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CHAEACTEEIZATION M D  PBODUCTION OF UsO?; FOR TEE 
HIGH FLUX ISOTOPE REACTOE

¥. J. Werner J. R. Barkman^

ABSTRACT

The preparation and characterization of U3O8 used in the 
Oak Ridge National Lahoratory HFIR fuel plates are described. 
The high performance required for the fuel plates demands 
uniformity of fuel distribution^ and so nondestructive tech­
niques were developed to detect and evaluate changes in fuel 
loading. Commercial oxide suffered severe comminution during 
plate fabrication and thereby biased plate homogeneity 
inspection. This factor plus the absence of irradiation data 
on this differing material under HFIR burnup made the use of 
such an oxide questionable. Morphology^ microstructure, and 
behavior in plate fabrication are compared for a commercial 
oxide and an oxide manufactured at Y-12. The Y-12 oxide 
manufacturing process consists of peroxide precipitation 
from uranyl nitrate solution, calcining, and sintering. The 
propensity toward comminution during fabrication shown by 
commercial U3O8 is reflected by a surface area greater than
0.05 m^/g, as measured by a static BET krypton-adsorption 
method. Consistent with this, the commercial U3O8 particles 
exhibited a large number of microcracks when observed under 
the microscope, while the Y-12 oxide particles were rounded 
and contained few cracks.

INTRODUCTION

Aluminum-base dispersions of U3O8 were chosen for the fuel of the 
Oak Ridge National Laboratory High Flux Isotope Reactor on the basis of 
previous extensive studies at ORNL. Initial fuel-plate development for 
the HFIR utilized a silicon-stabilized boronated uranium-aluminum alloy 
fuel. However, segregation of uranium and boron in these alloys negated 
their use, since a high degree of control is required of fuel loading and 
distribution in each plate. Unlike UO2 and UC, U3O8 does not react with

^Uranium Chemistry Group, Y-12 Plant.
^D. T. Bourgette, ¥. J. Kucera, J. H. Erwin, and T. D. Watts, 

Metallurgy Div. Ann. Progr. Rept. May 31, 1961, ORNL-3160, pp. 101—103.



the aluminum matrix during fuel element processing^"® requiring tem­
peratures as high as 600°C. These dispersions exhihit hotter corrosion 
resistance in water at 180°F than do UC2-aluminum dispersions or an

U-3^ Si alloy. ̂  Additionally^ the compound U3O8 can he produced 
economically and has a relatively high uranium content. The irradiation 
performance of UsOg-aluminum dispersions at HFIR hurnup conditions was 
not fully evaluated prior to the initiation of fuel-plate production. 
Previous ORNL studies'^ at pool-type reactor temperatures had shown that 
these dispersions were relatively insensitive to radiation damage^ as 
manifested hy the absence of blistering and negligible volume changes 
during burnups as high as 7.7 X 10^° fissions/cm®. Void formation and 
core separation causing blisters have been observed® in similar samples 
irradiated to 1.1 X 10^^ fissions/cm® in a special ETR loop at tempera­
tures considerably in excess of those expected in HFIR but whose actual 
values were not known. Subsequently, satisfactory performance was 
demonstrated^ by irradiation in the same facility, but with proper 
temperature control, to 1.6 X 10^^ fissions/cm® at HFIR temperatures.

R. C , Waugh, The Reaction and Growth of Uranium Dloxide-Aluminum 
Fuel Plates and Compacts, 0RNL^2TO1 (MarGh~9T~T9597']

“̂W, C . Thurber and R. J. Beaver, Dispersions of Uranium Carbides in 
Aluminum Plate-Type Research Reactor Fuel Elements, ORNL-2618 
I 'N o v . 5, 1959).  ̂ ■

®Metals Handbook, 8th ed., Vol. 1, pp. 931—36, ASM, Novelty, Ohio 
(1961).

J. Kucera, Metallurgy Div. Ann. Progr. Rept. Sept. 1, 1959, 
ORNL-2839, pp. 262-65.

*̂A. E . Rlcht, C . F. Leitten, Jr., and R. J. Beaver, "Radiation Per­
formance and Induced Transformations in Aluminum-Base Fuels," pp. 469—88 
in Research Reactor Fuel Element Conference, September 17—19, 1962, 
Gatllnburg, ~Tenne's'sê , TID-7642~7~Book~2 (1963X

®M. J. Graber et al., Results of ATR Sample Fuel Plate Irradiation
Experiment, IDG-16958 (March 23, 1964). ""

^A. E. Richt and M. M. Martin, "Irradiation Testing of Aluminum-Base
Miniature Fuel Plates," Metals and Ceramics Div. Ann. Progr. Rept.
June 30, 1966, pp. 109—11.

^°V. A. Walker, M. J. Graber, and G. W. Gibson, AIR Fuel Materials 
Development Irradiation Results, Part II, IDG-17157 (june 1966}.



The chief disadvantages of low thermal conductivity and hrittleness, 
which are characteristic of UsOg^ are lessened hy dispersing the compound 
in aluminum. During fuel-plate development^ a dense inert grade of UgOg 
with an oxygen-to-uranium ratio near stoichiometric was used. This 
fissile material was free of agglomerates^ platelets^ rods, and clinging 
surface fines, which give rise to fragmentation and stringering during 
processing. Additionally, the particle-size range was closely controlled 
to minimize fission-fragment damage to the matrix aluminum and to provide 
good dispersion characteristics. A "dead burned" UgOg developed at the 
Oak Ridge Y-12 Plant of the Union Carbide Nuclear Company met these 
requirements for the fuel-plate development program.

