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FOREWORD

This quarterly progress report describes research and development
on nuclear fuels and materials performed at the Oak Ridge Natiocnal
Laboratory for the U.S. Atomic Energy Commission. This work is either
sponsored by or of particular interest to the Fuels and Materials Branch
of the Division of Reactor Development and Technology.

Progress on these programs is reported for the three major divisions
of the work — Fast Reactor Technology, Space Power Technology, and
General Reactor Technology — under the appropriate AEC activity titles

listed below.
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PART II. SPACE POWER TECHNOLOGY

FUELS

DEVELOPMENT OF URANITUM MONONITRIDE FUELS 04 40 02 01 1

‘ CIADDING AND OTHER STRUCTURAL MATERIALS

*
CLADDING MATERIALS FOR SPACE ISOTOPIC HEAT SOURCES 04 30 05 04 1
PHYSICAL AND MECHANICAL METALLURGY OF REFRACTORY 04 40 02 05 1
ALLOYS
TUNGSTEN METALLURGY 04 40 02 04 1
FAST-NEUTRON*IRRADIATION EFFECTS ON ELECTRICAL 04 30 02 02 1
INSULATORS
CORROSION STUDIES OF ADVANCED REFRACTORY METALS 04 40 02 02 1

PART III. GENERAL REACTOR TECHNOLOGY

FUELS
RELEASE OF FISSION-GAS FROM FUEL MATERIALS DURING 04 40 02 01 1
IRRADIATION
DEVELOFMENT OF FUEL ELEMENT FABRICATION 04 40 02 04 1
TECHNICAL ASSISTANCE IN PROCUREMENT OF FUEL ELEMENTS 04 40 02 01 1
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BEHAVIOR OF REFRACTORY MATERIALS UNDER IRRADIATION 04 40 02 03 1
JOINING RESEARCH ON NUCLEAR MATERIALS 04 40 02 04 1
NONDESTRUCTIVE TESTING 04 40 02 04 1
IMPROVEMENT OF HASTELLOY N AND REIATED COMPOSITIONS 04 40 02 03 1
ADVANCED MATERTALS FOR STEAM GENERATORS 04 40 02 02 1

*Research sponsored by Division of Space Nuclear Systems.



CONTENTS
' Page
. SUMMARY + &« v v v v v v v e e e e e e e e e e e e e e e e xddd
PART I. FAST REACTOR TECHNOLOGY
FUELS
1. DEVELOPMENT OF FAST-REACTOR OXIDE FUELS . 3
Preparation of (U,Pu)0, Fuel Materials 3
Preparation of Pul, Sol . 3
Preparation of Enriched UO, Sol . 4
Preparation of Dense Microspheres 4
Development of Fabrication Processes 5
Sphere-Pac 5
Pelletization of Sol-Gel (U,Pu)0, . 7
Capsule Fabrication . . . . . . . 16
. Characterization of (U,Pu)0, Fuels . 20
Analytical Chemistry 20
* Control of Gas Release and Ratio of Oxygen to Metal . 20
Analytical Characterization . 27
Apparatus for Measuring Thermal Conductivity to

10 atm and 1400°K .« v v v v e v e e e e e e e e e 30
Conduction of Infrared Radiation . . . . . . . . . . . . 32
Extension to U0, . . v v v v v o v v v v e v e e e e e 37
Irradiation Testing of (U,Pu)O, Fuels . « « « v & « 4+ « o« . . 38
Uninstrumented Thermal-Flux Irradiation Tests . . . . . . 38
Instrumented Tests in Oak Ridge Research Reactor . . . . A
Instrumented Tests in Engineering Test Reactor . . . . . 45
Transient Tests . . . . . « « v v v v 0 v e e e e e 45
Fast-Flux Irradiation Tests . . . . . . . . . . . . . . . 50

Mechanism for Transport of Cladding Material into Fuel
During Irradiation . . . . . + « « ¢ o ¢ ¢ v o v e e e 0. 51

References .« . ¢ v v v v v v v v e e e e e e e e e e e e e e 54




2.

3.

4.

vi

DEVELOPMENT OF HIGH-PERFORMANCE IMFBR FUELS .

Synthesis, Fabrication, and Characterization of Nitride

Fuels

Synthesis and Fabrication of Mixed Nitrides

Characterization of Nitride Fuels .

Synthesis, Fabrication, and Thermodynamic Properties of

Carbonitride Fuels

Manufacture of (U,Pu)(C,N) From (U,Pu)O,

Compatibility of Mixed-Nitride and Carbonitride Fuels with
IMFBR Cladding Alloys .o

Ternary U-V-N System
Tailoring Nitride Fuels with Vanadium or V,N
The U-Pu-Cr-N System

Thermodynamic Investigations of High-Performance Fuel

Systems . .

Thermodynamic Properties of UVC,

Thermodynamic Properties of UVN,

Thermodynamics of PuN .
Thermophysical Properties

Measurement of the Physical Properties of (U,Pu)N

Alloys

Irradiation Testing of Nitride Fuels for IMFBR

Applications .

Thermal-Flux Tests

References .

EFFECT OF POWER CYCLING ON LMFBR FUEL-CLADDING BEHAVIOR .

Power Cycling of Mixed Oxide Fuel with Stainless Steel
Cladding to Moderate Burnup

IMFBR FUEL ELEMENT DESIGN AND MODEL DEVELOPMENT .

Model Integration

Analysis of Fuel Pin with FM@DEL Computer Code

Fuel Performance .

Improved Analytical Models

Cladding Performance .

Physical Properties of Type 316 Stainless Steel .

References .

57

58
58
66

68
68

69
70
71
75

76
76
77
78
78

78

80
81
82
84

84
85
85
85
91
o1
94
94
96




5.

8.

vii

CILADDING AND OTHER STRUCTURAL MATERIAIS

MECHANICAL PROPERTIES OF ALLOYS IN REACTOR ENVIRONMENTS AND
DEVELOPMENT OF LMFBR CLADDING AND STRUCTURAL MATERIAIS

Austenitic Stainless Steels . . .
Status of Irradiation Experiments . . . . . . . . .

The Effect of Helium on the Formation of Voids in
Irradiated Stainless Steel . . . . . . . . . .

Distribution and Shape of Voids in Irradiated Metals

Changes in Density and Microstructure Induced by

Irradiation in Cold-Worked Type 304 Stainless Steel .

Effects of Irradiation on the Mechanical Properties
of Type 316 Stainless Steel . . . . . . . . . . .

Titanium-Modified Types 304 and 304L Stainless Steel .

Effect of Planetary Swaging and Annegling Temperature
on the Biaxial Stress-Rupture of Titanium-Modified
Type 304L Stainless Steel Tubing

References .
FABRICATION DEVELOPMENT FOR LMFBR STAINIESS STEEL TUBING
Effect of Fabrication Variables During Mandrel-Plug
Drawing on the Quality and Properties of Type 316
Stainless Steel e e e e e e e e e e e

Procedure for Producing Ultrafine Grain Size in
Stainless Steel Tubing . . . . . « « « « . <« . .

Stress-Rupture Properties of Cold-Worked Type 316
Stainless Steel Tubing with Ultrafine Grain Size

Origin and Significance of Natural Defects Generated
During Fabrication

Generation and Evaluation of Artificial Defects .
References . . . . . . . . . .
WEILDING DEVELOPMENT FOR IMFBR VESSELS AND COMPONENTS .
Study of Submerged-Arc Process .
Preparation of Weldment Specimens . . . . . . . . . .
References . . v v ¢« v v v v v v v o v v o 4 o v e e e
SHIELDED METAL-ARC WELDING FOR IMFBR COMPONENTS .

Preparation of Weldment Samples for Irradiation and
Control

Procurement and Machining of Samples for FFTF
Irradiation Program .

o7
97
97

100
104

117

120
123

123
131
134

134

134

141

146
150
152
153
153
153
163
164

le4

164



10.

11.

viii

Effect of Variations in Flux Coatings . . . . . . . . .
Preparation and Creep-Rupture Testing of Weldments

References . . . . . v v v v ¢ v v v i v h e e e e e e e

NONDESTRUCTIVE TESTING TECHNIQUES FOR IMFBR

Development of Advanced Nondestructive Testing . .
Development of Eddy-Current Instrument . . . .

Ultrasonic Schlieren Techniques for Evaluation
of Welds . .+ v v+ v v v v i e v e e e e e e e

Measurement of Cold Work in Stainless Steel Tubing . . . .
Design and Construction of Impedance Bridge . . .

References . . . . « « + v v v v v v e v e e e e

SODIUM CORROSION STUDIES .

Comparative Corrosion Tests on Refractory Alloys

Effect of Oxygen on the Compatlblllty of Vanadium and
Vanadium Alloys with Sodium . e e e

The Oxidation Kinetics of Vanadium and Vanadium
Alloys

Interstitial Contamination of Vanadium and Its
ATloys . . v e e e e e e e e e e e

Mass Transfer of Interstitial Impurities Between
Vanadium Alloys and Type 300 Series Stainless
Steels . . . . o b h e e e e e e e e e e e e e

Interactions of Sodium with Nonmetallic Materials

Compatibility of Stainless Steel and Insulation for
IMFBR Systems « « « « ¢ v ¢« ¢« ¢« o o o 0 o o 4 &

References
DEVELOPMENT OF FAST-REACTOR NEUTRON-ABSORBER MATERIALS .
Characterization of Boron Carbide . . . . . . . « . « . .

Structural Changes That Result From Annealing of
Powders . . . . . . o o .00 . .. .

Vacuum Hot Pressing of Pellets . . . . . . . . . . .

Boron Carbide Phase Equilibria . . . . . . . . . . .
Irradiation Behavior of Boron Carbide

Thermal-Reactor Tests . . . . . . .

Fast-Reactor Tests . . . . . . . . . . o . o o ..

References . ¢ v v v v v v v vt e e e e e e e e e

165
165
172
173
173
173

173
174
174
175
176
176

176

177

179

181
181

181
186
187
187

187
188
188
189
189
189
191



12.

13.

14.

ix

PART II. SPACE PCWER TECHNOLOGY

FUELS

DEVELOPMENT OF URANTUM MONONITRIDE FUELS . . . . + & « + . .
Irradiation Testing . . . . . . + . « v v v v v 0 o e e 0.
Postirradiation Examination of Capsule UN-3 . . . . . . .

References .

CLADDING AND OTHER STRUCTURAL MATERIALS

CLADDING MATERTALS FOR SPACE ISOTOPIC HEAT SOURCES .
Embrittling-Aging Reactions in Superalloys . . . . . « « « . .

Impact Tests of Hastelloy N, Haynes Alloy No. 25, and
Haynes Developmental Alloy No. 188 .. .

Effect of Vacuum on Superalloys

Evaporation of Hastelloy N and Haynes Developmental

Alloy No. 188 . e e e e e e e e e e e

Development of Improved Alloys

Creep Tests of Experimental Alloys
References .
PHYSICAL AND MECHANICAL METALLURGY OF REFRACTORY ALLOYS
Physical Metallurgy . . . . . . . .

Effect of Interstitial Reactions on the Behavior of
Refractory AlIoys . . v v ¢« o v v o v o o &

Effect of Nitrogen Interaction on the Creep Properties
of Tantalum Alloys

Development of Age-Hardening Refractory Alloys . . . .
Thermodynamics of Spinodally Decomposed Alloys
Mechanical Properties of Commercial Refractory Alloys
Mechanical Properties of Welds in Refractory Alloys . .
Welding and Brazing
Studies of Brazing ALIOYS . « o v « ¢ o s o o o o o o
Joining Platinum to Refractory Metals
Pnysical Properties . . . . . o v L v 0 e v e e e e e e e
Development of Electrical Heating Method . .

195
195
195
201

202
202

202
204

204
205
205
209
211
211

211

212
213
215
219
219
220
220
222
223
223



15.

16.

17.

Temperature Distributions in an Electrically
Heated Wire .

References .
TUNGSTEN METALIURGY . . . . + . .
Chemical Vapor Deposition of Tungsten Alloys .

Chemical Vapor Deposition of Tungsten-Rhenium Sheet
and Tubing . . . . + . « . .+ . . .

Metallurgical Properties of Tungsten Alloys

Effect of Low-Pressure Oxygen on the Creep Properties

of Tungsten . . . . . . ¢« v v v v v v o 4 e e
Long-Time Creep Properties of Tungsten Alloys

Creep and Stress-Rupture Properties of Arc-Melted and

Chemically Vapor Deposited Tungsten-Rhenium Alloys

Comparative Creep-Rupture Properties of W—25% Re
Consolidated by Arc-Melting and Powder-Metallurgy
Technigques . v & v v v v ¢ e v o o o v o o o o .

Growth of Large Creep Cracks in Powder-Metallurgy
Tungsten . . . . . . . . . v e e e

Evaluation of Methods for Joining Tungsten Alloys
Development of Filler Metals with Low Melting Points

References

FAST-NEUTRON IRRADIATION EFFECTS ON ELECTRICAL INSUIATORS

General Survey of Fast-Neutron Effects on Electrical
Insulators

Irradiation of High-Density Commercial Al1,03 Products
Considered for Thermionic Insulators

Low-Temperature Irradiations in the ETR .

Results of a Short-Term, High-Temperature
Irradiation in the ETR . . . . . . « « « . . .

Results of a ILong-Term, High-Temperature
Irradiation in the ETR

Irradiation in EBR-IT . . v . . & v v ¢« v « o« &« «
Metal-Clad Al503 Specimens . . . . .
References . . . . « « + « o v v v v o v ..
CORROSION STUDIES OF ADVANCED REFRACTORY METALS
Lithium Studies . . . . « . . . . . .
Lithium Forced-Circulation Loop Experiments

References . . . . « . i L i e e e e e e e e e e e

224
225
227
227

227
229

229
232

232

236

239
242
242
244
245

245

245
246

247

251
252
252
253
254
254
254
256



xi

PART III. GENERAL REACTOR TECHNOLOGY

FUELS

18, FISSION-GAS RELEASE AND PHYSICAL PROPERTIES OF FUEL

MATERTALS DURING IRRADIATION . . . « & v + v « & « & « o « « 259
Measurements of Thermal Diffusivity in UO, During
Irradiation . . . « ¢ ¢ v v v v i e e i e e e e e e e e e . 259
Release of Fission Gas From UOs . « « v & v ¢« ¢ & &+ &« & + o+ o 261
Behavior of Sol-Gel (U,Pu)0, During Irradiation . . . . . . . 261
References . . v v v v v v v b i e e e e e e e e e e e e e . 264
19. DEVELOPMENT OF FUEL ELEMENT FABRICATION . . . + ¢« + &« & « . . 265
Irradiation Studies . . . . . . . . . . . . . 0 0 . . ... 265
Evaluation and Design of Cermet Fuel-Plate
Irradiation Experiments . . . . . . . . . . . « . . . . 265
Postirradiation Examination of Miniature Fuel Plates
and Burnable~Poison Test Plates . . . . . . . . . . . . 266
Technical Assistance for Commercial Manufacturing and
. Inspection Problems . . . . ¢« . ¢ ¢ v ¢ v o o v e e v e .. 272
Chemical Preparation of Type 6061 Al Surfaces for
. Roll Bonding . .+ + v v ¢ v v v e e e e e e e e e e e . 272
Parametric Study of the Deformation of Us0g- and
UAl,-Al Dispersion Fuel Plates . . . . . . . . . . . . 277
Fabrication Development . . . « v ¢« ¢ v ¢ ¢ ¢« o « o « « o . . 282
Effect of Dispersoid Concentration on Void Content
of Composite Plates . . . v v v « ¢ « v o« v & o v o o . 282
Development of Nondestructive Inspection Techniques . . . . . 286
X-Ray Attenuation . . . + v + « v v v v v e 4 4 e .. . 286
Radiation Scattering . . . . . . . . .« . . . o . . . . . 287
Studies of Joining and Assembly . . . . . . . « « . « . . . . 288
Joining Fuel Plates to Side Plates by Electron-
Beam Welding . .+ .+ « v « o o « s + « o « « o« o « + . . 288
References . . . v v v v v v o o o o 4 o o o v e e 4w e e .. 293

CLADDING AND OTHER STRUCTURAL MATERIALS

20. BEHAVIOR OF REFRACTORY MATERIALS UNDER IRRADIATICN . . . . . . 295

Irradiation Damage to Nonfissionable Refractory
MaterialsS .« o o & o ¢ 4 o« o 4 4 0 e e e e e e e e e e e e 295



21.

