 4 i 
0.09C 
0.04] 
0.052 
0.093 
0.082 
0.066 

-
-
-
-„ 

0.043 
0.035 
0.019 

-
-_ 
-
-
-
-
-0.013 

0.027 
0.007 
0.015 
0.030 
0.051 
0.07a 

» 
-
-
-
-
-
_ 
-
-0.015 

0,020 
0.025 
0.023 
0.023 
0.025 

_ 0.017 
0,031 

Added H0o"/Th 
Kole 

3 a t i o 

0.096 
0.096 
0.127 
0.170 
0.170 
0.170 
0.159 
0.144 
0.09( 
0.096 
0.075 
0.073 
0.075 
0.134 
0.090 
0.090 
0.095 
0.090 
0.060 
0.068 
0.076 
0.084 
0.09a 
0.100 
0.100 
0.100 
0.077 
0.077 
0.077 
0.077 
0.144 
0.067 
0.067 
0.067 
0.Q67 
0.086 
0.093 
0.070 
0.070 
0.070 
0.075 
0.077 
0.083 
0.080 
0.080 
0.085 
0.075 
0.077 
o.or7 

801 

2.30 
2.95 

~4.oo 
a. 72 
3.04 
3.45 
3.42 
3.35 
2.87 
2.78 
a.90 
2.90 
2.82 
2.95 
3.15 
3.20 
2 .89 
3-02 
4.28 
3.69 
3.5a 
3-35 
3.22 
3.1? 
3.42 
4.18 
3.13 
3-48 
3.76 
5.32 
3.32 
3.32 
3.28 
3.18 
3 .31 
2 .90 
2 .90 
3.05 
2 .97 

-3.70 
3.92 
4 .1 
3.75 
3.80 
3.65 
3.63 
3.85 
3.80 

Screen Analysis of Calcined 
Product 

•̂16 ii) 

_ 
-
_ „ 

... 
« -
-
-86.0 

86 .7 
91 .8 

„ 

-„ 

-
-_ 
-„ 

-
-
_ 
_ 
_ 
_ 
» 
_ 
-
-
_ 
-QO.O 

92.9 
9^^. 5 
95 .0 
9^.3 
93.9 

9^.9^ 
93.62 
93.2£ 
92.39 
93.90 
92.9^ 
9^.22 
9 3 . TO 
90.53 

U.S. Kesh 

WWW 

_ 
-„ 

^ 
_ 
_ -
-„ 

10.7 
10.3 

5 . 1 

„ 

„ 

-
-_ 
-
-
_ 
-„ 

-
_ „ 

„ 

_ 
_ 
-
_ 
-5 .1 
3.6 
3 . 1 
S.8 
3.^ 
3.5 

s.TS 
5.8T 
3.98 
h.i6 
3-86 
li-.30 
5.13 

5.79 

Size 
"35 (i) 

_ 
_ „ 

-„ 

--„ 

-3.5 
3.5 
3 .1 

-
-
_ 
_ _ 
_ 
-
-
-„ 

.. 
_ 
-
_ 
-
-
_ „ 

-U.8 
3 .5 
2 .3 
2 .2 
2 .3 
2 .6 

„ 

2.29 
2 .51 
2.80 
SM 
2,2lf 
2.96 
£.65 

3.65 

Vibra ted 
Densi ty 

of Product 
is/00) 

8.91 
6 .9^ 
8.85 
8.37 
Q.k2 
8.7S 
8.75 
8.80 

-
-
_ 
-
_ 6.92 

8.80 
S.80 

_ „ 
„ 

-„ 

_ 
_ 
_ 
_ 8.74 

8.76 
8.94 
8.94 

-
-
» 
-8.95 

9.06 
8.96 
8.60 
9.00 
9.10 

-
8.94 

8.78 

8.80 
8.82 
8.77 

lo s s on 
Ca lc ina t i on 

(wtSt) 

3.44 
3.86 
4.68 
5.58 
5.77 
6.10 
6.18 
5.75 
4 . 9 1 
5 .11 
4.36 
4.16 
4.29 
5.89 
5.24 
5.13 
4.31 
4.75 

-
-
-
-
-
-
_ 5.05 

5.72 
5.62 

-
-2.33 

4 .85 
3-97 
3 .91 
4 .30 
4.32 
5.67 
4 .89 

-4.02 
4 .22 
3.97 
3.47 
3.88 

-5.41 

-
^Followed by 1 h r In a i r a t hj^'^C. 

ThO;> col prepared by adding d i l u t e HKOo; u r any l n i t r a t e s o l u t i o n added t o G O I . 

ThOg ao l prepared by adding IHO^l iU)0 added -to s o l . 

ThOp Blurry added t o u r a n y l n i t r a t e oolu t ion t o 3 atom f? TJ„ Remainder of IT added as ADU. 

^TTiOp o lu r ry added to u rany l n i t r a t e ' jolut ion to 3 a ton f^ Tj. RenaXrder of IT lidded ao UO^-IL^O. 
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Table A. 5' Sol Preparation Conditions and Uniformixy ot Uranium Distribution 

ThOp-H 0 siting'" added to dilute iirar̂ l nitrate solution except as noted 

Batch 
Ifo. 

8.C^ 

^ • % . 

G-D^ 
8-1; 

8-E^ 
J-E 
9-''S 
> C 
•)- I 

10-A 
10- ' . 
10-A 

lu-B 
10-B 
10-E 

10-C 
10-C 
10-C 

1 2 - A " 

l2-A 

12-B^ 
l2-E 

_ -C 
3_1 „^ 
l!t-C 

14 - r 
l ! , . F 

l l - F 

• > . . ^ ' ^ 

1 . - , 
1 - . 

l ! -h" 

>-r 
11-H 

1^-fi 
13-A 

19-41: 
13-111 
19-^K 

.:;0-5M 
£0-5:1 
20-5K 

21 
<iL 
21 

£2 
££ 
£2 

£5 
^5 
ci 

dh 
2it 
A 

Added 
HOyTh 

Stole Rat io 

0 

n 

0 

0 

0 

0 

0 

0 

Q 

0 

0 

0 

0 

0 

0 

J 

G 

u 

0 

0 

170 

1S9 

l!+4 

09c 

Of̂  

07, 

Ofd 

095 

09 

OfJ 

100 

100 

100 

0J7 

067 

06-

Odti 

095 

070 

070 

Added 
lIHi,OF/Th 

Mole Rat io 

0 

f i 

0 

0 

Q 

0 

0 

0 

J 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

095 

0,32 

056 

0 

c 

0 

0 

05? 

019 

0 

0 

013 

0^7 

c 

0 

0 

0 

0 

0 

0 

Sol 
pL 

5.i*5 

5.i^2 

5.55 

2.a£ 

^ .90 

^ .90 

£.82 

3.15 

3.<:;0 

3.52 

5.12 

5.42 

4 .18 

3 .2s 

3.18 

3 .31 

2.90 

2.90 

5-05 

2.97 

Screen 
Size 

(U.,.. o td ) 

6/ lC 
-200 
6/16 
•-2uu 

6/16 
-200 
6/lC 
50/14C 
- £ 8 J 

^ l6 
-35 
-^00 

iC 
16/35 
-55 

+16 
lC/35 
-35 

-16 
-35 

+1C 
-35 

4-6 
6/35 
-35 

+6 
6/35 
-35 

_< 
6/35 
-35 

+6 
6/35 
-35 

+16 
-35 

^lu 
16/35 
-55 

-16 
16/35 
-35 

+16 
16/35 
-55 

+16 
16/35 
-35 

+16 
16/35 
-55 

+16 
16/35 
-55 

Percent 
As 

BaslSj 
ATg U/a3i 

In Sol 

DeTxatlon of U/Th 
Calc ined 

B a s i s , 
Weighted^ 
Avg U/Bi 

P r e p a r a t i o n In Product 

. 
-
-
-
_ 
-
-
-
-

e.sA 
•,2SL.h 

-
-1 .35 

+50.8 

-I. .93 

-
+32.6 

10.36 
+3.^5 

-!..58 
+15-^ 

+1.73 
+4.04 
+7.'^6 

-6 .50 
+14.4 
+23.6 

+1.66 
+3.65 
+10.2 

. 2 .19 
^c.cB 
+!..34 

-0.!t3 
+14.6 

-.^.65 
-9.T9 
+ l i . 2 

-1 .03 
-9 .59 
, l ! | . 2 

-7 .82 
+27.3 
^27.0 

-2 .65 
+£6.9 
..2?.4 

+0.93 
+7-30 
T I O . 8 

+0.55 
+7.54 
+12.0 

. 

. 
-
-
~ 
-
-
-
-

- 0 . 5 1 
+13.9 

-
-1 .12 

-
- 3 0 . s 

- 1 . 2 ^ 

-
yi.3 

-
-
_ 
-

-0 .65 
+1.41 
+^.74 

- 5 . 2 1 
+15.6 
+25.0 

- 1 . 1 3 
+0 
+7 

-0 
+0 
+£ 

&0 
13 

04 
05 
56 

„ 

-
-1 .34 
411.3 
+13.7 

-O.Ol 
- 7 . 5 9 
+12.1 

- 1 . 9 9 
+35.1 
+3'-. 7 

- 1 . 5 1 
r23.it 
. .28.9 

-0.5.=. 
+5 .4 I 
+8.90 

- 0 . 5 3 
+6.41 
.rlO.3 

Atom Ratio from Average 
As Crushed 
B a s i s , 

Avg 
In 

U/Eh 
Sol 

P r e p a r a t i o n 

-0 6r 
+12.1 
. 5 . 3 0 
+1 

- 1 
+9 
~eL 
i p 
+9 

+1 

7 
+0 
-1 

+4 
+0 
-0 

-0 
+2 
+0 

-0 
+6 
\u 

+0 
+6 
+4 

-0 
+4 
+C 

-0 
+5 
+4 

: . 9 

33 
64 
71 
69 

\^ 

02 

c4 
0 
18 

96 
'-7 
20 

53 
99 
(•>^j 

2> 
54 
91 

76 
27 
21 

60 
ai 
95 

30 
12 
02 

and Sized 
B a s i s , 

Weighted^ 
Avg u/Th 

i n Product 

-2 .94 
19.49 
-3 .50 
+12.9 

-^ .16 
+8.63 
-4 .37 
+6.58 
+6.58 

-
-
-

^5.06 
+3.90 
- 5 . 0 1 

+1.92 
-2 .44 
. 3 . 0 9 

-
-
-
-
. 
-
-
„ 

_ 
-
„ 

-
-

-0 .70 
+1.92 
+0.46 

„ 

-
-2 .27 
^4.35 
*2 . r6 

-1 .62 
+5. ,'6 
-'1-75 

. 
-
-
-
-
-

- 1 . 6 1 
+3.2^ 
+1.91 

-^.1Q 
+3.74 
.r2.66 

+16 
^ (u/Th aiml/sls for size x weight fraction of s ize) . 
-200 

b 
Low sol pH adjusted ijpward ty addition of ammonia and further agitation. 

http://r23.it


Table A.6. Sol Preparation Conditions and Uniformity of Uranium Distribution 

ThO,j-H„0 slurry added to uranyl nitrate solution except as noted 

Batch 
No. 