Upon completion of the ORNL development work, a contract was nego­
tiated with a commercial fuel element manufacturer for the production of 
a number of reactor core loadings. Under the terms of the contract the 
manufacturer was to procure commercial oxide for these elements according 
to a set of specifications that were a direct result of the HFIR fuel- 
plate development program. Twice contracts were negotiated with com­
mercial suppliers, but both vendors failed to produce oxide meeting the 
HFIR specifications and showed no interest in making the necessary changes 
in their production procedures. To enable the fuel-element fabricator 
to meet the HFIR schedule, the UgOg was obtained from the Y-12 plant of 
the Union Carbide Nuclear Company. The commercial oxide consisted of 
badly cracked irregular particles, which stringered during roll bonding, 
resulting in a very fine oxide particle. While experimental information 
was not available on such oxides, indications were that they would have 
inferior radiation resistance properties. Neither time nor money was 
available for such testing. Since this area was one of the major ques­
tions in the reactor operation, a strong incentive existed to use the 
proven Y-12-type oxide, which meets the specifications. Since these 
oxides all fabricated differently, they required different size dies and 
tools. Therefore it was desirable to adopt one type for the entire 
production.

This report sets forth the method used by Y-12 for producing over 
300 kg of HFIR-grade oxide for the fuel element manufacturer and elucidates 
the differences between plates produced from different grades of oxide.



REACTOR DESCRIPTION

The HFIR; designed and built for the synthesis of transplutonium 
elements; operates at an unperturbed thermal neutron flux of about 
5.5 X 10^^ neutrons cm”  ̂ sec"^. The distinguishing characteristic of 
the system is the tremendous amount of power generated (lOO Mw) in the 
small reactor core containing the compact (l7 in. in diameter X 20 in. 
high) and high-performance fuel assembly. Design of the fuel assembly 
and fuel plate is schematically illustrated in Fig. 1. The fuel plates 
are unique in that they contain a specified variable fuel load across 
the p l a t e . T h i s  design feature was necessary to minimize radial power 
peaking and to permit operation at a higher total power level. Powder- 
metallurgy dispersion plate-fabrication techniques were found to be

l i t D. Cheverton; "Nuclear Design of the HFIR;" pp. 89—98 in Research 
Reactor Fuel Element Conference, September 17—19, 1962, Gatllnburg, Tennessee, 
TED-7642; Book 1 (1963).
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consistent with the concomitant required degree of control of fuel loading 
and distribution.^^

To ensure reliable fuel element performance, specifications on uranium 
homogeneity in HFIE fuel plates far exceed any other known specification. 
Briefly, it is required that no spot 5/64- in. in diameter within the fueled 
area of a plate exceed its theoretical fuel loading by more than 27^. 
Additionally, the average fuel loading within any 5/64--in.-wide section 
parallel to the core and varying in length from approximately l/2 to 
1 l/2 in. cannot deviate from the specified loading by more than 12 .̂
This length depends upon the uranium concentration preceding any change 
in concentration and the magnitude of that change. This difficult speci­
fication is complicated by the variable fuel loading of the plates. An 
x-ray attenuation method was developed for measuring fuel concentration 
variation within each fuel plate.

OXIDE SPECIFICATION^'^

The following oxide specification was established for use with the 
first commercial contract for producing HFIR fuel elements by measurement 
of the properties of development-grade oxide produced by the process 
developed by the Y-12 Uranium Chemistry Group.

1. The UsOg used as the fuel shall be a high-fired or dead-burned 
oxide having a density greater than 8,2 g/cm^, as determined by a toluene 
pyenometer, and a surface area of less than 0.05 m^/g, as determined by 
a static krypton BET determination.^^

J. Werner, T. D. Watts, and J. P. Hammond, Metals and Ceramics
Div. Ann. Progr. Rept. May 31, 1963, ORNL-3470, pp. 173—74.

E. Foster, S. D. Snyder, and R. W. McCIung, Continuous Scanning 
X-Ray Attenuation Technique for Determining Fuel Inhomogeneities in 
Dispersion Core Fuel Plates, ORNL-3737 (January 1965)'.

'̂̂ G. M. Adamson, Jr., and J. R. McWherter, Specifications for High 
Flux Isotope Reactor Fuel Elements HFIR-FE-1, ORNL-TM-902 (August 1964J.

^^J. L. Botts, "Surface Area of Solids, Krypton Adsorption Method,"
Method Nos. 1 105 and 9 00605 (12-28-61) ORNL Master Analytical Manual,
TID-7015, Supplement 5 (September 1963).