22.

23.

24.

xii

Effects of Irradiation on IMFBR Fuels

Fast-Neutron Effects on Materials for Neutron Absorption
in Fast Reactors .

References .
JOINING RESEARCH ON NUCLEAR MATERTAIS . . v +v + +v o 4 W

The Effects of Minor Variations in Chemical Composition
on Weldability .

Weldability of Incoloy 800
Weldability of Stainless Steels

The Effect of Defects on the Mechanical Properties of
Weldments e

Tests of Electron-Beam Welds in Inconel 600 .
References . .
NONDESTRUCTIVE TESTING .
Electromagnetic Inspection Methods (Eddy Currents) . .
Design of Coil Systems for Detection of Defects
Ultrasonic Inspection Methods
Optical Visualization of Ultrasound .

Ultrasonic Frequency Analysis

Penetrating Radiation and Holographic Inspection Methods .

X-Ray Attenuation .
Radiation Scattering
References .
IMPROVEMENT OF HASTELLOY N AND RELATED COMPOSITIONS

Mechanical Properties of Hastelloy N and Related
Compositions . e e e

Aging and Irradiation of New Alloy Compositions
Scale-up of Modified Hastelloy N
Property Changes of Hastelloy N During Irradiation
References . . . . . « . .« . « . . . ..
ADVANCED MATERIALS FOR STEAM GENERATORS
General Corrosion at 595 and €50°C and Weldability .
Corrosion Studies . . . . . . . . . . .. . . . ..
Preferential Corrosion . . . . . . . . . . .
Development of High-Pressure Corrosion ILoop .

References . . . ¢« ¢« « ¢ v ¢ v v o 4 . .

296

297
297
298

298
298
300

303
303
307
308
308
308
309
309
310
313
313
314
314
315

315
315
320
321
326
327
327
327
33"
337
337



xiii

SUMMARY

PART I. TFAST REACTOR TECHNOLOGY

FUELS

1. DEVELOPMENT OF FAST-REACTOR OXIDE FUELS

A total of 1.2 kg of Pu sol and 9.5 kg of 939 enriched U sol was
prepared to meet the demands of the fast-reactor oxide fuels program.
About 1.5 kg of dense microspheres containing (U,Pu)0, were prepared for
loading into fuel pins for the Experimental Breeder Reactor-II (EBR-II).
Five Sphere-Pac fuel pins and three pellet fuel pins were completed, all
with 3-in.-long fuel columns and all to be irradiated in the Engineering
Test Reactor (ETR). Detailed plans were developed for fabricating 19
unencapsulated fuel pins for irradiation in a 37-pin subassembly in the
EBR-II. Planning, scheduling, and procurement of hardware and raw mate-
rials were the principal activities during the quarter. We also devel-
oped procedures for loading the microspheres and for fabricating the
pellets.

We previously observed gas releases as high as 0.5 cm3/g. Further
work on control of gas release and the ratio of O:metal indicates that
cooling in an atmosphere of pure Ar after adjustment of the ratio of
O:metal decreases the susceptibility of the fuel to reabsorbtion of gas
and therefore results in a lower measured gas release.

A sol-gel Sphere-Pac capsule that contained (U,Pu)0O, attained a cal-
culated burnup of 8.5 fissions per initial actinide metal atom (FIMA) in
the ETR, and the irradiation of the capsule is continuing at a peak heat
rate of 15 kw/ft with a target of 10% FIMA burnup. The third instru-
mented capsule for irradiation in the Oak Ridge Research Reactor (ORR),
which contains one Sphere-Pac fuel pin and one sol-gel pellet fuel pin
of the same composition and smear density, was completed and installed
into the ORR. It began operation late in the quarter.

Six fuel pins that contain unirradiated sol-gel-derived (U,Pu)0,

pellets or Sphere-Pac microspheres were subjected to power transients

at the Transient Reactor Test Facility (TREAT). No failures occurred




xiv

even though two Sphere-Pac pins were subjected to a transient that
probably melted 50 to 60% of the fuel in the peak power regions. The
capsules from the experiments in TREAT were neutron radiographed, and
postirradiation examination of the fuel pins was started.

Encapsulated Sphere-Pac (U,Pu)0, fuel pins were tested in subassem-
bly X050 in the EBR-II to a peak burnup of 3.4% FIMA. We received
approval in principle for the series II unencapsulated tests, which are
to be shared with the Babcock and Wilcox Company, and we submitted a
design for the ORNL fuel pins to the personnel of the EBR-II project for
thelr review.

Another interesting highlight of the work for this quarter was the
observation of the location of Cs in a white, crystalline deposit on the
surface of a metallographic specimen prepared from an irradiated fuel
pin. This white, crystalline deposit formed on irradiated (U,Pu)0, fuel
when unmounted sections cut from the fuel pins were allowed to stand
several days before mounting and polishing. Gamma spectrum anaglysis of

the white material revealed '2%Cs and 127Cs activity only. -

2. DEVELOPMENT OF HIGH-PERFORMANCE IMFBR FUELS -

We compared the sinterability of (U,Pu)N powders derived from an
alloy with that of powders derived from mechanical mixtures of UN and
PuN. With proper pretreatment, the mechanically mixed materials can be
sintered to reasonably dense structures that have microstructures and
precision lattice parameters identical to those obtained from powder
synthesized from a U-Pu alloy of the same molar composition. We had
difficulty in synthesizing nitride powders from the alloy in that they
tend to contain small concentrations of free metal after synthesis is
apparently complete., We are now studying the effects of annealing upon
the lattice parameter of PuN and the phases derived when powders are
synthesized from U-Pu alloy.

Vanadium and V,N were found to be stable in the presence of UN, but .

not in the presence of U,N;3. A new phase, UVN,, was found to be stable

in the presence of UpN3, UN, VN, or VyN, but not in the presence of V or -




U. The UN-V,N-V and UN-UVN,-V,N three-phase regions form good buffering

systems for use of nitride fuels with stainless steels.

3. EFFECT OF POWER CYCLING ON LMFBR FUEL-CIADDING BEHAVIOR

We are designing a series of reactor experiments for studying the
effects of power cycling and power transients on the behavior of oxide
fuel and the interactions of fuel and cladding. We made the calcula-
tions necessary to establish the geometry of the capsules so that a pre-

liminary design and cost estimate may be made for the first experiment.

4. IMFBR FUEL ELEMENT DESIGN AND MODEL DEVELOPMENT

The FM¢DEL computer code was used to study the performance charac-
teristics of a typical liquid-metal-cooled fast breeder reactor (LMFBR)
fuel pin. Radial temperature distributions and linear heat rates were
calculated for different positions along the axis of the pin, and gap
closure kinetics were examined by use of different assumptions regarding
fuel strength and neutron flux. The stress-strain distribution in the
cladding was also examined with respect to cladding thickness.

Work was begun to improve available analytical models for predicting
fuel swelling and gas release. Electron microscopy was used to examine
irradiated mixed oxide fuel to determine the size and density distribu-
tion of bubbles of fission gas.

We developed an equation, based on British data, that describes the
creep rate of type 316L stainless steel out-of-reactor at 600 to 700°C

that we will use in our modeling studies of British irradiation tests.

CLADDING AND OTHER STRUCTURAL MATERIALS

5. MECHANICAL PROPERTIES OF ALLOYS IN REACTOR ENVIRONMENTS AND
DEVELOPMENT OF IMFBR CIADDING AND STRUCTURAL MATERTALS

Samples of austenitic stainless steel are being irradiated in the

Oak Ridge Research Reactor (ORR), the High Flux Isotope Reactor (HFIR),

and the Experimental Breeder Reactor-II (EBR-II). Experiments have




been designed for each reactor to obtain the desired exposure
temperatures.

Type 304 stainless steel specimens were injected with 20 x 10-® atom
fraction He in a cyclotron before irradiation in the EBR-II at 390°C to
a fast fluence of 8.5 x 102! neutrons/cm2. A duplicate specimen that
did not contain He was irradiated under identical conditions, and the
resulting samples were examined by transmission electron microscopy.

The voids were smaller and more numerous in the sample injected with He.
The calculated changes in density were about the same.

Our accumulated observations from electron microscopy studies of
several irradiated metals, including Al, Ni, V, Fe, and austenitic
stainless steels, have revealed that void formation generally is not
homogeneocus. When we view materials irradiated at very high fluences,
the inhomogeneous nature of the void formation is quite often masked,
and these observations have led to the proposal of nucleation mechanisms
that predict homogeneous nucleation. However, the current observations
favor inhomogeneous nucleation mechanisms.

Some comparative samples of type 304 stainless steel in the cold-
worked and annealed conditions were irradiated in EBR-II at 400°C to a
fluence of 2.8 x 1022 neutrons/cm2. The measured change in density and
the observed density of voids were smaller in the cold-worked samples.

Samples of type 316 stainless steel were irradiated in the CRR to
a fluence of 1.4 x 102! neutrons/cm? (> 1 Mev). Postirradiation tensile
and stress-rupture properties show that the rupture life and the frac-
ture strain were reduced by irradiation.

The biaxial stress-rupture properties of annealed specimens without
defects from the second batch of 0.2% Ti-modified type 304L stainless
steel tubing fabricated at ORNL were determined:

1. Planetary-swaged and cold-drawn tubing, annealed 1 hr at 925°C,
have essentially the same rupture times; however, the planetary-swaged
material tends to exhibit slightly higher uniform and total circumferen-
tial strain.

2. Annealing planetary-swaged tubing at either 925 or 1038°C pro-

duces rupture lives and ductilities that are indistinguishable from each

other.
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3. A very large fraction of the total circumferential strain exhib-
ited by this tubing is due to uniform straining of the tubing before
local wall thinning, or necking, occurs.

4. The minimum observed ductilities of these tubes, which were
essentially free from discontinuities that could be determined ultrason-
ically, are higher than those observed earlier on tubes that contained

discontinuities.

€. FABRICATION DEVELOPMENT FOR LMFBR STAINIESS STEEL TUBING

We fabricated ultrafine grained type 316 stainless steel tubing
(0.250 in. in outside diameter by 0.016 in. in wall thickness) from two
heats of materials that had 0.06 and 0.04% C, respectively. The tubing
process, developed as a consequence of evaluating the temperatures of
heat treatments between passes, also results in a nearly random distri-
bution of carbide precipitate. Although this tubing is stronger at room
temperature, it is weaker at 650°C than tubing processed conventionally.

The biaxial stress-rupture life of the fine-grained 20% cold-worked
type 316 stainless steel tubing with carbide precipitates was shorter at
650°C than that of standard tubing from the same heat that was cold-
worked 10 to 15%. The differences in the slopes of the stress-rupture
curves may be due to interactions between C and dislocations. The fine-
grained cold-worked tubing exhibits higher rupture strains (13 to 25%)
than does the standard cold-worked tubing (generally only a few percent).

The origin and significance of natural defects in tubing are being
examined. Machined surfaces with a rating of 125 x 10~° in. can result
in longitudinal bore defects in the final tubing. Fabrication procedures
are being devised for artificially generating flaws that resemble natural
defects. We can produce realistic defects by electro-discharge machining

notches into the tubing and then drawing it.

7. WELDING DEVELOPMENT FOR IMFBR VESSELS AND COMPONENTS

We investigated the effect of heat treatment after welding on the

creep-rupture properties of typical austenitic stainless steel weld metal.
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Studies of bead-on-plate welds showed that a wide range of macroscopic
growth patterns and microscopic substructural details are attainable

with the submerged-arc process. Weldments in l-in.-thick plate are being
prepared to investigate the effects of these variables on creep-rupture
properties at 650°C. Scanning electron microscopy showed a correlation
between fracture appearance and the solidification substructure present
in weld metal. About 15 ft of weldment made by the submerged-arc process
in 1-in.-thick plate is being prepared for use in a program sponsored by

the Atomic Energy Commission at the U.S. Naval Research ILaboratory.

8. SHIELDED METAL-ARC WELDING FOR LMFBR COMPONENTS

We made 14 shielded metal-arc weldments with type 308 stainless
steel electrodes, each of which had a slightly different electrode
coating. 1In three of these, only the basic types of commercial coatings
(lime, lime-TiO,, and TiO,) varied. The deposit compositions of the
remaining electrode batches (all with lime-TiO, coatings) were adjusted
so that we might study the effect on the mechanical properties at ele-
vated temperatures of high and low amounts of the following elements:
Si, P, S, C, and B. In all cases, the deposit analyses reflect subtle
differences in the electrode coatings and are within reasonable composi-
tion limits to conform to American Society for Testing and Materials
(ASTM) specifications.

Metallographic examination and extensive studies of bead-on-plate
welds proved that there are few, if any, distinguishing features in any
of the electrode batches as to their deposition performance and bead
appearance. Stress-rupture data, however, indicated a definite influence
of electrode coating. At this point, only the three batches of standard
electrodes and the low-Si batch of electrodes have been tested. Stress-
rupture data were recorded at 650°C and stress levels of 25,000, 20,000,
and 18,000 psi. The weld made with the lime-coated electrode showed a
comparatively shorter rupture time than the welds from the other three
batches (all of which contained some TiO, in the coating). All welds
showed severe loss of ductility for the tests for longer times. Welds

made with the standard electrodes with 1lime-TiO, coatings were
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characterized by a plot for ductility versus rupture time significantly
lower than that for either of the other two standard batches. The low-
Si weld showed the best ductility.

9. NONDESTRUCTIVE TESTING TECHNIQUES FOR IMFBR

We are developing new methods, techniques, and equipment for non-
destructively evaluating materials for liquid-metal-cooled fast breeder
reactors (IMFBR) with emphasis on measuring cold work in stainless steel
tubing.

We are developing an eddy-current instrument to measure both size
and depth of defects and are using a Hg model to aid the design studies.
Several stainless steel welds that contain intentional flaws were pre-
pared for use with the schlieren system.

Because of the good results we obtained by measuring permeability
caused by cold working stainless steel sheet, we designed and began con-
structing a prototype system for tubing. Using our mathematical models,
we determined the optimum design parameters by computer calculations.
The calculations indicate that we can measure relative permeability to

within +50 ppm, which corresponds to less than 1% change in cold work.