27 
27 
27 

28 
28 
28 

29 
29 
St-

30 
30 
30 

31 
51 
31 

32 
32 
32 

2:6 
26 
26 

70^ 
70 
70 

Tl'^ 
71 
71 

Added 
Noyaog 

Mole Ratio 

0.075 

0.077 

0.083 

0.80 

0.080 

0.0B5 

0.075 

0.077 

0.077 

Added 
mi^OH/HiO-, 
Mole Ratio 

0.015 

0.017 

0.026 

0.023 

0.023 

0.0£;8 

*" 

0.017 

0.031 

Sol 
pH 

3 . CO 

3.92 

4.10 

3.75 

3.80 

3.65 

3.63 

3.85 

3.80 

Screen 
Gise 

(U.S. Std) 

+16 
16/35 
-35 

+16 
16/35 
-35 
+16 
16/35 
-35 

+16 
16/35 
-35 
+16 
16/35 
-35 
+16 
16/35 
-35 
116 
16/35 
-35 
+16 
16/35 
-35 
+16 
16/35 
-35 

Percent 
As Calcined 

B a s i s , 
Avg u/Th 

in Sol 
Preparat ion 

+12.97 
.rll .T7 
+5.7k 

+0.54 
+3.65 
+1.16 

1-3.88 
-0.65 
-2 .51 

+0.63 
- a . 72 
+2.02 

+3.28 
1-0.07 
+2.02 

+1.00 
+2.39 
+0.30 

+2.41 
+5.01 
+13.5^ 

40.47 
+4.09 
+11.37 

.o.! .3 
+3-96 
+6.15 

Deviat ion of U/Ki Atom Ratio from Average 
As Crushed and 

Bas is 
IJeighted*^ 
AVIS U/Q3I 

I i n Product 

+0.09 
-0.97 
-6 .82 

-0.10 
+2.26 
.0.49 

+0.85 
-4 .08 
-2 .68 

0.0 
+1.09 
-1.98 

+0.17 
-2 .03 
-1 .09 

-0.07 
+1.37 
-0 .69 

-0 .43 
+1.81 
+10.4 

-

-o.4o 
+3.10 
+5.27 

Screen 
Size 

(U.S. Std) 

6/16 
50/100 
-200 

6/16 
50/100 
-200 

6/16 
50/100 
-200 

" 

" 

6/16 
50/140 
-200 

6/16 
50/ i4o 
-200 

6/16 
50/i4o 
-200 

6/16 
50/140 
-200 

Bas i s , 
Avg u/Th 

in Sol 
Prepara t ion 

+1.49 
+1.71 
-0 .92 

- l . o 4 
-1.28 
- i . o 4 

-1 .08 
+1.71 
-0 .92 

" 

-

-o.4o 
+1.09 
+1.56 

-0 .28 
+3.^1 
43.42 

-2 .43 
4 2 .61 
+2.76 

-0.04 
•td.96 

Sized 
B a s i s , 

Weighted^ 
Avg U/Bi 

; i n Product 

+0.20 
, 1 . 3 1 
-1 .31 

+0.03 
41.18 
-0 .03 

-0.10 
+1.81 
-0 .82 

„ 

-

+0.69 
+0.74 
+1.26 

+2.19 
+2.21 

-2 .03 
43.02 
+3.18 

-1 .19 
+1.78 
-1 .79 

.̂-16 
^ (u/Th analysis for size x weight fraction of sise) 
-200 

Th02 sol prepared by adding powder to dilute HHOjj 93f» enriched U (6̂ ») added as ADU. 

"^ThOg-H^O slxtrry added to uranfl nitrate solution to 35'o U. 4-l/2fo U added as ADU. 

Same as c, except k-l/Zfo U added as UOx'HgO. 



Tahle A.?, nujnmary; Gases Evolv-ed from Sol-Gel Uranium-Thoriufli Oxide by Heating 

Jaciples heated to 1200°C in vacuumj held at 1200°C until pressxire Ijecame constant 

Oxide 

D 

E 
52C«̂  
3CF 
70c 
TOM 
•fOF 
lOlF 
28Cs 
28Mg 
70Cg 
TOMg 
70Pg 
TlCg 
2TCg 
27I.lg 
27?g 
50FG 
26ce 
261.% 
2 6 F S 

As 

Bg 

Cg 
29ns 

TIC 
TBI 
TH.lg 

5ICC 
5iFe 

T o t a l 

0 .012 

0.02T 
0 .053 
O.O6T 
0.04-1+ 
0.04T 
0 .039 
0 .160 
o.oiT 
0 . 0 4 l 
o.ogii-
0 .091 
0 .220 
0 .061 
0 .003 
0.057 
0 .210 
0 .320 
0 .012 
0 .062 
0.206= 
0.125 

0 .151 

0 .055 
0 .021 

0 .025 
0 .053 
0 .091 
0 .019 
0.246 

Hydrogen 
c c / g 

0.00316 

0.00869 
0 
0 
0 
0 
0 
0 
O.OOOOIT 
O.OOOlll 
0 
0 
0 
0 
0.000072 
0.00188 
0 .0305 
0 . 0 * 1 

_ 
_ 

0 .100° 
0.05025 

0.05550 

0.0188 
0 

0 
0 
0 
0 
0 

¥ 0 1 7 . 

2 6 . 3 

31 .8 
0 
0 
0 
0 
0 
0 
0 . 1 
1.0 
0 
0 
0 
0 
2.i! 
3.5 

1 5 . 3 
29.'1 
. 
-

48.5= 
4 0 . 3 

5 6 . 0 

3^ .2 
0 

0 
0 
0 
0 
0 

'""lases Re leased , 
H,.0 

c c / g 

0.00077 

0.00066 
0.00036)4 
0.00067 
0 .00051 
0.00056'-t 
0.000612-
0.0015*! 
0.000275 
O.OO62O 
0.00106 
o.ooloJ^ 
0.02737 
0.00105 
0.00082 
0.00183 
0.00168 
0.0170 

_ 
-

0.003 
0.01863 

0.0.:T09 

0.0052Jt 
0 .00031 

0.000.:;9 
0.00050 
O.OOlOll 
0.00050 
0.003911 

V o l : ' . 

6.h 

2.4 
1 .1 
1.0 
1.16 
l.c: 

1.57 
0.B5 
1.60 

15-3 
1.5 
1.14 

.12.1!-
1.7 

27 .0 
5.3 
0 .8 
5-3 
-
_ 
1.5= 

l i t . 9 

1 7 . 5 

5 .9 
1.5 

1.25 
0 . 9 1 
0 .86 
1.6 
1.6 

s t d cc/j^ and p e r c e n t 
CO . 

c c / g 

0.00653 

O.OI2I+4 
0.0010_-
0.00. .61 
0.00115 
0 . 0 0 m 
0.00267 
O.QOk'i^ 

0.000)4-1 
0.0007 
0.002li-3 
0.00708 
0.01850 
0.00196 
0.00059 
0.0156 
o.o6l!-5 
0.113 

-
_ 

0 .085° 
0.03169 

0.03772 

0.05110 
0 .00061 

0.00075 
0 .00091 
0.00703 
0.00063 
0.07060 

N^ 
Vol rt 

52 .7 

!^5.3 
5 . 1 
3.9 
2.57 
2.57 
6.8)i 
2.Q5 
2.4 
1.7 
2 .60 
8.53 
8.3)+ 
3 .2 

1 3 . 0 
J{.k 
30 .7 
3 7 . 0 
-
_ 

!j.0.2« 
2 5 . ^ 

24.!+ 

56.6 
2 . 9 

3 .15 
2 .76 
8.0S+ 
3.3 

28 .7 

of t o t a l ijas r e l e a s e d 
O^cygen 

co /g 

Hydrocarbon 
0 .00011 
0 
0 .0251 
0.01+05 
0.01+12 
0.01+21+ 
0.0190 
O . m 
0.01370 
0.00016 
0.0882 
0.0216 
0.0002!+ 
0.05732 
0 
0 
0 
0 

-
_ 

0.001° 
Hydrocarbon 

0.00250 
Hydrocarbon 

0.0033*1-
_ 

Oxygen 
o.orf i jo 
0.01950 
0.02720 
0.02X60 
0.01310 
0.00057 

V o l <•;, 

Fydrocarbon 
0 . 9 
0 

T6.3 
6 0 . 0 
93.5 
90 .2 
1+8.T 
69.5 
8 0 . 6 

0 .39 
95.7 
2 3 . T 

0 . 1 1 
91+.0 

0 
0 
0 
0 
_ 
-
0.1+9° 

Hydrocarbon 
2 . 0 

Hydrocarbon 
2 . 1 
_ 

82.T 

81+.T 
82 .4 
2 7 . 9 
79.5 

0.2 

CO. 
00 /g 

0.00165 

0 .00551 
0.00658 
0.0221+ 
0.00107 
0 .00281 
0.0166 
0.01+28 
0.00267 
0.0330 
0 .0021 
0 .0609 
0 .1731 
0.00061)-
0.0016& 
0.0375 
0.11311 
0.0917 

-
_ 

0.011*^ 
0 .02171 

0.05029 

0.00l! i9 
0.002T0 

0.0021+5 
0.00'+53 
0.06090 
0.00500 
0.16160 

:? 

voiir 
13-5 

2 0 . 1 
19.5 
53. ̂  

2.1+1+ 
6 . 0 

1+2.6 
26 .8 
15 .7 
8 1 . 8 

2 . 2 
6 7 . 0 
T8.7 

1.1 
5 1 + . 1 

65.7 
5I1.O 
23 .6 
-
-
5.3° 

17.1+ 

1 9 . 6 

2 .7 
1 2 . 9 

1 0 . 7 
1 5 . 7 
6 3 . 2 
1 5 . 5 
65.7 

Caps after nuiabers: C = coarse fraction^ 90 \rt '/jj M - medium fractioiij 6 'rt fy; ? ~ fine fraction, 1+ rt <;3j all as firedj 
Gg = coarse sized fraction, 60 '.rt 'f.; I-!g = medium, 15 wt fj-, Fg = fine, sized, 25 -itt 'p. 

BE'f (lb) measurenent. All others estiimted from particle size. 

"̂ Data collected on blended sample contalnins all sizes. 



Table A.7. (Continued) 

1150°C Firin~ Conditions Total Carbon Log Mean U.S. Sieve 
Surface Calcining Cooling Content Particle Size 

u 0/U Area Blanket Blanket (Analysis) Size Range, 
Oxide ( >vt %) Atom Ratio (m2jg) Gas Gas (ppm) (microns) Mesh 

D 2.43 2.01 o. oo8b lOOj!, H2 Argon 40 - -10, +100 
E 4.21 2.02 0.015b 1005~ H2 Argon 130 - -10, +100 
32Ca 3.0 - 0.002 100% argon Nitrogen - 2100 -6, +16 
32F 3.0 - 0.014 100% argon Nitrogen - 290 -35, +100 
70C 6.62 2.29 0.002 10Q5!, nitrogen Nitrogen - 2100 -6, +16 
10M 6.85 2.325 0.005 100% nitrogen Nitrogen - 795 -16, +35 
70F 7.29 2.360 0.014 100% nitrogen Nitrogen - 290 -35, +100 
lOlF 9.11 2.429 0.014 100% argon Argon - 290 -35, +100 
28Cg 3.0 - 0.002b 100% nitrogen Nitrogen - 2100 -6, +16 
28Mg 3.0 - o.01ob 100% nitrogen Nitrogen - 185 -50, +140 
70Cg 6.62 2.266 0.002 100% nitrogen Nitrogen - 2100 -6, +16 
7011g 6.85 2.319 0.022 100]1, nitrogen Nitrogen - 185 -50, +140 
70Fg 7.29 2.360 o.on 1007~ nitrogen Nitrogen - 54 -200, +325 
71Cg 6.60 2. 24!f 0.002 100% nitrogen Nitrogen - 2100 -6, -+16 
27Cg - 0.002 4% H2-argon Argon - 2100 -6, +16 I 