2. The total uranium concentration shall exceed 84,5 wt ^ with a 
maximum UO2 content of I.Ofjo.

3. An analysis shall he required for each hatch of UsOg, The 
impurities in the UaOg shall not exceed the limits specified helow;

Element

Al
B
Ba
Be
Ca
Cd
Co

Maximum
Impurity
Level, ppm

10
0.2
10
0.2
50
0.5
3

Element

Cr
Cu
Fe
K
F
Li
Mg

Maximum 
Impurity 
Levels ppm

15
20
100
20
<10

1.0
100

Element

Mn
Na
N1
P
Si
V

Maximum 
Impurity 
Level, ppm

5
5

20
<100

50
2

4. The starting UsOg particle size shall he —170 +325 mesh, as 
determined in a standard screening test, ASTM B 214-56. This requirement 
was later modified to permit use of a vibratory screening method rather 
than a Ro-Tap shaker.

PREPARATION OF UsOg

The hasic preparation method, diagrammed in Fig. 2, consisted of the 
precipitation of uranium peroxide from a solution of uranyl nitrate with 
hydrogen peroxide, followed hy calcining and sizing operations. The 
process was essentially a hatch operation utilizing lahoratory-type 
equipment because of the geometry restrictions imposed hy nuclear safety 
and the availability of the equipment from other oxide-productlon programs. 
This section details the processing steps that were required to produce 
the material.

No major problems are encountered in this hasic chemical process if 
the usual precautions with cleanliness are taken. Since it is a hatch 
operation, it is important not to deviate from the procedure for any com­
ponent part of the process. The yield of product was 85^ of the feed 
materialj that is, for every 100 kg of uranium fed into the process,
85 kg of uranium was realized as U3O3.
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The main problem encountered during preparation of the oxide was 
meeting the 0.05-m^/g surface area specification. Calculations show 
that if all the oxide particles were spherical and of average size (66 
one could expect a surface area of 0.011 m^/g. Taking into account the 
fact that the particles are not spherical and smooth and have a size 
distribution that includes some fines^ one can appreciate the severity 
of the specification.

Conversion of Metal to UsOa and Dissolution

Uranium machine turnings were burned with oxygen to UsOg in a water- 
cooled stainless steel burner. The burner was made of type 304L stainless 
steel 5-in. sched-40 pipe^ with an overall length of 40 in. The charge 
of turnings was limited to 5 kg. After ignition with a match the charge 
was burned in air until all of the uranium had been converted to oxide 
(approx 10 min). Burning to UsOg was then completed by the addition of 
oxygen to the system. Finally, the oxide was removed with a vacuum 
gulper system.

The U3O8 was dissolved in 30^ HNO3 to produce a concentration of 
approximately 250 g U/liter.

Precipitation

Uranyl nitrate solution containing 1 kg U was transferred to the 
precipitator and diluted with water to a concentration of approximately 
8 wt The pH of the solution was adjusted to 2.0 ± 0.1 with nitric 
acid or ammonium hydroxide. ¥e added 30^ H2O2 to the precipitator with 
sufficient ammonium hydroxide to control the pH at 2.0 ± 0.1. The 
external cooling water on the precipitator was adjusted to maintain tem­
perature in the range of 28 to 32°C. When the hydrogen peroxide no 
longer lowered the pH, an additional 500 ml was added and agitation 
continued for an additional 15 min.

The precipitated uranium peroxide was centrifuged in a Sharpies Super 
Centrifuge and then transferred to platinum boats ( 2 X 4  1/2 X 8 in.).
The peroxide filtrate contains a uranium concentration of 100 to 200 ppm 
and was economically recoverable, but it was not recycled as feed.



Calcining and Freslzing

The hoats of uranium peroxide were loaded into a cold electric 
resistance furnace and calcined for 6 hr at 800°C in an atmosphere of 
nitrogen. Each boat of uranium peroxide contained approximately 500 g U.

The material was removed from the furnace in the form of agglomerated 
pieces and presized by dry rod milling and screening to —100 +325 US std 
mesh (44 to 149 p). The rod mill was a stainless steel container 5 in. 
in diameter by 10 in. in lengthy containing twelve 3/8-in. stainless steel 
rods. The mills and screens were limited to 1 kg batches of U3O8. Mill 
speed was 275 rpm. Milling time was controlled at 5 min followed by a 
10-min sieving cycle in a standard laboratory 8-in. sieve. Syntron 
vibrating test sieve shakers were used for all sizing operations. This 
is a change from the specification^ where the standard screening test 
ASTM B 214-56 is specified for testing the final product. During prelimi­
nary production comminution of the oxide occurred during this standard 
screening operation. Subsequently^ a Syntron vibrating screen shaker was 
substituted for the specified Ro-Tap shaker on the basis of the data 
shown in Table 1. The wet analyses shown in the table^ which were per­
formed by washing a 100 g sample of oxide on a 325 mesh screen and 
collecting the fractions^ agree well with the Syntron screen analyses.
The degree of comminution caused by the specified standard screen analysis

Table 1. Results of Wet Screen Analyses Followed 
by Standard Ro-Tap Analyses

Screening Method Mesh Size
Part Retained^ wt ^

Blend 1 Blend 2

Syntron analysis -170 +325 95.6 94.5
-325 4.4 5.5

Wet analysis -170 +325 95.84 95.43
-325 4.16 4.57

ASTM B 214-56 -170 +325 92.4 92.2
(Ro-Tap analysis) -325 7.6 7.8
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Is shown in the lower portion of Table 1. These results were obtained 
by Eo-Tap analysis of the —170 +325 fraction separated during wet analysis. 
Approximately 8'̂ additional fines was generated in both cases.