10. SODIUM CORROSION STUDIES

We conducted capsule tests of various V alloys to determine the
effect of alloying on the reactivity of V with O in Na. As indicated by
welght changes at 600°C, Cr additions to the V markedly reduced the up-
take of O by the metal. Tests of V alloys in low-pressure O, also showed
a lower contamination rate with increasing Cr content in the alloy. These
latter tests indicate that the 0, pressure has a greater effect on contam-
ination rate than does temperature between 500 and 700°C.

The oxidation of 300 series stainless steels in contact with thermal
insulation at 760°C is being tested in N, + 1% 0O, + 100 ppm H,0. We
observed that both types 304 and 316 stainless steel form highly protec-
tive scales after a few hours in contact with this gas mixture. In a

related study, we examined the effect of a Na leak on the oxidation



behavior of type 304 stainless steel in contact with insulation and this
same gas mixture. When Na was allowed to leak through a O.060-in.-diam
hole at 760°C, we observed enlargement of the hole and extensive oxida-
tion of the surfaces of the stainless steel exposed to the N, mixture.
Smaller leaks, however, plugged soon after the release of Na, and much
less oxidation resulted. The thermal insulation reacted with the leaking

Na to essentially the same extent in all tests.

11. FAST-REACTOR NEUTRON ABSORBER MATERIALS

The structural changes that result from annealing of B,C powders
are being investigated. Boron carbide powders that have a B:C ratio of
3.62 undergo a maximum reduction in density of 5% when they are annealed
at 2000°C. Previously reported unidentified phases in experimental B,C
powders produced by arc melting have been shown to be W and Cu.

Thermal irradiation testing of B,C powders in the Oak Ridge Research
Reactor (ORR) has begun. The initial experiment was removed from the
reactor late in this reporting period, and postirradiation testing is
now in progress. .

Pellets are being prepared from specific types of B,C powders for
irradiation in the Experimental Breeder Reactor-II (EBR-II) later in 1970

after the reactor goes to higher power.

PART II. ©SPACE POWER TECHNOLOGY

FUELS

12. DEVELOPMENT OF URANIUM MONONITRIDE FUELS

The middle fuel pin of capsule UN-3 failed after 5800 hr of operation
at a temperature of 1370°C at the surface of the cladding. Several short
cracks were visible in the cladding over the fueled region of the pin.
Visual examination and dye-penetrant tests established that the claddings .
of the top and bottom fueled pins remained sound during the irradiation

test. Each of the three fuel pins was examined by gamma scan; no unusual -

characteristics were revealed. Measurement of the pin diameters with an
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opposed dial gage profilometer showed that each pin was reduced in
diameter during irradiation testing; the range was from 0.001l in. for
the bottom pin to 0.003 in. for the top pin. The nondestructive evalua-
tion of these pins was completed, and we are now sectioning the failed

(middle) pin to investigate the cause of failure.

CLADDING AND OTHER STRUCTURAL MATERTALS

13. CIADDING MATERIALS FOR SPACE ISOTOPIC HEAT SOURCES

We determined the time and temperature parameters of embrittling-
aging reactions in the superalloys Hastelloy N, Haynes alloy No. 25, and
Haynes developmental alloy No. 188 by impact testing of specimens aged
at 650 to 900°C for times to 5000 hr. Hastelloy N was embrittled least.
We also evaluated the results of our study of the evaporative losses of
elements with high vapor pressures (i.e., Cr and Mn) from these alloys
at 800 to 1050°C in 1077 torr vacuum. These losses resulted in micro-
structural damage such as the formation of voids and solutioning of
precipitates as well as changes in the morphology of the surfaces.

In an effort to develop alloys that are strong and resistant to
oxidation for containing radioisotopes in advanced thermoelectric gener-
ators for space applications, we are investigating alloys that contain
Pt. The formation of long-range order in the alloy PtsCr (alloy S-19)
results in an exceptionally low primary creep rate and also reduces the
steady-state creep rate by a factor of 25, indicating the superior
properties of such structures. The lower stress exponent of 3 that
characterizes the ordered alloys (versus 5 for unordered alloys) is also
a desirable feature in applications that require resistance to high
applied stress. Comparisons of the time to produce 1% strain in vacuum
at 900°C and a stress of 10,000 psi showed alloy S-19 to be superior to
Haynes alloy No. 25 by about two orders of magnitude. At about 1000°C,
the evaporative resistance is also vastly superior to that of Haynes
alloy No. 25, and the oxidation resistance is greatly superior to that of

the refractory alloys.
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14. PHYSICAL AND MECHANICAL METALLURGY OF REFRACTORY ALLOYS

Potential problems associated with use of refractory alloys in
advanced isotopic heat sources were defined: (1) interaction of liners
with oxide fuels, (2) contamination of refractory alloys with degassed
interstitials, (3) plugging of nonselective vents with decomposed gases,
and (4) hydriding of Nb and Ta alloys after reentry into water.

An apparatus for creep testing Ta alloys in low-pressure N, is
being installed to simulate the interaction of Ta alloys with the N of
nitride fuels. The aging characteristics of equimolar Ta-Hf alloys were
determined. These studies suggest a simple B, (B + a), & sequence of
phases with increasing Hf rather than a miscibility gap. Several quasi-
chemical models for spinodal decomposition were applied to real solutions.
A model based on clustering and nonrandom configurational entropy quali-
tatively predicts the experimental observations. The electrical resis-
tivity and absolute Seebeck coefficient of Nb—10% W to 1700°K were
determined. A direct heating apparatus for measuring these properties
and thermal conductivity is being evaluated. Stress-rupture properties
of electron-beam welds of TZM and W—25% Re at 1400, 1650, and 2000°C -
were determined.

The remelt temperature of Ti—48% Zr—4% Be braze alloy on Ta was
75°C below its original melting temperature, and that for the
Ti—46% Zr—8% Ge alloy was higher by 20 to 40°C. Six techniques for
producing leak-tight joints of Pt and Ta—10% W were investigated. A
three-tube joint with a W transition layer was leak~tight after 500 hr
at 1200°C but not after 1000 hr.

15. TUNGSTEN METALLURGY

We determined that the creep rate of W at 1800°C increases signifi-
cantly with increasing O, pressure between 1.1 x 1077 and 1.9 x 1077 torr
primarily due to the sublimation of volatile oxides. Our recent long-
time creep data on arc-melted W-Re alloys and chemically vapor deposited

W are presented and compared for primary and secondary design criteria

for nuclear applications. Additional tests on powder-metallurgy W—25% Re
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confirmed that at 500 psi this material has a lower creep rate at 2200°C
than at 1650°C. Electron fractography on creep specimens of powder-
metallurgy W at low strains showed that grain-boundary cracks grow by

the merger of small voids. We are determining the optimum welding con-
ditions for gas W-arc welding of W—25% Re sheet with and without Mo—50% Re
filler metal. Continued efforts to eliminate nodules completely from
chemically vapor deposited W—5% Re by interrupted deposition were not

successful.

16. FAST-NEUTRON IRRADIATION EFFECTS ON ELECTRICAL INSULATORS

Four commercial types of alumina were irradiated in the Engineering
Test Reactor (ETR) at various temperatures from 400 to 1230°C and at
various fluences from 1 to 7 x 10°! neutrons/cm? (> 1 Mev). The irradia-
tion assembly was identical to a short-term assembly that was irradiated
to fluences from 0.4 to 3.1 x 102! neutrons/cm?. More specimens frac-
tured in the long-term assembly than in the short-term assembly. For
both assenmblies, alumina of higher purity was damaged less than alumina
of lesser purity. Specimens in the long-term assembly expanded in volume
by about twice as much as those in the short-term irradiation. Part of
the additional expansion is undoubtedly an increase in grain volume, which
occurs almost linearly with increasing fluence above 102! neutrons/cm?,
but some of it is probably a result of additional separation at grain

boundaries caused by the increase in grain volume.

17. CORROSION STUDIES OF ADVANCED REFRACTORY METALS

We began operation of a ILi forced-circulation loop to evaluate the
corrosion properties of T-111 in a flowing, nonisothermal system. The
loop has operated 344 hr with a 1370°C maximum Li temperature. A replace-
ment test section being fabricated for this loop will be inserted after
3000 hr of testing with the current test section. This second test section

includes specimens of W as well as Ta alloys.
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PART IIT. GENERAL REACTOR TECHNOLOGY

FUELS

18. FISSION-GAS RELEASE AND PHYSICAL PROPERTIES
OF FUEL MATERTALS DURING IRRADIATION

Irradiation of a cylinder of large-grained UO, was terminated when
it began cracking before temperatures reached the level for grain growth.
Thermal data obtained from the specimen have not been processed because
the mathematical methods first used did not give satisfactory results.
New theories and processes developed to deal with the data appear very

promising. Irradiation of sol-gel (U,Pu)0, microspheres has begun.

19. DEVELOPMENT OF FUEL ELEMENT FABRICATION

Evaluation and design of an instrumented facility for irradiation of
fuel plates in the High Flux Isotope Reactor (HFIR) is continuing. The
experimental apparatus for testing flux and fission density was built and
will be inserted next quarter.

Postirradiation examination of fuel plates irradiated during fiscal
year 1969 in the G-12 loop at the Engineering Test Reactor (ETR) provided
further evidence that fabrication voids reduce the swelling of Al-base
dispersions. Aluminum-base fuel plates produced by normal fabrication
techniques and containing the burned grade of UsOg had the largest amount
of fabrication voids for a given volume fraction of fuel compound, and,
hence, irradiation swelling was lower for this material than for the high-
fired grade of Us0g or UAlX. A 50 wt % high-fired U30g plate was irra-
diated to a burnup of 2.24 x 10°! fissions/em® without failure.

Our study of the effect of variations in process parameters during
the chemical cleaning of type 6061 Al on bonding during rolling was com-
pleted with encouraging results. However, extended use of the etching
solution, extreme deviations in the etching temperature, use of cold
water as a rinse, and extended storage of cleaned billets before rolling

can deteriorate the bonding.
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Parametric studies of the deformation of UAlx-Al and U30g-Al
dispersions are continuing. With respect to plate characteristics that
influence irradiation performance, compacting pressure or compact density
does not influence the amount of fabrication voids in the final composite
plate, but the amount of cold rolling does affect the void content.

The effect of variations in the size of fuel particles on the x-ray
attenuation calibration curve is being studied. Investigations of the
use of scattered and fluorescent radiation for measuring the thickness
of cladding are under way with °“lAm and !“7Pm radiation sources.

The influence of the variables in the electron-beam welding process
during the joining of simulated fuel plates to side plates is being

evaluated statistically.

CLADDING AND OTHER STRUCTURAL MATERTAILS

20. BEHAVIOR OF REFRACTORY MATERIALS UNDER IRRADIATION

Irradiated specimens of refractory-metal carbides are being ther-
mally annealed out-of-reactor to aid in defining damage mechanisms.
Thermal annealing of displacements produced by fast neutrons in the
carbides of Ti, Zr, Ta, Nb, and W was found to become significant at
temperatures between 500 and 700°C.

A high-temperature (1000°C) assembly and a low-temperature (150°C)
assembly containing depleted UN, Ul°N, and UN-UC (50-50 mole %) were
constructed and inserted into the Engineering Test Reactor (ETR). The
results of these irradiation experiments will determine the effect of He
gas generated within nitride fuels through the '*N(n,x)'lB fast-neutron
reaction.

Preliminary design work was started on a comprehensive experiment
in which B,C will be irradiated in row 7 of the Experimental Breeder
Reactor-II (EBR-II) to evaluate B,C with different ratios of B:C and
different void densities as a neutron absorber for control of reactivity

in fast reactors.
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21. JOINING RESEARCH ON NUCLEAR MATERIAILS

We made welds in 1/8-in.-thick Incoloy 800 sheet with filler wires
prepared from experimental alloys. We also used two recommended filler .
metals, Inconel 62 and Inconel 82, and an electroslag remelted heat of
commercial Incoloy 8C0. The sheet was fully restrained during welding.
Cracking was observed in those welds made with the experimental alloys
that nominally contained high S (0.015% S).

The austenitic stainless steel experimental alloys were tested mag-
netically in the as-cast conditions. Homogenizing the alloys at 1150°C
for 1 hr reduced considerably the magnetic character of the alloy. The
effect of the presence of the high-temperature ferritic phase (ferrite)
on the diffusionless transformation of austenite to martensite is being
investigated.

The shielded metal-arc welds were chemically analyzed. A comparison
between the requested percentage of ferrite in an electrode and the per-
centage of ferrite predicted on the basis of chemical analysis of the
weld metal indicates that high ferrite levels are difficult to achieve.
The welding conditions (travel speed, current, and voltage) control the
chemical composition of the deposit.

Results from the study of the effect of defects showed that the
yield strength at room temperature of sound weld metal was 10% higher
than that of the base metal in which the fusion zone was made. Ultimate
tensile strength was about 10% lower. Where evidence of discontinuities
in the weld metal were revealed by radiographic examinations, the tensile
properties were drastically reduced. A similar behavior was noted in

short-time stress-rupture tests at 815°C.

22. NONDESTRUCTIVE TESTING

Newly developed computer programs now allow instrument simulation
to determine the effect of instrument instabilities on test results.

Other new programs now provide construction details for desired eddy-

current coils.
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We developed techniques for recording on motion picture film
sequences in our ultrasonic schlieren system. Experimental and mathemat-
ical studies on frequency analysis of ultrasonic spectra demonstrated the
feasibility of measuring flaw size by means of spectral variations despite
changes in signal amplitude due to differences in acoustic impedance or
other wvariables.

Studies in x-ray attenuation demonstrated the ability to measure
physical density in graphite with an accuracy of better than 0.5%. The
study of scattered and fluorescent radiation for measurement of cladding
thickness is continuing on Pb and Al specimens. An improved goniometer

is now being used.

23, IMPROVEMENT OF HASTELLOY N AND REIATED COMPOSITIONS

We concentrated on optimizing the concentrations of Nb, Ti, Zr, and
Hf in modified Hastelloy N to give good mechanical properties after irra-
diation. Small heats of alloys containing up to 2% of each element were
prepared for study. Aging studies at 650 and 760°C showed that the
tensile and yield strengths were reduced and that the fracture strains
ranged from 19 to 45%. These property changes in the absence of irradia-
tion are not thought to be serious. ©Some of these modified alloys were
irradiated, and those alloys that contained finely dispersed carbides of
the MC type had good postirradiation properties. Scale-up studles on
50-1b heats revealed some porosity in welds in an alloy that contained
1% Ti and 1% Hf and some cracking of the weld metal in an alloy that
contained 0.5% Hf and 2% Nb.

Surveillance samples from the Molten Salt Reactor Experiment (MSRE)
have made it possible to study the changes that occur in the mechanical
properties of standard Hastelloy N as a result of irradiation. The frac-
ture strain reaches a minimum at a strain rate of about 0.1%/hr. Thermal
irradiations that produce only 1 ppm He in the alloy reduce the fracture

strain from 30% to about 2%. Further irradiation results in fracture

strains as low as 0.5% when the He concentration reaches 40 ppm.
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24. ADVANCED MATERTAIS FOR STEAM GENERATORS

Isothermal corrosion testing in superheated steam at 595°C for
8000 hr indicated the following ratings of weldments between similar
metals (in order of decreasing resistance to general corrosion in the
finish-ground condition): (1) Hastelloy X and Inconel 625 welded with
themselves and Incoloy 800 welded with Inconel 82 (total scale thickness
less than about 2 um); (2) IN-102 welded with itself and type 304 stain-
less steel welded with type 308 stainless steel; and (3) Inconel 600
welded with TInconel 82 filler metal. The relative resistances of weld-
ments to corrosion by superheated steam at 650°C were (1) IN-102,
Inconel 625, and Hastelloy X welded with themselves (total scale thick-
nesses less than 3 um); (2) Incoloy 800 welded with Inconel 82 and
type 304 stainless steel welded with type 308 stainless steel; and
(3) Inconel 600 welded with Inconel 82.