0\ 27Hg - 0.022 4% H2-argon Argon - 185 -50, +140 CX> 
27Fg - o.on 4% H2-ar3on Argon - 54 -2oo, +325 I 

30Fg - o.on 4% H2-argon Argon - 54 -200, +325 
26Cg 5.50 2.026 0.015b 4% E2-argon Argon - 2100 -6, +16 
26Ng 5.62 2. 02'7 0.065b 4% H2-argon Argon - 185 -50, +140 
26Fg 6.65C 2.025c 0.047b 4% H2-argon Argon - 54 -200, +325 
Ag lt.31 2.005 o.2ob 100% hydrogen Argon 110 - -10, +325 
Bg 4.39 2.005 0.26b 100% hydrogen Argon 100 - -10, +325 
Cg !t. 01 2.035 0.03b 100% hydrogen Argon 60 - -10, +16 
29Cg - 0.002 100% argon Argon - - -6, +16 
71C 6.60 2.2ltlt 0.002 100% nitrogen Nitrogen - - -6, +16 
7Ul 6.6!t 2.285 0.005 100]1, nitrogen Nitrogen - - -16, +35 
7ll1g 6.6!t 2.319 0.022 100% nitrogen Nitrogen - - -50, +140 
31Cg - 0.002 100% argon Nitrogen - 2100 -6, +16 
31Fg - o.on 100% argon Nitrogen - 5lt -200, +325 

aCaps after numbers: C = coarse fraction, 90 vt %; M = medium fraction, 6 vrt %; F = fine fraction, 4 >rt %; 
all as fired; Cg = coarse sized fraction, 60 vrt %; 11g = medium, 15 >rt %; Fg = fine, 
sized, <:5 vt %. 

b BET (N~) measurement. All others estimated from particle size. 

cData collected on blended sample containing all sizes. 

( 

---·----------~ 



( 

Table A. 7· (Continued) 

Adsorbed C02 Carbon from Excess Oxygen Evolved Volume Volume Excess Oxygen 
Vol o/0 Bulk of Oxide Evolved Evolved, CO + C02 Ratio, Ratio, Above uo2 

of Total in Evolved co Fraction of Surface Area Oxidizin!;l Gases Reducin!;l Gases in uol + x 
Oxide cc/g CO + C02 Evolved Gases (ppm) CO + C02 Available Excess (cc/m2) Total Gas Total Gas (cc g) 

D 0.001o85 13.6 3.68 0.795 0 1.00 0.135 0.865 0 
E 0.002o4 ll.4 8.54 0.692 0 1.20 0.201 0.799 0 
32Ca 0.000272 2.87 3-8 0.109 - 3-70 0.956 o.o44 
32F 0.0019 7.6 12.4 O.lo4 - 1.79 0.934 o.o66 
70C 0.000272 22.7 l.o4 0.512 o.o456 1.10 0-959 o.o41 0.9034 
70M 0.00068 17-3 1.74 0.283 o.o4o6 0.79 0.962 o.o)B l.o44 
70F 0.0019 9-9 9-3 0.139 0.0153 1.38 0.913 o.o87 1.235 
lOlF 0.0019 4.0 24.3 0.099 0.0562 3.41 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 o.o41 0.830 
70Mg 0.003 4.43 34-7 0.1o4 0.021 2.80 0.907 0.093 1.03 
70Fg 0.0105 5-47 100 0.0956 0.00019 2.48 0.788 0.212 1.24 I 

0\ 71Cg 0.00027 10.4 1.25 0.755 0.077 1.30 0.951 o.o49 0.758 \.() 
27Cg 0.00027 13.4 0.93 0.193 - 1.01 0.541 0.459 - I 
27Mg 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 o.46o 
30Fg 0.0105 7.8 106.7 0.563 - 2.72 0.286 0.714 
26Cg - - - - - - - - 0.0683 
26Mg - - - - - - - - 0.0724 
26Fg o.oo64 6.8 50.4 0.882 o. 0075 2.00 0.073 0.889 0.0547 
Ag 0.02720 51.0 14.0 0.593 0 2.66 0.174 0.826 0.0103 
Bg 0.03540 61.0 17-5 0.554 0 2.62 0.196 o.8o4 0.0105 
Cg o.oo4o8 12.5 15-3 0.956 0 l.o8 0.027 0.973 0.0300 
29Cg 0.00027 8.1 1.6 0.225 - 1.65 0-956 o.o44 -
71C 0.00027 8.5 1.6 0.220 0.026 1.59 0.954 o.o46 0.758 
7lM 0.00027 5.0 2.8 0.167 0.0303 l.o8 0.961 0.039 0.893 
7lMg 0.003 4.4 34-7 O.lo4 0.0216 3-09 0.9ll 0.889 1.00 
31Cg 0.00027 7-4 1.8 0.174 - 1.82 0.950 0.050 
31Fg 0.0105 4.5 ll8.3 0.3o4 - 3.01 0.659 0.341 

--
aCaps after numbers: C = coarse fraction, 90 wt '/o; M = medium fraction, 6 wt '/o; F = fine fraction, 4 wt '/o; all as fired; Cg = coarse sized 

fraction, 60 wt '/o; Mg = medium, 15 wt %; Fg = fine, sized, 25 wt 'fo. 
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Table A.3. Total lases Erolved from large Batches of Calcined Sol-3el Products 

Batch size: £-7 kg 

Con^josltion: 5 at. ̂S U-ThO^ 

Firing procedure: air, 500°/hr to 1150°C, at U50°C, 1 hrj 

argon—^fj Eg, h hr at ll̂ Ô Ĉj cooled in 
argon to <100°C (except as noted) 

Batch 
Ho. 

lOA 

litH 

17.\ 

l - F 

I8A 

19 

£0 

ZL 

£2 

£3 

ck 

£5.4^ 

23lf 

£0 

£T 

£3H= 

29A^ 

50 

31A3* 

Unscreened 

^ 
-

0.005 

o.ocft 

0.160 

0.005 

0.C05 

0.002 

0.0..' 

0 .009 

0.065 

0 .05^ 

0.07!+ 

-
-
-
-
-
-

T o t a l Gases Keleased 
After C a l c i n a t i o n 
a e Mesh 

0.0£l, 

-
-
-
-
-
-
-
-
-
-
-
-

O.OOU 

0.003 

0 .013 

0.015 

O.CO9 

0.050 

16/35 Mesh 

_ 
-
-
-
-
-
-
-
-
-
-
-
-

O.OOif 

0.006 

0.055 

0.0!+0 

0.012 

O.0!t7 

a t 1200"C In 

-35 Mesh 

0 .15c 

-
-
-
-
-
-
-
-
-
-
-
-

0.067 

0.083 

0.120 

0.150 

0.0i*9 

0.050 

Yaauvm, s t 

6/16 Mesh 

.. 
0 . 0 0 - j 

-
-
-

0.005 

0.C07 

-
-

0.014 

0.006 

-
-

0.012 

0.003 

0.017 

0 .021 

-
-

c e / g 
Af te r Grinding 
50/litO Mesh 

_ 
o.(M 

-
-
-

0.160 

O.C-Sl 

-
-

0.055 

0.05!* 

-
-

O.CDi. 

o.05f 
O.OlA 

3.05? 

-
-

t o S ize 
-200 Mesh 

.. 
0.150 

-
-
-

0.1>.0 

0 . £70 

-
-

0.190 

0 . 1 fO 

-
-

o.iTO 

o.2:..o 

0.520 

0.210 

-
-

Coasposite^ 

„ 

0.0«3 

-
-
-

0.075 

O.O-St 

-
-

0.066 

0.051. 

-
-

0.059 

0.065 

0.056 

0.07^ 

-
-

^CoBiposlte, calc'jlated with 60 wt fs 6/I6, I5 wt fo 50/l!»0, and £55̂  of -200 mesh. 

Firing procedure: reduced with argon, no H ,, 1150°C, k hr; cooled under argon to < 100°C. 

°Flrlng procedure: reduced -srlth nitrogen, no H , 1150°G, h la; cooled laider nitrocen to<100°C. 

Firing procedure: reduced -with argon, no H , 1150°C, k hr; cooled under nitrogen to-=rl00°C. 
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Table .̂ 1.9. Gases Evolved from Sol-Gel Uranium-Thorima 

Calcined in air, then H^ at 1150°C^ cooled 

Samples heated In vacutim, gases collected, 
"hj Biass spectrography 

Oxides at Various Teniperatiires 

in argon 

measured, analyzed 

Propei'tles 

Surface area (3ET, K g ) ^ Di'"7g 

o/u ratio 

Total gases released, oc/g^ 

Total 
Hydrogen 
Hydrocarbons 
Water 
I2 -> CO 
HgO •*- CO2 

A B C 

0.20 0.26 0.03 

2.005 ^.005 2.035 

0.125 0.151 0.055 

Gases Released at 25-300*^0, 
std cc/g 

D 

O.OOS 

2.035 

0.012 

E 

0.015 

2.010 

0.927 

26° 

0.01+7 

2.025 

0.205 

Gases Released at 25-750°C, 
std cc/g 

Total 
Hydrogen 
Hydrocarbons 
'.Jater 
N2 + CO 
CO2 •̂  N2O 

Total 
Hydrogen 
Hydrocarbons 
•.,'ater 
Ho + CO 

Total 
H;/drogen 
Hydrocarbons 
'.-'ater 
H2 + CO 
II2O -. CO2 

0.022 
O.OOOI+2 
-

0.01100 
0.00130 
0.00900 

0.026 
0.00083 
-

0.01500 
0.00066 
0.00950 

Gases Released at 

0.032 
O.OO53S 
0.00173 
0.00622 

0.007^9 
o.on? 

std co/g 

0.059 
O.OG522 
0.00187 
0.-00362 
0.00756 

0.0155 

Gases Released at 

0.050 
0.0361 
0.00075 
0.0012 
0.0105 
O.OOII+5 

0. 

0, 
0, 
0, 

„ 

. 018c;®' 
-
,00321+^ 
.0511^ 
.0011^^ 

500-500°C, 

?, 

™ 

_ 
_ 
_ 
-
-

500-750°C, 
std ec/g 

0.066 
0.0557 
O.OOllf-5 
0.00225 
0.0220 
O.OOI1-9I 

Gases Released at 
std ce/ 

„ 

-
-
-
_ 
-

750-1010°C, 

s 

0.0050 
0.000li-l| 
O.COOll 
0.00057 

0.00255 
0.00155 

0.0210 
0.00585 

-
0.00051 
0.00906 
O.OO5I0 

Gases Released at 750 

0.0050 
0.00151 
-

G.OOOlll-
0.00309 
0.00026 

std cc/s 

O.OOl; 
0.00172 
-

C.OOOlL 
0.00187 
0.000256 

O.lli-00 
O.Oj'pO 

0.0039 
O.OOlll-
0.0511 
0.0061 

-1000°C, 

0.0500 
0.0200 
_ 

0.C007 
0.0271 
0.0020 

^Gases Released at 1000-1200°C, 

0.-002 
0.00121 
-

0.00006 
0.0007 
0 . 0 0 0 * 

std cc/s 

0.002 
0.00112 
_ 

0.000011 
0.0GC7 
0.0001 

0.0160 
0.0050 
-

O.OOOli 
O.OOlfS 
0.0009 

0.021 
0.00833 
0.00002 
0.00021 
O.OI2I+ 
0.00006 

0.0^0 
0.0137 
0.00002 
0.00056 
0.007it8 
0.00056 

^Gas r e l eased when heated 25-1200°C. 

Calciiied in l)-̂ j Ho-argonj cooled in argon. 