The oversize oxide was recycled through the milling operation and 
the undersize was dissolved in nitric acid and recycled as feed for the 
peroxide precipitation step. Approximately 5^ fines was generated in 
the sizing operation for the low-fire step and was recycled.

Sintering and Final Sizing

¥e loaded 6 kg of low-fired UsOg (sized —100 +325 mesh) into a 
magnesium oxide crucible 5 l/2 in. in diameter by 9 1/2 in. high. The 
charge was placed in a Sentry furnace and heated in the ambient atmosphere 
for <4 hr at 1350°C and then 2 hr at 1400°C. When the oxide had cooled 
to room temperature, it was milled and sized to —170 +325 mesh (44- to 88 p) 
with the same procedure as outlined for the low-fired material. Approxi­
mately 3Qfjo was lost in the sizing operation from the final product,* how­
ever, this —325-mesh material was recycled as feed for the peroxide 
precipitation step.

The furnace used for this operation was No. 4 Sentry 220 v single­
phase resistance type with a power capacity of 22.5 kw. A platinum lid 
covered the crucible in the furnace.

Sampling and Cross Blending

We sampled 16 kg of oxide as a batch after blending in an 8-qt 
Patterson-Kelley blender. We cross blended lots of nine or ten batches 
to provide good homogeneity of the oxide by removing a proportionate 
amount from each batch and reblending in a 4-qt Patterson-Kelley blender. 
Chemical and physical test data for the more than 300 kg of oxide pro­
duced are shown in Table 2 for the blended products and detailed in the 
appendix for the separate batches. The large variation in size distribu­
tion from batch to batch (as seen in the appendix) is attributed to the 
batch-type operator-dependent operation. We are seeking to improve the 
uniformity.
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T a b l e  2. C h e m i c a l  and  P h y s i c a l D a t a  of  H F I R  U j O g

B len d  1 B lend  2 S p ec ifica tio n

T o ta l m a s s , kg 148.1 164.5

U ranium  c o n ten t, w t % 84.614 84.602 = 84.5

Iso to p ic  a n a ly s is ,  w t %
234y 1.00 1.00 a
2 3 5-ĵ j 93.18 93.16 >93%
236y 0.35 0.33 a
2 3 8y 5.47 5.51 a

Surface  a rea  (k ryp ton
2

B E T  d e te rm in a tio n ), m / g 0.050 0.047 < 0 .0 5

D en sity  (to lu e n e  pyenom eter),
/ 3 g /cm 8.23 8.24 > 8 .2 9

UO^ (x-ray  d iffrac tio n ), % <1 <1 < 1

F lu o rin e  (ppm) < 1 < 1 < 1 0

S p ec tro g rap h ic , ppm on UgO^ 
b a s is

Al 2 7 10
B < 0 .1 < 0 .1 0.2
B a < 2 < 2 10
B e < 0 .0 1 < 0 .0 1 0.2
C a < 1 0 < 1 0 50
C d < 0 .1 < 0 .1 0.5
Co < 1 < 1 3
Cr <2 4 15
Cu 10 8 20
F e 20 20 100
K < 6 < 6 20
L i < 0 .2 < 0 .2 1.0
Mg 3 8 100
Mn <1 <1 5
N a <1 <1 5
Ni 5 4 20
P < 1 0 0 < 100 < 100
Si < 1 0 < 1 0 50
V <1 <1 2

Stoichiom etry  (by d iffe re n ce
c a lc u la tio n ) U 3O 8.01S '^ 3 ° 8 .0 2  1 a

Syntron s ie v e  a n a ly s is  
(100-g  sam ple), %

+ 170 0.0 0.2 a
-  170 + 2 0 0 18.9 14.2 a
- 2 0 0  + 2 3 0 14.1 14.2 a
- 2 3 0  + 2 7 0 30.1 15.6 a
- 2 7 0  + 3 2 5 32.5 35.8 a

-3 2 5 4.4 5.5 <10%

®Not sp e c if ie d .
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INVESTIGATION OF DIFFERENT GRADES OF OXIDE

During preliminary vendor development of fuel-plate production^, the 
x-ray attenuation inspection technique for fuel homogeneity was found to 
he sensitive to the grade of oxide employed in the fuel plates.

Fuel plates with commercial oxide consistently exhibited excessive 
fuel concentrations throughout the core area. First^ we assumed that this 
excess was a result of incorrect rolled core dimensions (i.e.^ core length 
and/or width was undersize with an attendant increased core thickness). 
However^ a subsequent examination^^ of the x-ray attenuation data for total 
uranium contents^indicated that the plates contained approximately 6'/ 
too much fuel. This result was contradicted by wet chemical analyses of 
entire plates^ which showed that the fuel loadings were within the ±lsfo 
specification. Similar previous comparisons of total uranium contents on 
plates containing Y-12 oxide had agreed within ±0.2/o. Obviously^ there 
was an x-ray attenuation difference between the oxide used in the ORNL 
development program and the commercial oxide being used by the vendor. 
Metallographic examination revealed greater stringering with finer oxide 
particles in plates made with commercial oxide.