Weldments between dissimilar metals — Hastelloy X, Inconel 625, and
IN-102 joined to Incoloy 800 with themselves and Inconel 82 as filler
metals — exhibited excellent resistance to corrosion by steam at 595 and
650°C; the extent of corrosion was explainable by the corrosion proper-
ties found for the individual alloys that comprised the weldments.
Inconel 82 filler metal and Inconel 625, Hastelloy X, and IN-102 used as
filler metals were remarkably resistant to corrosion. Hastelloy W filler
metal was inferior to the others, especially when cold worked.

All of the weldments tested in superheated steam were free of any

preferential corrosion in the area of the fusion line after 8000 hr at

595 and 650°C.
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FAST REACTOR TECHNOLOGY







FUELS

1. DEVELOPMENT OF FAST-REACTOR OXIDE FUELS

P. Patriarca A. L. Lotts

The objective of this program is to obtain an economically optimized
(U,Pu)Og fuel cycle for a liquid-metal fast breeder reactor (LMFBR) by
extending the performance capability and advancing the fabrication tech-
nology of oxide fuels. These fuels have the most advanced technology
and greatest potential for reliable operation in first-generation LMFBR's.
They have been tested in fast-flux enviromments but as yet have not been
exposed under actual prototypic conditions. Currently, the burnup and
heat rate are limited to about 50,000 Mwd/metric ton and 16 kw/ft, respec-
tively, based on irradiation experiments with fuels that are not neces-
sarily optimized for thermal, chemical, and mechanical performance.

The capability of oxide fuels can possibly be improved by adjusting
structures or void distribution in the fuels. We emphasize irradiating
fuels derived from the sol-gel process with thoroughly characterized
structures and void distributions different from those of the oxide fuels
irradiated heretofore. These include fuels fabricated by Sphere-Pac,
vibratory compaction, extrusion, and pelletization. We compare the per-
formance of these with the performance of reference fuels such as pellets
derived from mechanically blended powders and coprecipitated material.

The development of computer programs to assist in the analysis of test
results and the development of a mathematical model to predict the per-

formance of a fuel pin are integrated with the test program.
Preparation of (U,Pu)O; Fuel Materials

W. T. McDuffeel

Preparation of PuO; Sol

We prepared eight lots of standard PuO: sol totaling 1.2 kg Pu.

About half of this material was blended with 93% enriched U0, sol, and




the mixed sol was used to prepare (Uo-g,Puo_2)02 pellet fuel for the
series II irradiation experiments in the Experimental Breeder Reactor-II
(EBR-II). The remaining mixed sol is being used to form dense oxide
microspheres that are to be loaded by the Sphere-Pac technique into
irradiation specimens that also are to be included in the series II

experiments in the EBR-II.

Preparation of Enriched UO, Sol

We prepared 29 batches of 93% enriched UO» sol totaling 9.4 kg U to
meet the current demands for development studies. Part of this material
was used to prepare the fuel for the series II test capsules for irra-
diation in the EBR-II. For these, the fuel is a (?3°Uy g,Pugy. 2)0>
mixture that is obtained by blending standard PuO; sol with “3°U0, sol
that is free of sediments to produce a mixed sol that is either converted
into pellet fuel or formed into microspheres. We prepared satisfactory
U0, sol that contained a total of 2.2 kg “>°U for blending with standard
Pu0, sol and converting into pellet fuel. Another batch of sol that con-
tained 2.9 kg 2357 was prepared for blending with standard PuO; sol and
forming into dense microspheres, as previously stated.

During preparation of the early batches, we corrected several diffi-
culties previously encountered in both the reduction of U(VI) to U(IV)
and in the precipitation, washing, and peptization steps. These early
sols were of poor quality, and the yield of useful product was low.

When the refinements developed during this period were incorporated
into the final flowsheet, we were routinely able to prepare UO; sOls

with a product yield that exceeded 90%.

Preparation of Dense Microspheres

About 1.5 kg (heavy-metal content) of dense microspheres are
scheduled for Sphere-Pac loading into the series II specimens for irra-
diation in the EBR-II. About one-third of these are to be less than
44 um in diameter; the rest are to be 250 to 600 um in diameter. All of
the coarse fraction has been prepared, and the smaller material is being

prepared.



Preparation of the microspheres includes forming the mixed sol into
droplets in a drying solvent (2-ethyl-l-hexanol) in which the droplets
gel. Oxide spheres are obtained by further drying the gel beads in a
current of mixed steam and Ar at 170°C and firing the dried gel beads
in Ar—4% H, to 1200°C. After cooling in Ar, the dense oxide product is
classified by screening and shape separation.

Yields of round microspheres, free of pits or cracks, varied from
25 to 90%, but most were about 70%. Possible differences in composition
are difficult to determine because of the inherent problem of represen-
tative sampling of the batches of microspheres, and the difficulty in
obtaining reproducible analytical data for Pu and U in the high-density
product.

The particle density of the 250- to 600-pm-diam microspheres, as
determined by Hg porosimetry, was greater than 96% of the theore-
tical value. Despite this, the tap density was 59 to 60% instead of
the desired 62 to 63% of the theoretical value. We believe, however,
that the tap density will increase to the desired level during adjust-

ment of the O:metal ratio at 1450°C, as previously observed.
Development of Fabrication Processes

J. D. Sease

Fast reactors that operate at high specific powers will require fuel
pins of small diameter with fuel ranging from 80 to 90% of theoretical
density and a high fissile loading. Our work is to develop procedures
for Sphere-Pac and pelletization and for fabricating irradiation

capsules.

SEhere-Pac (C. R. Reese)

Sphere-Pac is a process for compacting microspheres into fuel pins
by means of vibration. The objective of our effort to develop Sphere-Pac
is to investigate variables of the material and processing that will
allow use of the Sphere-Pac process in a production facility. A com-

parative study of methods for determining the curve for distribution of



particle sizes showed close correlation between various techniques. The
time required to infiltrate the fine microspheres into the coarse bed
was found to vary with the diameter of the fuel bed. Experiments were
performed in an effort to predict and control the density of the total
bed by controlling the density of the coarse bed.

Thoria microspheres from 700 to 1000 pm in diameter were separated
into lots according to size by means of sieves. From these sized lots,
we mixed experimental batches, each with a different weight percentage
of the various sizes of microspheres. We loaded these batches by the
Sphere-Pac process to determine the effect of various distributions of
particle sizes in the coarse fraction upon the density of the coarse
bed. We observed no significant effect.

We investigated whether the density of the coarse bed could be con-
trolled by varying the mean size of the particles in the coarse fraction.
Preliminary tests of batches with mean particle sizes between 250 and
535 um showed that the density of the coarse bed increased as the mean
size of the particles decreased. We mixed batches of coarse microspheres
in which the mean size of the particles varied but the distribution
spread (the ratio of the maximum particle diameter to the minimum parti-
cle diameter, Dmax:Dmin) was held constant at 1.5. These batches were
loaded into a stainless steel pin 16 in. long by 0.245 in. in outside
diameter and infiltrated with fine microspheres 30 to 44 um in diameter.
Table 1.1 indicates that the density of the coarse bed increased slightly
as the mean diameter of the particles decreased. However, the infiltrated
total density decreased as the mean size decreased. The particles in the
fine fraction are too large to allow efficient packing when the mean size
of the coarse fraction is reduced. Precursory results obtained by infil-
trating the thoria coarse bed with urania microspheres 15 to 25 um in
diameter indicate that the packing efficiency increases greatly with a
decrease in the size of the particles in the fine fraction. We requested
thoria microspheres 5 to 25 um in diameter from the Chemical Technology
Division for further work we have planned to investigate the effect of

the size of the particles in the fine fraction upon the total density.




Table 1.1. Effect of the Average Size of Particles in the
Coarse Bed on the Density of the Coarse Bed and on Total Density

Average . ]
Size of Density, % of Theoretical
Particle
(Hm) Coarse Bed Total
540 €0.2 8.0
420 60.6 0.9
280 60.7 62.3P

AThe average size of particles was determined by the following

formila:
+ - = ; :
Dmin 4/5 (Dmax Dmin) average size of particles,
where D is diameter. The ratio D :D was constant at 1.5.

max’' min
PThe fine fraction could only be infiltrated into the coarse
bed slowly and with great difficulty.

Pelletization of Sol-Gel (U,Pu)0. (R. A. Bradley, W. H. Pechin)

Irradiation capsules 43-120 and 43-121 for the Engineering Test
Reactor (ETR) will each contain two fuel pins loaded with (Ug.go,Puo.20)02
microspheres by the Sphere-Pac process and two pins loaded with 84% dense
sol-gel (Uo,go,Puo,go)Og pellets. For both the pellets and microspheres,
the ratio of O:metal must be 1.98 * 0.01, and less than 0.10 cm’/g
(preferably less than 0.05 cmB/g) of gas may be released. We have fab-
ricated the pellets for the capsules, adjusted the ratio of O:metal in
the microspheres, and characterized the fuel.

Experimental Procedure. — We prepared a 1300-g batch (ET3) of urania-

plutonia powder by blending UO, and PuO, sols and drying to a gel at 100°C
with an Ar purge. The product was ground in a fluid~energy jet mill,
sieved through a 325-mesh screen, and subdivided into 100-g batches
(designated ET3A through ET3M) of powder for calcination. Samples of

the blended sol, dried gel shards, jet-milled powder, and the fines
collected in the dust bag of the jet-mill exhaust were analyzed for

U and Pu. The bulk density and surface area of the dried gel shards




and the surface area of the jet-milled powder and the fines were also
determined. The results of all these analyses are summarized in
Table 1.2.

Two batches, ET3A and ET3B, were calcined in Ar and Ar—9% Ha,
respectively, according to the conditions shown in Table 1.3. The
results of sintering tests on each of these batches are summarized in
Table 1.4. After analyzing the results of these tests, we decided to
calcine the remainder of the powder for the ETR pellets in Ar—4% Ho,
since powder from this treatment appeared to have slightly better
pressing characteristics. The calcined powder was characterized by
visual appearance (primarily color), and the green density of pellets
formed at an arbitrarily selected pressure. The results of this charac-
terization are summarized in Table 1.3.

A sintering test was performed on each of the seven batches of
calcined powder by pressing three pellets from each batch at 55,000 psi
and sintering according to the schedule described in Table 1.4. The
results of this test are given in Table 1.5. All seven batches were
then blended to form a uniform batch of powder (ET3N) for fabricating
the ETR pellets. After the powder was blended, a final sintering test
was made to determine the pressure required to produce 84% dense pellets.

The forming pressures, green densities, and sintered densities of these

Table 1.2. Summary of Analyses on Blended Sol, Dried Gel Shards,
and Jet-Milled Powder for Batch ET3

Bulk Surface

Material Uranium Plutonium Ratio Density Area

Form Content Content Pu:(U+Pu) (g/cm3) (mz/g)
Blended sol 199.4 =& 7.7 & 0.193

ml ml
a

Dried gel shards 68.56% 15.33% 0.183 i'igb 36.2

Jet-milled powder 67.32% 16.13% 0.193 4ty .2

Jet-milled fines 64 . 45% 14.76% 0.186 51.3

a . . .
Determined by Hg porosimetry at atmospheric pressure.

bDetermined by Hg porosimetry at 10,000 psi.



Table 1.3. Characterization of Urania-Plutonia Powder Calcined for

Pellets for Engineering Test Reactor

Calcining Conditions

Powd Heat Surface Rati Green Density
Bog Er T eim nt Heating Maximum Time at Area O-i iol at 55,000 psi Appearance
ate reatime Rate Temperature Temperature Atmosphere (m*/g) YA (4 Theoretical)
(°¢/hr) (°c) (hr)
ET3A HO5 300 520 4 Argon 7.63 2.226 53.9 Black
Cool CO2
ET3B  HO6 400 520 4.1 Ar—4% H, 26.7 2.365 49.3 Brown
Cool CO»
ET3C  qgov 360 520 4.1 Ar—% H, 35.5 2.441 47 b Yellowish brown
Cool Ar—4% Ho Nej
ET3D H98 360 600 0 Ar—4% Ho 7.7 Color between
Cooling 600520 0.5 Ar—% Ho ET3B and ET3C
Hold 520 3.25 Ar—4% Hp
Cool CO2
ET3E  H99 380 520 4 Ar—4% Ho 46.0 Color between
Cool CO2 ET3B and ET3C
ET3F  H100 380 520 4 Ar—% H 46.1 Color between
Cool CO2 ET3B and ET3C
ET3G H1O01 360 520 4 Ar—% H, 45.9 Color between
Cool CO2 ET3B and ET3C
ET3N°  H95-H101 33.0 2.404 47.3 Color between

ET3B ana ET3C

8Blend of batches ET3A-HO5—ET3G-HLOL.
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Table 1.4. Summary of Densities and Shrinkages for Sintering Tests
on Powder Batches ET3A-H95 and ET3B-H96

. . . b
Sintering Pressure Average Density, % Theoretical Average Shrinkage, %

Run (ps1) Green Sintered? Length Diameter
X 10°
Powder Batch ET3A-HO5
+1.0 +0.0
99 20 46.6 73.0 ]_2.9__0_7 15.4_0.0
+0.6 +.0
99 30 48.8 78.0 14.]___0_7 15.4_0.0
+0.1 +0.0
99 40 50.5 81.0 14.3_0.0 15.4_0‘0
99 50, . .3%0.2 4 10-0
50 2.2 83.6 14 3—0.1 15 4_0_0
+0.9 +0.0
100 45 51.3 82.4 13.8__1.3 15.8_0.0
100 50 51, .9 .170-3 .gt0-0
1.8 83 14 1—0.3 15 8—0.1
00 D . ) +0.3 _ +0.0
1 55 53 85.9 13 9_0.3 15 6_0.0
00 . . .170.2 .470-1
1 60 53.3 85.5 14 1—0.4 15 4_0‘0
Powder Batch ET3B-H96

+0.2 +0.1

00 0 . . . .
1 3 43.3 79.2 18.14'5  19.1 7]
+0.1 +0.0

00 0 . . . .
1 4 44 .6 81.5 17 9_0.1 19 2_0-0
0.1 +0.2

100 50 46.5 . 5° :
83.0 17 5_0'1 18 8_0‘2
0.1 +0.0

100 60 49. . 2F )
7 89.4 17 2_0.2 18 5_0'0

8gintered in Ar—,% H, by heating at 300°C/hr to 1450°C and holding
for 10 hr.

b . e o . ..
Plus and minus values indicate maximum and minimum values for each
group of three pellets.
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Table 1.5. Summary of Densities and Shrinkages for Sintering
Tests of Seven Calcining Batches

Density, % Theoretical Shrinkage, %
Powder  Pellet 5 T
Batch Number Green® Average Sinteredb AYerage Length Diameter
Green Sintered
ET3A-HO5 1105 53.7 85.1 13.7 15.5
1106 53.5 53.9 85.2 85.3 13.9 15.5
1107 54 .4 85.5 13.6 15.4
ET3R-H96 1108 49.3 81.5 17.5 15.4
1109 49.3 49.3 81.5 81.4 17.2 15.5
1110 49.2 81.1 16.9 15.4
ET3C-H97 1111 47 .4 90.2 18.7 20.3
1112 47.2 47 .4 89.1 89.4 19.1 19.9
1113 47.7 89.0 18.6 19.9
ET3D-H98 1114 45.9 86.2 22.7 17.9
1115 c 7.7 c 86.2 c c
1116 49.6 86.1 16.5 17.8
ET3E-H99 1117 45.5 8L.7 17.8 19.0
1118 46.0 46.0 84.8 84.8 18.0 19.4
1119 46 4 84.9 17.9 19.3
ET3F-H100 1120 46.7 86.5 18.3 19.5
1121 45.0 46.1 82.5 84,7 17.5 19.7
1122 46.6 85.1 17.6 19.3
ET3G-H101 1123 45 .4 82.4 19.4 20.0
1124 45.9 45.9 85.2 84.8 18.3 19.7
1125 46.3 86.7 18.5 19.8

%pressed at 55,000 psi.
Psintered in Ar—4% H, at 1450°C for 10.5 hr.