Table A.10. Effects of Particle Size, Calcinatioa Atmosphere, and Grinding in Air on Amoxints and Gpecies 
of Gases Evolved from Gol-Gel Oxides on Heating to 1200°C in Vacuum 

Particle Calclnallon Furnace o/u 
Cxide ."ize, Atgiosphore Atomic 
IIo.^ U.G. Mesh Calcination Coolins Satio 

rurface 
tooa''' 

CO2 
Adsorbed 
(vinoles/g) 

Cases Evolved on Heating to 1203°C, in Yacuusi (pBioles/g) 

Total Jk HpO CO CO, 

3ic-g 

3 ^ 

5lF-g 

70c 

70Cg 

TOM 

70M-g 

TOF 

m-& 
E 

A-g 

27C-g 

£:7F-g 

6/16 

6/16 

-55 
-LOO 

6/16 

6/16 

16/55 

50/lii-o 

-55 

-£.00 

6/100 

+10 to 5£5 

-6 to -200 

6/16 

-^00 

Argon 

.\rgon 

Argon 

Argon 

\ 

\ 
II 

H, 

h<{, Hj,-A 

k'^i H -A 

hi H^-A 

H 

\ 

Argon 

Argon 

Argon 

Argon 

Argon 

2.290 

2.266 

i..535 

C.319 

?.36o 

2.507 

a. 02 

2 .01 

2.025 

0.002 

0.00.-

O.Olit 

0.077 

0.002 

0.002 

0.005 

0.022 

0.01!+ 

0.077 

0.015 

0 .20 

O.0I+7 

0.002 

0.077 

0.0121 

0.0121 

0.085 

o.k-( 

0.0121 

0.0121 

O.O30U 

O.I3I4. 

0.085 

0.!).7 

0.091 

l.?l 

0.285 

0.012 

0.47 

1.1^7 

0.85 

2.98 

.1.00 

1.96 

k.io 

2.10 

! | .06 

x,ik 

9.83 

1.20 

5.58 
9.20 

0.13ff 

9.38 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.383 

2.255 

k.k6 

0.003 

1.55? 

0.016 

O.Ol'i-

0 .030 

0.176 

0.02!t 

0 .055 

0.025 

o.oit5 

0 .0?8 

1.220 

0.029 

0.833 

0.l3*i-

0.037 

0.075 

0.046 

0.028 

0.117 

3.150 

0 .051 

0.109 

0 .051 

0.350 

0.118 

0.815 

0.5i).8 

l.it.20 

3.700 

0.017 

2 .87 

0.28it 

0.132 

1.125 

7.220 

0.0^7 

0 .093 

0.126 

2.720 

0.7!|-0 

7 .680 

0.310 

0.97*+ 

0.1|^92 

0,072 

5.070 

1.128 

0.677 

1.790 

0 .02? 

1.835 

3.9ito 

1.900 

0.955 

0.8!i8 

0.010 

0 .0 

0 .0 

o.oit5 

0 .0 

0 .0 

1 

^ 
1 

betters after oxide nxmibers refer to coarse, medium, and fine fractions! subscript g indicates "ground. " 

Numbers with asterisks are estimated surface areas from measured areas of similar preparations. 
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Sample composite of sizesj all ground. 

C. H, Pitt and M. E. Wadsworth, "Carbon Dioxide Adsorption on Thoria," Technical Report Ho. 1, p. 1, 
Univ. of Utah (1958). 

file:///rgon


-73-

4. 0 ¥MR1CATI0E MD MMRIAL DEFEIDPMEIT 

(D. A. Douglas) 

Work in the Metals and Ceraiflics Division can be broadly separated 

into three categories. One area (Sections A-.l, 4.2, and 4-. 3) involves 

the development of equipment and process schemes for the remote fabri­

cation of fuel elements containing thorium. Much of this work In the 

past year has been directed toward solving specific problens involved In 

the production of fueled rods for the Brookhaven national laboratory 

criticality experiments. A second area (Section 4.4) is the study of the 

irradiation characteristics of thorium-base fuels produced through cheml-

cai extraction and separation of fissionable and fertile material from 

irradiated fuels. Ej^eriments to characterize mixed oxides of thorium 

and uranixam processed by the sol-gel technique have been conducted in the 

Ifeterials Testing Reactor, MM, Chalk River Eeactor, WRX, and Oak 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 irradiation resistance of thorium metal is continuing. 

4.1 Kilorod Program. (J. D, Sease^ A. L. lotts) 

To extend thorium fuel cycle technolo^, a facility which provides 

space and equipment for performing the chemical processing and fabrication 

operations involving IT 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 making 

fuel rods that are to be used in criticality, zero power experiments at 

Brookhaven lational laboratory, BIfL. 

The design of the BIL fuel rod is shoim in Pig. 4.1. Each of the 

Zircaloy-2 tubes contains 890 g of oxide (3 wt fj W"' -97 wt "̂  Th). The 

u to be used contains nominally 40 ppm U . 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 con^ression 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 addition to 

these 46-in. -long rods, 18-in. -long fuel rods, othejrwise identical in 

design, will be fabricated. In all, some 900 rods, each containing 

B90 g of oxide and about 200 rods containing 310 g of oxide will be 

manufactured. 

The Kilorod Program encompasses the solvent extraction purification 

of IT decay products from u , production of bulk oxide by the sol-gel 

process, and the fabrication 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 UOp-ThOp received from the solids preparation facility 

into an optimum particle-size distribution for vibratory coB^actionj 

(2) vibratory conipactioni (3) welding of the final end closure] (4) fuel 

rod decontamination; and (5) fuel rod inspection. 

The optimum-size distribution for UO„-ThO„ produced by the sol-gel 

process consists of a mixture of three size fractions: a coarse fraction, 

a fine fraction, and an intermediate 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 appropriate to one fuel rod 

loading will be apportioned and blended together. 
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In the vibratory-con^action operation, the blended aliquot of fuel 

is loaded into a fuel tube, which contains one end plug, and vibrated to 

the specified density. Kiis loaded fuel tube is transferred to a welding 

fixture where the final end-closure weld is made and visually inspected. 

At this juncture, the loaded and sealed fuel rod is decontaminated 

by ultrasonic cleaning in water and smeared to check the level of surface 

contamination. Tlie integrity of the end-closure weld is evaluated by 

helium leak checking, and the density of the fuel is determined with a 

gamma-absorption scanning device. Finally, the hanger fitting is attached 

prior to loading into a shipping cask. 

4.1. 2 Facility 

Tlie oxide preparation and rod fabrication steps will be accoD̂ jlished 

in shielded, alpha-tl^t cubicles which are shoi-m 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 radioactivity which might escape 

from the cubicle. 

The cubicles for performing the rod fabrication occupy the first and 

second levels of this cell. located on one corner of the first level and 

extending to the top of the second level is the 4- x 7-ft powder prepa­

ration shaft. Directly ad.Jacent to this shaft on the first level are 

three fabrication cubicles that extend along two walls. The first of 

these cubicles is used for vibratory con^action 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 preparation shaft 

and directly above the vibratory-congjaction welding cubicle and the de­

contamination cubicle. The box is equipped with a large bag-out port 

air lock and a monorail crane that will run the length of the glove box 

and will be used to lift and convey equipment. Access to the powder 

preparation shaft is through a door in the rear of the shaft, while access 

to the fabrication cubicles will be through shield-access ports in the 

floor of the box. 
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Fig. 4.3. Kilorod Solids Preparation and Rod Fabrication Facility, 
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Primary alpha containment for the cubicles is provided by an 11-gage 

mild-steel liner. Gamma shielding is provided by 4 l/4-in. -thick armor 

plate placed on the top and operating 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 associated with spreading contamination that 

is residually contained in the walls. 

The facility ventilation system is designed so that cubicles will be 

maintained at pressures below atmospheric, through the use of existing 

ventilation systena 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 to the cell. All 

air entering or leaving the cell and cubicles will be filtered with high 

efficiency filters. Cubicle and cell pressures are controlled by manually 

operated dampers and safeguarded with backflow preventers and differential 

pressure alarms and indicators. 

The fabrication cubicles have a total of twenty windows. Thirty-one 

ports are provided which will allow outfitting with either gloves or 

manipulator tongs and allow interchange of gloves and tongs without loss 

of containment of radioactive material. Plans are to operate the rod 

fabricafcion process with nine tongs and two glove ports. The remaining 

twenty will be used for maintenance. 

4,1. 3 Equipment 

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, therefore, to test and 

evaluate the pieces of equipment under simulated conditions. The powder 

preparation equipment, due to its coii5)lexity, was tested in a mockup 

using (Th—3 wt ^ u )0p 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 nuntoer of flaws in the equipment were 
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obviated by the mockup experiments. These were corrected, and the dis­

cussion 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 

powder 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 rear 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 above 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 classifies 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. Six transparent glass storage hoppers, three for the working 

fractions and three for the recycle fractions, are located around the base 

of the classifier. 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 classifier is a remote weigher where exact 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 

weigher. 

Each major piece of equipment in the powder preparation shaft is 

dlscxissed in the paragraphs that follow. 
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Jaw Crusher. Sufficient crushing capacities and yields are obtained 

by employing a standard laboratoiy-size jaw crusher. The crusher was 

modified to allow continuous feeding and discharging and to effect maxi-

imjm 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 appears to 

be eliminated. 

Ball Mill. A ball mill was necessary for sizing the fine and inter­

mediate 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 

single 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 iS-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 comflercial 

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 blindj however, this problem is prevalent with any 

screen classification system. During trial runs, the blinding of the 

screens did not appear to be of any consequence. 

Recycle 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. 



.83-

Weigher, The remote welder consists of one scale and three indi­

vidually controlled feeders containing the three size fractions. The 

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

indicator, precision cut-off controls, and an in̂ jact-free dunroing 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 contained in a Plexlglas cover to reduce dust spread. 

Blender. The blender is a 4-qt, 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-

coBipaction apparatus. 

4.1,4 ¥ibratory-Coiii)aetion Apparatus 

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 design of a vibratory-compaction rig. The vibratory-

compaction apparatus (shown in Fig. 4.5) consists of two main components, 

the tube-filling assembly and the chuck assembly. The tube-filling 

assembly is located in the powder preparation shaft at the upper right 

corner of the vibratory-compaction welder cubicle, but is separated 

?rom it 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 a "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 static load to the fuel column during vibration. The 

static load mechanism consists of a rack gear connected directly to a 

load and disengageable pinion gear that enables the lowering of the static 

load onto the fuel column. The rack gear also serves as a direct means 

of measuring the height of the fuel column in the tube. 



-8 i i -

UNCLASSIFIED 
ORNL-LR-DWG 75776 

ALPHA SEAL 

PNEUMATIC VIBRATOR 

CHUCK 

STATIC LOAD MECHANISM 

VIBRATORY FEEDER 

Fig. 4. 5. Vibratory Co>iipaction Asseirbly. 



-85-

Hie vibratory-chuck assembly consists of an anvil, to which the 

chuck is attached and through which the vibrational ener^ is transmitted, 

and a Branford Variable iBipact Vibrator. The chuck, which is the most 

critical single piece of rod fabrication equipment, en5)loys the use of 

cam actuated sliding tapered jaws. When the chuck is closed on the fuel 

rod, the tapered jaws engage in the matching taper of the rod end plug 

effecting a rigid connection. The chuck and anvil are placed inside the 

cubicle, and, to allow convenient seinricing, the vibrator is located 

outside the cubicle. The vibrator is sealed from the cubicle by a 

neoprene diaphragm. 