Experimental Investigations

Up to this point the vendor plates under consideration were "process 
development" plates that were made from commercial depleted oxide. The 
next step was to determine whether this effect was present in highly 
enriched reactor-grade plates. Several highly enriched vendor fuel plates 
were subsequently inspected for total uranium content with both x-ray 
attenuation techniques and chemical analyses. Once again the plate 
dissolution studies disagreed with the homogeneity-test results. A 
comparison of results showed a 3^ positive bias in vendor plates containing

^^This examination was performed by B. E. Foster of the Nondestructive 
Testing Group.

'̂̂ B. E. Foster^ S. D. Snyder^ and R. W. McClung^ Continuous Scanning 
X-Ray Attenuation Techniques for Determining Fuel Inhomogeneities in 
Dispersion Core Fuel Plates, ORNL-3737 (January 1965j^
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the commercial oxide. Samples of enriched and depleted commercial oxide 
were obtained^ and the materials were characterized and compared with the 
Y-12 materials. Throughout the tests identical results were obtained on 
the depleted and enriched Y-12 oxidej as a result^ no distinction is made 
between these two materials in the characterization studies.

Oxide Microstructure

The morphology and microstructure of Y-12 oxide^ depleted commercial 
oxide, and enriched commercial oxide are shown in Figs. 3 and Y. The Y-12 
particles are rounded and glossy with a faceted texture. Microstruc- 
turally the particles are sound and, for the most part, exhibited a 
number of spherical voids, indicative of sintering during processing. 
Commercial oxide particles, on the other hand, are angular and dull in 
appearance. Structurally the particles contain a large number of micro­
cracks. The overall impression is that this oxide or portions of it were 
prepared by the oxidation of initially dense uranium or UO2 to U30g and 
subsequently sized. The basis of this observation lies in the fact that 
both uranium and UO2 oxidize with a positive volume change, which leads 
to the presence of microcracks.

Comminution During Plate Fabrication^̂

Comminution of the various oxides during fabrication was studied 
microradiographically and metallographically. The radiographic technique 
employed contact radiographs made on extremely fine-grained film that 
allowed microscopic viewing of details.Representative fields from 
microradiographs of HFIR fuel plates containing depleted commercial oxide, 
enriched commercial oxide, and Y-12 oxide (all of initially similar 
screen analyses) are shown in Fig. 5. As could be predicted from the 
microstructures of the oxide particles, the depleted commercial oxide

E. Foster of the Nondestructive Testing Group contributed to
this work.

^^R. ¥. McClung, "Studies in Contact Microradiography," Mater, Res, 
Std. 4(2 ), 66-68 (1964).
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Fig. 3. Morphology of UsOg Particles. lOOX. (a) Y-12 material, 
(h) Commercial depleted material. (c) Commercial enriched material.
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Fig. 4. Microstructure of UsOg Particles. 200x. (a) Y-12 material.
(Td) Commercial depleted material. (c) Commercial enriched material.
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Fig. 5. Microradiographs of the HFIR Fuel Plates Showing Fragmen­
tation Differences. 75X. (a) Y-12 oxide, (b) depleted commercial oxide,
and (c) enriched commercial oxide.
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exhibited the largest degree of fragmentation and stringering during 
fabrication. The enriched commercial oxide plate does not show as much 
fine material and the Y-12 oxide plate shows even less. The metallo­
graphic results^ shown in Figs. 6— 8, were not nearly as vivid. This is 
because microradiographically we see all the particles in a given plate 
cross section^ whereas metallographically we see only a small portion of 
the plate cross section. As a result the photomicrographs show less dif­
ference in degree of fragmentation. A characterization of fragmentation 
in such dispersions is reported elsewhere.^°

It should be noted that the degree of particle comminution and 
degree of inspection bias follow similar trends; that iSj the smaller 
the U30g particle size in the rolled plate, the higher the inspection 
bias.

X-Ray Studies

Debye-Scherrer powder patterns for Y-12 oxide and enriched commercial 
oxide (positive prints) obtained in a 114.7-mm-diam camera by exposure to 
Cu Kff radiation for 16 hr are shown in Fig. 9. The spotty appearance of 
the Debye rings in the Y-12 material indicate that it is rather coarse 
grained, whereas the smooth rings observed for the vendor oxide indicate 
a fine grain size. We postulate that the Y-12 oxide is fully sintered 
and has actually undergone some grain growth during high firing. Careful 
inspection of the two patterns showed extra lines present at high-angle 
reflections in the commercial oxide. To negate the possibility of target 
contamination, we substantiated this result using a very sensitive dif­
fractometer in combination with a scintillation counter and monochromatic 
radiation. Attempts to identify the extra lines were unsuccessful. ¥e 
estimate this impurity to be less than l‘/o of the sample.

^°D. 0. Hobson and C. F. Leitten, Jr., Characterization of UgOg 
Dispersion in Aluminum, ORNL-TM-1692 (February 1967).
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Fig. 6. Microstructure of Vendor-Rolled HFIR Outer Annulus Plate
Containing 40,6^ Commercial Depleted Oxide. As polished.
(a) Longitudinal section. (b) Transverse section.
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Fig. 7. Microstructure of Vendor-Rolled HFIR Outer Annulus Plate
Containing 40.6fo Commercial Enriched Oxide. As polished.
(a) Longitudinal section. (h) Transverse section.
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Fig. 8. Microstructure of ORNL-Rolled HFIR Outer Annulus Plate
Containing A1.5‘fo Y-12 Depleted Oxide. As polished. (a) Longitudinal
section. (b) Transverse section.
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Fig. 9. Delye-Scherrer Powder Patterns of (a) Y-12 Oxide and 
(h) Enriched Commercial Oxide.