“Broke pellet before sintering.

pellets are given in Table 1.6. This test indicated that a forming pres-
sure of 41,500 psi would yield 84% dense pellets; therefore, four batches
of 40 pellets each were pressed at that pressure and sintered by the
schedule previously described. Three additional batches were formed by
pressing at 41,000 psi. To aid in reducing the ratio of O:metal, we
placed a roll of Ta foil upstream and adjacent to the pellets to serve

as a getter in the first four sintering runs but not in the last three.
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Table 1.6. Results of Sintering Test of Blended Powdersa

Forming Density, % Theoreticall
Pressure .
(psi) Green Sintered
X 10°
40 45,1 83.4
45 45.9 85.2
50 46.9 86.1
55 47.3 87.7

#Batch ET3N obtained by blending batches ET3A-H95-ET3G-H101l.

bBased on theoretical density of 11.06 g/cm3.

Six control pellets, two each at the left end, center, and right end of
the boat, were dimensionally inspected to determine green and sintered
densities. These densities are given in Table 1.7. The moisture level
in the effluent gas from the furnace was monitored to aid in controlling
the ratio of O:metal. One pellet from each sintering run was analyzed .
for ratio of O:metal. After the pellets were ground to the required

diameter on a centerless grinder, the ratio of O:metal and the gas

released were determined for each sintering run. The H,0 in the efflu-

ent gas, the ratio of O:metal before and after grinding, and the gas

released for each of the sintering runs are summarized in Table 1.8.

Results and Discussion. — The ratio of Pu to heavy metal (U + Pu)

in the blended sol was 0.193; however, in the dried gel shard, the ratio

was 0.183 (see Table 1.2). Since only one analysis was made of the

shards, the results are not conclusive, but there is a possibility of

some segregation of Pu and U during drying. The Jjet-milled powder con-

tained 0.193 weight fraction Pu; this indicates that the effects of any

segregation that might occur during drying are no longer evident after

the material has been blended in the grinding operation. The fines .
collected in the dust bag of the jet-mill exhaust contained 0.186 weight

fraction Pu. The exhaust dust was analyzed to determine if there were

any gross segregation of Pu and U during grinding. The results indicate
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Table 1.7. Densities of Pellets Sintered in Seven
Production Runs for Engineering Test Reactor

Density, % Theoreticala’b
Sin;iiing Green Sintered® Av?%?ge
Left Center Right Left Center  Right
103 44..3 4.5 45.1 83.4 84.1 8l.4 83.0
104 45.0 45.0 45.2 82.2 86.7 84.6 84.5
105 45.3 45.4 45.5 83.1 85.5 84.3 84.3
106 45.3 45.3 45.4 83.9 85.2 83.3 84.1
107 46.0 45.5 45.4 8L.7 84 .6 84.0 83.4
108 45.6 45.4 45.5 82.8 84.1 83.6 83.5
109 45.4 45.8 45.6 82.4 84.9 84.5 83.9

%pased on theoretical density of 11.06 g/cm®. (Ratio of O:metal).

bDesignations left, center, and right indicate position of sample
in sintering boat.

cAverage of two pellets from each position in boat.

Table 1.8. Moisture in Effluent Gas, Ratio of Oxygen to Metal,
and Gas Release of Pellets from Seven Production Runs

Ratio O:Metal

Sinterin H20 in Gas

: g Effluent Gas Released
Run (opm) Before After (cmg/g)

PP Grinding Grinding

103 28 1.991 1.946 0.91
104 27.5 1.974 1.940 1.00
105 17 1.967 1.952 1.8
106 24 1.963 1.943 0.81
107 31.5 1.988 0.67
108 30.5 1.990 0.70

109 37.8 1.986 0.03
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that the amount of separation, if any, is very small. Measurements on

the dried gel shards by Hg porosimetry show the bulk density at atmo-

spheric pressure to be 4.40 g/cm3 and the density at 10,000 psi to be

only 4.48 g/cm3. Since a pressure of 10,000 psi is sufficient to force

Hg into 170-A openings, the measurement at 10,000 psi indicates that

either

1. +the porosity is closed,

2. the pores are less than 170 A in diameter or at least that the
passages connecting the pores are less than 170 A, or

3. the crystal density is 4.48 g/cm3.

By means of Hg porosimetry alone, one cannot determine which of these

is correct; however, measurements by Hg porosimetry in conjunction with

measurements of the Brunauer-Emmet-Teller (RET) surface area, can resolve

the uncertainty. The surface area of the dried gel shards is about

36 mz/g, which corresponds to a particle size of 100 to 200 A. This

indicates that the dried gel shards are made up of agglomerates of 100-

to 200-A crystallites with interconnected porosity of less than 170 A.

The surface area of the jet-milled powder was about 44 m®/g; this
indicates that the basic character of the particles was not changed
during grinding; the particles were only reduced in size. This is the
first time that we have observed an increase in surface area during Jjet-
milling; normally it decreases slightly. The higher surface area of
the fines (51.3 mz/g) is consistent with previous observations.

The sintering tests on the two batches of powder calcined in Ar
(ET3A-H95) and in Ar—4% Hp (ET3B-H9) indicated that either type of
powder could be used for making 84% dense powder. The green densities
were lower and shrinkages higher for pellets pressed from the powder
calcined in Ar—4% H,; however, since we were able to press this powder
slightly better, we selected it for further work.

The surface area of the powder calcined in Ar was about what we
expected, about & mz/g; however, the surface area of the first two
batches calcined in Ar—% H: was much higher than we expected, 27 to
35 mz/g. Analysis of the batch ET3N, obtained by blending seven batches
of calcined powder, again showed the surface area to be high (33 mz/g);
therefore, the results appear to be correct. The ratio of O:metal in

the powder, from 2.22 to 2.44, is a little higher than the 2.15 to 2.25
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we were attempting to achieve. The higher surface area would account
for this because a powder with high surface area would oxidize more
readily when cooled in COp. One batch (ET3C-H97) was inadvertently
cooled in Ar—é% H, instead of COp,. After a small amount of handling

in the Ar-purged (but not high-purity atmosphere) glove box, this
material had a yellowish-brown color that indicated considerable surface
oxidation. All other powder calcined in Ar—4% H, was brown, while that
calcined in Ar was black.

The results of the sintering test of the seven individual batches
of calcined powder before they were blended indicated that five of the
seven batches would be suitable for making 84% dense pellets (Table 1.5).
The pellets from batch ET3B-H96 were only 81.4% dense. No explanation
could be found for the lower density of these pellets. The pellets from
batch ET3C-HO7 were 89.4% dense; however, this was probably due to the
increased surface oxidation of this powder that resulted because it was
not stabilized in CO,. We decided to blend all seven batches, expecting
that the low density obtained with batch ET3B-H96 would compensate for
the high density in batch ET3C-H97.

The test sinter of the blended batch of powder (ET3N) produced
pellets with sintered densities (Table 1.6) about 1 to 2% higher than
we had expected based on the results of sintering individual batches.

A different die was used in pressing these pellets, but this does not
appear to have been the cause of the variation in density, since the
green densities of the pellets corresponded closely with those of pellets
pressed from the individual batches. The source of variation might have
been additional oxidation of the powder as it was handled. If this was
the case, our stabilization treatment was not effective. We will con-
tinue to investigate this.

The average densities of the six control pellets in the seven pro-
duction runs varied from 83.0 to 8 .5% of theoretical (Table 1.7). 1In
each run, density varied with position in the boat; density was 2 to 3%
lower at each end of the boat than it was in the center. We attribute
this variation to the nonuniform temperature profile of the furnace.

After the pellets had been ground on a centerless grinder to the required

diameter for loading into fuel pins, the densities of all pellets were
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calculated. The percentage yields of pellets in three density ranges
are summarized in Table 1.9. The low yield of pellets with 84.0 * 1.0%
of theoretical density is primarily due to our inability to position the

boat so that all of the pellets were in the zone of uniform temperature.

Table 1.9. Yield of Pellets in Various Density Ranges
for Seven Sintering Runs

Pellet Yield in Indicated Density Range, %

Sintering 83.5-84.5% 83.0-85.0% 82.5-85.5%
of Theoretical of Theoretical of Theoretical
103 17 40 69
104 48 71 91
105 60 89 97
106 6l 74 97
107 28 52 66
108 54 74 89
109 24 47 76

The ratio of O:metal was determined on pellets from each sintering
run both before and after the pellets were ground on a centerless grinder.
Table 1.8 shows that the ratio of O:metal of pellets from the first four
sintering runs was significantly lower after grinding on a centerless
grinder. The reasons for this are not understood at this time, but we
are investigating.

Although the pellets were stored in a closed container that was
evacuated and backfilled with dry Ar, the gas release from pellets from
the first six sintering runs was extremely high (0.67 to 1.8 cmB/g).

After an extensive investigation2

of the problem of gas release, we
reduced the gas release from pellets from the final sintering run to

0.03 em’/g by cooling them from 850°C in Ar.

Capsule Fabrication

Capsules for Irradiation of Mixed Oxide Fuels in ETR (M. K. Preston).

As our next thermal-flux irradiation test of mixed oxide fuels, we are
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planning four relatively simple instrumented capsules for the ETR. The
fuel will be contained within two claddings bonded with NaK for transfer
of heat. Thermocouples will be used to monitor the temperatures at the
surfaces of the claddings. In two of the capsules, the fuel column will
consist of four separate fuel pins with 3-in. fuel sections; the total
height of the stack of four fuel pins will be 34 in. 1In each of the
other two capsules, the fueled section will be a single fuel column

20 in. high. The cladding for the fuel pins will be the same as that
we plan to use in our series IT experiments in the EBR-IT,

0.250-in.-0D X 0.01l5~in.-wall-thickness type 316 stainless steel.

We completed capsule components for development of welding, for
fabrication of a dummy capsule for checking procedures, and for fabri-
cation of the two stacked 3-in. fuel units. Welds were developed to
comply with the ETR standards.

Equipment was assembled for loading NaK-44 (44% X) into the capsules.
The equipment was checked for leaks, and practice runs will probably be
made on dummy assemblies early in January.

Assembly procedures were prepared, along with data sheets, for the
capsules with the stacked 3-in. fuel sections. These are being or have
been reviewed and checked on dummy hardware.

The following subassemblies were fabricated and inspected: (1) the
fuel-pin subassemblies, consisting of the tubing and bottom end plug;

(2) the bottom capsule subassembly, consisting of the bottom end plug
with the NaK fill tube, the internal sleeve, and the outer capsule tube;
and (3) the capsule top end plug subassembly with the eight thermocouples
brazed in place.

Five Sphere-Pac fuel pins and three pellet fuel pins, all with
3-in.-~-long fuel columns, were completed and accepted. Two pellet fuel
pins are being rebuilt due to faulty welds. These will be completed
the first week in January.

Series II Unencapsulated Fuel Pins for Trradiation in the Experimental

Rreeder Reactor-II (R. B. Pratt, M. K. Preston). — During fiscal year 1970

we plan to fabricate 19 unencapsulated fuel pins for irradiation in a 37-

pin subassembly of the EBR-II shared with the Babcock and Wilcox Company.

Eighteen positions will be used by Babcock and Wilcox Company, and 19
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positions will be used by ORNL. Fach site is responsible for fabrica-
tion, inspection, shipping, and postirradiation examination of its own
fuel pins. Our test pins will be fueled with pelletized and Sphere-Pac
fuel produced by the sol-gel process. Planning, scheduling, and pro-
curement of hardware and raw materials have been the principal activities
during the past quarter.

For our initial planning of fabrication, we created a critical-path
schedule that shows the sequences and interaction of more than 1000
fabrication activities. The computer output predicted completion in
May 1970. We have received approval-in-principle from the Division of
Reactor Development and Technology (RDT) to begin fabricating fuel pins.
The design of the fuel pin is being reviewed by EBR-II personnel.

A preliminary design of the fuel pin for the series II irradiations
in EBR-II was completed.’ The 40-in.-long fuel pin is clad with
0.250-in.-0D X 0.015-in.-wall-thickness type 316 stainless steel. A
1/16-in.-0D capillary tube is installed in the upper end fitting for
the purpose of introducing gaseous He and Xe. The pin contains 5 7/8 in.
of U0, blanket pellets and 13 1/2 in. of (U,Pu)Og fuel along with ThO;
insulator pellets, fiberfrax pads, a Ni neutron shield, an extensometer,
and a plenum spacer tube. The outside of the cladding tube is to be
wrapped with spacer wires by operations personnel at the EBR-II.

Laboratory management recently instituted a more formal program of
quality assurance. The program for fabricating the series II fuel pins
was selected to participate in this program. We are now accumulating
material and specifications for each type of raw material. In cases where
RDT specifications were not available, other suitable specifications
[such as American Society for Testing and Materials (ASTM), Military (MIL),
Aerospace, and Metallurgy (MET) specifications] were substituted. We are
in the process of qualifying our material to meet the appropriate specifi-
cations. All raw materials for mechanical components are on hand; archive
samples were stored, and chemical samples were submitted for analysis.
Considerable effort has been spent for inspections of the 700 ft of
0.250~in.=-0D X 0.218-in.-ID type 316 stainless steel seamless tubing

that 1s to be used for cladding. Longitudinal and transverse ultrasonic
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inspections were made, and the results were compared to the signal from
a 0.001l-in.-deep X 0.004-in.-wide X 0.030-in.-long standard. Tubing
with flaws less than the standard 1s acceptable for use in the EBR-II.

Specifications for the EBR-IT (U,Pu)Og fuel pellets are being pre-
pared. Four batches of Pu sol were received and blended with U sols.
These batches were tray dried, and the resulting shards were blended
and are being comminuted in a fluid-energy mill.