4.1. 5 End-Cap Welding Ifechine 

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 for seating the top end plug on 

the fuel rod immediately after the rod has been evacuated and backfilled 

with helium. The welding machine is composed of two main coisponents, 

an 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 

chamber. "Hie elevator also actuates a vacuum seal aroimd the fuel rod 

as it is seated in the welding chancer. 

In the welding chamber are located the helium-arc torch and the end 

plug press. The press uses a lead screw and a.synchronous drive motor 

for inserting the end plugs. The torch is positioned by two high-ratio, 

lead screw motor a-rrangements. During welding, the rod is rotated by 

a constant speed drive motor, 

4.1. 6 Decontamination Equipment 

A 1-kw ultrasonic clesner is used to decentsminate, one at a tim.e, 

the coBgjleted fuel rod& The cleaner is equipped with a remote cover which 

embodies a mechanism for holding and rotating the rods during cleaning 
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operations. The cleaning cycle, which is mmiually controlled, consists 

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

4,1. 7 Helium-leak Checking System 

The welded and decontaminated rod will be checked for leak-tightness 

with a mass spectrometer helium-leak detector. The system includes a 

chancer in which the end of the fuel rod is sealed, a standard leak, the 

leali detector, and a roughing vacuum pump station. Particle filters are 

used to isolate the rod vacuum chamber from the puuping and detection 

station, 

4,1. 8 Density Scanner 

The density of each rod is determined by means of a ganma-absorption 

device which is shown in Fig. 4.7. The scanner consists of a one-curie 

Co source, colliUBted through a l/8- x 3/8-in, longitudinal slot, and 

a detecting crystal with its associated power supply, amplifier, and 

recorder, A trolley is provided to drive the fuel rod through the colli-

mated beam at a constant rate. 

4.1. 9 Shipping Cask 

The shipping cask, which Is designed to hold 132 rods, is loaded in 

the horizontal position in the facility, and discharged 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 position the rods is 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 crane. During production, two casks are 

to be shuttled between the facility and BIL. 
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4.1.10 Summary 

The construction of the cell facility is con̂ jlete, and equipment 

is now being installed. Hot operation of the facility will begin early 

in 1963. 

The process equipment has operated satisfactorily under mockup con­

ditions; however, the adaptability of the process and equipment can be 

proved only by operation of the integrated facility. As the process 

involves operations never before performed, a number of the features of 

the facility, equipment, and procedure were selected by personal intuition 

and judgment. Operation of the facility will test the design philosophy 

and will give invaluable experience in determining the manner in which 

future facilities and equipment for similar operations should be designed. 

4.2 Welding Research (J. W. Tackett) 

Diaring 1963, the Remote Fabrication Group of the Metals and Ceramics 

Division at the 0 ^ Ridge National Laboratory will fabricate 1100 fuel 

rods containing (IT -Th)0_ for BHL. The proposed manufacturing pro­

cedures (described in detail in Section 4.1) consist essentially of the 

following steps: (1) a Zircaloy-2 bottom end plug is attached to a 

Zlrcaloy-2 tube (0. 500-in. o. d. x 0. 035-in, wall x 45 l/2 in. long) by 

a circumferential fusion weld, as shown in Fig. 4. Ij (2) the oxide is 

loaded into the tube and densified by vibratory compaction; and (3) the 

second end of the fuel rod is then closed by a Zircaloy-2 top end plug, 

also welded as shown in Fig. 4,1. The Welding and Brazing Group of the 

Metals and Ceramics Division have assisted the Remote Fabrication Group 

in developing techniques and procedures for producing the high integrity 

end-closure welds required for the BHL 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 appropriate 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 temperature buildup in the base 

metal, reduces the time at 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 xfas experienced in axlally aligning the tungsten 

electrode directly above 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 coni)licated 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) a misaligmnent of only 0,030 in. in 

the axial direction can seriously affect the integrity of the welded 

Joint, (2) a misaligmiient 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 available to evaluate this 

particular weld joint. 

In view of the shock wave (the Branford Variable Inipact 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 joint 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 vaU; (b) weld 

imperfections — root cracks, for example, would be highly undesirable; 

(c) 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 

examinatlon-

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

some consideration has been given to making the bottom welds outside a 
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dry box, concentrating on iinproved inert-gas shielding and joint area 

chilling. Making the welds outside a dry box would not only greatly 

reduce the total time required, but would also help to eliminate the 

electrode alignment problem (described above). 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 such 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 special 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 (shomi in Fig, 4.9a). 

¥elds made with a 1-T penetration resulted in excessive "rollover. " This 

condition would make it 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. 4.9b. 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-Coinpaction Research and Development (¥. 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 BIL 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 density with particle-size distributions 

were initiated to gain insight into packing phenomenon. Several systems 

of the ternary and binary classes are being investigated and some of the 

results obtained are discussed below. In these experiments, vibration 

ener^ generated by the Branford Variable Impact Vibrator was used to 

coinpact Th-U oxides into type 304 stainless steel tubes 45 in. long x l/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 l/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 

UHOP Batches 20, 23, and 24 confined into one large one. Isorithms (lines 

of constant density) have been drawn for 8.S and 8.9 g/cm . These 

isorithms are based on the results obtained from 35 different distributions 

in this general area. Distributions lying inside either of these lines 

yielded bulk densities that are equal to or greater than the value of the 

enclosing line. 

Because the degradation characteristic of the coarse fraction has 

an effect on the vibrated bulk density, a meaningful plot can be obtained 

only by requiring each distribution be made of material whose chemical 

and physical histories are identical. Practically, this requirement 

means the material can be vibratory compacted only once because other 

studies have shown that degradation of the coarse fraction is dependent 

upon the total time that the material has been vibrated. As a consequence 

of this requirement a large amount of material is needed to obtain a plot. 

Because large batches of material have not been available, the IsorithEK 

shown in Fig. 4.11 are to be regarded as only approximate since the values 

of bulk density are based on a single value for each distribution. 

Furthermore, they can be ejcpected to shift 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/cm 

for a distribution that yielded only 8. 9 g/cm'' in this ejcperiment. 

Figure 4.11 shows that there is a range of distributions with which 

bulk densities of greater than 8. 9 g/cm can be obtained and an even 
3 

larger range of distributions for 8. B g/cm . 

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

fraction to -4 +16 mesh, another system of practical interest is obtained 

since this size fraction can be obtained more readily than the -6 +16 mesh 
•a 

size fraction. Bulk densities greater than 9. 0 g/cm have been obtained 

for a distribution of 60 wt fo -4 +16^ 15 wt fo -50 +140, and 25 wt ^ 

-200 mesh. This system is not entirely satisfactoiy for l/2-in. -diam 

tubes because the large particles occasionally bridge in the tube and 

cause a low density region to form. The small amounts of available 

material have not permitted a trllinear plot such as Fig. 4.11 to be 

obtained for this system. 

The system -6 +10, -35 +50, -200 yielded buli densities about ifo 

higher than did the -6 +16, -50 +140, -200 system for the same material. 

For a distribution coiî osed of 60 ift fo -6 +10, 15 "wt f̂  -35 +50, and 
3 

25 "wt ̂  -200 mesh bulk densities of 9.1 g/cm were obtained. This system 

requires a laborious procedure for obtaining yields of the coarse fraction 

in sufficient quantities that are useful. 

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

a.re psjticularly interesting because the troublesome mediijm size fraction 

is eliminated. The relationship between bulk density and the amount of 

coarse material in a distribution is showi in Fig. 4.12. The data for 

these plots were obtained with a mixture of materials from UlOP Batches 

20, 23, and 24, and, therefore, these data apply for this mixture only. 

However, similar relationships can be esspected, in general, to hold for 

other Th-U oxides -with slightly different chemical histories although 

the iffixlmum density can be eiipected to shift in value and with respect 

to the distribution. 
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Screen analyses of the distributions after completing the coi^action 

process were obtained for these binaiy systems. In general, it appears 

that a ternajy system is generated from the -4 +16, -200 system and that 

the -6 +16, -200 system remains nearly a binary. This may es^lain why 

a slightly higher density is obtained with about 10 wt ^ more coarse 

material in the -4 +16, -200 system than is the case for the -6 +16, 

-200 system. 

4. 3. 2 Vibrators 

The Branford Variable Inpact Vibrator with an external mechanical 

wave guide shown in Fig. 4.13 has been used for most of the experimental 

studies in support of the BHL Program. The use of mechanical wave guide 

makes an effective alpha 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 (isec. 

Because of the very high acceleration levels, measurements have been 

very difficult and unreliable but the order of magnitude is believed to 

be accurate. For conpacting fuel, a rate of about six pulses per second 

has usually been enployed. 

Although the lAVCO Bin Hopper type vibrators are satisfactory for 

compacting fuels, they are not entirely satisfactory, from an operation 

point of view, for remote operation. Additional engineering design is 

needed to solve the alpha seal problem and the fatigue problem associated 

with the relatively large an^litudes and frequencies. 

4.3.3 BHL 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 preparation methods. From these experiments, the 

basic guides for engineering a remote operating system were obtained. 

Among the iiEportant guides determined were; 
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1. 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 material through either the jaw 

crusher or ball mill should be provided. 

4. Each 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 Variable Inpact 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 such that a flexible system was obtained. This will 

permit a range of other ternary systems or binary systems to be used. 

The final selections will be made on the basis of meeting the density 

requirement and the yield requirement. 

The results of many fuel rods fabricated for determining the axial 

fuel distribution are questionable. To date. It is not known if the 

axial fuel distribution meets the requirements for the BIL Kilorod 

Program because the measuring device has not been absolutely nor accu­

rately calibrated. A study of the axial fuel distribution 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 considerable portion of the effort during the past year falls in 

the category of performing service for others. Over 50 different batches 

of sol-gel oxide were crushed, screened, and vibratorily coi!i)acted into 

tubes for the Chemical Technolo^ Division. The study 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 Irradiation Studies of Mixed Oxides of Thorla 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 either 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 i -70 +100, and 25 wt $ -200 mesh. 

All of the ThOp-UOp bearing rods were fabricated by vibratory 

compaction, as described in the previous section of this report. The 

rods containing ThO„-PuO„ were simply tan̂ ) packed. End closures were 

imde using conventional techniques. 

Irradiations of fuel material prepared in the manner described above 

have been con^leted or are in progress in the IRX, MTR, and ORR. A 

summary of these tests is presented in Table 4.2. The more salient 

features of this program are as follows: 

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

and arc-fusion routes (MTR Group I and HEX Group II capsules). 