Differential Thermal and Thermogravimetric Analyses

Combination DTA-gravimetric tests^^ were run on the oxides. The DTA 
compares the temperature of the sample with a neutral sample (AI2O3 in 
this case) while the two are simultaneously heated at a uniform rate.
The gravimetric apparatus simultaneously records changes in sample weight 
of a third sample (in the immediate proximity of the DTA samples) in the 
same apparatus. The DTA data^ when properly interpreted; may show the 
temperatures at which a phase change; dissociation; reaction; melting or 
solidification; or recombination of constituents takes place. Furthermore; 
the presence of one or more materials in the sample may be detected.
Figure 10 shows the data obtained on the materials under consideration 
along with a test on UO2 to show the sensitivity of the equipment. In 
all cases the DTA was essentially a straight line; we interpreted this 
as showing all materials to be essentially pure. Slight thermogravimetric 
differences between materials were attributed to differences in surface 
areas between the samples and therefore differences in amounts of adsorbed 
water.

^^F. A. Mauev; "Analytical Balance for Recording Rapid Changes in
Weight;" Rev. Sci. Instr. 25; 598—602 (l954).
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TEMPERATURE (°G)
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Fig. 10. Combined DTA-TGA Data for UsOg Samples as Compared to UO2 -

Chemical and Surface Area Analysis

Spectrographic analyses for impurity content showed very little 
differences between the three oxideŝ , with all meeting the specifications 
as shown in Table 3. The same was true for density (toluene pycnometer) 
and oxygen-to-uranium ratio. As would be expected from the microstruc­
tures ̂ sizable differences were found between static krypton Brunauer- 
Emmett-Teller (bET) surface-area measurements.

Extensive Use has been made of the static nitrogen adsorption 
method of Brunauer^ Emmett^ and Teller for determining the surface area
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Table 3. Spectrogaphlc Analyses of U30g

Element
Impurity Level of UsOg, ppm

Depleted
Commercial

Enriched
Commercial ORNL

Aluminum 0.7 14 20
Boron <2 <2 <4
Barium 3 6 3
Beryllium <0.01 <0.01 <0.01
Calcium 14 26 14
Cadmium (a) (a) (a)
Cobalt U) (a) (a)
Chromium 4 8 2
Copper 8 <0.4 25
Iron 15 12 13
Potassium (a) (a) (a)
Fluorine (a) (a) (a)
Lithium <5 <5 <5
Magnesium 3 5 8
Mangane se 0.1 0.5 1
Sodium <5 <5 <5
Nickel 17 62 4
Phosphorus <30 <60 <30
Silicon 2 4 2
Vanadium <2 3 <2

Not sought.

of solids,^^^^^ With this method one can determine a relatively large
surface area (>0.5 m However;, the nitrogen method is not sufficiently
sensitive for the measurement of surface areas smaller than 0.5 m^/g.
The major limiting factor is the large correction necessary for unadsorbed 
nitrogen gaS;, which stems from the high saturation pressure of nitrogen 
(approx 1 atm at —195.8°C). This limitation in turn causes a deviation 
from the ideal gas law. The absorption of krypton vapor is well suited

Brunauer;, P. H. Emmett^ and E. Teller;, "Adsorption of Gas in 
Multimolecular Layers/' J. Am. Chem. Soc. 60  ̂ 309 (l938).

2 3R. L. Walker, "Surface Area of Powdered Solid, Nitrogen Adsorption 
Method," Method Nos. 1 102 and 9 00602 (1-15-58) ORNL Master Analytical 
Manual, TID 7015, Supplement 1 (November 1959).
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for surface-area measurement by the BET method; and its saturation pressure 
is only about 2 mm at —195.8°C. Krypton will deviate from ideal gas 
behavior only by an undetectable amount because of the relatively small 
volume of unadsorbed gas. Therefore; if krypton is used instead of 
nitrogen; specific surface areas in the range from 0.01 to 0.5 m^/g can 
be measured. 2

Theoretically; a monomolecular layer of krypton is adsorbed on the 
surface of a solid at a pressure of 0.1 to 1 mm when the temperature of 
the solid is —195.8°C; which is the temperature of liquid nitrogen at a 
pressure of 760 mm. Based on this theory; calculations^^ show that a 
single molecule of krypton covers an area of 19.5 ± 0.04 P? of a solid 
whose temperature is —195.8°C. From the theory of monomolecular adsorp­
tion; the knowledge of the area covered by a single molecule of krypton; 
and Avogadro's number; the area of a solid covered by 1 cm^ of krypton 
has been found to be 4.05 m^. With this value one can calculate the 
surface area of a solid from the experimentally determined volume of 
krypton gqs that is adsorbed on a known weight of the solid under the 
conditions for monomolecular adsorption. The volume of krypton; in cubic 
centimeters at standard temperature and pressure; that forms a monomo­
lecular layer on the surface of the solid can be determined from the 
slope and the intercept of a BET plot; which is a rectilinear plot of 
X/Vĝ (l — X) vs X; where Vg, is the volume of krypton adsorbed at pressure P 
and at a temperature at which the vapor pressure of krypton is P/X.