The initial output of the critical-path schedule showed that pre-
paration of UO; blanket pellets was the critical path. To alleviate
this situation, 200 pellets and 2 kg of U0 powder were obtained from
the Battelle Memorial Institute Pacific Northwest Laboratory (BNWL) .
Receipt of the U0, material and pellets reduced the estimated number of
days for this activity sufficiently to remove it from the critical path.
Approximately 380 pellets are being prepared by the Ceramic Process
Development Group. To date, a number of pellets have been test sintered
and are being analyzed. A pressing die was designed and is being fabri-
cated. Experiments with ThO, for the insulator pellets showed that the
die sized for the blanket pellets is also suitable for pressing the
insulator pellets.

The critical path presently concerns Sphere-Pac and pellet fabri-
cation activities. Specifications for both coarse and fine microspheres
are being prepared. The Chemical Technology Division is successfully
preparing (U,Pu)Og microspheres.

? of Xe tagging gas

During fabrication of the fuel pins, at least 1 cm
must be introduced into each pin. Drawings for equipment and procedures
for Xe tagging were received from BNWL and the EBR-II site. At General
Flectric and Argonne National Laboratory, a device similar to a hypodermic
needle is used to puncture a septum and withdraw Xe gas, which is then
ejected into individual fuel pins. At BNWL the He and Xe gases are mixed

beforehand and then admitted through valves into each fuel pin. ZFach sys-

tem seems to have some drawbacks. Therefore, we have prepared a conceptual

design for a third system in which each fuel pin is evacuated, the free
volume is determined, and the fuel pin is then evacuated once more before
introducing into the pin, through valves, first a measured amount of Xe

and then a measured amount of He. The resultant mixture is at a pressure
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slightly above atmospheric. The gases are introduced through a capillary
that is later pinched shut, cut, flattened, and welded. This does not
require the use of cryogenic or Hg Toepler pumps nor handling of a cum-
bersome, 4-ft-long "hypodermic' needle. Information and procedures for the
conceptual design are being transmitted to the EBR-II site for review and

approval.
Characterization of (U,Pu)Og Fuels

J. M. Leitnaker D. L. McElroy C. S. Morgan

The development of sol-gel fuel fabrication requires characterization
of both the chemical composition and physical properties of the material
to control the process and to interpret meaningfully the irradiation
behavior. Thermodynamic studies will contribute to the development of
the process for producing the fuel and will aild in predicting fuel per-

formance for both irradiation testing and model studies.

Analytical Chemistry (W. H. Pechin)

The Analytical Chemistry Division procured equipment for analyzing
water sorbed on the mixed oxide fuel at desorption temperatures to 1000°C.
This equipment should be installed, tested, and placed in service in time
for use on the fuel for the series II irradiations in the EBR-II. The
moisture analysis will ensure the capability for characterizing (U,Pu)Og
fuels in accordance with the specification. This analysis is also
required in conjunction with the problem of gas release, as discussed
previously,zr4 since moisture may contribute to the gas release. 1In
this case it would probably be detected as Hz, which would confuse the

problems of retention of H during heat treatment and adsorption of water

after heat treatment.

Control of Gas Release and Ratio of Oxygen to Metal (W. H. Pechin,
R. A. Bradley)

Specifications for nuclear fuels normally include a maximum volume

of gas to be evolved by the fuel at elevated temperature. The current
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specification for the Fast Flux Test Facility allows not more than
0.05 em® of gas (sTP) per gram of fuel and, additionally, a maximum of
30 ppm by weight of H,O0. Using the gas release technique described
previously5 we have often observed values in excess of 20 times the
desirable limit. Table 1.10 lists the ratio of O:metal and gas release
measured on pellets prepared for the ETR capsules. During the period
covered by this report we have concentrated our efforts on determining
the source of evolved gas and on finding means of controlling it.

We had previously observed that the amount of gas released increased
with the time since final heat treatment. We attributed this behavior to
adsorption of moisture by the pellets. Accordingly, we handled the
pellets from subsequent sintering runs in such a manner as to minimize
exposure to the atmosphere of the glove box and stored them in desiccators
containing less than 1 ppm moisture.

Even with these precautions, however, the gas release from the fuel
may be as high as 0.50 cm3/g. This and the fact that mass spectrographic
analysis of the evolved gas has always shown it to be largely H, indi-
cated that the gas was probably H, being retained fram the heat treatment
in Ar—% H,. Therefore, we performed several experiments in the produc-
tion sintering furnace with its associated moisture monitor to determine
if this were the case.

These experiments are described in Table 1.10. All of these runs
were made with pellets that had previously been sintered; the heating
rates were 300°C/hr, and gas flow rates were 2.5 ftB/hr. We dried all
gases to a moisture content of less than 1 ppm before we admitted them
to the furnace. Between the heating cycles of a given heat treatment,
the furnace was not opened to the atmosphere of the glove box.

In the first run, as illustrated in Fig. l.l(a), the pellets were
heated in Ar~4% H, to 1425°C and held at that temperature until the
effluent moisture dropped to 30 ppm. This level corresponds to an
O:metal ratio of about 1.97. The very large moisture peak observed in
this heating cycle was probably not due to reduction of the pellets but
rather to the fact that the furnace system had been saturated with CO;

in the previous run. The pellets were cooled to room temperature, and



Table 1.10. Heat Treatments 110 and 111
Gas Equivalent of Final Measured

Heat Heating Low-Temperature Moisture Cooling Gas Release

Treatment Atmosphere Peak Level Atmosphere at 1600°C
(em®/g) (ppm) (em?/g)

110A Ar—4% Hp 0.0 28.5 Ar—4% Hp

110B C0,-600°C, Ar-4% H» 0.035 26.7 Ar

110C C0,-600°C, Ar—4% Ha 0.0 28 Ar—% Hp

110D C0,-600°C, Ar—4% H 0.013 27.5 Ar 0.03

111A Ar 0.0 15 Ar—% Hp

111B Ar 0.0 12 Ar—4% Ho

111C C0,-600°C, Ar-4% H, 0.072 34.5 Ar—% Hp

111D C0,-600°C, Ar—4% Hp 0.025 18 Ar—4% Hp

111E C0,-600°C, Ar—% H, 0.024 10 Ar—4% Hp

111F C0,-600°C, Ar—4% Hp 0.019 23.5 Ar—4% Hy, Ar from 850°C

111G C0,-600°C, Ar—4% H, 0.0 10 Ar—.% H, 0.49

116C Air-400°C, Ar—4% H» 0.17 30 Ar—,% Ho

116D Air-400°C, Ar—4% Hp 0.22 30 Ar—4% H,

ce
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the second heating was begun in CO,, as illustrated in Fig. 1.1(p).
During this heating, we observed a moisture peak that began at about
380°C and reached a maximum of about 75 ppm. We hesitate to ascribe
this peak directly to moisture, since the pellets had previously been
equilibrated to a much lower moisture level. We believe that this peak
is caused by the evolution of Hy from the pellets. The evolved Ho
reacts with the CO»> atmosphere to form water. After the peak appeared
to be complete, we switched the atmosphere in the furnace to Ar—47 Ho
and heated the pellets to 1425°C. Again, the moisture in the effluent
was reduced to about 30 ppm. The pellets were then cooled to room tem-
perature in an Ar atmosphere. During the third heating [Fig. 1.1(c)],
which was again in a CO, atmosphere, there was no peak at low tempera-
ture. This indicates that cooling in an Ar atmosphere prevented the
fuel from picking up Ho. The pellets were again reduced to about 30 ppm
moisture at 1425°C and cooled in Ar—<% Ho. The fourth heating
[Fig. 1.1(a)] indicated that the peak at low temperature was again
present. The pellets were again reduced to 30 ppm moisture at 1425°C .
in Ar—4% Ho. After this fourth heating, the pellets were cooled in Ar
and removed from the furnace. -

The pellets that received heat treatments 110 and 111 (Table 1.10)
were similar. The amount of reduction of the pellets was varied between
10 and 35 ppm moisture. The trend seems to be that greater reduction
caused a greater peak at a low temperature but that repeated temperature
cycling reduced the size of the peak. The gas equivalents in Table 1.10
indicate the number of grams per cubic centimeter of Hp released by the
pellets that would be required to cause a moisture peak of the magnitude
observed. The number was calculated from a graphical integration of the
peak, the known weight of pellets in the furnace, and the known flow rate
of the furnace gas.

Our experiments showed that Hy; can be retained by the fuel during
heat treatment and that this retention can be avoided by cooling in Ar.
The magnitude of the retention demonstrated in heat treatments 110 and -
111 is considerable compared to the fuel specification, but is not great
enough to explain the amount of gas released, about 1.0 cmB/g. A possi-

ble explanation i1s that not all the Hz evolved in conjunction with the

peaks observed at low temperature in heat treatments 110 and 111 was
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oxidized to H20. To determine if this were the case, we ran the same

type of experiment (heat treatment 116) in air instead of CO, while
heating through the low-temperature peak. With the air atmosphere, the
peak content at low temperature was 0.17 to 0.22 cm’®/g. This represents
from 25 to 50% of the amount of gas typically found in these pellets
after cooling in Ar-4% H, and indicates that the H, was not completely
oxidized in heat treatments 110 and 111. Since the Hp, may not be com-
pletely oxidized even in air, we have installed a catalytic unit in the
effluent line ahead of the moisture monitor to ensure that the reaction
between Hy; and O, is complete before the gas reaches the moisture monitor.
Table 1.10 shows that cooling in Ar reduces the gas released at
1600°C and also eliminates the moisture peak at low temperature. It is
not practical to measure the gas released at temperatures as low as 400°C
in our present apparatus; however, one sample that had been cooled in
Ar—% H, was analyzed at an estimated temperature of 600°C and found to
release 0.65 cm3/g. The sample was heated to 1600°C and released only

- at or below 600°C. The results of mass spectrographic analysis of the

gas released by this sample at 600°C are given below:

\
|
. an additional 0.03 cmB/g, showing that nearly all the gas was released

Species Vol %
Hy 98.8
H,0 0.7
H, + CO 0.3
CO2 0.1

A control sample from the same batch that was analyzed at 1600°C in the
usual manner released 0.55 cam®/g.

One-half the pellets from heat treatments 110 and 1lll were exposed
to the atmosphere in the glove box while the other half of each run was
placed in a metal desiccator with molecular sieve desiccator. Samples

. from each portion will be sent for analysis of gas release at intervals
to determine the effect of exposure on gas release. Preliminary results

from this experiment are listed in Table 1.11. Pellets cooled in Ar

release less gas than those cooled in Ar—4% Hp. In addition, the rate
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Table 1.11. Effect of Furnace Atmosphere During Cooling and
Length of Exposure on Gas Release of (U,Pu)Og Pellets

Heat Exposure Exggizre Relgi:ed
Treatment Condition
(Days) (em?/g)
110 Glove box 0 0.03%
cooled in 2 0.03
Ar 6 0.04%
13 0.05
1 18 0.05
Desiccator 5 0.05%
6 0.02
! 18 0.05
111 Glove box 0 0.49%
cooled in 2 0.86
Ar—4% Hp l 7 0.98
Desiccator 7 0.91

aAverage for two pellets.

bDiameter reduced by 0.010 in. by grinding on a centerless grinder
under an Ar atmosphere.

of gas release from pellets cooled in Ar—4% H» apparently increases with
time after cooling while the rate for pellets cooled in Ar does not.

As shown in Table 1.8, a significant difference in the ratio of
O:metal was seen in sintering runs 103 through 106 before and after the
pellets were ground on a centerless grinder. This indicates a steep
gradient in O:metal ratio with a high value at the surface and a low
value at the center of the pellet. Such a situation could occur if the
pellets oxidized while cooling. The moisture content of the effluent
gas, measured during the cooling of these sintering runs, did decrease
as temperature decreased; however, when the partial free energy of 0;
in the furnace atmosphere was calculated from the moisture values, it
was found that the furnace atmosphere was oxidizing to the pellets during
cooling. The overall average ratio of O:metal for the pellet is the
quantity of interest, since the 0, will be redistributed at operating

temperature, but the presence of such a steep gradient complicates the
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control of this ratio. Thus, if the situation indicated by the ratio
of O:metal of sintering runs 103 through 106 is true, it will require

further investigation.

Analytical Characterization (K. E. Spear, J. P. Deluca)

We performed experiments to (1) establish standard oxide samples
for determining O content, and (2) establish the relationship of com-
position, lattice parameters, and O potential in oxide fuels.

Standard Samples. — We are in the process of preparing (U,Ce)Og

samples for examination after irradiation by means of the electron
microprobe. The samples are coprecipitated, centrifuged, washed,
centrifuged again, dried, partially reduced in Hp, and then pressed
and sintered into l/4-in.-diam specimens for mounting.

Measurements of Oxygen Potential. — We have customarily defined our

0 potentials by mixtures of gases, usually CO and CO;. For a variety of
reasons it seems desirable to be able to measure O potentials indepen-
dently of mixing conditions. To accomplish this we have constructed an
0O meter. The principle behind the meter is the fact that conduction
through CaO-stabilized Zr0O, is ionic via O ions rather than electronic.
Thus, the potential across such a plate that has different O potentials

on each side will be given by

RT o, (a)
E = 3= 1n —=—2 (1.1)
“F ? POg(b)

where E is the potential, R is the gas constant, T is the temperature of

and P

the tube, F is the Faraday constant, and P ) are the 0O,

0z (a) 02 (b

pressures on side (a) and (b) of the plate.

The element itself is constructed of a Ca-stabilized Zr0O, tube.
The furnace gas contacts the inside of the tube and air contacts the
outside. A simple wire-wound heater is used to keep the temperature
of the tube at the desired level.

The measurements of O potential can be exceedingly accurate if
temperature is controlled and measured carefully. Thus, we have

successfully measured O potential within 0.1% of the calculated value
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for a 10:1 gas mixture of CO and CO, at 1100°K: 1.040 v. This
corresponds to an O pressure (at this temperature) of 2 X 10718 atm.

It costs about $20 to construct this meter. If it is to be used
for monitoring a glove box, for example, an inexpensive device for
measuring voltage will provide all the sensitivity desired. Measurement
of precise potentlals requires more elgborate equipment, but the element
is the same.

Solution of Rare-Farth Fission Products in Fuels (W. H. Hendrix,®

K. E. Spear). — Rare earths constitute about one-fourth of all fission
products. Their behavior in a fuel as a function of burnup can have
important consequences such as directly affecting the O potential. Most
of the rare earths commonly exhibit an oxidation state of +3. When they
are dissolved in the U0, fluorite structure, however, the effective oxi-
dation state of the whole can become +4 or even greater.” The O poten-
tial at which this occurs is not known. The O potential as a function
of burnup is likely to be an important parameter in the cladding trans-
port via Cs, as discussed above. We have begun an investigation into
the relationship between composition, lattice parameter, and O potential
in the systems of a rare earth (RE) and either U0z, PuO,, or (U,Pu)0,.

Lattice parameters of the UO,-REO;,s system can be synthesized by
one general relationship. (Note that the O composition of the system
lies between the fluorite UO; and the rare-earth sesquioxide.) Ferguson
and Fogg8 report a general equation,

a, = 0.39%3a_ + 1.2285 (1), (1.2)
in which a, is the lattice constant of a body-~centered cubic (bce) rare-
earth sesquioxide and af is the lattice constant of an imaginary rare-
earth fluorite phase obtained by extrapolating data for the lattice
constant of solutions of the rare-earth oxides in fluorite-type oxides
to pure, imaginary rare-earth sesquioxides. This equation is closely
obeyed by a large number of oxides with the bcc D53 structure when they
are dissolved in a fluorite structure. Ferguson and Fogg8 showed that
the U02-Y0, 5 system also obeys this equation. Our examination of the

work of Lynch9 shows that, within the experimental error, the U0Oz-LaO; s
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system also obeys this general relationship. Since La,03 represents,
- in size, one extreme of the rare-earth sesquioxides while Y203 is
nearly at the other extreme, it is reasonable to assume that Eq. (1.2)
is general and will be obeyed for all systems of REO,,s and UOz, PuOy,
and (U,Pu)Og. In Table 1.12 we tabulate the calculated lattice con-

stants for the imaginary fluorite sesquioxide.