2. Type 304 stainless steel fuel tubes, 0. 312-ln. o. d x 0. 025-ln. 

wall, are specified as the cladding for the MTR and JiRX experi­

ments. This approximates the 0. 304-in.-o. d, x 0. 0205-in.-wall 

geometry of the fuel pins for the Consolidated Edison Thorium 

Reactor, CETR, at Indian Point, New York. The capsule design 

is schenatically illustrated in Fig. 4.16. Fuel rod lengths 
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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 Arc Sol-gel Sol-gel 
A B ca na Ea 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 llO 100 60 40 130 120 80 40 

Nitrogen, ppm 22 21 55 29 31 ll30 30 lJ 

Iron, ppm 100 50 265 140 160 130 300 215 

Silicon, ppm 600 500 <20 <10 <10 20 20 <25 
I 

BET surface area (N2 ), 0.20 0.26 0.03 0.008 O.Oll O.ll 0.17 0.047 b 
m2jg (JJ 

I 

oju 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 l200°C, cc/g 

Lattice 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 b 9.94 9.92 9.76 9.97 9.92 10.11 10.0 

Packed density, g/ccc 8.69 8. 69 8.36 8.74 8.74 8.6 8.8 

aCooled in pure argon after calcination in hydrogen. 

bToluene intrusion, pycnometric method. Theoretical density: 10.04 g/cc. 

cNAVCO air vibrator, l/25-in. piston; 5/16-in. -o.d. x 11-in. stainless steel tube. 
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Table 4. 2. Summary of Fuel Cycle Irradiaitions a 

Vibrated Average Fuel Rod Linear Estimated 
Density Clad External Dimensions (in. ) Heat Burn up 

Experimental No. of Type of (% theo- Temp Pressure Outside Rating (Mwd/MT 
Facility Capsules Oxide retical) (oF) (psia) Length Diameter Wall (Btu/hr· ft) metal) Status 

ORR Poolside 2 Sol-gel D 85-86 1000, 315 7 0.625 0. 020 40,000 7,000 Out 
1300 9-23-62 

NRX 8 Sol-gel A, 84-86 "-'200 130 ll 0.312 0.025 24,000 20,000 Out 
(Group I) Sol-gel B 5-22-62 

NRX 4 Arc-fused, 84-86 "-'200 130 22.5 0. 312 0.025 20,000 3,500 Out 
(Group II) Sol-gel C 2-16-62 

MTR 7 Arc-fused, 86-87 "-'200 40 ll 0.312 0.025 41,800- 12,300- 5 in- I 

(Group I) Sol-gel E 47,600 100,000 pile b 
--J 

2 out I 

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 b 
74-76 "-'200 130 ll 0.312 0.025 27,000 22,000 In 

(Group III) Th0
2

-Pu0
2 5-24-62 

ORR Loop 3-rod Sol-gel 26 84-85 "500 1750 21.5 0.460 0.015 43,000- 2,500- Out 
( 1-l) cluster 52,300 3,000 10-31-62 

aFuel = Th02-uo
2 

except for three (NRX Group III) Th02-Puo
2 

bearing capsules. 

Clad = Type 304 stainless steel except for experiment 1-l (one clad with type 304 stainless steel and 
two with Zircaloy-2). 

b Tamp packed. 
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were 11, 22 l/2, and 39 in. The longer 39-in. rods were 

helically wire wrapped to preclude bowing. 

3. The escperimental peak linear heat ratings of 47,600 Btu/hr-ft 

(ref 8 ) for the sol-gel oxide may be coiffpared with 

37,000 Btu/hr ft in the CEER. 

4. Maximim burnups of 100,000 Jifd/ffl? metal (2.06 x 10 fissions/cc) 

are anticipated in the ORIL program, as compared to 60,000 l%rd/M 

metal expected in the CETR. 

5. 0?wo instrumented capsules were irradiated 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. Each capsule (Fig. 4.17) had an axial molybdenum 

thermowell containing a tungsten-rhenium thermocouple to con­

tinuously measure the center-line ten^ierature. lominal clad 

temperatures were lOOO^F (540''C) and IBOO^F (700^0). The 

external pressure was 300 psi. This experimental arrangement 

furnished some indication of the effective in-pile thermal con­

ductivity of the sol-gel fuel material. 

6. The ThO„-PuOp 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. IS) was irradiated in an ORR pressurized-

water loop operating at 500°F (260°C) and 1750 psi with a pre-
13 -2 -1 

dieted thermal neutron flux of 2. 67—3. 26 x 10 neutrons cm sec 

The estimated peak heat flux was 330,000-400,000 Btu/hr-ft^. 

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 
geometry. The thickness of the clad is such that collapse 
onto the fuel would occur at a coolant pressure of 1750 psi, 

This corresponds to a heat generation rate of 1350 w/cc and a sur­
face heat flux of 590,000 Btu/hr-ff^ for 0.312-ln.-dlam x 0. 025-in.-wall 
clad pins. 
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thereby assuring intimate contact. Each rod was spirally wrapped 

with a wire of the same material to asstire that the rods did not 

bow together. The primary objective of the test was to examine 

fuel-clad and clad-coolant interactions at elevated temperatures. 

This element has since been removed from the reactor due to a 

fuel rod failure. 

4.4. 2 Irradiation Behavior and Examination 

Postirradiation examination of the first two IfTR irradiated rods has 

virtually been completed. Work on the twelve IIEX irrallated rods is 

complete except for metallographic examinations and burnup determination. 

These examinations included dimensional measurements, gamma radioactivity 

scans, fission-gas analysis, burnup measurement of the fuel, and metal­

lographic examination of the fuel and clad. 

The two MTR capsules (U-1, Z-5) behaved without 'incident and were 

removed according to schedule. Burnup analyses are shown in Table 4.3. 

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

Capsule 
l o . 

U-1 

Z-5 

l e u t r o n 
Type of Dose 

Oxide (nvt) 

20 
Arc-fused 6. 0 x 10 

?n 
S o l - g e l S 7. 0 X 10 

Burnup (MwdAlT Th+U) 

137 l/-'' • '̂̂ ^^ 
Cs Ce ' ' Spectrograph 

9,380 8,290 12,300 

14,800 12,900 14,000 

Spec i f i c 
Power 

(kw/kg) 

112 

127 

Radiochemical and mass spectrometric burnup measurements on the fuel 

agreed fairly well with the neutron dose received by the stainless steel 

clad, which was determined by measurement of the coba2.t activation. 

lo significant changes in the dimensions of the rods were foimd. 

Rod bowing was about the same as that before irradiation. Most of the 

observed diameter changes were increases, the maximum being trjee mils. 

Gamma scans reflected the neutron flux gradients along the rods, but did 

not indicate any significant shifting of the fuel. 
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Each rod was pierced for collection and analysis of the contained ga^s. 
85 The fission-gas-release fraction was determined by comparison of the Er 

85 
counting data with total Kr generation based on measured fuel burnup. 

Gas-release data are shovaa in Table 4.4. These data show that sol-gel 

batches A, B, and C are comparable to are-fused material in retaining 

fission gases and that batch S 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 escperimental validation. 

Table 4. 4. Fuel Cj'-cle Experiment Gas Data 

Capsule Ho. 

l-im-I (U-1) 

B-ITR-I (Z-5) 

IRX-1 

WRX-I 

lEX-II 

NRX-II 

I^e of Oxide 

Arc-Fused 

Sol-gel E 

Sol-gel A 

Sol-gel B 

Sol-gel C 

Arc-Fused 

Per Cent of Kr^5 
Atom^ Released 

2.4 

0.50 

2.06^ 

2.76^ 

4.07 

3.43^ 

Average of two sauries. 

There was no evidence of sintering, grain growth, or central void 

forination 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 irradiated material. There were more large granules 

of fuel in Z-5 than in U-1 and, consequently, less fine powder. The 

fuel had a speckled appearance due to \miformly distributed fine 

porosity; however, this phenomenon has been observed in unirradiated 

sol-gel oxide (Fig. 4.15b) and appears to be a characteristic of the 

material rather than the irradiation. There were no indications of 

reaction at the fuel-clad interfaces. 

file:///miformly
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The eight HEX 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 irradiation. 

Gajmna scans of the rods did reveal an anomaly. The three capsules 

containing sol-gel A gave a normal scan with very few peaks and valleys. 

However, the five capsules containing sol-gel B exhibited an extremely 

erratic activity profile. This phenomenon is depicted in Fig. 4.21. 

Since all eight capsules were in one holder, these unusual effects 

apparently are related to the fuel itself. However, the cause of this 

anomaly is presently tinknown and further examination is in progress. 

lo microstructural changes in the fuel and clad were apparent as 

a result of the Irradiation, and there is no evidence of sintering or 

void formation. 

The four IRX Group II specimens were prematurely discharged due to 

leakage of fission products from 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 

a hot spot on the cladding. However^ subsequent visual, leak-test, and 

Zyglo dye-penetrant examinations showed no indications of failure in any 

of the Tibratory-compacted rods. 

The results of the vacuum-leak-testing escperiments conducted are 

suffliaarized in Table 4.5. As a result of these tests, a rather interesting 

phenomenon was observed. The original hole made in each capsule at ORHL 

to measure fission-gas release was sealed with an epo2cy resin and cured 

for a suitable length of time. Each rod was then punctured at the oppo­

site end and the system pressure allowed to come to equilibrium. The 

leak rate was then measured and diffusion of gas into the vacuum system 

was foimd to be insignificant (Table 4.5). This indicates that no leak 

was present that would permit diffusion of gas into or out of the capsules 

at room temperature. 
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Table 4. 5. l£ak Detection on IRX-II Capsules 

Rod 

A-1 

A-2 

C-3 

C-4 

S3 

leak Rate 
Through 

Cladding 
(|i/fflin) 

0.2 

1.0 

0.9 

0 .9 

etc: 

Kr A c t i v i t y 
Atoms To ta l 

4 . 3 

9 .5 

2 .2 

1.5 

X 

X 

X 

X 

10^3 

10^^ 

10-^^ 

10^^ 

Diffusion 
Rate Through 

Capsule 
(si/min) 

1.6 

1.0 

0.9 

c 

Measured 
Volume of Gas 

a t STP (cc) 

2 .52 

2.43 

2.24 

7.57 

After system reached equilibrium. 
b 
Both ends pierced. 

Rose to atmospheric pressure in 2 hr. 

A gas sample was then removed from each rod and analyzed for Kr 

activity to determine whether the fission gases had been removed after 

the initial puncture. Despite the fact that the capsules had been 

punctured and exposed to the atmosphere for several months, a measurable 
85 

quantity of Kr remained (Table 4.5). The rods were then repunctured 

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

each rod was measured. 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-coinpacted rods. This situation 

warrants further investigation as the practical in5)lications in terms of 

fuel element design may be profound. 

As was the case with other rods examined, there was no evidence of 

sintering or void formation. The appearance of the fuel material was 

similar in each rod. 

Preliminary effective thermal conductivity values for the ThO„-UGp 

fuel in the two ORR poolside capsules were calculated on the basis of 

the measured parameters given in Table 4. 6 and the nominal capsule 

dimensions (Fig. 4,17). 
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Table 4. 6. Data on GBR Poolside Capsules 

Capsule 
lo. 

06-5 

03-5 

Fuel Bulk 
Density 
(g/cc) 

8.54 

8.60 

leutron Flux 
(neutrons cm" sec" ) 
Desi^ Actual 

3. 0 X 10^3 

3. 0 X lO"'--̂  

2. 5 X 10^3 

3. 3 X 10^3 

Power 
Density 
(w/cc) 

192 

253 

Temperature ("W) 
Clad Center Av Core 

1000 2600 1815 

1300 3500 2415 

Two problems were encoxmtered in the temperature measurements. First, 

in capsule 03-5, the thermocouple indicated a downward drift which pre­

sumably is a result of fuel sintering or a gradual change in thermocouple 

response. Second, occasional cladding temperature oscillations of ±150°P 

and llOO^F occurred for 03-5 and 06-5, respectively. These oscillations 

have been attributed to sporadic convectlve movement of the HaK sur­

rounding the capsule. 9 

These conductivities Include the gradient at the fuel-sheath inter­

face and are averaged over the temperature gradient across the fuel. In 

performing the calculations, the following assungitions were made? 

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

depression). 

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

thermowell. 

3. There was no teii5)erature change across the wall of the thermowell. 

4. The thermal conductivity of stainless steel was not significantly 

affected by the irradiation. 

5. Ener^ release was 135 Mev/fission deposited locally, with no 

additional gamma heating. 

The results are listed in Table 4. 7 together with some coniparative 

values from the literature for pressed and sintered bodies of ThO„ and 

ThOp—10'^ 'UO^ . It is notable that the conductivities compare favorably. 