The BET static surface areas found for the various grades of oxide 
follow.

Type Material Surface Area; m^/g
Depleted vendor oxide 0.13
Enriched vendor oxide 0.08
Y-12 oxide 0.05
Specified 0.05

L. BottS; "Surface Area of Solids; Krypton Adsorption Method," 
Method Wos. 1 105 and 9 00605 (12-28-61) ORWL Master Analytical Manual, 
TID-7015; Supplement 5 (September 1963).

A. Beebe, J. B. Beckwith, and J. M. Honlg, "The Determination 
of Small Surface Areas by Krypton Adsorption at Low Temperatures," J. Am. 
Chem. Soc. 67, 1554 (l945).
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These results are in direct agreement with the observed particle micro- 
structures_, which show cracked irregular particles for the commercial 
oxide and not for sintered Y-12 oxide.

X-Ray Attenuation Differences

In the initial calibration of the x-ray attenuation homogeneity 
inspection scanner it was recognized that changes in fissile material 
particle size could necessitate recalibration of the instrument. An 
analysis of the effect of oxide particle size in a fabricated plate on 
x-ray attenuation resulted in the following explanation of the inspection 
bias. Consider a UsOg-aluminum dispersion plate of constant thickness T 
in which the thickness of fissile particles at any thickness position is x.
If we treat the matrix as a void (which we can do in this case because the
absorption coefficient of aluminum is very much smaller than that of
uranium), the ratio of transmitted to incident radiation is given by
Lambert’s law; I/Iq = e~^^. If we are inspecting a finite volume of a 
fuel plate (5/64-in.-diam beam), we are dealing with average valuesj 
therefore the equation can be written;

or

<l/lo> - -  <^>5

where we can expand

<e-^(^ " <x») ^
M-‘"(x - <x))2

= 1 + - <x)2)/2 ,

ignoring terms in x^ and higher powers, since they will be quite small. 
Then

(I/Io) = + t̂2(<x2) - <x)2)/2 ] ,
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where the term ((x^) — (x)^) is a measure of particle size and/or distri- 
hution. For example, consider the two systems of identical uranium 
content shown in Fig. 11. In system 1 the uranium is distrihuted on an 
atomic scale and the (x) is uniform across the plate. In this case (x) 
and X  are equal at all points, so <I/Iq) = . In system 2, x varies
from zero to a maximum, po the difference between (x^) and <x)^ will be 
a maximum. This same situation is shown qualitatively in Fig. 12 where 
(e > > e . The difference between the terms will, of course, be
larger for large variations in x. Since the scanner was calibrated 
according to the equation (I/Iq) = changes in oxide particle size
affect the calibration of the instrument. In the case of the commercial 
oxide, which fragmented more than the Y-12 oxide, the result was an 
apparent excessive fuel concentration.

ORNL-DWG 66-10382

ATOMIC SCALE biSTRIBUTION 
__ OF URANIUM IN , A!

•AVERAGE URANIUM TH ICK N ES S’

max

AVERAGE URANIUM THICKNESS
y/Am/////7///////j^^,

Fig. 11. Schematic Illustration of Two Systems of Identical Uranium 
Content and Different Distribution. (a) Atomic scale distribution of 
uranium, in which the thickness of uranium at any position is equal to the 
average value of the uranium thickness x = (x). (b) Segregated uranium
distribution, where x + (x).
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CONCLUSIOHS

A process developed hy the Y-12 facility was used to produce oxide 
for the first vendor-made HFIR fuel elements. The process was repetitive 
over many production hatches. The yield of oxide produced was of the 
feed material; that is^ for every 100 kg of uranium fed into the process, 
85 kg of uranium was realized as final product.

We compared a commercial oxide with Y-12 oxide and found the Y-12 
material to he superior for HFIR application. Of particular concern 
was the propensity of this commercial oxide toward fragmentation and 
stringering during fuel-plate fabrication. Characterization studies 
showed this property to he directly related to the microstructure and 
morphology of the original particles. The Y-12 particles are rounded 
and glossy, with a faceted texture. Microstructurally, the particles 
are sound and, for the most part, exhibit a number of spherical voids, 
indicative of sintering during processing. The commercial oxide par­
ticles, on the other hand, are angular and dull in appearance. Struc­
turally the particles contain a large number of microcracks. An 
evaluation of the oxide characterization data showed that surface area
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was a good criterion for evaluation of oxide integrity, since there were 
ohvious correlations between this property and production method, micro­
structure, and comminution during fabrication. ¥e specified the static 
krypton BET surface area determination method because of our experience 
with its precision and accuracy.
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APPENDIX