Table 1.12. Calculateda Fluorite Lattice Constants
of Rare-Earth Sesquioxides

Rare Lattice Constant
Earth (a)
v/ 5.398
La 5.724
ce () 5.686
pp (¢ 5.647
Na 5.594
: o (€ 5.580
i Sm 5.538
. u 5.514
Gd 5.495
Tb 5.452
Dy 5,436
Ho 5.408
Er 5.381
Tm 5.361
Yb 5.341 |
u 5.329

aCalculated from the equation

a = 0.3943 a_ + 1.2285
0 c

where a, is the lattice constant of the D5; sesquioxide.

- bYttria is often treated as a rare earth, not only
because of its size, but also because of its position
in the periodic table.

“The sesquioxide lattice parameter is an interpolated
value.
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Our own work, as well as previous work by a number of investigators,
indicates that the solutions of U0.-REO, 5 are easily oxidized, although
this has not been determined quantitatively. Anderson et §£.7 indicate
that Y0;.5-U0, solid solutions "oxidize vigorously at temperatures of
—20 to +20°C." Therefore, at this juncture, it is difficult to fix with
any confidence the lattice constant versus composition of (U,RE)OQ—X
compositions; most of the literature data appear to be badly scattered
and not determined as a function of O potential. The data of Aitken
and Joseph, 1° however, appear to be good in this regard. Their experi-
ments were performed at a constant O potential (107°*°) over the low
"YO," portion of the range. Extrapolation of their linear data between
Ug.81Y0.1902 and Uop.5,4Y0.2602 to pure, imaginary YO yields a lattice
parameter of 5.212 A, while pure, imaginary fluorite-phase YO;.s has a
lattice parameter of 5.398 A. Thus, oxidation of YO;, s in the imaginary
fluorite phase to the imaginary YO, fluorite phase reduces the lattice
parameter by 0.186 A.

We continued to investigate the dissolution of rare-earth oxides
in UOz. Blending and heating dry powders of U0, and Ce0O, does not appear
to yield equilibrium within reasonable time, even at relatively high O
potentials. Mixing 80 mole % UO» and 20 mole % CeO, and heating 16 hr
at 1200°C in a 5:1 mixture of CO, and CO resulted in lattice parameters
of 5.47018 + 0.00023 for the U0z and 5.4112 * 0.00014 for the CeOs.
These phases should be completely soluble in each other.

Mixing nitrate solutions of the two materials, precipitating with
NH,OH, and subsequent heating appears, however, to allow us to reach
equilibrium. We have used this technique to mix the materials to 5, 10,
20, and 40 mole % CeOz. The data obtained thus far are tabulated in
Table 1.13. These samples were quantitatively precipitated into NH,OH,
filtered, heated in precalibrated frits in H, for 16 hr at 400°C, and
finally equilibrated in mixtures of CO and CO>.

Apparatus for Measuring Thermal Conductivity to 10 atm and 1400°K
(P. H. Spindler)

We assembled our radial heat-flow apparatus in preparation for

measuring thermal conductivity of an 84% dense bed of vibratorily



Table 1.13. BResults of Conversion of Ce-U-0 Nitrate Mixtures to Oxide

'Weight o? Hgféggzczg Weight of Material Converted %?
Sample Startlng Magerlal, g Material Mixed Atmosphere of CO and COz,” g
Ce U Total (g) Ce U 0
5 0.1748 5.4757 5.6505 6.6294 0.0406 1.2708 0.1663
10 0.3645 5.4746 5.8391 6.8757 0.1327 1.9936 0.2865
20 0.8055 5.4741 6.2796 7.4666 0.2685 1.8248 0.2970 W
40 2.1531 5.4802 7.6333 9.1563 0.3833 0.9755 0.2072 "

aWeighed as (NH4)2C€(NO3)6 from standard sample material.
bWeighed as ammonium uranate. The amount of U was determined in a separate experiment.

CSince we know the absolute amounts of U and Ce in the Ho-reduced material, we can calculate
the absolute amount of U and Ce transferred into the crucible for heating in the mixture of CO and
COz. In the final product, the weight of U, the weight of Ce, and the weight of O are assumed to
total 100%.
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compacted ThO; microspheres of two sizes. This bed of ThO, microspheres
was loaded into a sample container, but the container has not been placed
in the apparatus. In the meantime, we measured the thermal conductivity
of two beds of Al,0; powder at room temperature as a function of Ar over-
pressure from 0.02 to 1 atm. We intend to measure the ThO, bed to check
our previous measurements to 1200°K and 2 atm of He and Ar. If adequate
checks are obtained, we will extend our measurements of this sample to

10 atm and 1400°K before we install a bed of U0, microspheres. The
present apparatus can be incorporated into the Pu glove box when it

arrives.

Conduction of Infrared Radiation (P. H. Spindler, J. P. Moore )

Defining the thermal conductivity of nuclear oxide fuels at high
temperatures i1s important, for thermal conductivity controls the dis-
tribution of fuel temperature, which in turn governs the behavior of
the fuel under irradiation. One unanswered question about conduction
in U0, is whether or not there is a significant component for trans-
mission of infrared radiation at high temperatures. Other investigators
have attempted to calculate the infrared component, but we believe that
their calculations were based on questionable assumptions. Another
difficulty is that measurements of thermal conductivity above 1200°C
are inaccurate and thereby invalidate experimental answers to the
primary question about UO;.

During the past year we derived equations for calculating the con-
duction by infrared radiation and attempted to test these equations
by measuring the thermal conductivity of materials with known coefficients
of spectral absorption. We selected single-crystal and polycrystalline
LiF, since we expected the effect of conduction by infrared radiation in
materials to be large within the temperature range in which accurate
(about i2%) data could be obtained. The results of our approach are
11

described below.

Experimental Data. — Previous reports 1°~1° indicate that the thermal

conductivity of single-crystal and polycrystalline LiF decrease with

increasing temperature, but not exactly as expected for three-phonon
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processes in an electrical insulator. For this case one expects the
lattice thermal resistance to be a linear function of temperature.
From 200 to 450°K, our data for thermal resistance, A1, fit the linear

equation

—

$=0.033 T ~2.83, (1.3)
where A is in w/cm °K and T is temperature in °K; but above 450°K, the
thermal resistivity data deviate negatively from the linear function.
At all temperatures above 450°K, the difference between the measured
thermal conductivity and the values calculated from this equation is
assumed to be due to transmission of infrared radiation.

. . 6
Close examination?!

of the optical properties of the L1F specimens
revealed that the single-crystal specimen was nearly optically thin for
a radius of 2.54 cm, whereas the polycrystalline specimen of the same
size was optically thick. This means that the single crystal of LiF
acted like a window in the wavelength range in which thermal radiation

occurs (0.12 to 9.0 um); that is, photons were passing through the
single crystal without significant interaction. A calculation for the

single crystal of LiF, assuming limited photon interaction and boundary
conditions of blackbody radiation, yielded a nearly linear relationship
between thermal resistance and temperature to 1100°K that agreed with
the extrapolation of the data for low temperatures. This helped to
establish the contribution of the lattice portion of the thermal con-
ductivity to the total thermal conductivity at high temperatures. The
data for the thermal conductivity of the optically thick polycrystalline
LiF represent the sum of lattice and radiation conduction, and the dif-
ference between the actual data for thermal conductivity and the extrap-

olation of the ratio of thermal resistivity to temperature is the total

thermal conductivity that is due to the conduction of infrared radiation.

This difference is shown in Fig. 1.2 as a dotted curve. This curve is
based on an extrapolation of the linear relationship between thermal

resistivity and temperature at low temperatures (which was partly con-

firmed by the corrected data for single-crystal material that represented

the lattice contribution). However, the exact placement of the lattice

contribution is still being studied.

o ‘
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Fig. 1.2. Conduction of Infrared Radiation in Polycrystalline
Lithium Fluoride. Rosseland approximation and the Genzel equation
applied to experimental data to calculate conduction of radiation.

Curve 1: calculated for a constant absorption coefficient of .
0.26 min~1. Curve 2: calculated for an absorption coefficient depen-

dent on wavelength. Curve 3: calculated absorption coefficients *
dependent on wavelength and temperature. .

The contribution to the total thermal conductivity that we infer
from our experiments to be due to conduction of infrared radiation
increases with temperature. Figure 1.2 compares a curve for these values
with three curves determined by calculations of the infrared component
by means of the procedures described below. The values inferred from
our experiments fall within #0.005 w cm~!°K~! of all three calculated
values and offer no firm confirmation of which calculation is best,
but all seem to be satisfactory.

Calculation Procedure. — Application of the Rosseland approximation17

for calculating the contribution made to the total thermal conductivity
by the conduction of radiation (see, for example, Flynn18), requires

that the specimen be optically thick (that is, that the optical thickness
of the material be much greater than 1 for all wavelengths). This is
only the case when the total thermal radiation emitted at one boundary

of the material is completely absorbed by the sample matter. Therefore,
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a knowledge of the optical properties of the material used for measure-

ments of thermal conductivity is essential for analysis of the results.

The first computer program we developed, which is based on a work of

Czerny and Genzel,19 allows a determination of the depth of transmittance

of radiation emitted in the center of a solid cylinder.

20 Tf we assume

that the radiating core emits blackbody radiation, we obtain for the

depth that diffuse radiation penetrates into the cylindrical specimen

(04 r
0 0 ] e
T o= 8 he” /l + £>f L | exp [ K(?\)r———( ZR)—!
o
b o T T R 50 05 [exp/ P\ | =0 cos |
K? k?/
S -—
N
(04 \
arctan <&} cos sinx dx dA , (1.4)
V(1+5) %=1
R
where
Hb depth of diffuse radiation,
h = Planck's constant,
c = velocity of light,
Stefan-Boltzmann constant,
temperature,
n index of refraction of specimen,
n, index of refraction of core,
R = radius of core,
r radius of specimen,
A = wavelength,
k Boltzmann's constant,
@ = angle under which the radiation flux hits an area element
on the cylinder mantle,
7T
= f >
5 forn =n_
Oéo .
arcsin{ — Jfor n_ < n_,
n c s
I,
K = absorption coefficient .
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If one knows the temperature and the distribution of spectral
energy in the core as well as the wavelength and temperature dependence
of the absorption coefficient, K, then this equation can be solved by
numerical integration.

In some particular cases it is possible to assume the specimen to
be a gray absorber. Then the equation for the depth of transmittance

reduces to

0 r
_ 4 ry K-r(l + §_§) cosq
I == +32) [ exp|~——————] arctan/ ——
g B R =0 cos B PR
(1 +=)2=1
R
cos® sin @ 4o . (1.5)

If n = 0 for the sample dimensions for all temperatures of interest
(equivalent to the optically thick limit), then the Rosseland approxi-
mation for calculating the contribution of thermal radiation can be

applied. The total radiative thermal conductivity is

16 ng o T°
A= — (1.6)

r BKR

where KR is the Rosseland mean absorption constant, which is defined by

d
Lo "o

Tl
K, éK(?\,T) ' aE, ar (1.7)

where Eb% and Eb are the abbreviations for Planck's radiation law and
the Stefan-Boltzmann law, respectively.

For the polycrystalline LiF, ﬂb ~ (0 for r = 1.0 at all temperatures
investigated; that is, the material was optically thick .in the case of
our sample dimensions (r = 2.54 cm). In the single crystal, for

r = 2.54, the depth of transmittance n, indicates 4% of the thermal

b
radiation is absorbed at room temperature and about 33% at 1100°K; that

is, the Rosseland approximation cannot be used per se, but one has to
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consider that 67 to 96% of the total radiation energy 1s exchanged
between the boundaries of the specimen.

The three curves shown in Fig. 1.2 for the portion of total thermal
conductivity due to radiation were calculated by means of the Rosseland
approximation. Curve 1 represents Eq. (1.6) with an average constant
absorption coefficient K = 0.26 mm~!. It is the simple case of gray
absorption and shows a cubic dependence of the conduction of infrared
radiation with temperature. In curves 2 and 3, the absorption coeffi-
cients used for the computation of KR in Eq. (1.7) are respectively
dependent on wavelength alone and on wavelength and temperature. As is
shown in Fig. 1.2, both curves are no longer cubic with temperature, T;

but Flynn18 showed that the conduction of infrared radiation, A for

R}
some materials could increase with Tn, where n might be as large as 10.
As outlined above, the dotted curve in Fig. 1.2 shows the calculated

values of %R = A , for which we used our experimental

total %phonon

data for the total thermal conductivity and assumed that the thermal

resistivity due to A1 is the extrapolation of the straight line
phonon

between 300 and 400°K.

Extension to UO»

The significance of the radiation component in U0, is difficult to
assess because of the lack of data for the spectral absorption coeffi-
cient at high temperatures. If we use the room-temperature values of
Bates?! and assume that the coefficient does not vary with temperature,
the above equations predict a value of 0.022 w cm™1°K~! for the radiation
component at 1400°K. This upper limit value would be roughly equivalent
to the lattice conduction.

We believe that conduction of infrared radiation is insignificant
at all temperatures — even for stoichiometric single-crystal UO; —
because the absorption coefficient should increase rapidly with
increasing temperature. Since U0, is a semiconductor, the absorption
of infrared radiation would increase above the intrinsic temperature

22

due to electronic transitions. Even below the intrinsic temperature,

the absorption coefficient would increase almost exponentially with
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3

temperature due to multiphonon effects.? This increase in the absorp-

tion coefficient is reflected in the behavior of the emittance of UOp

24

with increasing temperature. Because of this, we believe that the

effects of temperature on the absorption coefficient negate a signifi- ”
cant contribution of infrared radiation to the total thermal conductivity.
Proof of this must await measurements of the spectral absorption coeffi-

cient of U0, above room temperature.

Irradiation Testing of (U,Pu)02 Fuels

C. M. Cox

The performance characteristics of mixed (U,Pu)Og fuels are being
evaluated in a variety of irradiation tests for potential application
in an LMFBR. We are now concentrating on comparative tests of sol-gel
fuel fabricated as pellets or as microspheres compacted by the Sphere-
Pac technique. The program includes thermal-flux experiments, which -
permit use of instrumented capsules and the achievement of high levels
of burnup in relatively short periods of time, and fast-flux experi-
ments, in which the fission rate distribution and radiation effects on
the cladding are more typical of those for operating conditions antici-
pated in an LMFBR. Mathematical models of fuel behavior are being

developed in conjunction with the experimental program.

Uninstrumented Thermal-Flux Irradiation Tests (A. R. Olsen, D. R. Cuneo®”)

A series of uninstrumented capsules is being irradiated in the X~
Basket facilities of the ETR. Each capsule contains four test pins
arranged in tandem. The initial objective of these tests was to investi-
gate the effects of fabrication form with extended burnup on the release
of fission gas, migration of fission products, and fuel swelling. Some
capsules are now being irradiated specifically to provide short-cooled
irradiated fuel for LMFBR reprocessing studies. The results of the -
first three capsules irradiated to low burnup in this series were dis=-

cussed at the Winter Meeting of the American Nuclear Society.26 The .-

current status of all the tests in this series is given in Table 1.1l4.