^F, R. McQuilkln, V. A. DeCarlo, R. L. Senn, "GCR Quar. Prog. Rep. 
March 31, 1962," ORNIr-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 
Ten^erature Thermal Conductivity 

Source Composition ("C) (°F) "(w/cm-̂ C) (Btu/hr- ft" °F) 

0. 025^ 

0, 024^ 

0,046 

0.036 

0.033 

0.032 

0.029 

0.025 

1.44 

1.38 

2.66 

2.08 

1.91 

1.87 

1.66 

1.44 

^ata corrected to same density as vibrated Th02—2. 9^ UO2 using 
the relationship kjjj = k-ĵ  (1-P) where P = pore volume fraction, km is 
the measured conductivity, and k^ is the value corrected to theoretical 
density. 

Based on flux meastirement during test. 

%. D. Kingery, "Thermal Conductivity: XIY, Conductivity of 
Mult1component Systems," J. Am. Ceram. Soc. 42(12): 617 (1959). 

As previously mentioned, the trefoil cluster (L-1) was removed from 

the ORR pressurized-water loop when leakage 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 

disassembling and scraping the rods, a failure was located on rod LIB 

approximately 2 l/2 in. from the top end. This area is situs.ted midway 

along the length of the plenum, or about 1 l/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 

ORIL (06-5) 

ORNL (03-5) 

Kingery 

Kingery 

Kingerj,'-

Kingery 

Kingery 

Kingery 

Th02-2. 9fo UO2 

Th02-2. 9$ UO2 

Th02 

ThO^ 

ThO^ 

Th02"10^ U02^^ 

ThO^-lOf. U02^^ 

ThO -lOfo UO 

990 

1325 

600 

800 

1000 

600 

800 

1000 

1815 

2415 

ni? 

1472 

1832 

1112 

1472 

1832 



'120' 

Fig. 4.22. Defective Area Approximately 2-l/2 in. from Top End of 
Zircaloy-2 Clad Fuel Rod LIE. 
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measurements at this location in comparison with the sixrrounding regions 

revealed that swelling up to 25 mils had occurred. Contrast dye-

penetrant inspection of this area indicated a leak. An explanation, 

however, of the location and causes of this failure awaits further 

examination. 

4.4, 3 Fission-Gas-Release Studies 

In conjunction with in-pile irradiation studies, neutron-activation 

(D')-*-̂ ^ •'"'-studies are under way to characterize fission-gas release from 

sol-gel and arc-fused oxide. Individual samples containing 0. 2-<3, 6 mg 

of u were irradiated in the graphite reactor to an integrated dose of 
17 

6. 77 X 10 nvt and then vacuum-induction annealed. Then the release of 
1̂ 3 

Xe " was continuously monitored in a charcoal-filled bulb. 

In the case where diffusion is the primary release mechanism, several 

important relationships can be derived. After irradiation, the fraction 

of a stable isotope released during annealing under isothermal conditions 

may be expressed by 

^ « 4r /f , (1) 
where 

F = fraction released, 

D = diffusion coefficient (cm /sec), 

t = annealing time (sec), 

a = radius of equivalent sphere (cm). 

Tae above equation is correct for SIIB.11 values of F. Because of 

uncertainties in measuring the equivalent radius. It is more convenient 
2 

to determine the quantity D' = (D/a ) which is the release-rate parameter. 

^ % ) . F. Toner and J. L. Scott, "GCR Quar. Prog. Rep. Dec. 31, 1959," 
ORlL-2888, pp 68-72. 

^A. H. Booth and G. T. Rymer, "Determination of the Diffusion 
Constant of Fission Xenon in UO^ Crystals and Sintered Compacts," 
MlCL-692 (August 1958). 

http://siib.11
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Equatlon 1 then becomes 

F = ~^—^^ . (2) 

1/2 
For diffusion-controlled release, a plot of f T S t ' at a glren tempera­
ture will be linear and D' can be readily determined from the slope of 
the curTe. Further, it is known that for a diffusion process the tempera­
ture dependence of release rate will be fiven by the Arrhenius relationship 

o ' 

where 

D* = a constant, 
o ' 
Q = activation ener^ for process (cal/mole), 

R = universal gas constant (1.987 cal/g-mole^ °C), 

T = absolute temperature. 

Bj determining D* at several teniperatures and plotting the log D' T S 1/T, 

the activation ener^ cari be determined from the slope of the plot. 

Available data for sol-gel ThO^-S 'vrfc fs W^, sol-gel TaO^-5. 9 ¥t ^ UO,, 

arc-fused ThO--4-. 5 wt fo UO^, and are-fused UO^ are conpiled in 

Table 4. 8. ^'^^ 
133 The fraction of Xe released as a function of temperature for the 

sol-gel oxide is shoi«i In Fig. 4.23. lote that after an initial burst 

of gas, which has also been observed for U0„, the release mechanism 

^J. L. Scott and D. F. Toner, "GCR Quar. Prog. Rep. March 31, 1961," 
OBIL-3102, pp 9>"7. 

%. L, Scott, D. F. Toner, R. E. Adams, "GCB Quar. Prog. Eep. 
June 30, 1961," ORlL-3166, pp 39-91. 

I4 J. L. Scott, D. F. Toner, S. E. Adams, GUR Quar. Prog. Rep. 
Dec. 31, 1961," OBlL-3254, pp 153-5. 

%. B, Fitts, Oak Ridge lational laboratory. Private CoBnaunieation, 
loveniber 1962. 

^. Lustiaan, "Irradiation Effects in Uranium Dioxide," Uranium 
Dioxide; Properties and Ifuclear Applications, pp 431—666, ed. J. Belle, 
U. S. Government Printing Office, Washington, D. C., 1961. 



Material 

Th0.-5 wt '̂i UO-

ThO -5. 9 wt •* UO^ 

ThO.-4. 5 wt. io UO^ 

Table 4.8. Neut?'on-Actlvatlon Studie 

Partj cle 
Size 

Preparation (mesh) 

Sol-gel Coarse 
(similar to B) chunlcs 

Sol-gel S -10 +16 

-?25 

Arc-fusion -70 +100 

Test 
Temperature 

(°C) 

1440 

1640 

1760 

2015 

2200 

Irrad. 

1000 

1200 

1400 

1800 

2000 

Irrad. ̂  

1000 

1200 

1000 

1200 

1400 

1600 

s on Ceramic Fuel Powders 

Total 
Xsl33 

Fraction 
Released 

(cumulative) 

4. 43 

9.3g 

1.23 

3.47 

3. 06 

4. Si 

2.30 

2.40 

2.56 

1.29 

1,30 

1.86 

5.14 

1.30 

X 10"' 

X 10"^ 

X 10°^ 

X 10"^ 

X 10"-̂  

X 10-̂ ^ 

X 10"^ 

X 10"^ 

X 10"^ 

X 10"^ 

X 10"^ 

X 10"2 

X 10"^ 

X lO"-*-

2.9 X 10""̂  

8.9 X 10"-̂  

3.2 X 10°-̂  

3. 94 X 10"^ 

Total 
Test 
Time 
(hr) 

lfj.8 

22.7 

19.6 

48.0 

25.0 

^ 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

25.0 

25.0 

25.0 

25.0 

Release-Rate 
Parameter D' 

(sec"l) 

4.64 X 10"-̂ ^ 

7.32 X 10"̂ -'-

1.10 X 10"^° 

1.27 X 10"^ 

b 

> To be determined 

-19 
1.7 X 10 ̂ ^ 

-1? 
6.1 X 10 ^ 
1.4 X 10"-̂ -*-

3.5 Ji 10"-'-̂  

i 

I 



Table 4.8 (continued) 

Material 

ThO^-4. 5 wt /̂ UO^ 

UO^ 

uo. 

Preparation 

Arc-fusion 

Arc-fusion 

Pellet fuel 

Particle 
Size 
(mesh) 

-10 +16 

-70 +100 

--

Test 
Temperature 

(°c) 

1000 

1200 

1400 

1400 

1600 

1900 

Total Fraction 
Xel33 Released 
(cumulative) 

3. 2 X 10""̂  

8. 6 X 10""̂  

2.3 X 10"-̂  

5.91 X 10"^' 

1. 67 X 10"^ 

Complete 

Total 
Test 
Time 
(hr) 

25.0 

25.0 

25.0 

22.5 

24.5 

25.0 

Release-Rate 
Parameter D' 

(sec-^) 

5. 5 X 10"^^^ 

1.5x10-^ 
-1? 

1.4 X 10 

1.13 X lO""̂""" 

2.66 X 10"̂ "° 

b 

1 

Kelease on punctui-e after neutron activation. 

Release not controlled by diffusion. 
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UNCLASSIFIED 
ORNL-LR-DWG 55580 R 

^2015*C 

Fl£-. 4. 23. Release of Xe"̂ ^̂  from Th02-5 Wt fo UOg Prepared by the 

Sol-Gel Process. Results obtained by neutron-activation technique. 
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was diffusion. Results for the arc-fused ThOp-UOp were coi^arable. 

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

the medium size fraction. Increased release with decreasing particle 

size was also noted for sol-gel S, which is the ejqjected effect of 

decreasing particle size. It is also notable that whereas 30. 6^ of the 

Xê -̂̂  was released from the sol-gel ThO -UO at 2200''C after 25 hr, 
133 

Xe was conipletely released from U0„ at 1900*'C for a comparable time 

and the U0_ senile vaporized. This clearly Illustrates the greater 

stability of ThO^-UOp conpared to UO^, which is to be expected, since 

the melting point of ThO is 3300^0 coniJared to 2750°C for UO^. 

From the slope of the curve of log D' vs the reciprocal of the 

absolute temperature (Fig. 4.24), the activation ener^ for diffusion 
133 of Xe from sol-gel and arc-fused ThO_-UOp was calculated to be 

75, 9 kcal/mole and 25 kcal/mole, respectively. These values coripare to 

70-80 kcal/mole reported for diffusion of xenon from UO^. ̂ "̂  The dif­

ference in activation energr between sol-gel and arc-fused ThO„-UO^ may 

be due to the structural differences between the two materials (Figs. 

4.14 and 4.15). 

Since the HEX and fflZR capsules ran at relatively low central tempera 

tures, it would be expected that a significant portion of the fission-gas 

release occurred by a mechanism other than diffusion. This quantity can 

be estimated from the neutron-activation data by adding the fraction 

released during the low-temperature irradiation to the burst release 

upon subsequent annealing. This is being done for sol-gel S and will be 

conducted on other powders. 

4.4.4 Other Experiments to be Conducted 

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

coa^axisons and assessments in the following areas: (1) type of oxide. 

'¥. B. Cottrell, J. L. Scott, H. 1. Culver, 11 M, Yarosh, "Fission 
Products Release from UO ," ORIfL-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 eatoarking upon new areas of investigation. 

Among the in-pile experiments under consideration are the following: 

(1) escposure at higher heat ratingsj (2) variations in fuel chemistry, 

which include testing fuel with a higher uranium content and a coii5)arison 

of air-fired vs H_-fired sol-gel oxides; (3) irradiation of larger di­

ameter specimens! (4) remote fabrication and irradiation of fuel rods 

and a large fuel rod bundle containing W" j (5) constant power irradi­

ation testsI and (6) evaluation of new fuel systems. Finally, additional 

out-of-pile studies appear warranted in such areas asi (1) character­

istics of sol-gel powder particles and the relation to irradiation 

perforiDancei (2) sintering behavior of arc-fused and sol-gel oxidej 

(3) therjnal conductivity! (4) neutron activation to evaluate fission-gas 

release] and (5) waterlogging susceptibility. 