Analytical Data on the Individual Batches of UsOg





Batches Constituting Blend 1

Batch
169346 169349 169407 169410 169412 169414 169416 169422 169355

Grams U/g 84.6522 84.659 84.623 84.628 84.669 84.660 84.621 84.655 84.668
2 3 4 -y 0.97 0.99 0.97 1.00 1.00 1.01 0.97 1.00 1.00235u 93.20 93.14 93.20 93.14 93.19 93.09 93.18 93.13 93.16
2 3  5 g 0.31 0.32 0.30 0.32 0.34 0.39 0.36 0.35 0.362 3 8u 5.52 5.55 5.53 5.54 5.47 5.51 5.49 5.52 5.48
Aluminum <1 2 3 6 1 3 4 3 1
Boron <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Barium <2 <2 <2 <2 <2 <2 <2 <2 <2
Beryllium <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Calcium <10 <10 <10 <10 <10 <10 <10 <10 <10
Cadmium <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Cohalt <1 <1 <1 <1 <1 <1 <1 <1 <1
Chromium 2 < 2 <2 6 <2 7 4 5 <2
Nickel 4- 4 3 8 4 4 2 6 4
Iron 15 20 20 50 30 60 50 75 15
Copper 6 8 6 10 6 8 5 20 8

Potassium <6 <6 <6 <6 <6 <6 <6 <6 < 6

Lithium <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Magnesium <2 5 15 15 8 30 3 10 6
Manganese <1 <1 <1 <1 <1 <1 <1 <1 <1
Sodium 1 <1 <1 2 <1 <1 <1 2 <1
Phosphorus <100 <100 <100 <100 <100 <100 <100 <100 <100
Silicon <10 <10 12 12 <10 10 <10 <10 10
Vanadium <1 <1 <1 <1 <1 <1 <1 <1 <1
Fluorine <1 1.4 <1 <1 <1 <1 <1 <1 <1
UO2 <Vjo <1$ <1^ <lfo < ii < ii <iio < ii < 4
Density 8.23 8.23 8.25 8.23 8.24 8.25 8.25 8.26 8.26
Surface area 0.049 0.049 0.048 0.051 0.049 0.052 0.051 0.055 0.056
Kilogram UaOg 16.3 16.2 16.2 16.6 16.6 16.6 16.5 16.5 16.6
Screen Size

+170 0 0 0.2 0 0.5 0 0.2 0.2 0
-170 +200 21.4 17.3 15.7 9.0 25.5 18.5 18.4 18.8 13.0
-200 +230 20.8 19.3 24.0 20.4 18.6 18.1 21.8 19.7 21.9
-230 +270 14.6 15.7 12.5 18.0 13.7 15.6 13.6 17.5 14.4
-270 +325 39.1 41.6 41.1 47.4 35.8 42.9 39.8 38.6 45.6
-325 4.1 6.1 6.5 5.2 5.9 4.9 6.3 5.2 5.1

U)H



Batches Constituting Blend 2

Batch
1693A8 1694-05 169408 169411 169413 169415 169350 169357 169359 169360

Grams U/g 8<4.672 84.682 84.657 84.703 84.637 84.698 84.656 84.606 84.653 84.676
234-jj 0.96 0.95 0.99 0.98 1.00 1.04 0.99 0.94 1.01 1.01235u 93.19 93.16 93.18 93.18 93.12 93.09 93.15 93.17 93.12 93.1623 6y 0.31 0.27 0.30 0.32 0.35 0.36 0.34 0.33 0.36 0.3123% 5.5-4 5.62 5.53 5.52 5.53 5.51 5.52 5.56 5.51 5.52
Aluminum 2 5 3 5 2 3 4 1 1 1
Boron <0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1
Barium <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Beryllium <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Calcium <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Cadmium <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Cohalt <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Chromium <2 4 <2 6 4 4 5 <2 2 2
Nickel 5 8 3 6 4 6 6 5 2 2
Iron 15 30 30 55 80 60 75 25 40 45
Copper 8 7 6 10 25 6 15 10 4 4
Potassium <6 <6 <6 <6 <6 <6 <6 <6 <6 <6
Lithium <0.2 <0.2 0.3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Magnesium 8 10 7 6 12 30 10 8 4 4
Manganese <1 1 <1 <1 <1 2 <1 <1 <1 <1
Sodium <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Phosphorus <100 <100 <100 <100 <100 <100 <100 <100 <100 <100
Silicon 10 15 <10 10 <10 <10 <10 15 <10 12
Vanadium <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Fluorine <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
UO2 <lfo <iio <Vjo <1$ <iio < ii <1̂ <lfo <lfo < ii
Density 8.26 8.27 8.22 8.22 8.26 8.23 8.27 8.27 8.26 8.26
Surface area 0.0-48 0.049 0.049 0.045 0.052 0.054 0.057 0.052 0.048 0.054
Kilogram UsOg 16.3 16.3 16.2 16.5 16.5 16.5 16.6 16.6 16.3 16.7
Screen Size

+170 0 0.2 0 0 0.2 0 0 0 0.1 0.1
-170 +200 20.0 24.8 18.3 10.3 17.7 16.3 12.3 12.6 21.0 18.8
-200 +230 19.3 17.0 19.3 22.2 20.6 20.5 19.6 15.7 11.8 14.7
-230 +270 1-4.9 14.6 13.9 15.3 14.8 13.5 16.2 27.8 29.2 28.0
-270 +325 41.4 38.0 40.6 43.8 41.3 43.7 45.6 39.0 33.8 34.3
-325 4.4 5.4 7.9 8.4 5.4 6.0 6.3 4.9 4.1 4.1

u>
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