Table 1.14. Uninstrumented Thermal-Flux Tests of (U,Pu)O, Fuels

Capsule Fuel Nug?er Peak Peak Linear ieak Céad%ing g
p Form Composition Burnup Heat Rate nner suriace tatus
Number Fuel (4 FIMA)a (W/cm) Temperature November 1969
Pins (°c)
43-99  Sphere-Pac (*?°Ug,g0,Pug.20)02.00 2 .5 1640° 1000 Examined
43-100  Sphere-Pac (235Uo,go’Puo,zo)02.oo 2 l-4b 1470b 900 Examined
43-103 Sphere-Pac U0z, 2 (20% 235y) 3 5 690 530 Being Examined
Pellet U0z o (20% 23°U) 1
43-112 Sphere-Pac (238Uo,85’Pu83%5)01.97 3 0.7 500 360 Examined
U0z.02 (20% =°°U) 1
43-113  Sphere-Pac (238U Pug.15)0 3 10° 500°¢ g0°
- 0.85» 83%5 1.97 3 In-reactor
U0z .02 (20% =°°U) 1 ~ 8.5% FIMA
43-115 Sphere-Pac (238Uo,85,Pu8,%5)01.97 3 6.5 600 460 Being examined
U0z.02 (20% <°°U) 1
43-116 Sphere-Pac (238Ub,85,Pu0_15)01_97 4 1.5° 600° 460° Being examined
43-117
f.
43-11gt Bet: FIR - @sey 5y o, 4 1.5% 600° 460° In preparation
43110 Pellets

SFIMA is fissions per initial actinide metal atom.
bPins falled in reactor from overpowering.
“These are target design values.

dThis is an approximate level. Test will be irradiated for two ETR cycles to produce fuel for
reprocessing studies.

6t
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Capsule 43-~113, the only capsule currently under irradiation, was

reinserted after interim neutron radiography for one ETR cycle at the
same flux used to achieve the initial calculated burnup of 7.5% fissions
per initial heavy metal atom (FIMA). The capsule was then moved to a -
new position with an unperturbed neutron flux measured to be 10% higher
than that of i1ts old position. This step in flux was designed to main-
tain the peak linear heat rate in the center two fuel pins at about
15 kw/ft for the remainder of the scheduled burnup to 10% FIMA.

During the past quarter we continued the metallographic examination
of capsules 43-103 and 43-115. Only one fuel pin from capsule 43-115
has not yet been examined.

Capsule 43-103, which contained three Sphere-Pac UO, (20% °2°U)
pins and one pellet pin of the same composition fuel, was irradiated in
a slightly higher flux than was requested. This led to high peak linear

heat rates as reported previously.-”

No fuel pins failed, and there

were no significant changes in the diameter of the claddings; but the

molten fuel in the center of the two centrally located pins penetrated .
the ThOp insulators between the fuel bed and the gas plenum. During .
subsequent reactor process cycling some fuel was expelled through this
central hole into the plenum region. This is shown in Fig. 1.3. The
increased cooling provided by the fuel pin end plug reduced this pene-
tration for the lower ThO; insulators. This is shown in Fig. 1.4. This
figure also shows additional features of interest. The photomacrograph
clearly shows colummar grains in the center with the Sphere-Pac fuel
retained at the interfaces with the cladding as reported previously.28
The beta-gamma autoradiograph does not show the distinct line of fission
products normally seen near a molten boundary. This confirms the tem-
perature analysis of the restructured fuel, which indicates no melting
after restructuring, even at a linear heat rate of 22 kw/ft. The alpha
autoradiograph shows a uniform distribution of 235U; the darker regions
near the cladding resulted from reduced self-shielding in the lower

density fuel. Comparison of the beta-gamma and the alpha autoradio-

graphs with the photomacrograph shows that the ThOp densified beyond
the depth of U diffusion. Although all of the standard metallographic
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columnar grain growth, with the predicted restructuring calculated by
means of the PR@FIL code?® with data for thermal conductivity derived from
(U,Pu)Og pellets. This provides further indirect support for the con-
clusion’® that the thermal conductance of Sphere-Pac beds in the reactor
is comparable to that of pellets of similar density.

The four capsules, 43-116 through 43-119, are being irradiated to
provide fuel that will contain fission products with short half-lives
for processing studies. No detailed postirradiation examination of
these fuel pins is planned. Experiment 43-116 has been processed, and
the results are being evaluated. Fuel for capsules 43-117 through
43-119 has been ordered. These pins Will use reference TFast Test

Reactor fuel and cladding materials.

Instrumented Tests in Oak Ridge Research Reactor (r. B. Fitts,
V. A. DeCarlo, >l K. R. Thoms,3! D. R. Cuneo?5)

The instrumented irradiations in the Oak Ridge Research Reactor
(ORR) are designed to monitor the thermal performance of test fuel

pins.>?

The temperatures of the cladding and the fuel center and the
rates of heat generation in the fuel pins are continuously measured
and recorded. These data are being used to evaluate the thermal
characteristics of various fuels in the reactor and the effects of
irradiation conditions upon the temperatures and rates of structural
change within the operating fuels.

The first test in this series, SG-1, was used to check the design
of the test capsule and obtain a preliminary indication of the thermal
performance of sol-gel Sphere-Pac fuel. Both objectives were attained.
The Sphere-Pac performed generally the same as would have been expected
for pellet fuels.

The second test, 8G-2, contained Sphere-Pac (Uo.go,Puo.2o)02 fuel
and was operated at gradually increasing rates of heat generation until
a temperature of 1500°C was reached at the fuel center. At this temper-
ature, the experiment was removed from the reactor for metallographic
examination of the fuel structure. This examination will provide a

characterization of the fuel structure at and below 1500°C for use as

a temperature indicator in uninstrumented irradiation tests. Samples

-n
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for this purpose are awaiting examination. Detailed analysis of the
data for operation in the reactor is proceeding.

The third capsule, SG-3, contains one fuel pin of (Ug.go,Pug.20)02
Sphere~Pac fuel that had a smear density of 82% of theoretical and a
second fuel pin- of sol-gel pellet fuel of the same composition and
smear density. This experiment will provide a direct comparison of the
thermal performance of Sphere-Pac and pellet fuels to central tempera-
tures of about 2000°C and will reveal the relationship between the struc-
ture and temperature near 2000°C. This capsule was inserted into the
ORR poolside facility on December 7, 1969, and has operated satisfactorily

to a maximum central temperature of 1100°C as of December 24, 1969.

Instrumented Tests in Engineering Test Reactor (c. F. Sanders)

Two instrumented capsules are being constructed for irradiation
in the ETR to investigate the swelling of Sphere-Pac fuels under con-
ditions of high retention of fission gas. These capsules will operate
at a peak linear heat rate of 15.5 kw/ft, which will give an inner
cladding temperature of 550°C.

The fuel pins have been fabricated, and the capsule assembly will
be completed during January 1970. The capsules will be inserted into

the ETR at the beginning of cycle 108 (March 15, 1970).

Transient Tests (E. J. Manthos, D. R. Cuneo®”)

Six fuel pins containing unirradiated (Uo.go,PuO.go)Og produced by
the sol-gel process were recently subjected to power transients at the
Transient Reactor Test Facility (TREAT). No failures occurred even
though two Sphere-Pac pins were subjected to a transient that probably
melted 50 to 60% of the fuel in the peak power regions.

?2 were conducted with two capsules,

The tests, described earlier,
each containing three fuel pins in tandem. Each fuel pin had an
8-in.-long fuel column and was clad with 0.254-in.-0D X 0.016-in.-wall
thickness type 304 stainless steel tubing. The principal fuel variables
were smear density, (81 and 88% of theoretical) and fabrication form

(pellets and Sphere-Pac vibratorily compacted spheres). The fuel columns
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were partially restrained axially with a spring-loaded extensometer

that was capable of measuring up to 3/16-in. increase in fuel length.
The first capsule, TR-1, was initially subjected to a calibration

transient to verify the design techniques. The verification was based ”

on an excellent agreement between calculated and measured temperatures

in the Na annulus around the fuel pins. The maximum temperature calcu-

lated for the center of the fuel was about 1800°C during the calibration

transient. The experiments were continued with test transients designed

to melt about 25% of the 81% dense fuel in the peak power region of the

first capsule and 50% for the second capsule, TR-2. The operating data

for these transients are given in Table 1.15. Fabrication data and

Table 1.15. COperating Data for Experiments in
Transient Reactor Test Facility

Capsule

TR-1 TR-1 TR-2 -
TREAT transient 1293 1294 1295
Initial reactor 630 204 200 )
period, Msec
Peak reactor 29.8 202 202
power, Mw
Integrated reactor 88 140 172

power, Mwsec

preliminary results are listed in Table 1.16 for the test transients.
Pins A and B in each capsule operated at approximately equivalent
powers; pin C had about 30% less power.

Neutron radiographs made at TREAT after the transient experiments
are shown in Figs. 1.6 and 1.7. The radiographs showed no regions of
low density within the fuel pellets, but did show that two of the
pellet pins had fuel-column separations, apparently at pellet interfaces.
Subtracting the measured separations from the total change in the length
of the fuel columns indicates that some fuel restructuring and densifi- .-

cation occurred in fuel pin TR-1A and also, perhaps, in pin TR-2C. We
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Table 1.16. Fabrication Data and Preliminary Results for Fuel Pins

for Capsules TR-1 and TR-2

b

P = Solid pellets; S = Sphere-Pac.

Estimated from neutron radiographs.

_ Fuel Pin
TR-1A TR-1B TR-1C TR-2A TR-2B TR-2C
Fabrication Data
Fabrication Form® P S P S S P
Ratio U: (U+Pu) 0.801  0.801 0.801 0.801 0.801 0.801
Ratio O:metal 1.983 1.980 1.991 1.980 1.980 1.990
Gas release 0.07 0.14 0.23 0.14 0.14 0.19
cm3/g (STPS
released at 1600°C
Fuel smear 0.88 0.82 0.79 0.82 0.81 0.80
density, %
of theoretical
Fuel length, in. 8.03 8.00 7.98 g.01 8.00 8.10
Gap between fuel 0.005 0.005 0.005
and cladding, in.
v Preliminary Resultsb
: Cladding none none none none none none
deformation
Change in length +0.090 =0.020 -0.030 —.060 =0.030 +0.040
of fuel column,
in. ($0.020 in.)
Number of 2 3 0 0 2 1
fuel-column
separations
Total width of fuel- 0.140 0.160-0.250 0.120 0.060
column separations,
in. (#0.020 in.)
Maximum diameter of 0 0.100 0 0.120 0.100 0
central void, in.
(+0.020 in.)
Fuel pin failure? no no no no no no
a
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observed regions of low density, which we interpret as voids, along the

axis of Sphere-Pac pin TR-1B at the peak power end of the pin. The )
absence of voids in pellet pin TR-1A exposed to nearly the same neutron-
flux distribution is probably due to the higher fuel density of this
pellet pin. Sphere-Pac pins TR-2A and TR-2B were exposed to the most
severe transient conditions and were similar in appearance; each con-
tains a number of separated, conical voids. In addition, pin TR-2B had
two band-type separations in the fuel column, each about 0.06 in. wide.
All of the Sphere-Pac fuel columns apparently shortened due to fuel densi-
fication. There is no indication of failure or cladding deformation even
though a preliminary analysis of data indicates that 50 to 60% of the
fuel probably melted at the peak positions in pins TR-2A and TR-2B.
Postirradiation examinations of the fuel pins were started. These
confirmed that none of the fuel pins failed. Gas samples, both from the
regions between the inner capsules and their outer containments and from
the regions above the Na coolant, showed no fission-product activities.

Visual inspection, dimensioning, and gamma scanning are under way. .

Fast-Flux Irradiation Tests (A. R. Olsen) .

The series T encapsulated tests are continuing their irradiation in
the EBR-II subassembly X050. At the time of the scheduled extended shut-
down of the EBR-II following run 38, they had been exposed to about
6400 Mwd of EBR-II operation. This is equivalent to a calculated peak
burnup of 3.4%.

Subassembly X050 is scheduled to be discharged from the EBR-II at
the completion of run 39 in January 1970. At that time, two of the five
series I capsules will be sent to ORNL. We obtained approval-in-principle
this quarter to reinsert the remaining three capsules and continue their
irradiation to a target burnup of 10% FIMA. Continued irradiation of
these capsules will yield information on the effects of high burnup on
Sphere-Pac fuels about 18 months sooner than the tests in series IT,
provided a suitable subassembly is available soon. -

We obtained approval-in-principle for the series II unencapsulated

tests from the AEC in November. The series II tests were described
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previously‘34 A design for the fuel pin was developed and is being
reviewed by personnel of the EBR-IT project. This design involves a
40-in.-long fuel pin 0.250 in. in diameter with a 0.040-in. wire-wrap
spacer. The design is compatible with the preliminary drawings for a
J=-37 (high cladding temperature) subassembly. In addition, we requested
that personnel of the EBR-II project modify the design of the subassembly
so that the same pin design could be incorporated into a less expensive
standard H-37 subassembly or, if required at the higher burnup levels,

an E-37 (high risk) subassembly. Details of the studies of fabrication

are reported elsewhere in this report.>’

Mechanism for Transport of Cladding Material into
Fuel During Irradiation

J. M. Leitnaker R. B. Fitts
D. R. Cuneo?’ E. L. Long, Jr.
K. E. Spear

Cladding material components have been observed in fuel’? during
postirradiation examination of mixed oxide fuel pins. An example is
shown in Fig. 1.8. TIodine transport in a manner similar to the
van Arkel-de Boer process32 has been suggested.33

We have already discussed in some detail the likelihood that a
mechanism that involves T is not operable in most reactor situations.?%,?3°
A novel observation of the location of Cs in a white, crystalline deposit
in irradiated fuel pins indicates to us that a Cs compound is a likely
candidate for cladding transport.

This white, crystalline deposit formed on irradiated (U,Pu)Og fuel
when unmounted sections cut from fuel pins were allowed to stand several
days before mounting and polishing.

The fuel was annular pellets of (U,Pu)Og with 92% of theoretical
density and 85% smear density and clad in either stainless steel or
Hastelloy X and had been irradiated at 700°C (outside surface of cladding)
and 15.5 kw/ft to 6 at. P burnup as a part of the irradiation tests of

fuels for gas-cooled fast reactors jointly conducted by Oak Ridge National
36

Laboratory and Gulf General Atomic.
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2. DEVELOPMENT OF HIGH-PERFORMANCE IMFBR FUELS
P. Patriarca J. L. Scott

The goals of this program are to investigate the properties and
behavior of those U- and Pu-based ceramic fuels that we term conductors —
such as the mononitrides, carbonitrides, and monocarbides — and to com-
pare their potential as liquid-metal fast breeder reactor (IMFBR) fuel
with that of (U,Pu)0,, which by comparison is an insulator. Since the
thermal conductivity of the ceramic conductors is about ten times that
of (U,Pu)Oz, it is theoretically possible to operate a conductor at ten
times the power density with