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

Techniques were developed for preparing and characterizing coated 

and uncoated ThO_ pellets suitable for use in fluidized-blanket systems 

where h i ^ attrition resistance is required. During this report period, 

l/S-in. -diam pellets of two different geometries were considered^ 

(1) round-edged ri^t-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 eAibit minimum attrition losses during periodic 

arrangement of the blanket in reactor operation. For coated pellets, the 

permissible amount of coating material is determined by its poison 

effect on neutrons end should not exceed 0. 01 absorption per absorption 

in thorium. 

Fabrication methods were developed whereby pellet density and ^ain 

size coiild be controlled. The effects of these properties on attrition 
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resistance were investigated. Some consideration was given to the 

properties of the ThÔ , powder from which the pellets were madej however, 

a complete evaluation and correlation of these properties were not 

effected. Coatings of AlpO„ and Zr metal were evaluated on the basis of 

spouted bed tests. 

Although the pellet development project has been terminated, pro­

visions are in effect for an orderly close-out. Coated spheroids are 

presently being examined by metallographic techniques. The forthcoming 

information will be used in conjunction with the data obtained during 

spouted bed tests for an evaluation of the coatings. Additional data 

concerning the effect of pellet grain size and density on attrition 

resistance also will be obtained, 

4. 5.1 Fabrication 

Olfaoria Powder. The powder used for the fabrication of pellets was 

a Chemical Technolo^ Division Pilot Plant oxide,^^ designated DT-102, 

which was made by precipitation of thoriiun oxalate from a nitrate solu­

tion followed by calcination at 800°C to the oxide. The characteristics 

of this powder are given in Tables 4. 9, 4.10, and 4.11. 

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

Ciystallite Size,^ A 261 

Surface Area, m /g 15.5 

Mean Particle Size,*̂  p. 1.15 

"TDetermined from x-ray line broadening. 

Determined by BET method using H^. 

Determined by sedimentation method. 

°̂A. Taboada et al. , "IfflP Prog. Rep. Mov. 30, 1960," ORlL-3061, p 101. 
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Table 4.10. Par t ic le -Size Analysis for Batch DT-102 TbOp Powder 

Apparent Stokes 
Diam, d 

g 

Amount of Material With 
Size Equal to or Less Than 

That Given in First Column (wt ̂ ) 

25.60 
7.10 
5.11 
4.20 
3,66 
3.00 
2.60 
2.03 
1,84 
1.65 
1.50 
1.40 
1,30 
1.20 
1.10 
1.00 
0.70 

99.0 
99.0 
99.0 
99.0 
99.0 
99.0 
98.1 
91.5 
90.3 
81,7 
76.4 
67.7 
61,8 
52.5 
41.8 
33.6 
11.4 

Table 4.11. Chemical Malys i s of Batch DT-102 ThO- Powder 

Element Amount Present (io) 

Th 
Al 
Ca 
CI 
CO3 
Cr 
F 
Pe 
K 
M 
Mg 
la 
11 
IO3 
Pb 
PO4. 
Si 
SO4 

loss on ignition 

87.45 
0. 0006 
0. 0062 
<0.001 
0.15 

<0. 001 
<0. 001 
0.002 
0.001 
0.004 
0. 0007 
0. 0025 
0.004 
0.003 

<0. 001 
0.004 
0,001 
0.006 
0.21 
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Forming and Sintering Techniques. 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 prograai, the procedijre as outlined below was adopted as standard. 

1. Prepress powder at 15,000 psi and granulate to pass 100 mesh. 

2. Cold press in steel dies to form either cubes or cylinders of 
3 

4.1 g/cm 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 xmtil spheroids of the desired size are formed. 

In the case of cylinders, tijmble until all edges are removed. ) 

5. Sinter at 1750°C in H„ for a predetermined time according to 

desired grain size. 

6. Polish sintered pellets by tumbling with Al^O^ grog. 

Slight modifications of this procedure afford the flexibility necessary 

when using different batches of oxide under different conditions. For 
19 example, it was found in previous work "̂  with a different batch of oxide 

formed into cubes on an automatic press that the addition of an organic 

binder was necessary in order to produce a free flowing pov/der adaptable 

to the automatic operation. The addition of this 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 approximately 35, 60, and 100 [i, respectively. 

4.5. 2 Characterization of Pellets 

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

pared in accordance with the standard preparation procedure which was 

A. Taboada et al. , "HRP Prog. Rep. May 31, 1961," ORIL-3167, p 111. 
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somewhat modified. Tumbling (Step 4) was changed to follow sintering 

(Step 5) and l/4-in, Al^O balls and water were added to the charge. 

Density and grain size of these pellets were controlled by varying iso-

static pressure and sintering time. Fabrication variables and properties 

of these pellets are 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 correlation is consistent with the data 

obtained from a previous set of pellets (Code P-82) of relatively small 

grain size (10-15 n). 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 l/8-in. diam with an average bulk density of 96. Ofo of 

theoretical prepared by the standard procedure were coated with two dif­

ferent materials by Battelle Memorial Institute under a subcontract 

arrangement. Some characteristics of the as-coated spheroids are shown 

in Table 4.13 and the results of attrition tests are given in Table 4.14. 

As shown in Table 4.14, pellet attrition resistance may be increased 

considerably with the proper application of a coating such as AlpO^, 

Code P-171 pellets show particular 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 A1„0^ coating of 80 \i is 

within the limits of coating specifications based on neutron absorption, 

which allow an Al^O^ coating of 84-u. thickness on a l/8-in. sphere. The 

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

close control mist be maintained during the coating process. 

^°A. Taboada et al. , "HEP Prog. Rep. May 31, 1961," ORNL-3167, p 84. 



Table 4.12. Effects of Grain Size and Density on Attrition Resistance of ThO Pellets 

Code No. 

P-165 

P-159 

P-162 

P-166 

P-160 

P-163 

P-167 

P-161 

P-164 

Pressing 
Pressure 
(psi) 

12,500 

18,000 

35,000 

12,500 

18,000 

35,000 

12,500 

18,000 

35,000 

Sintering 
at 1750"C : 

(hr) 

2/3 

2/3 

2/3 

16 

16 

16 

65 

65 

65 

TJ 

in 
Ime 

«2 
{$ 

Bulk Density 
of theoretical) 

91.4 

92.6 

94.3 

95.3 

95.5 

96.8 

96.6 

96.8 

96.7 

Approximate 
Grain Size 

35 

35 

35 

60 

60 

60 

100 

100 

100 

Overall Wei^t Loss 
Rate During Spouted 

Bed Test^ 
(̂ /hr) 

0.63 

0.65 

0.61 

0.95 

0.83 

0.87 

1.3 

1. 2 

1.2 

Six-hour test conducted using 0,3 fps superficial velocity. Pellets in static autoclave for 
72 hr in 260°C H„0 between second and third hour of spouted bed test. Attrition-resistance tests 
were performed by S, Reed, Reactor Chemistry Division, ORNL, 
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Table ^. 13. Characteristics of Coated ThO Spheroids 

Batch Io. 

19245-5 

19245-6A 

19245-7B 

19245-9 

Coating 

AI2O3 

Al^O^ 

M2O3 

AI2O3 

Coating 
Thickness^ 

80 

130 

180 

195 

Appearance 

Dense, void-free, 
smooth surface, 
slightly translucent 

Dense, void-free, 
knobby surface, sev­
eral layers 

Dense, void-free, 
smooth surface, white-
opaque 

Dense, void-free, 

Average 
Hardness KIM 
50-g load 

Coating 

2750 

2600 

2200 

2550 

ThO^ 

875 

780 

760 

860 

19245-10 

15755-32 

15755-35 

15755-36 

15755-38 

AI2O3 

Zr 

Zr 

Zr 

Zr 

100 

45 

75 

60 

10 

smooth surface, inner 
layer white-opaque, 
outer layer more 
translucent 

Dense, void-free, 2300 915 
smooth surface, white-
opaque 

Porous, continuous 510 c 

Porous, continuous c c 

Inner 20 ji, fairly c c 
dense, balance porous 

Fairly dense coating c c 

Based on measurement of the coating thickness of one ball. 

Based on visual observation of sectioned spheroids. 

Hot determined. 
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Table 4.14. Weight-loss Data for Coated ThO^ Pel le ts 

During Spouted Bed Tests ' 

Code 

P-168 

P-169'̂  

P-170^ 

P-171 

P-172 

P-173 

P-174 

P-175 

Ideu L1 f 1 c a. L i oil 
lo. 

15755-36 

257-11 

257-12 

19245-5 

19245-6A 

19245-7B 

19245-9 

19245-10 

m 

Coating 

Zr 

None 

None 

AI2O3 

AI2O3 

AI2O3 

AI2O3 

AI2O3 

Superficial 
Tr« T _ „ .5 -! 

(fps) 

0.16 

0.18 

0.16 

0.18 

(Two pellets 1 

0.18 

Overal 1 Weight loss 
Rate During Spouted 

T5~-5 rn.^„4-«b 
A.ji^^^ J. s.-. ̂  u 0 

(f^/hr) 

0.26 

0.22 

0,20 

0,033 

broken after autoclave 
est 

0.28 

(One pellet broken into two pieces 
after first test) 

(Coating gone 
first 

from one pellet after 
test) 

^ e s t s performed by S. Reed, Reactor Chemistry Division, ORNL. 
b 

tests. 
c 

Two 1-hr tests, pellets in static autoclave in 260°C H_0 between 

Control samples. 
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4,6 Thorium Metal Development 

Thorium metal has several characteristics which nmke it an attractive 

fuel material for converter or breeder reactor systems. Its value would 

be considerably enhanced if J.t 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 

effect 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 second approach is to utilize dispersion hardening. 

For several reasons this seems to offer more potential than solid-solution 

alloying. For instance, a stable oxide dispersoid provides greater creep 

resistance at elevated teniperatures. Tliese particles HBy 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 stable oxide particles is difficult. Much of the effort in the past 

year has been directed toward developing fabrication techniques to obtain 

the desired structure. 

The procedure which appears most promising consists of blending and 

milling powders of thorium hydride and thorium oxide. The mixed powders 

are hot pressed under vacuum which simultaneously 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-lO vol f, AID (OH), Th-10 vol fo ZrO„, and Th-ThO^ are com­

pared in Fig. 4. 25 with that obtained for arc-melted thorium metal. The 

highest hardness values at all temperatures were obtained from the com­

pact containing AIO(OH). However, both the AIO(OH) and ZrO reacted with 

thorium and formed large agglomerates of thoria. This instability and 

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

tiveness of the hard particle in increasing the creep strength of thorium. 

In order to obtain a finer and more uniform dispersion of ThO^ in 

thorium,studies have been made of the effects of milling variables on the 
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TEMPERATURE ! °C) 
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Pig. 4,25, Hot-Hardness Curves of Thorium and Tnorium Containing 

Dispersions of Hard Particles. 



-138-

particle size of thorium hydride. Also, a source of ultrafine thoria 

powder has been found which can supply powders having an average particle 

size of 0. 05 \i. The ball-milling results indicated that milling times 

of one and twenty-four days produced a minimum particle size of thorium 

hydride of 1.8 |i as measured by neutron activation-sedimentation analysis. 

Proceeding from 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 for 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 con5)act con­

taining A10(0H)at tei^eratures above 400''C. It is expected that extrusion 

of the compacts will give even greater iisprovement 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 between thorium and particles of UC, 

UCp, and U0„. Also, the effectiveness of coatings of pyrolytic carbon 

and niobium to prevent reaction was investigated. The most stable 

particles at temperatures to llOO^C were found to be UC and UC_ coated 

with pyrolytic carbon. Niobium coatings were ineffective and uncoated 

UC, proved the least resistant to reaction. 
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